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 Introduction and Purpose of Document 2
 

This Final Report (FR) discusses the results obtained during the wind validation campaign (WindVal II) in 
preparation of the Aeolus validation. It covers tasks in response to the Statement of Work (SoW) from ESA 
(EOP-SM/3000/DS-ds from 29 June 2016) entitled “Technical Assistance for the Deployment of the ALADIN 
Airborne Demonstrator (A2D) lidar during WindVal II” (ESA 2016a). The tasks are covered in CCN 2 to 
contract no. 4000114053/15/NL/FF/gp (signed on 25 October 2016). This FR is output from Task 3 of DLR´s 
proposal to ESA´s SoW as Deliverable Item D5. It was prepared by Oliver Reitebuch, Christian Lemmerz, 
Oliver Lux, Uwe Marksteiner, Fabian Weiler and Benjamin Witschas from the German Aerospace Agency 
(DLR) Oberpfaffenhofen, Germany with input from Julien Delanoë, Quitterie Cazenave, Abdenour Irbah and 
Jacques Pelon from LATMOS/IPSL, France. This version V 1.1. was prepared after review by ESA on 14 
March 2018. 

The WindVal II campaign has been carried out in coordination with the international field experiment 
NAWDEX (North Atlantic Waveguide and Downstream Impact Experiment) as well as EPATAN (EarthCARE 
PrepAraTion cAmpaigN).The objectives, implementation and obtained data of the NAWDEX campaign are 
described in detail in the NAWDEX CIP (DLR 2016a) and the Data Acquisition Report DAR (DLR 2018). 
Results of the campaign have been presented at two Progress Meetings (PMs) (DLR 2016b, 2017c) and the 
WindVal I Final Meeting (DLR 2017a). The DAR (DLR 2018) contains a detailed description of the cam-
paigns dataset and is attached to the Final Report as Annex A. The A2D data conversion for use in the L1B 
and L2B processing chain is described DoRIT (2018) and contained as Annex B. 
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 Acronyms and Abbreviations 3
 

A2D   ALADIN Airborne Demonstrator 

a/c, AC  aircraft 

ACCD  Accumulation Charge-Coupled Device 

ADM   Atmospheric Dynamics Mission 

ALADIN  Atmospheric LAser Doppler Instrument 

AMV   Atmospheric Motion Vector 

AOCS  Attitude and Orbit Control System 

AOM   Acousto-Optic Modulator 

AOT   Aerosol Optical Thickness 

ATM   Atmosphere 

Cal   Calibration 

CC   Cavity Control 

CI   Confidence Interval 

CIP   Campaign Implementation Plan 

CLIMAT  Conveyable Low-Noise Infrared Radiometer for Measurements of Atmosphere  

and Ground Surface Targets  

ClOUSR  Cloud Out of Useful Spectral Range 

CoG   Centre of Gravity 

CP   Crosspoint 

DAR   Data Acquisition Report 

DBS    Doppler Beam Swinging 

DCO   Detection Chain Offset 

DEM   Digital Elevation Model 

DLR   Deutsches Zentrum für Luft- und Raumfahrt 

DS   DropSonde 

DSA   Downhill Simplex Algorithm 

DWL   Doppler Wind Lidar 

EARLINET  European Aerosol Research Lidar Network 

ECMWF  European Centre for Medium-Range Weather Forecasts 

EMC   Electro-Magnetic Compatibility  

EOM   Electro-Optic Modulator 

E2S   End-to-End Simulator 

ERA-I   ECMWF Re-Analysis - Interim 

ERR   Nonlinearity Error of the Rayleigh response calibration curve 

EMR   Nonlinearity Error of the Mie response calibration curve 

EPATAN   EarthCARE PrepAraTion cAmpaigN 
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FAAM   Facility for Airborne Atmospheric Measurements 

FL   Flight Level 

FM   Final Meeting 

FOV   Field of View 

FPI   Fabry-Pérot Interferometer 

FR   Final Report 

FWHM  Full Width Half Maximum 

GCOS  Geodetic Coordinate System 

GR   Ground Return 

GrOUSR  Ground Out of Useful Spectral Range 

HALO   High Altitude and Long Range research aircraft 

HHG   Higher Harmonic Generation 

HLOS   Horizontal Line-of-Sight 

HSR   High Spectral Resolution 

HU   Heterodyne Unit 

IATA    International Air Transport Association 

INT   Internal reference 

IOCV    In Orbit Commissioning and Verification 

IR   Infrared 

IRC   Instrument Response Calibration 

IRS   Inertial Reference System 

L1B   Level 1B 

LEANDRE   Lidar pour l’Etude des interactions Aérosols Nuages Dynamique Rayonnement 

et du cycle de l’Eau 

L0/1/2   Level 0 / 1 / 2 

LNG    LEANDRE New Generation  

LOS   Line-of-Sight 

LSB   Least Significant Bit (digitizer counts) 

LR   Lidar Ratio 

MAD   Median Absolute Deviation 

MO   Master Oscillator 

MODIS  MODerate resolution Imaging Spectroradiometer 

MOUSR  Mie Out of Useful Spectral Range 

MSP   Mie Spectrometer 

MZI   Mach–Zehnder Interferometer 

NAWDEX  North Atlantic Waveguide and Downstream Impact Experiment 

N. B.   Nota Bene 

netCDF  Network Common Data Format 
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no.    number 

NWP   Numerical Weather Prediction 

OBA   Optical Bench Assembly 

PBS   Polarizing Beam Splitter 

PM   Progress Meeting 

PPI   Plan Position Indicator 

PRF   Pulse Repetition Frequency 

QC   Quality Control 

RALI   Radir-Lidar 

RASTA   RAdar SysTem Airborne 

RH   Relative Humidity 

RHI    Range Height Indicator 

RL   Reference Laser 

rms   root-mean-square 

RSP   Rayleigh Spectrometer 

SAFIRE  Service des Avions Français Instrumentés pour la Recherche en Environnement 

SD   Standard Deviation 

SHG   Second Harmonic Generation 

SL   Seed Laser 

SMART  Spectral Modular Airborne Radiation measurement sysTem 

SNR   Signal to Noise Ratio 

SO   Slave Oscillator 

SoW   Statement of Work  

STD   Standard Deviation 

SWIR   Short-Wave InfraRed 

THG   Third Harmonic Generation 

TIm   Telescope Image 

TOBS   Tripod Obscuration 

UV   UltraViolet 

UTC   Universal Time Coordinated 

UV   Ultraviolet 

VAD   Velocity Azimuth Display 

Val   Validation 

VNIR   Visible to Near-InfraRed 

WCB   Warm Conveyor Belt 

WM   Wavelength Meter 

wrt.   with respect to 

ZWC   Zero Wind Correction 
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 Objectives of the WindVal 2016 campaign 4
 

Previous airborne campaigns with the ALADIN airborne demonstrator were performed in 2009 and 2015. 
The results of the campaign carried out in 2009 are summarized in the corresponding Final Report (DLR 
2012a), in TN 5.2 (DLR 2012b) and in the PhD thesis by Marksteiner (2013), while the outcome of the 
campaign in 2015 is documented in the WindVal I Final Report (2017b). 

The objectives for the WindVal II campaign in 2016 were derived from the results, experience and lessons 
learnt from these last airborne campaigns in 2009 and 2015 and were presented and discussed at Mission 
Advisory Group Meetings in 2015 and 2016. The main objectives of the WindVal II campaign according to 
the SoW (ESA 2016a, chapter 2) are: 

1. Extend existing datasets of wind observations in dynamically complex scenes, including strong wind 
shear and varying cloud and/or aerosol conditions. 

2. Extend existing datasets on response calibrations over ice and land in nadir-pointing mode. 

3. Obtain collocated observations of varying cloud and aerosol load with the DLR Falcon payload (A2D 
and DLR 2 µm wind lidar) and the HALO and French Falcon payloads (including French aerosol 
HSRL) taking also ground-based observations into account. 

4. Campaign data analysis and delivery of A2D, 2 µm wind lidar and Leandre L2 observations. 

5. Delivery of A2D data on L1, ready for ingestion by the Aeolus L2b processor. L1 data should also be 
suitable to attempt ingestion by Calibration Suite and L2a processors. 

6. Demonstration of fast data processing from A2D instrument (readiness for Aeolus CAL/VAL). 

In addition, the more general objectives from WindVal 2015 are also applicable to WindVal II 2016: 

7. Provide feedback on measurement strategies and procedures of data collection for future cam-
paigns. 

8. Extend lessons learnt from previous campaigns. 

 

Therefore the WINDVAL II campaign extended the work and analyses to include airborne measurements 
over Europe during autumn 2016 with two campaign parts: 

 In collaboration with the international North Atlantic Waveguide and Downstream Impact Experiment 
(NAWDEX) extensive studies were performed dedicated to the above-mentioned objectives. The 
main focus was on extending existing datasets of wind observations and on response calibrations 
over ice and land. 

 Two dedicated flights were carried out after the NAWDEX field experiment with a focus on obtaining 
observations of varying cloud and aerosol load. 

 

Table 4-1 summarises the objectives of the campaign and the respective achievements which are substanti-
ated in the following chapters and in the summary of this report. All major objectives no. 1-8 were accom-
plished. 
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Table 4-1: Objectives of the WindVal II campaign and its assessment of achievement. 

No. Objective Remark Achieve
ment 

1 Wind observations 
in complex scenes 

17 flights (58 flight hours incl. test flight) were performed under 
various, complex meteorological conditions from flight planning 
driven by atmospheric science objectives from NAWDEX. 

 

2 Response 
Calibration over ice 
and land 

4 response calibrations over ice (28 September, 15 October) 
2 response calibrations over ice-free land (15 October) 
3 instrument spectral registrations over ice, water and land 

 

3 Obtain collocated 
observations with 
HALO and SAFIRE 
Falcon 

4 coordinated flights with HALO (17/09, 21/09, 23/09, 18/10) 
1 coordinated flight with SAFIRE Falcon (02/10, 09/10) 
1 coordinated flight with FAAM BAe-146 (27/09) 

 

4 Campaign data 
analyses 

First results from A2D and 2-μm DWL were provided during 
PM 3 (November 2016); further results were provided during 
PM 4 (October 2017) and in this Final Report. 

 

5 A2D data pro-
cessing chain 

Re-formatted A2D data were used for L1B-L2B chain  
(DoRIT (2018) in Annex B).  

6 Quick-Lock 
processing 

Falcon in-situ (few hours), 2-μm DWL winds (1-2 days), A2D 
first quick-looks incl. signal intensity and calibrations (1-2 
days); first A2D wind retrievals were achieved during the 
campaign after calibration results were available and were 
shown during campaign quick-look meetings. 

 

7 Provide feedback 
for Cal/Val 
campaigns 

Recommendations for the upcoming CalVal campaigns were 
derived from the campaign on-site experience and the results 
obtained from the data analysis. They were provided during the 
PMs and are listed in the summary of this Final report. 

 

8 Extend lessons 
learnt 

Campaign on-site experience and data analysis provided 
additional lessons learnt with respect to the A2D and Aeolus. 
The lessons learnt were presented during the Progress 
Meetings, the Final Meeting and the Final Report. 
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 Overview of instrumentation and flights 5
 

The following section describes the airborne instrumentation of the German DLR and the French SAFIRE 
(Service des Avions Français Instrumentés pour la Recherche en Environnement) Falcon. More details 
about data content and format can be found in the DAR (DLR 2018). 

 

 Payload of the DLR Falcon aircraft 5.1
 

The payload of the DLR Falcon aircraft was identical to the payload of WindVal I in 2015, consisting of the 
A2D (Reitebuch et al. 2009, Paffrath et al. 2009) and the 2-µm Doppler wind lidar system (DWL, Weissmann 
et al. 2005, Witschas et al. 2017). Two seats were available on the aircraft and shared among the operators 
for the A2D and 2-µm DWL systems, as shown in Figure 5-1. 

Due to minor modifications on the A2D, a new airworthiness certification by Enviscope/Gomolzig needed to 
be achieved. The cabin layout and mission certificate was not affected by these minor modifications, thus 
this task was handled by DLR Flight Experiment (FX). 

The following modifications on the A2D were performed since the airborne campaign in 2015: 

• The A2D laser was fully re-aligned from Master Oscillator to Power Amplifiers to Higher-Harmonic 
Generation (HHG); a new Third Harmonic Crystals (THG) was installed. 

• The A2D reference laser was re-aligned and a broken cable for a temperature sensor was repaired. 

• The power supply of the A2D control computer, which caused problems in 2015, was repaired. 

• One relay mirror of the A2D telescope was protected with a permanent shielding, which could be 
used also during flight, and not only on-ground as in 2015. 

• A GoPro camera (GoPro Hero+ Actioncam, Modell CHDHC-101) was mounted above the A2D out-
put window to capture in-flight photographs of the atmospheric scene below the aircraft. 

• The A2D keyboard drawer was mechanically mounted differently to allow better operation. 

 
Figure 5-1: Cabin layout of the DLR Falcon aircraft with the A2D and the 2-µm lidar systems. 
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Figure 5-2: Comparison of the different temporal and spatial resolution grids of the 2-μm DWL (left) 
and A2D (right). The schematic is true to scale regarding the respective axes. The 2-μm grid (orange) 
consists of bins of 100 m vertical thickness reaching from the aircraft to right above the earth 
surface, whereas the A2D grid (blue) extends from below the aircraft to the ground with a minimum 
bin thickness of 296 m (corresponding to 315 m in range due to the 20° off-nadir pointing). One 2-μm 
DWL observation lasts ≈ 42 s for 1 scan, while one A2D observation takes 18 s. The flight altitude is 
indicated as red line and corresponds to the height of the internal reference bin (INT) of the A2D. 

The A2D and the 2-µm lidar were pointing in the same line-of-sight LOS direction to the right side of the 
aircraft (in flight direction) with a nadir angle of 20°. The instruments were mounted as follows: 

• The A2D aircraft frame was mounted with a pitch angle of -6° (pointing to the back) along the aircraft 
axis; the telescope was mounted such that it pointed towards the right with an roll angle of 20° and 
pointing back by -4°; thus the A2D telescope pointed backwards by -2° and 20° to the right side. 

• The 2-µm was mounted with a pitch angle of -2° (pointing to the back) along the aircraft axis. It was 
equipped with a double-wedge scanner, which allowed pointing in any direction. Small offsets in the 
order of 0.1° of the 2-µm pointing direction were determined in-flight. 

The nominal operation of the 2-µm DWL aimed at the measurement of the LOS wind as well as at perform-
ing conical step-stare scans (21 LOS directions, 20° off-nadir angle) in order to determine the horizontal wind 
vector during flight. Different off-nadir angles of both instruments, e.g. 0-3° were achieved by rolling the 
aircraft while flying curves (e.g. when conducting response calibrations on 28/09/16 and on 15/10/16). The 
vertical sampling of the A2D was similar to those during the airborne campaigns in 2009 and 2015 (Figure 
5-2). The vertical sampling was set such that the ground layers are sampled with highest vertical resolution 
(2.1 µs, 315 m range). 

The main specifications of the A2D and the 2-µm DWL are listed in Table 5-1. The performance and results 
of the two different wind lidars are discussed in detail in the subsequent chapters of the Final Report. 
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Table 5-1: Main specifications and products from the two different Doppler wind lidars. 

Parameter DLR A2D DLR 2-µm DWL 

Wavelength 354.89 nm 2022.54 nm 

Laser energy 50-60 mJ 1-2 mJ 

Pulse repetition rate 50 Hz 500 Hz 

Pulse length 20 ns (FWHM) 400-500 ns (FWHM) 

Telescope diameter 20 cm 10.8 cm 

Vertical resolution 300 m – 2.4 km 100 m 

Temporal averaging raw 
data (horizontal) 

20 laser shots = 0.4 s single shot = 2 ms 

Temporal averaging 
product (horizontal) 

14 s (+4 s data gap)  1 s per LOS (500 shots),  

42 s scan (21 LOS) 

Horizontal resolution @ 
200 m·s-1 = 720 km/h 
= 12 km/min. 

3.6 km (18 s) 0.2 km LOS, 

8.4 km scan 

Scanning capabilities No, fixed 20° off-nadir Yes, double wedge, 
conical scan, fixed LOS 
and vertical 

Precision (random error) 1.5 m·s-1 Mie wind 

2.5 m·s-1 Rayleigh wind 

< 1 m·s-1 wind speed 

 

Standard meteorological parameters (pressure, horizontal wind vector, vertical wind speed, temperature, 
humidity (relative humidity, mixing ratio)) were measured by in-situ sensors inside the Falcon nose-boom 
with a temporal resolution of up to 100 Hz and processed with resolution of 1 Hz. Thus, vertical profile data 
are available for ascent and descent and flight-level data from cruising altitude. 

 

 Payload of the French Falcon from SAFIRE 5.2
 

The payload of the French Falcon consisted of a 95 GHz Doppler cloud radar (RASTA), a thermal infrared 
radiometer (CLIMAT – Conveyable Low-Noise Infrared Radiometer for Measurements of Atmosphere and 
Ground Surface Targets) and an aerosol/wind lidar (LNG – LEANDRE New Generation; LEANDRE: Lidar 
pour l’Etude des interactions Aérosols Nuages Dynamique Rayonnement et du cycle de l’Eau) operating at 
three wavelengths (355 nm, 532 nm, 1064 nm) with a depolarization channel at 355 nm. The lidar is capable 
of pointing nadir and off-nadir at an angle of 37° for LOS wind measurements (called ADM mode). In 
addition, dropsondes can be launched from the French Falcon. Further details are found in the EPATAN 
Campaign Implementation Plan CIP (chapter 2, EPATAN 2016). 
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 Doppler Cloud radar RASTA 5.2.1
 

RASTA can measure the Doppler velocity and the reflectivity at 95 GHz (Table 5-2) along a radial defined by 
the pointing direction of the antenna. The RASTA radar includes 3 downward-looking beams (nadir, 28° off-
nadir and opposite the aircraft motion, and 20° off-nadir perpendicular to the aircraft motion, Figure 5-3). 
This unique configuration allows for the retrieval of the three-dimensional wind. 

  

Table 5-2: RASTA characteristics. 

3 antennas RASTA characteristics 
Frequency (GHz) 95 (3.2 mm) 
Vertical resolution (m)  60 
Horizontal resolution (m)  225 to 300 depending on aircraft speed  
Range (km)  15 
Integration time (ms)  250 (measurement every 750 ms for each 

antenna)  
Energy (kW)  2 (pulse 0.4 μs)  
Ambiguous velocity (m s-1)  8 
Antenna size (cm)  45 (0.5° beam width)  
Sensitivity at 1 km (dBZ)  Down backward: -22 / Nadir: -30 /  

Down transverse: -26 
Weight (kg) / dimensions (cm) 110 / 82x102x150 

 
 

 
Figure 5-3: RASTA configuration on-board the SAFIRE Falcon 20; only the 3 looking down antennas 
(sketch a) and b)) were used during the NAWDEX-WindVal II campaign; the photo (c) shows RASTA 
through the entrance door of the Falcon 20. 

 

Due to its unique configuration RASTA is capable of retrieving the 3D wind field, i.e. the three components of 
the wind on a vertical plan below the aircraft by combining independent measurements of the projected wind 
on the radar radial direction. The independent Doppler radial velocities are provided by the multi-beam 
antenna system. As a result, the wind (horizontal wind components U, V and vertical velocity Vt+W, with Vt 
the vertical fall speed of the hydrometeors (terminal fall velocity) and W the vertical air speed) is retrieved as 
a curtain below the aircraft as shown in Figure 5-4. 
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Note that only cloudy regions detected by the radar can be used to retrieve wind, the sensitivity of the radar 
is shown in Figure 5-5. We consider that the cloud droplets or crystals are passive tracers for the wind. 

 

 

Figure 5-4: Example of 3D retrieval for a flight during NAWDEX on 02/10/2016, top panel describes 
the measured reflectivity (Z in dBZ) below the aircraft. Second panel from top is the vertical velocity 
Vz, which is a combination of the terminal fall velocity and the vertical air motion. Third and fourth 
plots from top illustrate both zonal (VE or U) and meridional (VN or V) wind components. The in-situ 
wind (from the Falcon 20) is over-plotted at the altitude of the aircraft showing a very good con-
sistency with RASTA’s retrievals. Grey strips correspond to radial measurements, which cannot be 
used in the retrieval. 
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Figure 5-5: RASTA sensitivity estimate. RASTA detected reflectivity as a function of range below the 
aircraft for nadir, backward and transverse antenna; colours indicate the number of measurements 
during NAWDEX 

 
 LNG multi-wavelength lidar (high spectral resolution UV) 5.2.2

 
The LEANDRE New Generation (LNG) airborne Lidar system (Figure 5-6) is based on a two-wave interfer-
ometer [Mach–Zehnder Interferometer (MZI)] to provide both the determination of optical parameters of 
aerosol and clouds and along-sight wind in the troposphere (Bruneau and Pelon 2003, Bruneau et al., 2015). 
It operates in a direct detection mode (measurement of the backscattered light intensity), which has the 
advantage of relying on both particulate and molecular scattering, and allows extended ranges and capabili-
ties. The concept of the MZI in direct detection is well adapted to simultaneously quantify aerosol and cloud 
properties, as well as derive line-of-sight wind on particle motions. 

The direct detection technique has been chosen for space observations of winds for the Aeolus mission 
using Fabry-Perot interferometers in the UV, and comparisons have shown that wind measurements were in 
very good agreement between the two techniques as well as with theoretical performance (Bruneau, 2001).  

LNG is a three-wavelength (1064, 532, and 355 nm, Table 5-3) backscatter lidar with polarization analysis at 
355 nm. The HSR (High Spectral Resolution) capability, based on a MZI, has been added at 355 nm 
following a previous concept analysis (Bruneau and Pelon, 2003). A view of the lidar in the SAFIRE Falcon 
20 is presented in Figure 5-6. 

The HSR analysis within LNG performed by a MZI allows phase and intensity analysis simultaneously. In 
contrast to conventional HSR devices, our approach is not to separate the molecular and particulate signals 
in two distinct channels but to determine the interference contrast on the backscattered particulate signal, 
which is linked to the backscatter ratio. The contrast is unambiguously determined by the signals given by 
four detection channels in phase quadrature, whatever the spectral positioning of the laser frequency with 
regard to the transmission function of the MZI. This way no frequency stabilization is necessary either for the 
laser or the interferometer. Calibration is performed using laser signal injected in the MZI. 

The signals, in phase quadrature, are delivered by the four detectors. The analysis allows retrieving intensity 
and phasing shift of the backscattered signal with respect to the laser emission. As a result, attenuated 
backscattering signals are derived at the three emitted wavelengths and the HSR signals allow one to 
separate the attenuated particulate and molecular backscattering, as for Aeolus. 
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Figure 5-6: Left panel, Lidar implementation aboard the SAFIRE Falcon 20 showing the laser source 
and telescope/detection parts installed below the bench supporting the laser source. Right panel: 
LNG optical bench illustration, optical bench, mobile mirror and laser. 

 

Table 5-3: Laser characteristics of LNG. 

Wavelength 1064 nm, 532 nm and 355 nm 
Class IV 
Power 6 Watts (average) 
Type Nd:YAG pulsed with a PRF of 20 Hz 
Beam visibility Not visible inside cabin but visible outside the aircraft at 

night-time  
Focused beam No 
Eye safe minimum distance About 600 m 

 

Examples of LNG Doppler nadir measurements which were collected during a 2014 test campaign are 
shown in Figure 5-7. In the left panel, the speed determined from the ground surface echo is compared to 
the speed of the aircraft as the Falcon 20 was flying at a constant altitude. The mean difference is 0.12 m s-1 
and the standard deviation is about 1.4 ms-1. The pitch of the F20 is about 3° upward. 
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Figure 5-7: (Left) LNG-HSR measurements of the ground echo, apparent speed derived from 
measurements (blue) and from inertial navigation system (green). Right, VAD of the corrected LOS 
(line-of-sight) wind speed from a cirrus cloud at 9.5 – 10.5 km; data were obtained during a test 
campaign in 2014. 

 
In Figure 5-7 (right panel), results obtained during a 360° turn of the Falcon 20 performed at a constant roll 
angle of 27° over cirrus clouds between 9.5 and 10.5 km are reported. Measurements (crosses) represent 
the corrected LOS wind speed as a function of the LOS azimuth angle, after having corrected the aircraft 
navigation offset. Assuming stationarity in the probed volume, this velocity-azimuth display (VAD) of the 
conical scan allows for the retrieval of the speed and direction of the horizontal wind as well as the vertical 
wind speed. A sine-fit to the data shows a retrieved horizontal wind speed of 15 m s−1 with a direction of 
240°. The measurement aboard the aircraft (at 12.5 km) gives a wind speed of 20 m s−1 with a direction of 
270°. An offset of 1.5 m s−1 in the mean VAD was evidenced, which is due to the divergence of the wind field 
(vertical wind component) and errors in the vertical LOS pointing angle. It is a rather large value and further 
analysis is being done on the WindVal II data. 

In addition to the classical nadir and zenith views, LNG has a slant measurement capability. In December 
2015, the system has been modified to allow 37° sideward pointing (so-called ADM configuration). The laser 
viewing can be changed during flight. LNG was operated this way during NAWDEX-WindVal II. 
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 Aerosol lidar ground stations in Italy 5.3
 

In the course of the two research flights conducted on 22 October 2016, which primarily aimed at the 
detection of aerosol return signals, three ground-based aerosol lidar stations were overflown, as shown in 
Figure 5-11. In particular, the station at Potenza/Italy (40.60°N, 15.72°E, altitude above sea level: 760 m) 
and at Catania/Italy near the Etna volcano (37.69°N, 14.97°E, 1780 m) were passed during the first flight, 
whereas the stations located in Lecce/Italy (40.33°N, 18.11°E, 30 m) was overflown during the second flight. 
In addition the data from the ground-based lidar station in Napoli was obtained, which is in the vicinity of the 
Potenza. Unfortunately no measurements could be obtained in Potenza during the overpass due to low 
clouds, which prevented ground-based lidar observations. The locations of the ground-based lidars, which 
are part of the “European Aerosol Research Lidar Network” EARLINET (except Catania) are listed in Table 
5-4. During the first flight (Figure 5-11, red line, 8:02 – 12:08 UTC) from Oberpfaffenhofen (OBF) to Lamezia 
Terme (SUF) the ground-based aerosol lidar stations in Potenza and Catania were overflown at 9:15 UTC 
and 9:45 UTC, respectively.  The lidar in Lecce was passed at 14:30 UTC during the second flight (Figure 
5-11, yellow line, 13:30 – 16:10 UTC) from SUF to OBF. 

All Lidar profiles for backscatter coefficient β from the different ground stations were retrieved by the Klett's 
method using the lidar ratio (LR) for the different wavelengths. The assumed lidar ratio profile is contained in 
the dataset for Napoli. Lidar profiles from Lecce have been retrieved by the Klett's method using a constant 
LR. The LR at 355, 532, and 1064 nm have been chosen (LR355 = 50 sr, LR532 = 50 sr, LR1064 = 30 sr) in 
order to match the aerosol optical thickness (AOT) at the lidar wavelengths retrieved from the Aeronet sun 
photometer at Lecce University. The measurement of the vertical profiles of all parameters from Lecce is 
shown in Figure 5-8. Lidar profiles from Catania have been retrieved by the Klett's method using a constant 
LR of 45 sr (355 nm) and 55 sr (532 nm). The values from the AOT from the Aeronet sun photometer (Data 
Level 1.5) at Napoli and Lecce is provided in Table 5-5. 

 
Table 5-4: Location of ground-based aerosol lidar stations in Italy including the contact person, who 
was responsible for the observations and providing the data. 

Station Latitude Longitude Elevation 
(ASL) 

Contact Person 

Potenza 40.601°N  15.724 °E 760 m Aldo Giunta  aldo.giunta@imaa.cnr.it 

Aldo Amodeo aldo.amodeo@imaa.cnr.it 

no lidar observations due to low clouds 

Napoli 40.838 °N  14.183 °E  118 m Nicola Spinelli spinelli@na.infn.it 

Catania, 
Serra La 
Nave (SLN)  

37.69 °N   

 

14.97 °E 1780 m Nicola Spinelli spinelli@na.infn.it 

Giuseppe Leto giu.leto@gmail.com 

Lecce 40.33 °N 

 

18.11 °E 

 

30 m Pasquale Burlizzi Pasquale.Burlizzi@le.infn.it 

Maria Rita Perrrone perrone@le.infn.it 

 

Table 5-5: Aerosol Optical Thickness (AOT) from Aeronet sun photometer (Data Level 1.5) at 355 nm, 
532 nm, and 1064 nm from October 22, 2016. 

Station Time / UTC AOT355 AOT532 AOT1064 

Napoli 9:39 0.029351 no value 0.089148 

Lecce 11:02:33 0.0978117 0.0685038 0.037821 

 15:08:45 0.128603 0.088529 0.0480665 

 

mailto:aldo.giunta@imaa.cnr.it
mailto:aldo.amodeo@imaa.cnr.it
mailto:spinelli@na.infn.it
mailto:spinelli@na.infn.it
mailto:giu.leto@gmail.com
mailto:Pasquale.Burlizzi@le.infn.it
mailto:perrone@le.infn.it
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Figure 5-8: Vertical profiles of backscattering coefficient, extinction coefficient, and linear depolarization ratio 
including error bars from the ground based aerosol lidar at Lecce measured on October 22, 2016 from  
14:18 UTC – 14:35 UTC during the overpass of the Falcon aircraft (Figure provided by Maria Rita Perrrone). 

 

The development of aerosol backscatter and extinction retrieval for the A2D is performed within a research 
fellowship programme by Alexander Geiss at ESA-ESTEC. The results from the A2D aerosol properties 
retrieval and the intercomparison to the ground-based lidar observations are reported elsewhere (Geiss et al. 
2017a, Geiss 2017b). Within this work, also the A2D telescope overlap function was characterized, which 
exceeds more than 3 km in range until full overlap is reached. In addition, backscattering signal from a 
molecular atmosphere (without aerosol backscatter) and within the full telescope overlap is needed for the 
aerosol retrieval using the Klett algorithms (for the so-called Rayleigh fit). Thus the flight altitude needs to be 
sufficiently high to sense a pure molecular atmosphere (> 3 km) with full overlap and several A2D range 
gates should be placed in this part of the atmosphere. Thus the aerosol layers should not be closer than 
about 4 km to the flight altitude. Thus it is recommended to fly sufficiently high during aerosol sensing flights 
with the A2D. 
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 Flight Tracks during airborne campaign 2016 5.4
 

The flight tracks of the DLR Falcon performed in the framework of the airborne campaign WindVal II in 2016 
are shown in Figure 5-9, Figure 5-10 and Figure 5-11, while the date, time, route and objective of the 
respective flights are summarized in Table 5-6. A total of 53.5 flight hours was conducted with the Falcon 
aircraft including the test flight; including the blocking time on-ground, which includes the pilots starting and 
shutting down procedures (and is relevant for flight hour costs), this amounts to 58 flight hours. 

 

Table 5-6: List of all flights performed during the airborne campaign WindVal II in 2016 with the 
following IATA (International Air Transport Association) codes: OBF: Oberpfaffenhofen, PIK: 
Glasgow Prestwick, KEF: Keflavík, SUF: Lamezia Terme. 

Date Time (UTC) Route Objective 

15/09 11:58 – 14:33 OBF-OBF Test flight 

17/09 06:10 – 08:07 OBF-PIK Transfer 1 

 10:01 – 13:33 PIK-KEF Transfer 2 

21/09 14:00 – 17:17 KEF-KEF Investigation of warm conveyor belt (WCB) 

23/09 07:01 – 10:21 KEF-KEF Jet Stream crossing south of Iceland 

27/09 09:28 – 13:24 KEF-KEF Jet Stream crossing near Faroe Islands 

28/09 10:56 – 14:19 KEF-KEF Calibrations over ice 

02/10 08:31 – 12:01 KEF-KEF Wind observations over Greenland 

04/10 08:09 – 11:43 KEF-KEF Jet Stream crossing northeast of Iceland 

 13:04 – 15:49 KEF-KEF Jet Stream crossing west of Iceland 

09/10 15:44 – 19:24 KEF-KEF Jet Stream crossing at different latitudes 

15/10 10:05 – 13:34 KEF-KEF Scan flight pattern for wind vector retrieval 

 15:24 – 18:44 KEF-KEF Calibrations over ice and ice-free land 

18/10 08:36 – 11:14 KEF-PIK Transfer 1 

 12:39 – 14:30 PIK-OBF Transfer 2 

22/10 08:02 – 12:08 OBF-SUF Aerosol detection in the Mediterranean area 

 13:30 – 16:10 SUF-OBF Aerosol detection in the Mediterranean area 
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Figure 5-9: Flight tracks of the Falcon aircraft during the WindVal II campaign in 2016 from 17 
September to 18 October (excluding the test flight on 15 September and the two aerosol flights on 22 
September (see Figure 5-11)). Each colour represents a single flight. The transfer from Ober-
pfaffenhofen to Keflavík via Prestwick took place on 17 September (white, light grey tracks), while the 
transfer flights from Keflavík to Oberpfaffenhofen via Prestwick took place on 18 October (dark grey, 
black tracks). 

 

 
Figure 5-10: Tracks of the research flights performed with the Falcon aircraft from Keflavík air station 
during the WindVal II campaign in the period from 21 September to 15 October 2016. 
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Figure 5-11: Flight tracks of the Falcon aircraft performed for the investigation of aerosols in the 
Mediterranean area on 22 October 2016 (red: first flight OBF – SUF, yellow: second flight SUF – OBF). 
The positions of the ground based aerosol lidar stations that were overflown are indicated. 
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 Coordination with HALO, SAFIRE Falcon and FAAM BAe 146 5.5
 

The WindVal II campaign was part of the international field experiment NAWDEX, which included a total of 4 
aircrafts: the German HALO, the French Falcon from SAFIRE, the DLR Falcon and the British FAAM BAe 
146. The science objectives, the deployed instruments and first results are discussed in Schäfler et al. 
(2018). The DLR Falcon aircraft performed coordinated flights with HALO (on 17/09, 21/09, 23/09 and 
18/10), with the FAAM (Facility for Airborne Atmospheric Measurements) BAe 146 (on 27/09), and the 
SAFIRE Falcon (on 02/10 and 09/10) on dedicated flight legs for different purpose. 

  

 
Figure 5-12: Flight tracks of HALO (a), DLR Falcon (b), SAFIRE Falcon (c) and FAAM BAe 146 (d) 
aircrafts during NAWDEX (Schäfler et al. 2018). 

 

The flight planning and coordination of the aircrafts during WindVal II (see tracks in Figure 5-12) was driven 
by scientific objectives from NAWDEX and performed by a large group of dedicated meteorologists for 
forecasting and flight planning (Schäfler et al. 2016). This ambitious task of coordinating several aircrafts wrt. 
different constraints (science objectives, weather conditions, instrument operation, aircraft operation, flight 
routing) and the experience from NAWDEX are discussed by Schäfler et al. (2016, 2018). Thus the WindVal 
II dataset spans a large variety of meteorological conditions with A2D and 2-µm wind lidar observations, also 
during conditions, which are resulting from a trade-off between science and instrument objectives. This was 
different from WindVal I were the flight planning was mainly driven by instrument validation objectives for the 
A2D. 
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 Data processing and availability 5.6
 

This chapter discusses the timeline for processing of the different data sources from the instrument on-board 
the DLR Falcon aircraft during and after campaign (Table 5-7). Data in that context does not only cover data 
products with a specific data format, but also data provided within figures, which are shown on quicklook 
data meetings during the campaign and at progress meetings. 

During NAWDEX / WindVal II campaign several data-quicklook meetings were organized per week, where 
Falcon in-situ, 2-µm DWL and A2D data were presented in form of quicklook plots. In general, the analysis of 
Falcon in-situ data is performed on-site at the campaign by a dedicated person of DLR Flight Experiment 
facility and data (plots, and ASCII-files) are typically provided 1 day after each flight. This data is also used 
as input to the A2D processing. Both the aircraft cabin housekeeping data (HK) and the wavemeter 
frequency measurements from the A2D are immediately available after the flight, because no post-
processing is applied. 

The 2-µm DWL data, which consists of a large data volume (≈ 200 GByte / flight) is first copied two times to 
external hard-discs and then processed to LOS winds (Level 1) and to horizontal wind vectors (level 2) within 
1-2 days after each flight. Thus, first 2-µm DWL wind data is available during the campaign after 1-2 days, 
except for flights with anomalies, which need adaptation of the processing algorithms. The preliminary 2-µm 
DWL data product files are available 1-2 months after the campaign, and about 6 months for the final product 
(as ASCII-files or netCDF). 

The A2D processing capabilities could be improved compared to the WindVal I airborne campaign (DLR 
2017b). A2D Rayleigh and Mie LOS winds and related calibration output was available for several wind 
scenes already during the campaign. The A2D processing starts with assessing the quality of the data wrt. 
outliers and verifying the signal intensities. Also, the data from each flight needs to be separated according 
to the specific instrument operation modes (e.g. wind mode, MOUSR, calibration, imaging mode, non-valid 
data due to laser and spectrometer warm-up anomalies), which is considered then as “consolidated raw 
data”. This is performed within 1-2 days after each flight. The calibration mode data is processed to obtain 
response curves and their corresponding fit parameters also within 1-2 days for each calibration. If calibra-
tion mode data is available, then the A2D wind mode data can be processed to LOS winds. For WindVal II 
first LOS wind profiles from the A2D were analysed during the campaign and a comparison to the 2-µm DWL 
was already presented less than 1 month after the end of the campaign for 1 selected flight. 

Reprocessing of the data (Falcon, A2D, 2-µm DWL) is only considered in case of major algorithm and 
processor improvements due to identified algorithm and software errors or as a result of an improvement in 
the retrieval algorithms. 

Both the 2-µm DWL and A2D data processing on-site during the campaign require a dedicated person for 
data analysis in addition to the 3 persons for operating both instruments. The latency times discussed in 
Table 5-7 are based on the assumption that the persons for the data analysis are fully available after the 
campaign for that task. The full dataset from a campaign should be available as a final data product in a 
specific format about 12 months after the end of the campaign. This is a typical period for data availability of 
instrument products on a database obtained during airborne field campaigns. It should be noted here, that 
the on-site processing of the datasets during the campaign and the analysis of the data after the campaign 
cannot speeded up significantly, without a major investment towards a more automated processing scheme. 
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Table 5-7: Data availability from DLR Falcon aircraft. 

Availability  Time after each flight 
during campaign 

Time after end of 
campaign for prelimi-
nary data product 

Time after end of 
campaign for final data 
in final format 

Falcon in-situ 1 day 1-2 weeks 

Aircraft cabin HK 1 day no post-processing 

Wavemeter A2D 1 day no post-processing 

2-µm DWL 1-2 days 1-2 months 6 months 

A2D wind mode 1-2 days for signal 
intensity and QC relevant 
parameters (e.g. DCO) for 
wind mode 

3-4 days for selected wind 
scenes for LOS wind (in 
case calibration mode 
data is available) 

3-6 months for Rayleigh 
and Mie LOS winds for 
selected wind scenes 

6-12 months for Rayleigh 
and Mie LOS winds for all 
wind scenes 

A2D calibration 
mode 

1-2 days for signal 
intensity, QC relevant 
parameters (e.g. DCO) 
and response curves and 
fit parameters for each 
calibration 

1-3 months for assessment of calibrations 

A2D as input to L1B 
not available during 
campaign 

14 months for selected flight scenes and calibrations; 
this time period was mainly determined by a required 
input (lessons learnt) from the L2B processing team of 
these data from WindVal I; time could have been 6-9 
months   

  



 

 

Document Nr. 
FR.DLR.WindVal_II. 
260618 

Issue: 
V 1.1 

Date: 
26.06.2018 

Page: 
27/203 

 
Doc. Title: 
WindVal II Final Report 

 

  

 Summary and recommendations 5.7
 
All campaign objectives for WindVal II were achieved within the international field experiment NAWDEX, 
where 3 aircrafts were deployed in Iceland (DLR Falcon, SAFIRE Falcon, HALO) and a 4th aircraft flow from 
the UK (BAe 146). Coordinated flights could be performed with all aircrafts. In addition the aerosol objective 
could be met during a flight after NAWDEX towards Southern Europe and ground-based aerosol lidar 
stations were overflown. 

The results of the aerosol retrieval for the A2D and the analysis of this aerosol flight are reported elsewhere. 
From this activity it is recommended to fly sufficiently high with the Falcon aircraft (> 3 km above clear air, > 
4 km above aerosol layer) in order to allow a Rayleigh signal calibration in the aerosol free region of the 
atmosphere. Also several A2D range gates should be placed in this aerosol-free region, which sufficiently far 
away in the full overlap region. 

A number of 53.5 flight hours (58 flight hours incl. blocking time) resulted in 6 airborne calibrations (during 2 
calibration flights) and a total of about 18 hours of wind measurement scenes for the A2D. It was proven that 
the Keflavik airbase is well suited for these types of flights, because it is within reach of the Greenland ice 
sheet as well as within highly dynamic interesting scenes with high-altitude jet streams. 

It was the first time that the DLR Falcon aircraft equipped with the A2D and the 2-µm DWL was flown in 
coordination with the French SAFIRE Falcon aircraft equipped with a Doppler radar and a 355 nm Doppler 
lidar sensitive to aerosol backscatter. It was also the first time that the DLR Falcon (with A2D and 2-µm 
DWL) was flown together with the HALO aircraft with a Doppler radar, HSRL lidar and a spectral radiometer 
payload. The dropsonde unites on both HALO and SAFIRE Falcon aircraft could be used for intercomparison 
of wind profiles. 

First quick-look processing could be achieved for the 2-µm DWL and the A2D already on-site during the 
campaign. A full analysis of the A2D dataset would be available after 1-3 months for response calibrations, 
after 3-6 months for selected flights, and after 12 months for all flights. The 2-µm DWL product is available 
after 1-2 months (preliminary) to 6 months (full dataset). 
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 The 2-µm Doppler wind lidar 6
 

In this chapter, the performance of DLR’s 2-µm Doppler wind lidar (DWL) during the WindVal II campaign in 
2016, conducted from Keflavik, Iceland, is revealed and corresponding measurement results from several 
flights are shown and discussed. 

Besides the A2D, the 2-µm DWL is the second wind lidar on board the Falcon aircraft serving as reference 
system by providing accurate measurements of the three-dimensional wind vector. Thus, 2-µm DWL 
measurements are useful for both validating the A2D and the results from ALADIN once the satellite is 
launched. 

First, the instrumental setup of the 2-µm DWL is briefly presented (section 6.1), followed by a description of 
the data retrieval procedure (section 6.2). For further details about these topics, it is referred to a recent 
publication by Witschas et al. (2017). After that, the performance of the 2-µm DWL during the WindVal II 
campaign is discussed (section 6.3) and a few measurement examples are given in section 6.4. 

 

 Instrument description 6.1
 

Compared to the A2D, the 2-µm DWL is based on coherent and heterodyne detection and delivers accurate 
and wind speeds with negligible bias even without performing any receiver calibration procedures. However, 
as the backscattered light has to have a small spectral bandwidth in order to reach sufficient SNR, only light 
backscattered on aerosols and clouds can be used for the wind retrieval. 

A photograph of the 2-µm DWL system as setup in the Falcon aircraft is shown in Figure 6-1. In particular, 
the downward looking transceiver unit, developed by CLR Photonics (today Lockheed Martin Coherent 
Technologies) including the scanner unit, developed by DLR, and the corresponding racks including the 
laser power supply, cooling unit, data acquisition and the GPS module is shown. 

  
Figure 6-1: Photograph of the 2-µm DWL setup in the Falcon aircraft during a campaign without A2D. 
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The transceiver unit comprises a continuous-wave, single frequency, narrow bandwidth master oscilla-
tor (MO) which is used as an injection seeder for the slave oscillator (SO) and additionally as local oscillator 
for the coherent heterodyne detection. A part of the MO radiation is coupled into the SO via an acousto-optic 
modulator (AOM) which is shifting the original MO-frequency by 100 MHz, and thus, permitting determination 
of the magnitude and sign of the frequency difference between MO and SO which is later needed for wind 
measurements. The SO produces laser pulses with a wavelength of 2022.54 nm (vacuum), a pulse energy 
of 1-2 mJ, a pulse length of 400 ns (~120 m FWHM) at a pulse repetition rate of 500 Hz, leading to an 
average transmitted laser power of 0.5-1.0 W. The laser wavelength of 2022.54 nm allows for an eye-safe 
operation in an atmospheric window with low absorption of water vapour enabling wind measurements up to 
a range of 12 km. To ensure resonance between the SO cavity length and the MO radiation, the SO-cavity 
length is controlled by the ramp and fire technique, where the resonance signal is monitored by the reference 
detector (REF). 

After the SO, the laser beam is expanded to a diameter of about 11 cm by means of a telescope after it is 
passing a polarizing beam splitter (PBS). The expanded laser beam then enters an optical double-wedge 
scanner which enables to steer the laser beam to any position within a cone angle of 30°. The actual wedge 
positions for the desired beam direction are set by two stepper motors working with a micro-stepping driver 
that is controlled by the housekeeping computer (HK). 

Once traveling through the atmosphere, a small portion of the emitted laser pulse partly scatters on aerosols 
and cloud particles back to the lidar system, where it is received with the same telescope that was used for 
emission. The backscattered light is reflected on the PBS and directed to the optical signal detector (DET), 
where it is mixed with a portion of the MO laser. Now, the time-resolved detector signal resulting from each 
single laser shot is sampled with 500 MHz and 8 bit resolution before it is stored to a solid-state drive. This 
procedure leads to a data rate of 15 MByte/s (54 GByte/h) and gives maximum flexibility for post-processing. 
In order to achieve a high timing accuracy for the data processing, all measured quantities are stored with an 
accurate time stamp generated by a custom made GPS controlled oscillator. Additionally, the aircraft speed 
and the aircraft attitude is measured and considered for the wind retrieval. For that reason, roll, pitch and 
yaw angles are measured with an inertial reference system from the Falcon aircraft whose data including 
time stamp is also stored on the HK-computer. The velocity and the actual position of the aircraft are 
obtained by GPS. The accuracy of the horizontal velocity measured with the GPS receiver is specified to be 
1.5 mm·s-1. The main parameters of the DWL are summarized in Table 6-1. 

 
Table 6-1: Overview of the 2-µm wind lidar system parameter. 

Laser   
 Laser active medium Tm:LuAG 
 Wavelength (vacuum) 2022.54 nm 
 Repetition rate 500 Hz 
 Energy/pulse 1-2 mJ 
 Output power 0.5-1 W 
 Pulse length (FWHM) ~400 ns (~120 m) 
 Frequency offset 100 ± 2 MHz 
Transceiver   
 Telescope type Off-axis 
 Telescope diameter 0.11 m 
Scanner   
 Type Double wedge 
 Wedge angle 6° 
 Maximum displacement 30° 
Detector   
 Type InGaAs PIN photo diode 
Data acquisition   
 Type Single shot 
 Sample frequency  500 MHz 
 Digitizer resolution 8 bit 
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 Measurement procedure and wind retrieval 6.2
 
During the WindVAL II campaign, the 2-µm DWL was mainly operated in scanning mode aiming at the 
measurement of vertical profiles of the three-dimensional wind vector. Alternatively, the system can measure 
with a fixed line-of-sight (LOS) e.g. in order to measure vertical wind speed by pointing the laser in nadir 
direction or measuring with the same geometry as the A2D instrument i.e. 20° off-nadir. While operating in 
scanning mode, a conical step-and-stare scan (Velocity Azimuth Display (VAD)-technique) around the 
vertical axes with a nadir angle of 20° is performed. 21 LOS wind velocities are measured per one scanner 
revolution and used to retrieve the three-dimensional wind vector as described in section 6.2.2. Considering 
1 s averaging time for each LOS measurement (21 s), 21 s for the scanner motion between each measure-
ment position, and an aircraft speed of about 200 m·s-1, the spatial resolution along flight track of the 
horizontal wind speed data is about 8.4 km. Operating in fixed LOS mode, the laser beam is intentionally 
pointed to a user-defined direction. Considering 1 s averaging time, the horizontal resolution for the retrieved 
LOS wind profiles is about 200 m. 

 

 Line-of-sight wind speed 6.2.1
 

LOS winds are retrieved from the detector raw signal, which itself is stored for each single laser pulse with a 
sampling rate of 500 MHz, 8 bit resolution and a duration of t = 97.8 µs. This leads to an overall sampling 
range of r = c·t/2 = 14.659 km which is sufficient as the distance to ground is always lower considering a 
maximum flight altitude of 12 km and maximum off-nadir angles of 30°. A schematic overview of the LOS 
wind processing steps is given in Figure 6-2. 

 

 
Figure 6-2: Schematic overview of the LOS wind processing procedure. 

 

The power spectrum of the reference pulse signal, which is the beat signal of the local oscillator (MO) and 
the emitted laser pulse, is calculated and analysed regarding its frequency. If the beat frequency differs by 
more than 10% of the nominal AOM-frequency of 100 MHz, or if the laser pulse built-up time is larger than 
3.5 µs (about 2.6 µs is usual), the laser pulse is not considered for accumulation. Moreover, before accumu-
lating respective reference pulse spectra, they are frequency shifted to a defined reference value of e.g. 
100 MHz in order to correct for pulse-to-pulse frequency variations and thus to avoid spectral broadening in 
the accumulation process. The applied frequency shift is afterwards equally applied to the atmospheric 
signal power spectra. 

The part of the detector raw signal containing the atmospheric return is divided in segments that lead to 
100 m range gates in the vertical by considering the actual laser beam pointing angle, the aircraft altitude 
and attitude. After that, the power spectrum is calculated for each range gate and laser pulse, and is 
frequency shifted according to the reference pulse frequency shift and subsequently accumulated. 

The ground and cloud returns are identified and processed separately. On the one hand, this gives the 
possibility of determining ground and cloud-top altitudes with a much better accuracy. Considering the 
sampling frequency of 500 MHz, and the velocity of light (3∙108 m·s-1), and the back and forth travelling of the 
beam, the range resolution of the sampled atmospheric time signal is 0.3 m. On the other hand, this enables 
to exclude areas with hard-target returns from the actual wind analysis as they can contaminate the wind 
retrieval (e.g. zero wind from ground will contaminate the wind retrieved for the first atmospheric range gate). 
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The detector signal at the end of the record (after ground return) is used to analyse the detector noise 
characteristics which is especially important in the weak signal regime. Consequently, each power spectrum 
for each single range gate is divided by the respective noise spectrum for correction purposes (Figure 6-2, 
Noise Whitening).  

In a next step, the resulting power spectra are corrected for the actual LOS direction which is derived as 
explicitly described by Chouza et al. (2016a), and for the aircraft speed projected onto LOS direction which is 
derived from the ground speed measured by the GPS module and the actual laser pointing direction (Figure 
6-2, Attitude correction). 

The remaining frequency shift Δf between reference pulse and atmospheric signal is proportional to the wind 
speed v according to Δf = (2f0·v)/c, where f0 is the laser frequency, c is the velocity of light and λ0 = c/f0 = 
2022.54 nm the laser wavelength. Using this relation, the actual LOS wind speed v is calculated. For 
instance a wind velocity of v = 1 m·s-1 leads to a frequency shift of Δf = 2/λ0 = 0.9889 MHz. The backscat-
tered signal close to “hard targets” as for example ground or clouds is usually not considered for wind 
retrieval as the backscattered laser pulse and its frequency chirp may distort the wind retrieval. As shown in 
recent publications by Witschas et al., (2017) and Chouza et al. (2016a), the mean bias of LOS winds is less 
than 0.05 m·s-1 and the statistical uncertainty is about 0.2 m·s-1. In order to get the actual vertical wind 
speed or rather the three-dimensional wind vector from respective LOS wind measurements, further 
processing steps are needed as discussed in the following. 

 

 Horizontal wind speed and direction 6.2.2
 

In order to measure the horizontal wind speed and direction with the 2-µm DWL, a conical step-and-stare 
scan of the laser beam around the vertical axes with an off-nadir angle of 20° is performed with 21 LOS 
measurements per one scanner revolution of 360°. Various LOS or rather radial velocities at different 
azimuth angles are derived and analysed, leading to the mean wind vector in the measurement volume. As 
summarized by Smalikho (2003), there are several techniques of wind vector estimation from DWL data. For 
the 2-µm DWL, two different retrieval algorithms are applied. 

The commonly used inversion algorithm for 2-µm DWL data processing derives the LOS velocity for each of 
the 21 scanner positions during one scan (Weissmann et al. (2005)). Afterwards, the 21 LOS velocities are 
grouped in three 120° sectors. Thus, seven different wind vectors (21/3) are calculated for each scan and 
averaged afterwards. LOS values that do not agree with the resulting wind vector (e.g. deviation larger than 
1 m·s-1) are eliminated and a new wind vector is calculated by using the remaining LOS velocities. Finally, an 
averaged wind vector is reported as valid, if a minimum number of wind vectors (default 4) were obtained 
from the inversion results of one scan. Hence, the inversion algorithm gives a good possibility for quality 
controlling, as “bad” estimates of single LOS measurements with e.g. low SNR, or with partial data coverage 
due to inhomogeneous cloud coverage, can be excluded.   

On the other hand, an alternative algorithm based on the maximum function of accumulated spectra 
(Witschas et al. (2017)) is used in regions of low SNR. All spectra of one conical scan are accumulated after 
they were shifted to different hypothetical winds. If the hypothetical wind matches the real wind, the 
accumulated spectra show an intensity maximum. Using this approach, no estimates of single LOS winds 
are needed and reliable winds can be retrieved for lower SNR levels compared to the inversion algorithm. 
However, as the inversion algorithm provides the better quality control, it is decided to use wind estimates of 
the accumulation algorithm only in cases where the inversion algorithm provides no wind data. As a final 
step a median filter is applied to each range bin. The neighbouring range bins in a box of N by N (default 
N = 5) are investigated. The range bin is considered as valid, if a fraction (default value is 20 %) of all 
horizontal wind speed values surrounding this range bin is within a certain range of wind speeds (default is 
±4 m·s-1). In order to additionally increase the accuracy of 2-µm DWL winds, the ground return is used to 
determine the exact installation position (e.g. mounting angles) of the lidar with respect to the aircraft (see 
also Chouza et al. (2016a)). As the installation position is shown to stay constant during one campaign, a 
flight scene of about 15 minutes with ground visibility in flat terrain is enough (and needed) to correct all 
measurements acquired during on campaign. Based on dropsonde comparisons performed during the A-
TREC campaign in 2003 (Weissmann et al. (2005)), the systematic (bias) and statistical (standard deviation) 
uncertainty of horizontal wind speeds derived from the 2-µm DWL have been estimated to be 
(0.0 ± 1.2) m·s-1 (by applying the inversion algorithm). 
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The 2-µm DWL data are provided for wind vector profiles (Level 2; filename *_L2.txt) from conical scans and 
as LOS wind profiles from conical scans and in case of fixed LOS mode (Level 1, filename *_L1.txt). For the 
Level 2 wind vector profiles only altitude levels from aerosol backscatter are reported. No level 2 wind vector 
profiles are derived from high SNR targets as clouds or ground. Cloud backscatter is not reported in the 
Level 2 product, because the cloud backscatter is often not uniform within 1 scan, e.g. clouds are present 
only for some LOS pointing directions. In contrast the information for aerosol, clouds and ground LOS winds 
is obtained in the Level 1 product. 

It is also worth mentioning that the times provided in the Level 1 and Level 2 files are based on GPS time, 
which is not corrected for leap seconds. Thus, the following correction needs to be applied to obtain time in 
UTC (from 1 July 2015 to 1 January 2017): UTC = GPS -17 s. Further information about the 2-µm Wind Lidar 
data product can be found in the data acquisition report (DLR 2018) and in Witschas et al. (2017). 

 

 2-µm Wind Lidar performance during WindVal II 6.3
 

An overview of all flights performed in the framework of the WindVal II campaign and the corresponding  
2-µm DWL wind measurements are given in Table 6-2. It can be seen that for a few flights, no wind data are 
available. The reasons for that are explained in the following. 

During the test flight performed on September 15, the instrumental performance was tested and several VAD 
scans with different off-nadir angles were performed in order to calibrate the 2-µm DWL and to determine its 
installation position within the aircraft. For that reason, no wind data are available from the test flight.  

The ferry flight from Oberpfaffenhofen to Keflavik with an intermediate refuelling stop in Prestwick took place 
on September 17. On the first flight segment from Oberpfaffenhofen to Prestwick, both lidar operators on the 
aircraft were busy with the A2D instrument, thus, no stable 2-µm operation was reached at the first half of the 
flight. On the second half of the flight, clouds at flight level prevented to acquire valid wind data. For that 
reason, no wind data are available from the first ferry flight. 

From the second ferry flight performed on September 17 until October 9, the 2-µm DWL was working reliably 
without any remarkable failures. In patches, the GPS module system got no satellite data and performed a 
restart. This led to missing pulse per second values which are needed for the data retrieval as discussed 
before. Thus, sometimes there are missing wind profiles obvious in the 2-µm data. However, this happed 
only a few times per flight (e.g. September 27, first flight segment). After the campaign, a new firmware was 
uploaded to the GPS module and with that, the problem is expected to be solved.  

Furthermore, as it will be discussed below, the system was degrading during the campaign leading to 
unusual efforts that had to be performed by the lidar operator during the flights. In particular, pump currents, 
Q-switch temperatures and ramp and fire control settings had to be changed manually and almost continu-
ously in order to get stable and seeded laser operation and thus valid wind data. Due to the aforementioned 
degradation, the 2-µm DWL was not operational from October 10 until the end of the campaign. 

As can be seen from the wind data shown in Table 6-2, the 2-µm DWL was usually switched-on immediately 
after take-off and was operational after about 10 to 15 minutes. Considering the common climbing rate of the 
Falcon aircraft, reliable lidar data were available from an altitude of about 5 km. As the lidar has to be 
completely shut-down before landing in order to prevent any damages on the system at touchdown, and as 
the shut-down time is approximately 10 minutes, lidar data was available down to altitudes of about 5 km to 
3 km. 

The 2-µm DWL is based on coherent heterodyning detection, and thus, the data coverage of the measure-
ments depends on the aerosol load and cloud coverage, as thick clouds cannot be penetrated by the laser 
beam. Usually, the flight planning is performed such that the aircraft flies in areas with high relative humidity 
(~60% to 80%) but without opaque clouds, as measurements during previous campaigns demonstrated that 
these conditions lead to maximum data coverage. However, as the WindVal II campaign was in coordination 
with the NAWDEX field campaign, the flight planning was partly performed differently in order to address 
other scientific questions. For instance several flights were performed at high altitudes in order to fly within 
the tropopause and above the jet stream. This led to lower data coverage but resulted in very interesting 
observations as for instance completely resolved jet stream cores (e.g. flights on September 21 and October 
4). It is worth mentioning, that the white areas in the lidar-curtains (Table 6-2) show areas with no data. 
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Table 6-2: Overview of flights and the corresponding 2-µm DWL wind vector measurements per-
formed in the framework of the WindVal II campaign (TO: Take-off, Ldg. Landing); Falcon in-situ wind 
observations are plotted as a single line at flight altitude. 

Date Time  
TO/Ldg. 
(UTC) 

Route Objective 2-µm wind 

15.09. 11:58 – 14:33 OBF-OBF Test flight 

 

17.09. 06:10 – 08:07 OBF-PIK Transfer flight 1 

 

 10:01 – 13:33 PIK-KEF Transfer flight 2 

 

21.09. 14:00 – 17:17 KEF-KEF Investigation of WCB 

 

23.09. 07:01 – 10:21 KEF-KEF Jet stream crossing 

 



 

 

Document Nr. 
FR.DLR.WindVal_II. 
260618 

Issue: 
V 1.1 

Date: 
26.06.2018 

Page: 
34/203 

 
Doc. Title: 
WindVal II Final Report 

 

  

27.09. 09:28 – 13:24 KEF-KEF Jet stream crossing 

 

28.09. 10:56 – 14:19 KEF-KEF 

A2D calibration over 
ice (LOS measure-
ments available 
during calibration) 

 

02.10. 08:31 – 12:01 KEF-KEF Wind over Greenland 

 

04.10. 08:09 – 11:43 KEF-KEF Jet stream crossing 
NE of Iceland 

 

 13:04 – 15:49 KEF-KEF Jet stream crossing 
W of Iceland 

 

09.10. 15:44 – 19:24 KEF-KEF Jet stream crossing 
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15.10. 
10:05 – 13:34 

15:24 – 18:44 
KEF-KEF A2D calibration  

(2 flights) 

 

18.10. 08:36 – 11:14 KEF-PIK Transfer 1 

 

 12:39 – 14:30 PIK-OBF Transfer 2 

 

22.10. 08:02 – 12:08 OBF-SUF Aerosol in the 
Mediterranean area 

 

 13:30 – 16:10 SUF-OBF Aerosol in the 
Mediterranean area 

 

 

As it was discussed before, the 2-µm DWL was not operational from October 10 until the end of the 
campaign due to laser seeding problems that could not be solved in the field. In order to investigate the 
reasons for that, the transceiver unit was brought to the laboratory after the campaign for visual inspection. 
Opening the laser housing, it got immediately clear why the system was not working properly. During the 
campaign, cooling liquid was somehow leaking through the cooling pipes and entering the laser housing 
(Figure 6-3). As it can be seen, the cooling liquid had entered the transceiver housing (top-left) but also the 
inside of the laser (bottom-left), the exit window (top-right) and the laser frame (bottom-right). It turned out 
that luckily no laser optics got influenced or rather damaged by the cooling fluid. However, most likely due to 
the enhanced humidity within the laser housing, the piezo mirror which is used to control the resonator length 
by the ramp and fire technique got lose. Thus, no proper seeding could be realized. 

In the harsh environment of the aircraft, it is very import that the resonator length is controlled or rather 
matched to the seed laser (MO) wavelength in order to obtained proper seeding. Unfortunately this was not 
possible anymore with the lose piezo actor on which one of the SO resonator mirrors is mounted. As neither 
the spare parts nor the knowledge for a piezo actor replacement was available at DLR, the system was sent 
to the maintenance company Beyond Photonics, Boulder, Colorado, USA. After replacing the loose piezo 
mirror and a defective controller in the ramp and fire controller board, the system was send back to DLR. 
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The successfulness of the maintenance procedure was verified by the recent field campaign A-LIFE which 
was performed from Cyprus in March/April 2017. During A-LIFE, the 2-µm DWL was measuring reliably 
without any failures for the entire campaign. Thus it can be concluded that the 2-µm DWL at its current state 
is ready for Aeolus validation. 

 

 
Figure 6-3: Photographs of the 2-µm DWL transceiver in the laboratory after the WindVal II campaign 
demonstrating damage due to cooling fluid which originated during the campaign.  

 

 Discussion of results 6.4
 
In this section, 2-µm wind measurements for a few exemplary flights are discussed and the valuableness of 
the 2-µm wind data is demonstrated. 
 

 23 September 2016 – Cyclone “Vladiana” – Jet stream crossing  6.4.1
 
The overarching goal of the research flight performed on 23 September 2016 was to observe the interaction 
region of a warm conveyor belt (WCB) outflow, connected to the cyclone “Vladiana”, with the jet stream. The 
first part of the flight was coordinated with the HALO aircraft that launched six dropsondes on the coordinat-
ed flight leg (coloured dots in Figure 6-4, right). A comparison of 2-µm DWL data with the dropsonde winds 
is separately discussed in section 10.6.1, showing a correlation coefficient of 0.99, a mean bias of only 
0.08 m·s-1 and a standard deviation of 1.58 m·s-1. 
 
In Figure 6-4, left, the ECMWF forecast of the geopotential height and the horizontal wind speed at 300 hPa, 
valid for 23 September 2016, 12 UTC, is shown. It can be seen that the jet stream was forecasted to be 
closely located to Iceland, blowing with wind speeds up to 60 m·s-1 with south- and south-westerly directions. 
Thus, the flight track was planned as shown in Figure 6-4, right, aiming to cross the jet stream almost 
perpendicular to its wind direction. 
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Figure 6-4: Geopotential height (black isolines, m) and horizontal wind speed (colour, m·s-1) at 300 
hPa from ECMWF model forecast valid for 23 September 2016, 12 UTC (left) and the flight track flown 
on 23 September 2016 (right); the dots indicate dropsondes released from HALO on a coordinated 
flight leg. 
 
An overview of the wind speed measured with the 2-µm DWL on the two long flight legs is given in Figure 
6-5. The thin line above the lidar cross section indicates the wind speed measured in-situ at flight level. The 
white areas are regions with no valid data. The first flight leg was flown in an altitude of 10.8 km. The wind 
speeds in the jet stream core reached values up to 50 m·s-1. At the end of the first flight leg (~ -12° E) it gets 
obvious that the top of the jet stream and thus the overall extend of the core of the jet stream is not fully 
resolved. For that reason, the aircraft climbed to an altitude of 11.4 km at the turning point. Considering the 
lidar cross section of the return flight leg, it can be seen that the vertical structure of the core of the jet stream 
is now completely resolved.  
 

 
 

Figure 6-5: Flight track and wind speeds measured with the 2-µm DWL and Falcon in-situ sensors 
(thin line at flight altitude) on 23 September 2016. 
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This is even more visible in Figure 6-6, which shows the lidar cross section of the return flight leg (top) and a 
single vertical wind profile at the core of the jet stream at a longitude of -12.56° E (bottom). The maximum 
wind speeds reach values close to 55 m·s-1. Furthermore it can be seen that there was a quite strong vertical 
wind gradient apparent. In particular, below the core of the jet stream, it is about 12.5 m·s-1·km-1, whereas it 
is 25 m·s-1·km-1 above with an almost linear wind speed gradient. Such high wind speed gradients are a very 
good opportunity to verify the A2D retrieval algorithms and potential errors that are made due to its coarse 
vertical resolution.  
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Figure 6-6: Lidar cross section of the return flight leg flown on 23 September 2016 (top) and the 
vertical wind profile at a longitude of -12.56° E (bottom) from the 2-µm DWL; the dot colour indicates 
the wind speed according to the colour bar given in the top graph. 
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 27 September 2016 – Tropical Cyclone “Karl” – Jet stream crossing  6.4.2
 
The main objective of the research flight carried out on 27 September 2016 was to measure very high wind 
speeds and wind gradients within the jet stream which were related to the former tropical storm “Karl”. When 
Karl moved northwards, an interaction with a low-level cyclone took place, leading to rapid re-intensification 
and thus to an unusually strong jet stream with a jet streak that propagated ahead from Karl reaching 
Scotland. This situation is obvious form Figure 6-7, left showing the ECMWF forecast for 27 September 
2016, 12 UTC of the geopotential height and the horizontal wind speed at 300 hPa. The forecasted wind 
speeds reached values above 80 m·s-1. The corresponding flight track is shown in Figure 6-7, right; the flight 
time was from 9:28 UTC to 13:24 UTC. A more detailed description of the meteorological situation during this 
research flight is given by Schäfler et al. (2018). 
 

 
 

Figure 6-7: Geopotential height (black isolines, m) and horizontal wind speed (colour, m·s-1) at 300 
hPa from ECMWF model forecast valid for 27 September 2016, 12 UTC (left) and the flight track flown 
on 27 September 2016 (right); the dots indicate dropsondes released from HALO on a coordinated 
flight leg. 
 
In order to measure the aforementioned high wind speeds induced by Karl, the Falcon aircraft flew from 
Keflavik towards the Faroe Islands and the Outer Hebrides right into the centre of the jet stream at a flight 
altitude of 11.5 km before returning to the air base in Keflavik. The corresponding wind speeds measured 
with the 2-µm DWL are shown in Figure 6-8. 
 

 
Figure 6-8: Flight track and wind speeds measured with the 2-µm DWL and Falcon in-situ sensors 
(thin line at flight altitude) on 27 September 2016. 
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Due to the high flight altitude of 11.5 km, the low aerosol load and the enhanced cloud coverage (see also 
the MODIS image shown in Figure 10-1), the data coverage of the 2-µm DWL was poor. Nonetheless, the 
jet stream was crossed and resolved as planned and wind speeds up to 80 m·s-1 were measured. Thus, the 
measurements performed on this flight gave the great opportunity to validate the A2D wind retrieval 
performance over a large wind speed range from 0 m·s-1 to 80 m·s-1. A statistical comparison of 2-µm DWL 
data and A2D data of this flight is separately given in section 10.1. The obtained bias for Mie-winds is  
-0.08 m·s-1 and for Rayleigh winds it is determined to be -0.67 m·s-1. 
 
Furthermore, as discussed by Witschas et al. (2017), the occurrence and even the propagation direction of 
orographically induced gravity waves can be investigated based on horizontal wind perturbations retrieved 
from 2-µm DWL wind speed data. This is especially interesting for leg 4 of the current flight, extending from  
- 10° E to -18° E, as its track orientation was parallel to the wind direction. Thus, gravity waves induced by 
Iceland due to the flow over orography should leave their signature on the horizontal wind field. The 
corresponding cross section of the horizontal wind speed (top, left), wind direction (top, right) and the derived 
wind speed perturbations (bottom) are shown in Figure 6-9 for an altitude range from 9 km to 12 km. The 
coloured line at 11.5 km indicates the data from in-situ measurement at flight level. In order to retrieve wind 
perturbations, a background wind profile needs to be estimated and subtracted from the measured winds. To 
do so, an ordinary fifth-order polynomial fit is applied per each range gate altitude and used as the back-
ground horizontal wind speed for subtraction. Further details about this procedure are given in Witschas et 
al. (2017). 
 
