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Abstract. Because of its wide coverage over much of the review and discuss this community dataset. Strengths and
globe, biomass burning has been widely studied in the confapses are pointed out, future research topics are prioritized,
text of direct radiative forcing. Such study is warranted asand best estimates and uncertainties of key smoke patrticle
smoke particles scatter and at times absorb solar radiatioparameters are provided.

efficiently. Further, as much of what is known about smoke
transport and impacts is based on remote sensing measure-
ments, the optical properties of smoke particles have far
reaching effects into numerous aspects of biomass burnin&
studies. Global estimates of direct forcing have been widely . , .
varying, ranging from near zero toel W m-2. A signifi- Before the effects of smoke particles on the earth’s radia-

cant part of this difference can be traced to varying assump!t')Ve t;?l"f‘m? . knoyvna th?:'r Oﬁ t|calhpropert|es neeq o
tions on the optical properties of smoke. This manuscript e efficiently parameterized. Further, these parameteriza-

is the third part of four examining biomass-burning emis- tions need to be physically consistent with the particle’s other

sions. Here we review and discuss the literature concernin@hyj'c":cII and emlsstlons p_roperlilesa Wh'crl ‘I’?” vat1ry signifi-
measurement and modeling of optical properties of biomass- antly from region to region. undamental input parame-
burning particles. These include available data from pub_ters such as index of refraction and black carbon content are
lished sensitivity studies, field campaigns, and inversionshlghly uncertain. Because smoke particles size range is in the

from the Aerosol Robotic Network (AERONET) of Sun pho- steepest part of the scatteri.ng versus physicgl cross section
tometer sites. As a whole, optical properties reported in thecUrVe, even small changes in estimated physical parameters

literature are varied, reflecting both the dynamic nature ofcan ha_ve significant impacts on scattering and absorption ef-
fires, variations in smoke aging processes and differences iﬂmenmes. The result is a considerable amount of degeneracy

measurement technique. We find that forward modeling orn “closure” calculations and relatively easy justification for
“internal closure” studies ultimately are of little help in re- any experimental or modeling finding based on “physically

solving outstanding measurement issues due to the high dé,_ound” assumptior.l\f, or pargmeterizgtions. This review paper
gree of degeneracy in solutions when using “reasonable” in® concerned specifically with these issues.

put parameters. This is particularly notable with respect to Th_'s review paper 1 the_thlrd of f_our examining b|pmass-
index of refraction and the treatment of black carbon. Con-2urmning emissions and relies heavily on Part Il (Reid et al.,
sequently, previous claims of column closure may in fact be2004)* which deals with particle size and chemistry issues.

more ambiguous. Differences between in situ and retrievedi€re We evaluate the radiative impacts of smoke particles

, values have implications for estimates of mass scatter2/0ng three principle lines: 1) Bulk parameterization from

ing and mass absorption efficiencies. In this manuscript weneasurement, 2) direct forward calculation based on par-
ticle size distribution and chemistry, 3) the inverse prob-

Correspondence tal. S. Reid lem where flux and radiance values are related to an optical
(reidj@nrimry.navy.mil) equivalent size distribution. We begin with a review of field

Introduction
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Table 1. In situ measured optical properties of fresh smoke. WL=White light. Phase: F=Flaming, M=Mixed, S=Smoldgrntass
scattering efficiencyy,=mass absorption efficienay,=single scattering albedg(1)=hem. backscatter fraction.

Reference # Fires A (nm) Phase o ag wo B(1)

Temporate and Boreal

Eccleson et al. (1974) 540 F 4.2

Hobbs et al. (1996) 1 540 F 0.89.03

Hobbs et al. (1996) 4 550 M 3.2 0.8£0.4 0.906:0.06

Hobbs et al. (1996) 2 540 S 0.40.02

Martins et al. (1996) 4 WL F 120.2

Martins et al. (1996) 4 WL M 0.20.2

Martins et al. (1996) 1 WL S 020.5

Miller and O’Neill (1997) 1 550 F 0.7

Miller and O’Neill (1997) 1 672 F 0.6

Nance et al. (1993) 3 540 F 40.1

Radke et al. (1991) 17 540 M 3.2 @&0.4 0.83:0.11

Radke et al. (1988) 7 550 M 3.9 @D.4 0.86t0.11

Tangren (1982) 550 F 3.6

Tropical Forest

Martins et al. (1998)* 7 WL F 160.3

Martins et al. (1998)* 2 WL S 04£0.2

Reid and Hobbs (1998) 6 450 F 484 0.16£0.02
Reid and Hobbs (1998) 6 550 F 8.5 1.0t0.2 0.74:0.06 0.26:0.01
Reid and Hobbs (1998) 6 700 F #6.3 0.23t0.02
Reid and Hobbs (1998) 6 450 S 56.5 0.15:0.01
Reid and Hobbs (1998) 6 550 S 36.4 0.A40.1 0.84:0.02 0.16:0.01
Reid and Hobbs (1998) 6 700 S %0.3 0.19:0.01
Yamasoe et al. (2000) 19 WL F HD.8

Yamasoe et al. (2000) 42 WL S 6.2

Scrub Forest/Cerrado

Martins et al. (1998) 8 F 080.4

Reid and Hobbs (1998) 6 450 F 505 0.19t0.01
Reid and Hobbs (1998) 6 550 F 306 1.0t0.1 O0.720.03 0.210.01
Reid and Hobbs (1998) 6 700 F #8.3 0.23:0.01
Yamasoe et al. (2000) 55 WL F 163

Yamasoe et al. (2000) 33 WL S @9

Grasslands/Savanna

Abel et al. (2003) 1 559 F 0.84

Evans et al. (1976) 1 550 F 3.1

Reid and Hobbs (1998) 6 450 F 4.6.6 0.15+0.02
Reid and Hobbs (1998) 6 550 F 6.5 1.10.2 0.76:0.08 0.17A0.02
Reid and Hobbs (1998) 6 700 F #0.3 0.19:0.02
Vines (1971) 1 500 F 4.0

Laboratory

Patterson et al. (1984, 1985) 550 3.0-3.7 0.7-1.1 H0ra6

* Inferred from black carbon and black carbon absorption efficiency measurements.

measurements of key optical parameters. We then compareveen investigation techniques. In conclusion we discuss our
these findings with forward modeled studies and column clo-findings and present what we feel are reasonable parameters
sure experiments. These are subsequently compared to solwith likely uncertainties for smoke properties. Suggestions
tions from inversion methods. In all of these sections weare made for future research.

explore differences in particle properties by region and fire

chemistry, and attempt to reconcile differences that exist be-

Atmos. Chem. Phys., 5, 82849, 2005 www.atmos-chem-phys.org/acp/5/827/



J. S. Reid et al.: A review of biomass burning emissions part 11l 829

2 Field measurements and bulk empirical parameteri-  cally high, and hence the "optically thin” approximation does

sations not hold. In both the optically thick and the inhomogeneous
aerosol layer cases, Eq. (1). is inadequate, and more sophis-

Bulk empirical modeling is often used for first order evalu- ticated models are needed. These more sophisticated models

ations of the perturbation of the clear sky radiative balanceparameterize two of the intensive properties differently. First,

by aerosol particles. Examples of the application of the bulkinstead of requiring mass absorption efficiency, the models

method to global radiative flux include Charlson et al. (1991) require particle single scattering albeds,, defined as the

and Chylek and Wong (1995) for anthropogenic sulfates andtatio of particle scattering to particle extinction (the sum of

Penner et al. (1992), and Hobbs et al. (1997) for biomassscattering and absorption coefficients):

burning smoke. In these cases the bulk parameters are ap- o, o, o

plied to a linear model that assumes an optically thin aerosol, = — = = (2)
layer: Oc Os+t05 Qs+

Second, the up-scatter fractiohjs replaced by the particle

Aap = S
asymmetry parameter, g, which is discussed below.

[T2@ =20 [2(@ = R)?F as /() - 4R |- My () S )
2.1 Mass scattering efficiency alehgstrom Exponent

Here A« is the perturbation in planetary albedo due the ) ) ) ) )
particular aerosol species. The first term of this expres-The scattering of light by airborne particles is most ofte2n pa-
sion includes the atmospheric molecular transmittange, T "ameterized through the mass scattering efficiengy(m

(squared as the path rays go through the atmosphere twic§ ), which is defined as:

down and back_up), anql the clogd free fra(_:tion of the atmo-_ s -Gy - f(RH) 3)
sphere susceptible to direct forcing, whergig\the average
cloud fraction (typically assumed to be53%). whereo; is the particle light-scattering coefficient (), ¢,

To model direct radiative forcing due to aerosols underthe particle concentration (g ™), and f(RH) the dimen-
clear sky conditions using this bulk method, two extensivesionless hygroscopic growth factor. Heneg,has units of
and four intensive parameters are needed. The extensiver g—1. The light scattering coefficient is typically measured
properties are surface albedo, Bncluded in term 2) and  with a nephelometer, and the mass concentration with an ad-
the average column integrated mass loading of the aerosgbining filter.
species of interest, M (term 3). The four bulk aerosol opti- For fine-mode species such as sulfates, it has long been
cal properties that are needed in term 2 are: known that the bulk dry mass-scattering efficiency in mid-

1) Mass scattering efficienay: The total light scattering  visible wavelengths is on the order of 3 to 4! (e.g.,
cross section of 1 g of dry aerosol particles. The product ofWaggoner et al., 1981). The spectrum of mass scattering
o, and M., would give the total aerosol optical depth due to measurements for fresh smoke is similar to sulfates, as seen
scattering in a dry atmosphere. in Table 1. Taken as a whole, there are very few fundamental

2) Hygroscopic growth factor f(rh): The amount that measurements of this kind in the peer-reviewed literature (12
aerosol particle light scattering increases at high relative humanuscripts total). Values of, have been derived for North
midity due to the uptake of water. The productsdfh) with and South America, as well as for some Australian biomes.
a, and M., would give the total aerosol optical depth due to However, to date there have not been reported measurements
scattering in an ambient atmosphere (Note there is no hygrofrom Africa and Southeast Asia (although has been in-
scopicity term for the absorption coefficient as it is close toferred through forward calculations — see Sect. 3). Typical
1 for all unsaturated conditions and consequently commonlyalues ofa, for fresh smoke have mid-visible values rang-
neglected for smoke. This is not necessarily the case for moréng from 2.8 to 4.2r4 g~1, and a mean value of roughly
hygrososcopic species like most anthropogenics — Redemad.6 n? g~1, similar to the value suggested by IPCC (2001).
etal., 2001). The largest and most consistent data set can be inferred from

3) Up-scatter fractions: The total fraction of scattered thew, anda, measurements from Radke et al. (1991), where
light back to space by aerosol particles averaged over th@2 samples were taken from 13 temperate and boreal fires. In
course of a day. The up-scatter fractighjs often param-  this study, the mean value of the mass scattering efficiency
eterized through the particle asymmetry parameter, g. was 3.1mM g~ L.

4) Particle absorption efficiency,: The total light ab- There are differences between data sets of in situ fresh
sorption cross-section of 1 g of aerosol particles. Similarly,smoke optical properties in Table 1 on the order of 30%.
the product otx, and M., would give the total aerosol opti- For particle size distributions similar to smoke, larger volume
cal depth due to absorption in a dry atmosphere. median diameters imply larger mass scattering efficiency (on

There are many reasons why the linear method is inadethe order of~0.2n? g~ per 0.0lum increase in VMD)
quate when applied to biomass-burning aerosols. Most imand differences between reports are in part naturally corre-
portant is that particle concentrations in the hazes are typilated to the smoke particle’s size, composition (e.g., black

www.atmos-chem-phys.org/acp/5/827/ Atmos. Chem. Phys., 583872005
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all forest fire data is 3.7 /g1, compared to 3.5 &g~1 for

. [ ! ' ! ! (&) grass or brush fires — hardly statistically significant. The data
i set of temperate and boreal forest fires, however, have some
_ i of the lowest reported values (3.2rg~1) despite produc-
15 L.\ ] ing some of the largest sized particles (Reid et al., 2004).

