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Dust flow analysis by low
coherence Doppler lidar

Kosuke Okubo™?, Nofel Lagrosas & Tatsuo Shiina

Visualization of dust flow and wind dynamics near the ground surface are essential for understanding
the mixing and interaction between geosphere and atmosphere near the surface. Knowing the
temporal dust flow is beneficial in dealing with air pollution and health issues. Dust flows near the
ground surface are difficult to monitor because of their small temporal and spatial scale. In this study,
we propose a low-coherence Doppler lidar (LCDL) for measuring dust flow near the ground with high
temporal and spatial resolutions of 5 ms and 1 m, respectively. We demonstrate the performance of
LCDL in laboratory experiments using flour and calcium carbonate particles released into the wind
tunnel. LCDL experiment results show a good agreement with anemometer measurement in wind
speeds ranging from 0 to 5 m/s. The LCDL technique can reveal dust’s speed distribution, which is
affected by mass and particle size. As a result, different speed distribution profiles can be used to
determine dust type. The simulation results of dust flow coincide well with the experimental results.

Dust flows are active near the ground surface, where wind flow is complex. It is important for understanding the
mixing and the interaction between the geology and the surface atmosphere. The scattering of dust deposited
on the ground surface is a major problem not only for environmental conservation, but also for human health
such as respiratory diseases, and for air pollution by anthropogenic dust in urban areas'=>. In particular, the dust
flow in the lower atmosphere is complicated by topography and structures. The behavior of the scattering dust
in the field is steep. By visualizing the local urban winds among buildings, called street canyons*, distribution of
dust flow in local area can be predicted, and its impact understood on living areas. Near the surface atmosphere,
certain obstacles such as mountains and buildings block and sharply change the dust flow. The upper atmos-
phere, on the other hand, has few obstacles and dust flow is somewhat gradual. The wind flow in the atmosphere
depends on altitude®. The higher altitude is, the larger the mass of air cell is, and the vertical upper atmosphere
has larger spatial and temporal scale®. The strong demand for wind flow measurements has been in the verti-
cal upper atmosphere from the standpoint of safety for aircraft taking off and landing and efficiently control of
wind-power plant”8. Propeller-type anemometers, radiosondes, Doppler sodars, and Doppler lidars are used
for wind measurements® ', In-situ anemometers require its installation in the measurement space, while it may
change the wind field itself. Doppler sodar and Doppler lidar, on the other hand, can remotely acquire the wind
information in the measurement!*!“. They are effective for long-distance wind field measurements'®. Doppler
lidar is installed into airports and measure the vertical upper atmosphere over a wide measurement range from
200 m to several kilometers for a long period of time of several minutes in accordance with the large spatial and
temporal scale of the atmosphere!®-'%, The nacelle-mounted Doppler lidar is installed into wind power plants
and measures the horizontal atmosphere'®. The spatial resolution of the measurement is still as large as several
tens of meters. Conventional dust samplers collect dust for a certain period of time. However, this method
cannot produce real-time information on dust transport. Remote sensing is the best option to detect dust near
the ground since the wind field is not disturbed during the measurement*>*. High-resolution and high-speed
measurements are essential criteria for detecting dust and aerosols near the ground. The current conventional
Doppler lidar cannot capture the localized and constantly changing dust flow near the ground since the lower
atmosphere has a small spatial and temporal scale of a few seconds and meters. Particle tracking velocimetry
using sheet lasers is also available, but does not provide quantitative results. It has significant limitations, such
as the need for dark surroundings, and is not convenient for field use*>-?%. In this paper, we develop a horizon-
tally pointing low coherence Doppler lidar (LCDL) with high spatial and temporal resolutions of 1 m and 5 ms,
respectively, to measure local dust flow. LCDL is a kind of low-coherence optical interferometer. An interfer-
ence signal is obtained only when the difference of optical path length between the reference and measurement
paths matches the coherence length. In addition, to monitor sudden changes in dust flow, the integration time
is shortened to milliseconds for high-speed measurement. This paper’s objectives are: (1) to design and develop
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the concept LCDL system, (2) to verify the performance of the LDCL system, and (3) to apply this method to
different scatterers and evaluate the scatters’ speed distribution.

