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Abstract: The coherent Doppler wind lidar (CDL) shows capability in precipitation detection.
Retrieval of the raindrop size distribution (DSD) using CDL is still challenging work, as both
accurate backscattering cross section at the working wavelength and reflectivity spectrum of
raindrop are required. Firstly, the Mie theory and the vectorial complex ray model (VCRM) are
applied to calculate backscattering cross section for small spheric raindrops and large oblate
raindrops, respectively. Secondly, an iterative deconvolution method is proposed to separate the
reflectivity spectrum of raindrop from the lidar power spectrum, which is a superposition of
rain and aerosol components. An accompanying aerosol signal model considering the effect of
temporal window, from the same height and time, is used to improve the accuracy and robustness
of the iteration. In experiment, a co-located micro rain radar (MRR) is used for comparison.
Good agreements are obtained despite tremendous differences in wavelength and scattering
characteristics. As an example, at 600 m height, the R2 of linear fitting to the mean rain velocity
and mean raindrop diameter between CDL and MRR are 0.96 and 0.93, respectively.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Raindrop size distribution is the fundamental microphysical property of precipitation. Its vertical
profiles are helpful in revealing the formation and evolution processes of precipitation, such
as collision, coalescence, melting, breakup, and evaporation [1–5]. Besides, in weather radar
applications, the information on raindrop size distribution (DSD) can be used to calibrate
rainfall rate (R) estimation which is derived from the radar reflectivity (Z) based on the equation
commonly known as Z-R relation [6].

Ground-based disdrometers can provide only point measurements of DSD [7,8]. It has been
suggested to use Doppler radar at vertical incidence to derive the DSD profiles via the relation
between terminal fall velocity and drop size [9]. The K-band micro rain radar is then developed
under the assumption of zero vertical wind [10]. Some researchers reported simultaneously
measurement of echoes from Bragg scattering caused by inhomogeneities of the atmospheric
refractive index, and from Rayleigh scattering by hydrometeors, using very high frequency (VHF)
and ultra high frequency (UHF) radar wind profilers [11–15]. The information of ambient air
motion makes it possible to remove the effect of vertical wind velocity and turbulence on the
derived DSD profiles by a deconvolution process [16,17].

At the wavelength regime of lidar applications, echoes from aerosols (Mie scattering) and
raindrops (geometrical scattering) can both be detected during precipitation events [18–20],
which provide a potential to derive the DSD by lidars. Two-color lidar measurements have
been used to estimate the DSD of drizzle [21–23]. A combination of Doppler lidar and cloud
radar was also applied to estimate the DSD based on the different rain velocities measured by
two instruments [24]. Aoki et al. introduced the method used in the radar wind profilers to
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the coherent Doppler lidar and derived the DSDs using an empirical backscattering efficiency
function [25].

An accurate backscattering cross section is critical in retrieving DSDs. The main difference in
precipitation detection between radar and lidar is their operation wavelength and corresponding
scattering characteristics. For long-wave radars, Rayleigh scattering is applied, which implies
a 6th power relation between the backscattering cross section and drop size. While in lidars,
geometric optics approximation (external reflection) is often used, implying a dependency on the
square of the raindrop size [24,26,27]. The application of theoretical backscattering cross section
in DSD retrieval using coherent Doppler lidar and comparison of the results between lidar and
radar have not been reported.

In this study, an all-fiber coherent Doppler lidar is applied for precipitation detection with
vertical stare mode. The pulse width is set as 600 ns to achieve relatively narrow linewidth
and thus accurate spectrum estimate. An aerosol signal model is built by convolution of a
Gaussian-shaped turbulence spectrum and sinc-like window spectrum, improving the accuracy
and robustness of the deconvolution process. As backscattering cross section is considered, it is
calculated by using Mie theory [28] and vectorial complex ray model (VCRM) [29] for small
spheric drops and large oblate drops, respectively. The DSD results are compared with co-located
MRR data.

2. Instruments

The two remote sensing instruments: the CDL and the MRR are installed on the campus of the
University of Science and Technology of China (31.83°N, 117.25°E). The key parameters are
summarized in Table 1. Besides, a ground-based optical disdrometer (second-generation particle
size and velocity, Parsivel-2 [30]) is deployed for comparative measurements. All instruments
are collocated within a diameter of 15 m.

Table 1. Key parameters of CDL and MRR

Parameter CDL MRR

Wavelength (µm), (mm) 1.5 12.4

Transmitter type Pulsed (600 ns) FMCW

Transmitter power (W) 3 0.05

Spatial resolution (m) 90 100

Maximum detection range (km) 15 3

Antenna diameter (cm) 10 60

Beam full divergence (◦) 2.635×10−3 1.5

Nyquist velocity range (m/s) ±30 0 to 11.9

The compact all-fiber CDL operates with an eye-safe wavelength of 1.5 µm. It has been applied
for researches on the atmospheric boundary layer height [31], gravity waves [32], and turbulence
[33]. During the precipitation experiment, the CDL is set to operate at vertical stare mode with
a temporal resolution of 1 second. The detailed information about the system is presented in
previous works [20,34,35].

