
Chapter 22

Airborne Remote Detection of Turbulence

with Forward-Pointing LIDAR

Patrick Sergej Vrancken

Abstract Presently, the airborne remote detection of atmospheric turbulence is

limited to radar-visible regions of the sky, i.e., zones that contain hydrometeors like

rain or cloud droplets. The bulk of the actual turbulence, possible in clear air at all

flight altitudes, evades such a remote detection, though a remote determination of

aircraft-relevant physical parameters relevant to turbulence could significantly

increase flight safety.

The following chapter reviews possible techniques of remote turbulence detec-

tion in clear air and identifies the most promising approaches for future aircraft.

These are shown to be optical methods, i.e., LIDAR (Light Detection and Ranging)

systems. Principles, as well as pros and cons of some complementary lidar

techniques, are discussed.

22.1 Introduction

The forecasting of turbulent-prone zones in the aviation-relevant airspace is

steadily making progress as was illustrated in Part III of this volume. Clear-air

turbulence (CAT) occurrence is reported verbally by pilots or automatically by

onboard in situ detection algorithms and can be used in upper-level turbulence

nowcasting and forecasting applications. The understanding of turbulence induced

by convective processes is improving, as is the nowcasting of the latter. High-

resolution numerical weather prediction (NWP) domains around airports should

allow more reliable prognosis of low-level turbulence and wind shear. Wake vortex

behavior of nearby aircraft, from drift to dissolution, is increasingly well estimated.

For the coming decades, the aviation sector has set itself the goals of further

improving the safety of passengers and crew, enhancing efficiency and timeliness,

and increasing environmental sustainability and economic competitiveness (that

P.S. Vrancken (*)

DLR – German Aerospace Center, Institute of Atmospheric Physics, Oberpfaffenhofen 82234,

Germany

e-mail: Patrick.Vrancken@dlr.de

© Springer International Publishing Switzerland 2016

R. Sharman, T. Lane (eds.), Aviation Turbulence,
DOI 10.1007/978-3-319-23630-8_22

443

mailto:Patrick.Vrancken@dlr.de


may both be supported by more lightweight, thus less fuel-consuming aircraft

structures). Turbulence in the flightpath of an aircraft is a major obstacle in

achieving these challenging goals, in particular in the context of the strong growth

rate of global air traffic and climate change (see Chap. 23).

There are at least two aspects that emphasize the need of forecasts and nowcasts

to be complemented with onboard remote sensing of turbulence. The first refers to

the physical nature of turbulence that inherently shows intermittency and patchi-

ness. Hence, turbulence does not occur at the large scales where it is forecasted, but

locally, and temporarily. This results in vast volumes of airspace forecasted to

develop turbulence, but it actually occurs in very localized, temporally varying

areas wherever the physical conditions are favorable. The second, more operational

aspect relates to the circumstance that often aircraft are constrained to follow a

certain predefined route, be it through a CAT-prone area on a transatlantic trajec-

tory over Greenland or during a wind shear-threatened approach to a specific

airport. An appreciable deviation of a flight route due to a forecast may only be

an alternative for very hazardous turbulent conditions since operational and eco-

nomic aspects play an important role in commercial aviation. This is where the

development of new remote sensing techniques comes in. As will be seen in this

chapter, where the indispensable workhorse of aviation safety, the onboard weather

radar, falls short due to its physical limitations, new optical techniques should hit

the mark.

In the next sections we shall explore the two main applications of turbulence

remote sensing. In order to understand the technological implications of remote

detection of turbulence, we will shortly highlight the possible scope of such

detection (Sect. 22.2) and the related physical observables (Sect. 22.3). A brief

overview of forthcoming technologies (Sect. 22.4) shall clarify that many of them

represent interesting research potential but should retain purely academic rele-

vance. We will see that only active optical remote sensing (i.e., lidar) is a viable

solution. In Sect. 22.5 lidar application to the problem is considered in more depth.

From this description of lidar principles, we will deduce that there is still a

substantial piece of technology and product development work to do that also relies

on research into the actual physical peculiarities of turbulence (see Chap. 25). The

aim of this chapter though is not to strictly detail lidar or any other technology since

this information may be found elsewhere (e.g., Weitkamp 2005; Measures 1984 or

cited references).

22.2 Aims of Turbulence Detection

There are two main areas of application of remote turbulence detection within

aeronautics, depending on the actual range of detection: on long range to register

evidence of turbulence along with information of intensity, i.e., around 15 km

distance in order to give the flight crew or some automated system time to respond,
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or on short range (some 50–150 m) to directly deliver wind vector information for

automated action of the aircraft’s control surfaces (see, e.g., Fig. 22.1).
The goal of long-range applications is to remotely detect the severity of turbulent

motion of the air ahead with sufficient range to provide warning to the cockpit to

take mitigating actions. Within clouds, state-of-the-art radar systems do this job and

retrieve a measure of turbulence by analyzing the Doppler-broadened radar return.

