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Outline of the Seminar

= Airborne Doppler lidar observations during A-TReC 2003,
and results of assimilation and impact studies with ECMWF
model

* The first spaceborne wind lidar on the Atmospheric
Dynamics Mission ADM-Aeolus: summary of latest status
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Airborne Lidar for Tropospheric and
Stratospheric Research on DLR Falcon Aircraft

DLR Physik der Atmosphéare

Stratospheric Research
 Aerosol

* Polar Stratospheric Clouds
* Ozone

» Water Vapour

Tropospheric Research
 Aerosol and Clouds
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Optical Remote Sensing with LIDAR
LIght Detection And Ranging
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Airborne Water Vapor

Lidar Observations 1/2
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Airborne Water Vapor Lidar Observations 2/2
SCOUT Transfer 2005
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by Andreas Fix, Christoph Kiemle, Gerhard Ehret
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Measurement of atmospheric wind field

» Doppler shift mm=) radial velocity V| s

« conical scan =) wind vector | e ~ DOPPLER SHIFT ;
pulsed operation  mmm) wind vector at different Vi e
altitude levels oy k

aircraft satellite
200 m/s 7500 m/s




200t Anniversary of Christian Doppler in 2003

born 29 November 1803
in Salzburg, Austria

died 17 March 1853 in
Venice, Italy

Christian Doppler 1842:

Uber das farbige Licht
der Doppelsterne und
einiger anderer

Gestirne des Himmels.

,About the coloured
light of double stars
and some other stars of
the heaven.”

Daguerreotypie from about 1844

Institut flr
EDLR Physik der Atmosphare JCSDA Seminar, NOAA World Weather Building, Camp Springs (MD), 15 May 2006 9



Airborne Doppler Lidar at DLR 1/2

10 um System WIND 2-um System
DLR/CNRS/CNES/Meteo-France DLR/CTI-MAGH1
development:  since end 80's since 2000
vert./hor. res.: 250 m, 3-15 km 100 m, 3-10 km
accuracy: 0.5-2m/s 0.2-2m/s

first flight: 1999

| Werner et al.
2001, Opt. Eng.

Reitebuch et al.
2001, J. Atmos.
Ocean. Tech.

' 6pp, Rahm,
Reitebuch et al. e Smalikho 2004,
2003, Quart. J. J. Atmos.

Ocean. Tech.

Roy. Met. Soc.
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Airborne Doppler Lidar at DLR 2/2

e

= Airborne prototype of satellite ADM-Aeolus
instrument ALADIN to obtain measurements in nadir
geometry like from space at a wavelength of 355 nm

» First airborne direct detection Doppler lidar

» Development since 2003 by team of EADS-Astrium
France, Germany and DLR

= First functional test flights in October 2005

Reitebuch et al. 2003, Proc. Int. Symp. Tropos Profiling
Durand et al. 2003, Proc. SPIE
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2-um Doppler lidar on Falcon, 19 July 2002,
1514-1534 VAD, 1536-1554 UTC LOS
5 km (VAD), 360 m (LOS) horizontal resolution
100 m vertical resolution, total length 198 km

Weissmann, Braun, Gantner,
Mayr, Rahm, Reitebuch 2005,
Mon. Weath. Rev.

Winkler, Lugauer, Reitebuch
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Latest DLR Doppler Lidar Observations from Ground
Terrain-Induced Rotor Experiment T-REX 2006

T-Rex

DLR-PI: Martin Weissmann, Andreas Dornbrack
Deployment of 2-um Doppler Lidar (CTI/CLR)
from 14 March - 24 April 2006

in Owens Valley, Sierra Nevada

pictures and quicklooks . : e R e e
4 http://www.pa.op.dir.de/trex/ S, - 0 o
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DLR Falcon with 2-um Doppler Lidar and Dropsondes during the
Atlantic THORPEX Regional Campaign A-TReC in 2003

Base: Keflavik, Iceland Weissmann, Busen, Dérnbrack,

Period: 14 - 28 November 2003 for Falcon Renm, Megove 10 o)

