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I. INTRODUCTION

Wind measurement is fundamental for a comprehensive 

understanding of atmospheric dynamics on small (<100 

km) to global scales in this region [1-4]. The possibility to 

measure winds in the middle atmosphere with a Doppler 

lidar using a Fabry-Perot interferometer (FPI) was already 

demonstrated more than two decades ago [5-10]. Chanin et 

al. first realized the wind measurement in the stratosphere 

at the Observatory of Haute Provence (OHP), France in 

1989. They used two high resolution and narrow bandpass 

Fabry-Perot interferometers as the frequency discriminator 

to measure the wind up to 50 km altitude [11-14]. Another 

system for wind measurement up to an altitude near 60 km 

was developed by Tepley et al., in which a single FPI was 

used for spectral scanning of the Rayleigh backscattered 

spectrum [15-17]. The Goddard Lidar Observatory for 

Winds (GLOW) mobile Doppler lidar used a double-edge 

FPI for stratosphere wind measurement at NASA Goddard 

Space Flight Center. This system choose a frequency 

tripled Nd:YAG laser and the wavelength of the laser was 

355 nm [18]. The ALOMAR (Arctic Lidar Observatory for 

Middle Atmosphere Research) system observed wind by 

the RMR (Rayleigh/Mie/Raman) lidar in Norway. FPI and 

a Doppler Rayleigh Iodine Spectrometer were combined 

in the lidar for wind and temperature observation in the 

stratosphere and mesosphere up to 80 km [1, 19, 20]. In 

the Atmospheric Dynamics Mission Aeolus (ADM-Aeolus) 

payload Atmospheric Laser Doppler Instrument (ALADIN), 

which has been demonstrated by airborne validation, is 

scheduled to be launched in the near future. The observation 

range of stratospheric wind profiles is expected to be 0-30 
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km altitude [21-23]. Two Rayleigh Doppler lidars based 

on double-edge technique were set up in succession at the 

University of Science and Technology of China (USTC). 

One was for upper troposphere to stratosphere (8-40 km) 

wind measurement and another was developed for wind 

and temperature in the stratosphere to lower mesosphere 

(15-60 km) [24-28].

Recently, a scanning Rayleigh Doppler lidar has been 

set up for simultaneous high troposphere and stratosphere 

wind measurement from 5 km to 35 km by our group at 

USTC (University of Science and Technology of China). 

In this paper we describe the system setup in detail and 

present the performance of wind detection in Jiuquan, 

Gansu province. The lidar measurement is compared with 

radiosonde wind measurements taken simultaneously at the 

same location.

II. PRINCIPLE

The scanning Rayleigh Doppler lidar based on the 

double-edge technique uses the Rayleigh backscatter to take 

the wind measurement. According to the Doppler Effect, 

the wind velocity component along the line of sight (LOS) 

can be calculated by the equation as follow:

LOS

2
V

λ
ν= Δ  (1)

where λ is the wavelength of the outgoing laser; Δν 

represents the Doppler shift. 

In this lidar, a triple channel FPI, which is capacitively 

stabilized and piezoelectrically tunable is used as frequency 

discriminator to determine the Doppler shift of the received 

signal by its double-edge channels located on the wings of 

the thermally broadened molecular backscattered signal 

spectrum. The frequency of the transmitter laser is located 

at the cross-point of the two edge channels of the FPI. 

Molecular backscattered signals pass through the FPI’s two 

edge channels. As Fig. 1 shows, the Doppler shift of the 

signal will cause the transmission of one edge channel to 

increase and the other one to decrease. The Doppler shift 

can be calculated by detecting the signals of the two edge 

channels.

The response function for wind retrieval at each altitude 

z is defined as:
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where I1(v1, vl+Δv) and I2(v2, vl+Δv) are the signal intensity 

from altitude z detected through the edge 1 and edge 2 

channel with a Doppler shift Δv, respectively. In this 

system, signal intensity is equal to the number of photons 

detected by the PMTs operated in photon counting mode; 

a is the corrective factor introduced to account for the 

possible imbalance between the double-edge channels; v1 

and v2 are the center frequency of the edge channels, and 

vl is the laser center frequency. Besides, the I1(v1, vl+Δv) 

and I2(v2, vl+Δv) are considered as convolution of the 

laser spectrum, Rayleigh backscattering spectrum and the 

function of the FPI edge channel transmission if we 

ignored the aerosol backscattering.
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(3)

where IL(v) is the outgoing laser spectrum; T1(v) and T2(v) 

are the transmission functions of the FPI’s two edge 

channels; IR(v) is the Rayleigh backscattering spectrum. This 

can deduce the Doppler shift profile Δv from the response 

profile R(Δv) through the instrumental calibration function 

by accounting for the atmospheric temperature depended 

Rayleigh backscattering spectrum profile.

