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Abstract: Doppler wind lidar is an effective tool for wind detection with high temporal and
spatial resolution. However, precise wind profile measurement under rainy conditions is a
challenge, due to the interfering signals from raindrop reflections. In this work, a compact all-
fiber coherent Doppler lidar (CDL) at working wavelength of 1.5 um is applied for simultaneous
wind and precipitation detection. The performance of the lidar is validated by comparison with
the weather balloons. Thanks to the ability of precise spectrum measurement, both aerosol and
rainfall signals can be detected by the CDL under rainy conditions. The spectrum width is used
to identify the precipitation events, during which the two-peak Doppler spectrum is observed.
The spectrum is fitted by a two-component Gaussian model and two velocities are obtained. By
using the velocity-azimuth display (VAD) scanning technique, wind speed and rainfall speed are
simultaneously retrieved. The false detection probability of wind speed in the rainy conditions is
thus reduced.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Researches on precipitation have attracted interests as it plays an important role in many fields
[1,2], such as flight safety [3], extreme weather warning [4], agricultural meteorology [5] and
hydrological cycle [6]. On the other hand, wind profile detection, especially under rainy condition,
is also meaningful in above fields. For example, in aviation flights, the microburst and wind
shear that often occur during thunderstorm conditions may significantly break the airplane’s
balance [7]. The freezing precipitation may cause aircraft icing, which will greatly decrease the
lift-to-drag ratio and deteriorate the aircraft’s aerodynamic performance, even resulting in an
aviation accident when serious [8,9]. Accurate measurement of wind and rainfall will be helpful
for improving flight safety [10,11].

Several instruments have been used for wind and(or) rainfall detection, such as Vaisala weather
station [12], microwave radar [13—15] and lidar [16—18]. Vaisala is limited to the ground level
measurements. Radars suffer from the disadvantages of wide beamwidth [19]. Doppler wind
lidar (DWL) is an effective tool for wind detection with high temporal and spatial resolution
[20-22]. However, precise wind field measurement under rainy conditions is a challenge, due to
the presence of interfering signals from raindrop reflections [23]. When the rain is too heavy,
the backscattering signal is weakened due to strong attenuation of raindrops and decreasing of
aerosols. Furthermore, the raindrops on the receiver lens cause serious wavefront distortion,
leading to low heterodyne detection efficiency of the coherent Doppler lidar (CDL).
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There are two fundamental detection methods in DWL, direct detection and coherent detection.
In direct detection Doppler lidar (DDL), an optical frequency discriminator or spectrum analyzer
is often used to convert Doppler shift into power fluctuation or optical pattern change [24-27]. In
CDL, alocal oscillator is used to mix with the backscattering signal, and precise Doppler-shift
spectrum can be obtained [28-32].

Under clear days, both the CDL and the DDL can be used to detect wind field with high
precision [33]. However, under rainy condition, a two-peak Doppler spectrum originating from
backscattering of aerosols and raindrops are observed [34,35]. In the DDL, a known signal
spectrum profile is assumed when retrieving the wind speed. Therefore, it is difficult to find an
unknown rainfall signal. In previous work, a fiber Fabry-Perot scanning interferometer (FFP-SI)
is used to obtain the signal spectrum in the high spectral resolution wind lidar (HSRWL) [36].
The sampling of each entire spectrum takes 1 minute when considering 30 steps, resulting in low
temporal resolution. The ability of precise spectrum measurement with high temporal and spatial
resolution makes the CDL suitable for wind and rainfall detection. Some researchers have tried
to use the CDL to retrieve the raindrop size distribution from vertical measurements [37,38].

In this work, a compact all-fiber CDL is applied for simultaneous detection of the wind field
and rainfall in precipitation events. The accuracy of the lidar is validated by comparison with
the radiosonde, under clear-air conditions. Two-peak Doppler spectrum is observed during
precipitation events. By using the VAD scanning technique, radial wind velocity and rainfall
velocity are well separated.

2. Principle

Under rainy conditions, the received backscattering signal may contain two components, the
aerosol signal and rainfall signal. From the Doppler power spectrum, two peaks can be observed
if the wind and the rainfall velocities are different. A two-component Gaussian model is often
used to fit the two-peak spectrum [34]:
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where f, and f, are the mean Doppler frequency shift from aerosols and raindrops, respectively,
1, and I, are the peak intensity, o, and o are the spectrum width. A least squares fit is applied
to determine the above parameters. Generally, the intensity of the rainfall signal has a positive
relation to the precipitation rate. Thus, under different rain conditions, there may be different
relative intensities between the rainfall signal and the aerosol signal. For example, in the light rain
events, small raindrops will be easily driven by the wind and the precipitation spectrum is difficult
to be distinguished due to its weak intensity and close location to the aerosol spectrum. When
the rain becomes large, the two signals may have similar intensity and can be well identified.

