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Abstract: Carbonaceous aerosols emitted from biomass burning influence radiative forcing and
climate change. Of particular interest are emissions from high-latitude peat burning because amplified
climate change makes the large carbon mass stored in these peatlands more susceptible to wildfires
and their emission can affect cryosphere albedo and air quality after undergoing transport. We
combusted Siberian peat in a laboratory biomass-burning facility and characterized the optical
properties of freshly emitted combustion aerosols and those photochemically aged in an oxidation
flow reactor (OFR) with a three-wavelength photoacoustic instrument. Total particle count increased
with aging by a factor of 6 to 11 while the total particle volume either changed little (<8%) for 19 and
44 days of equivalent aging and increased by 88% for 61 days of equivalent aging. The aerosol single-
scattering albedo (SSA) of both fresh and aged aerosol increased with the increasing wavelength. The
largest changes in SSA due to OFR aging were observed at the shortest of the three wavelengths
(i.e., at 405 nm) where SSA increased by less than ~2.4% for 19 and 44 days of aging. These changes
were due to a decrease in the absorption coefficients by ~45%, with the effect on SSA somewhat
reduced by a concurrent decrease in the scattering coefficients by 20 to 25%. For 61 days of aging, we
observed very little change in SSA, namely an increase of 0.31% that was caused a ~56% increase in
the absorption coefficients that was more than balanced by a somewhat larger (~71%) increase in the
scattering coefficients. These large increases in the absorption and scattering coefficients for aging at
7 V are at least qualitatively consistent with the large increase in the particle volume (~88%). Overall,
aging shifted the absorption toward longer wavelengths and decreased the absorption Ångström
exponents, which ranged from ~5 to 9. Complex refractive index retrieval yielded real and imaginary
parts that increased and decreased, respectively, with the increasing wavelength. The 405 nm real
parts first increased and then decreased and imaginary parts decreased during aging, with little
change at other wavelengths.

Keywords: biomass burning; aerosol emissions; Siberian peat; aerosol optical properties; smoldering
combustion; Photoacoustic Soot Spectrometer

1. Introduction

Biomass-burning emissions dominate carbonaceous aerosol emissions into the atmo-
sphere on a global scale [1] with annual mass emissions that are a factor of 6.7 (1.7 and 13 for
black (BC) and organic (OC) carbon components, respectively) larger than those from fossil
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fuel combustion. They greatly contribute to radiative forcing and climate change [2], visi-
bility impairment [3], effects on human health [4], ecosystem processes [5], and agricultural
productivity [6]. Many of these effects are driven by the optical properties of the emitted
aerosols; therefore, this has created significant interest in the optical properties of biomass
burning emissions and their change during atmospheric processing. Extensive work has
been conducted on optical properties, including light absorption, for freshly emitted [7–21]
biomass burning aerosols and on the change of their optical properties during atmospheric
processing [22–33]. However, work on the optical properties of peat emissions and their
changes has been very limited [34]. Such changes are due to (1) the generation of secondary
organic aerosols (SOAs) [35,36] involving particle coagulation [37] and condensation and
evaporation of volatile organic compounds (VOCs) [38], (2) modification of black carbon
(BC) aggregates [39], and (3) chemical transformations that either produce or destroy brown
carbon (BrC) [40,41]. The chemistry of atmospheric BrC aerosol and its impact on radiative
forcing was recently reviewed by Laskin et al. [42].

We performed laboratory combustions of Siberian peat as an important example fuel
from northern peatlands, which represent an estimated carbon reservoir of ~ 547 Gt C [43].
Drying of peatlands as a result of climate change and human activities makes this carbon
reservoir more susceptible to fires [44]. Emissions from high-latitude peatland wildfires
can affect the nearby cryosphere [45], reducing snow surface albedo through surface
deposition [46] and may undergo long-range transport [47,48]. All of this increases the
need for characterization of peat combustion emissions and their atmospheric aging [49].

Here, we studied the three-wavelength absorption and scattering coefficients of
biomass burning aerosols from the combustion of Siberian peat, freshly emitted by small-
scale laboratory combustion of biomass and after atmospheric aging simulated in an
Oxidation Flow Reactor (OFR). To our knowledge, this is the first detailed characterization
of the optical properties of combustion emissions from Siberian peat fuel.

2. Experiments
2.1. Overview

Small samples of Siberian peat (~50 g) were combusted in the DRI biomass-burning
facility. A close replicate of this facility has been described elsewhere [50]. Fresh and
OFR-aged emissions were characterized alternatingly with real-time instrumentation. A
diagram of this experimental setup is shown in Figure 1 and a more in-depth explanation
and characterization of this setup was given by Bhattarai et al. [51]. Such laboratory experi-
ments can help to evaluate the direct radiative forcing of fresh and aged biomass burning
emissions by measuring the aerosol scattering and absorption coefficients of laboratory
emissions [7]. The OFR was operated at 3 lamp voltages (3, 5, and 7 V) corresponding to
different ultraviolet (UV) actinic fluxes to simulate the equivalent aging of particles in the
atmosphere over 19, 44, and 61 days, based on a global average hydroxyl radical (OH)
concentration of 1.56 × 106 molecules/cm3 [51,52]. While these aging times are at and
beyond typical tropospheric residence times, please keep in mind that exploring extremes
is useful for improved process understanding and that atmospheric aging can occur at OH
concentrations substantially above global average values [53].

