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Abstract: A compact all-fiber pulsed coherent Doppler lidar (PCDL) for boundary layer wind
measurement was developed by the Institute of Oceanographic Instrumentation, Qilu University of
Technology (Shandong Academy of Sciences). It has been deployed at Zhongshan Station (69.4◦ S,
76.4◦ E) during the 2020 austral summer season by the 36th Chinese National Antarctic Research
Expedition (CHINARE) and started routine observation in January 2020. This system, based on the
1550 nm all-fiber components, employs a 100 mm telescope with a long focal length of 632.6 mm to
emit and collect laser pulses. It provides the ability to measure vertically resolved wind fields with a
spatial resolution of 30 m and a temporal resolution of 1 min; the maximum detection range is up to
1.5 km in Antarctica. Wind speed and direction inversion methods were introduced subsequently.
Preliminary measurement results of wind profiles indicate that this Doppler lidar can be operated
successfully in Antarctica. The synchronous observations between the lidar, anemometer, and
radiosondes at Zhongshan station are presented and have good consistency with each other. The
comparison results between the lidar and anemometer indicate a root mean square deviation (RMSD)
of 0.98 m s−1 and 10.55◦ for wind speed and direction, respectively. The lidar continuous observations
of wind profiles provide an opportunity to study the spatiotemporal variation of Antarctic wind with
high resolutions, which is useful for further understanding of the atmosphere in Antarctic regions.

Keywords: coherent Doppler lidar; Antarctica; wind profiles; remote sensing; boundary layer

1. Introduction

The atmospheric boundary layer (ABL) in the polar regions plays a significant role
related to atmosphere–ocean–ice processes, atmospheric transport, and regional weather
forecasts; it profoundly impacts global climate changes [1]. The vertical structure of wind
vectors is one of the primary elements to describe the state of ABL. It is of high confi-
dence that the wind field (speed and direction) is closely related to sea ice trends [2] and
surfaec–atmosphere energy exchange [3]. The initial conditions for numerical weather
forecasts can be improved by measuring wind profiles in data-sparse areas, particularly in
polar regions [4]. The radiosondes are the contemporary and main means of profiling wind
speed and direction in the polar regions, which have been used for the past 50 years at sev-
eral research stations [5]. The pulsed coherent Doppler lidar (light detection and ranging),
PCDL, is a kind of effective optical remote sensing instrument with the ability of profiling
continuous wind with high spatial and temporal resolution in a clear atmosphere [6]. One
key advantage of the PCDL observations, in contrast to traditional radiosondes, is the
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real-time wind measurements. Additionally, vertically resolved wind profiles obtained via
lidar provide effective datasets for ABL studies.

The distinctive meteorological conditions of the Antarctic regions present considerable
challenges to lidar installations and maintenance [7]. Despite these challenges, the first
lidar in Antarctica was successfully installed in 1974 at the Amundsen–Scott South Pole
station for the purpose of aerosol and cloud sensing [8]. Since 2000, a micro-pulse lidar
(MPL) has been operated routinely as part of the micro-pulse lidar network (MPLNET)
at the same station. Observations from the MPL at the South Pole indicate that clouds
are present approximately 40% of the time on a multi-year timescale [9]. Furthermore, a
more sophisticated Boltzmann temperature lidar system emitting two lasers at 374 nm and
372 nm simultaneously was deployed at the South Pole to observe the polar mesospheric
atmosphere during the same time [10], and significant scientific findings have been achieved
through these measurements [11].

