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12.1 Introduction

The change of perceived frequency of radiation when the source or the
receiver move relative to one another is a well-known phenomenon.
First described by Austrian physicist Christian Doppler (1803-1853) for
acoustic waves, it occurs for electromagnetic waves as well. If the change
of frequency can be measured, the relative speed of the source with
respect to the receiver can be determined, provided the group velocity of
the radiation in the respective medium is known. As the speed of light in
air and vacuum has been known with high accuracy, the optical Doppler
effect lends itself ideally to the remote measurement of the speed of very
distant or otherwise uncooperative objects. If the object does not move
directly toward or directly away from the observer, then the use of the
optical Doppler effect clearly yields the component of the speed of the
object along the line of sight. '

It is obvious that for a velocity measurement the object must emit
electromagnetic radiation. This is the case for stars and galaxies; perhaps
‘the most spectacular application of the optical Doppler effect was the
determination of the shift of light from distant stars, all toward longer
wavelengths, leading to our present notion of an expanding universe.
Because the relative shift of optical frequencies, Af/f, is proportional
to v/c, the ratio of the velocity v of the object to the speed of light c,
and because very distant stars move away fast, these measurements were
comparatively easy to make.

Velocity determinations on Earth and in the Earth’s atmosphere are
more difficult for two reasons. First, the objects whose speed is to be
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measured must be made to emit radiation. This can be done, e.g., by
illumination. Second, the shift of the return radiation with respect to the
transmitted radiation must be determined. Velocities of interest on Earth
vary greatly with object and purpose. The movement of air masses, e.g.,
is interesting at velocities of about 0.1 to 100 m/s which, relative to the
speed of light of 3 x 10® m/s, amounts to a fraction of roughly 3 parts
in 10! to 3 parts in 107. This is not easy to measure unless very narrow
spectral lines and highly sophisticated equipment are used.

Although optical Doppler measurements have a multitude of terres-
trial applications such as the determination of the speed and vibrations of
moving parts in fraffic, in industrial production, in machine shops, etc.,
this chapter is exclusively devoted to the measurement of the movement
of atmospheric air masses, or wind and turbulence, from the observa-
tion of aerosols. Compared with other Doppler measurements, Doppler
wind measurements have the additional problems that the illumination
of the air even with powerful sources yields very weak return signals
and that the return signals must be analyzed not just for wavelength,
but for distance as well. Following this Introduction, Section 12.2 will
briefly recall the notations and formulas that will be used in connection
with optical Doppler wind lidar. In Section 12.3 different schemes for
remote measurements of the wind vector are presented. In Section 12.4
the wavelengths to be used, the different detection schemes and the vari-
ous scan techniques for Doppler lidar are discussed. Section 12.5 shows
several applications, with main emphasis on heterodyne wind lidar, and
Section 12.6 concludes this chapter with a number of new areas in which
optical Doppler wind lidar may gain importance in the future.

12.2 The Optical Doppler Effect

Light, unlike sound, is not “advected” by some medium. In the optical
Doppler effect, there is therefore no distinction between the case of the
moving transmitter and the moving receiver, or both transmitter and
receiver moving in a medium. If the emitted light has wavelength Ao and
frequency fy = c/A¢ and the relative speed along the line of sight is v,
then the observed frequency is

f=fod+v/o). (12.1)

Air and aerosols, however, normally do not emit light, byt for a measure-
ment of their speed are illuminated by light from the lidar transmitter.
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If that light has frequency fj, then its apparent frequency on the aerosol
particle is given by Eq. (12.1). Clearly, the light is reemitted, or back-
scattered, at this frequency, which then, because the particle is moving
while scattering, is detected by the lidar receiver as being shifted to
frequency

F=h+Af=fl+2/c). (12.2)

We define the particle (or wind) velocity in such a way that a movement
toward the lidar which leads to a positive frequency shift is characterized
by a positive line-of-sight velocity, and vice versa. Instead of the line-
of-sight velocity v og or velocity component along the line of sight, we
occasionally use the term “radial velocity” v, or radial component of a
velocity vector that is not parallel to the line of sight. v g and v, are
fully synonymous, with the same sign convention.

Now the collective movement of air masses which we call wind
is superimposed by the individual, thermal, random movement of the
molecules. These normally move must faster than the wind speed and
so much the faster the higher the temperature. The relative shift of their
velocity distribution with the wind speed is therefore small. Aerosol
particles, because of their higher mass, move more slowly at the same
temperature and have therefore a narrower velocity distribution. They are
shifted by the same amount, but relative to its width this shift is much
larger and amenable to measurement. The situation is schematically
shown in Fig. 12.1.
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Fig. 12.1. Schematic representation of the original (solid) and wind-shifted (dotted)
frequency distributions. If there are aerosols present, a narrow spike is superimposed
onto the broad molecular peak. The return-signal frequency is shifted here toward higher
values, indicating that the wind comes toward the lidar. At 10.59 wm wavelength, the
3-MHz shift corresponds to roughly 20 m/s.
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Fig. 12.2. Relation of wavelength, frequency and wavelength shift with wind speed for
Doppler wind lidar measurements with a frequency-doubled Nd:YAG laser stabilized
to the iodine 1104 atomic transition. Note that wind speed scale is a factor >1000 too
coarse for most practical applications.