Instruments used for the characterization of fresh and aged biomass burning emissions
included a Three Wavelength Photoacoustic Soot Spectrometer (PASS-3; Droplet Measure-
ment Technologies (DMT), Boulder, CO, USA), an OFR (Aerodyne Research Inc., Billerica,
MA, USA), an Ozone Monitor (Model 205; 2B Technologies Inc., Boulder, CO, USA), and a
Scanning Mobility Particle Sizer (SMPS; TSI, Shoreview, MN, USA) comprising a TSI 3080
Electrostatic Classifier and a TSI 3775 Condensation Particle Counter (CPC). Carbon monox-
ide (CO) concentrations were measured with a CO monitor (Model 8830 CO analyzer, LEAR
Siegler Measurement Controls Corporation, Englewood, CO, USA) and NOx (nitrogen diox-
ide (NO2) and nitric oxide (NO) concentrations with a chemiluminescence NOx analyzer
(Thermo-Environmental Instruments, Inc., Franklin, MA, USA). Individual components of
the experimental setup are described in more detail in the following subsections.
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Figure 1. Experimental setup for generating, aging, and characterizing biomass burning aerosols,
similar to that previously described by Bhattarai et al. [51]. Figure adapted from Bhattarai et al. [51]
and reproduced with permission of the American Association for Aerosol Research.

Fresh and aged emissions were measured with the same instruments during the same
combustion experiment. We switched measurements between “fresh” and “aged” as the
online instruments were alternated every 10 min between pre- and after-OFR emission
measurements via a system of computer-controlled valves. After each switch between
“fresh” and “aged”, 2 min of data were discarded to allow the system to stabilize; this is
about a factor of 1.3 times longer than the characteristic photochemical aging residence
time [51].

2.2. DRI Biomass-Burning Facility

The DRI biomass-burning facility consists of a laboratory chamber constructed from
aluminum panels enclosing a square base (1.83 m × 1.83 m) and is 2.06 m high. Above this
height, the chamber tapers to an exhaust pipe that contains multiple sampling ports and
exhausts chamber air to a roof outlet, with the exhaust flow rate controlled by a fan and
a variable opening for the air inlet located at the bottom of the chamber, directly below
the burn platform [14]. This facility has been used extensively for the characterization
of combustion emissions [7,14,33,51,54–58] and smoke sensors [59–61]. Small amounts
(~50 g) of fuel were burned in this chamber under controlled conditions (relative humidity,
temperature, fuel moisture content, etc.). The resulting aerosol emissions were sampled
from the chamber exhaust through a primary sampling line into a sampling manifold
that split the flow to multiple sample lines, all made of conductive copper tubing and
connected to real-time instruments. Optical characterization of biomass-burning emissions
was performed with a three-wavelength photoacoustic spectrometer and nephelometer
(PASS-3) [13,62,63].

2.3. Biomass Burning Fuel

Siberian peat was used as fuel due to its regional and global importance as wildland
fuel [49], its steady smoldering combustion [7], and its increasing importance due to climate
change [64,65]. Siberia is home to ~50% of the world’s peatland and it has been predicted
that the burning of these peatlands may double in the future due to climate change [7].
In addition, peat is used widely in homes and industry as a fuel for energy production,
including heating and cooking applications [66]. Peat forms when biomass from vegetation
accumulates more rapidly than it decomposes, generally under the anoxic conditions
present in shallow wetlands or seasonally inundated mesic vegetation communities [67].
Due to the very large carbon pool storage in peatlands [43], the smoldering combustion of
drained or dried out peat beds can result in very large emissions of carbonaceous gases
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(e.g., CO2 and CO) and carbonaceous aerosols (mostly OC, very little or no BC) and their
precursors [68]. In addition, the drying out of peatlands is becoming more common due
to climate change and human activities; therefore, this makes peatlands more susceptible
to fires [44] and consequently increases the need for characterization of peat combustion
emissions and their atmospheric transformations [49]. Peat found in European Russia in
the region of Pskov was used in our experiment. Siberia and Pskov, Russia share common
peat ecosystems, with vegetation comprising various species of mosses, Sphagnum, and
cotton grass (Eriphorum spp.). We identify our fuel as Siberian peat because of the much
more extensive peatlands in Siberia that comprise the same species as our samples from
the Pskov region [33].

The Siberian peat was harvested and stored under refrigeration after collection. A
few days before laboratory combustion, the peat was conditioned in a heating and drying
oven (Fisherbrand Isotemp, Waltham, MA, USA) at a temperature of ~90 ◦C for 1 day to
remove fuel moisture. Dried peat samples were weighed, and deionized water was sprayed
homogeneously onto those dry samples until the total mass of the wet peat samples showed
a 25% increase compared to dried peat sample mass (i.e., fuel moisture content of 25%).
Prior to their use in our laboratory combustion experiments, the wet peat samples remained
for one day of equilibration in static-shielding Ziploc bags.

2.4. Oxidation Flow Reactor (OFR, Aerodyne Inc.)

In the laboratory, atmospheric aging can be simulated in different ways, for example,
with a smog chamber or an OFR [69]. Traditional smog chambers age emissions over
time periods comparable to those in the atmosphere (e.g., hours to days) while OFRs age
emissions much more rapidly using very high oxidant (e.g., OH and O3) concentrations
produced by intense UV radiation [69]. The yields and composition of aged emissions
can agree between smog chambers and OFRs within measurement uncertainties, thereby
supporting the use of OFRs to efficiently study atmospheric aging of biomass burning
emissions [69]. However, it is generally impractical to realistically simulate atmospheric
dilution during smog chamber or OFR aging. Thus, the results of our study, and those of any
other, should be viewed as applicable to the gas/particle levels observed in the experiments.

