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Black carbon (soot) is produced by the incomplete combustion of carbonaceous
materials. Soot is found everywhere, including oceans, soil and ice sheets. Soot affects
atmospheric chemical composition and the radiation balance. Soot also causes
atmospheric pollution, reduces visibility and adversely affects human health. Eastern
United States, central Europe, and S.E. Asia are the three main regions of the world that
contribute mostly to aerosol forcing.
Information about aerosols, in general, is required to measure the amount of solar
radiance reaching the surface of the Earth. Greenhouse gases, like water vapor, carbon
dioxide, and methane also directly affect the heating and cooling of the atmosphere
although, unlike aerosols, greenhouse gases are typically uniformly distributed around the
globe. Aerosol concentration is much higher near the surface close to their natural and
anthropogenic emission sources and the lifetimes of aerosols vary on the order of days to
a week. Hence, aerosols vary in both space and time. (1)
The main sources of soot are fossil fuel combustion and biomass burning. Per
Bond, predicted amounts of black carbon resulting from these sources are: 8 Tg/yr
(CW96 data) and 6.6 Tg/yr (Penner, 1993 data). These predictions have already been
reduced by 25% to account for possible overestimations suggested by T. Bond. Bond
bases her argument on the fact that measurements of black carbon have been done from a
mass amount perspective (for regulatory purposes), instead of concentrating on the
strength of absorption by these particles. When direct measurements of the source
strength of absorption was done, Bond et al. demonstrated the possibility that the emitted
absorption is an order of magnitude lower than would be inferred from the mass emission
factor way. (2)
Soot particles emitted into the troposphere can be suspended there for periods
around a week. Soot particles with diameters greater than 10 um will settle out close to
their source. On the other hand, soot particles smaller than micrometer-sized will be
transported over large distances, evidenced by measurements of soot in remote regions
like Antarctica. (9)
Soot is formed when vaporized organic matter condenses via polycyclic aromatic
hydrocarbons (PAH). PAHs include many different chemicals that are formed during
incomplete combustion of organic substances. The soot nucleus is formed via this
condensation and is typically a few nanometers in size. Once the nucleus has been
formed, further growth continues by condensation and coagulation until chainlike
aggregates with fractal geometry are formed. (9) Soot is typically 90 to 98% carbon.
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A scanning electron microscope picture,
showing the chain-like structure of soot
particles of nanometer size. (11)

SEM (scanning electron microscopy) images show that the particles are
monodispersed (of uniform size) and positioned so that they just touch each other.
Experiments using differing types of flame showed that the diameter of the individual
spherules would be constant within a flame, but would change from flame to flame. In
addition, the number of spheres (N) in the cluster was highly dependent upon position
within the flame. (6)
The carbon content in atmospheric aerosols is divided into organic carbon and
black carbon, based upon aerosol optical properties. Any carbon that absorbs strongly at
visible wavelengths is termed black carbon, and the rest is termed organic carbon. The
properties of black carbon depend on the conditions under which they were generated,
such as strength of the source, atmospheric transport, and the mixing state of black
carbon with other atmospheric particles. The following two pictures illustrate the
differences in size and shape of black carbon particles.

A SEM image of
silicates and black
carbon.
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A SEM image of
different carbon
types.

