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ABSTRACT Bioaerosol, an important constituent of the

atmosphere, can directly affect light radiation characteristics

due to absorption and scattering effects. Current research

lacks a reasonable explanation for the extinction abilities of

bioaerosols in a broadband. Herein, we measured the re-

flectance spectra of 12 common biomaterials and calculated

their complex refractive indexes. The peaks of the imaginary

part of the complex refractive indexes are located at wave-

lengths of approximately 0.7, 2.7, 6.1 and 9.5 μm. Based on

photographs of the floating structures of bioaerosols, we

constructed a model for calculating the extinction abilities of

bioaerosols in the wavelength range of 240 nm to 14 μm.

Taking AN02 spores as an example, absorption was found to

account for more than 90% of the total extinction. In addition,

the theoretical calculations and experimental data of trans-

mittance corresponding to the smoke box show that bioaer-

osol exhibits significant broadband extinction ability from UV

to IR bands, which provides new directions for the develop-

ment of broadband light attenuation materials.

Keywords: bioaerosol, complex refractive index, UV to IR,
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INTRODUCTION
Bioaerosols, a subset of atmospheric particles, are directly
emitted from terrestrial and marine ecosystems or are
artificially released into the atmosphere [1–4]. They
comprise living and dead organisms, dispersal units, and
various fragments or excretions [5–7]. Typical bioaerosol
particles are bacteria, viruses, spores, fungi, algae, proto-
zoa and pollens, ranging in size from <10 nm to ~100 μm
[8–10]. Bioaerosols are widely distributed on global or
local scale. According to the data given by Matthias-
Maser et al. [11] in 2000, bioaerosols accounted for 28%,

22% and 10% of the suspended particles in the air in
distant continents, densely populated continents and
distant marine environments, respectively. In the tropics,
16%–80% of the major aerosols come from biological
sources [12]. A study by Huffman et al. [13] suggested
that over the Amazon rainforest, the number and mass
concentrations of bioaerosols with diameters greater than
1 μm were 7.3×10

4
m

−3
and 0.72 µg m

−3
, respectively, ac-

counting for 24% of the total particle number and 47% of
the total particle mass.

Bioaerosols in the atmosphere affect light transmission,
which changes atmospheric radiation characteristics
[14,15]. Spänkuch et al. [16] found that when the con-
centration of pine pollen increased, the infrared (IR) flux
decreased significantly, indicating that some pollen
emissions may lead to local atmospheric warming events.
Another study showed that up to 47% of the light ab-
sorption over the Amazon rainforest was attributed to
bioaerosols in the atmosphere during the wet season and
up to 35% during the wet-to-dry transition period [17].
On the other hand, bioaerosols have an impact on the
utilization of light waves. Optical sensors cannot evade
bioaerosols when they are operating in the atmosphere.
The extinction characteristics of bioaerosols directly affect
the accuracy of optical remote sensing, light detection,
optical communication and other activities [18–23].
Bioaerosols can affect the effective working range of li-
dars. Makogon [18] found that the range of operation of
the lidar at an aerosol concentration of 100 cm

–3
was

more than 30 km (aerosol IR channel) and 4 km (fluor-
escent UV channel). Christesen et al. [19] tested the UV-
LIDAR Fluorosensor system against the aerosolized bac-
terial spore Bacillus subtilus var. niger sp. globiggi (BG)
and several likely interferences at several ranges from
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approximately 600 to 3,000 m. Their tests with BG in-
dicate a detection limit of approximately 500 mg m

−3
at a

range of 3,000 m. The extinction characteristics of
bioaerosols affect the operating band of optical sensors.
Yabushita et al. [20,21] studied the extinction of micro-
organisms in interstellar dust in the ultraviolet, visible,
and IR band, showing that the well-known 220 nm peak
in the extinction of starlight was explained by a mixed
culture of diatoms and bacteria [22]. This result reminds
us of choosing a working band that is not absorbed by
bioaerosols when using optical means to detect inter-
stellar objects. The content of bioaerosol in the atmo-
sphere will affect the accuracy of atmospheric remote
sensing. Ligon et al. [23] found that the spectral char-
acteristics of composite clouds containing bioaerosols and
pure clouds without bioaerosols were different when
passive remote sensing detected the optical properties of
atmospheric aerosols. However, this difference is only
apparent when the bioaerosol content is large. Therefore,
studying the extinction characteristics of bioaerosols is
beneficial to our comprehensive understanding of atmo-
spheric radiation characteristics, and recognizing the
adverse effects of bioaerosols on optical sensors which
should be considered to improve optical sensor design.