The Micro Rain Radar is a vertically pointing frequency modulated continuous wave (FMCW)
radar (MRR-2, METEK Germany). It operates with microwave at a frequency of 24.23 GHz with
modulation of 0.5-15 MHz according to the height resolution. The wavelength is selected after
trade-offs between the sensitivity to small raindrops and the rain attenuation effect [10]. In this
study, the temporal and spatial resolutions of the MRR are set as 1 min and 100 m, respectively.
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3. Principle

The directly detected information of rain by Doppler lidar or radar is the Doppler-shifted
reflectivity spectrum, which is the superposition of the signal from individual raindrops at various
falling velocities determined by the size. Considering the backscattering cross section as the
weight, the reflectivity spectrum of rain in the velocity domain can be expressed as [12]

Srain(v) = c0N(D)σbk(D)
dD
dv

, (1)

where v and D are the Doppler velocity and the equivalent spherical diameter, respectively.
N(D) is the raindrop size distribution to be solved in this work; Srain(v) is retrieved from the
Doppler power spectrum measured by the CDL, and σbk(D) is calculated by theoretical models,
as introduced in the following sections. dD/dv is derived from the relationship between the
terminal falling velocity and raindrop size. The relationship is given by an empirical equation [9]

v(D) = [9.65 − 10.3 exp(−0.6D)]

(︃
ρ

ρ0

)︃−0.4
, (2)

where v and D are in units of m/s and mm, respectively. ρ and ρ0 are the respective air densities
at the observation height and sea level.

The parameter c0 in Eq. (1) is a calibration factor depending on the instrument parameters and
path attenuation. It can be obtained by solving the lidar equation accurately. However, due to the
strong attenuation of light by raindrops, this approach is difficult. In this work, we use the radar
reflectivity Z outputted by the MRR as reference information to calibrate c0. Nevertheless, the
shape of DSD and the derived parameters, such as the mean rain velocity and mean diameter of
raindrops, are retrieved by CDL independently.

3.1. Backscattering cross section

The scattering properties of raindrops depend mainly on the wavelength-dependent refractive
index and geometry. An accurate backscattering cross section is critical in retrieving DSDs
as expressed in Eq. (1). The Mie theory [28] offers a rigorous solution to the scattering of
electromagnetic waves from a homogenous sphere. But the sphere assumption is only valid for
the raindrops of diameter less than 1.0 mm. Otherwise, the effect of non-spheric shape should be
considered [36]. On the one hand, we use the MiePlot tool developed by Philip Laven [37] to
calculate the backscattering cross section of spheric drops. Considering raindrops with large
size parameters πD/λ, where λ is the working wavelength, MiePlot gives stable results. On
the other hand, considering the large non-spheric raindrops, a ray-tracing model called VCRM
developed by Kuan Fang Ren [29] is used. Comparing to numerical calculation methods, such
as T-matrix and Finite-Difference Time-Domain (FDTD), VCRM is not limited to relatively
small size parameters [38]. By introducing the property of the wavefront in the geometrical
optics model, the VCRM can calculate precisely the interaction of light with an object of smooth
surface. It has been verified elsewhere by comparison with other models and oblate droplet
experiments [38,39].

The complex refractive index for liquid water is required in the calculation. At the wavelength
of 1.5 µm, the value is 1.32 + 0.000135j where the imaginary part means absorption of the light
[40]. Considering the shape model of non-spheric raindrops, we approximate large raindrops as
oblate spheroids with an axis ratio represented by a 4th order polynomial [41,42]

b
a
= 1.0048 + 0.0057D − 2.628D2 + 3.682D3 − 1.677D4 , (3)

where a and b are the radii of the horizontal long axis, and the vertical short axis along the gravity
direction, respectively. D is the equivalent spherical diameter in unit of centimeter. The axis ratio
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can reach 0.7 when the diameter D equals 5.0 mm. Then, the values of a and b can be calculated
by using Eq. (3) and the volume equation

V =
4
3
πa2b =

4
3
π

(︃
D
2

)︃3
, (4)

Note that the backscattering cross section is calculated under the equilibrium condition where
a balance between forces of surface tension and hydrostatic pressure is assumed. The complex
oscillation phenomenon of raindrops and multiple scattering are not considered here [43,44].

As the backscattering efficiency (unitless) Qbk(D) is more often displayed, it is calculated and
shown in Fig. 1. The relation between backscattering cross section σbk(D) and backscattering
efficiency Qbk(D) are expressed as

σbk(D) =
πD2

4
Qbk(D) , (5)

The backscattering efficiency at an individual diameter will exhibit a highly variable behavior,
due to the very large size parameters. While the actual scattering processes are associated with
a large number of raindrops of nonuniform size. Therefore, an average operation is applied to
the backscattering efficiency at each diameter by 100 drops with log-normal size distribution
and a standard deviation of 1% of the central diameter, to remove the high-frequency oscillation
[37,45]. The averaged results are shown in Fig. 1. The gray circles with the diameter range of
0.01-6 mm are calculated using Mie theory by considering the raindrops as water spheres. The
backscattering efficiency of spheres decreases quickly from 0.1 mm due to the strong absorption
of light within the drop, and reaches the geometric optical limit (P=0, external reflection) at the
diameter of about 2 mm. For the actual oblate spheroids, the results are calculated using VCRM
and shown as red squares from 1 to 6 mm. The backscattering efficiency of oblate spheroids
increases with the diameter from about 2 mm. This is caused by the increased cross section area
in the horizontal axis (perpendicular to the laser beam). We combine the data of Mie (0.1-1 mm)
and the data of VCRM (1-6 mm), and fit the results by a smooth spline. The fitting line is used to
retrieve the DSD in this study.