Low coherence Doppler lidar

Concept. The size of the wind field depends on the altitude. Air cells at lower altitudes are smaller and their
movement is faster. The lower atmosphere, like the wind field in street canyon, is strongly influenced by the
structure and ground texture. Figure 1 shows the schematic diagram of the wind field in the lower atmosphere.
At an altitude range of a few meters above the ground surface, the size of the wind field is on the order of one
to several meters, and the turbulence is on the order of a few seconds. In addition, monitoring the detailed dust
flow at low concentrations requires optically sensitive sensors. Because the spatio-temporal scale of the lower
atmosphere is small, the mixing of suspended dust in the atmosphere is rapid, and its behavior is complex®. In
urban areas, strong winds result from heat convection due to concrete buildings and asphalt roads**?’. In these
areas, there are hot spots of air pollutants due to the mixing of soil and air®. Visualization of these scatterers
in the lower atmosphere accelerates the understanding of dust flow that can aid in mitigating air pollution and
health problems. The contribution of the surface atmosphere to sea waves can also be studied by monitoring the
interaction between the sea surface and the atmosphere. Conventional Doppler lidars measure large wind fields
on its long spatial and temporal scale (hundreds of meters and minutes) above the ground. In contrast, the LCDL
horizontally measures suspended dust within a small wind field on its small spatial and temporal scale (a few
meters and seconds) near the ground surface.

We propose a low coherence Doppler lidar (LCDL) that is based on a low coherence optical interferometer
Doppler lidars can be classified into continuous wave laser and pulsed wave laser use'®. Conventional Doppler
lidars include Zephyr, Wind cube, and Leosphere®'. In recent years, Doppler lidars employing pulsed wave lasers
are commonly used*. In our system, LCDL uses a continuous wave laser. Doppler lidar detection methods can
also be classified into optical homodyne®® and heterodyne detections®~*°. The difference between homodyne
and heterodyne detection is found in the signal and local oscillator frequency. In homodyne detection, the signal
and local oscillator frequency are equal. This feature is not the case for heterodyne detection. Optical homodyne
detection is adopted for LCDL because it generally has a higher receiving sensitivity than optical heterodyne
detection. Most Doppler lidars have optical heterodyne detection®”. The LCDL system is a homodyne system,
which does not require an Acousto-Optic Modulator (AOM) and a local oscillator because the light source is a
continuous wave and the lidar echo interferes with its reference lights. This simplifies the optical design. The low-
coherence light source allows measurements of a high spatial resolution. In order to match the small wind field
in the lower atmosphere, the spectral width of the low-coherence light source is set to a few picometers resulting
in a spectrum producing a low coherent length and higher spatial resolution of less than 1 m. In addition, the
sampling time is shortened to milliseconds for high-speed measurement to capture the rapid flow of suspended
dust. The sampling time corresponds to the time resolution. Compared to conventional Doppler lidars, which
have a coherent length of several 100 m and a temporal resolution of a few minutes, LCDL has a higher resolu-
tion in both space and time. Thus, the LCDL system obtains dust speed from the Doppler-shifted interference
signal frequency by employing fast Fourier transform (FFT) analysis. In the analysis of the data, the frequency
resolution corresponds to the length of the FFT frame. The lidar measures the Doppler shifted frequency signal
from the air/dust to determine its line-of-sight velocity, V, and is measured as®®
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where f; is the Doppler shift frequency, and A, is the light source center wavelength.
The transmitted light is partially used as reference light. The received light from the telescope is combined
with the reference light in a fiber coupler to obtain interference signals. In this process, the reference path length
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Figure 1. Mixing and interaction between the atmosphere and the ground surface. The wind fields generated by
buildings and asphalts show how dust flows on a small spatio-temporal scale*.
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determines the measurement distance. The distance can be freely changed by adjusting the reference path fiber
length.

