Article

Can the Aerosol Absorption Ångström Exponent
Represent Aerosol Color in the Atmosphere:
A Numerical Study
Dapeng Zhao 1,2,*, Yan Yin 1,2, Chao Liu 1,2, Chunsong Lu 1,2 and Xiaofeng Xu 1,2
Collaborative Innovation Center on Forecast and Evaluation of Meteorological Disasters, Nanjing
University of Information Science & Technology, Nanjing 210044, China; yinyan@nuist.edu.cn (Y.Y.);
chao_liu@nuist.edu.cn (C.L.); clu@nuist.edu.cn (C.L.); xxf@nuist.edu.cn (X.X.)
2 Key Laboratory for Aerosol-Cloud-Precipitation of China Meteorological Administration, School of
Atmospheric Physics, Nanjing University of Information Science & Technology, Nanjing 210044, China
* Correspondence: dpzhao@nuist.edu.cn
1

Received: 8 January 2020; Accepted: 5 February 2020; Published: 11 February 2020

Abstract: The aerosol absorption Ångström exponent (AAE) is widely used to indicate aerosol
absorption spectrum variations and is an important parameter for characterizing aerosol optical
absorption properties. This study discusses the relationship between aerosol AAEs and their colors
numerically. By combining light scattering simulations, a two-stream radiative transfer model, and
an RGB (Red, Green, and Blue) color model, aerosol colors that can be sensed by human eyes are
numerically generated with both the solar spectrum and human eye response taken into account.
Our results indicate that the responses of human eyes to visible light might be more significant than
the incident spectrum in the simulation of aerosol color in the atmosphere. Using the improved
numerical simulation algorithm, we obtain the color change of absorption aerosols with different
AAEs. When the AAE value is small, the color of the aerosol is generally black and gray. When the
AAE value increases to approximately 2 and the difference between the light transmittances at
wavelengths of 400 nm and 730 nm is greater than 0.2, the aerosol will appear brown or yellow
Keywords: AAE; color; simulations; response; carbonaceous aerosol