For tropical forests Reid and Hobbs (1998) found a larger
variability with a 0.8 n¥ g~ difference between smoldering
versus flaming combustion (3.6g~1 versus 2.8 rAg—1 at
A=550 nm, respectively).

Particle «; has a tendency to increase in aged smoke
plumes due to the actions of particle growth through coagu-
lation and condensation as well as through the enrichment of
smoldering particles into continental scale plumes (see Part
Il of this series for a complete discussion of these mecha-
nisms). Condensation can also decrease the geometric stan-
dard deviation of the particle distribution, which further in-
creasewy; (see Sect. 3). To our knowledge, the only com-
parison ofag for fresh and well-aged smoke (+1 day) was
performed by Reid et al. (1998b) for the smoky hazes over
South America. There, they found a clear increaseg iwith
age, with mid-visiblex, values for aged smoke ranging from
3.5-4.2m g1 (roughly 20% larger than fresh smoke with
an equivalent flaming/smoldering contribution).

There is significant wavelength dependence to light scat-
tering smoke particles, and henee This is discussed in
detail by Reid et al. (1998b), Eck et al. (1999, 2001) and
O’Neill et al. (2002). Typicallyx,; changes from green mid-
visible light by approximately:50% for blue and red wave-
lengths, respectively. The spectral dependence of the aerosol
optical thickness (AOT) is frequently parameterized through
the particle,&ngstrom exponent that is computed from the
Angstrom relationi\ngstrom, 1929):

2nd Derivative

05 L
(4)

whereq is the,&ngstrom exponent, the wavelength impm),
andr, the optical depth at=1um. Because the wavelength
dependence of the AOT does not follow Eq. (4) exaatly,
can be computed for any sub-range using the expression:

Ty = ToA ¢

L g L
1 12 14 16

. 1.8 2 22
Angstrom Exponent (440-870 nm)

Fig. 1. (a) Wavelength dependence of optical depth for smoke |
only a few hours old in Montana, day old smoke from forest fires - _ n (Ul/UZ)
in Québec transported to Goddard Space Flight Center MD, and "~ =" In (A1/A2)

smoke aged for-2.5 days in Moldova. Data was extracted from | fth | hd d afan be f d
Eck et al. (2003).(b) Relationship between théngstrom expo- Examples of the wavelength dependence aan be foun

nent (Log derivative) and second derivative of the optical depth-N Fig. 1a where normalized spectral AOT for fresh, aged
wavelength relationship for two sites in South America and Africa. and well-aged smoke from boreal/temperate forest burning
Data was extracted from Eck et al. (1999, 2001). is presented. Typically, values are on the order 2-2.5 for
fresh smoke (Reid et al., 1998b; Eck et al., 1999, 2001;
O’Neill et al., 2002). Particle growth during the aging pro-
carbon content), and density (e.g., see calculations by Reidess decreases tﬁmgstrom exponent as much as one, i.e.,
and Hobbs, 1998). Consequently, particles from smolderingeduced wavelength dependenceptHolben, et al., 1996b;
combustion with larger sizes and smaller black carbon conLiousse et al., 1995; Reid et al., 1998b, 1999; Eck et al.,
tents have highet, values (increased by25%). However, 1999, 2001; O'Neill et al., 2002). Because the wavelength
due to differences in particle density, size increases alone ddependence of scattering and extinction shows more curva-
not necessarily manifest themselves as an increase i the ture than Eq. (4), the application of Eq. (4) can be problem-
values of fresh smoke. For example, the mearvalue of  atic. Figure 1b presents scatter plots of parti&mgstrom

®)
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exponent (i.e., Log derivative) versus the second derivativeo improve the curve fit for species without such sharp deli-
for two sites in Africa and South America for smoky condi- quescence points, such as organics (e.g., Kotchenruther and
tions (based on data from Eck et al., 1999, 2001) to demonHobbs, 1998).
strate how much curvature exists. Curvature is greater for the Kotchenruther and Hobbs (1998) (hence KH98) presented
Amazonia smoke in Bolivia due to greater particle size andone of the first complete data sets of direct hygroscopicity
less absorption than the African savanna smoke in Zambiameasurements of smoke particles. For fresh smoke parti-
If the wavelength/optical depth relationship were linear, thecles, f(RH) was found to be extremely low without signifi-
second derivative should be close to zero. However, usuallcant wavelength dependence. TypicaflfRH) was~1.1 for
AOT deviates considerably from th%gstrom parameteri- RH values below 80%, with growth constanésuysing Kas-
zation, particularly at shorter wavelengths. Purely empiricalten’s formalism) on the order of 0.05. HowevegitRH) in-
fits that extract information from this curvature can be found creased for more aged smoke, reaching values as high as 1.35
in Eck et al. (1999). for 80% RH in smoke plumes unaffected by other species
It is noteworthy that variability is typical with regards to («¢~0.15). This is consistent with the secondary production
measurements of,. There are several reasons for this. Most of more hygroscopic particle phase species such as organic
importantly, fires are dynamic by nature and one particularacids and sulfate.
forest fire can have combustion, and therefore particle prop- More recently, Magi and Hobbs (2003) (hence MHO3) us-
erties, significantly different from the next. Given how few ing the same instrument as KH98, found higher values of
measurements af, are actually made, &20% variance  f(RH) at 80% RH for African savanna plumes, on the order
should be considered relatively good. Secomdjs a dif- of 1.6 and 1.4 for fresh and aged smoke, respectively. Not
ficult measurement to make even under optimum conditionspnly are these considerably higher than KH98, S(RH)
and requires the proper correlation between two independertias lower values for older plumes, opposite to KH98. MHO3
instruments (this is particularly difficult in an aircraft). Neph- attributes decreases if{RH) through chemical changes in
elometers have errors associated with them, such as thogbe particles during the first minutes after emission. But why
associated with truncation and non-lambertian light sourcesvould such reactions not occur in South America? It can
which must be corrected for (e.g., Anderson et al., 1996b)be argued that in Africa there may be additional pollution
Mass measurements should not be treated as trivial. Ultithat would increase the net hygroscopicity of the measured
mately it becomes an issue of how individual investigatorsaerosol. However, given that this large difference is present
collect and treat data. It is noteworthy, however, that val-for fresh smoke, this issue becomes more troubling.
ues foray in the literature are fairly consistent, and measure- Scattered reports of larger hygroscopicity inferred from
ments made in the early 1970’s (e.g., Vines, 1971; Eccle-other measurements tend to support the higher values of
son et al., 1974; Evens et al., 1976), have not systematically’(RH) from MHO3. Two days of hygroscopicity data col-

changed over time despite advances in techniques. lected in Australia and Indonesia, respectively, have also
been published by Gras et al. (1999). For Australian brush,
2.2 Hygroscopicity the range off (80%) for fresh smoke, 1.2—1.6 with a mean of

1.37, was higher than Kotchenruther and Hobbs (1998). Sim-

When the relative humidity (RH) rises abovet0%, even ilarly, a value of f(80%) was infered for a well aged smoke
weakly soluble aerosol particles can absorb water from thegplume by Fermenti et al. (2002). For Indonesian smoke, Gras
air (Orr et al., 1959). This additional water increases theet al. (1999) foundf (80)% values significantly higher, rang-
particle size and thus increases the particle scattering crossag from 1.5 to 2.2 with a mean of 1.65. Higher hygroscopic-
section. When very soluble particles (such as sea-salt anily was also inferred from Sun photometer data by Kreiden-
sulfates) are exposed to high RH{0%), the particle scat- weis et al. (2001) for Mexican smoke. However, those cases
tering cross section increases by more than a factor of two. that have been associated with the presence of large haze par-

The hygroscopic growth functiory,(RH), is a multiplica- ticles transported along with polluted airmasses or sea salt,
tive factor which describes the degree to which light scatter-or generated from peat burning should not be ignored (e.qg.,
ing by particles increases as a function of ambient RH. TheNakajima et al., 1999; Langmann and Graff, 2003). The im-
hygroscopic growth factor, often taken at RH=80% for ref- plications of this uncertainty are large — a relative 20—-30%
erence (80%)), is defined as the ratio of light scattering error in optical depth. If there are significant differences be-
by the aerosol at a RH of 80% to the light scattering of thetween South America and Africa (i.e. the difference is phys-
dry aerosol, usually at RH35%; oy (RH=80%)b; 4, and ical and not due to instrumentation errors in either KH98, or
is frequently formulated as in Kasten (1969f(RH)=(1- MHO03, or both, a likely Ockham’s Razor candidate), then the
RH/100) %, where RH is in percent, and is an empiri-  mechanism is mostly unknown and requires much research.
cal growth fitting parameter. The valueswfrange from 0 First, the lack of hysteresis data for smoke particle hygro-
for insoluble particles to almost 1 for highly soluble species. scopicity is probably the most significant lapse in the litera-
While this formulation is based on physics of highly solu- ture. Both the KK98 and MHO03 data are supposed to be for
ble salts, other strictly empirical formulations have been usedhe lower or “initially dry” part of the curve. As much smoke

www.atmos-chem-phys.org/acp/5/827/ Atmos. Chem. Phys., 583872005
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is often in the tropics that tend to be humid (e.g., Centralstarting to appear in the literature. Tables 1 and 2 list values
America, South America, Southeast Asia, wintertime trop-for (1) collected for fresh and aged smoke in Africa and
ical Africa), there does not exist any firm parameterizationBrazil. For small size parameters such as Rayleigh scatter-
for the upper hygroscopic growth curve most likely to be fol- ing, (1) takes a value of 0.5, with equal scattering in the for-
lowed by smoke. This issue is somewhat mitigated in thatward and backward directions. For fresh smoke, values for
smoke particles have comparably small growth factors andg(1) are on the order of 0.15, 0.18 and 0.21 for blue, green,
as organics, the hysteresis effect is likely to be smaller tharand red wavelengths, respectively (Reid and Hobbs, 1998;
a strongly deliquescing species such as pure sulfate. It iReid et al., 1998b). Values f@(1) are closely related to size
conceivable that the differences between KH98 and MHO3for particle size distributions similar to those found in smoke:
can be attributable to particle hysteresis. For example, KH9&s particles size parameters increggé) decreases. Conse-
cases were taken in a very humid Brazilian environment andjuently, larger particles associated with aged and smolder-
the particles may not have fully dried out at 35% RH (com- ing combustion have lower values fg(1), on the order of

pared to 20% for MHO3). 0.11, 0.12 and 0.14 for blue, green, and red wavelengths, re-
spectively (Reid et al., 1998b; Iziomon and Lohmann, 2003).
2.3 Up-scatter fraction Eventually,8(1) values reach a theoretical limit 610.10 for

' _ . ~ commonly assumed refractive indices (see Sect. 3). Particle
Once the total amount of light scattering or optical depth is hygroscopicity also reduces the backscatter ratio of aged par-

established in a smoke plume, we can proceed to determingicles on the order of-0.02 from dried to 80% RH conditions
B, the fraction of light that is scattered back to space (effec-(KH98 and MHO03).

tively cooling the atmosphere). More sophisticated models

. A problem in radiative transfer is how to relate the eas-
typically rely on the asymmetry parameter, g, to parameter- .
. : . ily measurable parametg(1) to the daily average up-scatter
ize the scattering phase function

fraction and g, and hence estimate the net up-scatter frac-
fl WPy tion of the atmosphere. To do this we need to measure (or

g= % (6) assume) some form of the aerosol phase function. For the
JZ1Pdu commonly used Henyey-Greenstein phase functigt) of