In clear air, outside clouds, where clear-air, mountain wave, and near-cloud turbu-

lence occur, however, radar is blind to air motion due to the absence of backscat-

tering hydrometeors. Arising in higher altitudes, this class of turbulence concerns

the long cruise phase where crew and passengers stroll around the cabin and are

thus susceptible to injuries in suddenly occurring turbulence. Further, the aircraft is

typically flying at high speed which maximizes the loads and thus the induced

bending moments in the wing roots (and consequently their fatigue). Turbulence

also has an effect on the onset of high speed buffet and due to flying close to the

edge of the envelope, which may lead to high speed stall. Here, a timely warning

could alter the situation: from a simple seat belt sign for passenger safety, over

mitigation actions such as deceleration, to evasion maneuvers. Anticipating the

following section, the actual physical quantity representing the turbulence is of

minor importance in this application as long as it reliably determines the presence

and “strength” of the turbulent zone ahead, remembering that the most important

quantity for an aircraft’s disturbance is vertical wind speed.

The short-range application would comprise the determination of an actual wind

speed vector, or a vector ensemble, resolved to fit the aircraft and turbulence

characteristics. The aircraft’s control system could thus determine and set the

appropriate control actions of rudders and lift control devices in order to mitigate

the induced moments and accelerations. Then, flying even through strong turbu-

lence, the ride would be less bumpy, minimizing passenger and crew discomfort

and any potential structural damage.

Fig. 22.1 Sketch highlighting the long-range and near-range application of remote turbulence

sensing (Image: DLR CC-BY 3.0)
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22.3 Turbulence Observables

Atmospheric turbulence relevant for aviation is characterized by chaotic deviations

of wind velocity from its mean flow. Without focusing on the complex spectral

characteristics, these fluctuations do occur on all spatial and temporal scales from

the larger scales of generation (e.g., by shear due to jets or gravity waves) down to

viscous dissipation on the mm to cm level. Regarding the remote detection of

turbulence from fast-flying aircraft, and the resulting time interval between a

detection ahead and the actual encounter, one may follow Taylor’s hypothesis to
consider the turbulence as “frozen,” i.e., maintaining its characteristics over

that time.

The important spatial scales for aviation, though, depend very much on the

aircraft characteristics, such as size, weight, speed, and layout. The aircraft acts as a

filter, damping high frequencies (by aerodynamics characteristics) and low

wavenumbers of the large scales (e.g., through autopilot). From the encountered

components1 of the fluctuating wind velocity (u0, v0, and w0), the vertical component

is the most important, with a tenfold stronger reaction in acceleration compared to

the axial/horizontal wind speed fluctuations (Hoblit 1988). The w0- component

would thus be the observable of choice for a distant warning, while its relationship

to u0 (and v0) is neither simple nor universal due to anisotropy of the turbulence

(e.g., Reiter and Burns 1966; Crooks et al. 1967; Lilly et al. 1973). In contrast we

will see throughout the next sections that u0 is basically the most accessible quantity

(via Doppler shift measurement of backscattered radiation), v0 practically immea-

surable, and w0 can only be determined with indirect methods (Sect. 22.5.3). The

three fluctuating velocities may either be seen (directly) in the movement of the air

molecules or of suspended particles (i.e., aerosols, ice crystals, water droplets).

Over a certain range interval, they may be quantified by a statistical dispersion

parameter such as its variance (e.g.,σ2
u0aer

Rð Þ for the fluctuation of head wind speed at
distance R, determined from aerosol movement).

The air movement, on its part, generates fluctuations of its state variables

temperature, T, and density, ρ, by the displacement and mixing of different atmo-

spheric layers (thusσT Rð Þandσρ Rð Þ). These in turn give rise to a second-order effect
on the probing electromagnetic radiation: the variation of the air refractive index

which depends on temperature, pressure, and humidity. It is generally quantified by

its structure constant C2
n Rð Þ which is proportional to the variance (multiplied with

some length scale characterizing the turbulence).

In addition to the effect of mixing of the turbulent airflow on suspended particles

(aerosols), it has a second effect on these passive “scalar” tracers: a certain

structuring according to the spatial properties of the turbulent flow. Rather obvious

1We will henceforth consider an aircraft-fixed reference system, i.e., u Rð Þ ¼ u Rð Þ þ u0 Rð Þ be the
velocity along the aircraft motion axis R, v0 the lateral fluctuating component, and w0 the vertical
component.
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and well proven for wake vortices (e.g., Misaka et al. 2012), such a mechanism is

less evident for geophysically produced turbulence. The related observable would

then be the spatial distribution of the respective scalar atmospheric constituent.

However, considering the minute or absent effect on aerodynamics of the latter

observables, a quantitative determination of aviation turbulence strength appears

fairly precarious.

For now, we may stipulate that for our first aim, the long-range detection of

turbulence for aviation the specific physical quantity is of lower importance. This is

in contrast to a short-range flight control application where actual three-

dimensional wind speed vectors have to be determined. In the following sections

we will shortly discuss different technologies in order to determine the most

promising ones that may enable future turbulence protection systems.

22.4 Technologies for Remote Detection of Turbulence

This section will give a short review of active remote sensing techniques that may

provide information on the previously stated physical observables. Even though

passive microwave radiometry had received some attention for airborne CAT

detection in the 1960s, its shortcomings for operational use became rapidly evident

(e.g., Atlas 1969; Schaffner et al. 2012). However, passive sensing techniques such

as air temperature microwave radiometry (e.g., Haggerty et al. 2014) and star

scintillation photometry (e.g., Vernin and Pelon 1986) could be valuable methods

for determining ancillary scientific data in general experimental research on atmo-

spheric turbulence.

