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Wind Lidar

• Principle of operation
• Based on motion of scatterers in the line-of-sight that 

produce a Doppler-shift of the emitted laser wavelength
• Multiple line of sight measurements are needed to 

reproduce a 3-D wind vector

• Heterodyne lidar, 
• detection of the light captured by the receiving telescope 

(at frequency fr = ft + Δf) 
• The received light is mixed with the beam of a highly 

stable, continuous-wave laser called the local oscillator. 
• The sum of the two electromagnetic waves – backscattered 

and local oscillator – is converted into an electrical signal 
(producing an electrical current proportional to the power 
of the electromagnetic wave illuminating its sensitive 
surface). 

• An analogue, high-pass filter is then applied for eliminating 
the low-frequency components of the signal.
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2	 Optical	path	of	the	emitted	laser	pulse	(laser	beam)	
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Figure	1—	Measurement	principle	of	a	heterodyne	Doppler	lidar:	A	laser	pulse	is	emitted	and	
propagates	in	the	atmosphere.	Aerosol	particles	and	molecules	scatter	the	laser	light	in	all	

directions.	At	the	wavelengths	normally	exploited	by	coherent	Doppler	wind	lidar	systems,	the	
aerosol	particles	provide	the	back‐scattered	signal	that	can	be	exploited	for	Doppler	wind	

measurements.		The	light	scattered	backwards	is	collected	by	a	telescope,	detected	and	analysed.	The	
analysis	aims	at	measuring	the	frequency	Doppler	shift	between	emission	and	reception.	The	

Doppler	shift	is	proportional	to	the	line‐of‐sight	wind	component.	

The	measurement	 is	range	resolved	as	the	backscattered	radiation	received	at	time	t	after	the	emission	of	
the	 laser	pulse	has	travelled	from	the	 lidar	to	 the	aerosols	at	range	x	and	back	to	the	 lidar	at	the	speed	of	
light	c.	Formula	(2)	shows	the	linear	relationship	between	range	and	time.	

ݔ ൌ c ⋅ ௧
ଶ
	 (2)	

3.2 Heterodyne	detection	

In	a	heterodyne	lidar,	the	detection	of	the	light	captured	by	the	receiving	telescope	(at	frequency	fr	=	ft	+	Δf)	
is	 described	 schematically	 in	 Figure	2.	 The	 received	 light	 is	 mixed	 with	 the	 beam	 of	 a	 highly	 stable,	
continuous‐wave	laser	called	the	local	oscillator.	The	sum	of	the	two	electromagnetic	waves	–	backscattered	
and	 local	oscillator	–	 is	converted	 into	an	electrical	signal	by	a	quadratic	detector	(producing	an	electrical	
current	 proportional	 to	 the	 power	 of	 the	 electromagnetic	 wave	 illuminating	 its	 sensitive	 surface).	 An	
analogue,	high‐pass	filter	is	then	applied	for	eliminating	the	low‐frequency	components	of	the	signal.	

	

ISO	28902‐2:2016(E)	

©	ISO	2016	–	All	rights	reserved	 7

	

	
	

Key	

		Optical	path	of	the	emitted	laser	pulse	(radiation	at	frequency	ft)

		Optical	path	of	the	received	light	(radiation	at	frequency	ft + Δf)

	Beam	of	the	local	oscillator	laser	(radiation	at	frequency	flo)

1	 Pulsed	Laser	
2	 Optical	element	separating	the	received	and	emitted	lights	
3	 Telescope	(used	for	transmitting	and	receiving)	
4	 Scatterers	
5	
6	

Local	oscillator	laser	(continuous	wave	laser)	
Frequency	control	loop.	This	device	sets	the	difference	ft‐flo.	

7	 Optical	element	aligning	the	beam	of	the	local	oscillator	along	the	optical	axis	of	the	received	light	
beam	and	mixing	them	together	

8	 Quadratic	detector	
9	 Analog	to	digital	converter	and	digital	signal	processing	unit	

Figure	2	—	Principle	of	the	heterodyne	detection	

The	result	is	a	current	i(t)	beating	at	the	radio	frequency	ft	+	Δf	–	flo	(see	Equation	(8)	in	[3]):	

݅ሺݐሻ ൌ 2 ∙ ௡∙௘
௛∙௙೟

∙ ܭ ∙ ሻݐሺߦ ∙ ඥߛሺݐሻ ∙ ௥ܲሺݐሻ ∙ ௟ܲ௢ ∙ cos൫2πሺ∆݂ ൅ ௧݂ െ ௟݂௢ሻ ∙ ݐ ൅ ߮ሺݐሻ൯ ൅ ݊ሺݐሻᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ
௜೓೐೟ሺ௧ሻ

	 (3)	

where	

	 T	 is	the	time;	

	 Η	 is	the	detector	quantum	efficiency;	

	 E	 is	electrical	charge	of	an	electron;	

	 H	 is	Planck’s	constant;	

	 K	 is	the	instrumental	constant	taking	into	account	transmission	losses	through	the	receiver;	