. ) . 0.2, 0.15 and 0.11 correspond to g values of 0.44, 0.54 and
where P is the phase function ape:cosé. Physically, the 0.63, respectively. Given that smoke particles grow to a

asymmetry parameter is the normalized integral of the cosing;,« sych that the 0.10 limit is reached. a g value-6f63

weighted phase function, and is 1/3 of the first term of thejg jikely a good choice for radiative transfer calculation for
Legendre polynomial expansion of the phase function. The,yeq smoke. Continuing along these lines, to determine the

asymmetry parameter has the useful properties that: at 9=}y, averaged up-scatter fraction of solar radiation needed
the scattering is co_mpletely forward (all scatteringa6°); _ for Eq. (1), we can apply the two-stream methodology of
at g=—1 scattering is completely backward (all the scattering\yiscombe and Grams (1976). From this, we derive daily av-

is atg=180); and at g=0, there is symmetric scattering (i.e., graged up-scatter backscatter fractiong of 0.31, 0.28 and
isotropic, Rayleigh or dipole radiation). . 0.24 to correspond to g values of 0.44, 0.54 and 0.63 above.
One of the more significant gaps in the global biomassyjle 5 simple exercise, these values are nonetheless consis-

burning data set relates to the direct measurement of scafgny \ith forward modeling and inversion methods discussed
tering phase function and the up-scattering parameters (akyer.

though it must also be said that they are easily computable).
To our knowledge there does not exist a direct measurement ) o ) ]
of smoke particle phase functions or asymmetry parameter§-4 Mass absorption efficiency and single scattering albedo
in the peer-reviewed literature (although, as will be discussed
in following sections, theoretical and inversion derived val- Just as a mass scattering efficiency was defined in Sect. 2.1,
ues do exist). Such a measurement would require the use efn analogous form for the mass absorption efficiengy,
a polar nephelometer, for which few published observationgm? g-1), can be defined as,=a,-c,, whereo, as the
have been made. absorption coefficient (m') and ¢, is the aerosol mass
A partial substitute fop or g can be measured through the concentration (g m3). However, the intensive parameter
use of a backscatter shutter on a nephelometer. The hemimost frequently used to model absorption in the atmosphere
spherical backscatter ratig(cos u=1) or simply (1), is is not a, but rather the single scattering albeda,), de-
defined as the ratio of backscattered light to total scatteredined as the ratio of total light scattering to total extinction,
light along a ray path, and is equivalent to the atmosphericw,=0o;/(05+0,)=a,/(as+a,). Note here that, unlike scat-
up-scatter fraction for an optically thin non-absorbing atmo-tering, there is no hygroscopic growth term for absorption,
spheric aerosol layer when the sun is directly overhead.  as it tends to be small and usually neglected by the commu-
Values forg(1) can be measured relatively easily now with nity. Redemann et al. (2001) found absorption hygroscopic
commercially available nephelometer systems, and are jusgrowth values as high as 1.215 for 80% RH for sulfates. For
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Table 2. In situ measurements of optical properties of aged regional smoke.

Reference # A(nm) o g o B

Africa

Abel et al., (2003) 1 550 0.90

Haywood et al. (2003)* many 567 0.2D.04

Pilweskie et al. (2003%) 2 450 0.85-0.88

Pilweskie et al. (2003) 2 550 0.84-0.88

Pilweskie et al. (2003%) 2 700 0.76-0.87

Formenti et al. (2003)% many 567 ~4.2-4.6 0.93-0.06

Magi et al. (2002)* many 567 0.830.02

North America

Iziomon and Lohman (2003)* many 567 0-20.04 0.14t0.03
South America

Artaxo et al. (1994) ~150 WL ~11

Artaxo et al. (1998% ~60 WL 0.5+0.2

Echalar et al. (1998) 126 WL 0.9-1.1

Guyon et al. (2003) many 0.89.02 0.1@0.02
Hobbs et al. (1997 62 550 3.30.75 0.84:0.04 0.110.02
Martins et al. (1998 20 WL 0.45+0.2

Reid et al. (19981 62 450 5215 0.11#0.01
Reid et al. (1998 62 550 4.%#09 0.#0.2 0.86£0.05 0.110.01
Reid et al. (1998 62 700 2.40.6 0.16:0.01
Canada to Europe

Formenti et al. (2002) many 450 0.91

Formenti et al. (2002) many 550 0.89

Formenti et al. (2002) many 700 0.85

* These studies used continuous reading Particle Soot Absorption Photometer (PSAP) data.

# Bergstrom et al. (2003) also show the same data. Both manuscripts pegseaities for the entire solar spectrum. Sample wavelengths
are given here.

& These two studies use the same samples and raw values but different apportionment techniques.

@ These values are superseded by Reid et al. (1998).

% Mass scattering efficiency data is for accumulation mode particles only.

particles with hygroscopicity similar to smoke, this would The measurement of absorption (eitlheror «,) is the
reduce to a maximum 8% correction. most difficult, and hence contentious parameter of the radia-
There are two principle methodologies that are commonlytive bulk properties. There has been considerable debate as
employed to determine, of smoke particles. The most di- to which methods, if any, yield correct results (e.g., Clarke et
rect method involves measuring the optical characteristics ofil., 1987; Campbell et al., 1996; Heintzenberg et al., 1997;
the aerosol, usually by measuring the attenuation of a lightReid et al., 1998a; Russell et al., 2002). Although extinction
beam through a sample, which can either be in the atmotype cells are probably the most accurate for measurement
sphere (extinction cell, cavity ring down etc.) or be collected of in situ absorption, (Heintzenberg et al., 1997), typically
on a filter (reflectance techniques, Particle Soot Absorptioro, is small relative tooy;. Determiningo, by subtracting
Photometer — PSAP, integrating plate, etc.). Alternatively, itnephelometer derived scattering from extinction cell derived
is often assumed that black carbon is the only absorber oextinction (e.g., Radke et al., 1991; Hobbs et al., 1996; Reid
light in the aerosol particles and therefotg, can be esti- and Hobbs, 1998) involves the subtraction of two large num-
mated by employing a value for mass absorption efficiencybers and can be uncertain in low absorption environments.
of black carbon d.p.): oa=cupc-Cmpe, Where,cype is the Consequently, for biomass burning research, extinction cells
mass concentration of black carbon. Hence, through a mad3ave generally been used in thick individual smoke plumes.

fraction measurement of black carben, can be estimated. For regional smoke, where classical extinction cells can-
This later method is not a true measurement per se, and weot be used, the determination @f through the measure-
will discuss it further in Sect. 3. ment of transmission or reflectance of a filter sample is often
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substituted; given that there are enough samples taken to réerence inw, is attributed to the differing mass-scattering ef-
duce noise (e.g., Artaxo et al., 1994; Reid et al., 1998b; Bondiciencies. As discussed in the previous section, North Amer-
etal., 1999). Each method needs a set of calibrated responsean fires tended to have higheg values than the South
function curves (e.g., Bond et al., 1999). The difficulty is American tropical fires due to difference in mean particle
that divergence develops in the literature since each invessize, and more smoldering combustion (larger size implies
tigator performs the analysis differently. The advantage ofhigher ;). This difference in size and temperature trans-
these methods is that samples can be collected en masse, aiatkes into a highetw, value for temperate and boreal fires. In
that data from both fresh smoke plumes and regional smokyAfrica, with flaming phase savanna fires being more preva-
hazes can be compared on fairly equal footing. For examplelent, we expect a higher value @f and subsequently lower
using an optical reflectance technigue on polycarbonate filteto,.
samples, very large and consistent datasets of smoke absorp-There are reports of fires with very high absorption val-
tion can be developed (e.g., Artaxo, 1994, 1998; Martins etues. Reid and Hobbs (1998) took several samples of an in-
al., 1996; Yamasoe et al., 2000). tense mixed grass/slash fire witly values on the order of
Values for published measurementswpfandw, for fresh 0.3to 0.5. This is near the theoretical limit where light scat-
and aged smoke are included in Tables 1 and 2. For green dering is heavily dominated by diffraction only. All absorp-
white light, there is a fair amount of consistency in reportedtion measurements made at this time (extinction cell, PSAP,
o, values. For flaming combustion (regardless of fuel types) integrating plate, optical reflectance and black carbon mea-
values ofe, are typically in the 1 to 1.4/g~! range, al-  surements) were in agreement with these values. Further, the
though individual samples from black smoke plumes from high «, vales reported by Yamasoe et al. (2000) would sug-
very intense fires have been measured with values as high agestw, values on the order of 0.6 are not atypical. Itis likely
3n? g~(e.g., Martins et al., 1996; Reid and Hobbs et al., these extreme absorption events occur in the late ignition and
1998). As these fires transition to mixed and eventually fully early flaming phases of combustion. Time series of particle
smoldering combustion, black carbon production is drasti-properties presented by Radke et al. (1991) and Martins et
cally reduced. Consequently the mass absorption efficiencwl. (1996) show the extremely high mass absorption efficien-
reduces in magnitude as well. Measurementa ofall off cies in the earliest stages of the fire.
to a range of 0.6 to 1.0y~ for mixed phase combustion, Reports of absorption properties of aged and regional
and decline further to the 0.2 to 0.7~ ! range for plumes  smoke suggest a significant decrease in smoke pattjcle
dominated by smoldering combustion, consistent with the re-and an increase i@, with time. Typically, well-aged smoke
duction of black carbon production. Purely smoldering com-has optical properties similar to fresh particles from smolder-
bustion yields values 0£0.3n? g~ (see samples in Radke ing combustion. For example, Reid et al. (1998) found smoke
etal., 1991; Hobbs et al., 1996; Martins et al., 1996). aged for several days had dry values on the order of 0.86.
Reports of in situ single-scattering albedo measurement€ompare this to the values of 0.84 Reid and Hobbs (1997)
of fresh smoke from extinction cells are mostly consistentfound for smoldering phase particles from tropical forest. For
with reported mass scattering and mass absorption efficienan individual fire, Abel et al. (2003) observed an increase in
cies from filter-based methods. Given a mearvalue of  w, by 0.04 in two hours (from 0.84 t00.88), and by 0.06 in
3.4n? g1, and a mean, value of~1.1n? g~ for flam- 5 hours (from 0.84 to 0.90) due to the condensation of or-
ing phase dominant combustion, we would expect a mearganic matter. Radke et al. (1995) and Hobbs et al. (1996) also
w, value of~0.75 (note here we are using only independentfound similar but less quantitative trends for several temper-
measurements of absorption and single scattering albedogte fires (see Table 66.3). Aged smoke particles have reported
Similarly, given a meaw value of 3.7m g1, and a mean  «, values on the order of 0.5-14g 1. There are at least two
o, value of~0.4 n? g~ 1 for more smoldering prevalent com- possible mechanisms for increasesjnwith time. First, one
bustion, we would expect a mean value of~0.90. Col-  must consider sample bias. As regional smoke ages, it can
lected fire data follows similarly with mid-visible, values  be enriched by smoke from other fires. Often, deforestation
increasing from 0.65 to 0.85 in ignition/flaming to values of fires can smolder for days, producing particles at high emis-
0.8 t0 0.9 and 0.88 to 0.99 for mixed phase and smolderingsion factor rates with little or no black carbon. These fires
phase combustion, respectively (Radke et al., 1988, 1991are rarely measured and, given sufficient numbers, they can
Hobbs et al., 1996; Reid and Hobbs, 1998). produce large quantities of non-absorbing particles, thereby
There are systematic differencesdpnvalues measured on increasing the mean single scattering albedo. Hence, concur-
different continents due to different fuel types and burningrent CO and C@measurements are highly desirable to deter-
conditions. For example, North American forest fires tendmine the mean combustion efficiency of the original smoke.
to have highem, values on the order of 0.80-0.85 for flam- Second, particle growth mechanisms converge to increase
ing phase combustion, compareddpvalues on the order of and decrease,. Particle growth mechanisms (such as coag-
0.75 to 0.8 for tropical forest fires of similar combustion ef- ulation and condensation) increase the mass-scattering effi-
ficiency. Howeverg, values for flaming combustion for the ciency of the particles. This not only due to increase in size,
two regions are similar at0.9-1.1 8 g—1. Hence, this dif-  but also the collapse of any chain aggregates (Abel et al.,
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2003). Hence even i, were static during agingy, should  The optical properties of smoke are often estimated through
increase in time. Gas-to-particle conversion mechanisms dedirect computational methods, with investigators putting the
crease the mass fraction of black carbon and hence decreagarticles’ geometric size distribution and the real and com-
a,. Since most of this secondary mass production occurs duelex indices of refraction for each size bin into a Mie The-
to condensation in the early stages of plume evolution (Reicbry model. Bulk particle size distribution measurements are
et al., 2004), the decreaseanp likely occurs rapidly as well.  available, and sphericity and homogeneity (internal mixing)

