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INTRODUCTION

DOPPLER RADAR

▸ RADAR systems transmit an electromagnetic wave  

▸ Calculate the Doppler velocity



RADAR DOPPLER VELOCITY

DOPPLER VELOCITY

▸ The Doppler effect is an apparent change in 
frequency perceived by an observer moving 
relative to the source.  

▸ For meteorological purpose: c >> v  
▸ c: speed of light 
▸ v: scatterer 
▸ fd: Doppler change in frequency  
▸ ft: Doppler transmitted frequency Christophorus Buys Ballot proved the existence of the Doppler Effect.

He founded the Royal Dutch Meteorological Institute (KNMI) in 1854.

<latexit sha1_base64="gZSS5gAd7FxNqxsm87QV9YsvPTo=">AAACBnicjVDLSsNAFJ34rPUVdSnCYBHcWJLiayMU3bisYB+QhjCZTNqhkwczN4USsnLjr7hxoYhbv8Gdf+P0sVBR8MAwh3Pu5d57/FRwBZb1YczNLywuLZdWyqtr6xub5tZ2SyWZpKxJE5HIjk8UEzxmTeAgWCeVjES+YG1/cDX220MmFU/iWxilzI1IL+YhpwS05Jl7oZcHBb7A+ofC6YaS0Lw2LHJ6NCxcz6zYVWsC/DepoBkanvneDRKaRSwGKohSjm2l4OZEAqeCFeVuplhK6ID0mKNpTCKm3HxyRoEPtBLgMJH6xYAn6teOnERKjSJfV0YE+uqnNxZ/85wMwnM353GaAYvpdFCYCQwJHmeCAy4ZBTHShFDJ9a6Y9olOAnRy5f+F0KpV7dPqyc1xpX45i6OEdtE+OkQ2OkN1dI0aqIkoukMP6Ak9G/fGo/FivE5L54xZzw76BuPtEy51mPc=</latexit>

fd = ft[
2v

c� v
]

<latexit sha1_base64="WTJgHGnz4G+k/8ly6zYTKMPhMR0=">AAACCnicjVDLSsNAFJ34rPEVdelmtAiuSlrwsRGLblxWsA9IQphMJu3QSTLMTIolZO3Gv3DtxoUibgX3bsS/cdq6UFHwwIUz59zLnXsCzqhUtv1uTE3PzM7NlxbMxaXllVVrbb0l00xg0sQpS0UnQJIwmpCmooqRDhcExQEj7aB/OvLbAyIkTZMLNeTEi1E3oRHFSGnJt7YiPw8L6CLORXoJ9UsVjhsJhPPaoMhx4flWuVqxx4B/k/Lxi3nEb97Mhm+9umGKs5gkCjMkpVO1ufJyJBTFjBSmm0nCEe6jLnE0TVBMpJePTyngjlZCGKVCV6LgWP06kaNYymEc6M4YqZ786Y3E3zwnU9Ghl9OEZ4okeLIoyhhUKRzlAkMqCFZsqAnCguq/QtxDOgel0zP/F0KrVqnuV/bO7XL9BExQAptgG+yCKjgAdXAGGqAJMLgCt+AePBjXxp3xaDxNWqeMz5kN8A3G8weEP55y</latexit>

fd ⇡ ft[
2v

c
]



RADAR DOPPLER VELOCITY

DOPPLER VELOCITY

▸ For radars, the Doppler velocity is estimated from 
the temporal change in phase (interferometry). As 
a consequence, the estimated velocity is limited to 
a maximum phase change of +- pi.  

▸ We saw it during the lecture on Wednsday. 

Christophorus Buys Ballot proved the existence of the Doppler Effect.
He founded the Royal Dutch Meteorological Institute (KNMI) in 1854.



RADAR DOPPLER VELOCITY

ENCODED WIND COMPONENTS

▸ The observed radial wind is a result of the 
contribution of the different components

Elevation

<latexit sha1_base64="wh6J7dS1HN+HpZSIRrES5Z9YJqM=">AAAB8XicdVDLSsNAFL2pr1pfVZduhhahIpRE8LEsunFZwT6wCWUynbRDJ5MwM1FC6F9040IRt/6Nu/6N01ahvg5cOJxzL/fe48ecKW3bEyu3tLyyupZfL2xsbm3vFHf3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh1dTv3VPpWKRuNVpTL0Q9wULGMHaSHcPiomKGw/YUbdYdqr2DMj+Rb6scq3kHo8ntbTeLb67vYgkIRWacKxUx7Fj7WVYakY4HRXcRNEYkyHu046hAodUedns4hE6NEoPBZE0JTSaqYsTGQ6VSkPfdIZYD9RPbyr+5XUSHVx4GRNxoqkg80VBwpGO0PR91GOSEs1TQzCRzNyKyABLTLQJqbAYwv+keVJ1zqqnNyaNS5gjDwdQggo4cA41uIY6NICAgDE8wbOlrEfrxXqdt+asz5l9+Abr7QNDrpOj</latexit>