The PCDL has been widely utilized to investigate wind fields in various campaigns
around the world [12]; however, to our knowledge, there have been few attempts to perform
PCDL for wind profiles in polar regions, especially in Antarctica. In October–November
2014 and May 2015, NASA conducted two airborne field campaigns, collectively called
PolarWinds, to fly an airborne Doppler wind lidar named DAWN (Doppler Aerosol WiNd)
to observe Arctic winds [13]. In 2014, a three-month measurement campaign was conducted
using a Doppler lidar during the Arctic Cloud Summer Experiment on the icebreaker Oden
in the summer and autumn of 2014. An active motion-stabilization platform was deployed
to remove the effects of ship motion [14]. Conversely, a non-motion stabilized Doppler
lidar was operated on board RV Polarstern in the Arctic and Antarctic (December 2015–
January 2016). It is the first time that such a system was operated on an icebreaker in the
Antarctic [15]. Considering the deficient aerosol levels in Antarctica, with median aerosol
optical depths (500 nm) ranging from 0.06 on the coast to 0.015 on the plateau [16], the
deployment of the PCDL for long-term continuous polar wind profiling is challenging but
crucial to extend essential information about vertical structures of the Antarctic wind fields.

A compact all-fiber pulsed coherent Doppler lidar (PCDL) for polar boundary layer
wind field measurement was developed and deployed at Zhongshan Station (69.37◦ S,
76.37◦ E) in Antarctica by the Institute of Oceanographic Instrumentation, Qilu University
of Technology (Shandong Academy of Sciences) [17]. This PCDL is capable of generating
continuous wind profiles in real time with high spatial and temporal resolution and has
been operated steadily since January 2020. The resulting datasets will provide a valuable op-
portunity to better understand the evolution of the atmospheric boundary layer in Antarctic
regions. In this paper, the details of this observation campaign, operation principle, and
system specifications of the lidar are introduced firstly in Section 2. Section 3 presents the
retrieval methods of wind speed and direction, and the adoption of the Doppler beam
swinging (DBS) of four beams technique to determine the vector wind. Then, the first-year
observation datasets measured via the PCLD are utilized to present the preliminary per-
formance of the PCDL at Zhongshan in Section 4, including the intercomparison results
between the lidar, anemometer, and radiosondes. Two cases of continuous observations are
depicted as well. A conclusion is presented in Section 5.

2. Observation Campaign and Instrument
2.1. Observation Campaign at Zhongshan Station

The PCDL developed for long-term operation in the polar region was designed and
manufactured successfully in a domestic laboratory by the Institute of Oceanographic
Instrumentation, Shandong Academy of Sciences. It was then disassembled for easy long-
distance sea transportation and shipped by the Chinese polar RV Xuelong supported by
the Polar Research Institute of China in October 2019. The PCDL arrived at Zhongshan
Station (69.37◦ S, 76.37◦ E) approximately one month later. Zhongshan Station, established
on February 26, 1989, is the largest Chinese research station in Antarctica. It is located on
the southeast coast of Pritzker Bay in the Lasman Hills of East Antarctica (Figure 1a). The
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station experiences a frigid climate characterized by low temperatures (with an annual
average temperature of −19 ◦C), low humidity (with an annual mean humidity of 54%),
and strong easterly winds. The polar night occurs from May to July, while the polar day
lasts from November to February of the following year at Zhongshan Station [18].
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Figure 1. (a) Geographical location of Zhongshan Station (denoted by the red dot) in the southeast
coastal area of Antarctica; (b) The picture of lidar observation containers at Zhongshan Station.

Between 2018 and 2019, a group of customized containers (Figure 1b) were constructed
in the southeastern region (35 m above the sea level) of Zhongshan Station, specifically in a
flatter area between two hills. These containers were designed with optical windows and
air conditioning systems to provide a suitable environment for stable lidar operation. On
31 December, the PCDL was reconstructed and installed inside a container, with the lidar
positioned as closely as possible to the container’s internal roof using an electric lifting
platform. The air conditioners were used to maintain the temperature in the container at
approximately 20 ± 5 ◦C. Additionally, the lidar system was enclosed in an aluminum
enclosure equipped with fans to ensure proper ventilation. The lidar operates by emitting
and receiving laser beams through an optical window installed at the container’s top,
which measures 300 mm in diameter and 30 mm in thickness. The window surface is
coated with an anti-reflection coating, which has an average reflectance of less than 0.5%
within the 1050–1700 nm wavelength range, to minimize signal loss. A metal cover is
utilized to shield the optical window from extreme weather conditions outside, ensuring
optimal performance of the lidar system. The first year-long observation campaign began
in January 2020. At this station, four distinct types of lidar have been deployed, including
sodium resonance fluorescence Doppler lidar [19], Rayleigh lidar [20], pure rotational
Raman lidar [21], and coherent Doppler lidar. These are various types of lidar form a laser
remote sensing system named POLAS (Polar Atmosphere Lidar Observation System) in
the Antarctic, which can detect atmospheric conditions from the ground up to an altitude
of 110 km.

