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Abstract This study undertook verification of the
applicability and accuracy of wind data measured using a
WindCube V2 Doppler Wind Lidar (DWL). The data were
collected as part of a field experiment in Zhoushan,
Zhejiang Province (China), which was conducted by
Shanghai Typhoon Institute of China Meteorological
Administration during the passage of Super Typhoon
Lekima (2019). The DWL measurements were compared
with balloon-borne GPS radiosonde (GPS sonde) data,
which were acquired using balloons launched from the
DWL location. Results showed that wind speed measured
by GPS sonde at heights of < 100 m is unreliable owing to
the drift effect. Optimal agreement (at heights of > 100 m)
was found for DWL-measured wind speed time-averaged
during the ascent of the GPS sonde from the ground
surface to the height of 270 m (correlation coefficient:
0.82; root mean square (RMS): 2.19 m-s™). Analysis
revealed that precipitation intensity (PI) exerts consider-
able influence on both the carrier-to-noise ratio and the rate
of missing DWL data; however, PI has minimal effect on
the wind speed bias of DWL measurements. Specifically,
the rate of missing DWL data increased with increasing
measurement height and PI. For PI classed as heavy rain or
less (PI< 12 mm-h™"), the DWL data below 300 m were
considered valid, whereas for PI classed as a severe
rainstorm (PI > 90 mm-h"), only data below 100 m were
valid. Up to the height of 300 m, the RMS of the DWL
measurements was nearly half that of wind profile radar
(WPR) estimates (4.32 m-s™"), indicating that DWL wind
data are more accurate than WPR data under typhoon
conditions.
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1 Introduction

Tropical cyclones are among the most destructive of
natural disasters. Eight of the 10 disaster events that caused
the greatest economic losses have been related to tropical
cyclones (Yu and Chen, 2019). Typhoon-related wind,
especially the wind in the boundary layer, is an important
variable in various fields such as aerospace, wind energy
assessment, civil engineering, and transportation (Hannon,
2000; Powell et al., 2003; Courtney et al., 2008; Zheng
et al., 2015). However, historically, the typhoon boundary
layer has been the least comprehensively observed part of
such storms (Zhang et al., 2018).

The most effective way to characterize typhoon wind in
the boundary layer is through in situ observation.
Generally, such observations can be obtained using two
approaches: passive and active measurement. Passive
measurement includes using buoys, vanes, and anem-
ometers that can capture high-frequency winds at a single
point. Wind towers with several vanes and anemometers
installed at different heights can provide wind profile
information. However, the high construction and main-
tenance costs, lack of mobility, and restricted height of
measurements of such towers (usually < 150 m) limit their
widespread application to studies of tropical cyclones. A
balloon-borne GPS radiosonde (GPS sonde) or GPS
dropsonde collects instantaneous wind speed data along
its track, which can extend as far as a few tens of
kilometers. However, a GPS sonde cannot obtain a time
series of a wind profile. The wind profile radar (WPR) and
Doppler wind lidar (DWL) are both sensors that can
provide active measurements of wind. However, related
studies have shown that the data quality of WPR
measurements is easily affected by heavy rainfall (Ralph
et al., 1995; Lambert and Taylor, 1998).

Use of a DWL can overcome the limitations of sampling
height and poor mobility associated with a wind tower. A
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DWL can sample multiple points synchronously with high
spatial and temporal resolutions and anti-interference
capability, which is highly advantageous in comparison
with other measurement techniques. Relevant studies have
shown that DWL has high reliability in measuring regular
climatological wind. For example, Pefia et al. (2009)
observed offshore wind for a six-month period. Compar-
ison of their DWL-derived mean wind speed with cup
anemometer data obtained at the height of 63 m showed
high correlation for the open sea region, i.e., the correlation
coefficient (CORR) was > 0.97 and the slope of the linear
regression was approximately 1.0. Kopp et al. (1984)
compared field wind data obtained at heights of 100, 350,
and 750 m measured by both a continuous wave DWL and
a GPS sonde. Analysis of these two data sets revealed that
the CORR could reach 0.83 (0.91) and that the root mean
square (RMS) was 1.3 m-s' (12°) for wind speed
(direction). Roadcap et al. (2001) compared the wind
speeds measured by a CO, DWL and GPS sonde as a
function of altitude up to 6 km, and reported that
the CORR was >0.81 and that the RMS was within
1.95 m-s'. Wolfe et al. (2005) analyzed the observational
capability of DWL and WPR at sea level, as well as that of
GPS sondes. Their results confirmed that DWL could
compensate for the limitation of a WPR in terms of the
minimum measurement range. The CORR between the
DWL and GPS sonde wind speeds was > 0.97, and the
accuracy of the DWL-derived wind speed was approxi-
mately 0.1 m-s™". Kumer et al. (2014) compared wind data
measured by two types of DWL (i.e., WindCube V1 and
WindCube 100S) with GPS sonde data acquired at the
same site. The wind speed data of the WindCube 100S and
GPS sonde showed a high degree of correlation (CORR >
0.93) between 0.15 and 2.5 km; the CORR between the
WindCube V1 and GPS sonde was > 0.7 within the height
range of 70-250 m. Thus, for regular climatological wind
observed by a DWL, the above studies showed that the
CORR of wind speed (direction) was generally > 0.7
(>0.9) and the RMS was within 1-2 m-s™ (10°).