Spectral dependence measurements of absorption are ea&fe often assumed. Many use a coated sphere model where a
tremely rare in the literature, and typically arlto 1/A° black carbon core is surrounded by a non-absorbing organic
wavelength dependence is assumed. Only recently have iahell.
situ measurements of the spectral dependence of aged smoke,As discussed briefly above and Reid et al. (2004), smoke
w,, appeared in the literature. Pilewskie et al. (2003) andaccumulation mode particles are spherical in nature and are
Bergstrom et al. (2003) used a flux divergence method to detypically modeled as such. Even in intense burning condi-
rive w, over the range of 0.35-1,6m for two aged smoke tions when chain aggregates and other asymmetric particles
cases over Africa. Meamn, ranged from 0.88-0.9 at 350 nm, are created, particle evolutionary processes converge to cre-
to 0.82—0.86 at 550 nm, 0.6—0.85 at 850 nm — within the com-ate more spherical particles (e.g., Martins et al., 1996; Hobbs
monly used 1 to 1/A2 assumption. As African smoke tends et al., 1996). But, near the fire source particle asymentry can
to have a higher black carbon content than most other rehave some impact on particle properties. While aerosol ex-
gions, these values should be considered to be slightly lowetinction efficiency is more or less conserved, aggregation can
than the global mean. increase total scattering relative to absorption, increase the

As will be demonstrated in later sections, there is a sig-asymmetry parameter, and depolarize scattered light (Ku and
nificant systematic difference between in situ measurement§him, 1992; Colbeck et al., 1997; Sorensen, 2001). Con-
(such as those presented here), and values inferred from rgequently, such particles cannot be modeled as equivalent
diometric techniques. In situ values ®f for regional hazes spheres. The interested reader is referred to the thorough
and plumes are typically-0.05 lower than those derived by Sorensen (2001). For the rest of this section, however, we
satellite, Sun photometry, and flux based retrievals. Thisassume a fairly justifiable spherical type model.
has led some investigators to credibly argue that most in situ Many forward modeling and internal/external “column
methods consistently over estimate absorption (most notablglosure” calculations for biomass smoke have been presented
Clarke et al., 1987; Heintzenberg et al., 1997; Reid et al.,in the literature in which reasonably good “closure” has
1998a; Bond et al., 1999, and Russell et al., 2002). Correcbeen achieved using sphere/coated sphere models. For ex-
tion factors that have been put forth have gained acceptancample, Martins et al. (1996) and Reid and Hobbs (1998)
by the scientific community and, consequently, reported val-found agreement in the modeled and bulk properties for fresh
ues ofw, are beginning to rise to values comparable to theNorth American and South American smoke, respectively.
remote sensing derivations (e.g., Guyon et al., 2003; ForSimilarly, Anderson et al. (1996a) and Ross et al. (1998)
menti et al., 2003; Haywood et al., 2003b). Thus, previ- derived mid visible mass scattering efficiency and single-
ous in situ reports, like those shown in Table 1 and 2, arescattering albedo values for aged smoke in Brazil that were
often taken as lower limits of possiblg, values. As an ex- close to field measurements (Reid et al., 1998b). Haywood
ample, the filter measurements in Reid et al. (1998a) weret al. (2003ab) also had little difficulty in making similar in-
validated against an active extinction cell. However, this wasternal closure calculations that match other observations for
performed in dense dark plumes with a meanvalue of  Africa in SAFARI2000. Using an iterative process Guyon
0.75. For less absorbing species, the scattering correctiort al. (2003) also derived “reasonable” closure. However,
of Bond et al. (1999) become more applicable. Thereforeupon close examination, such consistency between models
the values for less absorbing regional haze should increasand measurements is not too difficult to achieve. The crux
by ~0.02 in the mid visible. Similar corrections can be made of the forward modeling problem lies in the relatively high
to most in situ measurements. But even with these correcdegree of variability of poorly constrained input parameters,
tions, w, still tends to be lower than from remote sensing particularly the treatment of particle size, density, complex
derivations. index of refraction and black carbon.

It is well established that mass absorption efficiency for
black carbong,., can theoretically be highly variable, with
3 Direct forward methods values on the order of 5-25ngy~* for coated spheres com-
pared to the nominal values of 5-18 1 for solid black

The disadvantage of bulk methods is that they are strictly em€arbon particles (e.g., Chylek and Wong, 1995; Martins et
pirical, and hence cannot make full use of information from al., 1998a — see Fig. 3). This efficiency is strongly tied to
microphysical, radiative and transport models, nor be ex-volume fraction, mixing, and size distribution. But, as dis-
trapolated to other wavelengths or from other measurementsussed in the companion paper Reid et al. (2004), black car-
Conversely, they are a powerful constraint on the systembon estimates are highly uncertain and errors on the order

www.atmos-chem-phys.org/acp/5/827/ Atmos. Chem. Phys., 583872005



836 J. S. Reid et al.: A review of biomass burning emissions part 111

/)///—'—n shell=1.55/c_=150

—e—n shell=1.55/c_=1.35
v o

/ ——n,_shell=1.45/5_=1.50 g

—*—n_shell=1 ‘45I°gv=1 .35

—=—n shell=1.55-0i/n core=1.5-0.5i/BC 5%
02 ==-®--n shell=1.45-0i/n core=1.5-0.5i/BC 5% | |
h —=—n shell=1.55-0i/n core=1.5-0.5i/BC 3%
==-®--n shell=1.45-0i/n core=1.5-0.5I/BC 3%
——n shell=1.5-0i/n core=1.5-0.5i/BC 4%
--®--n shell=1.5-0i/n core=2.0-1.0i/BC 4%

T T .

i i 0 T

< @) (b)

o P e LT S W

€ o e -

= o ot

= s £ 08

= ~

B Y

> R I T S D

3 4t i H / S 0.6 fonewmt % ]
2

= 5 B o

i B o4

2 3 R S e “FER EEEL kbbb S

£ 2 %

% <

o [}

o} @

% =

©

=

0.2 0.25 03 0.35 0.4 0.2 0.25 0.3 0.35 0.4
Volume Median Diameter (wm) Volume Median Diameter 1m)
0.95 1
/.——”""——p_'@“ @
— e - PUpESSE TEEL S
E 08 g I anane B Tt
e = Y e,
- 0.95
. ” o g3 >
g 1o Sl —
= - oo © -
0085 A e e o [ et i
3 P PR B 9 e 5=
Ee] L Qa /-— e od
< - e <C 2 _',A
o 08 5 g =)
= et g 1 7‘%
2 o 085 |- /:;1
T . =
8075 ¢ —e—n shell=1.55-0i/n core=1.5-0.51/BC 5% [{ T ~
% ==-#--n shell=1.45-0i/n core=1.5-0.5i/BC 5% 2
o ® —e— Homogeneous 5% Volume
87 —=¢—n shell=1.55-0i/n core=1.5-0.5i/BC 3% © 08 ELLCE 3% Volume
& o7 --e--n shell=1.45-0i/n core=1.5-0.5//BC 3% [| U% 4 oo ggnz:z oy veume,
—o—n shell=1.5-0i/n core=1.5-0.5i/BC 4% —e— External Mix 5% Volume
--#--n shell=1.5-0i/n core=2.0-1.0i/BC 4% ==ec=ExeinalMicdVolums
0.65 0.75 : T T
0.2 0.25 03 0.35 0.4 02 0.25 03 0.35 0.4
Volume Median Diameter (wm) Volume Median Diameter (m)
0.7 0.7
© ®
0.65 0.65
=t N
2o 2 . 2 06 N .
2 2
[} © N
£0.55 [ 3 £055 [ .
5 / = \ \
© ©
o f7 [ —e—n shell=155/_=1.5015% BC a \ N
= 0.5 ;y 1. jehell=1.55/c =14 g 0.5 \
= ',l —e—n, shell=1.56/c_=1.35/5% BC 5 \\
£045 ¢ 4§ % —e—n shell=1.45/c_=150/5% BC £0.45 N
g /4 —e—n shell=1.45/c_=1.35/5% BC 153 \
) E L ) —— Monodispersed
< 04 —e—n shell=1.55/c_=1.50/3% BC L 04l o .
, w i
~*=n shell=1.55/_=1.35/3% BC g =
035 —s—n,shel=1.45/c_=1.5013% BC 035 || g Hanyey-Greenstein
~*=n, shell=1.45/_=1.35/3% BC 7 7 7
0.3 03 i | i
02 0.25 03 0.35 0.4 01 0412 014 016 018 02 022 024
Volume Median Diameter (um) Backscatter Ratio. p(1)

Fig. 2. Intercomparison of key radiative parameters as a function of particle microphysical properties at f&0Wass scattering efficiency

as a function of volume median diameter (VMD), geometric standard deviatijen &nd shell index of refraction (rshell) for a particle
with 5% volume fraction of black carbon (BQb) Single scattering albedo as a function of VMDQ, shell, and BC volume fraction (for
ogv=1.5),(c) Single scattering albedo as a function of physical mo@glMass absorption efficiency as a function of VMé&,,, n, shell

and BC volume fraction(e) Same as (d) for asymmetry parameter(f, Asymmetry parameter as a function of hemispheric backscatter
ratio for phase functions assuming varioys .

of 50% are not unexpected. Although size distribution pa-1998) use a reflectance technique to derive their values for
rameters are fairly well known, the modeling studies listed black carbon concentration using a static mass absorption ef-
above have shown that even a small uncertainty can have ficiency of 6.8n¢ g~1. Martins et al. (1998) and Reid et
significant effect on estimated absorption and scattering efal. (1998a) then logically found that while this method was
ficiencies. This effect can be compounded by the choice opoorly correlated to actual measurements of black carbon, its
internally homogenous, core/shell, or externally mixed mod-values were very good for making estimates of absorption.
els. Methods such as this are essentially circular, and the true na-

