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During a prescribed fire experiment, CO2 and particle number concentrations, light 
scattering and absorption coefficients were measured from a Cessna 172 airplane. Peak 
number concentrations were (3 ± 1) ¥ 106 cm–3 and they decreased faster than what can 
be explained by coagulation alone. The single-scattering albedo of particles grew from 
the values of 0.4 ± 0.1 closest to the emissions to the values of 0.8 ± 0.1 at the distance of 
400 m from the emissions. The mean Ångström exponent of absorption, 1.70 ± 0.24, is in 
line with the published spectral absorption values of wood-smoke aerosol. The estimated 
emission factors were 1600 ± 1020, 5.9 ± 6.3 and 1.4 ± 1.0 g kg–1 (dry biomass), for CO2, 
particulate organic matter and black carbon (BC), respectively, and (4.8 ± 2.9) ¥ 1015 par-
ticles per kg (dry biomass) for the particle number. The BC emission factor may be over-
estimated by a factor of about 1.6 ± 0.2 due to condensation of organics on the filter of the 
absorption photometer. During the smoldering phase, there were clear indications of new 
particle formation.

Introduction

Wildfire emissions have significant climatic 
effects. Greenhouse gases and black carbon 
emitted from the fires heat the atmosphere but 
the emitted particles also cool the atmosphere 
depending on their size and chemical composi-
tion and the underlying surface (e.g. Carrico et 
al. 2010, Chand et al. 2009). The smoke from 
wildfires can be transported over long distances 

from the boreal forest areas to the Arctic, where 
it has significant climatic effects both in the 
atmosphere and on snow and ice surfaces (e.g. 
Goldammer et al. 1996, Randerson et al. 2006, 
Law and Stohl 2007, Quinn et al. 2008, AMAP 
2011). Image analyses of wildfires observed 
from space by satellites provide information on 
the area burned (e.g. Flannigan and Haar 1986, 
Lentile et al. 2006, French et al. 2008, van der 
Werf et al. 2010), but not on the amount of fuel 
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consumed or the amount and composition of the 
smoke. In order to estimate that, the emission 
factors, defined as the amount of emitted aerosol 
or trace gases per mass unit of burned biomass, 
are needed (e.g. Andreae and Merlet 2001, Reid 
et al. 2005a, 2005b, Janhäll et al. 2010, Akagi 
et al. 2011, Simpson et al. 2011, Yokelson et al. 
2013). In wildfires, biomass fuels are consumed 
both by flaming combustion, in which most of 
the emissions are lofted vertically in a convection 
column associated with the flaming front, and by 
smoldering combustion. The residual smoldering 
combustion (RSC) is biomass combustion that 
produces emissions that are not lofted by strong 
fire-induced convection (e.g. Wade and Lunsford 
1989, Bertschi et al. 2003, Akagi et al. 2011). 
RSC emissions can be produced for up to several 
weeks after the crossing of a flame front and they 
are potentially a globally significant source of 
emissions to the troposphere (e.g. Bertschi et al. 
2003, Akagi et al. 2011, Burling et al. 2011).

Detailed measurements of gas and aerosol 
emissions are easier to arrange in prescribed fires 
of forest than in active wildfires: in the latter 
the fire may be too large and uncontrolled and 
in a difficult location for taking measurements 
near it. For the past few decades, emissions 
from prescribed fires have often been measured 
using aircraft. For example, Stith et al. (1981) 
measured particle size distributions, light scatter-
ing coefficient and ozone concentrations above 
three prescribed burns in the northwestern USA, 
Mazurek et al. (1991) used a helicopter platform 
to take filter samples from a boreal forest pre-
scribed burn in Ontario, Canada. Burling et al. 
(2011) measured emission factors for several 
trace gas species and particulate matter from 14 
prescribed fires in the southwestern and south-
eastern USA and in the Sierra Nevada mountain 
range of California. Pratt et al. (2011) charac-
terized the chemical composition and physical 
properties of particles emitted from two pre-
scribed burns in Wyoming, in the mountain 
region of the western USA.

In Finland, prescribed fires have been used 
since the 1920s but a detailed characterization 
of aerosols emitted from them has not been 
done. On 26 June 2009, a prescribed burn of 
forest slash was conducted about 300–500  m 
south-southwest of the SMEAR II measurement 

station (Station for Measuring Ecosystem–Atmo-
sphere Relations; Hari and Kulmala 2005) in 
Hyytiälä, Finland. Our goals were to study aero-
sol chemical composition and physical charac-
teristics, concentrations of gaseous compounds, 
their processes, and modeling atmospheric dis-
persion of the fire plume (Virkkula et al. 2014). 
Measurements were conducted on the ground 
using both fixed and mobile instrumentation. 
Vertical and horizontal dispersion were mea-
sured with instruments installed in a Cessna 172 
research aircraft. Some results of the airborne 
measurements were presented in the overview 
paper (Virkkula et al. 2014), and here the data are 
analyzed in more detail. The focus of the present 
paper is the analysis of the smoke plume cross-
ings. The goal is to answer the following ques-
tions: (1) how do the measured aerosol properties 
evolve during their transport from the burning 
area? (2) what are the estimated emission factors 
of particles and carbon dioxide? and (3) what 
kind of differences are observed between the 
aerosols during the flaming phase and the resid-
ual smoldering combustion? The coordinates of 
the most obvious plume crossings are given for 
possible future use as field data when modeling 
transport of smoke from the experiment.

Measurements and methods

Instruments

Vertical and horizontal dispersion were mea-
sured with instruments installed in a Cessna 172; 
the setup was described in detail by Schobes-
berger et al. (2013). The sample inlet was sim-
ilar to the University of Hawai’i shrouded solid 
diffuser inlet (McNaughton et al. 2007). The 
sample air was transported to the instruments 
through stainless steel tubing and the air flow 
was provided by the forward movement of the 
aircraft together with a venturi tube mounted 
outside after the instruments. A GPS receiver 
was used on board to track the airplane’s lati-
tude, longitude, and altitude above sea level at a 
time resolution of one second. Below, the term 
height is the difference between the altitude of 
the aircraft and the elevation of the center of the 
burned area, i.e. 160 m a.s.l.
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There were three condensation particle 
counters (CPCs) for measuring particle number 
concentrations at three cut-off diameters (3, 6 
and 10 nm), i.e. diameters with a 50% detection 
efficiency. The 3-nm cut-off diameter was with a 
TSI model 3776 CPC that measures concentra-
tions up to 3 ¥ 105 cm–3 with the live-time coin-
cidence correction with a 10% uncertainty and 
concentrations up to 1 ¥ 106 cm–3 with a higher 
uncertainty. Concentrations between 3 ¥ 105 and 
1 ¥ 106 cm–3 are underestimated due to coinci-
dence errors, and the CPC should be calibrated 
against a reference, such as an electrometer. 
However, this was not done for the unit used in 
the campaign but for another similar CPC at the 
University of Helsinki. At the reference number 
concentrations Nref = (4.0 ± 0.3) ¥ 105 cm–3, (5.2 
± 0.2) ¥ 105 cm–3, (6.0 ± 0.3) ¥ 105 cm–3, (7.1 ± 
0.2) ¥ 105 cm–3, (8.1 ± 0.3) ¥ 105 cm–3 and (9.3 
± 0.3) ¥ 105 cm–3 (mean ± SD), the detection 
efficiencies, i.e. the ratios of the number con-
centration measured with the CPC (= N3776) to 
Nref were 0.98 ± 0.02, 0.95 ± 0.01, 0.91 ± 0.01, 
0.86 ± 0.02, 0.80 ± 0.02 and 0.72 ± 0.01, respec-
tively. A correction function fcorr = Nref/N3776, i.e. 
the inverse of the detection efficiency was fit 
to the calibration data and used for correcting 
data at N3776 > 3 ¥ 105 cm–3, so that Ncorrected = fcorr 
¥ Noriginal, where Noriginal and Ncorrected refer to the 
measured and corrected particle number concen-
tration, respectively. The function used for the 
fitting was a fourth order polynomial.

The other two counters were TSI model 3772 
CPCs that measure concentrations up to 104 
cm–3 with the live-time coincidence correction. 
They were equipped with 1:10 diluters, so the 
concentrations measured with them has less than 
10% uncertainty up to 1 ¥ 105 cm–3. The nominal 
particle size cutoff diameter of the model 3772 is 
10 nm, but the other unit’s cutoff diameter was 
set to 6 nm by changing the temperature differ-
ence between the condenser and the saturator. 
However, the model 3772 CPCs did not work 
properly during the first flight due to too much 
butanol filling, so for the first flight the discus-
sion of particle number concentrations is based 
on the model 3776 CPC only. For the other two 
flights, data from all three CPCs are discussed. 
Below the number concentrations of particles 
measured with the model 3776 CPC and model 

3772 CPCs with the cutoff sizes 6 nm and 10 nm 
are denoted as N3, N6, and N10, respectively. 
The data of CPCs were saved at 1 Hz frequency.