The first use of DWL as part of a tropical cyclone
mission was in the THORPEX Pacific Asian Regional
Campaign in 2008. Pu et al. (2010) presented the results of
airborne DWL measurements obtained during Typhoon
Nuri (2008). The accuracy of the typhoon observational
data measured by the airborne DWL was verified by
comparison with GPS dropsonde data. The airborne DWL
observations agreed well with the GPS dropsonde data
with values of CORR and bias of 0.977 and 0.36 m-s !,
respectively. Emmitt (2010) conducted extensive studies of
tropical cyclones using an airborne DWL. Although the
coherent DWL depended upon atmospheric aerosol
particles for its return signal, the vertical coverage varied
from one situation to another. Generally, the wind profile
within 3 km above the ground could be obtained, and
accurate wind profiles under typhoon and cloudy condi-
tions were observed by the DWL. Based on data obtained

by a coherent DWL aboard a P3 Hurricane Hunter aircraft
of the National Oceanic and Atmospheric Administration,
Zhang et al. (2018) analyzed wind profile data collected
during Tropical Storm Erika (2015). Comparison of
airborne DWL observations and winds measured by GPS
dropsondes showed that the CORR between these two data
sets was 0.95 and that the RMS was 1.58 m-s'. Bucci et al.
(2018) compared wind observations from an airborne
DWL with GPS dropsonde data obtained during tropical
cyclones in 2016. Although the GPS dropsonde and
airborne DWL locations were separated by an average
distance of 4.55 km, the CORR of the measured wind
speed (direction) was 0.959 (0.917). Moreover, the average
wind speed bias was 10.27 m-s™' and the RMS of the wind
direction was 40.66°.

Precipitation can affect both the range and the accuracy
of DWL detection. However, when precipitation intensity
(PI) is < 1.5 mm-h™, an increase of PI will improve the
efficiency of DWL detection (Matvienko et al., 1995). In
an evaluation of the performance of DWL, raindrops were
found likely to contribute to the Doppler signal (Smith
et al., 2006). Nevertheless, it was considered that the
horizontal component of wind velocity in the study could
have been susceptible to overestimation because the
raindrops fell through a shear gradient and took some
time to reach their ultimate velocity. However, there was
no specific analysis concerning the impact of precipitation
on wind speed measurements derived by DWL. Trdumner
et al. (2009) investigated wind data measured by both a
2-um DWL and a 35.5-GHz cloud radar. Their analysis
found no significant differences between the wind speeds
observed by the two systems in clear sky conditions.
During rain events, double peaks were detected in the
Doppler spectra of the lidar, and the mean velocity derived
from the radar data was lower than that obtained from the
DWL. Rabadan et al. (2010) investigated the detection
performance of an airborne DWL. Their results proved that
wind speed could be observed under flight-test conditions
up to heights of around 11.9 km under conditions of clear
air, rain, dense clouds, and ice rain with a standard
deviation of approximately 1.0-1.5 m-s™'. Davis et al.
(2013) analyzed the wind profile measured by an airborne
DWL when convective precipitation occurred, and it was
considered that the precipitation caused aerosol particles to
move downward. However, the actual wind speed was low
during the observational period, and there was no further
discussion regarding the error of the DWL measurements
obtained under conditions of precipitation. Kumer et al.
(2014) highlighted that DWL measurements of wind speed
are highly sensitive to change of weather conditions;
however, no analysis of the detection capability of DWL
under conditions of precipitation was reported.

Based on field experiments conducted during Super
Typhoon Lekima (2019), this study investigated the
applicability and accuracy of DWL under conditions of
high winds and heavy precipitation. The DWL-derived
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wind measurements were compared with GPS sonde and
WPR data to provide a reference regarding the application
of DWL under typhoon conditions.

The remainder of this paper is organized as follows.
Section 2 briefly introduces the pertinent facts of Super
Typhoon Lekima and the field experiments. Section 3
describes the instrument settings used for the field
experiment, including the DWL, GPS sonde, and WPR,
as well as the associated measurement principles and the
carrier-to-noise ratio (CNR). Section 4 evaluates the
applicability and accuracy of the DWL-derived wind
measurements in comparison with the GPS sonde and
WPR data obtained under conditions of combined high
winds and heavy precipitation. Finally, Section 5 presents a
discussion and our conclusions.

2 Field experiment during Super Typhoon
Lekima

2.1 Super Typhoon Lekima (2019)
Super Typhoon Lekima, the ninth named storm of the 2019

Pacific typhoon season, developed from a tropical
depression that formed east of the Philippines and

strengthened to its peak intensity as a super typhoon
(>50.9 m s7') late on August 7, 2019. At around 01:45
CST (China Standard Time: CST = UTC + 08) on August
10, Lekima made landfall over Wenling, Zhejiang
Province (China), with maximum wind speeds of up to
52 m-s' (Force 16 on the Beaufort Wind Scale) and a
minimum sea level pressure of 930 hPa. Thereafter,
Lekima swept through Zhejiang and Jiangsu provinces
and moved away across the Yellow Sea. At around 20:50
CST on August 11, Lekima made its second landfall in
Qingdao, Shandong Province, and then meandered away
across the Shandong Peninsula and the Bohai Sea. The
best-track positions and intensities of Lekima from 02:00
CST on August 4 to 20:00 CST on August 14 are shown in
Fig. 1; the data set was obtained from the China
Meteorological Administration’s best-track database
(Ying et al., 2014). The location of the field experiment
conducted during the passage of Typhoon Lekima is
indicated by the black star in Fig. 1.

Lekima was characterized by its high intensity, severe
precipitation, and extended duration over land. First,
Lekima was the fifth strongest typhoon on record to
make landfall over China. The maximum observed surface
wind of 61.4 m-s ' was recorded on the island of Sansuan;
this was the second-highest wind speed ever recorded in
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Fig. 1 Best-track positions of Super Typhoon Lekima on August 4-13, 2019. Different colors represent different intensities (GB/T
19201-2006). Super TY: super typhoon; STY: severe typhoon; TY: typhoon; STS: severe tropical storm; TS: tropical storm; and TD:
tropical depression. Black star represents the location of the field experiment.
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Zhejiang Province. Second, Lekima brought a substantial
amount of precipitation. Altogether, 19 weather stations in
both Zhejiang (on August 9) and Shandong (on August 11)
provinces broke their daily precipitation records. During
the passage of Typhoon Lekima, the accumulated
precipitation averaged across Shandong and Zhejiang
provinces was approximately 158 and 165 mm, respec-
tively, ranking first and second in the history of the two
provinces. Specifically, the accumulated precipitation at
Kuocang Mountain, Linhai, was 831 mm. Third, owing to
its low speed of movement and extended duration over
land, Lekima brought widespread destruction along its
path. Specifically, it persisted over Zhejiang Province for a
20-h period, making it the longest-lasting super typhoon
ever observed in the region.

