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摘要 

   Through the use of advanced data retrieval techniques and two scanning Doppler wind 
lidars, the high-resolution (50 m) three-dimensional wind and thermodynamic fields under a 
clear sky are retrieved and utilized to study the temporal and spatial characteristics of the 
boundary layer. This work demonstrates the potential advantages of running the proposed 
approach continuously. Such synthesis methods and high-quality data sets could be applied 
in the future for various purposes including the study of the boundary layer evolution, 
initiation of afternoon thunderstorms, air pollutant dispersion, numerical model verification, 
and real-time monitoring of aviation safety at airports. 
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1. Methodology  

a. WISSDOM: A multiple-Doppler-lidar/radar 3-D wind synthesis method for use over complex 

terrain 

The WISSDOM algorithm (Liou et al. 2012) used for wind analysis solves for the 3-D wind fields 
by variationally minimizing a cost function (𝐽1ௐூௌ) expressed by Eq. (1) in which four major equations 
are implemented: 
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𝐽ௐூௌ(ݑ, ,ݒ (ݓ = ∑ 𝐽ெௐூௌ4
ெ=1                                                                  (1) 

𝐽1ௐூௌ = ∑ )]1ߙ∑ ௥ܸ)௜ − ݔ) − ௫ܲ௜)ݎ௜ ݑ − ݕ) − ௬ܲ௜)ݎ௜ ݒ − ݖ) − ௭ܲ௜)ݎ௜ ே     2[ݓ
௜=1௫,௬,௭        (2a) 

௜ݎ = ݔ)√ − ௫ܲ௜)2 + ݕ) − ௬ܲ௜)2 + ݖ) − ௭ܲ௜)2                                         (2b)                                 

𝐽2ௐூௌ =   ∑ 2ߙ ݔ߲(ݑ0ߩ)߲] + ݕ߲(ݒ0ߩ)߲ + ݖ߲(ݓ0ߩ)߲ ]2௫,௬,௭                                     (3) 
                 𝐽3ௐூௌ = 

∑ 3ߙ ݐ߲ߦ߲] + ݑ ݔ߲ߦ߲ + ݒ ݕ߲ߦ߲ + ݓ ݖ߲ߦ߲ + ߦ) + ݂) ݔ߲ݑ߲) + (ݕ߲ݒ߲ + ݔ߲ݓ߲) ݖ߲ݒ߲ − ݕ߲ݓ߲ 2௫,௬,௭[(ݖ߲ݑ߲ (4a) 
ߦ = ݔ߲ݒ߲) −  (4b)                                                                     (ݕ߲ݑ߲

𝐽4ௐூௌ = ∑ ு ܸ⃑ )4ߙ  − ܸ⃑ ு,஻)2
௫,௬,௭                                                           (5) 

Eq. (2a) stands for the geometric relationship between the radial velocity (Vr)i measured by the ith 
Doppler lidar and the retrieved 3-D Cartesian wind components (u, v, w), where ( ௫ܲ௜ , ௬ܲ௜ , ௭ܲ௜) depicts the 
coordinates of the ith lidar; ݎ௜ is for the distance from each point to the ith lidar; N is the total number 
of lidars. Eq. (3) is the anelastic continuity equation. Eq. (4a) is the vertical vorticity equation. Eq. (5) 
represents using a background wind field (ܸ⃑ ு,஻) to fill in the data-void regions, and provide information 
for  ܸ⃑ ு   in this area. WISSDOM adopts Immersed Boundary Method (IBM) to deal with the terrain. 

b. TPTRS: A thermodynamic retrieval scheme over complex terrain 

The TPTRS developed by Liou et al. (2019) is utilized to retrieve the thermodynamic variables. 10ߠ ݐ߲ݑ߲] + ܸ⃑ ⋅ ݑߘ − ݒ݂ + [(ݑ)ܾݎݑݐ = ݔ߲′ߨ߲− ≡  (6)                              ;ܨ−