The complexity ofuas. makes the application of absorp- tlrJ‘re of black carbon Ii T)tlm ukncerLaln. Lhei;a Etudles sgggest
tion measurements to infer black carbon concentrations probt- at measurements of black carbon should be treated as an

lematic. For example, the papers of Artaxo et al. (1994,entirely separate entity from absorption measurements.
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Once a physical model is chosen, uncertainty is further in-0.01xm increase in diameter for smaller and larger particles
creased by the selection of smoke particle index of refractiorrespectively. Reid et al. (1998b) found in side-by-side com-
and density. Suggested indices of refraction for black carparisons of the PCASP and a differential mobility particle
bon in forward calculations have included 2.0-1.0i to 1.9-sizer (DMPS) that the DMPS gave values for VMD angd
0.5i (Janzen, 1980), 1.8-0.5i (Chang and Charalampopouef ~0.04um larger. These differences would result a 20%
los, 1990), 1.75-0.45i (Shettle and Fenn, 1979; WCP, 1986)variation inc;.
and 1.5-0.5i (Horvath, 1993), with lower values of the com- Geometric standard deviation, however, does not appear
plex portion being in more favor with the scientific commu- to make too significant an impact. A shift @f, from 1.5 to
nity. Even so, it must be remembered that these values ar#.35 is enough to increase by only a few percent due to
not based on actual measurements of particle refractive inde& crossover point. However, this variance is well within the
per se, but rather are inferred from their own “closure” cal- uncertainty of the measurement, ang values higher than
culation of particle size, scattering, and absorption measurel.7 have been measured. As discussed in Reid et al. (2004),
ments. For particles larger tharD.4um in diameter, these thereis atrend in the literature for data from the Passive Cav-
differences in refractive index do not appear to be significantity Aerosol Spectrometer Probe — PCASP (a wing mounted
(Martins et al., 1998a). However, for particle®.3um in optical particle counter) to give very narrow geometric stan-
diameter (which account for the bulk of the light scattering) dard deviations (on the order of 1.35) to its accumulation
such variability in black carbon refractive index can induce mode volume distributions. This is in part due to a design
a 20-40% change in absorption. Equal variability exists forflaw in the placement of size bins, as well as to uncertainty
the index of refraction of the smoke particle shell. It is often in the light scattering — size relationship in the 0.3-0.5 range.
assumed that black carbon is the only absorber, and that thEven an error i, this large does not significantly alteg
particle shell has only a 0 complex index of refraction. Mul- directly, though it may result in an underestimated VMD, as
holland et al. (1985) was one of the early studies on this topiadiscussed above.
and found that for smoldering cellulose, an invariant value of The most significant and uncertain term in determining
1.5 was appropriate. Similar results for mid-wave/longwavec; is clearly the real component of the particle index of re-
IR for alfalfa hay/dried grasses were found by Sutherland andraction, which is not well parameterized, having suggested
Khanna (1991). Since then, various values ranging from 1.42%/alues from 1.43 to 1.55. This adds an uncertainty of ap-
to 1.55 for the real part of the refractive index have been sugproximately one-third to the calculation (the index of refrac-
gested, again through “closure” type studies (see Guyun etion of the particle core (not shown) has very little effect).
al., 2003, for a list). To scale the correct bulk index of re- Since there are so many choices available to a researcher,
fraction between the core and coating, density correctiongine-tuning the index of refraction by a few hundredths based
need to be applied to derive the correct volume ratio. Den-on any available bulk measurements is easily done.
sities on the order of 1.7-2.3g cthand 1 to 1.4g cm3 Next examinex, in Fig. 2b. Here again we use a black
are often assumed for black carbon and shell, respectivelycarbon core with an index of refraction of 1.5-0.5i ang
with these values alone leading to a 40% variance in the calof 1.5 (as for,, shiftingo,, does not have an appreciable ef-
culation ofa, (Reid et al., 2004). As black carbon is inter- fect one,). We also give cases for the range of BC indices of
mixed with other refractory material in the particle core (such refraction suggested in the literature, using a median shell in-
as potassium), the true cross-section is probably larger thadex of refraction of 1.5-0i and a BC volume fraction of 4%.
what these densities would suggest. Haywood et al. (2003a//hen one considers the recent exuberance in the scientific
b) assumed a value of 1.7 g cfhto compensate for this ef- community over the effect of aerosol particle absorption on
fect, but even this is very uncertain. climate change, ultimately, becomes one of the most im-

To demonstrate the high degree of freedom in the selecportant parameters for forward modeling. Hegeshifts only
tion of these parameter values, particle mass scattering effislightly due to changes in the coating index of refraction; it
ciency () and single scattering albeda/) as a function is the core index of refraction that is the critical intensive pa-
of variable size and index of refraction is shown in Fig. 2. rameter. Choices for the core index of refraction used in the
Particle mass scattering efficiency as a function of particleliterature yield differences of a factor of two.
volume median diameter (VMD), geometric standard devia- Variability in «; anda, produces a subsequent large de-
tion (og,), and shell index of refraction is given in Fig. 2a. gree of freedom inw,. Consider Fig. 2c where, is given
Here we assume a lognormal coated sphere model and a#sr the same parameters as Fig. 2b. Here, we find that the in-
sume a 5% black carbon volume fraction for each size. Blackdex of refraction of the particle shell and core have a tremen-
carbon has a complex index of refraction of 1.5-0.5i (thedous impact on modeled,, with changes in the shell refrac-
smallest in the range commonly used). These curves demoriive index controlling particle scattering and the core index
strate the factors involved in determiniag Most important  of refraction controlling absorption. Given the field min/max
is particle volume median diameter. For VMDs in the 0.25 uncertainty of 0.15 in shell index of refraction, the maximum
to 0.35 range (which covers most commonly found values)w, uncertainty is 0.05. Further, differences in black carbon
a, can shift on the order of 40%, or roughly 8% to 2% per volume between 3% and 5% are also likely to be irresolvable
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when one considers the true uncertainties in black carborcarbon concentrations one third less those found by Martins
measurements and density. Selection of the index of refracet al. (1998). Guyon et al. (2003) recently derived particle
tion of the black carbon core is equally critical, shifting index of refraction of smoke of 1.41-0.013i at ambient hu-
by as much as 0.07, similar to the effect of change in the shelmidity <80%, which leads us directly to the issue of the
refractive index. wide variety of particle hygroscopic growth factors assumed.
Choices in particle mixing can also be important. The im- Things become considerably more complicated for multiple
pacts of commonly used mixing parameterizations are alsavavelength studies, particularly because there is so little bulk
shown in Fig. 2d where we compare external mixing, ho-data to validate against. Does one use a static index of refrac-
mogenous mixing with a volume weighted index of refrac- tion or vary it by wavelength? Clearly, there is an issue with
tion, and coated sphere. Clearly, external mixing has theconsistency in the literature.
largest effect and gives dramatically higher valuespthan None of the issues brought up in this section are terribly
the other two models. Repeated electron microscopy studiesew, and most forward modeling and sensitivity papers dis-
have demonstrated that for the most part, smoke is internallgussed in this section at least mention (if not explore in de-
mixed (e.g., Martins et al., 1996; Reid and Hobbs, 1998; Po+ail) the uncertainty in input parameters. Indeed, there are
fasi et al., 2003) and that the external mixing model is rarelya whole host of relevant studies that make these arguments.
applicable. For larger particle sizes, the differences betweeie could continue a review all of the findings from each of
coated sphere and homogenous sphere do not appear to caubese papers and many more in detail for many pages, with
differencesw,. each assumption justified or refuted by a counter argument
Lastly, we consider backscatter parameters. Figure 2ef equal merit. In the end, the result of the ensemble of all of
presents various values for g as a function of parametershese studies is ambiguous, with the representation of parti-
listed in Fig. 2d. As can be seen, g is not terribly sensitive tocle absorption in particular requiring extreme caution.
any parameter other than particle volume median diameter.
For smaller modal diameters, narrovegr, values result in a
slightly lower g. For VMDs typical of aged smoke-Q.28— 4 Inversions of smoke properties
0.33), the various curves tend to intersect. The only pitfall
is that if a coated sphere model is used instead of homoge©nce the uncertainties in forward modeling are understood,
nous sphere, g drops by 0.04. The relationship between ¢he next logical step is to utilize inverse methods to derive
and the hemispheric backscatter rat{l) — as measured particle size, absorption and properties from satellite, optical
with a nephelometer — e.g., a variable that is measurable) islepth and sky radiance measurements in order to find con-
also fairly straightforward as long as, is reasonably well ~ strained solutions. The advantage of inversion studies is that
known (Fig. 2f). by definition, there is a high degree of “closure” and all of
The point of this entire exercise is to simply point out the retrieved properties for individual cases are, at the very
that for the calculation of;, o, andw,, almost any value least, consistent. Indeed, it is a necessary constraint. Further,
can easily be derived and justified at a single wavelengttithese inversions give “column integrated” results that have
using physical parameters that are commonly used. Howbeen more useful to the satellite remote sensing and climate
these uncertainties can play into a field program is easilycommunities. Compared to field measurements, the method
demonstrated. For example, consider that measurements ¢ fairly inexpensive and can be applied consistently all over
aged smokew, for Africa taken during the SAFARI2000 the world leading to large numbers of samples. The disad-
using a PSAP (listed in Table 2) vary from 0.83 to 0.93, vantages are that they cannot be used for individual fires or
and thus are equivalent to almost a factor of three differ-inhomogeneous skies (introducing clear sky bias), are diffi-
ence ina,. Even so, these differences can easily be justi-cult to validate, and are sometimes prone to degeneracy in
fied based on index of refraction parameters. For specificsolutions (i.e., several solutions that give the same sky radi-
examples, Reid and Hobbs (1998) found agreement betweeance and optical depth). Hence, from the very onset, these
measured and modeled parameters for fresh smoke using iriaversions should be treated as producing “optically equiv-
dices of refraction of 1.50-0i and 1.8—0.75i for the shell andalent” sizes and optical properties that match the input radi-
core, respectively. Haywood et al. (1998a) found agreemenance field and that these inversion results, at times, may differ
between measurements and inversions using a homogenofrom reality. To reduce the probability of degeneracy or re-
sphere model with an mixed index of refraction of 1.53-0i trieval of unphysical solutions, further constraints have been
for the organics and 1.75-0.44i for black carbon. Andersonplaced, to such a degree that it has been argued that some
et al. (1996a) assumed a homogeneous spherical model witinversion methods can be somewhat cyclical and less inde-
an index of refraction of 1.55-0.03i. Sensitivity tests by Mar- pendent than often portrayed. Constraints vary from simply
tins et al. (1998) assume a BC refractive index of 2.0-1.0i.having a smooth size distribution, to predefined indices of
Ross et al. (1998) achieved closure by deriving the black carrefraction or distribution shapes.
bon content for their calculations based on a best fit mass ab- Most inversion methods can trace their roots back to the
sorption efficiency in a recursive nature, thus yielding black constrained linear inversion technique of Twomey (1965).
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Table 3. Summary of biomass burning aerosol optical properties retrieved from worldwide AERONET network of ground-based radiometers.
Symbols definition:i<z, > — mean optical thickness,— Angstrom exponentyg - single scattering albeds,andk — the real and imaginary

parts of the refractive index. The parameters of the bi modal log-normal particle size distribution (see Eg.ajd ¥MD — volume

median diameter of the fine and coarse modgs,— geometric standard deviations of the fine and coarse modgsar@ G — volume
concentrations of the fine and coarse modes.

Amazonian Forest: Brazil (1993-1994); South American Cerrado: African Savanna: Boreal Forest: USA,
Bolivia (1998-1999) Brazil (1993-1995) Zambia (1995-2000) Canada (1994-1998)

Updated Dubovik et al. (2002)
Number of meas. (total) 700 550 2000 1000
Number of meas. (faww, n, k) 250 (August-October) 350 (August-October) 700 (August-November) 250 (June-September)
Range of optical thickness;t, > 0.1<70440)<3.0; <7(440)>=0.74 0.k70440)<2.1; <7(440>=0.80  0.k70440)<1.5;<7(440)>=0.38  0.k70440)<2.0; <7(440)>=0.40
Range ofingstrom exponent 120<2.1 1.Xxe<2.1 1&a<2.2 1.0<e<2.3
g (440/670/870/1020) 0.69/0.58/0.51/044B06 0.67/0.59/0.55/0.530.03 0.64/0.53/0.48/0.440.06 0.69/0.61/0.55/0.583.06
n; k 1.47+:0.03; 0.0093-0.003 1.52:0.01; 0.0153:0.004 1.5%0.01; 0.0210.004 1.5@:0.04; 0.0094:0.003
w(440/670/870/1020) 0.94/0.93/0.91/049m02 0.91/0.89/0.87/0.8%0.03 0.88/0.84/0.80/0.28.015 0.94/0.935/0.92/0.9D.02
VMD-fine (um); oy 0.28+0.02(440)£0.02; 1.49:0.06 0.28+0.02(440)£0.02; 1.6@:0.05  0.24+0.05(4401-0.02; 1.4%:0.04  0.30+0.03(4401:0.02; 1.54:0.04
VMD-coarse fim); ogy 6.5+1.% (440)+0.9; 2.2:0.1 6.5+1.6(440)£0.8; 2.2:0.1 6.4+1.4(440)£0.9; 2.1:0.1 6.4+0.4(440)£0.5; 2.2:0.4
Cyf (um3um?) 0.12(440)£0.05 0.2 (4401£0.06 0.12(440):0.04 0.01+0.3(440)£0.04
Cye(um3/um?) 0.05r(440)+0.02 0.04+0.03(440)+-0.03 0.08(4401-0.02 0.01+0.03(440)+-0.03