2.2 Field experiment

The field experiment was conducted at the International
Cruise Ship Terminal (29.9022°N, 122.3674°E) in
Zhoushan, Zhejiang Province (China), which is denoted
by the black star shown in Fig. 1. During the passage of
Typhoon Lekima, the shortest distance between the
experiment site and typhoon center was 164 km. The
experiment site is bordered locally by farmland and sparse
buildings on its northern and eastern sides and by the
Zhitou Ocean to the south (Fig. 2).

Photographs of the observational instrumentation (i.e.,
DWL, GPS sonde, and WPR) used in the experiment are
also shown in Fig. 2. In addition, precipitation and air
temperature data were collected using a 10-m-high vehicle-
mounted weather station. Precipitation was recorded at 10-
s intervals using raindrop size spectrometers, and air
temperature was recorded every 60 s using temperature
sensors. It is important to note that all the above
observational instruments were deployed at the same
location shown in Fig. 2. The observed time series covered
a 24-h period from 13:00 CST on August 9 to 13:00 CST
on August 10, 2019.

Table 1 Specifications of the DWL, GPS sonde, and WPR

2022, 16(1): 75-89

Fig. 2 Photographs showing the local surroundings of the field
experiment site and relevant observational instrumentation
comprising the DWL, GPS sonde, and WPR.

3 Instrument settings and measurement
principles

3.1 Instrument settings

3.1.1 DWL

The DWL used in the study was a WindCube V2 pulsed-
type lidar manufactured by Leosphere®, which could
continuously measure the three-dimensional wind field and
associated standard deviation, CNR, and data availability
up to 300 m. It could also measure near-surface air
temperature, relative humidity, and air pressure. Measure-
ments were recorded at 12 different heights, i.e., 40, 50, 70,
100, 130, 150, 180, 200, 230, 250, 270, and 290 m.
However, the data at 290 m were not included in the
analysis because they were deemed invalid. Specifications
of the DWL are detailed in Table 1.

Parameter DWL (WindCube V2) GPS sonde (Vaisala RS41-SG) WPR (Airda 3000M)
Measurement range 40-290 m 0-40000 m 50-3000 m
Number of measurement levels 12 - 39

Data sampling rate 1 Hz 0.5 Hz S min averaged
Speed accuracy 0.1m-s! 0.1m-s"! 0.1m-s"'
Speed measurement uncertainty - +0.15ms’ :jI::21 ::11 ::11 ((3?0—36001 S;? 3
Speed range 0-80 m-s ' 0-160 m-s ! 0-60 m-s '
Direction accuracy 1° 0.1° 1°
Direction measurement uncertainty - +£2° +15°
Temperature range —35°C — 4+45°C —90°C — 4 60°C —30°C — +50°C
Humidity range 0%—100% RH 0%—100% RH 0%-90% RH
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3.1.2 GPS sonde

During the 24-h observation period, nine sounding
balloons were launched at 14:59, 17:12, 19:18, 21:23,
and 23:58 CST on August 9 and 02:22, 05:34, 07:07, and
11:50 CST on August 10. The type of radiosonde carried
by the sounding balloon was a Vaisala® Radiosonde RS41-
SG, which could continuously collect horizontal wind
speed and direction, air pressure, air temperature, relative
humidity, height, latitude, and longitude. Specifications of
the radiosonde are summarized in Table 1.

3.1.3 WPR

In addition to the DWL and GPS sonde, a WPR was also
deployed as part of the experiment for comprehensive
investigation and validation of the applicability and
accuracy of the DWL-derived measurements. The WPR
used in the field experiment was an Airda® 3000M vehicle-
borne boundary-layer WPR, which could measure con-
tinuously both the three-dimensional wind field and the
data reliability in the range of 50-3000 m above the
ground. The Airda 3000M WPR uses phase demodulation
and pulse coding technology with a working frequency of
1290 MHz. It operates with a single vertical beam and four
inclined beams with a zenith angle of 15° in two
perpendicular directions. Altogether, 39 levels of data
were recorded up to the height of 3000 m with vertical
resolution of either 50 or 100 m. Specifications of the WPR
are also listed in Table 1.

3.2 Measurement principle of DWL

The measurement principle of a DWL relies on the
Doppler-induced laser wavelength shift between infrared
laser pulses transmitted into the air and the received light
backscattered by atmospheric particles (e.g., water dro-
plets, aerosol particles, and dust) (Werner, 1985). The wind
profile measurements of the WindCube V2 extend across
the range of heights of 40-290 m. Five laser beams are
emitted from the DWL: four with inclined lines of sight
along a 28° scanning cone angle and a single vertical line
of sight (Fig. 3). For each laser beam, the received
backscattered light is processed to determine the Doppler
shift of the scattered signal, which can be used to calculate
the wind velocity along the line of sight using Eq. (1):

Vr = AAf/2> (1)

where v, is the radial velocity along the line of sight, A is
the laser wavelength (specified as 1543 nm for the
WindCube Lidar), and Afis the Doppler shift.

The method for retrieval of the horizontal wind using the
WindCube lidar is largely the same as the Doppler radar
velocity azimuth display algorithm that was first proposed
by Lhermitte and Atlas (1961). Assuming that the variation

Fig. 3 Schematic of the measurement principle of the WindCube
V2 DWL. v, Vi, Viw, and vy, are radial speeds in the east, south,
west, and north directions, respectively, along a 28° scanning cone
angle, and v,, is the speed in the vertical direction. u, v, and w are
the three wind components in Cartesian coordinates, and £ is the
horizontal wind direction.

of the horizontal wind is linear above the DWL, the three
wind components in Cartesian coordinates can be
calculated by applying trigonometric functions as follows:

Vie = Viw
= 2
sinf ’ @)
Vin — V,
— m IS 3
v sinf ’ ®)
W = Vry, (4)

where u, v, and w are the three velocity components in
Cartesian coordinates (x, ), z), 6 is the angle of the inclined
measuring beam off vertical, which was set to 8 = 28° in
the experiment. Then, the horizontal total wind speed and
direction can be calculated as follows:

U= Vu*+1?, 5)

B = arctan(u/v), (6)
where U is the horizontal total wind speed, and f is the
horizontal wind direction measured clockwise from due
north (0°).

