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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The proce@lures used to develop this document and those intended for its further maintenanee
described In the ISO/IEC Directives, Part 1. In particular the different approval criteria neededfor
different types of ISO documents should be noted. This document was drafted in accordance 'with
editorial ryles of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).
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Introduction

Lidars (“light detection and ranging”), standing for atmosphericlidars in the scope of this document have
proven to be valuable systems for remote sensing of atmospheric pollutants, of various meteorological
parameters such as clouds, aerosols, gases and (where Doppler technology is available) wind. The
measurements can be carried out without direct contact and in any direction as electromagnetic
radiation is used for sensing the targets. Lidar systems, therefore, supplement the conventional in-situ
measurement technology. They are suited for a large number of applications that cannot be adequately
performed by using in situ or point measurement methods.

The
con
Dop
mej

Thi
on
is ix

re are several methods by which lidar can be used to measure atmospheric wind. The
monly used methods are pulsed and continuous wave coherent Doppler wind lidar, direc
pler wind lidar and resonance Doppler wind lidar (commonly used for mesospheric so|
isurements). For further reading, refer to References [1] and [2].

5 document describes the use of heterodyne pulsed Doppler lidar systems. Some general i
ontinuous-wave Doppler lidar can be found in Annex A. An InternationalsStandard on t
preparation.

four most
-detection
dium layer

hformation
his method
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Air quality — Environmental meteorology —

Part 2:
Ground-based remote sensing of wind by heterodyne
pulsed Doppler lidar

1 (Scope

Thif document specifies the requirements and performance test procedures for heterodyne pulsed
Doppler lidar techniques and presents their advantages and limitations. The terny“Doppler |idar” used
in this document applies solely to heterodyne pulsed lidar systems retrievingiwind measureinents from
the|scattering of laser light onto aerosols in the atmosphere. A descriptioh of performanced and limits
are|described based on standard atmospheric conditions.

Thif document describes the determination of the line-of-sight wind.welocity (radial wind vdlocity).
NOTE Derivation of wind vector from individual line-of-sight,\measurements is not described in this
dochiment since it is highly specific to a particular wind lidar configaration. One example of the retfieval of the
winfl vector can be found in Annex B.

Thip document does not address the retrieval of the wind vector.
This document may be used for the following application areas:
— |meteorological briefing for, e.g. aviation, airport safety, marine applications and oil platforms;
— |wind power production, e.g. site asséssment and power curve determination;
— |routine measurements of wind profiles at meteorological stations;

— |air pollution dispersion ménitoring;

— |industrial risk management (direct data monitoring or by assimilation into microiscale flow
models);

— |exchange progesses (greenhouse gas emissions).

Thif documentsaddresses manufacturers of heterodyne pulsed Doppler wind lidars, as well as bodies
testing and.€ertifying their conformity. Also, this document provides recommendations for the users to
make adequadte use of these instruments.

2 "Normative referemnces

There are no normative references in this document.

3 Terms and definitions
For the purposes of this document, the following terms and definitions apply.
ISO and [EC maintain terminological databases for use in standardization at the following addresses:

— IEC Electropedia: available at http://www.electropedia.org/

— ISO Online browsing platform: available at http://www.iso.org/obp

© IS0 2017 - All rights reserved 1
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3.1

data availability
ratio between the actual considered measurement data with a predefined data quality and the number
of expected measurement data for a given measurement period (3.10)

3.2
displayed

range resolution

constant spatial interval between the centres of two successive range gates (3.13)

Note 1 to entry: The displayed range resolution is also the size of a range gate on the display. It is determined by
the range gate length and the overlap between successive gates.

3.3

effective n
application
delivered

[SOURCE: I

3.4

effective t
application
delivered

[SOURCE: I

3.5
extinction
a

measure o
intensity t

[SOURCE: I
3.6

ange resolution

vith a defined uncertainty

SO 28902-1:2012, 3.14]

emporal resolution

yith a defined uncertainty

SO 28902-1:2012, 3.12, modified.]

coefficient

F the atmospheric opacity, expressed by thesnatural logarithm of the ratio of incident 1
transmitted light intensity, per unit light path length

SO 28902-1:2012, 3.10]

integration time

time spent

3.7
maximum

RMaxA
maximum

in order to derive the line-of-sight velocity

acquisition range

Histance to whieh-the lidar signal is recorded and processed

Note 1 to enftry: It depefids on the number of acquisition points and the sampling frequency.

3.8
minimum
RMinA
minimum

acquisition range

1stance from which the lidar signal is recorded and processed

-related variable describing an integrated range interval for which the target'variable is

-related variable describing an integrated time interval for which the target variable is

ght

Note 1 to entry: If the minimum acquisition range is not given, it is assumed to be zero. It can be different from
zero, when the reception is blind during the pulse emission.

3.9

maximum operational range

RMaXO
maximum

distance to which a confident wind speed can be derived from the lidar signal

Note 1 to entry: The maximum operational range is less than or equal to the maximum acquisition range.

© ISO 2017 - All rights reserved
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Note 2 to entry: The maximum operational range is defined along an axis corresponding to the application. It is

measured vertically for vertical wind profiler. It is measured horizontally for scanning lidars able to
the full hemisphere.

measure in

Note 3 to entry: The maximum operational range can be increased by increasing the measurement period and/or

by downgrading the range resolution.

Note 4 to entry: The maximum operational range depends on lidar parameters but also on atmospheric

conditions.

3.10

measurement pprind

intdrval of time between the first and last measurements

3.1

minimum operational range

Rmiho

mirfimum distance where a confident wind speed can be derived from the lidarnsignal

Note 1 to entry: The minimum operational range is also called blind range.

Not¢ 2 to entry: In pulsed lidars, the minimum operational range is limited\by the stray light in the
pulde emission, by the depth of focus, or by the detector transmitter/receiver switch time. It can dep¢
duration (7Tp,) and range gate width (RGW).

3.12
physical range resolution
width (full width at half maximum) of the range weighting function (3.15)

3.18
range gate

width (FWHM) of the weighting function selecting the points in the time series for spectral
and wind speed computation

Note 1 to entry: The range gate is centred:on the measurement distance.
Note 2 to entry: The range gate is defined in number of bins or equivalent distance range gate.

3.1
range resolution

idar during
nd on pulse

[processing

equipment-related variable describing the shortest range interval from which independent signal

infqrmation can be ebtained
[SOPRCE: ISO 28902-1:2012, 3.13]

3.1
range weighting function
weighting function of the radial wind speed along the line of sight

3.16
temporal resolution

equipment-related variable describing the shortest time interval from which independent signal

information can be obtained
[SOURCE: ISO 28902-1:2012, 3.11]

3.17
velocity bias
maximum instrumental offset on the velocity measurement

Note 1 to entry: The velocity bias has to be minimized with adequate calibration, for example, on a fixed target.

© IS0 2017 - All rights reserved
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3.18
velocity range

range determined by the minimum measurable wind speed, the maximum measurable wind speed and

the ability to measure the velocity sign, without ambiguity

Note 1 to entry: Depending on the lidar application, velocity range can be defined on the radial wind velo
(scanning lidars) or on horizontal wind velocities (wind profilers).

3.19
velocity resolution
instrumental velocity standard deviation

Note 1 to
integration

entry: The velocity resolution depends on the pulse duration, the carrier-to-noise ratio
time.