Active remote sensing relies on the emission of electromagnetic radiation into

the relevant region and collecting and analyzing the radiation that is backscattered

from locally present objects. It generally allows a more robust determination of the

aimed observable.

22.4.1 Radar Methods

Electromagnetic radiation in the microwave frequency region is effectively

backscattered from hydrometeors such as cloud or rain droplets. The reflectivity

is then a measure of liquid water content of the sensed volume ahead. The radar

frequencies are chosen as a function of the application: ground-based precipitation

radars operate at some GHz (S to C-Band) and modern airborne weather radars

employ rather X-band (around 10 GHz). This makes the airborne radars very

sensitive to clouds and rain while at the same time turns them essentially “blind”

to anything behind very dense clouds (e.g., as occurring in deep convection). The

choice of lower frequencies in ground-based systems allows them to more effec-

tively sense through rain and dense clouds.
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Scientific (Hamilton et al. 2012; Chap. 5) and state-of-the-art airborne weather

radars (Baynes 2014) also exploit the Doppler information in order to determine the

turbulence and/or wind shear in or around sufficiently reflecting air volumes (thus

detecting in-cloud turbulence). However, such radar systems are not sensitive to

anything other than water droplets. Therefore, flow information based on Doppler

shift of the backscattered radiation is only available for these water-containing

areas.

A different radar technique evaluates the backscatter of clear air. Bragg scatter

occurring at successive refractive index and humidity perturbations (Clifford

et al. 1994) leads to a coherent adding of the scattered wavefronts at the receiver.

Thus, the backscattered radiation, quantified by the reflectivity η, is directly pro-

portional to the refractive index variations C2
n;Radar (i.e., the radar-optical turbulence

intensity) divided by λ
1=3
R , the respective radar wavelength (Good et al. 1982;

Ottersten 1969).

The reflectivity η is derived from the signal strength, or more precisely the

signal-to-noise ratio (SNR) of the measurement. This technique is used in

ground-based research on turbulence in the free atmosphere, employing VHF

(30–300 MHz) or UHF (300 MHz–1 GHz) radar systems (e.g., Serafimovich

et al. 2005; Luce et al. 2010) due to less atmospheric damping at lower frequencies.

The drawback of this approach is the extremely low reflectivity; for instance, in

common wind profilers it is typically ten orders of magnitude lower than for S-band

weather radars that operate on backscatter on hydrometeors (Clifford et al. 1994).

This yields very long integration times (>minutes) and challenges noise-processing

algorithms. Further, the extended beam pattern (beam angle equals λR/D, with
D antenna diameter) does not allow an altitude distinction precise enough for a

reliable encounter prediction (of some tens to hundreds meters) in a hypothetic

airborne horizontal application. Other inhibiting factors are the necessary size of

the antenna, too bulky for aircraft integration, and range limitations due to ground

echo. While some experimental effort has been carried out in the 1960s by the

Boeing Company (Buehler et al. 1969), a thorough analysis of the relevant quan-

tities’ magnitudes (reflectivity, radar wavelength, achievable system parameters)

shows the impracticality of a radar approach to airborne turbulence detection in

clear air (Atlas et al. 1966; Watkins and Browning 1973).

Summarizing the radar approaches, it can be stated that the actually employed

weather radar techniques, with all its possible evolutions, will continue to represent

the most important airborne remote sensing instrument due to its ability to detect

the chief weather hazards like deep convection along with its embedded wind shear

and turbulence. Its limitation to these environments, though, demands a comple-

mentary system able to operate in dry and clear air.
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22.4.2 THz Remote Sensing

For completeness, we shall mention here another remote sensing technique that is

very sensitive to water vapor. THz radiation may effectively be employed to

determine humidity and its variability. As conjectured in Sect. 22.3, one could

ultimately derive the underlying turbulence from this variable. However, the very

strong sensitivity toward water vapor at the same time also limits its applicable

range whenever any humidity may be encountered. Therefore, its use in remote

turbulence detection may be considered to remain marginal.

22.4.3 LIDAR: Light Detection and Ranging

Light Detection and Ranging techniques were actually already in use before the

invention of the laser (at the time using flash lamps). Today lidars use state-of-the-

art pulsed (but also continuous wave) lasers being emitted into the atmosphere.

These short pulses are backscattered by both air molecules and suspended aerosols.

The many different aspects of interaction of light and matter, from Rayleigh,

Brillouin, Raman and Mie scattering over depolarization to absorption, give rise

to numerous applications in atmospheric physics. Since even the shortest overview

of these is already out of the scope of this chapter but may be found in books like

Schumann (2012), Weitkamp (2005), and Measures (1984), the following para-

graphs shall mention the techniques that possibly may contribute to turbulence

detection and characterization. The next section will then describe the techniques

relevant to the present aeronautics application in more detail.

Due to the numerous scattering processes, lidar technology may deliver infor-

mation to nearly all observables indicative of turbulence, as described in Sect. 22.3.