The bioaerosols in the atmosphere are mixed with other
substances, and it is challenging to analyze their extinc-
tion abilities alone. Therefore, some researchers have used
laboratory-cultivated pure biomaterials to generate
bioaerosols and performed quantitative experiments on
their extinction characteristics. Gittins et al. [24] mea-
sured the extinction coefficients for aerosolized BG spores
at 2.7–12 μm, and the measurements indicated a peak
extinction coefficient of approximately 1.6×10

−8
cm

2
per

spore at 9.65 μm. Gurton et al. [25] measured the spectral
extinction in situ for aerosolized BG spores using Fourier
transform infrared spectroscopy for sizes from 3 to 13 μm
and then explained the experimental transmission data
based on the Mie theory calculation and the available
refractive index data. Yabushita and Wada [26] also
mentioned that it was challenging to reasonably explain
all the extinction features from the UV to IR bands in
terms of a single substance, whether of inorganic, organic
or microorganism origin.

Although the study on the extinction abilities of
bioaerosols has advanced from qualitative to quantitative
research, the following problems still remain to be solved.
Most previous studies have focused only on the extinction
abilities of bioaerosols in a single band, particularly in the
IR bands. In stark contrast, bioaerosols in the atmosphere
absorb and scatter the entire spectrum of solar radiation,

and little attention has been paid to this mechanism,
which may lead to an incomplete understanding of the
extinction characteristics of bioaerosols. On the other
hand, the current quantitative analysis of the extinction
abilities of bioaerosols depends mostly on the experi-
mental results and lacks reasonable theoretical explana-
tion, which is a consequence of the challenges involved in
the calculation of the electromagnetic attenuation char-
acteristics of bioaerosols due to their various forms.
When bioaerosols float in the atmosphere, the particles
collide, rub against and adsorb to each other, resulting in
static electricity and agglomeration. This agglomeration
phenomenon enriches the particle structure of bioaer-
osols, which is no longer limited to the shape of the
original particles [6]. Studies have shown that when BG
spores float in the air, the structure may consist of single
or unattached organisms, or clusters of many particles,
each containing 2 to 10 primary particles [26]. The shape
of the agglomerated particles is far from spherical, and
Mie scattering theory is not suitable to describe the
scattering effect of bioaerosols. Thus, it is necessary to
apply a new theory to describe the extinction mechanism
of bioaerosols.

Here, we calculated the complex refractive indexes of
bioaerosols and summarized the scattering and absorp-
tion characteristics of bioaerosols in the UV to IR regions
of the electromagnetic spectrum. The spatial structure of
bioaerosols in the floating state was imaged by a three-
dimensional microscopy system with a superwide depth
of field. We used the discrete-dipole approximation
(DDA) model to calculate the extinction abilities of
bioaerosols and analyzed the phenomena that most
strongly influence the extinction effect.

MATERIALS AND METHODS
Twelve biomaterials were provided by the Key Laboratory
of Ion Beam Bioengineering, Chinese Academy of Sci-
ences. They were isolated by the laboratory and stored at
−80°C in sterilized cryovials containing 10% glycerol (in
0.02% Tween-80 solution). We optimized the fermenta-
tion conditions to improve the collection efficiency for
the biomaterials production [27–29]: bacterial species
activation→shake flask culture→large-scale tank fer-
mentation→centrifugation→pure water cleaning→va-
cuum freeze-drying→crushing using a ultra-fine Chinese
medicine crusher (See the supplementary information,
text section for specific steps). And then the biomaterials
were stored in desiccators containing silica gel absorbent
(Fig. S1), sealed and bagged at room temperature
(Fig. S2).
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Twelve tablets of common bioaerosol materials were
fabricated for spectral reflectance measurements (Fig. S3).
In the experiment, the pressure of the tablet machine was
kept at 20 MPa, and the holding time was 3 min
(Fig. S4a). The weight of each tablet was fixed at 2.5 g.
The tablets had a diameter of 4 cm and thickness of
0.5–1.5 mm, and the surface was as smooth as possible
(Fig. S4b). In the 240 nm to 2.5 μm band, the reflectance
was measured using a spectrophotometer (Hitachi U-
4100, Hitachi, Ltd., Tokyo, Japan, Fig. S5a). Base cali-
bration was performed using a 1 cm thick BaSO4 cylinder.
In the 2.5 to 14 μm band, the reflectance was measured
using a Fourier transform infrared spectrometer (MAG-
NA-IR 750, Nicolet Instrument Co. USA) with a micro-
scope (Continuμm, Nicolet Instrument Co. USA) and a
gold-plated mirror used as a substrate (Fig. S5b). Fig. 1a
and b show the operational principles of the reflection
spectrum measurements in the 240 nm to 2.5 μm and 2.5
to 15 μm ranges, respectively. Fig. 1c and d show the
reflectivity data of the corresponding bands. The re-
flectivity measured by the spectrophotometer is not the
same as that measured by Fourier infrared microscopy at
2.5 μm, which is due to the use of different measurement
methods. The reflectance at 2.5 μm was obtained by
averaging the reflectance obtained by the spectro-
photometer and Fourier infrared microscopy.