The wind velocity along the line of sight (LOS) is 

calculated as:

LOS

d
[ ( ) (0)]

2 dR( )
V R R

λ ν
ν

ν
= Δ −  (4)

In this equation, R(0) is the response without Doppler 

shift. It can be measured by zero Doppler shift correction 

described below.

III. LIDAR SYSTEM SETUP

The scanning lidar built for 5 km to 35 km wind 

measurement is described in this section and the key 

parameters of the system are summarized. The stability of 

the optical receiver using a non-polarized beam splitter cube 

NPBS is validated by a regular transmission measurement 

over 36 days.
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FIG. 1. Schematic of the principle of Doppler shift determi-

nation using a triple channel FPI.
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3.1. Description of the Lidar System

The scanning Rayleigh Doppler is named USTC 800 lidar 

by us because of using a telescope with diameter 800 mm. 

The optical schematic view of USTC 800 lidar is given in 

Fig. 2.

The USTC 800 lidar employs a Q-switched, flash-pumped 

and frequency tripled Nd:YAG laser (INNOLAS Spitlight 

2000) working at 355 nm. This laser is made stable single 

longitudinal mode by the injection of a very narrow 

bandwidth fiber laser (NP Photonics SI-2000, bandwidth 

<5 kHz). In order to achieve a high stability, the seeder laser 

is in continuous operation and the output power is about 

30 mW, enough for successful injection. As the frequency 

of the seeder laser is sensitive to the ambient temperature, 

the seeder laser is mounted in a thermostat with ability to 

thermally control at ±0.1 K to insure long-time injection 

stability. The output energy is approximately 300 mJ per 

pulse with a repetition of 50 Hz. The laser spectral shape 

can be considered as a Gaussian distribution with a FWHM 

about 200 MHz. This spectral width is much smaller than 

the spectral width of both the atmospheric backscattering 

signal and the FWHM of the edge channels of the FPI. 

The laser diameter is expanded by an expander from 10 

mm to 150 mm to decrease the divergence angle, which of 

significant meaning for us to decrease the field of view 

(FOV), and then the background will be depressed. This is 

important for a distant measurement of 35 km altitude. 

Divergence angle of the laser after expanding is about 50 

µrad.

A very small fraction of the laser beam is sampled by 

a beam splitter into a 0.1 m diameter integrating sphere as 

the signal for FPI actively locking to the laser frequency 

and the zero Doppler shift correction during the wind 

retrieval. Application of the integrating sphere is aimed to 

broaden the laser pulse duration time and homogenize the 

laser to frequency locking channel and zero Doppler shift 

correction channel. The duration time of the laser pulse 

can be broadened from ~6 ns to ~20 ns, and the laser to 

frequency locking channel and zero Doppler shift correction 

channel is more even. Longer duration time and more 

even beam can bring more accurate detection of the signal 

from the integrating sphere. The telescope with a diameter 

of 800 mm is used for receiving the atmospheric back-

scattering signal. The laser, integrating sphere, expander and 

the telescope are all mounted on an instrument for scanning, 

and the expander and telescope are of a zenith angle of 

30°. An interference filter with 0.15 nm bandwidth is used 

to decrease the background.

For a purpose of stable and compact system, an optical 

receiver combined for frequency discriminating with FPI, 

non-polarized beam splitter cubes (NPBS), photomultiplier 

tubes (PMTs) and other components is used in this lidar 

system. The atmospheric backscattering signal collected by 

telescope and separated by a non-polarized beam splitter 

cube. The splitting ratio is independent on the polarization 

of the light and is hardly varied relative to the ambient 

environment for a stable optical receiver. There are two 

incidence plates in non-polarized beam splitter cube for 

atmospheric backscattering signal and zero Doppler shift 

correction. The small fraction of laser going into the 

integrating sphere is divided in two parts by two fibers. The 

first part is led into a smaller non-polarized beam splitter 

cube matching to the locking channel for laser frequency 

locking. The second part is split by a plate beam splitter. 

The reflected fraction is detected by PMT-5 as the energy 

monitor. The transmitted fraction is led to the NPBS-1. As 

the light from the integrating sphere does not contain 

Doppler shift, this signal can be led to the edge channels 

for detecting the transmission of each edge channel. The 

zero Doppler shift correction signal is separated by a delay 

on time domain of the signal from the telescope. 