Design. The LCDL uses a 975 nm distributed feedback laser diode (DFB-LD) bulk element (Hamamatsu
Photonics LE0697CWLD) as a light source. The output power of the DFB-LD is about 1 W. This output power
enables the detection of dust under low concentrations. As a characteristic of the light source, a spectral width
of a few picometers is necessary to achieve a high spatial resolution of 1 m or less. General DFB-LD has high
wavelength stability and narrow spectral widths. They also have a small output power of a few 100 mW**°. On
the other hand, the spectral width of the DFB-LD used in this system can be changed*'. The coherence length
and the output power are adjusted by controlling the drive current and the element temperature. The relation-
ship between the coherent length and the LD drive current is shown in Fig. 2. The coherence length of 0.8 m is
accomplished when the drive current and element temperature are set to 2 A and 35 °C, respectively. Under this
condition, the output power is 0.7 W. The LCDL system consists of a transmitter, a receiver, a fiber optical system,
a homodyne detection, and a signal processing unit as shown in Fig. 3. For the transmitting system, a part of the
light from the DFB-LD is introduced into the reference fiber by a beam splitter. This reference light intensity is
optimized to around 1 mW. For the receiving system, a refracting telescope with an aperture of 61 mm is used.
In the fiber optics, homodyne detection is conducted with the interference between the reference light and the
received light on the 50:50 fiber coupler. Measurement areas can be arbitrarily determined by adjusting the refer-
ence fiber length using a fiber selector. FFT analysis is performed in the signal processing system. The sampling
rate and acquisition time are set to 250 MSa/s and 5 ms, respectively. Each FFT frame is 10 us and 500 frames
are averaged to produce a high-resolution Doppler shift signal. The bandwidth of the balanced detector (BD) is
200 MHz. In FFT analysis, frequency resolution is inversely proportional to the time. The frequency resolution
by FFT analysis is 0.1 MHz. Table 1 summarizes the parameters of the LCDL lidar.

Experiments and results

An indoor Doppler shift measurement is conducted using a wind tunnel box of length 130 cm and a square side
of 30 cm using a circulator to suspend the dust. The schematic diagram of the experimental system is shown
in Fig. 4. The scatterers used in the experiment are flour and calcium carbonate particles. The wind tunnel is
placed approximately 6.5 m away from the LCDL. The wind direction from the circulator is a headwind in the
direction of the lidar’s line of sight. An anemometer (testo 405i Smart Probe) is placed inside the wind tunnel.
The data from the small anemometer are then compared to the speed of dust particles measured by the LCDL.
The dust is released from a position in front of the circulator, and the dust is scattered into the wind tunnel by
the wind. Five trays are arranged at an interval of 25 cm inside the wind tunnel to collect the dust particles and
to examine the particle size distribution of dust. The flour and calcium carbonate amounts released in 1 min are
about 200 g and 130 g, respectively.

Figure 5 shows the distribution of the dust weights collected on the trays inside the wind tunnel at 25 cm
intervals. The zero position is the right under the position at which the dust was released. The results show that
calcium carbonate particles are concentrated near the zero position, while the flour particles are widely distrib-
uted. These results are expected since the density of flour is smaller than that of calcium carbonate, indicating
that flour particles flow in the air for a more extended time.

Figures 6a and b show the simultaneous FFT signals of LCDL and the wind speed of the anemometer when the
flour was released. Figures 6¢ and d also show the results when calcium carbonate was released. In Figs. 6a and
¢, the acquired waveforms are the averaged result of 500 waveforms in 5 ms after their FFT analysis. In Figs. 6b
and d, the time resolution of anemometer is 1 s. The Doppler shift frequency of the flour particle in Fig. 6a is
2.46-4.01 MHz with a peak position of 3.76 MHz, and these are equal to a speed width of 1.20-1.95 m/s with a
peak speed at 1.83 m/s for particle flow. The anemometer results in Fig. 6b show a speed ranging from 1.32 to
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Figure 2. Coherence length relationship between current and temperature in the DFB-LD. The round, square,
and triangle points represent the element temperature of 15 °C, 25 °C, and 35 °C, respectively. Coherence length
can be controlled by adjusting the current and the temperature.
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Figure 3. Description of LCDL system. (a) Schematic diagram of the LCDL system and (b) LCDL
configuration. LCDL consists of transmitting, receiving, fiber optical system, homodyne detection, and signal