Fig. 1. Scatter plot and fitting line of backscattering efficiency versus the drop diameter
between 0.01 and 6 mm. The gray circles are calculated using the Mie theory for spheric
drops. The red squares are calculated using VCRM for oblate spheroids. The dashed line
corresponds to the geometric optical limit of P=0 (i.e., external reflection) for spheric drops.

3.2. Retrieval of reflective spectrum

The shape of the power spectrum under precipitation conditions is the sum of the backscattering
spectra from the aerosols and raindrops. However, the observed rain spectrum is broader than
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the true reflectivity spectrum, due to the effect of turbulence, wind shear, and window effects.
Therefore, the observed spectrum under precipitation conditions can be expressed as [46,47]

S(v) = [Sair(v) + Sair(v) ∗ Srain(v)] ∗ W(v) , (6)

where v is the Doppler velocity (downward +); Sair(v) is the turbulent spectrum from aerosols;
Srain(v) is the reflectivity spectrum of rain given by Eq. (1); W(v) is the spectrum of the preset
temporal window, which can be calculated theoretically. The asterisk represents the convolution
operation. The turbulent spectrum of aerosol can be approximated as Gaussian distribution [12],
given by

Sair(v) = Iair exp[−
(v − v0)

2σ2
air

] , (7)

where Iair, v0, σair are the intensity, mean vertical wind velocity, and spectrum width, respectively.
Thus, Eq. (6) can be rewritten as

S(v) = Sair(v) ∗ W(v) + [Sair(v) ∗ W(v)] ∗ Srain(v) = S′
air(v) + S′

air(v) ∗ Srain(v) , (8)

where S′
air(v) = Sair(v) ∗W(v). In some previous works, the window effect is neglected and S′

air(v)
is treated as Sair(v), using a Gaussian shape approximation [25,48]. This approximation introduces
obvious error, as a short-time window function leads to side-lobes in spectral domain that can’t
be ignored. In other works, the window spectrum is firstly removed by a direct deconvolution
before retrieving the raindrop scattering spectrum. Two times of deconvolution are needed [46].
Here, we built an accompanying aerosol signal model S′

air(v), which is the convolution of the
Gaussian-shaped turbulent spectrum and the window spectrum, to improve the accuracy and
robustness when retrieving the rain reflectivity spectrum Srain(v).

Two main methods have been reported to derive the DSD from Doppler spectra: the parametric
fitting method and the iterative deconvolution method [17,25]. In the parametric fitting method,
the DSD is assumed to have a functional form, such as exponential distribution or Gamma
distribution. The parameters are determined by nonlinear least square fitting. This method is
sensitive to the initial values. In the iterative deconvolution method, no particular DSD shape
is assumed. Here, we use the iterative method to retrieve the DSD. The following steps are
performed.

1) Determine the aerosol signal S′
air by the least square fitting method, as shown by the orange

dash line in Fig. 2.

2) Calculate the initial estimate of the reflectivity spectrum (the star dash line in Fig. 2) by
Srain,i=0 = S − S′

air. Limit the available value of Srain,i=0 to the velocity range of 0∼10 m/s,
to avoid non-realistic raindrops. What’s more, the values that lower than the noise level
are set as zero.

3) Calculate the spectrum Si (the green line in Fig. 2) using Eq. (8). Calculate the new
estimates of the reflectivity spectrum Srain,i+1 = Srain,i × (S/Si). A 10-points Gaussian
moving average is pre-performed to S/Si, to reduce the amplified noise during the iterations.

4) The iteration continues from step 3 until the change of the reflectivity spectrum is negligible
or the preset maximum iteration number is reached. The maximum iteration number is
proportional to the data number used in the moving average process in Step 3. Too many
iterations will amplify the noise. Aoki et al. set the number of iterations to 5. In our
calculation, 6 iterations give better results.

Figure 2 gives two examples of iterative deconvolution. A Rectangle window is used in the
data processing preset in the CDL. The sidelobes of the aerosol peak extend to the velocity range
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Fig. 2. Two examples of iterative deconvolution. (a) The aerosol peak is higher than the
rain peak and the vertical wind velocity is near zero, (b) the rain peak is higher than the
aerosol peak, and an upward wind of −1.17 m/s exists.

of the rain signal. By using an aerosol signal model in which the window effect is combined, a
more accurate reflectivity spectrum is obtained. Although a longer pulse width will cause a low
inherent spatial resolution, the resulting narrower spectrum width is predictable to improve the
inversion accuracy.