From Figure 6-9, top and middle, it can be seen that the horizontal wind speed was between 15 m·s-1 and 
27 m·s-1 blowing from the west (270° N to 290° N) and thus towards flight direction. The corresponding wind 
perturbations show values of larger than ± 2 m·s-1 with a gravity wave signature between 13° E and 17° E. 
Here, the wind speed perturbations show a remarkable tilt against the wind direction and thus indicate an 
upwards travelling gravity wave with a horizontal wave length of about 100 km. It is worth mentioning that the 
gravity wave is not only visible from the lidar data but also extends to the in-situ data measured at flight level. 
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Figure 6-9: Cross section of the horizontal wind speed (top, left), wind direction (top, right) and 
horizontal wind speed disturbances (bottom) measured at the last flight leg by the 2-µm DWL on the 
research flight on 27 September 2016; winds from Falcon in-situ sensors are shown as thin line at 
flight altitude. 
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 2 October 2016 – Greenland lee Cyclone – Tropopause fold  6.4.3
 

The overall goal of the research flight on 2 October 2016 was to perform wind observations in the jet stream 
and the outflow of a WCB. The ECMWF forecast for 2 October 2016, 12 UTC of the geopotential height and 
the horizontal wind speed at 300 hPa and the corresponding flight track are shown in Figure 6-10, left and 
right, respectively. The dots at the flight track plot indicate dropsondes releases from the French SAFIRE 
Falcon aircraft. A more detailed description of the meteorological situation during this research flight is given 
by Schäfler et al. (2018). 

  

 
Figure 6-10: Geopotential height (black isolines, m) and horizontal wind speed (colour, m·s-1) at  
300 hPa from ECMWF model forecast valid for 2 October 2016, 12 UTC (left) and the flight track flown 
on 2 October 2016 (right); the dots indicate dropsondes released from the French Falcon on a 
coordinated flight leg. 

 

Both aircraft took off in Keflavík with the DLR Falcon flying six minutes ahead the French Falcon. The route 
continued westwards towards Greenland where both aircrafts separated and returned to Keflavik on different 
routes. The wind measured by the 2-µm DWL is shown in Figure 6-11.  

  
Figure 6-11: Flight track and wind speeds measured with the 2-µm DWL and Falcon in-situ sensors 
(thin line at flight altitude) on 2 October 2016. For the sake of clarity, the second and forth flight leg 
flown from north to south (and vice versa) are not shown here. 
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It can be seed that the jet stream is composed of two distinct streaks with wind speeds up the 50 m·s-1. The 
separation of the jet streaks is even more obvious from the measurements performed on the third flight leg 
flown at latitudes of about 63.5° N. Considering the in-situ wind speeds measured at the aircraft it gets clear 
that the top of the jet is resolved. The wind speed at flight level is only of the order of 30 m·s-1 for the entire 
flight, compared to wind speeds of 50 m·s-1 in the jet.  

Furthermore, by analysing the lidar cross section of the first flight leg as shown in Figure 6-12, a strong 
shear in both wind speed and direction can be observed (-42° N till -38°N) in altitudes below 7 km which is 
related to a tropopause trough prominent in the lee of Greenland. 
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Figure 6-12: Lidar cross sections of the first flight leg flown on 2 October 2016 (coordinated with the 
French Falcon aircraft) of the horizontal wind speed (top) and wind direction (bottom) from the 2-µm 
DWL; the grey dotted line indicates the tropopause. Wind speed and direction from Falcon in-situ 
sensors are shown as thin line at flight altitude.  

 

Additionally, an extensive comparison of 2-µm DWL data with wind speeds measured with the RASTA 
(RAdar SysTem Airborne) system and the LNG (LEANDRE New Generation) lidar, both on-board the French 
Falcon aircraft is separately given in section 10.6.4, demonstrating both a good agreement and the comple-
mentarity of lidar and radar data. Whereas the lidar shows a good data coverage in cloud-free regions and in 
optically thin cirrus in the WCB outflow, the RASTA system gives wind data from clouds in the region of the 
WCB ascent in the mid and lower troposphere. Furthermore, the comparison of 2-µm DWL data with the 
dropsonde-winds is given in section 10.6.3. 
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 Summary of 2-µm performance and results 6.5
 

DLR’s 2-µm DWL is introduced and shown to be a reference system for Aeolus calibration and validation 
activities. Wind measurements of three exemplary flights are shown and discussed, demonstrating the 
performance of the system.  

On 23 September 2016, almost linear wind speed gradients larger than 25 m·s-1·km-1 were observed and 
give a great opportunity to investigate the A2D wind retrieval and possibly related error in regions of 
pronounced vertical wind speed gradients.   

During the flight on 27 September a very strong jet stream with wind speeds up to 80 m·s-1 was sampled, 
demonstrating the functionality of the 2-µm for a large wind speed dynamic range from 0 m·s-1 to 80 m·s-1 
and also giving the possibility to verify the A2D wind retrieval for such a large wind dynamic range. Further-
more, it is shown that horizontal wind speed measurements are a valuable tool to analyse the occurrence 
and the propagation direction of gravity waves. In particular, an upward propagating gravity wave with a 
horizontal wavelength of 100 km was detected in the lee of Iceland. 

On 2 October, a jet stream in the lee of Greenland was probed in coordination with the French Falcon 
aircraft. This gave the unique possibility to demonstrate the complementarity of wind lidar and wind radar 
measurements as discussed in section 10.6.4. Whereas the lidar shows a good data coverage in cloud-free 
regions and in optically thin cirrus in the WCB outflow, the RASTA system provides wind data from clouds in 
the region of the WCB ascent in the mid and lower troposphere. 

Furthermore, comparisons of 2-µm DWL data and dropsondes data from HALO and French Falcon are 
performed and shown in section 10.6.1 and 10.6.4. A statistical comparison between 2-µm DWL and A2D 
winds is given in section 10.2.3. 

Despite the gradual instrument performance degradation during the campaign due to laser seeding problems 
caused by a water damage within the transceiver, 8 out of 10 research flights have been performed 
successfully, and, it is revealed that the system is completely recovered after being refurbished by the 
company Beyond Photonics, Boulder, Colorado, USA. 

The first wind measurements from the 2-µm DWL can be achieved about 15 minutes after take-off the 
aircraft until 15 minutes before landing, which is significantly longer than for the A2D. A maximum vertical 
coverage of data is obtained in conditions with high relative humidity of roughly 60-80%, which can be used 
in the planning of the flights as a good proxy for the 2-µm data coverage.  

It is recommended to perform horizontal wind vector measurements in scanning mode for Aeolus validation, 
because this allows projecting the 2-µm horizontal wind measurement to any LOS direction with different off-
nadir and azimuth angles. In principle different off-nadir angles can be converted to each other, if those are 
in exactly the same azimuth direction. In case that these are not in the same azimuth direction, additional 
information about the missing horizontal wind vector component would be needed, e.g. from a NWP model. 
As it is assumed that the azimuth direction of any instrument (ground/aircraft) cannot be exactly aligned to 
the Aeolus azimuth direction, it is preferred to measure the full horizontal wind vector with the validation 
instrument. This issue was also relevant in the comparison of the LOS wind speed from the instruments on 
the DLR and SAFIRE Falcon (see section 10.6.4). 

All 2-µm DWL measurements performed during the WindVal II campaign are processed and data is available 
in netCDF and ASCII-format. For details it is referred to the data acquisition report (DLR 2018). 
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 RASTA and LNG performance and retrieval algorithms 7
 
This chapter summarizes the RASTA and LNG retrieval algorithms and the performance during WindVal II, 
especially for the coordinated flights of the DLR and SAFIRE Falcon on October 2 and 9, 2016. Figure 7-1 
illustrates the “wind” measurements collected by RALI (radar and lidar) during flight 6 of NAWDEX-WindVal 
II on 2 October 2016. The multi-beam radar configuration allows retrieving vertical and horizontal wind field 
where clouds are detected by the instrument. In the bottom panel, the wind component on the line-of-sight 
measured by LNG is reported as the Falcon 20 was flying forth and back to Greenland (first turn at 10:00 
UTC and second one at 10:25 UTC).  

Nadir viewing was used from landing until around 10:30 and then LNG was de-pointed in order to make the 
most of its additional slant viewing which is giving access to products directly comparable to Aeolus ones. 
LNG was back to its nadir configuration after the second turn as heading back to Iceland. We clearly see the 
impact on the wind velocity projection (including aircraft speed projection) while radar wind retrieval 
highlights wind structures similar to the first track of the flight. 

 
Figure 7-1: RALI wind measurements. First three top panels show radar wind retrievals, vertical 
velocity VZ, eastwards wind VE and northwards wind VN respectively. Bottom panel shows LOS wind 
Vr measured by LNG-HSR in nadir and 37° slant viewing configurations (37° configuration is high-
lighted by a red line between 9:32 and 10:27 UTC). 
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 Instruments status during the common flights 7.1
 
The instrument status and operation settings during the flight on 2 October and 9 October 2016 are 
summarized in the following tables Table 7-1 and Table 7-2. 

 

Table 7-1: instrument status and operation settings during the flight on 02/10/2016 (WP: waypoint). 

Flight number 6 

Date of the flight 02/10/2016 

Flight duration (hh:mm) 03:13 

Take off time 08:37 UTC 

Landing time 11:50 UTC 

Instrument 
check 

RASTA OK 

LNG 
ADM pointing configuration from WP1 to WP3 
A low reference contrast appearing at some points will need correction 

CLIMAT OK 

Dropsondes 

5 Dropsondes were launched between WP5 and WP2 and 4 dropsondes 
launched between WP3 and WP4 to sample the PV gradient. 
Dropsondes 4 to 8 stopped emitting before sea level, probably due to 
higher ground level. 

Crew D. Duchanoy, G. Seurat, D. Mourlas, 
H. Bellec, F. Blouzon,Q. Cazenave 

Comments regarding the flight 
(from the SAFIRE report) 

Meteorological conditions for take-off: QNH 1001 – wind 130°/19kt 
T 9° / Td 7° – visi > 10 km FEW 1400 SCT 1900 BKN 13000 
FL 350 

Meteorological conditions 
during the flight 

Cyclone approaching the vicinity of Iceland (Saturday Storm) associated 
with active fronts and thick clouds. 
Outflow of the Warm Conveyor Belt (WCB) associated with the Saturday 
Storm; analysing the tropopause fold and the PV gradient. Coordinated 
flight with the DLR Falcon above Greenland (A2D validation). 
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Table 7-2: instrument status and operation settings during the flight on 09/10/2016 (WP: waypoint). 

Flight number 12 

Date of the flight 09/10/2016 

Flight duration (hh:mm) 03:00 

Take off time 17:08 UTC 

Landing time 20:08 UTC 

Instrument 
check 

RASTA OK 

LNG 

ADM pointing configuration from WP4 to WP5 
A low reference contrast appearing at some points during the ADM leg 
will need correction 
No calibration possible during the ADM leg (using mean calibration 
constant determined for the entire campaign) and misalignment 
suspected during the flight associated with high uncertainty on the lidar 
backscatter coefficients at 355nm 

CLIMAT No measurement of the upwelling and downwelling fluxes from 18:00 
UTC until the end of the flight 

Dropsondes 4 dropsondes launched on 2 different legs across the cold front. 

Crew D. Duchanoy, G. Seurat, N. Geil, H. Bellec, 
M. Van Haeke, C. Caudoux, G. Riviere 

Comments regarding the flight 
(from the SAFIRE report) 

Meteorological conditions for take-off: QNH 1008 – wind 190°/22kt 
T 9° / Td 6° – visi > 10 km FEW 1300 BKN 020 OVC 055 
FL 350 from 17:50 to 19:16 
FL 340 from 19:18 to 19:41 

Meteorological conditions 
during the flight 

The frontal structure is now located east of Iceland. 
Several cross sections of the frontal area where its activity is the most 
intense. Common leg with the DLR aircraft from the centre to the edge of 
the front. 

 
In the next section a description of the processing steps from raw data (Level 0: L0) to Level 1/2 (L1, L2) 
instrument data from RASTA and LNG is provided with a focus on the winds measurements.  

 
 Retrieval algorithms for RASTA 7.2

 
RASTA measures both received signal power and Doppler velocity for each antenna. However, these 
measurements cannot be used directly for scientific purpose. The radar reflectivity must be calibrated and 
range corrected in order to convert it into dBZ. The background noise is also removed using thresholding 
technique knowing the background noise characteristics. Once the Level 1 data are derived from the raw 
measurements and for each antenna it is possible to go to the next level. 
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 Measurement geometry 7.2.1
 
Before using the data and positioning the radar gates in space, it is crucial to know where the antennas are 
pointing. It is necessary to do this calibration before any campaign as the instruments (it is the same for the 
lidar) are not exactly re-installed in the same position. It has always been a challenging task (Testud et al. 
1995; Haimov and Rodi 2013). Each antenna position must be known accurately on the aircraft. As a first 
guess we are using a pointing machine (operated by the technical division of CNRS-INSU) which allows us 
to measure the azimuth and elevation of each antenna (Elant, Azant) in the aircraft’s referential (vertical and 
the rail along the fuselage) as shown in Figure 7-2 (d) and (e). The downward antennas angles are checked 
using ground Doppler velocity that is expected to be close to zero once corrected from aircraft motion and 
the projected in-situ wind measurements along the radar radial (not shown here). The upward antennas 
angles (when used) are only verified using the projected in-situ wind measurements along the radar radial 
direction. Note that we optimised the consistency with the aircraft’s sensors and confirmed with the ground 
velocity. 

 

Figure 7-2: Description of the aircraft attitude angles (a to c) and the azimuth (Azant) and elevation 
(Elant) of the antennas (subscript ant) with the aircraft as a referential (d and e). 
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A radial is defined by the antenna pointing (aircraft’s referential) and the attitudes of the aircraft defined in 
Figure 7-2 (roll (a), pitch (c), heading (b)). The first step is the calculation of the azimuth (Az) and the 
elevation (El) for each radar radial in the Earth referential: 

 
where X, Y and Z are calculated using the following equations: 

 
Knowing Az and El angles for each antenna it is possible to calculate the coordinates (latitude, longitude, 
altitude) of each radar gate: 

 
i is the radial index, k is the gate number, RT =6378137 m is the Earth radius, range is the distance between 
the radar and the gate. Longac and Latac are the longitude and the latitude of the aircraft, respectively. The 
range of each gate is represented by r. 

RASTA nadir reflectivity is calibrated using the ocean surface return technique (Li et al. 2005; Tanelli et al. 
2008). The calibration of the other antennas is either directly derived using ground surface (in a similar 
manner as the nadir) or by comparing with nadir reflectivity. Due to its PRF (Pulse Repetition Frequency) 
and ambiguous distance, RASTA’s Nyquist velocity is about 7.9 m·s-1. (VNyquist= ± PRF λ/4, with λ the radar 
wavelength 3.2 mm for RASTA). Therefore, the Doppler velocity measured by RASTA must be corrected 
from “folding”, which means that all Doppler velocities are measured into the Nyquist interval, ±7.9 m·s-1. The 
aircraft motion vector is then projected along the radial direction, and added to the Doppler measurement to 
remove the aircraft motion component. This component is actually added, because the aircraft motion results 
in an apparent Doppler contribution of opposite sign. We then use the in-situ data at the closest range to the 
aircraft to unfold the first measured Doppler velocity along a radial direction. Then we apply a gate to gate 
correction along the radial, allowing for a maximum difference of 6 m∙s-1 between successive range gates. 

 
 3D wind retrieval for Vx, Vy and Vz 7.2.2

 
As previously discussed, RASTA is capable of retrieving the 3D wind field, i.e. the three components of the 
wind on the vertical plane below the aircraft (3 antenna configuration here), by combining independent 
Doppler velocity measurements from the multi-beam antenna system (we retrieved the 3 components of the 
wind in the aircraft’s referential, Vx is the along-track wind, Vy is the cross-track wind and Vz the vertical 
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wind). Once the Doppler velocity is unfolded and corrected from aircraft’s motion and the reflectivity 
calibrated it is possible to retrieve both dynamical and microphysical cloud properties. Figure 7-3 summariz-
es the whole process to retrieve cloud winds and some extra variables such as gaseous attenuation or 
phase discrimination. 

 

 
Figure 7-3: Flowchart describing the radar data processing for the wind retrieval. 

 
 Measurement principle 7.2.3

 
The 3D wind is retrieved using an optimal estimation approach (inspired from Protat and Zawadzki, 1999), 
which consists in using an iterative process to adjust the state vector containing Vx (along track wind 
component), Vy (cross track) and Vz (vertical): 

X = �
Vx 
Vy
Vz
� 

to minimize δy the difference between the forward modelled Doppler velocity: 

Y = �
Vrvertical

Vrbackward
Vrtransverse

� 

and the measured one along each antenna. 

At each iteration the state vector is updated using the following equation: 
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where H is the Jacobian, A the Hessian matrix and R the covariance matrix error. After minimization of the 
cost function: 

 
the optimal state vector contains the retrieved 3D wind components. 

R assumes that the errors are not correlated and is therefore diagonal. The forward model errors are 
arbitrary set to 0.5 m·s-1 to include possible errors due to antenna mispointing. Note that the value of the 
error is not crucial as the same error is applied to all antennas. Some tests were made to use the collocation 
distance as weighting function but this resulted in retrieval instability. As the problem is well posed, 3 
equations for 3 unknowns for an at least 3-antenna system, the convergence is reached after 3 iterations. 
Practically the retrieval method is not applied in one shot but only on ten continuous profiles to avoid 
processing of too large matrices at once, with the advantages of speeding up the process and limiting the 
required computing resources. 

The forward model is straightforward and is defined by a single equation depending on the radial pointing 
and the three components of the wind as follows: 

 

Vrant =VX cos(Azant)cos(Elant)+VY sin(Azant)cos(Elant)+VZ sin(Elant). 

 

The “ant” index indicates that the formulae can be used for all antennas and for each radar gate. The 
Jacobian (H) is diagonal as we assume the data gate to gate independent and is derived using the following 
equations: 

 
∂Vrant
∂VX

= cos(Azant) cos(Elant)   

∂Vrant
∂VY

= sin(Azant) cos(Elant) 

∂Vrant
∂VZ

= sin(Elant) 

 

Indeed, VY dependencies are removed when there are only two antennas available (upward or downward). 

 
 RADAR mask 7.2.4

 
RASTA L2 product contains also some information regarding the nature of the hydrometeors. Temperature 
field from ERA-I (ECMWF Re-Analysis – Interim) is used to support the ice/liquid distinction. The melting 
layer is detected using the vertical velocity as the rapid conversion of ice into rain leads to a strong vertical 
gradient in vertical velocity. 

The radar mask contains the following information:  0 (no cloud) / 1 (ice) / 2 (rain) / 3 (ice but likely attenuat-
ed) / 4 (ground) / 5 (ghost ground) / 6 (interpolated). Note that label 6 is not relevant for NAWDEX-WindVal II 
configuration as it concerns only the campaigns when upwards antennas are used. More details are given in 
the radar-lidar products hereunder. 
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 Retrieval algorithms for LNG 7.3
 

The signal is averaged over a hundred of shots (~5 s, for a PRF of 20 Hz) to increase the signal-to-noise 
ratio, after the imperfectly seeded shots have been removed on a shot-to-shot basis and the signal of each 
channel has been corrected from the average value of the background noise of the corresponding detector 
(recorded prior to the signal itself). 

Every profile is then corrected from the variation in energy of the laser source in the corresponding wave-
length:  𝑆𝑆355(𝑡𝑡) =  𝑆𝑆 355,0(𝑡𝑡) ∗ 𝐸𝐸355(𝑡𝑡)

𝑀𝑀𝐸𝐸𝑀𝑀𝑀𝑀𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓ℎ𝑡𝑡(𝐸𝐸355)
. The measurement of the energy is accurate with 10%. 

After reconstruction of the signals, the L0 lidar files contain information on the total attenuated uncalibrated 
perpendicular signal Sperp, the total attenuated uncalibrated parallel signal Spar, the particular attenuated 
uncalibrated parallel signal Spar,part and the molecular attenuated uncalibrated parallel signal Spar,mol = Spar - 
Spar,part, and finally, the Doppler measurement in the lidar line of sight VLOS. Information on how to retrieve 
those signals from the MZI outputs can be found in Bruneau et al. (2015). 

 

 Calibration of the lidar signals 7.3.1
The theoretical signal for each of the four channels of the interferometer is expressed as follows:  

 
These signals are corresponding to both the measured laser reference and the atmospheric backscattered 
signals at the output of the MZI. The calibration of ai and Mi coefficients has to be made in laboratory 
conditions prior to the field campaign (the calibration method is detailed in Bruneau et al, 2015). Before each 
flight a recording is made with the reference signal when the laser is not injection seeded, which leads to no 
interference contrast and allows for a calibration of the ai and Mi coefficients. In practice, we need for each 
channel, a coefficient ai,r for the reference signal and another coefficient ai,s for the atmospheric signal. It may 
change during the flights, however, in the measurement process, the reference signal is recorded prior to the 
atmospheric signal, which can be used to normalize the measured contrast and get rid of this uncertainty. 
This procedure allows for a calibrated measurement of the radial wind, which is then corrected from the 
offset due to the aircraft motion. 

The cross and parallel channels are also intercalibrated in laboratory conditions. However, additional post-
processing is needed to retrieve the lidar particular and molecular backscatter coefficients in [m-1.sr-1]. The 
calibration of the signals is performed on each averaged profile on a clear sky area of 500 m (~83 lidar range 
gates) between the aircraft and the cloud top using a model of molecular backscatter: 

𝛽𝛽𝑚𝑚(𝑡𝑡, 𝑧𝑧) = �̂�𝛽𝑚𝑚(𝑡𝑡, 𝑧𝑧) ∗ 𝑇𝑇2(𝑡𝑡, 𝑧𝑧), 

 

with �̂�𝛽𝑚𝑚 the “true” (unattenuated) backscatter. It is derived from the atmospheric density following Bodhaine 
et al. (1999) and She (2001). 

Temperature and pressure fields are from ERA-I. ERA-I reanalysed fields are retrieved on a regular 0.75°-
horizontal grid at each of the 37 following pressure levels (in hPa): 1, 2, 3, 5, 7, 10, 20, 30, 50, 70, 100, 125, 
150,175,  200,225,  250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 775, 800, 825, 850, 875, 900, 
925, 950, 975, 1000. The pressure levels are converted into altitude levels following the hydrostatic 
atmosphere model.The reanalysis data are available at 0 h, 6 h, 12 h and 18 h UTC and the flights are 
between 2.5 and 4 hours long so only one ERA-I file is used for each flight. The reanalysis data are linearly 
interpolated over an [altitude, latitude, longitude] grid similar to that of the RASTA measurements (e.g.  
~ [60m, 0.01°, 0.01°]) and then for each radar gate, the closest grid point from the ERA-I file is selected. The 
ERA-I file used for each flight is the one corresponding to the reanalysis for which the time is the closest in a 
least square sense to all the measurements performed during the flight. 

The molecular transmittance along the laser path is given by: 
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𝑇𝑇2(𝑡𝑡, 𝑧𝑧) = 𝑒𝑒−2∫ 𝛼𝛼𝑚𝑚�𝑡𝑡,𝑧𝑧′�𝑑𝑑𝑧𝑧′
𝑧𝑧𝑎𝑎𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑓𝑓𝑡𝑡
𝑧𝑧 , 

with 𝛼𝛼𝑚𝑚 the molecular extinction. 

 

A calibration constant is defined for the parallel signal as the ratio of the averaged signal over a 500 m 
distance at a distance z0 below the aircraft and the molecular backscatter calculated from the atmospheric 
reanalysis density and the lidar model presented above: 

𝐶𝐶(𝑡𝑡) = meanz0<z<z0−500𝑚𝑚  �
𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡, 𝑧𝑧)

𝛽𝛽𝑚𝑚,𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡, 𝑧𝑧, 𝜆𝜆)�. 

 

For profiles where the cloud top is too close from the aircraft, the average of the constants computed for the 
current leg is used. And if there is no clear sky at all during the current flight, we use the average of all the 
calibration constants computed during the campaign. One must distinguish between legs performed in the 
ADM-configuration (lidar pointing at 37° off-nadir) and legs performed in the classic nadir-pointing configura-
tion (as extra mirrors are added, the calibration constant is different). 

The calibrated signals are: 

𝛽𝛽𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝 𝐶𝐶⁄ , 

𝛽𝛽𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = (𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝐶𝐶)⁄ ∗ 𝛿𝛿𝑚𝑚𝑡𝑡ℎ 𝛿𝛿𝑚𝑚𝑝𝑝𝑝𝑝𝑚𝑚⁄ , 

 

with 𝛿𝛿𝑚𝑚𝑡𝑡ℎ, the theoretical value for the molecular depolarization ratio and 𝛿𝛿𝑚𝑚𝑝𝑝𝑝𝑝𝑚𝑚 = 𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝/𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝 the average 
value of the measured depolarization ratio over the calibration distance, 

 

𝛽𝛽355 = 𝛽𝛽𝑝𝑝𝑝𝑝𝑝𝑝 + 𝛽𝛽𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝, 

𝛽𝛽𝑝𝑝𝑝𝑝𝑝𝑝𝑡𝑡 = (1 + 𝛿𝛿𝑚𝑚𝑡𝑡ℎ) ∗ 𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝,𝑝𝑝𝑝𝑝𝑝𝑝𝑡𝑡 𝐶𝐶⁄ + 𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝐶𝐶⁄ ∗ 𝛿𝛿𝑚𝑚𝑡𝑡ℎ 𝛿𝛿𝑚𝑚𝑝𝑝𝑝𝑝𝑚𝑚⁄ − 𝛿𝛿𝑚𝑚𝑡𝑡ℎ ∗ 𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝 𝐶𝐶⁄ , 

𝛽𝛽𝑚𝑚𝑚𝑚𝑚𝑚 = (1 + 𝛿𝛿𝑚𝑚𝑡𝑡ℎ) ∗ 𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝,𝑚𝑚𝑚𝑚𝑚𝑚 𝐶𝐶⁄ . 

 

 Measurement errors 7.3.2
 
The random errors 𝜎𝜎𝑆𝑆𝑓𝑓

2  of the 4 signals at the output of the MZI are assumed to be uncorrelated and are 
computed following the Poisson statistics that describe the photon noise on the detectors. Then the error due 
to the processing of the MZI signal has to be determined. 

The total signal can be expressed as follows: 

𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝  = �
4

𝑀𝑀1
−1 + 𝑀𝑀2

−1 + 𝑀𝑀3
−1 + 𝑀𝑀4

−1� ∗ �
𝑆𝑆1

𝑀𝑀1𝑎𝑎1
+

𝑆𝑆2
𝑀𝑀2𝑎𝑎2

+
𝑆𝑆3

𝑀𝑀3𝑎𝑎3
+

𝑆𝑆4
𝑀𝑀4𝑎𝑎4

�, 

and its variance is given by: 

𝜎𝜎𝑆𝑆𝑝𝑝𝑎𝑎𝑎𝑎
2 =  �

4
𝑀𝑀1

−1 + 𝑀𝑀2
−1 + 𝑀𝑀3

−1 + 𝑀𝑀4
−1�

2

∗ �
𝜎𝜎𝑆𝑆1
2

𝑀𝑀1
2𝑎𝑎12

+
𝜎𝜎𝑆𝑆2
2

𝑀𝑀2
2𝑎𝑎22

+
𝜎𝜎𝑆𝑆3
2

𝑀𝑀3
2𝑎𝑎32

+
𝜎𝜎𝑆𝑆4
2

𝑀𝑀4
2𝑎𝑎42

�. 

 

For the variance of the particular signal and the Doppler measurement, we first need to introduce the 
depolarization ratio of the interferometer 𝑋𝑋𝑝𝑝𝑚𝑚𝑚𝑚, which is assumed constant along one profile: 

𝑋𝑋𝑝𝑝𝑚𝑚𝑚𝑚 =

𝑀𝑀1𝑀𝑀3
𝑀𝑀1 + 𝑀𝑀3

� ∑𝑆𝑆1𝑎𝑎1𝑀𝑀1
+ ∑𝑆𝑆3
𝑎𝑎3𝑀𝑀3

�

𝑀𝑀2𝑀𝑀4
𝑀𝑀2 + 𝑀𝑀4

� ∑𝑆𝑆2𝑎𝑎2𝑀𝑀2
+ ∑𝑆𝑆4
𝑎𝑎4𝑀𝑀4

�
. 
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Working on the complex total MZI output signal, we can write: 

𝑄𝑄 =  𝑞𝑞1 + 𝑖𝑖𝑞𝑞2, 

𝑤𝑤𝑖𝑖𝑡𝑡ℎ 𝑞𝑞1  =  2 ∗
1 + 𝑋𝑋𝑝𝑝𝑚𝑚𝑚𝑚
𝑀𝑀2 + 𝑀𝑀4

∗ �
𝑆𝑆4
𝑎𝑎4
−
𝑆𝑆2
𝑎𝑎2
�  𝑎𝑎𝑎𝑎𝑎𝑎 𝑞𝑞2  =  2 ∗

1 + 𝑋𝑋𝑝𝑝𝑚𝑚𝑚𝑚
𝑋𝑋𝑝𝑝𝑚𝑚𝑚𝑚(𝑀𝑀1 + 𝑀𝑀3)

∗ �
𝑆𝑆1
𝑎𝑎1
−
𝑆𝑆3
𝑎𝑎3
�. 

 

The particular signal is 𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝,𝑝𝑝𝑝𝑝𝑝𝑝𝑡𝑡 =  |𝑄𝑄| and its variance can then be expressed as follows: 

𝜎𝜎𝑝𝑝𝑝𝑝𝑝𝑝,𝑝𝑝𝑝𝑝𝑝𝑝𝑡𝑡
2 =  

𝑞𝑞12 ∗ 𝜎𝜎𝑞𝑞1
2 + 𝑞𝑞22 ∗ 𝜎𝜎𝑞𝑞2

2

𝑞𝑞12 + 𝑞𝑞22
, 

𝑤𝑤𝑖𝑖𝑡𝑡ℎ 𝜎𝜎𝑞𝑞1
2  =  4 ∗

�1 + 𝑋𝑋𝑝𝑝𝑚𝑚𝑚𝑚�
2

(𝑀𝑀2 + 𝑀𝑀4)2 ∗ �
𝜎𝜎𝑆𝑆4
2

𝑎𝑎42
−
𝜎𝜎𝑆𝑆2
2

𝑎𝑎22
�  𝑎𝑎𝑎𝑎𝑎𝑎 𝜎𝜎𝑞𝑞2

2  =  4 ∗
�1 + 𝑋𝑋𝑝𝑝𝑚𝑚𝑚𝑚�

2

𝑋𝑋𝑝𝑝𝑚𝑚𝑚𝑚2 (𝑀𝑀1 + 𝑀𝑀3)2 ∗ �
𝜎𝜎𝑆𝑆1
2

𝑎𝑎12
−
𝜎𝜎𝑆𝑆3
2

𝑎𝑎32
�. 

 

The random error on the molecular signal can be estimated as the sum of 𝜎𝜎𝑆𝑆𝑝𝑝𝑎𝑎𝑎𝑎
2  and 𝜎𝜎𝑝𝑝𝑝𝑝𝑝𝑝,𝑝𝑝𝑝𝑝𝑝𝑝𝑡𝑡

2  although this is 
not completely true as Spar and Spar,part are not independent. 

 

The Doppler signal is given by 𝑉𝑉𝐿𝐿𝐿𝐿𝑆𝑆 = 𝑐𝑐𝜆𝜆0
4𝜋𝜋𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀

∗ (arg(𝑄𝑄) − arg (𝑄𝑄𝑝𝑝)), with 𝑐𝑐 the speed of light, 𝜆𝜆0 the wave-
length, 𝑙𝑙𝑀𝑀𝑀𝑀𝑀𝑀 the optical path difference of the interferometer and 𝑄𝑄𝑝𝑝 the complex signal similarly determined 
for the reference signal. 

Its variance is expressed by:  

𝜎𝜎𝑉𝑉2 =  
𝑞𝑞12 ∗ 𝜎𝜎𝑞𝑞2

2 + 𝑞𝑞22 ∗ 𝜎𝜎𝑞𝑞1
2

(𝑞𝑞12 + 𝑞𝑞22)2 + 𝜎𝜎𝑄𝑄𝑎𝑎
2����. 

 

Using a calibration constant averaged over a 500 m distance allows assuming that its variability is not 
correlated to the random noise of the detectors. There can be other sources of variability for the calibration 
constant over the flight, such as the uncertainty in the reanalyzed temperature and pressure fields and their 
colocation to the measurements, misalignment issues or additional uncertainties that are not known and 
cannot be corrected. A way to estimate this uncertainty is to look at the standard deviation of the calibration 
constant (Table 7-3). When only few profiles can be used to determine the calibration constant, the value of 
this standard deviation is not reliable. For profiles where the calibration constant can be determined, most of 
the variability due to the instrument can be corrected. However, the uncertainty due to the atmospheric 
model remains. Figure 7-4 shows the relative difference between the ERA-I temperature and pressure fields 
and the measurements performed during the flight at the altitude of the aircraft. 
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Figure 7-4: Comparison of ERA-I and aircraft measurements of temperature and pressure. 

 
The uncertainty on the depolarization ratio, for profiles where the molecular depolarization cannot be 
determined, can also be estimated by looking at the variability of the measurement in the calibration region 
(Table 7-3). Also note that there is 10% uncertainty in the determination of the theoretical value of the 
depolarization ratio 𝛿𝛿𝑚𝑚𝑡𝑡ℎ due to uncertainties in spectral filtering. 

Due to the fact that the field of view is small at 355 nm, the overlap region is quite large and calibration can 
be unstable in case of in-flight alignment changes. As a result, one should be very careful when using the 
backscatter signal in the first kilometer below the aircraft, especially the molecular backscatter. 

Figure 7-5 shows the total attenuated backscatter measured by LNG in the first 1.5 km of clear sky profiles. 
The overlap region is visible in the first kilometer, where the signal is not stable. It can vary between 0.8 to 
more than 1 km due to changes in the alignment of the laser. 

 

Table 7-3: Statistics of the calibration errors at 355 nm for flights 6 and 12 of NAWDEX-WindVal II. 

 Flight 6 (02/10/16) 
nadir, ADM configuration 

Flight 12 (09/10/16) 
nadir, ADM configuration 

Number of profiles 23, 297 398,0 
355nm calibration constant std 
error (%) 

4.4, 4.4 25, 25 

Measured depolarization ratio 
std error (%) 

24, 24 24, 24 
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Figure 7-5: Visualization of the overlap region for LNG measurements at 355 nm. Total attenuated 

backscatter as a function of range and time for 2 different flights. 

 

 LNG validity masks 7.3.3
A validity mask is available for the particular and the molecular signals at 355 nm as well as for the Doppler 
measurement (1=signal/ 0=noise). The first two are determined using thresholds on the raw (uncalibrated) 
signal from the L0 files (log10(Spar,part)> -2 and log10(Spar,mol)> -2) and the relative error also from the L0 files 
(Spart,err/Spar,part < 0.4 and Smol,err/Spar,mol < 1). The first 100 meters below the aircraft are also removed from the 
mask. The mask for the wind measurement is determined using a threshold on the measurement standard 
error (Verr < 4 m·s-1) and removing outliers (measurements above 90 m·s-1). 

  



 

 

Document Nr. 
FR.DLR.WindVal_II. 
260618 

Issue: 
V 1.1 

Date: 
26.06.2018 

Page: 
56/203 

 
Doc. Title: 
WindVal II Final Report 

 

  

 Retrieval of collocated radar-lidar (RALI) product 7.4
 

 Collocated measurements 7.4.1
 
Data interpolated on a [Time x Altitude] grid with the lidar time step (5 s, equivalent to 1 km horizontal 
resolution for SAFIRE Falcon 20 measurements) and the radar range (60 m). For every time step, the 
closest profile in time from each instrument is selected. For every instrument, the position of each range gate 
in the profile is known (latitude, longitude, altitude above sea level). We use the information on the altitude of 
the instrument gates to interpolate the data on the new grid using the nearest neighbor method. This 
information is also used to determine for every gate of the new grid the distance between the measurements 
of both instruments. 

Input and output files: 

INPUTS: From LNG Level 1 and RASTA Wind product (not all the variables are included, only those of 
interest for phase categorization and retrieval processing). 

OUPUT: RALI collocated netCDF files. 

 
 Instrument mask and phase categorization 7.4.2

 
The phase categorization relies on the synergy between two active sensors, the radar and the lidar. Indeed, 
radar and lidar have complementary properties: in the Rayleigh scattering regime, when particles are much 
smaller than the observing wavelength, the radar return signal is proportional to the sixth moment of the 
particle size distribution; hence, within a volume it is most sensitive to the largest particles. On the other 
hand, lidar backscatter is proportional to the second moment of the particle size distribution; therefore, it is 
most sensitive to particle concentration and backscattering cross-section. Lidar signals are thus sensitive to 
optically thin clouds but are rapidly attenuated in optically thick clouds, whereas radar signals are able to 
penetrate even optically thick clouds, such as liquid water clouds, but are less sensitive to optically thin 
clouds composed of small particles. 

 

INPUT: RALI collocated netCDF files. 

INPUT mask variables: 

- From RASTA processing: RASTA_Radar_Mask = 0 (no cloud) / 1 (ice) / 2 (rain) / 3 (ice but likely 
attenuated) / 4 (ground) / 5 (ghost ground) / 6 (interpolated). 

- From LNG processing: LNG_Mask_Signal = for every channel, 0 (no signal or molecular signal) / 1 
(cloud or aerosol or ground detected) flag is defined using a threshold on the raw signal or the 
backscatter ratio (signal/molecular) and/or the relative statistical error. 

OUTPUT: RALImask netCDF files 

 

Phase categorization – step 1: the melting layer 

The melting layer is defined as the limit between ice cloud and rain. It can be detected using the Doppler 
signal of the cloud radar: the terminal fall velocity of rain drops is much higher than that of the ice crystals. In 
our case, the melting layer is determined using thresholds on the vertical gradients of Vz (vertical velocity) 
and Z (reflectivity in dBZ) and on the temperature field T. 

Thresholds: 

- dVz > 3 m·s-1. 
- dZ < -8 dBZ 
- -4 °C < T < 10 °C 

 

 Warm flag: 1=below melting layer / 0=above 
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Phase categorization – step 2: the lidar masks 

- Ground detection: log10(backscatter) > -3 and altitude < 4 km OR lidar signal > noise (2 sigma) 
where ground detected by the radar 

- Attenuation / extinction of the lidar signal: 
o If the lidar can see the ground but at some point, the radar sees cloud and the lidar does not, 

then from this point to the ground, the lidar is attenuated. Otherwise, we consider that what-
ever is not a cloud is clear sky. 

o If the lidar does not see the ground, when there is no more information from this instrument 
but there is a radar measurement, then the lidar is attenuated and if there is cloud detected 
by the lidar below more than 1 km of radar only measurement, then it is likely to be strongly 
attenuated. 
  

 For every channel, backscatter flag: 0=clear sky / 1=cloud or aerosol / 3=particles detected but lidar 
signal attenuated / -1=lidar attenuated / -2=lidar extinguished / 5=ground 

 

Phase categorization – step 3: layers with strong backscatter signal 

Supercooled layers can be observed between 0°C and -40°C and are characterized by a strong backscat-
tered lidar signal and small vertical extension. They are totally transparent for the radar (very small droplets). 
Their detection is important for the retrieval of ice clouds as the lidar signal coming from regions below the 
supercooled layer is strongly attenuated and therefore must not be included in the retrieval scheme. 

A threshold of 5∙10-4 m-1∙sr-1 on the lidar backscatter signal is used to select pixels which can potentially be 
part of supercooled layers. Then, one must make a distinction between supercooled layers, warm liquid 
clouds and highly concentrated ice using backscatter profile attenuation. 

For every selected pixel, a layer is defined using the strongest gradient in the 300 m below and in the 300 m 
above. When the selected gates are below the melting layer, then, it is warm liquid cloud. 

The remaining gates are converted into objects with a given length and height. If the layer is more than 300 
m high or its length is less than 4 times its height, then it is not detected as supercooled water but highly 
concentrated ice. 

 
 Layers: 0=signal not strong enough / 1=warm liquid water / 2=supercooled / 4=ice  

 
Phase categorization – step 4: separate ice from rain 

Rain is determined from the radar mask. 

Ice cloud is determined either from the radar mask or from whatever is detected by the lidar and is above the 
melting layer. 

Ice and Rain pixels are then converted into objects and if a rain object shares some edge pixels with an ice 
cloud object then, it is cold rain. Otherwise, it is flagged as warm rain. 

 
 Ice/Rain flag: 0=ground / 1=no ice, no rain / 2=ice / 4=warm rain / 5=cold rain / 6=multiple scattering 

suspected 

 
Phase categorization – step 5: aerosol and liquid cloud detection 

Aerosol is detected if the lidar backscatter is ≤ 10-5 and the depolarization ratio is < 0.02. This threshold was 
defined for the NAWDEX campaign where only marine aerosols with very low depolarization ratios were 
measured. 

Liquid cloud is detected either when a supercooled layer is detected or if there is a lidar signal below the 
melting layer that is not flagged as aerosols or if there is a radar signal < -17 dBZ previously flagged as rain. 

 
 Aerosol/Liquid flag: 0=ice, ground or clear sky / 1=liquid / 4=aerosol / 9=unknown (lidar attenuated) 
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Phase categorization – step 6: final step 

Combination of all the previous flags: 

-3= subsurface 

-2= lidar attenuated or extinguished 

-1= ground 

0= clear sky 

1= ice cloud 

2= 2D plates / spherical crystals 

3= supercooled water 

4= liquid cloud + ice 

5= cold rain 

6= aerosol 

7= warm rain 

8= stratospheric clouds (undetected by RALI) 

9= strong ice concentration 

10= top of convective towers (undetected by RALI) 

11= liquid cloud 

12= warm rain + liquid cloud 

13= cold rain + liquid cloud 

14= warm rain that could be mixed with liquid clouds but we don't know because the lidar is too extin-
guished 

15= multiple scattering 

 
 RASTA and LNG data product for flight on 2 October 7.5

 

The derived merged radar-lidar product is described in this section. We illustrate step by step the RASTA 
and LNG processing and their combination. We focus here on the 2 October 2016.  

 

 RASTA raw data to L1 data 7.5.1
 

Figure 7-6 shows the raw measurements of each antenna as a function of range (distance from the aircraft). 
At this level, there is no correction applied on the data, the reflectivity is not calibrated and not range 
corrected. The background signal is not removed as presented in Figure 7-6. The velocity contains the 
aircraft motion and we can distinguish areas where velocity has been folded. 

After processing, both reflectivity and velocity have been corrected and the background noise is removed. 
Figure 7-7 shows the reflectivity and the velocity for each antenna after processing as a function of altitude 
above the earth surface. Note that all the radar gates have been positioned in space (latitude, longitude, 
altitude). 
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Level 2 velocity data can be combined to derive vertical and horizontal winds as shown in Figure 7-8. The 
nadir calibrated and range corrected reflectivity is represented in top panel. The vertical velocity indicates 
that the cloud vertical velocity is around 1 m·s-1 and we can distinguish the ice/rain conversion (known as 
melting layer) at around 1km altitude. The vertical air motion measured by the aircraft’s probes is plotted the 
altitude of the aircraft. The intensity of the horizontal wind is presented in the third panel, highlighting the 
variability of the wind intensity as a function of altitude due to wind shear. During that flight, the wind intensity 
was clearly increasing with the altitude with a maximum speed larger than 40 m·s-1 which is corroborated by 
the aircraft probes (coloured line).  The bottom plot shows that the wind direction is varying between 50° and 
200°. 

 

Figure 7-6: Raw measurements (power Z and Doppler velocity Vraw) from RASTA, nadir (top), 
backward (middle) and transverse (bottom) antennas. 
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Figure 7-7: Calibrated radar reflectivity Z and unfolded Doppler velocity V from RASTA, nadir (top), 
backward (middle) and transverse (bottom) antennas. 

 

Figure 7-8: RASTA wind retrieval, top panel shows the nadir radar reflectivity Z, second panel from 
the top is the vertical velocity VZ. Third and fourth panel illustrate horizontal wind speed |V| and 
direction respectively. 
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 LNG raw data to L1 data 7.5.2
After reconstruction of the signals, the Level 0 LNG files contain information on the total attenuated uncali-
brated perpendicular signal Sperp (third panel in Figure 7-9), the total attenuated uncalibrated parallel signal 
Spar (not shown here), the particular attenuated uncalibrated parallel signal Spar,part (second panel in Figure 
7-9) and the molecular attenuated uncalibrated parallel signal Spar,mol (first panel), and finally, the Doppler 
measurement in the lidar line of sight VLOS (fourth panel). 

 

Figure 7-9: Raw 355 nm LNG measurements. Top panel shows the raw molecular backscatter signal, 
second panel the particular parallel backscatter signal, third panel displays molecular and particular 
perpendicular backscatter signal. The bottom panel shows the raw line of sight Doppler. 

The raw signals presented in Figure 7-9 cannot be used directly and they require extra processing such as 
calibration. Figure 7-10 shows an illustration of L1 data derived for LNG with a focus on the 355 nm 
measurements. Calibration of the LNG signals in the ADM mode (37° off-nadir) is done in a second step 
following a similar molecular reference calibration procedure to determine the ratio of the nadir-to-off-nadir 
constants. 
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Figure 7-10: Level 1 LNG data. The calibrated attenuated molecular backscatter at 355 nm is shown in 
the top panel. The second panel illustrates the calibrated particular backscatter at 355 nm. The 
Doppler measurement at 355 nm which has been corrected from aircraft motion is shown in middle 
panel the red line corresponds to the 37° off-nadir pointing. Third and Fourth panels indicate validity 
of the particular and molecular signal. 

 

 Merged radar and lidar product 7.5.3
 
The merged radar and lidar product consists in the combination of the radar and le lidar measurements, as 
shown Figure 7-11. As radar and lidar are not working at the same vertical and horizontal resolution, the 
data are interpolated on a [Time x Altitude] grid with the lidar time step (5 s) and the radar range (60 m). For 
every time step, the closest profile in time from each instrument is selected. We find similar measurements 
as previously shown in L2 RASTA wind data and L1 LNG data but now on the same grid. 

As RASTA can measure Doppler velocity along three different lines of sight, it is then possible to retrieve the 
horizontal and vertical cloud winds below the aircraft. The 3D radar cloud winds can also be used to project it 
onto the lidar line of sight velocity knowing the lidar beam direction. This allows us to compare the measure-
ments made by the lidar and the radar. Note that these instruments are not working in the same range of 
wavelengths (optical for the lidar and microwave for the radar). Therefore the sensitivity to ice crystals size is 
very different. However in the overlap region it is possible to compare the measured velocity assuming that 
the small and larger particles are transported by the wind in the same way. This assumption is easily verified 
for horizontal wind but could be subject to a few discrepancies regarding the vertical velocity. 

As shown in Figure 7-12, there is a good agreement between the projected LOS and HLOS from RASTA 
wind retrieval and observed by LNG in the overlap region. We focus here on the ADM mode only. These 
results will be supported by statistical comparison below.  
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Figure 7-11: Merged radar-lidar product with L2 wind from RASTA on the same grid as the L1 LNG 
data; top panel shows the measured radar reflectivity Z below the aircraft, second and third panel 
show the molecular and particular backscatter from LNG; fourth panel shows LOS velocity from 
LNG; fifth panel illustrates the simulated LNG LOS using RASTA 3D wind retrieval; sixth and seventh 
panels show vertical wind VZ and horizontal wind speed |V| from RASTA. Red lines indicate when the 
lidar is in ADM mode. 



 

 

Document Nr. 
FR.DLR.WindVal_II. 
260618 

Issue: 
V 1.1 

Date: 
26.06.2018 

Page: 
64/203 

 
Doc. Title: 
WindVal II Final Report 

 

  

 

Figure 7-12: LOS and HLOS measurements and projections: Top panel represents the measured LOS 
by LNG in ADM mode, then the projected LOS wind using RASTA 3D wind retrieval. Bottom panels 
show the equivalent horizontal line of sight HLOS. 

 

 Comparison of RASTA with dropsondes 7.6
 
In order to assess the RASTA wind measurements, the retrieved horizontal winds are compared to the 
dropsondes for all flights of the NAWDEX campaign. The dropsondes measurements are co-located within 
0.1 x 0.1 latitude-longitude column at the closest time to the RASTA measurements. The results of this 
comparison are presented in Figure 7-13. For instance, we can see the RASTA measurements are 
consistent with the dropsondes measurement as shown in top panels of Figure 7-13. These histograms 
confirm the small biases of -2.05° and -0.05 m·s-1 in direction and wind speed, respectively. The standard 
deviation of 7.47° and 2.6 m·s-1 can be explained by the difficulty of sampling the same volume at the same 
place and time. Furthermore, we recall that the radar measurements use the hydrometeors as passive 
tracers for the wind; this is therefore limited to cloudy areas. Right hand side plots indicate that the differ-
ences between radar and dropsondes measurements are not directly affected by the distance of the aircraft 
(altitude shown here). Note that the differences observed at the highest altitudes could be attributed to the 
sensitivity of the radar as the smallest ice crystals may not be detected simultaneously by the three 
antennas. 
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Figure 7-13: Comparison of RASTA horizontal wind retrieval and the dropsondes measurements for 
all flights. The two left hand side panels correspond to the histograms of the difference between the 
dropsondes and the RASTA retrievals for wind direction and speed; numbers are provided for bias 
and ± standard deviation values (within the displayed range). The differences are also presented as a 
function of altitude in right hand side plots, black dots are the mean values for 1 km intervals and 
black lines correspond to mean plus/minus standard deviation. The number of points in each 
altitude-difference bin is shown in colour, grey indicate a few hits as the red-purple colours indicate 
the largest number of points. Middle plots show the percentage of value as a function of the thresh-
old value used in the difference statistic. For instance, if we limit the range analysis between -10 m s-

1 and 10 m s-1 97% of the data are used in the statistic. 

 

 LNG Doppler measurement assessment 7.7
 
In order to assess the LNG Doppler measurement and the pointing angles definition it is possible to analyse 
the surface speed echo (once corrected from the aircraft’s motion). By definition looking nadir the Doppler 
velocity should be equal to zero m/s. Figure 7-14 illustrates the surface echo velocity distribution measured 
by LNG. The different line shows the impact of the signal to noise ratio, we can see that the distribution is 
centred on 0 m s-1. This result is confirmed by the bottom panel which shows the distribution of the surface 
Doppler velocity as a function of the backscatter ratio. The ground velocity distribution remains centred on  
0 m s-1 for the entire range of backscatter ratio however we can see that most of the variability is coming 
from low values of backscatter ratio (when the signal to noise ratio is weak, i.e. below 5). Higher values of 
backscatter ratio correspond to smaller variability in surface speed. 
 
Another way to assess the LNG LOS is to compare it against the projected one using RASTA wind retrieval.  
Figure 7-15 illustrates the distribution difference between LNG LOS and simulated LOS when LNG is in 
nadir or ADM mode. In both ADM and nadir (mainly measuring vertical wind speed) modes we have a very 
good agreement between LNG and RASTA (absolute bias does not exceed 0.06 m s-1 and standard 
deviation remains below 2.5 m s-1).  
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Figure 7-14: Distribution of the surface speed echo measured by LNG as a function of the backscat-
ter ratio for all flights. 

 
 

 
 

Figure 7-15: Distribution difference between LNG LOS and projected LOS using RASTA 3D wind 
retrieval. 
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 A2D operation and performance 8
 

This chapter summarizes the A2D technical and operational issues during the WindVal II campaign in 2016. 
An overview of applied modifications and system performance results before the campaign will be given, 
followed by a description of the operational procedures and constraints during the campaign. The perfor-
mance will be discussed for all the flights. 

 

 A2D modifications and performance assessment before the campaign 8.1
 

The modifications which were performed prior to the campaign are shortly introduced in section 5.1 and are 
discussed in more detail in the following. 

Slow variations of the opto-mechanical components over time (temperature cycles) in the laser require a re-
alignment of the laser oscillator and the following amplifier and HHG chain. The goal is to have the laser in 
an optimum alignment state to leave margins for drifts happening during the harsh airborne campaign 
deployment. After WindVal I the laser beam parameters were degraded to M²(x/y) = 1.54/1.58 and a 
divergence of 133/134 µrad (x/y, 6σ). The THG crystal showed substantial degradation of the coating on the 
exit side. A realignment of the laser together with a replacement of the THG led to improved beam parame-
ters of M² (x/y) = 1.32/1.30 and divergence of 107/103 µrad (x/y, 6σ) at 56 mJ pulse energy. As the reference 
laser system had been degrading in terms of frequency locking performance, realignment and repair of a 
broken temperature sensor was necessary to successfully re-establish reliable operation prior to the 
campaign. 

During WindVal I the A2D control computer didn’t boot reliably starting from the second flight of the transfer 
to Iceland. All measures that could be taken in the hangar in Keflavík were not solving the issue (replace-
ment of computer battery, hard-drive and electronic system checks). However, turning on the system several 
times during the system check procedure prior to take off was a workaround solution. After the campaign at 
DLR the root cause of the problem was found in one of the four output voltages of the computer power 
supply being unstable. This was the single voltage checkpoint that could not be reached during the cam-
paign due to limited accessibility of the electronics installed in the aircraft. The power supply was repaired 
and worked well during WindVal II. 

A misalignment of the relay mirror after the receiving telescope occurred during one flight of WindVal I, due 
to its exposed position next to the aircraft galley. To avoid this from happening again, a permanent mechani-
cally protecting shield was designed, which could be used also in flight. Another mechanical modification 
was the repositioning of the keyboard drawer to allow a more ergonomic viewing angle of the attached A2D 
system monitor screen. Both modifications were part of an updated airworthiness certification which was 
successfully regained prior to WindVal II. 

As a second source of information on the cloud and ground visibility a visible camera (GoPro) was installed 
inside the cabin right above the lidar window. This provides a visual verification of the scenes sampled by the 
lidar and turned out as a valuable tool to screen the airborne measurement data for interesting scenes of 
clouds and ground albedo. 

The software for recording the laser UV frequency with the wavemeter was optimized to allow higher data 
rates. This made it possible to compare shot-to-shot measurements of the laser frequency stability from the 
wavemeter in the UV with the heterodyne measurements in the infrared and provides a frequency monitoring 
and possible wind retrieval correction on single shot basis. 

Prior to the campaign, the A2D was reintegrated in the container for system alignment and performance 
checks by ground measurements. After that the A2D was disassembled and reintegrated inside the Falcon 
cabin starting 3 weeks prior to the planned transfer flight. 
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 Operational procedures and constraints 8.2
 

Additional to the preparatory work described above, there are system specific tasks to accomplish before 
and during both the campaign and every measurement flight. This section describes the procedures as well 
as the associated operational constraints of A2D. 

 

 Preparatory work prior to the campaign 8.2.1
 

Although the A2D integration is usually finalized within 3 days, the paperwork associated with the airworthi-
ness certification demands longer lead time of minimum 3 weeks ahead of the start of the campaign. During 
this preparation time the A2D is subject to system tests including several calibration procedures with internal 
reference signal only, while the Falcon is inside the hangar. From the results of the spectral registration, 
spectrometer temperature settings can be deduced which are optimal for in-flight cabin pressures expected 
during the campaign. However, for a check and optimisation of the receiver – telescope alignment a clear 
sky day is required which can be used to perform atmospheric measurements. For this the Falcon is placed 
outside the hangar and a mirror is placed beneath the fuselage to redirect the A2D field-of-view FOV towards 
the sky as depicted in Figure 8-1. For more details on the on-ground preparatory procedures refer to the 
Final Report of WindVal I (DLR 2017b). For system verification it is beneficial to repeat this procedure during 
the campaign. 

As weather constraints didn’t allow doing so during WindVal I in 2015, however, the ground verification could 
be performed during WindVal II with the Falcon placed next to the hangar in Keflavik on September 30, 
2016. A slight detected misalignment was corrected with a changed setting for the horizontal reference 
position (X) of the co-alignment loop from 390 pixels to 387 pixels; the vertical reference position of 
153 pixels was not changed and an alignment of the mirrors in front of the receiver was not necessary. This 
is equivalent to steering the laser emission path by 20 µrad towards the centre of the 100 µrad wide receiver 
FOV and was the baseline for all following flights. To account for the retrieval of the wind measurements 
taken during the flights before that date, one in-flight calibration was performed at the initially used reference 
position. All other calibrations were taken at the refined reference position. 

 
Figure 8-1: DLR Falcon on the DLR apron during alignment and ground measurements before the 
test flight and start of the WindVal I campaign. 
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To confirm operability and the retrieved instrument settings (e.g. receiver temperatures, alignment state) a 
test flight is necessary a couple of days ahead of the campaign start, to leave some margin for solving 
possible technical issues. This test flight took place on September 15, 2016 with a flight track south towards 
Sardinia and back. The duration has to be minimum 2.5 h to leave enough time for system operations, 
necessary checks, and especially for the spectrometer temperatures to stabilize. Results of the test flight are 
discussed in section 8.3. 

 

 Flight day preparation and in-flight operation 8.2.2
 

In order to minimize the time to operation after take-off, the system is switched on ground 2.5 h – 3 h before 
take-off inside the hangar, in order to stabilize the spectrometer temperatures and verify nominal system 
operation. This includes the measurement of the laser power and acquisition of internal reference light. The 
range gate and pulses per measurement settings are pre-programmed according to the planned flight 
altitude and mission objective. The range gate settings for Mie and Rayleigh channels were set to equal 
values for A2D measurements, although it would be possible to set different values. For more details and 
examples refer to DLR (2017b). 

All these activities have to be stopped 45 min prior to take-off, when the Falcon is moved out off the hangar 
for refueling and start-up. In case of occurring difficulties requiring more trouble-shooting, the roll-out can 
usually be postponed within a one-hour time frame. This, however, depends on the flexibility of the departure 
slot at the specific airport as well as on the maximum on duty time of the flying crew (including lidar opera-
tors) on that day. The latter is of concern especially for planned double flights and is also the reason why the 
lidar crew is split into two teams, one for start-up checks and a second as the two persons lidar on-board 
crew. In parallel, weather briefings take place that have to be attended for gathering updates of the meteoro-
logical situation and possibly slight changes for the flight routing relevant for the crew. Important is the 
avoidance of clouds, especially cirrus clouds, very close below the aircraft in order to not disturb the function 
of the co-alignment loop by multiple scattering as described in (DLR 2017b). 

With aircraft doors closed during refueling the cabin temperature is tried to be maintained, in order to keep 
both laser and receiver close to their optimal operation conditions. In case there is a foreseeable delay in 
refueling, there is time enough for switching on again the spectrometer thermal stabilization and the laser 
pump diodes plus thermal control while running on the aircraft auxiliary power. To protect the electronics 
from conducted voltage peaks when switching from auxiliary to engine generator power and the systems 
hard-drives from mechanical shocks during taxi and take-off the A2D is switched off usually latest 15 min 
prior to take-off. The ambient sensor suit installed in the cabin for the monitoring and recording of various 
temperatures, cabin pressure and humidity is battery powered and initialized for recording already when 
leaving the hangar. 

For details of the A2D start-up procedure and in-flight operation refer to DLR (2017b). Additional to the 
activities described in there, the time synchronization, installation and recording management of the GoPro 
camera on the lidar window was handled during WindVal II. In order to safe battery time, the camera was 
switched on only during atmospheric measurements and the on-line monitoring of the camera was deac-
tivated.  

Taken into account the time to switch on and stabilize the A2D off around 45 min., as well as the switch-off 
when leaving the cruise level approximately 30 min. before landing, but latest when approaching the eye-
safe limit below 5 km flight altitude during decent, leaves a range of 2.5 h - 3 h net maximum achievable 
measurement time for a long flight of 4 h duration. Following the NAWDEX scientific objectives, however, 
meant flying into cloudy conditions during parts of the flight more often compared to WindVal I. To prevent 
the co-alignment loop from diverging from its reference position, it had thus to be temporarily switched off 
manually in more cases. Wind measurements are regarded unreliable in these cases, even if there is a good 
lidar return from below the clouds. 
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As a new type of operation during NAWDEX several small calibrations were performed with the goal to 
monitor the Rayleigh receiver stability. For this the laser frequency was tuned +/- 0.75 GHz around the 
crosspoint during right curves, which were preferably executed at a constant 20° bank angle to maintain 
nadir viewing geometry. In order to spread any possible short term drifts over the spectrum, 250 MHz steps 
were achieved by performing a triangular pattern with seven commanded laser frequency steps of (+500, 
+250, -500, -500, -500, +250, +500) MHz. As changing the frequency by 500 MHz within the 4 s data 
transfer time is at the speed limit, some parameters in the software control of the process had to be 
optimized. After the campaign it was recognized that the performed step width is marginally lower compared 
to the commanded step width (e.g. 249 MHz instead of commanded 250 MHz and 24.9 MHz instead of 
25 MHz). This has no implication for the measurement as long as it is a known fact during data analysis. The 
real frequency change was reported correctly in the laser housekeeping data and could be confirmed thanks 
to the WM measurements. However, it will be tried to rearrange these software parameters to restore the 
correlation between commanded and performed frequency step width while maintaining the high scan 
speed. An acquisition of one observation per step limits the duration of the procedure to 126 s which is short 
enough for being executed during 90° change of the heading. To maximise the possibilities to perform this 
operation termed µ-calibration, sometimes instead of doing a left curve following the planned route, the 
longer right curve was flown to finally turn left. 

 

 A2D performance overview 8.3
 
With the certification paper work being finalized and the A2D having satisfying performance on ground, a test 
flight could be performed on September 15, 2016. The A2D operational performance was demonstrated to 
be as expected from the ground measurements in the days before. All points of verification were successfully 
tested and the A2D could be declared fit for campaign operation. As during the test flight in 2015, again the 
data acquisition of the 2-µm DWL was used to record the laser infrared frequency stability measured pulse-
to-pulse with the heterodyne unit. This measures the beat signal frequency as the difference between the 
low power oscillator pulse and the seed laser frequencies. With the improved wavemeter software parallel 
laser frequency stability measurements were recorded pulse-to-pulse in the UV for direct comparison as 
shown in Figure 8-2. 

The data was recorded during approach to the airport before landing when the cabin pressure changed and 
different vibration levels were present. The pressure was kept constant during normal operation at 780 hPa 
in cruise flight altitude but was released when initializing the descent which gave an increase from 905 hPa 
to 945 hPa within the first 190 s of the shown time series. Pressure changes affect the laser and WM 
differently. The HU beat frequency shows small negative drifts associated with the nonlinearity of the piezo 
ramp of the implemented modification of a ramp-and-fire laser cavity-control (CC) method, followed by a 
negative peak caused by the ramp off-set control reset, which is automatically executed whenever the ramp 
travel limit is reached. As the negative peaks in the difference frequency heterodyne signal stem from an 
increase in frequency of the pulsed laser, a corresponding positive peak is visible in the WM data. 

Absolute frequency variations of the seed laser related to the pressure change are, however, only detectable 
by the WM, since these drifts are slow and rapidly compensated by the CC electronics, and hence do not 
introduce a change in the beat frequency. The WM calibration to the Helium-Neon reference laser, per-
formed at t ≈ 240 s, leads to a frequency shift of ≈ 30 MHz (UV) and is explained by a pressure change from 
853 hPa to 869 hPa taking place in the period since the previous calibration 600 s before. As the WM 
internal pressure correction cannot compensate for pressure changes happening during such a calibration 
phase, the Helium-Neon laser is implemented as frequency reference in the A2D system. Within the marked 
time frame (yellow area in Figure 8-2) during the cruise flight in landing wing configuration (higher vibration 
levels) at constant cabin pressure, the standard deviation for both measurements is 3.8 MHz (UV) for the 
WM and 1.2 MHz (IR) for the heterodyne data (corresponding to 3.6 MHz in the UV).  This confirms that the 
frequency fluctuations of the low power oscillator are directly transferred to the amplified and frequency-
converted output in the UV. This fixed factor of 3 between the infrared and UV frequency stability values 
underlines the usability of the WM for monitoring the frequency stability of the laser on a pulse-to-pulse 
basis. Together with the cabin pressure sensor it is possible to relate observed measurement artefacts to 
their associated root causes. 
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Figure 8-2: Comparison between absolute UV frequency monitoring from the WSU-2 WM (black line) 
and a simultaneous relative IR frequency heterodyne measurement (grey line) during different flight 
phases from the test flight on September 15, 2016. WM and HU measurements were simultaneously 
performed in the period indicated by the yellow area. 

The WM data acquired during the test flight was also used for comparing the UV frequency stability 
performance on ground and in airborne operation with the respective results obtained in 2015 (Figure 8-3). 
Improvements in the WM fiber coupling and software management allowed optimizing the measurement 
separation from a slightly varying time constant with an average between 26 ms and 40 ms in 2015 to a 
stable 20 ms (pulse-to-pulse) data separation in 2016. As the calculation of the Allan deviation is only 
possible based on a dataset containing values equally spaced in time, the individual laser frequency values 
in each dataset were assigned to equidistant time values, where the spacing was defined by the average 
time difference between each measurements (= length of the time series divided by the number of meas-
urements) and thus only introduces slight inaccuracies between the Allan time base and the measured time 
differences. To allow a comparison of the results from both years down to the pulse-to-pulse level, the Allan 
deviation was extrapolated to the 20 ms level for the 2015 data. 

An improvement of the LPO alignment in 2016 led to better Allan deviation results for 1 s and shorter time 
scales. In the relevant 10 s to 30 s region, the frequency stability is in the order of 0.6 MHz for all studied 
cases. This is an excellent result with respect to the standard integration time of the A2D DWL data receiver 
of 14 s per observation with a repeat cycle of 18 s. Frequency drift variants lead to the different Allan 
deviation behaviour present on longer time scales and are not relevant for the wind measurement accuracy 
thanks to the internal referencing of the receiver spectrometers and the possibility to compensate with the 
wavemeter measurements and the Mie and Rayleigh internal reference signal. 

The only deviation from optimal performance observed during the pre-campaign and test flight measure-
ments was a significant but not operationally limiting increase of DCO (detection chain offset) outliers. After 
intensive investigations this could be traced to the receiver trigger provided by the laser CC, which had 
sporadic interruptions. A detailed description of the A2D laser, its CC and frequency monitoring system, as 
well as ground and airborne performance verifications of the frequency and timing stability is published in 
Lemmerz et al. (2017). If an receiver trigger from the laser CC is not emitted in a certain time interval, a 
back-up trigger keeps the receiver acquisition running and the internal reference light falls into layer 2 during 
atmospheric acquisition. As in case of A2D this is the layer where the DCO is deduced from and since DCO 
outliers are automatically detected by the quality control algorithm, the issue only caused a couple of 
rejected measurements per observation. After the transfer flight the problem could be solved by a slightly 
slower piezo ramp speed and adapted CC parameters. 



 

 

Document Nr. 
FR.DLR.WindVal_II. 
260618 

Issue: 
V 1.1 

Date: 
26.06.2018 

Page: 
72/203 

 
Doc. Title: 
WindVal II Final Report 

 

  

 
Figure 8-3: Time series of UV frequency variation (∆f) relative to the mean frequency for two different 
operational periods in 2015 and 2016 (left top and bottom), with their associated rms standard 
deviation given in the legends. The corresponding Allan deviation is displayed on the right where 
dotted parts of the blue lines (at lowest time values) show the extrapolation to the 20 ms pulse-to-
pulse level. 
 
Besides the laser frequency stability another important performance indicator is the stability of the transmit-
receive path co-alignment. Implemented in the A2D front optics a UV-camera measures the column 
integrated intensity of a fraction of the return signal. A control loop steers the laser emission based on the 
difference of this spot position to a user defined reference position defined during the A2D alignment 
procedure with a user settable integration constant. The A2D housekeeping data only records the measured 
centre-of-gravity (CoG) values, but it is possible to record individual UV-camera raw images. This is done 
only sporadically for system checks and not done on a permanent basis, in order to reduce computer 
workload and data storage demands. Figure 8-4 shows a sample of the UV-camera raw image with its 
associated CoG coordinates. As this image is column integrated because of the limited timing and thus 
range resolution of the camera, its intensity is a convolution between backscatter cross-section and range 
dependant attenuation. Thus it can be dominated by clouds in the near field (or even within the overlap 
region of the lidar) or by far field ground return in case of high albedo. 
 

 
Figure 8-4: Sample of the UV-camera images used for the transmit-receive co-alignment of A2D taken 
at 12:19:18 UTC on 2016/09/27 flying over sea at partly cloudy conditions with clouds around 2 km  - 
3 km blow the aircraft. The cross is approximately placed at the CoG of the spot with the associated 
cross-section intensities shown above and to the right. 



 

 

Document Nr. 
FR.DLR.WindVal_II. 
260618 

Issue: 
V 1.1 

Date: 
26.06.2018 

Page: 
73/203 

 
Doc. Title: 
WindVal II Final Report 

 

  

 
Figure 8-5: Time series of CoG values as measured by the co-alignment loop on the flight of Septem-
ber 23, 2016. The mean values per observation (Obs. #) are shown on the left side for vertical and 
horizontal axis together with their respective statistics in the insert above. The first of four measure-
ments per second is shown on the right side with the mean of the four in light blue for the horizontal 
axis only. 

By optical and camera design one pixel corresponds to a FOV in the atmosphere of 13 µrad in the vertical 
and 6.7 µrad in the horizontal axis. With a total receiver FOV of 100 µrad it is easy to imagine that biased 
determinations and/or variations of the CoG can have a significant influence on the wind measurement 
performance, especially in the vertical axis, where the A2D-RSP shows a high alignment sensitivity. This is 
the main reason to avoid flying in or close (< 3 km) above clouds with the A2D. The intensity range used for 
the CoG determination is user-settable with a threshold high enough to suppress noise and the scattered 
contributions outside a circle of around 200 µrad. This leads to a maximum signal of 30 LSB in the example 
of Figure 8-4. 

Due to a limited acquisition capability the UV-camera samples not every laser pulse return, but only 4 laser 
pulse returns per second. The co-alignment loop is usually set to work based on the mean of these four CoG 
measurements determined with 1 Hz and using the mean of four of these values to compensate for slow 
thermally induced alignment drifts. As an example, a time series of single CoG measurements from the flight 
of September 23, 2016 is shown in Figure 8-5 for the vertical and horizontal coordinate given in pixel 
number. 

An Allan deviation analysis performed on the September 23 and 27 flights time series (not shown here) 
proved the effectiveness of the co-alignment loop in fully compensating alignment drifts according to the 
measured CoG values. A detrimental influence due to the above described biased determination of the CoG 
in case of close clouds cannot be ruled out. Short term variations on the pulse-to-pulse level, however, 
definitely exceed the full receiver FOV of 100 µrad in amplitude and cover a fifth of the FOV most of the time 
in both axis. Although the net misalignment is statistically only 4 µrad (4% of FOV) from observation to 
observation, alignment variations are a major contributor to the A2D noise budget. 

