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The relation between Dy and o, from the data listed in Table S1, fitted with the
standard regression method as compared to the bivariate fitting used in the paper. The

equations are numbered in accordance to the paper.

Fresh: Dy / nm= (260 — 82)* 6, + 11 (S3)
Aged: Dy / nm= (522 - 200)* 6, + 29 (S4)
All data: Dy / nm= (670 — 313)* o, + 30 (S5)

The emission factors for particle number based only on the forest data from
Guyon et al, 2005, and Kuhn et al, in prep, with and without forcing through zero.
This data is with a lower size detection limit below the accumulation mode, but also
only including forest fires.

EFp forest / [kg'] = -40.4*10"**MCE + 40.0%¥10"° £ 0.9%10" (S6a)

EFpn forest.forced / [kg '] = 32.0¥10"**(1 — MCE) £ 0.8%10" (S6b)



Table S1. The D, and o, data used to find their mutual relation (Eqs. 3-5 for bivariate fitting and Eqs.
S3-S5 for standard fittings) here tabulated together with a short description of fuel, age and the
reference for the data. The first 20 lines of the table is referred to as fresh smoke, the 4 next lines are
smoke without age reference, the 14 following lines are referred to as aged smoke and the last six lines

are not used in the further analysis. A horizontal line divides the table into different smoke ages.

D, [nm] A Fuel Age Reference
123 1.5 deforestation fire minutes (Guyon et al., 2005)
110 1.65 Forest minutes (Guyon et al., 2005)
104 1.78  Forest minutes (Reid and Hobbs, 1998)
107 1.73 Forest minutes (Reid and Hobbs, 1998)
111 1.81 Forest minutes (Reid and Hobbs, 1998)
115 1.74  Forest minutes (Reid and Hobbs, 1998)
110 1.73 Forest minutes (Reid and Hobbs, 1998)
135 1.64  Forest minutes (Reid and Hobbs, 1998)
113 1.70  Forest minutes (Reid and Hobbs, 1998)
129 1.76  Forest minutes (Reid and Hobbs, 1998)
127 1.63 Forest minutes (Reid and Hobbs, 1998)
141 1.65 Forest minutes (Reid and Hobbs, 1998)
129 1.8 Forest minutes (Reid and Hobbs, 1998)
100 1.91 Cerrado minutes (Reid and Hobbs, 1998)
100 1.79 Grass minutes (Reid and Hobbs, 1998)
100 1.77 smoldering tropical minutes (Reid and Hobbs, 1998)
130 1.68 flaming tropical minutes (Reid and Hobbs, 1998)
120 1.73 Forest fresh (Reid et al., 1998)
110 1.85 Forest local (Reid et al., 1998)
130 1.74 Forest local (Reid et al., 1998)
118 1.6 Flaming ? (Einfeld et al., 1991)
180 1.5 Smoldering ? (Einfeld et al., 1991)
160 1.55 Flaming ? (Hobbs et al., 1996)
120 1.5 Smoldering ? (Hohbs et al., 1996)
230 1.58 Grassland source region  (Anderson et al., 1996)
200 1.3 Grassland >5d (Anderson et al., 1996)
240 1.5 Grassland Cont. outflow  (Anderson et al., 1996)
285 1.4 boreal forest 6-7d (Fiebig et al., 2003)
200 1.43 boreal forest >6d (Formenti et al., 2002)
230 1.39 North America 4-6 days (Cozic et al., 2007)
260 1.3 North America 6-9 days (Cozic et al., 2007)
260 1.31 North America 6-9 days (Cozic et al., 2007)
270 1.31 North America 6-9 days (Cozic et al., 2007)
270 1.32 North America 10-13 days (Cozic et al., 2007)
300 1.3 North America 7-10 days (Cozic et al., 2007)
180 1.68 Forest Aged (Reid et al., 1998)
180 1.63 Forest 2hr-4days (Reid et al., 1998)
190 1.66 rain forest 2-3d (Reid et al., 1998)
127 1.69 dambo grass equiv. area dia.  (Chakrabarty et al., 2008)
188 1.69 pine needles equiv. area dia.  (Chakrabarty et al., 2008)
181 1.54 poplar wood equiv. area dia.  (Chakrabarty et al., 2008)
181 1.44 pine wood equiv. area dia.  (Chakrabarty et al., 2008)
270 1.31 pine needles equiv. area dia.  (Chakrabarty et al., 2008)
200 1.54 Sagebrush equiv. area dia.  (Chakrabarty et al., 2008)