We used an Aerodyne Inc. OFR to simulate atmospheric aging of biomass burning
emissions [33]. During biomass burns, the sampling flow for the real-time instruments
was switched at 10-min intervals between fresh chamber flow—bypassing the OFR—and
aged chamber flow—ducted through the OFR. The OFR simulates multi-day atmospheric
photochemical aging by creating large concentrations of OH and ozone (O3) [70]. This aging
is controlled by using UV-lamps operated at given voltages and located inside the reactor
chamber. In total, 4 UV-lamps (2 emitting light at 185 nm and 2 at 254 nm wavelength)
were utilized inside the flow reactor to produce O3 and OH [51]. The presence of OH is key
to the formation of SOAs because of its reactive nature [71]. Table 1 shows the parameters
under which the OFR was operated during our laboratory experiments with equivalent
age as a function of the OFR lamp voltage previously determined from the decrease in the
carbon monoxide (CO) concentration [51].

Table 1. OFR lamp voltage, UV irradiance, temperature (T), ozone (O3), carbon monoxide (CO),
and water vapor (H2O) concentrations, and equivalent age in the ORF. Standard errors of the
measurements are shown as “± standard error”.

Measurement

OFR Lamp
Voltage (V)

UV Irradiance
(µW cm−2)

T
(◦C)

O3
(ppm)

CO
(ppm)

H2O
(g/m3)

Age
(days)

3 229.9 28.0 ± 0.1 17.3 ± 0.2 33.98 ± 0.02 11.81 ± 0.02 19.3 ± 0.3
5 503.6 31.5 ± 0.3 26.4 ± 0.3 20.96 ± 0.03 12.03 ± 0.05 44.1 ± 0.6
7 688.9 33.5 ± 0.2 32.8 ± 0.3 15.07 ± 0.02 12.03 ± 0.03 61.1 ± 0.6
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2.5. Photoacoustic Soot Spectrometer (PASS-3, DMT)

The PASS-3 primarily measures aerosol absorption coefficients through the photoa-
coustic effect and simultaneously, aerosol scattering coefficients with a reciprocal neph-
elometer [72], both in the same sample volume and at its 3 operating wavelengths (405,
532, and 780 nm) [13,62,63]. Photoacoustic measurements of the absorption coefficients
of aerosols in their natural suspended state are considered a primary standard [73] with
an error of ~5% while the simultaneous measurements of scattering coefficients have an
error of ~15% [72,74,75]. The calibration of photoacoustic instruments has previously been
described by Arnott et al. [76]. Measurement of the absorption and scattering coefficients
at three wavelengths allows for the calculation of the aerosol single scattering albedo (SSA)
and single scattering co-albedo (SSCA) at three wavelengths. It also allows for calculation
of the single scattering co-albedo Ångström exponent (SSCAAE), absorption Ångström
exponent (AAE), scattering Ångström exponent (SAE), and extinction Ångström exponent
(EAE) between pairs of two operating wavelengths or through linear regression over the
three operating wavelengths [77–79].

2.6. Scanning Mobility Particle Sizer (SMPS, TSI)

The SMPS comprised two instruments: (1) a TSI 3080 Differential Mobility Analyzer
(DMA) selecting a size bin and (2) a TSI 3775 Condensation Particle Counter (CPC) operated
in the low flow mode counting the number of particles in the size bin selected by the
classifier. This pairing of instruments allowed for sub-micrometer particles to be sized with
a high resolution from ~20 to ~600 nm [51,80].

Sample air entered the SMPS at a flow rate of 0.3 L/min and particles were initially
preselected by aerodynamic size with an inlet impactor that removed larger particles
(>1000 nm in aerodynamic diameter) from the sample air while smaller particles (<1000 nm
in aerodynamic diameter) moved past this impactor. After this pre-selection, particles were
charged to a known charge distribution with an aerosol charge neutralizer (TSI Kr-85),
before entering the DMA to be size selected. Sheath flow in the DMA region of the SMPS
remained at a constant 3.0 L/min during all sampling periods. The SMPS was operated
with a 90 s up scan to generate size distribution data and a 30 s down scan to reset the
instrument. After a particle size bin was selected by the DMA, particles in this size bin
were counted by the CPC. This counting was achieved by introducing n-butanol (C4H9OH;
certified ACS and suitable fluorometric analysis grade; Fisher Scientific, Fair Lawn, NJ,
USA) vapor into the sample stream and consequently cooling the sample stream, resulting
in a large supersaturation of the n-butanol vapor. Condensation readily occurs with the
particles serving as condensation nuclei, quickly growing to a size that can be detected
with an optical scattering detector.

The TSI AIM software used to acquire and process the SMPS data assumes a pressure
differential of 1 atm (101 kPa) and did not account for the actual pressure at the operating
elevation. Therefore, a pressure correction was applied to the SMPS data that addressed
this issue.

3. Experiments and Data Sets

Biomass-burning emissions were drawn from the burn chamber through the PASS-3
and other online instruments (Figure 1). A more detailed explanation of the sampling setup
can be found in Bhattarai et al. [51]. Absorption and scattering coefficients were measured
and recorded with two-second time resolution. Raw data were down averaged to a time
resolution of 10 s before analysis. Further data analysis utilized Mie theory [81] to retrieve
the aerosol complex refractive index, which required the particle size distribution and
absorption and scattering coefficients [82].

3.1. PASS-3 Data Sets

The experimental setup (Figure 1) used an automated valve to alternate every 10 min
between fresh and aged samples. Switching caused a brief pressure fluctuation in the
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sample volume of the PASS-3, resulting in temporary data artifacts. Additional artifacts
were created during the automatic zero calibration of the PASS-3 that was performed every
20 min. Therefore, data affected by sample alternation and zero calibration artifacts were
omitted from analysis. For every timed valve switch and each zero calibration, 2 min of
data were removed. After this initial filtering, an average of 7 min of valid data remained
for each 10-min interval of fresh or aged sampling.

Each Siberian peat sample smoldered for ~50 min, yielding an average of ~1050 PASS-3
data points for each burn. Ten second averaging was performed to reduce noise and to
yield more compact data sets without compromising the needed time resolution.