To start with, wind speed fluctuations along the line of sightu
0
mol Rð Þor its magnitude

σ2
u
0
mol

Rð Þ, directly retrieved from air molecules backscatter, may be measured by

determining the Doppler shift in the backscattered signal with interferometric

methods. This approach, widely employed in airborne atmospheric research and

in preparation for a European satellite mission, is explained in more detail in

Sect. 22.5.2. As will be shown in Sect. 22.5.3, the vertical wind speed fluctuations

present in clear-air turbulence should be accessible with an indirect method that

relies on the adiabatic temperature changes of the air masses being turbulently

stirred vertically. As mentioned in Sect. 22.3, the lateral wind v0 renounces any

measurement, “even” by lidar.

Coherent Doppler wind lidar is a widely used remote sensing technique for

determining wind speeds. It is based on the determination of Doppler shift by

heterodyne mixing of the narrow spectral line backscattered by aerosols suspended

in the turbulent air flow. This technique thus delivers u
0
aer Rð Þ and σ2

u0aer
Rð Þ. Some

more details on this method are given in Sect. 22.5.1. Since it is based on
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backscatter from aerosols, this method is applicable in regions of sufficient aerosol

concentration (or more precisely effective backscatter cross-section). When this is

the case, however, it allows a very convenient way of speed measurement along the

line of sight.

Both coherent and interferometric methods allow derivation of three-

dimensional wind vectors from a certain number of short-range measurements in

different directions. Such a setup may thus be designed to provide information

about turbulence ahead for input to an automated flight (attitude and lift) control

system.

Section 22.3 above noted the air state variables as an important indicator of a

turbulent motion of the air. Thus, temperature dispersion measurement with lidar

should give the required information. On one hand, lidar technology offers different

approaches for the remote measurement of air temperature. The analysis of the

signal from different rotational Raman backscatter lines, for instance, allows a

powerful technique for temperature determination, without being subject to atmo-

spheric transmission (and thus, e.g., aerosol loading) (Behrendt 2005). Other

techniques include the interferometric analysis of the backscattered Rayleigh-

Brillouin line itself (Witschas et al. 2014), or the exploiting of the temperature

dependence of molecular absorption (DIAL, differential absorption lidar)

(Theopold and B€osenberg 1993). However, all these techniques require long inte-

gration times (minutes to hours) and rather long range-bins for averaging. This

inhibits the measurement of short-scale fluctuations of the temperature σT Rð Þ as

occurring in turbulent events. Moreover, for most Raman approaches daytime

operation is not possible. While the temperature distribution (over range) is an

important parameter for the understanding of the occurrence of turbulence, the

previously mentioned methods do not promise to be applicable for the remote

detection of turbulence itself.

The fluctuations of the optical air refractive index nopt, generated by temperature

fluctuations, have consequences on the propagation of the laser light: wavefront

distortion with beam spread, beam wander, and scintillation. Zilberman and

Kopeika (2004) operate a lidar similar to a scintillometer, deriving the refractive

index structure constant from the variations of the angle of arrival of the backscatter

“image” of the laser beam which is probing aerosol containing atmospheric layers.

An application to horizontal airborne sensing is however negated by the resulting

poor range resolution and the need for strong aerosol backscatter. More promising

approaches have been proposed by Gurvich (2012) and Banakh and Smalikho

(2011) relying on the backscatter enhancement effect. The methods employ an

angular analysis of the total backscattered radiation, either by transmitting laser

pulses in two angularly closely spaced regions or by employing two angularly

separated detectors. While, to our knowledge, the proposed schemes have not yet

been demonstrated in practice, the analytical considerations show a high potential

for a real application (Gurvich 2014).

It was further conjectured that a passive tracer, such as aerosol or to a certain

extent water vapor, may be useful for the lidar detection of turbulence in clear air.

Among the earliest applications of lidar are the airborne investigations of CAT
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relying on such a relationship between aerosol load variation and turbulence. Both

the University of Michigan (Franken et al. 1966) and NASA (Lawrence et al. 1968;

Melfi and Stickle 1969) have been performing flight tests into CAT areas with ruby

laser-based lidar systems in the late 1960s. However, the found correlation between

turbulence intensity (probed by the aircraft) and measured lidar backscatter varia-

tion was rather low in both cases, which was in part attributed to the limited

achieved SNR of the systems (ibid.). Abandoned for decades (and replaced by

studies with coherent Doppler systems), this relationship between aerosol back-

scatter fluctuation and turbulence structure -in particular on longitudinal scales- has

recently found new interest. Zilberman et al. (2008) retrieve spectral characteristics

from aerosol concentration measurements with ground-based lidar and allude to

the complex relationship between the aerosol spatial spectrum and the spectrum

of the underlying turbulence. Airborne water vapor measurements with lidar

(Fischer et al. 2012) display variance spectra in general accordance with turbulence

models, at least for the convective troposphere on rather large scales. These studies

hint at the potential of passive tracer variance analysis for the determination of

turbulence properties. The challenge is then to establish the relationship between

the scalar’s spectral characteristics and actual strength in terms of fluctuating wind

speed.

The above noted observations on the interplay of turbulence sensing techniques

and observables highlight the complexity of the underlying phenomenon. Turbu-

lence acts on all dimensions and properties of the air, including the wind speeds

relevant for an aircraft, and it generates variations in temperature and density due to

these motions. The latter give rise to “optical turbulence,” well known to astronomy

and optical communication, that acts directly on electromagnetic waves (radio and

optical alike). The turbulent air motion also disturbs regions formerly uniformly

loaded with aerosols or other passive scalars. An inherent difficulty is represented

by the complex relationships between these respective observables. This highlights

the need for a deeper understanding and thus research concerning these relation-

ships. Many of these phenomenological expressions of the underlying turbulence

may be measured with photonic methods, from low radar frequencies to high

ultraviolet laser radiation. As we have seen, probing with laser beams has the

biggest potential with many different techniques. The most promising ones will

be outlined in the next section.