The PMTs used in this system are operated in two modes. 

FIG. 2. Schematic view of USTC 800 lidar. IS, integrating sphere; BS, beam splitter; IF, interference filter; NPBS, non-polarized beam 

splitter cube; FPI, Fabry-Perot interferometer; PMT, photomultiplier tube.
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PMT-3, PMT-4 and PMT-5 are in analog mode while the 

two PMTs of edge channels are operated in photon counting 

mode. In addition, the numerical aperture (N.A.) of the 

fibers applied in this lidar is 0.22. The diameter of fiber 1, 

fiber 4, fiber 5 and fiber 6 is 200 µm while the diameter 

of fiber 2 and fiber 3 is 100 µm.

3.2. Zero Doppler Shift Correction

The zero Doppler shift correction is used to correct for 

laser or FPI frequency jitter and drift by measuring the 

outgoing laser transmitted from the edge channels. As Eq. 

(4) shows, the laser without Doppler shift measured through 

FPI edge channel is significant for wind retrieval. The 

receiver NPBS applied in generate an access to measure 

the zero Doppler shift signal by the FPI synchronous with 

the wind measurement. As edge channels are used both for 

the atmospheric and the correction signal, the timing 

sequence is designed for the measurement shown in Fig. 3. 

These two signals can be separated in the time domain.

It is noted that, as the zero Doppler shift correction is 

to measure the out-going laser by the FPI edge channels, 

the shape of the correction transmission curve must be 

same as the edge channels. Figure 4 shows the transmission 

curve measurement result of zero Doppler shift correction 

and the edge channels using a stable CW laser with the 

FWHM of about 1 MHz by tuning the FPI. The green 

symbols are the resultant data of the edge channels and the 

red ones indicate the zero Doppler shift correction result 

data. The solid line (black) and the dashed line (blue) are 

the fitting result using the theoretical transmission equation 

of the FPI as follows.
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(5)

where Tpe is peak transmission; Re is the effective reflectivity 

of the FPI plate; n is the refractive index of the medium 

between the two plates of the FPI, and in our system, the 

medium is air; νFSR is the free spectral range (FSR) of the 

FPI; θ0 is the divergence angle of the beam, in this experi-

ment is equal to 0.5 mrad; and ν0 is the laser frequency.

From the results of the data and the fitting curve, 

transmissions of the edge channels and zero Doppler shift 

correction channel have good agreement. The key para-

meters of the fitting curve are listed in Table 1. The wind 

deviation brought by the difference between edge channels 
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FIG. 3. Data acquisition timing sequence.
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TABLE 1. Key parameter of edge and correction channels 

fitting

FWHM Range of channels

Edge 1 1.934 GHz
  4.907 GHz

Edge 2 1.941 GHZ

Correction 1 1.959 GHz
4.96 GHz

Correction 2 1.933 GHz
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and zero Doppler shift correction is about 0.43 m/s when 

the wind velocity is 100 m/s.

3.3. Stability of Optical Receiver

In the Rayleigh Doppler wind lidar, the frequency 

discrimination curve is significant for the Doppler shift 

calculation. To validate the performance of the optical 

receiver, the transmission of the FPI is measured in different 

days. These measurements were taken regularly every seven 

days. Figure 5(a) shows the result of the transmission 

measurement. It can be found that the transmission 

measured on different days shows good agreement. Figure 

5(b) shows the standard deviation of the three channels in 

the FPI, and the values are all under 0.05.

Wind velocity calculated from the response function 

depends on the backscatter Rayleigh spectrum and trans-

mission of edge channels. Transmissions measured in Fig. 5 

are fitted using Eq. (5). The response of each measurement 

is calculated and shown in Fig. 6. The standard deviation 

and the maximal deviation within the measurements are 

shown in Fig. 6(b). The maximal relative wind deviation 

due to the stability of the optical receiver is about 4.1% 

and the standard deviation of the wind velocity is 1.6%.

IV. WIND MEASUREMENT

In order to measure the horizontal wind velocity and 

direction, the USTC 800 lidar takes data in four direction 

and we assume that the vertical wind velocity is zero. 