Using the conversion factors given above the statistics of the vertical and horizontal alignment variations 
measured during the flight of September 23, 2016 are given with the dimension µrad in  

Table 8-1 for comparison with the receiver FOV. These values are typical for the A2D and similar to the 
results obtained from 2009 and 2015 airborne campaign data. Based on the results of the Rayleigh 
spectrometer alignment sensitivity study (DLR 2012c), a vertical alignment variation of 1 µrad in the 
atmosphere (1% FOV) translates into a response change equivalent to 0.39 m·s-1 LOS wind speed. 
 

Table 8-1: Standard deviation and range (maximum – minimum) for the data shown in Figure 8-5 translated to 
the FOV domain of the telescope of 100 µrad. 

Standard dev./Range in µrad Pulse-to-pulse Per Observation 
Vertical 22/178 4/22 
Horizontal 19/150 4/25 
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An overview of the A2D performance and possibly detrimental influences limiting the number of measure-
ments available for data analysis are summarized in Table 8-2. In contrast to previous campaigns, no major 
issues causing data gaps for whole sections of a flight (like e.g. a broken fuse during a flight of WindVal I) 
occurred during WindVal II. 
 
Table 8-2: Mission objectives, A2D operation modes and quality limitations for all flights along with related 
information about the laser performance and causes for data gaps. Nominal operation refers to wind measure-
ments as opposed to other instrument modes, e.g. MOUSR (Mie out of Useful Spectral Range), µ-calibration 
(micro response calibrations during curves with only few frequencies), response calibrations, imaging mode. 

Flight 
Date 

Mission A2D 
operation 

Limitations / disturbances Comments 

15/09 Test flight Nominal, 
1 calibration 
(IRC), 
1 MOUSR, 
Imaging mode 

Frequent occurrence of ACCD pre-
trigger failures (DCO outliers), 
wavemeter data with interruptions 

Optimization of the transmit-
receive path alignment, 
heterodyne measurements of 
LPO performed, laser power: 
2.7 W at start, 2.8 W before 
landing. 

17/09 a Transfer 1 Nominal, 
1 MOUSR 

Sporadic occurrence of ACCD pre-
trigger failures, reduced frequency 
stability and interrupted transmit-
receive co-alignment loop for 5 
min. due to turbulences 

Dense cirrus clouds in the first 
half of the flight,  
Low pass electronic filter was 
inserted to laser cavity control 
to improve frequency stability  
laser power: 2.7 W 

17/09 b Transfer 2 Nominal, 
2 MOUSR 

Inactive LabVIEW wavemeter 
software during the first 30 min., 
5 min. data gap (failure of co-
alignment loop), 
frequent occurrence of ACCD pre-
trigger failures 

30 min. frequency data is still 
accessible from wavemeter file, 
adjustment of cavity control 
parameters (piezo reset value) 
was performed, 
laser power: 2.6 W 

21/09 Northern 
Fjords 
Box Pattern 

Nominal, 
2 MOUSR 

Sporadic failure of the co-
alignment loop due to a too high 
set threshold in UV camera 
acquisition, 
increased frequency fluctuations 
over cirrus regions 

Ramp of laser cavity control 
slowed down (ACCD pre-trigger 
problem solved), 
laser power: 2.5 W – 2.6 W 

23/09 South Iceland 
Jet Stream 

Nominal, 
2 MOUSR, 
1 µ-calibration 

Short interruption due to air traffic, 
GoPro acquisition stopped after 
2/3 of the flight 

Electronic diode inserted into 
laser cavity control to improve 
frequency stability, 
partially dense cirrus clouds, 
laser power: 2.2 W – 2.7 W 

27/09 Faroe Islands 
Jet Stream 

Nominal, 
2 MOUSR, 
1 µ-calibration, 
Imaging mode 

Inactive LabVIEW wavemeter 
software during the last 30 min. 
(Timestamped wavemeter-, and 
ambient house-keeping data with 
interruptions) 

Alignment verification on-
ground in imaging  mode leads 
to an optimized horizontal COG 
position (X = 390   X = 387), 
laser power: 2.6 W 

28/09 Vatnajokull 
Calibrations 

1 MOUSR, 
3 calibrations 
(IRC) 
1 ISR, 
1 µ-calibration 

Second calibration was affected by 
clouds, 
GoPro acquisition stopped after 
3/4 of the flight 

Horizontal CoG position 
changed after first calibration 
(X = 390   X = 387) 
laser power: 2.7 W 

02/10 Greenland 
East Coast 

Nominal, 
3 MOUSR, 
1 µ-calibration 

5 min. data gap (failure of co-
alignment loop), 
Sporadic failure of the co-
alignment loop due to a too high 
set threshold in UV camera 
acquisition 

Broken fuse of main power 
supply of ACU computer, 
replaced shortly after take-off, 
jump in DCO levels due to 
accidental switching of DEU 
sliding switch, 
laser power: 2.5 W 
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04/10 a North Iceland 
Jet Stream 

Nominal, 
2 MOUSR, 
3 µ-calibrations 

Reduced frequency stability due to 
turbulences at the beginning of the 
flight 

Dense clouds in the middle of 
the flight, 
laser power: 2.5 W – 2.7 W 

04/10 b West 
Iceland 
Jet Stream 

Nominal, 
1 MOUSR, 
1 µ-calibration 

Slight icing on lidar window at 
beginning of the flight (hot-air 
ventilation of window was switched 
off between flights) 

Laser power: 2.6 W – 2.7 W 

09/10 Double 
Jet Stream 
Crossing at 
different 
latitudes 

Nominal, 
2 MOUSR, 
1 ISR 

Sporadic frequency jumps at the 
end of the flight, 
Short-time malfunction of keyboard 

Increase of cabin temperature 
(5°C in 20 minutes), dense 
cirrus during second half of the 
flight, 
diode had to be removed from 
laser cavity control input due to 
low signal 
laser power: 2.4 W – 2.7 W 

15/10 a Scan Pattern 
and  

Nominal, 
1 MOUSR, 
1 µ-calibration, 
P = 3 (glint) 

Scan-flight was aborted after four 
triangles due technical problems 
with the aircraft avionics (gyro), 
cloudy conditions during glint 
measurements 

Falcon heating was turned on 
maximum prior to take-off 
causing a longer time for 
temperature stabilization, 
laser power: 2.5 W / 2.6 W 

15/10 b North Iceland 
Calibrations 

2 MOUSR, 
3 calibrations 
(IRC), 
1 ISR 

Temperature-induced alignment 
drifts and clouds during the first 
calibration over ice 

Laser power: 2.4 W – 2.6 W 

18/10 a Transfer 1 Nominal, 
1 MOUSR, 
1 µ-calibration, 
P = 3 (glint) 

3 min. data gap (failure of co-
alignment loop), 
DEU acquisition not working with 
P = 3 settings for glint measure-
ments 
 

OBA, RSP temperatures were 
too high before take-off so that 
set-temperature-conditions 
were reached only 1 hour after 
take-off, 
laser power: 2.2 W – 2.3 W 

18/10 b Transfer 2 Nominal, 
1 MOUSR, 
P = 3 (glint) 

Wavemeter integration time 
increased to 40 ms (due to too 
weak signal), tests performed for 
different settings of transmit-
receive co-alignment loop 

Falcon descent started already 
70 minutes after take-off (cabin 
pressure change), 
laser power: 2.3 W – 2.5 W 

22/10 a Aerosol 
detection in 
the Mediterra-
nean area I 

Nominal, 
3 MOUSR, 
1 µ-calibration 

Occasional frequency data gaps 
due to too weak signal incident on 
wavemeter (integration time 
increased to 40 ms), 

Low clouds during Potenza 
overpass, cloud-free conditions 
over Catania 
laser power: 2.6 W – 2.8 W 

22/10 b Aerosol 
detection in 
the Mediterra-
nean area II 

Nominal, 
1 MOUSR, 
1 µ-calibration 

Occasional frequency data gaps 
due to too weak signal incident on 
wavemeter (integration time 
increased to 40 ms), 

Mid-level clouds during Lecce 
overpass, 
heterodyne measurements of 
LPO performed 
laser power: 2.6 W – 2.7 W 
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 Summary of A2D performance during WindVal II 8.4
 

As shown above, the A2D worked nominal during WindVal II with only minor issues limiting the yield of 
measurements during short parts of some flights. Both the stability of the laser frequency and the co-
alignment loop were better or similar to the performance observed during previous campaigns. Additional 
equipment, features and procedures, used for the first time during WindVal II, proved to be effective and 
successful. There were no anomalies like the computer power supply malfunction or a broken reference 
laser fuse as in 2015. All issues could be solved on-the-fly. Scientific flights were always performed as 
planned and there were no delays or flight cancellations due to A2D technical issues. The A2D laser and 
receiver as well as the auxiliary systems and the procedures are ready for being deployed in the context of 
calibration and validation activities during the Aeolus mission. In order to maximize the output of valuable 
A2D data, it is recommended to maintain the proven procedures and operational conditions for future 
campaigns. Among these are the use of a temperature controlled hangar and trying to avoid high clouds 
already in flight planning.  

Due to the duration of the temperature stabilisation of the OBA and RSP, and the duration of the laser 
switch-on procedure, the first A2D wind observations are available after about 45 minutes after take-off. The 
A2D laser needs to be switched off below 5 km for eye safety reasons. Therefore, the A2D will be switched-
off about 15-20 minutes before landing. This leaves a range of 2.5 h - 3 h net maximum achievable meas-
urement time for a long flight of 4 h duration. 

The basis for a successful campaign is the intensive and accurate preparation time in the months before, 
where the instrument and especially the laser system are maintained and aligned to the optimum settings, to 
maximize the margins for unavoidable drifts happening during the harsh airborne campaign conditions. A 
continuous monitoring of system parameters and performance throughout each flight gives the possibility to 
quickly react and the confidence in the validity of the acquired data.  
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 Airborne response calibrations 9
 

In this chapter, the six airborne response calibrations (also named Instrument Response Calibration, IRC) 
performed by the A2D during the WindVal II campaign in 2016 are presented. For a more detailed discussion 
of A2D response calibrations in general and airborne response calibrations performed during campaigns in 
the past years please, refer to (DLR 2010), chapters 3 and 4 in (DLR 2012b) and chapter 8 in (DLR 2017b). 

 

 Ground detection method 9.1
 

In general, the analysis of ground return signals offers many possibilities for improving the performance of 
lidar instruments. Recently, Amediek and Wirth (2017) introduced a method for quantifying laser pointing 
uncertainties in airborne and spaceborne lidar instruments which is based on the comparison of ground 
elevations derived from the lidar ranging data with elevation data from a high-resolution digital elevation 
model. Regarding airborne wind lidar and radar systems, ground echoes can be exploited to account for 
systematic pointing errors and to determine the mounting angles of the instrument (Bosart et al. 2002, 
Chouza et al. 2016a). Here, the ground surface is used as a zero wind reference which allows to estimate 
the contribution of the aircraft motion to the actual atmospheric wind measurement, and hence to correct for 
inaccuracies in the aircraft attitude data as well as in the instrument’s alignment. 

Due to the coarse vertical resolution (hundreds of metres) of the A2D and also ALADIN, error correction 
based on ground return signals is rather challenging, as the ground bin is very likely to be contaminated by 
atmospheric signals. For the Mie channel, the presence of aerosols close the ground can influence the 
ground speed measurement, while the accuracy of the ground measurement for the Rayleigh channel is 
additionally diminished by the broad bandwidth molecular return collected from near the ground surface. 
Moreover, both channels are affected by surface winds which introduce systematic errors in the measure-
ment of the ground speed. 

 
Figure 9-1: Detection of ground signals with the A2D wind lidar. The sketch shows the vertical 
position of three neighbouring range gates with respect to the ground. The ground return signals are 
either contained in only one range bin (a) or distributed over two range bins due to the range gate 
overlap (here shown for the Mie channel) and varying elevation of the ground surface within one 
measurement (b). ΔH denotes the atmospheric contribution to the signal obtained from the ground 
bin(s). The given heights of 296 m for the altitude resolution and 141 m for the range bin overlap are 
calculated for an off-nadir angle of 20°. 
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This situation is aggravated by the fact that the ground signals can be distributed over multiple range bins. 
Firstly, this is due to the charge transfer process of the ACCD which leads to a temporal overlap in the 
acquisition of two subsequent range gates of 1 µs (DLR 2010). Laser timing fluctuations in combination with 
charge transfer inefficiency during the readout of the ACCD, especially occurring at high signal intensities, 
can cause a signal spread over even more than two range gates. Secondly, varying ground elevations during 
the duration of one measurement (0.4 s, 20 pulses at 50 Hz repetition rate) and laser pointing fluctuations 
can lead to the detection of ground signals in multiple range gates, taking into account that the laser pulses 
cover an along-track distance of 80 m on the ground at an aircraft speed of 200 m·s-1. This circumstance is 
illustrated in Figure 9-1 for the two cases that the ground signals are completely contained in one range gate 
(a) or distributed over two range gates (b). ΔH denotes the height difference between the ground elevation 
determined using a digital elevation model (DEM) (ACE V2), indicated by the dashed horizontal line, and the 
upper bin border of the highest (or first) range gate that contains ground signals. Hence, ΔH is a measure of 
the atmospheric contribution to the ground signal detected by the A2D and is introduced as an additional 
parameter describing ground calibrations. The distribution of ground signals over multiple range gates due to 
the range gate overlap and laser timing fluctuations is schematically shown in Figure 9-2. The herein 
presented definition of ΔH differs to the one given in the Aeolus L1B data product as parameter “height 
above DEM”. There, the atmospheric contribution to the ground signal is defined as the atmospheric column 
of the ground bin where the DEM is located (DoRIT and MDA (2017b)). For the case that a ground bin is 
detected above the range bin where the DEM is located, the atmospheric contribution to the summed up 
ground signal is underestimated consequently. Thus, it is recommended to adapt the computation of the 
“height above DEM” to the one presented here for ΔH.   

 
Figure 9-2: Schematic diagram showing the signal distribution among adjacent range bins for the 
case where the ground signal (black) is contained in one bin (a) or is spread among two (b) or three 
bins (c). The x-axis represents the integration time for the range bins and the y-axis represents the 
signal fraction within a range bin. Two consecutive bins are displayed with different colours (green 
and blue). Overlap regions are marked as orange areas, range bins containing ground signals are 
brown-shaded; the brown tone represents the ground signal strength. Temporal measures of a range 
gate and the overlap region are given in (a) as grey arrows. Image is taken from (Weiler 2017). 
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In the data analyses of previous campaigns, ground detection for the calibration mode was based on a visual 
inspection of intensities per observation where layers containing ground signals were specified per flight leg 
and summed up afterwards (DLR 2017b). This approach led to an underestimation of the actual ground 
signal and to an additional summation of atmospheric signal causing error-prone ground data, especially for 
varying terrain during the flight leg. The imperfect differentiation between atmospheric and ground return 
signals thus introduces systematic errors in the ground response functions of both detection channels. 
Concerning the Mie channel, this affects the entire wind profile, as the ground response is used for the wind 
retrieval in all atmospheric range gates. 

It is important to mention that there was no urgent need for proper ground detection for the calibration mode 
since calibration flights for previous campaigns were performed above homogenous and flat terrain. In 
contrast, the WindVal II calibration flights were mainly performed above complex topography which required 
a refinement of the ground detection scheme as explained below. Further details are provided in (Weiler 
2017). In the following sections, the ground detection method for the calibration mode used before WindVal II 
is referred to as “Old GR” and the method developed in the framework of WindVal II are called “New GR”. 

In order to derive accurate ground speeds, a trade-off has to be found between summing up as much ground 
signal as possible and minimising the atmospheric portion in the ground bins. For this purpose, a ground 
detection algorithm on measurement level similar to the method performed for Aeolus was used. The L1B 
processor is based on a signal-gradient approach to estimate ground bin candidates within a predefined 
range around the ground level which is given by a DEM (Huber 2015). In a range of ±3 bins around the 
expected ground level according to the DEM, the signal gradients of two adjacent bins are calculated for 
each measurement and per range gate i according to 

1

1
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i i i

I I I
R R R

+

+
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=

∆ −
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Here, R is the range from the instrument to the bin centre and can be calculated from the respective range 
gate integration times. In a next step, gradient thresholds are introduced to identify the uppermost and 
lowermost ground bin, while an additional intensity threshold TGR,last is necessary for the last available range 
gate #24. Last range gates with signal intensities exceeding the defined threshold are thereby also indicated 
as ground bins. This is necessary, as the gradient threshold approach fails for cases when the ground is 
located in the last bin. For the analysed flights, thresholds of TGR,high = 15 LSB·m-1, TGR,low = -15 LSB·m-1 and 
TGR,last = 5000 LSB have been found to yield consistent results for both the Rayleigh and Mie channel. It 
should be noted that the herein presented ground detection threshold values hold true for intensities which 
are range corrected (multiplied by R²) and normalised to the minimum range gate integration time of 2.1 µs. 
In order to avoid large atmospheric contribution to the ground signal, another threshold TGR;DEM+1 has been 
implemented which analyses the signal level of the range gate just above the range gate which includes the 
DEM (ACE V2) elevation. If the intensity in this bin does not make up more than five percent of the total 
summed ground signal, it is not considered for the ground signal summation. In this way, the atmospheric 
portion ΔH can be significantly reduced. Careful analysis of the data has shown that ground intensities falling 
below that threshold have no influence on the accuracy of ground response calibration curves or ground 
wind speeds and thus can be omitted for the ground signal summation. 

As a next step, signal intensities of the detected ground layers are summed up per measurement. After that, 
the summed up signal intensities are accumulated to one observation. The signal intensity per observation is 
then used to calculate the response values of the ground return. Figure 9-3 shows Rayleigh intensities 
obtained from calibration flight #6 on 15/10/2016 in connection with the ground detection mask per meas-
urement. It can be seen that the detected ground returns vary from measurement to measurement, and an 
approach to use a constant ground return mask per observation (30 measurements) would not be sufficient 
for this case. The bottom plot of Figure 9-3 shows the corresponding response values for the internal 
reference (black) and the ground obtained using the new (green) and the old (red) ground detection method. 
Ideally, the response curves for the ground should have a similar signature in terms of slope and intercept as 
the internal reference response curve. Deviations of the ground response curve from the internal reference 
indicate an atmospheric contamination of the ground signal. The plot shows that the application of the new 
ground detection method influences the characteristics of the ground response function and the response 
functions for the ground and internal reference are now closer together. Nevertheless, there a still sections, 
e.g. measurement no. 1000-1100 (frequency 0-100 MHz), where the deviation between internal reference 
and ground remains large although proper ground detection is applied. 
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The analysis of the ground slope and intercept values is an important tool to assess the influence of the 
atmospheric contamination on the ground signals and, in turn, also the performance of the ground detection. 
In the following sections, comparison between ground calibration parameters slope and intercept obtained 
using the new and old ground detection method is shown. The main intention of comparing the new and old 
method is to assess the atmospheric influence on the ground calibration parameters, especially for the 
Rayleigh channel. This is possible since with the old method the atmospheric contamination of the ground 
signal is surely larger than for the new method. 

 

 

 
Figure 9-3: (Top) Range-corrected and bin-scaled Rayleigh signal after background and DCO 
subtraction, measured during the response calibration #6 performed over ice-free land on 15/10/2016. 
(Middle) Ground mask obtained from the new ground detection method. (Bottom) Corresponding 
Rayleigh response curve for the internal reference (black) and the ground signal derived by the old 
(red) and the new ground detection method (green). 
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 Results of response calibrations for the ground return 9.2
 

In this section, calibration parameters ΔH, slope and intercept are investigated for the ground returns of the 
six calibrations performed during WindVal II.  

Figure 9-4 shows the flight tracks of the calibration flights performed on 28/09/2016 (left plot) and on 
15/10/2016. With regards to the ground detection, it is important to mention that calibrations #1 - #4 were 
performed above ice surface with high albedo values in UV (>0.9) and calibrations #5 and #6 over land 
surface with low albedo values in the UV (~ 0.05 - 0.2). 

Table 9-1 gives an overview of the six calibration flights. It should be noted that calibration #1 is excluded 
from the statistical analysis described below. This is due to the different CoG-reference position compared to 
calibrations #2 - #5 which does not allow a comparison of response parameters. 

Figure 9-5 summarises the results of slope, intercept (the intercept values are calculated as the difference 
between the intercepts for ground and internal reference) and atmospheric contamination for calibration 
flights #2 - #6. The bottom plot showing the atmospheric contamination ΔH, calculated as the average over 
the flight leg, indicates that the atmospheric contamination for all calibration flights is reduced from 592 m to 
409 m by applying the new ground detection method. The top left plot suggests that regardless of the ground 
detection method, slope values for calibrations above land surface are much higher than for calibrations 
above ice surface. One exception seems to be calibration #4 but it is important to know that there occurred 
some problems regarding the OBA temperature drift and the CoG-feedback loop. Nevertheless, these results 
indicate the atmospheric influence on the Rayleigh slopes since it is well known that slope values of 
atmospheric layers are higher than the slope values for the internal reference. The point is that the influence 
of the atmosphere on the ground signals becomes larger when the surface albedo is low. Furthermore, it can 
be seen that the standard deviation of the slopes is reduced by the application of the new ground detection 
method and that a reduction of ∆𝐻𝐻 has the largest influence for calibrations performed over land. 

Also for the Rayleigh intercept values (top right plot of Figure 9-5) a difference between land and ice 
calibrations can be observed. The intercept values for calibrations over land surface are much lower than for 
the ice calibrations which is also a consequence of the atmospheric contamination of the ground signals 
since atmospheric influence leads to decreasing intercept values. From that figure a general problem of the 
Rayleigh ground calibrations becomes obvious: the large variability of the intercept values. The variability in 
terms of the standard deviation for the old ground detection scheme is found to be 3.5 m·s-1. A reduction of 
the atmospheric contamination by applying proper ground detection reduces this value to 2.3 m·s-1 which is 
still too large. These results show that the atmospheric influence especially on calibrations performed over 
land surfaces cannot be regarded as negligible. 
 

  
Figure 9-4: Flight tracks of the two calibration flights carried out on 28/09/2016 (left) and on 
15/10/2016 (right) together with the location of the six response calibrations. 
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Table 9-1: Overview of WindVal II calibration flights. 

Flight 
number Date Flight time (UTC) Surface Remarks 

11 28/09/16 11:56 - 12:21 Ice different CoG-reference position than other calibrations 

2 28/09/16 12:23 – 12:47 Ice Clouds in one range gate 

3 28/09/16 12:53 – 13:17 Ice - 

4 15/10/16 16:22 – 16:45 Ice several error sources: OBA temperature drift/failures of 
CoG-feedback loop 

5 15/10/16 16:59 – 17:22 Land - 

6 15/10/16 17:25 – 17:48 Land - 

 

  

 
Figure 9-5: Rayleigh ground calibration parameters slope (top left), intercept (top right) and atmos-
pheric contamination ∆H (bottom) for the new and old ground detection method obtained from 
calibration flights #2 - #6. The intercept values shown here are calculated as the difference between 
the intercept values for ground and internal reference. Calibrations performed above ice and land 
surface are highlighted blue and brown, respectively. In addition, mean value µ and standard 
deviation σ are shown in the text boxes. 

 

Figure 9-6 compares the inverse slope parameter, intercept and ΔH of the Mie channel for calibration flights 
#2 - #6. Same as for the Rayleigh channel using the refined ground detection method reduces the atmos-
pheric contamination for all calibrations. All in all, there is no large influence of the ground albedo on the 
inverse slopes of the Mie channel. This meets the expectations that the atmospheric influence on the Mie 
channel is rather small. The deviation of the slope value of calibration #5 with a value of -96.57 MHz/pixel 
compared to values around -97.76 MHz/pixel for the other calibrations stands out. An analysis of calibration 
#5 also revealed a deviation of the slope value for the internal reference from the other calibrations. So, 
when calculating the difference between slope value for ground and internal reference, this deviation would 
vanish. Up to now, no satisfying explanation for this deviation in the absolute values has been found. 

                                                      
1 Calibration #1 is not considered for the statistical evaluation of the ground calibration parameters. 
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Compared to the intercept values for the Rayleigh channel, the values for the Mie channel show a much 
smaller variability. Regardless of the ground detection/atmospheric contamination, the standard deviation is 
found to be 0.5 m·s-1. The exclusion of the erroneous calibration #4 from the statistics would even further 
decrease the standard deviation. Overall it can be said that the influence of the ground detection is much 
smaller than for the Rayleigh channel but still a slight influence can be observed for calibrations performed 
above low albedo surfaces. 

In conclusion, the atmospheric contamination plays a significant role for the systematic errors of the Rayleigh 
ground calibrations and in turn also for the accuracy of the Rayleigh zero wind speeds. The results show that 
this influence can be minimised by restricting calibrations to high albedo surfaces. This fact also should be 
considered for Aeolus. Moreover, for future campaigns and also for Aeolus ground calibrations, the measure 
of the atmospheric contamination ΔH should also be considered as quality parameter describing the ground 
calibrations. 

 

  

 

 

 

Figure 9-6: Mie ground calibration parameters inverse slope (top left), intercept (top right) and 
atmospheric contamination ΔH (bottom) for the new and old ground detection method obtained from 
calibration flights #2 - #6. The intercept values shown here are calculated as the difference between 
the intercept values for ground and internal reference. Calibrations performed above ice and land 
surface are highlighted blue and brown, respectively. In addition, mean value µ and standard 
deviation σ are shown in the text boxes. 
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 Criteria for evaluating response calibrations 9.3
 

For assessing the overall quality of a response calibration, a number of recordings of parameters have to be 
checked for plausibility and whether or not these parameters moved within the given thresholds. Such 
parameters are for instance temperatures related to the RSP and the OBA, the cabin pressure and the laser 
beam pointing information, exemplarily presented in Figure 9-7 for calibration #3 performed on 28/09/2016. 
The temperature regulation of the Rayleigh spectrometer performed well according to expectations with its 
faster feedback loop (DLR 2017b) and a peak-to-peak amplitude of only 0.006 K. The pressure within the 
Falcon cabin showed a peak-to-peak range of 0.7 hPa which corresponds to a response range of 3 MHz 
(0.53 m·s-1) in the Mie channel and 7 MHz (1.24 m·s-1) in the Rayleigh channel if applying the results of a 
pressure campaign in April 2008 (DLR 2010). For comparison, the pressure peak-to-peak values ranged 
from 0.3 hPa to 0.7 hPa for the first and second respectively the third calibration of the 2015 airborne 
campaign. The vertical and horizontal pixel positions of the CoG (centre-of-gravity) values of the co-
alignment loop on raw data level (mean over the 4 data points per second) showed no obvious outliers. The 
alignment was thus stable and constant over time. The pointing stability was around 4.5 µrad both in vertical 
and horizontal direction, corresponding to a potential random Rayleigh wind error of 1.8 m·s-1 (DLR 2012c). 
More information regarding especially the short term stability of the alignment is provided in (DLR 2017b). 

Another parameter that is generally surveyed during flight and that is used to determine the response 
calibration functions is the laser frequency. Monitoring the UV frequency of the outgoing laser pulses by a 
high-precision wavemeter (HighFinesse, WS Ultimate 2) with a relative accuracy of 10-8 allows for the 
detection of e.g. incorrectly conducted frequency step commands or increased frequency instability due to 
aircraft vibrations induced, for example by clear air turbulence. Figure 9-8 (left) shows the laser frequency 
on a pulse-to-pulse basis (blue line) over the whole frequency range of a response calibration (1800 MHz) 
and the pulse-to-pulse difference in black. The short gap in the frequency differences at around 13:00.00 
UTC is caused by an interruption due to the regular auto-calibration mode of the wavemeter itself. On the 
right side, a zoom window of one minute gives a more detailed insight into the transitions from one frequency 
step to another as well as the length of one frequency step (which occasionally deviated from the command-
ed step size during WindVal I in 2015) and its particular frequency stability. 

  

 
Figure 9-7: A2D parameters during the response calibration #3 performed on 28/09/2016 from 
12:53 UTC to 13:17 UTC: (Top left) Temperature variations of the Rayleigh spectrometer (blue) and 
the Optical Bench Assembly (green), (top right) cabin pressure of the Falcon aircraft, (bottom) 
horizontal (blue) and vertical (red) component of the spot centre-of-gravity (CoG) measured with the 
UV camera that is integrated in the transmit-receive path co-alignment loop. 
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Figure 9-8: Absolute laser frequency (blue line) and pulse-to-pulse frequency difference (black dots) 
during the response calibration #3 performed on 28/09/2016 from 12:53 UTC to 13:17 UTC. The left 
plot depicts the laser frequency over the entire calibration period, while the right plot shows a 
portion of one minute including four frequency steps. 

Figure 9-9 depicts the Rayleigh and Mie raw signal intensities after DCO and background subtraction, but 
without range correction and bin scaling. The diagrams allow for a first rough assessment of the quality of 
the available response calibration. In particular, clouds and aerosol loaded regions would become visible 
which have to be rejected for the retrieval of the atmospheric response function in the Rayleigh channel 
within a dedicated quality control scheme. Also, the higher the optical thickness of a cloud, the higher is the 
extinction for the ground return signal. This can lead to invalid observations within the Rayleigh and Mie 
ground return response functions, and hence to a possibly increased random and/or systematic error in the 
thereby retrieved ground speeds. However, during the past airborne campaigns the mission planning team 
successfully managed to spot cloud- and aerosol-free regions where the A2D could perform its IRCs under 
almost ideal atmospheric conditions. Thus, the distributed ground return signal is clearly visible in Figure 9-9 
between range gates #19 - #21 for both, the Rayleigh and the Mie channel. Range gate #4 corresponds to 
the internal reference, i.e. the altitude of the aircraft. The measured raw atmospheric signals in the first range 
gates (#5 to about #8) right below are dominated by the strong near-field return (due to the R²- range 
dependency) in combination with the overlap function of laser beam and telescope field of view. 

 
Figure 9-9: Rayleigh (top) and Mie (bottom) signal intensities on measurement level measured during 
the response calibration #3 performed on 28/09/2016 from 12:53 UTC to 13:17 UTC. Ground signals 
are distributed over three different range gates (#19 to #21). Range gate (or layer) #4 corresponds to 
the internal reference. 
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The above results of calibration #3 from 28/09/2016, 12:53 UTC are exemplary for a successful and flawless 
IRC where the entire procedure was characterized by 

• high temperature stability, 
• high pressure stability, 
• high pointing stability, 
• high frequency stability, 
• absence of missing frequency steps, 
• absence of CoG outliers and 
• absence of clouds. 

A contrasting example is calibration #4 which was the first IRC performed during the second calibration flight 
15/10/2016. Since the procedure started before thermal stabilization of the receiver was reached, the OBA 
temperature dropped by about 100 mK during the 24 minute period of the IRC. This situation is depicted in 
Figure 9-10 together with the variation of the cabin pressure as well as the CoG pixel positions monitored for 
the co-alignment loop. While the pressure fluctuations of 1.0 hPa (peak-to-peak) are comparable to those of 
calibration #3, the CoG positions include several outliers in the period between 16:30 UTC and 16:32 UTC 
both in horizontal and vertical direction. 

  

 
Figure 9-10: A2D system parameters during the response calibration #4 performed on 15/10/2016 
from 16:22 UTC to 16:45 UTC: (Top left) Temperature variations of the Rayleigh spectrometer (blue) 
and the Optical Bench Assembly (green), (top right) cabin pressure of the Falcon aircraft, (bottom) 
horizontal (blue) and vertical (red) component of the spot centre-of-gravity (CoG) measured with the 
UV camera that is integrated in the transmit-receive path co-alignment loop. 

These outliers were caused by failure of the transmit-receive co-alignment loop which was discovered and 
resolved after about two minutes, leading to seven invalid observations. The malfunction of the co-alignment 
becomes also visible in the Rayleigh and Mie raw signal intensities which are shown in Figure 9-11 per 
range gate on measurement level. The curtains feature several profiles with very low signal intensity in all 
atmospheric range gates, since the collection of backscattered radiation failed due to the lack of active co-
alignment stabilization. 
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Figure 9-11: Rayleigh (top) and Mie (bottom) signal intensities on measurement level measured 
during the response calibration #4 performed on 15/10/2016 from 16:22 UTC to 16:45 UTC. Several 
measurements are affected by failure of the co-alignment loop. 

Another example of a disturbed IRC is calibration #2, performed on 28/09/2016 between 12:23 UTC and 
12:47 UTC. Here, the major factor deteriorating the quality of the Rayleigh and Mie response values was the 
occurrence of clouds. As can be seen from the raw signal intensities in Figure 9-12, more than 100 
measurements were obviously affected by high-level clouds, leading to a signal increase in range gate #8 
and a decrease in all the range gates below. Hence, six observations (= 210 measurements) were removed 
from the calibration dataset in order to avoid erroneous calibration parameters (see next section). 

 
Figure 9-12: Rayleigh (top) and Mie (bottom) signal intensities on measurement level measured 
during the response calibration #2 performed on 28/09/2016 from 12:23 UTC to 12:47 UTC. Several 
measurements are affected by clouds. 
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The quality criteria presented above (spectrometer and OBA temperature, cabin pressure, laser frequency 
and pointing, Rayleigh and Mie raw signal intensity) can be easily checked shortly after a response calibra-
tion. Apart from that, there are additional parameters which require more extensive processing to be 
obtained and/or whose interpretation regarding the quality of a calibration is more subtle and not straightfor-
ward. The latter is the case for the Rayleigh spot positions and width (FWHM). In contrast to calibrations #2 
to #6, the very first IRC of the campaign performed on 28/09/2016 between 11:56 UTC and 12:21 UTC was 
carried out at a different CoG reference position: CoGX = 390 pixels, CoGY = 153 pixels instead of 
CoG = (387 pixels/153 pixels). As the set position determines the incidence angle of the backscatter return 
onto the receiver spectrometers, modification of the CoG settings influences the image of the field stop onto 
the Rayleigh and Mie ACCDs. The effect is particularly marked for the Rayleigh channel due to its high 
angular sensitivity (DLR 2012c). Hence, the positions and widths of the two Rayleigh spots belonging to 
Filter A and B are altered when the CoG reference position is changed. 

The impact is illustrated in Figure 9-13 which shows the centroid positions (top panel) and width (bottom 
panel) of the two Rayleigh spots depending on altitude for calibration #1 (CoGX = 390 pixels) and calibration 
#3 (CoGX = 387 pixels). The uppermost points correspond to the internal reference which is independent of 
the CoG settings, as the signal is guided to the receiver separately. For the atmospheric range gates, the 
Rayleigh spots are closer together in case of a smaller CoGX value (except for range gates #5 and #6), 
whereby the two spots move in opposite direction by ≈ 0.25 pixels (green). This effect goes along with a 
smaller discrepancy in the spot positions between internal reference and atmospheric signal compared to the 
higher COGX (blue). In comparison to calibration #3 (green) where the spot positions are nearly identical 
(<0.1 pixels for Filter B) and only deviate in the range gates close to the instrument, the difference is more 
than 0.3 pixels for calibration #1 (blue) between internal reference (Filter A: 3.7 pixels, Filter B: 11.6 pixels) 
and atmospheric range gates (Filter A: 3.3 pixels, Filter B: 11.9 pixels). 

 
Figure 9-13: Rayleigh spot position (top) and Rayleigh spot width (FWHM, bottom) measured during 
the response calibrations #1 (blue dots, CoGx = 390 pixels) and #3 (green dots, CoGx = 387 pixels). 
The uppermost data points correspond to the internal reference. 
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Regarding the spot widths, a larger CoGX value results in smaller FWHM values, especially the closer the 
range gates are located to the instrument. Also, the FWHM value is less altitude-dependent in the range 
gates below range gate #7 (9.5 km in Figure 9-13) which are relevant for the wind retrieval, ranging from 
1.7 pixels to 2.1 pixels. The spot width is determined by the illumination of the field stop in the front optics as 
well as by the divergence angle of the light incident on the Rayleigh spectrometer. The FWHM for the 
internal reference is generally larger than for the atmospheric path due to the full (or even over-) illumination 
of the field stop by the divergent light emerging from the internal reference fiber. The difference in the spot 
width between Filter A and B, which is present for both CoG settings, can be explained with the sequential 
configuration of the Rayleigh spectrometer involving different paths, and hence different divergence angles 
of the two beams transmitted through the filters. Spot A is smaller than spot B by about 0.2 pixels, since the 
latter is associated to the slightly more divergent beam that is reflected from filter A before being incident on 
the second filter. More information on the parameters influencing the Rayleigh spot positions and width is 
provided in (DLR 2012c). 

The impact of the Rayleigh spot positions and widths on the wind results is not straightforward, so that 
evaluation of the quality of a response calibration based on the spot parameters is rather difficult. Thus, no 
correlation was found between Rayleigh spot position, width and atmospheric responses during wind 
measurement mode, which could be used for correction. Nevertheless, analysis of the wind scenes 
conducted during WindVal II has shown, that using calibration #3 produced wind results with high accuracy 
and precision (see chapter 10), suggesting that the chosen CoGX value of 387 pixels corresponds to a good 
instrument alignment for the positions of the telescope relay mirrors FM4 and FM5 (chapter 8.2.1). Notwith-
standing the above, the selection of the response calibration should be made under consideration of the 
CoG settings during the wind scenes in order to ensure comparable spot positions and widths. 

A further parameter that should be taken into account when rating the quality of a Rayleigh response 
calibration is the residual error. As explained in (DLR 2017b, section 8.5), it is defined as the deviation of the 
measured Rayleigh response from the fifth-order polynomial fitting function which is applied to account for 
the nonlinearities in the response curves. The residual error per frequency step and for all range gates, 
exemplified by calibration #3, is displayed in the left panel of Figure 9-14. In contrast to the internal 
reference (red dots) where the error is comparably low (<±0.005 ≈ 11 MHz ≈ 2 m·s-1), the residuals for the 
atmospheric range gates show large fluctuations (up to 0.03 ≈ 50 MHz ≈ 9 m·s-1) from frequency step to 
frequency step. Moreover, the error is correlated among the range gates, suggesting that variations in the 
co-alignment are the main reason for the variability. Calculating the standard deviation of the residual error 
over the frequency range of the calibration yields a measure of response variations that are not corrected 
during the wind retrieval, and thus introduce a random error. The obtained standard deviations per range 
gate are plotted in the right part of Figure 9-14. Due to the telescope overlap effect, the strongest variation, 
i.e. the largest standard deviation, is observed in range gates #5 to #8 close to the instrument. In the range 
gates underneath, the standard deviation is below 0.005 which corresponds to a random wind error of 
1.5 m·s-1. The conversion between the two values will be elucidated in the next section which compares the 
calibration parameters (slope and intercept) for all six Rayleigh response calibrations. 

 
Figure 9-14: (Left) Residual error of the Rayleigh response in dependence on the relative UV 
frequency for all range gates during the response calibration #3 performed on 28/09/2016 from 
12:53 UTC to 13:17 UTC. The right plot shows the corresponding standard deviation of the residual 
error in dependence on the range gate (range gate #4 = internal reference). 
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 Overview of Rayleigh response calibrations 9.4
 

In this section, the calibration parameters slope and intercept are investigated for the internal reference, the 
atmosphere and the ground for the six calibration flights performed during WindVal II. Figure 9-15 and 
Figure 9-16 show profiles of slopes and intercepts of the six calibrations per range gate where the values for 
the internal reference and ground are plotted at the top and bottom, respectively. The vertical position of 
each data point represents the bin centre altitude of the respective range gate. For the wind retrieval, a linear 
interpolation is performed between the altitude-dependent coefficients deduced from the calibration in order 
to obtain the response function for the respective bin altitudes of the wind observation. As discussed in 
section 9.2, the slope and intercept parameters for the ground are strongly influenced by the ground 
detection method. Hence, ground calibration parameters derived using both the old (top plots) and refined 
ground detection method (bottom plots) are shown in the two figures. 

 

 
Figure 9-15: Slope values determined from the linear fit of the Rayleigh response curves in depend-
ence on the A2D range gate / altitude. The data points are colour-coded according to the six different 
response calibrations performed during WindVal II. The uppermost value represents the internal 
reference, while the lowermost point corresponds to the ground. The two diagrams show the values 
obtained with the old (top) and the new (bottom) ground detection method. Note that Cal. #1 (blue) 
was performed at a different CoG reference position and that Cal. #2 (orange) was affected by clouds. 
The open orange circles represent the values obtained after removal of six affected observations. 
Cal. #4 (red) was affected by CoG outliers as well as a large OBA temperature drift of 0.1 K. 
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Figure 9-16: Δ(intercept) (ATM – INT) values determined from the linear fit of the Rayleigh response 
curves in dependence on the A2D range gate / altitude. The data points are colour-coded according 
to the six different response calibrations performed during WindVal II. The uppermost value repre-
sents the internal reference, while the lowermost point corresponds to the ground. The two diagrams 
show the values obtained with the old (top) and the new (bottom) ground detection method. Note that 
Cal. #1 (blue) was performed at a different CoG reference position and that Cal. #2 (orange) was 
affected by clouds. The open orange circles represent the values obtained after removal of six 
affected observations. Cal. #4 (red) was affected by CoG outliers as well as an OBA temperature drift. 

As discussed in the previous sections, some of the response calibrations showed deficiencies in terms of the 
data quality and required additional processing. For instance, due to clouds affecting the Rayleigh signals in 
range gate #8 during calibration #2 (solid orange lines in the above plots), the slope and intercept values in 
this range gate deviate from those of the other calibrations. By removing the six affected observations, the 
slope and intercept values could be corrected (dashed orange lines), resulting in better agreement with the 
other datasets. The quality of calibration #4 (2016-09-15 at 16:22 UTC) was degraded by the occurrence of 
CoG outliers as well as a by a large drift of the OBA temperature by 0.1 K (see Figure 9-10 and Figure 
9-11). The latter had an impact on the Rayleigh responses and, in turn, on the slope and intercept values in 
all range gates. Hence, as opposed to calibration #2, removal of those observations that were derogated by 
clouds or CoG outliers did not reduce the deviation of the calibration parameters to those of the other 
calibrations. 
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A special case is calibration #1 (blue lines) which was performed under good operating conditions and 
without clouds, but at a different setting of the co-alignment loop reference position (CoGX = 390). Since the 
change in the setting affected the alignment of the instrument and thus the incidence angle of the backscat-
tered signals on the Rayleigh spectrometer, the calibration parameters, especially the intercept values, of 
this calibration deviate from the rest. 

Excluding calibration #1 as well as the uncorrected calibration #2 and the failed calibration #4, the compari-
son of the slopes and intercepts in Figure 9-15 and Figure 9-16 shows low variability both for the internal 
reference and over all atmospheric range gates. Moreover, as discussed in section 9.2, the new ground 
detection scheme reduces the spread in the ground slopes and intercepts. The mean and standard deviation 
values for the slopes and intercepts over all calibrations excluding calibration #1 are plotted in Figure 9-17 
and Figure 9-18, respectively. The values are summarized in Table 9-2, Table 9-3 and Table 9-4 for the 
internal reference, a selected atmospheric range gate (#16, ≈ 4 km altitude) and the ground return. 
 

 
Figure 9-17: Mean and standard deviation (±1σ) of the slope values shown in Figure 9-15 (bottom). 
Cal. #1 was performed at a different CoG setting and thus excluded from the statistical calculations. 

 
Figure 9-18: Mean and standard deviation (±1σ) of the Δ(intercepts) shown in Figure 9-16 (bottom). 
The grey data points represent the statistical parameters when considering calibrations #2 to #5, 
while the black data points are obtained when only taking into account calibrations #3, #5 and #6. 
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Table 9-2: Slope and intercepts of the internal reference for the six Rayleigh response calibrations. 

RRC # Slope (10-4 MHz-1) Intercept (10-2) 

1 4.520 0.52 

2 4.487 0.45 

3 4.566 0.09 

4 4.599 0.13 

5 4.604 0.80 

6 4.566 -0.12 

Mean 4.557 0.31 

STD 0.042 0.31 
 

Table 9-3: Slope and Δ(intercept) values (ATM – INT) of the atmospheric range gate #16 (at about 
4 km altitude) for the six Rayleigh response calibrations. Cal. #1 was performed at a different CoG 
setting and thus excluded from the statistical calculations. 

RRC # Slope (10-4 MHz-1) Δ(Intercept) (10-2) (ATM – INT) 

1 5.868 -5.45 

2 5.839 -4.76 

3 5.852 -4.74 

4 5.882 -5.87 

5 5.825 -4.70 

6 5.782 -4.65 

Mean 5.836 -4.94 

STD 0.033 0.46 
 

Table 9-4: Slopes and Δ(intercept) values (GR – INT) of the ground return derived from the six 
Rayleigh response calibrations and after processing with the old and the new ground detection 
method. Cal. #1 was performed at a different CoG setting and thus excluded from the statistical 
calculations. 

RRC # Slope (10-4 MHz-1) Δ(Intercept) (10-2) (GR – INT) Surface 

 
New GR detection Old GR detection 

New GR detection 

10-2 / m·s-1 

Old GR detection 

10-2 / m·s-1  

1 4.428 4.581 1.39 / 5.36 1.15 / 4.37 Ice 

2 4.418 4.460 1.73 / 6.71 1.62 / 6.19 Ice 

3 4.441 4.479 1.70 / 6.59 1.60 / 6.11 Ice 

4 4.633 4.641 0.36 / 1.40 0.32 / 1.22 Ice 

5 4.777 4.922 0.42 / 1.63 -0.32 / 1.23 Land 

6 4.691 4.822 0.77 / 2.99 -0.47 / 1.81 Land 

Mean 4.59 4.66 1.00 / 3.87 0.55 / 2.10 

STD 0.14 0.18 0.60 / 2.32 0.91 / 3.47 
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The slope and intercept values shown in the above diagrams and tables are discussed separately for the 
internal reference, atmospheric range gates and the ground return. 

Internal reference (INT): 

The INT slopes of the six Rayleigh response calibrations are very consistent, showing variations (±1σ) below 
1% around a mean of 4.56 · 10-4 MHz-1. This value also agrees with the slopes measured during previous 
airborne campaigns ranging between 4.50 · 10-4 MHz-1 and 4.58 · 10-4 MHz-1 (DLR 2017b). The spread in the 
intercepts is 0.0031 which would translate to a wind speed difference of 1.2 m·s-1, using the mean slope of 
4.56 · 10-4 MHz-1 and the conversion factor of 5.63 MHz/(m·s-1). However, this internal reference intercept is 
not relevant for wind retrieval, as the differential approach (ATM – INT) is used. 

Atmospheric range gates (ATM): 

Concerning the atmospheric range gates, the slopes vary around a mean of 5.9 · 10-4 MHz-1 with a standard 
deviation of 0.06 · 10-4 MHz-1 (1.0%). As can be seen from Figure 9-17, larger slopes are obtained for higher 
atmospheric range gates, i.e. closer to the instrument, where the backscatter signal is affected by the 
telescope overlap function and the partly closed electro-optic modulator (EOM). The variability in the slopes 
among the different calibrations for one particular range gate (#16) is given in Table 9-3. Here, the standard 
deviation is 0.03 · 10-4 MHz-1 (0.5%) at a mean value of 5.83 · 10-4 MHz-1. 

The table also provides the Δ(intercept), i.e. the intercept of the selected range gate after subtraction of the 
INT intercept obtained for the respective calibration. This quantity is more meaningful than the intercept 
itself, as it directly determines the retrieved wind speed. The Δ(intercept) (ATM – INT) values for the selected 
range gate #16 fluctuate by ±0.0046, corresponding to a wind speed variation of ±1.4 m·s-1. This value is 
illustrated as grey error bar in Figure 9-18 at about 4 km altitude. The diagram reveals that the variations in 
the Δ(intercepts) are much higher in the upper range gates due to the telescope overlap effect. Averaging 
over all atmospheric range gates results in a mean variation of ±0.007 (±2.3 m·s-1). When the erroneous 
calibrations #2 and #4 are disregarded, the value is reduced by a factor of six to ±0.0012 (±0.4 m·s-1). 

A more comprehensive method for assessing the variability among multiple response calibrations has been 
introduced for the WindVal I campaign. For this purpose, as described in (DLR 2017b, chapter 8), “virtual” 
wind speeds are computed by inserting a manually defined array of frequencies over a certain interval, e.g. 
±550 MHz in steps of 10 MHz, into the wind retrieval algorithm. These imitate wind speed measurements 
from -98 m·s-1 to +98 m·s-1 in steps of about 1.8 m·s-1, while considering the Rayleigh response nonlineari-
ties, i.e. the coefficients of the fifth-order polynomial. Mutual comparison of the calculated virtual wind speeds 
derived from each calibration yields wind speed differences (per wind speed interval) that can be expected 
on average when processing the same wind field with two calibrations randomly chosen from the set of 
available response calibrations. An example is depicted in the left panel of Figure 9-19, where the wind 
speed differences in range gate #16 are plotted versus the frequency relative to the Rayleigh crosspoint, for 
the case that two calibrations were randomly chosen among the calibrations #3, #5, and #6. 

 
Figure 9-19: (Left) Average expectable Rayleigh wind speed differences in range gate #16 (≈ 4 km) 
over a range of ±550 MHz (±98 m·s-1) when using two randomly chosen response calibrations among 
calibrations #3, #5 and #6 for wind retrieval. Maximum and minimum differences are marked in red 
and green, respectively, while the mean value is plotted in blue. The right diagram shows the mean 
wind difference for each range gate together with the corresponding standard deviation (error bars). 
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The mean wind differences (blue curve) are below 0.5 m·s-1 close to the crosspoint, i.e. for LOS wind speeds 
below ±25 m·s-1, and increase to 1.2 m·s-1 towards higher wind speeds. The means and standard deviations 
over the whole frequency range (±550 MHz) for all atmospheric range gates are shown in the right panel of 
Figure 9-19, illustrating that the largest variations are present in the upper range gates, as discussed above. 
The standard deviation of 0.4 m·s-1 calculated for range gate #16 agrees with the value obtained from the 
simple considerations based on the variability of the Δ(intercepts). Hence, by sorting out calibrations that are 
affected by adverse conditions (clouds, CoG outliers, temperature drifts), the variability in the wind results 
depending on the choice of the calibration is drastically reduced. This underlines the importance of proper 
preselection of response calibrations based on quality criteria as explained in section 9.3. 

Ground return (GR): 

The impact of the new ground detection scheme on the slope and intercept values derived from the Rayleigh 
response calibration curves has been discussed in section 9.2. The results which are depicted in Figure 9-5 
become also visible in the figures on pages 90 to 92 as well as in Table 9-4. The spread in the slope values 
changes only marginally when using the new ground detection method (from σ = 0.18 · 10-4 MHz-1 to 
σ = 0.14 · 10-4 MHz-1). Nevertheless, Figure 9-15 illustrates that the slopes are shifted towards smaller 
values, i.e. closer to the slope of the internal reference, when the new scheme is applied. This indicates the 
reduction of the atmospheric contribution to the ground signals achieved by the better discrimination 
between atmospheric and ground return signals. The change in the slope values is more pronounced for the 
calibrations performed over land (#5 and #6), due to the stronger impact of the atmospheric contamination 
on the weaker ground signals in case of low albedo. 

Concerning the Δ(intercepts), the new ground detection scheme leads to larger values, while the spread is 
decreased by about one third from σ = 0.0091 to σ = 0.0060, which corresponds to a reduction in the wind 
speed variations from ±3.5 m·s-1 to ±2.3 m·s-1. The latter value is still relatively large with regards to Zero 
Wind Correction based on ground return signal and can be explained with the remaining atmospheric 
contribution to the ground return which results in a discrepancy between the calibration parameters 
determined over ice and over ice-free land due to the different albedo. If the Δ(intercepts) are considered 
separately for calibrations #2 and #3 over ice and calibrations #5 and #6 over land, the differences are only 
on the order of 0.0030 (±1.2 m·s-1). Hence, the choice of the ground response calibration parameters used 
for wind retrieval could be made according to the surface albedo of the respective wind scene, which should 
be investigated in future campaigns. 

Selection of the Rayleigh response calibration used for the wind retrieval 

For choosing the best Rayleigh response calibration as the baseline for the wind retrieval, the preselected 
calibrations #3, #5 and #6 were further compared in terms of the expectable wind speed differences when 
using one particular calibration relative to using one of the other two. The results for the three possible 
combinations are illustrated in Figure 9-20 for four different atmospheric range gates. 

 
Figure 9-20: Simulated wind speed differences over a wind speed range of ±100 m·s-1, depending on 
the choice between two Rayleigh response calibrations out of the set of calibrations #3, #5 and #6. 
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The figure shows that calibration #5 stands out from the other two calibrations, as the largest wind speed 
differences (up to ±2.5 m·s-1) are found for the comparison between calibration #5 and calibration #6 (top 
lines in all four panels) as well as for the comparison between calibration #3 and calibration #5 (bottom lines 
in all four panels). The discrepancies decrease with increasing range gate number, i.e. with increasing 
distance from the instrument, suggesting that the telescope overlap effect is responsible for the deviations. 
For lower range gates, e.g. range gate #16 (bottom right plot), the wind speed differences are below 1 m·s-1 
within the wind speed range of ±50 m·s-1 and below 0.5 m·s-1 within the wind speed range of ±25 m·s-1, in 
accordance with Figure 9-19. As a result of this analysis, calibration #5 was ruled out as a candidate for the 
Rayleigh wind retrieval. 

Another parameter that was considered in the selection of the Rayleigh response calibration is the standard 
deviation of the residual error, i.e. the deviation of the measured responses from the fifth-order polynomial 
that is used as fitting function for the Rayleigh nonlinearities. The determination of the standard deviation of 
the residuals per range gate was introduced in the previous section. The corresponding standard deviation 
per range gate for calibration #3 is shown in the right panel of Figure 9-14. Using the same approach, the 
standard deviation profiles for the other five calibrations were determined, resulting in the plots shown in 
Figure 9-21. 

Apart from the six original datasets, the diagram also includes the values for calibration #2 after removal of 
the cloud-affected observations (dashed orange line). Comparison with the original dataset of calibration #2 
(solid orange line) illustrates how the removal of the observations smooths the profile, as the standard 
deviation for range gates #8 where clouds disturbed the signal is effectively reduced. The figure also reveals 
the poor quality of calibration #4, where the standard deviation is larger than for the other calibrations in all 
range gates, thus confirming that this calibration is the worst among the six. The two calibrations performed 
over land (#5 and #6)) feature an increased standard deviation in range gate #17, as opposed to calibration 
#3 which is characterized by standard deviations smaller than 0.005 for all range gates below range gate 
#10. This value translates to a wind error of 1.5 m·s-1, using the slope of calibration #3 of 5.85 · 10-4 MHz-1 
and the conversion factor of 5.63 MHz/(m·s-1). Below range gate #12, the standard deviation is even smaller 
than 0.003, corresponding to 0.9 m·s-1. Consequently, response calibration #3 performed on 28/09/2016, 
between 12:53 UTC and 13:17 UTC was chosen as the baseline for the Rayleigh wind retrieval. Note that, in 
principle, calibration parameters for the atmospheric range gates and the ground return can be taken from 
two different response calibrations. 

 
Figure 9-21: Standard deviation of the residual error in dependence on the range gate for all six 
calibrations (range gate #4 = internal reference). Note that Cal. #1 (blue) was performed at a different 
CoG reference position and that Cal. #2 (orange) was affected by clouds. The open orange circles 
represent the values obtained after removal of the six affected observations. Cal. #4 (red) was 
affected by CoG outliers as well as a large OBA temperature drift of 0.1 K. 
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 Overview of Mie response calibrations 9.5
 
The (inverse) slope and intercept values determined for the six Mie response calibrations of the internal 
reference are listed in Table 9-5. The mean over the slope values (-99.53 MHz/pixel) is very similar to the 
mean derived for the WindVal I calibrations (-99.28 MHz/pixel). However, the spread in the slope values is 
almost twice as large, accounting for 0.57 MHz/pixel compared to 0.33 MHz/pixel in 2015. This discrepancy 
is related to the two last calibrations #5 and #6 whose slopes strongly deviate from those of the other four 
calibrations. The underlying reason is most probably variations in the OBA temperature which were 
unusually large not only during calibration #4 (0.1 K), as noted above, but also during the two subsequent 
calibrations (≈ 0.04 K). The laser parameters (frequency stability) and cabin pressure showed no peculiari-
ties. If the two last calibrations are excluded from the statistical calculation, the standard deviation is halved 
to 0.26 MHz/pixel. 

The variability in the Mie intercepts among the calibrations of 0.11 pixels is identical to that of the previous 
campaign. The mean intercept of 8.01 pixels is, however, higher compared to WindVal I (7.38 pixels) which 
is explained by the fact that for WindVal II the frequency offset was defined with respect to the Rayleigh 
crosspoint and not with respect to the Mie centre. Since the Mie centre was about 60 MHz apart from the 
crosspoint during the calibration flights, the difference in the intercepts is around 0.6 pixels, in accordance 
with a Mie slope of about 100 MHz/pixel. It should be noted that the difference in the internal reference 
intercept values (between Wind Val I & II) has no influence on the Mie wind retrieval, as the same shift is 
also present in the ground response calibrations, so that the difference in the intercepts (Δ(intercept) 
between internal reference and ground return), relevant for the wind retrieval, is not affected. Nevertheless, 
too large frequency differences between the Rayleigh crosspoint and Mie centre (above 100 MHz) will 
increase the contribution of Mie nonlinearities, as the Mie calibration will include frequency steps where the 
fringe is imaged onto one of the edges of the ACCD. Therefore, the Mie centre will again be chosen as the 
frequency reference in future campaign analyses. 
 

Table 9-5: Slope and intercept values of the internal from the six Mie response calibrations. 

MRC # Slope (MHz/pixel) Intercept (pixel) 

1 -99.85 8.031 

2 -99.12 8.093 

3 -99.53 8.176 

4 -99.54 7.934 

5 -98.67 7.834 

6 -100.49 8.019 

Mean -99.53 8.01 

STD 0.57 0.11 
 

The Mie ground response calibration parameters have been discussed in section 9.1 in the context of the 
refined ground detection scheme. The analysis showed that the new method has only a minor impact on the 
slope and intercept values. Compared to the Rayleigh channel, the Mie channel is less sensitive to the 
atmospheric contamination, as the broadband atmospheric signal introduces a nearly constant intensity 
offset to the narrowband ground return signals. Consequently, the ground calibration parameters differ only 
slightly between the two detection schemes. Note that Rayleigh background subtraction is not implemented 
in the processing of Mie response calibrations due to the difficulty that the correction would have to be 
carried out for each frequency step separately. 

The slope and intercept values for the six Mie response calibrations of the ground return are summarized in 
Table 9-6. The parameters listed in the “New GR detection” columns are also plotted in Figure 9-6. 
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Table 9-6: Ground slopes and Δ(intercept) values (INT – GR) for the six Mie response calibrations and 
after processing with the old and the new ground detection method. Calibration #1 was performed 
using a different alignment of the lidar system and is thus excluded from the statistical calculations. 

MRC # Slope (MHz/pixel) Δ(Intercept) (INT – GR) Surface 

 
New GR detection Old GR detection 

New GR detection 

10-3 pixel / m·s-1 

Old GR detection 

10-3 pixel / m·s-1  

1 -98.49 -98.14 116.0 / 2.02 118.6 / 2.06 Ice 

2 -97.88 -97.88 115.8 / 2.02 116.0 / 2.02 Ice 

3 -97.80 -97.81 109.6 / 1.91 109.6 / 1.91 Ice 

4 -97.94 -97.95 44.3 / 0.77 44.9 / 0.78 Ice 

5 -96.59 -96.57 69.6 / 1.21 70.9 / 1.23 Land 

6 -97.91 -97.96 93.8 / 1.63 82.1 / 1.43 Land 

Mean -97.63 -97.63 86.62 / 1.51 84.7 / 1.47 

STD 0.52 0.53 26.5 / 0.46 26.0 / 0.45 

The mean slope of -97.63 MHz/pixel (for both detection schemes) is about 1% larger compared to the 
WindVal I campaign (-96.71 MHz/pixel), while the standard deviation is 14% smaller (2015: 0.62 MHz/pixel). 
The table also shows that the intercepts between the internal reference and the ground differ on average by 
about 0.09 pixels which is identical to the value obtained in 2015. Using a slope value of 98 MHz/pixel and 
the conversion factor of 5.63 MHz/(m·s-1), this translates to a wind speed difference of 1.47 m·s-1. 

Comparing the two ground detection schemes, the largest impact on the calibration parameters is observed 
for calibration #6 conducted over ice-free land, where the atmospheric contribution to the weaker ground 
signals is more pronounced. Here, using the refined ground detection scheme results in a change in the Mie 
intercept values by 11.7·10-3 pixels, which corresponds to a wind speed difference of 0.2 m·s-1, considering a 
typical Mie response of 98 MHz/pixel. Since the discrepancy between the two intercept values is considera-
bly larger compared to calibration #5 (-1.3·10-3 pixels) which was also performed over land, calibration #6 
was studied in more detail. The analysis revealed that when the old ground detection scheme was used one 
response data point was missing in the calibration dataset. The situation is illustrated in Figure 9-22. Panel 
(a) depicts the Mie responses of the internal reference (black line) as well as of the ground return using the 
old (red line) and the new ground detection method (green line). Closer inspection of the response values in 
the frequency range from -50 MHz to 100 MHz exhibits a data gap in the ground responses obtained for the 
old method (Figure 9-22 (b)). The Mie signal intensity per pixel for this particular frequency step of the 
calibration is shown in panel (c), demonstrating the impact of the refined ground detection on the signal 
levels. For the old scheme, the atmospheric contribution to the ground signal is significantly larger, resulting 
in an offset of about 1500 LSB that is superimposed to the narrowband Mie signal. 

The distribution of the broadband Rayleigh background signal which is characterized by two peaks to the left 
and right of the centre is related to the obscuration of the telescope by the secondary mirror, its supporting 
spider and the piezo actuators. Since signal enhancement is not uniform over all pixels, the intensity 
difference between the data points around the fringe centre and the surrounding data points is smaller 
compared to the new method. As a consequence, the DSA (Downhill Simplex Algorithm) yields a Lorentzian 
fit (red line in panel (c)) with a FWHM that is considerably smaller than that obtained with the new ground 
detection scheme (green line) where the Rayleigh background is much lower and the contrast in the signal 
intensities inside and outside the fringe is higher. Due to a threshold set for the fringe width (FWHM > 
1.0 pixels) implemented in the A2D calibration processing, the calculated Mie response for the regarded 
frequency step is flagged invalid in case the old ground detection method is used, as the FWHM of the fitted 
Lorentzian is 0.9 pixels. The resulting gap in the Mie response dataset, which is absent for the new method, 
leads to the large discrepancy in the intercept values. Hence, the new ground detection scheme has also an 
influence on the calculated FWHM of the Mie fringe. Although the data gap only occurred for the old scheme, 
the FWHM threshold will be reduced to 0.8 pixels in the future processing of Mie response calibrations. 
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(a)  

(b)  

(c)  
Figure 9-22: (a) Mie response calibration curve for the internal reference (black) and the ground 
determined by the old (red) and the new (green) ground detection method, obtained from the Mie 
response calibration #6. (b) Portion of the frequency range showing a missing data point in the “old 
ground detection” dataset. The corresponding Mie ground signal per pixel is shown in (c) together 
with the Lorentzian fit. Since the FWHM of the Lorentzian fit is below 1 pixel in case of the old ground 
detection scheme, the fringe centroid position is discarded in the algorithm leading to the data gap. 

(b) 

(c) 
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 Mie nonlinearity error 9.6
 

As a further development in the A2D wind retrieval, the nonlinearities in the Mie response calibration were 
considered in the processing of the WindVal II data. While a fifth-order polynomial fit of the Rayleigh 
response calibration was introduced in Marksteiner (2013) and used since then, Mie nonlinearities were not 
taken into account in previous campaign analyses. 

The necessity for Mie nonlinearity correction becomes obvious by plotting the residuals of the Mie response 
function, i.e. the difference between the measured response values and the linear fit for each frequency step. 
The residuals of the internal reference (INT) and ground (GR) response function obtained for calibration #1 
(28/09, 11:56 UTC) and calibration #3 (28/09, 12:53 UTC) are shown in the middle plots of Figure 9-23. The 
difference between the ground and internal reference residuals, which essentially affects the derived Mie 
wind speed in all atmospheric range gates, is as high as 0.3 pixels towards the edges of the frequency 
range. This corresponds to a frequency difference of about 29 MHz, assuming a Mie slope of 98 MHz/pixel 
for the two calibrations (see Table 9-6). The frequency difference, in turn, translates to a systematic Mie 
wind error of 5.2 m·s-1. However, for a typical range of LOS wind speeds of ±25 m·s-1 (for the A2D with 20° 
off-nadir angle), corresponding to a frequency range around the Mie centre of ±140 MHz, the difference in 
residuals is only on the order of 0.1 pixels, related to a wind error of 1.7 m·s-1. This error is still relatively high 
and demands correction. 

  
Figure 9-23: (Top) Mie response calibration curves for the internal reference (red) and the ground 
(brown) over a frequency range of 1400 MHz. (Middle) Corresponding Mie nonlinearity (Response 
curve minus linear fit) and third-order polynomial fit. (Bottom) Residual nonlinearity after subtraction 
of the polynomial fit. The left three plots correspond to calibration #1, while the right three plots 
correspond to calibration #3. The abscissas represent wavemeter frequencies. 
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Different polynomial fitting functions were tested in order to determine the best fit for reducing the variation in 
the residuals. The standard deviation of the residuals after subtracting the polynomial fit, i.e. the residuals of 
the residuals, over the frequency range of the response calibration was used as a figure of merit for 
assessing the appropriateness of the fit. 

Table 9-7 summarizes the standard deviations calculated for the internal reference and the summed ground 
depending on the order of the polynomial fit. The values are given for the two calibrations (#1 and #3), 
plotted in Figure 9-23. Without nonlinearity correction, the standard deviation of the residuals for both the 
internal reference and the ground is 0.09 pixels to 0.10 pixels. Significant reduction of this value by about 
40% is obtained by applying a third-order polynomial fit, resulting in standard deviations of below 0.06 pixels. 
Using even higher-order polynomial fits leads only to a minor improvement of the residual variation of less 
than 10% for the internal reference and less than 20% for the summed ground. As will be discussed below 
and in section 10.3.2, the nonlinearity correction derived for the ground was not implemented in the Mie wind 
retrieval due to the poor representativeness with respect to the atmospheric Mie signals after Rayleigh 
background correction. Therefore, it was decided to use a third-order polynomial fit for taking into account 
the Mie nonlinearities both in the internal reference and the ground response function. 

Table 9-7: Standard deviation of the Mie response residuals (internal reference – INT and ground - 
GR) over the 1400 MHz frequency range without and with subtraction of a polynomial fitting function 
of different order. The values are given for response calibration #1 (blue) and calibration #3 (green). 
Third-order polynomial fitting was chosen for the nonlinearity correction of both INT and GR. 

Order of polynomial 
fitting function Standard deviation of residuals (pixels) 

 Calibration #1 Calibration #3 
 INT GR INT GR 

Without 
nonlinearity correction 0.0935 0.0936 0.0858 0.1027 

2nd-order 0.0577 0.0926 0.0575 0.0964 
3rd-order 0.0574 0.0543 0.0550 0.0597 
4th-order 0.0544 0.0468 0.0527 0.0561 
5th-order 0.0540 0.0461 0.0526 0.0542 
6th-order 0.0539 0.0441 0.0525 0.0500 

Apart from the slow variation of the Mie response nonlinearities approximated by the polynomial, a higher-
frequency variation from pixel to pixel is present on the Mie response signal (bottom plot of Figure 9-23). 
This pixelation effect is caused by the coarse frequency resolution of the ACCD where each pixel acts as an 
aperture affecting the determination of the fringe centroid position using the DSA. Since the response of 
each pixel to the incoming photon flux is not equal (pixel-response non-uniformity), the variation cannot be 
easily modelled, e.g. by a sinusoidal function, thus preventing further reduction of the standard deviation in 
the residuals. Also, the A2D internal reference measurements are too noisy to identify clearly the pixelation 
effect. For the future, it should be investigated, if the variation of the pixelation from calibration to calibration 
can be identified, if the Mie nonlinearity is displayed as a function of Mie response and not as a function of 
the laser frequency, as currently used. 

Comparing the third-order polynomials determined for the internal reference and the ground (middle plots in 
Figure 9-23), it becomes obvious that their shapes differ significantly. While the fit for the internal reference 
resembles a negative parabola, the ground nonlinearity follows a nearly sinusoidal pattern. The shape of the 
internal reference nonlinearity is mainly caused by edge effects at large frequency offsets, where the Mie 
signal fringe is only partly visible on the ACCD. For the ground response, this effect is superimposed by the 
influence of the Rayleigh background which affects the determination of fringe centroid position as follows: 
Owing to the obscuration of the telescope by the secondary mirror, its supporting spider and the piezo 
actuators, the distribution of the broadband Rayleigh background signal on the Mie ACCD features two 
peaks of different magnitude, as shown in Figure 10-3. Despite the much lower signal intensity (≈ 500 LSB) 
compared to the narrowband ground return signal (≈ 104), the additional Rayleigh signal shifts the fringe 
centroid to lower or higher pixel numbers depending on the position of the fringe on the ACCD. This issue is 
illustrated in Figure 9-24. 
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Figure 9-24: Mie nonlinearities of (a) the internal reference and (b) the ground signal for the six Mie 
response calibrations. The black curve represents the third-order polynomial fit for the fifth calibra-
tion (yellow line). The bottom plot (c) shows the Mie signal intensities (logarithmic scale) at selected 
frequency steps during the fifth calibration. The shape of the ground Mie nonlinearities follows from 
the atmospheric contamination (Rayleigh background), leading to positive and negative shifts of the 
fringe centroid position during the frequency scan, as explained in the text. 
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The plot on top shows the Mie nonlinearities, i.e. the residuals after subtraction of the linear fit, for the 
internal reference for the six response calibrations performed during WindVal II. The blue and green lines 
represent the nonlinearities of calibration #1 and calibration #3 which are also depicted in the middle of 
Figure 9-23. The nonlinearities of the summed ground are shown in the Figure 9-24 (b), while the bottom 
diagram displays the average shape of the Mie ground return signals for selected frequency steps (colours) 
of the calibration (consisting of mean values over all calibrations at about the same frequency). Note that the 
pixel number decreases from the left to the right of the abscissa for the sake of clarity, as the fringe moves 
from the right to the left edge of the ACCD (from pixel #0 to pixel #15) when increasing the laser frequency. 
By inverting the abscissa, the movement of the fringe from left to right can be correlated with the course of 
the ground nonlinearities. 

