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Abstract. Carbonaceous aerosols affect the radiative balance

of the Earth by absorbing and scattering light. While black

carbon (BC) is highly absorbing, some organic carbon (OC)

also has significant absorption, especially at near-ultraviolet

and blue wavelengths. To the extent that OC absorbs visible

light, it may be a non-negligible contributor to positive direct

aerosol radiative forcing. Quantification of that absorption is

necessary so that radiative-transfer models can evaluate the

net radiative effect of OC.

In this work, we examine absorption by primary OC emit-

ted from solid fuel pyrolysis. We provide absorption spectra

of this material, which can be related to the imaginary refrac-

tive index. This material has polar character but is not fully

water-soluble: more than 92% was extractable by methanol

or acetone, compared with 73% for water and 52% for hex-

ane. Water-soluble OC contributes to light absorption at both

ultraviolet and visible wavelengths. However, a larger por-

tion of the absorption comes from OC that is extractable only

by methanol. Absorption spectra of water-soluble OC are

similar to literature reports. We compare spectra for material

generated with different wood type, wood size and pyroly-

sis temperature. Higher wood temperature is the main factor

creating OC with higher absorption; changing wood temper-

ature from a devolatilizing state of 210 ◦C to a near-flaming

state of 360 ◦C causes about a factor of four increase in mass-

normalized absorption at visible wavelengths. A clear-sky

radiative transfer model suggests that, despite the absorption,

both high-temperature and low-temperature OC result in neg-

ative top-of-atmosphere radiative forcing over a surface with

an albedo of 0.19 and positive radiative forcing over bright

surfaces. Unless absorption by real ambient aerosol is higher

than that measured here, it probably affects global average

clear-sky forcing very little, but could be important in energy

balances over bright surfaces.
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1 Introduction

Aerosol particles can directly modify the earth’s radiation

balance by absorbing and scattering solar radiation, and this

is one of the largest uncertainties in the radiative forcing of

climate (Anderson et al., 2003, McComiskey et al., 2008;

IPCC, 2007). Absorption of light, a component of light ex-

tinction, is special in two ways. First, it causes warming

of the entire Earth system and atmospheric heating, whereas

scattering – the other larger component of extinction – causes

cooling. Second, only a few types of aerosols, specifically

carbonaceous particles and mineral dust, absorb solar radi-

ation. Carbonaceous aerosols are prevalent in urban areas

(Molnár et al., 1999; He et al., 2001; Johnson et al., 2006;

Meng et al., 2007; Krecl et al., 2007) and in continental out-

flow (Gabriel et al., 2002; Mader et al., 2002; Quinn and

Bates, 2005). Carbonaceous aerosol is composed of black

carbon (BC) and various types of organic carbon (OC). By

mass, OC is 3–12 times more than BC (Molnár et al., 1999;

Husain et al., 2007), and it accounts for 10-70% of total fine

aerosol mass (Murphy et al., 2006; Quinn and Bates, 2003;

Turpin et. al., 2000).

Visible light absorption is important for direct radiative

forcing, since 47% of solar energy is distributed within vis-

ible range between 400 nm and 700 nm. Absorption in the

ultraviolet range is also significant, since it may affect photo-

chemistry and thus reduce tropospheric ozone concentration

(Jacobson, 1998). Because BC is known to be the most ab-

sorbing aerosol in the visible wavelengths in the atmosphere,

the optical properties of BC have been the focus of much in-

vestigation.

In recent years OC has been reported to be a nonnegli-

gible contributor to aerosol light absorption, particularly in

the ultraviolet and shorter-wavelength blue regions. Much of

this absorbing OC has been associated with solid-fuel burn-

ing. Bond (2001) reported a strong spectral dependence of

absorption by carbonaceous particles from coal combustion,

and proposed that might result from organic components
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rather than black carbon. Kirchstetter et al. (2004) measured

near UV and visible light absorption of filter-based aerosol

samples from biomass burning before and after acetone treat-

ment, and estimated 50% of the total light absorption was

contributed by organic carbon. Qin and Mitchell (2009) sug-

gested that the variable blue-band absorption of Australian

aerosols may be related to organic compounds emitted dur-

ing certain vegetation burning. Roden et al. (2006) also dis-

cussed absorption with strong wavelength dependence from

smoldering biofuel. Pöschl (2003) suggested that the molec-

ular structure of the light absorbing organic aerosols were

similar to polycyclic aromatic hydrocarbons (PAHs), humic-

like substances (HULIS) and biopolymers. Andreae and Ge-

lencsér (2006) reviewed the evidence for and nature of this

“brown carbon.” Sun et al. (2007) examined 200 organic

compounds and inferred that the light absorbing organic car-

bon was probably oxygenated or multifunctional, or had very

high molecular weight. This work also compared reported

values of absorption by organic carbon, and found that or-

ganic carbon from combustion sources might be five times

more absorbing than water-soluble OC (Havers et al., 1998;

Varga et al., 2001; Hoffer et al., 2006). They suggested that

the compounds not extractable by water or alkali must con-

tribute to this kind of difference. Bergstrom et al. (2007)

reported strong wavelength dependence in biomass-burning

regions.

Although OC could have an important contribution to ra-

diative forcing, its treatment in global climate models to date

has been simplistic; it has been treated as a compound that

primarily scatters light and has invariant properties (Liousse

et al, 1996; Cooke et al, 1999; Chung and Seinfeld, 2002). In

fact, chemical and optical properties of OC may differ due to

the nature of the OC source or atmospheric processing. The

present paper aims to contribute to understanding this vari-

ability by examining biomass combustion, one of the largest

sources for primary BC and OC. Bond et al. (2004) esti-

mated the global annual emissions of BC and primary OC

as 8 Tg and 34 Tg respectively. Of the total primary OC, the

contribution of biofuel and open biomass burning were 19%

and 74% respectively.