To give an idea how small wind-induced shifts are relative to the abso-
lute wavelengths or frequencies and to demonstrate that lidar transmitters
and receivers must be controlled to sub-picometer accuracy, Fig. 12.2
shows how wind velocities (bottom scale) translate into wavelength shifts
and frequency shifts (center scales) if light from a frequency-tripled
Nd:YAG laser is used. The top scale shows the positions of two iodine
lines (often designated as # 1105 and # 1104) to which the laser can be
stabilized [1]. In direct-detection lidars and in the field of optical space
communication it is necessary to stabilize the laser with respect to the
filters in front of the detectors.

12.3 Brief Overview of Wind Lidar Measurement
Schemes

Pulsed Doppler wind lidar is not the only method for the remote optical
measurement of wind speed. There are other optical methods that shall
be briefly presented here for the sake of completeness. They will not be
treated in detail because their application is limited to short range due the
very principle of the measurement, because the method is relatively new
and its technical implementation is complicated and sfill in its infancy,
or because they are described elsewhere in this book.
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12.3.1 Crosswind Determination by Pattern Correlation

Cloud droplets and aerosol particles are not distributed homogeneously
in the atmosphere. Smokestack plumes and clouds show patterns easily
recognized with the naked eye. If images of such patterns are taken at
two points in time, #; and #,, and if the geometric parameters such as
distance, angle of observation, and imaging scale are known so that the
two-dimensional pattern H (x, y) of the object can be determined from
the images, then it is sufficient to find those two values (£, n) by which
the second image must be shifted to give maximum similarity with the
first. Or in mathematical terms, we need to determine those values (&, n)
that maximize the cross-correlation coefficient of the two images:

QE,n = / Hx,y,t)H(x — &,y — n, t,) dx dy = maximum.
(12.3)

The (two-component) velocity vector in the plane perpendicular to the
line of sight (normally the horizontal plane) is then given by the simple
relation

1

h— 1

Upor = (é: 77)- (124)
We shall not dwell on the fact that instead of the convolution of Eq. (12.3)
fast Fourier transform algorithms are the preferred method to obtain the
shift parameters (£, n).

The method can be used in the daytime in an entirely passive way,
but only for the altitude at which the receiver sees a smokestack plume or
cloud patterns. By selecting an appropriate wavelength it is possible to
make the method particularly sensitive for one type of object: uv for SO,,
visible for clouds and black smoke, ir for very warm plumes. Outside
plumes and for nighttime measurements the objects can be illuminated.
More efficient than the use of searchlights have been scans of the scene
with pulsed lasers. By using a time-resolving detector, height-resolved,
and, thatis, genuine lidar measurements are possible with this technique.
Using a pulsed ruby laser, in fact, Sroga et al.-[2] could measure vertical
profiles of the horizontal wind vector between 120 and 600 m height
as early as 1980. In those days scanning was not possible fast enough
for the scan of a set of pictures to be completed in a time <, — 1y, but
Sasano et al. [3] soon developed a correction algorithm for the result-
ing error. Today, with much more powerful equipment and much faster
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computers available, the technique has been developed to a high degree
of sophistication (cf. Chapter 5 of this book).

12.3.2 Laser Time-of-Flight Velocimetry (LTV)

If two laser beams are focused at some distance from the ground and
close to each other and an aerosol particle crosses both foci, then two
flashes can be seen, the interval between the flashes being indicative of
the speed of the particle. Because aerosol particles are advected with the
wind, the wind speed can be obtained in this way.

It is not obvious that, for a given wind direction, particles will cross
both foci unless their connecting line happens to coincide with the wind
direction. If the distance between foci is sufficiently small, however
(on the order of 1 mm), then there is sufficient scatter in the direction
of the particle trajectories to provide useful results. The depth of the
focal volume is in any case much larger than its lateral dimensions,
so a vertical component of the particle velocity vector is not critical. By
rotating the apparatus 90° or by some other measure [4] the perpendicular
component of the wind can be determined in the same way. From both
results the wind direction and wind speed can then be inferred. The
technique has been tested with argon ion lasers of 500 and 200 mW
cw power at wavelengths of 514 and 488 nm; maximum range was 70
and 100 m, respectively [4, 5]. The theory of the method was treated in
great detail by She and Kelley [6]. In spite of its simplicity, it has not
nearly found the same degree of acceptance as a similar technique, laser
Doppler velocimetry (see below).

12.3.3 Laser Doppler Velocimetry (LDV)

For moderate distances the horizontal component of the wind vector can
also be determined by a method known as laser Doppler velocimetry
(LDV). Its principle is similar to that of LTV in that the speed of aerosol
particles is also inferred from the time between successive flashes the
particles emit when crossing areas of high and low optical intensity.
The difference is that in LDV not just two foci, but a large field of
interference fringes is used for illumination. Such fields can be obtained
from a laser if its beam is divided in two and the fractions are transmitted
by different optics oriented at a small angle with respect to one another.
The resulting interference pattern acts as a periodic field of regions with
high and low intensity. Particles that cross it manifest themselves by
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periodic scattering of light with a frequency that is proportional to their
speed.

The technique can also be used in two and three dimensions if the
volume of interest is illuminated by light of different color and one
color-sensitive detector is used for each dimension. For two dimensions
the geometry can be relatively simple, with the axes of the two pairs of
beams parallel and the connecting lines between each pair of transmitters
perpendicular to one another. If the third dimension is required, the
arrangement gets more complicated.