The previous sections are brief summaries, and some techniques have been

omitted due to obvious limitations (such as acoustic methods). Further reviews

may be found in, admittedly dated, reviews of Collis (1966) and Atlas (1969).

22 Airborne Remote Detection of Turbulence with Forward-Pointing LIDAR 451



22.5 Lidar Methods for Airborne Remote Detection

of Turbulence

For lidar applications, there are two main approaches to determine the longitudinal

wind speed, both relying on the Doppler shift of the backscattered light with respect

to the emitted.While both the coherent and the direct detection technique may exploit

the narrow backscatter from aerosols, the broad backscatter from air molecules may

only be exploited by the direct detection technique. Figure 22.2 depicts a modeled

backscatter from “typical” aerosol-laden air at different altitudes according to

models. The return from air molecules is hereby broadened by its Brownian motion

and thus a function of its temperature. The spectrum’s width backscattered from

aerosols is only slightly broadened (as compared to the incoming laser line) due to the

wind speed fluctuations prevailing in the sensed air volume.

Excellent overviews of the coherent and direct detection lidar techniques may be

found in Werner (2005) and Reitebuch (2012); the next sections summarize the

approaches and give examples of applications. The third section gives an introduc-

tion of an alternative approach aiming the vertical wind speed as the target

observable.

22.5.1 Coherent Doppler Lidar

The coherent Doppler lidar exploits, as the name implies, the coherent nature of the

optical wave by mixing the spectrally narrow aerosol backscatter (left panel in

Fig. 22.2 Backscattered spectrum consisting of aerosol and molecular contribution, the latter

(thin lines) Doppler-broadened due to air temperature. Thick lines show the combined spectral

response. Two flight altitudes are shown: left panel for 500 m, right panel for 10,000 m, both for

532 nm irradiation. The lidar backscatter ratios are 3.2 and 0.018, respectively. Note the different

scales for the backscatter coefficient [Derived with ESA Reference Atmosphere Model RMA

(Vaughan et al. 1995; Vaughan et al. 1998)]
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Fig. 22.2) to a local oscillator’s optical wave on a fast detector. The frequency

difference of the beat signal is then in the range of electronic detectors and circuits,

and the Doppler shift may thus be deduced by a spectral analysis of the digitized

signal (by Fourier transform, for instance). Further, the spectral width of this signal

may be exploited in order to determine the turbulence intensity in terms of longi-

tudinal wind speed variation within the sensed volume (e.g., Frehlich et al. 1998;

Smalikho et al. 2005).

The following schematic (Fig. 22.3) depicts a simplified version of such a

heterodyne detection lidar system.

The system employs both a pulsed or continuous-wave laser transmitter (LT) and

a continuous-wave local oscillator (LO). The actual laser wavelength ν0 is mainly

chosen for a favorable ratio of aerosol to molecular backscatter coefficient, which

are functions of wavelength. This aspect and also technological perspectives favor

infrared systems with typical wavelengths 1.5–1.6 μm, 2 μm, and 10.6 μm
depending on the laser technology. In the course of the development of coherent

wind lidars, different laser types have and are being in use: from powerful CO2 gas

lasers over solid state to all fiber-based systems.

The laser LT and the reference laser LO are typically offset one from another by

some intermediate frequency and locked with a phase lock loop (PLL). The

remaining pulse-to-pulse frequency jitter is monitored by mixing the transmitted

pulse with the LO on a reference detector DR. The laser pulse transmitted into the

atmosphere is scattered within a range interval c=2 � τ discriminated by the sample

rate 1 τ= of the data acquisition’s digitizer (for continuous-wave lasers, the focus of
the transmit beam defines the single usable range gate). For the applications

considered here (that emphasize measurement range), the laser radiation should

be scattered from a sufficient number of particles in order to achieve an adequate

heterodyne signal. The part scattered into the reverse direction is collected by a

telescope, mixed with the LO and guided onto a detector (DA). Its output, similar to

the reference DR’s output, is subsequently digitized for spectrum analysis. From the

shift Δνaer of the spectra of the atmospheric signal compared to the reference, one

Fig. 22.3 Simplified synopsis of a coherent Doppler lidar. See text for abbreviations
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may determine the axial Doppler wind fluctuation u0aer Rð Þ and from its spectral

width retrieve information on the contained turbulence σ2
u0aer

Rð Þ.
As mentioned, this coherent Doppler scheme may be implemented in various

architectures covering near-range air data (true airspeed TAS), determination of the

wind speed vector, measurement of wake vortices, and remote detection of clear-air

turbulence.