4. Experiment and analysis

Figure 3 shows the measurement results of the CDL and MRR on June 13, 2020. The rain
rate and visibility on the ground level are recorded by the Parsivel-2 and a co-located visibility
sensor (Vaisala PWD50), respectively. Except for several minutes short pause, the precipitation
continues from 00:00 to 18:00 with accumulated rainfall of 64 mm. The wideband carrier-to-
noise ratio (CNR) is defined as the ratio of total signal power to noise power over the entire
spectral bandwidth [35]. The CNR with values larger than 0 dB as shown in Fig. 3(a) mainly
corresponds to clouds. The CDL is set to clean the telescope lens automatically every 5 minutes,
to mitigate the effect of wavefront distortion on the receiving efficiency. Therefore, the CNR
shows periodic stripes during precipitation. The spectrum width and skewness have been applied
to precipitation identification in previous works [20,33]. The spectrum width will be broadened
during precipitation conditions due to additional signal peaks from raindrops. Similarly, the
skewness will depart from zero if the rain signal exists. Compared to the spectrum width, the
skewness is more sensitive in identifying the precipitation but also requires relatively higher
CNR. As shown in Fig. 3(c), the positive values of skewness mean that the aerosol peak is larger
than the rain peak, and vice versa. Figure 3(d) shows the attenuated radar reflectivity recorded by
the MRR, where high values corresponding to high rain rates.

The DSDs obtained from CDL with 1-s resolution are then averaged both in the time and
space domain to match the data resolution of MRR. To validate the performance, the DSDs are
compared with that of MRR as shown in Fig. 4. The datasets are separated into three regimes of
rain rate, namely, light rain (<1 mm/h), moderate rain (1-10 mm/h), and heavy rain (>10 mm/h),
using the ground-level rain rate recorded by Parsivle-2. The lowest range gate of MRR is excluded
from the comparison due to the near-field effect, as advised by the manufacture. Thus, the results
at three heights from 200 m are plotted. In light rain, the difference of DSD between CDL and
MRR becomes large from the diameter of 2 mm, as shown in Fig. 4(a1) and Fig. 4(b1). This
may be caused by the low number concentration of large drops at light rain, and less sensing
volume of CDL compared to the MRR. In moderate rain, the average DSD of CDL shows a
great agreement with that of MRR at the diameter range of 1-5 mm. In heavy rain, the difference
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Fig. 3. Observation results of CDL and MRR during a continuous precipitation event on
June 13, 2020. (a) The wideband carrier-to-noise ratio of CDL, (b) spectrum width of CDL,
(c) spectrum skewness of CDL, (d) attenuated radar reflectivity of MRR, (e) horizontal
visibility and rain rate on the ground level.

is relatively large due to small samples. At each condition, the number concentration of small
drops with diameter less than 1 mm shows significant differences. The MRR gives the largest
concentration at small drops, while the Parsivel-2 shows the lowest concentration. It has been
reported that the MRR may overestimate the number of small drops due to spectrum aliasing and
vertical wind [49,50]. The Parsivel-2 has also been pointed out to underestimate the number of
small drops [30]. The CDL gives more reasonable values.

Actually, the diameter-dependent backscattering cross section function causes large errors at
small drops. As analyzed in [10], for a certain instrument noise level s, the error of retrieved
DSD can be expressed as s/σbk(D). For the Rayleigh approximation in radar, σbk ∝ D6 holds.
The error increases rapidly with a speed of inverse of 6th order of D as D approaches zero. While
in the lidar, the error follows s/D2 relation for the geometric approximation. Therefore, the error
of small drops retrieved by CDL is much smaller than that obtained from MRR relative to large
drops.

For further comparisons and statistics between the CDL and MRR, the reflectivity-weighted
rain velocity v̄ in the sense of light scattering, and the mass-weighted mean diameter Dm are
calculated

v̄ =

∫
v(D)N(D)σbkdD∫

N(D)σbkdD
=

∫
vSrain(v)dv∫
Srain(v)dv

, (9)
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Fig. 4. Comparisons of the averaged DSDs between the CDL and MRR. (a1-3) the averaged
DSD at the height of 600 m with different rain rates; (b1-3) the same as (a) but at the height
of 400 m; (c1-3) the same as (a) but at the height of 200 m. The ground-level DSDs from
Parsivel-2 are also plotted. The dataset is the same as Fig. 3.

Dm =

∫
N(D)D4dD∫
N(D)D3dD

, (10)

The reflectivity spectra in the sense of light scattering are firstly calculated and compared
between the CDL and MRR, as shown in Fig. 5. Although the influence of the overestimated
concentration of small raindrops is insignificant on the integrated precipitation parameters such
as rain rate (RR), liquid water content (LWC), and radar reflectivity (Z), it may greatly affect
the calculated reflectivity spectrum in the sense of light scattering. As shown in Fig. 5(b) and
Fig. 5(c), the reflectivity spectra of MRR show very high values at small velocity range due to
the overestimation of small drop number. Therefore, a lower limit of the velocity (or diameter)
is needed in the integration of Eq. (9) and Eq. (10) to get reasonable values. The position of
the local minimum is used to determine the lower limit vmin, below which the data of MRR are
regarded as unreliable and not included in the comparison. Besides, in MRR retrieval, zero
vertical wind is assumed due to its inability in wind detection. Any non-zero value will introduce
a bias in the retrieved parameters. We use the wind velocity measured by the CDL to correct the
MRR product. However, improper vertical wind correction may further deteriorate the quality of
estimated parameters [10], due to the different sensing volumes between the CDL and MRR.
Therefore, if the wind correction gives worse results, then the original results are used.