The particle light scattering coefficient (σsp) 
at the wavelength, λ, of 545 nm was measured 
with a Radiance Research model 903 nephelom-
eter. It was calibrated with CO2 in the laboratory 
before the experiment. The peak-to-peak noise of 
the 2-second data was ~1 Mm–1. The data were 
corrected for the temperature and pressure and 
presented at STP conditions (1013 mbar, 0 °C). 
The particle light absorption coefficient (σap) was 
measured with a Radiance Research 3-λ Parti-
cle Soot Absorption Photometer (PSAP) at λ = 
467 nm, 530 nm and 660. The data of both the 
nephelometer and the PSAP were saved at the 
frequency of 1 Hz. The PSAP firmware was con-
figured to calculate the non-scattering-corrected 
absorption coefficients by using the factors pre-
sented by Ogren (2010). The scattering-corrected 
value of σap was calculated by using the iterative 
method (Virkkula et al. 2005) with the corrected 
parameter values (Virkkula 2010). The proce-
dure requires scattering coefficients. Since σsp 
was available for one wavelength only, σap was 
interpolated logarithmically to λ = 545 nm by 
using the Ångström exponent of absorption (αap) 
that was calculated by fitting the line ln[σap(λ)] 
= –αapln(λ) + C to the absorption coefficients 
output directly by the PSAP. The noise of the 
PSAP 1-second data was ~5  Mm–1. The PSAP 
filters were changed after the first flight. At the 
end of the flight the green light (λ = 530  nm) 
transmittance through the filter had reduced to 
0.62. The data were corrected for spot size and 
flow calibrations.

A LI-COR LI-840 was used for measuring 
CO2 concentrations. The data were saved at 1 Hz 
frequency. The accuracy of the instrument is 
better than 1.5% and RMS noise < 1 ppm with 
1-second signal filtering. The instrument was 
calibrated at the University of Helsinki before 
the campaign.

In addition to the airborne measurements, 
some ground-based measurement data presented 
in the overview paper (Virkkula et al. 2014) 
are used here. A 3-D sonic anemometer (ATI 
Sx-Probe) and Vaisala GMP-343 CO2 sensor 
were placed within the burn area on the top of 
a pole at the height of about 12 m. The sonic 
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anemometer yielded the vertical flow velocity, 
vz0, that was used here for estimating the emis-
sion factors. The CO2 sensor was used here for 
estimating the maximum CO2 concentration in 
the fire. The aerosol optical measurements at 
SMEAR II were described in detail by Virkkula 
et al. (2011). In short, the values of σsp were 
measured with a TSI 3-λ nephelometer and aver-
aged over 5-min periods. A Magee Scientific 7-λ 
Aethalometer (AE-31) was used for measur-
ing light absorption, also at a 5-min averaging 
time. The values of σap, single scattering albedo 
and αap were calculated from aethalometer and 
nephelometer data.

Effective scattering cross section 
diameter

Since there was no instrument measuring the 
particle size distribution on board the aircraft, 
the data obtained from the nephelometer and the 
particle counter were used for getting some mea-
sure of the size. For a monodisperse particle size 
distribution, the light scattering coefficient was 
calculated from the relation σsp = NQsAp  NCs, 
where N is the particle number concentration, Ap 
is the geometric cross section of the particles, Qs 
is the particle scattering efficiency, and Cs is the 
scattering cross section of the particles. Cs is a 
hypothetical area by which the particle scatters 
light and, depending on the scattering efficiency 
Qs, it may be either larger or smaller than Ap. If 
it is assumed that the particles are spherical, the 
diameter of the scattering cross section, DCsca, 
can be calculated from

 . (1)

However, real atmospheric aerosol size dis-
tributions are not monodisperse. Therefore, the 
diameter obtained from Eq. 1 may be called the 
effective scattering cross section diameter. The 
value of DCsca may be either larger or smaller 
than the geometric mean diameter of a size 
distribution. For a monomodal lognormal size 
distribution, it is straightforward to show that 
when the geometric standard deviation remains 
the same and the geometric diameter increases, 
then also the value of DCsca increases.

Calculation of the widths of the plume 
crossings during the flaming-phase 
flight

During flight 1, there were several smoke plume 
crossings where the particle number concentra-
tions, scattering and absorption coefficients and 
carbon dioxide concentrations increased signifi-
cantly. The CPC was the most sensitive instru-
ment. There were also short particle number 
concentration peaks with no increased scattering 
and absorption coefficients and CO2 concen-
trations. For the plume crossing analyses, only 
those crossings were taken in which all the 
measured quantities had a clear beginning and 
end, and where the number concentration of par-
ticles larger than 3 nm (N3) was above 104 cm–3. 
There were 26 of them. Each plume crossing 
was analyzed separately. For all the measured 
parameters, the important value was the excess 
concentration of species X. The minimum con-
centration before and after the plume crossing 
was taken as the background concentration and 
the excess concentration, ΔX, was the difference 
between the measured and the background con-
centration. The width of each plume crossing 
was determined from the CPC, the PSAP, and 
the GPS coordinate data as the full width at half 
maximum (FWHM) of ΔX. The obtained plume 
crossing widths were used for calculating the 
area of the plume cross section by assuming it 
was circular.

Redistribution of scattering coefficient 
and carbon dioxide concentrations

The CO2 concentration and scattering coeffi-
cients were not used for the determination of the 
plume crossing widths, since they reached max-
imum values during each plume crossing always 
a few seconds later than the CPC and the PSAP, 
and their peaks were also broader, as is shown 
in the results. A plausible explanation is that the 
CPC and PSAP measure essentially without a 
time lag, with their peak shapes being almost 
identical, whereas the CO2 monitor and nephe-
lometer have a finite measurement volume that 
needs to be filled, making their response times 
slower. If a plume crossing is quick, cleaner air 
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starts getting into the measurement volume of 
these latter two instruments even before the max-
imum value is reached. It is therefore reasonable 
to claim that the respective CO2 concentrations 
and scattering coefficients were underestimated.

In order to make quantitative estimates of 
the true values, it was assumed here that (1) the 
plume shape detected with the faster instruments 
(CPC and PSAP) was correct, and (2) the time 
integrals of the peaks were correct with the 
nephelometer and the CO2 monitor. Using this 
information, the CO2 concentration and the scat-
tering coefficient time series were redistributed 
to the peak shapes averaged from those of the 
CPC and the PSAP.

Modeling transport time and the 
applications

Aerosol processes are time dependent, so for 
evaluating them it is necessary to have an esti-
mate of the time that passed between the emis-
sion of the smoke and each plume crossing by 
the aircraft. Here, the time elapsed since the 
smoke was emitted (the time since emission) was 
estimated with a plume rise model BUOYANT 
presented by Kukkonen et al. (2014). The model 
addresses the variations of the cross-plume inte-
grated properties of a highly buoyant plume 
in the presence of a vertically varying atmo-
sphere. The model also includes a treatment for a 
rising plume interacting with an inversion layer. 
Kukkonen et al. (2014) compared the model 
predictions with the data of two prescribed wild-
land fire experiments. These were the “Smoke, 
Clouds and Radiation — California” experiment, 
SCAR-C, in the U.S. in 1994 (Kaufman et al. 
1996), and the Hyytiälä prescribed burn experi-
ment analyzed here. The results of the compari-
son show that the model can be used with a fairly 
good accuracy for evaluating the dispersion from 
major wild-land fires.

The model follows the plume and yields 
for each time step since the emission the hori-
zontal distance from and the height above the 
burn area center, as well as the horizontal and 
vertical velocities. The modeled time was used 
for assessing the contribution of coagulation to 
the decrease of particle number concentration 

and particle growth. Due to the lacking particle 
size distribution measurements, only the simple 
monodisperse coagulation was considered. It is 
straightforward to show (e.g. Hinds 1999, 2001) 
that in this case particle number concentration 
decreases with time, t, according to

  (2)

and that the particle diameter, Dp, increases 
according to

 Dp(t) = Dp0(1 + DN0Kt)1/3, (3)

where N0 and Dp0 are the particle number con-
centration and particle diameter at the beginning 
of the process and K is the coagulation coeffi-
cient.

Emission factor estimates

Trace gas and aerosol emissions can be expressed 
as an emission factor (EF = mX /mBM) which 
means the mass of emitted species X divided by 
the mass of burned biomass (mBM). The value of 
mBM was estimated as in Virkkula et al. (2014). 
The emitted mass of CO2, number of particles, 
black carbon and organic carbon were estimated 
by combining information from the airborne 
measurements and the vertical velocity (1) mea-
sured on ground in the middle of the burning 
area, and (2) modeled with the BUOYANT. In 
both methods the mean excess concentration 
(ΔXi) of CO2, BC, particle number and POM 
in each plume crossing i was multiplied by the 
plume cross-section area Ai, which was calcu-
lated from the crossing diameter by assuming 
that the cross section is circular.

In the method using the ground-based mea-
sured vertical flow velocities, a linear regression 
was calculated between height and the product 
ΔXiAi. The regression yields the offset ΔX0A0 that 
is the value of the product at the ground level. 
Next, the information on the vertical velocity, vz0, 
measured in the middle of the fire at the altitude 
of 12 m above ground was used. During fire 
front crossing the mean ± SD of vz0 was 4.5 ± 2.2 
m s–1 (Virkkula et al. 2014), which was the value 
used in our estimates. The total mass emitted 
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was estimated by multiplying ΔX0A0 with vz0 and 
interagrating this over the flaming phase time tF 
≈ 2 h 15 min. If it is assumed that both ΔX0A0 
and vz0 remain constant during the burning, the 
emitted mass, mTOT, is

  (4)

The method using the BUOYANT is almost 
similar. The main difference is that the modeled 
vertical velocities vzi at each height were used for 
estimating the flux Fi = ΔXiAivzi through each 
plume crossing. A linear regression between 
height and Fi yields the flux at the ground level, 
F0, and the emitted mass is calculated from mTOT 
= F0tF.