	 ξ(t)	 is	the	random	modulation	of	the	signal	amplitude	by	speckles	effect	(see	Clause	3.5.2);	

	 γ(t)	 is	the	heterodyne	efficiency;	

	 Pr(t)	 is	the	power	of	the	backscattered	light;	

	 Plo	 is	the	power	of	the	local	oscillator;	





Wind Lidar – in space

• ESA Earth Explorer – Atmospheric Dynamics Mission (ADM) - Aeolus
• HSRL (High Spectral Resolution Lidar)

• Rayleigh (molecular channel) and a Mie (particle) channel
• Rayleigh channel is needed in upper (clear due to lack of particles) 

atmosphere





First wind data from ESA’s Aeolus satellite. These data are from 
three quarters of one orbit around Earth. The image shows large-
scale easterly and westerly winds between Earth’s surface and the 
lower stratosphere, including jet streams. As the satellite orbits 
from the Arctic towards the Antarctic, it senses, for example, strong 
westerly winds streams, called tropospheric vortices (shown in blue) 
each side of the equator at mid latitudes. Orbiting further towards 
the Antarctic, Aeolus senses the strong westerly winds (shown in 
blue left of Antarctica and in red right of Antarctica) circling the 
Antarctic continent in the troposphere and stratosphere 
(Stratospheric Polar Vortex). The overall direction of the wind is the 
same along the polar vortex, but because the Aeolus wind product 
is related to the viewing direction of the satellite, the colour
changes from blue to red as the satellite passes the Antarctic 
continent. Credit: ESA/ECMWF

Read more at: https://phys.org/news/2018-09-aeolus-
wows.html#jCp



Lidar vs Radar

• Lidar and Radar have in common:
• Active remote sensing
• Capable of determining the distance where scattering 

occurs unambiguously
• Main difference:

• Lidar: sensitive to ‘smaller’ particles (molecules, 
aerosols)

• Radar: sensitive to ‘larger’ particles (droplets, air parcels)
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Plate 1. (top) Observed radar reflectivity and (bot- 
tom) lidar backscatter signal for November 29, 1996. 
The strong vertical lines in the radar image are due to 
pickup noise. 

pected that measurements with more powerful lidars 
and more sensitive radars (operating at shorter wave- 
lengths where clear-air scatter is not a factor) would in- 
crease the number of cases that this lidar/radar method 
could be applied to. However, attenuation of the lidar 
signal will still remain a factor. Even with a very sen- 
sitive radar there will be many cases in general when 
only a partial particle size and extinction profile can be 
retrieved owing to virtually complete attenuation of the 
lidar return. In such cases, it may prove fruitful to com- 
bine the method described in this paper together with 
other methods which extrapolate information at cloud 
base into the cloud; for example, see Boers et al. [2000]. 

4.4. November 29, 1996 

Sample lidar and radar signals from November 29, 
1996 are shown in Plate 1. Here the lidar data were 

acquired by using the RIVM HTRL lidar. The data are 
shown at full resolution and clearly show the passage 
of a front over the measurement site. From 0130 to 

0330 UTC the lidar signal generally penetrates far into 
the cloud deck. However, after 0330 UTC the clouds 
over Delft become thicker and the lidar signal becomes 
increasingly attenuated. It was assumed that the de- 
scending cloud deck was composed of ice and could be 

modeled by the complex polycrystal model. It is inter- 
esting also to note the thin (water) layer that strongly 
"blocks" the lidar signal but is not detected by the radar 
present from about 0336 to 0400 UTC. 

During this time period the CT-75K celiometer was 
also in operation alongside the RIVM lidar. A key dif- 
ference between these lidars is their respective receiver 
fields of views. The Vaisala lidar has a FOV of 0.5 mrad 
while the RIVM lidar has a FOV of 10.0 mrad. Thus 
we can expect the influence of multiple scattering to be 
notably different for the two lidars. 

A comparison between the RIVM lidar and Vaisala 
lidar signals as well as the respective inversion results 
for November 29th at 0230 UTC is shown in Figure 20. 
Here two sets of results are shown. One set shows the 
results produced if multiple scattering is ignored. The 
other set shows the results obtained when multiple scat- 
tering is taken into account. The lidar and radar data 
here have been averaged to a temporal resolution of 3 
min and a height resolution of 100 m. 
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Figure 20. Comparison between Vaisala CT-75K and 
RIVM HTRL lidar signals and inversion results for 
November 29 at 0230 UTC. The dash-dotted line shows 
the radar reflectivity. Light lines show the RIVM re- 
sults, while heavy lines show the results generated by 
using the Vaisala CT-75K celiometer. (top) Results 
generated without accounting for multiple-scattering ef- 
fects. (bottom) Results generated when multiple scat- 
tering is accounted for. 
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Figure 1. Normalized scattering per unit aerosol vol- 
ume for water spheres. Results for three different values 
of 3' (2.0, 5.0, 7.0) are shown. 