The scatterplot of mean rain velocity v̄ and mean diameter Dm at three heights between the
CDL and MRR are shown in Fig. 6. The corresponding rain rates are displayed by the color of
the scatters. The linear fitting results present good agreements at each height. The coefficient of
determination (R2) reaches at least 0.93. The slightly better consistency at higher height may
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Fig. 5. Examples of reflectivity spectrum of CDL and MRR in the sense of light scattering.
The values of mean rain velocity are also given. vmin is the lower limit in calculating the
mean rain velocity.

be due to the decrease of turbulence intensity with height increasing. The values of mean rain
velocity and diameter show positive relation to the rain rate. The drizzle below 0.1 mm/h is
dominated by small raindrops below 1 mm. While the positive relation becomes indistinct when
the rain rate exceeds 1 mm/h, which means that it’s the drop concentration but not the size that
determines the rain rate.

Fig. 6. Comparisons of mean rain velocity (a-c) and mean diameter (d-f) between the CDL
and MRR at different heights. The linear fitting results and number of samples are also given.
The color of the scatters corresponds to the rain rate. The dataset is the same as Fig. 3.

Although there exist large differences in the wavelength and scattering characteristics between
the CDL and MRR, the derived DSD parameters show good agreement, except for the small drops.
According to the error analysis, the CDL gives more reasonable values. However, there are still
some limitations in using CDL to detect rainfall and other integrated parameters independently.
To obtain the absolute value of DSD, the lidar equation should be solved exactly, which is difficult
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due to the following reasons. The first one is the strong attenuation of the transmitted laser by
raindrops on the path, especially at high rain rates. The second one is the sharp reduction of
coupling efficiency due to wavefront distortion caused by accumulated water on the telescope
lens, which can be seen clearly from Fig. 3(a). Besides, the detection range of CDL is limited by
thick clouds near the ground, as shown in Fig. 3(a) from 3:00 to about 4:30. It’s hard for the laser
to penetrate the thick cloud. When there exists a cloud signal, the rain signal could be submerged
totally, because the backscattering efficiency of small particles with a diameter of 10-100 µm is
much larger than that of the raindrops, as shown in Fig. 1. Consequently, the received signal is
dominated by cloud particles.

5. Conclusion

In this paper, the DSD was retrieved based on the power spectrum of a 1.5 µm CDL using the
theoretical backscattering cross section and an iterative deconvolution method. The accuracy
and robustness were improved after considering the window effect of the accompanying aerosol
signal model. The DSD retrieved from CDL was compared with that from a co-located MRR.
The results showed good agreement. The MRR was found to overestimate the concentration
of small drops, while the CDL gives more reasonable values, which is demonstrated using a
ground-level Parsivel-2.

The radar reflectivity from MRR was used as reference information to determine the absolute
value of DSD for CDL. The shape of the DSD and the derived parameters, such as the mean rain
velocity and mean diameter of raindrops, were retrieved by CDL independently. For future work,
we will try to solve the lidar equation during precipitation conditions. We also plan to investigate
the evolution of vertical profiles of DSD and the influence of ambient wind using CDL and other
instruments.
Disclosures. The authors declare no conflicts of interest.

Data Availability. Data underlying the results presented in this paper can be obtained from the authors upon
reasonable request.

References
1. J. Testud, S. Oury, R. A. Black, P. Amayenc, and X. Dou, “The Concept of “Normalized” Distribution to Describe

Raindrop Spectra: A Tool for Cloud Physics and Cloud Remote Sensing,” J. Appl. Meteorol. 40(6), 1118–1140
(2001).

2. S. Niu, X. Jia, J. Sang, X. Liu, C. Lu, and Y. Liu, “Distributions of raindrop sizes and fall velocities in a semiarid
plateau climate: Convective versus stratiform rains,” J. Appl. Meteorol. Climatol. 49(4), 632–645 (2010).

3. K. Friedrich, E. A. Kalina, F. J. Masters, and C. R. Lopez, “Drop-size distributions in thunderstorms measured by
optical disdrometers during VORTEX2,” Mon. Weather Rev. 141(4), 1182–1203 (2013).

4. V. Wulfmeyer, A. Behrendt, H. S. Bauer, C. Kottmeier, U. Corsmeier, A. Blyth, G. Craig, U. Schumann, M. Hagen,
and S. Crewell, “The Convective and Orographically induced Precipitation Study: A research and development
project of the World Weather Research Program for improving quantitative precipitation forecasting in low-mountain
regions,” Bull. Am. Meteorol. Soc. 89(10), 1469–1506 (2008).

5. A. J. Heymsfield, A. Bansemer, M. R. Poellot, and N. Wood, “Observations of ice microphysics through the melting
layer,” J. Atmos. Sci. 72(8), 2902–2928 (2015).

