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Abstract: The fractal dimension is a key parameter in quantifying the morphology of aerosol aggre-
gates, which is necessary to understand their radiative impact. Here we used Transmission Electron
Microscopy (TEM) images to determine 2D fractal dimensions using the nested square and box-grid
method and used two different empirical equations to obtain the 3D fractal dimensions. The values
ranged from 1.70 £ 0.05 for pine to 1.82 £ 0.07 for Eucalyptus, with both methods giving nearly
identical results using one of the empirical equations and the other overestimated the 3D values
significantly when compared to other values in the literature. The values we obtained are comparable
to the fractal dimensions of fresh aerosols in the literature and were dependent on fuel type and
combustion condition. Although these methods accurately calculated the fractal dimension, they have
shortcomings if the images are not of the highest quality. While there are many ways of determining
the fractal dimension of linear features, we conclude that the application of every method requires
careful consideration of a range of methodological concerns.
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1. Introduction

Biomass burning (BB) is a major source of carbonaceous particulate matter (PM) in the
global atmosphere [1-4]. The optical and chemical properties of PM emitted by biomass
fuels are dependent on the fuel type, aging, and combustion conditions. Combustion
conditions can range from a dominant flaming to dominant smoldering combustion [5-8].
Flaming combustion produces predominantly black carbon particles consisting of frac-
tal chain aggregates that strongly absorb over the entire solar spectrum [9]. Smoldering
combustion, on the other hand, produces mostly organic aerosols; part of which is called
brown carbon (BrC), which predominantly absorbs at short visible and near-UV wave-
lengths [10-13]. The physical and optical characteristics of these BB aerosols are determined
by a combination of their morphology, monomer size, and shape [14-16].

The effects of morphology on the optical properties of light absorbing aerosols, such
as black carbon, have been widely studied [17-19]. However, by far the most widespread
method for computing the optical properties of BB aerosols is to approximate aerosols as
homogeneous spheres (i.e., Mie Theory) or with a core—shell morphology that assumes
BB aerosols are uniformly coated by a concentric shell of weakly absorbent material [20].
However, the real morphology of BB aerosols is generally very complex and is dependent
on the degree of aging, burning condition, fuel type, and relative humidity [21,22].

Combustion-generated aggregates such as soot from BB are usually composed of
primary particles as self-duplicating units that form irregularly shaped clusters because of
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complex nucleation and aggregation processes [23]. These aggregates differ in their size,
shape, radius of gyration, and particle density, and they exhibit complex geometry that can
be characterized as mass fractals. The number of primary particles per aggregate, N, scales
with the radius of gyration, Rg, as follows [24-29]:

D
N=ko(S) 0
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where Df is the three-dimensional fractal dimension, k, is the fractal pre-factor, a is the radius
of the monomer, k is a pre-factor, A, is the projected area of the aggregate, A, is the projected
area of the monomer, and « is the overlap parameter (the ratio of the monomer diameter
to the distance between the centers of two touching monomers) [5,30-36]. However,
calculating the overlap parameter, &, and the pre-factor, k, is difficult due to the level of
image analysis required.

The fractal dimension is a decimal value that denotes the complexity of fractal, ge-
ometric shapes possessing self-similarity, such as the BB aerosols. The study of fractals
occurs in a multitude of fields ranging from the study of root systems to image compression
to the study of particulate matter in the atmosphere [37,38]. In this study we differentiate
fractal dimension values by whether they were obtained by directly measuring the three-
dimensional aerosol” by directly calculating the three-dimensional fractal dimensions using
Eq. 1 or experimentally. The three-dimensional fractal dimension is the fundamental param-
eter to describe a fractal system and can be calculated based on the perimeter or the density.
The two-dimensional (2D) density fractal dimension and the two-dimensional perimeter
fractal dimension are two distinct dimensions that can be obtained by examining a two-
dimensional image of an aerosol. The two-dimensional density fractal dimension describes
the space-filling characteristics of the aggregate while the two-dimensional perimeter frac-
tal dimension describes “the two-dimensional texture of the aggregate” [5,39]. Generally,
the two-dimensional fractal dimension is used as an approximation for three-dimensional
fractal dimension [5,39], but some use the two-dimensional perimeter fractal dimension
instead [31].