2.2. Lidar System Setup

The PCDL utilizes the heterodyne technique and an all-fiber architecture with fiber
communication components, making it ideally suitable for long-term wind observation
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without maintenance in the polar region. The system offers reliable operation under
vibration and temperature variations. It emits laser beams and detects the Doppler shift in
the frequency of each echo signal backscattered from aerosols suspending in the atmosphere;
then, the line-of-sight (LOS) velocity component of wind speed can be retrieved based on
the Doppler effect. The PCDL is composed of three units: a transmitter unit, an optical
antenna, and a signal acquisition and processing unit. The laser pulses are transmitted
along polarization-maintaining (PM) fibers among different components, which makes the
whole system reliable and easy to maintain. The system’s structure is shown in Figure 2,
and its configurations are listed in Table 1.
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Table 1. The specifications of the PCDL.

Parameters Specification

Wavelength 1550 nm
Repetition rate 10 kHz
Pulse energy 150 µJ
Pulse width 200 ns

Velocity measurement range ±90 m s−1

Detection range 3000 m maximum
Range resolution 30 m

Telescope diameter 100 mm

The laser transmitter unit is based on the master oscillator power amplifier (MOPA)
architecture; it mainly consists of a seed laser module, an acoustic optical modulator
(AOM), an erbium-doped fiber amplifier (EDFA), and a fiber circulator. The seed laser
module emits a single-mode continuous-wave laser at 1550 nm with a narrow linewidth of
15 kHz, which is then divided into two beams. One beam is transmitted through PM fibers
into a 2 × 2 fiber coupler directly as the local oscillator (LO) reference. The other part is



Atmosphere 2023, 14, 901 5 of 16

frequency-shifted and pulsed via a radio-frequency-driven AOM to provide a pulsed laser
at a width of 200 ns and an intermediate frequency of 120 MHz, which corresponds to a
spatial resolution of 30 m and a maximum speed measurement range of ±90 m s−1. The
modulated laser then goes through an EDFA to amplify the pulse energy up to 150 µJ at a
pulse repetition frequency of 10 kHz.

A fiber circulator serves as the link between the transmitter unit and the optical
antenna via ports 1 and 2. The optical antenna used in this study features a large aperture
diameter of 100 mm and a long focal length of 632.6 nm, which allows for the collimation
and expansion of the pulsed laser prior to its transmission into the atmosphere. The same
optical antenna is also responsible for collecting backscattered light from aerosols in the air,
which is then directed back to the transmitter unit via ports 2 and 3 of the fiber circulator.
To alter the emission direction of the laser beam and scan different azimuth angles at an
elevation angle of 70◦, a rotating wedge prism driven by a servo motor is employed. The
servo motor is also directly connected to an additional 12-bit resolution absolute encoder
on the axis for precise azimuth angle determination. This setup reduces the number of
moving parts and optical lenses in the scanning mechanism and allows the whole scanning
parts to operate rotationally inside the container, thus lowering maintenance requirements.

The PCDL utilizes a field programmable gate array (FPGA)-based signal acquisition
and processing card to perform real-time analysis, including analog-to-digital (A/D) con-
version, fast Fourier transform (FFT) calculations for power spectrum estimates, signal
pre-processing, and peak detection. An InGaAs heterodyne balanced detector (PDB435C,
Thorlabs, US) is employed to receive mixing light from backscattered light and LO light via
a 2 × 2 (50:50) single-mode polarization-maintaining fiber coupler. Subsequently, the light
signals are transformed into voltage signals and digitized at a sampling rate of 1 GHz with
a 14-bit resolution. The digitized signal, with a total length of 30 µs, is divided into 150 bins
for power spectrum calculations through FFT. The sample time of each bin is 0.2 µs and
corresponds to a 30 m range resolution. Finally, the computer synthesizes the vector wind
field, and the real-time image of the wind profile is displayed on the monitor.