Complex refractive index calculation model

Based on the measured reflection spectra, the complex
refractive index values of the bioaerosols in the
240 nm–14 μm wavelength range were calculated using
the Kramers-Kronig (K-K) relation [30–33]. Our group
have previously used this method for calculating the
complex refractive index of biomaterials [27,34–44]. Ac-
cording to this relation, the reflective phase shift Θ(λ) can
be expressed as [45]

( )
P

R
( ) =

ln ( )
d , (1)

0 2 2

where R(λ) is the vertical reflectivity, P is the Cauchy
principal value function, and λ is the wavelength.

The real parts (n) and imaginary parts (k) of the
complex refractive can be obtained as [29]

n
R

R R
( ) =

( )

1+ ( ) + 2 ( )cos ( )
, (2)

k
R

R R
( ) =

2 ( ) cos ( )

1+ ( ) + 2 ( )cos ( )
. (3)

It is known that the R(λ) should be obtained in the full

band to calculate the complex refractive index. However,
in actual experimental measurements, the R(λ) can be
measured only in the limited band (240 nm to 14 μm).
The constant extrapolation method [45] was used to ex-
pand the range of reflectivity. A value of 100 μm was used
as the upper limit of the integral because the reflectivity
above 100 μm had little effect on the complex refractive
index in the 240 nm to 14 μm wavelength range. R(0–
240 nm) = R(240 nm), and R(14–100 μm) = R(14 μm);
therefore, R(λ) over the entire integral range (0–100 μm)
was acquired.

Computing the aggregated particles of bioaerosols

Based on the micrographs of the floating bioaerosols, we
assumed that the original bioaerosol particle of ag-
gregated particles was spherical. The aggregated geometry
was computed using the CCA code described in previous
work [46].

Extinction calculation model for bioaerosol aggregated

particle swarm

The DDA method uses an array of discrete interacting
small dipoles to approximate the actual particles of
bioaerosols. These small dipoles must describe the shape
and electromagnetic properties of the simulated particles
as accurately as possible, which means that they have the
same dispersion relationship, so the results obtained for
the actual particles can be converted into the results ob-
tained by the study of these small dipoles [47,48]. DDA
can be applied to particles of any geometric shape as long
as the condition |m−1|≲3 is satisfied [45]. According to
Fig. 1 and references [49–51], particularly formula (6), the
equivalent complex refractive index meff,λ of the bioaer-
osol particles meets the required conditions of DDA. We
used DDA to calculate the broadband extinction char-
acteristics of bioaerosols with complex structures.

We used the following parameters to describe the
geometry of an aggregated bioaerosol particle. The radius
of the original bioaerosol particle is denoted by r, the
number of original particles contained in each aggregated
bioaerosol particle is denoted by N, the porosity of the
aggregated particle is denoted by P, the radius of gyration
is denoted by Rg, and the complex refractive index of the
biomaterial at incident light λ is denoted by mλ. The re-
lationship between N and Rg is approximated as [52]

R
N

r r=
1

2
, (4)

i

N

j

N

i jg
2

2
=1 =1

2

where ri and rj are the coordinates in space of the ith and
jth original particles, respectively. The porosity of the
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Figure 1 Complex refractive indexes of the bioaerosols. (a) Operational principle of the measurement of the reflection spectrum in a spectro-
photometer. The BaSO4 base is removed in the real tests and is shown here for illustration only. (b) Schematic diagram of installation of biotablets and
a gold-plated mirror on the microscope stage. (c) Reflectivity in the 240 nm to 2.5 μm wavelength range. (d) Reflectivity in the 2.5 to 14 μm
wavelength range. (e) Real parts of the complex refractive indexes of bioaerosols. (f) Imaginary parts of the complex refractive indexes of bioaerosols.
Absorption peak locations are marked by arrows in the figure. (c–f) share the same legend as marked in the upper right corner of (f).
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aggregated particles is given by [53,54]