The 3D fractal dimension is directly related to the geometry and structure of the aerosol
and affects how the radiative properties change as the size of the aerosol changes [39,40].
Furthermore, aerosols such as soot mix with each other and change shape and fractal
dimension in the atmosphere, resulting in changes in their optical properties [41]. To
understand the effect of morphology and fractal dimensions on aerosol optical properties,
it is necessary to characterize irregularly shaped objects on the basis of how their volumes
vary relative to their size. This provides a statistical index to describe the morphology of
the object: the fractal dimension [42].

Scanning electron microscopy (SEM) or Tunneling electron microscopy (TEM) is often
used to provide a direct observation of the morphology, monomer size, and shape of
the aerosol [34,39,41]. Analysis of TEM/SEM images involves the extraction of the three-
dimensional (3D) fractal dimensions from the 2D projected images [27,43]. While several
methods have been developed to obtain fractal dimensions from pixelated 2D images, the
ensemble method (EM) is the most widely used and determines Dy using Equation (1).
Empirical relationships to determine 3D fractal dimensions from 2D results have also been
developed [25,26,28,39,44].

In this work, we used two methods to calculate the 2D fractal dimension of biomass
burning aerosols collected on filters from controlled laboratory experiments and imaged us-
ing TEM. These methods were the nested squares method (NSM) and the box-grid method
(BGM). The methods were performed on several BB aerosols obtained by combusting
African biomass fuels under flaming-dominated combustion conditions. Previous work
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has related the two-dimensional fractal dimension D, to the mass fractal dimension Df
(3-d) using the empirical relationship [31,44]:

3
Df=1+(3-Dy)% Dy 22 Dj=DyDf<2 3)

A second empirical relationship used was derived from a linear regression model
providing a relationship between the 2D fractal dimension and the 3D fractal dimensions
using [39]:

Dy = 1.391 + 0.01¢>1¢*Pr (4)

Here, we examined the two-dimensional fractal dimensions calculated using the NSM
and the BGM and the three-dimensional fractal dimensions obtained using Equations (3)
and (4) and compared them with the experimental results in the literature for BB aerosols.

2. Materials and Methods

The filter samples were collected at the North Carolina Agricultural and Technical
State University (NCAT) indoor burning facility, as described below [8,35,45]. The BB
aerosol was generated by the combustion of Eucalyptus, Pine, and Olive wood fuels in a
tube furnace. The furnace (Carbolite Gero, HST120300-120SN) holds an 85 mm OD, 80 mm
ID, and 750 mm long quartz working tube with a heated region of 300 mm. Compressed
house air passes through a zero-air generator (Aadco Instruments, 747-30) to provide zero
air to the tube furnace through stainless steel tubing with the flowrate (10 standard liters per
minute) controlled by a mass flow controller (MFC, Sierra Instruments). The fuel samples
were placed in a quartz combustion boat (AdValue Technology, FQ-BT-03) and moved at
the center of the furnace for the ignition. The temperature of the furnace can be adjusted
from room to 1000 °C as desired. For this, work samples were burned at 750 °C and 800 °C.
The burning conditions were determined from the modified combustion efficiency (MCE
calculated using Equation (5) [46]:

ACO,

MCE = ACO, + ACO

©)

With ACO and ACO; as the change in concentration of carbon monoxide and carbon
dioxide, respectively. An MCE greater than 0.95 represents flaming-dominated combustion
and an MCE less than 0.92 represents smoldering-dominated combustion, with a transition
region between [47].