1. Introduction
Aerosols have important influences on global radiation, the formation of clouds, environmental
problems, and climate [1,2]. The optical and physical properties of aerosols determine their radiation
effects. The color of aerosols observed by the human eye is the first impression of matter, which is
possible to be helpful to better understand the optical and physical properties of aerosols. The optical
properties of aerosols are significantly affected by particle shape, scale distribution, and composition.
As these properties change considerably when aerosols exist in the ambient atmosphere, the color of
an aerosol can differ from the color of its substance or the color of its solution [3]. Meanwhile, lightabsorbing aerosols such as black carbon (BC) and brown carbon (BrC) are directly named after their
visual color appearance [4]. Because nearly 40% of solar energy is concentrated in the 400–600 nm
band, the color of an aerosol is largely determined by the absorption and scattering of the aerosol in
the visible light band [5]. The assessment of the influence of aerosols on climate is determined not
only by the distribution of aerosols but also by their size, composition, and optical properties,
including absorption properties [6]. The differences in black carbon, organic carbon and mineral
aerosol composition in mixed aerosols will lead to differences in their optical properties [7]. The study
of the optical properties of aerosols can be used as the basis for the classification of aerosol
composition. The optical properties of aerosols produced by wood combustion were studied with the
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photochemical aging of aerosols. Results showed that the residence time of the organic carbon color
in biomass combustion was prolonged by a high NOX content and that the dissipation of aerosol color
was accelerated by high relative humidity [8]. The aerosol color ratio over Wuhan was investigated,
and the research showed that an aerosol color ratio between 0.3 and 2.0 km is large, suggesting that
there are a large number of coarse particles in this range. The color ratio and its relationship with the
spatial aerosol distribution under different weather conditions was also analyzed [9]. In conclusion,
the color of aerosols can be used as an intuitive means to understand the optical properties, scale
distribution, and chemical components of aerosols and their absorption and scattering of radiation
from the earth.
Observational research and numerical simulation are two common methods used to reveal
aerosol colors. Observation by using instruments such as scanning or transmission electron
microscopes can offer intuitive appearances of a single aerosol particle [10–12]. The colors of aerosol
samples are usually shown as photos. The colors of carbonaceous aerosols are typically found to be
black, brown, or yellow [4,13]. Interestingly, the colors of aerosol layers in the atmosphere are also
briefly revealed by numerical modelling. A numerical model was developed for simulating the colors
of carbonaceous aerosols in the atmosphere that offers some interesting discussions on aerosol color
features [14]. However, this model was oversimplified because the complexity of the spectrum and
the characteristics of eyes can influence the color seen by human eyes, but they were not considered
in the model at all. Simulations under different conditions (configurations of spectrum and response
function) have been performed, and the importance of the solar spectrum and human eye response
function to color simulations of aerosols have been discussed.
Absorbing carbonaceous aerosols have been considered; for example, BC aerosols are an
important component of atmospheric aerosols that are mainly released from the incomplete
combustion of materials composed of carbon, such as fossil fuels and biofuels [15,16]. BC aerosols
strongly absorb solar radiation and have shown to have significant warming effects on the climate
[17]. BC has a strong ability to absorb visible part of the solar radiation, so it has an important
influence on the distribution of visible light in the atmosphere [18]. The color of different
carbonaceous aerosol layers under solar radiation will also be obviously different.
The absorption Ångström exponent (AAE) describes the wavelength dependence of aerosol
absorption and is widely used in representing the aerosol composition or type. After calculation of
the aerosol absorption optical depth (AAOD) spectra at 11 sites representative of different aerosol
types whose data are from AERONET [19], the AAE values were found to be strongly correlated with
aerosol composition or type [7]. In aerosol automatic observation networks or other experimental
results, the AAE is often used as the key parameter to understand aerosol properties [20,21]. The AAE
is also widely used in the estimation of aerosol radiative forcing [22,23]. The AAE can control the
color of aerosols to a great extent, and the value of the AAE is affected by the size and geometry of
the aerosols [24]. The AAE values of aerosol layers cannot only be obtained by remote sensing
measurements, but also by calculating the microphysical parameters of the material. In our research,
the colors of aerosols are simulated by using our improved simulation algorithm, and the AAE values
of aerosols are calculated at the same time under different settings of aerosol layer optical properties,
which means we can quantitatively obtain the correspondence between the AAE values and the
colors of aerosol layers. The color simulation results of aerosols whose AAE values vary from 1 to 7
are shown in this paper. The aerosol layer parameters that have characteristic colors are defined in
our research.
2. Improvement and Discussion of the Numerical Model for Color Simulation
The configuration of our simulation is illustrated in Figure 1. Solar light passes an aerosol layer
and reaches an observer. The incident light is scattered and absorbed by the aerosol layer. The
transmitted light is understood as the light seen by human eyes. The optical properties of the whole
layer determine the amount of transmitted energy of each wavelength, i.e., the spectral radiances.
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Figure 1. Configuration to simulate the colors of a black carbon (BC) aerosol layer in the atmosphere.
“I” represents the incident light. “T” represents the transmitted light. “R” and “A” represent the
reflected light and absorbed light, respectively. Randomly distributed spheres represent particles in
the aerosol layer.

In brief numerical modeling, three monochromatic waves with the same intensity at three
monochromatic wavelengths, i.e., 700 nm, 546 nm, and 436 nm, are assumed to be the incident light
[14], whereas the actual incident solar spectrum is continuous. Thus, we improved the previous
model from two aspects. First, we consider a more accurate high-resolution solar spectrum instead
of a discontinuous monochromatic spectrum as the incident light. Second, we incorporate the spectral
response function of human photoreceptors into the color simulation model. The human eye has
different sensitivities to different wavelengths of light and will produce different color visual
responses. The human eye is only sensitive to light in the visible band, so we consider a highresolution spectrum with wavelengths from 400 to 730 nm in steps of 5 nm.
The color of BC aerosol is simulated in three steps. First, according to the optical parameters of
a single BC particle, the bulk optical properties of an aerosol layer with different sized particles are
obtained. Second, radiative transfer simulations are performed to obtain the intensities of light
passing through the aerosol layer. Last, we convert the intensities of the transmitted light at single
wavelengths into parameters that describe colors and visualize them. The required data in the color
simulation of BC aerosols include the refractive indices as a function of wavelength, the solar
spectrum, and the response curves of the human eye.
The refractive index is one of the basic optical parameters of BC aerosols. Different refractive
indices, as a function of material wavelengths, are the fundamental reason why different materials
show different colors. The refractive indices used in this study are from the research of Chang and
Charalampopoulos [25]. Based on the refractive indices, the bulk properties of BC aerosol layers (e.g.,
extinction cross section, single scattering albedo, and asymmetry factor) as a function of wavelength
are calculated. A few assumptions are made when we calculate these factors. The shapes of BC
particles are shown to be complex non-spherical in the atmosphere [26,27], the effects of which are
found to be minor for our numerical results, and we consider simple spherical particles in this study.
We consider that all the particles in the aerosol layer are spherical and independent, and the LorenzMie theory [28] is used to calculate their optical properties. A lognormal distribution [29] is
considered to describe BC size distributions:
n D =