3.20
wind sheafr
variation of wind speed across a plane perpendicular to the wind direction

4 Fundamentals of heterodyne pulsed Doppler lidar

4.1 Overview

A pulsed I
the atmosy
scattered 1
Since the a
the scatter

At the wav
aerosol sig

The analys
and of the
the line-ofA

Af=fr A
where

A s

Vr o s
be

erosols and molecules move with the atmospheté,'a Doppler shift results in the frequend
ed laser light.

hal that provides the principle target for-measurement of the backscattered signal.

is aims at measuring the difference;Af, between the frequencies of the emitted laser puls

oppler lidar emits a laser pulse in a narrow laser beam<(see Figure 1). As it propagate
here, the laser radiation is scattered in all directions by aerosols and molecules. Part of]
adiation propagates back to the lidar; it is captured by a telescope, detected and analy

elengths (and thus frequencies) relevant-to heterodyne (coherent) Doppler lidar, it is

backscattered light, fi. According-to the Doppler’s equation, this difference is proportiond
sight wind component, as shown in Formula (1):

ft=-2v/A

the laser wavelength;

the line-of-sight wind component (component of the wind vector, v, along the axis of
amycaunted positive when the wind is blowing away from the lidar).
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3

fr=fi-2ve /A

BwWw N R

Thd
of t

Sp

D

4.2

In 4

4

scattering particles moving with the wind

optical path of the emitted laser pulse (laser beam}
optical axis of the receiver

lidar instrument

Figure 1 — Measurement principle of a heterodyne Doppler lidar

measurement is range resolved as the backscattered radiation, received at time t after th
he laser pulse, has travielled from the lidar to the aerosols at range x and back to the |
ed of light, c. Formuld (2) shows the linear relationship between range and time.

t
X=c-—
2

Heterodyne detection

heterodyne lidar, the detection of the light captured by the receiving telescope (at

e emission
idar at the

(2)

frequency

fr =ft + ﬁ\f) tsdescribed bl,hcumtit.an_y TIT Fig ure 2 Thereceived light tsTmixed-withrthebeamnt 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.

©IS
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pulged laser
optical element separating the received and emitted lights
telescope (used for transmitting and receiving)
scaffterers
locdl oscillator laser (continuous wave laser)
frequency control loo (this device sets the difference, f; - fio)
optical element aligning the beam of the local oscillator along the optical(axis of the
rec¢ived light beam and mixing them together
qualdratic detector
anajogue to digital converter and digital signal processing unit
Figure 2 — Principle of the hetérodyne detection
result s a current, i(t), beating at the radio frequency, f; + Af - fio:

D - :;t -K-f(t)-\/y(t)-Pr (t)~P10 -C05[2E(Af+ft —flo)-t+§0(t)J+n(t)

Thet (t)

is the time;
is the Planck éonstant;
is the detector quantum efficiency;

is thevelectrical charge of an electron;

issthe instrumental constant taking into accounttransmission losses through the receiv
[=] [=]

(3)

§(0)
y(®)
Pr(t)
Pio
fio

is the random modulation of the signal amplitude by speckles effect (see 4.5.2);
is the heterodyne efficiency;

is the power of the backscattered light;

is the power of the local oscillator;

is the frequency of the local oscillator;

© ISO 2017 - All rights reserved
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¢@(t) istherandom phase;
n(t) isthe white detection noise;
inet(f) 1is the heterodyne signal.

The heterodyne efficiency, y(t), is a measure for the quality of the optical mixing of the backscattered
and the local oscillator wave fields on the surface of the detector. It cannot exceed 1. A good heterodyne
efficiency requires a careful sizing and alignment of the local oscillator relative to the backscattered
wave. Optimal mixing conditions are discussed in Reference [3]. The heterodyne efficiency is not a

purﬁmmmmwwmmmmmm g the laser
beam (see Reference [4]). Under conditions of strong atmospheric turbulence, the effect ofi yarying the

refractive index degrades the heterodyne efficiency. This can happen when the lidar is\opefated close
to the ground during a hot sunny day.

In Formula (4), Pr(t) is the instantaneous power of the backscattered light. It|is given by the lidar
equfation (see Reference [3]).

T 2
£ )= [ 2.a(x).g(t_g}ﬁ(x).fz(x)dx @
with
X
r(x) = exp —Ja({)d{
0
whére
X is the distance to the lidar;
A is the collecting surface of the\receiving telescope;

G(x) isthe range-dependent sensitivity function (0 < G(x) < 1) taking into account, e.g. the attenu-
ation of the receiver efficiency at short range to avoid the saturation of the detect¢r;

9@ is the envelope of the laser pulse power ( jg (t) dt = E j, with Ep as the energy of the lpser pulse);

PB(x) isthe backscatter coefficient of the probed atmospheric target;

T(x) isthe@atmospheric transmission as a function of the extinction coefficient, a.

4.3| Spectral analysis

The retrieval of the radial velocity measurement from heterodyne signals requires a frequen¢y analysis.

Thl‘ i dona 1n tha digital domiqin ~ftar analaoog bt digita]l convarcion of tha haotaraduna ‘i nals An
b-is” done—inthedigital-domain—-afteranalo digital conversion—of-the-heterodyne-signals.

to

overview of the processing is given in Figure 3. The frequency analysis is applied to a time window
(t, t + At) and is repeated for a number, N, of lidar pulses. The window defines a range gate (x, x + Ax)
withx =c-t /2 and Ax = c- At /2. N is linked to the integration time, ti: = 1/fprF, of the measurement
(fprr is the pulse repetition frequency). The signal analysis consists in averaging the power density
functions of the range gated signals. A frequency estimator is then used for estimating the central

frequency of the signal peak. Itis an estimate, f, ., or the frequency, fhet = Af + ft - fio, of the heterodyne
signal (see Figure 3).

Due to the analog-to-digital conversion, the frequency interval resolved by the frequency analysis is
limited to (0, +Fs/2) or (=Fs/2, +Fs/2) for complex valued signals. This limits the minimum and maximum

© IS0 2017 - All rights reserved 7
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values of fi . and thus the interval of measurable radial velocities. As shown in Reference [5],
Formula (5) estimates a range-gate average of the true wind radial velocity:

N Ao

Vr:_E(fhet_ft-i_flo) (5)
For instance, in the case the signal is real valued (no complex-demodulation), the frequency offset f; - fio
is set to about Fs/4, so ‘\}r‘ < AF_ /8. Alternatively, a system specification requiring the possibility to

measure radial winds up to viyax commands Fg = 8vpax/A.

The averaging kernel is the convolution function between the pulse profile and the range-gatemprofile.
Its length is a function of the pulse footprint in the atmosphere, Ar [see Formula (6)], of the range gdate,
Ax, and of the weighting factor, k, where « is the ratio between the gate full width at half maxinjum
(FWHM) ahd Ax.

cl Tp
Ar = 4+—— 6

> (6)
where

Tp is the FWHM duration of the laser pulse instantaneous intensity, g(t).

The range fesolution, AR, is defined as the FWHM of the averaging kernel. For a Gaussian pulse andl an
unweightefl range gate, AR is calculated according to Formula.(7]l6]:

aR=Y. A \Afx 7

4 .
erf \/; ) At erf TE—AX
2Tp 2Ar
For a Gaus$ian pulse and a Gaussian weighted\range gate, AR is equal to Formula (8):

d 2 2 2 2

AR =7 \T? + (k- At)" = |Ar® £fk - AX) (8)
b, p

8 © IS0 2017 - All rights reserved
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2>
=
T

t time elapsed since the emission of the laser pulse

At | duration of the spectral analysis time window (it sets the'size of the range gate)
signal number

pulses

N

1

2 time series
3 spectra
4

Doppler frequency
Figure 3 — Diagram showing how the frequency analysis is conducted

Sevpral signals are considered and range gated. The average spectrum is computed and g frequency
estimator is applied.