The smoke particles were then impacted onto a 3-mm copper tunneling TEM 400 mesh
grids (TED PELLA, INC, 01844) with a pore diameter of 10 pm, using a small pump at a
flow rate of 1 L/min. The samples for the TEM analysis had thicknesses of 100-200 nm.
The filter samples were imaged using a TEM image (Carl Zeiss Libra 120 Plus) operating at
a 120-kV accelerating voltage using lanthanum hexaboride as the electron source. The TEM
had a high precision stage with a £75° tilt and contained an Omega energy filter, which
allowed the selection of distinct electron energies for specimen viewing. The resolution of
the CCD camera used was 1376 x 1032 pixels with 14-bit dynamic range.

The analysis of both NSM and the BGM used the TEM images, Image], and MATLAB
software for analysis. MATLAB was used to import the data from ImageJ and create linear
functions, as described in Sections 2.1 and 2.2, to determine the 2D fractal dimension of
the aggregate.

Before the TEM images were examined using the NSM and BGM, the images were
altered to allow the pixels, which denote the presence of an aerosol aggregate, to be the
only thing measured by Image]. The bottom of the image which contains information about
the TEM image was cropped out. Next, the image was thresholded and converted into
binary, converting the image to black and white. The scale was set to one unit per pixel and
the area, min, and max gray value, and limit to threshold boxes under “set measurements”
were checked. Finally, redirect needed to be set to none and the decimals to three significant
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figures [32]. These prerequisites were carried out using the macro shown in Supplement
Material S1. Figure 1 shows what the TEM image of the aerosol should look like before and
after this process.

Figure 1. A TEM image of filter samples before (left) and after (right) being altered in Image].

2.1. Nested Square Method (NSM)

The NSM is used to calculate the two-dimensional density fractal dimension. This
involves drawing squares or circles of increasing size that are measured from the center
of mass of the aggregate [48]. For each boundary the number of pixels occupied by the
particle is counted. The natural logarithm of the number of “on” pixels (pixels containing
the aggregate after the image has been altered) in each box is plotted against the natural
logarithm of the length of the edge of each square [42]. This method can result in a linear
function that does not accurately agree with the data points due to outliers measured
towards the end of the iterations. In this case, it is necessary to exclude the data points
towards the end that begin to level off to calculate a more accurate fractal dimension based
on the linear portion [42]. This method is illustrated in Figure 2.

Figure 2. A TEM image processed in Image] after the Nested Square Method was carried out.

2.2. Box-Grid Method (BGM)

The BGM, also called the perimeter grid method [48] or box counting method [49], is
used to calculate the density or perimeter fractal dimension. It works by generating a grid
of squares over the image and counting the number of squares that contain the aggregate
(or only the perimeter of the aggregate for the perimeter fractal dimension). This is then
repeated several times while decreasing the length of the edge of the squares that make
up the grid. The natural logarithm of the number of boxes containing the aggregate (or
aggregate perimeter) is plotted against the log of the box’s edge length to calculate the
fractal dimension [31,34,50-52]. This method is illustrated below in Figure 3. This method
is also used to analyze irregular coastlines as depicted in Husain’s study [53].
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Figure 3. A TEM image processed in Image]J after the Box-Grid Method was carried out.

3. Results

Using BGM and NSM, we analyzed 65 TEM images of biomass burning aerosols from
flaming-dominated (MCE > 0.95) combustion of Eucalyptus, Olive, and Pine wood samples.
Sample TEM images for all three fuels are shown in Figure 4.
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Figure 4. Sample TEM images representing the Pine, Eucalyptus, and Olive fuels analyzed.

The values of 2D fractal dimensions were in the range 1.47 to 1.94 using the BGM
and in the range 1.49 to 1.82 using the NSM and they can be found in the Supplemental
document S2. The results were dependent on fuel type and on combustion conditions. The
empirical Equations (3) and (4) were used to calculate the 3D fractal dimensions. Average
2D and 3D fractal dimensions and standard deviations are in Table 1 and Figure 5 shows
the plot of MCE vs. 3D fractal dimensions derived from each method and the equation for
all fuels. The dependence on fuel type and MCE is clearly shown in the figure.