13 October - 12 December 2003 for A-TReC
Flights: 6 local flights + 2 transfer flights

28.5 h of lidar measurements _ o
EUCOS, DLR further information:

#yﬁi?ﬁii www.pa.op.dir.de/na-trec/
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Weissmann and Cardinali (2006)
Quart. J. Roy. Met. Soc., revised




DLR Airborne 2-um Doppler Lidar

Signal stor,
g;n‘?le shots o oy

rly digitizin :
+ARING ('NS% (1 GByte/min)
+ GPS

* Scanner (step ang Stare)

2 pm Doppler Lidar
MAG 1 from CTI

energy: 1.5 my
'eép. rate: 500 Hz
aperture: 100 mm

Scanner

Si Wedge s
o Canner
20 Step and stare
24 steps / rey

--~_conical ¢,
~
_______ > scan 2 s stare

1 conical scan = 24 LOS positions (~ 30 s or 54 s)

vertical profile of wind vector (u,v,w)
horizontal resolution 5 - 10 km for one scan,

vertical resolution 100 m
15
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Flight Tracks

ALY

, , ! , 28 Nov. | .
-60 -55 -50 45 40 -35 -30 -25 -20 -15 -10 -5 ©0 &5 10 15

Longitude

4 flights in "sensitive areas" with targeted observations
1 flight for study of Greenland tip jet

1 flight for comparison with ASAR on ENVISAT
2 transfer flights

8 flights, 28.5 h, 49 dropsondes, 43 used dropsondes
1600 profiles with 40 000 wind observations @ 10 km resolution
400 profiles with 15 000 wind observations @ 40 km resolution
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TOST #7 KEF-=>Shannon  2511/2003

Targeted Flight on
November 25, 2003

iac apacing: geopo tential haight 4 [10m]
imotachs 10 [ms*], shaded

ECMWEF analysis 25 Nov 2003, 18 UTC
geopotential height at 300 hPa
and isotachs
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Flight on November 25, 2003, 1530-1830 UTC
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Statistical comparison of lidar and dropsondes
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Diﬁerence of wind direction (°)

Difference of wind speed (m/s)

'D
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Intensity Ratio Intensity Ratio

comparison of 33 wind profiles with > 500 measurements for MFAS
(Maximum Function of Accumulated Spectra, Smalikho 2003);
and inversion algorithm (see Weissmann 2005)
combination of both is used to obtain higher coverage
(Total error)? = (lidar)2 + (dropsonde)? + (representativity/sampling error)2
mean instrument error lidar (u,v): RMS <0.75-1 m/s, no bias

4 - f__best case error lidar (u,v): RMS < 0.5 m/s
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Cross-track distance (km)

Total Observation Errors Assigned during Assimilation
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Total error airborne lidar:
1-1.5 m/s

Total error ADM HLOS:
2-3 m/s

Total error
Dropsonde/Radiosonde:
2-3 m/s

Total error
Cloud Motion Vectors:
2-6 m/s
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QOROGRAPHY, GRID POINTS AND LAND SEA MASK IN TL 511 (OP 2004} ECMWF MODEL

ECMWEF Global Model used for Assimilation Experiments

{orog shaded [dam], blue grid points/sea, cream grid points/land)

131

126

Press.ars (1Pa
o
=

Leval nanbar

18

% 1 25

5]

G0-lzvel model

4DVAR: 4-Dimensional variational assimilation with 12 hour window with T95/T159
minimisation of global cost-function = difference measurement and first-guess (background)
analyses = 80% background + 20% observations

background = model + earlier observations
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Performed Lidar and Dropsonde Experiments

Conversion to BUFR as unused aircraft observation type with reduced observation error

6 experiments performed for period 14-30 November 2003

Name Type Resolution | Obs. Error | Purpose

Control all operational obs., no other A-TReC obs. control run

1Rev lidar (u,v) 10 km 1.0 m/s best lidar resolution
1 scanner rev.