0ߠ1 ݐ߲ݒ߲] + ܸ⃑ ⋅ ݒߘ + ݑ݂ + [(ݒ)ܾݎݑݐ = ߨ߲− ݕ߲′ ≡  (7)                              ; ܩ−

0ߠ1 ݐݓ߲߲] + ܸ⃑ ⋅ ݓߘ + [(ݓ)ܾݎݑݐ = ߨ߲− ݖ߲′ + ݃ 02ߠ′ߠ ≡  (8)                          ,ܪ−
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π′  is the perturbation of the normalized pressure, ߠ′  is the potential temperature perturbation 
from its basic state 0ߠ. The values of F, G, and H can be obtained once the air motion (u, v, w) is 
obtained from WISSDOM. In TPTRS the optimal solutions of π′ and ߠ′ are obtained variationally 
which could make Eq. (6)-(8) satisfied in a least square sense.  

2. Experiment TZT 

a. Experimental design 

The dual-lidar field experiment was conducted in Tian-Zhong Township (TZT) near the western 
coast of Taiwan (Fig. 1a) from 19 to 22 September 2023. The analysis domain showing the locations of 
various instruments is displayed in Fig. 1b, covering a horizontal area of 6.0 km × 6.0 km.  

 

 

 

Figure 1 (a) The map of Taiwan island. The location of Tian-Zhong Township is depicted by 
the black square and enlarged in (b); (b) The area surrounding the analysis domain, which is 
shown by the square enclosed by dashed lines. The red star is the location of the “Storm Tracker 
(ST)”. The purple and blue circles denote lidar #1 and lidar #2, while the orange and yellow 
triangles represent surface stations #1 and #2 (SF#1 and SF#2), respectively. The black triangles 
indicate the surface stations (SF) outside of the analysis domain. The terrain height (m) is 
depicted by color shading. 

 

b. Results of dual-lidar 3-D wind synthesis 

Figure 2 depicts the WISSDOM-retrieved 3-D winds at 1200 LST on 20 September. The prevailing 
wind is from the ocean toward the west. Updrafts and downdrafts can be found in the central part of the 
domain. Figures 3 and 4 illustrate an overall comparison between the WISSDOM-retrievals and the 
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Strom Tracker (ST) observations. Note that ST is a mini-sounding system.  

 

 

Figure 2 The WISSDOM-retrieved 3-D wind fields at 1200 LST on 20 September. For clarity, 
the horizontal wind vectors are shown only at 300 m (purple), 450 m (orange), 600 m (green), 
750 m (yellow), 900 m (blue), and 1050m (red) in height. Iso-surfaces with a constant vertical 
wind speed of 1.0 m s-1 and -1.0 m s-1 are plotted by light coral and light blue, respectively. 

 

Figure 3 The scatterplot of the WISSDOM-retrieved and ST-observed wind speed (m s-1) for 
experiment TZT. The color shading denotes the number of data points. The correlation between 
the retrievals and ST observation is 0.70 for wind speed. 
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Figure 4 The same as Fig. 3, but for the wind direction (degree). The root-mean-square-
differences (RMSDs) for wind speed and wind direction are 0.82 m s-1 and 24.7o, respectively. 

 

c. Land-Sea breeze signals on 20 September 2023 

Figure 5 shows the time-height display of the wind component perpendicular to the 
coastline obtained by WISSDOM, ST and surface stations. Westerly/easterly winds stand for 
sea/land breeze. All three means (WISSDOM, ST, surface station) are able to reveal the land-
sea breeze signal, but only the WISSDOM can provide a complete description regarding the 
structure and evolution of the land-sea breeze. 
    Figure 5 also reveals that a nocturnal low-level wind maximum can be found at Z=500 m 
~ 800 m in the early morning of 20 September. At 1800 LST on 19 September (the sunset time 
in the previous day), the wind speed and direction are 1.85 m s-1 and 200o for horizontal wind, 
and 1.19 m s-1 and 256.6o for geostrophic wind. Thus, the direction of the ageostrophic wind is 
approximately 157.8o, as shown in Fig. 6. Theoretically, the time needed for the wind speed 
maximum to occur is when the ageostrophic wind aligns with the geostrophic wind:  12ℎsin(23.86೚) × (256.6೚−157.8೚)360೚  ~ 8 ℎ(9)                . ݏݎݑ݋ 