Table 1. The average 2D fractal dimensions calculated using BGM and NSM and the 3D fractal
dimensions derived using Equations (3) and (4). (Errors are & 10.).

Nested Square Method Box-Grid Method

Sample D, D¢ (Equation (3)) Dy (Equation (4)) D, Dy (Equation (3)) Dy (Equation (4))

Eucalyptus 1
(MCE = 0.96) 1.73 + 0.07 2.43 £0.13 1.82 +0.07 1.72 £+ 0.07 244 +0.11 1.81 £ 0.06
Eucalyptus 2
(MCE = 0.99) 1.74 + 0.07 241 +£0.12 1.83 £ 0.07 1.73 £ 0.06 2.43 £0.10 1.82 £ 0.06

Olive 1.63 +0.15 2.61 £0.27 1.74 +£0.11 1.6+ 0.11 2.66 = 0.19 1.72 £ 0.08
(MCE = 0.99) . . . . . . . . . . . .

Pine 1.59 + 0.07 2.68 £ 0.07 1.70 + 0.05 1.58 + 0.07 2.69 £ 0.12 1.70 £ 0.04

(MCE = 0.99)
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Figure 5. Plot of 3D fractal dimensions derived from Equations (3) and (4) as a function of MCE. The
MCE values for BGM fractal dimensions were offset by 0.001 to allow for better viewing. Note the
different scales for each equation.

4. Discussions
4.1. Comparing Fractal Dimensions with the Literature Values

Our work studied the PM freshly emitted from the combustion of individual biomass
fuels from Africa and the US under controlled laboratory conditions and found 2D fractal
dimensions, D, from 1.47 to 1.94, which were within the range of values reported in
the literature [5,31,32,42,54]. Previous measurements involved both laboratory and field
measurements of biomass burning aerosols from the combustion of mixed wildland fuels
from North and South America and roadside urban samples from diesel emissions for
both fresh and aged samples [55,56]. The range of Dy determined computationally and
experimentally for soot, silica, and black carbon lay in the range 1.6-1.9 [30], which was
confirmed experimentally using image analysis and light scattering predictions [25,57].
Analysis of field studies by McDonald and Biswas [54] using the NSM yielded D), between
1.39 and 1.89, while their BGM analysis yielded D, between 1.66 and 1.83. In some studies,
changes in morphology with fuel type have been observed, similar to ours [58]. Using the
same methodology Katrinak and Rez [42] found D), values ranging between 1.35 and 1.89
for urban aerosols. The calculation by Dye et al. for urban roadside emissions was Dy = 1.56
and 1.57 [59]. Using NSM, Samson found D, values from 1.75 to 1.95 [60] for Acetylene
soot. For diesel soot aggregates, Wentzel [56] found D, values that were generally lower
and more fractal, ranging between 1.44 and 1.55.

Chakrabarty [5] conducted a laboratory measurement of fractal dimensions of emis-
sions from combustions of several biomass fuels such as sagebrush, wood, ponderosa wood,
pine needles, etc. They found that Dy was in the range of 1.67-1.83 and D), was between
1.68 and1.74, which is similar to our results. In the field measurement studies of images of
both ambient and denuded aerosols, China et al. [32] calculated the Dy using Equation (1)
and found 1.85 + 0.05 for ambient and 1.53 + 0.07 for denuded samples. Clearly, Dy reflects
the history of fractals and is controlled by combustion conditions and aging processes. In
a study at urban, mountaintop, and background sites in China, the Dy for fresh particles
remained at a consistent value of 1.82 at all sites [41]. Most current studies put Df=18to
simulate the structures of soot particles for optical properties calculations [35,61-63], but
this value does not represent aged particles. A new method named soot parameters (SP)
that uses Equation (1) with the scaling law and image recognition technology to automati-
cally determine Dy was used to show differences in Dy values for soot particles from cars
(1.66 = 0.17), BB aerosols (1.75 £ 0.18), and coal burning aerosols (1.76 = 0.18) [33,64].