The remote detection of CAT with lidar has long been pioneered by the USA,

with activities undertaken by NASA and strong support from the FAA. The

research activities on aerosol fluctuations (see above) have been followed by

airborne tests of CO2 coherent wind lidars (Weaver 1971; Huffaker 1975) on

NASA’s Convair aircraft in 1981 (Bilbro et al. 1984). Subsequent advancements

in solid-state laser technology allowed simultaneous comparisons of such systems

on NASA’s B737 research aircraft in 1994 (Targ et al. 1996). The solid-state

technology has been further evaluated by NCAR on the Electra aircraft during

the ACLAIM program (Hannon et al. 1999; Soreide et al. 2000) in 1998, in

collaboration with NASA. The ACLAIM lidar (build by CTI-Coherent Techno-

logies Inc., now with Lockheed Martin) has further been tested on NASA’s DC-8
aircraft within its WxAP project in 2003 (Teets et al. 2006). In 1999, the Japanese

JAXA initiated a similar program for the development of an airborne coherent

Doppler lidar. Prototypes of this fiber-based lidar system have been flown on

JAXA’s Beechcraft (for low altitudes research) in 2007 (Inokuchi et al. 2009) and

its Gulfstream II aircraft in 2010 (Inokuchi et al. 2010; Inokuchi et al. 2014). All

these flight tests of different coherent lidar systems show the high potential of this

technology. In particular, wind speed accuracy has been determined to better than

1 m s�1. Turbulence encounters were mostly very well correlated with significant

axial wind speed deviations. The coherent systems exhibit a very good performance

in low and medium altitudes where backscattering aerosols are abundant. However,

for higher altitudes like the typical cruise levels of around 30–40 kft, the attained

maximum range was limited throughout the experiments, i.e., too short for a timely

turbulence warning. Teets et al. (2006) call for a “significant” increase in laser

power for an adequate extension of warning time.

For shorter ranges, however, the ability to remotely detect spatially small

phenomena like wake vortices has been demonstrated in an airborne vertical

setup during the European AWIATOR project (Rahm et al. 2007) and in an airborne

axial setup within the European I-Wake project (Douxchamps et al. 2008), both

employing DLR’s 2 μm wind lidar. This lidar is based on CTI’s transceiver

(Henderson et al. 1993; K€opp et al. 2004) and was operated on the German

Aerospace Center’s Falcon 20 aircraft and on the Dutch Aerospace Laboratory

NLR’s Cessna Citation 2 aircraft.

Generally, coherent wind lidar technology seems particularly well suited for

near- to mid-range applications (of some tens to some hundred meters distance)

where the backscatter signal even from low aerosol levels is still sufficient for an

adequate signal-to-noise ratio. Accordingly, numerous systems are being developed,

often with a focus on reducing size and ruggedizing the setupwhich favors fiber-based

systems. Thus, the French Aerospace Laboratory ONERA has developed a series
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of coherent lidar systems for near-range turbulence and wake vortex detection

(Dolfi-Bouteyre et al. 2009). While the fiber-based technology seems a good

candidate for airborne applications, a dedicated flight test campaign has not yet

been performed.

Close detection of wake vortices may be used to feed an automated wake

identification and alleviation system (Ehlers and Fezans 2015; Ehlers et al. 2015).

Such a system then could generate control commands for rudders and lift control

devices for counteracting the induced moments and lift forces. The necessary time

constant here is dictated by the aircraft actuators, resulting in minimum ranges of

around 50 m.

For closer applications, not explicitly covered here, such as the determination of

(three-axis) true airspeed (TAS) very close to the fuselage of aircraft or helicopters,

coherent Doppler lidar technology appears the method of choice. Some examples of

the multitude of activities are the developments of THALES Avionics within the

projects NESLIE and DANIELA (Verbeke 2010), JAXA’s trial of a helicopter

system (Matayoshi et al. 2007), and NCAR’s development of an air motion sensor

for its HIAPER Gulfstream GV research aircraft (Keeler et al. 1987; Spuler

et al. 2011).

22.5.2 Direct Detection Doppler Lidar

As alluded to above, coherent Doppler lidar falls short whenever the aerosol

concentration is too low to deliver sufficient backscatter signal-to-noise ratio at

the distance of choice. Since the recovered radiation drops with more than the square

of the distance, such conditions are usual at higher altitudes, which limits their use

for long-range applications (such as turbulence warning), but also at shorter ranges.

One way to overcome this difficulty is to determine the axial Doppler shift

(or turbulent velocity distribution) from the spectrum of the molecular backscatter
as opposed to aerosol backscatter. Since molecular backscatter is substantially

broadened, as compared to a narrow laser line, by the temperature motion of the

air (see Fig. 22.2), a heterodyne mixing is not exploitable for realistic pulse powers

(Cézard 2008). A shift of this broad backscattered Rayleigh-Brillouin

(RB) spectrum, though, may be determined using optical interferometry. Roughly

speaking, the frequency information is converted into spatial (or rather angular)

information when the received optical wave is brought to interference with itself.

The output of the interferometer may then be analyzed radiometrically or spatially

in order to derive the associated frequency shift. Accordingly, there exist two

main approaches: the edge (or filter) technique and the fringe imaging technique.

Actually, both methods also work for the narrow aerosol backscatter, but the

optimum design differs depending on the proportion of the respective signals.

Figure 22.4 shows a synopsis of this “direct detection”-type lidar which is very

similar for the transmission part and differs for the type of receiver implementation.

A pulsed laser LT emits pulses into the atmosphere; in order to maximize the
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backscatter signal, the laser radiation is often converted to ultraviolet wavelengths

in order to profit from the high molecular backscatter. The backscattered radiation

is collected by a telescope and brought on the receiver setup.