Thus, the nocturnal low-level wind maximum is expected to occur approximately 8 hours after 
sunset (1800 LST) on 19 September, or about 0200 LST on 20 September. 
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Figure 5 Time-height plot of the wind component perpendicular to the coast line obtained from 
dual-lidar synthesis (color shading), ST observations (wind barbs from 300 m to 1100 m), and 
surface station measurements (wind barbs at the bottom) on 20 September 2023. Winds with 
full barb and half barb represent 1.0 m s-1 and 0.5 m s-1, respectively. Positive and negative 
velocities represent sea breeze and land breeze, respectively. The hatching depicts the area 
where the total wind speed is greater than 5.0 m s-1. The small circles denote the wind speed 
detected by ST is less than 0.5 m s-1. 

 

Figure 6 The relationship between the geostrophic wind (Vg, red arrow from ERA5), horizontal 
wind (V0, blue arrow from ERA5), and ageostrophic wind (Va, green arrow) at 950 hPa. The 
wind directions of Vg and V0 are 256.6o and 200o, respectively. The thick contour lines are 
geopotential heights (m).  
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d. Verification of the thermodynamic retrievals and the temporal variation revealed by 
the retrieved surface pressure and temperature 

Figure 7 shows that over 3.5 consecutive days, the retrieved pressure and temperature 
perturbations are highly consistent with the observations at the surface station. The temperature 
perturbation reveals a diurnal cycle with a peak value of about 29.5 oC occurring around 1200 
LST, while the pressure perturbation exhibits a semi-diurnal cycle with two minimum values 
taking place at approximately 1600 LST and 0500 LST. 
 

 

Figure 7 (a) Time series of temperature (oC) observed by surface station #1 (black square) and 
retrieved by TPTRS (black line) from 1200 LST 19 September to 1200 LST 22 September 
2023. (b) Same as (a), but for the time series of pressure (hPa) observed by surface station #1 
(blue circles) and retrieved by TPTRS (blue line). 
 

e. Retrieved 2-D and 3-D thermodynamic fields 

Figure 8 depicts the retrieved 3-D potential temperature field at 1200 LST on 20 September. 
The upright structure of the iso-surface with a potential temperature equal to 308 K suggests 
that the boundary layer is well-mixed. Figure 9 shows the retrieved two-dimensional 
temperature field at 1200 LST on 20 September at two different heights (300 m, 900 m), 
superimposed by the horizontal and vertical velocities. The structures of the kinematic and 
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thermodynamic fields and their relationships can be clearly revealed.  

 

 

Figure 8 TPTRS-retrieved 3-D iso-surface of the potential temperature at 308 K at 1200 LST 
on 20 September 2023. 

  

Figure 9 The retrieved temperature deviation from its horizontal average (in oC, color shading) 
at 1200 LST on 20 September 2023. The updrafts (solid line) and downdrafts (dashed line) with 
magnitudes at 0.5 m s-1, 1.0 m s-1, 2.0 m s-1, and horizontal winds (arrows, plotted every 500 m) 
are superimposed. The heights are (a) 300 m; (b) 900 m. 

3. Summary 

This research demonstrates the advantages of using multiple Doppler scanning lidars and 
two advanced retrieval schemes to continuously provide 3-D wind and thermodynamic fields 

(a) (b) 
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within the boundary layer at a very high spatial resolution (50 m). Such synthesis methods and 
high-quality data sets could be applied for various purposes including the study of the boundary 
layer development, initiation of afternoon thunderstorms, air pollutant dispersion, numerical 
model verification, and real-time monitoring of aviation safety at airports. 
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