fective radius for three different values of "/ at three 
different wavelengths: 1064 nm (lidar), 10 cm (3-GHz 
radar), and 3 mm (94-GHz radar). The range of 'cho- 
sen here (2.0, 5.0, 7.0) spans a broad range of cloud 
particle size distributions that are approximately en- 
countered in nature [Flesia et al., 1997]. Figure 2 shows 
the corresponding data for solid ice spheres. The results 
for each wavelength have been normalized so that the 
peak sensitivity is 1. For both water and ice spheres 
it can be seen that the IR lidar and the 3-GHz radar 
are most sensitive to particles in quite different radii 
ranges. The lidar is most sensitive to particles with 
radii around 1.0-3.0 /•m while peak sensitivity is not 
reached until Reft = 10,000 /zm for the 3-GHz radar. 
The 94-GHz Radar (plotted for comparison) is between 
the lidar and 3-GHz radar with its maximum sensitivity 
reached around R• = 500-1000/•m. It can also be 
seen that the results depend on the particular value of 
? chosen. 

2.1. Lidar/Radar Ratios 
2.1.1. Spherical particles (water clouds). Most 

cloud droplets are generally large in comparison with 
the lidar wavelengths used in this study (905 nm, 1064 
nm); that is, they may be considered to be in the opti- 
cal scattering regime and their total scattering is equal 
to twice their cross-sectional area [Van de Hulst, 1981]. 
For spherical scatterers this implies that 

- 

where the angle brackets denote averaging over the size 
distribution. On the other hand, though cloud droplets 
may be considered large in comparison with the li- 
dar wavelength, they are generally small in comparison 
with radar wavelengths and may often be approximately 
treated as Rayleigh scatterers. For Rayleigh scattering 
the backscattering cross section is proportional to the 
square of the magnitude of the polarizability [Van de 

Hulst, 1981] of the scatterer so that for a single particle 

(das,rad) df• • - (pV) 2 (11) 
where as,rada r is the total scattering cross section at the 
radar wavelength, p is the scalar average volume polar- 
izability of the scatterer which depends on the refractive 
index and geometry of the particle, and V is the total 
volume of the scatterer (excluding hollow regions). For 
a homogeneous sphere, 

p -- Kr 3 IV, (12) 

where K - (n 2 - 1)/(n 2 + 2). For a distribution of 
homogeneous spheres the radar backscatter coefficient 
is thus given by 

/•d -- No k d9 • 
- iXl 2 (r6), (13) 

where No is the total number of scatterers. 
As mentioned earlier, when dealing with the scatter- 

ing properties of a distribution of scatterers it is com- 
mon to define an effective radius. The most common 
definition is that of the ratio of the third and second 
moments of the size distribution (equation (7)). How- 
ever, this definition is not the one most suitable for our 
purposes. In fact, since for homogeneous spheres the 
total scattering of cloud droplets is approximately pro- 
portional to (r 2) at lidar wavelengths while at radar 
wavelengths the scattering goes as (r6), one expects 
the lidar/radar ratio to be a function of (r 2) / (r 6) not 
Re•. Accordingly, we define 

R'es k <r2> (14) 
For gamma-type distributions 
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Figure 2. Normalized scattering per unit aerosol vol- 
ume for ice spheres. 
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ume for water spheres. Results for three different values 
of 3' (2.0, 5.0, 7.0) are shown. 
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Cloud effective particle size and water content profile 
retrievals using combined lidar and radar observations 
1. Theory and examples 

D. P. Donovan and A. C. A. P. van Lammeren 

Abstract. In this paper, a novel lidar/radar method for simultaneously determining 
cloud particle effective size profiles (for water and ice clouds) and the lidar 
attenuation profile is described. Simulations and application to real data show that 
this procedure can be quite robust even in cases where significant lidar attenuation 
is present. In addition, the concept of a suitable lidar/radar effective particle size is 
introduced, and the determination of water contents for both water and ice clouds 
using this effective size together with the radar reflectivity profile is discussed. This 
paper concludes by presenting examples of effective size profiles and water content 
profiles inferred from measurements made during the Dutch Clouds and Radiation 
(CLARA) campaign. In a companion paper, it is demonstrated that the results of 
the inversion procedure compare favorably with infrared radiometer measurements 
as well as with in-situ measurement results. 

1. Introduction 

For a variety of applications, ranging from radiative 
transfer studies to cloud dynamical and meteorological 
studies, it is desirable to make vertically and tempo- 
rally resolved cloud particle size measurements. A large 
amount of combined lidar/infared radiometer work has 
been previously carried out in order to determine parti- 
cle sizes (for example, see Young et al. [2000]). However, 
these types of methods can only provide a vertically av- 
eraged value. Backscatter lidars and microwave radars 
are capable of making measurements with high vertical 
and temporal resolutions. Since lidars and radars are 
sensitive to different ranges of particle sizes, the relative 
differences between the lidar and radar returns contain 

information on the sizes of the particles being probed. 
How to extract this information and what definition 

of "effective size" is most useful when trying to do so 
are the questions this paper addresses. The most ba- 
sic approach to estimating effective radius profiles is to 
attempt to derive the lidar extinction profiles separate 
from the radar returns using standard methods [Klett, 
1981], and to use the results along with the radar reflec- 
tivity profile to estimate a particle effective size profile 
based on assumptions about the nature of the cloud 
particle size distribution. This approach, though sim- 
ple, suffers from a number of major difficulties. In the 
first place, extracting the lidar extinction from the lidar 
backscatter signal can be quite di•cult. In order to ac- 
curately invert the lidar signal to obtain the extinction 