Emission rates and chemical properties from biomass

burning are quite variable (e.g. Reid et al., 2005). One

method of attempting to capture this variability is to exam-

ine a wide range of fuels (e.g. Andreae et al., 1998; Ferek et

al., 1998; Schauer et al., 2001). However, we have observed

large variability even when wood of similar composition is

burned (Roden et al., 2009), suggesting that other variables

such as fuel size or combustion conditions must also affect

emissions. In fact, models of wood pyrolysis and char pro-

duction (e.g. Shafizadeh, 1982; Antal and Varhegyi, 1995;

Bryden et al., 2002) are largely able to model reaction prod-

ucts for different types of biomass with simple kinetic param-

eters, although they admit large variation in the composition

of the escaping volatile matter which forms OC. This suc-

cess suggests that the factors governing emissions are partly

thermodynamic and kinetic, and not strictly attributable to

wood type. It is impossible to measure OC properties – or

at least, to obtain funding for such broad measurements – for

every type of wood in every form of combustion around the

world. Furthermore, even if such an array of measurements

was feasible, the detail could not be applied in an emission

model. However, if the variables controlling these proper-

ties are isolated, they can be used to understand and predict

emissions from a wide variety of wood types and combus-

tion conditions. Therefore, our approach in this work is to

examine OC emitted from highly controlled thermal degra-

dation of biomass. These can then be connected with real-

world variables such as combustion temperature, fuel type

and fuel size. We recognize that this is an ambitious target,

and that the present contribution is only a small step toward

it. Since the vast majority of primary organic aerosol arises

from biomass combustion, we believe that such a system-

atic approach is warranted. Wood combustion comprises at

least two distinct processes that affect the properties of the

resulting aerosol: release of volatile material from the solid,

and its condensation or combustion in the atmosphere. In a

real burn, after this material leaves the solid wood, it may ei-

ther condense to form “organic carbon” or burn in a diffusion

flame to produce black carbon. Our goal in this experiment

is to understand the nature of the devolatilizing material gen-

erated by wood pyrolysis. This material is emitted directly.

The present work describes a procedure including genera-

tion, extraction and analysis of organic carbon from wood

pyrolysis, the first step in combustion of solid fuel. We

present optical properties of organic carbon generated at dif-

ferent conditions and wood sizes. Preliminary experiments

had indicated that wood size affected emission rates and par-

ticle properties. Heat transfer into the wood is most rapid

into the shortest dimension, but mass transfer of the volatile

material out of the wood occurs along the wood grain – the

longer dimension – until cracks form in the wood. Thus,

volatile material can be held at a high temperature for a long

time. This situation is similar to observations of wood used

for cooking (Roden et al., 2006), where white smoke es-

caped mainly from the end of the fuel. We employed UV-vis

spectrophotometry to measure the light absorption of liquid

extracts of aerosol samples, although this method measures

the bulk liquid refractive index and not particulate absorp-

tion. Absorption of bulk liquid extracts can be used to derive

the imaginary refractive index, a necessary input to the Mie

theory used to model absorption and scattering in radiative-

transfer models. Using organic solvents and water to extract

OC provides understanding of the nature of organic carbon,

including its water-solubility. The absorption spectra of OC

in bulk liquid extracts show that a large fraction of light ab-

sorption in the near-UV and visible range is caused by water-

insoluble organic carbon with some polar component.
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Fig. 1. Schematic of sampling system.

2 Methods

2.1 Sample generation

OC samples were generated in a series of controlled pyroly-

sis experiments and then collected on quartz filters. Figure 1

shows the schematic of the sampling system. Organic carbon

samples were generated in the laboratory by pyrolyzing small

pieces of wood in an adjustable, electrically-heated combus-

tor. The combustor, shown in Fig. 2, created a temperature-

controlled environment using a 120 volt, 650 watt, Watlow

VC403A06A, resistive heating cylinder sealed to a base

of insulating firebricks. The combustor contains no flame

source and formation of black carbon can be avoided by pre-

venting flames if no oxygen enters the combustor. The top

was enclosed and a nitrogen carrier gas kept the combustor

at a slight positive pressure. Smoke escaped through a chim-

ney (not shown) and was sampled as described below. Our

combustor simulates the release of volatile matter at realis-

tic wood temperatures; there is no oxygen either inside the

wood or in the diffusion flame.

Wood pieces were placed in the bottom center of the com-

bustor, and temperature was measured near the exterior of the

wood pieces. After an initial natural dilution that entrained

room-temperature air until the temperature reached 70 ◦C, a

diluting probe further diluted the smoke stream with HEPA-

filtered air at a ratio of 4:1 to cool the emissions to ambient

temperature (25 ◦C). Particles larger than 1 µm were removed

with an impactor. A change of dilution ratio from 4:1 to 40:1

did not change the measured absorption per mass (i.e., the

difference was within experimental uncertainty). Other ef-

fects of gas-particle partitioning are discussed in Sect. 2.5.2.

We used two types of wood (oak and pine) of three dif-

ferent sizes. These will be reported as cross-sectional area

(height × width) times along-grain length. “Small” wood

was (0.64 cm×1.92 cm) ×1.92 cm. “Medium” wood was

(1.92 cm×1.92 cm)×1.92 cm. “Large” wood had the same

Watlow VC403A06A 650 W heater
H = 6”

2 ½ “ thick 9” x9” firebrick base

N2 inlet and Bottom Thermocouple

Top Thermocouple

I.D. = 3”

O.D. = 7”

Fig. 2. Detailed Diagram of Combustor.

cross-section as medium wood (1.92 cm×1.92 cm), but its

length was 5.76 cm. These three wood sizes will be indicated

by S, M and L respectively. In all cases, the wood moisture

was very low (about 10%). We refer to samples using the for-

mat “type size temperature” (e.g. oak M 270). In total, 18

complete experiments and analyses were carried out with dif-

fering generation temperatures (210±20 ◦C, 270±20 ◦C and

360±20 ◦C), wood types and wood sizes, as listed in Table 1.

Additional experiments to elucidate the nature of the samples

will also be described later.

2.2 Sample collection

We collected simultaneous samples on filters in three

branches. Unless stated otherwise, all filters were quartz

(Pall, TISSUQUARTZ 2500QAT-UP) and filter holders were

URG (URG-2000-30RAF). The first branch was used to col-

lect samples for UV-vis absorption, which required large

samples (milligram quantities). The resulting filter loading

is higher than the range of the analyzer used for total carbon,

so a second branch had a smaller flow rate for this analysis.

However, quartz filters may also collect adsorbed organic va-

pors (McDow and Huntzicker, 1990; Turpin et al., 1994). A

Teflon-quartz filter combination has been recommended to

estimate this artifact (Turpin et al., 1994; Kirchstetter et al.,

2001), with a Teflon filter (Millipore, Fluoropore™ Mem-

brane Filters, FALP04700) removing particles from the gas

stream, and a quartz filter estimating the gaseous adsorption.

The third branch contained this combination.

Quartz filters for collection were baked at 550 ◦C in air in

a muffle furnace for at least four hours and stored in Petri

dishes lined with baked aluminum foil prior to sampling. At

the end of the sampling period, the filters were returned to

the dishes immediately and stored in a freezer until analy-

sis. One blank filter for each preparation batch underwent

the same OC/EC and UV-vis absorption analysis as the ana-

lytical filters.
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Table 1. Overview of sample information and Åap (whole investigated range, UV range and visible range).