Suctessive range gates-can be partially overlapping (then successive radial velocity measurgments are
partially correlatéd), adjacent or disjoint (then there is a “hole” in the line-of-sight profile of the radial
velqcity).

Several pessible frequency estimators are presented in Reference [6] with a first analysis of their
performances. Their performances are further discussed in Reference [7]. Whatever the estimator, the
propability density function of the estimates is the sum of a uniform distribution of “bad] estimates

Y 1 ) PETSPNE RONSE B s £ 4 Todical I ENRE) NS f d
grosserrorsyspreatacrossTthneentire oant T max, Jmax] aire a rerattvery-rarrow-aistriotrion or goo

estimates often modelled by a Gaussian distribution, as shown in Formula (9):

~ — 2
) b 1-b (Fret = Fret) .
p(fhet) = zfmax * \/EGf exp _tszzt forfr € [_fmax’fmax:| 9)

0 otherwise

In principle, the mean frequency, }_Chet’ can be different from the “true” heterodyne signal frequency,

fhet- This can happen for instance when the frequency drifts during the laser pulse (chirp, see
Reference [8]). However, these conditions are rarely met and a good heterodyne Doppler lidar produces
in practice un-biased measurements of Doppler shifts.

© IS0 2017 - All rights reserved 9
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The parameter of characterizes the frequency precision of the estimator. The corresponding radial
velocity precision is oy = A - 0¢/2. In a heterodyne system, it is typically of the order of several to several
tens of centimetres per second. It degrades with the level of noise [power of n(t) in Formula (3)] and
improves with the number of accumulated signals, N. In practice the improvement is limited as the
accumulation of a large number of signals result in a long integration time during which the natural
variability (turbulence) of the wind increases.

Reference [9] discusses the presence of gross errors (also called outliers[l]) and proposes a model
for the parameter b as a function of the several instrument characteristics and the level of detection
noise. An outlier happens when the signal processor detects a noise peak instead of a signal peak. The

parameter

b is a decreasing function of the CNR. Quality checks shall be implemented in hetero

yne

lidar syste
sets the m4

4.4 Targ

The aim of
interval, th

There are §
document.

The target
products 1
whole. Thi
updraft an

is to determnine kinematic properties and parameters of inhetogeneous wind fields such as diverge

and rotatid

ms so gross errors are filtered out and ignored as missing data. The presence of gross£r
iximum range of the lidar.

et variables

heterodyne Doppler wind lidar measurements is to characterize the wingdfield. In each ra
e evaluation of the measured variable leads to the radial velocity; see Farmula (5).

dditional target values like the variability of the radial velocity thatare not discussed in

variables can be used as input to different retrieval methods to derive meteorolog
ke the wind vector at a point or on a line (profile), in@n“arbitrary plane or in space
5 also includes the measurement of wind shears, aiteraft wake vortices (see Figure
 downdraft regions of the wind. An additional aim o0f'the Doppler wind lidar measureme

n. See examples of applications in Annex C.

OIS

nge

this
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hS a
1),
bnts
nce

4.5 Sources of noise and uncertainties
4.5.1 Logal oscillator shot noise
The shot npise is denoted n(t) in Formula.(3). Its variance is proportional to the local oscillator ([LO)
power, as shown in Formula (10):

(n? gy | = 2esP, B 10)
where

S isthe detector sensitivity, S = ne , where 7 is the detector quantum efficiency;

t
B is theddetection bandwidth

It causes gross errors and limits the maximum range of the signal. If no other noise source prevails, the
strength of the heterodyne signal relative to the level of noise is measured by the carrier-to-noise ratio,
CNR, as shown in Formula (11)[6]:

n-K-y(t
CNR = —()Pr (¢) (11)
h- ft -B
NOTE Some authors sometimes call signal-to-noise ratio (SNR) what is defined here as the carrier-to-noise

ratio (CNR).

10
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2 Detector noise

Additional technical sources of noise can affect the SNR. As the shot noise, their spectral density is
constant along the detection bandwidth (white noise).

Dark noise is created by the fluctuations of the detector dark current, ip, as shown in Formula (12):

<n2DN>:2e iDB

(12)

— Thermal noise (Johnson/Nyquist noise) is the electronic noise generated by the thermal agitation of

the electrons inside the load resistor, Ki, at temperature 1, as shown in Formula (15):

, 4kgT
(> py ) = — =B (13)
L

wheére

kg is the Boltzman constant.
4.5]3 Relative intensity noise (RIN)
Theg RIN (dB/Hz) is the LO power noise normalized to the average power level. RIN typically peaks at
the(relaxation oscillation frequency of the laser then falls offat higher frequencies until it cgnverges to
the[shot noise level. (pink noise). The RIN noise currentincreases with the square of LO powjer.

. , 0,1 RIN
n’pin = (SP, )?10 B (14)

In 4
Nnoi

4.5

The
ind
long
sen
ran
pre

4.5
Api

e. In that case only, Formula (14) is applicable.

4 Speckles

heterodyne signal for a coherent Doppler wind lidar is the sum of many waves backs(
vidual aerosol particles, As)the particles are randomly distributed along the beam in vol
ver than the laser wavelength, the backscattered waves have a random phase when the
Gitive surface of the'detector. They, thus, add randomly. As a result, the heterodyne s
Hom phase and amplitude. The phenomenon is called speckles (see Reference [10]). It
Cision of the frequéency estimates.

5 Laserfrequency

'ecisémeasurement of the radial velocity requires an accurate knowledge of f; - fio. Any u

good lidar system, ip RIN, 1/Ry, are low enough so that the LO shot noise is the prevailinlg source of

attered by
imes much
UV reach the
gnal has a
limits the

ncertainty

int

his'yalue results in a bias in f_ . If the laser frequency, f;, is not stable, it should either bg

measured

or locked to fio.

4.6

Range assignment

The range assignment of Doppler measurements is based on the time elapsed since the emission of the
laser pulse. This time shall be measured with a good accuracy (the error, &, shall be smaller or equal
than 26 - x/c, where ¢ - x is the required precision on the range assignment). This requires, in particular,
that the time of the laser pulse emission is determined with at least this precision.

4.7 Known limitations

Doppler lidars rely on aerosol backscatter. Aerosols are mostly generated at ground and lifted up to
higher altitudes by convection or turbulence. They are, therefore, in great quantities in the planetary
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boundary layer (typically 1 000 m thick during the day in tempered areas, 3 000 m in tropical regions),
but in much lower concentrations above. It follows Doppler lidars hardly measure winds above the
planetary boundary layer except in the presence of higher altitude aerosol layers like desert dusts or
volcanic plumes.

Laser beams are strongly attenuated in fogs or in clouds. It follows the maximum range of Doppler
lidars is strongly limited in fogs (a few hundreds of metres at best) and cannot measure winds inside
or beyond a cloud. They are able to penetrate into subvisible clouds as cirrus clouds. Therefore, wind
information at high altitude (8 km to 12 km) can be retrieved from crystal particle backscattering.

Doppler lidars detect cloud water droplets or ice crystals when they are present in the atmosphere.
As they ar¢ efficient scatterers, they may dominate the return from the atmosphere, in case of hgavy
precipitatipn, for example, in which case the Doppler lidar measures the radial velocity of hydrometgors
rather than the radial wind.

Rain down
generally s

washes the atmosphere, bringing aerosols to the ground. The range of a Doppler lid3
ignificantly reduced after a rain, before the aerosols are lifted again.