The simplest forms of inversion are those based on measure- Parameters other than, have been far more varied. Early
ment of spectral optical depth or light extinction. Notable is retrievals of smoke gave unphysical size distributions. For
the application from King et al. (1978) which has also beenexample, early publications using Sun photometer inversions
applied for smoke to lidar backscatter and extinction (e.g.,of smoke particle size gave volume modal diameters of less
Uthe et al., 1982; Fieberg et al., 2002). Other inversionsthan 0.lum (e.g., Kaufman et al., 1994; Holben et al.,
have included comparisons of optical depth to ground based996a). Smoke size retrievals were then improved by Re-
radiance (e.g., Eck et al., 1998; von Hoyningen-Huene et al.mer et al. (1998) through forcing volume distribution to go
1999), or between satellite retrievals and ground based optito zero at small sizes in the accumulation mode. The re-
cal depth measurements (e.g., early studies such as Kaufmaulting volume median diameter0.26,.m) and equivalent
et al., 1990; Ferrare et al., 1990). More recent algorithmsoptical effective radius were qualitatively similar (although
have utilized ground based sky radiance information usingsmaller than fine mode in situ measurements in the region),
almucantar and principle plane scans of the sky (e.g., Nakabut coarse mode aerosol particles were significantly overes-
jima et al., 1986; Dubovik and King, 2000). timated. Also, a lower than is commonly used real part of
Taken as a whole, presented inversion data is fairly mixedthe refractive index, (1.43), was assumed. Using the same
At the very least, derived, tend to be consistent. Notably, data, Yamasoe et al. (1998) performed sensitivity studies on
Nakajima et al. (1999) reported 670 nop values of 0.9 for  refractive index and found values ranging from 1.53 at 440
the Indonesian smoke event in 1997. By comparing radianm to 1.58 at 1020 nm-somewhat higher than what is typi-
tive flux at the surface to optical depth measurements, Eck e¢ally assumed, and more than 0.10 higher than the assump-
al. (1998) and von Hoyningen-Huene (1999) foundn the  tion of Remer et al. (1998). Using various lidar retrievals,
order of 0.82-0.94 throughout the visible spectrum. UsingWandinger et al. (2002) derived values ranging from 1.49—
the approach of Kaufman et al. (1990), Ferrare et al. (1990)..60. But for fires in Malaysia, von Hoyningen-Huene et
retrieved the single scattering albedo of smoke aerosol oveal. (1999) gave a real part of the refractive index of 1.42.
forest fire areas in western Canada during summer 1982Because of these wide differences in retrieved size and re-
Using the AVHRR channels 1 and 2, the single scatteringfractive index, the asymmetry parameter, g, also varies con-
albedo is found to be within the range of 0.9 to 1.0. Simi- siderably, yielding values as high 0.69 (e.g., von Hoyningen-
larly, Christopher and Zhang (2002), Knapp et al. (2002), andHuene et al., 1999). Wang and Li (2002) explored the off-
Wong and Li (2002) required @, value of~0.9 at 670nm  setting effects of varying, and g in satellite retrievals as
in order to correctly retrieve optical depth from satellite datawell, and found that fairly large differences in these values
(it is noteworthy, however, that such inferences from satellitethat give similar retrieval results.
are based on scattering in the smallest portion of the phase These types of gross uncertainties have been diminished
function, scattering angle 100-13@nd are much more un- by the recent use of the Dubovik and King (2000) (henceforth
certain than a full Sun/sky retrieval, Also like the forward DK) algorithm that utilizes both the spectral optical depth,
problem, there are a number of small perturbations in theand sky radiance data in the almucantar to compute retrievals
physical model that can change these results. See discusf aerosol size distribution and refractive indices. Using for-
sion by Wong and Li, 2002). The lowest values have beenward modeling techniques, any quantity suclxagwith as-
presented by Wandinger et al., 20Q2,£~0.79—-0.81) are sumed density)w,, g or phase function can be computed.
based on lidar inversions for a single severe European fire. The reported uncertainty is due to combined instrumental
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Table 4. Summary of fine mode only biomass burning aerosol optical properties based on retrieved particle size and index of refraction
from the Dubovik et al. (2002) climatology from worldwide AERONET network of ground-based radiomete4d0—870 nmAngstrom
exponenty,=Mass scattering efficiency,=Mass absorption efficiency.

Amazonian Forest: Brazil (1993-1994);  South American Cerrado: African Savanna: Boreal Forest: USA,

Bolivia (1998-1999) Brazil (1993-1995) Zambia (1995-2000) Canada (1994-1998)
Fine mode only modeled
(static index of refraction)
g (440/670/870/1020 nm) 0.665/0.55/0.44/0.37 0.65/0.56/0.48/0.43 0.66/0.54/0.44/0.76  0.67/0.58/0.50/0.44
wo (440/670/870/1020 nm) 0.95/0.93/0.91/0.89 0.925/0.91/0.885/0.86 0.90/0.87/0.83/0.80  0.95/0.94/0.93/0.91
o (440 to 870 nm) 2.3 2.1 2.1 2.05
as (440/670/870/1020 nm) 5.7/2.3/1.2/0.7 6.2/2.8/1.5/1.0 5.8/2.6/1.4/0.9 6.7/3.1/1.65/1.07
ay (550 nm, nf g~ 1) 3.5-4.1 4.1-4.7 3.8-45 45-5.2
o, (440/670/870/1020) 0.3/0.2/0.1/0.1 0.5/0.3/0.2/0.2 0.7/0.4/0.3/0.2 0.24-0.28
ag (550 nm, nf g~ 1) 0.21-0.25 0.36-0.42 0.49-0.57 0.24-0.28

offsets in measured aerosol optical depth, sky radiance caliRecently, Eck et al. (2003b) found, using the DK inversion,
bration uncertainty, pointing accuracy, and assumed groundhat the retrievals of the largest accumulation mode size for
reflectance for moderate optical depths (optical deptb), smoke in the AERONET network were from highly concen-
and has been reporteda5% indV/d Ind, of the retrieved  trated plumes of significant age — again consistent with par-
volume size distributions (0/Am<d,<30um), £0.04 for  ticle growth during the aging process. On a regional basis,
the real part of the refractive index, agtB0% in the com-  comparisons of the fine mode VMD from DK to DMPS val-
plex index (Dubovik et al., 2000). These sources of uncer-ues measured in situ from aircraft tracked during the SCAR-
tainty also result in a reported uncertainty ©6.03 in w, B experiment in Brazil, (Reid et al., 1998b, 1999), show-
and~0.02 in g (Dubovik et al., 2000). ing similar values for both local cerrado smoke (assuming

Table 3 summarizes optical inversion retrievals compiled?a440=1.0) and aged smoke (assumingso=2.0) (Eck et al.,
by AERONET scientists for significant burning regions 2003a). Retrieved VMD s slightly smaller than data from the
and is an updated version of the climatology presented irflifferential mobility analyzer (DMPS), which should be less
Dubovik et al. (2002). Mean particle volume distribution me- Prone to artifact. Conversely, geometric standard deviations
dian diameters, standard deviations, and volume concentrdf0m DK match those from differential mobility analyzers,
tions relative to optical depths are presented. Also presenteBUt are considerably larger than those from the PCASP (as
is theAngstrom exponent, mean index of refraction, spectraldiscussed earlier, PCASP data underestimates Thus,
w,, and g. To establish if the results are internally consis-While the absolute values of VMD are within measurements
tent, Table 4 presents derived values of these parameters f@nd DK retrieval uncertainties, it is possible that there is
the biomass burning fine mode if one uses the climatologicaf Slight but consistent negative bias in mean siz8.01—

values for size and index of refraction (it is noteworthy that 0-02,tm). It is also noteworthy that the retrievals are for am-
in particular while bient size distributions, while the PCASP and DMPS data is

for dried aerosol particles. If particle hygroscopicity is as
. : large as suggested by Magi and Hobbs (2003), then an addi-
the separation ok, between fine and coarse moag can tional 0.02 divergence may exist in VMD, for a total of 0.04

be different if the particles are inhomogeneous). A full eval- under measurement. Because there is limited validation data
uation of the AERONET data set is outside the scope of this_ . C i . '
is unclear whether it is the limited field measurements or

. . . |
manuscript. However, as it is the largest and most con&sterﬁ1e inversions (or both) that are biased. For example, the

dataset of its kind, and cited so heavily (ove200 citations . . .
for retrieval papers) that it is worth some discussion and eval-SCAR B study occurred during one of the highest b“rf"”.g
. seasons on record, whereas the DK database has only limited
uation. - : ) )
contributions from this place and time period. Regardless,

Direct and simultaneous validation of particle size re-j; js jikely that trend data from DK shows skill for smoke
trievals for smoke is limited to only one study of one re- yominated atmospheres.

trieval (Haywood et al., 2003a). But on the whole, parti-

cle VMD andoy,, derived from DK are reasonably consis-  If particle size retrievals from inversions such as DK are
tent with what has been observed in in situ measurementseasonable, then derived asymmetry parameters should also
(see Reid et al., 2004, for a list). The DK inversion does be within~0.02 (e.g., Fig. 2e). Because of the possible neg-
capture trends in particle size by region, correctly yielding ative bias in VMD, these values imply that g may be under-
larger particle sizes for dense temperate/boreal forest firesestimated systematically by0.01 or less. But, given that