At the beginning of the calibration (red plot on the bottom), the fringe is on the far left (close to pixel #15), so 
that the left peak of the (sketched averaged) Rayleigh background (grey area in Figure 9-24 (c)) is located 
slightly to the right of the fringe. Hence, the DSA yields a centroid position that is shifted towards the right 
compared to the position that would be computed in the absence of the Rayleigh background, as it is the 
case for the internal reference. Consequently, the pixel number, i.e. the Mie response, is slightly decreased, 
resulting in a negative residual of about -0.15 pixel. At a larger frequency offset (orange line), the position of 
the Mie fringe coincides with the left peak of the Rayleigh background, so that the centroid position is not 
altered and the residual is zero. For a frequency offset of -200 MHz (yellow line), the fringe centroid is shifted 
towards the left, resulting in a positive residual of about +0.15 pixel. As the fringe moves further across the 
ACCD during the calibration, its position relative to the left and right peaks of the Rayleigh background 
changes, leading to a modulation of the residuals, as illustrated in Figure 9-24 (b) and (c). Closer inspection 
of the Rayleigh background distribution reveals a third narrow peak located at pixel #8. At a frequency offset 
around 0 MHz, this peak “pushes” the fringe centroid towards the left, resulting in a higher Mie response 
which is visible as a sharp peak in most of the response calibrations (see Figure 9-24 (b)). 
The influence of the Rayleigh background on the shape of the ground nonlinearities has implications on the 
Mie wind retrieval. As opposed to the processing of Mie response calibrations, the wind retrieval involves the 
subtraction of the Rayleigh background on observation level. As a consequence, the Mie ground response 
function including the polynomial coefficients accounting for the ground nonlinearities is not representative 
for the atmospheric Mie signals after Rayleigh background subtraction. Hence, using the coefficients of the 
third-order polynomial determined for the ground in the Mie wind retrieval will introduce a systematic error. 
This has been verified for a selected wind scene on October, 4 and will be discussed in section 10.3.2. 
Implementation of a Rayleigh background correction for the response calibrations can be subject of further 
studies. In this context, the ground detection scheme described in section 9.1 is considered essential, since 
minimization of the atmospheric contribution to the Mie ground signal will diminish the impact of the 
broadband Rayleigh signal on the fringe centroid position. It is expected that the shape of the ground 
nonlinearities will become similar to that of the internal reference if the Rayleigh background is properly 
subtracted. 

Table 9-8: Standard deviation of the Mie nonlinearity error for the internal reference and the ground 
signal derived from six Mie response calibrations before (no EMR) and after subtraction of EMR 
using a third-order polynomial. 

MRC # Standard deviation of 
Mie nonlinearities (pixels) Surface 

 Internal reference Ground signal 
 

 No EMR EMR No EMR EMR  

1 0.094 0.057 0.094 0.054 Ice 

2 0.100 0.063 0.098 0.058 Ice 

3 0.086 0.055 0.103 0.060 Ice 

4 0.110 0.059 0.136 0.053 Ice 

5 0.082 0.041 0.144 0.061 Land 

6 0.114 0.056 0.158 0.079 Land 
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For assessing the quality of the six Mie response calibrations performed during WindVal II, the standard 
deviation of the residual Mie nonlinearities after subtraction of the third-order polynomial fit was compared. 
The values obtained before and after subtraction are listed in Table 9-8, ranging from 0.041 pixels to 
0.063 pixels for the internal reference and from 0.053 pixels to 0.079 pixels for the ground. Among the six 
calibrations, the two calibrations conducted over land show the largest standard deviations for the ground 
both before and after the Mie nonlinearity correction. As mentioned before, calibration #4 was affected by 
several issues (temperature drift, CoG outliers). Consequently, it was ruled out as a candidate for the wind 
retrieval, despite the relatively low standard deviations of the residual Mie nonlinearities. The same holds 
true for calibration #2, where several data points had to be removed due to clouds. Since calibration #1 was 
carried out at a different CoG reference position, calibration #3 was selected to be used for the Mie wind 
retrieval. The fact that the same response calibration is used for both the Rayleigh and Mie channel doesn’t 
necessarily have to be the case. For instance, Rayleigh and Mie calibration parameters from two different 
response calibrations were used for the wind retrieval in WindVal I (DLR 2017b). For the WindVal II 
campaign, calibration #3 was, to some extent, identified as the best Mie calibration through the process of 
elimination. In addition, this calibration has the second lowest standard deviation of the residual nonlineari-
ties for the internal reference (0.055 pixels) which is regarded as a major parameter for evaluating the quality 
of a Mie response calibration. The standard deviation of the residual nonlinearities for the ground is less 
meaningful, since, in the Mie wind retrieval, the nonlinearity correction for the ground is based on the third-
order polynomial of the internal reference, as explained in section 10.3.2. 

 

 Summary of response calibrations and recommendations 9.7
 

• A new ground detection scheme on measurement level was implemented to minimize the atmospheric 
contribution in ground calibrations. The algorithm is based on a signal-gradient approach to estimate 
ground bin candidates within a predefined range around the ground level which is given by the ACE V2 
DEM. In a range of ±3 bins around the expected ground level according to the DEM, the signal gradients 
of two adjacent bins are calculated for each measurement and per range gate. Gradients threshold are 
introduced to identify the uppermost and lowermost ground bin, while an additional intensity threshold is 
necessary for the last available range gate #24. For the analysed flights of the WindVal II campaign, 
gradient thresholds of TGR,high = 15 LSB·m-1, TGR,low = -15 LSB·m-1 and an additional intensity threshold for 
the last range gate of TGR,last = 5000 LSB have been used. The Rayleigh and Mie signals of the detected 
ground returns per measurement are then summed up to observations for each range bin. To avoid 
atmospheric contamination, the signal intensity in the range bin above the bin where the DEM is located 
is analysed. If the intensity in this bin does not make up more than five percent of the total summed 
ground signal, it is omitted from the ground signal summation.  

• The refinement was necessary, since in contrast to previous campaigns, the response calibrations were 
performed above regions with complex topography, leading to a distribution of ground return signals over 
up to four range gates. 

• The new method is especially important for Rayleigh calibrations over land with low albedo where the 
influence of the atmospheric contamination is strong. 

• Six response calibrations were performed during the WindVal II campaign (four over ice, two over land) 
during 2 calibration flights. After an assessment of the calibration quality, a number three calibrations 
were considered of high-quality. The others show different anomalies, e.g. variability of OBA temperature, 
COG outliers, or occurrence of clouds. 

• The first calibration flight yielded three successful calibrations over ice under (nearly) ideal conditions with 
excellent instrument performance. Six observations which were deteriorated by clouds during the second 
calibration have been removed in order to obtain a usable dataset with calibration parameters that are in 
agreement with those of the other calibrations. 

• The second calibration flight was characterized by relatively large temperature fluctuations of the OBA (up 
to 0.1 K) which affected the quality of the response calibrations, particularly of calibration #4. 
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Rayleigh response calibrations 

• The Rayleigh slope values vary among the calibrations by 0.9% (INT), 1.0% (ATM) and 3.1% (GR). 

• Rayleigh ground calibrations over ice show smaller slopes and larger intercepts compared to calibrations 
over land. Hence, the correct selection of the ground calibration is important for ZWC. 

• Due to the different surfaces (ice and land), the variability in the ground slope values is larger compared 
to WindVal I. In contrast, the spread in the slopes for the atmospheric range gates is significantly smaller 
than in 2015. Also, the range-dependence of the slopes is less pronounced for WindVal II. 

• The Rayleigh ground intercepts determined by the new ground detection method differ by up to 0.01 from 
that of the old method, which translates to a LOS wind speed of 2.5 m·s-1. 

• The spread in Rayleigh intercept values is reduced by about one third from σ = 0.0091 to σ = 0.0060, 
corresponding to a reduction in the wind speed variations from ±3.5 m·s-1 to ±2.3 m·s-1. 

Mie response calibrations 

• The Mie slopes of the internal reference are in the range of (-99.53 ± 0.57) MHz/pixel which is very similar 
to the WindVal I calibration (-99.28 ± 0.33) MHz/pixel. The larger standard deviation is attributed to tem-
perature variations of the OBA during the second calibration flight. 

• Due to a different setting of the calibration frequency offset (with respect to the Rayleigh crosspoint), the 
mean intercept of 8.01 pixels is about 0.6 pixels higher compared to WindVal I, while the variability of 
0.10 pixels is almost identical to that of the previous campaign (0.11 pixels). 

• The Mie ground slopes of (-97.63 ± 0.52) MHz/pixel are about 1% larger compared to WindVal I, while the 
standard deviation is 14% smaller (2015: (-96.71 ± 0.62) MHz/pixel). 

• The new ground detection method has only minor influence on the Mie ground calibration parameters. 
The impact is most pronounced in case of low albedo, where the intercepts determined by the old and 
new scheme differ by 11.7·10-3 pixels, which corresponds to a wind speed difference of 0.2 m·s-1. 

• The Mie nonlinearities of the internal reference and ground return were analysed, showing different 
frequency dependence which is related to the Rayleigh background on the ground signals. Depending on 
the fringe position on the ACCD, the additional Rayleigh signal shifts the fringe centroid to lower or higher 
pixel numbers, resulting in positive and negative residuals for the ground return. 

• A third-order polynomial was found to be a good fitting function for the Mie nonlinearities, reducing the 
standard deviation of the residuals from 0.10 pixels to 0.06 pixels for the internal reference and from 
0.12 pixels to 0.06 pixels for the ground. Note that 0.1 pixels corresponds to 9.8 MHz or 1.7 m·s-1

. 

• Due to the favourable measurement conditions and the comparably low standard deviations in the 
response residuals after nonlinearity correction, calibration #3 from 28/09, 12:53 UTC was identified as 
the best calibration for both the Rayleigh and Mie channel and thus used for the wind retrieval. 

 

Recommendations for A2D and ALADIN 

• The ground returns should be detected on measurement level, and the corresponding Mie and Rayleigh 
signals of each detected range bin should be summed up to observations for A2D and ALADIN. 

• In order to avoid atmospheric contamination of Aeolus ground signals, the signal intensity in the range 
gate above the bin where DEM is located should be analysed on measurement level. If the signal intensi-
ty in this bin does not make up more than five percent of the total summed up ground intensity for this 
measurement, such range gates should not be considered for the ground signal summation. 

• The A2D gradient thresholds for ground return detection were applied on signals, which were range-
corrected (multiplied with R²) and normalised to the minimum range gate integration time of 2.1 µs. The 
Aeolus L1B implementation of the ground return detection needs to be analysed for ground returns, which 
are spread over several range gates with different vertical sampling times. A range-correction for the 
ALADIN signals is probably only a minor refinement, because the range-dependency of the signals is 
much less pronounced from the satellite compared to the aircraft. Also a signal thresholds needs to be 
applied, if the ground return signal is contained in the last bin, without a signal-free noise bin below the 
lowest ground return bin. 
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• The vertical sampling of Aeolus should be optimized wrt ground returns, when high-quality ground returns 
are needed, e.g. determination of RDB or HBE coefficients. Here the atmospheric contamination should 
be minimized by using vertical sampling with 2.1 µs, corresponding to a height thickness of 296 m (315 m 
range). In addition 1 range gate should be placed below the expected ground from a DEM, which is 
important for construction the on-board look-up table (LUT). This range bin should use a high vertical 
sampling time, e.g. 8.4 µs. In case that the last range bin is a ground return bin, it cannot be clearly 
detected on measurement level, if all of the ground returns from single shots are summed up on meas-
urement level, or if some ground returns from single shots are lost. 

• As the Rayleigh ground return parameters (mostly intercepts) differ significantly between ice and land, it 
should be investigated, if the ZWC should be performed using different ground return calibration parame-
ters for land and ice for A2D and Aeolus. 

• The definition of the atmospheric contribution to the ground signal should be adapted in the Aeolus L1b 
processor (for the parameter h eight above DEM) following the definition herein presented where the sum 
of the atmospheric columns in the detected ground bins is considered. In the L1B processor, the atmos-
pheric contribution to the ground signal is defined as the atmospheric column of the ground bin where the 
DEM is located, which is an underestimation of the total atmospheric contribution. 

• In addition to the requirements in terms of the RSP temperature stability (<0.01 K peak-to-peak), the OBA 
temperature stability should be better than 0.02 K peak-to-peak in order to avoid large variations in the 
Mie response calibration parameters for A2D and ALADIN. 

• Apart from the temperature stability, the following criteria should be considered for the selection of a 
response calibration for A2D: 
 

o high pressure stability (<1.0 hPa peak-to-peak over the calibration period), 
o high laser pointing stability (no CoG outliers, CoG variations <5.0 µrad rms over the calibra-

tion period), 
o high frequency stability (<8 MHz rms over the calibration period), 
o absence of missing frequency steps and 
o absence of clouds. 

• The FWHM threshold in the processing of Mie response calibrations should be reduced to 0.8 pixels (for 
A2D) in order to avoid data gaps in the Mie responses which affect the calibration parameters. The 
FWHM thresholds for ALADIN should be investigated for the internal reference and atmospheric signal 
separately due to the different illumination of the MSP for both optical paths. 

• It should be investigated for the A2D, if the Rayleigh background can be subtracted from the Mie ground 
returns during a MRC.  

• It should be investigated, if the variation of the pixelation from calibration to calibration can be identified 
for A2D, if the Mie nonlinearity is displayed as a function of measured Mie response and not as a function 
of the laser frequency, as currently used. 

• A third-order polynomial should be used for Mie internal reference and ground returns for fitting the 
nonlinear part of the MRC for A2D and ALADIN. 
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 A2D wind measurements 10
 

This chapter presents the results of the A2D wind measurements carried out during the WindVal II campaign 
in 2016. After an overview of the performed wind measurement scenes and the obtained data, the Rayleigh 
and Mie wind retrieval algorithms as well as their subsequent validation by statistical comparison with the  
2-µm wind lidar data are exemplarily demonstrated for one selected measurement scene. Afterwards, 
additional conclusions that are drawn from the analysis of other wind measurements are outlined. Finally, the 
results of the statistical comparison of all flight sections are discussed, leading to a concluding summary of 
the findings of the campaign. 

 

 Overview of flights and wind measurements 10.1
 

In the framework of the WindVal II campaign, a total number of 35 wind measurement scenes have been 
conducted during 15 flights (including 14 research flights and the test flight). Two additional flights were 
dedicated to response calibrations, as discussed in the previous chapter. For the corresponding flight tracks 
of the campaign refer to Figure 5-9 (test flight not shown) and Figure 5-11. An overview of the respective 
flight sections, the number of usable A2D observations as well as the resulting wind data is presented in 
Table 10-1. The measurement periods range from only seven minutes (during the test flight) to about one 
hour, adding up to more than 18 hours over the whole campaign. For each wind scene, it is indicated 
whether the measurements were obtained during a straight flight or curves were included in the periods. 
Flight sections with curves require extra analysis during the processing. 

The number of Rayleigh and Mie winds corresponds to those bins (per observation and range gate) which 
have passed the quality control, as described in 10.2.1. Moreover, only valid winds are considered, i.e. after 
application of the cloud and ground mask for the Rayleigh channel and after application of the Mie SNR 
mask for the Mie channel, respectively (see section 10.2.2). Since the wind data obtained from the near-field 
region is affected by the incomplete overlap of the transmitted laser beam with the telescope field-of-view as 
well as by the attenuation of the signals by the EOM, winds from range gates #5 to #7 are discarded as well. 
One exception is the flight on 27/09/2016 (wind scenes #12 and #13) where winds from range gate #7 were 
taken into account to allow for a statistical comparison with the wind data from the 2-µm reference wind lidar 
(see section 10.2.3). 

Wind scene #7 is split into two parts due to a short-term interruption of the data acquisition: part 1 from 
14:56:13 UTC to 15:01:19 UTC (17 observations) and part 2 from 15:01:59 UTC to 15:26:53 UTC (83 
observations). For the same reason wind scene #31 is separated into two parts: part 1 from 10:22:32 UTC to 
10:37:14 UTC (49 observations) and part 2 from 10:37:46 UTC to 10:45:21 UTC (25 observations). For each 
wind scene, the resulting Rayleigh and Mie wind profiles were additionally superimposed to “combined” wind 
profiles in order to exploit the complementarity of the two different measurement principles. 
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Table 10-1: Overview of the wind scenes and the obtained Rayleigh and Mie wind data. The asterisk 
(*), circle (°) and triangle (Δ) indicate that the scene includes a collocated flight leg with HALO, 
SAFIRE Falcon or the British FAAM BAe 146, respectively. 

Flight 
date 

Flight 
time 

(UTC) 

Wind 
scene 

# 
Start End Duration Curve 

included? Obs. Meas. Rayleigh 
winds 

Mie 
winds 

Combined 
winds 

15.09. 11:58 – 
14:33 1 13:55:27 14:02:21 00:06:54 No 23 805 249 70 319 

17.09. a 06:10 – 
08:07 

2 06:59:01 07:12:13 00:13:12 No 44 1540 343 23 366 
3 07:34:14 07:45:38 00:11:24 No 38 1330 293 75 368 

17.09. b 10:01 – 
13:33 

4* 10:30:11 11:31:05 01:00:54 Yes 203 7105 908 382 1290 
5* 11:42:28 12:24:28 00:42:00 No 140 4900 265 306 571 
6 12:43:04 13:07:40 00:24:36 No 82 2870 574 135 709 

21.09. 14:00 – 
17:17 

7 14:56:13 15:26:53 00:30:40 Yes 100 3500 999 246 1245 
8* 15:33:47 15:57:11 00:23:24 Yes 78 2730 794 159 953 
9 16:11:01 16:51:13 00:40:12 Yes 134 4690 1369 342 1711 

23.09. 07:01 – 
10:21 

10* 07:51:17 08:53:05 01:01:48 Yes 206 7210 1962 525 2487 
11 09:14:07 09:53:07 00:39:00 No 130 4550 487 635 1122 

27.09. 09:28 – 
13:24 

12Δ 10:28:03 11:36:08 01:08:05 Yes 227 7945 2165 575 2740 
13 11:50:50 12:36:08 00:45:18 Yes 151 5285 1737 234 1971 

28.09. 10:56 – 
14:19 Only calibrations performed during this flight. 

02.10. 08:31 – 
12:01 

14 09:42:17 09:53:41 00:11:24 No 38 1330 160 207 367 
15 10:06:53 10:47:41 00:40:48 Yes 136 4760 1030 311 1341 
16 11:05:56 11:29:56 00:24:00 No 80 2800 13 515 528 

04.10. a 08:09 – 
11:43 

17 08:57:04 09:45:40 00:48:36 No 162 5670 1116 767 1883 
18 09:51:04 10:30:22 00:39:18 No 131 4585 801 655 1456 
19 10:34:34 10:48:58 00:14:24 No 48 1680 352 128 480 

04.10. b 13:04 – 
15:49 

20 13:57:40 14:51:22 00:53:42 No 179 6265 2026 308 2334 
21 15:02:10 15:14:28 00:12:18 Yes 41 1435 257 258 515 

09.10. 15:44 – 
19:24 

22 16:41:28 17:15:21 00:33:53 No 113 3955 839 407 1246 
23 17:24:22 17:54:03 00:29:41 No 99 3465 3 897 900 
24* 18:17:44 18:59:09 00:41:25 No 138 4830 755 604 1359 

15.10. a 10:05 – 
13:34 25 10:52:36 11:07:36 00:15:00 No 50 1750 685 14 699 

15.10. b 15:24 – 
18:44 Only calibrations performed during this flight. 

18.10. a 08:36 – 
11:14 

26* 09:20:21 09:57:15 00:36:54 No 123 4305 1129 272 1401 
27 10:24:03 10:37:33 00:13:30 No 45 1575 503 68 571 

18.10. b 12:39 – 
14:30 28 13:33:00 13:53:06 00:20:06 No 67 2345 98 150 248 

22.10. a 08:02 – 
12:08 

29 09:10:14 09:31:15 00:21:01 Yes 70 2450 417 246 663 
30 09:39:20 10:13:50 00:34:30 Yes 115 4025 1387 240 1627 
31 10:22:32 10:45:21 00:22:49 No 74 2590 480 546 1026 
32 11:01:14 11:18:21 00:17:07 Yes 57 1995 49 225 274 

22.10. b 13:30 – 
16:10 

33 13:51:34 14:01:10 00:09:36 No 32 1120 430 45 475 
34 14:10:46 14:28:28 00:17:42 No 59 2065 733 55 788 
35 14:41:40 15:50:39 01:08:59 Yes 230 8050 1466 968 2434 

Total:   18:14:10  3643 127505 26874 11593 38467 
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 Wind retrieval exemplarily shown for the flight on 27/09/2016 10.2
 

The overarching meteorological objective of the flight carried out on 27 September 2016 was to observe very 
high jet stream wind speeds related to the former tropical cyclone “Karl”. As “Karl” moved towards the mid-
latitudes, it merged with an initially weak downstream cyclone and intensified strongly. Later, at the time of 
the flight around noon, the weakened cyclone was located between Iceland and Scotland and the zonally 
oriented jet stream extended towards Scotland with horizontal wind speeds exceeding 80 m·s-1 at altitudes of 
9 to 10 km (see Figure 10-1 and for a detailed description of the meteorological situation refer to Schäfler et 
al., 2018). 
 

 
Figure 10-1: (a) Flight track of the Falcon aircraft (black line) during the research flight conducted on 
27 September 2016. The wind scenes performed from 10:28 UTC to 11:38 UTC and from 11:48 UTC to 
12:36 UTC are indicated in orange and blue. The background picture is composed of a map provided 
by Google Earth and satellite images from Terra MODIS (VIS channel) taken at 11:55 UTC (right part) 
and 13:30 UTC (left part) (MODIS 2017a). (b) Geopotential Height (black isolines, dam) and horizontal 
wind speed (colour shading) at 300 hPa on 27 September 2016, 12 UTC from ECMWF model analysis 
together with the flight track of the Falcon 20 aircraft. 
 

To observe the high wind speeds, the Falcon aircraft flew towards the Faroe Islands and the Outer Hebrides 
right into the centre of the jet stream at a flight altitude of 11.5 km before returning to the air base in Keflavík. 
The satellite image taken from the Moderate Resolution Imaging Spectroradiometer (MODIS) instrument 
aboard NASA’s Terra satellite (MODIS 2017a), shown in Figure 10-1 (a), depicts increased cloud coverage 
along the flight track crossing the cyclone. 

During the total flight duration of three hours and 56 minutes (09:28 to 13:24 UTC), two wind scenes were 
conducted between 10:28 and 11:38 UTC as well as between 11:48 and 12:36 UTC. The flight and aircraft 
data for the flight section between the beginning of the first and the end of the second scene are shown in 
Figure 10-2. The figure includes time series of the aircraft altitude above sea level, groundspeed, pitch and 
roll angle as well as the resulting off-nadir angle of the A2D instrument and the LOS velocity. As can be seen 
from the top left plot, the aircraft flew on constant atmospheric pressure levels. Due to a transition from a low 
pressure area to a high pressure area, the actual height above sea level measured by GPS changed during 
the flight section from about 11.4 km to 11.8 km (mean altitude: 11.55 km). The GPS altitude was also used 
for the heights of the range bins. A negative offset of the measured roll angle of -0.5° was considered for the 
calculation of the off-nadir angle. Apart from the curve flights, the roll angle varied by about ±0.7°, leading to 
corresponding variations of the off-nadir angle, while the mean value was determined to be 20.09°. The LOS 
velocity calculated from the aircraft groundspeed, the attitude data and the A2D mounting angles was about  
-10 to +30 m·s-1. Thereby, the following A2D mounting angles were assumed: off-nadir angle: 20°, azimuth 
angle: 90°, instrument elevation angle: -2°. 
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Figure 10-2: Falcon aircraft data for the measurement scene on 27/09/2016 between 10:28 and 12:36 
UTC. (a) Falcon altitude above sea level (GPS) and pressure altitude, (b) pitch angle, (c) roll angle 
without correction of the 0.5° offset angle, (d,e) off-nadir angle of the A2D instrument after correction 
of the 0.5° offset angle, (f) groundspeed and (g) LOS velocity. 

 

The interruption of the wind observations between the two scenes is not only due to the long curve flight at 
57.1°N, 7.8°W close to the Outer Hebrides, but was also motivated by the MOUSR (Mie Out of Spectral 
Range) procedure which was performed in the period between 11:41 and 11:47 UTC, aiming at the detection 
of the Rayleigh background signal on the Mie channel. Proper quantification of the broadband molecular 
return signal transmitted through the Fizeau interferometer is important for avoiding systematic errors in the 
determination of the fringe centroid position and, in turn, in the Mie winds. Therefore, the laser frequency 
was tuned away by 1.8 GHz from the Rayleigh filter cross point which defines the set frequency during the 
wind scenes. In this way, the laser frequency of the emitted pulses was outside of the useful spectral range 
of the Mie spectrometer, so that the fringe was not imaged onto the Mie ACCD and only the broadband 
Rayleigh signal was detected on the Mie channel. The range-dependent intensity levels per pixel were 
subsequently subtracted from the measured Mie raw signal. 
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Figure 10-3: (Left) Rayleigh background signals on the Mie ACCD per pixel and range gate (mean per 
observation, starting with atmospheric range gate #7) obtained from the MOUSR procedure on 
27/09/2016 between 11:41 and 11:47 UTC. (Right) Rayleigh background signal on the Mie ACCD per 
pixel on observation level for range gate #11. The black lines indicate the standard deviation over the 
20 observations of the MOUSR. 

 

The Rayleigh background signals per pixel, range gate, averaged over one observation are shown in the 
two-dimensional plot in Figure 10-3. This diagram is also referred to as telescope image, as the intensity 
distribution over the pixels is affected by the central obscuration of the telescope by the secondary mirror, 
resulting in lower signal at the centre pixels compared to the outer pixels. The asymmetry of the telescope 
image, which is also visible for one selected range gate (range gate #11) on the right plot, can be explained 
with the obscuration by the supporting spider and piezo actuators attached to the secondary mirror. 

The range gate setting and hence the vertical resolution of the instrument during the MOUSR procedure was 
identical to the temporally adjacent wind scenes and is depicted in Figure 10-4. The integration time of the 
ACCD was set to 2.1 µs in the range gates #8 to #14 (9.4 km to 7.7 km) and those close to the ground (#22, 
#23); 4.2 µs in the range gates #7, #15 and #16 (6.1 km); and 8.4 µs in all the remaining atmospheric range 
rates, corresponding to a height resolution of 296 m, 592 m and 1184 m for 20° off-nadir angle, respectively. 

 

 
Figure 10-4: Range gate settings of the A2D during the flight section on 27/09/2016 from 10:28 to 
12:36 UTC. Left: Altitudes of bin borders for each range gate (INT = internal reference in range gate 
#4, DEM = digital elevation model), right: integration times for each range gate. 
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 Signal intensities and quality control 10.2.1
 

The Rayleigh and Mie signal intensities (after Rayleigh background correction) per observation are shown in 
Figure 10-5 (a) and (b). The raw signals were first corrected for the solar background and the detection 
chain offset (DCO) which are collected in range gates #0 and #2, respectively. Range correction (normaliza-
tion to 1 km) was applied taking into account that the intensity decreases as the inverse square of the 
distance between the scatterer and the detector. Finally, the integration times set for each range gate were 
considered for normalising the signal intensities per bin to a bin size of 296 m (2.1 µs integration time). While 
the intensity profile for the Rayleigh channel essentially follows the vertical distribution of the atmospheric 
molecule density, the Mie intensity profile displays the vertical distribution of atmospheric cloud and aerosol 
layers along the flight track. High Rayleigh signal intensities above 3.5 a.u. corresponding to 3,500,000 LSB 
(dark red bins in Figure 10-5 (a)) can be attributed to cloud layers at different altitudes along the flight track 
which also manifest in increased Mie signal intensities (Figure 10-5 (b)). 

 
Figure 10-5: Signal intensities on observation level for (a) the A2D Rayleigh channel and (b) the A2D 
Mie channel during the flight on 27 September 2016 between 10:28 UTC and 12:36 UTC. The intensi-
ties (1 a.u. corresponds to 106 LSB) are range-corrected and scaled to the integration time of the 
respective range gates. The background and detection chain offset were subtracted. For the Mie 
channel, the Rayleigh background signal was subtracted. The detection of the Rayleigh background 
signal was performed between 11:41 UTC and 11:47 UTC leading to a data gap in this period. (c) Mie 
signal-to-noise ratio (SNR) calculated according to Eq. (3.29) in (Marksteiner 2013). Bins with signal 
intensities exceeding the maximum of the respective colour scale are printed in dark red. 
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As a preparatory step of the wind retrieval, several quality control mechanisms were applied to exclude 
invalid data. Like performed in the retrieval for the WindVal I campaign, the detection of corrupted measure-
ments within one observation involved the screening for DCO outliers, saturated pixels on the ACCDs as 
well as for failure of the trigger that initiates the detector electronics. The latter causes an untimely ACCD 
acquisition, and hence an incorrect allocation of the internal reference and atmospheric return signals to their 
designated range gates. An additional fourth criterion that has been implemented in the quality control 
procedure for the WindVal II campaign is the laser pointing. As described in section 8.3, the pointing is 
actively stabilized by means of a co-alignment loop which is realized by imaging a small portion of the 
backscattered signal passing through the A2D front optics onto a UV camera in order to monitor the 
horizontal and vertical position of the centre of gravity (CoG) of the beam. A reference position (CoGX / 
CoGY) is defined and a feedback loop involving three piezo-actuators mounted on the last laser transmit 
mirror is applied to stabilize the co-alignment of the transmitted and received laser beam. Large deviation in 
the measured CoG positions from the reference values suggests inaccurate laser pointing. Consequently, in 
the quality control algorithm, measurements for which the horizontal or vertical positions of the laser spot on 
the UV camera are out of a certain range around the reference position (in a period of ±1 s around a 
measurement) are removed from the dataset. For the analysis of the WindVal II wind scenes, the ranges 
were chosen to be ±7 pixels for the vertical position and ±14 pixels for the horizontal position, corresponding 
to a tolerance range for the pointing angle of about 90 µrad in both directions with respect to the 100 µrad 
FOV of the 200 mm telescope (DLR 2012c). 

The temporal evolution of the laser spot CoG positions on observation level during the wind scenes 
performed on 27 September 2016 is plotted in Figure 10-6, showing the sporadic occurrence of outliers due 
to failures in the transmit-receive co-alignment loop, which could arise from clouds, particularly near the 
aircraft. The results of the overall quality control algorithm are depicted in Figure 10-7. In the period from 
10:28 UTC to 12:36 UTC, including the two wind scenes and the MOUSR procedure, 86 out of 14945 
measurements (427 observations with 35 measurements each) were identified as invalid (bottom line). Most 
of them (82) are related to UV camera outliers (second line from bottom), while the remaining four measure-
ments showed DCO values out of the predefined range from 399 to 403 LSB for the Rayleigh and 307 to 
311 LSB for the Mie channel, respectively (second line from top). Three of these four outliers additionally 
exhibited a too strong signal in range gate #3 (third line from top), indicating a failure in the timing of the 
ACCD acquisition, and hence a wrong assignment of the range gates to the detected internal reference and 
atmospheric signals. The fact that these four outliers occur at the same measurements for both the Rayleigh 
and Mie channel suggests that the underlying reason can be attributed to the same instrumental fault in the 
detection chain. Saturation of the ACCD pixels did not occur during the regarded flight section (fourth line 
from top). 

 

 
Figure 10-6: Vertical and horizontal COG-values (pixel position) of the co-alignment loop on observa-
tion level for the flight section on 27/10/2016 between 10:28 UTC and 12:36 UTC. Larger deviations 
from the reference positions (CoGX = 390 pixel, CoGY = 153 pixel) are observed on measurement 
level. 
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Figure 10-7: Quality control of the Rayleigh (left) and Mie (right) signal for the flight section on 
27/10/2016 between 10:28 UTC and 12:36 UTC. The two plots on top show the detector chain offset 
(DCO) signal for both channels within the valid ranges (Rayleigh: 399 – 403 LSB, Mie: 307 – 311 LSB). 
The plots below illustrate the occurrence of DCO outliers, emergency triggers (i.e. false assignment 
of range gates numbers) and pixel saturation in the respective channels. The second lowermost 
diagram illustrates the occurrence of UV camera outliers related to failure of the transmit-receive co-
alignment loop. The two bottom plots represent a combination of the four QC measures, depicting 
the discarded measurements from the dataset (red dots and lines). 



 

 

Document Nr. 
FR.DLR.WindVal_II. 
260618 

Issue: 
V 1.1 

Date: 
26.06.2018 

Page: 
115/203 

 
Doc. Title: 
WindVal II Final Report 

 

  

It should be noted that the variations in the CoG spot position do not only result from the laser pointing 
instability, but also from the uncertainty of the CoG determination itself. As the beam profile of the registered 
spot as well as the SNR of the camera signal are affected by atmospheric turbulence and multiple scattering 
as well as by the optical depth of the atmosphere, the calculation of the CoG position yields different values 
depending on the atmospheric conditions, thus leading to fluctuations of the measured spatial coordinates of 
the CoG. 

Apart from the removal of corrupted measurements by means of the quality control algorithm, further 
reduction of the dataset is necessary to avoid large systematic errors in the wind retrieval. In the near-field 
range gates, the measured intensity distribution over the pixel array measured by the Mie and Rayleigh 
ACCDs is substantially impacted by the central obscuration of the telescope pupil by the secondary mirror 
and its supporting spider. Furthermore, the data obtained from the near-field region is affected by the 
incomplete overlap of the transmitted laser beam with the telescope field-of-view as well as by the attenua-
tion of the signals by the electro-optic modulator (EOM) (Paffrath et al., 2009). Therefore, the range gates in 
the region within 1.5 km below the aircraft (range gates #5 and #6) were not considered in the wind retrieval. 

 

 Rayleigh and Mie wind retrieval 10.2.2
 

The Rayleigh and Mie wind retrieval algorithms are comprehensively explained in (Marksteiner 2013), 
chapter 3.5, in TN 5.2 (DLR 2012b) and the Final Report for the WindVal I campaign (DLR 2017b). There-
fore, only a brief description is provided here. For the calculation of the Doppler frequency shift, and in turn 
the Rayleigh and Mie wind speeds, the response calibration from 28/09/2016, 12:53 UTC (calibration #3) 
was used for both channels. The Rayleigh nonlinearities were considered by performing a fifth-order 
polynomial fit of the residuals resulting from response calibration data. In contrast to previous campaigns, the 
Mie nonlinearities were taken into account as well, using a third-order polynomial fit, as explained in section 
9.6. The fitting coefficients resulting from the linear and subsequent fifth-order polynomial fit of the Rayleigh 
response calibration data are listed in Table 10-2 for the internal reference (INT), for one selected atmos-
pheric range gate (ATM), namely range gate #15, and for the summed ground return (GR). The fitting 
coefficients for the internal reference and the summed ground signals measured with the Mie channel are 
summarized in Table 10-3. 

For the Rayleigh wind retrieval, the intercept and slope values of the linear fit are added to the zeroth- and 
first-order coefficients of the fifth-order polynomial fit obtained for the residual nonlinearities, respectively. In 
combination with the higher-order polynomial coefficients, this forms a set of six polynomial coefficients that 
are used for deriving frequencies from measured responses. Likewise, the Mie intercept and slope values 
are added to the zeroth- and first-order coefficients of the third-order polynomial which are then combined 
with the second- and third-order coefficients, forming a set of four coefficients for the Mie wind retrieval. 

Table 10-2: Intercept (offset) and slope (sensitivity) values obtained from the linear fit of the Rayleigh 
response calibration #3 data as well as fit coefficients of the Rayleigh nonlinearity error derived from 
the fifth-order polynomial fit for the internal reference (INT), atmospheric range gate #15 (ATM) and 
the summed ground return (GR). 

Parameter Unit INT ATM GR 

Intercept 10-2 0.09 -4.58 1.70 

Slope 10-4 MHz-1 4.57 5.87 4.44 

0th-order 10-3 0.43 -10.2 0.86 

1st-order 10-5 MHz-1 1.50 4.00 -0.18 

2nd-order 10-8 MHz-2 2.53 6.68 0.38 

3rd-order 10-11 MHz-3 -8.31 -14.2 2.98 

4th-order 10-14 MHz-4 -7.14 -2.98 -2.70 

5th-order 10-17 MHz-5 9.45 4.62 -6.36 
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Table 10-3: Slope (sensitivity) and intercept (offset) values obtained from the linear fit of the Mie 
response calibration #3 data for the internal reference (INT) and the summed ground return (GR). 
Note that the slope value should actually be given in the unit pixel/MHz to be consistent with the 
other fitting coefficients. However, the inverse value is often used in the context of Mie response 
calibrations and therefore given in the table. 

Parameter Unit INT GR 

Intercept pixel 8.18 8.07 

Slope MHz/pixel -99.53 -97.80 

0th-order pixel 0.096 0.050 

1st-order 10-5 pixel·MHz-1 -8.76 -36.7 

2nd-order 10-7 pixel·MHz-2 -5.37 -2.80 

3rd-order 10-10 pixel∙MHz-3 2.71 11.5 

 

Although the Mie nonlinearities for the summed ground are listed in Table 10-3, they were not used for the 
wind retrieval, since the shape of the nonlinearity function determined from the ground response calibration 
was found to be significantly affected by the Rayleigh background (see Figure 9-24). In contrast to the 
response calibration data analysis, the Rayleigh background is subtracted from the Mie signals for the wind 
retrieval. Hence, the ground nonlinearity fit is not representative for the nonlinearity error imposed on the Mie 
responses measured during the wind scenes. Consequently, the fitting coefficients of the internal reference 
were used for the correction of the Mie nonlinearities in both the internal reference and the atmospheric 
range gates. 

The Rayleigh response values per observation and range gate obtained for the studied flight section on 
27/09/2016 are shown in Figure 10-8 (a). Using the response calibration fit coefficients and the Doppler shift 
equation the wind speed can be calculated for each bin. The computation also involves the subtraction of the 
LOS velocity of the aircraft on observation level. Like for the Rayleigh wind retrieval performed in WindVal I, 
the identification of invalid winds retrieved from the Rayleigh channel involves the detection of bins which 
were affected by particulate backscatter from clouds or aerosols, since this Mie contamination introduces 
systematic errors of the measured Rayleigh response. Therefore, bins showing signal intensities that are 
unusually high for pure molecular backscatter are excluded from further analysis. For the processing of all 
wind scenes carried out in the WindVal II campaign, a minimum intensity of 100,000 LSB on measurement 
level was chosen as threshold for identifying a bin as a cloud bin. Under clear conditions Rayleigh signal 
intensities on observation level (summed over 35 measurements) are well below 3,500,000 (3.5 a.u.), as 
shown in Figure 10-5 (a). 

Due to the attenuation of the laser beam during propagation through the clouds, the wind information 
obtained from the range gates below clouds is very likely to be also derogated. Consequently, not only the 
cloud bins themselves are flagged invalid but also all the bins in the range gates below. Furthermore, ground 
bins that were detected on measurement level by the ground detection scheme, described in 9.1, were 
removed from the Rayleigh wind profiles. The resulting cloud and ground mask, depicted in Figure 10-8 (b), 
was finally combined with the mask resulting from the quality control described in 10.2.1, where all the 
observations including more than 15 invalid measurements are discarded. 

Figure 10-8 (c) shows the Mie response values derived during the flight section. Differentiation between 
valid and invalid Mie winds calculated from the responses, i.e. the identification of bins with sufficient 
particulate backscatter return signal, was based on the signal-to-noise ratio (SNR), defined according to 
Eq. (3.29) in (Marksteiner 2013). The SNR value per altitude and observation is plotted in Figure 10-5 (c). In 
order to sort out corrupted Mie winds, a threshold value of 5.0 was empirically chosen to remove those bins 
where low particle backscatter coefficients prevented the correct determination of the Mie fringe centroid 
position and thus the acquisition of accurate wind speeds. The Mie SNR mask was combined with the 
ground mask determined by the ground detection algorithm (Figure 10-8 (d)). 
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Figure 10-8: Responses (before aircraft LOS velocity correction) and masks for the flight section on 
27/09/2016 between 10:28 and 12:36 UTC. (a) Rayleigh response, (b) Rayleigh mask indicating bins 
with too high singal intensity due to clouds (grey) and ground bins (white). (c) Mie response, (d) Mie 
mask showing bins with too low SNR (< 5.0) (grey) and ground bins (white). Range gate #4 corre-
sponds to the internal reference. 
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Figure 10-9: LOS wind profiles (positive towards the instrument) measured during the flight on 27 
September 2016 between 10:28 UTC and 12:36 UTC using (a) the A2D Rayleigh channel and (b) the 
A2D Mie channel. The combination of both channels is depicted in (c), while (d) shows the corre-
sponding wind profile obtained with the coherent 2-µm reference wind lidar. For better comparison, 
the 2-µm wind data were adapted to the measurement grid of the A2D. White colour represents 
missing or invalid data due to low signal, e.g. in case of low aerosol loads or below dense clouds. 
The data gap between 11:38 UTC and 11:48 UTC is due to an interruption of the wind measurement 
during a curve flight and a different operation mode of the A2D instrument aiming at the detection of 
the Rayleigh background signals on the Mie channel (MOUSR). 
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Figure 10-9 (a) shows the processed LOS Rayleigh winds plotted versus time and altitude for the period 
from 10:28 UTC to 12:36 UTC after removal of invalid bins as described above. During the first section of the 
flight, the horizontal component of the A2D LOS unit vector was nearly parallel to the horizontal wind vector 
and pointing towards the wind, resulting in high positive LOS wind speeds (yellow/orange colours), whereas 
negative wind speeds of comparable magnitude were measured during the second flight leg when the LOS 
unit vector was oriented along the direction of the wind, i.e. the wind was pointing away from the instrument 
(blue colours). The data gap in between is due to the curve flight near the Outer Hebrides and the MOUSR 
procedure. This range gate setting (see also Figure 10-4) was chosen to resolve the wind structure within 
the core of the jet stream. In this region, broad coverage of Rayleigh winds was obtained, while mid-level 
clouds prevented the acquisition of valid Rayleigh wind data on the edges of the jet below their tops between 
4 and 7 km height. In addition, high-level clouds at the beginning of the shown flight section limited the 
extension of the Rayleigh wind profiles to the range from 9 to 10 km. 

The two-dimensional Mie wind curtain is depicted in Figure 10-9 (b). In contrast to the Rayleigh channel, the 
Mie data coverage is rather sparse owing to the cloud cover and low aerosol load during the flight. Wind data 
is mainly obtained from the cloudy regions mentioned above, thus complementing the wind information 
gained with the Rayleigh channel. The combination of the Rayleigh and Mie wind data, shown in composite 
curtain in Figure 10-9 (c), illustrates the complementarity of the two detection channels which enables the 
acquisition of wind speeds under various atmospheric conditions, hence ensuring broad data coverage for 
the entire scene. In the case that valid winds are obtained for both channels, the Mie wind is preferred due to 
the generally lower systematic and random error. 

The combined Rayleigh and Mie wind curtain along two flight legs in the region of the jet stream is shown in 
Figure 10-10 (a). Here, the horizontal LOS (HLOS) wind speed is illustrated which was calculated from the 
measured LOS wind speeds and the off-nadir angle of the instrument (≈ 20°) per observation. Strong wind 
gradients exceeding 10 m·s-1·km-1 at about 5 km altitude become apparent in Figure 10-10 (b) depicting the 
HLOS wind profiles from two selected observations which started at 11:28:21 UTC and 11:54:09 UTC, 
respectively. The vertical position of the data points corresponds to the altitude at the centre of the respec-
tive range bin. HLOS wind speeds above 80 m·s-1 were measured in the centre of the sampled jet stream, 
which is in agreement with the modelled wind field shown in Figure 10-1 (b), considering the difference in 
the angle between the HLOS unit vector of the A2D and the horizontal wind vector. 

 

 
Figure 10-10: (a) A2D HLOS wind profiles measured (Rayleigh and Mie channel) between 10:58 UTC 
and 11:38 UTC (foreground) as well as between 11:48 UTC and 12:12 UTC (background), whilst 
crossing the North Atlantic jet stream near the Outer Hebrides on 27 September 2016 (background 
picture: © 2017 Google). (b) Wind profiles from two selected observations starting at 11:27:43 UTC 
and 11:54:14 UTC. The black squares indicate the mean bias per range gate based on the compari-
son with wind data from the 2-µm coherent wind lidar (see text). 



 

 

Document Nr. 
FR.DLR.WindVal_II. 
260618 

Issue: 
V 1.1 

Date: 
26.06.2018 

Page: 
120/203 

 
Doc. Title: 
WindVal II Final Report 

 

  

 Statistical comparison with 2-µm winds 10.2.3
 

Like in the previous airborne campaigns, validation of the A2D instrument performance and wind retrieval 
algorithms was performed by comparing the resulting wind profiles to those obtained with a well-established 
coherent wind lidar system emitting at 2 µm wavelength and 500 Hz repetition rate, which was operating in 
parallel on board the Falcon aircraft providing accuracy of the horizontal wind speed of better than 0.1 m·s-1 
and precision of better than 1 m·s-1 (Weissmann et al. 2005; Chouza et al. 2016b). In contrast to the A2D, 
the determination of the Doppler shift by the 2-µm lidar system relies on heterodyne detection using the 
instruments’ seed laser as local oscillator (see section 6 and Witschas et al., 2017) and thus does not rely on 
any calibration procedures. Moreover, the coherent wind lidar incorporates a scanner which allows retrieving 
the three-dimensional horizontal wind vector from a number of LOS wind measurements with a vertical 
resolution of 100 m. For this purpose, the instrument performs conical scans at an opening angle of 20°, 
while the information from 21 azimuthal positions is used for the wind vector retrieval. On each azimuthal 
position the signal from 500 laser pulses (1 s) is averaged to obtain one LOS profile. The time for positioning 
the laser at its scan starting position is around 21 s resulting in a total time of 42 s for one observation of the 
2-µm wind lidar, whereas one A2D observation takes 18 s (Figure 5-2). 

As elaborated in Marksteiner et al. (2011), adequate comparison of the wind profiles measured with the 2-μm 
and the A2D wind lidar required the projection of the three-dimensional wind vectors onto the A2D LOS axis. 
This was carried out for each 2-μm observation by calculating the scalar product of the measured wind 
vector and the mean A2D LOS unit vector under consideration of the aircraft attitude during the respective 
observation period. Furthermore, the different spatial and temporal resolutions of the two wind lidar instru-
ments necessitated an adaptation of the 2-µm measurement grid to that of the A2D. This was accomplished 
by a weighted aerial interpolation algorithm considering the whole two-dimensional A2D wind curtain overlaid 
by the 2-μm grid. Hence, a single A2D bin can be covered by multiple 2-μm bins both horizontally and 
vertically. The overlapping regions form a new composite 2-µm bin. The contributions of the single 2-µm 
winds to the wind value allocated to the composite bin are weighted by the overlap of the respective 2-µm 
bins with the regarded A2D bin. In this way, the A2D and 2-µm wind profiles can be compared on a bin-by-
bin basis. 

In case that the area of an A2D range bin is not entirely covered by 2-μm bins, the 2-μm wind speed value 
used for comparison must be determined from the remaining contributions. To calculate a correct wind 
speed for the composite 2-μm bins, the wind values obtained from the valid contributions have to be scaled 
by the percentage of their area in the whole area of the A2D range bin. This procedure holds the risk of large 
discrepancies between the interpolated 2-μm wind and the compared A2D wind in case of low coverage, 
especially for strong wind shear on spatial scales comparable to the size of an A2D range gate. Therefore, 
the coverage ratio is used as a quality control parameter. For the WindVal II wind scenes, a threshold value 
of 25% was found to provide an optimal trade-off between comparability and quantity of the 2-µm bins, thus 
yielding an acceptable number of representative composite 2-µm bins used for comparison. For the wind 
scenes on 27/09/2016, increasing the coverage ratio threshold, e.g. to 80%, would have reduced the number 
of bins from nearly 1000 to less than 500 without significant change in the parameters resulting from the 
statistical comparison. Furthermore, proper analysis of the Rayleigh winds with a sufficient number of 
compared bins (>300) required a threshold of less than 45%. 

The projected LOS wind curtain obtained from the 2-µm DWL after adaptation to the A2D measurement grid 
is depicted in Figure 10-9 (d). Since the 2-µm DWL purely relies on particulate backscatter, the data 
coverage is similar to that of the A2D Mie channel, resulting in a large overlap of the two data types. 
Consequently, the number of bins available for comparison is greater than for the Rayleigh channel. 
However, the availability of 2-µm wind data from the upper region of the jet stream between 9 and 10 km 
altitude allows for the comparison of Rayleigh wind data over a broad range of wind speeds. 

The statistical comparison of the Rayleigh and Mie winds with the 2-µm DWL data from the discussed flight 
section is visualised in Figure 10-11 (a). Here, the A2D winds are plotted versus the corresponding 
interpolated 2-μm winds, resulting in a cloud of data points that ideally lie on the dashed line representing 
vA2D = v2µm. The non-weighted linear fit vA2D = A ·v2µm + B through the real data provides values for the slope 
A and intercept B that generally deviate from the ideal result A = 1 and B = 0. Six bins with wind speed 
differences vA2D – v2µm larger than ±10 m·s-1 were identified as gross errors in the Rayleigh dataset and thus 
removed from the sample. 
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Figure 10-11: (a) A2D LOS wind speed determined with the Rayleigh (dots) and Mie (diamonds) 
channel versus the 2-µm LOS wind speed for comparison of the wind data measured during the flight 
on 27 September 2016 between 10:28 UTC and 12:36 UTC (see corresponding profiles in Figure 10-9 
(a), (b) and (d). The scatterplot is obtained by adaptation of the different measurement grids of the 
two systems based on a weighted interpolation algorithm and a subsequent bin-to-bin comparison. 
The corresponding probability density functions for the wind differences (A2D – 2-µm) are shown in 
(b) and (c) for the Rayleigh and Mie channel, respectively. The solid lines represent Gaussian fits 
with the given centres and e-1/2-widths 2w. 

 

The statistical values derived from the scatterplot are summarized in Table 10-4, showing that the fitting 
parameters for both Rayleigh and Mie only slightly deviate from the ideal case (A ≈ 1, │B│ < 0.5 m·s-1). The 
standard error of the slope given in the table was calculated according to 

 𝑠𝑠𝑀𝑀 = �
1

𝑛𝑛−2∑ 𝜀𝜀𝑓𝑓
2𝑛𝑛

𝑓𝑓=1

∑ �𝑣𝑣2µm,𝑓𝑓−𝑣𝑣2µm���������
2𝑛𝑛

𝑓𝑓=1
, with 𝜀𝜀𝑖𝑖 = 𝑣𝑣A2D,𝑖𝑖 − �𝐴𝐴 ∙ 𝑣𝑣2µm,𝑖𝑖 + 𝐵𝐵�. 

being the residuals of the linear regression. It should be noted that the parameters derived from the 
statistical comparison are influenced by the systematic and random errors of both the A2D and the 2-µm 
lidar. However, since the latter provides high accuracy and precision as stated above, the total errors are 
dominated by the systematic and random error of the A2D. Aside from the standard deviation, the median 
absolute deviation (MAD) was determined as an additional parameter for evaluating the random error of the 
A2D wind speed measurements. It is defined as the median of the absolute variations of the measured wind 
speeds from the median of the wind speed differences: 

 MAD = median���𝑣𝑣A2D,𝑖𝑖 − 𝑣𝑣2µm,𝑖𝑖� − median�𝑣𝑣A2D,𝑖𝑖 − 𝑣𝑣2µm,𝑖𝑖���. 

The MAD represents a robust measure of the variability of the measured wind speeds and is more immune 
to outliers compared to the standard deviation σ. If the random wind error is normally distributed, the MAD 
value is related to the standard deviation as σ ≈ 1.4826 · MAD. The latter quantity is referred to as scaled 
MAD. 

The scatterplots in Figure 10-11 (a) illustrates the good agreement of the A2D and 2-µm DWL data over the 
range of LOS wind speeds from -22 m·s-1 to +26 m·s-1. For both detection channels the correlation coeffi-
cient is as high as 0.97. Aside from the different wind speed span, the Rayleigh and Mie winds primarily 
differ with respect to the mean bias (vA2D – v2µm) over all data points representing the accuracy of the 
instrument. Here, the Mie wind bias almost vanishes (-0.03 m·s-1), which is due to the fact that the A2D 
winds are nearly symmetrically distributed about the reference 2-μm winds, leading to positive and negative 
deviations of similar magnitude which compensate each other. 
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Table 10-4: Results of the statistical comparison between the A2D and the 2-µm LOS wind data 
measured on 27/09/2016. The statistical comparison has been performed for the Rayleigh and Mie 
wind profiles (see corresponding scatterplots in Figure 10-11) as well as for the combined wind 
profile as shown in Figure 10-9 (c). 

Statistical parameter Rayleigh 
wind profile 

Mie 
wind profile 

Combined 
wind profile 

Number of compared bins 381 562 943 

Number of removed bins due 
to gross error (>±10 m·s-1) 6 0 6 

Correlation coefficient r 0.97 0.98 0.97 

Slope 1.002 ± 0.012 1.004 ± 0.009 1.002 ± 0.008 

Mean bias (A2D – 2-µm) -0.49 ms-1 -0.03 ms-1 -0.21 ms-1 

Standard deviation 2.7 ms-1 1.5 ms-1 2.0 ms-1 

1.4826 · MAD 2.6 ms-1 1.3 ms-1 1.8  ms-1 
 

For the Rayleigh winds, a negative bias of -0.49 m·s-1 is obtained, resulting in a mean bias of the combined 
Rayleigh and Mie data of about -0.21 m·s-1. The corresponding HLOS wind speed bias of -0.61 m·s-1 
(= -0.21/sin(20°)) is considered to be adequate with regards to the Aeolus mission where absolute HLOS 
mean bias values better than 0.7 m·s-1 are required. However, it should be noted that the mean bias shows 
larger values when considered per range gate, as depicted in Figure 10-10 (b). The extreme bias values 
>3 m·s-1 in range gates #8 to #10 lack statistical significance, as they result from a very small number of 
compared bins due to the scarce data coverage of the 2-µm DWL at altitudes between 8.5 and 9.5 km. For 
the other range gates, the mean bias varies between -0.7 m·s-1 and 0.3 m·s-1. 

Another important statistical parameter for the evaluation of the instrument performance is the standard 
deviation which represents the random error, and hence the precision of the A2D. Here, the Mie LOS winds 
(at an off-nadir angle of 20°) show a value of 1.5 m·s-1 which is comparable to the requirements of Aeolus for 
altitudes above 2 km. In order to meet the mission requirements, the satellite instrument with an off-nadir 
angle of 37.6° should provide a LOS precision of 0.6 m·s-1 in the planetary boundary layer, 1.5 m·s-1 in the 
troposphere and 1.8 to 3.0 m·s-1 in the stratosphere (ESA 2016b). 

The random error can also be approximated from probability density functions (PDFs) illustrating the 
frequency distribution of the wind speed differences vA2D – v2µm, i.e. the wind error, for the Rayleigh and Mie 
channel (see Figure 10-11 (b) and (c)). For the Mie channel, the wind random error is nearly Gaussian-
distributed, while a number of outliers with vA2D – v2µm ≈ 6 m·s-1 leads to a discrepancy between the mean 
bias (-0.03 m·s-1) and the centre of the Gaussian fit (-0.08 m·s-1). For the same reason, the width of the fit 
(2w = 2.7 m·s-1) is narrower than twice the standard deviation (2σ = 3.0 m·s-1) which also considers the 
outliers. Finally, due to the deviation from a Gaussian distribution, the scaled MAD of 1.3 m·s-1 is slightly 
smaller than σ. 

Speckle noise was identified as one of the major causes for the increased random error of the A2D Rayleigh 
and Mie channel internal reference. As already discussed in (DLR 2016c), the noise is introduced by the use 
of a fibre to transmit the internal reference signal from the laser to the front optics where it is injected into the 
receiver reception path and co-aligned with the atmospheric signal. This is different compared to the free 
optical path set-up in the transceiver of the satellite instrument which does not suffer this difficulty. The 
speckle pattern which was estimated to consist of about only 2000 speckles is the input for the Fizeau 
spectrometer and, after modification by reflection, also for the Fabry-Pérot spectrometers (DLR 2016c). 
Although the speckle pattern is static over short time scales of a few seconds to minutes, slow changes in 
the intensity distribution of the internal reference signal are introduced by variations in laser frequency, 
polarization or (ambient) fibre temperature, which in turn modify the response of the Mie and Rayleigh 
spectrometers. Since the response measured for the internal reference forms the basis for the determination 
of the Doppler frequency shift, and thus, the wind speed in each atmospheric range gate, the speckle-
induced fluctuations increase the random error over the entire wind profile. 
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Figure 10-12: (Top) Frequency fluctuations of the internal reference per observation during the wind 
scene on 27/09/2016 from 10:28 to 11:34 UTC, measured with the wavemeter (black) as well as by the 
Rayleigh (green) and Mie channel (blue). The frequency step at observation #71 is due to a com-
manded frequency shift by -20 MHz at 10:49 UTC. (Bottom) Difference between the Rayleigh and Mie 
internal reference frequency and the wavemeter frequency. 

 

Comparisons of the internal reference frequencies derived from the Rayleigh and Mie responses against the 
frequencies measured using the wavemeter showed random variations (2σ) in the order of 8 MHz (Mie) and 
11 MHz (Rayleigh) per observation, corresponding to LOS wind errors of 1.4 m·s-1 and 2.0 m·s-1, respective-
ly (Figure 10-12). Effective speckle reduction is expected by incorporating a moving diffuser into the beam 
path of the internal reference signal in order to rapidly change the speckle pattern within one observation, 
thus averaging out the variations. 

As already discussed in the WindVal I Final Report (DLR 2017b), another contribution to the random error in 
the A2D Mie channel is the occurrence of a heterogeneous cloud structure. In particular, the position of the 
top edges of optically thick clouds within one range gate has a significant influence on the wind data. 
According to Sun et al. (2014) who investigated the performance of Aeolus in heterogeneous atmospheric 
conditions using high-resolution radiosonde data, a non-uniform distribution of clouds and/or aerosols within 
a range bin introduces random errors in the Mie HLOS winds of several m·s-1 depending on the bin size and 
altitude. For the Rayleigh channel the random error is even larger (σ = 2.7 m·s-1). Apart from the speckle 
noise in the internal reference signal, the error can be primarily traced back to the high sensitivity of the 
sequential FPI to variations in the incidence angle in the vertical axis. Small angular fluctuations of 1 µrad 
with respect to the 200 mm-diameter telescope with a FOV of 100 µrad introduce variations in the measured 
LOS wind speeds of about 0.39 m·s-1 (DLR 2012c). Furthermore, the availability of 2-µm wind data in those 
range bins that were used for the evaluation of the Rayleigh winds suggests at least a small contamination of 
the Rayleigh signal by particulate backscatter, thus introducing an increased random error (Dabas et al., 
2008). Like for the Mie channel, the PDF for the Rayleigh wind random error (Figure 10-11 (c)) exhibits 
slight deviations from a Gaussian distribution. Consequently, the value 1.4826 · MAD = 2.6 m·s-1 marginally 
differs from σ with a value of 2.7 m·s-1. 
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 Flight with ground visibility on 4 October 2016 10.3
 

The wind scene on 27 September 2016 presented in the previous sections was characterized by optically 
dense clouds at different altitudes. As a consequence, the ground return signals detected during the scene 
were too weak for reliable determination of the ground speed which could be used for ZWC. Consequently, 
for this particular research flight, the refined ground detection scheme (section 9.1) could not be exploited for 
reducing the systematic error of the Mie and Rayleigh wind speeds. Unfortunately, this circumstance holds 
true for most of the flights conducted in the frame of WindVal II, since the flight planning was primarily driven 
by the atmospheric science objectives of the campaign, resulting in complex atmospheric conditions with 
rather dense cloud coverage. 

One exception is the flight performed on 4 October 2016, which was dedicated to the investigation of the jet 
stream east of Iceland. For this purpose, the Falcon aircraft crossed the jet stream with increased wind 
speeds twice, as it flew two legs back and forth between the way points located at 66.0’N, 17.5°W and 
64.0°N, 7.0°W (see Figure 10-13). To the west of the jet axis cloud-free conditions prevailed over the 
northeast of Iceland. Hence, high ground visibility was obtained at the beginning of the first leg and at the 
end of the second leg, as can be seen by the visible satellite image (MODIS 2017b) a few hours after the 
flight depicted Figure 10-13 (a) in together with the flight track of the Falcon. The figure reveals the 
contrasting atmospheric circumstances experienced during the flight which were characterized by highly 
variable cloud cover along the flight path. 

The results of the wind retrieval which was carried out in analogy to the flight on 27/09/2016, i.e. using the 
same Rayleigh and Mie response calibrations, are displayed in Figure 10-14. While the Rayleigh wind 
curtain shows good coverage at the beginning and the end of the period, valid Mie winds were primarily 
obtained in the vicinity of the jet stream centre which was sampled in the middle of the flight. This again 
underlines the complementarity of the two channels which allows for excellent data coverage despite 
strongly diverse atmospheric conditions. Since the direction of the wind was towards the A2D LOS on the 
first leg, positive LOS wind speeds of up to 25 m·s-1 (HLOS: 73 m·s-1) were measured, whereas negative 
winds of the same magnitude were detected on the flight leg back to Iceland. 

 

 
Figure 10-13: (a) Flight track of the Falcon aircraft (black line) during the research flight conducted 
on 4 October 2016. The wind scenes performed from 09:00 UTC to 09:44 UTC and from 09:54 UTC to 
10:30 UTC are indicated in orange and blue. High ground visibility was obtained over the northeast of 
Iceland at the beginning and the end of the scenes, respectively. The background picture is com-
posed of a map provided by Google Earth and satellite images from Aqua MODIS (VIS channel) taken 
at 12:15 UTC (right part) and 13:50 UTC (left part) (MODIS 2017b). (b) Geopotential Height (black 
isolines, dam) and horizontal wind speed (colour shading) at 300 hPa over the North Atlantic on 27 
September 2016, 12 UTC from ECMWF model analysis together with the flight track of the Falcon 20 
aircraft. 
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Figure 10-14: A2D LOS wind profiles measured during the flight on 4 October 2016 between 09:00 
UTC and 10:30 UTC using (a) the Rayleigh channel and (b) the Mie channel. The grey boxes indicate 
periods during which the ground visibility was sufficient for obtaining ZWC data. The corresponding 
ZWC values are plotted in (c) together with the ground speed variations introduced by the Mie 
response fluctuations in the internal reference signals (see text). (d) Wind curtain measured with the 
coherent 2-µm reference wind lidar on the A2D grid. The data gap between 09:44 UTC and 09:54 UTC 
is due to an interruption of the wind measurement during a curve flight. 
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Figure 10-15: (a) A2D LOS wind speed determined with the Rayleigh (dots) and Mie (diamonds) 
channel versus the 2-µm LOS wind speed for comparison of the wind data measured during the flight 
on 04 October 2016 between 09:00 UTC and 10:30 UTC (see corresponding curtains in Figure 10-14 
(a), (b) and (d). The scatterplot for the Mie channel was obtained after Zero Wind Correction was 
applied to the measured wind speeds. The corresponding probability density functions for the wind 
differences (A2D – 2-µm) are shown in (b) and (c) for the Rayleigh and Mie channel, respectively. The 
solid lines represent Gaussian fits with the given centres and e-1/2-widths 2w. 

 

The systematic and random errors for the Rayleigh and Mie winds were again determined from a statistical 
comparison with the 2-µm reference wind data. The resulting scatterplots and PDFs are shown in Figure 
10-15, while the statistical parameters are given in Table 10-5. Due to the poor overlap of the A2D Rayleigh 
wind data with the 2-µm wind curtain (see Figure 10-14 (a)), only a small number of data points (168) 
entered the comparison despite a low coverage ratio threshold of 25%. Consequently, the calculated mean 
bias (1.54 m·s-1) and scaled MAD (2.7 m·s-1) lack statistical significance. This becomes also obvious from 
the shape of the histogram illustrating the distribution of the Rayleigh wind errors (Figure 10-15 (c)) which 
strongly deviates from a Gaussian distribution. For this reason, the following discussion concentrates on the 
Mie channel. Here, a scaled MAD of 2.0 m·s-1 was derived from the comparison with the reference lidar 
which showed large data overlap with the Mie channel, resulting in as many as 1246 compared bins. The 
mean bias of 0.57 m·s-1 is considerably larger than the value obtained for the flight on 27/09/2016. The 
increase in systematic error most likely results from changes in the alignment of the transmit-receive path 
which slightly varies from to flight from flight. In combination with the inaccurate knowledge of the aircraft 
attitude data, this leads to unknown contributions to the retrieved LOS wind speed which are not considered 
in the retrieval algorithm. 

 

 Zero Wind Correction of the Mie winds 10.3.1
 

The wind speed offset can, however, be reduced by ZWC based on the developed ground detection 
scheme. Any deviation from zero is interpreted as systematic error in the wind speed retrieval and hence 
subtracted from the measured wind speed. The ground speed (or ZWC) values obtained for the Mie channel 
during the two wind scenes on 04/10/2016 are plotted in Figure 10-14 (c). From a total number of 311 
observations, 59 observations included valid ZWC values in the ground range gates which were identified by 
the algorithm explained in section 9.1. The respective observations are indicated as grey boxes in the Mie 
wind curtain. Thanks to the refined ground detection on measurement level, atmospheric contamination of 
the ground signals was minimized, thus ensuring that the detrimental influence of near-surface winds on the 
ZWC values was diminished. 
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Table 10-5: Results of the statistical comparison between the A2D and the 2-µm LOS wind data 
measured on 04/10/2016. The statistical comparison for the Mie wind profiles was performed without 
and with ZWC. 

Statistical parameter Rayleigh 
wind profile 

Mie winds 

(without ZWC) 

Mie winds 

(with ZWC) 

Number of compared bins 168 1246 1246 

Number of removed bins due 
to gross error (>±10 m·s-1) 11 0 0 

Correlation coefficient r 0.96 0.99 0.99 

Slope 1.01 ± 0.02 1.04 ± 0.03 1.04 ± 0.03 

Mean bias (A2D – 2-µm) 1.54 m·s-1 0.57 m·s-1 0.04 m·s-1 

Standard deviation 3.3 m·s-1 1.9 m·s-1 1.9 m·s-1 

1.4826 · MAD 2.7 m·s-1 2.0 m·s-1 2.0 m·s-1 

 

The mean of the ZWC values was determined to be 0.53 m·s-1 with a standard deviation of 1.2 m·s-1. The 
variation around the mean, which is also observed as random error in the atmospheric Mie wind speeds, can 
again be traced back to fluctuations in the Mie response measured for the internal reference. In order to 
confirm the correlation between the variability of the ZWC values and the internal reference variations, the 
Mie responses of the internal reference were converted to relative (laser) frequencies using the Mie 
response calibration, as performed for the flight on 27/09/2016 (see Figure 10-12). The obtained frequencies 
were compared to the frequencies measured with the high-precision wavemeter. The frequency difference 
(Mie response minus wavemeter) was finally translated into wind speed differences (1 m·s-1 ≙ 5.63 MHz), 
resulting in the dashed line plotted in Figure 10-14 (c). The course of the curve is obviously correlated to the 
progression of the ZWC values, thus verifying that the noise in the internal reference considerably affects the 
measured ground speeds. As mentioned in the previous section, speckle noise is responsible for Mie 
response variations in the order of σ = 0.7 m·s-1. Nevertheless, the mean value was used for correcting the 
Mie wind speeds, leading to the scatterplot depicted in Figure 10-15 (a). The statistical parameters after 
ZWC are given in the right column of Table 10-5. Subtraction of the mean ZWC value reduces the mean 
bias to 0.04 m·s-1 which is comparable to the result obtained for the flight on 27/09/2016. Hence, ZWC in 
combination with the refined ground detection scheme improves the accuracy of the A2D Mie winds. 

 

 Influence of processor settings on the Mie error 10.3.2
 

The Mie wind data obtained for the flight on 04/10/2016 is characterized by broad coverage and a large 
spread in wind speeds. Therefore, the dataset allows analysing the influence of various processor settings 
on the systematic and random Mie wind error. In particular, the impact of the following processor settings 
was studied: 

• Frequency range of the used Mie response calibration (1600 MHz or 1400 MHz), 
• Rayleigh background subtraction (without or with), 
• Mie SNR threshold (5.0 or 3.0) and 
• Mie nonlinearities (none, using ground coefficients or using internal reference coefficients). 

The scatterplots resulting from the statistical comparison of the processed A2D Mie winds with the 2-µm 
winds for different settings are depicted in Figure 10-16. The Mie wind speeds are shown without ZWC, i.e. 
without subtracting the derived ZWC value of 0.53 m·s-1. 
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Figure 10-16: Scatterplots comparing the A2D Mie winds (without ZWC) and the 2-µm winds obtained 
during the flight on 04/10/16. The Mie winds were processed as follows: (a) Cal. #3 from 28/09/2016 
with a frequency range of 1600 MHz, without Rayleigh background correction and a Mie SNR 
threshold of 5; (b) same as (a), but with frequency range of 1400 MHz; (c) same as (b), but with 
Rayleigh background correction; (d) same as (c), but with Mie SNR threshold of 3; (e) same as (d), 
but with EMR correction based on fitting parameters obtained from the ground signals; (f) same as 
(d), but with EMR correction based on fitting parameters obtained from the internal reference (see 
also right middle plots in Figure 9-23). 