Wood type Wood size Temperature
Åap of methanol extracts

Åap of α/ρ methanol

(◦C) water extracts extract (400 nm)
Whole range UV range Visible

(−400 nm) (400 nm−)

pine M 210 10.9 11.8 10.7 14.8 1300

oak M 210 10.1 13.3 9.7 14.5 2000

pine L 210 11.4 14.3 9.5 17.8 3500

oak L 210 10.0 12.2 8.5 16.8 4500

pine S 270 9.5 10.7 9.4 14.4 4000

oak S 270 9.1 12.0 8.9 15.2 4300

pine M 270 8.8 9.8 8.8 15.6 4000

oak M 270 8.2 9.5 8.1 15.2 6600

oak M 270 8.1 9.6 7.8 13.9 6300

oak M 270 8.1 9.2 8.0 12.4 7400

oak M 270 8.7 8.7 7.9 9.4 6700

pine L 270 9.5 11.5 9.0 16.4 3500

oak L 270 8.1 9.4 7.8 15.8 6000

pine M 360 7.8 7.9 7.8 9.4 8800

oak M 360 6.9 6.6 7.6 8.6 10 400

oak L 360 7.5 7.5 7.8 9.7 10 100

pine L 360 7.5 7.3 8.4 9.4 10 600

oak L 360 7.1 6.9 7.8 8.8 9700

2.3 Analytical techniques

Quartz filters in the higher flow rate branch were extracted

with deionized water and organic solvents, methanol (Fisher

Scientific, A.C.S. certified), hexane (Fluka, puriss, p.a.) and

acetone (Fisher Scientific, A.C.S. certified). A punch of filter

and solvent were sonicated (Ultrasonic Cleaner, Cole Parmer

8892) for 1 h, kept at room temperature for 20 h to let the so-

lution reach equilibrium, and sonicated for 1 additional hour.

Polidori et al. (2008) reported that sonicating increased ex-

traction efficiencies by 10–15%. All extracts were filtered

by syringe through a 25mm diameter filter with a 0.2 µm

pore size (Whatman, Anotop* Disposable Syringe Filters)

to remove impurities during the extraction process. How-

ever, some particles carried by the solvent may be retained

by the filter during the filtration step, and our method of de-

termining α/ρ would underestimate its magnitude. Further

investigation of carbon loss in the filtration step is required

to account for this bias. Residual filters were taken out of the

solutions, dried in a fume hood and then kept in the freezer

in dishes prepared as described previously. Contamination

during drying was less than 1% of the collected OC, as de-

termined by extracting and drying blank quartz filters with

the same procedure.

Light absorption of extracts was measured at wavelengths

from 190 nm to 800 nm with UV-vis recording spectropho-

tometer (Shimadzu, UV-2401). Each spectrum was deter-

mined relative to a reference cuvette which contained the

same solvent. Four considerations determined the valid spec-

tral range: (1) Contamination from Whatman filters affected

absorption when wavelength was shorter than 300 nm (tested

with extracts of blank filters); (2) acetone has very high ab-

sorbance at wavelengths shorter than 340 nm, so no sam-

ple absorbance can be determined for those extracts at short

wavelengths; (3) the instrument detection limit was A=0.05;

we mark this range of validity in all results; and (4) we

did not use data where Beer-Lambert law is not valid. Di-

lution tests ranging from 12:1 to 2:1 confirmed that the

Beer-Lambert law was valid for these samples in the range

A <1. This absorbance usually corresponds to wavelengths

between 300–390 nm. Based on these considerations, the

typical valid range differs for samples and solvent extracts,

beginning at 300–400 nm and ending at 450–550 nm. The

difference in valid ranges means that absorption data will

not be provided for exactly the same wavelength range for

all samples. In some cases, there is only a narrow overlap.

In this paper, we will focus on the spectrometer data from

360 nm to 500 nm; spectra between 500 nm and 600 nm will

also be presented even though the data are often below de-

tection limit. In the figures, we will cut off at the shorter

wavelength side for values of A greater than 1 and the results

at longer wavelength side below instrument detection limit

were indicated by dashed lines.

Our procedure may yield inaccurate results if very concen-

trated material has different absorbing properties than diluted

material, and this possibility should be investigated in future

work.

Atmos. Chem. Phys., 10, 1773–1787, 2010 www.atmos-chem-phys.net/10/1773/2010/



Y. Chen and T. C. Bond: Light absorption by organic carbon from wood combustion 1777

2.4 Data reduction: absorption per mass

The main values reported in this paper are absorption cross-

section divided by organic carbon density α/ρ in the unit of

cm2/g. Here α is the absorption coefficient, and ρ is the den-

sity of the dissolved compounds. The value of α/ρ can be de-

rived from spectroscopic data, using the sample absorbance

A, the optical path length L (cm), and the concentration of

liquid solution c (g/L), as shown in Eq. (1).

α/ρ =
A

c ·L
· ln(10) (1)

Here, A (absorbance) comes from the spectrophotometer, L

is 1 cm, and the concentration c was calculated from carbon

in extracts divided by the extract volume.

Sun et al. (2007) pointed out that α/ρ is easily derived

from measured spectra, and also easy to translate to radiative-

transfer models. The absorption cross-section per mass for

particulate matter must be determined using Mie theory com-

bined with a refractive index. The imaginary part k of refrac-

tive index m=n+ki is proportional to α: α=4πk/λ. A den-

sity must be chosen to obtain an imaginary refractive index

from α/ρ. That density is somewhat uncertain, but it is only

an intermediate value; it is required again in Mie or other

models that calculate particulate absorption per mass. If the

same density is used in both calculations, it has little effect on

particulate absorption. We therefore choose to communicate

in terms of α/ρ. Although the units are the same as those

of mass-normalized absorption cross-section by particulate

matter, the two differ and should not be confused.

2.5 Determination of carbon in extracts

The total carbon in each aliquot before and after extraction

was measured with a thermal-optical OC/EC analyzer (Sun-

set Laboratory, Tigard, OR), for both the high and low flow

rate filters. OC in the extracts was calculated by subtracting

OC in the residual filter from OC in the filter before extrac-

tion. Total carbon analyzers typically used for water quality

were inappropriate because of the organic solvents.

In many cases, the loading on the high-flow filters before

extraction was above the valid range of the OC/EC analyzer.