6. P. M. Austin, “Relation between measured radar reflectivity and surface rainfall,” Mon. Weather Rev. 115(5),
1053–1070 (1987).

7. A. Kruger and W. F. Krajewski, “Two-dimensional video disdrometer: A description,” J. Atmos. Oceanic Technol.
19(5), 602–617 (2002).

8. A. Tokay, W. A. Petersen, P. Gatlin, and M. Wingo, “Comparison of raindrop size distribution measurements by
collocated disdrometers,” J. Atmos. Oceanic Technol. 30(8), 1672–1690 (2013).

9. D. Atlas, R. C. Srivastava, and R. S. Sekhon, “Doppler radar characteristics of precipitation at vertical incidence,”
Rev. Geophys. 11(1), 1–35 (1973).

10. G. Peters, B. Fischer, H. Münster, M. Clemens, and A. Wagner, “Profiles of raindrop size distributions as retrieved by
microrain radars,” J. Appl. Meteorol. 44(12), 1930–1949 (2005).

11. S. Fukao, K. Wakasugi, T. Sato, S. Morimoto, T. Tsuda, I. Hirota, I. Kimura, and S. Kato, “Direct measurement of air
and precipitation particle motion by very high frequency Doppler radar,” Nature 316(6030), 712–714 (1985).

12. K. Wakasugi, A. Mizutani, M. Matsuo, S. Fukao, and S. Kato, “A Direct Method for Deriving Drop-Size Distribution
and Vertical Air Velocities from VHF Doppler Radar Spectra,” J. Atmos. Oceanic Technol. 3(4), 623–629 (1986).

https://doi.org/10.1175/1520-0450(2001)040<1118:TCONDT>2.0.CO;2
https://doi.org/10.1175/2009JAMC2208.1
https://doi.org/10.1175/MWR-D-12-00116.1
https://doi.org/10.1175/1520-0477-89.10.1469
https://doi.org/10.1175/JAS-D-14-0363.1
https://doi.org/10.1175/1520-0493(1987)115<1053:RBMRRA>2.0.CO;2
https://doi.org/10.1175/1520-0426(2002)019<0602:TDVDAD>2.0.CO;2
https://doi.org/10.1175/JTECH-D-12-00163.1
https://doi.org/10.1029/RG011i001p00001
https://doi.org/10.1175/JAM2316.1
https://doi.org/10.1038/316712a0
https://doi.org/10.1175/1520-0426(1986)003<0623:ADMFDD>2.0.CO;2


Research Article Vol. 29, No. 11 / 24 May 2021 / Optics Express 17256

13. T. Kobayashi and A. Adachi, “Measurements of raindrop breakup by using UHF wind profilers,” Geophys. Res. Lett.
28(21), 4071–4074 (2001).

14. H. Qing, Y. Chu, Z. Zhao, C. Su, C. Zhou, and Y. Zhang, “Observation and analysis of atmospheric rainfall based on
the very high frequency radar,” IET Radar, Sonar & Navigation 11(4), 616–620 (2017).

15. M. Radenz, J. Bühl, V. Lehmann, U. Görsdorf, and R. Leinweber, “Combining cloud radar and radar wind profiler
for a value added estimate of vertical air motion and particle terminal velocity within clouds,” Atmos. Meas. Tech.
11(10), 5925–5940 (2018).

16. E. E. Gossard, “Measuring drop-size distributions in clouds with a clear-air-sensing Doppler radar,” J. Atmos.
Oceanic Technol. 5(5), 640–649 (1988).

17. D. K. Rajopadhyaya, P. T. May, R. C. Cifelli, S. K. Avery, C. R. Willams, W. L. Ecklund, and K. S. Gage, “The
effect of vertical air motions on rain rates and median volume diameter determined from combined UHF and VHF
wind profiler measurements and comparisons with rain gauge measurements,” J. Atmos. Oceanic Technol. 15(6),
1306–1319 (1998).

18. B. T. Lottman, R. G. Frehlich, S. M. Hannon, S. W. Henderson, S. M. Hannon, and S. W. Henderson, “Evaluation of
Vertical Winds near and inside a Cloud Deck Using Coherent Doppler Lidar,” J. Atmos. Oceanic Technol. 18(8),
1377–1386 (2001).

19. N. Kalthoff, B. Adler, A. Wieser, M. Kohler, K. Träumner, J. Handwerker, U. Corsmeier, S. Khodayar, D. Lambert, A.
Kopmann, N. Kunka, G. Dick, M. Ramatschi, J. Wickert, and C. Kottmeier, “KITcube-a mobile observation platform
for convection studies deployed during HyMeX,” Meteorol. Z. 22(6), 633–647 (2013).

20. T. Wei, H. Xia, J. Hu, C. Wang, M. Shangguan, L. Wang, M. Jia, and X. Dou, “Simultaneous wind and rainfall detection
by power spectrum analysis using a VAD scanning coherent Doppler lidar,” Opt. Express 27(22), 31235–31245
(2019).