Table S2. The equations describing the linear fittings (standard method) between particle mass
emission factors (EFpv(MCE)) for the overall data set and the three types of fuel and the standard error
of the fit. n is the number of data points, n; is the number of different studies used in the fitting
procedure, while Npean is the number of data points used to calculate the mean value. Mean MCE is the
arithmetic mean = standard deviation of the MCE for each dataset, EFpy is as an arithmetic mean +
standard deviation for each fuel type, the EFp), arithmetic mean is presented with the standard deviation

of the averaged EFypy, data.

Fuel n (ng) Nmean MCE EFpum05.4(MCE) AEFpyo05.4 EFpum05.4 mean
[eke'] leke'] lgke']
Overall data 104 (15) 117 0.94+0.04 101 — 101*MCE +3.6 7.0+4.9
Forest 28 (7) 39 0.9240.04  103- 101*MCE +3.8 8.7+4.9
Savanna 42 (9) 43 0.94+0.03  75.2—-73.1*MCE +3.8 6.2+4.3
Grass 25 (7) 26 0.95+0.03  59.4- 58.2*MCE +2.0 42424

Table S3. The correlation coefficient (R?), the F-statistic (F) and the probability that the F-statistic
erroneously shows a relationship (P.,) are reported for the emission factor for particle mass (EFpp0.5.4)
and the emission ratio (PM, s.4/CO) for all fuel types. n is the number of data points in each subset, and
COqc 1s the part of the data where CO emissions for the ratio calculation are based on MCE and
assumed CO, emissions. Data reporting neither MCE nor CO emission factors have been excluded

from this analysis.

Fuel n COqe PMys/CO R* F Perr EFpyoss R F Perr
[gg'] [gke']

Overalldata 104  32%  0.11+0.07 0.01 1 0.23 7+5 051 108  6%107°

Forest 28 68%  0.12+£0.06 001 1 0.81 9+5 049 25 9%10”

Savanna 42 2%  0.11+0.09 010 5 0.02 6+4 024 13 4*10°

Grass 25 42%  0.08+0.07 0.03 1 0.47 4+2 034 12 3%10™



Table S4. The linear fittings of each study, using a standard method, i.e., the equation fitted to the data,

as EFpy = Intercept + Slope * MCE, and the arithmetic mean and standard deviation of the emission

factor (EFpy) and the modified combustion efficiency (MCE).