LDV is a method for the measurement of the velocity component
transverse to the laser beam axis. The mathematical formalism, however,
results in formulas that are formally identical with those developed in
Section 12.2, hence the expression laser Doppler velocimetry. Details
of the method are found, e.g., in [7] and [8].

12.3.4 Continuous-Wave Doppler Lidar

Continuous-wave lasers have also been used for the measurement of
the longitudinal, or line-of-sight, component of the wind vector using
techniques similar to those for genuine pulsed Doppler wind lidar as will
be described in the remaining sections of this chapter. In cw Doppler
wind lidar depth information is obtained by purely geometric means, If
the detection system is focused to distance x, then roughly half of the
backscatter signal is generated in a depth range

_ 4x2)
A

Ax

(12.5)

if Ais the detector area and A the wavelength [9]. For a telescope diameter
of 500 mm the depth uncertainty at a distance of 100 m is thus only 2m
which is quite good, but 200 m at 1000 m distance which is unacceptable.
Although the applicability of the method has been demonstrated not just
for ground-based [10], but for airborne systems as well {11-13], its use
in practical applications is limited to distances well below 1000 m.

12.3.5 Pulsed Doppler Lidar

The restrictions of methods described in Subsections 12.3.1-12.3.4 are
not given for pulsed Doppler lidar. If the term “Doppler lidar” is used
in connection with wind measurements, it is implicitly understood that
pulsed Doppler lidar is what the speaker has in mind. Pulsed Doppler
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lidar has so much greater capabilities for the truly remote measurement
of air movements that all other optical techniques of measuring air speed
are practically confined to applications in the laboratory, in the machine
shop, in production facilities, in wind tunnels, etc., but are hardly ever
used in the free atmosphere.

12.4 Doppler Wind Lidar Detection and Scan Techniques

12.4.1 Wavelength Considerations

In Doppler wind lidar the laser wavelength can be chosen at random.
However, because the aerosol contribution to the return signal is much
better suited for frequency analysis than the molecular signal, the choice
of the wavelength to be used will depend on the expected magnitude of the
return signal and the expected ratio of aerosql-to-molecular backscatter.
The molecular signal is proportional to A4, the acrosol signal, depending
on wavelength range and particle properties, to something between A ™2
and A1, Thus, even if the aerosol return decreases with an increase in
wavelength, the molecular “background” decreases much faster so the
aerosol-to-molecular backscatter ratio gets more favorable.

Figure 12.3 shows simulated spectra (see also Section 6.1) of the
return signals obtained with a spaceborne lidar with frequency-tripled
(355-nm) Nd:YAG laser for two height bins. A high-resolution system
which uses the narrow aerosol peak will work well for medium heights
of 2-3km, but not at high altitudes between 9 and 10km where fewer
aerosol particles are present. Figure 12.3 also shows that despite the
shorter distance to the lidar, much fewer photons come back from the
higher than from the lower interval because of the decrease of air density
with height.

12.4.2 Detection Techniques
Direct Detection

As can be seen from Fig. 12.3, situations may occur in which the molecu-
lar part of the backscatter spectrum must be used. This part is frequently
referred to as the Rayleigh component (as opposed to the aerosol part,
which is often called Mie component) and approximated by a gaussian.
The gaussian distribution is a good approximation, because thermal
motion of the molecules, not the effects of collisions, is the dominating
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Fig. 12.3. Simulated return spectra for a spaceborne lidar operating at a wavelength of
355 nm. Spectra from 2 to 3 (bottom) and 9 to 10 km height (top) for zero line-of-sight
wind speed.

source of line broadening and because collective effects responsible for
Brillouin scattering cannot be neglected for accurate wind estimates [ 14].

For the determination of the center of the distribution from which
the wind speed v is obtained by inversion of Eq. (12.2), different tech-
niques are available. One is the use of a high-dispersion multichannel
spectrometer that yields the whole distribution which is then submit-
ted to a least-squares gaussian fit. Another is the use of filters such as
Fabry—Perot interferometers or etalons [15-18]. Because the shifts are
so small these filters must be operated on the edge of the transmission
curve where the change of filter transmission with wavelength is maxi-
mum. Because the dynamic range of the signals is so large the filters
must be as nearly identical as possible, except for the center wavelength
of the transmission curves. For high transmitted intensity the transmis-
sion curve should cover as much as possible of the respective half of the
lidar return signal. To avoid perturbations from the central Mie peak,
the transmission function should be zero at line center even under con-
ditions of nonzero wind when the Mie peak shifts from its zero-wind
position.
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The principle of the technique is depicted in Fig. 12.4. We call the
power, or energy, or number of photons counted after transmission
through filter 1 and filter 2, A and B. The difference A — B, normalized
to their sum A + B, or

A—B

1= T~ f), (12.6)

depends in a unique way on wind speed v. Ideally, when this function
f is inverted, it could directly yield the line-of-sight speed v. How-
ever, the measured values A and B are contaminated by background a
and b. Under favorable experimental conditions this background can be
measured [15] and subtracted from the apparent values A and B. The
situation is more critical if the Mie peak has an intensity not negligible
with respect to that of the Rayleigh peak. Let us call its contribution
to the apparent values A and B for zero LOS velocity (v = 0) a; and
b1. When the whole distribution and the Mie peak with it begin to shift
to some value v < O (which corresponds to a frequency shift <0 and a
wavelength shift >0 as indicated by the dotted line in Fig. 12.4, a; will
decrease and by will increase, but not by the same amount. The following
parameters must thus be available for use of a direct-detection Doppler
wind lidar:

— thedifference between laser wavelength and etalon transmission line
center wavelengths,

— the background values in channels A and B,

log B
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Fig. 12.4. Schematic representation of spectrum components in a direct-detection
Doppler wind lidar.
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— the temperature, and
— the aerosol scattering ratio.