 

 

Document Nr. 
FR.DLR.WindVal_II. 
260618 

Issue: 
V 1.1 

Date: 
26.06.2018 

Page: 
129/203 

 
Doc. Title: 
WindVal II Final Report 

 

  

Significant reduction of the Mie systematic error from 2.79 m·s-1 to 1.79 m·s-1 is achieved by using the Mie 
response calibration #3 with a narrower frequency range of 1400 MHz instead of 1600 MHz (Figure 10-16 
(a) and (b)). This can be explained with the increasing nonlinearity of the response function towards the 
outer frequency ranges which affects the slope and intercept values, and thus the derived Mie wind speeds. 
Further narrowing of the frequency range to 1200 MHz (as done in WindVal I) or even 1000 MHz did not 
significantly change the wind results. The systematic error is further diminished by -0.86 m·s-1 by subtracting 
the Rayleigh background signal obtained from the MOUSR procedure (Figure 10-16 (c)), underlining the 
necessity for this correction. The Rayleigh background subtraction also reduces the standard deviation from 
2.14 m·s-1 to 1.83 m·s-1, however, at the expense of fewer Mie winds (789), due to the change in the Mie 
SNR upon background subtraction (see also Figure 9-12 in (DLR 2017b)). The number of Mie winds that are 
flagged valid is increased to 1246 by setting the Mie SNR threshold to 3.0 instead of 5.0, resulting in even 
lower systematic error of 0.57 m·s-1, but higher standard deviation of 1.93 m·s-1 (Figure 10-16 (d)). 

Finally, the influence of the Mie nonlinearity correction was investigated. For this purpose, the nonlinear 
coefficients of the Mie response function given in Table 10-3 were considered in the wind retrieval. When 
using the coefficients determined for the ground, which would be the usual procedure, the systematic error is 
increased to -0.88 m·s-1 (Figure 10-16 (e)). This is due to the influence of the Rayleigh background on the 
Mie response function as explained in section 9.6 (see Figure 9-24). As the Rayleigh background is 
subtracted from the Mie signal in the course of the wind retrieval, as opposed to the processing of the 
response calibration, the nonlinear contribution in the ground response function is not representative for the 
nonlinear contribution in the atmospheric return signals. Consequently, Mie winds were also processed 
taking into account the nonlinear coefficients determined for the internal reference, resulting in a systematic 
error of 0.37 m·s-1 and a standard deviation of 1.79 m·s-1 (Figure 10-16 (e)). Additional application of ZWC 
(subtraction of 0.53 m·s-1) results in a negative bias (-0.16 m·s-1, scatterplot not shown) which is larger than 
without Mie nonlinearity correction (0.04 m·s-1, Figure 10-15 (a)), but still acceptable. 

Despite the improvement in accuracy and precision, it should be noted that this approach holds the risk of 
introducing additional errors, since the nonlinear contribution in the response function of the internal 
reference is also not fully representative for the “atmospheric Mie nonlinearity”. Due to the different illumina-
tion of the field stop for the fiber-coupled internal reference and the free optical path atmospheric and ground 
signals, the position of the fringe produced by the Fizeau interferometer differs by a few MHz. Nevertheless, 
this effect is less pronounced compared to the Rayleigh background-affected ground response function. 

The impact of the Mie nonlinearity correction on the Mie winds is visualised in Figure 10-17, showing the Mie 
wind differences with and without consideration of the nonlinearity coefficients determined for the internal 
reference. The figure reveals that high positive wind speeds, measured at the beginning of the flight (see 
Figure 10-14 (b)), experience the largest change (up to -0.6 m·s-1), whereas high negative wind speeds are 
slightly up-shifted by 0.1 m·s-1. In both cases, this corresponds to lower absolute wind speeds, as expected 
from the shape of the nonlinearity function of the internal reference which resembles a negative parabola 
with its vertex close to the Mie centre frequency (see red middle plots in Figure 9-23). Regarding the A2D –
 2-µm scatterplot, the Mie nonlinearity correction involves down-shifting of scatters belonging to high positive 
wind speeds and up-shifting of scatters belonging to high negative wind speeds. In this way, the slope of the 
linear fitting function is decreased from 1.04 (Figure 10-16 (c)) to 1.02 (Figure 10-16 (e)). 

 
Figure 10-17: LOS wind speed differences between the A2D Mie winds for the flight on 4 Oct. 2016 
processed with and without consideration of Mie nonlinearities using internal reference coefficients. 
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 Wind results over the course of the campaign 10.4
 

The influence of the four processor settings in the Mie wind retrieval (narrow response calibration frequency 
range of 1400 MHz, Rayleigh background subtraction, Mie SNR reduction from 5.0 to 3.0, Mie nonlinearity 
correction (EMR) based on internal reference coefficients) was studied for additional Wind Val II flights 
based on statistical comparisons with the 2-µm wind data. In order to ensure high significance of the derived 
statistical parameters, i.e. to obtain a large number of compared winds, the data obtained from multiple wind 
scenes during one flight was combined. Moreover, the analysis was limited to those flights where the 2-µm 
reference wind lidar was still operational (until 09/10/2016) and to those which provided sufficient valid A2D 
winds. As the two flights on 28/09 and 15/10 were entirely dedicated to response calibrations, the study 
encompasses the results from seven research flights, whereby the flight on 23/09 was split into two sections 
due to a change in the altitude of the aircraft in the course of the flight. 

 

 
Figure 10-18: Systematic (top) and random error (scaled MAD, bottom) of the Rayleigh (squares) and 
Mie winds (circles) relative to the 2-µm reference wind lidar for the flights between 21/09/16 and 
09/10/16. The Mie wind errors are shown for different processing settings (see Figure 10-16 excluding 
subfigure (e)). 23/09/2016 - 1 and 23/09/2016 - 2 describe two legs at different flight levels within one 
flight, while 04/10/2016 a and 04/10/2016 b describe two different flights on the same day. 
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Figure 10-18 shows the systematic and random errors (defined by the scaled MAD) of the Rayleigh (green 
squares) and Mie winds (blue-coloured circles) for the eight flights performed between 21/09 and 09/10. The 
statistical parameters for the Mie winds are presented for the different processing settings mentioned above 
excluding the Mie nonlinearity correction based on ground coefficients. By using a response calibration with 
a frequency range of 1400 MHz (dark blue curve) compared to 1600 MHz (black curve), the systematic error 
is consistently reduced by about 1 m·s-1. The impact of the Rayleigh background subtraction (violet curve) on 
the systematic error varies from flight to flight and is most pronounced for the first flight on 04/10 (-0.86 m·s-1) 
which was discussed in the previous section. It should be emphasized that, for all flights, the Rayleigh 
background correction (violet curve) leads to an improvement in accuracy, even in the case of the second 
flight section on 23/09 where a negative bias is diminished. Reduction of the Mie SNR threshold from 5.0 to 
3.0 (blue-grey curve) involves a further decrease in the systematic error, most markedly for the flights on 
02/10, 04/10 (first flight) and 09/10 (about -0.3 m·s-1). One exception is the flight on 21/09 where lowering of 
the Mie SNR involves an increase in the bias from zero to -0.18 m·s-1. Finally, Mie nonlinearity correction 
(light blue curve) improves the accuracy by about 0.2 m·s-1, with the exceptions of the flights on 21/03, 23/09 
and 27/09 where the systematic error is close to 0 m·s-1 both with and without Mie nonlinearity correction and 
thus does not change much upon correction. Regarding the random error, the different processing settings 
have only minor influence (Figure 10-18 bottom). The largest impact is observed for the flights on 02/10 and 
04/10 (second flight) where the Rayleigh background correction leads to a reduction of the scaled MAD 
value by about 0.4 m·s-1. These points to an especially strong cross-talk between the Rayleigh and Mie 
channel that is substantiated by the analysis of the Rayleigh error for the flight on 02/10 discussed below. 

Aside from the Mie wind errors, the plots in Figure 10-18 also illustrate the accuracy and precision of the 
Rayleigh channel in the course of the campaign. As can be seen, the Rayleigh bias varies strongly from flight 
to flight, ranging from -1.80 m·s-1 (04/10, second flight) to 3.68 m·s-1 (02/10). For the latter flight, the Rayleigh 
channel also showed a large random error exceeding 4 m·s-1. A more detailed analysis reveals that this wind 
scene was characterized by strong variations in cloud cover. As a result, the bins of the Rayleigh wind 
curtain entering the statistical comparison are very likely to be affected by Mie contamination despite the 
application of the cloud mask based on an intensity threshold. This becomes visible from the Rayleigh signal 
intensities and Mie SNR measured during the flight (Figure 10-19). 

 
Figure 10-19: Rayleigh signal intensities on measurement level (top) and Mie SNR on observation 
level (bottom) measured during the flight on 02/10/ 2016 between 09:42 UTC and 11:29 UTC. The data 
gaps are due to curve flights and MOUSR procedures. The Rayleigh intensities are range-corrected 
and scaled to the integration time of the respective range gates. Bins with signal intensities and SNR 
exceeding the maximum of the respective colour scale are printed in dark white. In the bottom plot, 
bins with SNR lower than 3 are printed in black. 



 

 

Document Nr. 
FR.DLR.WindVal_II. 
260618 

Issue: 
V 1.1 

Date: 
26.06.2018 

Page: 
132/203 

 
Doc. Title: 
WindVal II Final Report 

 

  

The Rayleigh signal intensity is mostly below 105 LSB (non-white bins in the upper plot), while the Mie SNR 
exceeds a value of 3 over broad regions of the curtain (non-black bins in the lower plot), especially towards 
the end of the flight in range gates 8 to 16. Bins that are flagged valid in the Mie wind retrieval (SNR > 3) are 
removed from the Rayleigh curtain and thus do not enter the statistical analysis of the Rayleigh winds. 
However, only bins that show Rayleigh signal intensities larger than 105 LSB are considered in the Rayleigh 
cloud mask which additionally removes all the bins underneath the detected cloud bin. Since only a few bins, 
dispersed over the curtain, exceed the intensity threshold for the discussed wind scene, many bins lying 
underneath the region of high Mie SNR are flagged valid in the Rayleigh wind retrieval (see resulting wind 
curtains in Figure 10-20). The wind information in those bins is derogated by the attenuation of the laser 
beam during propagation through the clouds, leading to increased systematic and random error (orange and 
red coloured LOS winds in Figure 10-20 b). 

 
Figure 10-20: (a) Rayleigh mask indicating bins with too high signal intensity (above 105 LSB) due to 
clouds (grey) and ground bins (white). (b) Rayleigh and (c) Mie LOS wind curtain measured during 
the flight on 02/10/2016 between 09:42 UTC and 11:29 UTC. (d) 2-µm LOS wind curtain measured with 
the coherent 2-µm reference wind lidar on the A2D grid. The data gaps are due to curve flights and 
MOUSR procedures. 
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The Rayleigh wind error is especially large during the large section of the flight (after 11:00 UTC), where a 
cloud layer extended down to range gate #17 (about 6 km altitude) with an optical thickness that was just 
dense enough for a sufficiently high Mie SNR > 3, but too thin for exceeding the Rayleigh intensity threshold 
of 105 LSB. During this period, the cloud layer close to the aircraft was likely to have an influence on the 
transmit-receive co-alignment loop, as the near-field backscattered signal was very strong, probably causing 
saturation of the UV camera in the front optics and, in turn, inaccurate determination of the CoG position. 
When the deviation of the measured CoG position to the reference position was balanced out via the 
feedback loop by tilting the laser transmit mirror, this resulted in improper pointing of the laser beam, and 
hence, systematic errors of the Rayleigh winds. 

Consequently, it is envisaged to refine the transmit-receive co-alignment, e.g. by incorporating a new UV 
camera into the front optics and/or by modifying the CoG detection algorithm and feedback loop in order to 
prevent inaccurate laser pointing and associated systematic wind errors. This is especially crucial for the 
Rayleigh channel due to its high angular sensitivity. 

Furthermore, in upcoming campaigns, a new scheme for identifying Mie-contaminated bins in the Rayleigh 
curtain will be implemented. A simple approach would be to only consider the Mie SNR for creating a cloud 
mask that includes bins for which the Mie SNR is larger than a settable value as well as all the bins below. 
However, this would considerably reduce the number of Rayleigh winds available for the statistical compari-
son with the 2-µm reference lidar and consequently diminish the significance of the derived error values. 

Apart from a refined cloud mask, the Rayleigh signal intensity could be implemented as a quality control 
parameter for identifying invalid Rayleigh winds. As becomes visible in Figure 10-20 (b), there are a number 
of bins with unrealistically high or low wind speeds distributed over the Rayleigh wind curtain for the flight on 
02/10/2016, especially towards the end of the scene and in the lower range gates. Due to the attenuation of 
the laser beam upon propagation through the clouds, the Rayleigh signal, and hence the Rayleigh SNR, in 
the lower range gates is relatively low, leading to erroneous response values. If the determined response is 
outside of the range of response values covered during the calibration, the wind retrieval output is “NaN”. 
The resulting data gaps are represented as white bins in the curtain and can be distinguished from cloud or 
ground bins by comparison with the mask in Figure 10-20 (a) as well as with the Mie wind curtain in Figure 
10-20 (c), which act as additional filters as explained above. Despite the intrinsic removal of invalid Rayleigh 
winds related to extreme response values, many Rayleigh winds with large errors are still contained in the 
curtain. Therefore, proper filtering, e.g. based on a minimum threshold for the Rayleigh intensity or Rayleigh 
SNR, is advisable to avoid large Rayleigh wind errors. 

It should also be noted that the cloud mask implemented in the wind retrieval for WindVal II does work well 
for wind scenes with homogenous cloud cover. For instance, the flight on 27/09 discussed in section 10.2, 
was characterized by clear-air conditions down to a certain altitude, resulting in a distinct separation between 
Rayleigh and Mie winds in the wind curtains. This suggests a weak cross-talk between the two channels 
which also manifests in low systematic and random errors obtained for this scene (Table 10-4). Furthermore, 
in contrast to the flight on 02/10, bins showing Mie SNR values above 3 also exhibit Rayleigh signal 
intensities beyond 105 LSB (Figure 10-5). Hence, the Rayleigh cloud mask largely corresponds to the 
inversed Mie SNR mask (Figure 10-8 (b) and (d)), so that there are almost no bins underneath the cloud 
layer that are flagged valid in the Rayleigh wind retrieval. 
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 Statistical comparison of all wind scenes 10.5
 

The diversity in the atmospheric conditions encountered during the campaign is reflected in the variation of 
the systematic and random error of the Mie and Rayleigh channel. Interestingly, the systematic and random 
wind errors show a tendency towards higher values during the course of the campaign (Figure 10-18), which 
becomes obvious by considering the first and second half of the campaign separately. A2D-2 µm-
scatterplots comprising data for the first four flights (or flight sections) from 21/09 to 27/09 are depicted in 
Figure 10-21, while Figure 10-22 summarizes the data for the last four flights from 02/10 to 09/10. The 
figures include boxes listing the statistical parameters for the comparison of the A2D winds with the 2-µm 
data considering all scatters. An overview of the parameters for each flight as well as for the whole campaign 
is provided in Table 10-6 and Table 10-7 for the Rayleigh and Mie channel, respectively. 

  
Figure 10-21: Scatterplots comparing the A2D Rayleigh (left) and the A2D Mie winds (right) with the 
2-µm reference winds measured during the first part of the campaign (21/09/16 to 27/09/16). 
23/09/2016 - 1 and 23/09/2016 - 2 describe two legs at different flight levels within one flight. 

  
Figure 10-22: Scatterplots comparing the A2D Rayleigh (left) and the A2D Mie winds (right) with the 
2-µm reference winds measured during the second part of the campaign (02/10/16 to 09/10/16). 
04/10/2016 a and 04/10/2016 b describe two different flights on the same day. 
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The two figures show that the mean bias, i.e. the systematic error, of the Rayleigh channel changes only 
marginally from the first to the second half of the campaign, while the random error, quantified by the 
standard deviation or the scaled MAD, increases by more than 0.5 m·s-1. Concerning the whole campaign, 
the Rayleigh random error is about 3 m·s-1, (standard deviation: 3.32 m·s-1, scaled MAD: 2.91 m·s-1) which is 
larger compared to the WindVal I campaign (standard deviation: 2.44 m·s-1, scaled MAD: 2.08 m·s-1) (DLR 
2017b). This can be explained by the fact that the flight planning in 2015 was mainly driven by A2D- and 
Aeolus-specific objectives, rather than by atmospheric science objectives. Consequently, while most of the 
flights in 2015 were dedicated to studying the A2D performance, a high degree of atmospheric heterogeneity 
was encountered during WindVal II, particularly in the second half of the campaign. This led not only to a 
smaller number of Rayleigh winds (2575) entering the statistical comparison (2015: 12647), but also 
increased the likelihood for Mie contamination in the Rayleigh signal, as discussed above for the flight on 
02/10. Table 10-6 also reveals that the comparison of the A2D Rayleigh and 2-µm winds for this particular 
flight yielded a large number (130) of gross errors (wind speed differences larger than ±10 m·s-1), underlin-
ing that the applied cloud mask did not discard bins where the Rayleigh data quality was significantly 
deteriorated by Mie contamination. Bins showing gross error are not considered in the statistical comparison. 

Despite the larger random wind error compared to the previous campaign, the overall accuracy of -0.47 m·s-1 
(2015: 0.68 m·s-1) and the precision (scaled MAD) below 3 m·s-1 are acceptable for the Rayleigh channel, 
considering that most of the wind scenes featured highly heterogeneous cloud conditions. 

 
Table 10-6: Results of the statistical comparison between the A2D Rayleigh winds and the 2-µm 
winds for the eight flights shown in Figure 10-18. The list is limited by the availability of 2-µm data. 
Rayleigh response calibration #3 from 28/09/2016, 12:54 UTC was used for the Rayleigh wind 
processing. The values in the parentheses in column “N” indicate the number of gross errors (wind 
speed differences larger than ±10 m·s-1) which were excluded from the comparison. Results showing 
good agreement between the A2D and 2-µm winds (slope near 1.0, low mean bias, small standard 
deviation, etc.) are highlighted in green, while large discrepancies are shown in red. The last row 
provides the parameters obtained from the statistical comparison of all winds. 

Measurement 
section N 

Corr. 
coeff. 

r 
Slope 

(95% CI) 
Mean bias 

(m·s-1) 
Median 
(m·s-1) 

STD 
(m·s-1) 

1.48·MAD 
(m·s-1) 

Included 
Range 
gates 

Cov. 
ratio 
(%) 

21/09/2016 
14:56 – 16:51 

470 
(8) 0.94 0.98 

±0.03 -1.21 -1.26 2.48 2.19 8 to 21 25 

23/09/2016 
07:51 – 08:53 

95 
(9) 0.82 0.89 

±0.13 1.12 0.87 3.47 3.42 8 to 20 25 

23/09/2016 
09:14 – 09:53 

130 
(38) 0.91 1.46 

±0.12 0.28 -0.11 3.28 3.21 8 to 21 25 

27/09/2016 
10:28 – 12:36 

381 
(6) 0.97 1.00 

±0.02 -0.49 -0.50 2.71 2.56 7 to 21 25 

02/10/2016 
09:42 – 11:29 

188 
(130) 0.95 1.08 

±0.06 3.68 3.72 3.72 4.20 8 to 21 25 

04/10/2016 
08:57 – 10:30 

168 
(11) 0.96 1.01 

±0.04 1.54 1.00 3.30 2.71 8 to 21 25 

04/10/2016 
13:57 – 14:51 

952 
(12) 0.82 0.84 

±0.04 -1.80 -2.02 2.64 2.43 8 to 21 25 

09/10/2016 
16:41 – 18:58 

191 
(94) 0.95 1.03 

±0.05 0.80 -0.12 3.73 2.70 8 to 21 25 

ALL 2575 
(308) 0.94 0.97 

±0.01 -0.47 -0.86 3.32 2.91 
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Regarding the Mie channel, the increase in the systematic and random errors in the course of the campaign 
is more pronounced. While the mean bias for the first half of WindVal II is close to zero (-0.07 m·s-1) and the 
scaled MAD is as small as 1.07 m·s-1 (Figure 10-21), the values are 0.81 m·s-1 and 2.01 m·s-1 for the last 
four flights before the 2-µm reference lidar was no longer operational (Figure 10-22). The degradation of the 
Mie channel performance can be partially attributed to the stronger vertical variations in cloud cover 
observed for the flights in October which also affected the Rayleigh channel as explained above. The fact 
that the mutual impact of the Rayleigh and Mie signals on each other was especially strong for the flights on 
02/10 and 04/10 manifests in the comparatively large reduction (-0.4 m·s-1) in the Mie random error upon 
Rayleigh background correction (Figure 10-18) as well as by the relatively poor accuracy (>0.5m·s-1) and 
precision (>2.4m·s-1) of the Mie channel obtained for these flights despite all corrections. 

The increase in the systematic error by about 0.7 m·s-1 (-0.07 m·s-1 to 0.81 m·s-1) from the first to the second 
half of the campaign cannot be explained with large confidence. Apart from the more challenging atmospher-
ic conditions, the larger discrepancy between the A2D and 2-µm winds might also be related to a degraded 
accuracy of the 2-µm system in the second half of the campaign. As will be shown in the next sections, 
statistical comparisons of the 2-µm wind data with data from dropsondes released from HALO at the 
beginning of the campaign (17/09, 21/09, 23/09) and from the French Falcon released on 02/10 yielded 
different bias values. While the mean wind speed difference between the HALO dropsonde data and the  
2-µm data was about v2-µm – vDS = 0.08 m·s-1 (top left plot in Figure 10-29), the comparison from the 
coordinated flight with the SAFIRE showed a value of v2-µm – vDS = -0.51 m·s-1 (top left plot in Figure 10-32). 
Since the dropsondes released from HALO and SAFIRE were of identical type and a statistically significant 
number of data points was compared (>200), this indicates a lower accuracy of the 2-µm in the second half 
of the campaign. The negative bias of the 2-µm lidar with respect to the dropsonde data translates to a 
smaller positive bias of the A2D for the second half of the campaign. 
 
Table 10-7: Results of the statistical comparison between the A2D Mie winds and the 2-µm winds for 
the eight flights shown in Figure 10-18. The list is limited by the availability of 2-µm data. Mie 
response calibration #3 from 28/09/2016, 12:54 UTC was used for the Mie wind processing. The 
values in the parentheses in column “N” indicate the number of gross errors (wind speed differences 
larger than ±10 m·s-1) which were excluded from the comparison. The asterisked value of the mean 
bias and median for the first flight on 04/10 represent the values after ZWC. Results showing good 
agreement between the A2D and 2-µm winds (slope near 1.0, low mean bias, small standard devia-
tion, etc.) are highlighted in green, while large discrepancies are shown in red. The last row provides 
the parameters obtained from the statistical comparison of all winds. 

Measurement 
section N 

Corr. 
coeff. 

r 
Slope 

(95% CI) 
Mean bias 

(m·s-1) 
Median 
(m·s-1) 

STD 
(m·s-1) 

1.48·MAD 
(m·s-1) 

Included 
Range 
gates 

Cov. 
ratio 
(%) 

21/09/2016 
14:56 – 16:51 

510 
(3) 0.90 1.00 

±0.04 -0.38 -0.65 2.30 2.10 8 to 21 25 

23/09/2016 
07:51 – 08:53 

464 
(1) 0.96 0.98 

±0.02 0.32 0.32 1.25 0.98 8 to 20 25 

23/09/2016 
09:14 – 09:53 

688 
(0) 0.98 1.14 

±0.02 -0.16 -0.22 0.76 0.56 8 to 21 25 

27/09/2016 
10:28 – 12:36 

562 
(0) 0.98 1.00 

±0.02 -0.03 -0.10 1.48 1.30 7 to 21 25 

02/10/2016 
09:42 – 11:29 

1195 
(0) 0.97 1.02 

±0.02 0.80 0.53 2.41 2.24 8 to 21 25 

04/10/2016 
08:57 – 10:30 

1246 
(0) 0.99 1.04 

±0.06 
0.37 

(-0.16)* 
0.50 

(-0.03)* 1.85 1.91 8 to 21 25 

04/10/2016 
13:57 – 14:51 

293 
(0) 0.81 0.84 

±0.07 0.87 0.71 2.92 3.08 8 to 21 25 

09/10/2016 
16:41 – 18:58 

2209 
(1) 0.98 1.05 

±0.01 1.04 1.15 2.06 1.80 8 to 21 25 

ALL 7167 
(5) 0.98 1.03 

±0.01 0.53 0.37 2.03 1.79 

  



 

 

Document Nr. 
FR.DLR.WindVal_II. 
260618 

Issue: 
V 1.1 

Date: 
26.06.2018 

Page: 
137/203 

 
Doc. Title: 
WindVal II Final Report 

 

  

 Comparison with HALO and SAFIRE Falcon data 10.6
 

During WindVal II collocated flights between the DLR Falcon 20 and the SAFIRE Falcon 20 as well as 
between the DLR Falcon and the HALO aircraft were performed. The collocated flights between the DLR 
Falcon and HALO took place on September 17, 21, 23 and on October 18. Collocated flights between 
SAFIRE Falcon and DLR Falcon were performed on October 2 and 9. During these flights several drop-
sondes (Vaisala RD94) were launched from both the SAFIRE Falcon and the HALO aircraft which allowed 
for the comparison of dropsonde horizontal wind speeds and directions with 2-µm DWL profiles. Apart from 
that, for the first time a comparison between dropsondes and A2D winds could be performed. Details about 
quantities measured by the dropsondes and variables used for the comparison can be found in the Data 
Acquisition Report (DLR 2018 and Appendix A). 

The flight tracks of the collocated flights between DLR Falcon and HALO as well as the release locations of 
the dropsondes are shown in Figure 10-23 – Figure 10-26. The flight track of the collocated flight between 
DLR Falcon and SAFIRE Falcon is depicted in Figure 10-27. It should be noted that only dropsondes of the 
collocated flight on October 2 were used for the analysis as the spatial distance (>50 km) between DLR 
Falcon and SAFIRE Falcon was rather large during the second collocated flight on 9 October 2016. 

For the comparison between lidar and dropsonde data, the spatio-temporal distance between dropsonde and 
lidar profile was taken into account. In a first step, the dropsonde data was vertically averaged to the 
corresponding vertical resolution of the lidar which corresponds to 100 m bins for the 2-µm DWL and 296 m, 
592 m or 1184 m for the A2D depending on the range gate setting. In a next step, the start-time differences 
between the lidar profiles and dropsondes were analysed for one collocated flight leg and only such lidar 
profiles with a start-time difference less than seven minutes were preselected for the comparison. Then, the 
horizontal distance between the previously selected lidar profiles and the dropsonde was analysed bin-by-
bin. Thereby, for each range bin, the lidar bin with the minimum distance to the dropsonde range bin was 
selected for the comparison. For the case that the minimum distance for a particular range bin exceeded 
50 km, no comparison was performed. By applying a bin-by-bin comparison, the horizontal drift of the 
dropsonde on its way down can be taken into account. Usually, one to three lidar profiles depending on the 
dropsonde drift were incorporated for the comparison with one dropsonde profile. In the following sections, 
an overview about results of the statistical comparison is presented and discussed. 
 

 
Figure 10-23: Flight tracks of the DLR Falcon 20 and the HALO aircraft on 17 September 2016. The 
red line is the Falcon flight track, the yellow lines indicate the A2D wind measurement periods and 
the green dashed line shows the flight track of the HALO aircraft. The release locations of the 
dropsondes are illustrated as circles. 
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Figure 10-24: Flight tracks of the DLR Falcon 20 and the HALO aircraft on 21 September 2016. The 
red line is the Falcon flight track, the yellow lines indicate the A2D wind measurement periods and 
the green dashed line shows the flight track of the HALO aircraft. The release locations of the 
dropsondes are illustrated as circles. 

 

 
Figure 10-25: Flight tracks of the DLR Falcon 20 and the HALO aircraft on 23 September 2016. The 
red line is the Falcon flight track, the yellow lines indicate the A2D wind measurement periods and 
the green dashed line shows the flight track of the HALO aircraft. The release locations of the 
dropsondes are illustrated as circles. 
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Figure 10-26: Flight tracks of the DLR Falcon 20 and the HALO aircraft on 18 October 2016. The red 
line is the Falcon flight track, the yellow lines indicate the A2D wind measurement periods and the 
green dashed line shows the flight track of the HALO aircraft. The release locations of the drop-
sondes are illustrated as circles. 

 

 
Figure 10-27: Flight tracks of the DLR Falcon 20 (GF20) and SAFIRE Falcon 20 (FF20) on 2 October 
2016. The red line is the DLR Falcon flight track, the yellow lines indicate the A2D wind measurement 
periods and the blue dashed line shows the entire flight track of the SAFIRE Falcon 20. The release 
locations of the dropsondes are illustrated as circles. 
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 Comparison of 2-µm measurements with HALO dropsondes 10.6.1
 

Figure 10-28 shows a comparison of 2-µm DWL profiles of wind speed and direction with the corresponding 
profiles from dropsonde #2 released on 21/09/2016. The bottom plot shows the geolocation of the 2-µm 
profiles surrounding the dropsonde release location (green dots) and the dropsonde geolocation for each 
100 m range bin is shown as colour-coded scatter plot indicating the lateral and longitudinal shift of the 
dropsonde.  As mentioned before, the distance between the dropsonde and the 2-µm profiles is analysed for 
each range bin. For this example, the two 2-µm wind profiles, which are highlighted in red, are taken into 
account for the dropsonde comparison. The red and blue shaded areas illustrate the assignment between 2-
µm and dropsonde for each range. The top plots of Figure 10-28 show the corresponding dropsonde profiles 
of wind speed (left) and direction (right) averaged to 100 m range bins (black dots) alongside profiles of 2-µm 
wind speed and direction (red dots). From the grey curve in the top plots which shows the dropsonde profiles 
at its original vertical resolution, it can be seen that the information about the atmospheric variability is not 
lost after averaging wind information to 100 m bins. The blue curve in the top left plot indicates the distance 
between the 2-µm profile and the dropsonde for each range bin. It can be observed that the dropsonde drifts 
away in the beginning and at an altitude of about 5.5 km the distance begins to decrease as the consecutive 
2-µm profile is considered for the comparison of the lower range bins. 

All in all, 420 data points are considered for the evaluation of the 2-µm DWL performance during WindVal II. 
Comparison between 2-µm and dropsondes were performed in the beginning of the campaign on September 
17, 21 and 23. Information about the dropsondes used is summarized in Table 10-8 to Table 10-11 which 
describe the dropsonde number corresponding to the numbering in Figure 10-23 - Figure 10-27, the start 
time difference between the top DWL bin and first dropsonde measurement, the horizontal distance between 
dropsonde and DWL for the first and last valid observation as well as the number of compared winds. The 
cell colour of the first column describes whether a comparison could be performed with both the A2D and  
2-µm wind lidar or only with one of them. Scatter plots of dropsonde and 2-µm horizontal wind speed as well 
as direction are shown in Figure 10-29. It should be mentioned that for statistical analysis no outlier removal 
was applied to the data set. The top left plot shows the comparison of the horizontal wind speed ranging 
from 5 m·s-1 to 55 m·s-1 for all available data points (N = 420, from 15 dropsondes). The distance between 
dropsonde and the 2-µm range bins is shown as colour-coded information. Figure 10-29 shows obviously 
that the 2-µm and dropsonde wind speeds are in good correspondence. A linear fit through the data points 
reveals a slope value of 0.99 and an intercept of 0.33 m·s-1 with a high correlation coefficient r of 0.99. The 
mean bias of the 2-µm wind speed 𝑣𝑣2µ𝑚𝑚and dropsonde wind speed 𝑣𝑣𝐷𝐷𝑆𝑆 is calculated according to: 

mean bias =  
1
𝑁𝑁
��𝑣𝑣2µ𝑚𝑚,𝑖𝑖 − 𝑣𝑣𝐷𝐷𝑆𝑆,𝑖𝑖� = 0.08 m · s−1.
𝑀𝑀

𝑖𝑖=1

 

The standard deviation σ between 𝑣𝑣2µ𝑚𝑚 and 𝑣𝑣𝐷𝐷𝑆𝑆 is calculated to be: 

σ = �
1

𝑁𝑁 − 1
�[�𝑣𝑣2µ𝑚𝑚,𝑖𝑖 − 𝑣𝑣𝐷𝐷𝑆𝑆,𝑖𝑖� − mean bias]2
𝑀𝑀

𝑖𝑖=1

= 1.58 m · s−1. 

The top plot on the right hand side shows only data points where the horizontal distance between dropsonde 
and 2-µm range gate is smaller than 10 km which is in the order of the horizontal averaging length of the  
2-µm wind vector. Thereby, the number of points is reduced from 420 to 223. By applying this distance 
criterion, the standard deviation is further decreased from 1.58 m·s-1 to 1.30 m·s-1 while the mean bias 
changes from 0.08 m·s-1 to -0.10 m·s-1. The bottom plots of Figure 10-29 show the statistical comparison of 
the wind direction leading to a mean bias and standard deviation of 0.02° and 4.67°, respectively. Consider-
ing only data points with a horizontal distance lower than 10 km, leads to a further reduction of the standard 
deviation to 3.37°. Due to the fact that the wind direction does not cover the whole range from 0° to 360°, the 
intercept values determined from the linear fit applied to the data should not be given too much attention. 

Those results are in good agreement with previous comparisons between dropsondes and 2-µm profiles. It 
should be mentioned that none of the dropsonde comparisons discussed below is based on a bin-to-bin 
comparison. So, in contrary to the evaluation performed for WindVal II only the lidar profile closest to the 
dropsonde at the release point is used. For the WindVal I campaign 2015 the statistical comparison of 938 
measurements revealed a mean bias of -0.03 m·s-1 (0.26°) and a standard deviation of 1.46 m·s-1 (5.17°). 
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It should be noted that dropsondes from a different manufacturer (Yankee Environmental Systems) were 
used and furthermore, an empirical outlier correction was applied to the dataset from WindVal I. 

During the A-TREC campaign (2003), the statistical analysis of a dataset (Vaisala RD 93) composed of 740 
measurement pairs lead to a bias of 0.00 m·s-1 and a standard deviation of 1.2 m·s-1 (3.6°) (Weissmann et 
al. 2005). Also during the SALTRACE campaign (2013) several dropsondes (Vaisala RD 93, 1329 data 
points) could be used to evaluate the 2-µm DWL. Thereby, a mean bias of 0.08 m·s-1 (0.5°) and a standard 
deviation of 0.92 m·s-1 (10°) were found (Chouza et al. 2016b). Slight differences in the results from the 
different campaigns may arise from the different thresholds for the spatial-temporal geolocation. Neverthe-
less, those overall results prove the high accuracy and precision of the 2-µm DWL and underline the 
relevance of the 2-µm data for A2D and Aeolus validation. 

 

Table 10-8: Temporal and geolocation information of the HALO dropsondes (DS) used for the 
comparison and the Falcon aircraft for the coordinated flight on 17 September 2016. The cell colour 
in the first column describes whether comparison could be performed with both the 2-µm and A2D 
wind lidars or only with one of them: green implies that both systems could be evaluated; red means 
that dropsonde comparison could only be performed with the 2-µm wind lidar. 

# 
DS release 

time 

(UTC) 

Start time 
difference 
between 
2-µm and 

DS 

(s) 

Start time 
difference 
between 
A2D and 

DS 

(s) 

Horizontal 
distance 
between 

DS and 2-
µm at first 
valid obs. 

(km) 

Horizontal 
distance 
between 

DS and 2-
µm at last 
valid obs.  

(km) 

Horizontal 
distance 
between 
DS and 
A2D at 

first valid 
obs. 

(km) 

Horizontal 
distance 
between 
DS and 
A2D at 

last valid 
obs. 

(km) 

Number of 
compared 

2-µm 
winds 

Number of 
compared 
Mie winds 

Number of 
compared 
Rayleigh 

winds 

4 11:09:15 93 104 13.0 27.5 14.3 28.3 31 4 9 

5 11:33:47 129 135 8.3 23.8 10.4 22.1 24 2 8 

6 11:39:58 143 - 8.2 20.1 - - 31 - - 

7 11:56:00 154 138 8.4 16.2 9.7 13.7 36 3 1 

8 12:05:20 119 121 7.3 15.7 9.8 12.9 33 3 0 

9 12:15:02 109 109 7.4 18.4 9.6 18.7 29 2 13 

10 12:24:23 80 77 6.6 16.9 9.6 15.3 24 1 6 

 

Table 10-9: Temporal and geolocation information of the HALO dropsondes (DS) used for the 
comparison and the Falcon aircraft for the coordinated flight on 21 September 2016. The cell colour 
in the first column describes whether comparison could be performed with both the 2-µm and A2D 
wind lidars or only with one of them: green implies that both systems could be evaluated. 

# 
DS release 

time 

(UTC) 

Start time 
difference 
between 
2-µm and 

DS 

(s) 

Start time 
difference 
between 
A2D and 

DS (s) 

Horizontal 
distance 
between 

DS and 2-
µm at first 
valid obs. 

(km) 

Horizontal 
distance 
between 

DS and 2-
µm at last 
valid obs.  

(km) 

Horizontal 
distance 
between 
DS and 
A2D at 

first valid 
obs. 

(km) 

Horizontal 
distance 
between 
DS and 
A2D at 

last valid 
obs. 

(km) 

Number of 
compared 

2-µm 
winds 

Number of 
compared 
Mie winds 

Number of 
compared 
Rayleigh 

winds 

2 15:40:49 181 162 4.6 10.6 2.9 10.8 21 1 11 

3 15:45:07 155 167 2.7 6.5 2.0 7.2 25 1 11 
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Table 10-10: Temporal and geolocation information of the HALO dropsondes (DS) used for the 
comparison and the Falcon aircraft for the coordinated flight on 23 September 2016. The cell colour 
in the first column describes whether comparison could be performed with both the 2-µm and A2D 
wind lidars or only with one of them: green implies that both systems could be evaluated. 

# 
DS release 

time 

(UTC) 

Start time 
difference 
between 
2-µm and 

DS 

(s) 

Start time 
difference 
between 
A2D and 

DS (s) 

Horizontal 
distance 
between 

DS and 2-
µm at first 
valid obs. 

(km) 

Horizontal 
distance 
between 

DS and 2-
µm at last 
valid obs.  

(km) 

Horizontal 
distance 
between 
DS and 
A2D at 

first valid 
obs. 

(km) 

Horizontal 
distance 
between 
DS and 
A2D at 

last valid 
obs. 

(km) 

Number of 
compared 

2-µm 
winds 

Number of 
compared 
Mie winds 

Number of 
compared 
Rayleigh 

winds 

1 08:19:01 214 233 2.1 12.3 3.5 12.1 21 0 15 

2 08:27:07 219 215 3.0 14.2 3.8 13.3 21 1 14 

3 08:33:06 213 197 4.5 14.2 3.4 14.1 34 5 11 

4 08:39:05 173 197 3.0 13.6 3.9 14.0 35 5 11 

5 08:45:05 171 195 4.2 8.0 4.5 7.5 29 6 0 

6 08:51:16 193 250 3.1 3.0 13.6 15.2 26 5 0 

 

Table 10-11: Temporal and geolocation information of the HALO dropsondes (DS) used for the 
comparison and the Falcon aircraft for the coordinated flight on 18 October 2016. The cell colour in 
the first column describes whether comparison could be performed with both the 2-µm and A2D wind 
lidars or only with one of them: orange means that dropsonde comparison could be only performed 
with the A2D wind lidar. 

# 
DS release 

time 

(UTC) 

Start time 
difference 
between 
2-µm and 

DS 

(s) 

Start time 
difference 
between 
A2D and 

DS (s) 

Horizontal 
distance 
between 

DS and 2-
µm at first 
valid obs. 

(km) 

Horizontal 
distance 
between 

DS and 2-
µm at last 
valid obs.  

(km) 

Horizontal 
distance 
between 
DS and 
A2D at 

first valid 
obs. 

(km) 

Horizontal 
distance 
between 
DS and 
A2D at 

last valid 
obs. 

(km) 

Number of 
compared 

2-µm 
winds 

Number of 
compared 
Mie winds 

Number of 
compared 
Rayleigh 

winds 

1 09:18:22 - 180 - - 4.6 12.6 - 3 8 

2 09:22:48 - 185 - - 4.8 13.8 - 3 10 

3 09:27:15 - 189 - - 4.0 11.3 - 1 7 

4 09:31:53 - 199 - - 3.1 11.5 - 4 10 

5 09:36:29 - 211 - - 2.8 6.9 - 3 10 

7 09:48:27 - 267 - - 0.7 5.5 - 4 12 
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Figure 10-28: Horizontal wind speed (top left) and horizontal wind direction (top right) measurements 
(black dots) obtained from dropsonde #2 released from the HALO aircraft on 21/09/2016 averaged to 
the vertical resolution of the 2-µm (100 m). The dotted grey line corresponds to the dropsonde profile 
at its original vertical resolution. The data is shown together with horizontal wind speeds and wind 
directions obtained with the 2-µm DWL (red dots). The horizontal distance between the DS and the  
2-µm range bin is indicated as blue dotted line in the left plot. The bottom plot illustrates the 
geolocation of the 2-µm wind profiles (green dots) and of the bin averaged dropsonde (colour-coded 
the altitude of the dropsonde bins is shown). For the comparison selected 2-µm profiles are indicated 
as red dots. The red and blue shaded areas indicate which 2-µm observations are assigned to which 
dropsonde range bin. 
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Figure 10-29: HALO dropsonde horizontal wind speed (top) and wind direction (bottom) vs. 2-µm 
horizontal wind speed and wind direction. As colour-coded information the horizontal distance 
between dropsonde and the 2-µm range bins is shown. The plots on the left side incorporate all 
available data points (N = 420, from 15 dropsondes) and for the right side only data points (N = 223) 
with a maximum horizontal distance of 10 km are considered. Additionally, statistical parameters of 
the comparison are shown in the white text boxes. 
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 Comparison of A2D measurements with HALO dropsondes 10.6.2
 

Figure 10-30 shows the same as Figure 10-28 but for A2D LOS wind speeds. In order to compare drop-
sonde wind speeds to A2D LOS wind speeds, the dropsonde wind speeds were projected onto the LOS of 
the A2D. The top plots shows A2D LOS wind speeds of the Mie (blue dots) and the Rayleigh channel (red 
dots) alongside dropsonde LOS wind speeds (black dots) averaged to the vertical resolution of the A2D. For 
this case, the averaging length corresponds to vertical range bin lengths of 296 m, 598 m and 1184 m. For 
the case depicted in Figure 10-30, two subsequent A2D profiles are taken into account for the comparison to 
ensure a minimum horizontal distance between the dropsonde and A2D profile for each A2D range bin. 

For the WindVal II campaign, data from four collocated HALO – DLR Falcon flights (September 17, 21, 23 
and on October 18) could be used to perform a statistical comparison between the A2D and dropsonde 
winds. Temporal and geolocation information about the dropsondes is summarized Table 10-8 to Table 
10-11. Scatterplots of the comparison between A2D Mie as well as Rayleigh LOS winds and dropsonde 
winds projected onto the A2D LOS are shown in Figure 10-31. All in all, 167 and 57 points from 20 drop-
sondes could be used to evaluate the performance of the Rayleigh and Mie channel, respectively. For the 
Rayleigh channel a mean bias (A2D – DS) of 0.60 m·s-1 and a standard deviation of 2.64 m·s-1 is found. 
Slope and intercept of the linear fit applied to the Rayleigh data points reveal a value of 0.94 and 0.37 m·s-1, 
respectively. From the scatterplot it can be seen that there are a few outliers that possibly affect the 
statistical parameters, i.e. the standard deviation. Thus, the mean absolute deviation (MAD) is determined in 
addition to the standard deviation in order to assess the random error of the A2D measurements. The 
definition of the MAD can be found on page 121. 

If the random wind error is Gaussian distributed, the MAD value is related to the standard deviation as 
σ ≈ 1.4826 · MAD. This value is also called “scaled MAD” and the difference between standard deviation and 
scaled MAD values indicate the occurrence of outliers and the deviation from Gaussian random error 
distribution. For the Rayleigh channel a MAD value of 1.40 m·s-1 (compared to σ = 2.64 m·s-1) is found 
indicating the presence of outliers. The most prominent reason for outliers for both A2D channels is that a 
few bad quality winds slip through the quality control of the A2D processor. This is why an outlier removal is 
applied for the comparison. This outlier removal is based on the modified Z-score where for each wind speed 
difference ∆𝑣𝑣 = 𝑣𝑣𝑀𝑀2𝐷𝐷,𝑖𝑖 − 𝑣𝑣𝐷𝐷𝑆𝑆,𝑖𝑖  a modified Z-score value is calculated as follows: 

𝑀𝑀𝑖𝑖 =  
∆𝑣𝑣𝑖𝑖 − median(∆𝑣𝑣𝑖𝑖)

scaled MAD
. 

In contrast to other outlier removal schemes which rely on the calculation of the standard deviation, the 
modified Z-score is more robust and is less influenced by outliers. According to Iglewicz and Hoaglin (1993), 
values with an absolute Z-score value larger than 3.5 can be considered as potential outliers. This threshold 
is applied to this dataset and outliers exceeding this threshold are removed. The right plot of Figure 10-31 
shows the statistics for the Rayleigh channel after the removal of four detected outliers. Through that the 
mean bias and standard deviation of the Rayleigh channel is reduced to 0.35 m·s-1 and 2.12 m·s-1, respec-
tively. 

For the Mie channel much less data points (57) than for the Rayleigh channel (167) are available. For the 
Mie channel a mean bias and standard deviation of 0.42 m·s-1 and 3.12 m·s-1 is found and the difference 
between the scaled MAD value and the standard deviation clearly indicates the presence of outliers. 
Applying the aforementioned outlier removal which removes two data points, the mean bias and standard 
deviation of the Mie channel can be reduced to 0.07 m·s-1 and 2.59 m·s-1, respectively. It must be noted that 
due to the low number of available Mie measurements, which is related to the low aerosol load on the 
collocated flights, a precise assessment of the Mie random error is rather difficult. Nevertheless, it can be 
summarized that those results show that the performance of the A2D in terms of accuracy and precision of 
the A2D is good. This certainly will allow for a proper evaluation of Aeolus measurements. Especially, the 
good performance of the Rayleigh channel during WindVal II underlines the high relevance of the A2D for 
future Cal/Val activities. 
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Figure 10-30: Wind speed along the A2D LOS bin averaged to the vertical resolution of the A2D (top) 
measured with dropsonde #2 released from the HALO aircraft on 21/09/2016 (black dots). The dotted 
grey line corresponds to the dropsonde profile at its original vertical resolution. The data is shown 
together with A2D LOS wind speeds for the Mie (blue dots) and Rayleigh channel (green dots). The 
horizontal distance between the DS and the A2D range bins is indicated as red dotted line in the top 
plot. The bottom plot illustrates the geolocation of the A2D wind profiles (green dots) and of the bin 
averaged dropsonde (colour-coded the altitude of the dropsonde bins is shown). For the comparison 
selected A2D profiles are indicated as red dots. The red and blue shaded areas indicate which A2D 
observations are assigned to which dropsonde range bin. 



 

 

Document Nr. 
FR.DLR.WindVal_II. 
260618 

Issue: 
V 1.1 

Date: 
26.06.2018 

Page: 
147/203 

 
Doc. Title: 
WindVal II Final Report 

 

  

 

 
Figure 10-31: A2D Rayleigh (top) and Mie (bottom) LOS wind speeds (top) vs. dropsonde wind speed 
along the A2D LOS. As colour-coded information the horizontal distance between dropsonde and the 
A2D range bins is shown. The plots on the left side incorporate all available data points and for the 
plots on the right side Z-score outlier correction was applied to the dataset. Additionally, statistical 
parameters of the comparison are shown in the white text boxes. 
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 Comparison of 2-µm measurements with SAFIRE dropsondes 10.6.3
 

In the same manner as shown in the previous section for HALO, a comparison between dropsondes (Vaisala 
RD 94) released from the French SAFIRE Falcon 20 and the 2-µm DWL operated from the DLR Falcon 20 is 
performed. There were two collocated flights between the DLR and SAFIRE Falcon aircraft (on October 2 
and 9). On October, 2 nine dropsondes were released on the collocated flight track, which could be used for 
the evaluation of 2-µm measurements. A map showing the flight tracks of the aircraft and the dropsonde 
release geolocations for this day is depicted in Figure 10-27. No comparison was performed for the 
collocated flight on October 9 due to large spatial separation between both aircraft. Temporal and geoloca-
tion information of the dropsondes used for the statistical comparison is summarized in Table 10-12. It 
should be mentioned that the spatial as well as temporal separation between the DLR and SAFIRE Falcon 
20 was larger than the separation between the HALO and DLR Falcon 20. 

Figure 10-32 shows scatterplots of horizontal wind speed and direction obtained from the 2-µm and the 
dropsondes. In total, a number of 285 data points is analysed to reveal a slope and intercept value of 0.99 
and -0.24 m·s-1 for the wind speed comparison. The mean bias and standard deviation is found to be  
-0.51 m·s-1 and 1.48 m·s-1, respectively. For the wind direction the analysis shows a mean bias of -1.10° and 
a standard deviation of 5.83°. Whereas the standard deviation for both wind speed and wind direction are in 
agreement with the results obtained from HALO dropsonde comparisons presented before, the results for 
the mean bias are in contrast to the comparisons with HALO dropsondes. The results could suggest that the 
2-µm performance changed in the course of the campaign since collocated flights of the HALO and the DLR 
Falcon 20 took place in the beginning of the campaign, i.e. from 17 September to 23 September, and 
collocated flights between the DLR and SAFIRE Falcon 20 in the end of the WindVal II campaign. Possible 
other reasons for the discrepancy in the mean bias value could be the larger horizontal separation between 
the DLR and SAFIRE Falcon 20. But restricting the analysis to points with a horizontal distance between 
dropsonde and 2-µm range bin smaller than 15 km, does not reduce the mean bias for wind speed and 
direction (see right plots of Figure 10-32). The reason for the deterioration of the 2-µm DWL could be the 
degradation of the optics of the 2-µm DWL as discussed in section 6, and the resulting loss in SNR, which 
leads to a higher percentage of winds processed with the accumulation algorithm rather than the inversion 
algorithm (further investigations on this topic are on-going). This fact should be taken into account when 
analysing comparisons between the A2D and 2-µm. Due to the low number of available data points (34 for 
Rayleigh, 21 for Mie) for the comparison between A2D and dropsonde measurements for that collocated 
flight leg, a statistical evaluation of the A2D using dropsondes released from the French Falcon 20 was not 
performed. 

Table 10-12: Temporal and geolocation information of the SAFIRE dropsondes and the DLR Falcon 
20 aircraft for the coordinated flight on 2 October 2016.  

# DS release time 
(UTC) 

Start time 
difference 

between 2-µm 
and DS 

(s) 

Horizontal 
distance 

between DS 
and 2-µm at 

first valid obs. 
(km) 

Horizontal 
distance 

between DS 
and 2-µm at last 

valid obs.  
(km) 

Number of 
compared 2-µm 

winds 

1 09:41:03 363 7.8 9.3 41 

2 09:47:07 364 2.4 11.4 47 

3 09:52:10 351 0.6 11.0 43 

4 09:55:44 384 3.4 9.7 37 

5 10:04:14 376 1.7 6.3 19 

6 10:26:17 - - - - 

7 10:32:00 385 14.0 23.5 33 

8 10:36:10 399 23.0 32.0 34 

9 10:41:36 385 34.5 43.0 31 
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Figure 10-32: SAFIRE Falcon 20 dropsonde horizontal wind speed (top) and wind direction (bottom) 
vs 2-µm horizontal wind speed and wind direction. As colour-coded information the horizontal 
distance between dropsonde and the 2-µm range bins is shown. The plots on the left side incorpo-
rate all available data points and for the right side only data points with a maximum horizontal 
distance of 10 km are considered. Additionally, statistical parameters of the comparison are shown 
in the white text boxes. 
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 Comparison between LNG, RASTA and 2-µm DWL 10.6.4
 
The collocated measurement flight between the DLR and SAFIRE Falcon 20 aircraft performed on 
02/10/2016 allowed for the inter-comparison between the wind measuring instruments aboard the two 
aircraft, i.e. validation of RASTA radar and LNG DWL aboard the SAFIRE Falcon 20 as well as the 2-µm and 
A2D DWLs aboard the DLR Falcon 20. A map of the flight tracks of the two aircraft during the collocated 
flight on 02/10 is shown in Figure 10-27. Both aircraft took off in Keflavík with the DLR Falcon flying six 
minutes ahead the French Falcon. The route continued westwards towards Greenland. After flying together 
along Greenland’s east coast, both aircraft separated and returned to Keflavik on different routes. This would 
allow comparison between the measurements more or less from the beginning of the flight until the separa-
tion point above Greenland. But it has to be noted that for most of the time the LNG was in nadir-
configuration where no horizontal wind speeds could be measured. Only for the period from 09:37 to 10:27, 
the LNG was in ADM-configuration where the LNG was pointing off-nadir with an angle of 37.6°. That is why 
comparisons including LNG measurements are only possible within the time span mentioned above. 
 
This comparison incorporates three very different measurement principles to determine wind speed. The 
2-µm DWL relies on coherent detection at a wavelength of 2-µm and is sensitive to the backscatter from 
aerosols in the order of 2 µm (see section 6). The Doppler wind radar RASTA operates at a frequency of 
94 GHz (3.2 mm) and is thus more sensitive to the backscatter of larger cloud particles in the mm-size. The 
LNG DWL is based on direct detection and is capable of deriving wind speeds from aerosol backscatter at a 
wavelength of 355 nm (Section 5.2). The horizontal and vertical resolutions of the instruments also differ. As 
described in the DAR (DLR 2018), LNG and RASTA wind measurements are interpolated onto a common 
grid in space and time with a horizontal resolution between 5 s to 8 s and a vertical resolution of 60 m which 
is chosen to match the LNG horizontal resolution of the LNG and the RASTA vertical resolution. The varying 
horizontal resolution can be attributed to the LNG signal-averaging. Thereby, the signal of 100 laser shots is 
averaged after invalid laser shots have been removed. It is possible that laser shots are flagged invalid due 
to the laser built-up time exceeding a threshold or the laser energy measured to be too low. As a conse-
quence, the horizontal resolution of the LNG depends on the number of detected invalid laser shots. 
 
Quality control steps needed to be applied to LNG measurements in order to remove erroneous wind speed 
measurements. The first step was to remove measurements which were flagged invalid by the quality mask 
(parameter “LNG_Doppler_Mask”; see DAR (DLR 2018)) specified in the data product. As this step did not 
remove all suspicious data points, wind speed measurements exceeding a value of 40 m·s-1 were additional-
ly removed. Furthermore, measurements close to the aircraft starting at an altitude of 10.1 km appeared to 
be faulty and thus had to be removed. No additional quality control was applied to 2-µm DWL and RASTA 
measurements. 
 
Figure 10-33 shows wind speed measurements by the 2-µm, RASTA and LNG performed on 02/10/16 for 
the time period where the LNG was in ADM-configuration. Due to the time difference between both aircraft, 
the measurements were collocated in space meaning that the DLR Falcon 20 was about six minutes earlier 
than the SAFIRE Falcon 20 at the same geolocation. The top and middle plots show horizontal wind speed 
measurements derived by the 2-µm and RASTA. The bottom plot depicts LOS wind speed measurements by 
LNG. This figure nicely illustrates the complementarity of the RASTA with the LNG and 2-µm. For both the  
2-µm and LNG, which rely on the presence of smaller aerosols, the vertical coverage is similar. In contrast to 
that, RASTA is more sensitive to the backscatter of larger cloud particles. For this case, the coverage of 
RASTA measurements is better for lower parts of the atmosphere and for the first half of the common flight 
leg due to the presence clouds for these parts of the common flight leg. Despite the difference in sensitivity 
of the three systems, a significant overlap of RASTA and lidar observations from 2-µm DWL and LNG can be 
observed. This large overlap is especially true for non-opaque ice clouds, whereas only a small overlap 
would be observed for water clouds, which are opaque for lidar wavelengths. 
 
In order to compare wind speeds derived from the three systems, a common measurement grid for 2-µm, 
LNG and RASTA measurements had to be defined. For that case, LNG and RASTA measurements were 
averaged to the horizontal and vertical resolution of the 2-µm. In contrast to the 2-µm and RASTA, the LNG 
measures LOS wind speeds. Thus, the next step was to project the horizontal wind vectors derived by 
RASTA and 2-µm DWL onto the LOS of the LNG. This was done using elevation and azimuth angles which 
define the LNG LOS specified in the LNG/RASTA data product (see DAR DLR 2018). 
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Figure 10-34 depicts LOS wind speed measurements by the 2-µm (top plot), RASTA (middle plot) and LNG 
(bottom plot). Comparing the overlap region of the three systems reveals that wind speeds measured by the 
LNG are higher than wind speeds measured by the RASTA and 2-µm. Figure 10-35 compares the differ-
ences in the LOS wind speeds for the common overlap region between RASTA and 2-µm (top plot), LNG 
and 2-µm (middle plot) as well as between LNG and RASTA (bottom plot). It can be seen that the difference 
between RASTA and 2-µm is positive most of the time indicating that RASTA measures higher wind speeds 
than the 2-µm. The comparison also exhibits a number of outliers with unusually large differences up to  
15 m·s-1, especially at the edges of the common overlap. A closer look into the middle plot of Figure 10-33 
shows that the RASTA seems to have some problems for those regions with QC for probably low SNR. 
Regarding the comparison between LNG and 2-µm LOS measurements, it can be said that the difference 
between both systems is for most range bins in the order of 4 m·s-1 with the LNG measuring higher wind 
speeds compared to the 2-µm. The comparison between RASTA and LNG shows the largest scatter 
indicating large random errors for RASTA and LNG compared to the 2-µm. Thereby, the LNG also appears 
to measure higher wind speeds than the RASTA. 
 
The statistical results of the triple comparison are summarized in Figure 10-36. It shows scatterplots of LOS 
wind speed measurements for the common overlap obtained by RASTA and 2-µm (left plot), LNG and 2-µm 
(middle plot) as well as LNG and RASTA (right plot). Ideally, the data points would lie on the dashed black 
line representing x=y. A non-weighted linear fit is applied to the data points in order to assess the fit 
parameters slope, intercept and correlation coefficient. Furthermore, the corresponding number of data 
points, mean bias, standard deviation and the MAD values (as introduced in section 10.6.2) are specified in 
the text boxes. The left plot of Figure 10-36 shows that RASTA and 2-µm are in rather good agreement with 
a mean bias, defined as the mean value of LOS wind speed differences between RASTA and 2-µm, of 
0.68 m·s-1 and a standard deviation of 2.47 m·s-1. As the scatterplot suggests, outliers surely affect the 
standard deviation and as mentioned before no outlier correction was applied to the RASTA dataset since no 
objective criterions could be identified to remove suspicious measurements. That’s why the scaled MAD 
value has higher significance when it is about to characterize the random error which is calculated to be 
0.80 m·s-1. 
 
Statistical analysis of the comparison between LNG and 2-µm measurements reveals a standard deviation of 
1.37 m·s-1 which is comparable to the scaled MAD of 0.87 m·s-1 indicating that the comparison is less 
influenced by outliers. The mean bias is calculated to be 1.22 m·s-1 meaning that the LNG derives higher 
wind speeds than the 2-µm. The comparison between LNG and RASTA shows a bias of 0.53 m·s-1 indicating 
the LNG also measures larger wind speeds than the RASTA. Here, standard deviation and scaled MAD are 
calculated to be 2.69 m·s-1 and 1.48 m·s-1, respectively. The slope value of 0.82 indicates wind-speed 
depending deviation between the LNG and RASTA with larger deviations for low LOS wind speeds. 
 
Furthermore, horizontal wind speed and direction obtained from the RASTA and 2-µm are analysed. The fact 
that LNG measurements are now excluded from the statistical comparison allows to further extend the 
comparison interval. Differences between RASTA and 2-µm in the horizontal wind speed (top) and direction 
(bottom) for the prolonged time interval are depicted in Figure 10-37. The horizontal wind speeds differences 
range from -28 m·s-1 to 14 m·s-1 and are mostly positive indicating that the RASTA measures higher wind 
speeds than the 2-µm. The mean bias is calculated to be 1.13 m·s-1 with a standard deviation of 2.64 m·s-1. 
The horizontal wind direction differences ranging from -95° to 87° indicate a negative wind direction bias 
which is determined to be -1.68° with a standard deviation of 8.95°. The results from Figure 10-37 are 
visualized as scatterplots in Figure 10-38. A first look at the comparison suggests that horizontal wind 
speeds as well as horizontal wind directions are in rather good agreement but it is obvious that the compari-
son is affected by outliers. That’s why Z-score based outlier removal which was already introduced in section 
10.6.2 is applied to the datasets. The plots on the right side show the comparison of the horizontal wind 
speed and direction after the outlier removal. Thereby, the mean bias and standard deviation for the 
horizontal wind speed difference is 1.18 m·s-1 and 1.71 m·s-1, respectively. For the horizontal wind direction, 
mean bias and standard deviation are calculated to be -1.58° and 4.46°, respectively. Regarding the 
comparison of the horizontal wind direction, it should be noted that the wind direction range is insufficient in 
order to properly determine intercept and slope value of the linear fit. The deviation between the mean bias 
derived using LOS wind speeds projected onto the LNG LOS (as shown in Figure 10-36) and horizontal 
wind speeds can probably be explained by inaccuracies in the determination of the RASTA wind compo-
nents due to a uncertainty in the alignment of the radar antennas. 
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The results presented herein suggest that the 2-µm DWL is the wind measurement system with the lowest 
systematic and random measurement error which underlines the importance and reliability of the 2-µm DWL 
for coming CAL/VAL activities. The aim of future work is to apply a triple collocation method to further assess 
the measurement errors of the three systems (Vogelzang and Stoffelen 2012, Kendall 2017). It is understood 
that the three datasets have to be unbiased before applying the triple collocation method, but it is possible to 
scale (remove slope and bias error) two datasets to an unbiased third dataset. This scaling is crucial and 
needs to be done with great care. 
 

 
Figure 10-33: Wind speed measurements during the collocated flight of the DLR and SAFIRE Falcon 
20 on 02/10/2016. Top: Horizontal wind speed measured by the 2-µm DWL; Middle: Horizontal wind 
speed measured by the RASTA radar; Bottom: LOS wind speed measured by the LNG DWL; the 
measurements are aligned to the same geographical location leading to a temporal offset of six 
minutes between DLR Falcon (top) and SAFIRE Falcon (middle, bottom). 
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Figure 10-34: LOS wind speed measured by the 2-µm DWL (top), the RASTA radar (middle) and the 
LNG DWL (bottom) during the collocated flight of the DLR and SAFIRE Falcon 20 on 02/10/2016. The 
2-µm and RASTA wind vectors are projected onto the LOS of the LNG (off-nadir angle of ~37.6°) and 
RASTA and LNG LOS winds are averaged to the horizontal and vertical resolution of the 2-µm; the 
measurements are aligned to the same geographical location leading to a temporal offset of six 
minutes between DLR Falcon (top) and SAFIRE Falcon (middle, bottom). 
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Figure 10-35: LOS wind speed differences between the RASTA radar and the 2-µm DWL (top), 
between the LNG and 2-µm DWLs (middle) and between the LNG and RASTA (bottom) for the overlap 
region of all three systems during the collocated flight of the DLR and SAFIRE Falcon 20 on 
02/10/2016; the measurements are aligned to the same geographical location leading to a temporal 
offset of six minutes between DLR Falcon (top) and SAFIRE Falcon (middle, bottom). 
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Figure 10-36: Scatterplots comparing LOS wind speeds derived by RASTA, 2-µm and LNG using 
measurements obtained during the collocated flight of the DLR and SAFIRE Falcon 20 on 02/10/2016: 
RASTA vs. 2-µm LOS (left), LNG vs. 2-µm (middle), LNG vs. RASTA (right). Statistical parameters of 
the comparison are shown in the white text boxes. 

 

 
Figure 10-37: Horizontal wind speed (top) and wind direction (bottom) differences between the 
RASTA radar and the 2-µm DWL for the overlap region of the two systems during the collocated 
flight of the DLR and SAFIRE Falcon 20 on 02/10/2016. 
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Figure 10-38: Scatterplots comparing horizontal wind speeds (top) and wind direction (bottom) 
derived by RASTA and 2-µm using measurements obtained during the collocated flight of the DLR 
and SAFIRE Falcon 20 on 02/10/2016. The plots on the left side incorporate all available data points 
(N = 1280) and for the right side Z-score outlier correction was applied to the dataset. Additionally, 
statistical parameters of the comparison are shown in the white text boxes. 
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 Summary of wind measurements and recommendations 10.7
• 35 wind measurement scenes from 15 research flights were analysed within the scope of the WindVal II 

campaign. The measurement periods range from seven minutes (during the test flight) to nearly 70 
minutes (27/09, 22/10), adding up to more than 18 hours of wind measurements over the whole cam-
paign. Wind processing of the 3643 observations including quality control yielded nearly 40000 valid 
Rayleigh winds and about half as many valid Mie winds. 

• Both the Rayleigh and Mie winds were processed by using the response calibrations from 28/09/2016, 
12:54 UTC (calibration #3) with a frequency range of 1400 MHz. 

• Quality Control was performed separately for the Rayleigh and Mie channel and included the screening of 
four indicators of data corruption: outliers in the detection chain offset (DCO) signals, saturation of the 
ACCD, incorrect assignment of range gates numbers and malfunction of the transmit-receive co-
alignment loop. 

• The accuracy and precision of the processed Rayleigh and Mie wind profiles were evaluated by statistical 
comparison with DLR’s coherent 2-µm wind lidar. The scaled Median Absolute Deviation (1.4826∙MAD) 
provided a robust estimate of the standard deviation and thus random error. 

• The winds measured on 27/09/2016 showed high accuracy (Rayleigh: -0.49 m·s-1, Mie: -0.03 m·s-1) and 
good precision (Rayleigh: 2.6 m·s-1, Mie: 1.3 m·s-1) over a large range of wind speeds from -20 m·s-1 to 
+25 m·s-1: The complementarity of the Rayleigh and Mie channel provided wind profiles with broad data 
coverage, thus enabling the detection of strong vertical wind gradients >10 m·s-1·km-1 in the jet stream 
region. 

• During the WindVal II campaign only a very limited number of ground returns could be sampled, which 
limited to assessment of the ZWC. Also no optimization of the A2D mounting angles could be performed 
for WindVal II (in contrast to WindVal I). ZWC based on the refined ground detection scheme was applied 
for the flight on 04/10/2016, yielding a reduction of the Mie wind bias from 0.57 m·s-1 to 0.04 m·s-1. For 
the other wind scenes, ZWC was prevented by the lack of useful ground return signals due to dense 
cloud coverage which was present during most of the research flights 

• The impact of the Rayleigh background correction on the Mie wind errors was quantified, revealing that it 
consistently leads to an improvement in the Mie wind accuracy. For the first flight on 04/10 the bias is 
decreased by 0.9 m·s-1. In terms of the random error, the influence of the correction is most pronounced 
for wind scenes with heterogeneous cloud conditions where the random error is reduced by 0.4 m·s-1. 
Changing the Mie SNR threshold from 5 to 3 provides an additional reduction of the systematic error by 
up to 0.3 m·s-1. 

• The Mie nonlinearity error using a third-order polynomial was implemented in the Mie wind retrieval, 
leading to a further improvement of the Mie accuracy by about 0.2 m·s-1. Here the Mie nonlinearity was 
used from the internal reference signal (and not from the ground return) also for atmospheric range gates. 
The Mie nonlinearity from the ground return of the A2D could not be used, because it is dominated by the 
Rayleigh background signal (telescope image), which cannot be corrected with MOUSR for response 
calibrations. 

• Internal reference variability of observations (2σ-values: 8 MHz for Mie, 11 MHz for Rayleigh), most likely 
due to speckle noise, was identified as a large contributor to the random wind error. It could be shown 
that the variability of the A2D internal reference measurement does not reflect frequency variations (on 
shorter timescales) by a comparison with frequency measurements from the wavemeter. It could be also 
shown that the variation of the Mie ground return values (ZWC) is dominated by the variability of the 
internal reference, which further indicates problems with the internal reference measurement. 

• Large deviations in Rayleigh accuracy and precision were observed from flight to flight. Apart from the 
internal reference fluctuations, this is caused by varying atmospheric conditions which affect the transmit-
receive path co-alignment and, in turn, the incidence angle of the backscatter signals on the Rayleigh 
spectrometer. 

• The Mie systematic and random errors increased in the course of the campaign which can be explained 
with the higher degree of atmospheric heterogeneity encountered during the flights within the second half 
of the campaign. The lower accuracy (with respect to the 2-µm reference lidar) might be related to a 
degrading performance of the 2-µm, as suggested by comparisons with wind data from dropsondes. 
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• Overall accuracy and precision of the Rayleigh and Mie winds (comparison over whole campaign): 

Rayleigh: -0.47 m·s-1 (accuracy) 3.32 m·s-1 (precision) 2.91 m·s-1 (1.4826 · MAD) -3% slope error 
Mie: +0.53 m·s-1 (accuracy) 2.03 m·s-1 (precision) 1.79 m·s-1 (1.4826 · MAD) +3% slope error 

• Statistical comparison between 2-µm and dropsonde horizontal wind vectors including flights during the 
first half of campaign (September 17, 21 and 23 from HALO aircraft) and taking into account all meas-
urements points revealed a bias of 0.08 m·s-1 and standard deviation of 1.58 m·s-1. The corresponding 
values for the wind direction were 0.02° and 4.67°, respectively. The comparison for the flight on 02/10 
with dropsondes from the SAFIRE Falcon indicates a change in the performance of the 2-µm during the 
campaign. For this single flight (considering all measurement points), the mean bias for wind speed and 
direction were -0.51 m·s-1 and -1.10°, respectively. The standard deviation values were calculated to be 
1.48 m·s-1 and 5.83°, respectively. 

• Comparison between A2D and dropsonde LOS wind measurements could be performed for the first time. 
The statistical analysis yielded mean bias values of 0.35 m·s-1 and 0.07 m·s-1 for the Rayleigh and Mie 
channel, respectively. The standard deviation for the Rayleigh and Mie channel (after outlier removal) 
was determined to be 2.12 m·s-1and 2.59 m·s-1 and the scaled MAD to be 2.02 m·s-1and 2.00 m·s-1, 
respectively. 