N
√2πrln𝜎

𝑒𝑥𝑝 −

(𝑙𝑛𝐷 − 𝑙𝑛𝐷 )
2𝑙𝑛 𝜎

(1)

where 𝐷 is the geometric mean diameter and 𝜎 is the geometric standard deviation. The
geometric mean diameter is set to vary from 0 to 0.3 μm [30]. The geometric standard deviation is set
to 1.5 [23].
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The two-stream radiative transfer approximation is used to account for the transmission of light
in the aerosol layer. The two-stream approximation provides approximated isotropic reflected and
transmitted radiation and simplifies the variations related to incident and viewing geometries [31].
The model can provide reasonable results of transmitted energy for a wide range of incident angles
and optical thicknesses.
The incident light spectrum in the improved model is set to be the terrestrial direct solar
radiation spectrum. The intensity of solar radiation decreases as it passes through the atmosphere
because the atmosphere leads to a certain absorption, scattering, and reflection of solar radiation. We
select the terrestrial direct solar radiation reaching the upper boundary of the layer. The terrestrial
direct solar spectrum data are calculated from the SBDART radiative transfer model [32] based on
the US62 atmospheric profile. Figure 2a shows the resulting radiation spectrum considered as the
energy reaching the top of the aerosol layer. The incident solar zenith angle is set to be 30°.

Figure 2. (a) Terrestrial direct solar spectrum. (b) Spectral response curves of human photoreceptors
(i.e., spectral absorption of light by the three cone types).

The color of aerosols seen by the human eye is determined not only by the transmitted light but
also by the visual process produced by the information response of the human eye. The
photoreceptors in the eye respond to the transmitted light, and the brain produces color signals with
different intensities associated with the light in response. The hypothesis of trichromacy assumes that
there are three types of photoreceptors in human eyes based on the fact that there are three
independent attributes of color: hue, saturation, and lightness [33]. The three receptors correspond to
short wavelength light, intermediate wavelength light, and long wavelength light, respectively,
whose signals can be interpreted by the brain as “blue”, “green”, and “red”. The three receptors are
named the blue cone, green cone, and red cone. Figure 2b is from the research of Falk et al. [34] and
shows the spectral response curves of human eyes. The spectral absorption of light by the three cone
types are determined by microspectrophotometry, a physical measurement of the amount of light of
each wavelength absorbed by each cone type. Assuming that the signal produced by the brain, which
is associated with each type of cone, is directly related to the amount of light absorbed by its pigment,
the curves represent color signals of each wavelength, which are interpreted as “blue”, “green”, and
“red” [34].
The amount of light absorbed by each type of cone can be approximated by
𝛼 (𝐹) =

𝐹(𝜆)𝑅 (𝜆)𝑑𝜆, i = 1,2,3

(2)

where 𝐹(𝜆) is the amount of light of each wavelength reaching the human eye, 𝑅 (𝜆) is the spectral
response function of each photoreceptor, and i from 1 to 3 indicates red, green, and blue, respectively.
It should be noted that 𝐹(𝜆) in our research is the light transmitted through the BC aerosol layer.
The number of signals of the three fundamental colors are in proportion to 𝛼 (𝐹).
We select the RGB color model to present the simulated colors. In the RGB color model, a color
is expressed as an RGB triplet (r, g, b), with each component value ranging from 0 to 1, quantifying