21. C. D. Westbrook, R. J. Hogan, E. J. O’Connor, and A. J. Illingworth, “Estimating drizzle drop size and precipitation
rate using two-colour lidar measurements,” Atmos. Meas. Tech. 3(3), 671–681 (2010).

22. S. Lolli, E. J. Welton, and J. R. Campbell, “Evaluating Light Rain Drop Size Estimates from Multiwavelength
Micropulse Lidar Network Profiling,” J. Atmos. Oceanic Technol. 30(12), 2798–2807 (2013).

23. S. Lolli, P. Di Girolamo, B. Demoz, X. Li, and E. J. Welton, “Rain evaporation rate estimates from dual-wavelength
lidar measurements and intercomparison against a model analytical solution,” J. Atmos. Oceanic Technol. 34(4),
829–839 (2017).

24. K. Träumner, J. Handwerker, A. Wieser, and J. Grenzhäuser, “A Synergy Approach to Estimate Properties of Raindrop
Size Distributions Using a Doppler Lidar and Cloud Radar,” J. Atmos. Oceanic Technol. 27(6), 1095–1100 (2010).

25. M. Aoki, H. Iwai, K. Nakagawa, S. Ishii, and K. Mizutani, “Measurements of Rainfall Velocity and Raindrop Size
Distribution Using Coherent Doppler Lidar,” J. Atmos. Oceanic Technol. 33(9), 1949–1966 (2016).

26. J. Bühl, R. Leinweber, U. Görsdorf, M. Radenz, A. Ansmann, and V. Lehmann, “Combined vertical-velocity
observations with Doppler lidar, cloud radar and wind profiler,” Atmos. Meas. Tech. 8(8), 3527–3536 (2015).

27. D. Wang, I. S. Stachlewska, J. Delanoë, D. Ene, X. Song, and D. Schüttemeyer, “Spatio-temporal discrimination of
molecular, aerosol and cloud scattering and polarization using a combination of a Raman lidar, Doppler cloud radar
and microwave radiometer,” Opt. Express 28(14), 20117–20134 (2020).

28. C. F. Bohren and D. R. Huffman, Absorption and scattering of light by small particles (John Wiley & Sons, Published,
2008).

29. K. F. Ren, F. Onofri, C. Rozé, and T. Girasole, “Vectorial complex ray model and application to two-dimensional
scattering of plane wave by a spheroidal particle,” Opt. Lett. 36(3), 370–372 (2011).

30. A. Tokay, D. B. Wolff, and W. A. Petersen, “Evaluation of the new version of the laser-optical disdrometer, OTT
parsivel,” J. Atmos. Oceanic Technol. 31(6), 1276–1288 (2014).

31. C. Wang, M. Jia, H. Xia, Y. Wu, T. Wei, X. Shang, C. Yang, X. Xue, and X. Dou, “Relationship analysis of PM2.5
and boundary layer height using an aerosol and turbulence detection lidar,” Atmos. Meas. Tech. 12(6), 3303–3315
(2019).

32. M. Jia, J. Yuan, C. Wang, H. Xia, Y. Wu, L. Zhao, T. Wei, J. Wu, L. Wang, and S. Gu, “Long-lived high-frequency
gravity waves in the atmospheric boundary layer: observations and simulations,” Atmos. Chem. Phys. 19(24),
15431–15446 (2019).

33. J. Yuan, H. Xia, T. Wei, L. Wang, B. Yue, and Y. Wu, “Identifying cloud, precipitation, windshear, and turbulence by
deep analysis of the power spectrum of coherent Doppler wind lidar,” Opt. Express 28(25), 37406–37418 (2020).

34. C. Wang, H. Xia, M. Shangguan, Y. Wu, L. Wang, L. Zhao, J. Qiu, and R. Zhang, “1.5 µm polarization coherent lidar
incorporating time-division multiplexing,” Opt. Express 25(17), 20663–20674 (2017).

35. T. Wei, H. Xia, Y. Wu, J. Yuan, C. Wang, and X. Dou, “Inversion probability enhancement of all-fiber CDWL by
noise modeling and robust fitting,” Opt. Express 28(20), 29662–29675 (2020).

36. K. V. Beard, V. N. Bringi, and M. Thurai, “A new understanding of raindrop shape,” Atmos. Res. 97(4), 396–415
(2010).

37. P. Laven, “Simulation of rainbows, coronas, and glories by use of Mie theory,” Appl. Opt. 42(3), 436–444 (2003).
38. F. R. A. Onofri, K. F. Ren, M. Sentis, Q. Gaubert, and C. Pelcé, “Experimental validation of the vectorial complex

ray model on the inter-caustics scattering of oblate droplets,” Opt. Express 23(12), 15768–15773 (2015).
39. F. R. Onofri, S. Radev, M. Sentis, and S. Barbosa, “Physical-optics approximation of near-critical-angle scattering by

spheroidal bubbles,” Opt. Lett. 37(22), 4780–4782 (2012).