Copyright 2001 by the American Geophysical Union. 
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profile, additional information is often required. Also, 
the contribution of multiply scattered photons to the 
lidar return signal must often be accounted for. Fur- 
thermore, by inverting the lidar signals in isolation one 
has no guarantee that the assumptions made in deriving 
the lidar backscatter and extinction profile are compat- 
ible with the derived effective radii. 

The difficulties of inverting the lidar signal to ob- 
tain the extinction while accounting for multiple scat- 
tering in a self-consistent manner seem to have lim- 
ited previous lidar/radar effective size investigations to 
cases of thin cirrus clouds. For instance, Intrieri et 
al. [1993] used backscatter profiles, and there was no 
account made for extinction or multiple scattering. In 
this paper, a novel approach to inverting combined li- 
dar and radar cloud measurements is presented. The 
inversion is carried out such that the effective radius 
profile and the extinction profile are simultaneously de- 
termined in a self-consistent manner. The effects of 
multiple scattering in the lidar return are accounted for 
by iteratively combining the retrieved effective radius 
and extinction profiles with an extension of the lidar 
multiple-scattering model of Eloranta [1998]. 

In this paper, we will first examine in section 2 the 
relationship between the lidar and radar signals and 
the size of the cloud particles treating the cloud par- 
ticles as spheres. We will then extend the treatment 
in an approximate manner to nonspherical ice crys- 
tals. The combined lidar/radar inversion procedure is 
then presented in section 3 and aspects of the retrieval 
scheme are investigated by using simulated data. Fi- 
nally, in section 4 the procedure is applied to measure- 
ments obtained during the Dutch Clouds and Radia- 

27,425 



Sensor Synergy

• Combination of both to 
infer effective particle 
sizes in clouds
• CLARA campaign (1996), 

Delft, The Netherlands
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Plate 1. (top) Observed radar reflectivity and lidar backscatter signal together with (bottom) 
the results of the lidar/radar inversion for April 18, 1996. 
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Plate 2. (top) Observed radar reflectivity and lidar backscatter signal together with (bottom) 
the results of the lidar/radar inversion for April 17, 1996. 
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Cloud effective particle size and water content profile 
retrievals using combined lidar and radar observations 
2. Comparison with IR radiometer and in situ 
measurements of ice clouds 

D. P. Donovan, 1 A. C. A. P. van Lammeren, 1 R. J. Hogan, 2 
H. W. J. Russchenberg, 3 A. Apituley, 4 p. Francis, • J. Testud, • J. Pelon, 7 
M. Quante, 8 and J. Goddard • 

Abstract. A new combined iidar/'radar inversion procedure has been de -' .... _, cA__ 
cloud effective radius and water content retrievals. The algorithm treats the lidar 
extinction, derived effective particle size, and multiple-scattering effects together 
in a consistent fashion. This procedure has been applied to data taken during 
the Netherlands Cloud and Radiation (CLARA) campaign and the Cloud Lidar 
and Radar Experiment (CLARE'98) multisensor cloud measurement campaign. 
The results of the algorithm compare well with simultaneous IR radiometer cloud 
measurements as well as with measurements made by using aircraft-mounted 
two-dimensional probe particle-sizing instruments. 

1. Introduction 

Recently, a new methodology for extracting cloud 
physical and optical properties from combined lidar and 
radar soundings was introduced. In our companion 
paper Donovan and van Lammeren, this issue, (here- 
inafter referred to as paper 1) it was shown that a com- 
bined lidar/radar equation may be formulated by pa- 
rameterizing the lidar backscatter and extinction using 
the radar reflectivity together with the radar/lidar ef- 
fective radius (R'efr). This equation can then be solved 
to yield lidar extinction and R•efr profiles. In paper 1, it 
was also shown how water content and effective radius 
(Reft) profiles could be estimated if assumptions about 
the size distribution and (in the case of ice clouds) shape 
distribution of the cloud particles were made. 

In paper I some sample applications of the pro- 
cedure to radar and lidar data obtained during the 

1Royal Netherlands Meteorological Institute, De Bilt, The Netherlands. 
2Department of Meteorology, University of Reading, Reading, UK. 
3Department of Electrical Engineering, Technical University of 

Delft, Delft, The Netherlands. 
4RIVM, Bilthoven, The Netherlands. 
5UK Meteorological Office, Met. Research Flights, Famborough, UK. 
6IPSL Centre d'•tude des Environnements Terrestre et Planetaires, 

V61izy, France. 
7CNRS-IPSL-Service d'A•ronomie, Paris, France. 
SGKSS, Institute for Atmospheric Physics, Geesthacht, Germany. 
9Rutherford Appleton Laboratory, Didcot, UK. 