3.3 Carrier-to-noise ratio (CNR)

The backscattered signal of the coherent WindCube V2
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DWL is mixed with system background noises that include
short noise (Frehlich and Kavaya, 1991), relative intensity
noise (Agrawal, 2010), and thermal noise (Bu et al., 2014):

(in) = (i) + (i1) + (iRin) @)

where (i2) is the total noise power, (iZy) is the average
short noise power, (i%) is the average thermal noise power,
and <i]2(IN> is the average relative intensity noise power.

The CNR of the DWL reflects the amount of detected
backscattered signal relative to the system background
noises, and it is defined as the ratio of the backscattered
signal to the total noise:

()
(@)

where (i7,,) is the average direct detection power.

CNR = (8)

4 Experimental results

Figure 4 presents the time series of 10-min average wind
speed and direction of the DWL measurements, rate of
missing data, and PI. As shown in Fig. 4(a), the 10-min
average wind speed generally increases with height. At
most heights, the maximum wind speed was reached at
around 09:50 CST on August 9 (i.e., approximately 4 h
before landfall). Specifically, the maximum wind speed
was 21.7 m-s' at 40 m and 30.6 m-s ' at 270 m. The
prevailing wind before 09:50 CST on August 9 was
easterly, but it gradually changed to southerly because of
the northward movement of the typhoon center after
landfall. It should be noted that the wind direction within
the range of heights of 40-270 m is largely uniform in the
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vertical direction. It can be seen from Fig. 4(b) that the rate
of missing data increases with both height and PI.
Generally, the rates of missing data at heights of < 100 m
and within 100-200 m are lower than 20% and 50%,
respectively. However, the rate of missing data are higher
at heights of >200 m in periods of heavy rainfall (PI >
25 mm-h™). At specific times, e.g., around 11:30 and
12:30 CST on August 10, the rate of missing data reached a
peak value of up to 100%. The reason for the missing data
was weakening of the backscattered signal caused by the
increasing detection height and heavier precipitation. With
the increase of height, the aerosol concentration lowers and
the angular scattering probability of the DWL reduces,
which decreases the number of photons received by the
DWL. Moreover, heavy rainfall tends to reduce atmo-
spheric transmission of laser light, which further weakens
the backscattered signal.

Research on the applicability and accuracy of DWL
measurements under the combined effects of high winds
and heavy precipitation during super typhoons is lacking.
Therefore, a necessary first step was assessment and
validation of the DWL measurements obtained during the
experiment. A GPS sonde is considered one of the most
reliable and accurate systems for wind measurement under
the conditions of both high winds and heavy precipitation,
and associated measurements have been used extensively
as reference data in numerous previous studies (Barat and
Cot, 1995; Pu et al., 2010; Zhang et al., 2018). Therefore,
in the current study, GPS sondes were deployed to obtain
benchmark data with which to assess and validate the
DWL-derived measurements.

It should be noted that the wind measurements by the
GPS sondes and the DWL were not strictly conducted at
the same location. A GPS sounding balloon drifts down-
wind during its ascent and thus it gradually moves away
from the original launch location. Therefore, a GPS sonde

. I 150 (%)
250 - 100
L125
200 - 80
F100
150 4 ‘; 160
5
] = ||
100 . 40
) M J A K
0 SULARASY AL f“‘/\/\M LA I 1) Lo

13 15 17 19 21 23 01 03 05 07 09 11 13
09 10
August, 2019

(b)

Fig. 4 Time series of (a) 10-min average horizontal wind speed and direction of the DWL measurements, (b) rate of missing data, and PI.
The observation period extended from 13:00 CST on August 9 to 13:00 CST on August 10, 2019.
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collects instantaneous wind velocity along its drifting track
at a fixed time interval (every 2 s). In obtaining DWL
measurements, a larger angle off vertical of the inclined
beam produces measurements that are more accurate;
however, the measuring range in the horizontal direction is
also increased. Specifically, the horizontal distance
between two opposite inclined beams at the height of
300 m is up to approximately 320 m with an inclined angle
of 28°. Consequently, the assumption that variation of the
horizontal wind is linear above the DWL is hard to be
satisfied in conditions of severely turbulent winds under
typhoon conditions. Gasch et al. (2020) suggested that
flow inhomogeneity induced by boundary layer turbulence
makes an important contribution to the error in DWL
measurements and is nonnegligible at low wind velocity.
To overcome this problem, time averaging over a certain
period is usually applied to eliminate the effects of
atmospheric turbulence on measurements of instantaneous
wind velocity. Such a strategy was employed in various
previous studies. For example, both Li and Yu (2017) and
Li et al. (2018) applied 10-min average wind velocities to
assess the wind resource over Lake Erie (USA), and Drew
et al. (2013) investigated the wind velocity profile during
an 8-month observation period based on 1 h average data.
The duration of ascent of the GPS sonde from the ground
surface to the height of 270 m can be expressed as #gps. In
the current study, 1-s instantaneous, fgps, 1-min, 2-min,
and 10-min average wind speeds and directions derived
from the DWL measurements were used to match the GPS
sonde data (2-s instantaneous results).