Intercept  Slope EFpum MCE n R? Size Fuel Reference
-44 4 51 54+0.8 0.98 +0.01 2 - PM3 savanna (Anderson et al., 1996)
-43.452 63.603 122+42 0.87+£0.02 4 0.14 PM2.5 lab (Bertschi, 2003)
85.026 -82.908 8.00 £0.93 0.93+£0.06 10 044 PM lab (Chen et al., 2007)
563.01 -57459 228+26.5 0.94+0.04 5 0823 PM25 lab (Christian, 2003)
(Dhammapala et al.,
132.12  -135.12 59+5.7 0.93 +£0.04 3 0.802 PM25 lab 2006)
(Dhammapala et al.,
146.35 -151.8 11.8+7.6 0.9 +0.05 8 0.94 PM2.5 agri 2007)
(Dhammapala et al.,
139.76  -144.06 102+7.4 0.89+£0.05 11 0926 PM2.5 labagri 2006) and 2007
11452 -115.06 73+6 0.93 £0.05 2 PM3  forest (Einfeld et al., 1991)
96.423  -95.093 85+3.5 0.92+0.03 4 0.829 PM4  Allfuels (Ferek et al., 1998)
14499 -14714 14.8+12.1  0.98+0.01 7 0708 PM2.5 lab (Freeborn et al., 2008)
126.96  -128.06 7.6+5.7 093+£0.02 12 031 PMO0.5 forest (Guyon et al., 2005)
81.183  -80.439 8.8+2 0.9+0.02 3 calc PM2.5 forest (Battye and Battye, 2002)
141.82 -14563 151+163 0.87+0.11 7 0.97 PMI10 lab (linuma et al., 2007)
28.615  -25.606 42+0.6 0.95+0.01 4 calc PM2.5 Ilab (Battye and Battye, 2002)
218.48  -218.18 83=+6.7 0.96 +0.03 3 0.98 PM2.5 savannaforest (Kaufman etal., 1998)
124.05  -126.01 57+34 0.94+0.02 12 0.577 PM2.5 svannagrass (Korontzi et al., 2003)
75924  -76.18 41+2 0.94 +£0.03 6 0959 PM25 grass (Korontzi et al., 2003)
21111 -217.93 7.4+3.9 0.93 +£0.02 6 0.735 PM2.5 savanna (Korontzi et al., 2003)
-21.472 25418 3.1+£2 0.97 +£0.01 19 0.014 PM3 savannagrass  (LeCanutetal., 1996)
1.9078  -1.1481 0.9+0.89 0.89 £ 0.06 2 - PM2.5 forest (Lee et al., 2005)
66.439  -56.067 146+5.5 092+£0.03 12 0.092 PM3.5 forest (Nance et al., 1993)
42824 43448 40.5+488  0.89+0.11 2 - PM agri (de Zarate et al., 2000)
82.677  -72.54 156+6 092+0.03 10 0.156 PM2  forest (Radke etal., 1991)
68.392  -58.923 13.9+5.5 092+0.03 10 0.122 PM3.5 forest (Radke et al., 1991)
50.818  -48.182 6.3+3.7 0.92 +£0.08 2 - PM2.5 All fuels (Scholes et al., 1996)
286.13  -290.03 10.1+7.5 0.93 £0.02 7 0.745 PM4  savannagrass  (Sinhaetal., 2003)
453.17  -440.28 55+27.3 0.95+0.06 3 085 PM5  forest (Susott et al., 1991)
13749  -136.74 84=09 0.9 +0.05 3 098 PM2.5 forest (Ward etal., 1991)
58.133  -56.154 6.2+29 0.94+0.03 13 0359 PM25 savanna (Ward et al., 1992)
87.54  -88.405 51+£23 092+£0.02 10 0.56 PM25 grasslitter (Ward, 1996)
75.86 -73.458 123+7.1 0.93£0.1 2 - PM2.5 forest (Ward and Hardy, 1991)
841.07  -862.52 10+£13.7 0.87+£0.01 4 0.16 PM2.5 lab (Yokelson et al., 1996)
15395  -154.07 11.1+6.1 0.96 +0.03 5 0473 PM25 forest (Yokelson et al., 2007b)
120.56  -112.87 17.8 £4.1 0.93 +£0.02 9 0336 PMI10 forest (Yokelson et al., 2007a)
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Figure S1. Particle number to CO emission ratios versus modified combustion efficiency (MCE) for
three studies, (Guyon et al., 2005) (forest), (LeCanut et al., 1996) (savanna, grass), and Kuhn et al., in
prep (forest). A standard fitting method is used and the dotted lines show the y-error from the fitting.
Savanna and grass data was measured only above ~100 nm diameter and has been corrected as

described in Section 4.1; the CO emissions have been calculated from MCE and an assumed emission

factor of CO, of 1580 g kg™
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Figure S2. Fitting of all emission factors for particle mass, for all fuels and for particles sizes between
PM, 5 and PMy,, related to the modified combustion efficiency (MCE). The 50 data points in this plot

are taken from 15 different studies, and the y- error is shown as dotted lines.
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Figure S3. Emission factors for particle mass for the three fuel cases as well as for the overall data set,

calculated from the fitted equations given in Table S2.
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Figure S4. Particle number emission factors, EFpy, related to mass of dry fuel burned, calculated from