( )P N r R= 1 / 5 / 3 . (5)g

3

The equivalent refractive index meff,λ of the aggregated
particle with the porosity P is [55]

( ) ( )
( ) ( )

m

P m m

P m m
= 1 +

3(1 ) 1 / +2

1 (1 ) 1 / +2
, (6)eff,

2

2 2

2 2

where P reflects the structural characteristics of the
bioaerosol aggregated particles, while mλ reflects the
compositional characteristics. In the following calcula-
tions, replacing mλ with meff,λmakes the calculation results
more accurate [56].

Equation (6) was used in the DDA algorithm to cal-
culate the absorption cross section and the scattering
cross section of a single bioaerosol aggregated particle as
given by [57]

{ }( )C
k

E
P P k P=

4
Im

2

3
, (7)

j

N

j j j jabs

0

2
=1

1 * * 3
2

( ) ( )C
k

E
P n n P ikn r= × d exp , (8)

j

N

j j jsca

4

inc

2
=1

2

where k = 2π/λ, λ is the wavelength of incident light; E0

and Einc are the electric field strength vectors;

P r p= (4 / 3)j j

3 , pj is the polarization strength vector; αj

is the polarity, ( ) ( )r n n= 4 1 / + 2j

3
0

2 2 , ε0 is the

complex dielectric coefficient; dΩ indicates the solid angle
microelements; n is the unit vector of the scattering di-

rection; r j is the center of the integration area; superscript

* represents the complex conjugate; and Im is the com-
plex imaginary part.

We assumed that the density of the bioaerosol ag-
gregated particle swarm was ρ and that all aggregated

particles were randomly oriented and evenly distributed
in the particle swarm. The absorption cross section Cabs

and scattering cross section Csca of a single bioaerosol
aggregated particle can be calculated by Equations (7 and
8). The optical path through the swarm is L. Taking all
the above-described parameters, the Monte Carlo algo-
rithm [58,59] can be used to calculate the transmittance T
of incident light through the bioaerosol aggregated par-
ticle swarm.

Transmittance experiment of bioaerosols in the smoke box

We built a smoke box for the transmittance experiment
(4 m × 3 m × 2.4 m). Light sources and detectors for
different wave bands were placed on both sides of the
smoke box. The light sources and detector modes with
the spectral range are shown in Table 1. The light path
between the light source and the corresponding detector
was 4 m. Forty milligram of each kind of biological ma-
terials was weighed with an electronic balance and filled
in the filling port of the smoke box. N2 gas (10 MPa) was
used to inject the biomaterial into the smoke box. The
valve switch of N2 was closed after all the biomaterial was
sprayed in the smoke box. Two fans located on the di-
agonal inside the smoke box were used to accelerate the
dispersion of the biological material. When the bioma-
terial in the smoke box was evenly distributed, the aver-
age power of the light signal received by the detector was
recorded. The ratio of the average received light power to
the initial emission light power was regarded as the
average transmittance of the target wave band. On the
basis of plentiful experimental results, it can be estimated
that approximately 60%–80% of the initial mass of the
biomaterials stably dispersed in the smoke box. Taking
the material loss into account, theoretically equivalent
mass and structure of these three biomaterials that were
actually dispersed in the smoke box were included in the
extinction calculation model.

Table 1 Light sources and detector modes used in the experiment

Experimental
measurement band

Light source Detector

Light source model Emission spectral range Detector model Response spectral
range

UV band
NBeT Merc-500
mercury lamp

180–500 nm
Newport 843-R

(Probe model 818UV)
200–1,100 nm

Visible light band NBeT PS230 350–700 nm
OPHIR starlite

(Probe model PD300)
350–1,100 nm

Mid-infrared band
Fuyuan black body

HFX-300A
Temperature

5–400°C
FLIR SC7000 1.5–5.1 μm

Far-infrared band
Fuyuan black body

HFX-300A
Temperature

5–400°C
FLIR SC7900VL 7.8–12 μm
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RESULTS