w,(total) is insensitive to mixed particles, the derivations
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AERONET almucantar inversions are “best fits” to sky radi- are the result of smoke from both local and long-range trans-
ance fields, scattering angles less thah&®@ measured, and ported plumes. The difference between forested and grassy
there is a very limited amount of in situ data in the litera- fuels is consistent with what is known from the scattered in
ture, the DK values for the asymmetry parameter are probsitu measurements. Extensive field measurements in both
ably the most reliable in the field. Entire burning seasonBrazil and Africa by Ward et al. (1996, 1992) have shown
mean values of mid-visible (550nm) g range fron®.59 that for savanna ecosystems85% of the biomass (largely
for smaller sized African savanna particles+0.65 for the  grass) was consumed by flaming combustion while for de-
largest boreal/temperate forest smoke particles, (computetbrestation fires~50% or less of the combustion was in the
from retrievals made at 440 and 675nm). These g valueslaming phase. The relatively high values«®f measured in
are in general agreement with the suggested value in Sect. fdrest regions relative to Africa suggests that on the ensem-
of ~0.62 for aged smoke, based on the limit of 0.10 for the ble level, smoldering combustion occurs over a much longer
hemispherical backscatter ratfg(1) measured in the field. It period of time in forests relative to the comparatively short
is noteworthy however, that this value is substantially lowerlived flaming phase of the crown fires.
than the value of 0.69 suggested by von Hoyningen-Huene An advantage to inversion methods is that unlike airborne
et al. (1999). This also corresponded to a retrieved index oflata, long time series can be examined. The AERONET re-
refraction that was considerably smaller than the values fromtrievals at some sites exhibit significant trendssgnmagni-
DK. As this study was for Malaysia, it may be constrained tude through the course of the burning season. This added
by large haze particles, atypical for isolated biomass smokecomplexity should be accounted for, in addition to the un-
Conversely, this could very well be due to differences be-certainties given for smoke optical properties listed in Ta-
tween the two inversion algorithms. bles 2 and 3. For example, the monthly meanretrieval
While size related parameters appear to be consistent witat Mongu, Zambia increases from a minimum-~09.85 in
field measurements, uncertainty (and controversy) comesuly (the beginning of the savanna burning season)@®3
with the retrieval of particle index of refraction and by impli- in October at the end of the burning season, or a 0.08 varia-
cationw,, oy andea,. This is because even seemingly small tion (Eck et al., Spring 2002 AGU). The slope of the spectral
variations in these parameters can have large effects. Themependence of aerosol single scattering albedo with wave-
is no readily available direct methodology to measure aerosolength decreased ag increased from July to October. How-
particle index of refraction and, with the exception of a few ever, there was no significant change in retrieved particle
very rare cases, it is simply inferred by iteration until agree-size in either the dominant accumulation or secondary coarse
ment is found between several measurements (e.g., size andodes during these months. ATSR satellite detected fire
scattering). The DK retrievals of the real part of the refrac- counts indicate that the regions of primary biomass burning
tive index for biomass burning smoke range from an averagen southern Africa shifted significantly from July to Octo-
of 1.47 for Amazonian forest region smoke to 1.52 for Southber (ttp://sharkl.esrin.esa.it/ionia/FIRE/AF/ATSRPOsSI-
American cerrado smoke. These are in the middle of valuedle reasons for the seasonal changes in obsesyedclude
commonly used in forward modeling calculations and otherdifferences in aging due to transport speed and distance from
retrievals. source regions, differences in biomass fuel types in different
Included in Table 3 are the AERONET retrieved values of regions (fraction of woody biomass versus grasses), and dif-
spectralwg for biomass burning particles. It is noteworthy ferences in fuel moisture content (October is the beginning
that these values are significantly different from the (unphys-of the rainy season).
ical) values in Dubovik et al. (1998) using a modified Naka- The difficulty in comparingw, from inversions to mea-
jima inversion, and have now been superseded by the conmsurements is the implications & and «,. Consider as
pletely independent DK retrieval method whose results arean example derived values from the Amazon Basin. The
given in Dubovik et al. (2002). The comparison of the spec-measured regionak, value for fine mode particles was
tral wo averages for measurements wheggso>0.4 show  4.0n? g for the aged smoke transported out of the Ama-
significant regional differences in the magnitude«®f as  zon Basin. Average DK inversions however, imply values
well as in the slope of the spectral dependence for biomassf 4.2-4.7, depending on whether one assumes a 1.4 or
burning aerosols from different regions. Theg values for  1.2g cnm2 density. This could be considered good agree-
aged smoke from forested regions (Amazonian tropical for-ment and within experimental error. However, based on a
est versus N. American boreal forest) are similar to eachDK derivedw, value of 0.935, estimated, values for this
other at all wavelengths (withif0.01), which is somewhat same region are 0.30-0.34my 1, or half those than values
surprising given the difference in size between the two re-listed in Reid et al. (1998b) based ap of 0.86. With in situ
gions. Thawg values of the African savanna region, however, absorption measurements being argued to overestimate ab-
are significantly lower than the forested regions and exhibitsorption, can the current thinking resolve the two estimates?
a steeper rate of decreaseip with increasing wavelength. If we alter the Reid et al. (1998b) findings by adjusting to
Values ofwg for South American cerrado region (made up of the optical reflection technique used by Artaxo et al. (1994,
grasses, scrub and forest) are intermediate in magnitude, arftb98) and Matrtins et al. (1998), which was found to give the
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highest performance on the extinction cell analysis of Reid etheir “mean values” (not surprising considering that inver-
al. (1998a)w, would increase by 0.02 to 0.88. Adding ad- sions are not a linear process). Second, while the DK inver-
ditional scattering corrections from Bond et al. (1999) which sion reports fairly low uncertainty in parameters suclwgs
were not accounted for in the original extinction cell analy- and g, it does have large reported uncertainties in both the
sis (which was for highly absorbing smoke particles) would volume distribution and the index of refraction. Hence, it is
add 0.02, bringing the total, to 0.9 andx, to 0.42nf g~ L. distinctly possible that the DK inversion is prone to degener-
Lastly, we consider that the DK inversion is for ambient hu- acy between the two terms. Another such example is temper-
midity whereas measurements are for dried aerosol particlesate and boreal forest fire smoke, which also shows values of
Given that the smoke in the Amazon is in only a moderatelyw, (0.94) andx, 4.5-5.2 ¢ g1, higher than most measured
humid environment{70% RH), we apply a maximum hy- values. In this case however, there is an increase in size, and
groscopicity of~1.3. This would then give corrected values an intermediate refractive index, which is at least consistent
from Reid et al. (1998b) fow, of 0.92 compared to 0.935 with the physics. But again, deriveq, seem considerably
from DK. Given that SCAR-B occurred in an anomalously low compared to measurements, even after all possible cor-
high burning year, it could be argued that there could be searections have been accounted for.

sonal differences.

. If for the Amazon_reglon we perform forV\_/ard calcula- Retrievals for Africa, however, appear to be the closest in
tions based on the climatological values for size and refrac-

tive index from DK, assuming a density between 1.2 andIme with field measurement_s. Mean valueseg)f are 0.86,
1.4 cn3 (Table 4), we deriver, ande, of 3.5-4.1M gL (some of the lowest by region of the world), and are con-

and 0.21-0.25 fgL, respectively. Typically field measure- sistent with the high degree of flaming combustion. Particle
menté are Higher roijghly 40 and.O.B,ng (this is after the size for typical optical depths is consistent with the PCASP

w, corrections to Reid et al., 1998b, listed above). Hence,measurements of Haywood _et al. (2003a) for very well aged
. e o smoke, and in turn agrees with the PCASP measurements of
even after corrections the implieg value is still lower than

. . Reid et al. (1998b) for Brazil. Retrieved index of refraction
field measurements by a factor of two, ands likely under- . tor the f : " i< within th
estimated. is average for the four regions as well, amdis within the

Now, consider the South American Cerrado region. In this_ PPET range of reported values for aged smoke (althaugh

case the retrieved particle VMD is equivalent to the Ama- is slightly lower). Der_ived and _inverte(_al valuesa:}f, %, and

. . Lo w, also match, showing there is consistency with the model.
zon case, but retrieved index of refraction is higher at 1.52—
0.0015i, andy, is reduced to 0.90. This now leads to several
problems. First, increasing the index of refraction (both real In the conclusion of this section it is clear that while there
and complex components) without changing the size lead$s some consistency in retrieveg from all inversion meth-
to an increased value @f, and o to 0.36-0.42 and 4.1- ods, results diverge significantly for size and index of re-
4.7m? g1, respectively. These values @f are now higher  fraction. The DK inversion appears to perform better, with
than what has been measured in the field, while the valuetrends in particle volume median size abnglfrom retrievals
of o, are now equivalent to the corrected field measurementshat track with the macroscopic properties of the regions, and
of Reid et al. (1998b) (although still lower than what can have intermediate values of refractive index. This, coupled
be inferred from Artaxo et al., 1994, 1998 and Martins et with the standardization of the AERONET network, makes
al., 1998). Typically, high optical depth smoke events in this DK inversions a powerful tool in estimating the variability of
region are either from smoke transported from the Amazonsmoke optical properties. However, until more detailed val-
Basin (extremely well aged) or nearby localized plumes. Lo-idation is performed, this may be as far as the retrievals can
cal plumes would be more absorbing than their aged smokehe applied without caution. Even after reasonable corrections
but would also have a much smaller mass scattering effiare made to field measurements, the infergdrom a cal-
ciency. Aged plumes would have larger sizes, lakgebut culation of retrieved size and index of refraction still appears
smallera,. But here we have increased bathando,. Now low. And while the authors state that theiy values are ro-
a reduction inw,, is consistent with the region owing to local bust, they admit that the volume distribution and real index
production from grass and cerrado fires. But physically, theof refraction values are much more uncertain. Because opti-
retrievals of size and index of refraction between the Ama-cal depth “closure” is required in the inversions, one cannot
zon and Cerrado regions contradict each other. There are twohange size without changing index of refraction. Clearly at
possible reasons for this. First, because the Cerrado region times the “climatological average” of particle properties are
meteorologically complicated, average climatological valuesinconsistent with one another (which is not surprising given
could be biased due to the presence of two distinct samplé¢hat the relationship between these parameters is not linear).
populations (e.g., aged versus local). This would lead to arBecause smoke is dynamic in nature one must also be care-
“average” value that represents neither-not an uncommon odul about how different sample populations influence average
currence in climatologies. This can been seen in computedalues — which in itself would cause inconsistency in the cli-
values of g andv, in Table 4, which diverge slightly from matology
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Table 5. Likely optical properties for dry biomass-burning smoke at 550 nm.

Parameter IPCC IPCC Grass/Savanna  Grass/Savanna Tropical Tropical Temperate/Boreal ~ Temperate/Boreal
Fresh Aged Fresh Aged Forest Fresh  Forest Aged Forest Fresh Forest Aged
Mass Scattering 361.0 3.6:t1.1 3.6£0.4 4.0£0.4 3.6.0.4 4.2£0.4 3.8:0.4 4.3t0.4
Efficiencyas, m? g—t
Mass Absorbing 0.540.2 0.45:0.2 0.8G:0.3 0.65:0.3 0.6:0.3 0.50+0.2 0.£0.3 0.4:0.3
Efficiencyaq, m? g=1
Single Scattering 0.870.06  0.89:0.06 0.82%0.05 0.86+0.05 0.850.05 89+0.05 0.88:0.05 0.915-0.05
Albedo,w,
Hygroscopic Growth 140.1 1.2£0.2 1.35:0.2 1.35:0.2 1.35:0.2 1.35:0.2 1.35:0.2 1.35:0.2
f(80%RH)
Asymmetry 0.63+0.12 0.680.16 0.55+0.06 0.580.06 0.59+0.06 0.680.06 0.6@:0.06 0.65-0.06
Parameter, g
5 Derivation of likely particle optical properties retrievals are deeply at odds with one another, which find-

ings should be treated as “representative?” Because variables
L§uch as size, density, index of refractio,, oy ande, are

not “free” parameters, care must be taken such that values
are consistent with one another.