4.1 Assessment of horizontal wind speed

The wind speed profiles of the DWL measurements and
GPS sonde data at various time instants, together with the
horizontal drift distance of the balloon from its original
launch location, are compared in Fig. 5. At heights
of < 100 m, the DWL-measured wind speeds are evidently
different from those measured by the GPS sondes,
although the differences decrease with height. Above
approximately 100 m, the DWL measurements are
generally in good agreement with the GPS sonde data.
This is presumably because, immediately after a balloon is
launched, it needs to transform from a static state to
traveling at a rate equal to the ambient wind speed.
Throughout this initial period, as the balloon accelerates to
match the wind speed, the wind speed measured by the
balloon is less than the actual speed of the prevailing wind,
generating larger measurement error below the height of
100 m. This finding is consistent with the conclusion
drawn by Zhang et al. (2018), i.e., the difference between
GPS sonde data and DWL measurements obtained near the
surface (i.e., <100 m) is attributable mainly to the
radiosonde drift effect. At heights of > 100 m, the balloon
will generally drift at a rate equal to the ambient wind
speed and therefore the difference between GPS sonde and

DWL measurements becomes much smaller. From this
perspective, wind measurements obtained by the GPS
sonde within 100 m of the ground surface are generally
considered unreliable and inaccurate. It can be seen from
Figs. 5(f) and 5(g) that the speed of the balloon increased
suddenly at 02:02 CST (height: 100 m) and at 05:34 CST
(height: 180 m) on August 10. At these instants, the
balloon continued to drift horizontally but remained at the
same height for a certain period (approximately 10—15 s).
This was presumably caused by very strong horizontal
winds such as local turbulence or a low-level jet. A similar
change can be observed in the DWL 1-s instantaneous
speed, whereas the phenomenon is not obvious in the #gps,
1-min, 2-min, and 10-min average speeds, indicating that
averaged results cannot reflect adequately the presence of a
low-level jet or turbulence. Furthermore, wind speed
measured by the GPS sonde is generally higher than that
measured by the DWL because of the inertial acceleration
of the balloon. This implies that the DWL 1-s instanta-
neous result can better reflect atmospheric changes under
conditions associated with a low-level jet or turbulence. In
addition, the balloons typically spent 38—76 s and traveled
horizontally for 0.9-1.6 km when ascending from the
ground surface to the maximum observational height of the
DWL (i.e., 270 m). Overall, the ¢gps average speed of the
DWL is in the closest agreement with the GPS sonde
measurements, although the vertical variations of the
1-min, 2-min, and 10-min average speeds follow similar
trends.

To demonstrate that GPS sonde wind measurements are
unreliable and inaccurate at heights < 100 m, quantitative
comparison of GPS sonde and DWL wind measurements
was undertaken. First, the DWL measurements were
arranged into two data sets: one based on heights in the
range of 40-270 m and the other based on heights in the
range of 100-270 m. For each data set, 1-s instantaneous,
tgps, 1-min, 2-min, and 10-min average speeds were
compared with the GPS sonde data acquired at the same
heights. The CORR and standard deviation of the wind
speed obtained from the two types of instruments were
calculated, as illustrated in Fig. 6 using a Taylor diagram.
For both sets of DWL data, it can be seen that the 7gpg
average speed is in best agreement with the corresponding
GPS sonde data. At heights in the range of 40270 m, the
level of agreement between the 7gpg average speed from
the DWL and the GPS sonde data are highest and the
associated error is smallest (CORR: 0.88, RMS:
2.69 m-s'). At heights in the range of 100-270 m, the
trend is similar to that found at 40-270 m. However, the
CORR between the 7gpg average speed and the GPS sonde
data are decreased to 0.82 and the RMS is decreased to
2.19 m-s™' (a reduction of 18.6%). The RMS is still larger
than that found in similar comparisons of wind measure-
ments conducted by Pu et al. (2010) regarding Typhoon
Nuri (2008) and by Zhang et al. (2018) regarding Tropical
Storm Erika (2015), in which RMSs were 1.087 and 1.58



82 Front. Earth Sci. 2022, 16(1): 75-89

Distance/km Distance/km Distance/km
400 0 02 04 06 038 1.0 50 0 02 04 06 08 10 12 3000 02 04 06 08 10 12 14 1.6
7[\'1 71“ \ 7’“
2504|—° s f?.‘o 250 |15 9’*‘( ‘&% 250q|° i
—x— I (629) g S il (389) /«(r Ao I (48'5)
g 200 g 20 : £ 20l
—o— 10 mi —o—10 mi —o—T0mi
E 1504 —o—GPgusr:mde E 150+ —o—GPrSmsrgnde E 150 —o—GPrSmsr(lmde
s ] , )
2 100/ 2 100 ' 2 100- F
501 fAgs 4 ?/.
50+ 501/ o ot o
0 08/09 14:59 01 08/09 17:12 0 08/09 19:18
4 8 12 16 20 24 28 12 16 20 24 8 12 16 20 24 28
Wind speed/(m-s™") Wind speed/(m-s™") Wind speed/(m-s™")
(@) (b) ©
Distance/km Distance/km Distance/km
3000 02 04 06 08 1.0 12 14 1.6 0 02 04 06 08 10 12 14 16 3000 02 04 06 08 1.0 12 14 16
— lgin Lt — lgin o d
1|15 {15 / {[—o—1s - °
250 —— laps (649) 230 — oy (105) 250 — Lo (549) — ;o/
g 2001 o | g 200 = L g 200 o s
—o—10 mi 10 mi 10 mi
E 1501 —2—GP‘§“snonde E 150 iGPg“snonde E 150 iGPgnsane /
.20 .20 80
2 100+ /ﬂ;ﬁb 2 100- 2 100+ é
>
50 1 e & 50 50 1
5 08/09 21:23 g 08/09 23:58 P 08/09 02:02
8 2 16 20 24 8§ 12 16 20 24 28 32 12 16 20 24 28
Wind speed/(m-s™") Wind speed/(m-s™") Wind speed/(m-s™!)
(d) (e ®

Distance/km
000 02 04 06 08 1.0 12 14 1.6

Distance/km
000 02 04 06 08 1.0 12 14 16

Distance/km

0 02 04 06 08 1.0 1.2 14 1.6
300 . . . ' 4 . d 3
 Lain o — Iy . — Lyt
250|015 #2508 Zo | 250{1%
—— lps (765) e > lgps (58'9) — lgps (645)
g 2001|555 £ 200|550 £ 200|275
g —0—10 min g —0—10 min g —0—10 min
E 150 1 | ——GPS sonde E 150 4 |—e— GPS sonde E 150 1| —e— GPS sonde
= s 20 .20
= 1001 = 100+ £ 100
501 501 501
08/10 05:34 08/10 07:07 08/10 11:50
0 T T T T T T 0 T T T T 0 T T T T T
8 12 16 20 24 28 32 8 12 16 20 24 28 5 10 15 20 25