Complex refractive indexes of bioaerosols

The complex refractive index m is an important optical
constant for describing the optical properties of bioaer-
osols, and its imaginary part k corresponds to the ab-
sorption coefficient. We calculated the complex refractive
indexes of bioaerosols using the K-K relationship [30–32]
with the reflection spectra of 12 kinds of bioaerosols in
the 240 nm to 14 μm band (Fig. 1e, f). Since the UV to
NIR spectrophotometer and the Fourier infrared spec-
trometer have slight jitter instability at the beginning of
each test, the initial portion of the reflectance curves in
Fig. 1c and d fluctuate. Therefore, the calculation error of
the complex refractive index in the corresponding small
band increases. The real index n of bioaerosol particles
ranges from 1.250 to 1.875 (Fig. 1e), and the imaginary
index k ranges from 0 to 0.4 (Fig. 1f). As shown in Fig. 1f,
the absorption spectra of 12 types of biomaterials have
similar shapes, with the absorption peaks overlapping
each other and concentrating at 0.7 μm (14,285 cm

−1
),

2.7 μm (3,703 cm
−1

), 6.1 μm (1,639 cm
−1

) and
9.5 μm (1,050 cm

−1
), which is in agreement with the re-

sults shown in Fig. S6. The origins of the appearance of
the common absorption peaks of bioaerosols are analyzed
in the discussion section.

Bioaerosol spatial structure

Fig. 2 shows the micrographs of AN02 spores, BB01
spores and AO03 spores when these spores are floating in
the air (1,000× magnification). The micrographs shown
in Fig. 2b–d (Fig. S7b–d) were obtained by a three-di-
mensional microscopy system with a superwide depth of
field (Fig. 2a, Fig. S7a, KEYENCE VHX-6000, the camera
has a standard resolution of 1600(H)+1200(V) and a
maximum frame rate of 50 F s

−1
). The bioaerosol particles

agglomerate due to the collisions and friction and form
aggregated particle swarms, further contributing to the
diversity of bioaerosol particle structures. The number of
primary particles included in agglomerated particles
varies from a few to a few hundreds. The structure of
bioaerosol aggregated particles in the actual floating state
was simulated by the cluster-cluster aggregation (CCA)
model [46] (see Methods part) as shown in Fig. 2e–g.

Extinction calculation model

The micrographs presented in Fig. 2b–d show that the
bioaerosols have an aggregated geometry when floating in
the air. This kind of aggregated geometry enriches the size
distribution of bioaerosols. To consider the aggregation of

bioaerosols, we used the DDA method to calculate the
extinction abilities of bioaerosols [42,50,60,61] (see
Methods part). Then, the transmittance of the incident
light through the bioaerosol aggregated particle swarm
was obtained by Monte Carlo simulation [58,59]. As-
suming that AN02 spores diffuse evenly within a certain
volume of space, the density (ρ) of aggregated particles is
approximately 200–1,000 cm

−3
. Each aggregated particle

contains 40 original particles (Fig. S8); thus, N = 40. The
radius of the original particle is 1.5 μm; thus, r = 1.5 μm.
The light path is 4 m; thus, L = 4 m. The extinction ability
of AN02 spores in the 240 nm to 14 μm band is shown in
Fig. 3.

Experimental analysis

In the previous work, we calculated the spectral trans-
mittance of a typical bioaerosol, AN02 spores, which
displayed the broadband extinction ability in the UV to
IR bands. Here, we designed a smoke box experiment for
12 kinds of bioaerosols that mentioned in Fig. 1 to test
their light attenuation abilities. BB01 spores, AN02 spores
and AO03 spores distinguished themselves from others.
Electron micrographs (20,000× magnification) of these
three materials shot by scanning electron microscopy
(Sirion 200, FEI, Ltd., headquartered in Hillsboro, Ore-
gon, USA) are shown in Fig. 4a–c. BB01 spores are in the
shape of pancakes with depressions in the middle and
relatively smooth surface, resembling red blood cells
(diameter: 2 μm; thickness: 0.7 μm; depth of the depres-
sion area: 0.5 μm). AN02 spores are squash-shaped with
depressions in the middle and elongated bulges on the
surface (diameter: 3–4 μm, thickness: 2–3 μm, depth of
the depression area: 0.3 μm). AO03 spores are nearly
spherical with the diameter of approximately 3–4 μm and
hundreds of nanometer-scale protrusions on the surface.
See the Method section for the experimental procedure of
the smoke box. We assumed that each bioaerosol ag-
gregated particle contains 40 primary particles (see
Fig. S8) based on the pictures in Fig. 2b–d. Combined
with the density value of the biological material, the
density range of aggregated particles can be deduced.
Here, we take ρ=1,000 cm

−3
. The theoretical calculation

results and actual measured transmittance values in the
band of 240 nm to 14 μm are shown in Fig. 4e–g.