For calculating the CO2 emissions, the con-
centration of CO2 was converted into mass con-
centrations. At 20 °C and 1013 mbar, 1 ppm 
of CO2 equals 1.83 mg m–3. For calculating 
the BC emissions, the absorption coefficients 
were converted into mass concentrations of 
black carbon (BC) by dividing σap by the mass 
absorption coefficient MAC = 7.7 m2 g–1 at λ 
= 545 nm. An instrument used widely for BC 
measurements, the Multi-Angle Absorption Pho-
tometer (MAAP), uses MAC = 6.6 m2 g–1 at λ = 
637 nm. If it is assumed that particles are pure 
black carbon it is MAC varies approximately 
inversely with wavelength (e.g. Bond and Berg-
strom 2006). By using the above MAC value 
and assuming that it is inversely related to wave-
length, MAC = (7.7 ± 1.2) m2 g–1 at λ = 545 nm, 
where the uncertainty is that given by Bond et 
al. (2013). The scattering coefficients were used 
to estimate particulate organic matter (POM) by 
dividing σsp by the mass scattering coefficient 
(MSC) of (3.1 ± 0.8) m2 g–1 presented by Hand 
and Malm (2007) for fine mode remote and rural 
continental POM.

The combined uncertainties of the emission 
factors were calculated from

  (5)

where δxi is the uncertainty of variable xi. The 
uncertainties considered were those of the mea-
surements (δN3, δσsp, δσap, δCO2), the uncer-

tainty of the mass scattering coefficient (δMSC) 
in the POM estimate, the uncertainty of mass 
absorption coefficient (δMAC) in the BC esti-
mate, the uncertainty of the mass of burned bio-
mass (δmBM), the uncertainty of vertical velocity 
(δvz), the uncertainty δEFR that is obtained from 
the standard error in the linear regression of 
height vs. the product ΔXiAi and of height vs. 
the flux Fi. and the uncertainty of the time of the 
flaming phase δtF. The uncertainties of the sur-
face areas of the plume crossings and the vari-
ability of the emission power are the dominant 
factors in δEFR so these were not explicitly writ-
ten in the formulas. With these assumptions, it is 
straightforward to show that the uncertainties of 
the emission factors of N3, POM, BC, and CO2 
can be estimated from

 (6)

 (7)

 (8)

 (9)

The absorption coefficient and thus the esti-
mated BC emissions have also an additional 
source of uncertainty. Cappa et al. (2008) and 
Lack et al. (2008) analyzed the bias in the light 
absorption coefficient measured with a PSAP 
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compared with a non-filter-based reference 
method, a photoacoustic spectrometer (σap,ref). 
In both of these studies it was found that at 
high organic aerosol loadings the PSAP overes-
timated absorption and that this overestimation 
can be more than a factor of two. In the middle 
of the smoke plume this bias can be even higher 
than that. Lack et al. (2008) also presented a 
parameterization for the bias

 , (10)

If the concentrations are estimated from mPOM 
= σsp/MSC and mBC = σap,ref/MAC by using the 
above-mentioned values, MSC = 3.1 m2 g–1 and 
MAC = 7.7 m2 g–1, Eq. 10 can be reorganized 
and simplified to

 σap,ref = 0.77σap,PSAP – 0.061σsp (11)

where σap,PSAP is the absorption coefficient cal-
culated by using the algorithm presented by 
Virkkula (2010). Below the absorption coeffi-
cients, single-scattering albedos, and BC emis-
sion factor estimates are calculated both with 
and without applying Eq. 11.

Results and discussion

Overview of the experiment

Approximately a 0.8 ha was cut clear in Febru-
ary 2009. The coordinates of the center of the 
clear-cut area were 61.84378°N, 24.29345°E, 
and the elevation 160 m a.s.l. After the clear-cut, 
remaining slash including some tree trunks, all 
treetops and branches were left on the ground to 
be burned. The measurement setup was ready at 
the beginning of May 2009, waiting for proper 
conditions for the experiment. The conditions 
were right on the morning of 26 June: wind was 
blowing at less than 5 m s–1 from the right direc-
tion (175°–215°) to blow smoke to the ground-
based instrumentation at SMEAR II, the sky was 
clear, and soil was dry. Relative humidity and 
temperature at 4.2 m above ground was 56% and 
19 °C, respectively. The fire was ignited at 07:45 
East European Time (EET = UTC + 2h). All 
times presented below are in EET. The flaming 

or active burning was over at 10:00 EET, i.e. in 
about 135 minutes. After the main burning, the 
ground was smoldering and there was only a 
little visible smoke at 13:00 EET. The end times 
of the flaming and smoldering periods are not 
well defined: there were flames in some parts of 
the area while most of it was already smoulder-
ing, and smouldering biomass does not always 
emit visible smoke. To be accurate, the periods 
should be called flaming-dominated phase and 
smoldering-dominated phase. However, for sim-
plicity and to be consistent with the overview 
paper (Virkkula et al. 2014), only the terms flam-
ing phase and smouldering phase are used here.

During the flaming phase, most of the smoke 
ascended almost vertically, as shown in the aerial 
photographs in Virkkula et al. (2014), indicat-
ing that wind speed was not high and no strong 
temperature inversion was present to inhibit the 
rising smoke. At the ignition time, wind speed 
was < 2 m s–1 at all altitudes of the SMEAR II 
73-m mast, but it increased to 2–4 m s–1 during 
the morning.

After the burning, the amount of burned 
organic material was estimated to be 46 800 ± 
10 900 kg (for details, see Virkkula et al. 2014). 
In short, it was calculated as a sum of burned 
tree biomass, surface vegetation and organic soil 
layer. This value was used in the present paper 
for the estimates of emission factors of particles 
and carbon dioxide.

Flight routes and data

Three research flights were conducted during the 
day: flight 1 from 07:43 to 10:16 EET, flight 2 
from 11:03 to 13:39 EET and flight 3 from 15:48 
to 17:56 EET (Fig. 1). The first flight took place 
during the flaming phase, the second during 
the smoldering phase and the last one when no 
smoke was visible on the ground. The horizontal 
distances from the burning area center varied 
from about 10 m to 50 km because the flights 
took off and landed at the Tampere Pirkkala air-
port, about 50 km SW from the burning site.

It was planned that during each flight, the 
smoke plume would be flown through at sev-
eral altitudes. This was easy during the first 
flight, because the smoke was visible and the 
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plume was detected by all methods: as particle 
number concentrations rose up to ~105–106 cm–3, 
elevated scattering and absorption coefficients 
reached values higher than 1000 Mm–1, and CO2 
concentrations exceeded the then background 
concentrations by ~100–300 ppm. Below, the 
data collected during flight 1 are analyzed first in 
detail, and the number concentrations measured 
during flights 2 and 3 in a subsequent section. 
During the smoldering-phase flights, the con-
centrations were lower and the plume was not 
visible, even though the particle number con-
centrations exceeded 104 cm–3 (Fig. 2). The CO2 
monitor did not detect any peaks above the base-
line then, while the nephelometer and the PSAP 
only a few. There were only very small excess 
absorption coefficient values during flight 2. The 

PSAP was removed from the aircraft after flight 
2, so there are no absorption data from flight 3.

During flight 1, high particle number con-
centrations were measured up to a height of 
about 1500 m above ground level (a.g.l.) even 
though a single 3-second concentration peak was 
recorded at 2400 m a.g.l. (Fig. 3). In this peak, 
only the values of N3 were high, while the scat-
tering and absorption coefficients and the CO2 
concentrations did not vary at all. At the lowest 
flight levels, N3 was occasionally higher than 3 
¥ 105 cm–3 but during the other two flights it was 
always less than this value (Fig. 3). Horizon-
tally, high concentrations were recorded at about 
3–4 km from the centre of the burn area (Fig. 3).

Note that for flight 1, the CO2 and the σsp 
data were plotted both with a black and red line 

Fig. 1. Routes of the research flights during the experiment: (a) the full flight routes from Tampere to Hyytiälä and 
surroundings with color-coded altitude, and (b–d) routes of the three flights in the vicinity of Hyytiälä with number 
concentration of particles larger than 3 nm (N3) coded with colors (grey line: N3 < 104 cm–3, colored line: N3 > 
104 cm–3).
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Fig. 2. Airborne data measured during the three flights of the campaign. (a) The horizontal distance from the center 
of the burning area, altitude above mean sea level (AMSL) and height above ground level (AGL), (b) number con-
centration of particles larger than 3 nm, (c) scattering coefficient, (d) absorption coefficient, and (e) carbon dioxide 
concentrations. The scattering coefficient and the carbon dioxide concentrations are plotted both with a black and a 
red line. The black lines are the raw data and the red lines the data that were corrected for the slow response time 
of the instruments. See details in the text. The vertical red lines denote the start and end of the flaming phase of the 
experiment.