The signal spectrum width is mainly determined by the intrinsic linewidth of the transmitted
pulse [39]. It is broadened by some factors, such as Brownian motion, wind turbulence and so on.
For aerosol particles, the Brownian velocity standard deviation is on the order of 1 mm/s, which
can be neglected compared to the spectrum width caused by turbulence [40]. For raindrops,
the Doppler spectrum width is additionally broadened due to the different terminal velocity
of different raindrop size. The individual signals from different size raindrops have the same
spectrum width but different Doppler shift. Therefore, the overlap of these signals will result in a
broadened Doppler-shift spectrum. It is used as one of the bases in separating wind and rainfall
signal.
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The windowing effect due to the finite length of data also broaden the spectrum. In the CDL,
the Doppler power spectrum is estimated from the periodogram [41]
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where z is the sampling sequence with length M, and T is the sampling interval. The value of M
is chosen according to the pulse duration, which determines the minimum spatial resolution. In
practice, incoherent accumulation between a large number of pulses at the same range gate is
usually applied to improve the detection probability and velocity estimation accuracy [42,43].
The line of sight (LOS) velocity is given by the following relationship:

A
Vios = Zfi» (3)

where fi-, is the mean Doppler frequency shift for aerosols and raindrops. The sign is defined
as positive when the movement is toward the lidar, and vice versa.

3. Instrument

The 1.5 pm laser shows the highest maximum permissible exposure in the wavelength ranging
from 0.3 to 10 um [44,45]. A compact micro-pulse CDL at operating wavelength of 1.5 um
is applied in this work. The pulse energy and pulse duration of the laser are 100 pJ and 300
ns, respectively. A double D-shaped telescope is employed for the purpose of easy alignment
and compressing blind zone. It is made up of two aspheric lenses that are glued together along
parallel optical axes [46]. The absolute overlap distance and blind distance are 1 km and 30
m, respectively. Controlling software is developed to achieve real-time signal processing and
unattended operation. The adoption of all-fiber architecture and temperature control subsystem
makes it possible for the lidar to work well in different weather conditions. The system parameters
are summarized in Table 1.

Table 1. Key parameters of the lidar system

Parameter Value
Laser Wavelength (nm) 1548
Pulse energy (uJ) 100
Pulse duration (ns) 300
Repetition frequency (kHz) 10
Telescope Diameter (mm) 80
Scanner Radial temporal resolution (s) 2
Azimuth scanning range (°) 0-360
Zenith scanning range (°) 0-90

4. Experiments

Two experiments are presented in this section. First, the comparison experiment between the
lidar and radiosonde. Second, the observation experiment during a precipitation event using the
lidar combined with the VAD scanning technique. Two-peak Doppler spectrum is observed and
both wind and rainfall velocity are simultaneously obtained.
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4.1. Comparison with the radiosonde

To validate the performance of the lidar system, a comparison experiment is carried out from
August 16th to September 5th, 2018, at National Meteorological Observing Station of Anging
(30.53 °N, 117.05 °E), one of the 120 operational radiosonde stations in mainland China. GTS1
digital radiosonde carried by weather balloons is launched twice a day at 07:15 and 19:15.
The wind speed and direction were measured by tracing the GTS1 using L-band secondary
wind-finding radar [47,48].

During the experiment, the lidar works in a Doppler beam-swinging (DBS) scanning mode
which has three pointing directions. The one is vertical direction, while the other two are north
and west with an elevation angle of 60°. Then the horizontal wind speed and direction are
calculated from three radial wind profiles based on the assumption of horizontally homogeneous
wind field. The duration for each horizontal wind measurement is 42 s and the vertical spatial
resolution is 52 m. The ability of continuous observation is confirmed, and typical results during
sunny condition are given in Fig. 1. Strengthening horizontal wind speed and wind shear can
be seen clearly at an altitude of about 0.5 km. Long-term continuous observation is reported
elsewhere [49].

Altitude (km)

Altitude (km)

Local time

Fig. 1. Continuous observation results on August 16th, 2018. (a) Time-height plot of
horizontal wind speed and (b) horizontal wind direction.

Figure 2 shows two typical comparison results with the radiosonde. The arising time of the
balloons depends on local conditions. Typically, it will take 5—10 minutes to access an altitude
of 3 km. In order to suppress the statistical standard error, the time resolution of the lidar data
is averaged for 5 minutes and three horizontal wind profiles in time sequence are plotted for
comparison. The wind speed and direction derived from the CDL and radiosonde show good
consistency in Fig. 2. However, there are some differences between the two results at low altitude.
The inhomogeneity of the wind field may be the main reason.