The latter three parameters change dramatically with altitude, so
height profiles are needed. For practical use the background must be
known to an accuracy of 1-2%, the temperature which is necessary for
the determination of the width of the gaussian to 1K, and the aerosol
scattering ratio, i.e., the ratio of the intensities of the aerosol backscatter
to the sum of molecular and aerosol backscatter, to about 5%.

The use of direct-detection Doppler wind lidar thus represents a
considerable challenge. And yet a technical implementation of a uv
direct-detection lidar has been proposed by Schillinger et al. [19] which
is to use the double-edge direct detection technique [17, 20].

The system is schematically depicted in Fig. 12.5. To achieve the
required frequency stability, ultrastable radiation from a low-power seed
laser is injected into the transmitter laser. Its output pulse passes a relay
optics to get onto the transmitter telescope and out into the atmosphere.

LL Laser X /
control R
I Relay optics fo—
— fo + Af LR Vios

Interference = Low resolution filter
filter \

k\ Brewster Plate

L 1 Quarterwave Plate

Medium resolution filter

High resolution

molecular High resolution aerosol

interferometer interferometer
Relay Optics CVD CVD Relay optics
Molecular ’ Aerosol
receiver CCD - detector CCD

Fig. 12.5. Schematic of a direct-detection lidar.
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The backscattered radiation is split into two channels, an aerosol and
a molecular channel. Both parts pass several filters and are at the end
recorded by a CCD detector. A Fabry—Perot and a Fizeau interferome-
ter are used for the molecular and the aerosol component, respectively.
This scheme allows one to partially circamvent the problems associated
with the superposition of the broad molecule signal with the narrow
aerosol peak. To meet eye-safety requirements, the system works with
UV radiation around 0.35 pm.

Heterodyne Detection

In heterodyne detection the return signal is not passed through one or
several narrow-band optical filters. Instead, the return signal is mixed
with the radiation from a local optical oscillator (“LO”). The mixed
signal contains the sum and the difference frequencies of the two com-
ponents. The sum is way above the frequency cutoff of the detector, but
the difference is a low-frequency signal that can be determined with great
accuracy. What is needed for heterodyne-detection lidar is thus a pulsed
transmitter laser with high frequency stability of the output frequency
fo and a second, continuous-wave laser with frequency fi.o. The mixing
results in frequencies fio £ (fo + Af), where fo + Af is the Doppler-
shifted frequency backscattered from the atmosphere. Apart from a DC
component, the superposition results in a detector current

isc = p {V2PLoP (. 1) cosl2n(fio — (fo + AN)]
V2P P (x, 1) cos2(fio + (fo + Af))]} .2
As mentioned, only the first component, or beat signal

ipgr = pv2ProP (x, A) cos[2n (fro — (fo + Af))] (12.8)

is measured by the detector, with

0 the detector sensitivity,
Pio, fro the power and frequency of the reference
laser, and

P(x, M), fo+ Af the power and frequency of the
backscattered radiation.

The latter two quantities are the only ones that vary with range x.
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The frequency difference between the frequency of the transmitted
laser pulse, fo, and the local oscillator, fio, including the sign of this
difference, is determined with great accuracy and maintained as stable
as possible during the measurement. It is also a key parameter in the
subsequent signal evaluation.

A coherent Doppler lidar (Fig. 12.6) consists in principle of a high-
power, frequency-controlled, pulsed laser transmitter (TE), a transmitter-
receiver telescope, two heterodyne detectors (D1, D2) in which the
local-oscillator radiation is mixed with the outgoing pulse (D1) and
with the Doppler-shifted backscatter signal (D2), and a signal processing
system (not shown in Fig. 12.6). A locking loop (LLL) connects the two
lasers. The length of the laser pulse is normally a few microseconds. The
temporal distribution of the pulse power is either gaussian (for solid-state
lasers) or like a gain-switched spike (for CO, lasers). If a CO; laser is
used at a wavelength around 10.6 pm, a frequency shift Af of 189 kHz
cotresponds to a radial velocity component of 1 m/s [21-23].

The optical signal contains speckle which results from constructive
and destructive interference of waves scattered by randomly distributed
particles. Different shots into the same part of the atmosphere thus lead
to different return signals because of the random distribution of the
scatterers.

To sum up, heterodyne-detection lidars thus differ from most other
lidars by their need for

a pulsed, narrow-frequency, ultrastable high-power laser,

|

a second narrow-frequency laser usually referred to as local oscillator *
LO),
a fast detector in which the return and LO signals are mixed,

X

A

fo—1.