The presence of rain water on the window of a Doppler lidar strongly attenuates its transmisdion.
Unless a lidar is equipped with a wiper or a blower, its window should be wiped. manually.

tive
[ing
5 be

bd in 4.2, the efficiency of heterodyne detection is degraded by the presence of refrac
hilence along the beam. Refractive index turbulence is mostlypréeésent near the surface du
. The maximum range of Doppler lidar looking horizontally close to the surface may thu
ly degraded in such conditions.

As explain
index turby
sunny days
substantia

5 System specifications and tests

5.1 System specifications

5.1.1 Transmitter characteristics

5.1.1.1 [

The laser
existing te
wavelengtl
power par
[12]). In fac
and safety

5.1.1.2 K

The laser j

aser wavelength

vavelength depends mainly on the technology used to build the laser source. Most of
chniques use near-infraved wavelengths between 1,5 um to 2,1 um, even though of
1s up to 10,6 pm may be used. The choice of the wavelength takes into account the expe
hmeters but also the€atmospheric transmission and the laser safety (see References [11]

considerations(>1,4 um to ensure eye safety).

ulse duration

ulseduration, Tp, is the FWHM of the laser pulse envelope, g(t). T, defines the atmosp}

the
her
ted
and

t, the choice ofthe'window between 1,5 um and 2,1 um is a compromise between technology

jere

probed len

c

R,

th Ry contributing to the instantaneouslidar signal as shown in Formula (15):
-T

p
2

As an example, a pulse duration of 200 ns corresponds to a probed length of approximately 30 m.

5.1.1.3 Velocity precision and range resolution vs. pulse duration

(15)

There is a critical relationship between the pulse duration and two performance-related features. A
long pulse duration of several hundreds of nanoseconds leads to a potentially narrow FWHM of the laser
pulse spectrum (if “chirping” can be avoided), (see the Fourier transform of the overall pulse in the time
domain). This can lead to a very accurate wind measurement even for a very low signal-to-noise ratio
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provided that outliers can be avoided (see 4.3). There is an adverse impact from high performance on
range resolution. A pulse duration of 1 pus limits the effective range resolution to approximately 150 m
[see Formula (6]].

5.1.1.4 Pulse repetition frequency

The pulse repetition frequency, fprr, is the laser pulse emission frequency. fprr determines the number
of pulses sent and averaged per line of sight in the measurement time. It also determines the maximum
unambiguous range where the information of two consecutive sent laser pulses will not overlap. The
maximum unambiguous range, Rmax0, corresponds to fprr as in Formula (16):

As for radars, however, specific types of modulation (carrier frequency, repetition frequeng

c

RMaxO = Zf
PRF ..

For|example, for a maximum operational range of 15 km, the maximum fprF is 10-kHz.

ovefcome the range ambiguity beyond Rmaxo-

5.1{2

The transmitter/receiver is defined at least by the parameters given in Table 1.

In grinciple, pulsed systems are monostatic systems. For continuous wave systems, bistatic

Transmitter/receiver characteristics

Table 1 — Transmitter/receiver characteristics

(16)

y, etc.) can

Transmitter/receiver characteristics

Remarks

Aperture diameter

Physical size of the instrument’s aperture that

limits transmitted and received beams

Laser beam diameter and truncation factek

For a Gaussian beam, the laser beam diamef
is defined as the diameter measured at 1/e3
in power at the lidar aperture. The laser beg
diameter defines the illuminance level and
the eye safety. The truncation factor is the 1
between the diameter measured at 1/e2 ang
the physical size of the instrument’s apertu

er

m
0
atio
|
Fe.

Focus point

Usually, pulsed lidars use collimated beams}

For some applications, the beam can be par
tially focused at a given point to maximize
intensity on the beam laser within the mea
urement range. The intensity of the signal, g
thus the velocity accuracy, will be optimize
this specific point.

he

nd
1 at

alsq available.

setups are

5.1.3

Signal sampling parameters

The sampling of the pulsed lidar signal in range is determined by the parameters given in Table 2.

© IS0 2017 - All rights reserved
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Table 2 — Signal sampling parameters

Signal sampling parameters Remarks

Range gating The range gate positions can be defined along
the line of sight.

Range gate width Given by the sampling points or the sampling
frequency of the digitizer. Should be chosen
close to the pulse length.

Number of range gates For real-time processing, spectral estimation of
all range gates shall be computed in a time less

4=l =l . d don
I LIIdIll LT lllLCsl dlIUIT UITIIC,

Radfial window velocity measurement range Wind velocities as low as 0,1 m/s can be
measured with the aid of Doppler wind lidar
systems. The measurement range is restricted
towards the upper limit only by the technical
design, mainly by the detection bandwidth. A
radial wind velocity range of morethan 70 m/s
can be measured.

Resplution of the radial velocity The wind velocity resolution is the minimum
detectable difference of the wind velocity in a
time and range interval-A.resolution of 0,1 m/s
or better can be achi€ved by averaging.

5.1.4 PoInting system characteristics

The pointing system characteristics are given in Table 3.

Table 3 — Pointing systemi characteristics

Pointing system characteristics Remarks

Azimuth range When using a pointing device, a lidar has the
capability to point its laser beam at various
azimuth angles with a maximum angular ca-
pability of 2m. For endless steering equipment,
a permanent steering along the vertical axis is
allowed. Other scanning scenarios should be
followed for non-endless rotation gear.

Eleyation range The pointing device can be equipped with a
rotation capability around the horizontal axis.
Potential 360° rotation can be addressed. Typ-
ical elevation angles are set from 0° to 180° in
order to observe the semi-hemispherical part
of the atmosphere above the lidar. Anyhow, a
nadir pointing can be used for resting position
of the equipment.

Ang]u]ar vn]nrify The nhgn]nr vn]nrify isthe cpnnr‘ atwhich a
pointing device is rotating. A measurement can
be performed during this rotation. In this case,
the wind velocity information will be a mean of
the various lines of sights in the probed area,
between a starting angle and a stopping angle.

Other scenarios of measurement can use a
so-called step and stare strategy, with a fixed
position during the measurement.
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Table 3 (continued)

Pointing system characteristics

Remarks

Angular acceleration

Defines how fast the angular velocity can
change. To be defined for complex trajec-
tories with fast changes in direction. Angle
overshoots can be observed at high angular
acceleration.

Pointing accuracy

The relative pointing accuracy is the standard
deviation of the angular difference between the
actual line-of-sight position (azimuth and ele-

5.2

5.2

Af
par
ind
and
Dop
Nnois

vation) and the position of the target (system of
reference of the instrument).

The absolute pointing accuracy needs prior
calibration by angular sensors (pitch, roll,
heading) (system of geographicalreference).

Angular resolution

Minimum angle step that thelline of sight CT
move. It can be limited byja-motor reductio
factor, position, encodel or mechanical frictjion.