processing.
Comp t Parameters Specification
Center wavelength 975 nm
Laser power 0.7 W
Transmitter Coherence length 0.8 m
Drive curent 2A
Element temperature 35°C
Diameter of aperture 61 mm
Coupling ratio of 2 x 2 SM fiber coupler 50:50 (A=980 nm)
Receiver
Light receiving sensitivity of balanced detector (PD) | 0.75 A/W @ A=1.0 um
Bandwidth of balanced detector 200 MHz
Sampling rate 250 MSa/s
Data acquisition
Sampling time 5ms

Table 1. Specifications of LCDL.

2.07 m/s and a 5-min average speed of 1.74 m/s for air flow. This shows a good agreement between LCDL and
anemometer results. Similarly, the Doppler shift frequency of calcium carbonate particles ranges from 3.54 to
3.95 MHz with a peak position at 3.68 MHz. These frequency shifts are equivalent to speed width from 1.73 to
1.92 m/s and a peak speed of 1.79 m/s. The anemometer results in Fig. 6d show the speed width from 0.99 to
2.11 m/s and these 5-min average speed of 1.66 m/s. Unlike flour particles result, the smaller range of frequency
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Figure 4. Dust flow experiment. The dust is released and flown through the wind tunnel by the wind. The
dust flow is monitored by LCDL at 6.5 m from the wind tunnel, and the wind speed in the wind tunnel is
simultaneously measured by an anemometer. The released dust is collected in the five trays placed inside the
wind tunnel.
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Figure 5. Relationship between weight of dust collected and distance of each tray position for (a) flour and
(b) calcium carbonate particles. Most of the calcium carbonate particles are collected near 0 cm of the release
position, while significant flour particles are collected up to 125 cm away from the release position.

shifts for calcium carbonate means a narrower speed width. The spatial distribution of the flour particles in this
wind field indicates that these particles tend to float in the air for a longer time. In contrast, calcium carbon-
ate particles do not float in the air as much as flour particles, so their speed range is narrow. The anemometer
waveforms of flour and calcium carbonate are also different. The anemometer waveforms for calcium carbonate
particles have a spike due to the particles that fell rapidly in a short time. On the other hand, such a spike is not
observed for flour particles and shows relatively slow fluctuations.

Figures 7a and b show the correlation between LCDL and anemometer speed measurements for the flows
of flour and calcium carbonate particles, respectively. The blue markers represent the peak positions. The vertical
lines attached to the markers represent the speed widths estimated from Doppler shift frequency widths. In the
speed range from 0 to 5 m/s, the measured speeds from LCDL and anemometer show a good linear agreement.
In the case of flour particles, the peak positions are not centered in their speed width. Overall, the speed width
of flour is about 0.7-1 m/s, while that of calcium carbonate is narrower at about 0.3 m/s. The slope of calcium
carbonate flow is lower than that of flour. This difference shows the inherent nature of the dust particles and is
discussed in the next section.