EFpm(MCE=0.95) for overall data, see equation in Table 4. EFpy, is allowed to be constant at EFpy; =
5.1 gkg™! dry mass, or to vary with MCE. The particle sizes are allowed to be constant at D, =128 nm

and o,= 1.65, or to vary with MCE as described in Eqs. 2 and 3. The constant values are taken from the
equations for MCE = 0.95, i.e. the average MCE in the data used in the measurement-based EFpy in Eq.

6.

References

Anderson, B. E., Grant, W. B., Gregory, G. L., Browell, E. V., Jr., J. E. C., Sachse, G.
W., Bagwell, D. R., Hudgins, C. H., and Blake, D. R., Aerosols from biomass
burning over the tropical South Atlantic region: Distributions and impacts:
Journal of Geophysical Research, 101, 24117-24137, 1996.

Battye, W., and Battye, R. (2002). Development of Emissions Inventory Methods for
Wildland Fire (No. EPA Contract No. 68-D-98-046 Work Assignment No. 5-
03). U.S. Environmental Protection Agency Research Triangle Park, North
Carolina 27711.

Bertschi, I., Trace gas and particle emissions from fires in large diameter and
belowground biomass fuels: Journal of Geophysical Research-Atmospheres,
108, 2003.



Chakrabarty, R. K., Chen, J.-W. A., Moosmueller, H., Mazzoleni, C., Arnott, W. P.,
Lewis, K., and Wold, C. E., Brown carbon in tar balls from smoldering
biomass combustion: Science, 18 p., 2008, submitted.

Chen, L. W. A., Moosmuller, H., Arnott, W. P., Chow, J. C., Watson, J. G., Susott, R.
A., Babbitt, R. E., Wold, C. E., Lincoln, E. N., and Hao, W. M., Emissions
from laboratory combustion of wildland fuels: Emission factors and source
profiles: Environmental Science & Technology, 41, 4317-4325, 2007.

Christian, T. J., Comprehensive laboratory measurements of biomass-burning
emissions: 1. Emissions from Indonesian, African, and other fuels: Journal of
Geophysical Research-Atmospheres, 108, 2003.

Cozic, J., Verheggen, B., Mertes, S., Connolly, P., Bower, K., Petzold, A.,
Baltensperger, U., and Weingartner, E., Scavenging of black carbon in mixed
phase clouds at the high alpine site Jungfraujoch: Atmos. Chem. Phys., 7,
1797-1807, 2007.

de Zarate, 1. O., Ezcurra, A., Lacaux, J. P., and Van Dinh, P., Emission factor
estimates of cereal waste burning in Spain: Atmospheric Environment, 34,
3183-3193, 2000.

Dhammapala, R., Claiborn, C., Corkill, J., and Gullett, B., Particulate emissions from
wheat and Kentucky bluegrass stubble burning in eastern Washington and
northern Idaho: Atmospheric Environment, 40, 1007-1015, 2006.

Dhammapala, R., Claiborn, C., Jimenez, J., Corkill, J., Gullett, B., Simpson, C., and
Paulsen, M., Emission factors of PAHs, methoxyphenols, levoglucosan,
elemental carbon and organic carbon from simulated wheat and Kentycky
bluegrass stubble burns: Atmospheric Environment, 41, 2660-2669, 2007.

Einfeld, W., Ward, D. E., and Hardy, C. C. (1991). Effects of fire behaviour on
prescribed fire smoke characteristics: A case study. Paper presented at the
Global Biomass Burning: Atmospheric, Climatic, and Biospheric Implications,
Cambridge, Mass.

Ferek, R. J., Reid, J. S., Hobbs, P. V., Blake, D. R., and Liousse, C., Emission factors
of hydrocarbons, halocarbons, trace gases and particles from biomass burning
in Brazil: Journal of Geophysical Research, 103, 32107-32118, 1998.