• Triple comparison between wind measurements derived the 2-µm DWL, the RASTA radar and LNG DWL 
was performed for the collocated flight between DLR and SAFIRE Falcon on 02/10. The results showed 
that the 2-µm had the best accuracy and precision. The mean bias, standard deviation and scaled MAD 
values for the LOS comparison between the three instruments were calculated as follows: 

RASTA ↔ 2-µm: 0.68 m·s-1 / 2.47 m·s-1 / 0.80 m·s-1 

LNG ↔ 2-µm: 1.22 m·s-1 / 1.37 m·s-1 / 0.87 m·s-1 

LNG ↔ RASTA: 0.53 m·s-1 / 2.69 m·s-1 / 1.48 m·s-1 

It is assumed that the large bias of the 2-µm and LNG comparison is related to the uncertainty in LNG 
LOS pointing vector. The statistical comparison (mean bias, standard deviation and scaled MAD after 
outlier removal) for the horizontal wind speeds and direction between RASTA and 2-µm showed the 
following: 

Horizontal wind speed: 1.18 m·s-1 / 1.71 m·s-1 / 1.57 m·s-1 

Horizontal wind direction: -1.58° / 4.46° / 3.70° 
 

The A2D and the 2-µm reference wind lidar are highly appropriate and relevant 
for future Cal/Val activities after the launch of Aeolus. 

 
Recommendations with respect to A2D 

• An adequate combination of the inverted Mie SNR mask and the cloud/ground mask should be developed 
in order to exploit the advantages of both approaches for the identification of valid Rayleigh winds. Addi-
tionally (or alternatively), the Rayleigh signal intensity or Rayleigh SNR should be used as quality control 
parameter in order to avoid large Rayleigh wind errors in bins below optically thin clouds which are not 
included in the cloud mask. A minimum Rayleigh signal threshold should be included in the A2D Rayleigh 
QC, in addition to an upper Rayleigh signal threshold, which is used to discard range bins below opaque 
clouds. 

• It is recommended to investigate if the transmit-receive co-alignment can be optimized, e.g. by modifying 
the CoG detection algorithm and feedback loop 

• Speckle reduction of the fiber-coupled internal reference signal is required in order to decrease the 
variability of the internal reference response.  

• A third-order polynomial should be used for the Mie nonlinearity function for the internal reference and 
ground return. The internal reference nonlinearity from the Mie should be used for the wind retrieval, 
unless the spectral dependent Rayleigh background can be corrected from the Mie responses during 
calibration. 
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Recommendations with respect to ALADIN algorithms 

• A third-order (or higher-order) polynomial fit of the Mie response function should be performed to account 
for Mie nonlinearities. An additional sinusoidal fit could be carried out to reduce the random error intro-
duced by the pixelation effect, or this effect is taken into account by using the remaining residual after 
fitting a polynomial function.  

• The Mie nonlinearity from ground returns should be investigated for ALADIN. In principle the Mie 
nonlinearities will differ for the internal reference and ground return. The differences for ALADIN should 
be mainly related to reduced illumination of the internal path compared to full illumination for the atmos-
pheric path for ALADIN.  

• It was shown with the A2D measurements that a significant (and not negligible) contributor to the random 
error of the atmospheric winds and ground returns is arising from the laser internal reference, because a 
differential approach is used for the wind and ground return retrieval. Although the A2D laser internal 
reference is prone to higher errors than for ALADIN, the variability of the internal reference should be 
investigated for ALADIN using the information from single pulses, from measurements and from observa-
tions.  

 
Recommendations with respect to the Cal/Val activities 

• Heterogeneity was found to be a significant contributor to Mie wind errors due to the coarse vertical 
resolution of the A2D (and ALADIN). Therefore, homogeneous scenes (with respect to cloudiness and 
wind gradient) are preferred for analysing the instrument performance in a first step, as large error 
sources can be excluded. High-level cirrus clouds might provide a good Mie target, but are often associ-
ated with strong wind gradients in the upper troposphere leading to large height assignment and resulting 
wind errors. Higher vertical resolution validation measurements are needed for that purpose, e.g. by the 
airborne 2-µm DWL with a vertical resolution of 100 m. In a next step, heterogeneous scenes (e.g. cloud 
layers with strongly varying optical thickness along the flight track) should be sampled for quantifying the 
influence of the atmospheric heterogeneity on the wind error and for developing algorithms which com-
pensate for these effects. 

• Flights with sufficient ground visibility are essential for providing Zero Wind Correction (ZWC), so that the 
influence of other corrections of various systematic errors (e.g. Mie nonlinearities) can be better as-
sessed. Also ground returns from varying terrain (e.g. mountains, or Greenland coast) should be sampled 
to assess the mounting angles of the A2D using varying range to the terrain. Thus it is recommended for 
the next campaigns, to perform flights over land or ice with ground visibility preferably for each flight. 

• Coordinated flights of the DLR and SAFIRE Falcon should be performed during the Cal/Val activities, as 
the various lidar and radar instruments provide complementary data valuable for the validation of Aeolus. 
Therefore the pointing knowledge uncertainty for LNG needs to be resolved, and further comparisons 
between 2-µm and LNG are needed for verification. The high-vertical and high-horizontal resolution wind 
measurements of the Doppler radar RASTA are of high quality, which was proven by the comparison with 
the 2-µm DWL. 

• The 2-µm wind data with higher resolution should be investigated with regard to the identification of 
clouds and their localization within a certain bin in order to better understand the impact of the cloud 
location within the bin and its vertical extension on the Mie wind error (Mie height assignment errors). In 
addition the high resolution Doppler radar measurements from RASTA could be used for this purpose. 

• During validation flights in coordination with satellite overpasses, it is desired to have most range gates of 
ALADIN (except for two) at altitudes below the Falcon aircraft. The respective range gate settings of 
ALADIN and A2D (high resolution directly below the aircraft or closer to the ground) could be varied for 
the purpose of quantifying the impact of the atmospheric heterogeneity on the respective winds. It is 
preferred to have high-resolution ALADIN range gate settings (250 m/500 m) in case of wind gradients 
(e.g. North Atlantic validation) and then perform post-processing. Triple collocation with the 2-µm DWL (or 
model) could then provide information on the influence of the bin size on the wind error. It is understood 
that a different vertical sampling during a campaign period could compromise the performance of Aeolus 
for NWP purpose, but it is still highly desirable to optimize the settings for both objectives (cal/val and 
NWP impact, ESA (2018a)) 
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• For the comparison between lidar and dropsonde profiles, the strategy presented herein should be used. 
This means that dropsonde measurements should be averaged to the corresponding resolution of the 
lidar range and that only such lidar profiles with a start-time difference between lidar profile and drop-
sonde release time of less than seven minutes are taken into account. Then, for each range bin, the lidar 
bin with the minimum distance to the dropsonde range bin should be selected for the comparison. The 
distance determined for each range between lidar and dropsonde measurement should be also be used 
as quality criterion to evaluate the representativity of the comparison. 

• The different vertical averaging properties need to be taken into account, when comparing different 
instruments, e.g. dropsondes, 2-µm wind lidar, A2D, or ALADIN. It is recommended averaging the highest 
resolution instrument dataset with the averaging kernel of the lowest resolution instrument.  

• Horizontal and temporal colocation requirements need to be considered. For the comparison of wind 
profiles from 2 different aircrafts (e.g. DLR Falcon, HALO and SAFIRE Falcon) the following colocation 
requirements were considered as practical: temporal colocation with better than 7 minutes, distance 
colocation with better than 50 km. Further investigations were performed with stricter colocation require-
ments of 10 km horizontally, which is on the expense of the amount of data pairs for the comparison. 
Thus, this trade-off needs to be performed for the validation phase of ALADIN. In case that the measure-
ments are separated both temporally and horizontally, the horizontal distance should be used for co-
aligning the measurements, because it is expected that the temporal evolution (within some minutes) is 
less variable than the horizontal homogeneity (within 50 km). As the ALADIN wind profiles will have a 
horizontal averaging length of about 100 km, the colocation requirement could be possibly relaxed from 
50 km to 100 km. The 50/100 km co-location requirement is in line with the criteria as discussed in the 
Aeolus cal/val implementation plan (ESA 2016c) and cal/val requirements (ESA 2017), e.g. for compari-
son with Atmospheric Motion Vectors AMV for Aeolus. The representativity error for comparisons should 
be assessed by high-resolution numerical models. 

• Outlier removal for statistical comparison based on the modified Z-score was proven to be a robust and 
effective method and thus, it is recommended to continue to use this method. The outlier removal is 
necessary where the histogram of the differences deviates from a Gaussian normal distribution.  

• It is recommended to use the scaled Median absolute deviation (1.4826∙MAD) for the assessment of 
random errors in addition to the standard deviation of the differences. The difference between the stand-
ard deviation, which is strongly influenced by outliers, and the scaled MAD value, which is more robust 
wrt. outliers, can be used to assess the occurrence of non-Gaussian distributed outliers. 

• In order to compare the random and systematic error from ALADIN and the A2D it is recommended to 
compare the performance in LOS direction for both ALADIN and A2D and not in the horizontal projection 
using HLOS. Thus the relevant numbers for random and systematic requirements on ALADIN HLOS 
winds need to be multiplied with sin(37.6)= 0.61 to be comparable to A2D LOS winds. This will result in 
random error requirements for LOS of 0.6/1.5/1.8-3.0 m·s-1 for the altitudes up to 2 km, up to 16 km, and 
above and a systematic error requirement of 0.4 m·s-1. A comparison in HLOS would be strongly influ-
enced by the different pointing geometry of A2D with an off-nadir angle of 20° and not by the A2D instru-
ment performance itself.  

• For the validation of ALADIN it is recommended to use a reference instrument, which is measuring the full 
wind vector with both horizontal wind components. For instruments measuring only LOS wind profiles with 
different off-nadir angles, e.g. A2D or LNG it would be possible in principle to perform a geometrical 
conversion of the different off-nadir angles. But it will be difficult to align the azimuthal horizontal LOS 
direction from ALADIN wrt. reference instrument. In order to project the reference LOS to the ALADIN 
LOS direction the second horizontal wind component is needed. This could be provided by a NWP model 
or in case of the A2D from the scanning 2-µm DWL on the same aircraft. 
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 Analysis of the solar background 11
 

In the course of the WindVal II campaign, particular attention was devoted to the investigation of the (solar) 
background signals recorded in range gate #0 (for A2D). The study yielded two major findings: 1. the ratio of 
the Rayleigh to Mie background signal intensity represents a valuable parameter for detecting anomalies; 2. 
the analysis of A2D (and ALADIN) background signals has the potential for measuring the radiance of Earth 
and cloud surfaces in the UV spectral region. These two aspects will be elaborated in this chapter. 

 

 Background anomalies 11.1
 

For some of the flights during WindVal II, monitoring of the background signals measured with the Rayleigh 
and the Mie channel revealed the occurrence of anomalies. The ratio of the Rayleigh to Mie background 
signals is generally expected to be constant with a certain value which is determined by the different spectral 
bandwidths, and thus different receiver transmissions of the two channels. Thus, the ratio should be 
independent from the atmospheric scene. However, characteristic peaks in the ratio between the Rayleigh 
and Mie background signal intensity were found to appear both during response calibrations and wind 
scenes. A systematic analysis was performed to identify the causes for the anomalies considering the 
aircraft heading and attitude as well as the altitude and azimuth angles of the sun. 

 

 Background anomalies during response calibrations 11.1.1
 
Several background anomalies occurred during the response calibration performed on 28/09/2016 between 
11:56 UTC and 12:20 UTC (calibration #1). As the Falcon aircraft flew circles over the Vatnajokull glacier, a 
strong variation in the Rayleigh and Mie background signals was observed, as shown in the top and middle 
plot of Figure 11-1. 

 
Figure 11-1: Rayleigh (top) and Mie (middle) background signal (mean over all 16 pixels per meas-
urement after DCO correction) measured during the response calibration over the Vatnajokull glacier 
on 28/09/2016 from 11:56 to 12:20 UTC with a background integration time of 3750 µs. (Bottom) Ratio 
of the Rayleigh and Mie background signals showing the occurrence of characteristic peaks. 
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The ratio between the background signals measured in both channels was constant at about 4.5 over most 
of the period. However, it featured four pronounced peaks being almost equally spaced in time. The peaks 
are attributed to a signal enhancement that was present in Rayleigh channel, but not in the Mie channel. 

The fact that the peaks occurred periodically during the calibration suggested a correlation with the aircraft 
attitude. Hence, the heading angle of the Falcon was studied. As illustrated in Figure 11-2, the peaks 
coincided with a heading angle of about 230° (aircraft heading towards the southwest). Camera images 
taken through the bottom window of the Falcon at these times showed that the Falcon was located above the 
edge of the Vatnajokull glacier at about 64.23°N, 17.45° W (Figure 11-3). 

 

 
Figure 11-2: Aircraft heading angle (0° ≙ North, 90° ≙ East, 180° ≙ South, 270° ≙ West) in the course 
of the response calibration over the Vatnajokull glacier on 28/09/2016 from 11:56 to 12:20 UTC. The 
occurrences of the peaks in the Rayleigh-to-Mie background ratio (see Figure 11-1) are indicated by 
blue dots. 

 

 
Figure 11-3: Camera images taken through the bottom window of the Falcon aircraft at times when 
the peaks in the Rayleigh-to-Mie background ratio (see Figure 11-1) appeared. The pictures show the 
edge of the Vatnajokull glacier at about 64.23°N, 17.45° W. 
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In order to find the cause of the increased background ratio, it was checked whether the signal enhancement 
in the Rayleigh channel was equally distributed over all pixels, or only the 2 x 6 pixels registering the signal 
transmitted through the Fabry-Pérot interferometers were affected. The Rayleigh background signal intensity 
on measurement level, summed over all 16 pixels, that was recorded during the calibration is plotted in 
Figure 11-4 (top), while the signal intensity summed over the 12 pixels containing the Rayleigh spots is 
depicted in the middle plot. The difference between the two plots, shown on the bottom of Figure 11-4, 
represents the signal levels summed over the two outer pixels and the two pixels between the Rayleigh 
spots. As can be seen, an increase in the signal intensity was also present for the pixels outside the 
Rayleigh spots in the four instances when the anomalies were observed in the background ratio. More 
precisely, the enhancement was about 100 LSB/pixel and uniform among all pixels, leading to an overall 
increase of 400 LSB for the 4 pixels outside the Rayleigh spots and around 1200 LSB for the 12 pixels which 
are normally only illuminated by the light transmitted through the two FPIs. As a conclusion, the signal 
enhancement can be traced back to stray light which was directly incident on the detector without passing 
the Rayleigh spectrometer. The fact that the Mie signal is not increased suggests that the light is at least 
partially polarized, so that only a small portion is reflected towards the Mie spectrometer when entering the 
receiver. 

 

 
Figure 11-4: Rayleigh background signal during the response calibration over the Vatnajokull glacier 
on 28/09/2016 from 11:56 to 12:20 UTC. The plot on top shows the signal summed over all 16 pixels, 
while the middle plot depicts the signal summed over the 2 x 6 pixels containing the Rayleigh spots. 
The bottom plot is the difference between the above two plots, i.e. the signal contained in the two 
outer pixels and the two pixels between the Rayleigh spots. 
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In a next step, the impact of the stray light on the Rayleigh signal in the other range gates was quantified. In 
analogy to the previous figure, the signal intensity summed over 16, 12 and 4 pixels as explained above was 
investigated for range gate #10 (Figure 11-5). Due to the much shorter integration time of 4.2 µs compared 
to 3750 µs for range gate #0 detecting the background signal, the signal increase is only 100 ∙ (4.2/3750) 
LSB/pixel = 0.112 LSB/pixel. This is negligible in comparison to the signal levels of the molecular backscatter 
return which are typically on the order of 102 to 103 LSB/pixel, depending on the range and molecular density 
in the atmosphere. The same is especially true for the internal reference with an integration time of 4.2 µs 
and even higher signal levels of 104 LSB/pixel. Consequently, the stray light has no significant influence on 
the Rayleigh signal, and hence does not affect the Rayleigh response and wind results. 
 

 
Figure 11-5: Rayleigh signal in the atmospheric range gate #10 without background subtraction but 
with DCO subtraction during the response calibration over the Vatnajokull glacier on 28/09/2016 from 
11:56 to 12:20 UTC. The plot on top shows the signal summed over all 16 pixels, while the middle plot 
depicts the signal summed over the 2 x 6 pixels containing the Rayleigh spots. The bottom plot is the 
difference between the above two plots, i.e. the signal contained in the two outer pixels and the two 
pixels between the Rayleigh spots. 
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 Background anomalies during wind scenes 11.1.2
 
Most of the background anomalies occurred during response calibrations, when the Falcon was flying at a 
roll angle of 20° leading to nadir pointing of the instrument. In this geometry, the probability for sun light, 
reflected from clouds or the surface, entering the telescope through the bottom window of the aircraft is 
increased. However, anomalous behaviour of the Rayleigh to Mie background ratio was also observed at an 
off-nadir angle of 20° during a wind scene over Greenland on 2 October 2016 (see flight track in Figure 
10-27). The ratio was constant at about 4.1 throughout the flight except for the leg along Greenland’s east 
coast in the period from 10:04 UTC to 10:18 UTC. As shown in Figure 11-6, the Rayleigh signal was 
increased by about 100 LSB (mean over all pixels), while the Mie background signal remained unchanged 
apart from slow variations that were also visible in the Rayleigh signal. During the period of the enhanced 
Rayleigh signal, the aircraft was heading towards the south (heading angle: 180°, Figure 11-7). 
 

 
Figure 11-6: Rayleigh (top) and Mie (middle) background signal (mean over all 16 pixels per meas-
urement after DCO correction)) measured during the wind scene along Greenland’s east coast on 
02/10/2016 from 10:02 to 10:20 UTC with a background integration time of 3750 µs. (Bottom) Ratio of 
the Rayleigh and Mie background signals. 

 

 
Figure 11-7: Aircraft heading angle (0° ≙ North, 90° ≙ East, 180° ≙ South, 270° ≙ West) in the course 
of the wind scene along Greenland’s east coast on 02/10/2016 from 10:02 to 10:20 UTC. 
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Analysis of the change in the background signal level per pixel again revealed that the signal enhancement 
in the Rayleigh channel was uniform over all pixels, thus implying that stray light is the underlying reason. 
Figure 11-8 and Figure 11-9 depict the Rayleigh and Mie background signals per pixel for two selected 
measurements before and during the anomaly. Like in the case described before, the signal increase is 
approximately 100 LSB/pixel in the Rayleigh channel, whereas no significant change is observed in the Mie 
channel. 
 

 
Figure 11-8: (Top) Rayleigh background signal (mean over all 16 pixels) measured during the wind 
scene along Greenland’s east coast on 02/10/2016 from 10:02 to 10:20 UTC (same as Figure 11-6). 
The plots below show the Rayleigh background signals per pixel (incl. DCO) for two selected 
measurements before and during the background signal anomaly. 
 

 
Figure 11-9: (Top) Mie background signal (mean over all 16 pixels) measured during the wind scene 
along Greenland’s east coast on 02/10/2016 from 10:02 to 10:20 UTC (same as Figure 11-6). The plots 
below show the Mie background signals per pixel (incl. DCO) for two selected measurements before 
and during the background signal anomaly. 
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 Causes for background anomalies 11.1.3
 

Although the impact of the signal enhancement was found to be negligible with regards to the wind retrieval, 
the origin of the anomalies was further investigated. For this purpose, the Rayleigh to Mie background signal 
ratio (R/M ratio) from all the flights conducted during WindVal II was scanned for large deviations from a 
constant level. The search yielded 25 anomalies, including not only cases where the ratio was altered due to 
a signal enhancement in the Rayleigh channel, but also cases where the Mie signal showed a disproportion-
ately high signal increase, resulting in dips in the R/M ratio. The occurrences were correlated with the aircraft 
heading and roll angles as well as with the azimuth and elevation angles of the sun. The results of the study 
are illustrated in Figure 11-10 listing the conditions under which a certain number of anomalies occurred. 

From the 25 identified cases, two cases showed no correlation between the background signals and the 
aircraft data or position of the sun. For these cases, which occurred during the first transfer flight from OP to 
Prestwick, both the Rayleigh and Mie background signals were drastically increased over a period of 20 
seconds by a factor of 15 and 60, respectively. This was most likely caused by an electronic failure rather 
than by light being incident on the detectors. For the other 23 cases, a correlation with the sun angles and 
aircraft data was found. Three anomalies appeared during a straight flight, i.e. at a roll angle close to 0°, 
including the case discussed in the previous section. From the remaining 20 cases where the aircraft was 
flying at a roll angle of 20°; most incidents (17) occurred when the aircraft heading and the sun azimuth 
enclosed an angle of (67 ± 7)°. This condition was also fulfilled during the straight flight along Greenland’s 
east coast. Hence, it can be concluded that sun light entered the receiver not only through the bottom 
window via the telescope, but very likely also through one of the side windows of the aircraft. 

 
Figure 11-10: Diagram depicting the different cases of background anomalies during the Wind Val II 
campaign. The numbers of occurrences are given in the circles together with the respective condi-
tions (in black) under which the anomalies occurred. The conditions written on the left-hand side 
apply to all the cases listed beneath. The blue text describes the irregularity observed for the 
Rayleigh (“R”) and Mie (“M”) background signals. 
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The two major causes for the background anomalies are illustrated in Figure 11-11. During right curves or 
circular flight patterns, sun light may be reflected from the surface and fall into the nadir-pointing telescope 
via a reflection on the aircraft bottom window mounting. The probability for such sun glint effects is especially 
large during response calibrations, as they are preferentially performed over high-albedo surfaces and under 
cloud-free conditions. For the calibration on 28/09 discussed in section 11.1.1, geometrical considerations 
suggest that sun light was possibly reflected from the sloped edge of the Vatnajokull glacier and directed into 
the telescope, as displayed in Figure 11-11 (a). Even in the case of low surface albedo, e.g. during the 
response calibrations on 15/10 over northern Iceland, it was observed that sun light illuminated the border of 
the bottom window at times when the anomalies were detected in the R/M ratio (Figure 11-11 (b)). 

The second origin of stray light on the detector can be attributed to sun light entering the aircraft cabin 
through the left side window closest to the front of the Falcon, as sketched in Figure 11-11 (c). If the heading 
angle is such that it forms angle of about 67° with the sun azimuth angle, light hits the mirror which reflects 
the light collected by the telescope into the OBA (Figure 11-11 (d)). Consequently, under particular heading 
angles, sun light is guided into the OBA where it is incident on the Rayleigh and/or Mie ACCD(s). The fact 
that the relative signal enhancement differs between the two detection channels depending on the sun 
altitude (see Figure 11-10) might be explained with the polarization- and angle-dependent transmission of 
the narrowband filter in front of the OBA, leading to different s- and p-polarized portions of light that are then 
directed to the Rayleigh and Mie spectrometers via a polarizer. Despite the insignificant impact of stray light 
on the recorded signals, the cabin window will remain shut during the research flights of future airborne 
campaigns to avoid anomalies introduced by the second cause. The first cause, however, cannot be 
eliminated for obvious reasons. 

The study has demonstrated that the ratio of the Rayleigh to Mie background signals is a useful parameter 
for monitoring the lidar performance, since deviations from a constant level indicate irregular behaviour of the 
instrument or anomalous measurement conditions. 

  

  
Figure 11-11: Causes for enhanced background signals: The figures on top depict the origin of light 
entering the telescope through the bottom window, e.g. by reflection of sun light from the edge of a 
glacier or mountain (a). The camera picture (b) was taken through the bottom window of the Falcon 
aircraft during a response calibration on 15/10/2016, 17:11:50 UTC, showing stray light at the frame of 
the window on the upper right side of the photo. In addition, sun light can be accidently guided 
towards the receiver after entering through the side window of the Falcon aircraft at certain sun 
azimuth angles with respect to the aircraft heading (c,d). 

(a) 

(c) 

(b) 

(d) 
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 Correlation of the background data with solar radiance measurements 11.2
 

Aside from the analysis of anomalies, the A2D background signals were also studied in terms of their 
potential for quantifying surface and cloud reflections. For this purpose, the background data was correlated 
with measurements of the spectral upward radiance, i.e. the radiation flux per unit area, solid angle and 
spectral bandwidth, obtained with the Spectral Modular Airborne Radiation measurement System (SMART) 
on-board HALO. SMART was developed by the Leipzig Institute for Meteorology (LIM) and solar spectral 
measurements of upward and downward irradiance and upward radiance in the wavelength range from  
0.3 µm to 2.2 µm. The schematic setup of the instrument which is extensively described in Wendisch et al. 
(2001) is illustrated in Figure 11-3. 

The radiation is collected by four optical inlets and transferred by optical fibres to two types grating spec-
trometers dispersing the incident radiation, which is then detected by a single-line photodiode array. While 
the visible to near-infrared (VNIR) spectrometer, used for the spectral range from 300 nm to 1000 nm, has a 
spectral resolution of about 2 - 3 nm (FWHM), the bandwidth in the short-wave infrared (SWIR) region is 9 -
15 nm. The radiance optical inlet of SMART has an opening angle of 2° (35 mrad) and is nadir looking, while 
the sampling time is 0.5 s (Wolf et al. 2017). 

The A2D background signals are recorded in the spectral region around 355 nm with a bandwidth of 1.0 nm 
(FWHM) which is determined by the transmission properties of the UV filter at the entrance of the receiver. 
Hence, the SMART spectra were processed such that the spectral upward radiance around 355 nm was 
obtained. Since this spectral region is at the edge of the specified wavelength range of the instrument where 
the sensitivity is rather low, the absolute values have a relatively large uncertainty of >10%, compared to 
5.4% in the visible range (Wolf et al. 2017). 

 

 Collocated flight leg on 21 September 2016 11.2.1
 

The comparison between the A2D background signals with the SMART data was carried out for two 
coordinated flight legs of the Falcon and HALO aircraft on 21/09 and 23/09. The flight tracks are illustrated in 
Figure 11-13 together with satellite images taken on the two days. 

 

  

Figure 11-12: Picture (left) and schematic setup (right) of the SMART instrument consisting of two 
spectrometers for measuring the upward (F↑) and downward irradiance (F↓) as well as the upward 
radiance (I↑) (INS: Inertial Navigation System; source: http://home.uni-leipzig.de/strahlen/web/general 
/en_index.php?goto=measurements#SMART). 

http://home.uni-leipzig.de/strahlen/web/general/en_index.php?goto=measurements#SMART
http://home.uni-leipzig.de/strahlen/web/general/en_index.php?goto=measurements#SMART
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Figure 11-13: Tracks of the HALO (red) and Falcon aircraft (blue) during coordinated flights on 
21/09/2016 (left) and 23/09/2016 (right). 

 

The Falcon flew ahead of HALO at a distance of about 30 km, so that the scene observed by the A2D was 
recorded by SMART about 150 s later. However, it should be noted that the field-of-view of the A2D 
telescope (0.1 mrad) is much smaller than the 35 mrad opening angle of the SMART instrument. Consider-
ing the aircraft ground speed and the sampling time, the footprint of SMART is 35 m x 220 m for a distance 
of 1000 m between the sensor and cloud surface (Wolf et al. 2017), whereas the footprint of the A2D for this 
distance is approximately 0.2 m x 200 m if the background data is averaged over one second. 

The geolocations of the two aircraft during the collocated flight leg on 21/09 are shown in Figure 11-14. In 
the period from 15:34 UTC to 15:44 UTC the Falcon flew from 67.3°N, 22.4°W to 67.8°N, 25.5°W. The cloud 
conditions of the sampled region were monitored with the GoPro camera. Two images taken during the first 
and second part of the common flight leg are depicted in Figure 11-15, revealing a dense and homogeneous 
cloud cover. Consequently, the recorded A2D background and SMART radiance signals were originated 
from sun light that was reflected from the cloud surface. 

 

 
Figure 11-14: Longitude and latitude of the HALO and Falcon aircraft during the collocated flight leg 
on 21/09/2016 between 15:34 and 15:44 UTC. The geolocation of HALO (dashed lines) was very 
similar to that of Falcon (solid lines), but with a delay of 154 s. The dashed black lines indicate the 
longitude range over which the two aircraft were co-located and which was considered for the 
comparison of the A2D and SMART datasets. 
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Figure 11-15: Camera images taken through the bottom window of the Falcon aircraft during the 
collocated flight leg with HALO on 21/09/2016 at 15:37 UTC (left) and at 15:42 UTC (right). 

The A2D and SMART data obtained from the 10 minutes of measurements along the same flight track are 
depicted in Figure 11-16. The green and blue lines represent the Rayleigh and Mie background signals, 
while the red line shows the spectral upward radiance. The ratio of the Rayleigh to Mie background signal is 
stable at a value around 4 (here: 4.32 ± 0.09), as discussed in section 11.1. 

The measured radiance is in the order of (30 to 60) W∙m-2∙sr-1∙µm-1, which is comparable to the solar 
radiance used in the Astrium Performance Model (76 W∙m-2∙sr-1∙µm-1) as an average value over one orbit of 
Aeolus (AE.TN.ASF.AL.00112, Issue 02, from 30/10/2004). Based on this value, an effective albedo can be 
derived, considering a solar spectral irradiance of 1100 W∙m-2∙µm-1 (at 354.8 nm wavelength) and a solar 
azimuth angle of 75° which is appropriate for 2/3 of the orbit. The irradiance value is stated in ESA´s RMA 
model (JP /06/1994/AC from 1999) and also used as an input parameter for the solar background modelling 
in the E2S. Using the radiance value given in the APM, an effective albedo of 0.8 is calculated which 
appears relatively high. Hence, measurement of the solar radiance based on calibrated A2D/ALADIN 
background signals is of great interest, as it would allow for a better quantification of the surface albedo. 

For the studied flight on 21/09, calibration of the A2D signals to the radiances measured with SMART was 
carried out by correlating the two datasets. In an initial step, the SMART data was interpolated to obtain the 
same number of data points as the A2D along the common leg. Afterwards, the Rayleigh background signal 
and radiance values were compared in pairs for each longitude value. 

 

 
Figure 11-16: A2D Rayleigh (green) and Mie (blue) background signals (interpolated to 1 s intervals) 
for a background integration time of 3750 µs together with the spectral upward radiance at 355 nm 
measured with SMART (red) during the common flight leg of the Falcon and HALO on 21/09/2016 
between 15:34 and 15:44 UTC. 
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Figure 11-17: Scatterplot showing the correlation between the A2D Rayleigh background signal and 
the upward radiance at 355 nm measured with SMART-HALO during the common flight leg of Falcon 
and HALO on 21/09/2016 between 15:34 and 15:44 UTC. 

The scatterplot showing the comparison between the SMART and A2D datasets is displayed in Figure 
11-17, indicating good correlation (R2 = 0.78) with a slope of 0.18 W∙m-2∙sr-1∙µm-1∙LSB-1 and an intercept of 
0.57 W∙m-2∙sr-1∙µm-1. This result underlines the potential of the A2D (and very likely also ALADIN) back-
ground signals for quantifying the solar radiance and, in turn, the albedo of cloud and Earth surfaces. 

 

 Collocated flight leg on 23 September 2016 11.2.2
 
The second common flight leg with HALO for the comparative analysis of A2D and SMART measurements 
took place south of Iceland on 23/09 between 08:48 UTC and 08:48 UTC (flight tracks see Figure 11-13). 
The exact geolocation of the Falcon and HALO are shown in Figure 11-18. Unfortunately, only about half of 
the common leg could be used for the comparison, as the SMART instrument suffered a technical error 
which prevented its operation after 08:25 UTC. Hence, only data collected in the period from 08:08 UTC to 
08:25 UTC was correlated. 

 
Figure 11-18: Longitude and latitude of the HALO and Falcon aircraft during the collocated flight leg 
on 23/09/2016 between 8:08 and 08:48 UTC. The geolocation of HALO (dashed lines) was very similar 
to that of Falcon (solid lines), but with a delay of 201 s. Due to a technical error, no SMART data are 
available after 8:25 UTC. The dashed black lines indicate the longitude range which was considered 
for the comparison of the A2D and SMART datasets. 
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Figure 11-19: Camera images taken through the bottom window of the Falcon aircraft during the 
collocated flight leg on 23/09/2016 at 8:08 UTC (left) and at 8:16 UTC (right). 
 
As opposed to the homogeneous cloud cover encountered during the flight leg on 21/09, the scene on 23/09 
was characterized by patchy clouds and partially clear-air conditions. The situation becomes visible in the 
two exemplary camera images, displayed in Figure 11-19, which were taken at the beginning and towards 
the end of the analysed period. The sporadic appearance of clouds within the field-of-view of the A2D and 
the SMART instruments also manifests in a number of pronounced peaks in the background signal and 
radiance plots, shown in Figure 11-20. Due to the higher albedo (at 355 nm) of cloudy sky (0.65) compared 
to clear sky (0.23) by a factor of 2 to 3 (McGill et al. 1999), the signal levels are increased in case a cloud is 
in the field-of-view of the respective instrument. The width of the peaks is related to the lateral extent of the 
clouds. While more and broader peaks were observed at the beginning of the leg (at longitudes around 
20°W), the occurrence of clouds was less frequent in the second half of the period, in accordance with the 
camera images. Note that the SMART radiance and the A2D background signals are increased by a factor of 
≈ 2 the case of a cloudy sky which is comparable to the change in albedo according to (McGill et al. 1999). 
Hence, calibrated A2D background signals can be exploited for measuring the albedo variability of clouds. 

Owing to the different fields-of-view of the two instruments and the temporal distance between the A2D and 
SMART measurements (about 200 s), the observed peaks differ in terms of peak height, width and location. 
Therefore, the correlation of the two datasets was much lower than for the first flight. In order to avoid large 
outliers in the pairwise comparison, the range of Rayleigh background signals and SMART radiance values 
considered for the correlation was restricted to (35 - 70) LSB and (7 - 11) W∙m-2∙sr-1∙µm-1, respectively. 
Despite this measure, the resulting scatterplot, shown in Figure 11-21, features many outliers leading to a 
correlation coefficient of only R2 = 0.20. Nevertheless, the slope of 0.16 W∙m-2∙sr-1∙µm-1∙LSB-1 agrees well 
with that obtained for the first flight, confirming the applicability of the A2D to measure radiances. 

 
Figure 11-20: A2D Rayleigh (green) and Mie (blue) background signals together with the spectral 
upward radiance at 355 nm measured with SMART (red) during the common flight leg of the Falcon 
and HALO on 23/09/2016 between 08:08 and 08:25 UTC. 
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Figure 11-21: Scatterplot showing the correlation between the A2D Rayleigh background signal and 
the upward radiance at 355 nm measured with SMART during the common flight leg of Falcon and 
HALO on 23/09/2016 between 08:08 and 08:25 UTC. 

 

 Summary of background analysis and recommendations 11.3
 

• It is expected that the ratio of Rayleigh to Mie solar background signal is constant for different atmospher-
ic scenes, because it only depends on the different spectral bandwidth for both channels. A Rayleigh-to-
Mie-ratio of around 4-4.5 is obtained or the A2D. 25 anomalies in this ratio were identified during the 
WindVal II campaign, occurring both in response calibrations and wind scenes. They are related to dis-
proportional signal enhancements in the Rayleigh and/or Mie channel. 

• The signal enhancement is uniform over all 16 pixels of the ACCD(s) and is in the order of 100 LSB/pixel 
over an integration time of 3750 µs, suggesting that stray light is the underlying reason. 

• The impact on the internal reference and atmospheric signals is negligible, since the signal enhancement 
is as small as 0.1 LSB/pixel over an integration time of 4.2 µs. 

• A systematic analysis showed a correlation with the heading and roll angle of the aircraft as well as with 
the sun azimuth and altitude, revealing that the anomalies occurred when sun light entered the receiver 
through the telescope via the bottom window (which cannot be avoided) or directly via one of the side 
windows of the aircraft (which can be avoided). 

• The comparison of A2D background signals with solar radiance data obtained from SMART on-board 
HALO showed good correlation (R² > 0.7 for homogeneous cloud cover), thus demonstrating the potential 
of A2D background data for measuring surface and cloud reflectance. The Rayleigh channel background 
measurements are more suitable than the Mie channel, because of its larger spectral bandwidth for solar 
background signals. A slope of 0.16 – 0.18 W∙m-2∙sr-1∙µm-1∙LSB-1 was found for the conversion of Ray-
leigh background signals. 

• An enhancement of the A2D background signal by a factor of 2-3 was observed in the presence of 
clouds, which is in line with expectations from literature, and was also observed with SMART. Due to the 
different FOV of A2D and SMART and the temporal-spatial separation of both aircraft, the peaks in solar 
background measured by A2D and SMART could not be exactly correlated for a scene with broken cloud 
conditions. But the amplitude of the cloud peaks from the solar background measurements in the A2D 
and SMART have a similar magnitude. 
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Recommendations 

• The presumed reasons for the observed A2D background anomalies should be verified during the next 
airborne campaign. The side windows should be shut during flights, especially when the sun altitude is 
low. 

• The ratio of the Rayleigh to Mie background signal intensity from Aeolus should be investigated, as it is a 
useful parameter for monitoring the performance of the instrument, particularly for spotting anomalies on 
the detector or stray light issues. This ratio, which is between 4 and 4.5 for the A2D spectrometers, does 
only depend on the spectral bandwidths of the RSP and MSP and not on the atmospheric scene. 

• In case that the ratio shows anomalies, it should be investigated, if all 16 (or 20) ACCD pixels from the 
solar background range gate show enhanced signals levels, or if only the signal in the Rayleigh spots or 
parts of the Mie signal pixels are enhanced. In the case that all pixels are affected, this is an indication of 
stray light, as this light is transmitted to the ACCD without passing the spectrometers. It should be noted, 
that stray light can be depolarized, which can result in different transmission behaviour for the optical 
path, and can result in different influences for the MSP and RSP. 

• Additional coordinated flights with HALO carrying the SMART instrument should be performed, preferably 
with high ground visibility and over surfaces with different albedo, to calibrate the A2D and ALADIN 
background signals to the measured solar radiance. In addition, scenes with homogenous cloud cover, 
e.g. stratocumulus clouds over larger horizontal areas, e.g. several 100 km are preferred targets for solar 
background calibration. The Rayleigh background measurements are more suitable for calibration due to 
its larger spectral bandwidth and thus higher signal levels. These underpasses of Aeolus with SMART on 
HALO should be complemented by spectral radiance transfer modelling of the atmospheric scene. This 
would allow deriving new, geophysical spin-off products for Aeolus and A2D. 

• Variations of the albedo from different surfaces (ice, land, ocean) and clouds could be studied with the 
use of the calibrated Aeolus solar background measurements in case the solar azimuth angle is known. 
This could be combined with ground return signal measurements (from the lidar range bins) in case of 
land and ocean surfaces. 
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 Ground signal analysis using WindVal I data 12
 

This chapter summarises results obtained from an analysis of ground return signals of WindVal I data in 
2015. This data was analysed and discussed in Weiler (2017), and was only available after the release of the 
WindVal I Final Report (DLR 2017b). It is included here, because it contains relevant results and methods 
also for WindVal II. In addition, a comparable analysis could not be performed with WindVal II data from 
2016, because of the lack of sufficient ground returns with high albedo over varying surface elevation, as 
available from the Greenland flights in 2015. Taking into account certain characteristics of A2D and ALADIN 
ground echoes and based on the ground detection method introduced in section 9.1, the use of ground 
echoes to correct for systematic error sources is discussed. In the beginning, a first approach using A2D 
ground elevation measurements to correct for pointing errors is introduced followed by an analysis of Zero 
Wind Correction (ZWC) results. In the end, a possibility of using ground echoes to characterise the range 
gate overlap effects is shown.  

An overview of the measurements flights used for the following analysis is shown in Figure 12-1. 

 

 
Figure 12-1: Flight tracks on 16/05/15 15:33-15:55 (blue), 16/05/15 19:46-20:01 (red), 19/05/15 13:42-
14:15 (green), 22/05/15 00:49-01:20 and 22/05/15 01:22-01:48 (both in black) used for the WindVal I 
ground signal analysis. 
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 A2D pointing corrections 12.1
 

Exact knowledge of the pointing direction is of importance to derive accurate wind speeds since wrong 
pointing results in a dislocation of the range bins, false intersection of the laser beam with earth’s surface 
and a wrong determination of the aircraft-induced LOS velocity. Since the mounting geometry of the DWL 
within the aircraft makes up an important point of the pointing accuracy, the A2D mounting angles have to be 
determined with a large degree of accuracy. The representation of the A2D-LOS vector 𝑝𝑝𝐿𝐿𝐿𝐿𝑆𝑆 in the geodetic 
coordinate system (GCOS) can be described as follows: 
 

𝑝𝑝𝐿𝐿𝐿𝐿𝑆𝑆,𝐺𝐺𝐺𝐺𝐿𝐿𝑆𝑆 =  𝑇𝑇𝐺𝐺𝐺𝐺𝐿𝐿𝑆𝑆𝑀𝑀𝐺𝐺 (𝛼𝛼𝑀𝑀𝐺𝐺 ,𝛽𝛽𝑀𝑀𝐺𝐺 , 𝛾𝛾𝑀𝑀𝐺𝐺) ∙ 𝑝𝑝𝐿𝐿𝐿𝐿𝑆𝑆,𝑀𝑀𝐺𝐺(𝛼𝛼𝑀𝑀2𝐷𝐷 ,𝛽𝛽𝑀𝑀2𝐷𝐷 , 𝛾𝛾𝑀𝑀2𝐷𝐷). 
 

where 𝑇𝑇𝐺𝐺𝐺𝐺𝐿𝐿𝑆𝑆𝑀𝑀𝐺𝐺 is the transformation matrix to transform 𝑝𝑝𝐿𝐿𝐿𝐿𝑆𝑆from the aircraft (AC) fixed coordinate frame to the 
geodetic coordinate frame and 𝑝𝑝𝐿𝐿𝐿𝐿𝑆𝑆,𝑀𝑀𝐺𝐺 is the representation of 𝑝𝑝𝐿𝐿𝐿𝐿𝑆𝑆 in the AC fixed frame. 𝛼𝛼𝑀𝑀𝐺𝐺 ,𝛽𝛽𝑀𝑀𝐺𝐺 , 𝛾𝛾𝑀𝑀𝐺𝐺 describe 
the aircraft’s roll, pitch and heading angles which are provided for each A2D measurement by the Inertial 
Reference System on board the Falcon. The angles 𝛼𝛼𝑀𝑀2𝐷𝐷 ,𝛽𝛽𝑀𝑀2𝐷𝐷 , 𝛾𝛾𝑀𝑀2𝐷𝐷 describe the mounting geometry of the 
A2D telescope within the Falcon. From the equation it can be seen that the accuracy of the representation of 
𝑝𝑝𝐿𝐿𝐿𝐿𝑆𝑆 depends on the aircraft’ roll, pitch and heading angles and the mounting angles which are fixed 
variables with 𝛼𝛼𝑀𝑀2𝐷𝐷 = 20°, 𝛽𝛽𝑀𝑀2𝐷𝐷 =  −2° and 𝛾𝛾𝑀𝑀2𝐷𝐷 = 90°. Those values should be determined after each 
integration into the aircraft and should be known to an accuracy of a tenth of a degree. Apart from the 
influence on the aircraft induced LOS velocity, 𝑝𝑝𝐿𝐿𝐿𝐿𝑆𝑆 also strongly influences the instrument’s ranging. Thus, 
the ranging information, i.e. measurements of the ground elevation, can be used to find an optimum set of 
mounting angles. Therefore, an exact knowledge of the ground elevation is necessary which is difficult due 
to the coarse range resolution of the A2D. 

To overcome this problem, a simple method to improve the accuracy of the ground elevation by calculating a 
mean weighted ground return elevation ℎ𝐺𝐺𝐺𝐺����� from the signal intensities 𝐼𝐼 and the elevation to the bin centre ℎ 
was introduced by Marksteiner (2013): 

ℎ𝐺𝐺𝐺𝐺����� =
∑ 𝐼𝐼(𝑖𝑖) ∙ ℎ(𝑖𝑖)𝑖𝑖𝑔𝑔,𝑚𝑚𝑝𝑝𝑚𝑚𝑡𝑡
𝑖𝑖𝑔𝑔,𝑓𝑓𝑖𝑖𝑝𝑝𝑚𝑚𝑡𝑡

∑ 𝐼𝐼(𝑖𝑖)𝑖𝑖𝑔𝑔,𝑚𝑚𝑝𝑝𝑚𝑚𝑡𝑡
𝑖𝑖𝑔𝑔,𝑓𝑓𝑖𝑖𝑝𝑝𝑚𝑚𝑡𝑡

 

The indices of the sums in the equation above range from the first detected ground to the last ground bin. 
This linear approach is valid for the Mie channel as the Mie fringe covers all 16 ACCD lines and it is not fully 
valid for the Rayleigh channel due to the S-shaped Rayleigh overlap function. The accuracy and precision of 
this approach for ground signals located in the overlap regions within two consecutive ground bins is found 
to be 55 m and 53 m, respectively (Marksteiner 2013). 

Figure 12-2 shows the flight track and the corresponding intensities for the Mie channel for the flight on 
21/05/2015. It can be seen that the ground covers several range bins and thus also several range overlap 
areas. In the bottom plot weighted ground return elevations for both channels are compared to the reference 
values of the 2-µm DWL and the ACE V2 DEM (Berry et al. 2010). There, the default values for the mounting 
angles with 𝛼𝛼𝑀𝑀2𝐷𝐷 = 20°, 𝛽𝛽𝑀𝑀2𝐷𝐷 =  −2° and 𝛾𝛾𝑀𝑀2𝐷𝐷 = 90° are used to calculate the mean weighted ground return 
elevations. The plot shows that for measurements where the ground is located in the range gate overlap 
between two range gates (measurement sections #1200 - #2300 and #2800 - #3200), the Mie ground return 
elevations compare apart from a constant offset quite well with the ground references. This offset is probably 
the result of an error in the assumed initial mounting angles. As expected, the overlap areas of the Rayleigh 
channel are much shorter and the terrain elevation cannot be captured precisely with the Rayleigh weighted 
ground return elevation. 

In order to correct the ranging offset, an optimised set of mounting angles is determined by minimising the 
mean absolute deviation between the Mie ground return elevation and the ground reference for measure-
ment sections where the ground is located in the range gate overlap area of two adjacent range bins. To find 
an optimised set of mounting angles, all three mounting angles (starting with the roll angle 𝛼𝛼𝑀𝑀2𝐷𝐷) are varied 
within a  range of ±3° around the initially assumed mounting angles while analysing the mean absolute 
deviation between the ground return elevation for the Mie channel and the ground reference. The set of 
angles is selected for which the deviation between ground reference and Mie elevation is the smallest. 
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Figure 12-3 shows mean weighted ground return elevations calculated using an optimised set of mounting 
angles with 𝛼𝛼𝑀𝑀2𝐷𝐷 = 19.47°, 𝛽𝛽𝑀𝑀2𝐷𝐷 =  −2.12° and 𝛾𝛾𝑀𝑀2𝐷𝐷 = 91.24° as found from the optimisation. Mie measure-
ment sections used for the optimisation are highlighted yellow. Comparing both figures shows an almost 
vanishing offset between selected Mie elevations and ground reference for the case where the optimised set 
of mounting angles is used. 

The results of the mounting angle optimisation are summarized in Table 12-1. It can be found that the roll 
angle 𝛼𝛼𝑀𝑀2𝐷𝐷is in a range between 19.13° and 19.79° with a mean value of 19.53° and a standard deviation of 
0.19°. Compared to that the spread in the yaw angle 𝛾𝛾𝑀𝑀2𝐷𝐷 is higher with a standard deviation of 0.76° around 
a mean value of 90.18°. The pitch angle 𝛽𝛽𝑀𝑀2𝐷𝐷 varies between -1.80° and -2.58° resulting in a standard 
deviation of 0.20° around a mean value of 2.14°. The corresponding range difference between the initially 
assumed and optimised set of mounting angles is in a range between 12.4 m and 44.9 m. From that 
analysis, a mean set of mounting angles with 𝛼𝛼𝑀𝑀2𝐷𝐷 = 19.53°, 𝛽𝛽𝑀𝑀2𝐷𝐷 =  −2.14° and 𝛾𝛾𝑀𝑀2𝐷𝐷 = 90.18° representative 
for the WindVal I campaign could be derived.  

The contour plots of Figure 12-4 intend to illustrate the sensitivity of changes in the ranging towards 
modifications of the roll, pitch and yaw angles. It can be seen that an adjustment of 𝛼𝛼𝑀𝑀2𝐷𝐷 of 0.3° leads to a 
range difference of 18 m whereas the sensitivity of 𝛽𝛽𝑀𝑀2𝐷𝐷 is much lower indicated by the small slope of the 
contour lines. A change of 0.6° in 𝛽𝛽𝑀𝑀2𝐷𝐷 results in a range difference of only about 2 m. According to the right 
plot of Figure 12-4 the sensitivity is of 𝛾𝛾𝑀𝑀2𝐷𝐷 is even lower than of 𝛽𝛽𝑀𝑀2𝐷𝐷 since a modification of 𝛾𝛾𝑀𝑀2𝐷𝐷 from 90.7° 
to 91.3° only changes the range from the instrument of about 1 m. 

The results suggest that the optimisation works quite well to the find the optimum roll angle. Thereby, the 
standard deviation of 0.19° probably corresponds to the precision in the determination of the mean weighted 
ground return elevation. Limitations of the method presented arise from the low sensitivity of the ranging 
towards changes in 𝛾𝛾𝑀𝑀2𝐷𝐷 and 𝛽𝛽𝑀𝑀2𝐷𝐷. The algorithm starts with the selection of the optimum 𝛼𝛼𝑀𝑀2𝐷𝐷 and then 
selects 𝛽𝛽𝑀𝑀2𝐷𝐷 and 𝛾𝛾𝑀𝑀2𝐷𝐷 with the lowest mean absolute deviation to the reference elevation (indicated by the 
white triangles in Figure 12-4). It is easy to imagine that there exist further possible solutions for the 
optimum 𝛾𝛾𝑀𝑀2𝐷𝐷and 𝛽𝛽𝑀𝑀2𝐷𝐷 for which the mean absolute deviation also approaches zero. In order to improve the 
accuracy of the optimisation, the additional use of land surface speed measurements could be considered 
but from the analysis of the WindVal I ZWC speeds it became obvious that wind speeds are too erroneous 
for this purpose (see next chapter). Nevertheless, the findings of this first A2D mounting angle optimisation 
approach are promising to find the optimum roll angle which also has the largest impact on the A2D ranging. 
The optimisation is also an important constituent of the satellite mission. It can be expected that strong 
vibrations during launch and changes in the telescope and AOCS (Attitude and Orbit Control System) sensor 
LOS due to outgassing in the first weeks in orbit will influence the ALADIN mounting offset angles. This is 
why an assessment of the mounting angles is necessary in the beginning of the Aeolus mission. Therefore, 
the method demonstrated herein provides a useful approach also for Aeolus. 
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Figure 12-2: Top: Flight track of the measurement flight on 21/05/15. The analysed flight section is 
highlighted green on top of the GETASSE30 DEM. Middle: Corresponding intensities for the Mie 
channel per measurement (x-axis) and range bin (y-axis). Bottom: Weighted ground return elevation 
for the Mie (green) and Rayleigh channel (red) calculated using the initial assumed set of mounting 
angles with 𝜶𝜶𝑨𝑨𝑨𝑨𝑨𝑨 = 𝑨𝑨𝟐𝟐°, 𝜷𝜷𝑨𝑨𝑨𝑨𝑨𝑨 =  −𝑨𝑨° and 𝜸𝜸𝑨𝑨𝑨𝑨𝑨𝑨 = 𝟗𝟗𝟐𝟐°. 2-µm DWL and ACE V2 DEM elevations are 
shown by black and blue lines, respectively. 
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Figure 12-3: Weighted ground return elevation for the Mie (green) and Rayleigh channel (red) 
calculated using an optimised set of mounting angles with 𝜶𝜶𝑨𝑨𝑨𝑨𝑨𝑨 = 𝟏𝟏𝟗𝟗.𝟒𝟒𝟒𝟒°, 𝜷𝜷𝑨𝑨𝑨𝑨𝑨𝑨 =  −𝑨𝑨.𝟏𝟏𝑨𝑨° and 
𝜸𝜸𝑨𝑨𝑨𝑨𝑨𝑨 = 𝟗𝟗𝟏𝟏.𝑨𝑨𝟒𝟒°. 2-µm DWL and ACE V2 DEM elevations are shown by black and blue lines. 

 

Table 12-1: Optimised set of mounting angles and the resulting range difference between the initial 
assumed mounting angles and the optimum set derived for selected measurements sections using 
the given ground elevation reference data set. 

Flight Measurement 𝜶𝜶𝑨𝑨𝑨𝑨𝑨𝑨[°] 𝜸𝜸𝑨𝑨𝑨𝑨𝑨𝑨 [°] 𝜷𝜷𝑨𝑨𝑨𝑨𝑨𝑨 [°] Range 
difference [m] Reference 

16/05/15 

19:46-20:01 
100 - 250 19.67 89.25 -2.10 16.8 2-µm 

16/05/15 

19:46-20:01 
400 - 500 19.46 89.40 -2.58 32.0 2-µm 

16/05/15 

19:46-20:01 
650 - 750 19.79 89.67 -2.16 12.4 2-µm 

19/05/15 

13:42-14:15 
0 - 600 19.61 89.83 -2.01 20.4 sea level 

22/05/15 

00:49-01:20 
200 - 400 19.47 91.24 -2.12 28.1 2-µm 

22/05/15 

00:49-01:20 
1700 - 1900 19.13 91.00 -2.21 44.9 2-µm 

22/05/15 

00:49-01:20 
3000 - 3100 19.44 91.15 -2.15 31.4 2-µm 

22/05/15 

01:22-01:44 
1800 - 1900 19.67 89.92 -1.80 21.0 sea level 

       

Mean - 19.53 90.18 -2.14 25.9 - 

STD - 0.19 0.76 0.20 10.4 - 
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Figure 12-4: Left: Contour plot of the mean absolute deviation between the Mie weighted ground 
return elevation and the 2-µm elevation (coloured) obtained from flight on 22/05/15 (measurement 
section 200 – 400) for a constant yaw angle 𝜸𝜸𝑨𝑨𝑨𝑨𝑨𝑨 = 𝟗𝟗𝟏𝟏.𝑨𝑨𝟒𝟒°as a function of the pitch angle 𝜷𝜷𝑨𝑨𝑨𝑨𝑨𝑨 (x-
axis) and the roll angle 𝜶𝜶𝑨𝑨𝑨𝑨𝑨𝑨(y-axis); the white triangle indicates the optimised set of 𝜷𝜷𝑨𝑨𝑨𝑨𝑨𝑨 and 𝜶𝜶𝑨𝑨𝑨𝑨𝑨𝑨. 
Right: Same as the left plot except that the mean absolute deviation from the 2-µm is shown as a 
function of 𝜸𝜸𝑨𝑨𝑨𝑨𝑨𝑨(x-axis) and 𝜶𝜶𝑨𝑨𝑨𝑨𝑨𝑨(y-axis) for constant pitch angle 𝜷𝜷𝑨𝑨𝑨𝑨𝑨𝑨 = −𝑨𝑨.𝟏𝟏𝑨𝑨°; the white triangle 
indicates the optimum set of 𝜸𝜸𝑨𝑨𝑨𝑨𝑨𝑨 and 𝜷𝜷𝑨𝑨𝑨𝑨𝑨𝑨. 

 

 Zero Wind Correction 12.2
 

Ideally, the measured LOS velocity of the ground should be zero after subtracting the aircraft induced LOS 
velocity. But that’s only the case if platform attitude and velocity is perfectly known, if there are no systematic 
errors concerning the wind retrieval of the instrument and if there is no atmospheric contamination of the 
ground signals. Residuals of the ground speed after subtracting the aircraft induced LOS velocity are called 
zero wind speed and can be used to correct the measured LOS wind speeds for systematic errors. As the 
A2D zero winds speeds are affected by outliers, an outlier removal is applied to the zero wind speeds. 
Therefore, only zero wind speed values located in a predefined interval around the mean are defined as valid 
measurements. The interval is chosen to be one standard deviation which ensures a strict removal of 
outliers. To minimise the effect of noise the zero wind speed value used for the wind speed correction is 
calculated from the mean of a number of observations.  

Figure 12-5 a) – d) shows zero wind speed values on observation level for both channels (green for Mie and 
red for Rayleigh) for selected WindVal I flights. The red and green squares indicate the valid, outlier-
corrected zero wind speed measurements. Figure 12-5 (a) depicts a case where measurements are 
performed above ice surface. The plot shows that the values for the Mie channel are mostly positive whereas 
the Rayleigh zero wind speeds are negative. It seems that Mie and Rayleigh values are well correlated as 
both show a similar pattern throughout the whole flight leg. The same is true for (c) which is obtained from 
measurements performed above ice surface. Figure 12-5 (b) and (d) show examples of flight legs where a 
transition of the ground surface from ice to sea surface occurs changing the albedo from values close to one 
to values close to zero. 

According to (b) the surface changes at observation number 60. Up to that, the zero wind speed values for 
both channels show a rather smooth pattern from this point on the absolute values of the Rayleigh channel 
start to drop from -3 m·s-1 to -25 m·s-1 and the level of noise increases. Unlike the Rayleigh channel, the Mie 
channel is not affected significantly by the surface albedo change. This suggests that there is no problem 
with the determination of the aircraft induced velocity and also marine currents and sea waves cannot be 
considered as cause. Consequently, it is assumed that the increasing atmospheric influence as the albedo 
decreases is the cause of this effect. The same effect is observed for the flight depicted in (d). Thereby, the 
ground surface changes at observation number 30 from ice to water. Again, the zero wind speed values for 
the Rayleigh channel significantly change whereas the Mie values stay constant. 
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Besides the influence of the atmosphere on zero wind speeds, variability of the zero wind speeds also arises 
from a fluctuation of the internal reference frequency. Figure 12-6 shows the difference between the “true” 
frequency measured by the wavemeter and the internal reference frequency for the flight performed on 
22/05/15 00:49-01:20. The corresponding zero wind speeds are shown in Figure 12-5 (c). Comparing the 
internal reference variability with zero wind speeds reveals that the zero wind speeds are clearly influenced 
by the internal reference variability. The frequency difference between wavemeter and internal reference and 
the zero wind speeds show a high correlation and also the magnitude of the zero wind speed changes 
corresponds to the magnitude of the internal reference variability. This makes clear that zero wind correction 
is rather difficult as long as this variability in the internal reference is not reduced. 

Figure 12-7 provides an overview of the zero wind speeds results of the WindVal I campaign. This figure 
shows zero wind speeds for both channels per observation in dependence of the ground surface. In general, 
the standard deviation of the of zero wind speeds of both channels is also for ice surfaces rather large 
ranging from 0.48 m·s-1 to 1.12 m·s-1 per observation. This is due to the variability of the internal reference. 
The standard deviation of the Rayleigh zero wind speeds increases when the atmospheric contamination 
becomes important. So, the variability of the Rayleigh zero wind speeds is then influenced by the internal 
reference variability and the atmospheric contamination leading to standard deviations up to 2.23 m·s-1 per 
observation. 

With regards to Aeolus, the results suggest that zero wind speed values obtained from low albedo surfaces, 
should not be used a zero wind reference due to the atmospheric influence on the ground signals. Moreover, 
the results reveal a fundamental problem of the A2D instrument, namely the performance of the internal 
reference. Before applying proper bias correction using zero wind speeds, the problem with the internal 
reference needs to be fixed. This problem most likely arises from speckle noise introduced by the transport 
of the internal reference signal from the laser to the front optics through multimode optical fibres. This issue 
is discussed in detail in (DLR 2016c) as well as in section 10.2.3. 
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Figure 12-5: Zero wind speed values (dashed lines) for the Mie (green) and Rayleigh (red) channel per 
observation for WindVal I flights on 16/05/15 19:46-20:01 (a), 19/05/15 13:42-14:15 (b), 22/05/15 00:49-
01:20 (c) and on 22/05/15 01:22-01:48 (d). Valid zero wind speed values after filtering are indicated by 
green and red squares for the Mie and Rayleigh channel, respectively. 

 

 
Figure 12-6: Difference between wavemeter and internal reference frequency for the Mie (green) and 
Rayleigh channel (red) per observation for WindVal I flight on 22/05/15 00:49-01:20, corresponding to 
case c; one vertical tick is used every 10 MHz (1.8 m·s-1 LOS). 
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Figure 12-7: Zero wind speed values for the Mie (green) and Rayleigh channel (red) per observation 
for WindVal I flights on 16/05/15 19:46-20:01, 19/05/15 13:42-14:15, 22/05/15 00:49-01:20 and on 
22/05/15 01:22-01:48. Zero wind speed values obtained from sea surfaces are indicated as solid 
circles and from ice surfaces as open circles. The length of the vertical bars corresponds to ±1 STD 
and the tick in the middle of bar indicates the mean value of the zero wind speed observations. 

 

 Characterisation of range gate overlap 12.3
 

As discussed in section 9.1 an overlap in the order of 1.0 µs between two subsequent range gates occurs. 
For one particular WindVal I flight, it was possible to characterise this range gate overlap for both channels 
using ground return signals. During the flight leg on 22/05/15 from 00:49 to 01:20 above the Greenland ice 
sheet, the albedo was constantly high which ensured high signal intensities. Moreover, the flight altitude of 
the Falcon remained constant while the ground elevation changed from about 3 km to 2 km. Through that, 
the ground passed several range bins and thus also several range gate overlap regions. The corresponding 
flight track and intensity plot of the Mie channel is shown in Figure 12-2.  

Figure 12-8 a) and b) show Mie and Rayleigh intensities as a function of the atmospheric contamination ΔH 
(difference between bin top altitude and ground reference (in this case 2-µm ground altitude)) for the first 
(black), second (red), third ground bins (blue) and the sum of all ground bins (green). Basically, this 
approach of visualising ground intensities indicates the movement of the ground signal through the range 
bins which allows for a characterisation of the range gate overlap effect. From Figure 12-8 (a) it can be seen 
that the Mie overlap area spans about 220 m as the second ground bin intensity starts at a ΔH value of 
200 m and the first ground bin ends at ΔH = 420 m indicating that the Mie overlap has a length of 220 m 
(420 m – 200 m). This result suggests that the Mie overlap takes longer than the initially assumed  
1.0 – 1.1 µs (DLR 2010) as the measured overlap corresponds to 1.3 µs – 1.5 µs. This can probably be 
attributed to the peak-to-peak laser timing jitter which was monitored with an oscilloscope yielding a root 
mean square value of 100 ns (DLR 2010). 

Secondly, Figure 12-8 (a) indicates the range gate length. At ΔH = 315 m the intensity is equally distributed 
between the first and second range gate marking the end of the first ground bin and the intensity starts to 
increase in the third range gate at ΔH = 500 m having the same intensity as the second ground bin at about 
ΔH = 630 m which defines the end of the second ground bin. This leads to a range gate length of 315 m 
(630 m – 315 m) which corresponds to the integration time of the high resolution bins of 2.1 µs. Apart from 
that, this figure clearly emphasises the necessity of summing up intensities from all three ground bins in 
order to have ground signals unaffected by the range gate overlap (indicated by green dots). Figure 12-8 (b) 
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illustrates the same as (a) but for Rayleigh intensities. As expected the Rayleigh overlap functions are 
shorter and steeper than the Mie overlap functions. The intensity of the second ground bin starts to increase 
at ΔH = 290 m and levels off at ΔH = 350 m. The fact that the second ground bin already shows low signal 
intensities starting at ΔH = 200 m can be explained by noise and “ghost images” on the Rayleigh ACCD. The 
thereby measured range gate overlap of 60 m (0.4 µs) also tends to be a bit longer than the Rayleigh overlap 
time of 0.3 µs (40 m range) derived by DLR (2010). Once again, summing up the intensities from all the 
ground bins ensures constantly high ground signal intensities without range gate overlap effects. 

Figure 12-8 (c) and (d) show the corresponding responses for the Mie and Rayleigh channel. From (c) it can 
be observed that the tilt of the Mie fringe has to be nonlinear and asymmetrical. The response of the second 
ground bin starts with a value of about 6.3 pixels at ΔH = 200 m which stays constant throughout the 
beginning of the overlap zone and starts to increase at ΔH = 320 m reaching a value of 7.0 pixels in the non-
overlap region. At the start of the overlap region between the second and the third ground, the Mie response 
of the second ground bin only increases by 0.5 pixels from 7.0 to 7.5 pixels. This indicates the nonlinearity of 
the Mie fringe with a steeper tilt for the bottom half than for the upper half of the fringe. The response value 
calculated from the summed up ground intensities shows a smooth pattern with a mean value of 7.1 pixels. 
Thus, the total vertical tilt of the fringe on the Mie ACCD (over 16 pixels) is in the order of 0.5 pixels to 0.7 
pixels (horizontal), which corresponds to 50 – 70 MHz.  

Figure 12-8 (d) displays the same as (c) but for Rayleigh responses. At the beginning of the overlap region 
between the first and second ground bin at ΔH = 290 m, the Rayleigh response shows higher values of up to 
0.2 a.u. for the second ground bin than for the first ground bin due to the non-uniform Rayleigh filter spot 
positions. The negatives response values starting at ΔH = 200 m are linked to the low intensities as shown in 
(b) and can, therefore, be considered as noise. The same is true for the negative response values of the 
third ground bin between ΔH = 500 m and ΔH = 600 m. Only the calculation of the Rayleigh response from 
the summed up ground intensities assures useful response values for the ground with a mean value of 
0.013 a.u. The effect of the vertical displacements of the Rayleigh spots results in a maximum response 
error of 0.2 a.u., which corresponds to 400 MHz (for a sensitivity of 5∙10-4/MHz). 

These findings are also of importance for Aeolus since this method is a useful tool to characterise the range 
gate overlap effect and a possible timing jitter of the data acquisition wrt. laser pulse emission.  In further 
consequence it also could be used to better describe the Mie fringe and Rayleigh spot characteristics for 
both intensity and response. 
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Figure 12-8: a): Intensities of the Mie channel (y-axis) for the first (black), second (red), third (blue) 
and the intensity sum of all ground bins (green) as a function of ∆𝑯𝑯 in terms of vertical height (x-
axis). b): The same as in (a) but for Rayleigh intensities. c): Mie responses for the first (black), 
second (red), third (blue) and the response value calculated from the intensity sum of all ground bins 
(green) as a function of ∆𝑯𝑯 in terms of vertical height. d): The same as in (c) but for Rayleigh 
responses. 

 

 Summary of ground signal analysis and recommendations 12.4
 
• Ground returns obtained during WindVal I were analysed in order to develop methods adapted to the 

special characteristics (e.g. coarse range gate resolution and atmospheric contamination of the ground 
returns) of the A2D and ALADIN to correct for systematic errors in the wind retrieval. 

 
• For the first time, the use of A2D ground echoes to correct for instrument pointing errors was demonstrat-

ed. Thereby, the three angles (roll, pitch and yaw) 𝛼𝛼𝑀𝑀2𝐷𝐷 , 𝛽𝛽𝑀𝑀2𝐷𝐷  𝑎𝑎𝑎𝑎𝑎𝑎 𝛾𝛾𝑀𝑀2𝐷𝐷 which describe the mounting 
geometry of the A2D within the aircraft were optimised. This was done by minimising the mean absolute 
difference between a ground reference and the mean weighted ground return elevation derived from Mie 
ground signal returns while varying the three mounting angles. In order to improve accuracy and precision 
of the A2D ground return elevation measurements, this was performed for selected measurements re-
gions where the ground was located in the range gate overlap between two adjacent bins. 

 
• The results showed that modifications in the roll angle 𝛼𝛼𝑀𝑀2𝐷𝐷 had the largest impact on the ranging. In 

contrast to that, low sensitivity of the ranging towards changes in 𝛽𝛽𝑀𝑀2𝐷𝐷  and 𝛾𝛾𝑀𝑀2𝐷𝐷 was found.  
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• The analysis of several flight legs brought up a mean set of mounting angles with 𝛼𝛼𝑀𝑀2𝐷𝐷 = 19.53° 
±0.19°, 𝛽𝛽𝑀𝑀2𝐷𝐷 = −2.14° ± 0.20° and 𝛾𝛾𝑀𝑀2𝐷𝐷 = 90.18° ± 0.76°. The standard deviation of 𝛼𝛼𝑀𝑀2𝐷𝐷  corresponds to 
the measurement precision of the ground return elevation whereas the standard deviations of 
𝛽𝛽𝑀𝑀2𝐷𝐷  and 𝛾𝛾𝑀𝑀2𝐷𝐷 probably correspond to the low sensitivity of those angles and to the ambiguity in finding the 
optimised solutions. 

 
• The use of ground echoes for ZWC was tested for several flight legs. The ZWC value used for the 

correction was calculated from the mean of the observations over a flight leg after the removal of outliers 
based on a standard deviation threshold. 

 
• The results showed that the influences of the surface albedo and the associated atmospheric contamina-

tion of the ground bins are tremendous for the determination of Rayleigh ZWC winds. For measurements 
performed above low albedo surfaces, e.g. sea surface, it was found that both absolute values as well as 
variability of the Rayleigh ZWC winds changed. For transitions from land to sea surface, it could be 
shown that the absolute value changed in the order of several tens of m·s-1 due to the albedo change. As 
expected, this effect could not be observed for Mie ZWC winds. 

 
• The variability of the ZWC winds for measurements performed above ice surfaces was similar for both 

channels. The standard deviation calculated from several flight legs ranged for both channels from 0.48 
m·s-1 to 1.12 m·s-1 per observation For measurements performed above sea surface, the standard devia-
tion of the Rayleigh ZWC winds increased up to 2.23 m·s-1 per observation 

 
• Besides the atmospheric influence, the results suggested that the variability in the ZWC winds of both 

channels also arose from fluctuations of the internal reference frequency. The internal frequency variabil-
ity was determined by comparing the internal reference frequency to the “true” wavemeter frequency 
resulting in a high correlation of the variability of the internal reference and the ZWC winds. Thereby, the 
variability of the internal reference on observation level for the Mie and Rayleigh channel was calculated 
to be 8 MHz and 11 MHz (2σ), respectively.  

 
• The analysis of ground echoes revealed new possibilities to characterise the range gate overlap effect. 