The edge technique (Flesia and Korb 1999) is based on a setup of (at least) two

narrow spectral filters (F1 and F2) that are each centered in the flanks of the

Rayleigh-Brillouin spectrum as depicted in Fig. 22.2. Part of this spectrum is

transmitted through these filters, brought onto two detectors (D1 and D2) and

digitized. The Doppler shift Δνmol is then derived from the ratio of these two

detector signals. This technique may also be implemented with more than two

filters, with comparable performance (McGill and Spinhirne 1998). For a large

number of filters, this technique basically transitions into the fringe imaging

technique (see below). The other extreme is an implementation with only one filter

which is also possible and may be realized by implementing an absorptive filter

(Liu et al. 2007) (instead of an interference filter). The edge technique has been

successfully applied in airborne applications, such as NASA’s TWiLiTE lidar,

which is autonomously operating on high-altitude research aircraft and the Global

Hawk (Gentry et al. 2006), or the airborne demonstrator for Europe’s satellite wind
lidar ADM-Aeolus (Reitebuch et al. 2009) that is regularly deployed aboard DLR’s
Falcon 20 aircraft. Though, it has not yet been applied to forward-looking aero-

nautics applications as discussed herein.

The fringe imaging technique converts, by interferometry, the frequency shift

Δνaer into an angular shift of the output of the used interferometer (IF). This output

is then imaged onto a matrix or line detector (DE). The digitized output is then used

for fitting a line-shape model and thus determining the frequency shift as compared

to the reference. As for the edge technique, the interferometer has either to be

highly stabilized or regularly evaluated by a reference laser beam, derived from the

transmitter LT.

Fig. 22.4 Simplified synopsis of direct detection lidar with left double-edge receiver and right
fringe imaging receiver. See text for abbreviations
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Different types of interferometers may be used, each with its own benefits and

weaknesses: Bruneau et al. (2004) demonstrated a Mach-Zehnder as spectral

analyzer, Cézard (2008) and Liu et al. (2012) a Michelson, whereas the

ADM-Aeolus spaceborne instrument will use a Fizeau interferometer (for its

aerosol channel). A very widely used device is the Fabry-Perot interferometer. In

the European project AWIATOR, a short-range lidar has been tested in forward-

pointing configuration for flight control application (Schmitt et al. 2006). The lidar

is based on a high repetition rate (18 kHz) solid-state UV laser which is sent,

alternatingly, into four directions in order to retrieve a three-dimensional gust

vector. The backscattered radiation is collected and fed through a Fabry-Perot

etalon, its output intensified and imaged onto a CCD detector. The circular fringe

pattern is then analyzed for the radius change due to Doppler shift. During the flight

tests on Airbus’ A340 test aircraft, wind speed dispersions of around 1.5 m s�1 at

50 m range for a flight altitude of 39 kft could be demonstrated (Rabadan

et al. 2010), in line with the requirements of automatic control for gust load

alleviation.

Whereas the Fabry-Perot etalon has clear advantages (high luminosity, ease of

construction), it has the disadvantage of dispersing the received photons circularly

on the detector; other interferometers can produce linear fringes (see Fig. 22.5). The

latter may be imaged onto linear detector arrays by employing cylindrical lenses,

thus enhancing the signal-to-noise ratio. The Fabry-Perot etalon eludes this possi-

bility, thus requiring longer integration times. Optical workarounds have been

proposed, such as circle-to-point converters (McGill et al. 1997), but these have

other complications.

Generally, direct detection lidar seems a worthy alternative to coherent systems

for short-range applications (such as for automatic control), offering the flexibility

to operate within aerosol-laden as well as in aerosol-devoid altitudes and

conditions.

Fig. 22.5 Simulated interference patterns for Fabry-Perot, Fizeau, and Michelson interferometers

(left to right, respectively). The Doppler shift results in a radial or linear shift of the imaged fringe,

orders of magnitude smaller than the fringe width itself (around 5 MHz per m/s wind speed

compared to the RB spectrum width of 1.7 GHz for UV wavelength at 10 km altitude)
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22.5.3 Air Density Method

Another interesting approach for detecting clear-air turbulence was proposed by

Feneyrou et al. (2009). It gives access (albeit indirectly) to the vertical wind speed

fluctuation σ2
w
0
mol

Rð Þ by relying on the linkage between potential and kinetic energy

within turbulence. The approach provides a useful relationship between vertical

velocity and air temperature. Air masses stirred up and down within the turbulent

region undergo adiabatic cooling and heating, thus temperature fluctuations. The

relationship reads (Feneyrou et al. 2009):

σw0 ¼ g

N
� ∂Tair

Tair

� �
¼ g

N
� ∂ρair

ρair

� �
¼ g

N
� ∂βmol

βmol

� �

with g the gravity acceleration and N the Brunt-Väisälä frequency. N remains

between 0.01 and 0.014 rad s�1 for typical cruise flight altitudes (around tropopause)

(Birner 2003) and may be derived from a numerical weather forecast or in situ during

the ascent of the aircraft. The temperature fluctuation measurement σ2T Rð Þ exceeds

the capability limits of lidar detection (see Sect. 22.4.3) but may be replaced by

measurement of air density fluctuations σ2ρmol
Rð Þ, which in turn may be determined by

the air molecular backscatter fluctuation σ2βmol
Rð Þ. However, these fluctuations are

very minute, amounting to less than the 1 % level. Hence, any aerosol presence

hampers this approach because its own backscatter signal may generate sufficient

noise to mask the turbulent molecular variability. In order to exploit the stronger

molecular backscatter (as with direct detection techniques), such a lidar should

operate in the UV region. For an altitude of �10,000 m, a typical UV lidar back-

scatter ratio between aerosol and molecules βaer
�
βmol

amounts to less than 8� 10�3

most of the time, according to Vaughan et al. (1995). However, this may not be

expected to occur during all portions of cruise flight. Therefore, a high-resolution

spectral filter should be employed in order to filter out the spectrally narrow aerosol

return and use only the molecular wings of the RB spectrum.