Fiebig, M., Stohl, A., Wendisch, M., Eckhardt, S., and Petzold, A., Dependence of
solar radiative forcing of forest fire aerosol on ageing and state of mixture:
Atmos. Chem. Phys., 3, 881-891, 2003.

Formenti, P., Boucher, O., Reiner, T., Sprung, D., Andreae, M. O., Wendisch, M.,
Wex, H., Kindred, D., Tzortziou, M., Vasaras, A., and Zerefos, C.,
STAAARTE-MED 1998 summer airborne measurements over the Aegean Sea
2. Aerosol scattering and absorption, and radiative calculations: Journal of
Geophysical Research, 107, 4451, 2002.



Freeborn, P. H., Wooster, M. J., Hao, W. M., Ryan, C. A., Nordgren, B. L., Baker, S.
P., and Ichoku, C., Relationships between energy release, fuel mass loss, and
trace gas and aerosol emissions during laboratory biomass fires: Journal of
Geophysical Research-Atmospheres, 113, 2008.

Guyon, P., Frank, G. P., Welling, M., Chand, D., Artaxo, P., Rizzo, L., Nishioka, G.,
Kolle, O., Fritsch, H., Silva Dias, M. A. F., Gatti, L. V., Cordova, A. M., and
Andreae, M. O., Airborne measurements of trace gases and aerosol particle

emissions from biomass burning in Amazonia: Atmos. Chem. Phys., 5, 2989—
3002, 2005.

Hobbs, P. V., Reid, J. S., Herring, J. A., Nance, J. D., Weiss, R. E., Ross, J. L., Hegg,
D. A., Ottmar, R. D., and Liousse, C. (1996). Particle and trace-gas
measurements in smoke from prescribed burns of forest products in the Pacific
Northwest. Paper presented at the Biomass Burning and Global Change, Vol.
1, New York.

linuma, Y., Briiggemann, E., Gnauk, T., Miiller, K., Andreae, M. O., Helas, G.,
Parmar, R., and Herrmann, H., Source characterization of biomass burning
particles: The combustion of European conifers, African hardwood, savanna
grass, and German and Indonesian peat: J. Geophys. Res., 112, D08209,
do0i:10.1029/2006JD007120, 2007.

Kaufman, Y. J., Hobbs, P. V., Kirchhoff, V., Artaxo, P., Remer, L. A., Holben, B. N.,
King, M. D., Ward, D. E., Prins, E. M., Longo, K. M., Mattos, L. F., Nobre, C.
A., Spinhirne, J. D., Ji, Q., Thompson, A. M., Gleason, J. F., Christopher, S.
A., and Tsay, S. C., Smoke, Clouds, and Radiation - Brazil (SCAR-B)
experiment: Journal of Geophysical Research-Atmospheres, 103, 31783-
31808, 1998.

Korontzi, S., Ward, D. E., Susott, R. A., Yokelson, R. J., Justice, C. O., Hobbs, P. V.,
Smithwick, E. A. H., and Hao, W. M., Seasonal variation and ecosystem
dependence of emission factors for selected trace gases and PM2.5 for
southern African savanna fires: J. Geophys. Res., 108, 4758,
doi:10.1029/2003JD003730, 2003.

LeCanut, P., Andreae, M. O., Harris, G. W., Wienhold, F. G., and Zenker, T.,
Airborne studies of emissions from savanna fires in southern Africa.l. Aerosol
emissions measured with a laser optical particle counter: Journal of
Geophysical Research, 101, 23615-23630, 1996.

Lee, S., Baumann, K., Schauer, J. J., Sheesley, R. J., Naeher, L. P., Meinardi, S.,
Blake, D. R., Edgerton, E. S., Russell, A. G., and Clements, M., Gaseous and
particulate emissions from prescribed burning in Georgia: Environmental
Science & Technology, 39, 9049-9056, 2005.