Due to the variations in composition for what is considered black carbon, it’s not
surprising that the complex index of refraction of black carbon is highly dependent upon
wavelength. (6) Measurements illustrating this wavelength dependence (on dry particles)
were also made during the TARFOX experiment, conducted off the east coast of the
United States. Measurements were made in the wavelength range of 0.45 to 1.0 um and
results showed that the absorption coefficient of BC decreased with increasing
wavelength, especially between 0.4 and 0.6 um. (3) Per Batten, the imaginary part of the
refractive index is inversely correlated with the hydrocarbon to carbon ratio. Higher
refractive indices indicate the particle is closer to pure carbon. (4)
The general mass concentrations and size distributions for soot particles are as
follows. Particle diameter ranges from 0.05 to 0.2 um. (10) Note that electron micrograph
images during the TARFOX campaign shoed that most of the total black carbon mass is
in fractal agglomerates made up of primary spherules having a diameter between 0.03
and 0.05 um. (3) This size is in the accumulation mode regime which means that particle
size will increase over time during transport processes. The extremes for mass
concentration of soot are 1 ng m-3 for Antarctic (pristine conditions) and 1 ug m-3 for
polluted urban centers. The number concentrations for these same extremes are 0.1 to >
100 cm-3. (10)
Although all aerosols scatter light, black carbon, or soot, is an important aerosol
to investigate as it also has absorbing properties. The importance of learning more about
black carbon can be emphasized by recent modeling data from Mark Jacobsen. Jacobsen
shows that treating black carbon as an internally mixed aerosol (which is more
appropriative for atmospheric black carbon) instead of externally mixed, would result in
such strong absorbing properties that black carbon would surpass methane in positive
radiative forcing effects, becoming second only to CO2. (7) The positive forcing effects
were quoted as: black carbon=+0.55 Wm-2, CH4=+0.47 Wm-2, and CO2=+1.56 Wm-2. (13)
The current global estimates of TOA radiative forcing due to all anthropogenic aerosols
(not including the recent modeling results for black carbon in the solar spectrum region
range from –0.5 Wm-2 to –2.5 Wm-2. (1) It’s likely that these values will change as the
study of black carbon progresses, including improved modeling to account for the
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complex absorption and scattering properties of black carbon given it’s fractal-like
geometry. Results from Haywood and Shine, and Jacobsen both indicate that treating
black carbon as an internal mixture (incorporated with other aerosols) vs. an external
mixture (distinct from other aerosols) dramatically affects the radiative properties of the
aerosols. (11,12) An internal mixture more closely approached what is seen in the
atmosphere due to the coagulation and growth processes that black carbon undergoes as it
ages. Haywood and Shine report a global mean radiative forcing from + 0.03 to + 0.24
Wm-2, where the higher estimate corresponds to the internal mixture. (11) Jacobsen
reports values of + 0.27 to + 0.54 Wm-2. (12)
The scattering and absorbing properties of a particle are described by the single
scattering albedo (ω). Single scattering albedo is the ratio of scattering to extinction,
where total extinction is defined as absorption plus scattering. Hence, a higher value of ω
represents more scattering. For example, sulfate aerosols have single scattering albedos
that approach unity (pure scattering), whereas black carbon, which is a strong absorber,
could have a single scattering albedo of around 0.2. But, as I alluded to earlier, aerosols
are rarely found in pure form. They are a composite mixture of a core refractory
material, such as dust, sea salt, or black carbon, with a coating around them that forms
during growth processes. The coating can be composed of a complex mixture of organic
compounds, sulfates, or nitrates, etc. In the Northern Hemisphere, most aerosols have a
single scattering albedo ranging from 0.85 to 0.95. As a general rule of thumb, a SSA >
0.95 results in a negative TOA forcing, whereas a SSA < 0.85 results in a positive TOA
forcing. Single scattering albedo is not just a function of aerosols. Anything that affects
reflectivity, such as clouds or surface albedo can also affect single scattering albedo
measurements. (1)
Black carbon clusters typically form a fractal-like geometry. A fractal is a
geometric pattern that is repeated at ever-smaller scales to produce irregular shapes and
surfaces. Fractal particles have ‘scale-invariant symmetry’, which means that they look
the same on any length scale. For aggregates of black carbon particles, this means that
the number of black carbon spherules is directly proportional to the radius of gyration of
the cluster according to a power law. The equation is represented as N~RgD where D is
the fractal dimension, N is the number of particles, and Rg is the radius of gyration
(circular motion about a fixed center of the agglomerate). (5) Fractal dimension is
calculated by taking the limit of the quotient of the log change in object size and the log
change in measurement scale, as the measurement scale approaches zero. Essentially, the
fractal dimension is a measurement of how fixed the geometry of the particle is.
The optical and physical properties of black carbon aggregates are related to
fractal dimension. For example, the volume to surface area ratio of black carbon is
related to its fractal dimension, which has been measured between 1.8 and ~2.0 in
numerous literature articles. (5,6,7,14) This value of fractal dimension indicates a fairly open
structure (i.e. a branching ramified structure). (6)
The question to ask is, “Given all these parameters for black carbon that affect its
scattering and absorptive properties, how are measurements of aerosol optical depth for
black carbon retrieved via satellite?” This is the task I undertook in this class project. I
wanted to know how accurate aerosol optical depth values, retrieved by the MODIS
instrument on the TERRA and AQUA satellites, were over known areas of strong
biomass burning or fossil fuel combustion.
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To begin my project, I used a scattering matrix code developed by Daniel W.
Mackowski of Auburn University (18) that was capable of solving the scattering properties
for a cluster of spheres. The code analytically solves Maxwell’s electromagnetic wave
equations for a cluster of non-overlapping, external spheres exposed to a plane, linearly
polarized electromagnetic wave. This solution is an extension of the Lorenz-Mie theory
into multiple sphere boundaries.
The cluster consists of N spheres fixed relative to a cluster coordinate system.
Each sphere is characterized by a size parameter (X=2πa/λ), where a=radius of the
sphere, and a refractive index m=n+ik. The incident field is described by the Euler
angles (Euler angles are one possible way to represent the orientation, or other rotational
quantity, associated with a solid 3D object).
Inputs to the code require the refractive index, size parameter, number and
location of particles, and the orientation angles of the cluster (plus other parameters used
for iteration strategy). Outputs from the code are the total extinction, absorption, and
scattering efficiencies, asymmetry parameter, and the scattering matrix arrays.
Essentially, I used the Mackowski code to find single scattering albedo (from the
ration of Qsca/Qext) and the scattering phase function integrated over polar (0 to 180 deg)
and azimuthal (0 to 360 deg) angles relative to the cluster coordinate system to account
for the full range of incoming light possibilities. I used 10 divisions for evaluating the
angular components, over one orientation of the cluster only (α=β=0). The scattering
phase function (component S11 of the scattering matrix array) was evaluated at one angle
(140 deg) to represent backscattered light retrieved by the satellite. I ran the code for two
conditions: 1) a black carbon cluster consisting of 11 equal-sized spheres and, 2) a single
black carbon sphere having an equivalent volume as the cluster. In addition, I evaluated
and compared these results for wavelengths (i.e. size parameters) and refractive indices
used in the MODIS aerosol retrieval algorithm vs. wavelengths and refractive indices
cited by the literature as appropriate for black carbon.
Retrieving aerosol optical depth is not an easy thing to do, especially considering
the very different reflectance properties of ocean and land (land surface, being much
more varied, and producing highly varied aerosol properties is substantially more difficult
to obtain useful data from). The MODIS instrument (Moderate Resolution Imaging
Spectrometer) operates via an aerosol retrieval algorithm (15) that is an improvement over
previous attempts but still makes several assumptions that are not appropriate under areas
of extreme aerosol loading (i.e. biomass burning in South America), nor for black carbon.
The MODIS instrument obtains data from 36 spectral bands ranging in wavelength from
0.4 µm to 14.4 µm. The TERRA (Latin for ‘land’) and AQUA (Latin for ‘water’)
satellites that MODIS is an instrument on, are both part of the EOS (Earth Observing
System) program that fly at an orbit or 705 km and provide global coverage every 1-2
days. Two bands are imaged at a resolution of 250 m, with five bands at 500 m and the
remaining 29 bands at 1,000 m. The following chart shows some of the channels and
illustrates how bands 1-7 are designated for aerosol studies. (16)
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MODIS Technical Specifications:
1