A}

Vios

Fig. 12.6. Principle of a heterodyne-detection Doppler lidar.
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— a second fast detector in which the transmitted and L.O signals are
mixed (the so-called pulse monitor),

— the time for averaging over several shots to average out speckle, and
— the presence of aerosol particles.

The main assets of the heterodyne-detection technique are the high
tolerance of background light and the independence of temperature and
all properties of the optical components of the system.

Figure 12.7 shows an example of a lidar heterodyne signal. One can
identify a strong signal near the ground, then a weak signal up to a height
of 7.3 km where there are few aerosols present, and then a strong signal
from a cirrus cloud that extends up to 9.6 km.

12.4.3 Scan Techniques

As pulsed Doppler lidars measure profiles of the line-of-sight wind veloc-
ity, vertically pointed systems directly provide the profile of the vertical
wind velocity. For the horizontal wind, the lidars must be tilted out of
the vertical. In this way the horizontal wind produces a line-of-sight
component to the lidar signal, and with appropriate scanning schemes
the three-dimensional wind vector can be inferred [24, 25]. A necessary
assumption is horizontal homogeneity of the wind field over the sensed
volume. Vertical homogeneity, however, is not required.

Fig. 12.7. Example of a heterodyne lidar signal. The horizontal axis is time-bin (or
“sample”) number, L.e., distance, with one sample corresponding to 1.5 m. Because of
the paucity of aerosol there is little signal below 7300 m, except for the region close
to the ground below about 300m. The cirrus cloud that begins at 7300 m extends up
to 9600 m altitude.
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VAD Technique

When a conical scan is carried out with the apex of the cone at the lidar
scanner as depicted in Fig. 12.8 and, for a given height or distance, the
velocity signal is displayed as a function of azimuth angle, a plot as the
one shown in Fig. 12.9 is obtained. From this display of velocity versus
azimuth the technique got its name of velocity-azimuth display, or VAD
[26, 27]. In the ideal case of a homogeneous atmosphere the measured
LOS component shows a sine-like behavior (Fig. 12.9) given by

vy = —usinfcosy —vcosfcosp —wsing, with (12.9)
u the west—east component,
v the south—north component,
w the vertical component,
0 the azimuth angle, clockwise from North, and
[ the elevation angle.

Fig. 12.8. Schematic of the scan technique of a Doppler lidar. Lower part: VAD scan,
upper part: DBS scan.
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Fig. 12.9. Example of sine fitting of the radial wind velocity simulated with the use of
the VAD technique.

If we fit this to a function of type
Uy = a + bcos(0 — Omay) (12.10)

with offset a, amplitude b, and phase shift 6,,,c, we immediately get the
three-dimensional wind vector

u= (u,v,w) = (—b sinbOpax/ cos @, —b cos Opax/ COS @, —a/ sin ).
(12.11)

With this, the horizontal wind speed uye; is
Unor = (u* + vHY2 = b/ cosp, (12.12)
the horizontal wind direction dd, as westwind, e.g., blows from the west,
dd = Opax, (12.13)
vertical wind velocity w, defined as positive for wind up, is
w = —a/sing, (12.14)
and total wind speed is

| = W? + v + wH2 (12.15)
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For a VAD scan, a separate sine-wave fit is done for each height
interval. From each of those one set of data a, b, 6, and, consequently,
u, v, w is obtained for each height interval.

When used with a ground-based system, these formulas can be used as
above. For airborne systems, they must be corrected for the movement of
the aircraft. Because the speed of the platform is as a rule much higher
than the wind speed, the VAD speed is mainly due to the movement
of the airplane, and the contribution from the wind results in a small
perturbation. To separate the two, the speed and direction of the aircraft
must be known with high accuracy.

. The smoothness of the sine-wave fit and thus the precision of its
parameters depends on instrumental parameters, but also on turbulence
and thus on the roughness of the terrain and on weather data such as
atmospheric stratification stability. In addition to such lidar data as pulse-
repetition frequency and time-bin width, these other factors must be
taken into account if a planned measurement is to yield the desired data
in a predetermined time. This applies to the VAD and the DBS scan
techniques (see below) in the same manner.

DBS Technique

Under the assumption of cellular flow with little turbulence which would
lead to a smooth sinusoidal behavior in the VAD scan, it can be expected
that four measurements at azimuth-angle intervals of 90°, or three at
120°, or even two at right angles should be sufficient, along with one
measurement in the vertical. For the case of a total of three directions
(vertical, tilted east, and tilted north), the three components u, v, w are
obtained as follows:

u=—(vy — vy Sing)/cosy, (12.16)
v = —(v3 — Uy Sin @)/ cos¢, and (12.17)
w = —vy. o (12.18)

Here vy, vy, and v are the Vertical\, east, and north radial velocities,
respectively. ‘

This Doppler beam swinging, or DBS, technique is faster and simpler
both in the hardware and in the data evaluation algorithm, but lacks
the goodness-of-fit information as a measure for the reliability of the
results. This shortcoming is partially compensated by information about
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Fig. 12.10. Simulation of the behaviour of turbulent wind components in the boundary
layer, from Ref. [27].

the temporal behavior of the data. An example is shown in Fig. 12.10
which presents results of a simulation of high-frequency data obtained
from three slant lidar beams oriented such that the projections onto the
horizontal plane form three angles of 120°. From data such as those of
Fig. 12.10 the degree of smoothing (or temporal integration) necessary to
obtain the wind speed and direction data required for a given application
can directly be inferred. In addition, turbulence is easily determined
for any time scale as dictated by the particular process investigated,
particularly as turbulence depends critically on ground roughness length
and atmospheric stratification stability.