Atmosphere 2020, 11, 187

5 of 12

the amount of red, green, or blue light in this color. For example, white is represented by (1, 1, 1), and
red, green and blue are represented by (1, 0, 0), (0, 1, 0), and (0, 0, 1), respectively. We normalize the
three kinds of color signals into values from 0 to 1 and assign them to RGB triplets, i.e., (𝑇 , 𝑇 , 𝑇 ),
and then the color can be displayed.
Figure 3 illustrates the colors of the BC aerosol layers with different optical depths simulated
under four configurations: (a) Solar spectrum and eye response. (b) Simplified spectrum and eye
response. (c) Solar spectrum and simplified response. (d) Simplified spectrum and simplified
response. The simplified spectrum is set to have the same irradiance at each wavelength and is used
to discuss the influence of the spectrum on the color simulation of BC aerosols. The simplified
response is set to only have a response at three wavelengths (i.e., 435 nm, 550 nm and 700 nm), and
the eye can change all light information into color information. The particle geometric mean diameter
of the size distribution is set to 0.1 μm, which is the most popular size distribution of BC aerosols
[29,35,36]. Figure 3 shows the colors of aerosol layers with optical depths ranging from 0 to 2. The
optical depth is for the value of the aerosol layer at the wavelength of 550 nm.

Figure 3. Colors of BC aerosol layers with different optical depths. (a–d) are four conditions differing
in assumptions of simulation. (a) Solar spectrum and eye response. (b) Simplified spectrum and eye
response. (c) Solar spectrum and simplified response. (d) Simplified spectrum and simplified
response. The simplified spectrum is set to have the same irradiance at each wavelength. The
simplified response is set to only have a response at the three wavelengths, 435 nm 550 nm and 700
nm, and the eye can change all light information into color information.

Figure 3a shows the results of the color simulation for BC aerosol layers using the improved
model. The colors shown in Figure 3b,c are obtained by considering the factors of the solar spectrum
and eye response only, respectively. Figure 3d shows the colors of BC aerosol layers using the method
designed by Liu et al. [14].To distinguish the influences of the two variables (i.e., solar spectrum and
eye response) on the color simulation results, we fit the RGB parameters of the color simulation
results in the above four cases, and the correlation between them is described by linear fitting. The
regression equation is as follows:
Y = X𝛽 + 𝜀

(3)

where β and ε are the slope and intercept of the regression equation, respectively. X and Y represent
the arguments and the dependent variables, respectively [37]. The results of the fittings are shown in
Table 1.
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Table 1. Comparisons between four conditions. (a), (b), (c), and (d) are the four conditions explained
in Figure 3. R, G, and B represent the fitting of red, green and blue color parameters, respectively. β
and ε represent the slope and intercept of the regression equation fitted by two cases, respectively.

regression
equation

Relation between (b) and (a)

Relation between (c) and (a)

Relation between (d) and (a)

R: β = 0.93, ε = 1 × 10−4

R: β = 0.77, ε = 1 × 10−2

R: β = 0.99, ε = 1 × 10−2

G: β = 0.92, ε = 1 × 10−4

G: β = 1.01, ε = −6 × 10−4

G: β = 1.01, ε = −5 × 10−4

B: β = 1.04, ε = −1 × 10−4

B: β = 0.84, ε = −6 × 10−4

B: β = 1.04, ε = −8 × 10−4

β represents the slope of the regression equation fitted by two cases, which can be used to reflect
the similar degree of the two cases. We find that the β of the regression equations of (a) and (c) has a
larger deviation of 1 than the other two fittings, which shows that the RGB parameters of the color
simulations have larger deviations when the human eye response changes; in other words, the human
eye response has a larger influence than the spectral energy distribution on the simulation of the color
of the observed BC aerosol layer. Meanwhile, we find that the colors in Figure 3c have the largest
difference from the colors in Figure 3a. Smaller values of the β of R and B in the regression equation
of (a) and (c) mean that there are lower amounts of red and blue light in the mixing colors of (c);
meanwhile, relatively more green light, as seen in Figure 3c, seems greener.
Figure 4 illustrates the colors of the three types of BC with different refractive indices at different
optical depths and geometric mean diameters. The refractive indices used in the color simulations of
Figure 4a–c are from the studies of Schnaiter et al. [38], Chang and Charalampopoulos [25], and
D’Almeida et al. [39]. There is some uncertainty in the complex refractive index of BC aerosols, which
will affect their optical properties to a certain extent [40]. Some observational studies of the colors of
BC aerosols exist, and they show that black carbon always appears black, gray, or dark brown [13].
After comparing the color simulation results of BC aerosols shown in Figure 4 with those of the
previous observations, it is found that although there is a slight gap between the color simulation
results of the three groups of BC aerosols with different complex refractive indices, they are basically
close to the previous observation and research results, which verifies the rationality of our color
simulation method. Figure 4 also shows that the color of the BC aerosol layer is significantly
influenced by the optical depth, i.e., the aerosol amount. When the optical depth is shallow, the BC
layer shows a white colour. As the optical depth increases, the color of the BC layer becomes darker.
The color can be described as black until the optical depth is close to 2. The changes due to the particle
size are not as obvious as changes because of the optical depth.