2.3. Other Wind Sensors at Zhongshan Station

A meteorological station operates regularly at Zhongshan Station, providing compre-
hensive data on meteorological parameters. Various sensors automatically observe the
basic meteorological parameters in accordance with the ground meteorological monitoring
standards of the China Meteorological Administration. The meteorological station is lo-
cated approximately 150 m from the observation site of PCDL and is 15 m above sea level.
The station utilizes an XFY3-1 anemometer for conventional wind measurement. This type
of anemometer has the characteristics of strong wind resistance, a wide wind measuring
range, and stable and reliable operational performance. The anemometer has a wind speed
measuring range of 1 to 95 m s−1. When the speed range is between 0 and 10 m s−1, the
wind speed uncertainty is less than 0.5 m s−1, while for the speed range between 10 and
95 m s−1, the wind speed uncertainty is less than 5%×measured value. The wind direction
uncertainty is 5◦.

For the purpose of calibrating lidar data, Vaisala radiosondes of the RS41-SG type
were launched once a month to gather additional vertical meteorological parameters. The
data were measured at a frequency of 1 Hz, with an average ascent speed of 5 m s−1,
RS41-SG send observed data to an MW41 ground receiver unit every 1 s, resulting in a
vertical resolution of approximately 5 m. The horizontal wind speed and direction were
independently calculated using variations in the GPS satellite carrier frequency [22]. Table 2
shows the main specifications of the two in situ wind sensors.
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Table 2. The specifications of the anemometer and radiosonde.

Parameters Specification

Anemometer Type XFY3-1 (wind cup)
Maximum reported wind speed 160 m s−1

Directional measurement uncertainty 5◦

Speed measurement uncertainty 0.5 m s−1 (0~10 m s−1)
5% × Vm m s−1 (10~95 m s−1)

Radiosonde Type Vaisala RS41-SG
Speed measurement range 95 m s−1

Directional measurement uncertainty 1◦

Speed measurement uncertainty 0.7 m s−1

3. Methodology

The pulsed coherent Doppler lidar emits laser beams in the frequency f0 and detects
the frequency shift ∆ f of each echo signal in the frequency f backscattered from moving
aerosols in the target volume of atmosphere. Then, the component of the wind speed along
the transmission direction of the laser beam Vlos (LOS velocity) can be calculated due to
its amount being directly proportional to the Doppler shift. This can be written as the
following equation, where c is the speed of light.

∆ f = f − f0 = 2 f0Vlos/c (1)

To reconstruct a wind vector from LOS velocity measured using PCDL, at least three
independent different direction components at the same location are necessary. The PCDL
at Zhongshan station employs the Doppler beam swinging (DBS) technique to retrieve
wind vectors [23]. Assuming the wind in the probe volume is horizontally homogeneous,
the lidar uses a compact scanning mechanism by rotating a wedge prism to project the
laser beam into four different azimuth angles (0◦, 90◦, 180◦, 270◦) sequentially at a fixed
elevation angle θ = 30◦. Given that the total aerosol load in Antarctica is very low, each LOS
velocity is measured by averaging 100,000 pulses at a frequency of 10 kHz over a period
of 10 s. Additionally, it takes the rotating wedge prism approximately 5 s to shift between
two successive beam points. Therefore, all of the individual measurements required to
reconstruct a single wind profile thus occur within a time span of about 1 min. These LOS
velocity components can be marked as VlosN, VlosE, VlosS, and VlosW, respectively.

As illustrated in Figure 3, the corresponding meridional component u, zonal compo-
nent v, and vertical component w of the wind vector can be expressed as:

u =
VlosN −VlosS

2 cos θ
(2)

v =
VlosE −VlosW

2 cos θ
(3)

w =
VlosE + VlosS + VlosW + VlosN

4 sin θ
(4)

where VlosN, VlosE, VlosS, and VlosW represent the LOS velocity measured by the PCDL in the
respective directions of north, east, south, and west. The variable θ refers to the elevation
angle at which these measurements are taken. When just calculating the horizontal wind,
the vertical component w will be nullified.