In principle, the VAD and DBS scan techniques can be combined with
both direct-detection and heterodyne-detection Doppler wind lidar sys-
tems. As parameters such as maximum range, range resolution, temporal
resolution (or scan rate), and wind-speed and wind-direction sensitivity
all depend on one another and in a somewhat different way for VAD
and DBS scans, these dependencies must be known and observed when
planning a measurement for a given purpose.

12.5 Systems and Applications

There are numerous wind lidar systems in operation and even more in
the planning and construction phase today. Only a small fraction of them
can be mentioned here. The selection has not been made according to
“seniority” or ancientness; instead, we have been trying to show what
diverse applications can profit from Doppler wind lidar.
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Historically, heterodyne-detection Doppler lidars were the first to
offer accurate, dependable results on a routine basis. Direct-detection
systems, simpler in design although more critical in components, adjust-
ment and stability, are in a way lagging behind. Following the order
in which the two detection schemes have been treated in this chapter,
we first briefly describe a direct-detection system built in France and
then present different applications of heterodyne-detection lidars, until
now the workhorse of Doppler wind lidar. The section concludes with
the presentation of a continuous-wave (cw) lidar and another system
previously considered as being classified as on the borderline between
long-range, depth-resolving lidars and shorter-range non-lidar systems,
a laser Doppler velocimeter.

12.5.1 Direct-Detection Lidar of the OHP

The Doppler wind lidar of the Observatoire de Haute Provence (OHP) -
at Saint-Jean-1’Observatoire, France, uses a frequency-doubled, well
frequency-stabilized Nd:YAG laser which emits in the green. Laser
pulses are sequentially transmitted to three separate telescopes, one ori-
ented vertical, the other two north and east at elevation angles of 55°.
The aerosol and molecular scattering components of the return signals
are separated using the double-edge technique with a Fabry—Perot inter-
ferometer (FPI). Its characteristics have been determined experimentally
and least-squares-fitted to the transmission function of a spatially homo-
geneous IP1. However, the measured calibration curve turned out to be
more complex, and the actual transmission function takes into account
residual surface inhomogeneities [28, 29]. Figure 12.11 shows the system
layout of the OHP direct detection Doppler lidar.

Calibration of the system is carried out when the lidar beam is pointed
to the zenith, under conditions of zero wind [29]. When taking mea-
surements, the vertical wind is used as a correction in the evaluation
procedure of the horizontal components. Measurement time is typically
one minute for each of the three directions. For daylight operation a
special procedure is applied to remove the skylight background.

12.5.2 Boundary-Layer Flow Measurements with the
NOAA Heterodyne Doppler Wind Lidar

Among the many Doppler wind lidars built at the National Oceanic and
Atmospheric Administration (NOAA) laboratory at Boulder, CO, one
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Fig. 12.11. OHP direct-detection Doppler lidar design.

of the more recent instruments is the Mini-MOPA system. It is a design
based ona CO,-laser Doppler system using a seed laser, or master oscilla-
tor (MO), injecting narrow-bandwidth radiation into a second laser, the
power amplifier (PA). The system has selectable wavelengths between
9 and 11 pm, 2 mJ output energy, and 300 Hz pulse repetition rate. The
maximum range limited by the digitizer is 18 km, with a range resolution
that can be selected between 45 and 300 m. The system has been used
in many campaigns and is semiautomated, allowing hands-off operation
for several hours.

One of the impressive applications of such a Doppler lidar is the
representation of the flow in the boundary layer [30]. Figure 12.12 gives
an example. This image of the color-coded LOS wind component on an
area covering a half-circle of about 8 km radius explains different flow
situations from the mountains and back together with the normal wind
from the southern basin.

12.5.3 Airborne Heterodyne Lidar Within the WIND Project

A relatively recent heterodyne Doppler wind lidar system is the one
developed under the Wind INfrared Doppler (WIND) lidar project. It
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Fig. 12.12. Near-horizontal (0.5°-elevation) azimuthal scan of radial wind velocity [30].

»

is an airborne system based on the familiar CO, laser concept. The
project [31], a French~German cooperation of the Centre National de
la Recherche Scientifique (CNRS) and the Centre Nationale d’Etudes
Spatiales (CNES) with the Deutsches Zentrum fiir Luft- und Raum-
fahrt (DLR), is characterized by two objectives. The first is a significant
contribution to mesoscale meteorology by investigation of phenom-
ena like the influence of orography on atmospheric flows, land-sea
interaction, the dynamics of convective and stratiform clouds, and
the transport of humidity. This defines the requirements on spatial
resolution of 250 m in height with a grid size of 10 x 10km? and
on velocity accuracy of 1 m/s for the horizontal wind component.
The second objective is to act as a precursor for the spaceborne
global wind measurement system AEOLUS, the Atmospheric Explorer
for Observations with Lidar in the Ultraviolet from Space, in the
framework of the ESA Atmospheric Dynamics Mission (ADM); such
a system is scheduled for launch in 2007 (cf. Chapter 13 of this
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book). Airborne Doppler lidars were used in the past [32-35] and are
applied also as precursor experiments for spaceborne application of the
technique [35].