wsin(�)
<latexit sha1_base64="IVnpsPXOBNnCznhgtPconevVwV8=">AAACIHicjVBNSwMxEM3W7/Wr6tFLsAiKWLaC1oso6sFjBdsKbVmyadoNzWZDMquUpT/Fi/4UD3pQRC+iv8a09aCi4IOBl/dmyMwLlOAGPO/NyYyMjo1PTE650zOzc/PZhcWKiRNNWZnGItbnATFMcMnKwEGwc6UZiQLBqkHnqO9XL5g2PJZn0FWsEZG25C1OCVjJzxYv/FT39nDFT8Mejc1aHUIGBG/iY1t1xdcHogr5Ot7Al4bL4cPP5gp5bwD8N8nt37l76ubVLfnZl3ozpknEJFBBjKkVPAWNlGjgVLCeW08MU4R2SJvVLJUkYqaRDg7s4VWrNHEr1rYk4IH6dSIlkTHdKLCdEYHQ/PT64m9eLYHWbiPlUiXAJB1+1EoEhhj308JNrhkF0bWEUM3trpiGRBMKNlP3fyFUtvKFnfz2qZc7OERDTKJltILWUAEV0QE6QSVURhRdoVv0gB6da+feeXKeh60Z53NmCX2D8/4Bu5ekdA==</latexit>

vr = Vhcos(✓ �D � ⇡)cos(�) + wsin(�)

▸ Vh: horizontal wind speed 
▸ theta: azimuth 
▸ phi: elevation 
▸ D: wind direction 

* MIND THE NYQUIST VELOCITY 

<latexit sha1_base64="iaGxfBenqnk9P5Sv4vm5OrtbfFA="></latexit>

Vhcos(✓ �D � ⇡)cos(�)
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|vr|  vNyquist

Radial wind: projected wind along the line of sight



RADAR DOPPLER VELOCITY

ENCODED WIND COMPONENTS

▸ The observed radial wind is a result of the 
contribution of the different components

Elevation
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wsin(�)
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vr = Vhcos(✓ �D � ⇡)cos(�) + wsin(�)

▸ Vh: horizontal wind speed 
▸ theta: azimuth 
▸ phi: elevation 
▸ D: wind direction 

* MIND THE NYQUIST VELOCITY 

<latexit sha1_base64="iaGxfBenqnk9P5Sv4vm5OrtbfFA="></latexit>

Vhcos(✓ �D � ⇡)cos(�)

Radial wind: projected wind along the line of sight

Vn = 5 m/s 
Phi = 60 deg 
Vh = 12 m/s 
W = 1 m/s



WIND RETRIEVAL

VELOCITY AZIMUTH DISPLAY

▸ Lhermitte and Atlas (1961) the 
Velocity-Azimuth display (VAD) which 
utilizes an azimuthally scanning beam 
at an elevation angles. 

▸ Vh: horizontal wind speed 
▸ theta: azimuth 
▸ phi: elevation 
▸ D: wind direction 

<latexit sha1_base64="IVnpsPXOBNnCznhgtPconevVwV8=">AAACIHicjVBNSwMxEM3W7/Wr6tFLsAiKWLaC1oso6sFjBdsKbVmyadoNzWZDMquUpT/Fi/4UD3pQRC+iv8a09aCi4IOBl/dmyMwLlOAGPO/NyYyMjo1PTE650zOzc/PZhcWKiRNNWZnGItbnATFMcMnKwEGwc6UZiQLBqkHnqO9XL5g2PJZn0FWsEZG25C1OCVjJzxYv/FT39nDFT8Mejc1aHUIGBG/iY1t1xdcHogr5Ot7Al4bL4cPP5gp5bwD8N8nt37l76ubVLfnZl3ozpknEJFBBjKkVPAWNlGjgVLCeW08MU4R2SJvVLJUkYqaRDg7s4VWrNHEr1rYk4IH6dSIlkTHdKLCdEYHQ/PT64m9eLYHWbiPlUiXAJB1+1EoEhhj308JNrhkF0bWEUM3trpiGRBMKNlP3fyFUtvKFnfz2qZc7OERDTKJltILWUAEV0QE6QSVURhRdoVv0gB6da+feeXKeh60Z53NmCX2D8/4Bu5ekdA==</latexit>

vr = Vhcos(✓ �D � ⇡)cos(�) + wsin(�)



WIND RETRIEVAL

VELOCITY AZIMUTH DISPLAY

▸ In meteorology the wind direction is 
the direction the wind is coming from. 