Wind speed/(m-s™") Wind speed/(m-s™") Wind speed/(m-s™")
(8 (h) ()

Fig. 5 Comparison of wind speed profiles based on DWL measurements and GPS sonde data at (a) 14:59, (b) 17:12, (c) 19:18, (d)
21:23, and (e) 23:58 CST on August 9, and at (f) 02:22, (g) 05:34, (h) 07:07, and (i) 11:50 CST on August 10. /5 indicates the horizontal
drift distance of the sounding balloon during ascent from the ground surface to the height of 270 m. 1 s, fGps, | min, 2 min, and 10 min
indicate 1-s instantaneous, fgps, 1-min, 2-min, and 10-min average wind speeds derived from the DWL measurements and GPS sonde

indicates wind speed measured by the GPS sonde.

m-s ', respectively. The reason is the measurement range
in their studies was larger, i.e., from 1200 to 1800 m, and
much better agreement can be reached when comparison is
made using data acquired at heights >300 m (further
details can be found in Fig. 2 of Pu et al. (2010) and in
Fig. 6 of Zhang et al. (2018)). When data from below
100 m are not considered, the RMS is reduced by
approximately 20% but the CORR is also reduced by
0.06. This indicates that wind measurements obtained by
DWL and GPS sonde are better correlated below 100 m.

To assess how precipitation might affect the perfor-
mance of DWL wind measurements, the effects of
typhoon-induced precipitation on the CNR, rate of missing
data, and speed measurement error of the DWL were
investigated. First, the changing trend of the CNR as a
function of PI is plotted in Fig. 7, with respect to three
different measurement ranges: height<<100 m, 100 m <
height <200 m, and 200 m < height<270 m. The CNR
was calculated based on 1-min average results. Here, PI
was classified into seven categories, 0-0.01 mm-h™
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Fig. 6 Taylor diagram of correlation coefficients and standard
deviations between DWL and GPS sonde wind speed measure-
ments for two data sets (i.e., 40-270 m and 100—270 m). Note: 1 s,
tgps, | min, 2 min, and 10 min denote 1-s instantaneous, zgps, 1-
min, 2-min, and 10-min average DWL wind speeds, respectively.

(clear), 0.01-3 mm-h' (light rain), 3-6 mm-h' (moderate
rain), 6-12 mm-h' (heavy rain), 12-30 mm-h'
(rainstorm), 30-90 mm-h™' (heavy rainstorm), and > 90
mm-h™ (severe rainstorm), according to the Group
Standard “The grade of rainfall in short-time weather
service” (T/CMSA 0013-2019) issued by China
Meteorological Services Association. As shown in Fig. 7,
the CNR generally decreases with the increase of
measurement height and increasing PI. During the
observation period, the precipitation was predominantly
light rain, followed by moderate rain; rainfall with PI
equivalent to a severe rainstorm occurred least. Generally,
the influence of PI on the CNR was different within the
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Q
15001
L3
E
& 1000
500 4
O -

0 0.01 3 6 12 30 90
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various measurement ranges. Specifically, the CNR was
affected less by low-level precipitation (height<<100 m),
i.e., the CNR was generally unchanged, with the majority
exceeding —10 dB. In comparison, precipitation affected
the CNR more at higher levels (height > 200 m) where the
CNR was decreased remarkably under conditions of heavy
or severe rainstorms.

Figure 8 presents the relationship between the rate of
missing DWL data and the CNR with respect to three
measurement ranges: height<<100 m, 100 m < height
<200 m, and 200 m < height<270 m. Both the rate of
missing data and the CNR were determined based on 1-min
average results. The rate of missing data reduces with the
increase of the CNR, and the rate at lower levels is less than
that at higher levels. It can be seen from Fig. 8(b) that when
the CNR is higher than —10 dB, the rate of missing data
generally remains constant at different heights, i.e., < 5%.
When the CNR is lower than —15 dB, the rate of missing
data at each level increases markedly. Specifically, at
heights of <100 m, the rate is generally within 30%;
however, the rate increases up to 100% at heights > 100 m.

Precipitation affects aerosol concentration in the lower
atmosphere. Devara et al. (2003) investigated the relation-
ship between precipitation and aerosol concentration based
on observations obtained over a 12-year period. They
concluded that aerosol concentration in the lower atmo-
sphere decreases by approximately 40% when precipita-
tion occurs. Given that DWL measurements depend on the
presence of small particles as backscattering targets, data
availability could be altered by variation of the aerosol
concentration in the lower atmosphere (Kumer et al.,
2014). The rate of missing DWL data as a function of
precipitation over various measurement ranges (height
<100 m, 100 m < height<200 m, and 200 m<
height<<270 m) is shown in Fig. 9. It can be seen that

B height <100 m
= 100 m <height<200 m
=200 m <height<270 m

CNR/dB

_30 T T T T
0 0.01 3 6 12 30 90
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Fig. 7 The CNR of the DWL as a function of precipitation: (a) samples, and (b) box plot. Here, PI was classified into seven categories:
0-0.01 mm-h! (clear), 0.01-3 mm-h ' (light rain), 3-6 mm-h ' (moderate rain), 6-12 mm-h' (heavy rain), 12-30 mm-h"’
(rainstorm), 30-90 mm-h ' (heavy rainstorm), and >90 mm-h ' (severe rainstorm).
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Fig. 8 Rate of missing DWL data as a function of the CNR: (a) samples, and (b) box plot.

the rate of missing data increases with the increase of PI
and that the rate at lower levels is less than that higher
levels. It can also be determined from Fig. 9(b) that the
validity of DWL data at heights of < 100 m is unaffected
by precipitation because the associated rate of missing data
are constant (i.e., <5%). However, as the measurement
height increases, the rate of missing data becomes
increasingly affected by precipitation. Under clear and
light rain conditions, the rate of missing data at all heights
i8 < 5%. Under PI conditions of heavy rain and above, the
rate of missing data increases rapidly at heights of
> 100 m. If the rate of missing data of 50% is used as
the critical threshold with which to define the usefulness
and validity of DWL data, then DWL data can be
considered valid below 300, 200, and 100 m under PI
conditions of heavy rain and below, rainstorm to heavy
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rainstorm, and severe rainstorm, respectively.