Bands 1 to 19 are in nm; Bands 20 to 36 are in µm
Spectral Radiance values are (W/m2 -µm-sr)
3
SNR = Signal-to-noise ratio
2

The aerosol optical thickness is used to represent the aerosol loading that MODIS
senses instead of using reflectance or radiance values. The single scattering
approximation, given in the following equation, is used to compute aerosol optical
thickness. (15) Later, I will discuss the accuracy of using the single scattering
approximation under conditions of heavy aerosol loading, like would occur in areas with
a lot of fossil fuel combustion or biomass burning.
The following formula is the single scattering approximation for retrieval of
aerosol optical depth by a satellite that measures the upward solar reflected radiance: (17)
τ∗λ=Iλ↑(0,µ,ϕ) [4πµ] / [ω0,λF0,λPλ(Θ)]; µ is the cosine of the viewing angle, ω0,λ is the
single scattering albedo and Pλ(Θ) is the scattering
phase function.
The aerosol retrieval algorithm utilizes an aerosol model, which operates on the
basis of a bi-modal lognormal size distribution for tropospheric aerosols. The nuclei
mode is generated by spontaneous nucleation of the gaseous material for particle less
than 0.04 mm in diameter, the accumulation mode for particles between 0.04 and 0.5 mm
diameter, mainly resulting from coagulation and in cloud processes and the coarse mode
for particles larger than 1.0 mm in diameter originated from the Earth's surface. Black
carbon spherule would be in the nuclei mode and could grow into sizes in the
accumulation mode. The bi-modal lognormal distribution is the sum of only the
accumulation of the accumulation and coarse modes (called the small and large modes),
since it is assumed that the nuclei mode is too small to be detected from the scattered
light. The following table shows the size distributions used by MODIS for the small
mode. (15) As you can see the complex part of the index of refraction is constant and far
too small of a value to approximate black carbon effectively.
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Aerosol
Model
SA
SB
SC
SD
SE