▸ Assuming that the velocity is negative 
towards the radar/lidar 

▸ Vh: horizontal wind speed 
▸ theta: azimuth 
▸ phi: elevation 
▸ D: wind direction 

Amplitude

phase

wind direction

WHAT IS THE WIND DIRECTION ?
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vr = Vhcos(✓ �D � ⇡)cos(�) + wsin(�)



WIND RETRIEVAL

VELOCITY AZIMUTH DISPLAY

▸ Vh: horizontal wind speed 
▸ theta: azimuth 
▸ phi: elevation 
▸ D: wind direction

WHY ARE THEY DIFFERENT?
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vr = Vhcos(✓ �D � ⇡)cos(�) + wsin(�)



WIND RETRIEVAL

VELOCITY AZIMUTH DISPLAY

▸ Vh: horizontal wind speed 
▸ theta: azimuth 
▸ phi: elevation 
▸ D: wind direction

WHY ARE THEY DIFFERENT?
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vr = Vhcos(✓ �D � ⇡)cos(�) + wsin(�)
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W

* VELOCITY IS NEGATIVE TOWARDS THE INSTRUMENT



WIND RETRIEVAL

VELOCITY AZIMUTH DISPLAY

▸ Vh: horizontal wind speed 
▸ theta: azimuth 
▸ phi: elevation 
▸ D: wind direction

WHY ARE THEY DIFFERENT?
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vr = Vhcos(✓ �D � ⇡)cos(�) + wsin(�)
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* VELOCITY IS NEGATIVE TOWARDS THE INSTRUMENT



WIND RETRIEVAL

VELOCITY AZIMUTH DISPLAY

▸ Vh: horizontal wind speed 
▸ theta: azimuth 
▸ phi: elevation 
▸ D: wind direction

WHY ARE THEY DIFFERENT?
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vr = Vhcos(✓ �D � ⇡)cos(�) + wsin(�)

w is non 0 m/s 

NS
W

* VELOCITY IS NEGATIVE TOWARDS THE INSTRUMENT



WIND RETRIEVAL

HOW TO RETRIEVE SPEED AND DIRECTION?
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vr = Vhcos(✓ �D � ⇡)cos(�) + wsin(�)

▸ From observations numerical methods are 
used to calculate Vh and D (least square 
method, DFT) 

▸  We will use the DFT based method  

▸ Speed and direction are derived from the 
first harmonic
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a+ bi = DFT (V (✓))|1st
<latexit sha1_base64="CE2LEjV1AaLEkmsR2TuH4EwgZYE="></latexit>

D = �arctan(
b

a
) + 180

IDEA: ISHWARDAT (2017)

 PYTHON PACKAGE: DIAS NETO AND CASTELÃO (2023)
▸ N is an amplitude correction parameter, and its value is equal to the 

number of data points used in the transformation.

<latexit sha1_base64="dOrgjXblhQ1SfgeImWK0tOgMX8Q="></latexit>

Vh =
2|a+ bi|
Ncos(�)



WIND RETRIEVAL

HOW TO RETRIEVE SPEED AND DIRECTION?
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vr = Vhcos(✓ �D � ⇡)cos(�) + wsin(�)

▸ u (zonal wind): is positive if it blows from 
the west 

▸  v (meridional wind): is positive if from the 
south

N: v is + 
Meridional

E: u is + 
Zonal

* the negative signs is used to account for our radar velocity convention (negative towards the instrument)  
* It is possible that other places use the opposite convention (positive towards the instrument)

<latexit sha1_base64="y5BSV19e95l/oaLwZzn0DL6z5FU=">AAAB9XicjVDLSgNBEOz1GeMr6tHLYBDiwbARXxchqAePEcwDkjXMTmaTIbOzy0yvEpb8hxcPinj1X7z5N04eBxUFCxqKqm66KD+WwqDrfjgzs3PzC4uZpezyyuraem5js2aiRDNeZZGMdMOnhkuheBUFSt6INaehL3nd71+M/Pod10ZE6gYHMfdC2lUiEIyilW6Ts/1aO+0NjVCFy712Ll8qumOQv0kepqi0c++tTsSSkCtkkhrTLLkxeinVKJjkw2wrMTymrE+7vGmpoiE3XjpOPSS7VumQINJ2FJKx+vUipaExg9C3myHFnvnpjcTfvGaCwamXChUnyBWbPAoSSTAiowpIR2jOUA4soUwLm5WwHtWUoS0q+78SagfF0nHx6PowXz6f1pGBbdiBApTgBMpwBRWoAgMND/AEz8698+i8OK+T1RlnerMF3+C8fQKJT5Hm</latexit>

u = �Vhsin(D)