In such cases, the total OC before extraction on these filters

was determined using the low-flow filter and the ratio of the

high and low flows.

Emissions from primary combustion sources contain or-

ganic matter with a broad range of volatility (Schauer et

al., 2001; Shrivastava et al., 2006). Organic carbon col-

lected on quartz filters contains three broad classes: non-

volatile particulate carbon, semi-volatile particulate carbon

that would partition to the gas phase at lower concentra-

tions, and gaseous carbon adsorbed to the quartz filters. Each

class might have very different light absorption, and sepa-

rating them before analysis would be advisable. Such sepa-

ration is difficult to combine with light absorption measure-

ments, which require large samples. As we will show, visible

light absorption in our samples is largely attributable to non-

volatile organic carbon, and our final results provide values

for this carbon. In the following sections, we describe how

we account for the other two types of carbon.

Values of α/ρ are underestimated if we do not account

for semi-volatile and gaseous carbon. However, the under-

estimates are in the same direction for all samples, and will

affect absolute magnitudes but not comparisons. During the

first portion of the discussion of results, we compare proper-

ties of all collected carbon. Later, when providing absorption

for use in models, we adjust α/ρ so that the values reflect

only non-volatile organic carbon.

2.5.1 Adsorbed gaseous carbon

Two methods of estimating gaseous carbon adsorbed to the

high-flow filter are possible.

1. We assume that the amount of organic vapors adsorbed

on the quartz filter is constant regardless of flow rate.

This would be true if the adsorption sites were saturated.

The adsorbed vapor would be the same as on the low-

flow backup filter, and Eq. (2) gives total carbon. This

method gives a lower bound for the OC loading on the

high-flow filters.

Cbefore extraction=CHF=
(

CLF−CLFbackup

) QHF

QLF
+CLFbackup (2)

2. We assume that the quantity of adsorbed organic vapors

is proportional to the flow rate, and can be estimated by

multiplying the low-flow backup filter by the ratio of the

flow rates. Total carbon is then given by Eq. (3). This

estimate gives an upper bound for the OC loading.

Cbefore extraction = CHF = CLF ·
QHF

QLF
(3)

Estimates of gaseous OC calculated by these two methods

differ by 30±18%. In this paper, we use the first estimation

method, so the particulate OC may be underestimated and the

calculation may overestimate absorption per mass of extracts

by about 15%. However, the overestimates are in the same

direction for all samples; this will affect the absolute magni-

tude of absorption, but not the comparison between extracts.

2.5.2 Semi-volatile organic carbon (SVOC)

Sampled aerosol components may differ from those found

in the particle phase in ambient air if the concentration and

temperature differ at sampling, which they often do. Semi-

volatile organic carbon partitions to either the particle phase

or the gaseous phase depending on concentrations and tem-

peratures. Furthermore SVOC can produce a substantial part

of secondary organic aerosols (Robinson et al., 2007). Due to

the physical and chemical characteristics of SVOC, it needs

www.atmos-chem-phys.net/10/1773/2010/ Atmos. Chem. Phys., 10, 1773–1787, 2010
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Fig. 3. SVOC partitioning. (a) Partitioning of original SVOC from

wood combustion after 4:1 dilution (2.6×106 µg/m3, 298 K); (b)

Partitioning of SVOC with the same volatility profile under ambient

conditions (10 µg/m3, 298 K); (c) Partitioning of SVOC with the

same volatility profile (2.6×106 µg/m3, 443 K).

to be treated separately in models. When providing quan-

titative absorption for radiative transfer models, we will be

mainly focusing on the absorption caused by non-volatile or-

ganic carbon (NVOC). We must remove the contribution of

SVOC from both absorbance and carbon mass, to obtain the

absorption per mass of carbon by NVOC. We will discuss

how we estimate the contribution of SVOC and NVOC in

this section.

We use the volatility distribution model proposed in Don-

ahue et al. (2006) in our evaluation of OC. The critical vari-

able in the model is the saturation concentration C∗ repre-

senting the partitioning of OC in both particle phase and

gaseous phase. We consider SVOC distribution with log

spaced C∗ ranging from 0.01 µg/m3 to 100 000 µg/m3 at

300 K.

The fraction of compound i found in the particle phase can

be described by partitioning coefficient, given an effective

saturation concentration.

ξi =

(

1+
C∗

i

COA

)−1

; COA =
∑

i

Ciξi (4)

Where Ci is the organic compounds concentration in all

phases, COA is the total mass concentration of organic

aerosol.

Based on an averaged OC loading around 200 µg/cm2 on

the quartz filter, with a thickness of 1mm and OM/OC ratio

of 1.3, we roughly estimate the concentration of fresh organic

carbon on the filter as 2.6×106 µg/m3. The theoretical parti-

tioning of OC to the gas phase and particle phase under these

conditions is shown in Fig. 3a.

If the material were diluted to achieve ambient conditions,

with a total OC concentration around 10 µg/m3, the partition-

ing of SVOCs in the two phases would be that in Fig. 3b.

As compounds are warmed, the equilibrium shifts. The

saturation concentration for each log-spaced bin at an ele-

vated temperature T2 can be related to that at 300 K (sam-

pling conditions) based on the Clausius-Clapeyron Equation.

C∗
i (T2) = C∗

i (300K) ·exp

[

1Hv

R

(

1

300K
−

1

T2

)]

(5)

According to Donahue et al. (2006), we assume an 1Hv for

the compounds with saturation concentration of 1 µg/m3 as

100 kJ/mole, the factor of 10 spacing in saturation concentra-

tion corresponds to a succession of enthalpies (1Hvap) sepa-

rated by 5.8 kJ/mole.

Figure 3c shows the equilibrium partitioning of OC on the

filter at filter concentration and 443 K. In order to compare

with the original ambient temperature, the x-axis is still the

C∗ at 300 K, not at 443 K. The partitioning distribution under

443 K at filter concentration is comparable with that under

ambient conditions and low concentrations.