The above approach has been tested within the French MMEDTAC project

(Hauchecorne et al. 2010; Hauchecorne et al. 2016), relying on aerosol-devoid

observation times. Within the European project DELICAT, the DLR built such a

UV lidar for operation on the Dutch Cessna Citation 2 (Vrancken et al. 2010).

Figure 22.6 depicts the possible layout of such a lidar system and the implementa-

tion within MMEDTAC and DELICAT.

A laser transmitter (LT) transmits powerful UV pulses into the atmosphere. The

backscattered radiation is sent onto a very narrow spectral filter (SF), such as a

Fabry-Perot etalon. In that case, both the transmitted and the reflected part of the

spectrum are sent onto detectors DT and DR. Both outputs are used to perform an

inversion in order to retrieve the purely molecular signal. Fluctuations of this

backscatter may be analyzed by its variance or more advanced methods in order

to determine the vertical wind speed fluctuationσ2
w
0
mol

Rð Þ. The DELICAT instrument
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employed, for these first airborne trials, a polarization separation assembly instead

of the spectral filters. A good portion of the aerosols at these altitudes are

represented by strongly depolarizing cirrus ice crystals which allow an exclusion

of invalid data. Further, the flight campaign was planned according to aerosol

content forecasted below a certain threshold. The flight campaign was executed

in 2013 (Veerman et al. 2014) and demonstrated that the lidar is able to measure the

molecular signal with a dispersion of better than 5� 10�3 at distances between

10 and 15 km ahead (Vrancken et al. 2015). This allows the resolution of minute

density fluctuations from moderate or greater turbulence severity. The instrumen-

tation is subject of evolution within a DLR internal project in order to undergo

further flight testing in the future.

This air density approach has the advantage of delivering the turbulence

observable that is the most significant to aviation, viz., the vertical wind speed

fluctuation σ2
w
0
mol

Rð Þ. Even with a noisy signal, and with the uncertainty on the

stratification stability N, the derived quantity may be considered a qualified estimator

of relevant turbulence intensity as compared to horizontal wind speed derived with

Doppler wind lidars.

22.6 The Future

The previous sections highlight the inherent challenge of remote detection and

characterization of a phenomenon as complex and capricious as turbulence. Tur-

bulence occurring in clear and clean air, thus comprising CAT, MTW, NCT, and

LLT, eludes detection with classical devices like radar. Passive remote sensing

instruments, from radio to optical frequencies do not fulfill the tough requirements

imposed by the aeronautics applications. Distant detection and near-range

Fig. 22.6 Simplified synopsis of CAT lidar relying on density fluctuations. On the left employing

spectral separation, on the right polarization separation as implemented within the DELICAT

project. See text for abbreviations
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quantification (in terms of wind speed) may only be attained by active optical

remote sensing, i.e., lidar. Different approaches have been identified and the most

important emphasized: the coherent Doppler wind lidar delivering the axial (thus

horizontal) speed of aerosols embedded in the turbulent flow, u
0
aer Rð Þ and σ2

u0aer
Rð Þ;

the direct detection Doppler wind lidar that provides the axial speed of the air itself,

u
0
mol Rð Þ and σ2

u
0
mol

Rð Þ; and the indirect density method that gives vertical wind speed

fluctuation σ2
w
0
mol

Rð Þ. One should further mention the potential of passive tracer (i.e.,

aerosol) structuring and the backscatter enhancement effect that should be explored

further. It seems that identifying the optimum instrumentation approach appears

(nearly) as difficult as understanding turbulence itself!

Coherent Doppler lidars may be limited in their range due to the low aerosol

density typical of normal cruising altitudes. On the other hand, situations with high

aerosol content may constrain the density approach. The relationship between the

horizontal wind speed and the more important vertical wind speed is not straight-

forward due to the anisotropy of stratified turbulence. The connection of optical

turbulence (refractive index fluctuations) to wind velocity turbulence is even more

uncertain. Eye safety issues impede the use of visual and near-visual (as UV and

NIR) wavelengths while favoring infrared wavelengths.

In practice, it is worth considering whether a realistic airborne system should be

comprised of different technologies or a consolidated method. What about function

integration of other hazard detection, such as icing conditions, mineral dust, and

volcanic ash? These are the questions that should be answered in the near future by

the ongoing instrument and flight testing research.

One thing is for certain, turbulence occurring outside of clouds will remain

detectable only with active optical means. Thus, the solution that addresses the

issues of air safety, efficiency, and competitiveness in the context of turbulence will

be lidar technology of the twenty-first century.
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