To investigate the influence of precipitation on DWL
wind speed measurement bias, 1-s instantaneous, 7gps, 1-
min, 2-min, and 10-min average values of wind speed bias
are plotted against precipitation in Fig. 10. Based on
Fig. 10(a), during the period when the GPS sondes
collected data in the height range of 0-300 m, precipitation
was largely dominated by light-heavy rain, and PI
conditions of rainstorm and heavy rainstorm seldom
occurred. It can be determined from Fig. 10(b) that no
obvious relationship exists between DWL wind speed bias
and precipitation, and the ¢gpg average wind speed bias is
in the range from — 5 to 5 m-s'. Based on Figs. 7-10, it
can be concluded that precipitation mainly affects the rate
of missing DWL data by affecting the CNR, but that it has
little effect on wind speed bias.
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Fig. 9 Rate of missing DWL data as a function of precipitation: (a) samples, and (b) box plot. PI is classified into seven categories: 0—
0.0l mm-h! (clear), 0.01-3 mm-h! (light rain), 3-6 mm- h! (moderate rain), 612 mm-h! (heavy rain), 12-30 mm-h ! (rainstorm),
30-90 mm-h ! (heavy rainstorm), and > 90 mm- h'! (severe rainstorm).
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Fig. 10 Horizontal wind speed bias of the DWL as a function of precipitation: (a) samples, and (b) box plot. PI is classified into seven
categories: 0-0.01 mm-h ' (clear), 0.01-3 mm-h’ (light rain), 36 mm- h™! (moderate rain), 6-12 mm-h ' (heavy rain), 12-30 mm- h!
(rainstorm), 30-90 mm-h ' (heavy rainstorm), and >90 mm-h ' (severe rainstorm).

4.2 Assessment of wind direction

To validate the reliability of DWL wind direction
measurements at heights of > 100 m, the data were
classified into two sets: one based on heights in the
range of 40-270 m and the other based on heights in the
range of 100270 m. For both sets of data, instantaneous
(1-s) and average (¢Gps, 1-min, 2-min, and 10-min) wind
directions were compared with corresponding GPS sonde
data at the same height, and the CORR and standard
deviation between these two data sets are illustrated in
Fig. 11. The results of both data sets are similar, indicating
that the removal of GPS sonde data below 100 m exerts a
subtle influence on the measurement error of wind
direction. This is mainly because the direction of move-
ment of the balloon is consistent with the direction of
the prevailing wind at the initial stage of the ascent
(i.e., < 100 m), despite the fact that the speed of movement
of the balloon is lower than the horizontal wind speed. For
both sets of DWL data, the best level of agreement with the
GPS sonde measurements is achieved by the #gpg average
wind direction (CORR: 0.94, RMS: 12.4° within 100-
270 m). Furthermore, the instantaneous and average wind
directions from the DWL are largely the same, and all
match well with GPS sonde data. For both data sets, it can
also be seen that the CORR is > 0.9 and the RMS error
is < 15°, with respect to both the instantaneous and
average wind directions. In comparison with the study of
Bucci et al. (2018), which compared wind observations
acquired in tropical cyclones during 2016 using an
airborne DWL and GPS dropsondes, the CORR associated
with the data of the current study is similar but the RMS
error is much smaller. In summary, irrespective of whether
the GPS sonde data acquired at heights of <100 m are
considered, the effect on the wind direction error is
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Fig. 11 Taylor diagram of correlation coefficients and standard
deviations between DWL and GPS sonde wind direction
measurements for two data sets (i.e., 40-270 and 100-270 m).
Note: 1 s, tgps, 1 min, 2 min, and 10 min denote 1-s instantaneous,
tGps, 1-min, 2-min, and 10-min average DWL wind direction,
respectively.

insignificant, and the instantaneous and average wind
directions obtained from the DWL are generally in
reasonable agreement with the GPS sonde data.

To investigate the influence of precipitation on DWL
wind direction measurements, the development of 1-s
instantaneous, fgps, 1-min, 2-min, and 10-min average
wind direction bias against precipitation is presented in
Fig. 12. No obvious trend of change is observed regarding
the variation of wind direction bias with precipitation. It
can be seen that the /gps average wind direction bias is
generally distributed between —20° and 30°.
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Horizontal wind direction bias of the DWL as a function of precipitation: (a) samples, and (b) box plot. PI is classified into seven

categories: 0-0.01 mm- h'! (clear), 0.01-3 mm- h'! (light rain), 3-6 mm- h™! (moderate rain), 6-12 mmh ! (heavy rain), 12-30 mm- h!
(rainstorm), 30-90 mm-h ' (heavy rainstorm), and >90 mm-h ' (severe rainstorm).

4.3 Comparison of DWL, WPR, and GPS sonde data
quality

To compare the quality of data collection by the DWL and
WPR under the combined effects of typhoon winds and
precipitation, both the WPR 10-min average wind speed
and the DWL 7gpg average wind speed above 100 m from
the surface were matched with the GPS sonde instanta-
neous wind speed at the same height, as presented in
Fig. 13. Generally, the WPR measurement is in good
agreement with the GPS sonde data within 1.6 km, except
at several instants, i.e., 23:58 CST (Fig. 13(e)) on August
9, and 02:22 CST (Fig. 13(f)) and 07:07 CST (Fig. 13(h))
on August 10. These three time instants were all
characterized by moderate rain (3-6 mm-h™") and high
winds, implying that WPR data under PI conditions of
moderate rain and above is unreliable in high winds.
However, the data quality is better under PI conditions of
light rain (<3 mm-h™), which is consistent with the
conclusions reported by Ralph et al. (1995) and by
Lambert and Taylor (1998). Based on Section 4.1, it can
be concluded that precipitation has insignificant effect on
DWL wind speed bias. At heights in the range of 100-
300 m, WPR- and DWL-measured wind speeds exhibit
similar variation with height. However, in comparison with
the WPR data, the DWL-derived measurements present a
better match with the GPS sonde data at 23:58 CST on
August 9 (Fig. 13(e)), indicating that the DWL wind speed
bias is affected relatively less by precipitation.