Due to the high ozone concentrations generated by the OFR (see Table 1) [51], ozone
absorption in the Chappuis band [83] can result in artifacts for photoacoustic measurements
of the aerosol absorption coefficients [84]. Therefore, our experimental setup included an
ozone denuder [51] before the PASS-3 (Figure 1) and O3 and NOx monitors were used to
measure O3 and NOx concentrations past this denuder. Results indicated that for this setup,
O3 and NOx absorption at the PASS-3 wavelengths was negligible (�1% of the measured
aerosol absorption) for our study.

3.2. SMPS Data Sets

SMPS data were acquired and processed using TSI AIM software that did not consider
the elevation at which the instrument was operated, assuming an operating environment
at sea level with an ambient pressure of 1 atm (101 kPa) during sampling. During our
experiments, the SMPS was operated at an elevation of ~1516 m ASL, corresponding to an
ambient pressure of ~0.83 atm (84 kPa). Therefore, a pressure correction code was run on
the SMPS output that exported the data as:

f =
dN

d log Dp
, (1)

where f is the size distribution function, N is the number concentration (#/cm3), and Dp
is the particle diameter bin size (nm). To find the number concentration N, after running
the pressure correction code, the output was divided by 192, the number of size bins per
decade. The SMPS normally outputs size distributions into bins per decade and for our
setup, there were 64 bins per decade. During the pressure correction, the SMPS resolution
was increased to 192 bins per decade using a Twomey algorithm [85,86] with more size
bins than are used in the TSI AIM software. Therefore, the SMPS data shown represent the
pressure-corrected size distribution with 192 bins per decade.

4. Data Analysis

In our experiment, peat samples burned nearly exclusively in the smoldering flame-
less combustion phase [87] as is typical for peat combustion [88], which produced near-
spherical organic carbon particles also known as tar balls [8,89]. Therefore, Mie theory [81]
can be used conveniently to analyze aerosol optical properties. Optical properties that can
be retrieved using the measured scattering and absorption coefficients and particle size
distribution include SSA, absorption, scattering, and extinction Ångström exponents (AAE,
SAE, and EAE), and the complex refractive indices.

4.1. Single Scattering Albedo (SSA)

The SSA is used to describe the “brightness” of aerosol scattering at a particular wave-
length, with its maximum value of one corresponding to pure scattering (no absorption)
and its minimum value of zero corresponding to pure absorption (no scattering). SSA is
the most important intensive particle parameter controlling aerosol direct radiative forc-
ing [90–92]. SSA can be mathematically defined as the ratio between the scattering βsca and
extinction βext coefficients:

SSA =
βsca

βext
=

βsca

βsca + βabs
, (2)
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where the extinction coefficient βext is the sum of the scattering βsca and the absorption βabs
coefficients. For homogeneous spherical particles, SSA is only a function of the particle
complex refractive index m and size parameter x [93,94], where x is defined as the ratio of
particle circumference πd and the wavelength of the incident light λ with:

x =
πd
λ

, (3)

where d is the particle diameter. SSA can be calculated directly with Equation (2) from PASS-
3 measurements of the scattering and absorption coefficients either through individual
ratios (Equation (2)) or from the slope of a linear regression between the scattering (y-axis)
and absorption (x-axis) coefficients [79] as:

SSA =
(

1 + slope−1
)−1

. (4)

For high SSA (SSA ≈ 1) aerosols, the single scattering co-albedo (SSCA = 1 − SSA) is
often more meaningful than SSA to quantify albedo changes because it equals absorption
normalized by extinction, a meaningful quantification of optical power absorbed by the
aerosol. Note that SSA is dependent on the particle size [93,94] and therefore our SSA mea-
surements are directly relevant to ambient peat burning emissions if the size distribution of
the emitted particles is similar.

4.2. Ångström Exponent

Besides the SSA, the Ångström exponent (AE) is another critical parameter used
to describe and evaluate aerosol radiative forcing in the atmosphere [95]. The AE is a
power law exponent describing the approximate wavelength dependence of the scattering,
absorption, and extinction coefficients (yielding SAE, AAE, and EAE, respectively) as:

βλ1

βλ2

=

(
λ1

λ2

)−AE
, (5)

where βλ is the scattering, absorption, or extinction coefficient at wavelength λ and the
Ångström (SAE, AAE, or EAE) exponent is the negative slope of a log–log plot of the
scattering, absorption, or extinction coefficients as a function of the wavelength, and can be
written as [78]:

AE =
ln
(

βλ1

)
− ln

(
βλ2

)
ln(λ2)− ln(λ1)

. (6)

Analytical relationships between different Ångström exponents have been discussed
previously [77] and Ångström exponents are also (like SSA) dependent on the particle size.

4.3. Complex Refractive Index

The complex index of refraction is an intensive material property that determines
the interaction of light with a medium. For homogeneous spherical particles emitted by
smoldering combustion, their optical properties depend solely on their complex refractive
index m = n + iκ and their size parameter x. While the forward problem of calculating optical
properties from the complex refractive index and the size parameter is straightforward
using Mie theory, the inverse problem of retrieving the complex refractive index from optical
and size measurements is more complicated. Recently, the PyMieScatt computational
package written in Python has become available [82]; it contains a robust inversion package
for the retrieval of the complex refractive index, which was used here. Input parameters for
the PyMieScatt inversion are the scattering and absorption coefficients directly measured
with the PASS-3, the particle size distribution determined with the SMPS, and the three
wavelengths used for the PASS-3 optical measurements.
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4.4. Error Analysis

In a plot of the scattering as a function of the absorption, the slope of the resulting re-
gression line can be used to calculate the SSA for a given wavelength with Equation (4) [79].
In a linear regression plot of the scattering between two different wavelengths, the slope of
the regression can be used to calculate AE with Equation (6) [78].