Copyright 2001 by the American Geophysical Union. 

Paper number 2001JD900241. 
0148-0227/01/2001JD9002 41 $09.00 

Dutch Clouds and Radiation (CLARA) campaign [Van 
Lammeren et al., 1998] were presented. In this pa- 
per the strengths and weaknesses of the algorithm will 
be further illustrated by examining the application of 
the lidar/radar inversion procedure to data obtained 
during both CLARA and the Cloud Lidar and Radar 
Experiment (CLARE'98) [Wursteisen and Illingworth, 
1999] multisensor cloud measurement campaigns. Dur- 
ing both CLARA and CLARE'98, infared (IR) radiome- 
ters were often operated alongside the lidars and radars. 
As an indirect check on the validity of the lidar/radar 
inversion procedure, for a number of suitable cases, the 
lidar-derived optical cloud properties are used as a ba- 
sis for determining the downwelling 10.5-/•m irradiance 
using a radiative transfer model. The model results are 
then compared with observations made by using collo- 
cated 10.5-/•m radiometers. 

In addition to the comparison with the IR radiometer 
observations, more direct comparisons with the results 
of in situ two-dimensional (2-D) particle sizing probes 
are made for some cases during CLARE'98. In partic- 
ular, for a couple of overpasses, results derived using 
ground-based lidar (Vaisala CT-75K celiometer) and 
radar data (GKSS Miracle Radar) are compared with 
2-D aircraft-mounted probe results. In addition, On 
October 20 a-near coincident flight path was flown by 
the French ARAT aircraft and the UK Meteorological 
Office (UKMO) C-130. The ARAT carried the LEAN- 
DRE 532-nm lidar along with the KESTREL 94-GHz 
radar. A comparison between the in situ and remotely 
derived lidar/radar results was conducted by using this 
data set. 

In this paper, we will first briefly review the lidar/radar 
inversion procedure presented in paper 1. Following 
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Figure 2.1. Picture of the LEOSPHERE ALS450 UV-lidar 
located at the remote measuring site of the Cabauw 
experimental site for atmospheric research (CESAR). 
This lidar operates at a wavelength of 355 nm with a 
temporal resolution of 30s and a vertical resolution of 
15 meters. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.1.  Lidar 
A lidar (acronym for light detection and ranging) is an instrument using infrared, visible or ultraviolet 
light to detect atmospheric components invisible to radars or other equipment using other sounding 
wavelengths. A schematic overview of a lidar system is shown in the left panel of figure 2.2. To 
measure the atmosphere, the lidar emits laser beam pulses into the atmosphere to excite 
backscattering on scattering particles like aerosols, molecules or cloud and rain droplets. This 
backscatter signal is detected by a telescope receiver and sent to a photodetector and the results are 
stored on a computer. As the laser and telescope are located next to each other, the laser beam is 
outside the field-of-view (FOV) of telescope near the ground. As the FOV of the telescope diverges, 
the laserbeam and the FOV will first partly overlap and eventually fully overlap. The height of 
complete overlap is typically in the order of 100 meter for ceilometers and small lidars. 

The intensity of the backscattered signal is proportional to the size of the particles and number 
concentration. This dependence on the size of the particles allows for identification of the different 
type scattering particles. Together with the dependence on the number concentration, aerosols, 
clouds and clean air can be identified.  Using the intensity of the backscattered signal together with 
timing between emitting and receiving of the laser beam pulse, vertical profiles and layers of aerosol, 
clouds and clean air can be observed.  

Characteristic for lidar measurements is the high sampling rate allowing vertical resolution in the 
order of typically 10 m or less and temporal resolution in the order of 30 s or less. Despite of the high 
vertical resolution, lidar also has a long range of penetration, possibly over 10 km into the 
atmosphere. This makes the instrument well suited for boundary layer research, e.g. vertical profiling 
of water vapour and trace gases or detection of clouds and layers of aerosols. 
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Lidar-Radar application to clouds

• NASA A-Train constellation





Lidar-Radar application for Wind

• Lidar Wind
• Radar Wind
• Synergy
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azimuth angles and one elevation angle, or by using only
two lidar beams (Mann et al., 2010). In the present work,
six beams are used, five at an elevation angle of 45� and one
vertical that enable us to also deduce the variances.
The ideas to measure turbulence using remote sensing in-