(Fig. 2). The red lines show those values of the 
CO2 concentrations and scattering coefficient 
that were redistributed to the peak shapes aver-
aged from those of the CPC and the PSAP, as 
explained above. An example of this is shown 
for six plume crossings in Fig. 4. This leads to 
the higher concentrations shown in the redistrib-
uted data in Figs. 2 and 4.

Smoke plume widths during the flaming-
phase flight

The widths of the plume crossings were esti-
mated from the particle number concentrations 
as described in the measurements and methods 
section. An example is given on the plume cross-
ing at 09:04:03–09:04:08. At t = 0, 1, 2, 3, 4 and 
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Fig. 3. Number concen-
trations particles larger 
than 3 nm during the 
three flights as a func-
tion of (a–c) height above 
ground, and (d–f) hori-
zontal distance from the 
centre of the burn area.

5 s the ΔN3 concentrations were 5.2 ¥ 103, 8.2 ¥ 
104, 9.4 ¥ 105, 9.4 ¥ 105, 2.1 ¥ 105, and 9.7 ¥ 103 
cm–3, respectively, which is 0.5 %, 8.7 %, 100%, 
100%, 22.3%, and 1.0 % of the maximum. The 
half maximum value was reached at the rising 
edge somewhere between t = 1 s and t = 2 s, and 
at the decreasing edge somewhere between t = 
3  s and t = 4 s. The concentration was higher 
than half of the maximum value for at least 2 s 
but less than 3 s. The greater of these times was 
used, and the mean number concentration in this 
plume crossing was calculated from the three 
largest values as (9.4 ¥ 105 + 9.4 ¥ 105 + 2.1 ¥ 
105) cm–3/3 ≈ 7.0 ¥ 105 cm–3. The plane was then 
flying at a speed of about 139 km h–1 (38.6 m 
s–1), so in 3 s it flew 116 m, which is given as the 
peak width. If it is assumed that the uncertainty 

at both the rising and the decreasing edges of the 
plume crossing is one second, the uncertainty in 
distance is about 80 m.

The plume crossing data present the locations 
of 26 smoke-plume crossings during the flam-
ing phase and the mean and maximum excess 
concentrations observed in them (Table 1). The 
scattering coefficients and CO2 concentrations 
presented in Table 1 were calculated from the 
redistributed data as explained above. Table 1 
can be used for reproducing most of the results 
presented below. Note, however, that the particle 
number concentrations presented in Table 1 are 
those given by the CPC. When calculating the 
emission factors, the values of N3 larger than 
3 ¥ 105 cm–3 were multiplied by the calibration 
correction function fcorr.
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Evolution of the smoke plume as a 
function of distance from the fire

The concentrations and aerosol properties are 
first analyzed as a function of the real distance 
from the burning area, then as a function of 
estimated time of transport since the emission. 
The former approach is more accurate since the 
position was measured with a GPS and an altim-
eter whereas the transport time was modeled. For 
describing the decrease of the concentrations as 
a function of distance, two forms of equations 
were fitted to the data: a power law Axb and an 
exponential function Aebx where x is the distance 
from the center of the burn area and A and b 
are parameters to be fitted. For ΔCO2, the best 

fit was obtained with the power law as ΔCO2 
= 2.8 ¥ 104x–1.06 ppm, where x is in meters. For 
the 12-m altitude, this formula yields the con-
centration of 2440 ppm, which is in a very good 
agreement with the measurements from the 12-m 
mast where the peak concentrations varied from 
about 2000 to 3000 ppm (Fig. 5a). At distances 
greater than about 400 m from the burn area, 
the exponential function fitted the data well. The 
power fit to the non-redistributed CO2 concentra-
tions CO2 = 918x–0.65 ppm predicted that at 12 m, 
the concentration would be 182 ppm, which is an 
order of magnitude lower than the measurements 
from the 12-m mast. This indirectly supports 
the redistributing of concentration data in the 
plume crossings as described above. It has to be 

Fig. 4. Airborne data measured during the first flight at 09:15:00–09:24:30 and an example of the redistribution 
of scattering and carbon dioxide for smoke plume crossing numbers 14–19. The particle number concentration is 
presented in all panels (y-axis on the right). In addition, in a the absorption coefficient time series, the serial num-
bers of the smoke plume crossings, the height above ground level (H ), the width of the peak (W ) as full width at 
half maximum particle number concentration, in b the original and the redistributed scattering coefficients, in c the 
original and the redistributed carbon dioxide concentrations. The shading shows the width of the peaks as full width 
at half maximum.
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Fig. 5. Decrease in (a) 
maximum excess CO2 
concentration (ΔCO2), (b) 
maximum excess parti-
cle number concentration 
(ΔN3), and (c) maximum 
excess scattering (Δσsp) 
and absorption (Δσap) 
coefficients as a func-
tion of 3-dimensional dis-
tance from the center of 
the burning area during 
flight 1. The solid lines 
are exponential fits and 
the dashed lines power 
function fits to the data. 
The ΔCO2 at 12 m AGL 
denotes the peak concen-
trations in the 12-m pole 
within the burning area. 
The aircraft data points 
are the maxima in each 
plume crossing. In b the 
ΔN3 data are the original 
plume crossing maxima 
and those corrected 
according to the calibra-
tion of a similar CPC. In 
b the lines were fit to the 
calibration-corrected data.

noted, however, that the above comparison of the 
extrapolated concentration with that measured 
from the 12-m mast intrinsically assumes that 
the fire power is constant. This of course is not 
true and explains some of the scatter of the data.

The two highest measured peak excess par-
ticle number concentrations, ΔN3 = 0.94 ¥ 106 
cm–3 and 0.87 ¥ 106 cm–3 (Table 1), were higher 
than in the calibrations mentioned. The respec-
tive extrapolated correction functions were fcorr 
≈ 3.6 ± 0.8 and 2.7 ± 0.5, so the estimated peak 

values of ΔN3 were about (3.3 ± 0.8) ¥ 106 
cm–3 and (2.4 ± 0.4) ¥ 106 cm–3, respectively. 
The maximum values of ΔN3 decreased almost 
exponentially as a function of the distance from 
the center of the burn area, even though close to 
the source the power law obviously described 
this decrease better (Fig. 5b). After the multi-
plication by fcorr, the two highest excess particle 
number concentrations were in agreement with 
the ground-based peak concentrations of 2.5 ¥ 
106 cm–3 measured from the Sniffer van at a dis-
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tance of around 180 m from the burn area during 
the smoldering phase when the smoke did not 
rise any more (Virkkula et al. 2014).

Of all the measured variables, ΔN3 decreased 
the fastest and scattering coefficient the slow-
est. This can be described quantitatively by the 
e-folding distances, i.e, the distance over which 
the quantity decreases by a factor of e (2.718). 
The e-folding distances (= 1/k) calculated from 
C = C0e

–kx where the k values presented in the 
exponential functions in Fig. 5 were 750 ± 120 
m, 890 ± 160 m, 990 ± 240 m, and 1160 ± 190 
m for the maxima of ΔN3, ΔCO2, Δσap and 
Δσsp, respectively. The error estimates are the 
standard errors of the values of k obtained from 
the fittings of the exponential functions. The par-
ticle number concentration decreased faster than 
the other quantities, while the scattering coef-
ficient decreased at the lowest rate. This can be 
explained by the fact that the number of particles 
is decreasing not only by dilution but also by 
coagulation in the plume, whereas both CO2 and 
absorbing aerosol (black carbon concentration) 
decrease only by dilution. The processes affect-
ing the scattering coefficient are both dilution 
and growth of particles by condensation.

The single-scattering albedo, ωo [= σsp/(σsp 
+ σap)], is a measure of the darkness of aero-
sols: for purely scattering aerosols ωo = 1. For 
freshly-generated pure BC, ωo has been mea-
sured to be 0.2 ± 0.1 (e.g., Bond and Bergstrom 
2006, Mikhailov et al. 2006, Cross et al. 2010, 
Bond et al. 2013). In the plume crossings, ωo 
apparently increased during the transport from 
close-to-pure-BC values of about 0.4 ± 0.2 in the 
crossings closest to the source to about 0.8 ± 0.1 
at the distance of about 400 m, which is consis-
tent with that calculated from the ground-based 
data at SMEAR II during the flaming-phase 
plumes (Fig. 6a). It is not very credible that 
condensational growth during such a short dis-
tance would be so strong that it would explain 
such a rapid growth of ωo, especially consid-
ering that the growth of ωo essentially finished 
after 400 m. Another probable explanation for 
the fast increase of ωo is that the smoke plume 
crossings at the lowest levels were so fast that 
the nephelometer still underestimated scattering 
even after the redistribution procedure. How-
ever, there were two plume crossings with ωo 

≈ 0.5 as far as ~1–2 km from the center of the 
burning area even after the redistribution pro-
cedure and even though the plume crossing was 
wide enough (~360–400 m), so the values of σsp 
were probably not significantly underestimated. 
This suggests that the optical properties, such 
as the darkness of the particles emitted from 
the fire, actually varied with time even at the 
source. The single-scattering albedos were also 
calculated by first calculating σap from Eq. 11 to 
estimate the bias by condensing organics shown 
by Cappa et al. (2008) and Lack et al. (2008) in 
affecting filter-based absorption measurements. 
The values of ωo were higher than those without 
using Eq. 11, yet the apparent increase of ωo 
with increasing distance remained (Fig. 6a). To 
quantify the difference when taking into account 
the crossings at distances > 400 m and excluding 
the above-mentioned two points, the mean and 
range (minimum–maximum) of ωo was 0.82 
(0.68–0.91) and 0.74 (0.59–0.82) with and with-
out using Eq. 11, respectively.