Biomass burning particle’s optical properties are perhaps th
most variable of any category. Significant differences ex-
ist between flaming versus smoldering combustion, wet fue
versus dry, crown fires and under story, fresh versus aged, We have estimated key parameters to the best of our
and between seasons, to name a few. The authors have oknowledge, and report them in Table 5. We include the rec-
served forest fires with extremely dark plumes,~0.35. ommendations from the IPCC (2001) as a baseline of dis-
Conversely, we have witnessed large grass and shrub firegussion for all parameters. We also make recommendations
from dry wild lands with substantial flaming combustion for three broad biomes: grass/savanna, Tropical, and Tem-
emitting what are essentially white plumes. The propertiesperate/Boreal. In all likelihood there exist differences on fine
of thick smoke plumes are difficult to measure, and we oftenscales, but it is our opinion that the statistics currently sup-
find ourselves extrapolating the relatively few field or lab- port no more than these three categories. We also separate
oratory measurements to the ensemble of fires of concerfresh and aged smoke. Because smoke can evolve rapidly, by
to climate scientists. This likely leads to severe sampling“fresh” we imply smoke that is-5min old. “Aged smoke”
and reporting bias. For example, from the SAFARI2000 can encompass smoke that is from an hour to several days
campaign for “smoke” listed in Table 2 ranged from 0.83 to old. It must be emphasized that all of the estimated parame-
0.93 due to variations in air mass history, mixing with other ters should be considered as an average over a large ensem-
aerosol species, combustion properties, and perhaps instrile.
mentation error. So what value should be used as representa- rjrst consider those variables that have the least uncer-
tive? The SCAR-B study took place in a year with record (5inty - Bulk dry mass scattering efficiencies,, of fresh
high burning activity. To what extent do. these measure-gmoke are solidly measured between 3-24mt, with larger
ments reflect the mean? The nature of biomass burning itya1yes being associated with larger particles (from either
self makesmterprfatanor_] of th_e I_|teratur(_e difficult, at th_e VerY smoldering, or very intense and inefficient combustion).
least. Where do inversions fit in? While the Dubovik and | o\yer values are typically from grass or cerrado fires, while
King (2000) inversion is consistently applied globally, other |grger values tend to be from more forested fires. This value
inversion studies place particle properties all over the map. j,creases by-0.2 n? gL if one strips out contributions from
Contrasting with the variable nature of smoke particles andcoarse mode emissions, and a furthé.3-0.5m g~ dur-
optical measurements are the wishes of the climate commuing the smoke aging process. Despite the fact that there are
nity for simple parameterizations for models and forcing es-few in situ measurements af for aged smoke in the liter-
timates. To this end, a variety of values have been pulledature, we do not recommend the use of values derived from
from the literature, from direct measurements, forward mod-inversions due to a possible positive bias (it is noteworthy
els, and more recently from inversions. But since the earlyhowever, that this is within the noted retrieval uncertainty —
1990’s, there has been more variance in the literature, noalthough it is a consistent bias). Further, while it is reassur-
less. Not only are there varying techniques now availablejng that forward model calculations of those such as Ander-
but smoke is also measured in more regions, with varyingson et al. (1996a), Reid and Hobbs (1998), Ross et al. (1998)
levels of background pollution. If we examine the literature and Haywood et al. (2003a, b) have reproduced the few field
base as a whole, to what extent can all of the differences beneasurements, the large degree of freedom in such calcula-
reconciled, and what is the true uncertainty in smoke opti-tions makes their weight somewhat less (i.e., this cannot be
cal properties? As we find that individual measurements anatonstrued as validation or internal closure). For fresh dry
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smoke at 550 nm, the likely median value estimated by the Absorption parameters are the most difficult to assess, and
IPCC of 3.6£1m? g1 is probably valid for fine mode only, vary more by region. For fresh smoke, measurements, of
although the uncertainty in the average of 10gntis prob-  from extinction cell data are likely fairly certain and make up
ably high. We also recommend a slight increase for freshthe largest single dataset (Radke et al., 1988, 1991; Hobbs
temperate/boreal fires due to their increased particle size. Beet al., 1996). Thus they should be given the most weight.
cause particle size growth is so well documented at this timeAbsorption photometer data is of less value for fresh smoke
(e.g., see Reid et al., 2004), the IPCC assessment of a similgglumes because of long integration times. For mixed phase
value for aged smoke is likely an underestimate. We rectemperate and boreal fires, median values from absorption
ommend dry values on the order of 4.0 to#B5n? g1 photometer techniques are on the order of @845 for
(again, excluding the influence of coarse or giant particles olsmoke~15 min old. For South America, extinction cell val-
~0.03n? g~1). Because is such a strong constraint on the ues are lower, with median values for tropical forest and pas-
system, it should be given a very high priority in any future ture/cerrado on the order of 04£0.05 and 0.7&0.07 re-
smoke field campaigns. A lack of this fundamental variablespectively. As aircraft values are likely sample biased to-
in Africa is a serious lapse in the dataset. wards large plumes with extensive flaming combustion, they
Even though it has never been measured directly and preprobably underestimate the impact of mostly pure smolder-
sented in the literature, the asymmetry parameter g is alsing combustion having much higher values on the order of
fairly well constrained. It is supported by a few backscatter0.96 to 0.98 (e.g., Hobbs et al., 1996). In the case of large
ratio measurements in the literature. Because of the sheeegional emissions, median values fqy in the mid-visible
frequency of measurements and the fact that they are baseate probably higher, with values on the order of 0.88-0.92,
on angular radiance data, for the time being g should prob0.83-0.87, and 0.78-0.85 for temperate forest, tropical for-
ably be taken from the Dubovik et al. (2002) climatology est, and savanna/cerrado types of ecosystems being more ap-
listed in Table 3 for aged smoke (knowing that this is consis-propriate. This is somewhat lower than what the IPCC (2001)
tently lower than some other isolated studies). These valuesecommends, but we have kept the uncertainty. By infer-
should be considered upper limits for fresh smoke, which,ence,«, is likely to be on average-0.5+0.20, 0.6:0.20,
based on the backscatter measurements in Table 2 and esfi-85+0.20 n? g~ for these same ecosystems, respectively.
mates in Fig. 2, should be 0.02 to 0.04 lower. Next we need to consider filter reflectance based methods
Particle hygroscopicity presents more of a challenge. Tosuch as those from the San Paulo group including Martins et
date there have been only two published measurements of thed. (1996, 1998) and Yamasoe et al. (2000) which have been
hygroscopic growth factor, Kotchenruther and Hobbs (1998)shown to match the extinction cells relatively well (Reid et
and Magi and Hobbs (2003), from South America andal., 1998a). In this case, it is nat, that is fundamentally
Africa, respectively. Ironically, these two manuscripts use measured, but rather,. Based on the data from Martins
the same instrument but with considerably varying resultset al. (1998), and making similar adjustments as abaye,
of 1.1-1.3 and 1.3-1.5 at 80% RH for the two respectively.values are only~10% larger to those above can be derived.
Given the higher concentration of soluble materials such ag-urther, the values of Martins et al. were typically 20% lower
sulfates and organic acids, one would logically think Souththan thex, given by Reid et al. (1998b). Given the Martins
America would have the higher values. Also, Magi and data is better calibrated, the Reid et al. (1998b) values should
Hobbs report hygroscopicity decreasing with age, contrarybe reduced by 20% The values of Yamasoe et al. (2000) are
to the Kotchenruther and Hobbs finding. On the other handhigher than what we suggest. If we make similar corrections
if this is due to a bias in the measurement, the implicationsas above and try and compensate for sampling bias values of
for “closure studies” in Brazil must be called into question, as«,, the ensemble of reported values is still higher by 20-40%
this would in part close the gap between measurements anthan the values suggested by those above. This is mostly due
inversions (due to very low RH values, this is not as muchto several highly absorbing plumes that were measured. Part
of an issue in Africa). At the moment, the two measurementof this difference may also, perhaps, be due to another case
sets are irresolvable, and the best that can be done is to splif sampling bias. The Yamasoe et al. (2000) measurements
the difference and assume a mean value of 1.35 at 80% RHyere made on the ground very close to fires and before near
slightly higher than the values of 1.1 and 1.2 suggested byfield evolution process could take place, and hence may un-
IPCC. Values from inversion studies discussed in the hygro-derestimate non-absorbing condensed species.
scopicity section support the higher values, but these stud- Due to the aging process, a combination of condensation
ies are not tightly constrained. The favorable size compari-of non-absorbing species and an additional increase in size
son between in situ measurements (which are dry) and inverby coagulation should result in an increasejrandw, and
sions also makes interpretation more ambiguous. At the verya decrease in,. However, here we reach a branching point
least, the hygroscopicity experiments desperately need to ben how to weight inversions versus measured quantities. The
repeated, and are among the highest priorities of any smokenly “true” measurements of absorption were performed us-
research. In particular, the effects of hysteresis need to béng flux divergence methods on only two occasions in Africa
quantified. (mid visible w,=0.84-0.88 Pilewskie et al., 2003; Bergstrom
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et al., 2003) and were close to the AERONET mean.
one side-by-side comparisod, values from an absorption
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In6 Conclusions

photometer also compared well to a single AERONET re-In this manuscript, we provide a short review of the opti-
trieval in Africa (»,=0.91; Haywood et al., 2003b). Except cal properties of biomass burning particles. Estimates from
for these few cases, there are no other measurements th&t situ measurements, forward calculations, and inversions

can be treated with certainty. Because the retrievaig of

studies are compared. In the end, we give best estimates for

Africa compare well to the host of measurements in the field, median values of smoke optical properties, knowing full well
and the shift inw, between regions is constant with theory, that each fire has its own character and can deviate signif-

the AERONET inverted values af, ande,, are likely to be

icantly from the mean. The main points of the review are

among the more reliable values for the region. But even heréummarized below.

caution is warranted — individual retrievals may still be un-
certain. In the case of fires in more forested regions, such as
South America, and in some cases from temperate and bo-
real areas, the high divergence betweenthandw, values
measured, and those inferred from inversions, causes more
difficulty. In cases of very high retrieveg; (e.g., the Cer-
rado), retrieved, values are in line with measurements. For
the case of more reasonablg(say the Amazon foresty,, is

lower by a factor of two. But, based on the measurements of
Artaxo et al., (1994, 1998) and Echalar et al. (1998), the di-
vergence between the two regions is not nearly so strong (for
example ground based measurements over a 4 year period
Echalar et al. (1998) found, values on the order of 1 for
the Amazon basin and 1.1%rg~1 for cerrado). Further, the
bulk of the high optical depth days in the Cerrado region are
from transport of smoke from the Amazon basin (Prins et al.,
1998; Remer et al., 1998; Reid et al., 1999). Even if it is ar-
gued that the reflectance methods overestimate absorption, at
the very least they should be consistent. Based on all of these
issues, we recommend a valueogfof ~0.50£0.15nf g~1

for tropical forested regions. Assuming a fine mode value of
4.2t g1 as suggested above, this leads to axypf 0.89

for aged dry smoke —identical to IPCC. However because we
have alteredy,, this implies a slightly larges, than IPCC.
Given the hygroscopic growth factors above, for an environ-
ment such as Brazil, this would lead to an averaggalue of

0.91 - consistent with satellite derived values, but still lower
than those suggested by AERONET. Using similar logic, for
boreal or temperate fires, slightly less absorption is likely and
we recommend values ef, of ~0.50+0.15n? g~ 1.

One last issue to consider is the selection of appropriate
particle indices of refraction. In order for the above optical
parameters to agree, they must be unified with the physical _
model. Here, however, we are more reluctant to give “sug-
gested” values. If we assume average size distributions in the
literature from Reid et al. (2004), the index of refraction ap-
pears to be-1.5+0.015i, and is fairly consistent with the val-
ues listed in Table 5. However, because there is such degen- —
eracy between input parameters, we cannot derive anything
more specific than this in such a limited amount of space.
Also, how this changes as a function of wavelength is fairly
uncertain. Our research for a consistent physical and optical
model for smoke particles is ongoing.

www.atmos-chem-phys.org/acp/5/827/

Over the past two decades, measurements of parti-
cle mass scatteringv{) and absorptiond,) efficiency
have been relatively consistent. As these properties are
strongly correlated to particle size and black carbon
content, their variability is strongly tied to individual
fire physics. For example, flaming combustion produces
smallere; and largery, andw, compared to smoldering
combustion. Consequently, optical properties of fires
change rapidly as they go through their lifecycles.

— Just as aging processes affect smoke particle size and

chemistry, they have a significant influence on smoke
particle optical properties. Measurements of particle
properties made near fires are difficult to apply to large
regional smoky-hazes. Coagulation keeps particle black
carbon ratios constant, but will resulting an increases
andw, due to the increase in size alone. Condensation
or out-gassing processes will increageandw, and re-
ducea,.

Smoke particle hygroscopicity is uncertain, with the
only two direct measurements in the literature yielding
different results. Values derived from inversion meth-
ods yield an even larger spread. Almost no data have
been presented on particle hysteresis effects.

— We show that there is a wide divergence in forward

modeling or “internal closure” calculation methodolo-
gies, with differences based in unconstrained assump-
tions on density, size, black carbon content and index
of refraction throughout the literature. While such cal-
culations can be gratifying, ultimately the high degree
of freedom in input parameters makes such studies less
useful than as typically presented.

Particle index of refraction is highly uncertain, and is
often treated as a free parameter. Differences in the lit-
erature can alter the computed «,, andw, consider-
ably.

Early inversions studies show very inconsistent results
with derived values that were unphysical. Recent in-
version studies are better constrained, and show con-
sistency with what is qualitatively known about various
biomass-burning regions of the world. However, as in
forward modeling, there is a possibility of degeneracy in
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the solutions. This may lead to variability in estimated (EOS/IDS) for supporting this work. Additional assistance was
values of the mass scattering and absorption efficien{rovided by the German American Academic Council (GAAC). We
cies.

are most grateful to Tami Bond and Dean Hegg of the University
of Washington for their helpful comments as well as those of an

— While it has been argued that the bulk of in situ par- anonymous reviewer.
ticle measurements overestimate absorption, the bulk
of measurements near sources have been made by ekdited by: A. Petzold

tinction cell (hence this argument does not hold as
well). However, such arguments have merit for regional

smoke. Even so, after corrections are made, dedyed References
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