For our data, we performed unconstrained regression analysis, yielding relatively
small y-axis offsets (by ±100 to 1000 Mm−1) and in addition constrained regressions with
the regression line forced through the origin. The resulting 2 sets of slopes differed at most
by 1%. This maximum difference between slopes remained the same for the SSA, AAE,
SAE, and EAE slopes. A t-test with paired two sample for means showed that there was
no significant difference between the resulting two sets of calculated SSA and AE values.
Therefore, in the following, we used only SSA and AE values calculated from constrained
regressions that were forced through the origin.

Further calculations were performed to characterize errors by calculating the uncer-
tainties in the physical measurements and propagating them into derived quantities [96].
Errors for SSA and AE were found to be in the ranges of 0.00004 to 0.0173 and 0.0015 to
0.33, respectively.

5. Results and Discussion

First (Section 5.1), we derived the particle number size distributions and associated
particle volumes from our SMPS data for fresh and OFR-aged emissions. Size distribu-
tions are needed to interpret size-dependent intensive aerosol optical properties (i.e., SSA,
AE) [93,94] and to facilitate the retrievals of material properties (i.e., complex refractive
indices) from the measured absorption and scattering coefficients [82]. Next, we calculated
SSA (Section 5.2) and AE (Section 5.3) and examined the wavelength dependence of SSA,
both for fresh and OFR-aged emissions. Finally (Section 5.4), we retrieved complex refrac-
tive indices from our absorption, scattering, and size distribution measurements [82] and
examined their wavelength dependence and changes during OFR aging.

5.1. Particle Size Distribution

During our experiments, we measured the scattering and absorption coefficients
at 3 different wavelengths (405, 532, and 781 nm) and characterized the particle size
distributions over the measurement range of our SMPS (i.e., ~20 to ~600 nm). These
combinations of wavelengths and particle diameters correspond to particle size parameters
x ranging from 0.155 to 4.65 at 405 nm, from 0.118 to 3.54 at 532 nm, and from 0.081 to 2.41
at 781 nm.

Particle counts increased when fresh emissions were aged in the OFR due to new
particle formation and condensation of newly formed oxidized products. When comparing
particle number concentrations from fresh to aged, particle counts increased by ~1020%
at a UV-lamp operating voltage of 7 V, equivalent to 61 days of aging. At 5 V (44 days),
particle counts increased by ~957%, and at 3 V (19 days), by ~506%.

The aging of emissions in the OFR caused an increase in the particle count and a
shift in the peak particle diameter (Figure 2). The diameter range, defined as the range
within ±1 standard deviation from the peak of the distribution (Figure 3), shifted from
58–234 nm for fresh emissions to 22–105 nm for emissions aged at a 3 V lamp voltage
corresponding to 19 days of atmospheric aging. For all OFR lamp voltages (i.e., 3, 5, 7 V),
particle diameter ranges and peak locations decreased during OFR aging. Our results
show that while the total particle count increased during aging, the size range decreased
by ~50%. This may be due to both evaporation (reducing large particle sizes) and due to
nucleation of small particles during aging. The shift in the size range and particle counts
is also documented in Table 2, which gives detailed numerical values for the significant
parameters from Figures 2 and 3 for all OFR operating voltages and aging times.
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Figure 2. Electric mobility particle diameter number distribution for fresh and OFR-aged aerosols
emitted from the combustion of Siberian peat.

Figure 3. Electric mobility particle diameter distributions with standard deviations for Siberian peat
combustion emissions. (Left): aged (61 days). (Right): fresh.

Table 2. Standard deviations of particle counts for Siberian peat emissions for aging and fresh.

Lamp Voltage
(Aging Time) Aged or Fresh Avg. Particle Count Peak St. Dev. Peak—St. Dev. Diameter

Range [nm]

3 V (19 days) Aged 9783 21,903 8269 13,634 22–105
Fresh 1615 3566 1229 2337 58–234

5 V (44 days) Aged 10,168 27,585 10,157 17,427 23–79
Fresh 962 2237 735 1502 59–218

7 V (61 days) Aged 13,445 32,663 11,559 21,104 32–123
Fresh 1200 2812 1028 1784 78–324
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The total particle volume is the particle volume per SMPS size bin, summed over all
bins for each burn. For spherical particles, the volume of an individual particle can be
written as:

Vsphere =
4
3

π ∗ r3, (7)

where r is the particle radius. Multiplying the individual particle volume with the particle
count for each size bin and summing these “bin” volumes over all bins yields the total
particle volume emitted per burn. When comparing fresh to aged total particle volume,
there was not much (less than 8%) change between the 2 for the lower 2 OFR lamp voltages
(3 V
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Table 3. Total particle volume for each OFR operating voltage with fresh and aged Siberian peat emissions.

Total Particle Volume

Lamp Voltage (V) Fresh [µm3] Aged [µm3] Change (%)

3 3230 3290 +1.89
5 1960 1820 −7.24
7 3630 6830 +88.0

This large variation in the total particle volume may be due to the type of particles
generated after aging. Although the count for aged particles is 5 to 10 times greater than
that of fresh emission counts, these particles are mostly smaller in size as shown in Table 2.
If the number of large particles decreases or if larger particles partly evaporate during
aging, total particle volume emissions may decrease due to aging, which happened at 5 V
(44 days) in Table 3. However, if net particle mass is generated during aging, possibly due
to new particle generation and the growth of existing particles, the total particle volume of
the aged emissions will outgrow the fresh as it did at 7 V (61 days) in Table 3. Here, the
fresh particles were larger but fewer in count by one order of magnitude. Once aged, the
sum of the smaller volumes overpowered the sum of the fresh volumes causing an increase
in the total particle volume by ~88.0%. Determining the voltage thresholds between particle
volume increase and decrease will require additional experiments and analysis.