During the wind detection, the optical axis is pointed from 

east, then west, and then south then north to measure the 

LOS velocity of these four directions. We assume that in 

the wind observation of a profile, the horizontal wind 

components pointing in the opposite direction is equal in 

value. The components of horizontal wind along the X axis 

(east) and Y (north) axis can be expressed as:
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In the Eq. (5), VX and VY represent the components of 

horizontal wind along the X axis and Y axis; VE, VW, VS 

and VN are the LOS wind velocities of the four directions; 

φ is the title angle of the laser and telescope from the 

zenith. In this system, φ equals 30°.
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We can calculate the horizontal wind velocity using the 

geometry relationship between VX, VY and the horizontal 

velocity which showed in Fig. 7. The wind horizontal 

velocity Vh is expressed as a function of VX and VY:

2 2

h X Y
V V V= +  (7)

The direction of the horizontal wind θh can be calculated 

as follow:

( ) { }h X Y Y Y X Y
arctan / 1 sign 0V V V V V Vθ π= + − ⎡ + ⋅ ⎤ ≠⎣ ⎦

(8)

Wind measurement using the USTC 800 lidar was 

performed in Jiuquan (39.741°N, 98.495°E), Gansu province, 

northwest of China, in 2015. An example of typical raw data 

in the experiment is represented in Fig. 8. This raw data 

was taken at 13:30 UT (Universal Time), Oct. 16 in 2015. 

The original Rayleigh backscattering signal was indicated 

as a blue line and the resolution is 7.5 m. The red curve is 

the segmented signal with the 0.2 km (from 5 km to 15 km) 

and 0.5 km resolution. Accumulated time of this profile is 

30 min.

In order to validate the performance of the USTC 800 lidar 

based on the double-edge Rayleigh technology, radiosonde 

mounted on the balloon was used for wind measurement. 

The result of horizontal wind observation with the USTC 

800 lidar is shown in Fig. 9. Radiosonde data were taken 

at 11:15 UT every day from 5 km to 20 km. The four 

altitude profiles of the wind and deviations of the two 
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measurements are shown in Figs. 9(a) and 9(b). The times 

of lidar result data were presented in the figure and the 

temporal resolutions of these measurements were 1.5 h. 

From the result shown in Fig. 9, the result data of lidar 

and radiosonde have good agreement. The deviations of 

the wind velocity and direction are shown with error bars. 

In this experiment, the maximum velocity and direction 

measurement uncertainties are 3.9 m/s and 14.5° at 35 km 

altitude, respectively.

Continuous wind field observation was performed from 

October 16th to November 12th and the semi-continuous 

wind field of 19 nights is presented in Fig. 10. The 

distribution of the wind velocity (a) and direction (b) in 

high troposphere and low stratosphere is shown in the 

figure. The lack of the data in higher altitudes for 3 days 

is due to cloudy weather. Similarly to the result observed 

by our USTC lidar in December in 2015, the stable 

quasi-zero wind layer appears again from 22 to 27 km 

altitudes. The dynamic structure and its evolution in the 

atmosphere region are also clearly shown and can obtain 

the characteristics of the atmosphere such as gravity waves 

in the future analysis can be obtained similar to the Ref. 

29, which has achieved the gravity wave process in middle 

latitudes as the second report of gravity wave using a 

direct detection Doppler lidar wind data [28].

V. CONCLUSION

A scanning Rayleigh Doppler lidar based on a non- 

polarized beam splitter cube optically contacted FPI has 

been set up and demonstrate for high troposphere and low 

stratosphere wind measurement from 5 km to 35 km. This 

scanning Rayleigh Doppler lidar uses a diameter of 800 

mm telescope and is mounted on a support vehicle. The 

receiver NPBS is applied in generating an access to measure 

the zero Doppler shift signal by the FPI synchronous with 

the wind measurement. The wind deviation brought by the 

deference between edge channels and zero Doppler shift 

correction is about 0.43 m/s when the wind velocity is 100 

m/s. The maximal relative wind deviation due to the 

stability of the optical receiver is about 4.1% and the 

standard deviation of wind velocity is 1.6%. Horizontal 

wind measurement can be realized with a spatial resolution 

of 100 m under 15 km and 500 m under 35 km altitude. In 

the comparison experiment in Jiuquan (39.741°N, 98.495°E), 

Gansu province of China, in 2015, wind measurement of 

lidar and radiosonde are in good agreement in the region 

from 5 km to 20 km.
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FIG. 10. Time-altitude cross section of semi-continuous horizontal wind field observation carried out from October 16th to November 

12th. The wind detection we made began at 13:00 UT in each day. The date and the time shown in the figure are the ending time of 

wind observations. The temporal resolution of the experiment is 1.5 hours.
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