2.6 Repeatability

Repeatability was examined in two ways: first, by repeat-

ing extraction and measurements using two punches from

one sampled filter, and second, by using two punches from

two different filters collected at the same pyrolysis condi-

tion. Tests using the same filter showed that the absorp-

tion per mass was reproducible within 1.1% for methanol

extract and 3.5% for water extract. Sample generation was

repeated for medium size oak wood at 270 ◦C and 360 ◦C, at

the valid wavelength range, the resulting value of absorption

per carbon differed by 13±3% for methanol extract, 5±5%

for water extract for oak M 270, and 5±1% for methanol ex-

tract, 8±3% for water extract for oak M 360. Since we will

mainly focus on methanol and water extracts, as discussed

in Sect. 3.1, acetone and hexane extracts were not tested for

repeatability.
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2.7 Determination of absorption Ångström exponent

(Åap)

Absorption Ångström exponent is a measure of the spectral

dependence of aerosol light absorption, which is required for

extrapolation of absorption coefficients that are obtained at

a limited range of wavelengths. Sun et al. (2007) proposed

band-gap and Urbach relationships to explain wavelength de-

pendence. We believe those are more physical, but the atmo-

spheric community is more familiar with Åap, and we use

that measure here. It is defined as:

Åap =
−ln(α(λ1)/α(λ2))

ln
(

λ1

/

λ2

) (6)

In this work, we determined Åap with a linear regression of

ln (α/ρ) against ln (λ) through the valid wavelength range for

each sample (0.02< A<1 and λ >300 nm).

2.8 Radiative impact

We use a variant of “simple forcing efficiency” defined by

Bond and Bergstrom (2006) to provide a first estimate of

the climatic impact of these particles. This value was origi-

nally a manipulation of the Chylek and Wong (1995) equa-

tion that normalizes impact by particle mass. A wavelength-

dependent version that can be integrated to produce total

forcing is:

dSFE

dλ
= −

1

4

dS(λ)

dλ
τ 2

atm(λ)(1−Fc)

[

2(1−as)
2β(λ) ·MSC(λ)−4as ·MAC(λ)

]

(7)

where SFE is the simple forcing efficiency (W/g), dS(λ)/dλ

is the solar irradiance, τatm is the atmospheric transmis-

sion (0.79), Fc is the cloud fraction (0.6), a is the surface

albedo (average 0.19), β is the backscatter fraction, and MSC

and MAC are the mass scattering and absorption cross sec-

tions per gram, respectively. Wavelength-dependent atmo-

spheric transmission comes from the ASTM G173-03 Refer-

ence Spectra.

Using the imaginary refractive indices derived in this pa-

per, along with a fixed real refractive index of 1.55, we

performed Mie calculations every 5 nm between 300 and

950 nm to provide mass scattering and absorption efficiencies

and backscattering fractions. When measured data were not

available due to instrumental detection limits, we extended

the measured data with the Angstrom exponent relationship

on the ultraviolet side, and a linear relationship on the vis-

ible side. The linear extrapolation is not based on physical

reasoning, but affects the forcing very little.

0.00

0.20

0.40

0.60

0.80

1.00

Total (18) 210°C (4) 270°C (9) 360°C (5)

E
xt

ra
ct

ed
 fr

ac
tio

n

Combustion temperature

acetone methanol water hexane

Fig. 4. Fraction of total OC extracted by different solvents. The

numbers in the parentheses indicate the number of samples analyzed

at each temperature. Methanol and water extraction were performed

for all 18 samples, number of samples extracted by acetone and

hexane: total: acetone (14), hexane (6); 210 ◦C: acetone (4), hexane

(2); 270 ◦C: acetone (5), hexane (2); 360 ◦C: acetone (4), hexane

(3).

3 Results

3.1 Absorption by extracts in different organic solvents

Figure 4 illustrates the average fraction of OC extracted by

four solvents. For every sample, the amount of OC extracted

by solvents is acetone ≈methanol>water>hexane. Acetone

and methanol extract almost all the OC, from 92% to 98%.

The fraction extracted by water and hexane varies from 51%

to 88% with an average of 73% for water, and from 33%

to 64% for hexane with an average of 52%. Our results

for water-soluble fraction are consistent with highly variable

previous results: 40–99% reported by Novakov and Cor-

rigan (1996) for smoldering combustion, and 41–74% ob-

served by Graham et al. (2002) in biomass burning aerosols.

Because of the high extractable fraction (greater than 92%,

for these samples), we consider absorption by methanol ex-

tracts to represent the behavior of total OC.

Figure 4 also shows extracted fractions at different gener-

ation temperatures. The OC fraction extracted by acetone,

methanol and water does not change much with temperature.

However, the fraction extracted by hexane decreases when

generation temperature increases (p=0.06); average fractions

are 63%, 54% and 42% at 210 ◦C, 270 ◦C and 360 ◦C respec-

tively. OC from oak has an 11% higher fraction of water-

soluble substances than from pine (p=0.04), not separated in

Fig. 4). No obvious trend of extractable fraction with wood

size was found for methanol and acetone. However, water

usually extracts a higher fraction of OC for samples from

smaller wood.

Absorption per mass (α/ρ) is shown in Fig. 5 for sample

generated from pine L at 360 ◦C. Results from other wood

types and sizes have similar trends but different values. For

all samples, α/ρ values of methanol and acetone extracts are
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Table 2. Ratios of absorbance A and absorption per mass α/ρ between water extracts and methanol extracts for pine M samples generated

at 210 ◦C, 270 ◦C and 360 ◦C. (data are not available at 380nm for 210 ◦C and 270 ◦C samples, because at 380 nm absorbance A is greater

than 1).

Ratio of A (water/methanol) Ratio of α/ρ (water/methanol)

380 nm 400 nm 450 nm 500 nm 380 nm 400 nm 450 nm 500 nm

210 ◦C – 0.63 0.44 0.38 – 0.70 0.48 0.42

270 ◦C – 0.29 0.17 0.14 – 0.43 0.25 0.21

360 ◦C 0.25 0.19 0.13 0.14 0.32 0.24 0.17 0.18
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Fig. 5. Typical absorption spectrum for pine L generated at 360 ◦C.

(Dashed lines indicate data below the instrument detection limit).

higher than those of water and hexane extracts. All the ex-

tracts appeared yellow, with absorption both at UV and visi-

ble ranges, and increasing absorption with decreasing wave-

length. Brown to yellowish organic carbon was also ob-

served from smoldering combustion by Patterson and McMa-

hon (1984) and from coal combustion by Bond (2001).

Methanol and acetone extracts have the same α/ρ (ab-

sorption per mass) within measurement error. Kirchstetter et

al. (2004) thought that OC not soluble in acetone might con-

tribute some amount of absorption, but their samples were

not pure OC. In our samples, most OC is soluble in acetone

and no colored residue is observed.

Light absorption by organic carbon soluble in water and

hexane is always smaller than that dissolved in methanol and

acetone. Table 2 compares water extracts and methanol ex-

tracts for one size pine wood (pine M). Other samples have

similar trends. First, we compare total absorbance (A); this

ratio indicates how much of the total absorption is extracted

in water. The contribution of water-soluble OC is greater

at shorter wavelengths, and this relationship is monotonic.