Statistical analysis of wind differences between the lidar and radiosonde is shown in Fig. 3.
For each balloon’s speed or direction, three corresponding lidar data at the same altitude after
the balloon’s release time are chosen. Totally 429 available samples are obtained during the
experiment. The mean differences of wind speed and direction are 0.3 m/s and 1.1°, respectively.
The standard deviations of wind speed and direction are 0.84 m/s and 9.2°, respectively. The
results validate the performance of the lidar.
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Fig. 2. Horizontal wind and direction profiles measured by Doppler wind lidar and
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Fig. 3. Statistics of the difference in wind measurements between the lidar and radiosonde
(dash lines are the Gaussian fit results to the data). (a) Histogram distributions of velocity
difference and (b) direction difference.

4.2. Experiment during precipitation event

The experiment is carried out on 13 May 2019 at the campus of the University of Science and
Technology of China (31.83°N, 117.25°E). The precipitation begins at 16:30 and stops at about
17:00. The VAD scanning technique is applied. The azimuth scanning range is set as 0-270° to
avoid the nearby building and the elevation angle is 60°. The angle interval is 5° and a total of 54
radial profiles are obtained for each scanning process, lasting 135 s. The radial measurement
results are shown in Fig. 4.

The wideband carrier-to-noise ratio (CNR) as shown in Fig. 4(a) is the ratio of total signal
power to noise power over the entire spectral bandwidth. The accuracy of velocity estimation is
mainly determined by the value of CNR [50]. Figure 4(b) shows the spectrum width estimated
by the ratio of power integration over the frequency span to the peak power value. The spectrum
will be broadened if more than one peaks exist.

The aerosol concentration represented by the CNR is relatively large before the rainfall, and
decreases along with the rising clouds. The rainfall scavenges most of the aerosol particles,
resulting in a sharp reduction of both the aerosol concentration and the maximum detection
range when the precipitation begins. The Doppler spectrum width shows large value during the
precipitation, as shown in Fig. 4(b), which means that the aerosol signal and rainfall signal are
detected simultaneously.



Research Article Vol. 27, No. 22/28 October 2019/ Optics Express 31240 |

Optics EXPRESS

- T T T 0
i ¥ precipitation
e -10
;; -20
a1
i) 30
[m)
(dB)
7
- 6
g
=) 5
3
e 4
8
A 3
[a)
(MHz)

16:15 16:
Local time (h)

Fig. 4. Results of the lidar during a precipitation event on 13 May 2019. (a) Wideband
carrier-to-noise ratio; (b) Signal spectrum width.

For further analysis, two typical power spectra in sunny and rainy conditions are given in
Figs. 5(a) and 5(b). The spectrum in rainy condition shows an obvious difference. Three spectra
examples of Fig. 5(b) at different distances are given in Figs. 5(c)—(e). Two-peak structure spectra
are observed. The two-component Gaussian model as described in Sect. 2 is applied to fit these

spectra.
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Fig. 5. Comparison of the signal power spectrum between sunny (a) and rainy (b) conditions.
Specific spectra and two-component Gaussian fitting curves at the distance of (c) 0.84 km;
(d) 0.30km; (e) 0.12 km. The position of the spectra (c)—(e) are marked in (b) with white
dotted lines.

The wind detection accuracy is determined by the CNR of the CDL. However, in the wind
retrieval process during rainy conditions, there is a difference between wind results inferred from
the one-peak and two-peak analyses. For example, in Fig. 5(d), the intensity of rainfall spectrum
is similar to that of aerosol spectrum. Wind speed estimation using one-peak analysis will lead to
false detection results.

In order to identify which peak is the aerosol signal and which one is the rainfall signal, some
separation methods should be given. Thanks to the VAD scanning technique as shown in Fig. 6(a),
the problem can be solved. Assuming the velocity vector and unit vector of the lidar direction are
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respectively, where V|| and V are the horizontal and vertical wind speed, respectively, 6 is the
horizontal wind direction, 6 is the azimuth angle of the lidar, ¢y is the elevation angle of the lidar
and in this case is a constant value of 60°. The LOS velocity detected by the lidar is then given by

Vios = —V-n= —(V)| cos 8g cos @g cos 6 + V| sin By cos ¢ sin 6 + V, sin ¢p). 5)
= —cos @[V cos(f — 6p) + V. tan ¢p]
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Fig. 6. (a) Lidar’s azimuth angle; (b) The separated radial wind speed and rain speed and
their sine wave fitting results at the distance of 510 m; (c) Vertical wind speed and rain
speed; (d) Accumulated rainfall; (e) Temperature.