The wavelength dependency of absorption is 
usually presented in the form of the Ångström 
exponent of absorption (αap) that gives informa-
tion on the absorbing material. For pure black 
carbon (BC) particles, absorption is approxi-
mately inversely proportional to the wavelength, 
in other words αap = 1 (e.g. Van de Hulst 1957, 
Schnaiter et al. 2003), whereas for the aerosol 
containing organic material αap is higher (e.g., 
Kirchstetter et al. 2004, Schnaiter et al. 2006, 
Lewis et al. 2008). The mean (± SD) value of 
αap calculated from the mean non-scattering-cor-
rected absorption coefficients in each plume 
crossing was 1.70 (± 0.24; Fig. 6b). This value 
is in line with other observations. For instance, 
Kirchstetter and Thatcher (2012) showed the 
spectral absorption of wood smoke filter samples, 
also without scattering corrections, and obtained 
the mean value of αap of 1.9. There were three 
plume crossings, where αap was ~1.2, i.e. clearly 
lower than the mean and closer to the pure BC 
values. Interestingly, two of them were in the 
same plume crossings in which ωo ≈ 0.5. This 
suggests that the low values of ωo in some plume 
crossings were not necessarily artifacts but may 
be due to real variations in particle properties 
emitted by the fire. The scatter plot of αap vs. 
ωo (Fig. 7) supports this interpretation: the two 
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Fig. 6. Intensive aerosol 
properties in the smoke 
plume crossings during the 
flaming-phase flights: (a) 
single-scattering albedo at 
λ = 545 nm, (b) Ångström 
exponent of absorption 
in the wavelength range 
467–660 nm, (c) effective 
scattering cross section 
diameter DCsca. The values 
were calculated from 
the mean values in each 
plume crossing. The large 
squares show respective 
values calculated from 
the ground-based meas-
urements at the SMEAR 
II station. The blue circles 
show the respective values 
calculated from airborne 
measurements far from the 
smoke plume.

quantities were clearly related to each other, the 
only obvious outlier being the crossing number 
26. The mean value of αap far from the smoke 
plume was 1.1 ± 0.6, yet this value is highly 
uncertain because it was calculated from the 1-s 
values nearly the detection limit of the PSAP.

Figure 6c shows the effective scattering cross 
section diameters (DCsca) calculated from Eq. 1 

by using the plume-crossing mean scattering 
coefficients and particle number concentrations 
(N3) both with and without the calibration cor-
rection function, fcorr. The correction increased 
the value of N3 which, according to Eq. 1, led 
to lower values of DCsca. In the plume crossings 
with the highest number concentrations, the scat-
tering coefficients were probably underestimated 
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even after the redistributions, so also these diam-
eters were probably underestimated. However, 
the main observation was that DCsca obviously 
increased during the first 1000 m of transport 
from ~50 nm to ~100 ± 20 nm. The latter value 
is in agreement with the ground-based measure-
ments. The scattering coefficients and number 
concentrations measured from the aerosol cot-
tage of SMEAR II were used to calculate DCsca 
with the same equation. The mean value of DCsca 
was 117 ± 8 nm in a smoke plume observed 
at the cottage during the flaming phase. In the 
smoke observed during the smoldering phase, 
the value of DCsca was larger (148 ± 15 nm).

Temporal evolution of the smoke plume

The time since emission was estimated with the 
plume rise model BUOYANT that calculates hor-
izontal and vertical transport of the smoke plume. 
The model does not yield an unambiguous time 
passed, since the emission to the time the plane 
crossed the plume. For any time passed since the 
emission of a smoke parcel, the model yields its 
height above the burn area center (continuous 
line in Fig. 8a). The heights of the actual plume 
crossings were measured. With these data the 

vertical time of transport (tz) since the emis-
sion was estimated for each plume crossing. The 
model also yields the horizontal location of a 
smoke parcel at any time since the emission. The 
horizontal transport time (tx) was calculated for 
each actual horizontal distance of a plume cross-
ing measured with the GPS (Fig. 8b). And finally, 
since the model yields both horizontal distance 
and height, the distance of the smoke plume at 
any given time can be calculated. The transport 
time since emission (t3D) was calculated for each 
plume crossing with this information (Fig. 8c 
and Table 1). If the model predicted perfectly 
the plume transport, the measured locations of 
the plume crossings would yield tz = tx = t3D. 
However, it is obvious from Table 1 that the three 
times were not equal. At heights below about 300 
m a.g.l., the modeled values of tz were smaller 
than those of tx while at higher levels they were 
greater. There was no independent information of 
which time would be the correct one, so all three 
transport time estimates are used below.

The transport times were used here for eval-
uating whether the observed decrease in the par-
ticle number concentrations and increase in DCsca 
could be due to coagulation. These calculations 
were made according to Eqs. 2 and 3 by using 
the coagulation coefficient of particles with the 
diameter of 50 nm, K = 9.9 ¥ 10–16 m3 s–1 (e.g. 
Hinds 1999, 2001). For larger particles K is 
smaller, which leads to slower rate of decrease 
in the particle number concentration and slower 
rate of growth in the particle size, so the mod-
eled decreases of N and increases of Dp can be 
considered as upper estimates. The modeling 
was done by using three different initial number 
concentrations: 1 ¥ 106 cm–3, 2 ¥ 106 cm–3, and 5 
¥ 106 cm–3, and one initial diameter, Dp0 = 50 nm.

The measured number concentrations 
decreased considerably faster than they would 
do due only to coagulation (Fig. 9a), which 
suggests that dilution was the main mechanism 
leading to the observed decrease. The particle 
growth mechanism was evaluated in a similar 
way. The recorded increase of DCsca was faster 
than if coagulation were the only growth mech-
anism (Fig. 9b). For instance, over the time 
interval from 300 s to 360 s the curve fitted to 
the data [DCsca(t3D) = 27t3D

0.24, Fig. 9b] yielded a 
particle growth rate of 4.7 nm min–1. Coagulation 

Fig. 7. Ångström exponent of absorption (αap) vs. sin-
gle-scattering albedo (ωo) calculated from the mean 
concentrations in each smoke plume crossing. The 
black circles: ωo calculated with σap without additional 
organic aerosol bias correction, red squares: ωo cal-
culated with σap calculated with organic aerosol bias 
correction (Eq. 11).
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would yield a growth rate of 2.6 nm min–1 over 
the same time interval with the assumptions that 
the coagulation coefficient was constant and 
initial particle concentration was 5 ¥ 106 cm–3. 
The value of DCsca increased faster than could be 
explained by coagulation, which suggests that 
condensation played an important role in the par-

ticle growth even at the early stages of the smoke 
plume. However, the uncertainty in DCsca was 
the highest in the narrowest plume crossings, 
scattering being probably underestimated, which 
might lead to an underestimation of DCsca in the 
beginning and overestimation of its increase rate. 
No quantitative estimates of the contributions of 

Fig. 8. Time passed 
between the emission of 
smoke and arrival at any 
(a) height above the burn 
area, (b) horizontal dis-
tance from the burn area 
center, and (c) real dis-
tance from the burn area 
center.
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condensation and coagulation to particle growth 
can therefore be given.

Despite the uncertainties, the observation of 
particle growth is consistent with other studies 
on biomass burn smoke plume evolution. For 
instance, Akagi et al. (2012) measured, among 
several other quantities, refractory black carbon 
(rBC) concentrations and size distributions with 
a single particle soot photometer (SP2), light 
scattering coefficient and CO2 concentration 
in a Californian prescribed fire smoke plume. 
Their measurements showed that the fraction of 
thickly coated rBC particles of all BC particles 
and the ratio of excess scattering to excess CO2 
(Δσsp/ΔCO2) increased rapidly within about 20 
minutes from emission. They concluded that in 
the smoke plume, the rBC particles get coated 
and scatter more light due to size increase and 
due to the change of the refractive index. Kondo 

et al. (2011) analyzed Asian and North American 
biomass burn plumes and discussed the role of 
coagulation and condensation to the observed 
growth of BC particles. They concluded that 
during the early stages of BC growth, coagula-
tion may play an important role.