→
Vh =

→
u +

→
v (5)
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Therefore, the horizontal wind speed Vh and wind direction (azimuth angle) α can be
calculated using the following equation.

Vh =
√

u2 + v2 (6)

α =
∣∣∣tan−1 v

u

∣∣∣ (7)

Figure 4 displays examples of the polar boundary layer wind profiles obtained via
PCDL at Zhongshan Station. Figure 4b shows that the horizontal wind speed increases
significantly with height. A maximum wind speed of 43 m s−1 was recorded via lidar at
the height of approximately 1.4 km.
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4. Results and Discussion
4.1. Vertical Comparison of PCDL with Radiosonde

Four cases of coincident PCDL and radiosonde measurements at Zhongshan station
were compared and these are shown in Figure 5. With the limitation of resources and
extreme weather conditions in the Antarctica winter, radiosondes exhibit sparse launch
times, which occur evenly once a month for atmospheric sounding. Nevertheless, these
radiosondes support valuable vertical-resolved data to validate the performance of the
lidar. The 10 min averaged lidar profiles obtained after the launch of radiosondes were
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calculated for intercomparison. Due to the deficient aerosol levels in Antarctica and their
distribution within the ABL, the detection range of the lidar evolves with time. Therefore,
an empirical threshold of signal-to-noise ratio (SNR) was used to determine the effective
detection range of lidar profiles. The intercomparison height of the two instruments was
limited from 30 (first data of lidar profiles) to 1500 m in Figure 5a,b and from 30 to 1000 m
in Figure 5c and 5d, respectively. The increasing horizontal distance between the lidar and
the radiosonde, caused by the drift of the radiosonde, is also depicted in Figure 5 with a
blue dotted line.
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Figure 5. The comparisons of horizontal wind speed and direction measured using PCDL (black
line) and the radiosonde (red line) at Zhongshan Station. (a) Wind profiles of RS41-SG radiosonde
and lidar at 17:06 on 26 February 2020; (b) Wind profiles of RS41-SG radiosonde and lidar at 14:24
on 14 May 2020; (c) Wind profiles of RS41-SG radiosonde and lidar at 15:21 on 2 July 2020; (d) Wind
profiles of RS41-SG radiosonde and lidar at 16:32 on 3 October 2020.

The bias, root mean square deviation (RMSD), and correlation (R) were calculated
simultaneously to further statistically evaluate the differences in horizontal wind speed
and direction measured using the PCDL and radiosonde, respectively. Considering that
the radiosonde’s horizontal drifting is limited to less than 2.5 km under the maximum
comparison height of approximately 1.5 km, and that the selective launch windows are
mainly during mild wind conditions for safe operation outside, the coinciding vertical
comparisons between the PCDL and radiosonde show good agreement in these four cases.

As an example of vertically resolved comparisons, wind profiles captured at 14:24 on
14 May 2020 using the radiosonde and lidar are depicted in Figure 5b. The two profiles show
good agreement at each height, with wind speeds increasing from 5 m s−1 to approximately
20 m s−1, and wind direction changing from east near the ground to northeast simultane-
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ously. The specific values for bias, RMSD, and correlation are 0.72 m s−1, 1.26 m s−1, and
0.94 for wind speed, and 0.94◦, 6.57◦, and 0.98 for wind direction, respectively.