1 Figure of merit

Relationship between system characteristics and performance

gure of merit (FOM) helps to compare range performance of different lidars wit
hmeters. The example shown in Figure 4 allows$/the classification of pulsed lidar se
bpendently of atmospheric parameters. FOM is“derived from the lidar equation [see Fg
is proportional to velocity spectrum, CNR, which is defined on the averaged spectral depsity as the
fant (white

pler peak intensity divided by the spectral\noise standard deviation, assumed to be cons
e). N is the number of averaged pulses,
S¢(A*/HZ)
20, SPs P, T
Cc-2eSP,
n m ~
q‘\/y“" \’\l'\
f
B

Figure 4 — Example of FOM

FOM is defined for a set of lidar parameters as in Formula (17):

©IS

FOM =1, -E T, - D*-\Jt; fopp

02017 - All rights reserved
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nsitivities,

rmula (4)]

(17)
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Nall

ti

fPRF

The FOM is

When con
parameter
1 s to avoid

A lidar may

Considerinjg state-of-the-art low aberration optical components, #a1 can be estimated by the produ
the emittin

Ithas tobe
the collect

degrades t
for long ra

Since the

operational range is approximately proportional to the square root of FOM, when atmosph
absorption

expressed

Table 4 con

Table 4 — Figure of-merit for typical lidar figures and their corresponding typical

2-2:2017(E)

is the overall efficiency, taking into account beam and image quality, overall transmission

and truncation factor;

is the laser energy at the laser output (received energy is proportional to peak power
laser footprint);

is the pulse duration (this term comes from narrow bandwidth, inversely proportional to

is the collecting telescope diameter (for typical long range applications, the optimum is 100

and

Tp) ;

mm

to 150 mm in size for NIR wavelengths);

is the integration time for one line of sight;

is the pulse repetition frequency.

proportional to the square root of number N of accumulated spectra: N &&*fpRrr-

lparing two lidars at two different wavelengths, spectral dependence of atmosph
5 should be considered. The FOM shall be calculated with an integration time less or equd
that wind or turbulence may fluctuate more than the Doppler spectral width.

7 increase its FOM with a longer accumulation time withinhis 1 s time limit.

g path transmission by the receiving path transmission.

noted that the FOM for a pulsed Doppler lidar may not be increased indefinitely by increa
ing area, D2, since phase distortion across;the beam due to refractive index turbulg
ne heterodyne efficiencyl[3l. A practical limit\s in the vicinity of D = 125 mm useable diam
nge lidars.

can be neglected. When FOM is expressed in m] ns m2, the maximum operational ra
n km, is almost the square¥oot of FOM.

nputes the FOM for typical lidar figures and their corresponding typical measurement ra

measurement range

eric
11 to

t of

bing
nce
pter

velocity spectrum CNR is invers€ly proportional to the squared range, the maxinjum

eric
hge,

nge.

n E ¥ D fPRF ti FOM Typical
measurement range
m]J ns m Hz S m]J ns m2 km
0,5 0,2 800 0,12 10 000 1 115 10
0,5 0,1 400 0,06 20000 1 10 3
0,5 2 300 0,12 750 1 118 10
5.2.2 Time-bandwidth trade-offs

A good practice is to match the pulse duration with the desired range gate (see 4.6) so that the spatial
resolution depends equally on these two parameters. With this assumption, spatial resolution is
proportional to pulse duration. The shorter the pulse, the better the resolution. Velocity resolution is
proportional to spectrum width and is larger when the spectrum is narrow. Because the spectrum
width is inversely proportional to the pulse duration, range resolution and velocity resolution are also
inversely proportional.

16
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5.3 Precision and availability of measurements

5.3.1 Radial velocity measurement accuracy
Radial velocity measurement accuracy is defined (according to ISO 5725-1) in terms of

— trueness (or bias) as the statistical mean difference between a large number of measurements and
the true value, and

— precision (or uncertainty) as the statistical standard deviation of a series of independent
measurements. It does not relate to the true value.

Lidar data of good quality are obtained when the precision of the radial velocity measufrements is
higher than a target value (e.g. 1 m/s) with a predefined probability of occurrence (e.gy95 %).

An ferror value (1o) of 0,5 m/s can be regarded as adequate for typical meteorological applications
and| for wind measurements to determine the statistics of dispersion categories for aif pollution
modlelling[13]. For wind energy applications, the requirements may be highe®(0,2 m/s).

5.3/2 Data availability

Dath availability is defined as the ratio of data with precision, P, to the total number of dafa during a
measurement period.

The availability of measurement data, i.e. the determinahility of the wind profile is a funcfion mainly
of the aerosol concentration and the clouds. Other filtering criteria may be applied, dependling on the
reqpired data accuracy. For example, data that exhibitssignificantly non-uniform flow aroupd the scan
disk should be rejected.

5.3/]3 Maximum operational range

Asspming the lidar line of sight remains.within the planetary boundary layer (i.e. no signifidant change
of sljgnal along the line of sight), Figure.5.shows a typical pulsed lidar data availability versus|range plot.

Y
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50
40

20

\

20
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SN N N S N A e

\

0 2000 4000 6 000 8000 10000 X

Key
X  range in metres

Y availability in %

Figure 5 — Example for maximum operational range
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In this case, the range for 80 % data availability (Pgp) is 7 500 m.

The perfor

mance shown in this diagram is based on a standard atmosphere:

— no clouds along the line of sight;

no precipitation;

— visibility over 10 km (clear air).

This performance will vary significantly with relevant local climatic and operational conditions. Data

from great

Measurem
described 1}

For examp

If the avai
maximum

For a given
5.4 Test

54.1 Ge

In order to
a set of val
Certain oth

such as cup or sonic anemometers.

5.4.2 Radial velocity measurement validation

5.4.2.1 (
This subcld
5.4.2.2 K

bnt range shall be defined with a given availability criteria. Recent study about this\i
n Reference [14].

e, Rsg corresponds to the maximum range with availability over 50 %.

ability is not mentioned, the maximum operational range is supposed-fe be Rgy, i.e.
Histance where the availability is over 80 %.

ing procedures

neral

accurately assess for the accuracy of the target yariables, the manufacturer should perf
dation tests for the range and velocity. Some can-be performed under laboratory conditi
er validation tests can only be performed by-a-comparison with other reference instrums

feneral

use describes how the quality of radial velocity measurements can be checked and asses

Jard target return

This test cpnsists in acquiting wind measurements with the beam directed to a stationary (unmov

hard targe
by the lida

This test ¢
is known o)

t (any building-within lidar range) and checking the radial velocity measurement retur
Fis 0 m/s:

hecksithe frequency difference, f; — fio, between emitted laser pulses and the local oscill
r determined with a sufficient accuracy (see 4.5.3).

the

availability, a change in velocity precision leads to a change in maXimum operational rapge.

Drm
bNS.
nts,

Sed.

ng)
ned

htor

The range gate length should be close to the length of the laser pulse, and the distances of the range
gates should be set so that the hard target is exactly at the centre of one range gate, otherwise, a velocity

bias can oc

cur in case of frequency drift within the pulse.

Hard target velocity measurements should be acquired during at least 10 min. The test is successful if
the time sequence of hard target radial velocities is centred at about 0 m/s.