4Rev lidar (u,v) 40 km 1.0 m/s averaging to horizontal
averaged profile resolution of model

Median lidar (u,v) 40 km 1.0 m/s test of different
median profile averaging method

ARStd lidar (u,v,) 40 km 1.5 m/s assignment of higher error
averaged profile due to cloudy scenes

Drops 97 dropsondes (u,v,T) from 2-3 m/s comparison of dropsonde
DLR Falcon and other a/c vs. lidar observations
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Thinning of Lidar Observations

250,0- Lidar wind
Lsed

o1V 4U KN . 4'1"3;13-
5-106 used operational obs.
per day

0.01% additional lidar obs.

850,0-

Figure: Thinning of 10 km
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Background Departures

Std (bg-dep) all UV Std (bg-dep) used UV
7- 4-
3.5
3

4 2.5-
w [fy)
— — 2_
= 3. =
1.5-
2_ .1_
1- 0.5-

0-

[]_
1Rev Median 4Rev 4RStd Drops Airep 1Rev Median 4Rev 4R Std Drops Airep

i DLR

background departure bg-dep = Observation obs - First-Guess Fg
(Std(bg-dep))? = (errorgye)* + (errore,)?
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Observation Influence on Targeted Flight

Dropsonde
u, v u, v

Observation 0.63 0.45
influence Ol
Number of 758 388
observations N
Information 477.5 174.6
content IC

61T N1 30°E 20°E IC=0I'N

Observation influence (Cardinali et al. 2004):
0 --> no influence of observation; analysis is determined by background
1 --> no influence of background; analysis is determined by observation
mean global observation influence = 0.15
mean observation influence radiosondes in NH/ET is 0.3
! mean observation influence of aircraft and CMV is 0.15
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Reduction of Forecast Error for 48 h for 500 hPa Height

Diff in RMS of fc-Error: RMS(fc_enbt - an_eiz3) - RMS(fc_eiz3 - an_eiz3)
Lev=500, Par=z, fcDate=20031115-20031128 00/12 UTC, Step=48
NH=-0.55 SH= 1.19 Trop= 0.35 Eur=-4.52 NAmer= 4.2 NAtl= -2.94 NPac= -3.65

- 520; <

60°N

0.25

-0.25

(wpdb)

Mean forecast error difference for period 15-28 November 2003 for lidar experiment 4RStd (40 km, 1.5 m/s)
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Reduction of Forecast Error for 72 h for 500 hPa Height

Diff in RMS of fc-Error: RMS(fc_en5t - an_eiz3) - RMS(fc_eiz3 - an_eiz3)
Lev=500, Par=z, fcDate=20031115-20031128 00/12 UTC, Step=72
NH=-2.37 SH= 2.87 Trop= 0.31 Eur=-11.42 NAmer=5.12 NAtl=-1.61 NPac= -8.24

< &S

-0.25

560 — |

=N

Mean forecast error difference for period 15-28 November 2003 for lidar experiment 4RStd (40 km, 1.5 m/s)

Oo
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Reduction of Forecast Error for 96 h for 500 hPa Height

Diff in RMS of fc-Error: RMS(fc_enbt - an_eiz3) - RMS(fc_eiz3 - an_eiz3)
Lev=500, Par=z, fcDate=20031115-20031128 00/12 UTC, Step=96

area: 17 x 106 km?2

Mean forecast error difference for period 15-28 November 2003 for lidar experiment 4RStd (40 km, 1.5 m/s)
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Reduction of Forecast Error for 500 hPa Height

B Median R
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average over 29 forecasts during 14 days over Europe
reduction of experiment run compared to control run (left)
normalised reduction with average forecast error of control run (right)
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Reduction of Forecast Error for 24 h, 48 h, 96 h
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. ol L — T~ | 72 h: 10 m in 10 years
Lidar 48 h: ~0.5m (3%) | et !
Lidar 72 h: ~ 1 m (3.5%) % —_—
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Conclusion on Airborne Doppler Lidar Assimilation

