


Two examples of obtained wind profiles are plotted
in Fig. 9 for daytime measurements, and in Fig. 10 for
nighttime measurements. The lidar data (solid
curves) are compared to the sonde data (dashed
curves) of a balloon launched at the Qingdao Meteor-
ological Station. The horizontal separation between
this station and the lidar site at the Ocean University
of China is 900 m. The error bars in Figs. 9 and 10 re-
present the wind measurement uncertainties caused
by photon noise. The differences in wind speed and
wind direction between the lidar and balloon data
are, respectively, plotted as ΔVH and ΔθH in Figs. 9

and 10, in order to quantitatively assess the agree-
ment between the two sensors. Figure 9 shows the
horizontal wind speed on the left and the wind
direction on the right, measured from 09� 13 to
09� 28 local time (LT) on 19 March 2008 in Qingdao,
China. The wind was approximately northerly
through the measurement altitudes, but slightly
northeasterly below 3 km, and then shifting to north-
westerly above. The measurement uncertainty was
∼1 m=s below 3 km and increased to ∼4 m=s at
6 km and ∼8 m=s at 8 km. The wind profile (Fig. 10)
measured by the DBS scan at 20� 00 LT on 19 October

Fig. 9. (Color online) Horizontal wind profile measured by the Doppler lidar from 09� 13 to 09� 28 LT local time on 19 March 2008 is
compared to the balloon sonde data taken at the same time. The spatial resolution is 30 m in order to compare with sonde. ΔVH and ΔθH
represent the differences between the lidar and balloon data for the wind speed and direction, respectively.

Fig. 10. (Color online) Horizontal wind profile measured by the Doppler lidar from 19� 52 to 20� 07 LT on 19 October 2007 is compared to
the balloon sonde data taken at the same time. The spatial resolution is 30 m for both the lidar and the balloon data. ΔVH and ΔθH
represent the differences between the lidar and balloon data for the wind speed and direction, respectively.
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Figure 12 illustrates a comparison among three
wind profiles obtained in different scan modes with
different retrieval methods on 30 December 2007.
The solid curve shows the wind profile with error bars,
measured in DBS scan from 20� 00 to 20� 15 LT, with
an elevation of 60° and retrieved by the method de-
scribed in Subsection 4.A.2. The integration time is
100 s for each direction. The wind profile shown by
the dot-dashed curve was also retrieved by the DBS
method described in 4.A.2, but the data of the four azi-
muth directions (east, west, south, and north) were
taken from the PPI scan (shown in Fig. 11). The inte-
gration time of each direction is 20 s. The wind profile
shown by the dashed curve was derived from the PPI
scan data shown in Fig. 11 using the velocity azimuth
display (VAD) algorithm described in [27]. The inte-
gration time of each LOS direction is 20 s. As ex-
pected, the three wind profiles agree with each
other quite well below 6 km where the VAD method
has high SNR. The horizontal wind direction θH , as
defined in Eq. (15), is shown in Fig. 12 and confirms
the interpretation of Fig. 11. The comparison shows
that the normal DBS scan provides the best measure-
ments of wind profiles as it has larger detection range
and higher SNR with higher temporal resolution.

The LOS wind velocities measured in PPI scans
during daylight conditions are shown in Fig. 13.
Again, one full-azimuth scan takes 3 min and Fig. 13
is an average of 8 full-azimuth scans with the data col-
lected from 15� 36 to 15� 59 LT on 30 December 2007
in Qingdao, China at a fixed elevation of 60°. The PPI
range scales extend from 0 to 8 km. The LOS velocity
is plotted as color-shaded values between � 33 and
33 m=s with positive defined as moving away from
the lidar. Note the large apparent shear region to
the ENE. The detection range of LOS wind velocity
PPI reaches 8–10 km at night and 6–8 km during

the daytime. It is difficult to obtain LOS wind velocity
PPI beyond these ranges due to the low SNR.