For both channels, the range gate overlap length was found to be longer than initially assumed. The Mie 
and Rayleigh range gate overlap lengths were determined to be 1.3 µs – 1.5 µs and 0.3 µs – 0.4 µs, 
respectively.  

 
• The total vertical tilt of the Mie fringe on the Mie ACCD (over 16 pixel) was found to be in the order of 0.5 

pixels to 0.7 pixels (horizontal) corresponding to 50 – 70 MHz. The total deviation for the Rayleigh spots 
results in response differences of 0.2 corresponding to 400 MHz.  

 

Recommendations 
• Mounting angle optimisation will also be necessary for Aeolus. It can be expected that strong vibrations 

during launch and changes in the mounting due to outgassing in the first weeks in orbit will influence the 
ALADIN mounting geometry. First ALADIN ground measurements will show the potential of such meas-
urements for the optimisation of the mounting angle geometry. The method presented herein using the 
intensity-weighted range in combination with a DEM could also be used for Aeolus. 

 
• Due to the atmospheric contamination of Rayleigh ground winds obtained from low albedo surfaces (land, 

sea), the use of such winds for Rayleigh ZWC should be viewed with caution. That’s why Rayleigh ZWC 
should be restricted to areas with high albedo, e.g. ice surfaces. If not, correction for the atmospheric 
contamination in the Rayleigh ground winds should be investigated before using such winds. It is not 
sufficient to use the mean value of Rayleigh ZWC winds over the whole flight leg for ZWC due to the 
atmospheric contamination.  

 
• For future campaigns, it is recommended to further extend the ground signals dataset. Further calibration 

flights should be performed above ice as well as land surfaces to further assess the atmospheric contam-
ination on the Rayleigh channel. Through that, it could be possible to derive an algorithm which corrects 
for the atmospheric contamination in the Rayleigh ZWC winds. 
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• For the A2D, speckle reduction for the internal reference signal should be implemented in order to reduce 
the variability of the internal reference and in consequence also the variability of the ZWC winds. 

 
• For the Aeolus IRC mode, it is recommended to set the range gate resolution for range gates close to the 

ground to 250 m (vertical). In this way, the atmospheric influence on the ground RRC parameters can be 
minimised. 

 
• The analysis of ground signals in order to characterise the range gate overlap effect on both channels 

should also be used for Aeolus for determination of the precise temporal overlap for Mie and Rayleigh 
channel and to characterise the tilt of the Mie fringe and Rayleigh channel response variation. Ground 
returns from high albedo surfaces (e.g. ice) from varying terrain (e.g. slopes of Greenland and Antarctica) 
are needed for that purpose. 
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 Summary and recommendations 13
 

This chapter summarizes and structures the respective summary sections of each chapter. The recommen-
dations complement and re-emphasize the recommendations from previous campaigns (DLR 2012a, DLR 
2017b). 

 
 Summary 13.1

 

WindVal II – NAWDEX Campaign and A2D and 2-µm DWL performance (chapters 4 – 8) 

• All campaign objectives for WindVal II were achieved within the international field experiment NAWDEX, 
where 3 aircrafts were deployed in Iceland (DLR Falcon, SAFIRE Falcon, HALO) and a 4th aircraft flow 
from the UK (BAe 146). Coordinated flights could be performed with all aircrafts. In addition the aerosol 
objective could be met during a flight after NAWDEX towards Southern Europe and ground-based aerosol 
lidar stations were overflown. 

• A number of 53.5 flight hours (58 flight hours incl. blocking time) resulted in 6 airborne calibrations (during 
2 calibration flights) and a total of about 18 hours of wind measurement scenes for the A2D. It was proven 
that the Keflavik airbase is well suited for these type of flights, because it is within reach of the Greenland 
ice sheet as well as within highly dynamic interesting scenes with high-altitude jet streams. 

• It was the first time that the DLR Falcon aircraft equipped with the A2D and the 2-µm DWL was flown in 
coordination with the French SAFIRE Falcon aircraft equipped with a Doppler radar and a 355 nm Dop-
pler lidar sensitive to aerosol backscatter. It was also the first time that the DLR Falcon (with A2D and 2-
µm DWL) was flown together with the HALO aircraft with a Doppler radar, HSRL lidar and a spectral 
radiometer payload. The dropsonde unites on both HALO and SAFIRE Falcon aircraft could be used for 
intercomparison of wind profiles. 

• First quick-look processing could be achieved for the 2-µm DWL and the A2D already on-site during the 
campaign. A full analysis of the A2D dataset would be available after 1-3 months for response calibra-
tions, after 3-6 months for selected flights, and after 12 months for all flights. The 2-µm DWL product is 
available after 1-2 months (preliminary) to 6 months (full dataset). 

• DLR’s 2-µm DWL is shown to be a reference system for Aeolus calibration and validation activities. Wind 
measurements of three exemplary flights are shown and discussed, demonstrating the performance of 
the system. Despite the gradual instrument performance degradation during the campaign due to laser 
seeding problems caused by a water damage within the transceiver, 8 out of 10 research flights have 
been performed successfully, and, it is revealed that the system is completely recovered after being 
refurbished by the company Beyond Photonics, Boulder, Colorado, USA. 

• The first wind measurements from the 2-µm DWL can be achieved about 15 minutes after take-off the 
aircraft until 15 minutes before landing, which is significantly longer than for the A2D. A maximum vertical 
coverage of data is obtained in conditions with high relative humidity of roughly 60-80%, which can be 
used in the planning of the flights as a good proxy for the 2-µm data coverage. 

• The A2D worked nominal during WindVal II with only minor issues limiting the yield of measurements 
during short parts of some flights. Both the stability of the laser frequency and the co-alignment loop were 
better or similar to the performance observed during previous campaigns. Additional equipment, features 
and procedures, used for the first time during WindVal II, proved to be effective and successful. There 
were no anomalies like the computer power supply malfunction or a broken reference laser fuse as in 
2015. All issues could be solved on-the-fly. Scientific flights were always performed as planned and there 
were no delays or flight cancellations due to A2D technical issues. The A2D laser and receiver as well as 
the auxiliary systems and the procedures are ready for being deployed in the context of calibration and 
validation activities during the Aeolus mission. 
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• Due to the duration of the temperature stabilisation of the OBA and RSP, and the duration of the laser 
switch-on procedure, the first A2D wind observations are available after about 45 minutes after take-off. 
The A2D laser needs to be switched off below 5 km for eye safety reasons. Therefore, the A2D will be 
switched-off about 15-20 minutes before landing. This leaves a range of 2.5 h - 3 h net maximum achiev-
able measurement time for a long flight of 4 h duration. 

• 35 wind measurement scenes from 15 research flights were analysed for the A2D within the scope of the 
WindVal II campaign. The measurement periods range from seven minutes (during the test flight) to 
nearly 70 minutes (27/09, 22/10), adding up to more than 18 hours of wind measurements over the whole 
campaign. Wind processing of the 3643 observations including quality control yielded nearly 40000 valid 
Rayleigh winds and about half as many valid Mie winds. 

 

A2D algorithm enhancements, calibration and wind retrieval (chapter 9, 10) 

• A new ground detection scheme on measurement level was implemented to minimize the atmospheric 
contribution in ground calibrations. The algorithm is based on a signal-gradient approach to estimate 
ground bin candidates within a predefined range around the ground level which is given by the ACE V2 
DEM. In a range of ±3 bins around the expected ground level according to the DEM, the signal gradients 
of two adjacent bins are calculated for each measurement and per range gate. Gradients threshold are 
introduced to identify the uppermost and lowermost ground bin, while an additional intensity threshold is 
necessary for the last available range gate #24. For the analysed flights of the WindVal II campaign, 
gradient thresholds of TGR,high = 15 LSB·m-1, TGR,low = -15 LSB·m-1 and an additional intensity threshold for 
the last range gate of TGR,last = 5000 LSB have been used. The Rayleigh and Mie signals of the detected 
ground returns per measurement are then summed up to observations for each range bin. To avoid 
atmospheric contamination, the signal intensity in the range bin above the bin where the DEM is located 
is analysed. If the intensity in this bin does not make up more than five percent of the total summed 
ground signal, it is omitted from the ground signal summation.  

• The refinement was necessary, since in contrast to previous campaigns, the response calibrations were 
performed above regions with complex topography, leading to a distribution of ground return signals over 
up to four range gates. The new method is especially important for Rayleigh calibrations over land with 
low albedo where the influence of the atmospheric contamination is strong. 

• Six response calibrations were performed during the WindVal II campaign (four over ice, two over land) 
during 2 calibration flights. After an assessment of the calibration quality, a number three calibrations 
were considered of high-quality. The others show different anomalies, e.g. variability of OBA temperature, 
COG outliers, or occurrence of clouds. 

• The Mie nonlinearity error using a third-order polynomial was implemented in the Mie wind retrieval, 
leading to a further improvement of the Mie accuracy by about 0.2 m·s-1. Here the Mie nonlinearity was 
used from the internal reference signal (and not from the ground return) also for atmospheric range gates. 
The Mie nonlinearity from the ground return of the A2D could not be used, because it is dominated by the 
Rayleigh background signal (telescope image), which cannot be corrected with MOUSR for response 
calibrations. 

• Internal reference variability of observations (2σ-values: 8 MHz for Mie, 11 MHz for Rayleigh), most likely 
due to speckle noise, was identified as a large contributor to the random wind error. It could be shown 
that the variability of the A2D internal reference measurement does not reflect frequency variations (on 
shorter timescales) by a comparison with frequency measurements from the wavemeter. It could be also 
shown that the variation of the Mie ground return values (ZWC) is dominated by the variability of the 
internal reference, which further indicates problems with the internal reference measurement. 

Rayleigh response calibrations 

• The Rayleigh slope values vary among the calibrations by 0.9% (INT), 1.0% (ATM) and 3.1% (GR). 

• Rayleigh ground calibrations over ice show smaller slopes and larger intercepts compared to calibrations 
over land. Hence, the correct selection of the ground calibration is important for ZWC. 
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• Due to the different surfaces (ice and land), the variability in the ground slope values is larger compared 
to WindVal I. In contrast, the spread in the slopes for the atmospheric range gates is significantly smaller 
than in 2015. Also, the range-dependence of the slopes is less pronounced for WindVal II. 

• The Rayleigh ground intercepts determined by the new ground detection method differ by up to 0.01 from 
that of the old method, which translates to a LOS wind speed of 2.5 m·s-1. 

• The spread in Rayleigh intercept values is reduced by about one third from σ = 0.0091 to σ = 0.0060, 
corresponding to a reduction in the wind speed variations from ±3.5 m·s-1 to ±2.3 m·s-1. 

Mie response calibrations 

• The Mie slopes of the internal reference are in the range of (-99.53 ± 0.57) MHz/pixel which is very similar 
to the WindVal I calibration (-99.28 ± 0.33) MHz/pixel. The larger standard deviation is attributed to tem-
perature variations of the OBA during the second calibration flight. 

• The Mie ground slopes of (-97.63 ± 0.52) MHz/pixel are about 1% larger compared to WindVal I, while the 
standard deviation is 14% smaller (2015: (-96.71 ± 0.62) MHz/pixel). 

• The new ground detection method has only minor influence on the Mie ground calibration parameters. 
The impact is most pronounced in case of low albedo, where the intercepts determined by the old and 
new scheme differ by 11.7·10-3 pixels, which corresponds to a wind speed difference of 0.2 m·s-1. 

• The Mie nonlinearities of the internal reference and ground return were analysed, showing different 
frequency dependence which is related to the Rayleigh background on the ground signals. Depending on 
the fringe position on the ACCD, the additional Rayleigh signal shifts the fringe centroid to lower or higher 
pixel numbers, resulting in positive and negative residuals for the ground return. 

• A third-order polynomial was found to be a good fitting function for the Mie nonlinearities, reducing the 
standard deviation of the residuals from 0.10 pixels to 0.06 pixels for the internal reference and from 
0.12 pixels to 0.06 pixels for the ground. Note that 0.1 pixels corresponds to 9.8 MHz or 1.7 m·s-1

. 

• Due to the favourable measurement conditions and the comparably low standard deviations in the 
response residuals after nonlinearity correction, calibration #3 from 28/09, 12:53 UTC was identified as 
the best calibration for both the Rayleigh and Mie channel and thus used for the wind retrieval. 

 
Instrument intercomparison results (chapter 10.5, 10.6) 

• The accuracy and precision of the processed Rayleigh and Mie wind profiles were evaluated by statistical 
comparison with DLR’s coherent 2-µm wind lidar. The scaled Median Absolute Deviation (1.4826∙MAD) 
provided a robust estimate of the standard deviation and thus random error. 

• The winds measured on 27/09/2016 showed high accuracy (Rayleigh: -0.49 m·s-1, Mie: -0.03 m·s-1) and 
good precision (Rayleigh: 2.6 m·s-1, Mie: 1.3 m·s-1) over a large range of wind speeds from -20 m·s-1 to 
+25 m·s-1: The complementarity of the Rayleigh and Mie channel provided wind profiles with broad data 
coverage, thus enabling the detection of strong vertical wind gradients >10 m·s-1·km-1 in the jet stream 
region. 

• During the WindVal II campaign only a very limited number of ground returns could be sampled, which 
limited to assessment of the ZWC. Also no optimization of the A2D mounting angles could be performed 
for WindVal II (in contrast to WindVal I). ZWC based on the refined ground detection scheme was applied 
for the flight on 04/10/2016, yielding a reduction of the Mie wind bias from 0.57 m·s-1 to 0.04 m·s-1. For 
the other wind scenes, ZWC was prevented by the lack of useful ground return signals due to dense 
cloud coverage which was present during most of the research flights 

• Large deviations in Rayleigh accuracy and precision were observed from flight to flight. Apart from the 
internal reference fluctuations, this is caused by varying atmospheric conditions which affect the transmit-
receive path co-alignment and, in turn, the incidence angle of the backscatter signals on the Rayleigh 
spectrometer. 

• The Mie systematic and random errors increased in the course of the campaign which can be explained 
with the higher degree of atmospheric heterogeneity encountered during the flights within the second half 
of the campaign. The lower accuracy (with respect to the 2-µm reference lidar) might be related to a 
degrading performance of the 2-µm, as suggested by comparisons with wind data from dropsondes.  
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• Overall accuracy and precision of the Rayleigh and Mie winds (comparison over whole campaign): 

Rayleigh: -0.47 m·s-1 (accuracy) 3.32 m·s-1 (precision) 2.91 m·s-1 (1.4826 · MAD) -3% slope 

Mie: +0.53 m·s-1 (accuracy) 2.03 m·s-1 (precision) 1.79 m·s-1 (1.4826 · MAD) +3% slope 

• Statistical comparison between 2-µm and dropsonde horizontal wind vectors including flights during the 
first half of campaign (September 17, 21 and 23 from HALO aircraft) and taking into account all meas-
urements points revealed a bias of 0.08 m·s-1 and standard deviation of 1.58 m·s-1. The corresponding 
values for the wind direction were 0.02° and 4.67°, respectively. The comparison for the flight on 02/10 
with dropsondes from the SAFIRE Falcon indicates a change in the performance of the 2-µm during the 
campaign. For this single flight (considering all measurement points), the mean bias for wind speed and 
direction were -0.51 m·s-1 and -1.10°, respectively. The standard deviation values were calculated to be 
1.48 m·s-1 and 5.83°, respectively. 

• Comparison between A2D and dropsonde LOS wind measurements could be performed for the first time. 
The statistical analysis yielded mean bias values of 0.35 m·s-1 and 0.07 m·s-1 for the Rayleigh and Mie 
channel, respectively. The standard deviation for the Rayleigh and Mie channel (after outlier removal) 
was determined to be 2.12 m·s-1and 2.59 m·s-1 and the scaled MAD to be 2.02 m·s-1and 2.00 m·s-1, 
respectively. 

• Triple comparison between wind measurements derived the 2-µm DWL, the RASTA radar and LNG DWL 
was performed for the collocated flight between DLR and SAFIRE Falcon on 02/10. The results showed 
that the 2-µm had the best accuracy and precision. The mean bias, standard deviation and scaled MAD 
values for the LOS comparison between the three instruments were calculated as follows: 

RASTA ↔ 2-µm: 0.68 m·s-1 / 2.47 m·s-1 / 0.80 m·s-1 

LNG ↔ 2-µm: 1.22 m·s-1 / 1.37 m·s-1 / 0.87 m·s-1 

LNG ↔ RASTA: 0.53 m·s-1 / 2.69 m·s-1 / 1.48 m·s-1 

The statistical comparison (mean bias, STD and scaled MAD after outlier removal) for the horizontal wind 
speeds and direction between RASTA and 2-µm showed the following: 

Horizontal wind speed: 1.13 m·s-1 / 1.45 m·s-1 / 1.14 m·s-1 

Horizontal wind direction: -1.42° / 3.54° / 2.71° 

 
A2D solar background analysis Instrument intercomparison results (chapter 11) 

• It is expected that the ratio of Rayleigh to Mie solar background signal is constant for different atmospher-
ic scenes, because it only depends on the different spectral bandwidth for both channels. A Rayleigh-to-
Mie-ratio of around 4-4.5 is obtained or the A2D. 25 anomalies in this ratio were identified during the 
WindVal II campaign, occurring both in response calibrations and wind scenes. They are related to dis-
proportional signal enhancements in the Rayleigh and/or Mie channel. 

• The signal enhancement is uniform over all 16 pixels of the ACCD(s) and is in the order of 100 LSB/pixel 
over an integration time of 3750 µs, suggesting that stray light is the underlying reason. The impact on 
the internal reference and atmospheric signals is negligible, since the signal enhancement is as small as 
0.1 LSB/pixel over an integration time of 4.2 µs. 

• A systematic analysis showed a correlation with the heading and roll angle of the aircraft as well as with 
the sun azimuth and altitude, revealing that the anomalies occurred when sun light entered the receiver 
through the telescope via the bottom window (which cannot be avoided) or directly via one of the side 
windows of the aircraft (which can be avoided). 

• The comparison of A2D background signals with solar radiance data obtained from SMART on-board 
HALO showed good correlation (R² > 0.7 for homogeneous cloud cover), thus demonstrating the potential 
of A2D background data for measuring surface and cloud reflectance. The Rayleigh channel background 
measurements are more suitable than the Mie channel, because of its larger spectral bandwidth for solar 
background signals. A slope of 0.16 – 0.18 W∙m-2∙sr-1∙µm-1∙LSB-1 was found for the conversion of Ray-
leigh background signals. This approach would allow deriving new, geophysical spin-off products for 
Aeolus and A2D. 
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• An enhancement of the A2D background signal by a factor of 2-3 was observed in the presence of 
clouds, which is in line with expectations from literature, and was also observed with SMART. Due to the 
different FOV of A2D and SMART and the temporal-spatial separation of both aircraft, the peaks in solar 
background measured by A2D and SMART could not be exactly correlated for a scene with broken cloud 
conditions. But the amplitude of the cloud peaks from the solar background measurements in the A2D 
and SMART have a similar magnitude. 

 

A2D ground return analysis from WindVal I (chapter 12) 

• Ground returns obtained during WindVal I were analysed in order to develop methods adapted to the 
special characteristics (e.g. coarse range gate resolution and atmospheric contamination of the ground 
returns) of the A2D and ALADIN to correct for systematic errors in the wind retrieval. 

• For the first time, the use of A2D ground echoes to correct for instrument pointing errors was demonstrat-
ed. Thereby, the three angles (roll, pitch and yaw) 𝛼𝛼𝑀𝑀2𝐷𝐷 , 𝛽𝛽𝑀𝑀2𝐷𝐷  𝑎𝑎𝑎𝑎𝑎𝑎 𝛾𝛾𝑀𝑀2𝐷𝐷 which describe the mounting 
geometry of the A2D within the aircraft were optimised. This was done by minimising the mean absolute 
difference between a ground reference and the mean weighted ground return elevation derived from Mie 
ground signal returns while varying the three mounting angles. In order to improve accuracy and precision 
of the A2D ground return elevation measurements, this was performed for selected measurements re-
gions where the ground was located in the range gate overlap between two adjacent bins. 

• The results showed that modifications in the roll angle 𝛼𝛼𝑀𝑀2𝐷𝐷 had the largest impact on the ranging. In 
contrast to that, low sensitivity of the ranging towards changes in 𝛽𝛽𝑀𝑀2𝐷𝐷  and 𝛾𝛾𝑀𝑀2𝐷𝐷 was found. The analysis 
of several flight legs brought up a mean set of mounting angles with 𝛼𝛼𝑀𝑀2𝐷𝐷 = 19.53° 
±0.19°, 𝛽𝛽𝑀𝑀2𝐷𝐷 = −2.14° ± 0.20° and 𝛾𝛾𝑀𝑀2𝐷𝐷 = 90.18° ± 0.76°. The standard deviation of 𝛼𝛼𝑀𝑀2𝐷𝐷  corresponds to 
the measurement precision of the ground return elevation whereas the standard deviations of 
𝛽𝛽𝑀𝑀2𝐷𝐷  and 𝛾𝛾𝑀𝑀2𝐷𝐷 probably correspond to the low sensitivity of those angles and to the ambiguity in finding the 
optimised solutions. 

• The use of ground echoes for ZWC was tested for several flight legs. The ZWC value used for the 
correction was calculated from the mean of the observations over a flight leg after the removal of outliers 
based on a standard deviation threshold. The results showed that the influences of the surface albedo 
and the associated atmospheric contamination of the ground bins are tremendous for the determination of 
Rayleigh ZWC winds. For measurements performed above low albedo surfaces, e.g. sea surface, it was 
found that both absolute values as well as variability of the Rayleigh ZWC winds changed. For transitions 
from land to sea surface, it could be shown that the absolute value changed in the order of several tens of 
m·s-1 due to the albedo change. As expected, this effect could not be observed for Mie ZWC winds. 

• The variability of the ZWC winds for measurements performed above ice surfaces was similar for both 
channels. The standard deviation calculated from several flight legs ranged for both channels from 
0.48 m·s-1 to 1.12 m·s-1 per observation For measurements performed above sea surface, the standard 
deviation of the Rayleigh ZWC winds increased up to 2.23 m·s-1 per observation. 

• Besides the atmospheric influence, the results suggested that the variability in the ZWC winds of both 
channels also arose from fluctuations of the internal reference frequency. The internal frequency variabil-
ity was determined by comparing the internal reference frequency to the “true” wavemeter frequency 
resulting in a high correlation of the variability of the internal reference and the ZWC winds. Thereby, the 
variability of the internal reference on observation level for the Mie and Rayleigh channel was calculated 
to be 8 MHz and 11 MHz (2σ), respectively. 

• The analysis of ground echoes revealed new possibilities to characterise the range gate overlap effect. 
For both channels, the range gate overlap length was found to be longer than initially assumed. The Mie 
and Rayleigh range gate overlap lengths were determined to be 1.3 µs – 1.5 µs and 0.3 µs – 0.4 µs, 
respectively. 

• The total vertical tilt of the Mie fringe on the Mie ACCD (over 16 pixels) was found to be in the order of 0.5 
pixels to 0.7 pixels (horizontal) corresponding to 50 – 70 MHz. The total deviation for the Rayleigh spots 
results in response differences of 0.2 corresponding to 400 MHz. 
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 Recommendations 13.2
 

Recommendations wrt Cal/Val data analysis and flight planning 

• The results of the aerosol retrieval for the A2D and the analysis of this aerosol flight is reported else-
where. From this activity it is recommended to fly sufficiently high with the Falcon aircraft (> 3 km above 
clear air, > 4 km above aerosol layer) in order to allow a Rayleigh signal calibration in the aerosol free 
region of the atmosphere. Also several A2D range gates should be placed in this aerosol-free region, 
which sufficiently far away in the full overlap region. 

• It is recommended to perform horizontal wind vector measurements in scanning mode for Aeolus 
validation, because this allows projecting the 2-µm horizontal wind measurement to any LOS direction 
with different off-nadir and azimuth angles. In principle different off-nadir angles can be converted to each 
other, if those are in exactly the same azimuth direction. In case that these are not in the same azimuth 
direction, additional information about the missing horizontal wind vector component would be needed, 
e.g. from a NWP model. As it is assumed that the azimuth direction of any instrument (ground/aircraft) 
cannot be exactly aligned to the Aeolus azimuth direction, it is preferred to measure the full horizontal 
wind vector with the validation instrument. This issue was also relevant in the comparison of the LOS 
wind speed from the instruments on the DLR and SAFIRE Falcon. 

• Heterogeneity was found to be a significant contributor to Mie wind errors due to the coarse vertical 
resolution of the A2D (and ALADIN). Therefore, homogeneous scenes (with respect to cloudiness and 
wind gradient) are preferred for analysing the instrument performance in a first step, as large error 
sources can be excluded. High-level cirrus clouds might provide a good Mie target, but are often associ-
ated with strong wind gradients in the upper troposphere leading to large height assignment and resulting 
wind errors. Higher vertical resolution validation measurements are needed for that purpose, e.g. by the 
airborne 2-µm DWL with a vertical resolution of 100 m. In a next step, heterogeneous scenes (e.g. cloud 
layers with strongly varying optical thickness along the flight track) should be sampled for quantifying the 
influence of the atmospheric heterogeneity on the wind error and for developing algorithms which com-
pensate for these effects. 

• Flights with sufficient ground visibility are essential for providing Zero Wind Correction (ZWC), so that the 
influence of other corrections of various systematic errors (e.g. Mie nonlinearities) can be better as-
sessed. Also ground returns from varying terrain (e.g. mountains, or Greenland coast) should be sampled 
to assess the mounting angles of the A2D using varying range to the terrain. Thus it is recommended for 
the next campaigns, to perform flights over land or ice with ground visibility preferably for each flight. 
Further calibration flights should be performed above ice as well as land surfaces to further assess the 
atmospheric contamination on the Rayleigh channel. Through that, it could be possible to derive an 
algorithm which corrects for the atmospheric contamination in the Rayleigh ZWC winds. 

• Coordinated flights of the DLR and SAFIRE Falcon should be performed during the Cal/Val activities, as 
the various lidar and radar instruments provide complementary data valuable for the validation of Aeolus. 
Therefore the pointing knowledge uncertainty for LNG needs to be resolved, and further comparisons 
between 2-µm and LNG are needed for verification. The high-vertical and high-horizontal resolution wind 
measurements of the Doppler radar RASTA are of high quality, which was proven by the comparison with 
the 2-µm DWL. 

• The 2-µm wind data with higher resolution should be investigated with regard to the identification of 
clouds and their localization within a certain bin in order to better understand the impact of the cloud 
location within the bin and its vertical extension on the Mie wind error (Mie height assignment errors). In 
addition the high resolution Doppler radar measurements from RASTA could be used for this purpose. 

• For the comparison between lidar and dropsonde profiles, the strategy presented herein should be used. 
This means that dropsonde measurements should be averaged to the corresponding resolution of the 
lidar range and that only such lidar profiles with a start-time difference between lidar profile and drop-
sonde release time of less than seven minutes are taken into account. Then, for each range bin, the lidar 
bin with the minimum distance to the dropsonde range bin should be selected for the comparison. The 
distance determined for each range between lidar and dropsonde measurement should be also be used 
as quality criterion to evaluate the representativity of the comparison. 
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• The different vertical averaging properties need to be taken into account, when comparing different 
instruments, e.g. dropsondes, 2-µm wind lidar, A2D, or ALADIN. It is recommended averaging the highest 
resolution instrument dataset with the averaging kernel of the lowest resolution instrument.  

• Horizontal and temporal colocation requirements need to be considered. For the comparison of wind 
profiles from 2 different aircrafts (e.g. DLR Falcon, HALO and SAFIRE Falcon) the following colocation 
requirements were considered as practical: temporal colocation with better than 7 minutes, distance 
colocation with better than 50 km. Further investigations were performed with stricter colocation require-
ments of 10 km horizontally, which is on the expense of the amount of data pairs for the comparison. 
Thus, this trade-off needs to be performed for the validation phase of ALADIN. In case that the measure-
ments are separated both temporally and horizontally, the horizontal distance should be used for co-
aligning the measurements, because it is expected that the temporal evolution (within some minutes) is 
less variable than the horizontal homogeneity (within 50 km). As the ALADIN wind profiles will have a 
horizontal averaging length of about 100 km, the colocation requirement could be possibly relaxed from 
50 km to 100 km. The 50/100 km co-location requirement is in line with the criteria as discussed in the 
Aeolus cal/val implementation plan (ESA 2016c) and cal/val requirements (ESA 2017), e.g. for compari-
son with Atmospheric Motion Vectors (AMV) for Aeolus. The representativity error for comparisons should 
be assessed by high-resolution numerical models. 

• Outlier removal for statistical comparison based on the modified Z-score was proven to be a robust and 
effective method and thus, it is recommended to continue to use this method. The outlier removal is 
necessary where the histogram of the differences deviates from a Gaussian normal distribution. 

• It is recommended to use the scaled Median absolute deviation (1.4826∙MAD) for the assessment of 
random errors in addition to the standard deviation of the differences. The difference between the stand-
ard deviation, which is strongly influenced by outliers, and the scaled MAD value, which is more robust 
wrt. outliers, can be used to assess the occurrence of non-Gaussian distributed outliers. 

• In order to compare the random and systematic error from ALADIN and the A2D it is recommended to 
compare the performance in LOS direction for both ALADIN and A2D and not in the horizontal projection 
using HLOS. Thus the relevant numbers for random and systematic requirements on ALADIN HLOS 
winds need to be multiplied with sin(37.6)= 0.61 to be comparable to A2D LOS winds. This will result in 
random error requirements for LOS of 0.6/1.5/1.8-3.0 m·s-1 for the altitudes up to 2 km, up to 16 km, and 
above and a systematic error requirement of 0.4 m·s-1. A comparison in HLOS would be strongly influ-
enced by the different pointing geometry of A2D with an off-nadir angle of 20° and not by the A2D instru-
ment performance itself. 

• For the validation of ALADIN it is recommended to use a reference instrument, which is measuring the full 
wind vector with both horizontal wind components. For instruments measuring only LOS wind profiles with 
different off-nadir angles, e.g. A2D or LNG it would be possible in principle to perform a geometrical 
conversion of the different off-nadir angles. But it will be difficult to align the azimuthal horizontal LOS 
direction from ALADIN wrt. reference instrument. In order to project the reference LOS to the ALADIN 
LOS direction the second horizontal wind component is needed. This could be provided by a NWP model 
or in case of the A2D from the scanning 2-µm DWL on the same aircraft. 

• Additional coordinated flights with HALO carrying the SMART instrument should be performed, preferably 
with high ground visibility and over surfaces with different albedo, to calibrate the A2D and ALADIN 
background signals to the measured solar radiance. In addition, scenes with homogenous cloud cover, 
e.g. stratocumulus clouds over larger horizontal areas, e.g. several 100 km are preferred targets for solar 
background calibration. The Rayleigh background measurements are more suitable for calibration due to 
its larger spectral bandwidth and thus higher signal levels. These underpasses of Aeolus with SMART on 
HALO should be complemented by spectral radiance transfer modelling of the atmospheric scene. 

• Variations of the albedo from different surfaces (ice, land, ocean) and clouds could be studied with the 
use of the calibrated Aeolus solar background measurements in case the solar azimuth angle is known. 
This could be combined with ground return signal measurements (from the lidar range bins) in case of 
land and ocean surfaces. 
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Recommendations for A2D and 2-µm DWL operation 

• In order to maximize the output of valuable A2D data, it is recommended to maintain the proven 
procedures and operational conditions for future campaigns. Among these are the use of a temperature 
controlled hangar and trying to avoid flying within high clouds already in flight planning. 

• In addition to the requirements during response calibration in terms of the RSP temperature stability 
(<0.01 K peak-to-peak), the OBA temperature stability should be better than 0.02 K peak-to-peak in order 
to avoid large variations in the Mie response calibration parameters for A2D and ALADIN. Apart from the 
temperature stability, the following criteria should be considered for the selection of a response calibration 
for A2D: 
 

o high pressure stability (<1.0 hPa peak-to-peak over the calibration period), 
o high laser pointing stability (no CoG outliers, CoG variations <5.0 µrad rms over the calibra-

tion period), 
o high frequency stability (<8 MHz rms over the calibration period), 
o absence of missing frequency steps and 
o absence of clouds. 

• It is recommended to investigate if the transmit-receive co-alignment can be optimized, e.g. by modifying 
the CoG detection algorithm and feedback loop. 

• Speckle reduction of the fiber-coupled internal reference signal is required in order to decrease the 
variability of the internal reference response. 

• The presumed reasons for the observed A2D background anomalies should be verified during the next 
airborne campaign. The side windows should be shut during flights, especially when the sun altitude is 
low. 

 

Recommendations for A2D and ALADIN algorithms 

• The ground returns should be detected on measurement level, and the corresponding Mie and Rayleigh 
signals of each detected range bin should be summed up to observations for A2D and ALADIN. In order 
to avoid atmospheric contamination of Aeolus ground signals, the signal intensity in the range gate above 
the bin where DEM is located should be analysed on measurement level. If the signal intensity in this bin 
does not make up more than five percent of the total summed up ground intensity for this measurement, 
such range gates should not be considered for the ground signal summation. 

• The A2D gradient thresholds for ground return detection were applied on signals, which were range-
corrected (multiplied with R²) and normalised to the minimum range gate integration time of 2.1 µs. The 
Aeolus L1B implementation of the ground return detection needs to be analysed for ground returns, which 
are spread over several range-gates with different vertical sampling times. A range-correction for the 
ALADIN signals is probably only a minor refinement, because the range-dependency of the signals is 
much less pronounced from the satellite compared to the aircraft. Also a signal thresholds needs to be 
applied, if the ground return signal is contained in the last bin, without a signal-free noise bin below the 
lowest ground return bin. 

• The definition of the atmospheric contribution to the ground signal should be adapted in the Aeolus L1b 
processor (for the parameter h eight above DEM) following the definition herein presented where the sum 
of the atmospheric columns in the detected ground bins is considered. In the L1B processor, the atmos-
pheric contribution to the ground signal is defined as the atmospheric column of the ground bin where the 
DEM is located, which is an underestimation of the total atmospheric contribution. 

• The FWHM threshold in the processing of Mie response calibrations should be reduced to 0.8 pixels (for 
A2D) in order to avoid data gaps in the Mie responses which affect the calibration parameters. The 
FWHM thresholds for ALADIN should be investigated for the internal reference and atmospheric signal 
separately due to the different illumination of the MSP for both optical paths. 

• Additionally (or alternatively), the Rayleigh signal intensity or Rayleigh SNR should be used as quality 
control parameter in order to avoid large Rayleigh wind errors in bins below optically thin clouds which are 
not included in the cloud mask. A minimum Rayleigh signal threshold should be included in the A2D 
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Rayleigh QC, in addition to an upper Rayleigh signal threshold, which is used to discard range bins below 
opaque clouds. An adequate combination of the inverted Mie SNR mask and the cloud/ground mask 
should be developed in order to exploit the advantages of both approaches for the identification of valid 
Rayleigh winds for the A2D. 

• A third-order polynomial should be used for the Mie nonlinearity function for the internal reference and 
ground return for A2D and ALADIN. The internal reference nonlinearity from the Mie should be used for 
the wind retrieval for A2D, unless the spectral dependent Rayleigh background can be corrected from the 
Mie responses during calibration. It should be investigated for the A2D, if the Rayleigh background can be 
subtracted from the Mie ground returns during a MRC. An additional sinusoidal fit for A2D and ALADIN 
could be carried out to reduce the random error introduced by the pixelation effect, or this effect is taken 
into account by using the remaining residual after fitting a polynomial function. 

• It should be investigated, if the variation of the pixelation from MRC calibration to calibration can be 
identified for A2D, if the Mie nonlinearity is displayed as a function of measured Mie response and not as 
a function of the laser frequency, as currently used.  

• The Mie nonlinearity from ground returns should be investigated for ALADIN. In principle the Mie 
nonlinearities will differ for the internal reference and ground return. The differences for ALADIN should 
be mainly related to reduced illumination of the internal path compared to full illumination for the atmos-
pheric path for ALADIN.  

• It was shown with the A2D measurements that a significant (and not negligible) contributor to the random 
error of the atmospheric winds and ground returns is arising from the laser internal reference, because a 
differential approach is used for the wind and ground return retrieval. Although the A2D laser internal 
reference is prone to higher errors than for ALADIN, the variability of the internal reference should be 
investigated for ALADIN using the information from single pulses, from measurements and from observa-
tions.  

• The ratio of the Rayleigh to Mie background signal intensity from Aeolus should be investigated, as it is a 
useful parameter for monitoring the performance of the instrument, particularly for spotting anomalies on 
the detector or stray light issues. This ratio, which is between 4 and 4.5 for the A2D spectrometers, does 
only depend on the spectral bandwidths of the RSP and MSP and not on the atmospheric scene. 

• In case that the Rayleigh to Mie background ratio shows anomalies, it should be investigated, if all 16 (or 
20) ACCD pixels from the solar background range gate show enhanced signals levels, or if only the signal 
in the Rayleigh spots or parts of the Mie signal pixels are enhanced. In the case that all pixels are affect-
ed, this is an indication of stray light, as this light is transmitted to the ACCD without passing the spec-
trometers. It should be noted, that stray light can be depolarized, which can result in different transmis-
sion behaviour for the optical path, and can result in different influences for the MSP and RSP. 

• Mounting angle optimisation will also be necessary for Aeolus. It can be expected that strong vibrations 
during launch and changes in the mounting due to outgassing in the first weeks in orbit will influence the 
ALADIN mounting geometry. First ALADIN ground measurements will show the potential of such meas-
urements for the optimisation of the mounting angle geometry. The method presented herein using the 
intensity-weighted range in combination with a DEM could also be used for Aeolus. 

• Due to the atmospheric contamination of Rayleigh ground winds obtained from low albedo surfaces (land, 
sea), the use of such winds for Rayleigh ZWC should be viewed with caution. That’s why Rayleigh ZWC 
should be restricted to areas with high albedo, e.g. ice surfaces. If not, correction for the atmospheric 
contamination in the Rayleigh ground winds should be investigated before using such winds. It is not 
sufficient to use the mean value of Rayleigh ZWC winds over the whole flight leg of the A2D for ZWC due 
to the atmospheric contamination. 

• The potential of the Rayleigh (and Mie) background signal for measuring the solar irradiance (in units of 
W∙m-2∙sr-1∙µm-1) was demonstrated after correlation with a passive radiometer on-board the HALO air-
craft. This approach would allow deriving new, geophysical spin-off products for Aeolus and A2D and 
should be studied in the future. 
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Recommendations for ALADIN operation 

• The vertical sampling of Aeolus should be optimized wrt ground returns, when high-quality ground returns 
are needed, e.g. determination of RDB or HBE coefficients. Here the atmospheric contamination should 
be minimized by using vertical sampling with 2.1 µs. In addition 1 range gate should be placed below the 
expected ground from a DEM, which is important for construction the on-board look-up table (LUT). This 
range bin should use a high vertical sampling time, e.g. 8.4 µs. In case that the last range bin is a ground 
return bin, it cannot be clearly detected on measurement level, if all of the ground returns from single 
shots are summed up on measurement level, or if some ground returns from single shots are lost. 

• As the Rayleigh ground return parameters (mostly intercepts) differ significantly between ice and land, it 
should be investigated, if the ZWC should be performed using different ground return calibration parame-
ters for land and ice for A2D and Aeolus. 

• During validation flights in coordination with satellite overpasses, it is desired to have most range gates of 
ALADIN (except for two) at altitudes below the Falcon aircraft. The respective range gate settings of 
ALADIN and A2D (high resolution directly below the aircraft or closer to the ground) could be varied for 
the purpose of quantifying the impact of the atmospheric heterogeneity on the respective winds. It is 
preferred to have high-resolution ALADIN range gate settings (250 m/500 m) in case of wind gradients 
(e.g. North Atlantic validation) and then perform post-processing. It is understood that a different vertical 
sampling during a campaign period could compromise the performance of Aeolus for NWP purpose, but it 
is still highly desirable to optimize the settings for both objectives (cal/val and NWP impact, ESA (2018a)) 
Triple collocation with the 2-µm DWL (or model) could then provide information on the influence of the bin 
size on the wind error. 

• For the Aeolus IRC mode, it is recommended to set the range gate resolution for range gates close to the 
ground to 250 m (vertical). In this way, the atmospheric influence on the ground RRC parameters can be 
minimised. 

• The analysis of ground signals in order to characterise the range gate overlap effect on both channels 
should also be used for Aeolus for determination of the precise temporal overlap for Mie and Rayleigh 
channel and to characterise the tilt of the Mie fringe and Rayleigh channel response variation. Ground 
returns from high albedo surfaces (e.g. ice) from varying terrain (e.g. slopes of Greenland and Antarctica) 
are needed for that purpose. 
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1 Introduction, purpose of document and objectives of campaign 
 

This document describes the data acquired during the joint DLR-ESA wind validation campaign (WindVal II) 
in preparation of the ADM-Aeolus validation. It covers tasks in response to the Statement of Work (SoW) 
from ESA (EOP-SM/3000/DS-ds from 29 June 2016) entitled “Technical Assistance for the Deployment of 
the ALADIN Airborne Demonstrator (A2D) lidar during WindVal II” (ESA 2016). The tasks are covered in 
CCN 2 to contract no. 4000114053/15/NL/FF/gp (signed on 25 October 2016). 

The WindVal II campaign has been carried out in coordination with the international field experiment 
NAWDEX (North Atlantic Waveguide and Downstream Impact Experiment) as well as EPATAN (Earthcare 
PrepAraTion cAmpaigN).The objectives and implementation of the NAWDEX campaign are described in 
detail in the latest version of the NAWDEX CIP (V 4.0, 19 February 2016), while the objective and implemen-
tation of EPATAN is described in the respective EPATAN CIP (Delanoe et al. 2016). Flight reports and 
preliminary results (quick looks) of the 15 research flights conducted by the French Falcon SAFIRE between 
1 October and 16 October 2016 can be found in the EPATAN flight reports document (Version 1, 21 October 
2016). An overview of the coordinated flights of the German and French Falcon aircraft is presented in ch. 
4.3. 

The Data Acquisition Report (DAR) was prepared by Oliver Lux (DLR) with support from Oliver Reitebuch 
(DLR). 

This DAR is output from Task 2 of ESA´s SoW as Deliverable Item D2. It is based on the Campaign 
Implementation Plan CIP (DLR 2016) with updates on the instrument based on the actual performance and 
operation (ch. 2, 3, 4). The datasets and its formats are described in ch. 4. 

 

The objectives for this WindVal II campaign in 2016 were derived from results, experience and lessons learnt 
from these last airborne campaigns in 2009 and 2015 and were presented and discussed at Mission 
Advisory Group Meetings in 2015-2016. The main objectives of the WindVal II campaign according to the 
SoW (ESA 2016, ch. 2) are: 

1. Extend existing datasets of wind observations in dynamically complex scenes, including strong wind 
shear and varying cloud and/or aerosol conditions. 

2. Extend existing datasets on response calibrations over ice and land in nadir-pointing mode. 
3. Obtain collocated observations of varying cloud and aerosol load with the DLR Falcon payload (A2D 

and DLR 2 micron wind lidar) and the HALO and French Falcon payloads (including French aerosol 
HSRL) taking also ground-based observations into account. 

4. Campaign data analysis and delivery of A2D, 2 micron and Leandre L2 observations. 
5. Delivery of A2D data on L1, ready for ingestion by the Aeolus L2b processor. L1 data should also be 

suitable to attempt ingestion by Calibration Suite and L2a processors. 
6. Demonstration of fast data processing from A2D instrument (readiness for Aeolus CAL/VAL). 

In addition, the more general objectives from WindVal 2015 are also applicable to WindVal II 2016: 

7. Provide feedback on measurement strategies and procedures of data collection for future cam-
paigns. 

8. Extend lessons learnt from previous campaigns. 

Therefore the WINDVAL II campaign extended the work and analyses to include airborne measurements 
over Europe during fall 2016 with 2 campaign parts: 

 In collaboration with the international North Atlantic Waveguide and Downstream Impact Experiment 
(NAWDEX) an extension will be performed dedicated to the above-mentioned objectives. The main 
focus will be on extending existing datasets of wind observations and extending existing datasets on 
response calibrations over ice and land. 

 Perform 1-2 dedicated flights after the NAWDEX field experiment with a focus on obtaining collocat-
ed observations of varying cloud and aerosol load. 
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No. Objective Achievement 

1 Wind observations in complex 

scenes 

17 flights (58 flight hours, incl. test flight and blocking time) 

performed under various and complex meteorological conditions 

2 Response Calibration over ice 

and land 

4 response calibrations over ice (28 September, 15 October) 

2 response calibrations over ice-free land (15 October) 

3 instrument spectral registrations over ice, water and land 

3 Obtain collocated observations 

with HALO and French Falcon 

4 coordinated flights with HALO (17/09, 21/09, 23/09, 18/10), 

1 coordinated flight with French Falcon (02/10) 

1 coordinated flight with both HALO and French Falcon (09/10) 

1 coordinated flight with FAAM BAe-146 (27/09) 

4 Campaign data analyses First results from A2D and 2-μm DWL were provided during PM 3 

(November 2016); further results were provided during PM 4 

(October 2017) and in this final report. 

5 A2D data processing chain Re-formatted A2D data will be used for L1B-L2B chain  

6 Quick-Lock processing Falcon in-situ (few hours), 2-µm DWL winds (1-2 days), A2D first 

quick-looks incl. signal intensity and calibrations (1-2 days); first 

A2D wind retrievals were achieved during campaign after 

calibration results were available and provided during campaign 

quick-look meetings 

7 Provide feedback for Cal/Val 

campaigns 

Recommendations for the upcoming CalVal campaigns were 

derived from the campaign on-site experience and the results 

obtained from the data analysis. They were provided during the 

PMs and will be listed in the Final Report. 

8 Extend lessons learnt Campaign on-site experience and data analysis provided 

additional lessons learnt with respect to the A2D that were 

provided during the PMs and in the present Final Report. 

Table 1-1: Objectives of the WindVal II campaign and its assessment of achievement. 

2 Airborne instrumentation and flights 

 Payload of the DLR Falcon aircraft 2.1
The payload of the DLR Falcon aircraft was identical to the payload of WindVal 2015, consisting of the A2D 
(Reitebuch et al. 2009, Paffrath et al. 2009) and the 2-µm Doppler wind lidar system (DWL, Weissmann et al. 
2005). Two seats were available on the aircraft and shared among the operators for the A2D and 2-µm DWL 
systems (Figure 2-1). 
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Figure 2-1: Cabin layout of the DLR Falcon aircraft with the A2D and the 2-µm lidar systems. 

Due to minor modifications on the A2D, a new airworthiness certification by Enviscope/Gomolzig needed to 
be achieved. The cabin layout and mission certificate was not affected by these minor modifications, thus 
this task was handled by DLR Flight Experiment (FX). 

The following modifications on the A2D have been performed since the airborne campaign in 2015: 

• The A2D laser was fully re-aligned from Master Oscillator to Power Amplifiers to Higher-Harmonic 
Generation (HHG); a new Third Harmonic Crystals (THG) was installed. 

• The A2D reference laser was re-aligned and a broken cable for a temperature sensor was repaired. 
• The power supply of the A2D control computer, which caused problems in 2015, was repaired. 
• One relay mirror of the A2D telescope was protected with a permanent shielding, which could be 

used also during flight, and not only on-ground as in 2015. 
• A Go-Pro camera was mounted above the A2D output window to capture in-flight photographs of the 

atmospheric scene below the aircraft. 
• The A2D keyboard drawer was mechanically mounted differently to allow better operation. 

The A2D and the 2-µm lidar were pointing in the same line-of-sight LOS direction to the right side of the 
aircraft (in flight direction) with a nadir angle of 20°. The instruments were mounted as follows: 

• the A2D aircraft frame was mounted with a pitch angle of -6° (pointing to the back) along the aircraft 
axis; the telescope was mounted such that it pointed towards the right with an roll angle of 20° and 
pointing back by -4°; thus the A2D telescope pointed backwards by -2° and 20° to the right side. 

• the 2-µm was mounted with a pitch angle of -2° (pointing to the back) along the aircraft axis. It was 
equipped with a double-wedge scanner, which allowed pointing towards -6° and a roll angle of 20°. 
Small offsets in the order of 0.1° of the 2-µm pointing direction were determined in-flight. 

The nominal operation of the 2-µm DWL aimed at the measurement of the LOS wind as well as at perform-
ing conical step-stare scans (21 LOS directions, 20° off-nadir angle) in order to determine the horizontal wind 
vector during flight. Different off-nadir angles of both instruments, e.g. 0-3° were achieved by rolling the 
aircraft while flying curves (e.g. when conducting response calibrations on 28/09 and on 15/10). The vertical 
sampling of the A2D was similar to those during the airborne campaigns in 2009 and 2015 (Figure 2-2). The 
vertical sampling was set such that the ground layers are sampled with highest vertical resolution (2.1 µs, 
315 m range). 
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Figure 2-2: Principle of vertical and horizontal sampling of the 2-µm wind lidar with 100 m range gates and a 
duration of 44 s for 1 scan and A2D with vertical sampling of 592 m, which was adapted for each flight. The 
horizontal distance of each A2D profile is 18 s and the averaging time is 14 s; 4 s are needed for data transfer. 

The 2-µm DWL measured time series of raw signal with a sampling rate of 500 MHz, which corresponds to a 
range resolution of 0.3 m for each emitted laser shot with a repetition rate of 500 Hz. This amounts to rather 
high raw-data rates of up to 60 GByte/hour depending on maximum range. The data was processed on-
ground to range-gates of 100 m resolution and temporal resolution of 1 s (500 shots). 

The system parameters of the A2D and 2-µm DWL systems are summarized in Table 2-1. An extensive and 
detailed description on the data analysis methods for deriving results from A2D calibrations and wind mode 
can be found in DLR (2012, ch. 4., ch. 5, ch. 6) and Marksteiner (2013, ch. 3). The methods for validation 
and comparison of A2D data with 2-µm DWL and other observations (e.g. ECMWF model) are discussed in 
DLR (2012 ch. 5.2., ch. 6.2) and Marksteiner (2013, ch. 4). 

Standard meteorological parameters (pressure, horizontal wind vector, vertical wind speed, temperature, 
humidity (relative humidity, mixing ratio)) were measured by in-situ sensors inside the Falcon nose-boom 
with a temporal resolution of up to 100 Hz and processed with resolution of 1 Hz. Thus, vertical profile data 
are available for ascent and descent and flight-level data from cruising altitude. 
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Parameter DLR A2D DLR 2-µm DWL 

Wavelength 354.89 nm 2022.54 nm 

Laser energy 50 to 60 mJ 1 to 2 mJ 

Pulse repetition rate 50 Hz 500 Hz 

Pulse length 30 ns (FWHM) 400 to 500 ns (FWHM) 

Telescope diameter 20 cm 10.8 cm 

Vertical resolution 300 m to 2.4 km 100 m 

Temporal averaging 
raw data (horizontal) 

20 laser shots = 400 ms single shot = 2 ms 

Temporal averaging 
product (horizontal) 

14 s (+4 s data gap) 1 s LOS, 

42 s scan (21 LOS) 

Horizontal resolution @ 
200 m/s=720 km/h = 12 
km/min. 

3.6 km (18 s) 0.2 km LOS, 

8.4 km scan 

Scanning capabilities No, fixed 20° off nadir Yes, double wedge, conical scan, 
fixed LOS (vertical) 

Precision (random 
error) 

1.5 m/s Mie wind 

2.5 m/s Rayleigh wind 

< 1 m/s wind speed 

Table 2-1: Main specifications and products of the two different wind lidar systems on-board the Falcon aircraft. 
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 Flight Tracks during airborne campaign 2016 2.2
The flight tracks of the DLR Falcon performed in the framework of the airborne campaign WindVal II in 2016 
are shown in Figs. 2–3 to 2–5, while the date, time, route and objective of the respective flights are summa-
rized in Table 2-2. A total of 53.3 flight hours was conducted with the Falcon aircraft including the test flight; 
with the blocking time on-ground, which includes the pilots starting and shutting down procedures (and is 
relevant for flight hour costs), this amounts to 58.0 flight hours. 

 

Date Time (UTC) Route Objective 

15/09 11:58 – 14:33 OBF-OBF Test flight 

17/09 06:10 – 08:07 OBF-PIK Transfer 1 

 10:01 – 13:33 PIK-KEF Transfer 2 

21/09 14:00 – 17:17 KEF-KEF Investigation of warm conveyor belt (WCB) 

23/09 07:01 – 10:21 KEF-KEF Jet Stream crossing south of Iceland 

27/09 09:28 – 13:24 KEF-KEF Jet Stream crossing near Faroe Islands 

28/09 10:56 – 14:19 KEF-KEF Calibrations over ice 

02/10 08:31 – 12:01 KEF-KEF Wind observations over Greenland 

04/10 08:09 – 11:43 KEF-KEF Jet Stream crossing northeast of Iceland 

 13:04 – 15:49 KEF-KEF Jet Stream crossing west of Iceland 

09/10 15:44 – 19:24 KEF-KEF Jet Stream crossing at different latitudes 

15/10 10:05 – 13:34 KEF-KEF Scan flight pattern for wind vector retrieval 

 15:24 – 18:44 KEF-KEF Calibrations over ice and ice-free land 

18/10 08:36 – 11:14 KEF-PIK Transfer 1 

 12:39 – 14:30 PIK-OBF Transfer 2 

22/10 08:02 – 12:08 OBF-SUF Aerosol detection in the Mediterranean area 

 13:30 – 16:10 SUF-OBF Aerosol detection in the Mediterranean area 

Table 2-2: List of all flights performed during the airborne campaign WindVal II in 2016 with the 
following IATA codes: OBF: Oberpfaffenhofen, PIK: Glasgow Prestwick, KEF: Keflavík, SUF: Lamezia 
Terme. 
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Figure 2-3: Flight tracks of the Falcon aircraft during the WindVal II campaign in 2016 from 17 September to 18 
October (excluding the test flight on 15 September and the two aerosol flights on 22 September (see Figure 
2-5)). Each colour represents a single flight. The transfer from Oberpfaffenhofen to Keflavík via Prestwick took 
place on 17 September (white, light grey tracks), while the transfer flights from Keflavík to Oberpfaffenhofen via 
Prestwick took place on 18 October (dark grey, black tracks). 

 

 

Figure 2-4: Tracks of the research flights performed with the Falcon aircraft from Keflavík air station during the 
WindVal II campaign in the period from 21 September to 15 October 2016. 
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Figure 2-5: Flight tracks of the Falcon aircraft performed for the investigation of aerosols in the Mediterranean 
area on 22 October 2016 (red: first flight OBF – SUF, yellow: second flight SUF – OBF). The positions of the 
European Aerosol Research Lidar Network (EARLINET) stations that were overflown are indicated. 
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3 Ground Instrumentation 
 Ground Instrumentation in Europe 3.1

In the course of the two research flights conducted on 22 October 2016, which primarily aimed at the 
detection of aerosol return signals, three stations belonging to the European Aerosol Research Lidar 
Network (EARLINET) were overflown, as shown in Figure 2-5. In particular, the station at Potenza/Italy 
(40.60 °N, 15.72 °E, altitude above sea level: 760 m) was passed during the first flight, whereas the stations 
located in Catania/Italy near the Etna volcano (37.69 °N, 15.97 °E, 1780 m) and Lecce/Italy (40.33 °N, 
18.11 °E, 30 m) were overflown during the second flight (ch. 4.5). The ground station in Potenza which is 
related to the CNR-IMAA atmospheric observatory (CIAO) is equipped with a large variety of active and 
passive remote-sensing instruments which are designed for high quality observations of aerosol and cloud 
properties. 

In addition to the EARLINET overpasses, the transfer flight from Prestwick towards Keflavík included an 
overpass of the wind profiler radar located in South Uist (57.353 °N, 7.375 °W, 4 m) which belongs to the 
E-WINDPROF Wind Profiler Network. The radar instrument operates at 64 MHz in the VHF (very-high 
frequency) range, thus reaching up to the stratosphere. The overpass of other wind profiler radar sites in UK 
(see map with locations in Figure 3-1) is often restricted by air traffic constraints in the very dense UK 
airspace around London. 

No ground sites with windprofilers are available in the region of Iceland and Greenland. However, radio-
sondes are launched daily at 0 UTC and 12 UTC from Keflavík (Iceland) and sites in Greenland (Figure 3-2 
and Table 3-1). 

 

Figure 3-1: Overview of stations belonging to the E-WINDPROF Wind Profiler Network 2016; access on 
09/02/2017 (http://www.metoffice.gov.uk/science/specialist/cwinde/profiler/). 

 
  

http://www.metoffice.gov.uk/science/specialist/cwinde/profiler/
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 Radiosondes around Greenland and Iceland 3.2
The following radiosonde stations were available around Greenland and Iceland (Figure 3-2 and Table 3-1). 
In addition, a number of radiosondes were launched from the Keflavík airport by DLR co-workers during 
intensive measurement periods. 

 

Figure 3-2: Radiosonde network around Greenland and Iceland in 2016; access on 09/02/2017 
(http://weather.uwyo.edu/upperair/sounding.html). 

 

Name Identifier WMO 
station # 

Lat. Long. Elev. Location 

Lerwick 3005 3005 60.13 ° -1.18 ° 84 m Shetland Islands 

Thorshavn 6011 6011 62.02 ° -6.77 ° 56 m Faroer Islands 

Keflavík  BIKF 4018 63.96 ° -22.60 ° 54 m Iceland 

Jan Mayen ENJA 1001 70.93 ° - 8.66 ° 9 m north of Iceland 

Ittoqqor-
toormiit 

BGSC 4339 70.48 ° - 21.95 ° 69 m Greenland east coast, north 

Tasiilaq, 
Ammassalik 

BGAM 4360 65.50 ° - 37.63 ° 52 m Greenland east coast, central 

Narsarsuaq BGBW 4270 61.15 ° -45.43 ° 5 m Greenland east coast, south 

Aasiaat, 

Egedes-
minde 

BGEM 4220 68.70 ° -52.85 ° 41 m Greenland west coast, central 

Greenland 
Summit 

 4417 72.58 ° -38.48 ° 3216 m Greenland summit station  

Table 3-1: Location of radiosonde stations around Iceland and Greenland, all stations have 0/12 UTC 
soundings, 1001 ENJA (Jan Mayen) conducts additional soundings at 6/18 UTC. 

http://weather.uwyo.edu/upperair/sounding.html
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4 Datasets from WindVal II 2016 
 A2D from DLR Falcon 4.1

In general, the A2D was operating without major technical problems and yielded a large amount of high-
quality wind and calibration measurements. The reliability of the system was even higher compared to the 
WindVal campaign in 2015, where the performance was affected by several incidents, e.g. a broken fuse of 
the RLH affecting 1 flight. Nevertheless, minor deterioration of the A2D data quality was introduced by 
sporadic failures of the ACCD pre-trigger which occurred at the beginning of the campaign as well as by 
occasional short interruptions of the transmit-receive co-alignment loop. In addition, in-flight turbulences, 
especially in cirrus regions, resulted in reduced frequency stability of the laser. Unforeseen data gaps were 
caused by software issues, jammed acquisition as well as short-time DEU (Detection Electronics Unit) errors. 
The limitations of the A2D data quality and their causes are summarized in Table 4-1 together with the set 
operation modes and additional comments for each flight. 

 

Flight Date Mission A2D 
operation 

Limitations / disturbances Comments 

15/09 Test flight Nominal, 
1 calibration 
(IRC), 
1 MOUSR, 
Imaging mode 

Frequent occurrence of ACCD pre-
trigger failures, 
wavemeter data with interruptions 

Optimization of the transmit-
receive path alignment, 
heterodyne measurements of 
LPO performed, laser power: 
2.7 W at start, 2.8 W before 
landing. 

17/09 a Transfer 1 Nominal, 
1 MOUSR 

Sporadic occurrence of ACCD pre-
trigger failures, reduced frequency 
stability and interrupted transmit-
receive co-alignment loop for 5 
min. due to turbulences 

Dense cirrus clouds in the first 
half of the flight,  
Low pass was inserted to 
laser cavity control to improve 
frequency stability  
laser power: 2.7 W 

17/09 b Transfer 2 Nominal, 
2 MOUSR 

Inactive LabVIEW wavemeter 
software during the first 30 min., 
5 min. data gap (failure of co-
alignment loop), 
frequent occurrence of ACCD pre-
trigger failures 

30 min. frequency data is still 
accessible from wavemeter 
file, adjustment of cavity 
control parameters (piezo 
reset value) was performed, 
laser power: 2.6 W 

21/09 Northern 
Fjords 
Box Pattern 

Nominal, 
2 MOUSR 

Sporadic failure of the co-
alignment loop due to a too high 
set threshold in UV camera 
acquisition, 
increased frequency fluctuations 
over cirrus regions 

Ramp of laser cavity control 
slowed down (pre-trigger 
problem solved), 
laser power: 2.5 W – 2.6 W 

23/09 South 
Iceland 
Jet Stream 

Nominal, 
2 MOUSR, 
1 µ-calibration 

Short interruption due to air traffic, 
GoPro acquisition stopped after 
2/3 of the flight 

Diode inserted into laser 
cavity control to improve 
frequency stability, 
partially dense cirrus clouds, 
laser power: 2.2 W – 2.7 W 

27/09 Faroe 
Islands 
Jet Stream 

Nominal, 
2 MOUSR, 
1 µ-calibration, 
Imaging mode 

Inactive LabVIEW wavemeter 
software during the last 30 min. 
(Timestamped wavemeter-, and 
ambient house-keeping data with 
interrupted) 

Alignment verification in 
imaging  mode leads to an 
optimized horizontal COG 
position (X = 390   X = 387), 
laser power: 2.6 W 

28/09 Vatnajokull 
Calibrations 

1 MOUSR, 
3 calibrations 
(IRC) 
1 ISR, 
1 µ-calibration 

Second calibration was affected by 
clouds, 
GoPro acquisition stopped after 
3/4 of the flight 

Horizontal CoG position 
changed after first calibration 
(X = 390   X = 387) 
laser power: 2.7 W 
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02/10 Greenland 
East Coast 

Nominal, 
3 MOUSR, 
1 µ-calibration 

5 min. data gap (failure of co-
alignment loop), 
Sporadic failure of the co-
alignment loop due to a too high 
set threshold in UV camera 
acquisition 

Broken fuse of main power 
supply replaced shortly after 
take-off, jump in DCO levels 
due to accidental switching of 
DEU sliding switch, 
laser power: 2.5 W 

04/10 a North 
Iceland 
Jet Stream 

Nominal, 
2 MOUSR, 
3 µ-calibrations 

Reduced frequency stability due to 
turbulences at the beginning of the 
flight 

Dense clouds in the middle of 
the flight, 
laser power: 2.5 W – 2.7 W 

04/10 b West 
Iceland 
Jet Stream 

Nominal, 
1 MOUSR, 
1 µ-calibration 

Slight icing on lidar window at 
beginning of the flight (hot-air 
ventilation of window was switched 
off between flights) 

Laser power: 2.6 W – 2.7 W 

09/10 Double 
Jet Stream 
Crossing at 
different 
latitudes 

Nominal, 
2 MOUSR, 
1 ISR 

Sporadic frequency jumps at the 
end of the flight, 
Short-time malfunction of keyboard 

Increase of cabin temperature 
(5°C in 20 minutes), dense 
cirrus during second half of 
the flight, 
diode had to be removed from 
laser cavity control input due 
to low signal 
laser power: 2.4 W – 2.7 W 

15/10 a Scan 
Pattern and  

Nominal, 
1 MOUSR, 
1 µ-calibration, 
P = 3 (glint) 

Scan-flight was aborted after four 
triangles due technical problems 
with the aircraft avionics (gyro), 
cloudy conditions during glint 
measurements 

Falcon heating was turned on 
maximum prior to take-off 
causing a longer time for 
temperature stabilization, 
laser power: 2.5 W / 2.6 W 

15/10 b North 
Iceland 
Calibrations 

2 MOUSR, 
3 calibrations 
(IRC), 
1 ISR 

Temperature-induced alignment 
drifts and clouds the first 
calibration over ice 

Laser power: 2.4 W – 2.6 W 

18/10 a Transfer 1 Nominal, 
1 MOUSR, 
1 µ-calibration, 
P = 3 (glint) 

3 min. data gap (failure of co-
alignment loop), 
DEU acquisition not working with 
P = 3 settings 
 

OBA, RSP temperatures were 
too high before take-off so that 
set-temperature-conditions 
were reached only 1 hour after 
take-off, 
laser power: 2.2 W – 2.3 W 

18/10 b Transfer 2 Nominal, 
1 MOUSR, 
P = 3 (glint) 

Wavemeter integration time 
increased to 40 ms (due to weak 
signal), tests performed for 
different settings of transmit-
receive co-alignment loop 

Falcon descent started 
already 70 minutes after take-
off (cabin pressure change), 
laser power: 2.3 W – 2.5 W 

22/10 a Aerosol 
detection in 
the 
Mediterra-
nean area I 

Nominal, 
3 MOUSR, 
1 µ-calibration 

Occasional frequency data gaps 
due to weak signal incident on 
wavemeter (integration time 
increased to 40 ms), 

Low clouds during Potenza 
overpass, cloud-free 
conditions over Catania 
laser power: 2.6 W – 2.8 W 

22/10 b Aerosol 
detection in 
the 
Mediterra-
nean area II 

Nominal, 
1 MOUSR, 
1 µ-calibration 

Occasional frequency data gaps 
due to weak signal incident on 
wavemeter (integration time 
increased to 40 ms), 

Mid-level clouds during Lecce 
overpass, 
heterodyne measurements of 
LPO performed 
laser power: 2.6 W – 2.7 W 

Table 4-1: Mission objectives, A2D operation modes and quality limitations for all flights along with related 
information about the laser performance and causes for data gaps. Nominal operation refers to wind measure-
ments as opposed to other instrument modes, e.g. MOUSR (Mie out of Useful Spectral Range), response 
calibrations, imaging mode. 
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Flight 
date 

Flight 
time 

(UTC) 

Wind 
scene 

# 
Start End Duration Curve 

included? Obs. Meas. Rayleigh 
winds 

Mie 
winds 

Combined 
winds 

15.09. 11:58 – 
14:33 1 13:55:27 14:02:21 00:06:54 No 23 805 249 70 319 

17.09. a 06:10 – 
08:07 

2 06:59:01 07:12:13 00:13:12 No 44 1540 343 23 366 
3 07:34:14 07:45:38 00:11:24 No 38 1330 293 75 368 

17.09. b 10:01 – 
13:33 

4* 10:30:11 11:31:05 01:00:54 Yes 203 7105 908 382 1290 
5* 11:42:28 12:24:28 00:42:00 No 140 4900 265 306 571 
6 12:43:04 13:07:40 00:24:36 No 82 2870 574 135 709 

21.09. 14:00 – 
17:17 

7 14:56:13 15:26:53 00:30:40 Yes 100 3500 999 246 1245 
8* 15:33:47 15:57:11 00:23:24 Yes 78 2730 794 159 953 
9 16:11:01 16:51:13 00:40:12 Yes 134 4690 1369 342 1711 

23.09. 07:01 – 
10:21 

10* 07:51:17 08:53:05 01:01:48 Yes 206 7210 1962 525 2487 
11 09:14:07 09:53:07 00:39:00 No 130 4550 487 635 1122 

27.09. 09:28 – 
13:24 

12Δ 10:28:03 11:36:08 01:08:05 Yes 227 7945 2165 575 2740 
13 11:50:50 12:36:08 00:45:18 Yes 151 5285 1737 234 1971 

28.09. 10:56 – 
14:19 Only calibrations performed during this flight. 

02.10. 08:31 – 
12:01 

14 09:42:17 09:53:41 00:11:24 No 38 1330 160 207 367 
15 10:06:53 10:47:41 00:40:48 Yes 136 4760 1030 311 1341 
16 11:05:56 11:29:56 00:24:00 No 80 2800 13 515 528 

04.10. a 08:09 – 
11:43 

17 08:57:04 09:45:40 00:48:36 No 162 5670 1116 767 1883 
18 09:51:04 10:30:22 00:39:18 No 131 4585 801 655 1456 
19 10:34:34 10:48:58 00:14:24 No 48 1680 352 128 480 

04.10. b 13:04 – 
15:49 

20 13:57:40 14:51:22 00:53:42 No 179 6265 2026 308 2334 
21 15:02:10 15:14:28 00:12:18 Yes 41 1435 257 258 515 

09.10. 15:44 – 
19:24 

22 16:41:28 17:15:21 00:33:53 No 113 3955 839 407 1246 
23 17:24:22 17:54:03 00:29:41 No 99 3465 3 897 900 
24* 18:17:44 18:59:09 00:41:25 No 138 4830 755 604 1359 

15.10. a 10:05 – 
13:34 25 10:52:36 11:07:36 00:15:00 No 50 1750 685 14 699 

15.10. b 15:24 – 
18:44 Only calibrations performed during this flight. 

18.10. a 08:36 – 
11:14 

26* 09:20:21 09:57:15 00:36:54 No 123 4305 1129 272 1401 
27 10:24:03 10:37:33 00:13:30 No 45 1575 503 68 571 

18.10. b 12:39 – 
14:30 28 13:33:00 13:53:06 00:20:06 No 67 2345 98 150 248 

22.10. a 08:02 – 
12:08 

29 09:10:14 09:31:15 00:21:01 Yes 70 2450 417 246 663 
30 09:39:20 10:13:50 00:34:30 Yes 115 4025 1387 240 1627 
31 10:22:32 10:45:21 00:22:49 No 74 2590 480 546 1026 
32 11:01:14 11:18:21 00:17:07 Yes 57 1995 49 225 274 

22.10. b 13:30 – 
16:10 

33 13:51:34 14:01:10 00:09:36 No 32 1120 430 45 475 
34 14:10:46 14:28:28 00:17:42 No 59 2065 733 55 788 
35 14:41:40 15:50:39 01:08:59 Yes 230 8050 1466 968 2434 

Total: 
  

18:14:10 
 

3643 127505 26874 11593 38467 

Table 4-2: Overview of the wind scenes and the obtained Rayleigh and Mie wind data. The asterisk (*), circle (°) 
and triangle (Δ) indicate that the scene includes a collocated flight leg with HALO, SAFIRE Falcon or the British 
FAAM BAe 146, respectively. 
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In the framework of the WindVal II campaign, a total number of 35 wind measurements have been conduct-
ed. An overview of the respective flight sections, the number of usable A2D observations as well as the 
resulting wind data is presented in Table 4-2. The measurement periods range from only six minutes (during 
the test flight) to about one hour, adding up to more than 18 hours over the whole campaign. For each wind 
scene, it is indicated whether the measurements were obtained during a straight flight or curves are included 
in the periods. Flight sections with curves require extra analysis during the processing related to ground 
detection. 