Median
Standard
Refractive
s
s
Radius r m
Index
Deviation σ
0.035
0.41.45-0.0035i
0.07
0.41.45-0.0035i
0.06
0.61.45-0.0035i
0.08
0.61.40-0.0035i
0.1
0.61.40-0.0035i

The range of particle sizes that could be sensed by MODIS had implications for
my class project. Since MODIS can mainly detect particles in the 0.05 to 10 um radius, I
used 40 um radii sized particles in the Mackowski code, since a cluster of 11 of these
would at least by of a size that MODIS could detect. In addition, a single sphere with an
equivalent volume of a cluster containing 40 um radii particles, would have a
correspondingly larger radius, which could still be sensed by MODIS.
According to the single scattering approximation, I can calculate how optical
depth varies when considering a cluster of black carbon spheres versus a single sphere
(Mie theory). If I will be looking with my satellite over an area of intense biomass
burning, then I can make the assumption that my aerosols are predominantly black carbon
and calculate how optical depth measurements would be affected by treating the black
carbon as a cluster or a single sphere. A ratio of optical depths could be obtained, since
many factors in the single scattering approximation equation would simply cancel out
leaving me with the following ratio:
τsphere / τcluster = [ωclusterPcluster(Θ)] / [ωspherePsphere(Θ)]
The Mackowski code (18) directly calculates the scattering phase array, where component
S11 gives me the scattering phase function. I derived single scattering albedo from the
Mackowski code as well by taking the ratio of the Qsca/Qext since ω0 = ks/ke (where the
scattering and absorption coefficients equal πr2QN for particles of equal radii).
RESULTS
The following table summarizes the results I obtained for single scattering albedo
and scattering phase function using the Mackowski code. Cases A through D are for the
cluster of N=11 spheres in a fractal-like geometry. Cases E through H are for a single
sphere having the equivalent volume as the cluster of N=11 spheres. Highlighted in red
are the results that would be obtained assuming the refractive index used in the MODIS
aerosol retrieval algorithm for small particles. The blue cases are the refractive indices I
chose from literature readings that would be appropriate for black carbon particles at the
same wavelength channels (0.47 and 0.66 um) used by MODIS. You can see right away
that there is a large difference in values for single scattering albedo. The reason for this
large difference is due to changes in scattering, absorbing and extinction efficiencies at
these particular wavelengths for the same sized spherule.
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CASE
A
B
C
D
E
F
G
H

Size
Wavelength (um) Parameter
0.47
0.535
0.47
0.535
0.66
0.375
0.66
0.375
0.47
1.19
0.47
1.19
0.66
2.61
0.66
2.61

Ref. Index
1.45-0.0035i
1.55-0.55i
1.45-0.0035i
1.56-0.51i
1.45-0.0035i
1.55-0.55i
1.45-0.0035i
1.56-0.51i

Single
Scattering
Albedo
0.955
0.266
0.917
0.169
0.96
0.298
0.961
0.444

Scattering
Phase
Function

Extinction Efficiency Calculated for Black Carbon Cluster
and Single Sphere with an Equivalent Volume
(m=1.45-0.0035i, and wavelength=0.66 um)

3
Extinction
Efficiency

0.165
0.296
0.058
0.138
0.215
0.378
0.31
0.121

CLUSTER

SINGLE
SPHERE

This graph illustrates
one example of the wide
range in extinction
efficiency when
considering a single
sphere versus a cluster.