In our recent study [47], we examined the physical and morphological properties of
aerosols emitted from six different types of hardwood fuels native to sub-Saharan Africa
under controlled laboratory burning conditions. The mass mobility exponent of Dg,, which
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is the 3D fractal dimension for fresh aerosol emitted during flaming-dominated emissions
was 2.26 £ 0.05 and commensurate with previously studied externally mixed BC and
diesel exhaust particles. The 3D fractal dimensions for biomass burning aerosols were
in the range 1.67-1.83 determined using Equation (1) from TEM images in one study or
1.85 in another [41]. These values are within the range of our values obtained by using the
empirical Equation (4) to convert the 2D fractal dimensions calculated from NSM and BGM.
However, the values were much larger when using empirical Equation (3) to the point
of being unreasonable. Since these values were also larger than what we experimentally
determined for the flaming-dominated combustion of similar fuels and other values in the
literature, Equation (3) is not appropriate for flaming-dominated BB aerosols.

4.2. BGM Considerations

Chakrabarty et al. [48] reported on the validity, accuracy, and reliability of the most
used analysis techniques for the determination of Dy of both individual and ensemble
aggregates. They compared both the NSM and BGM methods with the ensemble method
(EM) calculation of fractal dimension based on Equation (1) and determined that EM
was the only method that could be used to reliably determine Dy from 2D images. They
hypothesized that the errors in the value of Dy by NSM and BGM were due to the “non-
self-similar” property of aerosol aggregates and their 2D images. The repeating unit of
a fractal object should appear similar under any magnification, but this assumption of
“self-similarity” breaks as the length scale approaches the monomer size in most cases.

Another problem with the fractal dimensions estimated by BGM is due to the errors
arising from arbitrary grid placement, which we call the grid placement error. It comes
from miscalculating the minimum number of boxes of a certain size necessary to cover
the object at a given scale. A modified box-counting-based method has been proposed to
improve the fractal dimension estimate accuracy [65]. However, using the box-grid method
to present the fractal dimension of a fractal object is widely accepted and acknowledged
due to its close equivalence on small scale.

Box counting also requires many data points to produce a correct fractal dimension.
Dubuc et al. [66] reported instabilities in the method when the number of data points used
was small. They also found that the method was sensitive to the digitization process, the
resulting quantization error, and the threshold used to determine the presence or absence
of a particle in a given pixel. Quantization errors arise from the use of pixilated images
that are produced from the digitization process and can affect the minimum number of
boxes [67]. This sensitivity may apply to other methods and should be investigated.

Box counting can also suffer from a “remainder” problem. If the boxes cannot cover
the particles evenly then some cells will be missed if the box sizes increase geometrically.
Because of this potential problem, some authors have suggested first mapping the raw data
onto a square unit [68].

Loading an image of a fractal and calculating its box-counting dimension is also used
for its simplicity, which may sacrifice accuracy and many details due to the distortion
occurred in deriving the fractal expression from a pixel image [49].

On the practical side, the box-grid method is highly sensitive to noise. This is because
the box-grid method looks over every single pixel in the image. When aerosols and
substrate structures overlap, BGM will give a fractal dimension value much lower or higher
than the actual fractal dimension due to the loss of aerosol in the image or the inclusion of
extra substrate in the image, respectively. In some cases, it is impossible to take TEM images
of the aerosols without the substrate appearing in the image, meaning the only other course
of action would be to edit out the substrate by hand. This can prove to be anything from
difficult to impossible without losing the integrity and accuracy of the experiment.