5.2. Single Scattering Albedo (SSA)

The SSA is the dominant intensive aerosol optics parameter determining aerosol
radiative forcing [90–92]. Results from our laboratory biomass burns show an increase
in SSA with increasing wavelength, meaning that with increasing wavelength, scattering
coefficients decrease slower than absorption coefficients [77]. Because peat burns nearly
exclusively in the smoldering combustion phase, aerosol emissions are dominated by OC
with very little BC and absorption is dominated by BrC absorbing at UV and short visible
wavelengths [7]. This leads to little absorption and large SSA values at 532 and 781 nm and
more absorption and smaller SSA values at 405 nm (see Table 4). Aging our combustion
emissions in the OFR increased all SSA values at the 405 nm wavelength while decreasing
all SSA values at 532 nm, and decreasing SSA at 781 nm for 3 and 7 V aging while increasing
it for 5 V aging. Table 4 displays these SSA values with accompanying standard errors
ranging from ±0.00001 to ±0.0007 for fresh emissions and ±0.00001 to ±0.001 for aged
emissions. Note that the smallest standard errors generally occur for the largest SSA values,
as expected.

Looking specifically at SSA at the 405, 532, and 781 nm wavelengths, SSA at the shorter
wavelength of 405 nm was affected more by aging than at the other 2 wavelengths. This
could be caused by bleaching (decreasing of absorption) during the aging at 3 and 5 V
lamp voltage, mostly due to changes in the BrC composition caused by UV or OH and O3
exposure in the OFR, and by the formation of new particles and condensation of newly
formed oxidized products, which may be less absorbing.
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Table 4. Single scattering albedo (SSA) with standard errors obtained at three wavelengths for fresh
and aged aerosols from linear regression slopes between the scattering and absorption coefficients
(Equation (4)).

Lamp Voltage
(Aging Time) Wavelength (nm) SSA Aged SSA Fresh

405 0.9464 ± 0.0001 0.9258 ± 0.0007
3 V (19 days) 532 0.99109 ± 0.00003 0.99150 ± 0.00007

781 0.99806 ± 0.00001 0.99830 ± 0.00002

405 0.9394 ± 0.0005 0.9173 ± 0.0006
5 V (44 days) 532 0.9899 ± 0.0001 0.9914 ± 0.0001

781 0.99903 ± 0.00001 0.99857 ± 0.00001

405 0.939 ± 0.001 0.9361 ± 0.0003
7 V (61 days) 532 0.9885 ± 0.0002 0.99308 ± 0.00002

781 0.99865 ± 0.00002 0.99921 ± 0.00001

The 405 nm wavelength showed the greatest change in SSA during the transition from
fresh to aged aerosols. The 405-nm SSA increased by less than ~0.022 or ~2.4% during OFR
operation at 3 and 5 V (weeks); these are the largest changes in SSA observed during our
aging experiments. These changes were due to a decrease in the absorption coefficients by
~45%, with the effect on SSA somewhat reduced by a concurrent decrease in the scattering
coefficients by 20 to 25%. For OFR operation at 7 V, we observed very little change in SSA
during aging, namely an increase of ~0.003 or 0.31% that was caused a ~56% increase in
the absorption coefficients, which was more than balanced by a somewhat larger (~71%)
increase in the scattering coefficients. These large increases in the absorption and scattering
coefficients for aging at 7 V are at least qualitatively consistent with the large increase in
the particle volume (~88%) reported in Table 3.

We hypothesize that during aging, 405-nm SSA initially (19 days of aging) strongly
increases due to the bleaching of chromophores [97] and the addition of less-absorbing
particle material, causing a strong decrease in the absorption and less (about half) of that
decrease in the scattering coefficients, followed by little additional net changes over the next
25 days (total of 44 days) of aging. Aging to 61 days strongly increases the absorption by
~56%; however, this is more than balanced by an even larger increase in scattering by ~71%.
These large increases are likely related to the large increase in the total particle volume of
~88% after 7 V aging. The longer wavelengths of 532 and 781 nm showed smaller absolute
and fractional changes in the SSA values from fresh to aged, in which some increased and
others decreased.

To gain a better perspective on the behavior of SSA as a function of the wavelength,
we examined the aerosol SSCA that can be described as the fraction of extinction due to
absorption, and can be written as:

SSCA = 1 − SSA =
βabs
βext

(8)

By plotting the SSCA as a function of the wavelength on a log–log scale in Figure 4, it
becomes possible to visualize SSA as a function of the wavelength, especially at the longer
wavelengths of 532 and 781 nm, and to determine if the SSCA wavelength dependence
follows a simple power law indicated by a straight line with an Ångström exponent
equaling the negative slope [77]. Fitting a power-law to the measurements, the negative
exponents or log–log plot slopes represent the SSCA AE.
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Figure 4. A log–log plot of single scattering co-albedo (SSCA) as a function of the wavelength for
fresh (small symbols) and aged (large symbols) Siberian peat combustion emissions with power law
fits for fresh (dashed lines) and aged (solid lines) emissions. Black, red, and blue symbols or lines
depict 19 (3 V), 44 (5 V), and 61 (7 V) days of aging, respectively.

Table 5 shows the associated SSCA AE derived from linear regressions (Figure 4)
and their associated correlation coefficients (R2), which are in the range of 0.955 to 0.999,
indicating an excellent linear fit in the log–log space corresponding to an excellent power
law fit. Note that there was no statistically significant difference in SSCA AE and therefore
the SSCA wavelength dependence between fresh and aged emissions.

Table 5. SSCA AE and R2 values for aged and fresh emissions.