Discussion

The measurement results for flour and calcium carbonate particles showed differences in speed width (Doppler
shift frequency width). In the experiment, the dust particles are collected at every fallen position. Their weight
distribution reflects the particle radius and amounts. We simulate the dust flow in terms of the particle’s mass
and particle radius. If there is no horizontal wind, the dust will fall directly after release. However, the horizon-
tal position from which the dust particles fall shifts under the influence of crosswinds. In the experiment, the
wind flows to the direction of the lidar’s line of sight with a speed of 3.5 m/s. The dust falls to ground within
the crosswind of 3.5 m/s. The experiments were conducted in the wind speed range 0-5 m/s, and simulations
are conducted at 3.5 m/s to match the experimental results. Under the experimental setup, the vertical distance
traversed by a dust particle is assumed to be 30 cm, and viscous air resistance is assumed. The particle speed in
a viscous resistance is given by Eq. (2):
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Figure 6. Dust flow signals of (a) flour particles from LCDL, (b) flour flow from the anemometer, (c) calcium
carbonate particles from LCDL and (d) calcium carbonate flow from the anemometer. The LCDL results of
calcium carbonate particles flow shows a narrower speed range compared to that of flour particles.
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Figure 7. Relationship between dust speed of (a) flour particles and (b) calcium carbonate particles measured
by LCDL and wind speed by the anemometer. A linear agreement is observed in the range of 0-5 m/s wind
speed. The slope of calcium carbonate flow is lower than that of flour.
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where m is the mass of a dust particle; g is gravitational acceleration; k is the coefficient of air resistance; and
t is the time of travel. The coefficient of air resistance is assumed to follow Stoke’s law (6mpr). Equation (2) is
integrated and transformed into an equation for the falling distance. The mass of the dust is calculated from the
time and distance over which the dust falls. Since this dust mass reflects the density and volume, the radius of the
dust can be estimated. The densities of flour and calcium carbonate are 600 kg m™ and 2600 kg m™, respectively.
The particle radius is converted from the mass to obtain the extinction coeflicient a by Eq. (3):

o = Nﬂerext (3)

where N is the number of particles per volume, r is the particle radius, and Q,,, is the extinction efficiency. As
flour and calcium carbonate particles are sufficiently larger than the optical wavelength, Q,,, can be assumed to
be equal to 2.

Based on the extinction coeflicient, the interference signal of LCDL is simulated. The calculated results of
the extinction coefficients are shown in Fig. 8. The particle extinction coefficient of flour is larger than that of
calcium carbonate. This result can be attributed to the number of particles N based on this experiment. Flour
particles had a smaller average particle radius and higher particle counts than calcium carbonate. Figure 9 shows
the calculated particle size distribution based on the experimental results of the weight distribution of dust in
Fig. 5. The interference distance of LCDL is 80 cm, and the magnitude of the interference signal varies depending
on the distance. The interference signal distribution is assumed to be a Gaussian distribution. After converting
from mass to number of particles, the particle size distribution is obtained by considering the interference signal
distribution. The mode radius of flour and calcium carbonate particles are estimated to be around 9 pm and
14 pm, respectively. Since the fallen position of particles reflects particle radius, density, and wind speed, the
relationship between Doppler frequency (speed) and number of particles can be discussed.
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Figure 8. Extinction coefficient simulation for flour and calcium carbonate. The flour density is set to
600 kg m™ and calcium carbonate density is 2600 kg m™. The extinction coeflicient of flour is larger than that of
calcium carbonate because the number of flour particles released is larger than that of calcium carbonate.
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Figure 9. Particle size distribution of flour and calcium carbonate. The vertical axis represents the number of
particles, and the horizontal axis represents the particle radius.
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Figure 10. Doppler signal simulations of (a) flour and (b) calcium carbonate particle flow. The lefthand side
vertical axis of the LCDL experiment result indicates the signal level (dBm), and the righthand vertical axis of
the simulation shows the number of particles (counts). The horizontal axis is the frequency. The wind speed is
simulated at 3.5 m/s (=7 MHz).