C. Line-of-Sight Wind Velocity Measured by Range Height
Indicator Scans

The RHI scan is used to obtain altitude information
about the LOS wind velocity in the direction of the
predominant horizontal wind. The measurement pro-
cedure of RHI scan is similar to that of the PPI scan,
except in RHI mode the azimuth angle is fixed and the
elevation angle is scanned. In addition, the R0 is ob-
tained from the zenith beam. Examples of the LOS
wind velocities measured by the RHI scans from
00� 33 to 00� 56 LT on 30 December 2007 in Qingdao,

Fig. 12. (Color online) Wind profiles measured by the Doppler lidar in different scan modes with different data retrieval methods between
20� 00 and 21� 41 LT on 30 December 2007.

Fig. 13. (Color online) LOS wind velocity measured by PPI scan
from 15� 36 to 15� 59 LT during daytime on 30 December 2007.
The integration time is 8 s in each direction and the spatial reso-
lution is 10 m. The radius in the plots represents the height, and
the maximum displayed height is 8 km. Each circle is separated by
1:14 km.
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China are displayed in Fig. 14. The RHI was produced
at the azimuth of 0° and 180° with elevation scanned
from 20° to 170° in a speed of 2°=s, stepped in 2° in-
crements. Maximum measurement height was 8 km
due to limited SNR. One full RHI scan takes about
100 s, and such a single-scan result is shown in
Fig. 14(a). To visualize the wind fields better, Fig.
14(b) exhibits an average over 13 RHI scans.

The zero wind line shown as white color in
Fig. 14 is along the zenith direction. A low velocity
layer around 2:5 km to the south is clearly evident in
the RHI display. The velocity below 2 km is about
15 m=s, decreases to 7–8 m=s between 2 km and
2:5 km, and increases to 13–14 m=s between 2:5 km
and 3:5 km.

The PPI and RHI wind measurement capabilities
demonstrated above with the incoherent Doppler

lidar may have numerous applications. One of them
is to monitor aircraft wing tip vortices generated by
air flow over the wing [33]. Heavy aircrafts can gen-
erate very high-speed rotating flows that can remain
for several minutes and can be very dangerous to
other aircraft landing in similar areas within short
intervals. These wake vortices may be detected by
Doppler wind lidar in PPI or RHI modes when a high-
er scanning speed is used.

D. Sea Surface Wind Measured in 2008 Beijing Olympics

During a serial campaign in 2006 and 2007 [22], the
incoherent Doppler lidar showed its capability in the
near-horizontal wind measurements, due to its high
pulse repetition rate, high scanning speed, and the
sophisticated DAAS. Such near-horizontal wind
measurements are very important to observe the in-
homogeneous wind distribution in small scale. Based
on these successful experiences, this mobile Doppler
lidar was used to measure sea surface wind, provid-
ing meteorological service for the sailing competition
during the 2008 Beijing Olympics from 8–22 August
2008 and for the 2008 Paralympics sailing com-
petition from 8–13 September 2008 in Qingdao,
China [23].

The measurement procedure of SSW is illustrated
in the general flowchart of Fig. 5. The sector scan
during the 2008 Olympics covered azimuth from
86° to 246° at an elevation of 1°. First, we measured
R0 at the azimuth of 106° and 226°, and measured
the sensitivity S in the direction of 166° with the li-
dar running at three frequencies sequentially as de-
scribed earlier. Then the horizontal wind speed and
direction were derived from R0, S, and the measured
wind ratio of each azimuth using the method de-
scribed in Subsection 4.A.3. A full scan over the azi-
muth range of 160° was achieved in 160 s with a
continuous azimuth scan speed of 1° per second.
We averaged three or four adjacent LOS wind veloc-
ities, which resulted in 10 min averages, to achieve a

Fig. 14. (Color online) LOS wind velocity measured by RHI scans
from 00� 33 to 00� 56 LT on 30 December 2007 in Qingdao, China.
Color bar scales are from � 33 to þ 33 m=s. North is to the right and
positive LOS wind velocity is defined as radially outward from the
lidar. The radius in the plots represents the height, and the max-
imum displayed height is 8 km. Each circle is separated by 1:6 km.
The spatial resolution is 10 m, while the temporal resolutions are
(a) 2 min and (b) 24 min.

Fig. 15. (Color online) LOS wind velocity measured in sector PPI
scan from 08� 26 to 08� 28 LT on 17 August 2008. The radius of scan
is about 3 km, and the spatial resolution is 100 by 100 m. The x axis
and y axis represent longitude (deg) and latitude (deg), respectively.
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