Figure 4. Three series of colors of BC aerosols with different optical depths and particle mean
geometric diameters.
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3. Is the AAE an Indicator of Aerosol Color?
The absorption Ångström exponent (AAE) indicates aerosol absorption ability at different
wavelengths, and it is defined as:
𝐶

(𝜆) = 𝑏

𝜆

(4)

is a constant
where 𝐶 (𝜆) is the absorption cross section at the wavelength of 𝜆 , and 𝑏
independent of wavelength [41]. The AAE characterizes the rate at which the absorption cross section
varies with the wavelength. Large AAE values indicate that the absorption cross section decreases
rapidly with increasing wavelength. The AAEs can approximate the slopes of the fitted spectra of the
absorption cross section responding to wavelengths in the log-log distribution [39].
The three types of BCs shown in Figure 4 have AAE values of 0.49, 1.01, and 1.08. The AAE
values of BCs shown in Figure 4b,c are very close, and they have more similar colors compared with
Figure 4a, indicating that the AAE values and colors of aerosol layers are in correspondence.
The AAE values are determined by the particle size distribution, geometry, and complex
refractive indices of aerosols. To reveal the relationship between the AAE and color, we change the
complex refractive indices to obtain different AAE values, and 7 groups of refractive indices with
different imaginary parts and the same real parts of complex refractive indices are assumed for
carbonaceous aerosols. The same particle shape and size distribution are considered, i.e., spheres
with a lognormal distribution of geometric mean diameter of 0.1 μm. Because the scale distribution
of aerosols in the 7 groups of simulations in our study is the same, the effect of the extinction
Ångström exponent (EAE) on aerosol color is not considered. The EAE is typically used to
characterize particle size [7,21,42,43]. In the color simulation of the aerosol layer, the absorption of
different wavelengths of light by the aerosol layer is taken as the main influencing factor. We focus
on the relationship between the AAE and color and do not discuss the impact of each influencing
factor on the AAE value in detail.
Figure 5 shows the seven assumed refractive indices. The real part of refractive indices is from
the research of Chang and Charalampopoulos [25]. The imaginary part is set to be a linear change in
logarithmic coordinates. Following the corresponding complex refractive indices, the AAE values of
the corresponding aerosol particles increase from 1 to 7.
The simulated colors are shown in Figure 6. The AAE value of 1 is the theoretical value of aerosol
layers dominated by BC [44–48], and the colors are gray or black (as shown in Figure 6a). Aerosols
containing mineral dust [39], environmental tobacco smoke [49], particles produced by oxygendeficient combustion of propane [47], aerosols collected near a lignite combustion plant [45], biomass
burning [50,51] and rural aerosols [52] may show AAE values between 2 and 4. The color of the
aerosol layer with AAE values from 2 to 4 is brown (as shown in Figure 6b–d). Figure 6e–g show the
colors of aerosol layers with AAE values from 5 to 7. Examples of those particles include watersoluble materials, methanol-soluble ambient samples and humic organic carbon [5,53,54]. Their
colors are yellowish. As shown in Figure 6, the colors of aerosol layers change from gray to brown
and then yellow as the AAE values increase. As the wavelength increases, the absorption cross section
decreases at a faster rate as the AAE increases, and more light with longer wavelengths passes
through the aerosol layer. Compared with Figure 6a, when light passes through the aerosol layer
shown in Figure 6g, more shortwave light is absorbed, and a relatively large amount of long
wavelength light passes through the aerosol layer. The color of the aerosol layer is determined by the
light passing through the aerosol layer, which causes the color of the aerosol layer in Figure 6g to
have a warmer hue. Meanwhile, Figure 6 makes a clear illustration on the relationship between
aerosol AAE and its colors in the atmosphere.
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Figure 5. Seven series of hypothetical refractive indices. (a) The real part of the refractive index. (b)
The imaginary part of the refractive index, which is set to be a linear change in logarithmic
coordinates.