struments have evolved, albeit slowly, since the pioneering
works on radar meteorology (Lhermitte, 1962; Browning
and Wexler, 1968). Based on the VAD scanning, Lhermitte
(1969) was the first (to our knowledge) to suggest a tech-
nique of deducing turbulence using the measurements of the
variance of the radial velocity. Subsequently Wilson (1970)
was the first to conduct an experiment using a pulsed Doppler
radar and deducing turbulence in the convective boundary
layer (0.1–1.3 km). Only turbulence scales larger than the
pulse volume but smaller than the scanning circle could be
measured since all the data from a single scan was used.
Also, no comparison with any reference instrument was car-
ried out, and hence, the reliability of the radar measurements
could not be verified. Kropfli (1986) extended the study of
Wilson (1970) to also include the turbulence scales larger
than the scanning circle by using the data from multiple
scans. Although the method was developed for Doppler radar
studies, it could also be used for Doppler lidar studies. Eber-
hard et al. (1989) was the first to perform turbulence stud-
ies using a lidar following the methods of Wilson (1970);
Kropfli (1986). Gal-Chen et al. (1992) also used the variances
of the radial velocities to deduce turbulence, but with a dif-
ferent scanning configuration. In all of the aforementioned
studies with a Doppler lidar (or radar), the probe length was
quite significant (of the order of 100m), which perhaps was
the reason to restrict these studies to the convective bound-
ary layer. However if the turbulence measurements were de-
sired close to the ground then they would be subjected to
a significant amount of probe volume averaging. It was per-
haps this reason that the focus on turbulence research with
lidars shifted to understanding the probe volume averaging
effect and providing potential solutions to compensate for
it (Frehlich, 1994, 1997; Frehlich et al., 1994, 1998, 2006,
2008; Frehlich and Cornman, 2002; Frehlich and Kelley,
2008; Banakh et al., 1995a, b, 1996, 1999, 2010; Banakh
and Smalikho, 1997a, b; Banakh and Werner, 2005; Sma-
likho, 1995; Smalikho et al., 2005; Mann et al., 2010; Bran-
lard et al., 2013). Even with the development of the modern
lidar systems, where the probe lengths have shrunk to about
30m for a pulsed lidar, significant amount of averaging still
remains in the turbulence measurements within the surface
layer, where the wind turbines operate (Mann et al., 2009,
2010; Sjöholm et al., 2009; Sathe et al., 2011b; Sathe and
Mann, 2012). A detailed review of the state of the art with re-
spect to turbulence measurements using ground-based wind
lidars can be found in Sathe and Mann (2013).
Unfortunately within the wind energy sector, turbulence

measurements are being deduced using the VAD scanning
method, which results in a significant amount of filtering
of turbulence, and contamination by the two-point correla-

Figure 1. Coordinate system of a lidar.

tion between the components of the wind field (Sathe et al.,
2011b). In this work we attempt to significantly improve the
turbulence measurements compared to those obtained by the
VAD method, by extending the previously developed ideas
of using the radial velocity variances (Lhermitte, 1969; Wil-
son, 1970; Kropfli, 1986; Eberhard et al., 1989; Mann et al.,
2010), but restricting them to using only six beams.
The structure of this article is divided into the follow-

ing sections. Section 2 gives a detailed explanation of the
six-beam technique. The optimum six-beam configuration,
which is one of the main contributions of this article is also
described in detail. In order to verify our method, turbulence
measurements using the pulsed lidar WindScanner were per-
formed and compared with a reference cup anemometer at
a height of 89m. The site description for the measurements is
given in Sect. 3, whereas the results are described in Sect. 4.
Discussions and conclusions are made in Sects. 5 and 6, re-
spectively.

2 Theory of six-beam configuration

The instantaneous velocity field is characterized as a vector
v = (u,v,w), and turbulence is characterized as the compo-
nents of the Reynolds stress tensor,

R=
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where the diagonal terms are the variances of the respective
wind field components and the off-diagonal terms are the co-
variances, hi denote ensemble average, and 0 denotes fluctua-
tions around the average.
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Lidar wind

• Lidar data is processed using the so-called velocity azimuth 
display (VAD) method, where the measurements of the radial 
velocity (also called the line-of-sight velocity) at different azimuth 
angles are combined to deduce the wind field components.

• For the mean wind speed estimation, the VAD method produces 
negligible errors. 

• For turbulence statistics the VAD method produces significant 
systematic errors (Sathe et al., 2011b; Sathe and Mann, 2012) 
mainly due to two reasons; 
• filtering of the smaller scales due to the large size of the probe volume 

within which the radial velocity is measured
• second is the contamination by the two-point correlation between the 

components of the wind field.
• A six-beam method significantly improves the measurement of 

turbulence.
• This method uses the variances of the radial velocities from six different 

lidar beams
• Five of which are at equally spaced azimuth angles on the base of a 

scanning cone
• One beam is vertical.
• These variances are then combined in order to deduce the second-order 

moments of the wind field.
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Abstract. A so-called six-beam method is proposed to mea-
sure atmospheric turbulence using a ground-based wind li-
dar. This method requires measurement of the radial velocity
variances at five equally spaced azimuth angles on the base
of a scanning cone and one measurement at the centre of the
scanning circle, i.e.using a vertical beam at the same height.
The scanning configuration is optimized to minimize the sum
of the random errors in the measurement of the second-order
moments of the components (u,v,w) of the wind field. We
present this method as an alternative to the so-called veloc-
ity azimuth display (VAD) method that is routinely used in
commercial wind lidars, and which usually results in signif-
icant averaging effects of measured turbulence. In the VAD
method, the high frequency radial velocity measurements are
used instead of their variances. The measurements are per-
formed using a pulsed lidar (WindScanner), and the derived
turbulence statistics (using both methods) such as the u and v

variances are compared with those obtained from a reference
cup anemometer and a wind vane at 89m height under dif-
ferent atmospheric stabilities. The measurements show that
in comparison to the reference cup anemometer, depending
on the atmospheric stability and the wind field component,
the six-beam method measures between 85 and 101% of the
reference turbulence, whereas the VADmethod measures be-
tween 66 and 87% of the reference turbulence.