» First time that Doppler lidar observations were assimilated into global model (BUFR,
error assignment, thinning) => study of background departures and influence on
analysis and forecast skills; only one other study by Kamineni 2006, 2003 is known
where water vapor lidar observations were assimilated for hurricane forecast studies
into global model

= Airborne lidar observations have lowest observation error of all operational wind
observations of 1 - 1.5 m/s due to higher representativity and low instrument error of
0.75-1m/s

» Observation influence on analysis is about 40 % higher for lidar than dropsondes;
total information content is about 3 times higher

» Lidar observations over North Atlantic reduce forecast error by 2 - 6% (mean 3 %,
dropsondes 1 %) and show clear positive impact on forecast skills for the forecast
range 2-4 days

» Study demonstrates importance of real lidar wind measurements for forecast
Improvements and is benificial for wind lidar applications on airborne and satellite
platforms
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% | Future global wind observations
B, j -f with ALADIN on the
»! Atmospheric Dynamics Mission
ADM-Aeolus




Aeolus Mission Requirements and Design Drivers

Vertical resolution: 0.5kmto 2km Requires Mie and
1 km to 16 km Rayleigh channel to
2 km to 30 km measure over full
total up to 25 layers altitude range
Horizontal average wind over 50 km 7 s averaging

Profile spacing 200 km to fit NWP needs 28 s per observation

Global coverage (200 profiles per orbit) Drives lifetime

for three years in orbit gualification
Horizontal HLOS lm/supto 2km Drives sizing of lidar
wind accuracy: 2 m/s up to 16 km

Bias: less than 0.4 m/s HLOS offset | priyves stability of

Linearity: less than 0.7 % of actual speed | lldar calibration

Dynamic range: -150 to +150 m/s spectral range
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ADM-Aeolus Implementation

Atmospheric LAser Doppler INstrument
Direction :;:;"“*m P fce= ALADIN
~ Velocity direction » First Doppler lidar in space

= QOperating in ultraviolett @ 355 nm to
measure wind from molecular Rayleigh

e
o~

Altitude

400 km | backscatter and aerosol/cloud Mie
backscatter
= Line-of-Sight LOS wind profiles in
L 3% % troposphere to lower stratosphere with
- vertical resolution from 250 m - 2 km
| #_f"a%’”"f = LOS is pointing 35 ° from nadir orthogonal
el to the ground track velocity vector to
e SR S S e O. .e .g " : y
i il R = minimize the Doppler shift from the
—_— 'xk‘~ : B e . )
T T 7.6 km/s satellite velocity
\: \<; ffgg;ﬁ = 50 km averaed winds every 200 km
= T~ s . . . .
e " 00 %" » First High Spectral Resolution Lidar HSRL

in space to obtain aerosol/cloud optical
properties
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ADM-Aeolus Coverage and Data Availability

2% \T R WS
2 5 s =
Z ¢ 3
"2 2 h«\ % [ E . )
ENENR. <l availability for parts of orbit
1k 2\ ) = l[aunch planned for September 2008
=t = y £t
os | 2 % | 7§ 1308
== = . - . . .
e Fj/ £ » mission lifetime 3 years:
%3 ’% £ observations from 2009-2011
60'S "% %ﬁ B & . | 60§
/) I'J:;?L I, Yol
el f Ty
a0 s a0 s
150 W 120 W 80W &0W 30W 0 3E G0E 90E

Overview paper about ADM-Aeolus:
120E 150E

Stoffelen et al. 2005, Bull. Am. Met.
Soc.
50 km Observations during 6 hour period
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ADM-Aeolus Ground Segment

| ALADIN data davmllnk, o’
&> | HK history data ',..