Single Scattering Co-Albedo Ångström Exponents (SSCA AE)

Lamp Voltage SSCA AE Aged SSCA AE Fresh R2 Value Aged R2 Value Fresh

3 V 4.92 ± 0.72 5.19 ± 1.13 0.979 0.955
5 V 6.26 ± 0.01 6.66 ± 0.67 1.000 0.990
7 V 6.27 ± 0.14 6.25 ± 0.85 0.999 0.982

The co-albedo values at 405 nm were the highest of the 3 observed wavelengths,
representing greater absorption by brown carbon at the shorter wavelength corresponding
to smaller SSA values. The co-albedo values at the wavelengths of 532 and 781 nm were
lower than those at 405 nm (less absorbing) as expected.

5.3. Ångström Exponents (AE)

AAE of ~1 is typical for small (i.e., size parameter x � 1 or d � λ) BC particles [63,98].
In our experiments AAE for the 405–532 nm wavelength ranged from ~8.5–9 for fresh
aerosol samples and ~7.0–7.75 for aged samples (Figure 5). This shows a decrease in
the AAE by 12–17% due to OFR aging of emissions. AAE exponents much larger than
1 demonstrate that particle optics is dominated by BrC and not by BC, as expected for
smoldering combustion [8].
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Figure 5. Absorption Ångström exponent (AAE) as function of the wavelength pair. (Left): this study.
(Right): previous study by Sumlin et al. [99] with MC standing for fuel moisture content, Ak for
Alaskan peat, and IN for Indonesian peat.

In a previous study performed by Sumlin et al. [99], similar results were observed
for Alaskan peat and Indonesian peat fuels. When harvesting the Alaskan peat fuel, the
samples were extracted at different depths in the ground with results for depths of 0–4
and 4–8 depths shown in Figure 5, right panel. Moreover, to compare our results to those
of Sumlin et al. [99], only their results for peat with a fuel moisture content of 20% are
shown here. Their samples were not densely packed, and their biomass burning emissions
were aged after removing gaseous compounds through denuding (unlike ours), which
may explain why their AAE values were lower by 2–3 for the 405–532 nm wavelength
range. However, note the large error bars (caused by sampling artifacts) of Sumlin et al. [99]
shown in Figure 5 (right panel), making these differences barely significant.

Table 6 shows the Ångström exponent values for absorption, scattering, and extinction
calculated from our absorption and scattering coefficients using Equation (6). AAE values
for fresh and aged emissions were within the 6 to 9 range, denoting the dominance of
strongly wavelength-dependent BrC absorption. SAE valuess are much closer to one (1),
indicating scattering dominated by large (x >> 1) particles. Because SSA is fairly close to
one (1), EAE values are dominated by SAE values rather than by the much larger AAE
values [77]. Notice also that changes in AAE from fresh to aged are not consistent, with
decreases in some cases and increases in others. EAE values are often utilized to determine
if extinction is dominated by small particles often associated with combustion aerosols
(EAE > 2) or by large particles, such as sea salt or mineral dust (EAE < 1) [100]. Here, we are
dealing with combustion particles; however, OC particles from smoldering combustion are
substantially larger than BC particles from flaming or controlled (e.g., internal combustion
engine) combustion [101,102] and our EAE values indicate dominance by large particles.
Changes in EAE during OFR aging are related to changes in the particle size and complex
refractive index.
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Table 6. Ångström exponents for absorption (AAE), scattering (SAE), and extinction (EAE) for
fresh and aged aerosol emissions from Siberian peat combustion. All Ångström exponents changed
significantly (more than the sum of standard errors) between “fresh” and “aged”.

Aging
(Lamp Voltage) λ (nm) AAE Aged AAE Fresh SAE Aged SAE Fresh EAE Aged EAE Fresh

19 days (3 V)
405, 532 7.635 ± 0.009 8.69 ± 0.01 0.889 ± 0.007 0.50 ± 0.01 1.058 ± 0.007 0.748 ± 0.009
532, 781 5.11 ± 0.01 5.19 ± 0.02 1.126 ± 0.007 0.95 ± 0.02 1.114 ± 0.007 0.96 ± 0.02
405, 781 6.158 ± 0.005 6.64 ± 0.01 1.027 ± 0.007 0.76 ± 0.02 1.108 ± 0.007 0.88 ± 0.02

44 days (5 V)
405, 532 7.44 ± 0.02 8.92 ± 0.01 0.687 ± 0.007 0.33 ± 0.01 0.877 ± 0.007 0.619 ± 0.009
532, 781 7.02 ± 0.03 5.29 ± 0.03 0.913 ± 0.009 0.61 ± 0.02 0.936 ± 0.009 0.63 ± 0.02
405, 781 7.19 ± 0.03 6.81 ± 0.02 0.822 ± 0.009 0.50 ± 0.01 0.915 ± 0.008 0.63 ± 0.01

61 days (7 V)
405, 532 7.18 ± 0.01 8.689 ± 0.006 0.89 ± 0.01 0.41 ± 0.02 1.08 ± 0.01 0.63 ± 0.02
532, 781 6.78 ± 0.03 6.39 ± 0.02 1.18 ± 0.02 0.72 ± 0.02 1.21 ± 0.02 0.74 ± 0.02
405, 781 6.95 ± 0.01 7.350 ± 0.009 1.06 ± 0.01 0.56 ± 0.02 1.16 ± 0.01 0.66 ± 0.01

5.4. Complex Refractive Index

The real part of the complex refractive index pertains mostly to scattering and the
imaginary part mostly to absorption. Particle complex refractive indices were retrieved
with the PyMieScatt open source package, yielding complex refractive indices at the inter-
sections of the scattering and absorption efficiency contours [82] from our PASS-3 measured
scattering and absorption coefficients and our SMPS particle diameter size distributions.
Our results for Siberian peat combustion emissions are similar to those of previous stud-
ies of aerosol emissions from the combustion of other peat fuels, such as Alaskan and
Indonesian peat [99] and Florida peat [33].