5.4.2.3 Self-assessment of radial velocity precision

In this test, the pulsed lidar beam is vertical and radial velocity measurements are acquired during
at least 20 min at the rate of at least one profile of radial velocities every second. Let us denote by

18
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vr (x,k), k = 1,..,K the time sequence of radial velocities measured at distance x. The test consists in
forming the power spectrum of the time sequence, as shown in Formula (18):

2
K
1 .
V(x,f) = Zvr (x,k)exp (—2]1tﬂ(5t)
k=1
where
6t is the constant time lag between successive vy (x,k)measurements.

(18)

On

tverage, the power spectrum V(x,f) should look like Figure 6. Atlow frequencies, the powe
is dominated by natural wind fluctuations and shall follow a f5/3 law. At high frequefgies,

[ spectrum
the power
is flat part

e. when the
atural wind

t precision

speftrum is dominated by the flat level of measurement errors (white noise). The level of th
dirgctly gives the variance of these measurements 63 (x)
NOTE The test shall be carried out at night when the natural variability of the-wind is weak, i
winf is considered to be calm. It may then happen that measurement errors are much larger than nj
flucfuations so the f5/3 part of the power spectrum is hidden.
Fully described in Reference [15], this technique allows for the estimation of the measuremer
of the lidar without any ancillary data.
V(xf)
10°
N
N
10° -
: it o2 0
1072 - | ' H ’
10 |-
N
10‘6 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 |
10° 10 107 10 10 10° f
Key
f frequency
V(xf) power spectrum

Figure 6 — Power spectrum of radial velocity measurements

The line is V(f). At low frequencies, V(f) should be proportional to f5/3 (spectral behaviour of natural
wind variability; see dashes). At high frequencies, the spectrum becomes flat (dash-dot line) at a level

directly equal to the variance of measurement errors, o

2
e
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5.4.3 Assessment of accuracy by intercomparison with other instrumentation

5.4.3.1 Sonic anemometer

The last test consists of directing the lidar beam very close to a sonic anemometer on a mast or platform
without vibration and comparing lidar radial velocities with the projection of the three-dimensional
wind vectors acquired by the sonic anemometer on the beam direction.

Lidar and sonic anemometer data shall be averaged over a minute.

The direction of the lidar beam shall be determined with a good accuracy (of the order 1° or better) and

ascloseas
(height dif]

possible to the horizontal plane. The lidar beam shall be at the height of the sonic anemom
ference of the order of 1 m or less).

The root npean square of the differences between lidar and sonic anemometer data shall'be‘less t

0,1 m/s.

The mast ¥y
such thatt

5.4.3.2 K

The mast s

54.3.3 (

The possib
option whg
becoming !
of the win

vill most likely cause wind flow perturbations downstream. Winds confing from direct
e sonic anemometer is in the perturbed zone shall be removed from thestatistics.

erformance test against masts

hall be equipped with at least three-cup anemometers mowited horizontally.

omparison with Doppler weather radars

ility for inter-comparison between Doppler lidars’and Doppler weather radars can bg
re the two systems are collocated. The details about this class of inter-comparison are
known as the deployment of systems integrating both sensors for all-weather remote sen
1 field at airports, especially for wind shear detection, is just getting under way. Stu

have rece

ly been conducted[16][17][18], Both sensors should be collocated and should probe the s

pter

han

ons

an
just
bing
lies

atmospherjic volume in order to be certain of representative inter-comparisons.

In addition to the siting requirement, it is ery important that weather situations be selected in which
the tracer fargets of both sensors actually represent the flow of air. In conditions of dry weather,|the
Doppler lidar works best, while under.such conditions of clear air, the radar measures only the retyrns
due to scattering by insects. These scattered signals from insects provide no accurate indication of{the
actual air movement. Comparison-with data from Doppler lidars typically shows differences of up to
several meftres per second. Thexefore, echo classification in terms of radar targets has to be enabled in
order to bg able to reject insect returns. This means that the radar has to be capable of measurinlg at
two orthogonal linear polarizations. During precipitation events, however, conditions are optimal for
the radar, yhereas, the lidar may have significantly reduced range coverage. In weather situations With
light rain ¢r drizzl€ from stratiform cloud, both radar and lidar sensors are expected to obtain r}]ﬂgh
quality data. Suclitsituations are thus best suited for this validation procedure. Appropriate filtering of
radar datalon/thé basis of target classification using dual polarization moments needs to be condugted
in order to|gebrid of any non-meteorological returns.

If these requirements are fulfilled, cross comparison of Doppler weather radar and Doppler lidar can be
performed on the basis of profiles of horizontal wind as obtained, e.g. with velocity volume processing
(VVP) or velocity azimuth display (VAD) methods. In this case, the scan geometry has to be considered.
Ideally, the scan geometry for the radar and lidar should be the same with respect to elevation angles.
Another option yet to be evaluated could be to compare the actual radial wind velocities on a range gate
by range gate basis between the radar and lidar systems.

5.4.3.4 Comparison with radar wind profilers

Comparison with radar wind profilers may be performed if the two systems are collocated. The weather
conditions under which both sensors work optimally are not exclusive of each other (sufficient aerosol
tracers for lidar and sufficient turbulent eddies as targets for Bragg scattering for the wind profiler).
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Care shall be taken that both sensors face optimal atmospheric conditions. Additionally, attention has
to be paid to the scan mode used to derive the vertical wind profile so that the volume probed by the
lidar matches the volume probed by the wind profiler.

5.4

.4 Maximum operational range validation

In clear sky conditions, the atmosphere can be described by the visibility, V, the aerosol concentration
and the aerosol type, where the last two can be properly described by the two optical lidar parameters
extinction and backscatter coefficients. The visibility (see, for example, [SO 28902-1) and humidity are
measured by standard ground based meteorological local sensors, whereas, the aerosol type and its
sizg-distribttionare-not—Fo-simp atmoesphere pes-eatrbe—sorted-rafew-categories

wit

stertadians. Rpmaxo wWill not be too dependent on the aerosol variability on site except for cond
locdl pollution sources.

associated

df 30 to 50

itions with

Visipility is an important parameter for lidar range. The lidar equation [see Formula (4)] indicates that

the
ext
the

function Pr(t) (see lidar equation, Formula (4) and Figure 7), and so_foh Rmaxo-

To discard unfavourable visibility conditions for coherent Doppler wind lidars (fog and very

haz
pre
the

e and clear visibility conditions are selected for range measurements. Current lidars c

horizontal component has been shown to be very accurdte (see Reference [18]).

received power is proportional to the backscatter coefficient and decreases exponentially with
nction, thus increases with visibility. Since a(x) and f(x) are proportional, there is a maximum to

Clear), only
hn work in

Cipitating conditions, but are subject to error in their determination of the vertical wind Jomponent;
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Figure 7 +— Dependency of'the maximum operational range of the heterodyne Doppler signal to
the visibility conditions
Table 5 — Plot numbers
Plot number 1 2 3 4 5
Typical EOM-for1s 20 30 60 100 150

Fypieat
integration time

(m] ns m2)

Because backscatter changes rapidly for high RH values, data corresponding to RH > 70 % should be
filtered out the measurement data set. So, precipitation conditions (rain, snow) are not considered.

Moreover, index turbulence, Cn2 (depends on temperature and altitude), can modify Rmaxo by altering
the beam wave front. Strong turbulent conditions shall be removed from data sets (sunny days around
noon), and experimental protocol shall be followed up.

So the validation shall be conducted under the following conditions:

— thelidaris operated in operational conditions (vertical for profilers, low elevation for scanninglidars;
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the full measurement range remains in the boundary layer;

10 km < visibility < 50 km (at visible wavelength, dependency with wavelength is given in

ISO 28902-1);

no precipitation;

no cloud on the line of sight;

Cn2 < 10-14 m-2/3 (1 m above ground level).

2 not (‘m‘rpqpnnding to these conditions shonld he filtered out for assessing the

maximum

ope

b)

6

6.1

The
seld
stat
be 1]

Ear
metf

For
wit
and
loca

rational range.
Context conditions are recorded simultaneously (temperature, CnZ2, visibility, RH))

Data sets are created following the above mentioned atmospheric conditioris. 100 h
data are required as a minimum for a good statistical data set. It represents arounc
cumulated measurements with 1 s accumulation time. Depending onthe-atmospheric
the evaluation period can last from 4 days and up to 1 month.