A validation flight was carried out on 12 October 1999, 13:30 UTC.
The wind profiler radar (WPR) [36] of the Meteorological Observatory
Lindenberg (MOL) of the German Weather Service DWD was used as the
reference instrument, extrapolation to more remote areas was done with
the local model (LM) of the DWD. This model has a horizontal resolution
of 7 km. Itis anon-hydrostatic model with 35 altitude levels and includes
turbulent vertical exchange. Airborne wind lidar systems are expected
to meet at least the accuracy and horizontal-resolution specifications of
state-of-the-art numerical models [37].

Figure 12.13 shows the result of the wind profile determination.
Within the statistical variations, the agreement is perfect.

The WIND instrument is a flexible and modular system for airborne
measurements of mesoscale wind phenomena. It provides actually an
accuracy of 1m/s for the horizontal wind in a volume of the size of
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Fig. 12.13. Comparison of wind profiles determined with the WIND instrument (dotted
lines), the radar wind profiler (WPR, solid lines), and the WPR data extrapolated to the
area covered by the WIND system (dashed line). WIND data comprise 5 conical scans,
or >100s of measurement time, in a 10 x 50 km?2-size horizontal grid. WPR data are

averaged over 30 minutes. Note the suppression of zero in the wind-direction scale.
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10km x 50 km x 250 m in the boundary layer. An improvement of the
resolution to 10km x 10km x 250 m appears realistic as a near-future
goal. Other uses in the scanning or non-scanning mode are also possible,
e.g., the determination of single line-of-sight wind profiles to simulate
the performance of spaceborne Doppler lidars.

12.5.4 Ground-Based Continuous-Wave Heterodyne Lidar
for the Measurement of Wake Vortices

The measurement principle for determining aircraft wake vortices with a
Doppler wind lidar is illustrated in Fig. 12.14. These inhomogeneities of
the wind-field vector can be dangerous to aircraft, especially in landing
operations. Every plane, when in flight, generates in its wake a pair of
counterrotating horizontal vortices. When planes fly behind one another
in close succession, wake vortices can present a considerable hazard.
At present the U.S. Federal Aviation Administration (FAA) mandates
minimum distances for aircraft during instrument landing conditions.
These differ with airplane size. There are three categories: heavy, large,
and small.

These wake vortices are invisible to the eye, but can be detected
with Doppler wind lidar. The lidar scans the air volume in a vertical
plane perpendicular to the landing runway. The radial velocity can reach
values around 20 m/s, depending on the type of aircraft, its weight and
its takeoff velocity. It can be used to calculate the rotational velocity of
the vortex. The scheme of the measurement is sketched in Fig. 12.14.
The change in viog caused by the vortex, divided by the cosine of the

750 Height
F o (m)

Elevation
scan

Fig. 12.14. Left, measurement principle for determining aircraft wake vortices with a
Doppler wind lidar. v; radial or line-of-sight wind velocity. Right, vertical distribution of
crosswind at distance x (which might be the position of the landing-runway centerline).
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lidar elevation angle, directly yields the amount and spatial distribution
of excess cross wind for the landing airplane [38, 39].

Continuous-wave CO,-laser Doppler lidars like the one used here
are in operation at the French Office National d’Etudes et de Recherches
Aérospatiales (ONERA), the Deutsches Zentrum fiir Luft und Raum-
fahrt (DLR), and the Massachusetts Institute of Technology (MIT) in the
United States. The European Community has started a program to both
detect and forecast wake vortices. For a better range resolution pulsed
systems (2-pm laser Doppler system from Coherent Technologies (CTI,
http://www.ctilidar.com)) are used [40]. The parameters of such a lidar
are listed in Table 12.1.

Clearly, large-aircraft wake vortices are not stationary. Their
displacement can easily be followed with lidars. Figure 12.15 shows
an example of the determined position of the core of the vortex.

12.5.5 Clear-Air Turbulence

A key application of Doppler wind lidar to aircraft safety is also the mea-

surement of clear-air turbulence (CAT), a hazard hard to determine with -

any other means. Considerable progress has been made in this important
field in recent years. Figure 12.16 shows a time-series plot of the velocity
estimates, along with in sifu true-airspeed (TAS) measurements. As can

Table 12.1. Main parameters of the 2-pm pulsed Doppler lidar

Slave laser: Type Tm:LuAG
Wavelength 2022.54 nm
Pulse energy 2.0mJ
Pulse length (FWHM) 400 + 40ns
Pulse repetition rate 500Hz
LO/SO frequency offset 102 + 3 MHz

Telescope: Type off-axis
Aperture 108 mm

Scanner: Oscillating mirror vertical scan range  >20°
Scan duration ~11s
Fly-back time ~0.5s

Data acquisition: Concept of early digitizing
Sampling rate 500 MHz
Sample length 0.3m

Measurement range:  Processed data 500-1100 m

Spatial resolution: Along LOS 3m
Perpendicular to LOS © 09-19m
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Fig. 12.15. Wake vortices of large aircraft measured on 13 June 2002 with the DLR
wake vortex lidar. Trajectories of port vortex (open circles) and starboard vortex (full
circles) observed during 9 consecutive scans.

be seen, due to CAT the radial velocities at different ranges in front of
the aircraft vary by >20m/s or >70 km/h within 3 minutes.