1 Introduction

Wind lidars are being used significantly for wind energy ap-
plications. They measure mean wind speeds with great accu-
racy, and are very useful tools in the measurement of wind
profiles (Smith et al., 2006; Kindler et al., 2007; Peña et al.,

2009; Wagner et al., 2011). New recommended practices are
being defined for wind resource assessments (Clifton et al.,
2013). However their use in measuring atmospheric turbu-
lence has not yet been established, particularly with the com-
mercial lidars (Sathe et al., 2011b). The main reason is that
for a commercial lidar, the measured lidar data is processed
using the so-called velocity azimuth display (VAD) method,
where the measurements of the radial velocity (also called
the line-of-sight velocity) at different azimuth angles are
combined to deduce the wind field components. For the mean
wind speed estimation, the VAD method produces negligible
errors. For turbulence statistics the VAD method produces
significant systematic errors (Sathe et al., 2011b; Sathe and
Mann, 2012) mainly due to two reasons; one is the filtering
of the smaller scales due to the large size of the probe volume
within which the radial velocity is measured, and second is
the contamination by the two-point correlation between the
components of the wind field.
In this article we present a so-called six-beam method

that significantly improves the measurement of turbulence in
comparison to the VAD method. This method uses the vari-
ances of the radial velocities from six different lidar beams,
five of which are at equally spaced azimuth angles on the
base of a scanning cone and one beam is vertical. These vari-
ances are then combined in order to deduce the second-order
moments of the wind field. A framework for this method was
originally proposed by Lhermitte (1969), which was used by
Wilson (1970) and Kropfli (1986) for radar studies, and sub-
sequently by Eberhard et al. (1989) and Mann et al. (2010)
for lidar studies of turbulence measurements. In their stud-
ies only the covariances were estimated, either by combining
several measurements of the radial velocity variances from
several lidar beams (Eberhard et al., 1989) at equally spaced
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azimuth angles and one elevation angle, or by using only
two lidar beams (Mann et al., 2010). In the present work,
six beams are used, five at an elevation angle of 45� and one
vertical that enable us to also deduce the variances.
The ideas to measure turbulence using remote sensing in-

struments have evolved, albeit slowly, since the pioneering
works on radar meteorology (Lhermitte, 1962; Browning
and Wexler, 1968). Based on the VAD scanning, Lhermitte
(1969) was the first (to our knowledge) to suggest a tech-
nique of deducing turbulence using the measurements of the
variance of the radial velocity. Subsequently Wilson (1970)
was the first to conduct an experiment using a pulsed Doppler
radar and deducing turbulence in the convective boundary
layer (0.1–1.3 km). Only turbulence scales larger than the
pulse volume but smaller than the scanning circle could be
measured since all the data from a single scan was used.
Also, no comparison with any reference instrument was car-
ried out, and hence, the reliability of the radar measurements
could not be verified. Kropfli (1986) extended the study of
Wilson (1970) to also include the turbulence scales larger
than the scanning circle by using the data from multiple
scans. Although the method was developed for Doppler radar
studies, it could also be used for Doppler lidar studies. Eber-
hard et al. (1989) was the first to perform turbulence stud-
ies using a lidar following the methods of Wilson (1970);
Kropfli (1986). Gal-Chen et al. (1992) also used the variances
of the radial velocities to deduce turbulence, but with a dif-
ferent scanning configuration. In all of the aforementioned
studies with a Doppler lidar (or radar), the probe length was
quite significant (of the order of 100m), which perhaps was
the reason to restrict these studies to the convective bound-
ary layer. However if the turbulence measurements were de-
sired close to the ground then they would be subjected to
a significant amount of probe volume averaging. It was per-
haps this reason that the focus on turbulence research with
lidars shifted to understanding the probe volume averaging
effect and providing potential solutions to compensate for
it (Frehlich, 1994, 1997; Frehlich et al., 1994, 1998, 2006,
2008; Frehlich and Cornman, 2002; Frehlich and Kelley,
2008; Banakh et al., 1995a, b, 1996, 1999, 2010; Banakh
and Smalikho, 1997a, b; Banakh and Werner, 2005; Sma-
likho, 1995; Smalikho et al., 2005; Mann et al., 2010; Bran-
lard et al., 2013). Even with the development of the modern
lidar systems, where the probe lengths have shrunk to about
30m for a pulsed lidar, significant amount of averaging still
remains in the turbulence measurements within the surface
layer, where the wind turbines operate (Mann et al., 2009,
2010; Sjöholm et al., 2009; Sathe et al., 2011b; Sathe and
Mann, 2012). A detailed review of the state of the art with re-
spect to turbulence measurements using ground-based wind
lidars can be found in Sathe and Mann (2013).
Unfortunately within the wind energy sector, turbulence

measurements are being deduced using the VAD scanning
method, which results in a significant amount of filtering
of turbulence, and contamination by the two-point correla-