Equation (5) shows that the LOS velocity is a cosine function of the lidar’s azimuth angle,
based on the assumption that the wind and rainfall velocity vectors are homogeneous at the same
altitude and keep constant during each scanning loop.

If the horizontal wind and horizontal rain speed have the similar value and direction. It will be
easy to separate the two spectra, since a large vertical speed of rain will move positive its cosine
pattern of LOS velocity during the scanning. But when the rain is light, the vertical speed is
small. It would be difficult to tell which spectrum is associated with the rain. Furthermore, the
wind changes along the altitude, including its value and direction. And, the horizontal speed of
rain will follow the change of wind. For example, if the raindrops are dragged by the wind and
still in accelerating process, the difference in horizontal speeds may result in ambiguous LOS
speeds.
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To deal with this problem, the following steps are used to analyze the two-peak spectra in each
line of sight.

1.

In rainy condition, two-peak Gaussian fitting is applied to the raw spectrum data. If the
fitting leads to bad results, turn to normal one-peak fitting.

. In general, the horizontal rain speed is similar to the wind speed. A large vertical rain

speed will cause an obvious additional LOS Doppler shift. Thus the right spectrum is
tagged as the rain signal.

. In case of light rain, the peaks are close to each other. Compare the width of the fitting

values. The wider peak is considered as rainfall signal. The size distribution of the
raindrops will broaden the spectrum of rain. While, the broadening effect associated with
the aerosol is negligible.

. For each scanning loop, fit the wind speed and rain speed using a cosine function,

respectively.

Figure 6 gives an example of cosine wave fitting results of the LOS speeds. For each scanning
loop, if the number of available rain speed is less than 20% of the total number, the fitting results
are regarded as unreliable. As shown in Fig. 6(b), the radial wind speed fluctuates around zero
during the scanning, which means that the vertical wind speed is small. The vertical wind speed
and rain speed are plotted in Fig. 6(c). The rainfall and temperature detected by using a Davis
weather station (wireless vantage pro2 plus) is plotted in Fig. 6(d) and Fig. 6(e), with a temporal
resolution of 1 minute. The real-time rain rate (the derivative of the accumulated rainfall) shows
a similar trend with the vertical rain speed, that is the vertical rain speed decreases as the rain
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Fig. 7. (a) The separated radial wind speed; (b) Horizontal wind speed; (c) Horizontal wind
direction; (d) Vertical wind speed. (e) The separated radial rain speed; (f) Horizontal rain
speed; (g) Horizontal rain direction; (h) Vertical rain speed.
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rate decreases. This is consistent with our common sense that heavy rain is often accompanied
by big raindrops which have large falling speed, but light rain usually consists of small drops.

As an example, the rain speed and wind speed in rainy condition are given in Fig. 7. To
estimate the influence of rain to the wind retrieval results, in this case, the difference of the
radial wind velocity retrieved from one-peak or two-peak methods are compared. A LOS speed
difference over 2 m/s is obtained. In other words, the two-peak fitting method can reduce the
false wind detection probability in rainy conditions. As expected, the wind and rain show similar
horizontal trends both in speed and direction, as shown in Fig. 7.

As shown in Fig. 7(d), there is an enhanced upward wind speed at 16:15. At the same time, the
horizontal wind direction changes from —20° to 30° (0° corresponds to the north wind and the
degree increases in clockwise), as shown in Fig. 7(c). Considering the decreasing temperature
and rising clouds, it is reasonable to regard this precipitation process as frontal rainfall caused by
the interaction between the cold front and warm front. The vertical rain speed reaches about 5
m/s at the beginning of precipitation and decreases to 2 m/s as the rain rate decrease.

5. Conclusion

Wind and rain speed were simultaneously retrieved using a compact all-fiber CDL operating in
the VAD scanning mode during a precipitation event. The comparison experiments with weather
balloons validated the lidar’s accuracy and stability.

In rainy conditions, the two-peak Gaussian model was fit to the spectrum for separating the
aerosol signal and rain signal. Usually, the rain spectrum is shifted to the right edge of the aerosol
spectrum in the frequency domain, due to the vertical speed of raindrops. In case of drizzling
rain, the wider spectrum is labeled as the rain signal.

The separation of rain speed and wind speed will provide information for microphysical rain
studies. For future work, we will compare the detection results from CDL and radar [13-15]. We
also plan to combine Mie lidars at different working wavelengths [51,52], depolarization lidars
[53-55], Raman lidar for water vapor and temperature detection [56—60] and Doppler lidar for
further investigation of different precipitations, such as rainfall, sleet, hail, snow.
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