Figure 6. The seven series of colors corresponding to AAE values from 1 to 7. The particle geometric
mean diameter of aerosol layers is 0.1 μm.
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We define the characteristic colors of aerosol layers as gray, brown, or yellow. The data given in
Table 2 show the range of the optical depths of the aerosol layer when the aerosol layer displays the
characteristic color, the transmittance of the light at 550 nm wavelength at the optical depths, and the
difference between the transmittance of light at 400 nm and 730 nm at the optical depths. 𝜏 and 𝜏
are the minimum and maximum values of the optical depth range of the aerosol layer showing the
characteristic color, respectively. The optical depth is also defined by 550 nm monochromatic light.
When the AAE is 1 and the optical depth of the aerosol layer is between 0.2 and 0.9, the aerosol layer
shows the characteristic color of gray instead of black. 𝑇 ， and 𝑇 ， represent the
transmittances of light at 550 nm through the aerosol layers whose optical depths are 𝜏 and 𝜏 ,
respectively. The aerosol layer exhibits a characteristic color when the transmittance of light at a
wavelength of 550 nm is in the range of 0.3 to 0.9. ∆𝑇 and ∆𝑇 represent the deviations of the
transmittance of the light at 400 nm and 730 nm whose optical depths are 𝜏 and 𝜏 , respectively. We
find that if the deviation of the transmittance of the light at 400 nm and 730 nm is larger than 0.2 and
the AAE of the aerosol is larger than 2, the aerosol layer shows as brown or yellow instead of grey or
black.
Table 2. Parameters of characteristic color.

AAE
1
2
3
4
5
6
7

𝝉𝟏
0.20
0.20
0.18
0.16
0.13
0.10
0.09

𝝉𝟐
0.90
1.20
1.30
1.45
1.55
1.60
1.65

𝑻𝟓𝟓𝟎，𝟏
0.83
0.83
0.85
0.87
0.90
0.93
0.94

𝑻𝟓𝟓𝟎，𝟐
0.42
0.32
0.30
0.27
0.27
0.27
0.29

∆𝑻𝟏
0.09
0.17
0.21
0.23
0.23
0.20
0.20

∆𝑻𝟐
0.23
0.44
0.58
0.68
0.74
0.78
0.80

4. Conclusions and Discussion
Our research aims to better address the interesting question of “the color of aerosols in the
ambient atmosphere”. The color of aerosols in the ambient atmosphere is assessed using a simplified
numerical model. In this paper, we improved methods to simulate the aerosol color in the ambient
atmosphere. We use the solar spectrum instead of RGB three-wavelength mixed light, and we use
the spectral relative response of the human optical receiver instead of the simulation condition that
humans have the same response to different wavelengths of light. The color of black carbon aerosols
in the ambient atmosphere changes with the optical depth, and the geometric mean diameter is
simulated by using this method. The contrast of the color simulation results of the aerosol layer under
different assumptions shows that our improvement is reasonable, and the improved simulation
results are closer to the color of the aerosol in the ambient atmosphere. By comparing the simulation
results of the aerosol color under the condition of a changing solar spectrum and human eye response
function, we find that the response of the human eye is a more important condition for the aerosol
color than the spectra in our simulation study.
The AAE is an indicator of the aerosol color. When the AAE is large, the color tone of the aerosol
is warm; when the AAE is small, the color tone of the aerosol is cool. By changing the complex
refractive indices of the material, we obtain the color of the aerosol layer with an AAE value from 1
to 7. Through reasonable discussion, we obtain the correlation between the AAE value and the color.
If the deviations of the transmittance of the light at 400 nm and 730 nm are larger than 0.2 and the
AAE of the aerosol is larger than 2, the aerosol layer is brown or yellow instead of gray or black. Last
but not least, the numerical method to illustrate aerosol color in the atmosphere discussed in this
paper can be extended to better understand aerosol species, visibility, atmospheric light pollution,
and even rough retrieval of aerosol properties.
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