Lidar signal simulation with the experimental results of dust weight distribution is performed, too. Figure 10
shows simulated results (black circle) of (a) flour and (b) calcium carbonate particle flow together with LCDL
experimental results (solid line). The simulation results have shown to coincide well with LCDL signals. Simu-
lated signal distributions are reflected by the particle size distribution in Fig. 9. The flour particles have a wider
full-width speed range of 0.70 m/s compared to calcium carbonate having a narrower full width speed range
of 0.3 m/s. The shift of the Doppler frequency peak from the center to the higher frequency side contributes
to the fact that the mode radius of the particles is biased on the smaller side than the center with respect to the
particle size distribution, as shown in Fig. 9. The Doppler shift frequency of flour particles reaches up to 7 MHz,
whereas that of calcium carbonate particles is only about 6.5 MHz, indicating that the flour flow has a high-
speed component. In addition, the particle flow on the high-frequency side is sharp, while the rise on the low-
frequency side is gradual, indicating that the particles with slower velocities greatly widen the speed range. As a
result, this confirms that particle size distribution can be estimated by LCDL Doppler signal. In this simulation,
when the wind speed is set at 3.5 m/s, this produces a difference of 0.2 MHz between peak positions of flour and
calcium carbonate flow. The difference between peak speeds represents the difference in dust speed due to the
mode radius. Figure 7 also shows that the slope of calcium carbonate particles is lower than that of flour. This
indicates that the net force on the calcium carbonate particles in the direction of the fall is more significant due
to the heavier mass of calcium carbonate particles, resulting in a lower speed in the line-of-sight direction of the
LCDL. The high-frequency resolution of the LCDL system allows us to capture these two slight differences in
flow in the order of a few centimeters and slight differences in particle radius in the order of a few micrometers.
The analysis of the LCDL signals from flour and calcium carbonate flow measurements can provide information
on the size distribution of suspended dust based on the observed dust speed. Simulations have been performed
under several wind speeds from 0 to 5 m/s and the simulated Doppler shift frequency width is equivalent to the
experimental results. LCDL can identify dust and help monitor its spatial distribution. The signal-to-noise ratios
of simulated signals are large (~ 7 dB), while the experimental system has a signal-to-noise ratio of 3 dB. The
system’s low signal-to-noise ratio comes from the lower coupling ratio between the transmitting and receiving
optics. This result indicates that the efficiency of the lidar system can be improved to have a higher signal-to-noise
ratio which leads to the detection of the wind itself, i.e., the atmosphere flow.

Conclusion

This work shows that the LCDL system can measure near-ground dust flow with high temporal and spatial
resolutions. The dust speed detected by the LCDL system shows a good relationship with measurements from
the anemometer. LCDL can also monitor different dust flows. Simulations under the experimental condition
show that differences in speed width are due to dust particle radius and mass. Based on the speed distribution
obtained by LCDL, the particle size distribution can be inferred, and the differences in size distribution can
provide information on the type of suspended dust in the atmosphere. Furthermore, this work has shown that
LCDL can aid in the detailed visualization of dust flow in real-time. This result allows for further discussion
and interpretation of the mixing and interaction between surface-derived dust and the lower atmosphere. This
is the next step that we will explore to have a comprehensive and detailed dataset that captures the movement
of dust in actual fieldwork.

Data availability

Data will be made available from the corresponding author on request.

Scientific Reports |

(2023) 13:4086 | https://doi.org/10.1038/s41598-023-30346-z nature portfolio



www.nature.com/scientificreports/

Received: 9 December 2022; Accepted: 21 February 2023
Published online: 11 March 2023

References

1.
2.
3.

11.

12.

13.

14.

15.
16.

23.

24.

25.

26.

27.

28.
29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Gregorio, E. et al. LIDAR as an alternative to passive collectors to measure pesticide spray drift. Atmos. Environ. 82, 83-93 (2014).
Weon, B. M. & Je, J. H. Charge-induced wetting of aerosols. Appl. Phys. Lett. 96, 194101 (2010).

Singh, R., Su, P,, Kimerling, L., Agarwal, A. & Anthony, B. W. Towards on-chip mid infrared photonic aerosol spectroscopy. Appl.
Phys. Lett. 113, 231107 (2018).

. Johnson, W. B, Ludwig, F. L., Dabberdt, W. E. & Allen, R. J. An urban diffusion simulation model for carbon monoxide. J. Air

Pollut. Control Assoc. 23, 490-498 (1973).

. You, J., You, K., Park, M. & Lee, C. Airflow characteristics according to the change in the height and porous rate of building roofs

for efficient installation of small wind power generators. Sustainability 13, 5688 (2021).