To reflect quantitatively the level of agreement between
both the DWL and the WPR measurements with the GPS
sonde data, the CORR and RMS of the DWL and the WPR
measurements in relation to the GPS sonde data at heights
in the range of 100-300 m are plotted in Fig. 14. Generally,
CORR and RMS of the DWL measurements are larger and

smaller, respectively, in comparison with the WPR
measurements. Specifically, the CORR of the DWL fgpg
average wind speed is 0.82, whereas the CORR of the
WPR 10-min average wind speed is only 0.64. The RMS
of the DWL fgps average wind speed is 2.19 m-s™,
whereas the RMS of the WPR 10-min average wind speed
is4.32m-s ', i.e., nearly twice that of the DWL. Under the
combined conditions of typhoon winds and precipitation,
the accuracy of the DWL measurements is better than that
of the WPR measurements at heights in the range of 100—
300 m. Wolfe et al. (2005) compared the performance of a
DWL with that of a WPR under normal wind conditions
and reached similar conclusions, i.e., the DWL data
produced a wind field that was more accurate in the
range of 500 m.

5 Conclusions and discussion

This study conducted verification of the applicability and
accuracy of DWL-measured winds. The data were
collected during Super Typhoon Lekima (2019) as part
of a field experiment conducted in Zhoushan, Zhejiang
Province (China) by Shanghai Typhoon Institute of China
Meteorological Administration. The DWL observations
were compared with those derived from GPS sondes
launched from the same location. Specifically, DWL-
measured 1-s instantaneous, fgps, 1-min, 2-min, and
10-min average wind speeds and directions were compared
with instantaneous winds obtained from the GPS sondes at
heights of up to 300 m. Furthermore, we also investigated
the impact of precipitation on the CNR and rate of missing
DWL data.

Comparison of the wind profiles derived from the DWL
and GPS sondes revealed a substantial difference in the
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Fig. 13 Comparison of WPR 10-min average wind speed and GPS sonde data at (a) 14:59, (b) 17:12, (c) 19:18, (d) 21:23, and (e) 23:58
CST on August 9, and at (f) 02:22, (g) 05:34, (h) 07:07, and (i) 11:50 CST on August 10.

measurements at heights of < 100 m, which was attribu-
table primarily to the drift effect of the sounding balloon. It
is therefore believed that wind speed measured by a GPS
sonde at heights of < 100 m is unreliable. Above 100 m,
the best level of agreement with the GPS sonde wind speed
measurements was achieved by the DWL-measured 7ps
average wind speed (CORR: 0.82, RMS: 2.19 m-s™),
whereas the 1-s instantaneous wind speed produced the
worst level of agreement. From this perspective, the 7gps
average wind speed, which is the wind speed time-
averaged during the GPS sonde ascent from the ground
surface to the height of 270 m, is recommended for use as

the benchmark for verification of the WindCube V2 DWL.
As for wind direction, the best level of agreement was
found for the 7gpg average wind direction (CORR: 0.94,
RMS: 12.4° within 100-270 m), and our analysis revealed
reasonable agreement between the DWL measurements
(including instantaneous and averaged wind directions)
and the GPS sonde data (CORR:>0.9, RMS: < 15°).
Furthermore, it was established that precipitation has little
influence on the DWL-measured wind direction, and the
bias of the 7gps average wind direction is generally
distributed between —20° and 30°.

During typhoon conditions, PI affects the rate of missing



88 Front. Earth Sci. 2022, 16(1): 75-89

CORR
05 0.6 0.7 0.8 0.9 1.0
10 ' ' - L 1.0
2X 7
®5
X8 6%
8 - 1 0.9
4%
~ WPR 3x
z °] o8 o %
= 9% o
£4] ®° o7 Lo7 "
2 .
06 DWL
5 4%3 Lo6
o :
2 X CORR
® RMS
0 T T T T 05
0 2 4 6 8 10
RMS/(m-s™!)

Fig. 14 The CORR and RMS of DWL and WPR measurements
in relation to GPS sonde data at heights in the range of 100-300 m.
CORR denotes the correlation coefficient, and RMS denotes the
root mean square. The numbers 1-10 correspond to specific time
instants at 14:59, 17:12, 19:18, 21:23, and 23:58 CST on August 9
and at 02:22, 05:34, 07:07, and 11:50 CST on August 10.

DWL data mainly through changing the value of the CNR.
However, PI has little effect on the wind speed bias of the
DWL measurements. Specifically, the CNR decreases with
the increase of both measurement height and PI. At heights
of < 100 m, the CNR is affected little by precipitation and it
remains nearly constant. However, precipitation exerts a
major influence on the CNR at heights of >200 m, where
the CNR is reduced drastically in association with heavy or
severe rainstorms. Moreover, the rate of missing data
increases with the increase of both measurement height
and PI. The validity of DWL data within 100 m is generally
unaffected by precipitation and the associated rate of
missing data are largely constant (i.e., < 5%). If the rate of
missing data of 50% is considered the critical threshold for
defining the validity of DWL data, then DWL data can be
considered valid below 300, 200 and 100 m under PI
conditions of heavy rain and below (<12 mm-h),
rainstorm to heavy rainstorm (12-90 mm-h™), and severe
rainstorm (> 90 mm-h™), respectively.

Comparison of the wind profiles based on the DWL,
WPR, and GPS sonde measurements revealed that the
RMS of the DWL measurements is nearly half that of the
WPR measurements within the height range of 100-300 m,
indicating that the DWL wind data are more accurate than
the WPR wind data.

Future work will concentrate on cooperative field
experiments of typhoon boundary layer in which several
DWLs and GPS sondes will be deployed at different
locations (Alford et al., 2020; Zhang et al., 2020). The
simultaneous measurements of the typhoon boundary layer
acquired by the multiple DWLs and GPS sondes will
support further investigation of the wind structure of the

typhoon boundary layer for both scientific and engineering
applications.
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