Emission ratios of aerosols with CO2 as 
the reference

Trace compound emissions from biomass burn-
ing can be expressed as an emission factor (EF) 
or as an emission ratio (ER) that relates the 
emission of the compound X to that of a refer-
ence compound, such as CO or CO2. If there are 
several simultaneous ΔX and ΔCO2 values, the 
emission ratio can be calculated by fitting the 
line ΔX = ERX/CO2ΔCO2 with a linear regression 

Fig. 9. Temporal evolu-
tion of (a) excess number 
concentration (ΔN3) and 
(b) effective scattering 
cross section diameter 
(DCsca). The y-axis value 
of the circle is the mean 
ΔN3 and DCsca in each 
smoke plume crossing, 
the x-axis value is the 
modeled transport time 
since emission (t3D). The 
vertical error bars of ΔN3 
show the maxima in each 
crossing, the horizontal 
error bars show the mini-
mum and maximum mod-
eled transport times. The 
ΔN3 data are the those 
corrected according to 
the calibration of a simi-
lar CPC for N3 > 3 ¥ 105 
cm–3. The red lines are the 
fittings to the data with dif-
ferent estimated transport 
times. The blue lines are 
the number concentra-
tions and diameters mod-
eled with Eqs. 2 and 3 by 
using three different initial 
number concentrations.
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with the offset forced to zero (e.g. Yokelson et al. 
1999, Simpson et al. 2011). Here, the emission 
ratios were studied by calculating the regressions 
of ΔN3, Δσsp, Δσap with ΔCO2 in the plume 
crossings (Fig. 10). The best relationship was that 
between Δσap and ΔCO2 and the second best that 
between ΔN3 and ΔCO2. This is expected, since 
the light absorbing aerosol (BC) is emitted at 
the same time with CO2 and dilution is the main 
mechanism that decreases their concentration, 
as was discussed above. For the particle number 
concentration and scattering coefficient, their 
relation to emissions is expected to be less linear 
due to other processes affecting their values: par-
ticle number decreases also by coagulation and 
scattering increases by condensational growth.

In order to evaluate the obtained emission 
factors and ratios, we compared them with other 
published data. Andreae and Merlet (2001) pre-
sented the emission factors of several trace gases 
and aerosols in grams per kilogram of burned 
dry biomass in various types of forests. They did 
not present values for boreal forests, the closest 
forest type was “extratropical forests.” For them 
they gave the emission factors 1569 ± 131 g kg–1 
and 0.56 ± 0.19 g kg–1 for CO2 and BC, respec-
tively, and for the number of particles 3.4 ¥ 1015 
particles per kg. By using these values it can be 
estimated that the emission ratios are BC/CO2 
≈ 0.000357 ± 0.000152 (unitless) and N/CO2 ≈ 
(2.17 ± 0.18) ¥ 1012 particles per g of CO2.

The particle number concentration to CO2 
ratio (in cm–3 ppm–1) was first calculated from the 
table in Andreae and Merlet (2001). At 20 °C, 1 
ppm of CO2 equals 1.83 mg m–3 and with the ratio 
of (2.17 ± 0.18) ¥ 1012 particles per g of CO2 the 
estimated number concentration is about (3960 
± 330) cm–3 per ppm of CO2 (Fig.  10a). The 
mean ratio (± SD) between the particle number 
concentration and CO2 in the smoke plume data 
was (5880 ± 1780) cm–3/ppm of CO2. The mean 
is 48% higher than the ratio of 3960 cm–3/ppm 
of CO2 derived from the emission factors by 
Andreae and Merlet (2001). On the other hand, 
the slope ± SE of the linear regression with the 
offset forced to zero was (4370 ± 310) cm–3/ppm 
of CO2, which is only about 10% higher than the 
ratio by Andreae and Merlet (2001).

The relationship between Δσsp and ΔCO2 is 
described better with a power function than with 

Fig. 10. Relationships between mean excess concen-
trations: (a) number concentrations (ΔN3) with and 
without using the calibration corrections, (b) scatter-
ing coefficients (Δσsp), and (c) absorption coefficients 
(Δσap) vs. mean excess carbon dioxide (ΔCO2) concen-
tration in flaming-phase smoke plume crossings. In c 
the black circles: Δσap without additional organic aero-
sol bias correction, red squares: Δσap calculated with 
organic aerosol bias correction (Eq. 11). In a the fittings 
were done to the data corrected for the calibrations at 
N3 > 3 ¥ 105 cm–3. In a and c the blue line denoted by 
AM2001 presents the ratios and uncertainties calcu-
lated from the tables in Andreae and Merlet (2001).

a linear regression (Fig. 10b). By using the linear 
regression with the offset forced to zero, the 
squared correlation was negative, which shows 
that ΔX = ERX/CO2 ¥ ΔCO2 is not a valid model 
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for these data. This is most probably due to the 
growth of particles both by coagulation and 
condensation and the increasing scattering per 
particle as discussed above. This is qualitatively 
consistent with Akagi et al. (2011), who found 
that the ratio Δσsp/ΔCO2 increased by a factor of 
2.5 in a Californian prescribed fire smoke plume 
over the course of 4 h.

The relation between Δσap and ΔCO2 was 
close to linear (Fig. 10c) and can be compared 
with published data. If CO2 concentration is 
1  ppm and if BC/CO2 ≈ 0.000357 ± 0.000152, 
as calculated above from the emission factors 
presented by Andreae and Merlet (2001), the 
BC concentration is approximately 0.65 ± 0.28 
µg m–3 and the respective σap ≈ 5.0 ± 2.1 Mm–1 
with MAC = 7.7 m2 g–1. So, the σap-to-CO2 ratio 
is approximately 5.0 ± 2.1 Mm–1/ppm of CO2 
(see the blue line in Fig. 10c). The data from the 
airborne measurements had clearly higher σap-
to-CO2 ratios, being approximately 18 ± 1 Mm–1/
ppm of CO2, i.e. higher by a factor of about 3.6. 
Unless our measured ratio was really higher, 
there are basically three different possible expla-
nations: (1) The value of MAC = 7.7 m2 g–1 was 
not applicable to the observed aerosol, (2) the 
absorption coefficients were overestimated, or (3) 
the CO2 concentrations were underestimated. To 
test the first explanation, the BC-to-CO2 ratio by 
Andreae and Merlet (2001) was again used but 
with MAC multiplied by the factor of 3, so with 
MAC = 23 m2 g–1 the data agreed with the ratio 
(Fig. 6c). This MAC is clearly higher than the 
published ones, so this is not the most probable 
explanation. The overestimation of absorption 
is a more probable explanation. The Δσap data 
corrected additionally according to Eq. 11 were 
lower (Fig. 10c, red squares), the σap-to-CO2 
ratio was approximately 13 ± 1 Mm–1/ppm of 
CO2, but still by a factor of about 2.6 higher than 
calculated from the BC-to-CO2 ratio by Andreae 
and Merlet (2001). The underestimation of ΔCO2 
concentrations is still possible after the redistri-
bution method but not likely by a factor of three 
(see the discussion on Fig. 5a.

Emission factor estimates

The emission factors were estimated from Eq. 

4 as described above. Here the procedure is 
followed step by step in Figs. 11–13. The plume 
cross-section area grew by almost two orders of 
magnitude from less than 1 ha to about 80 ha 
when the smoke rose to the height of ~1400 m 
a.g.l. (Fig. 11a). At the same time, the excess 
concentrations decreased by almost an order of 
magnitude (Fig. 11b–d), so that the product of 
the excess concentrations and the plume cross 
section area (ΔXiAi) did not have a significant 
trend as a function of height (Fig. 12).

As explained above, in the first method the 
product (ΔXiAi) was extrapolated to the ground 
level, multiplied by the measured vertical veloc-
ity vz0 and the flaming phase duration tF. For 
example, for CO2 the extrapolated (ΔXiAi) was 
206 ± 73 mg m–3 ha where the uncertainty 
is the standard error obtained from the linear 
regression. With vz0 = 4.5 m s–1 and tF = 2 h 
15 min = 8100 s, the product yields the total 
emission of 75 ± 27 tonnes of CO2. When this 
is divided by 46.8 tonnes, i.e. the estimated 
total burned biomass (Virkkula et al. 2014), we 
get an estimated emission factor of 1600 ± 570 
g(CO2) kg–1 (burned dry biomass). When the 
full uncertainties were estimated from Eq. 9, the 
uncertainty is ±1020 g(CO2) kg–1 (burned dry 
biomass) (Table  2). The same procedure was 
used also for the particle number concentrations, 
POM and BC. For BC the calculation was also 
repeated including the additional organic aerosol 
correction (Eq.  11). The emission factors cal-
culated using the measured vz0 are presented in 
column A of Table 2. The emission factors were 
next estimated by using the vertical velocities 
obtained from the BUOYANT model. The flux 
through each plume crossing i was calculated 
from ΔXiAivzi and extrapolated to the ground 
(ΔX0A0vz0) (Fig. 13). It was then multiplied by 
tF = 8100 s to get the emitted mass (column B in 
Table 2). The concentrations and uncertainties in 
plume crossings 8 and 26 were very high, so all 
calculations were repeated by excluding them 
(the tag “excluding outliers” (EOL) in Table 2). 
For CO2 and BC emission factor estimates, the 
outlier exclusion had a clear reducing effect but 
negligible for the particle number and POM.

The relative uncertainties δN3/N3, δσsp/σsp, 
δσap/σap, and δCO2/CO2 in Eqs. 6–9 were all set to 
0.1, δMSC/MSC = 0.8/3.1 ≈ 0.26, δMAC/MAC 
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Fig. 11. Flight 1 plume crossing mean concentrations and areas. (a) Plume crossing cross section area, (b) mean 
excess particle number concentration (ΔN3), (c) mean excess scattering (Δσsp) and absorption (Δσap) coefficients, 
and (d) mean excess carbon dioxide concentration (ΔCO2) at the heights of the plume crossings.