Absorption per mass (α/ρ indicates the light-absorbing na-

ture of the OC in different extracts. Normalized absorption

for water-soluble OC is 76% lower than that for total OC at

400 nm for sample generated at 360 ◦C, although this com-

parison varies with wavelengths and generation conditions,

which means that water-soluble OC is much less light ab-

sorbing than the total OC. In the comparison of α/ρ, water-

soluble OC contributes less as temperatures increase.

Absorption of hexane extracts, which should contain non-

polar OC, was also lower than that of methanol extract. For

210 ◦C samples, α/ρ of hexane extracts was smaller or equal

to that of water extract. When generation temperature in-

creased, α/ρ of the hexane extracts also increased, and be-

came greater than that of water extract, but still lower than

that of methanol extract (e.g., averaged approximate 65% for

oak M 360).

In sections that follow, we will investigate the effect of

temperature and wood characteristics. For these discussions,

we will use methanol extracts since they represent the total

carbon, and water soluble OC since it is important for hygro-

scopic properties of OC.

The α/ρ values presented here imply that the absorption of

the methanol extracts comes from at least two types of OC: a

less-absorbing, water-soluble OC, and a water-insoluble OC

which has even higher absorption than the methanol extracts.

In order to confirm this hypothesis, sequential extraction tests

were conducted for two samples (oak M 270, oak L 360). A

punch of filter was first extracted by water using the method

described in Sect. 2.3, and the residual filter was extracted

again by methanol after drying. Figure 6 shows spectra for

one of these samples; the other produced similar results. OC

extracted by methanol after water extraction was 18% of the

total OC, but this small portion contributed 35–45% of the

total absorbance, or 1–3 times that of the water extract, de-

pending on the wavelength. Therefore, α/ρ or this fraction

of OC was much higher than those of methanol and water

extracts. By performing another water-hexane sequential ex-

traction, we found that the residual after water extraction was

partially soluble in hexane (60%), while the remaining 40%

could be extracted only by methanol. Moreover, the water-

insoluble but hexane-soluble part accounted for only 6% of

the total absorbance. Therefore, we believe that the strongly

light absorbing components are only extractable in methanol

(not in either water or hexane).

The chosen solvent may affect absorption of some mate-

rials (Reichardt, 2003). To investigate whether this could

affect our comparison, we vacuum-dried material extracted
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Fig. 6. (a) Spectra of absorbance and (b) absorption per mass

for sample oak M 270, of methanol extract, water extract, and

methanol extract after water extraction. Note that there is no “wa-

ter+methanol after water” curve in figure (b) because the normal-

ized absorption (i.e. absorption per mass of carbon) is not additive,

while absorbance is.

with methanol and redissolved the materials in water. 5%

methanol was added with the water to aid dissolution. The

visible absorption was about 10–20% higher in water, so the

finding that methanol-soluble material has higher absorption

is valid regardless of solvent. In this paper, we provide the

absorption data from methanol extracts without correction

for this solvent effect.

3.2 Effect of pyrolysis temperature

In this paper, we investigated three different pyrolysis tem-

peratures: 210 ◦C, 270 ◦C and 360 ◦C. Actual temperature

varied 20 ◦C from the nominal temperatures. Figure 7 shows

the change in α/ρ with temperature for oak M; pine and

other wood sizes exhibited similar trends. For medium-sized

wood, an increase from 210 ◦C to 360 ◦C results in a con-

siderable increase of α/ρ, approximately a factor of 9 for

pine M (averaged from 390 nm to 470 nm) and 7 times for

oak M (averaged from 390 nm to 460 nm). For large wood,

a slight difference was observed between 210 ◦C and 270 ◦C

samples, while samples at 360 ◦C have much higher α/ρ val-

ues (not shown in Fig. 7). For α/ρ values for WSOC followed

the same temperature dependent trends as total OC, but the

absolute values of α/ρ were lower. In summary, when we

increased pyrolysis temperature, α/ρ increased.
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Fig. 8. Effect of wood type and size on absorption per mass (α/ρ)

of methanol extracts. (a) 210 ◦C, (b) 360 ◦C (note the scale change

for two figures).

3.3 Effect of wood type

Figure 8 illustrates the variation of α/ρ values for methanol

extracts with varying wood type and size, when tempera-

ture is held constant. At 210 ◦C, wood size and type affect

the absorption of OC generated, while at high temperature

(360 ◦C), the discrepancy is within the uncertainty range. Re-

sults at 270 ◦C are similar to those at 210 ◦C.

At low temperature, OC generated from pyrolysis of oak

has higher absorption per mass than that from pyrolysis of

pine. At 210 ◦C, the ratio between the two is 1.3 for large size

and 1.6 for medium size averaged over 380 nm to 450 nm. No

significant difference was observed for samples generated by
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small size at 270 ◦C. Since all other variables are the same,

this discrepancy must be caused by a difference in wood type,

and many such differences have been reported (Rogge et al.,

1998; McDonald et al., 2000). Schauer et al. (2001) reported

higher resin acids and substituted guaiacol emissions in pine

combustion than in oak combustion, while substituted sy-

ringol compounds absent from pine combustion were found

in oak combustion.

Despite the differences resulting from wood type, the

larger difference is caused by generation temperature.

3.4 Effect of wood size

During wood pyrolysis, devolatilizing material travels along

the wood grain in the absence of fissures and eventually es-

capes to the ambient air. Thus, the length along the grain

governs the residence time of OC precursors inside the wood,

and that residence time is larger in longer wood. On the

other hand, the smallest cross-sectional area governs the rate

of heat transfer into the wood, so medium and large wood

are heated at approximately the same rates. In our study,

M wood is a cube, and L wood has the same cross-section

but is three times longer along the grain. S wood has the

same length along the grain as M wood, but its cross-section

is three times smaller. Figure 8 shows the dependence of

α/ρ on wood size at different temperatures. For samples at

lower temperatures, larger wood results in a higher absorp-

tion. We hypothesize that the longer residence time in the

large wood allows polymerization which results in greater

absorption per mass. At higher temperatures, that polymer-

ization takes place even without the increased residence time.

In summary, our results show that absorption change is

generally monotonic across the spectrum. If absorption in-

creases, an increase occurs at all wavelengths, although the

fractional change may not be the same across the spec-

trum. Increasing wood temperature leads to higher absorp-

tion. We hypothesize that this results from polymerization of

the volatile matter before it exits the wood. Wood type has

a smaller effect on absorption. Pine emissions have lower

absorption than oak at the intermediate temperature, but at

the higher temperature the absorption is identical. We sug-

gest that similar transitions lead to thermal decomposition of

wood, that one of these includes polymerization and that it

occurs at a lower temperature in oak than in pine. The reac-

tions that increase absorption are temperature-dependent, but

residence time within the wood – which we alter by changing

wood size – can make up for temperature, to some extent.