4.2. Long-Term Comparison of PCDL with Anemometer

To evaluate the enduring performance and dependability of the PCDL at Zhongshan
station, we utilized continuous wind data collected using an anemometer and averaged
at 1 min intervals for additional comparative validation with the first point of the lidar
profiles. The anemometer is installed at an altitude of 15 m above sea level, whereas the
lidar observation site is located at an altitude of 35 m. The two instruments are separated by
a spatial displacement of 150 m horizontally and 20 m vertically. Additionally, considering
the vertical resolution of wind profiles, the two measurements obtained from the lidar
and the anemometer have a practical vertical displacement of 50 m. Figure 6 presents
the correlation and statistical results of wind speed and direction. The figure displays the
linear fits for the wind observations between the two instruments and includes the 1:1 line
(indicated by a dotted line). The y-axis of the figure represents the 1 min averaged wind
speed and direction, which is measured using the anemometer. Meanwhile, the x-axis
indicates the measurement taken from the PCDL. Each data point on the plot represents
the values of two measurements taken from the lidar and anemometer.
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Figure 6. Scatter plot of wind speed (upper panel: (a–c)) and direction (lower panel: (d–f)) measured
by the PCDL and anemometer from 6 April to 7 April (left column: (a,d)), 9 August to 10 August
(middle column: (b,e)) and 22 September to 23 September (right column: (c,f)).

Table 3 presents a summary of the comparison cases and statistics for the anemometer
comparisons during the first year following the deployment of the PCDL. The number of
comparison data is denoted by N. As shown in the table below, the detection performance
of the PCDL was assessed using statistical values of RMSD, bias, and R. It was observed
that the maximum value of RMSD was 1.25 m s−1 for wind speed during the period from
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11 July to 12 July, and 13.61◦ for wind direction in the case of 23 June to 24 June, respectively.
Furthermore, the mean statistical values were computed for the eight comparison cases.
The average RMSD, bias, and R values for wind speed were calculated as 0.98 m s−1,
0.64 m s−1, and 0.95, respectively. Correspondingly, the mean values for wind direction
were 10.55◦, −10.13◦, and 0.92, respectively.

Table 3. Statistics for the PCDL wind data compared to the meteorological station anemometer.

Date
Start Time

(UTC)
End Time

(UTC)
Observation

Period
N

Wind Speed (m s−1) Wind Direction (◦)

RMSD Bias R RMSD Bias R

2020-02-16 9:04 23:59 14:54
1986 0.85 0.68 0.962 10.28 −6.71 0.9432020-02-17 0:00 18:12 18:12

2020-04-06 4:03 23:59 19:56
2044 1.05 0.49 0.976 9.96 −11.55 0.9252020-04-07 0:00 14:08 14:08

2020-05-12 3:59 23:59 19:59
1471 0.97 0.64 0.951 9.77 −8.1 0.9322020-05-13 0:00 4:32 4:32

2020-06-23 7:58 23:59 16:00
1480 0.72 0.59 0.944 13.61 −18.63 0.8912020-06-24 0:00 8:41 8:40

2020-07-11 8:43 23:59 15:15
1413 1.25 0.81 0.907 11.22 5.17 0.9132020-07-12 0:00 8:18 8:18

2020-08-09 4:34 23:59 19:25
2103 0.69 0.36 0.975 9.73 −15.62 0.9252020-08-10 0:00 15:38 15:38

2020-09-22 2:24 23:59 21:35
1936 1.08 0.76 0.941 7.23 −11.49 0.9482020-09-23 0:00 10:42 10:42

2020-10-14 6:18 23:59 17:41
1545 1.21 0.82 0.912 12.56 −14.12 0.9152020-10-15 0:00 8:05 8:04

Considering the practical vertical displacement of 50 m between the two measurements
and assuming the general trend of increased wind speed with height, this could lead to a
slight positive bias in the comparison results. Another possible reason for this bias is the
location of the lidar containers adjacent to two hills, which could act as a barrier, forcing
the wind to rush through the pass as if through a tunnel between them, potentially causing
it to blow faster and affecting both the wind speed and direction during measurements.
Overall, these validation results further indicate that the PCDL is capable of generating
dependable wind profiles in Antarctica with high accuracy.