Nance, J. D., Hobbs, P. V., Radke, L. F., and Ward, D. E., Airborne measurements of
gases and particles from an Alaskan wildfire: J. Geophys. Res., 98, 14,873-
14,882, 1993.



Radke, L. F., Hegg, D. A., Hobbs, P. V., Nance, J. D., Lyons, J. H., Laursen, K. K.,
Weiss, R. E., Riggan, P. J., and Ward, D. E. (1991). Particulate and trace
agas emissions from large biomass fires in North America Paper presented at
the Global Biomass Burning: Atmospheric, Climatic, and Biospheric
Implications, Cambridge, Mass.

Reid, J. S., and Hobbs, P. V., Physical and optical properties of young smoke from
individual biomass fires in Brazil: Journal of Geophysical Research, 103,
32013-32030, 1998.

Reid, J. S., Hobbs, P. V., Ferek, R. J., Blake, D. R., Martins, J. V., Dunlap, M. R., and
Liousse, C., Physical, chemical, and optical properties of regional hazes
dominated by smoke in Brazil: Journal of Geophysical Research, 103, 32059-
32080, 1998.

Scholes, R. J., Ward, D. E., and Justice, C. O., Emissions of trace gases and aerosol
particles due to vegetation burning in southern hemisphere Africa: Journal of
Geophysical Research, 101, 23677-23682, 1996.

Sinha, P., Hobbs, P. V., Yokelson, R. J., Bertschi, I. T., Blake, D. R., Simpson, 1. J.,
Gao, S., Kirchstetter, T. W., and Novakov, T., Emissions of trace gases and
particle from savanna fires in southern Africa: Journal of Geophysical
Research, 108, 8487, 2003.

Susott, R. A., Ward, D. E., Babbitt, R. E., and Latham, D. J., The Measurement of
Trace Emissions and Combustion Characteristics for a Mass Fire: Global
Biomass Burning - Atmospheric, Climatic, and Biospheric Implications, 245-
257, 1991.

Ward, D. E., Effect of fuel composition on combustion efficiency and emission
factors for African savanna ecosystems: Journal of Geophysical Research-
Atmospheres, 101, 23569-23576, 1996.

Ward, D. E., and Hardy, C. C., Smoke emissions from wildland fires: Environment
International, 17, 117-134, 1991.

Ward, D. E., Stezer, A. W., Kaufman, Y. J., and Rasmussen, R. A. (1991).
Characteristics of smoke emissions from biomass fires of the Amazon region -
BASE-A experiment. Paper presented at the Global Biomass Burning:
Atmospheric, Climatic, and Biospheric Implications, Cambridge, Mass.

Ward, D. E., Susott, R. A., Kauffman, J. B., Babbitt, R. E., Cummings, D. L., Dias,
B., Holben, B. N., Kaufman, Y. J., Rasmussen, R. A., and Setzer, A. W.,
Smoke and fire characteristics for cerrado and deforestaion burns in Brazil
BASE-B experiment: Journal of Geophysical Research, 97, 14601-14619,
1992.

Yokelson, R. J., Griffith, D. W. T., and Ward, D. E., Open-path Fourier transform

infrared studies of large-scale laboratory biomass fires: Journal of Geophysical
Research, 101, 21067-21080, 1996.

10



Yokelson, R. J., Karl, T., Artaxo, P., Blake, D. R., Christian, T. J., Griffith, D. W. T,
Guenther, A., and Hao, W. M., The Tropical Forest and Fire Emissions
Experiment: overview and airborne fire emission factor measurements: Atmos.
Chem. Phys., 7, 5175-5196, 2007a.

Yokelson, R. J., Urbanski, S. P., Atlas, E. L., Toohey, D. W., Alvarado, E. C.,
Crounse, J. D., Wennberg, P. O., Fisher, M. E., Wold, C. E., Campos, T. L.,
Adachi, K., Buseck, P. R., and Hao, W. M., Emissions from forest fires near
Mexico City: Atmos. Chem. Phys., 7, 5569-5584, 2007b.

11