2
X=2.61 (single sphere)

1

X=0.375 (cluster)

0
1

The table and graph above show that for areas of heavy biomass burning of fossil
fuel combustion, where you can assume that the majority of particles are carbonaceous in
primary composition, you can see that there will be uncertainty with the values calculated
by the MODIS algorithm for aerosol optical depth.
In fact, the following table includes a list of percent differences in single
scattering albedo for the respective cases. I’ve included comparisons between MODIS
and ‘literature’ cases (where literature case just refers to a refractive index more
appropriate for black carbon at the specified wavelength), as well as intercomparisons in
the MODIS cases (since MODIS assumes a single sphere in their aerosol algorithm).
These values are proportional to differences in the aerosol optical depth that would be
recorded. Comparisons of cases A and B, and C and D are shown (in red) illustrate the
difference that would be obtained in single scattering albedo for MODIS and literature
refractive index at a certain wavelength. Comparisons for cases A and E, and C and G
illustrate (in blue) by how much the MODIS data would differ by if they used a cluster
algorithm instead of a representative single sphere. Although these differences are not as
great, they are still significant, and in this case, differed more at longer wavelengths (the
comparison of case C and G is for 0.66 um channel). The negative signs indicate that the
single scattering albedo for the cluster (case A and C) is smaller than that retrieved by the
single sphere (case E and G). This indicates increased absorption by the cluster.
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Percent
difference in
single
scattering
Comparison
albedo
of Case
A and B
72.14%
C and D
81.54%
A and E
-0.52%
-4.80%
C and G

Comparing MODIS to literature
values for refractive indices.
Comparing cluster to single
sphere using MODIS refractive
indices.does all of this mean
What

for

What does all this mean for aerosol optical depth? Using the equation derived on
page 7, you can see that optical depth is inversely proportional to single scattering albedo.
This means a smaller single scattering albedo (i.e. more absorption) indicates an
increased optical depth along the path. The answer isn’t entirely complete until you
factor in the scattering phase function, though, which I will do next.
The following table illustrates, for the same original cases, how optical depth
would change between cluster and single sphere model, while keeping refractive index
and wavelength channel the same. The results suggest that optical depth values, when
assuming a single aerosol sphere, consistently underestimate optical depths that would be
obtained if the black carbon were modeled as an 11-sphere cluster.
Basically, the optical depths due to a single sphere of black carbon range from
~27% to ~77% of the optical depth that would be obtained by treating black carbon as a
cluster.

Tsphere/Tcluster = (product of SSA and S11) cluster /
(product of SSA and S11) sphere
0.762
0.469
0.265
0.426

The following picture from TERRA shows heavy smoke over China on July 11,
2002. (19) You can see a thick layer of smog (greyish pixels) over central portions of China
on July 11, 2002, and a thick pall of smoke from dozens of fires in the east obscured the
Chinese coastline.
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The following global image shows the aerosol optical depth measured by MODIS
on the same day in the 0.47-micron channel. (20) You can see a concentrated region of
elevated optical depths, indicated by the dark red color, over southeast China.

The optical depths reached in China were around 0.8 due to the area of biomass
burning. Using my previous results, if the aerosol retrieval algorithm treated black
carbon as a cluster of spheres, versus a single sphere, this value of optical depth could be
different by ~27% to ~77%. This would correspond to aerosol optical depths of 1.02 to
1.42!
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LIMITATIONS AND ASSUMPTIONS
There are many limitations and assumptions in my experiment, but it is a start.
Actually, we already know from class that the single scattering approximation is really
only valid for optical depths much less than 1. This indicates to me, that aerosol optical
depths for areas of biomass burning should be retrieved using a different model, since
these optical depths can reach values greater than 1.
The data I retrieved using the Mackowski code was only for pure black carbon
particles, which is not realistic for atmospheric applications. In addition, I used the code
for a cluster of only 11 same-sized black carbon spheres. Future work should entail
developing code to create fractal-like aggregates for clusters of 100’s of spheres, where
they can be of varying sizes. In addition, future work should go into a better way to
represent an ‘internally mixed’ state for black carbon, where there are portions of
organics, sulphates, nitrates, etc. accounted for.
Additional ways to improve on this current experiment would be to explore more
than one scattering angle and to reduce the delta between the polar and azimuth angles I
integrated over.
CONCLUSIONS
Using a simplified representation of a small black carbon cluster, I ascertained
that aerosol optical depths would be higher than would be measured for the single sphere
case. The MODIS aerosol retrieval algorithm, assumes the single sphere (Mie theory) in
the algorithm. For the case of black carbon, which forms a fractal-like aggregate, this
could result in uncertainties. My experiment showed that clusters of black carbon had
lower single scattering albedos than single spheres of an equivalent volume. This
resulted in higher optical depth readings for the cluster case.
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