4.3. NSM Considerations

The main problem with the NSM is that it requires that the user find the center of
mass of the aerosol aggregate as the center for the nested squares. For many images, this
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point is obvious, but issues can still arise. First, a slight change in the center of the nested
squares can result in an entirely different fractal dimension. For example, the same image
produced two fractal dimension values that differed by 0.6 when the centers of the nested
square were only 6 pixels apart. Second, the center of mass of the aerosol may not contain
any amount of aerosol depending on the aerosol geometry, which is necessary for this
method. For such cases, that image must be discarded or a point near the center of mass
must be chosen. This severely hinders this method’s ease of use and ability to be used.
Depending on the image, it may be necessary to change the starting size or increment size
of the squares. This can occur for any number of reasons such as differences in aerosol size
relative to the whole image, differences in geometry, or the presence of nearby particles
producing interference. This can prove to be a great a hindrance when given a varied set
of images.

To properly use the NSM, it is imperative to view the graph of the log of the pixel
count versus the log of the box length and not only rely on the result of a linear fit. The
presence of points far away from the fit line is indicative of an incorrect center of mass.
Figure 6 illustrates a graph that indicates that the method was carried out correctly and the
proper center of mass was selected.

Nested Square Fractal Dimension Calculat #, .« =] {" ()
. T : : . : T

T
o Data
Linear Regression

Log of Pixel Count
©

. . . . . .
3 35 4 4.5 5 5.5 6 65 7 7.5
Log of Box Length

Figure 6. A graph produced by using the nested square method. The slope in this graph is 1.6 which
corresponds to the fractal dimension of the measured aerosol.

When the line of best fit is lined up with the data points, the fractal dimension
produced is acceptable. However, sometimes the mass of the aggregates is distributed
unevenly around the center, causing an abrupt change in the slope. Therefore, the points
on the plot corresponding to the largest nested squares may need to be excluded. They
tend to level out which skews the line of best fit and by extension the fractal dimension as
shown in Figure 6 [42], so the only the linear portion must be fit. Overall, the method of
nested squares requires reducing the number of data point for the purposes of curve fitting
to avoid the truncation effect.

In addition, the process of depositing aerosols on filters may lead to aggregates ending
up in contact at multiple contact points on the filter surface and depending on the resting
area the 2D projection area and length can be overestimated [69]. Because of this problem it
is shown that NSM underestimates the resulting Dy [70].

5. Conclusions

In this work, we used TEM images of BB aerosols to determine the 2D fractal dimen-
sions using the BGM and NSM. The values ranged from 1.70 & 0.05 for pine to 1.82 £ 0.07
for Eucalyptus with both methods giving nearly identical results using the empirical equa-
tion proposed by Lee (Equation (4)). Based on the results and comparison with reported
values of fractal dimensions for BB aerosols, our results provided reasonable values. We
can conclude that these are viable methods for future research in investigating the fractal
dimensions of aerosols provided TEM images of the aerosols are available. This guarantees
the NSM and BGM as technologically easy and non-labor-intensive methods to calculate
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the fractal dimensions of BB aerosols for future research. In converting the 2D fractal di-
mensions to 3D dimensions we found that the empirical Equation (4) provided reasonable
values while the empirical Equation (3) overestimated the values and was unreasonable
when compared to the literature values explored in this work. However, both methods
behaved poorly when analyzing low quality images. In addition, they both have potential
sources of error unique to them. The quantization error and substrate issue are potential
concerns with regards to BGM and the graphing issue and the issue of choosing the cor-
rect center are unique to NSM. The main conclusion to be reached is that while there are
many ways of determining the fractal dimension of linear features, the application of every
method requires careful consideration of a range of methodological concerns. Without
adequate consideration of the potential problems, the results from any analysis may not
truly reflect the fractal nature of the feature.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /atmos14020221/s1, S1. Images and calculated values of Df; S2.
Programs used.
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