DISCUSSION AND CONCLUSION
The absorption peaks of the spectra cannot be separated
from the peaks of the spectra of the functional groups of
bioaerosol components in the corresponding wavelength
region. Water, proteins and nucleic acids are considered
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to be the main components of bioaerosols [62–67]. We
analyzed the origins for the formation of the absorption
peaks and presented the results of the analysis (Fig. S6)
for the constituent functional groups. Water molecules
have absorption peaks at 3,650–3,590, ~3,500, ~3,320 and
3,570–3,450 cm

−1
, which are related to the stretching vi-

brations of the O–H bonds; the absorption peaks at
~1,400 cm

−1
are related to the bending vibrations of the

O–H bonds [62]. For proteins, in the ultraviolet region,
the group consisting of single bonds has only σ bond
electrons and can produce only σ-σ* transitions. The

transition energy of the σ bond electrons is high, and the
excitation is very challenging. The absorption spectra of
single bond groups in the ultraviolet region are located in
the far ultraviolet region (λ < 150 nm) [63]. Therefore, the
groups composed of single bonds in protein molecules,
such as –CH2–, C–N, –CH3, and hydrogen bonds, for
example, absorb only in the far ultraviolet region. If the
single-bonded group also contains O, N and S atoms in
addition to the σ bond electrons in the group, this group
also contains nonshared p-electron pairs that can gen-
erate n-σ* transitions, resulting in a series of absorption

Figure 2 Micrographs of bioaerosols in the floating state. (a) An experimental system is built to obtain the micrographs of bioaerosols in the floating
state. The bioaerosol is ejected from the injection port, fully dispersing in the tiny space between the total reflection whiteboard and the microscope
head. When the biological particles float to the focal plane of the lens, a clear image is obtained. The focal length of the lens is 4 mm. (b–d)
Micrographs of AN02 spores, BB01 spores and AO03 spores when the spores are floating in space (1,000× magnification). When the bioaerosol
particles move to the focal plane, the immediately following images are clear, and bioaerosol particles out of the focal plane are more obscure. (e–g)
Aggregated particle structures constructed by the CCA model.
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peaks that are close to or within the near ultraviolet re-
gion (200–380 nm). Therefore, the groups of –NH2, –OH,
C–N, and C–S in the protein molecule have absorption
peaks near 200 nm [64]. In protein molecules, the un-
saturated chemical bonds >C=C<, >C=O, and >C=N–
contain π-bonded electrons in addition to σ-bonded
electrons, which can generate π-π* transitions with ab-
sorption peaks located in the ultraviolet region in the
vicinity of 200 nm. When n-electrons coexist with the π
bond in the protein molecule, n-π* transitions occur, and
ultraviolet light in the 200–380 nm band is absorbed [64].
In the IR region, the absorption peaks of protein mole-
cules are relatively abundant. For example, the absorption

peaks of the O–H and N–H groups are in the range of
4,000–3,000 cm

−1
, the absorption peaks of the C–H group

are in the range of 3,300–2,700 cm
−1

, and the absorption
peaks of the >C=O group are in the range of
1,900–1,650 cm

−1
, for example [65,66]. The main func-

tional groups of nucleic acid molecules include C–O–C,
–PO4

2−
, –OH, –CH, >CH2, >C=O, >NH, >C=C<, and

C=N. The absorption peaks of these groups in each band
can be attributed to the absorption peak of the protein
group [67].

The optical constants (the complex refractive index,
CRI) of bioaerosols in the range of 0.24–14 μm were
discussed and analyzed, and the differences between the

Figure 3 Calculation of the extinction abilities of AN02 spores. (a, b) Real and imaginary parts of the complex refractive index of AN02 spores in the
240 nm to 14 μm band. (c) Transmittance of AN02 spores with incident light passing through a light path of 4 m. The area between the black line (ρ=
200 cm

−3
) and the red line (ρ=1,000 cm

−3
) is the range of transmittance variation with the density (200 cm

−3
<ρ<1,000 cm

−3
). (d) Extinction proportion

of incident light in the 240 nm to 14 μm band for AN02 spores. (e–f) Proportions of absorption and scattering in the extinction effect.
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values in this paper and some literatures were compared.
There are various methods for calculating the optical
constants of materials, and reflection and transmission
methods are common methods [33,68–70]. The trans-
mission method is often used for the dilute solution, the

thin film layer or the KBr tablet of the material to be
tested. The condition for measuring the optical constant
using the transmission method is that the light can pe-
netrate the medium to be tested and the attenuation law
in the medium conforms to Lambert Beer’s law, and the