Fig. 12. The product of (a) mean ΔN3, (b) particulate organic matter (POM), (c) black carbon (BC), and (d) ΔCO2 
and plume area in each crossing of the plume. The continuous line is the linear fit of (cA)Z = kz + (cA)0 to the data. 
The dashed lines are calculated by using the same slope k but by using standard errors (SE(cA)0) of the offset from 
the respective fits to get (cA)0 ± SE(cA)0.

= 1.2/7.7 ≈ 0.16, δmBM/mBM = 10 900/46 800 ≈ 
0.23, and the uncertainty of vertical velocity δvz/
vz = 0.2. The relative uncertainties obtained from 
the linear regressions (δEFR/EFR) were 0.32, 
0.42, 0.91, and 0.54 for N3, CO2, POM, and BC, 
respectively, when the regressions were calcu-
lated for height vs. the product ΔXiAi and 0.19, 

0.23, 0.42, and 0.28, respectively, and when the 
regressions were calculated for height vs flux Fi 
=ΔXiAivzi. The uncertainty of the flaming-phase 
time δtF was set to 15 min, so δtF/tF = 900/8100 ≈ 
0.11. These relative uncertainties were applied in 
Eqs. 6–9 to get the uncertainties in the columns 
A and B of Table 2.
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Fig. 13. The flux of particles, POM, BC, and CO2 through the plume crossings. The continuous line is the linear fit of 
(cAvz)Z = kz + (cAvz)0 to the data. The dashed lines are calculated by using the same slope k but by using standard 
errors (SE(cAvz)0) of the offset from the respective fits to get (cA)0 ± SE(cAvz)0.

Table 2. Emission factors (EF) estimated from the airborne measurements and for comparison emission factors 
presented by Andreae and Merlet (2001) (AM2001) and McMeeking et al. (2009). The EFs of CO2, POM, and BC 
given as g kg–1 of burned dry biomass. The EFs of particle number (N) are given as number of particles per kg of 
burned dry biomass. A: EFs calculated by using the vertical velocities measured at 12 m AGL; B: EFs calculated by 
using vertical velocities modeled with BUOYANT; ALL: calculations by using all plume crossings; EOL: calculations 
by excluding outliers, i.e., crossings no. 8 and 26; BC: Black Carbon calculated from the absorption coefficients 
without additional correctionas; BCOACORR: Black Carbon calculated from absorption coefficients with an additional 
correction for organic aerosols, Eq. 11.

	 This study	 AM2001	 McMeeking et al. (2009)	 Unit
	 	 extratropical	 boreal forest
		A	   B	 forest

CO2	ALL	  1600 ± 1020	 1780 ± 960	 1569 ± 131	 1311 ± 325; 1588 ± 125b	 g kg–1

	EOL	  1280 ± 910	 1260 ± 700

N	ALL	  (4.8 ± 2.9) ¥ 1015	 (4.8 ± 2.5) ¥ 1015	 3.4 ¥ 1015		  kg–1

	EOL	  (4.4 ± 2.8) ¥ 1015	 (4.0 ± 2.2) ¥ 1015			   kg–1

POM	ALL	  5.9 ± 6.3	 5.3 ± 3.7	 8.6–9.7a	 7.8 ± 7.2c; 6.2 ± 2.8d	 g kg–1

	EOL	  6.5 ± 7.1	 5.3 ± 3.8			   g kg–1

BC	ALL	  1.4 ± 1.0	 1.8 ± 1.1	 0.56 ± 0.19	 0.2 ± 0.4e; 0.60 ± 0.46f	 g kg–1

	EOL	  0.89 ± 0.78	 1.3 ± 0.7			   g kg–1

BCOACORR	 ALL	 0.95 ± 0.65	 1.1 ± 0.6			   g kg–1

	EOL	  0.52 ± 0.46	 0.71 ± 0.43			   g kg–1

a emission factor of organic carbon OC from Andreae and Merlet (2001) table 1.
b emission factor of CO2 from black spruce from McMeeking et al. (2009) table 2a.
c emission factor of OC from boreal forest from McMeeking et al. (2009) table 2b.
d emission factor of OC from black spruce from McMeeking et al. (2009) table 2b.
e emission factor of EC from boreal forest from McMeeking et al. (2009) table 2b.
f emission factor of EC from black spruce from McMeeking et al. (2009) table 2b.
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For comparison, the emission factors pre-
sented by Andreae and Merlet (2001) for extra-
tropical forest fires and the emission factors 
presented by McMeeking et al. (2009) are also 
shown in Table 2. McMeeking et al. (2009) char-
acterized the gas- and speciated aerosol-phase 
emissions from the open combustion of several 
plant species in controlled laboratory burns. In 
those experiments biomass representing boreal 
forest was also burned. Among others, McMeek-
ing et al. (2009) reported the emission factors 
of elemental and organic carbon (EC and OC) 
analyzed with thermal-optical methods from 
quartz filter samples. EC is the dominant light 
absorber of carbonaceous aerosols but it is not 
exactly the same as BC that is by definition mea-
sured with optical methods. Another point worth 
noting is that both Andreae and Merlet (2001) 
and McMeeking et al. (2009) report the emis-
sion factor of OC, not POM. McMeeking et al. 
(2009) did not report emission factor of particle 
number.

The results from the present work in Table 2 
are in a reasonably good agreement with both 
Andreae and Merlet (2001) and McMeeking et 
al. (2009), considering all the sources of uncer-
tainty: the concentrations, the areas, the vertical 
velocity, burning time, and the estimated amount 
of burned organic material. Another assumption 
that definitely is not true is that the fire power is 
constant. This of course is not true and explains 
some of the scatter of the data. The derived 
emission factor of particle number is larger than 
that reported by Andreae and Merlet (2001), but 
the latter value is within the standard errors of 
the emission factor in this work. The emission 
factor of BC is twice as much as that presented 
by Andreae and Merlet (2001) and three times 
higher than that presented by McMeeking et al. 
(2009) for boreal forest. A probable reason for 
this is that a significant amount of absorption 
by the PSAP was due to the organics condensed 
onto the filter, as described above. When the esti-
mated effect of condensed organics was removed 
according to Eq. 11, the emission factors were 
approximately by a factor of 1.6 ± 0.2 smaller 
(Table 2). However, even after correcting the 
absorption data with Eq. 11, the BC emission 
factors were higher than those in Andreae and 
Merlet (2001) and McMeeking et al. (2009). Yet 

another possible reason for the differences is that 
the emission factors reported by McMeeking et 
al. (2009) were based on biomass combustion 
in a laboratory where the environmental condi-
tions and the actual biomass are different from 
those in the field. Furthermore, McMeeking et 
al. (2009) reported the emission factor of Ele-
mental Carbon (EC) that was analyzed with 
thermal-optical methods. Comparisons between 
BC obtained from filter-based optical methods 
and EC analyzed with thermal-optical methods 
showed that the EC concentration may be lower 
than the BC concentration (e.g. Yelverton et al. 
2014).

Observations of small particles in the 
smoldering phase

During flights 2 and 3, the air above the burn 
area was very different from that observed 
during the flaming-phase flight: CO2 concentra-
tion did not exceed background levels and both 
scattering and absorption coefficients exceeded 
their background values only a few times, and 
even then not by several orders of magnitude as 
they did during flight 1 (Fig. 2). Also, particle 
number concentrations were lower in the later 
flights. During flight 2, high concentrations of 
104–105 cm–3 were measured at several heights 
up to about 1500 m a.g.l. (Fig. 3a). During flight 
3, the highest concentration was ~4 ¥ 104 cm–3 at 
the height of 110 m a.g.l., at 305 m AGL there 
was one peak concentration of 3400 cm–3, while 
higher up there were no observations of particles 
originating from the smoldering ground (Fig. 3), 
indicating that vertical motion due to convection 
was much weaker than during the flaming phase. 
During both smoldering-phase flights, the high 
concentrations were observed at the horizontal 
distance of less than 3 km from the center of the 
burn area (Fig. 3b).

The negligible increase in scattering during 
flights 2 and 3 suggests that the particles were 
small. Combining the scattering and number 
concentration data gives some information of 
particle sizes. There were several number con-
centration peaks with the value of N3 in the 
range of (1–4) ¥ 104 cm–3, yet the value of σsp 
remaining in the range of 15–20 Mm–1 (Fig. 2), 
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which leads to the value of DCsca in the range of 
22–50 nm when calculated using Eq. 1. These 
values are smaller than the values of DCsca cal-
culated from the flight 1 plume crossing data. It 
has to be noted also that this DCsca range was cal-
culated from the total scattering coefficients, not 
from the excess values as in the flight 1 plume 
crossing analyses. Most excess scattering coef-
ficients in the N3 concentration peaks, during 
flights 2 and 3, were smaller than 5 Mm–1, so the 
data suggests that the particles were even smaller 
than the above-mentioned range. It is not realis-

tic to make any further analyses of the particle 
size of such small particles with the scattering 
data, however.