The number of Rayleigh and Mie winds corresponds to wind measurements which have passed the quality 
control, i.e. after sorting out invalid measurements that showed outliers in the DCO channel, saturation of 
single pixels on the ACCD or incorrect assignment of range-gates numbers as studied in Marksteiner (2013). 
For each wind section, the resulting Rayleigh and Mie wind profiles were additionally superimposed to a 
“combined” wind profile in order to exploit the complementarity of the two different measurement principles. 
Here, in case of available wind data from both channels, Mie winds were taken and Rayleigh winds were 
discarded, leading to a number of combined winds which is generally smaller than the sum of Rayleigh and 
Mie winds. 

After processing the resulting A2D LOS winds, a subset of Table 4-2, will be delivered per observation, sorted 
by Rayleigh and Mie channel according to Table 4-3 and shown in Figure 4-1. The subset depends on the 
quality of the derived LOS winds, e.g. it is not clear today, if LOS winds can be processed with sufficient 
quality from all flight legs of Table 4-2. The A2D LOS winds will be compared to the 2-µm DWL and visual-
ized. Comparable graphs can be found in DLR (2012, ch. 4., ch. 5, ch. 6) and in ch.4 of Marksteiner (2013) 
which also contains the relevant information about the wind retrieval (ch. 3.5), the applied quality control (ch. 
3.6) and the handling of the instrument response calibrations (ch. 3.4). All six response calibrations (IRC) will 
be analysed and a subset of wind mode data will be processed using two different response calibrations 
results. 

Wind scene #7 is split into two parts due to a short-term interruption of the data acquisition: part 1 from 
14:56:13 UTC to 15:01:19 UTC (17 observations) and part 2 from 15:01:59 UTC to 15:26:53 UTC (83 
observations). For the same reason wind scene #31 is separated into two parts: part 1 from 10:22:32 UTC to 
10:37:14 UTC (49 observations) and part 2 from 10:37:46 UTC to 10:45:21 UTC (25 observations). 

Selected A2D measurements (wind + calibration MRC and RRC, ISR) were prepared as input to the E2S-
L1B processing chain (Huber 2018). Therefore, pre-processed data from different sources (A2D raw binary 
product, A2D housekeeping data, Falcon IRS, etc.) are compiled in an ASCII file. This procedure has already 
been used for deliveries of the 2015 airborne campaign data. These files contain information about the time, 
laser frequency, flight altitude, aircraft ground speed on LOS, off-nadir angle, azimuth angle, and P-N setting 
(all in the header; P: number of pulses, N: number of measurements) as well as per observation the location 
and size of the single bins and the measured LSB (least significant bit) per pixel on the ACCD. 
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 Parameter Comments 

Main Header No. of observations Total number of profiles in file 

 Date Date of first profile 

 Time Time of first profile (UTC) 

 Calibration info Date & time; important settings 

 RAY DCO Rayleigh DCO thresholds  

 MIE DCO Mie DCO thresholds 

Specific Header (i) Profile Number  

 Start time of observation Milliseconds from 00:00 UTC 

 Longitude ° East 

 Latitude ° North 

 Altitude m ASL 

 LOS –x –y –z LOS pointing unit vector 

Profile info (i) Altitude lower border of bin in m 

 Range from instrument lower border of bin in m 

 Rayleigh LOS wind m/s 

 Mie LOS wind m/s 

 Rayleigh signal LSB; channel A+B 

 Mie SNR According to Marksteiner (2013) 

Table 4-3: Format of A2D Level 1 LOS winds with one main header as well as one specific header and 
profile information per observation. 
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Figure 4-1: Example file from the WindVAL 2015 campaign visualising the format in the A2D data. 

 
The structure of the delivered A2D data and results of the WindVal II campaign is organised under three 
main directories as shown in the scheme on the next page. 

The raw data of each of the 17 flights is included in the “Complete” subfolder which is located in the main 
folder named after the respective flight. The content of the A2D binary products (*.deu), the raw housekeep-
ing data files (*.tle), as well as the UV camera data files (*uvcam.csv) is described in DLR (2005). 

The directory “Wavemeter” contains the measurements of the A2D laser frequency using a High Finesse 
WSU-2. The data is available in long-term recording format (*.lta) and as a pre-processed version in *.txt 
format. The latter can be converted to mean frequencies per observation using the LabVIEW VI “Wavemeter 
- mean freq per obs.vi” located in ”LabView\ALADIN_PROC\Wavemeter - mean freq per obs - BW”. In this 
form, the files are an optional input for processing the A2D response calibrations. 

The directory LabView/TOOLS contains LabView processors that can be used for a more detailed analysis 
of A2D winds and related data, mainly for comparisons against wind speeds from other wind sources such 
as ECMWF and the 2-µm lidar. The VIs in the directory CMET_data_plots with the main VI 
“MAIN_Plot_cmet_data.vi” is mainly used to derive the additional LOS speed induced by the attitude and 
speed of the Falcon aircraft which is input to the corresponding correction in the A2D calibration and wind 
processing. 

The directory LabView/ALADIN_PROC contains all LabView VIs used for processing the delivered results. 
The main VI to be used is “START_Cal_Wind.VI” from which the different processors can be called. 

The structure of the delivered A2D data and results of the WindVal II campaign is organised under three 
main directories as follows: 
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1. DATA 
1.1. Day of flight 

The placeholder “Day of flight” stands for the directories dedicated to each of the 17 scientific 
flights, e.g. “2016-09-27 - Faroe Islands Jet Stream”. Each folder contains a subfolder named 
“Complete” which includes the following files: 

• A2D binary products *.deu 
• Housekeeping and telemetry data *.tle 
• Logbook *logbook.csv 
• Thermal data of the receiver *thermal.csv 
• UV camera data, i.e. CoG information *uvcam.csv 
• Configuration file for the A2D system *acu_conf.csv 

In addition, each folder contains subfolders including copies of the “.deu and “tle files of selected 
sections for easier access. The subfolders are sorted by 

• wind measurements 
• calibrations 
• MOUSR (Mie Out of Useful Spectral Range) 
• imaging mode 
• etc. 

 
1.2. ALMEMO 

• pressure, temperature and humidity data on-board the Falcon *.csv 
1.3. Falcon 

• Falcon aircraft raw data *.nas 
• Overview of Falcon aircraft data  *.pdf 
• Falcon flight tracks *.kml 

1.4. Wavemeter 
• raw data (laser frequency) measured by the wavemeter *.lta 
• laser frequency data with proper timestamp provided by A2D trigger *.txt 

1.5. 2mu Lidar 
• Level 2 scanning data for comparison against A2D winds         *.txt 

 

2. RESULTS 
2.1. Day of flight 

• Overview VI presenting the main results in a fixed arrangement *.vi 
• Overview slides showing contents of the VI and additional info *.pptx 

 

3. LabView 
3.1. ALADIN_PROC 
3.2. TOOLS 

3.2.1. 2mu-Plotting LOS 
3.2.2. 2mu-Plotting Scan 
3.2.3. CMET_data plots 
3.2.4. Comparison A2D – 2mu 
3.2.5. Comparison A2D – DEM 
3.2.6. Comparison A2D – ECMWF 
3.2.7. Comparison A2D – MieRay 
3.2.8. Comparison A2D – RaSo_WPR 
3.2.9. Comparison ECMWF – RaSo 
3.2.10. GoogleEarth_Stuff 
3.2.11. Plot_Tracks_CMET_and_DEM_Intersection 
3.2.12. Zero_Wind 
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 2-µm DWL measurements 4.2
The 2-µm DWL provided high-quality wind data during the first three weeks of the campaign until 9 October 
2016. However, the instrument showed gradual performance degradation in the course of the campaign 
related to a misalignment of the laser transmitter as well as a broken piezo actuator which could only 
provisionally be compensated by adjusting the laser temperature settings and the threshold level for the 
ramp and fire resonance peak detection. As a result, the preparation (or conditioning) time of the 2-µm DWL 
system progressively extended from 20 minutes to more than one hour, since the acceptable temperature 
range for proper operation diminished over the weeks. On 15 October 2016, the system was no longer 
operational, as the misalignment had become too severe. Thus no 2-µm measurements are available for the 
flights on 15, 18 and 22 October 2016. 

The 2-µm DWL data are processed using two different algorithms for retrieving the three-dimensional 
horizontal wind vector from the LOS directions. An inversion algorithm (using a sinusoidal fit-function) and a 
signal accumulation algorithm recently adapted for airborne DWL measurements (Smalikho 2003). The 
baseline for the accumulation algorithm can be found in Smalikho (2003) and an earlier comparison between 
the inversion and accumulation algorithm in Weissmann et al. (2005). The final 2-µm DWL data product 
combines the output of the inversion and the accumulation algorithm, exploiting the fact that the inversion 
algorithm is more reliable, while the accumulation algorithm provides wind estimates even at low SNR. 

First, the wind vector is derived from a number of 21 LOS winds using the inversion algorithm, based on 3 
LOS wind values separated by 120°. Thus, a maximum number of 21/3 = 7 wind vectors are obtained for 
each scan, which are averaged to 1 wind vector. An averaged wind vector is reported as valid, if a minimum 
number of wind vectors (default 4) were obtained from the 7 inversion results. The accumulation algorithm is 
used for those altitude levels, where no results from the inversion algorithm are obtained. Several QC criteria 
are used within the accumulation algorithm. As a final step a median filter is applied to each range bin. The 
neighbouring range bins in a box of N by N range bins (default N = 5) are investigated. The range bin is 
considered as valid, if a fraction (default value is 20 %) of all horizontal wind speed values surrounding this 
range bin is within a certain range of wind speeds (default is ±4 m/s). 

The 2-µm DWL data are provided for wind vector profiles (Level 2; filename *_L2.txt) from conical scans and 
as LOS wind profiles (1 s average) (Level 1, filename *_L1.txt). For the Level 2 wind vector profiles only 
altitude levels from aerosol backscatter are reported. No level 2 wind vector profiles are derived from high 
SNR targets as clouds or ground. This is due to the fact that the cloud backscatter is often not uniform within 
one scan, e.g. clouds are present only for some LOS pointing directions. In contrast the information for 
aerosol, clouds and ground LOS winds is obtained in the Level 1 product. 

It should also be mentioned here that the times provided in the Level 1 and Level 2 files are based on GPS 
time, which is not corrected for leap seconds. Hence, the following correction needs to be applied to obtain 
time in UTC (between 01 July 2015 and 31 December 2016): UTC = GPS -17 s. 

The 2-µm DWL Level 2 wind vector data are provided as *.txt file per flight (e.g. “2016-09-27.txt”) containing 
the following information: 

• 1 general header with information according to Table 4-4 
• a number of wind vector profiles with 

o specific header according to Table 4-5 
o altitude profile for each wind vector (u,v,w) according to Table 4-6 

The 2-µm DWL Level 1 LOS data are provided as *.txt file per flight with the following information: 

• 1 general header with information according to Table 4-7 
• a number of LOS profiles with 

o specific header according to Table 4-8 
o specific header indicating, if LOS is obtained from aerosol (“Aerosol”), cloud (“Wolke”) or 

ground (“Boden”) with the corresponding number of range gates; for a ground return it is in-
dicated if it is a “sea” or a “land” surface return 

o altitude profile (in m)) for each LOS wind (in m/s) and power (a. u.) 

As mentioned before, the time to reach stable laser and instrument operation gradually increased to up to 75 
minutes in the course of the campaign. At the end of each flight, the 2-µm DWL was switched-off during 
descent at an altitude of 3 km (about 10-15 minutes before landing). Thus, 2-µm DWL measurements are 
available for about 30 minutes to 90 minutes less than the flight duration depending on the flight date. 
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Parameter Default Comment 

Observation date  Day of flight 

Vertical resolution 100 m  

No. of profiles  no. of wind vector profiles 
in file 

No. of vertical levels 120 No. of altitude levels per 
profile 

Default value -999.00 invalid data value 

Delimiter Tabulator Delimiter used to separate 
columns 

Time milliseconds from 
00:00 GPS 

 

Qualitätskriterien Median Same parameters 
for each flight 

Quality criteria for median 
filter 

Qualitätskriterien Accumulation Same parameters 
for each flight 

Quality criteria for accumu-
lation algorithm 

Qualitätskriterien Inversion Same parameters 
for each flight 

Quality criteria for Inversion 
algorithm 

Table 4-4: General Header for 2-µm DWL Level 2 data for each flight; although the unit for time is labelled as “ms 
UTC” in the file it is “ms GPS” without correction of leap seconds. 

 

Parameter Unit 

Time since midnight ms GPS 

Latitude °N 

Longitude °E 

Altitude m ASL 

Horizontal velocity m/s 

Vertical velocity m/s 

Heading angle °N 

Roll angle ° 

Number of scan  

Number of LOS per scan 21 

Table 4-5: Specific header for 2-µm DWL Level 2 data for each wind vector profile with aircraft parameters. 
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Parameter Unit Comment 

Altitude m ASL 

Wind North v m/s Positive towards North 

Wind East u m/s Positive towards east 

Wind Down -w m/s Positive downward  

Table 4-6: Content of 2-µm DWL Level 2 data for each profile; although the vertical velocity w is usually positive 
for upward direction, the file reports “downward” direction for positive values. 

 
Parameter Default Comment 

Datum  date 

Kommentar 1 s LOS Content 1 s LOS 

Anzahl_LOS  Number of LOS profiles 

Quality parameters  Quality criteria for LOS winds 

Korrektur Power R-Quadrat Power is multiplied with R2 in 
a.u. linear scale 

Table 4-7: General header for 2-µm DWL Level 1 data for each LOS profile with aircraft parameters. 

 
Parameter Unit 

Time since midnight ms GPS 

Latitude °N 

Longitude °E 

Altitude m ASL 

North-South velocity m/s 

East-West velocity m/s 

Vertical velocity m/s 

North direction LOS unit vector 

East direction LOS unit vector 

Down direction LOS unit vector 

x-scanner ° 

y-scanner ° 

LOS aircraft m/s 

Laser offset MHz 

Table 4-8: Specific header for 2-µm DWL Level 1 data for each LOS profile with aircraft parameters with time in 
GPS in ms w/o correction of leap seconds. 
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 Data from the French Falcon SAFIRE 4.3
The payload of the French Falcon consisted of a 95 GHz Doppler cloud radar (RASTA), a thermal infrared 
radiometer (CLIMAT – Conveyable Low-Noise Infrared Radiometer for Measurements of Atmosphere and 
Ground Surface Targets) and an aerosol/wind lidar (LNG – LEANDRE New Generation) operating at three 
wavelengths (355 nm, 532 nm, 1064 nm) with a depolarization channel at 355 nm. The lidar is capable of 
pointing nadir and off-nadir at an angle of 37° for LOS wind measurements. In addition, dropsondes were 
launched from the French Falcon. Further details are found in the EPATAN CIP (ch. 2, Delanoe et al. 2016). 

The first coordinated flight of the German DLR Falcon (GF20) and the French SAFIRE Falcon (FF20) was 
performed on 2 October 2016 between 09:31 UTC and 10:25 UTC, when the German and the French Falcon 
aircraft flew behind each other separated by five minutes at flight levels FL360 and FL350, respectively. The 
common leg started at 65°N, 34°W, from where both aircraft headed towards the Greenland east coast and 
then headed south along the 43.5 west degree of longitude to 63.6°N, 43.5°W (Figure 4-2). The LNG was 
pointing off-nadir at an angle of 37° (ADM configuration) during the coordinated legs, while the RASTA and 
CLIMAT delivered Doppler radar and brightness temperature data. Moreover, nine dropsondes were 
released during the flight as indicated in Figure 4-2, yielding data on temperature, pressure and humidity as 
well as wind velocities. 

 
Figure 4-2: Flight tracks of the German and French Falcon aircraft on 2 October 2016. The red line is the GF20 
flight track, the yellow lines indicate the A2D wind measurement periods and the blue dashed line shows the 
entire flight track of the FF20. The release locations of the dropsondes are illustrated as white circles. 
 

The second coordinated flight of the two Falcon aircraft took place on 9 October 2016 between 18:20 UTC 
and 18:41 UTC south of Iceland. The respective flight tracks are depicted in Figure 4-3. The FF20 released 
four dropsondes, however not during the common flight period. The LNG operated at nadir during the 
common flight track and with ADM pointing (37° off-nadir) after leaving the common track with the GF20 
(18:41 UTC). Also, the CLIMAT did not provide data of the up- and down-welling fluxes from 18:00 UTC until 
the end of the flight. 

 
Figure 4-3: Flight tracks of the German and French Falcon aircraft on 9 October 2016. The red line is the GF20 
flight track, the yellow lines indicate the A2D wind measurement periods and the blue dashed line shows the 
entire flight track of the FF20. The release locations of the dropsondes are illustrated as white circles. 
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The data product from the French Falcon is contained in NetCDF Format (Version 4.4.1), which contains the 
dataset from the cloud radar RASTA, the lidar LNG, and the dropsondes for each flight (the data from 
CLIMAT is not contained in the delivered data product). The filename contains the date of the flight and the 
number of the flight, while the content of the data product is provided in  
Table 4-9. An example of measurements from the coordinated flight towards Greenland on October 2, 2016 
from RASTA and LNG is shown in Figure 4-4. The data from the different instruments is provided on a 
common vertical and horizontal grid of 60 m (vertical) and 5-7 s (horizontal), which is chosen to match the 
RASTA vertical resolution and LNG horizontal resolution. 

 
Figure 4-4: Measurements from French Falcon on October 2, 2016 (Flight F6) from cloud radar RASTA and LNG 
on a common grid (from top to bottom): top panel shows the measured radar reflectivity Z below the 
aircraft, second and third panel show the molecular and particular backscatter from LNG; fourth 
panel shows LOS velocity from LNG; fifth panel illustrates the simulated LNG LOS using RASTA 3D 
wind retrieval; sixth and seventh panels show vertical wind VZ and horizontal wind speed |V| from 
RASTA. Red lines indicate when the lidar is in ADM mode (Figure provided by J. Delanoe). 
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Name dimensions units comments 
Time time hours UTC Decimal hours UTC since midnight 
Height height km ASL Vertical grid (common to radar and lidar 

data) 
Latitude time degrees north Latitude of the aircraft from GPS 
Longitude time  Longitude of the aircraft from GPS 
Altitude time km ASL Altitude of the aircraft above geoid from 

GPS 
Roll time degrees Aircraft roll angle from INS: positive when 

the starboard wing is down 
Drift time degrees Aircraft drift angle from INS positive if track 

is more clockwise than heading 
Pitch time degrees Aircraft pitch angle from INS: positive when 

the aircraft nose is up 
Heading time degrees Aircraft heading angle from INS: relative to 

geographical North, positive clockwise 
Track time degrees Aircraft track angle from INS: relative to 

geographical North, positive clockwise, 
track = heading + drift 

Aircraft_vh time m s-1 Aircraft horizontal speed from GPS 
Aircraft_vz time m s-1 Aircraft vertical speed from GPS 
LNG_elev_hor time degrees Elevation angle of LNG beam w.r.t Earth 

coordinate system [-90°,90°]: straight-
forward beam position corresponds to 
0°, upward position to positive angles 

LNG_azim_east time degrees Azimuth angle of LNG beam w.r.t. Earth 
coordinate system [-180°,180°]: 0° 
corresponds to east, positive anti-
clockwise 

LNG_pointing time - flag with 1 : nadir, 2 : zenith, 3 : ADM 
proj_aircraft_speed time m s-1 Aircraft velocity projected on LNG LOS 

(has been removed from LNG LOS 
measurement), positive away from 
aircraft 

Land_water_flag time none 0 means Land, 1 means Water, Derived 
from Very High Resolution land/sea tag 
map with distance from land, Naval 
Oceanographic Office (NAVOCEANO) 
2007-06-28 

Z time x height dBZ 95GHz Radar reflectivity factor from Nadir 
antenna, Produced using the Pulse-Pair 
Processing. Range-corrected and 
calibrated 

VN time x height m s-1 VN, Northward Wind component of the 
retrieved 3D wind 

VE time x height m s-1 VE, Eastward Wind component of the 
retrieved 3D wind 

Vspeed time x height m s-1 horizontal speed of the retrieved 3D wind 
Vdir time x height degree horizontal direction of the retrieved 3D 

wind 
Vz time x height m s-1 Vz, Vertical component of the retrieved 3D 

wind: positive upward 
Temperature time x height deg C Air temperature, extracted from ERA-I 
Radar_Mask time x height none Attenuation and phase flag, 0: no cloud / 1: 

ice / 2: rain / 3: ice but likely attenuated / 4: 
ground / 5: ghost ground / 6: interpolated 

Gaseous_ 
twowayatt 

time x height dB Gaseous two way attenuation, from Liebe 
at 95GHz 
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LNG_HSR_Doppler time x height m s-1 LNG Doppler velocity, Line of sight 
particular velocity not corrected with 
projected aircraft speed; positive away 
from aircraft 

LNG_HSR_Doppler
_corrected 

time x height m s-1 LNG Doppler velocity, Line of sight 
particular velocity corrected with projected 
aircraft speed; positive away from 
aircraft 

simulat-
ed_LNG_HSR_Dop
pler_RASTA 

time x height m s-1 projected RASTA speed on LNG LOS 
positive away from aircraft 

    
LNG_HSR_Doppler
_Error 

time x height m s-1 LNG Doppler velocity error, Line of sight 
particular velocity error 

LNG_Depolarizatio
n_Ratio_355 

time x height  not yet available 

LNG_Molecular_ 
Backscatter_355 

time x height m-1 sr-1 LNG attenuated molecular backscatter at 
355 nm 

LNG_Molecular_ 
Backscatter_ 
355_Error 

time x height m-1 sr-1 LNG attenuated molecular backscatter 
error at 355 nm 

LNG_Particular_ 
Backscatter_355 

time x height m-1 sr-1 LNG attenuated particular backscatter at 
355 nm 

LNG_Particular_ 
Backscater_ 
355_Error 

time x height m-1 sr-1 LNG attenuated particular backscatter error 
at 355 nm 

LNG_Particular_ 
Backscatter_ 
355_mask 

time x height none LNG Particular backscatter mask 355 nm 

LNG_Molecular_ 
Backscatter_ 
355_mask 

time x height none LNG Molecular backscatter mask 355 nm 

LNG_Doppler_ 
Mask 

time x height none LNG Doppler quality flag, 0: cannot be 
used / 1: ok 

Example of global attributes 
Description = "95GHz Cloud Radar (RASTA) and LNG 355nm Lidar - Wind DATA"  
Airport_latitude = 63.9986277778  Airport_longitude = -22.5663472222  
Experiment = "NAWDEX EPATAN (29/09/16-16/10/12), Airport: Keflavik"  
Flight = "6"  Day = "20161002"  
contact = "contact email: julien.delanoe@latmos.ipsl.fr"  
created = "2018-03-09"  
data_policy = "EPATAN project: If you intend to use these data for any communication or publication 
please contact Julien Delanoe"  
 
Table 4-9: Content of French Falcon data product in NetCDF (V4.4.1) Format including RASTA and LNG on a 
common 2-dimensional grid with the dimensions height (vertical) and time (horizontal); dsnumber: number of 
dropsondes (Table provided by J. Delanoe, bold annotations by DLR); GPS (Global Positioning System), INS 
(Inertial Navigation System) 
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The mounting angles for RASTA and LNG in the aircraft reference frame are provided in Table 4-10. These 
are used to compute the LOS pointing angles in the earth-centred reference frame.  
 

Aircraft reference Azimuth Elevation 
RASTA 
Nadir -86.5 -85.4 
Back -89.5 -60.9 
Transverse -10.0 -64.5 
LNG 
NADIR -90.0 -86.35 
ADM; -7.0 -51.9 

 
Table 4-10: Mounting angles for the 3 different RASTA antennas (nadir, back, transverse) and the 2 different LNG 
LOS angles (NADIR, ADM) in the aircraft reference frame coordinate system.  
 
The projection of the RASTA measured wind components (eastward component U, northward component V, 
vertical W) to the LOS direction of LNG (parameter simulated_LNG_HSR_Doppler_RASTA) VLOS is 
performed by using the azimuth towards east (α) and elevation angles (towards horizontal φ) (in Earth 
coordinates) with the following equation: 
 

cos( ) cos( ) sin( ) cos( ) sin( )LOSV U V Wα ϕ α ϕ ϕ= ⋅ ⋅ + ⋅ ⋅ + ⋅  

 
As mentioned before during both collocated flights several dropsondes of the type Vaisala RD94 were 
released. For each dropsonde a netCDF file (file format netCDF3) was provided. These files were generated 
by DLR using Aspen V3.3-461 (https://www.eol.ucar.edu/software/aspen) software for quality control and 
visualisation of dropsonde soundings. 
The software takes the original csv files generated by the on-board dropsonde computer from SAFIRE as 
input and applies several quality control algorithms to the raw data. Most quality control algorithms (e.g. limit 
check, outlier check, GPS check) simply remove unreliable data points. The only steps modifying actual 
observations are the dynamics adjustment and smoothing of the profiles. The modifications of the wind 
variables are the wind dynamics adjustment and the final smoothing. For the wind dynamics adjustment, 
each wind component is modified according to this formula: 𝑢𝑢𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑢𝑢𝑜𝑜𝑜𝑜𝑜𝑜 − �𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
� ∗ (𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
)/𝑔𝑔. For this, the series 

is first smoothed using a smoothing window of ten observations and then a time tendency is calculated for 
each data point which is used for the correction of the observed values. The vertical velocity of the formula 
above is derived from the time-differentiated hydrostatic equation. For the final smoothing, profiles of wind 
components and wind direction are smoothed using a window length of ten observations.  
The output file format of Aspen was defined to be netCDF. The file names contain the information about 
release date and dropsonde start time and the quality control processing options (e.g. smoothing windows) 
are described by the global attributes of the netCDF files. A description of the file content is summarised in 
Table 4-11. The parameters used for the comparison between profiles of dropsonde and lidar wind observa-
tions are “u_wind”, “v_wind”, “wspd” and “wdir” and “gpsalt” describing the dropsonde GPS altitude was used 
as height parameter. 
  

https://www.eol.ucar.edu/software/aspen
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Name units comments 
base_time s Sounding launch time in seconds since 

1970-01-01 00:00:00 UTC 
time_offset s Seconds since base time for each 

observation 
time s Seconds since 1970-01-01 00:00:00 UTC 

for each observation 
pressure hPa Pressure 
tdry °C Dry-bulb temperature 
dp °C Dew point temperature 
rh % Relative humidity 
u_wind m s-1 u-wind component 
v_wind m s-1 v-wind component 
wspd m s-1 Horizontal wind speed 
wdir ° Horizontal wind direction 
dz m s-1 Fall rate 
range km Range from release point 
qp hPa Spare field, filled with -999 
qt °C Spare field, filled with -999 
qrh % Spare field, filled with -999 
qu m s-1 Spare field, filled with -999 
qv m s-1 Spare field, filled with -999 
qwind m s-1 Spare field, filled with -999 
mr g/kg Water vapour mixing ratio 
vt °C Virtual temperature 
theta K Potential temperature 
theta_e K Equivalent potential temperature 
theta_v K Virtual potential temperature 
lat ° North latitude [-90°,90°] 
lon ° East longitude [-180°, 180°] 
alt m Altitude above ASL; geopotential altitude 

calculated from sensors 
gpsalt m GPS reported altitude above ASL 

 
Table 4-11:  File content of dropsonde files; ASL: above sea level (geoid); the parameters “qp”, “qt”, “qrh”, “qu”, 
“qv” and “qwind” are automatically generated by Aspen and only contain the value “-999”. 
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 In-situ data from the DLR Falcon 4.4
The in-situ data from the DLR Falcon aircraft are provided for each flight containing (see also 1.3 in the 
scheme on page 18 – Falcon folder): 

• a *.nas-file including the entire aircraft data in TXT-format 
• a *.kml-file for displaying the flight track in Google Earth 
• a *.pdf-file including figures, plots of the aircraft data 

The content of the in-situ data from the Falcon is described in the header of each file. It contains the 
parameters according to Table 5-9 from different sensors with a time resolution of 1 s. The raw data of the 
different sensors are stored with 10-100 Hz. 

The altitude of the aircraft can be derived from different sources of the aircraft data. The meteorological 
height is derived from the pressure and temperature measurements during ascent and descent. As the flight 
tracks are performed along a pressure gradient within the atmosphere, and the aircraft is flying on constant 
pressure altitudes, the actual flight height is changing. Thus the meteorological height cannot account for 
that gradient and is systematically incorrect. Thus the more accurate height information is derived from the 
GPS altitude (m ASL).  

The Falcon in-situ data from the IRS (pitch, roll, heading angle) and the GPS (lat, lon, altitude, aircraft 
ground speed) are used within the A2D processing for the derivation of the line-of-sight LOS pointing 
direction and the aircraft ground speed. The 2-µm DWL uses its own GPS antenna and receiver and 
interfaces to the aircraft ARINC-429 bus to access IRS data with high frequency up to 100 Hz. 
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Sensor Parameter Comment 

Flight Management Computer FMC Lat, Lon composite of several sources 

Global Positioning System GPS Height (ASL), Lat, Lon, EWV, 
NSV  

Inertial Reference System IRS 
track angles, accelerations, 
ground speed, heading, roll, 
pitch angle and rates 

 

Aircraft Ground speed 
EWV, NSV 

Vertical velocity 

Composite from IRS+GPS 

from IRS 

Time UTC time  Manually set at start of flight 

Humidity absolute, relative humidity, 
mixing ratio 

Composite of 3 instruments 
(source is indicated); no 
values are reported within 
clouds (100% RH) and for 
very low humidity  
(<10-4 kg/kg) 

Noseboom pressure sensors 

Angle of attack, angle of 
sideslip, pressure altitude, 
Mach number, static and 
dynamic pressure, TAS 

 

Temperature 

Total air temperature, dew 
point temperature, potential 
temperature, virtual potential 
temperature, static air 
temperature, virtual tempera-
ture 

 

Wind Vector 

East Component (u), North 
component (v), vertical 
component (w), horizontal 
wind speed and direction 

No vertical wind during ascent 
/ descent and other conditions, 
e.g. curves. 

Altitude 

GPS altitude (ASL) 

Height (ASL) calculated from 
meteorological sensors 

Pressure altitude 

 

Table 4-12: Content of DLR Falcon in-situ dataset; Lat: Latitude, Lon: Longitude, EWV: East-West Velocity, NSV: 
North-South Velocity, TAS True Airspeed, ASL: above sea level (geoid). 
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 Ground-based lidar during aerosol flight 4.5
 
Two flights dedicated to the observation of elevated aerosol layers were performed with the Falcon aircraft 
on October 22, 2016 from DLR Oberpfaffenhofen, shortly after the NAWDEX deployment in Iceland. Only the 
A2D was operated during these 2 flights, because the 2-µm wind lidar was not in operation (see ch. 4.2). It 
was initially foreseen to perform a coordinated flight with the French Falcon, but the aircraft was not available 
at this day. The flight was targeted to observe an elevated dust layer in Southern Italy and over the Mediter-
ranean Sea south of Sicily. During the first flight (Figure 2-5, red line, 8:02 – 12:08 UTC) from Ober-
pfaffenhofen (OBF) to Lamezia Terme (SUF) the ground-based aerosol lidar stations in Potenza and Catania 
were overflown at 9:15 UTC and 9:45 UTC, respectively.  The lidar in Lecce was passed at 14:30 UTC 
during the second flight (Figure 2-5, yellow line, 13:30 – 16:10 UTC) from SUF to OBF. In addition the data 
from the ground-based lidar station in Napoli was obtained, which is in the vicinity of the Potenza. Unfortu-
nately no measurements could be obtained in Potenza during the overpass due to low clouds, which 
prevented ground-based lidar observations. The lidar stations in Greece were informed about the aerosol 
flight (Alexandros Papayannis, apdlidar@gmail.com), but could not measure due to weather conditions 
(rain/clouds) during this day and the following night. The locations of the ground-based lidars, which are part 
of the “European Aerosol Research Lidar Network” EARLINET (except Catania) are listed in Table 4-13. 
 
All Lidar profiles for backscatter coefficient β from the different ground stations were retrieved by the Klett's 
method using the lidar ratio (LR) for the different wavelengths (Table 4-14). The assumed lidar ratio profile is 
contained in the dataset for Napoli. Lidar profiles from Lecce have been retrieved by the Klett's method using 
a constant LR. The LR at 335, 532, and 1064 nm have been chosen (LR355 = 50 sr, LR532 = 50 sr, LR1064 = 
30 sr) in order to match the aerosol optical thickness (AOT) at the lidar wavelengths retrieved from the 
Aeronet sun photometer (Lecce University) at 15:08:45 UTC. The measurement of the vertical profiles of all 
parameters from Lecce is shown in Figure 4-5. Lidar profiles from Catania have been retrieved by the Klett's 
method using a constant LR of 45 sr (355 nm) and 55 sr (532 nm). The values from the AOT from the 
Aeronet sun photometer (Data Level 1.5) at Napoli and Lecce is provided in Table 4-15. 
 
The data from Lecce is provided in ASCII-Format, where each parameter and each profile is contained in 
one file. The data from Napoli and Catania is provided in XLS Format, where each parameter is contained in 
one XLS-file, while different times are provided as different tables within the XLS-file. All dataset are 
complemented by a short description containing exemplary Figures. 
 

Station Latitude Longitude Elevation 
(ASL) 

Contact Person 

Potenza 40.601°N  15.724 °E 760 m Aldo Giunta  aldo.giunta@imaa.cnr.it 

Aldo Amodeo aldo.amodeo@imaa.cnr.it 

no lidar observations due to low clouds 

Napoli 40.838 °N  14.183 °E  118 m Nicola Spinelli spinelli@na.infn.it 

Catania, 
Serra La 
Nave (SLN)  

37.69 °N   

 

14.97 °E 1780 m Nicola Spinelli spinelli@na.infn.it 

Giuseppe Leto giu.leto@gmail.com 

Lecce 40.33 °N 

 

18.11 °E 

 

30 m Pasquale Burlizzi Pasquale.Burlizzi@le.infn.it 

Maria Rita Perrrone perrone@le.infn.it 

Table 4-13: Location of ground-based aerosol lidar stations in Italy including the contact person, who 
was responsible for the observations and providing the data. 

  

mailto:apdlidar@gmail.com
mailto:aldo.giunta@imaa.cnr.it
mailto:aldo.amodeo@imaa.cnr.it
mailto:spinelli@na.infn.it
mailto:spinelli@na.infn.it
mailto:giu.leto@gmail.com
mailto:Pasquale.Burlizzi@le.infn.it
mailto:perrone@le.infn.it


 

Document Nr. 
DAR.DLR.WindVal_II. 
26062018 

Issue: 
V1.2 

Date: 
26.06.2018 

Page: 
33/36 

 

Doc. Title: 
WindVal II Data Acquisition Report (DAR) 
Wind Validation II for Aeolus 

 

  

Station Parameter Wavelength Time Period / UTC 

Napoli β355, β1064  

δ355  

355/1064 nm 

355 nm 

9:39-13:53 

Catania,  
SLN 

β355, β532  

δ355, δ355 

355/532 nm 

355/532 nm 

9:07-18:05 

Lecce β355, β532, β1064  

α355, α532, α1064  

δ355  

355/532/1064 nm 

355/532/1064 nm 

355 nm 

13:30, 14:18, 14:36 

Table 4-14: Profiles of backscatter coefficient β, extinction coefficient α, linear particle depolarization ratio δ, 
and their error estimates are provided from the lidar stations for the wavelength of 355 nm, 532 nm, and 1064 nm 
and the respective times from October 22, 2016.  

 

Station Time / UTC AOT355 AOT532 AOT1064 

Napoli 9:39 0.029351 no value 0.089148 

Lecce 11:02:33 0.0978117 0.0685038         0.037821 

 15:08:45 0.128603 0.088529     0.0480665 

Table 4-15: Aerosol Optical Thickness (AOT) from Aeronet sun photometer (Data Level 1.5) at 355 nm, 532 nm, 
and 1064 nm from October 22, 2016.  

 

 
Figure 4-5: Vertical profiles of backscattering coefficient, extinction coefficient, and linear depolarization ratio 
including error bars from the ground based aerosol lidar at Lecce measured on October 22, 2016 from  
14:18 UTC – 14:35 UTC during the overpass of the Falcon aircraft (Figure provided by Maria Rita Perrrone).  
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 Flight Reports 4.6
 
About 1-2 days after each flight a flight report was provided, which are included in Appendix A. Those flight 
reports include information about mission objectives, target area, flight tracks, instrument performance, 
coordination with other aircrafts or satellite overpasses, and general comments to the flight.  
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Appendix A with Flight Reports 
 

This appendix includes the summaries of each flight mission. 
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1 Introduction 
 

This technical note presents the work performed and the results achieved while processing A2D data 
measured during the 2016 WindVal II Campaign.  
 

Section 2 briefly describes the available data sets. Section 3 presents the processing results and 

section 4 provides a summary of the work performed. The Annex contains protocols of the steps that 

have to be performed to process A2D data with the L1Bprocessor. 
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1.2 Documents 
[R-1] ADM-MA-52-1800, Aeolus L1B Processor Detailed Processing Model, MacDonald 

Dettwiler, Issue 3/07, Jul 21, 2017 

[R-2] Marksteiner, U. (2013): Airborne Wind-Lidar Observations for the Validation of the ADM-

Aeolus Mission. Ph. D Thesis at Technical University Munich, DLR FB 2013-25, 176 pages. 

2 Available Data Sets 

2.1 ISR Mode 
The ISR data was collected on 10 October 2016 between 12:02 UTC and 13:07 UTC when the Falcon 

aircraft carrying the A2D was standing in the hangar of the Keflavík airport. The dataset contains the 

Rayleigh and Mie signals for 215 BRCs corresponding to 215 frequency steps of 52.8 MHz. Hence, the 

laser was tuned over a frequency range of 11.3 GHz to determine the transmission characteristics of 

the Rayleigh and Mie spectrometers. It should be noted here, that the laser frequency step 

commanding was 52.8 MHz during WindVal II and not as usual 50 MHz during the other campaigns. 

This was due to a different setting in the laser frequency commanding of the reference laser head. 

2.2 Calibration Mode RRC/MRC 
DLR has performed in depth investigation of all the calibration measurements that have been 

performed, and the calibration rated with highest quality was selected for wind mode data 

processing. It should be noted here that the frequency stepping was 26.4 MHz and not as usual 25 

MHz for the same reason as mentioned above for the ISR mode. 

 Special Feature Reference 

28.09.2016 

Start: 12:56:40 

End: 13:12:51 

From the set of six response calibrations performed in the 
frame of the campaign, calibration #3 was selected as the best 
one, as it was characterized by high stability of  

1. the Rayleigh spectrometer temperature,  
2. the ambient cabin pressure, and  
3. the laser frequency.  

Moreover, unlike some of the other calibrations, it was not 
affected by clouds deteriorating the Rayleigh signal. Finally, the 
Rayleigh and Mie nonlinearities were found to be comparably 
low. 

CAL 3 

 

2.3 Wind Mode 
For wind mode processing 3 data sets have been provided: 

 Special Feature Reference 

27.09.2016 

Start: 10:28:03 

End: 12:35:50 

 Jet stream sampling with very high LOS wind speeds up 
to 25 m/s (HLOS up to 80 m/s). 

 Strong vertical wind shear 

Ex_Karl 

04.10.2016 

Start: 08:57:04 

 Jet stream sampling with very high LOS wind speeds up 
to 25 m/s (HLOS up to 70 m/s). 

 Optically thin high-level cirrus clouds providing Mie 

Iceland 
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End: 10:30:04 winds & Rayleigh winds below. 

 Ground return signals at the beginning and the end of 
the flight offering zero wind correction 

22.10.2016 

Start: 13:51:34 

End: 15:50:21 

 Increased aerosol loadings 

 Overpass of the EARLINET ground station in Lecce at 
14:37 UTC 

Italy 

3 Processing Results 

3.1 ISR 
A2D ISR data is not processed; the data is just reformatted into proper AUX_ISR_1B data format. In 

the resulting AUX_ISR_1B file, only the parameters  

 Rayleigh_A_Response 

 Rayleigh_B_Response 

 Laser_Frequency_Offset 

 Fizeau_Transmission 

 Mie_Valid 

 Rayleigh_Valid 

are useful. Other parameters are filled with meaningful data that is not linked to the A2D ISR data. 

 

Figure 3-1 A2D ISR Rayleigh response A & B 

The Rayleigh responses in the AUX_ISR_1B file are a copy of the provided A2D values. 
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Figure 3-2 A2D ISR Mie transmission 

The Mie transmission values in the AUX_ISR_1B file are the provided A2D transmissions scaled with 

the co-added pulse energy. The pulse energy was set to 60 mJ according to the typical laser output 

energy measured during the campaign. 

3.2 Calibration Mode RRC/MRC 
It has to be kept in mind that,  

 calibration mode data processing only the first thirty measurements of the provided A2D 

data can be used for processing with the L1B (the A2D data contain 35 measurements), and 

that 

 the provided DCO values are rounded to the nearest integer. 

 

The A2D geolocation data provided by DLR has been extended: the range from the air plane to the 

target has been added. This new range parameter is written into the L1A geolocation DS by the tool 

LAC_ModifyGeolocation.  

The bin integration times had already been provided for the WindVal, but values weren’t picked up 

so far. The LAC_ModifyGeolocation tool has kept its name, but now it also modifies the L1A 

housekeeping DS and picks up the correct bin integration times from the A2D data. 

With the processing of the WindVal I calibration data, the calibration processing had been modified 

in the following way: 

1. Processing the data the first time, the centre frequency is determined. For the Mie this is the 

frequency with the response closest to pixel position 8.5, and for the Rayleigh this is the 

frequency where the absolute difference between Rayleigh response A and B is closest to 

zero. 
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2. Processing the data the second time using the determined centre frequency a first guess 

slope is derived.  

3. Processing the data the third time, the determined centre frequency and the first guess slope 

are used to derive the valid calibration processing output. 

Processing the WindVal II calibration data in the same way, the comparison of the DLR and L1B 

results revealed that centre frequencies didn’t match. 

A2D calibration data of the WindVal II campaign was processed by DLR in a different way. The Mie 

centre frequency is simply set to the same centre frequency determined for the Rayleigh data. Using 

this approach, the centre frequency was still one frequency step off. Investigating the Rayleigh centre 

frequency determination process it was found, that there are two neighbouring frequency steps, 

where the absolute difference between Rayleigh response A and B is very close to zero.  

Taking into account that in the L1B only 30 of the 35 A2D measurements can be processed, it is 

assumed, that the consideration of the remaining 5 measurements in the summation lead to slightly 

different responses and thus a different determination of the centre frequency. 

As only one calibration is used to process all the wind data, it was decided to hard code the centre 

frequency for the Mie and Rayleigh calibration processing. 

With this modification the results of the internal reference data was compared. 

For the ground and atmospheric returns the aircraft LOS speed needs to be subtracted from every 

single observation. This requires an a-priori knowledge of the conversion from m/s to response units: 

a factor of 0.177445 m/s / MHz is used for Mie ground, and Rayleigh atmospheric and ground layers 

during A2D and L1B processing 

3.2.1 Mie Internal Reference  

The pixel numbering in the L1B software differs from the numbering used in the A2D data processing 

at DLR. In the L1B the centre of the 16 useful ACCD pixels is set to 8.5, whereas in the A2D data 

processing the centre is set to 7.5, as the first pixel is set to be pixel #0. Hence, for the following 

comparison of pixel positions, 1 pixel is always subtracted from the responses retrieved with the L1B. 

 

Figure 3-3 Mie internal reference processing result 

The second frequency step is flagged invalid in the A2D data processing at DLR due to a minimum 

threshold of 1.0 pixel set for the Mie fringe FWHM. This does not occur for the L1B processing. Also, 

the responses for the first and third frequency step seem to differ more than all the remaining 

frequency steps. This is due to the fact that, at the first three frequency steps, the Mie fringe was 



7 
 

imaged to the very right side of the ACCD with the centroid being close to pixel #15. Consequently, 

the determination of the Lorentzian line shape function of the fringe showed larger uncertainty, as 

only the left half of the fringe was available for the fitting routine. This problem can be simply 

avoided by decreasing the frequency range for the MRC, e.g. to 1200 MHz, or by setting the Mie 

centre frequency to the position where the fringe is in the centre of the ACCD (pixel 7.5 or 8.5, 

respectively) instead of using the centre frequency determined for the Rayleigh data. 

Looking only at frequency step 4 to 55 the result seems very good, but the range of pixel positions is 

simply too wide to reveal the differences. Thus a difference plot is shown below. For all difference 

plots shown in this document, the L1B retrieved result has been subtracted from the A2D retrieval 

result. 

 

Figure 3-4 Mie internal reference response differences 

In this plot an offset of 0.05 pixels between the A2D data processing at DLR and the L1B processing 

becomes visible. The reason for this offset is not clear. 

Retrieved slope and intercept values are listed in the table below. The discrepancy in the derived 

intercept values of 1.053 confirms the offset of 0.05 pixels, considering the additional difference of 

1.0 pixel due to the different definition of the Mie centre. 

 A2D - DLR L1B 

Slope -98.879  MHz/pixel -10.125714 pixel/GHz = -98.758 MHz/pixel 

Intercept 8.176  pixel 9.229 pixel 

Table 3-1 Mie internal reference slope and intercept 
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3.2.2 Rayleigh Internal Reference 

 

Figure 3-5 Rayleigh internal reference processing result 

At the first glance the results look very good, taking a look at the differences in the responses reveals 

that there seems to be no offset, but single step results differ by up to 0.75 · 10-3, corresponding to a 

wind speed difference of 0.06 ms-1 (= 0.75 · 10-3 / (4.6 · 10-4 MHz-1 · 5.63 MHz/ms-1)). 

 

Even though single frequency step responses differ, the derived slope and intercept match very well. 

 A2D - DLR L1B 

Slope 0.4597 1/GHz 0.459677 1/GHz 

Intercept 0.0008503  A.U. 0.000842 A.U. 

Table 3-2 Rayleigh internal reference slope and intercept 
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3.2.3 Mie Ground 

 

Figure 3-6 Mie ground processing result 

Again a plot of all responses does not reveal any differences, thus below a dedicated difference plot. 

During the evaluation of the Rayleigh ground processing three bugs in the ground detection 

algorithm have been identified. Correction of these bugs also had an impact on the Mie results, thus 

the next plot shows twice the difference to the A2D results, once before and once after bug 

correction. 

 

Figure 3-7 Mie ground response differences 

Retrieved slope and intercept values after all identified bugs have been corrected are listed in the 

table below. Again, the intercept confirms the offset of 0.05 pixels. 

 A2D - DLR L1B 

Slope -98.440  MHz/pixel -10.156156 pixel/GHz = -98.462 MHz/pixel 

Intercept 8.074  pixel 9.1261 pixel 

Table 3-3 Mie ground slope and intercept 

 

3.2.4 Rayleigh Ground 

During the evaluation of the Rayleigh ground processing also a sign error in the LOS velocity 

correction has been discovered. The error led to a large offset of about 0.56· 10-3.  

The first plot below shows the result after all bugs have been corrected. 
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Figure 3-8 Rayleigh ground processing result 

The difference plot shows the differences after the LOS velocity bug correction and after all identified 

bugs have been corrected. 

 

 

Retrieved slope and intercept values after correction of all identified bugs are listed in the table 

below. 

 A2D - DLR L1B 

Slope 0.4464 1/GHz 0.44611 1/GHz 

Intercept 0.018588 A.U. 0.018524 A.U. 

Figure 3-9 Rayleigh ground slope and intercept 

3.2.5 Rayleigh Atmospheric Layers 

In the A2D data processing at DLR for each single layer the Rayleigh calibration data is retrieved. In 

the L1B processing the signal of several layers within a configurable range is co-added and only one 

set of Rayleigh calibration data is retrieved. For comparison, the configurable range was modified in 

such a way that 3 selected layers were chosen, hereafter called layer 9, 13, and 16. As the internal 

reference data is collected in layer 4, the three layers are the 5th, 9th and 12th atmospheric layer, 

respectively. 

The next two plots show the frequency responses of all three layers, once for A2D data processed at 

DLR and once for the L1B processing. 
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Figure 3-10 CAL 3: Rayleigh atmospheric layers DLR processing results 

The difference of the three layers is visible especially in the first 20 frequency steps. This feature is 

also visible when the data is processed with the L1B, but it seems less pronounced. 

 

Figure 3-11 CAL 3: Rayleigh atmospheric layers L1B processing results 

Unfortunately, the atmospheric calibration of layers 9 and 13 are flagged as invalid when processing 

with the L1B. This is due to non-monotonic responses. To use the AUX_RRC files for wind processing, 

the Calibration_Valid flag has been set to TRUE manually. 
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3.2.5.1 Layer 9 

 

Figure 3-12 CAL 3: Rayleigh response differences for layer 9 

Layer 9 processing results show the best agreement of the three selected layers. The difference plot 

indicates neither an offset nor a tilt. The maximum discrepancy of about 5 ∙ 10-3 translates to a wind 

speed difference of only 0.15 ms-1. 

 A2D - DLR L1B 

Slope 0.6029 1/GHz 0.60313 1/GHz 

Intercept -0.0500147 A.U. -0.050356 A.U. 

Table 3-4 Rayleigh atmospheric layer 9 slope and intercept 

3.2.5.2 Layer 13 

 

Figure 3-13 CAL 3: Rayleigh response differences for layer 13 

Even though the maximum difference is smaller than for layer 9, layer 13 shows a slight tilt in the 

response differences and also a small offset. The reason is not clear. 

 A2D - DLR L1B 

Slope 0.5932 1/GHz 0.594224 1/GHz 

Intercept -0.0475842 A.U. -0.04821 A.U. 

Table 3-5 Rayleigh atmospheric layer 13 slope and intercept 
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3.2.5.3 Layer 16 

 

Figure 3-14 CAL 3: Rayleigh response differences for layer 16 

For layer 16 the tilt in the response differences is even more pronounced. 

 

 A2D - DLR L1B 

Slope 0.5873 1/GHz 0.589012 1/GHz 

Intercept -0.0459815 A.U. -0.046774 A.U. 

Table 3-6 Rayleigh atmospheric layer 16 slope and intercept 

 

3.3 Wind Mode 
The A2D geolocation data provided by DLR has been extended: the range from the aircraft to the 

target has been added. This new range parameter is written into the L1A (and thus L1B) geolocation 

DS by the tool LAC_ModifyGeolocation.  

As for the calibration mode processing,  

 also in the wind mode processing only the first thirty measurements of the provided A2D 

data can be used for processing with the L1B, and 

 the provided DCO values are rounded to the nearest integer. 

It should also be noted that the results in the L1B processing are shifted up by one layer. This is 

necessary, as in the L1B processing the last layer, layer 25 is used for the background signal, whereas 

in the A2D data the top most layer is used for the background signal. For better comparison, the A2D 

data has been shifted up by one layer in the plots.  

3.3.1 Mie Channel 

The Mie channel data for atmospheric layers were corrected by the Rayleigh background on the 

telescope image using the MOUSR (Mie Out of Useful Spectral Range) for the WindVal II data, which 

was not performed for the WindVal I data before. A special procedure had to be developed to 

subtract the telescope image on measurement level for the provision to the L1B, in contrast to a 

correction on observation level for the A2D. 
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First Mie wind mode processing results showed that only few retrieved Mie wind values were 

available. The results in the PC DS showed that the refined SNR which is used as a trigger for the Mie 

Core algorithm was set to the value -1; this indicates that the SNR couldn’t be retrieved. This 

happened also for layers with a strong Mie peak as shown in the example below.  

 

Figure 3-15 Example Mie Peak 

 

To retrieve the SNR in a first step the background value is subtracted. Here the background is simply 

the minimum value of the twenty pixels. In the second step the method findPeakheightAndOffset(…) 

of the linear part of the Mie Core algorithm itself is used to determine the offset value. In a third step 

the background value is added to the offset value. This offset value is then input to the refined SNR 

calculation see Error! Reference source not found. also section 14.4.4. 

𝑆𝑁𝑅(𝑖) =
1

√𝑘𝑀𝑖𝑒

∗
∑ 𝐿𝐼𝐷(𝑖, 𝑗) − 16 ∗ 𝑜𝑓𝑓𝑠𝑒𝑡18
𝑗=3

√∑ 𝐿𝐼𝐷(𝑖, 𝑗)18
𝑗=3

 

Unfortunately, in this special case, the background value is 434, and the retrieved offset value is -

664, and the sum of both is still a negative value of -230. In this case the refined SNR is set to -1.0 and 

the Mie Core algorithm is not started. 

The data for this special case has been provided to Oliver Lux from DLR and Ines Leike from 

PhysicsSolutions for a cross check. Both confirmed the result using their software. 

In the A2D data processing this problem does not occur, as there a specialized SNR computation is 

used see also [R-2]. 

𝑆𝑁𝑅 =
𝐼𝑚𝑎𝑥

1
11 (

∑ 𝐼(𝑖)15
𝑖=0 − ∑ 𝐼(𝑖)

𝑖(𝐼𝑚𝑎𝑥+2)

𝑖(𝐼𝑚𝑎𝑥−2)
)

 

This problem has not occurred in the analysis of the Mie wind data obtained from the WindVal I 

campaign, as the provided data was not corrected for the Rayleigh background. Hence, the Mie 

signal intensities of the previously processed data were increased by a few hundred LSB (least 

significant bits) over all pixels, so that the above findPeakheightAndOffset(…) method did not lead to 

negative offsets and, in turn, negative SNR values. 



15 
 

For the WindVal II data, the Rayleigh background, measured during the so-called MOUSR (Mie out of 

spectral range) procedure, was subtracted from the Mie signals of every single measurement in order 

to provide more accurate L1B wind results that are better comparable to the results obtained from 

the A2D wind retrieval which has an implemented Rayleigh background correction. As a result of the 

Rayleigh background subtraction on measurement level, the Mie signal intensities outside of the 

fringe are very close to zero, leading to negative offsets of the fitted fringe function, especially in 

case of high peak intensities of the fringe, i.e. in layers close to the aircraft. 

In order to avoid too many invalid processing results, it was decided to use the simple SNR approach 

in the L1B processing as a trigger for the Mie Core, see also [R-1]. The current default setting for n = 

4, thus the sum of the 4 pixels with lowest signal is considered. 

𝑆𝑁𝑅(𝑖) =
1

√𝑘𝑀𝑖𝑒

∗
∑ 𝐿𝐼𝐷(𝑖, 𝑗)18
𝑗=3 −

16
𝑛
∗ ∑ 𝐿𝐼𝐷𝑎𝑠𝑐(𝑖,𝑚)𝑛

𝑚=1

√∑ 𝐿𝐼𝐷(𝑖, 𝑗)18
𝑗=3

 

With the simple SNR as trigger, more valid Mie results are retrieved, but still not as many as in the 

A2D data processing. 

3.3.1.1 Ex_Karl 

The first plot shows the results of the L1B processing for the flight performed on 27 September 2016. 

 

Figure 3-16 Mie Ex_Karl L1B processing result 

A structure similar to the one obtained with the A2D data processing is observed, see Error! 

Reference source not found. but also outliers of more than 200m/s or -200m/s are observed.  
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Figure 3-17 Mie Ex_Karl A2D data processing result 

The variation of the wind results shows much better in the plot of the A2D data result, as the colour 

scale is different. Thus in the plot of the L1B processed data, the colour bar limits have been reset to 

the values used for the A2D result plot, see Figure 3-18 below: 

 

Figure 3-18 Mie Ex_Karl L1B processing result colour zoom 

This plot shows that the L1B retrieved wind speeds match well the A2D data processing results, but 

also that quality checking in the L1B processing needs to be improved. 

3.3.1.2 Iceland 

The first plot shows the L1B processing result, the second one the A2D data processing result. Again 

for the plot of the L1B result the colour bar limits have been reset to the ones used for the A2D data 

result plot. 
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Figure 3-19 Mie Iceland L1B processing result 

 

 

Figure 3-20 Mie Iceland A2D data processing result 

For the L1B processing an SNR threshold of 10.0 is used to trigger the Mie Core, whereas the A2D 

data processing uses an SNR threshold of 5.0 to flag results valid. This particular case was re-run with 

the L1B processor using a threshold of 5.0, but the result on observation level did not change. 

Investigating the quality flags in the wind velocity DS shows that again for many layers the SNR is set 

to -1.0 indicating that it could not be calculated. Using the formula for the simple SNR, the sum of the 

lowest four pixels is subtracted, unless this sum is negative. In that case, the SNR is set to -1.0. It 

turns out that after doing the DCO and background signal correction (TOBS correction and DCMZ 

correction are disabled for A2D data processing using special AUX_CHAR and AUX_DCMZ files), for 

many cases the sum of the lowest four pixels is negative. 

3.3.1.3 Italy 

The first plot shows the L1b processing result, the second one the A2D data processing result. Again 

for the plot of the L1B result the colour bar limits have been reset to the ones used for the A2D data 

result plot. 
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Figure 3-21 Mie Italy L1B processing result 

 

Figure 3-22 Mie Italy A2D data processing result 

3.3.2 Rayleigh Channel 

For the Rayleigh channel wind processing results obtained with the L1B are presented three times, as 

the wind data is processed with the three different AUX_RRC files retrieved for the selected layers 9, 

13, and 16; see section 3.2.5.  

3.3.2.1 Ex_Karl 

The data gap in the plot below around BRC #250 is due to a MOUSR operation. 



19 
 

 

Figure 3-23 Rayleigh Ex_Karl A2D data processing result 

In general the L1B processed data shows noisier results and several outliers. So for comparison of the 

plots the limits of the colour bar have been set to the limits shown for the A2D DLR processing 

results. 

3.3.2.1.1 Layer 9 

 

 

Figure 3-24 Rayleigh Ex_Karl L1B data processing result layer 9 

The validity flagging in the L1B processor is different from the A2D data processing at DLR. In the A2D 

data processing at DLR a Rayleigh wind is flagged valid if 

 the Mie SNR for that layer is below 5, and 

 the Rayleigh signal intensity < 100000 LSB. 

In the L1B processing there is no cross-check to the Mie signal and also the Rayleigh signal intensity is 

not checked, thus plots of the L1B results will always show more valid results. Moreover, the data 

acquired during the MOUSR measurement is flagged as wind data to the L1B, thus also this data is 

processed up to wind values; where the A2D processed results show a gap, the L1B processed results 

show strong negative winds. 
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Furthermore, as in the A2D processing by DLR each layer is processed with a dedicated calibration, in 

the plot above only layer 9 (A2D processing by DLR) can be directly compared to layer 8 (L1B 

processing). The large dip in the LOS wind velocity plot shown below is due to a MOUSR procedure 

carried out in the middle of the regarded flight section. For this purpose, the laser frequency was 

tuned by 1.8 GHz, so that the system was not operating at the nominal wind mode frequency close to 

the Rayleigh cross-point, resulting in invalid Rayleigh winds. 

 

Figure 3-25 Rayleigh Ex_Karl comparison of L1B layer 8 and A2D layer 9 

3.3.2.1.2 Layer 13 

 

Figure 3-26 Rayleigh Ex_Karl L1B data processing result layer 13 
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Figure 3-27 Rayleigh Ex-Karl comparison of L1B layer 12 and A2D layer 13 

 

3.3.2.1.3 Layer 16 

 

Figure 3-28 Rayleigh Ex_Karl L1B data processing result layer 16 

 

 

Figure 3-29 Rayleigh Ex_Karl comparison of L1B layer 15 and A2D layer 16 
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3.3.2.2 Iceland 

 

 

Figure 3-30 Rayleigh Iceland A2D data processing result 

3.3.2.2.1 Layer 9 

 

 

Figure 3-31 Rayleigh Iceland L1B data processing result layer 9 

 



23 
 

 

Figure 3-32 Rayleigh Iceland comparison of L1B layer 8 and A2D layer 9 

 

3.3.2.2.2 Layer 13 

 

 

Figure 3-33 Rayleigh Iceland L1B data processing result layer 13 
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Figure 3-34 Rayleigh Iceland comparison of L1B layer 12 and A2D layer 13 

 

3.3.2.2.3 Layer 16 

 

 

Figure 3-35 Rayleigh Iceland L1B data processing result layer 16 
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Figure 3-36 Rayleigh Iceland comparison of L1B layer 15 and A2D layer 16 

 

3.3.2.3 Italy 

During this flight another MOUSR measurement has taken place; a data gap just before BRC #150 is 

the consequence. 

 

 

Figure 3-37 Rayleigh Italy A2D data processing result 

 

 

3.3.2.3.1 Layer 9 
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Figure 3-38 Rayleigh Italy L1B data processing result layer 9 

 

 

Figure 3-39 Rayleigh Italy comparison of L1B layer 8 and A2D layer 9 

3.3.2.3.2 Layer 13 

 

 

Figure 3-40 Rayleigh Italy L1B data processing result layer 13 
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Figure 3-41 Rayleigh Italy comparison of L1B layer 12 and A2D layer 13 

3.3.2.3.3 Layer 16 

 

 

Figure 3-42 Rayleigh Italy L1B data processing result layer 16 

 

 

Figure 3-43 Rayleigh Italy comparison of L1B layer 15 and A2D layer 16 
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4 Summary  
 

1. The tool LAC_ModifyGeolocation has been updated to pick up the integration times and the 

observation level ranges. 

2. ISR data has been reformatted to the L1B AUX_ISR format. 

3. IRC data has been processed up to L1B AUX_MRC and AUX_RRC 1B files. Results have been 

compared to results provided by DLR.  

 For the AUX_MRC an offset of 0.05 is observed both, for the internal reference and the 

ground signal. The reason for this offset is not known. 

 The AUX_RRC was generated three times for three selected signal layers. The results for 

the internal reference and the ground signal match very well. The response differences 

correspond to wind speed differences < 0.2 ms-1. For the atmospheric signal an offset 

and a tilt are visible. The reason for this deviation is not known. 

 Processing IRC Rayleigh ground signal three bugs in the ground detection algorithms of 

the L1B have been detected and fixed.  

4. Wind mode data sets have been processed up to L1B ALD_U_N files; Rayleigh signal has been 

processed three times using as input the three different AUX_RRC calibration files. 

 The Mie channel atmospheric layers have been corrected by the Rayleigh background on 

the telescope image using MOUSR on measurement level within A2D processing before 

providing the data to the L1B processor 

 For the Mie channel it is observed that the SNR as calculated in the L1B processor is not a 

suitable trigger for the Mie Core algorithm when processing A2D data that is corrected 

for the Rayleigh background. Furthermore, the validity flagging appears to be 

expandable, as many outliers are marked as valid wind values. 
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5 Annex 
The next two sub-sections contain a protocol of the steps that have to be performed to process A2D 

data with the L1B processor or reformat the ISR data.  

5.1 Readme.txt for ISR data reformatting 
 

1. DLR delivers simple text files with header and ISR data. 

2. Reformat textfile to *.m file: 

a. Comment out header description. 

b. Write data as Matlab array; e.g. add ISR1 = [ at the beginning of the data block and ]; 

at the end of the datablock. 

3. Simulate and process up to AUX_ISR_1B a default ISR scenario.  

4. Copy data file from DLR and AUX_ISR_1B file together with formatA2DISR.m, readXml_2.m, 

writeXml.m into a dedicated directory. 

5. Adapt paths in formatA2DISR.m and just run the Matlab function. 

5.2 Readme.txt for calibration and wind mode data processing 
For CAL3 and CAL 6 received on 27-11-2017 

 

Set up scenario /home/huber/adm/E2S/V4.01_Deliv_Patch_1/RT/scenarios/A2D_IRC_Template 

with 81 BRCs and just defaults. 

 

Now chmod u+w in this scenario and modify E2S inputs. 

 

Set up E2S runtime special for A2D data. 

Modify lidarInstrumentCalibrationModeParameters.xml: 

   <InstrumentResponse> 

      <rollAngle unit="degrees">0</rollAngle> 

      <CATOD>0.320222</CATOD> 

      <DEUSubMode>LIDAR</DEUSubMode> 

      <sectionList count="1"> 

         <section> 

            <numOffsetSeconds unit="s">0.0</numOffsetSeconds> 

            <numBrcPerStep>1</numBrcPerStep> 

            <N>30</N> 

            <P>20</P> 
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            <numFreqSteps>55</numFreqSteps> 

            <startLaserFreq unit="GHz">0.7</startLaserFreq> 

            <freqStep unit="MHz">-25</freqStep> 

            <groupList count="1"> 

               <group>30</group> 

            </groupList>  

            <acdmMode>SLOWCAL</acdmMode> 

         </section> 

      </sectionList> 

   </InstrumentResponse> 

 

 

Set 

<internalOutputDumpFlag>0</internalOutputDumpFlag> 

in satelliteParameters.xml. 

 

Setup new satelliteParameters.xml with the original A2D frequency steps in UV. Don't change 

number of 1001 frequency step entries, overwrite at the proper spot. 

Two separate files for CAL 3 and CAL 6 have been generated. 

 

Run E2S with data generation step. 

 

Copy template brcData.*.xml files to directory instrumentData in Tools directory. 

 

Call  

../adm-txt2xmlWrapper.sh 

./Start_20160928_125640_End_20160928_131251_Created_20171127_122857/ ./instrumentData/ 

./outInstrumentData 

 

Copy files in ./outInstrumentData back to E2S instrumentData in  

/home/huber/adm/E2S/V4.01_Deliv_Patch_1/RT/scenarios/A2D_IRC_Template 

 

Call SDF_DownlinkFormatMain. 
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Now make a new data and working directory NAWDEX_CAL_3 in  

/home/huber/adm/L1B/V7.01 

 

Set up JobOrder file from JobOrder.99992.xml. 

Set up new  

AE_TEST_AUX_CHAR___20140901T000000_99991231T235959_0002.EEF with all TOBS values set to 

1.0 and the frequency steps in CAL-3-satelliteCharacterisation.xml. 

Modify JobOrder for new AUX_CHAR. 

Set up new  

AE_TEST_AUX_CHAR___20140901T000000_99991231T235959_0003.EEF with all TOBS values set to 

1.0 and the frequency steps in CAL-6-satelliteCharacterisation.xml. 

Modify JobOrder for new AUX_CHAR. 

Don't forget neutral RDB and DCMZ (HBE is still neutral anyway). 

 

New JobOrder for wind mode: dont't forget to put in A2D RRC and MRC. 

 

Process up to L1A data. 

Now use LAC_ModifyGeolocation tool. This tool is not part of the L1B source package. It needs to be 

picked up from svn/eroom: copy aeolus/a2d subdirectory into new L1B source code directory and 

compile first L1B as usual than compile with 

gmake LAC_ModifyGeolocation.  

Copy from build directory into tools directory of runtime: 

cp ../build/aeolus/a2d/MG/src/LAC_ModifyGeolocation ./tools/ 

Call tool: 

tools/LAC_ModifyGeolocation 

working/NAWDEX_CAL_3/AE_OPER_AUX_IRC_1A_20130222T000000059_000648000_030680_0001.

DBL data7NAWDEX_CAL_3/Start* /a2dDataList.txt catalog/system.cat 

 

New 1A file written in ./RT, copy new 1A file into correct place. 

 

Set parameters in AUX_PAR_1B: 

<Data_Source>A2DA</Data_Source>  

<Rayleigh_Fit_Upper_Frequency_Range 

unit="GigaHertz">0.8</Rayleigh_Fit_Upper_Frequency_Range> 
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<Rayleigh_Fit_Lower_Frequency_Range unit="GigaHertz">-

0.8</Rayleigh_Fit_Lower_Frequency_Range>  

<Mie_Fit_Upper_Frequency_Range unit="GigaHertz">0.8</Mie_Fit_Upper_Frequency_Range> 

<Mie_Fit_Lower_Frequency_Range unit="GigaHertz">-0.8</Mie_Fit_Lower_Frequency_Range> 

<Lower_Altitude_Limit unit="m">1000.0</Lower_Altitude_Limit> 

<Upper_Altitude_Limit unit="m">5000.0</Upper_Altitude_Limit> 

<Maximum_Upper_DEM_Offset unit='m'>2500.0</Maximum_Upper_DEM_Offset> 

<Maximum_Lower_DEM_Offset unit='m'>2500.0</Maximum_Lower_DEM_Offset unit> 

<Min_Mie_Ground_Detection_Signal_Derivative unit="ACCD 

counts">2.0</Min_Mie_Ground_Detection_Signal_Derivative> 

<Min_Rayleigh_Ground_Detection_Signal_Derivative unit="ACCD 

counts">2.0</Min_Rayleigh_Ground_Detection_Signal_Derivative> 

<Channel_A_Start_Pixel unit="ACCD pixel index">04<Channel_A_Start_Pixel> 

<Channel_A_Stop_Pixel unit="ACCD pixel index">09<Channel_A_Stop_Pixel> 

<Channel_B_Start_Pixel unit="ACCD pixel index">12<Channel_B_Start_Pixel> 

<Channel_B_Stop_Pixel unit="ACCD pixel index">17<Channel_B_Stop_Pixel> 

<Outlier_Detection_Flag>FALSE<Outlier_Detection_Flag> 

 

 

Outlier: the outlier detection makes use of an ideal slope. This is not provided for A2D, so it needs to 

be switched off. 

 

For wind mode in AUX_PAR_1B: 

 

<Line_of_Sight_Wind_Flag>TRUE</Line_of_Sight_Wind_Flag> 

<Correction_With_Error_Reponse_Fit>TRUE</Correction_With_Error_Reponse_Fit>  

 

For NAWDEX CAL 3 and CAL-6: 

=========================== 

Cross-over point selection is set fixed to C++ index 27. 

 

Now run L1B step. 

 

Comparing results: 



33 
 

================== 

It needs to be considered that in L1B the ACCD ranges from pixel 0.5 to 16.5, whereas in A2D it 

ranges from -0.5 to 15.5. 
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