Figure 4 Transmittance experiment of bioaerosols in the smoke box. (a–c) Electron micrographs (20,000× magnification) of BB01 spores, AN02
spores and AO03 spores. (d) Smoke box schematic. The left part in the diagram is the bioaerosol injection system and the light sources; the right part
is the detectors and signal processing system. Biomaterials in (a–c) are filled at the material filling port. The optical signal received by the detector is
converted into the average transmittance of each test band after processing. (e–g) Grey shades show the actual measured average transmittance of each
test band for three bioaerosols, marked as Texp. Red spots represent theoretical transmittance values at each wavelength, marked as Tthe. Connecting
the numerical values of theoretically calculated transmittance spots with curves is helpful for observing the trend and average values of the theoretical
calculation transmittance in a certain band. Yellow-shaded parts represent the integral average value of theoretically calculated transmittance in the
response detection bands, marked as Tthe-int.
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material to be tested is a weakly absorbing substance. The
reflection method is commonly used to measure the
spectral reflectance of a bulk material or a material tablet
that is directly pressed from a powdered material. In this
case, the light cannot directly penetrate the object to be
tested [71] or cannot penetrate the reference substrate
under the object to be tested, and the material to be tested
is a strong absorption material. It has been clearly pointed
out in the literature [70,72] that the optical constants of
the film state and the bulk state of the same substance are
completely different, and sometimes the difference even
reaches several orders of magnitude [73]. In this paper,
bioaerosols were sprayed in a smoke chamber to form a
high-concentration aerosol smoke screen to study the
wide-band shadowing effect of bioaerosol on electro-
magnetic waves. It can be seen from Fig. 2b–d that the
bioaerosol particles floating in the real state are very
dense and non-spherical, and the attenuation of light in
bioaerosols is caused by multiple scattering and absorp-
tion, which does not conform to Lambert Beer’s law. On
the other hand, in the literature [25], it is clearly pointed
out that the attenuation of incident infrared light in the
aerosol formed by Bacillus subtilis mainly depends on its
absorption, and thus it can be seen that the strong ab-
sorption of bioaerosols cannot be ignored. In summary,
in the context of the application of this paper, in order to
match the experimental data of the smoke box as much as
possible and reduce the error between theory and ex-
periment, the spectral constant method should be used to
calculate the optical constant of the bioaerosol. Therefore,
the optical constants calculated in this paper are different
from those of the same biological materials published in
[20,26,74–81], which were obtained by the spectral
transmission method. There is one more point to be
noticed, even with the same research method, different
material batches and experimental conditions will make
the calculated optical constants different. This situation is
evident in the series [26,80,81]. The measurement and
calculation of the optical constants of materials have al-
ways been a heated discussion, and the methods are
constantly improving. Fortunately, this paper focuses on
the trend of the optical constants of bioaerosols in the
0.24–14 μm band to demonstrate the broad-band ex-
tinction properties of bioaerosols.

The transmittance in Fig. 3c was simulated by using the
Monte Carlo method and can be used to directly compare
with the actual measured transmittance values obtained
experimentally. Fig. 3d shows the extinction proportion
of incident light by AN02 spores in the 240 nm to 14 μm
band. As shown by the data in Fig. 3d, when the aerosol

density is 200 cm
−3

, the incident light in the 1–3 μm band
is essentially completely absorbed or scattered by the
bioaerosol, and the transmitted light is relatively weak.
This phenomenon is particularly noticeable when the
density reaches 1,000 cm