A better indication of the particle size can be 
obtained from the particle counter data. A sim-
plified size distribution was calculated from the 
particle number concentrations measured with 
the particle counters with the size cut-offs of 3, 
6 and 10 nm. The fractions of particles in the 
size ranges of 3–6 nm, 6–10 nm and 3–10 nm 
were calculated from 100 ¥ (N3–N6)/N3, 100 ¥ 
(N6–N10)/N3, and 100 ¥ (N3–N10)/N3, respec-
tively. The order of the number concentrations 
with the size cut-offs of 3, 6 and 10 nm should 
be N3 ≥ N6 ≥ N10. This was the case in most of 
the data even at low concentrations, even though 
this order was more prominent at higher values 
of N3 (Fig. 14). The data from flights 2 and 3 
were classified into three concentration classes: 
N3 < 3000 cm–3, 3000 < N3 < 10 000 cm–3 and 
N3 > 10 000 cm–3, and simple descriptive sta-
tistics were calculated for the size ranges 3–6 
nm, 6–10 nm and 3–10 nm (Fig. 15). When N3 
< 3000 cm–3, the respective median fractions 
were –2%, 1%, and 3%, i.e., close to 0%, which 
means most particles were larger than 10 nm and 
the counters agreed well. The negative fraction 
means that the counter with the 6 nm cutoff mea-
sured approximately 2% higher concentrations 
than the counter with the 3 nm cutoff, which 
is within the uncertainties of the counters. The 
higher the total concentration was, the larger was 
the fraction in the size ranges < 10 nm. In the N3 
concentration class > 10 000 cm–3, the 75th per-
centile of the number fraction in the size range 
3–10 nm was as high as 78%. In other words, 
in this concentration class in 25% of the data, 
more than 78% of particles were smaller than 
10 nm. This suggests that there was new particle 
formation in the air during the smoldering phase, 
since the primary particles are not expected in 
the sub-10-nm size range. A possible explanation 
is that some low-volatile gases emitted from the 
smoldering ground are the precursors for the 
particles. No trace gases other than CO2 were 
measured during the flights so no hypotheses are 
presented here.

The low or negligible excess scattering coef-
ficients and indications of particles smaller than 
10 nm are in contrast to the observations on 

Fig. 14. Fractions of particle number concentrations in 
the particle diameter range of (a) 3–6 nm, (b) 6–10 nm, 
and (c) 3–10 nm measured with three condensation 
particle counters with the cut-off sizes of 3 nm (N3), 6 
nm (N6), and 10 nm (N10) as a function of N3 during 
the smoldering phase flights 2 and 3.
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ground. The smoke aerosol that was observed 
at the aerosol cottage at SMEAR II was both 
larger and more strongly scattering during the 
smoldering phase than during the flaming phase 
(Virkkula et al. 2014). The differences between 
airborne and ground-based measurements of fire 
emissions are not unprecedented, they are in 
agreement with other studies. Residual smol-
dering combustion emissions are not influenced 
by the fire-induced convection and may remain 
near the ground if there are no winds to loft them 
higher. As a result, emission factors derived from 
airborne measurements only underestimate the 
total fire-integrated emissions (e.g. Bertschi et 
al. 2003, Christian et al. 2007, Yokelson et al. 
2008). The lofted and unlofted emissions from 
wildfires can also have different chemistry and 
post-emission transport (e.g. Akagi et al. 2011).

Summary and conclusions

Airborne measurements made during a pre-
scribed fire experiment in forest slash fuels in 
June 2009 were analyzed. There were three 
flights during the experiment, one during the 
flaming phase and two during the smoldering 
phase. During the flaming phase, the smoke 
plume was flown through at several altitudes 

and the plume crossing data were analyzed in 
detail. The plume was so narrow at the lowest 
altitudes that the aircraft flew through it in about 
3 seconds, which corresponds to plume widths 
of about 120 m. The concentrations and aerosol 
properties in these plume crossings were ana-
lyzed as a function of distance from the burn-
ing area and as a function of estimated time of 
transport since the emission. The latter way of 
analysis is more general because the processes 
are time dependent. However, the uncertain-
ties are higher since the locations are obtained 
directly from the GPS but the transport time was 
modeled.

The transport times and particle number con-
centrations in the plume crossings were used 
for evaluating the role of coagulation in the 
observed decrease of number concentrations and 
particle growth. Particle number concentrations 
decreased from their initial values of about ~(3 
± 1) ¥ 106 cm–3 considerably faster than what can 
be explained by coagulation, which suggests that 
dilution was the main mechanism leading to the 
decrease in the particle number concentration. 
There were also some indications of particle 
growth during the transport from the burn area, 
but since particle size distributions were not 
measured on board the aircraft, it is not possi-
ble to get exact information on this phenom-

Fig. 15. Median fractions of number concentrations of particles larger than 3 nm (N3) in the size ranges 3–6 nm, 
6–10 nm and 3–10 nm in three different particle concentration ranges: (a) N3 < 3000 cm–3, (b) 3000 < N3 < 10 000 
cm–3, and (c) N3 > 10 000 cm–3 during the smoldering phase, flights 2 and 3. The boxes present the 25th to 75th 
percentile range of the fractions in the respective size ranges.
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enon. However, the effective scattering cross 
section diameter, DCsca, calculated from the ratio 
of scattering coefficient and particle number 
concentration increased from about 50 nm to 
100 nm during the first 1000 m of transport from 
emission. The increase of DCsca was faster than 
what can be explained by coagulation, which 
suggests that condensation played an important 
role in growing the particles even at the early 
stages of the smoke plume. Another indication 
of the particle growth was the increase of the 
particle single-scattering albedo: this quantity 
increased from about 0.4 ± 0.1 at the nearest 
plume crossings to about 0.8 ± 0.1 at a distance 
of about 400 m from the burning area, consistent 
with the values measured at the ground-based 
SMEAR II station. However, it is possible that 
the single-scattering albedo was higher than 0.4 
± 0.1 even at the lowest levels. The reason is that 
in the fastest plume crossings the scattering coef-
ficient may have been underestimated due to too 
slow response time of the nephelometer.

The mean Ångström exponent of absorption 
was 1.70 ± 0.24 in the smoke plume crossings, 
which is in line with published spectral absorp-
tion of wood smoke filter samples. There was a 
positive relation between the single-scattering 
albedo and Ångström exponent of absorption. 
The latter was calculated from the absorption 
coefficients that were not corrected for scatter-
ing, which suggests that the low single-scattering 
albedos were not only due to underestimated 
scattering.

The amount of CO2 and black carbon and 
number and mass of particles emitted during 
the experiment were estimated by combining 
information from the airborne measurements and 
vertical flow velocity measured near the surface 
within the burning area and vertical velocities 
modeled with a plume rise model. The estimated 
emission factors were 1600 ± 1020, 5.9 ± 6.3 and 
1.4 ± 1.0 g kg–1 (dry biomass), for CO2, partic-
ulate organic matter and black carbon, respec-
tively, and (4.8 ± 2.9) ¥ 1015 particles per kg 
(dry biomass) for particles larger than 3 nm in 
diameter. The uncertainties associated with these 
emission factors are high, as was shown in a 
sensitivity test in which two plume crossings 
with the highest and most uncertain concentra-
tions were excluded from the calculations. It has 

to be noted, though, that the emissions of both 
aerosols and CO2 were calculated only from the 
flaming phase data, so the whole fire-integrated 
emissions were underestimated. The obtained 
emission factors were not significantly different 
from those presented in the literature, with the 
exception of that for black carbon. However, the 
absorption coefficient and thus the black carbon 
concentration may have been overestimated by a 
factor of about 1.6 ± 0.2 due to condensation of 
organics on the filter of the absorption photome-
ter. This leads to an overestimation of the black 
carbon emission factor estimate.

The data suggest that particles originating 
from residual smoldering combustion can be 
observed without elevated CO2 concentrations. 
Contrary to the flaming-phase flight, during the 
smoldering phase flights there were no excess 
CO2 concentrations and both scattering and 
absorption coefficients exceeded their back-
ground values only slightly. This is different 
from the scattering coefficients recorded on the 
ground where the aerosol was more strongly 
scattering during the smoldering phase than 
during the flaming phase. This difference sug-
gests that the particles observed aloft during the 
smoldering phase were much smaller than at the 
ground level.

Simplified size distributions were calculated 
from the data of three CPCs with different cut-
offs. They showed that when particle number 
concentrations exceeded 10 000 cm–3 the major-
ity of particles were smaller than 10 nm in 
diameter, suggesting that new particles were 
formed. Sub-10-nm particles are not climatically 
significant because they do not scatter enough 
light to contribute to the direct radiative forcing, 
and because they are too small to be able to act 
as cloud condensation nuclei (CCN). They may, 
however, become CCN after their growth to 
larger sizes in case condensable compounds are 
available. The residual smoldering combustion is 
a potentially a important source of particles as it 
may continue for days after the flaming combus-
tion has ended. However, the data obtained here 
are too few to make any quantitative estimate of 
the emission factors related to the smoldering 
phase. To confirm the observations of new par-
ticle formation, measurements should be con-
ducted over smoldering fires with instruments 
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that can measure size distributions starting from 
diameters smaller than 10 nm.
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