Measurement planning and installation instructions

Site requirements

selection of the measurement site is essentially determined by the measurement ta
ction of the measurement site is necessary, in pa¥rticular, for stationary systems or for

aken into account when selecting the measurement site.

near the installation site of the lidan. [f the view is limited by buildings, it is possible t

measurement signals originating not from the free atmosphere but from obstacles shall
from the evaluation.

Electromagnetic radiation: Doppler wind lidar systems should be shielded prope
interferences by electromagnetic radiation (e.g. by radar, mobile radio or cellular phone

y inspection of\the envisaged measurement site with the participation of ex
eorologists) isTeeommended.

optimal operational range retrieval, the lidar should be installed on a short grass-cove
h no nearby structures, which would cause atmospheric turbulence affecting the lidar’
performance. The lidar should be installed at least at 3 m above the ground, especiall

of filtered
4 days of
conditions,

sk. Careful
the quasi-

ionary use of mobile systems during long-term measurement campaigns. The following points shall

Unobstructed view: Unrestricted visibility can be limited by built-up areas, trees ang buildings

b avoid the

limitation of the horizontal view by.selecting a larger elevation angle. In the case of a VAD scan, the

e excluded

[ly against
networks).

perts (e.g.

‘ed ground

operation
/ when not
oid effects

ted‘on a grass ground, like concrete, asphalt or a plain metallic platform, in order to av

from turbulence nearby the optical output that will destroy the coherency of the atmosphel

drastically diminish the detection.

6.2

Limiting conditions for general operation

Interference factors regarding Doppler wind lidar measurements are:

©IS

optically thick clouds;
precipitation of any type (rain, hail, snow);

blocking effects (e.g. buildings).

02017 - All rights reserved
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6.3 Maintenance and operational test

6.3.1 Ge

neral

To ensure the system functions as specified and to rule out deviations and technical errors such as
maladjustments[12], maintenance and operational tests shall be performed in regular intervals. In
addition to the information given here, typical application ranges and corresponding requirements can
be found in Annex D.

6.3.2 Maintenance

Maintenan
as a basic
personnel,

requirement of quality assurance. Maintenance procedures may be conducted by)on
using an automatic software detection of the decrease of the signal due to, e.g. dustdepo

and makinlg appropriate corrections to the data, or a combination of the two. Typical nmaintena

intervals a

6.3.3 Op

Operatione
design. Thg

a) Outpu
the mg

b) Signal
should

c) For sc

e 3 months depending on the environmental conditions.

erational test

1 tests should be performed every 6 to 36 months. The tests dependon the individual sys
e manufacturer shall specify the testing procedures and providethe necessary testing to

power and frequency of the laser source should be measured at the periodicity indicate
nufacturer.

output of the data acquisition system reacting te a defined light pulse or defined ta
be measured at the periodicity indicated by the:fitanufacturer.

inning or steering systems, an alignment test using a calibrated instrument (e.g. comp

inclingtion meter) should be performed.

6.3.4 Uncertainty

Table 6 co

piles uncertainty contributionsto the measurement variables and the line-of-sight W

velocity. The uncertainty contributions of the measurement variables influence the quality of the ¢

produced k
— theini

— the prg

y the system. The dominant uncertainties result from:
Lial calibration process)of the system by the manufacturer;

bvailing environmental conditions.

ce such as regular cleaning of the optical components, calibration, etc. shall be perforllned

site
bits,
nce

fem

pls.

| by

rget

ass,

ind
lata
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Table 6 — Effects leading to uncertainty

Measurement variables Effects leading to uncertainty

SNR — Noise including detector noise

— Speckle effect (when only a few pulses are
averaged during the measurement time)

— Laser power or pulse width fluctuations
— Refractive index (temperature) turbulence

— Lagangle at fast rotation speeds

Frequency shift, Af — Bias and fluctuations of emitted pulse’frfe-
quency compared to local oscillator frequenfy

— Pulse length
— SNR
— Number of averaged pulses

— Quality of estimator

Target variable Uncertaifity‘contribution

line-of-sight wind velocity (radial wind velocity) |— Wind turbulence

— Wind gradient along the line of sight
— Hard{targets close to the range gate
— Range ambiguities

—(Pointing accuracy

© IS0 2017 - All rights reserved
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Annex A
(informative)

Continuous-wave Doppler wind lidar

As stated in this document, there are several methods by which lidar can be used to measure

atmospher

e wwind Tha four yact comanly nead mathode ~vyn nlcad And continyianic vaaun ff‘W)
e—WhHe- ¥ Se = T H5-Wave

coherent D
(most com

This document describes the use of heterodyne (coherent) pulsed lidar systems. It should be nc

that there
coherent D
requireme
presents it
wave Dopp
measurem
within the
signal-pro
conditions

wind €
wind 1
power
loss fa
wind H
wind §
— requir

ISO 28902
bodies con
for users
independe

Trre—roor TSt COTIIIITOTITy oo cortrIrarotry

oppler wind lidar, direct-detection Doppler wind lidar and resonance Doppler wind\l
monly used for mesospheric sodium layer measurements).

crrIrretrrotro—oTre

is also ISO 28902-3 currently in preparation, which describes the use of gontinuous-w
oppler wind lidar for the measurement of atmospheric wind. ISO 28902-3)will specify
nts and performance test procedures for continuous-wave Doppler fidar techniques

s advantages and limitations. The term “continuous wave Dopplérilidar” or “continy
ler wind lidar” is used in this document to apply to continuous-wave lidar systems mal
bnts of wind characteristics from the scattering of laser light by‘aerosols in the atmosp}
low-altitude boundary layer. A description is provided of typical measurement geometi
essing options, performance requirements, and limits<based on standard atmosph
The applications for continuous wave lidar are, among others:

nergy;
esource assessment;

curve verification;

ctor in the wind farm operation;

azards monitoring for aviation weather applications;
hear;

bments for the detectionofwake vortices behind aircraft.

L3 will address manufacturers of continuous-wave Doppler wind lidars, as well as th
rerned with the testing and certifying their conformity. It will also provide recommendat
o make adequaté appropriate use of these instruments. A comprehensive bibliograph
1t publicationswill be provided.

dar
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Annex B
(informative)

Retrieval of the wind vector

B.1 General
. =enera:

Theg wind is a three-dimensional vector quantity, with the wind field being generally

a function

of gdpace and time. The measurement of the instantaneous wind at a particular position therefore
alwpys requires the determination of three vector components. A single Doppler lidar is dnly able to
megsure the component (or projection) of the wind vector along the line of sight of the lpser beam.
Three separated lidar systems would therefore be required to perform an exact local measpurement at

any|fixed time. Under certain assumptions, it is possible to estimate the fall'wind vector fr

m a single

“mdnostatic” Doppler lidar. This process is called wind retrieval since the accuracy of the wind vector

estimate depends on the validity of the assumptions regarding the wind field.

B.2 Coordinate system

Figiire B.1 shows the wind vector E(F,t) in the Cartesiah coordinate system with the uhpit vectors

or rpdius vector of an air parcel.