−3
. The extinction ability of

AN02 spores is relatively strong at 6.1 and 9.5 μm and is
weaker at 5.5, 8 and 12–14 μm, which is consistent with
the changing nodes of the imaginary part of the complex
refractive indexes in Fig. 3b. The extinction ability of
AN02 spores in 240 nm to 14 μm can be divided into
absorption and scattering attenuation. Their corre-
sponding proportions of the total extinction are shown in
Fig. 3e and f. Bioaerosol particle density has very little
effect on the change of the absorption and scattering
proportions; thus, the black and red lines in Fig. 3e and f
essentially coincide. In the 240 nm to 2.5 μm band,
scattering is relatively strong, which is related to the
particle size of the primary bioaerosol particles. However,
the extinction ability of AN02 spores is determined
mainly by absorption. As shown in Fig. 3f, the absorption
accounts for more than 90% (this data is obtained by
averaging the absorption proportion of the entire band)
of the total extinction. In some bands, such as 2.75–5 μm
and 6–10.5 μm bands, the extinction effect is almost en-
tirely due to the absorption. Such extinction ability
dominated by absorption is not unique to AN02 spores.
In fact, as shown in Figs S9 and S10, the calculation re-
sults for BB01 spores and AO03 spores also show the
same characteristics. This research result has brought us
new insight, consisting with the statement in reference
[25]. Although there are many types of bioaerosols, and
their extinction abilities vary in a wide range of wave-
lengths, absorption is the main reason for their extinc-
tion. Moreover, different bioaerosols exhibit similar
strong extinction abilities at 6.1, 9.5 and 1–3 μm.

As shown in Fig. 4e–g, the integral average of theore-
tically calculated transmittance (yellow shades) is smaller
than the actual measured average transmittance (grey
shades, see Fig. S11) for three bioaerosols of the ultra-
violet and visible bands. This is due to the error caused by
the large value of |m|kd in the DDA calculation. Ac-
cording to the literature [82], when the value of |m|kd is
greater than 1 (see Fig. S12), the calculated value of the
absorbing portion in the extinction action is over-
estimated, resulting in a theoretical calculation value
smaller than the actual value. In Fig. 4e–g, compared with
that of BB01 spores, the theoretical calculation data of
AN02 spores and AO03 spores are more consistent with
the actual measurements. In the calculation model of the
extinction characteristics of the bioaerosol aggregated
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particle swarm, the original bioaerosol particles are as-
sumed to be spherical. If the original particle is not
spherical, it is necessary to convert the original particle
into an equal volume sphere for calculation, giving rise to
a certain error. Among the three materials used in the
test, the original particles of BB01 spores are the least
spherical, causing a larger error. The extinction perfor-
mance of the three bioaerosols in the visible to NIR
ranges is relatively strong. Both theoretical calculations
and experimental measurements show this characteristic.

In conclusion, the presented results help us better un-
derstand the broadband extinction abilities of bioaerosols.
When the content of bioaerosols in a specific area in-
creases or decreases, the optical radiation characteristics
of this area change accordingly, especially in the strong
absorption band of bioaerosols, which provides new di-
rections for the development of broadband light at-
tenuation materials in UV to IR bands. Traditional
aerosol extinction materials, such as copper powder,
aluminium powder, graphite and red phosphorus, mostly
have the shortcomings of single light shielding band, high
cost, difficult degradation, chemical pollution, short cir-
cuit and so on. However, bioaerosols have not only a wide
light shielding band, but also abundant sources, lower
costs, easier degradation and less pollution. Compared
with traditional aerosol extinction materials, biological
aerosols have more application value in the field of
broadband extinction materials. The findings in this
study provide a platform for further exploitation of the
advantages of bioaerosols while avoiding their dis-
advantages. The theoretical analysis can provide support
for rapid detection and remote sensing detection of
bioaerosols.
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生物气溶胶具有显著的宽带消光能力
胡以华1,2

, 赵欣颖1,2*
, 顾有林1,2

, 陈曦1,2
, 王新宇1,2

, 王鹏3
, 郑之明3

, 董骁1,2

摘要 生物气溶胶是大气的重要组成部分, 因其吸收和散射效应, 可直接影响光辐射特性. 当前对于生物气溶胶是否具有宽波段消光特性
的研究还不够充分. 本文中, 我们测量了12种常见生物材料在240 nm–14 μm波段内的反射光谱, 并结合K-K算法计算了不同生物气溶胶材
料的复折射率. 我们发现, 不同种质生物气溶胶的吸收峰具有共性, 位于约0.7, 2.7, 6.1和9.5 μm处. 基于烟幕箱中生物气溶胶漂浮状态实际
结构的照片, 我们构建了模型计算240 nm–14 μm波长范围内生物气溶胶的消光能力. 以AN02孢子为例, 我们发现吸收作用占AN02孢子群
消光总量的90%以上. 此外, 我们对比了生物气溶胶理论计算透过率与大型烟幕箱实测透射率数据, 理论计算和实验验证都显示生物气溶
胶在紫外到红外波段具有显著的宽波段消光能力. 这一发现为宽波段消光材料的发展提供了新的研究方向.
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