3.5 Absorption Ångström exponent (Åap)

It has become accepted that OC absorption has stronger spec-

tral dependence than that of BC (Patterson and McMahon,

1984; Bond, 2001; Kirchstetter et al., 2004; Schnaiter et al.,

2006). In this work, values of Åap of methanol extracts, rang-

ing from 6.9 to 11.4, are shown in Table 1 and Fig. 9 (R2

ranges from 0.989 to 1.000). This is much higher than the

values reported by Kirchstetter et al. (2004) for mixed black

and organic carbon in biomass smoke aerosol, but similar to

that reported by Schnaiter et al. (2006) for organic carbon

formed in propane combustion with C/O ratio of 0.61.

Åap tends to decrease when generation temperature in-

creases. Åap of samples from pine smoldering is slightly,

but not significantly, higher than that from oak. We can infer

that higher Åap values are associated with weakly absorbing

particles, which is consistent with real-time results in Roden

et al. (2006). Using a dividing point of 400 nm, we also cal-

culate Åap for the ultraviolet and visible ranges separately.

Åap at UV range is 0.95–1.3 times of that at the whole UV-

vis range, from 6.6 to 14.3. For all but the samples by large

wood at 360 ◦C, Åap is higher in the UV range.

We also calculated Åap of water extracts in the valid wave-

length range (Table 1). Because of the lower absorbance of

water extracts, for some samples, data were only valid in the

UV range (λ <400 nm). Water extracts had much higher Åap

than methanol extracts, ranging from 8.6 to 17.8, although

they exhibited similar dependence on wood size and temper-

ature as methanol extracts. Compared with other samples,

4 samples generated at 360 ◦C showed much lower Åap for

water extracts.

4 Discussion

4.1 Nature of light absorbing OC

We suggest the light absorbing OC in our samples is large

molecular weight PAHs and oxygenated species which are

formed through polymerization of small molecules present

in the wood. Sun et al. (2007) discussed two kinds of or-

ganic carbon: a water-soluble organic mixture with some

UV-visible absorption (Havers et al., 1998; Hoffer et al.,

2006), and a water-insoluble organic carbon with higher ab-

sorption. Kirchstetter et al. (2004) and Schnaiter et al. (2006)

provided such data for biomass burning and propane, respec-

tively.
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Our results lend further support to this hypothesis. Al-

though water-soluble organic carbon from wood combus-

tion absorbs some visible light, a large fraction of absorp-

tion is caused by organic carbon that is not water-soluble

but is extractable by methanol or acetone. Figure 10 com-

pares our results for the sequentially-extracted filters with

the data tabulated by Sun et al. (2007). Ranges for water-

soluble aerosols are marked “water-soluble minimum and

water-soluble maximum” and “water-insoluble”. The UV

absorption of water-soluble OC lies between the ranges pro-

vided by Sun et al. (2007), while the visible absorption of that

OC is lower than the minimum values tabulated in that work.

Our samples were collected at the source, while the other

tabulation examined atmospheric aerosol. Water-solubility

might develop after oxidation in the atmosphere. Our data

confirm that water-insoluble, more-absorbing OC exists, but

our measured absorption is not as strong as that suggested by

other measurements.

Large molecular PAHs (Kilbane II, 1998; Stovall et al.,

2005) might be candidate compounds to represent the more-

absorbing OC, but those would be extractable in hexane. We

hypothesize that the higher absorption comes from large, po-

lar molecules which contain conjugated aromatic rings sim-

ilar to PAHs, but that these rings are also directly attached

to polar functional groups such as oxygen or nitrogen. Such

complex molecules have been widely reported as products

from biomass combustion at both flaming and smoldering

conditions (e.g., Evans and Milne, 1986; Rogge et al., 1998;

Schauer et al., 2001; Fitzpatrick et al., 2007; Weimer et

al., 2008). Compared to small organic compounds, these

molecules have more aromatic rings, (i.e. a higher degree

of conjugation), which makes the absorption increase and

shift to longer wavelengths (Apicella et al., 2004). Quinoid

compounds are strong candidates for such compounds (Del

Vecchio and Blough, 2004; Sun et al., 2007). PAH com-

pounds were hexane-extractable while quinones could not be

extracted by hexane but only by methanol (Xia et al., 2004;

Shima et al., 2006). These substances might be detected in

methods designed to isolate humic-like substances (HULIS;

Graber and Rudich, 2006).

These complex molecules are formed by polymerization

of the low molecular weight fragments during wood pyrol-

ysis. Increased temperature enhances this polymerization,

forming larger molecules with higher absorption per mass.

Evans and Milne (1986) reported the formation of more

polynuclear aromatics with increasing temperature. Oxy-

genated PAHs increased with temperature during the com-

bustion of pine wood (Fitzpatrick et al., 2007).
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Fig. 10. Comparison with other results, generation condition:

oak L 360. Range for water-soluble aerosol, and an estimate for

water-insoluble aerosol, are taken from Sun et al. (2007). “Acetone-

soluble” is taken from Kirchstetter et al. (2004).

4.2 Semivolatile organic carbon contribution

Earlier, we commented that semivolatile organic carbon

would increase the filter loading of carbon, and that this

would decrease apparent values of α/ρ. Until this point, we

have given values of α/ρ for the combined semi- and non-

volatile organic carbon, and this was sufficient to discuss

comparisons between pyrolysis conditions. Immediately fol-

lowing the present discussion, we will provide data suitable

for radiative-transfer models. For this purpose, SVOC should

be separated from NVOC.

As discussed in Sect. 2.5.2, we estimate the contribution of

SVOC mass and absorption by heating filters in the OC/EC

analyzer at 170 ◦C. This temperature roughly reproduces at-

mospheric partitioning but does not cause charring of OC.

New samples were generated at all three pyrolysis tempera-

tures, with the aim of determining the fraction of absorbance

and OC mass contributed by NVOC. We analyzed OC con-

centration and bulk liquid absorbance for both original filters

(TOC) and heated filters (NVOC). The difference between

these two is the contribution of SVOC.