Figure 6 shows the retrieved real part n of the particle refractive index. The left panel
shows the results from our laboratory biomass burns of Siberian peat, indicating that the
real part of the refractive index increased to nearly being linear with the wavelength, which
can be interpreted as anomalous refraction. Some previous studies [99] did not demonstrate
this trend while others showed some anomalous refraction [8]. Note that the retrieved
real parts of the particle refractive index for fresh smoke varied significantly between
burns (19, 44, and 61 days of aging burns) and changes due to aging were analyzed for
individual burns. Consequently, our retrieved real parts of the particle refractive index
decreased after 19 days of equivalent aging, increased after 44 days of aging, and strongly
decreased after 61 days of aging. These trends are opposite to the trends observed for the
total particle volume as discussed in Section 5.1 and shown in Table 3. The center and
right panels show the results from previous experiments by Sumlin et al. [34,99]. Again,
comparisons were made with the 20% fuel moisture content for sparsely packed Indonesian
and Alaskan peat and densely packed aged Alaskan peat. In contrast to Sumlin et al. [34,99],
our study extended the aging period of biomass burning aerosols beyond 4.5 days and
up to 2 months (7 V, 61 days) and did not remove gaseous compounds through denuding.
Note that Sumlin et al. [34,99] showed different trends in the retrieved real parts of the
particle refractive index as a function of the wavelength (not observed by us) and partial
reversal of aging-induced changes (observed by us).
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Figure 6. Real part n of the refractive index as a function of the wavelength. (Left): our study, fresh
and aged combustion emissions from Siberian peat. (Center): fresh and aged combustion emissions
from densely packed Alaskan peat [34,99]. (Right): fresh Alaskan (Ak) and Indonesian (IN) peat
combustion emissions for a fuel moisture content (MC) of 20% [34,99].

Figure 7 shows the retrieved imaginary part κ of the particle refractive index. The left
panel shows the results from our laboratory biomass burns of Siberian peat, indicating that
the imaginary part of the refractive index decreased near exponentially with the wavelength,
which can be interpreted as normal refraction, indicative of the presence of brown carbon
aerosols with dominant UV absorption, where the absorption strongly decreases with the
wavelength [78]. The retrieved imaginary part κ of the particle refractive index at 405 nm
also decreased strongly during aging, with the largest decrease observed for 61 days of
equivalent aging, followed by those for 19 and 44 days of aging, likely due to the bleaching
of chromophores. The imaginary part of the complex refractive index κ ranged from 0.0002
to 0.0096 ± 0.001 for aged emissions and 0.0002 to 0.0175 ± 0.004 for fresh emissions. The
imaginary part of the refractive index determined by us is comparable to that determined
by Sumlin et al. (Figure 7: center and right panel) [34,99], who also observe significant
decreases at near-UV wavelengths during aging [34].
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Figure 7. Imaginary part of the complex refractive index κ as a function of the wavelength. (Left): our
study, fresh and aged combustion emissions from Siberian peat. (Center): fresh and aged combustion
emissions from densely packed Alaskan peat [34,99]. (Right): fresh Alaskan (Ak) and Indonesian
(IN) peat combustion emissions for a fuel moisture content (MC) of 20% [34,99].

6. Conclusions

Peatlands cover only ~3% of the global land mass [67] but constitute the largest
terrestrial carbon sink. As permafrost is degraded by climate change with additional fire
feedbacks [103,104], more Siberian peatlands are becoming susceptible to wildfires. Our
study characterized the physical, especially optical, properties of fresh and aged aerosol
emissions from the combustion of Siberian peat as needed for radiative forcing calculations
and aerosol satellite retrievals.

Laboratory aerosol aging resulted in an increased total particle count by a factor of
6 to 11 while the total particle volume either changed little (<8%) for 19 and 44 days of
equivalent aging but increased by 88% for 61 days of aging. The real and imaginary parts
of the complex refractive index increased and decreased, respectively, with increasing
wavelength and ranged from 1.3 to 1.8 and 0.0002 to 0.0175, respectively, for fresh emissions
and from 1.3 to 1.6 and 0.0002 to 0.0096, respectively, for aged emissions. Aging trends
opposite to those for the total particle volume were found for the real part of the complex
aerosol refractive index, which decreased after 19 days of equivalent aging, increased
after 44 days of aging, and strongly decreased after 61 days of aging. The imaginary
part of the particle refractive index at 405 nm decreased strongly during aging, with the
largest decrease observed for 61 days of equivalent aging, followed by those for 19 and
44 days of aging, likely due to the bleaching of chromophores. Intensive optical aerosol
properties, including SSA and AEs, are controlled by the particle size distribution and
complex refractive index spectra. For example, new particle formation produces very
small particles in the Rayleigh regime that may have the same complex refractive index as
existing larger particles, yet a much smaller SSA. The aerosol single-scattering co-albedo
(SSCA) of both fresh and aged aerosol decreased with an increasing wavelength, and we
showed that this decrease is well described by power laws with wavelength-independent
SSCA AE values. After aging, SSCA at the 405 nm wavelength decreased by 5 to 27%; at
532 nm, it increased by 5 to 67%; and at 781 nm, it changed between a 32% decrease and
71% increase, with all changes dominated by the changing absorption and the importance
for radiative forcing and UV photochemistry. Overall, aging shifted absorption toward
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longer wavelengths and decreased absorption Ångström exponents, which ranged from ~5
to 9. Generally, the optical properties of aerosols emitted from Siberian peat combustion
and their changes during simulated atmospheric aging are very complex and not readily
understood or modeled. However, they seem to be similar to those of aerosols emitted
from the combustion of peat from other regions, based on so far limited experiments.
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