<latexit sha1_base64="RuCBNM/Y61/O+OUZHjZLg5Ih668=">AAAB9XicjVDLSgMxFL1TX7W+qi7dBItQF5YZ8bURirpwWcE+oB1LJs20oZlkSDKVMvQ/3LhQxK3/4s6/MX0sVBQ8cOFwzr3cwwlizrRx3Q8nMze/sLiUXc6trK6tb+Q3t2paJorQKpFcqkaANeVM0KphhtNGrCiOAk7rQf9y7NcHVGkmxa0ZxtSPcFewkBFsrHQ3OD+otdPeiEhdvNpv5wteyZ0A/U0KMEOlnX9vdSRJIioM4VjrpufGxk+xMoxwOsq1Ek1jTPq4S5uWChxR7aeT1CO0Z5UOCqWyIwyaqF8vUhxpPYwCuxlh09M/vbH4m9dMTHjmp0zEiaGCTB+FCUdGonEFqMMUJYYPLcFEMZsVkR5WmBhbVO5/JdQOS95J6fjmqFC+mNWRhR3YhSJ4cApluIYKVIGAggd4gmfn3nl0XpzX6WrGmd1swzc4b5+DI5Hi</latexit>

v = �Vhcos(D)



EXAMPLE CASE

WIND SPEED

▸ LIDAR retrieved wind in the 
region where aerosols are 
present 

▸ RADAR retrieved wind in the 
region where insects and 
clouds are present

CLOUD RADAR

WIND LIDAR



EXAMPLE CASE

WIND DIRECTION

▸ LIDAR retrieved wind in the 
region where aerosols are 
present 

▸ RADAR retrieved wind in the 
region where insects and 
clouds are present

CLOUD RADAR

WIND LIDAR



HANDS ON WORK

SPEED BIAS: LIDAR  X  RADAR

▸ https://doi.org/10.5194/essd-15-769-2023

e.g: 70% is missing and only  30 % is available
▸ The wind speed may be biased due to 

insufficient data in a scanned circle (current 
DFT method). 

[DIAS NETO ET AL 2023]

https://doi.org/10.5194/essd-15-769-2023


HANDS ON WORK

SPEED BIAS: LIDAR  X  RADAR

▸ https://doi.org/10.5194/essd-15-769-2023

e.g: 70% is missing and only  30 % is available
▸ The wind speed may be biased due to 

insufficient data in a scanned circle (current 
DFT method). 

MAINLY CLOUD EDGES ARE REMOVED

[DIAS NETO ET AL 2023]

https://doi.org/10.5194/essd-15-769-2023


HANDS ON WORK

DIRECTION BIAS: LIDAR  X  RADAR
▸ The raw retrieved wind direction is biased and is chirp dependent. 

▸ My interpretation: the radar does not record the azimuth of the actual 
measurement  but from whre the measurement started.

▸ https://doi.org/10.5194/essd-15-769-2023

CLOCKWISE

ANTICLOCKWISE

[DIAS NETO ET AL 2023]

https://doi.org/10.5194/essd-15-769-2023


MERGERD WIND EXAMPLE ( RADAR & LIDAR )

[DIAS NETO ET AL 2023]

LES

LES

RADAR & LIDAR

RADAR & LIDAR



HANDS ON WORK

DFT IMPLEMENTATION 

▸ Overview over the DFT based method [Master thesis Ishwardat 2017] 

▸ https://resolver.tudelft.nl/uuid:a659654b-e76a-4513-a656-ecad761bdbc8 

▸ Python implementation (lidarwind) [Dias Neto and Castelão 2023] 

▸ https://doi.org/10.21105/joss.04852 

▸ Documentation: https://lidarwind.readthedocs.io 

▸ Radar X Lidar: validation [Dias Neto et al 2023] 

▸ https://doi.org/10.5194/essd-15-769-2023

https://resolver.tudelft.nl/uuid:a659654b-e76a-4513-a656-ecad761bdbc8
https://doi.org/10.21105/joss.04852
https://lidarwind.readthedocs.io
https://doi.org/10.5194/essd-15-769-2023


WORKSHOP MATERIAL

▸ The notebooks and their rendered HTML version can be downloaded from: 

▸ https://ruisdael.citg.tudelft.nl 

▸ CCRESS-workshop —> wind_retrieval

https://ruisdael.citg.tudelft.nl


DOWNLOAD:

▸ 1st Package installation:  lidarwind_4_rpg_radar_serial.ipynb 

▸ 2 nd Wind retrieval 35 GHz: lidarwind_4_rpg_radar_parallel_35.ipynb 

▸ 3 rd Wind retrieval 94 GHz: lidarwind_4_rpg_radar_parallel_94.ipynb



REQUIREMENTS

▸ For Windows users, the required Python version is 3.12. 

▸ For macOS users, the Python version can be 3.12 or 3.13. 

▸ For Linux users, the Python version can be any version from 3.12 to 3.14.