- dr |4
u=—-=\u
de u

or

Zenit

I, j], k.The components uy, uy, u are scalar functions-6¥position and time, r=r (x,y,z,t) ,is the position

(B.1)

(B.2)

Figure B.1 — Coordinate system and wind vectors
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The coordinate system in Figure B.1 points to the East (E) with the positive x-direction (17), to the
North (N) with the positive y-direction ( j ) and to the zenith with the positive z-direction ( k ). With, 6

and ¢, the components in Cartesian coordinates are:

u, =U-cos¢ -sin6
uy =Ucos¢- cos@ (B.3)
u, =U-sing
and the three-dimensional wind vector becomes:
Y- cos¢ -sinf
u= | Y- cos¢-cosf (B-4)
U-sing

EXAMPLE Horizontal west wind: 8 =90°, ¢ = 0°.
= u, =U ki =u, =0 i=(U,0,0)
B.3 Horjizontal wind vector
The horizoptal wind vector, ﬁh , and the horizontal projection of the thiee-dimensional wind vectot, u ,
in Figure B.1 becomes:

- i u, -sinf

= X |= h

Up [ly] [”h ~c059] (p-5)

or, in component notation:
- 2 2

uh=‘ul‘=U-cos¢= uy +uy (B.6)
The value py, is denoted as horizontal wind_velocity or colloquially as wind velocity. According to|the
meteorological convention, the wind direction is defined as the direction opposite to the wind vegtor,
ﬂh . Itis or|ented clockwise from North'ia East, South and West (see Figure B.1).
For the cage of a lidar scanningin-a disk at fixed elevation angle in uniform wind flow, the individual
line-of-sight velocity points fellow a cosine form as a function of azimuth angle. The peaks of|the
function c¢rrespond to thé-azimuth angle aligned parallel or anti-parallel to the wind direction. [The
function passes through zero when the azimuth angle is perpendicular to wind bearing since thete is
no compotlent of velogity along the line of sight. The data are also conveniently displayed on a pplar
plot, whiclf provides information at a glance on the speed, direction and vertical wind componerft. A
standard l¢ast-squares fitting routine provides the best estimates of the values of the three unkn¢wn
parameterf (either u, vand w, or alternatively, horizontal speed, vertical speed and wind bearing).

B.4 Rad

ial velocity

In lidar measurements, the component v, of the local wind vector ﬁ(?,t) the beam direction of the

laser, i.e. the radial velocity at any arbitrary position r is the direct measurand determined from the
Doppler frequency shift (see Figure 5). If the wind vector ﬁ(?) is written in a spherical coordinate
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system [Er, 59 ,E¢) instead of a Cartesian (?,},k) coordinate system, the radial velocity, vy, is easily

defined (compare Formula (B.2))[20]:
ﬂ(?)=ﬁ(r,6,¢):(ur~5r+u0'59+u¢-5¢) (B.7)
where

Py the unit vector in beam direction;
r

e @ e the unit vectors in the azimuth and elevation direction;
60'"¢

up ug, up  are the orthogonal wind vector components of the coordinate system cagried along
during the scanning operation.

The projection of the wind vector ﬁ(r) onto the beam direction, i.e. thejs¢alar product| () can be

der]ved with Formula (B.7):

u (r) °€, =U =V, =V (B.8)

vLo$ is equal by convention to the negative radial componentv,/of the local wind vector at the position
r . The negative sign of vi,gos corresponds to the convention ‘that in lidar systems the wind| velocity is
regarded as positive towards the laser.

With the known transformation relation between<$pherical and Cartesian coordinates[19], v, can be
expressed by the Cartesian wind components uy, @, uz the result being:

1% = —(ux - cos¢ - sinf + Uy - cosg - cosO +u, - sinq)) (B.9)

Los = Vr
B.3 Retrieval of the wind veetor

Thg atmosphere should be sefised at different angles in order to detect the (Cartesian) components uy,
uy, 4z of the wind vector with)the Doppler wind lidar.

NOTE The wind components uy, uy, uz are frequently also called u, v, w.

However, all wind.Components are usually subject to spatial and temporal fluctuations sinde the wind
field in general‘cannot be regarded as homogeneous and stationary due to a variety of $mall scale
atmlospheri¢c-pfrocesses like gravity waves, convection, turbulence or orographically induced flow
effects. Hemogeneity assumptions should therefore be made in order to retrieve an estirhate of the
wind vector from the radial components. The better this assumption holds, the more does thje estimate
represent the actual wind field. The problem has been extensively discussed in the literafure and is

exp ; SET, )

Therefore, assuring that the wind field can be regarded as stationary over the measurement period and
horizontally homogeneous over the sampled volume, that is, if the wind field is only a function of the
vertical coordinate z, then the radial wind measurements for a fixed geometrical height are given by
Formula (B.10), the simple matrix equation:

A-u=vy (B.10)

The rows of this (n x 3) matrix A are comprised of the unit directional vectors describing the pointing
of the n beams. The vector vy is also of dimension n and contains the radial winds obtained in the n
pointing directions. This is nothing more than a compact notation for the n scalar (inner) products as
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given in Formula (B.8). For n = 3, the inverse A-1 exists if A has rank 3 (e.g. all row vectors are linearly
independent) and the wind vector can be directly obtained through Formula (B.11):

u=A-1

*Vr (B

11)

For n > 3 and rank(A4) = 3, the linear system is overdetermined and has usually either one solution or no

(exact solution) at all. However, an approximate solution can be found which minimizes

A'u—vr

2

This least-square solution can be expressed by the Pseudoinverse (ATA)-1 - AT of matrix A as shown in

Formula (B.12):

U=(AT

AT denotes
scanning c
use of this

The Dopple
are two frq

In the case
directions,
wind field
can be tesf
method wi

In the case
The variat
of the loca
the proces
later discu
In the case

If the lidan
time, these
elaborate 1
to Formula

U)-1- AT - v, (B

the transpose of matrix A. Formula (B.12) is sufficiently general and describes,all poss
pnfigurations with n discrete beam pointing directions. Care shall be taken dn‘the pract
formula to obtain numerically stable implementations.

br beam swinging (DBS) technique or the velocity azimuth display (VAD) scanning meth
quently used scan schemes for Doppler lidars.

of the DBS technique, measurements are performed in at least\three linearly indepenc
This method allows for a very fast scanning, but it may yiéld biased measurements if|
is non-homogeneous. The validity of the retrieval assumptions (homogeneity, stationar
ed to some extend if more than three directions are uséd. An explicit example of the
th n = 3 and n = 4 can be found in Reference [23].

of the VAD scan, the beam direction azimuth iswaried in a continuous scanning operat
on of the azimuth angle during the measuremerit series yields a set of different project
wind vector onto these measurement directions. The elevation angle remains constar
5. Originally, the VAD method was proposed for a horizontally homogeneous wind field
bsions were extended to allow for an additional linear variation of the vector components
of a homogeneous wind field, the result is a sinusoidal profile of the measured velocity v,

is powerful enough to provide ‘'several azimuth scans at different elevations in reason
can be combined in order totcompile a full volume scan. This makes it feasible to use a nj
hodel of the wind field thatcan be fitted to the vector of observations of v,. That is, analog

the first sp
volume vel
leads to Fol

Vi

sino - cos¢ - tz-+ cosO - cosg - v, +sing - w,,

(B.10), one can further{expand the Taylor series incorporating also shearing of the wind
atial derivatives. For{ Doppler radars, this procedure is standard and is commonly know
pcity processing (VP). It has been originally published in Reference [26]. This analysis t

rmula (B.13) instéad of Formula (B.10):
(B

.12 2 ’
+r-su[ 04cos“¢ - u,

12)

ible
ical

ods

lent
the
ity)
DBS

ion.
ons
tin
[24]
[25],

.OS-

hble
ore
ous
i.e.
h as
hen

13)

+r-cos?6 - cosng-v;

. 2 ’ ’
+r-cosf -sinf - cos (p-(uy +VX)

+sing

+sin@

30

~(r-sin¢—zo)-w'

Z

-cos¢-(r-sin¢)—zo)-(u; +W;)
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