https://doi.org/10.1029/2001GL013254
https://doi.org/10.1049/iet-rsn.2016.0089
https://doi.org/10.5194/amt-11-5925-2018
https://doi.org/10.1175/1520-0426(1988)005<0640:MDSDIC>2.0.CO;2
https://doi.org/10.1175/1520-0426(1988)005<0640:MDSDIC>2.0.CO;2
https://doi.org/10.1175/1520-0426(1998)015<1306:TEOVAM>2.0.CO;2
https://doi.org/10.1175/1520-0426(2001)018<1377:EOVWNA>2.0.CO;2
https://doi.org/10.1127/0941-2948/2013/0542
https://doi.org/10.1364/OE.27.031235
https://doi.org/10.5194/amt-3-671-2010
https://doi.org/10.1175/JTECH-D-13-00062.1
https://doi.org/10.1175/JTECH-D-16-0146.1
https://doi.org/10.1175/2010JTECHA1377.1
https://doi.org/10.1175/JTECH-D-15-0111.1
https://doi.org/10.5194/amt-8-3527-2015
https://doi.org/10.1364/OE.393625
https://doi.org/10.1364/OL.36.000370
https://doi.org/10.1175/JTECH-D-13-00174.1
https://doi.org/10.5194/amt-12-3303-2019
https://doi.org/10.5194/acp-19-15431-2019
https://doi.org/10.1364/OE.412809
https://doi.org/10.1364/OE.25.020663
https://doi.org/10.1364/OE.401054
https://doi.org/10.1016/j.atmosres.2010.02.001
https://doi.org/10.1364/AO.42.000436
https://doi.org/10.1364/OE.23.015768
https://doi.org/10.1364/OL.37.004780


Research Article Vol. 29, No. 11 / 24 May 2021 / Optics Express 17257

40. L. Kou, D. Labrie, and P. Chylek, “Refractive indices of water and ice in the 0.65-to 2.5-µm spectral range,” Appl.
Opt. 32(19), 3531–3540 (1993).

41. K. Andsager, K. V. Beard, and N. F. Laird, “Laboratory measurements of axis ratios for large raindrops,” J. Atmos.
Sci. 56(15), 2673–2683 (1999).

42. A. Battaglia, F. Prodi, and O. Sturniolo, “Radar and scattering parameters through falling hydrometeors with
axisymmetric shapes,” Appl. Opt. 40(18), 3092–3100 (2001).

43. M. Thurai, V. N. Bringi, W. A. Petersen, and P. N. Gatlin, “Drop shapes and fall speeds in rain: Two contrasting
examples,” J. Appl. Meteorol. Climatol. 52(11), 2567–2581 (2013).

44. V. V. Sterlyadkin, “Some Aspects of the Scattering of Light and Microwaves on Non-Spherical Raindrops,”
Atmosphere 11(5), 531 (2020).

45. V. A. Shishko, A. V. Konoshonkin, N. V. Kustova, and D. N. Timofeev, “Light scattering by spherical particles for
data interpretation of mobile lidars,” Opt. Eng. 59(08), 083103 (2020).

46. T. Kobayashi and A. Adachi, “Retrieval of arbitrarily shaped raindrop size distributions from wind profiler
measurements,” J. Atmos. Oceanic Technol. 22(4), 433–442 (2005).

47. C. F. Abari, X. Chu, R. Michael Hardesty, and J. Mann, “A reconfigurable all-fiber polarization-diversity coherent
Doppler lidar: principles and numerical simulations,” Appl. Opt. 54(30), 8999–9009 (2015).

48. D. K. Rajopadhyaya, P. T. May, and R. A. Vincent, “A General Approach to the Retrieval of Raindrop Size
Distributions from Wind Profiler Doppler Spectra: Modeling Results,” J. Atmos. Oceanic Technol. 10(5), 710–717
(1993).

49. E. Adirosi, L. Baldini, N. Roberto, P. Gatlin, and A. Tokay, “Improvement of vertical profiles of raindrop size
distribution from micro rain radar using 2D video disdrometer measurements,” Atmos. Res. 169, 404–415 (2016).

50. D. Jash, E. A. Resmi, C. K. Unnikrishnan, R. K. Sumesh, T. S. Sreekanth, N. Sukumar, and K. K. Ramachandran,
“Variation in rain drop size distribution and rain integral parameters during southwest monsoon over a tropical station:
An inter-comparison of disdrometer and Micro Rain Radar,” Atmos. Res. 217, 24–36 (2019).

https://doi.org/10.1364/AO.32.003531
https://doi.org/10.1364/AO.32.003531
https://doi.org/10.1175/1520-0469(1999)056<2673:LMOARF>2.0.CO;2
https://doi.org/10.1175/1520-0469(1999)056<2673:LMOARF>2.0.CO;2
https://doi.org/10.1364/AO.40.003092
https://doi.org/10.1175/JAMC-D-12-085.1
https://doi.org/10.3390/atmos11050531
https://doi.org/10.1117/1.OE.59.8.083103
https://doi.org/10.1175/JTECH1705.1
https://doi.org/10.1364/AO.54.008999
https://doi.org/10.1175/1520-0426(1993)010<0710:AGATTR>2.0.CO;2
https://doi.org/10.1016/j.atmosres.2015.07.002
https://doi.org/10.1016/j.atmosres.2018.10.014