Loss of UV absorbance from the heated filters indicates

that SVOC partially contributes to UV light absorption. In-

creased absorbance (10–30%) in the visible range was ob-

served. For samples generated at moderate and high temper-

atures, NVOC contributes to 80–90% absorbance at 360 nm,

while for the samples generated at low temperature, NVOC

contributes only 60% of the total absorbance. Measurement

uncertainty cannot account for this difference. The removed

SVOC does contribute to the UV light absorption, and we

need to account for this effect when estimating the absorption

of NVOC. Increased absorbance in the visible range could be

due to the chemical changes of organic carbon when heated.

Since the absorbance for the heated filter was not lower than

that of the original filter, we suggest that SVOC does not
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Fig. 11. Averaged absorption per mass of carbon α/ρ after correc-

tion for SVOC. Dashed lines with the same color indicate upper and

lower range.

contribute to the visible absorption, although this question

requires further study.

We use the amount of OC retained after 170 ◦C heating

to indicate the mass of NVOC. The averaged mass ratio of

NVOC / TOC is 0.56, 0.69 and 0.61 for samples generated at

210 ◦C, 270 ◦C and 360 ◦C respectively.

We adjusted the absorption per mass at UV wavelengths

using the temperature-specific results for NVOC absorbance

and carbon, thereby correcting the value of α/ρ. This is our

best guess of values to be used for OC properties in radiative-

transfer models. Figure 11 shows the average and standard

deviation of α/ρ at each generation temperature. The de-

pendence of absorption on generation temperature is appar-

ent even when variation due to wood types and size is in-

cluded. Samples generated at lower temperatures have a

larger variation due to the effect of wood size and wood

type, while at high temperature wood size and wood type

have little effect on absorption. The ratio between high-

temperature and low-temperature absorption is about 4 at vis-

ible wavelengths (400–550 nm) and somewhat lower at ultra-

violet wavelengths.

The SVOC correction will not change our previous con-

clusion that methanol-extractable material has higher absorp-

tion than water-extractable material. To negate this conclu-

sion, water-extractable SVOC would have to contribute 60%

of the total OC, which was not observed. Furthermore, as

a general rule, lower volatility aerosol has lower water solu-

bility (Schwarzenbach et al., 2003), which means that water

actually extracts less SVOC than methanol does.

4.3 Radiative implications

As discussed in Sect. 2.8, we use a simple model to provide

a first estimate of these absorbing particles’ climatic impact.

We use this model with material generated at both high and

low temperatures, as well as non-absorbing particles (imagi-
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Fig. 12. Simple forcing efficiency of particles above an average

albedo (a) and snow (b). Integrated forcing for average and snow

albedo, respectively: High T , −12 and 23 W/g Low T , −16 and

6.3 W/g; no absorption: −18 and −0.92 W/g.

nary refractive index 0.0001). In our model, real refractive

index is held constant at 1.55, and surface albedo is held

constant at the values shown in the figure. Mie simulations

assumed a count median diameter of 150 nm and a geomet-

ric standard deviation of 1.5, similar to observations of fresh

aerosol in our laboratory.

Figure 12a shows forcing at each wavelength for a sur-

face albedo of 0.19. Integrated forcing from 300 to 950 nm

is −12 W/g for particles from high-temperature burning,

−16 W/g for the low-T particles, and −18 W/g for non-

absorbing particles. All particles have net negative forcing.

Our model does not include hygroscopicity, which increases

particle size and negative forcing. Thus, our forcing effi-

ciences are much lower than those in global climate models

(about −80 W/g, Schulz et al., 2006), and should be illustra-

tive only. A full climate model would be necessary to deter-

mine the actual forcing caused by this absorption. Including

absorption changes forcing efficiency by only a few percent,

compared to the average from global climate models. Un-

less absorption by real ambient aerosol is higher than that

measured here, representing it is probably not important for

global average clear-sky forcing.
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Figure 12b repeats the calculation for particles over a

bright surface. Forcing integrated over the solar spectrum

is 23 W/g for the high-temperature particles, 6.3 W/g for the

low temperature particles; and −0.92 W/g for the particles

with no absorption. The contribution of absorbing organic

material could be important in energy balances over bright

surfaces. Global average radiative forcing of absorbing OC,

considering its location above and below clouds and relative

to bright surfaces, should be assessed with a general circula-

tion model.

4.4 Effect of UV absorption on tropospheric

photochemistry

The absorption of UV light by OC may influence photolysis-

driven chemistry in the troposphere. Although this is not a

focus of our study, we briefly discuss the potential impact.

Jacobson (1998) investigated the effect of absorbing aerosols

on photolysis ratio coefficient and ozone mixing ratio with

the GATORM model, by applying the refractive index of

liquid nitrobenzene as a surrogate in model simulations. It

was concluded that absorbing organic aerosols may cause

the reduction in UV photolysis coefficients, resulting in up

to 5–8% decrease in near-surface ozone mixing ratio during

the Southern California Air Quality Study period. The UV

absorption of OC obtained from our samples generated at

360 ◦C is lower than that in the Jacobson (1998) study by

30–40%, depending on wavelength. It can be inferred that

the significant UV absorption by total OC from wood pyrol-

ysis could affect photolysis rates and thus ozone mixing ratio

by a few percent.

5 Summary

We measured light absorption of organic carbon generated

in a laboratory combustor at different temperatures, wood

types, and wood sizes. We provide estimates for the absorp-

tion per mass of carbon contributed by NVOC at varying gen-

eration temperatures. The main points of this manuscript are

summarized below.

– Solid-fuel combustion produces yellow or brown car-

bon. Absorption increases as wavelength decreases.

– Methanol extracts almost all of the total organic carbon,

while the portion of water soluble organic carbon is 51–

88% and depends on generation temperature.

– Water-soluble OC absorbs some light. However, a large

fraction of the absorbing part is water-insoluble, but ex-

tractable by methanol, and this material has greater ab-

sorption per mass. We hypothesize that the high ab-

sorption comes from large containing both conjugated

aromatic rings and functional groups.

– Increasing generation temperature and, possibly, longer

residence time in the wood produce higher absorption.

Wood type has a smaller effect on absorption.
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Mutschke, H.: Strong spectral dependence of light absorption by

organic carbon particles formed by propane combustion, Atmos.

Chem. Phys., 6, 2981–2990, 2006,

http://www.atmos-chem-phys.net/6/2981/2006/.

Schulz, M., Textor, C., Kinne, S., Balkanski, Y., Bauer, S.,

Berntsen, T., Berglen, T., Boucher, O., Dentener, F., Guibert,

S., Isaksen, I. S. A., Iversen, T., Koch, D., Kirkevåg, A., Liu,
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