4.3. Sample of Continuous Wind Profile Measurements at Zhongshan Station

Two distinct cases of continuous wind profile observations, including horizontal wind
speed and direction, are depicted in Figures 7 and 8. Figure 7a illustrates the time serials of
wind vectors obtained using the PCDL from 00:00 to 02:30 on 18 September 2020. It uses
arrows to indicate the wind vectors; the length of the arrow denotes the wind’s intensity
and the direction of the arrow denotes the wind’s direction. Additionally, a color bar is used
to represent wind speed; the faster the wind, the redder the hue. The temporal variation
of horizontal speed and direction can be displayed vividly in one image. As seen from
Figure 7b, the wind speed decreases gradually with altitude, and the near-surface wind
speed is higher during this period with a maximum speed of over 15 m s−1. Whereas the
wind speed decreases to less than 7 m s−1 within the range of 600 to 1200 m. According to
the range of wind speed, three layers can be discerned from the figure and the mean wind
speeds in these layers are 14.3 m s−1, 7.6 m s−1, and 4.1 m s−1, respectively. The magnitude
of value changes more dramatically in the upper layer (above 600 m). Wind speeds reached
a maximum of approximately 6.7 m s−1 at a height of 1000 m at 01:00 UTC and gradually
decreased to a minimum of 1.5 m s−1 at a height of 1100 m by 02:30 UTC.
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Figure 7. Temporal variation of wind fields measured using PCDL at Zhongshan station from 00:00
to 02:30 on 18 September 2020. (a) Wind vector profiles, (b) horizontal wind speed profiles, and
(c) horizontal wind direction profiles.
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16:00 on 28 June 2020. (a) Wind vector profiles, (b) horizontal wind speed profiles, and (c) horizontal
wind direction profiles.
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From Figure 7c, there are mainly two wind directions in the observation period: the
predominant direction of the wind is east below 300 m, and it turned to the northeast with
the altitude increasing up. the wind direction below 300 m is relatively steady compared
with the upper atmosphere in the observation period.

The temporal variation of vertically resolved wind speed and direction from 13:00
to 16:00 on 28 June 2020 is illustrated in Figure 8. Wind shear was observed in the polar
atmospheric boundary layer at a minute scale during this period. As seen from Figure 8b,
wind speed exhibits an increasing trend with height, in contrast to the vertical change in
Figure 7. The period between 14:30 to 15:00 is noteworthy, as it depicts a sudden increase
in wind speed, followed by a gradual decrease. The maximum wind speed recorded at
500 m altitude exceeds 25 m s−1. In terms of wind direction, the northeast is the prevailing
direction throughout the entire period, exhibiting relative stability despite the dramatic
fluctuations in wind speed.

Zhongshan Station is situated in the region between the southern portion of the cir-
cumpolar low-pressure belt and the northern surface cold high of the Antarctic continent,
where easterly airflow dominates throughout the year. During the austral summer months
(December–February), the Antarctic continental cold high-pressure system weakens, along
with the circumpolar low-pressure zone, leading to a smaller pressure gradient and subse-
quently lower wind speeds. In contrast, during the austral winter months (June–August),
the Antarctic continental high-pressure system strengthens, and the circumpolar low-
pressure zone shifts southward, resulting in a larger pressure gradient and higher wind
speeds [24]. The annual maximum wind direction is from northeast to southeast, with the
highest frequency of easterly winds. Two measurement cases show that the wind direction
is predominantly from the east and northeast with minimal variation observed over the
entire observation period. The continuous measurement samples demonstrate that this
PCDL has a distinct advantage in providing continuous wind profiling with high spatial
and temporal resolution in real time.

5. Conclusions

A compact all-fiber pulsed coherent Doppler lidar for polar boundary wind profiling
has been successfully developed and deployed at Zhongshan Station since the 2020 austral
summer season by the 36th Chinese National Antarctic Research Expedition (CHINARE).
The first-year observation datasets, including synchronous observations between the lidar,
anemometer, and radiosondes, were utilized to present the preliminary performance of the
PCDL at Zhongshan. The results indicate good consistency between them. Comparing the
lidar and anemometer data reveals a mean RMSD of 0.98 m s−1 and 10.55◦ for wind speed
and direction, respectively. The lidar’s ability to continuously profile wind in real time with
high spatial and temporal resolution extends essential information about vertical structures
of the Antarctic wind fields. It provides a valuable opportunity to further understand the
evolution of the atmospheric boundary layer in Antarctic regions.
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