Figure 1. Coordinate system of a lidar.

tion between the components of the wind field (Sathe et al.,
2011b). In this work we attempt to significantly improve the
turbulence measurements compared to those obtained by the
VAD method, by extending the previously developed ideas
of using the radial velocity variances (Lhermitte, 1969; Wil-
son, 1970; Kropfli, 1986; Eberhard et al., 1989; Mann et al.,
2010), but restricting them to using only six beams.
The structure of this article is divided into the follow-

ing sections. Section 2 gives a detailed explanation of the
six-beam technique. The optimum six-beam configuration,
which is one of the main contributions of this article is also
described in detail. In order to verify our method, turbulence
measurements using the pulsed lidar WindScanner were per-
formed and compared with a reference cup anemometer at
a height of 89m. The site description for the measurements is
given in Sect. 3, whereas the results are described in Sect. 4.
Discussions and conclusions are made in Sects. 5 and 6, re-
spectively.

2 Theory of six-beam configuration

The instantaneous velocity field is characterized as a vector
v = (u,v,w), and turbulence is characterized as the compo-
nents of the Reynolds stress tensor,

R=
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where the diagonal terms are the variances of the respective
wind field components and the off-diagonal terms are the co-
variances, hi denote ensemble average, and 0 denotes fluctua-
tions around the average.
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Motivation

Convective momentum transport (CMT) has mainly been studied with models. In 
contrast, there are only a few experimental studies focused on CMT and how it 
relates to different cloud types.

non-precipitating
precipitating
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Goals

Visualize winds below and throughout cloud fields; 

Derive momentum flux profiles extending through the boundary layer across 
different temporal/spatial scales; 

Categorize wind and momentum flux profiles by large-scale wind and cloud 
regimes to understand the variability and impact of CMT; 

Evaluate momentum fluxes in weather models and Large Eddy Simulations run in 
“weather mode”
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WindCube Lidar:
operated using the 6 beam 
strategy (Sathe et al. 2015)

Azm: 0°, 72°, 144°, 216°, 288°
Elv: 90°, 75°
 
Range resolution: 50 m 
Scan period: 27 s

 Experiment: 13.09 - 03.10.2021 

Mobile W-Band Radar:
Operated vertically pointing

Range resolution: 22 - 40 m
Temp. resolution: 1 s

Dual Ka-W-Band Radar:
Operated performing 
continuous PPI scans

PPI(a): Azm 0 - 360°
PPI(b): Azm 360 - 0°
Elv (1): 75° 

Range resolution: 22 - 40 m
Scan period: 72 s

4Courtesy J. Dias Neto



Why those instruments?

Wind lidar allows retrieving wind profiles 
in the sub cloud layer.

Radar allows retrieving wind profiles in 
the cloud layer

Radar bonus: profiles in the sub cloud 
layer 

We see a good agreement between both 
systems (only one particular day?).

13.09.2021 - Wind direction

Insects or aerosols?
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Why those instruments?
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21.09.2021- wind speed

Again, We see a good agreement between 
both systems.

Limitations:

Strong second trip echos can lead to 
erroneous positioning of clouds.
 
Folded Doppler spectra in case of strong 
winds

Insects or aerosols ?
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Radar x Lidar: Statistics

Statistics from the entire campaign suggest 
a good correlations between Lidar and Radar

The broadening of velocity histogram could be 
related to the second trip echos (Lidar 
problem) and cloud edges (Radar problem)

Correlation: 0.77

Correlation: 0.9

Courtesy J. Dias Neto



Can we get continuous profiles?

34 radiosondes (De Bilt)

Even though De Built is 23 km apart 
from the experimental site, wind 
speed and direction profiles from 
radar and lidar are comparable to 
the radiosonde.

Thank you KNMI for the radiosondes
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Can we see the circulation ?

u and w 10 min averages 

horizontal scale ~ 10km

up and downward motion seems 
to be correlated with changes in 
the horizontal velocity

Could it also be related to the 
presence of clouds?

u' 

u - u'

w - w'
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Summary

• Active remote sensing with optical (lidar) and microwave (radar) 
based instrumentation can be used in a highly synergstic way when 
sufficiently closely located
• Proven applications include cloud physics (effective droplet size)
• Using Doppler techniques for detection of 3D atmospheric motion 

can be applied to study and monitor cloud dynamics
• Various sub-types of lidar and radar instruments can be applied
• Further synergies for other atmospheric parameters, using other 

profiling techniques and/or column integrated observations, are 
conceivable



https://ruisdael-observatory.nl