. Diao, W. et al. All fiber pulsed coherent lidar development for wind profiles measurements in boundary layers. Chin. Opt. Lett. 12,

072801 (2014).

. Gernowo, R. et al. Atmospheric dynamics and early warning system low level windshear for airport runway hazard mitigations.

J. Phys. Conf. Ser. 1943, 012029 (2021).

. Lunney, E., Ban, M., Duic, N. & Foley, A. A state-of-the-art review and feasibility analysis of high altitude wind power in Northern

Ireland. Renew. Sustain. Energy Rev. 68, 899-911 (2017).

. Bu, L, Qiu, Z., Gao, H., Zhu, X. & Liu, J. All-fiber pulse coherent Doppler LIDAR and its validations. Opt. Eng. 54, 123103 (2015).
. Kumer, V. M, Reuder, J. & Furevik, B. R. A comparison of LIDAR and radiosonde wind measurements. Energy Procedia 53, 214-220

(2014).

Reddy, G. K. K., Reddy, S. V., & Ramkumar, T. K. Development of Hall sensor propeller anemometer for measuring wind speed
using embedded controller. In Proceedings of the 2012 International Conference on Communications, Devices and Intelligent Systems,
CODIS (2012).

Wei, T. et al. Inversion probability enhancement of all-fiber COWL by noise modeling and robust fitting. Opt. Express 28, 29662—
29675 (2020).

Liu, H. et al. Performance validation on an all-fiber 1.54-um pulsed coherent Doppler lidar for wind-profile measurement. Opt.
Eng. 59, 014109 (2020).

Chaurasiya, P. K., Ahmed, S. & Warudkar, V. Wind characteristics observation using Doppler-SODAR for wind energy applica-
tions. Resour. Eff. Technol. 3, 495-505 (2017).

Dolfi-Bouteyre, A. et al. Long-range wind monitoring in real time with optimized coherent lidar. Opt. Eng. 56, 031217 (2016).
Abdelazim, S., Santoro, D., Arend, M. E, Moshary, E & Ahmed, S. Development and operational analysis of an all-fiber coherent
Doppler lidar system for wind sensing and aerosol profiling. IEEE Trans. Geosci. Remote Sens. 53, 6495-6506 (2015).

. Besson, C. et al. Doppler LIDAR developments for aeronautics. Aerosp. Lab J. 12, 1-17 (2016).
. Wildmann, N., Gerz, T. & Lundquist, ]. K. Long-range Doppler lidar measurements of wind turbine wakes and their interaction

with turbulent atmospheric boundary-layer flow at Perdigao 2017. J. Phys. Conf. Ser. 1618, 032034 (2020).

. Debnath, M. et al. Longitudinal coherence and short-term wind speed prediction based on a nacelle-mounted Doppler lidar. J.

Phys. Conf. Ser. 1618, 032051 (2020).

. Rieker, G. B. et al. Frequency-comb-based remote sensing of greenhouse gases over kilometer air paths. Optica 1, 290-298 (2014).
. Im, K. S. et al. Particle tracking velocimetry using fast x-ray phase-contrast imaging. Appl. Phys. Lett. 90, 091919 (2007).
. Kiyozumi, T. et al. Pilot demonstration of correlation-domain LiDAR for high-speed vibration detection. APL Photon. 6, 101302

(2021).

Guinot, B., Gonzalez, B., Perim De Faria, J. & Kedia, S. Particulate matter characterization in a steelworks using conventional
sampling and innovative lidar observations. Particuology 28, 43-51 (2016).

Ceolato, R., Bedoya-Veldsquez, A. E. & Mouysset, V. Short-range elastic backscatter micro-lidar for quantitative aerosol profiling
with high range and temporal resolution. Remote Sens. 12, 3286 (2020).

Courvoisier, F. et al. Femtosecond laser pulses distinguish bacteria from background urban aerosols. Appl. Phys. Lett. 87, 063901
(2005).