12.5.6 Remote Wind Speed Measurements for Wind
Power Stations

Installations that also critically depend on wind speed and direction are
wind power stations. If blade pitch and rotor orientation are properly
adapted to the prevailing wind, then both efficiency and safety of the
facility can be maximized. However, the feedback mechanism of the
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Fig. 12.16. Velocity versus time for an airborne clear-air turbulence Doppler lidar [40].
The three traces represent the lidar measurement 3.5s or .48 km (blue) and 7.4s or
1.02km (green) ahead of the time of passage, as a function of distance, and the result
of the in situ (true airspeed, TAS) measurement (red trace).
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systems is too slow to adequately follow changes in wind speed and direc-
tion. It is therefore necessary to measure these quantities at a distance of
roughly 150 m windward of the turbine.

It may seem as if a lidar was needed for the purpose. However, this
is not the case. A normal cw laser Doppler velocimeter (cf. Section 3.3)
will be perfectly sufficient for the purpose. A corresponding system for
installation at the top of the turbine is currently under development [41].
First tests with a CO;-laser source have shown encouraging results.

12.6 Future Developments

Like most other lidar developments, wind lidar is also a field in which
instruments are continuously improved, reduced in size, weight, power
consumption, and cost. Instruments are getting more highly integrated
to make them easier to align, adjust and operate. Simultaneously and
partially caused by this instrument improvement process, the number
of fields in which wind lidar systems are being used increases. The
development [42] as well as the new uses are greatly facilitated if a
certain standardization takes place. In this section one example is given
for each of these tendencies to show in which direction near-future work
in wind lidar is likely to go.

12.6.1 Instruments

In the field of instruments, work toward spaceborne systems is of course
one of the important items (cf. Chapter 13 of this book). This develop-
ment started as soon as the end of the 1980s [43, 44] and is in full swing
today. What is new, however, is an “instrument” that is sheer software
and which we call a virtual instrument. Virtual instruments [45] repre-
sent powerful tools to test and investigate system performance in various
combinations of components and under varying atmospheric conditions
without any hardware development. The data sets generated with such
virtual instruments can be used to submit components to further tests, to
try out new ones, to improve and validate program modules like signal
processors, and to carry out virtual experiments.

In the DLR virtual Doppler lidar (see Fig. 12.17) the parameters that
can be varied include laser wavelength, pulse power, and transceiver
characteristics. The pulse shape can be either gaussian (as for solid-state
lasers) or spiked (as for CO;, lasers). Detection can be direct or of the
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Fig. 12.17. Block diagram of the DLR virtual instrument.

heterodyne type. The platform can be chosen to be an aircraft, satellite, or
ground-based station, all with characteristic parameters. For the virtual
lidar the atmosphere is “sliced” into height intervals of 1.5 m minimum
thickness. In the slices the optical beam is scattered and absorbed with
uniform coefficients 8 and «. Clouds strongly affect the values of both
p and «. Noise is generated with a'module called AGNA, for Addi-
tive Gaussian Noise Approximation; AGNA was originally developed
at the Technical University (TU) Vienna [46]. In the digitization and
signal-processing modules a number of options is available including a
variant in which return signals are treated pair by pair (pulse-pair or PP
mode), and one that observes the criterion of maximum likelihood (ML
mode). The direct-detection virtual instrument can work on two tech-
niques, the double-edge (for the exploitation of the molecular signal) and
the multichannel-Fizeau technique (for the aerosol signal). The system
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is written in LabVIEW®. Its result is the comparison of a calculated
“measured”) wind profile with the input, or “true,” profile.’

There are other virtual instruments as well. One of them is based
upon the Delphi Study of ESA [46] and the improved ALIENS simulator
[47]. By adding scanning capability and the possibility to operate aboard
a moving platform, a new dynamic version of a virtual instrument is
obtained. For “experiments” it requires a three-dimensional model of the
atmosphere.

12.6.2 Weather Forecast

A field that heavily relies on the availability of high-accuracy, high-
resolution wind data is meteorology. The lack of global wind data is
indeed one of the major deficiencies of the current meteorological net-
work. In fact, one of the hot candidates to provide a great deal of the
necessary wind parameters is a future spaceborne Doppler lidar [48, 49].
To determine exactly what is needed and which configuration will pro-
vide the most reliable results can no better be determined than with
one of the virtual lidar instruments described above. A study is actu-
ally under way to estimate the effect of lidar winds on numeric weather
prediction [50].

12.6.3 Standardization

Work that is done independently in different places necessarily creates
different technical terms for the same objects and notions. Different
parameter values are chosen as the basis for key performance char-
acteristics. Different procedures are followed when a measurement or
measurement campaign is planned, prepared and carried out and when
the data are processed, evaluated and presented. Often certain of those
procedures proved technically superior to others. To make the corre-
sponding knowledge publicly available, guidelines proved very useful.
Not only do these recommendations help the manufacturers, they also
allow users to decide whether or not the lidar technique can meet their
goal, to clarify their expectations and to specify their requirements on
a lidar for a given purpese. The Doppler wind guideline of the German
Commission on Air Pollution Prevention {42] was one of the first to
appear in a series of guidelines on quantitative remote sensing techniques
and served as a kind of model to the other ones that followed [51].
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