Ho, T. C. E., Surry, D. & Davenport, A. G. Variability of low building wind loads due to surroundings. J. Wind Eng. Ind. Aerodyn.
38,297-310 (1991).

Mittal, H., Sharma, A. & Gairola, A. A review on the study of urban wind at the pedestrian level around buildings. J. Build. Eng.
18, 154-163 (2018).

Solé-Ribalta, A., Gomez, S. & Arenas, A. Decongestion of urban areas with hotspot pricing. Netw. Spat. Econ. 18, 33-50 (2018).
Zhu, J., He, X. & Chen, Z. Perspective: Current challenges and solutions of Doppler optical coherence tomography and angiography
for neuroimaging. APL Photon. 3, 120902 (2018).

Deng, S. et al. An optical coherence photoacoustic microscopy system using a fiber optic sensor. APL Photon. 6,096103 (2021).
Aitken, M. L., Rhodes, M. E. & Lundquist, J. K. Performance of a wind-profiling lidar in the region of wind turbine rotor disks. J.
Atmos. Ocean. Technol. 29, 347-355 (2012).

Jiang, S. et al. Performance of continuous-wave coherent doppler lidar for wind measurement. Curr. Opt. Photon. 3, 466-472
(2019).

Abari, C. E, Pedersen, A. T., Dellwik, E. & Mann, J. Performance evaluation of an all-fiber image-reject homodyne coherent Dop-
pler wind lidar. Atmos. Meas. Tech. 8, 4145-4153 (2015).

Kameyama, S., Ando, T., Asaka, K., Hirano, Y. & Wadaka, S. Compact all-fiber pulsed coherent Doppler lidar system for wind
sensing. Appl. Opt. 46, 1953-1962 (2007).

Liu, B,, Li, X., Zhang, Y., Xin, X. & Yu, J. Probabilistic shaping for ROF system with heterodyne coherent detection. APL Photon.
2, 056104 (2017).

Bai, Y. et al. Heterodyne Doppler velocity measurement of moving targets by mode-locked pulse laser. Opt. Express 20, 764-768
(2012).

Kameyama, S., Ando, T., Asaka, K., Hirano, Y. & Member, S. Performance of discrete-Fourier-transform-based velocity estimators
for a wind-sensing coherent Doppler lidar system in the Kolmogorov turbulence regime. IEEE Trans. Geosci. Remote Sens. 47,
3560-3569 (2009).

Sun, D., Zhong, Z., Zhou, J., Hu, H. & Kobayashi, T. Accuracy analysis of the Fabry-Perot etalon based doppler wind lidar. Opt.
Rev. 12, 409-414 (2005).

Loranger, S., Tehranchi, A., Winful, H. & Kashyap, R. Realization and optimization of phase-shifted distributed feedback fiber
Bragg grating Raman lasers. Optica 5, 295-302 (2018).

Zou, Q. et al. Feedback-resistant p-type doped InAs/InP quantum-dash distributed feedback lasers for isolator-free 10 Gb/s
transmission at 1.55 um. Appl. Phys. Lett. 97,231115 (2010).

Shiina, T. Low coherence Doppler lidar with high-power DFB-LD. In 19th Coherent Laser Radar Conference, CLRC 2018 (2018).

Scientific Reports |

(2023) 13:4086 | https://doi.org/10.1038/s41598-023-30346-z nature portfolio



www.nature.com/scientificreports/

Acknowledgements
This work is supported by JST SPRRING, Grant Number JPMJSP2109.

Author contributions
K.O.: Conceptualization, writing—original draft, methodology, data curation, analysis. N.L.: Data curation,
review and editing. T.S.: Conceptualization, methodology, review and editing, resources, supervision.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to K.O.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023) 13:4086 | https://doi.org/10.1038/s41598-023-30346-z nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Dust flow analysis by low coherence Doppler lidar
	Low coherence Doppler lidar
	Concept. 
	Design. 

	Experiments and results
	Discussion
	Conclusion
	References
	Acknowledgements