SR | X-Band, *

feeee | 5 Mbps ',a"

A

Telecommand uplink

.. Aeolus house keeping broadcast
.
‘i, S-Band

C&C stati:n:\‘ Aeolus

Command & Control

Nominal Data stations: Kiruna ESoC
Svalbard
Aeolus
Additional receiving stations possible, ::;gﬁr-;?'"g —> TZE':BC;TZHC
only 2.4 m antenna required . . .
y 9 L0, L1B, L2A
Tromsd, Norway ECMWEF
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ADM-Aeolus Studies: ongoing (1-3), and finished (4-9)

Title Team
Consolidation of ADM-Aeolus Ground DLR
Processing Meteo-France, KNMI, IPSL, PSol
Development and Production of Aeolus Wind | ECMWF
Data Products Meteo-France, KNMI, IPSL, DLR
ADM-Aeolus Campaigns DLR

Meteo-France, KNMI, IPSL, DWD, MIM

Consolidation of Algorithms for Supplementary
Geophysical Products

IFT

Tropical Dynamics

University Stockholm

Prediction Improvement Extreme Weather PIEW

KNMI

Impact of Line Shape on Wind Measurements
ILIAD

IPSL
Meteo-France, Hovemere, Onera

Atmospheric Wind Statistics

University Stockholm

Measurement Error Correlation Impact

KNMI
Meteo-France, IPSL, DNMI, MISU
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Aeolus Satellite

Budgets by CDR 2005

mass: 1100 kg dry +116-266 kg fuel

power: 1.4 kW avg. (solar array 2.5 kW)
mass instrument: 470 kg

power instrument: 840 W avg. (laser 510 W)

Doppler Lidar Instrument ALADIN
Nd:YAG laser in burst mode operation
(125 mJ - 150 mJ @ 355 nm, 100 Hz)
1.5 m Cassegrain telescope
Dual-Channel-Receiver with ACCD
(Accumulating CCD Detector)

Pointing and Orbit Control

GPS, Star-Tracker, Inertial Measurement
Unit, Yaw steering to compensate for earth
rotation

1 Data antenna (X-band) & | Stardracher 11 Laser conling radiator

Launcher
|3 | ALADIN telescope 8| Gans solar amays 13 Power control and distribtion st Rockot (88_19 ICBM)’ Dnepr (88-18 ICBM)
4| ALADIN structure 8| Hydrazine fusl tanks 14 Li-lon battery or Vega (ESA)

: 5 | Ovblt controd thrusters 10 Reaction wheels 15 ALADIN control and dats management

Earth-5um sensar "7 | Inential measurement wnit [12 Telemetry antenna (5-band)
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Principle of Wind Measurement with ALADIN

(Rayleigh) and aerosol/clouds (Mie)

Double edge technique for spectrally
broad molecular return, e.g. NASA GLOW
instrument (Gentry et al. 2000), but
sequential implementation

Fizeau spectrometer for spectrally small
aerosol/cloud return

ALADIN is a High-Spectral Resolution
Lidar HSRL with 3 channels: 2 for
molecular signal, 1 for aerosol/cloud
signal => retrieval of profiles of
aerosol/cloud optical properties possible

= backscatter coefficient
= extinction coefficient
= |idar ratio
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Aeolus Structure Model Acoustic and Shaker Test 2005
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ALADIN OSTM (left)
and Laser Radiator (right)

Optical Structure Thermal Model (OSTM), Power
Laser Head (PLH), Reference Laser Head (RLH)
Optical Bench Assembly (OBA)
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ALADIN Laser and Optical Receiver

Power Laser Head Engineering- Optics from Pre-Development Model PDM;
Qualification Model EQM during tests now part of ALADIN Airborne Demonstrator
in Sep. 2005: first UV laser output

achieved
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ADM-Aeolus Pre-Launch Campaigns in 2006 and 2007

Ground Campaign at Meteorological Observatory 2 airborne campaigns with ALADIN Airborne
of German Weather Service DWD in Lindenberg ~ Demonstrator and 2-um Doppler lidar on-
(close to Berlin) for fall 2006 with ALADIN board DLR Falcon aircraft in 2007

Airborne Demonstrator, 2-um Doppler Lidar, —
482 MHz windprofiler radar and other instruments

DLR systems

Fig. Volker Lehmann (DWD)
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Summary of ADM-Aeolus status by May 2006

» Structural, environmental, optical test program passed successfully (June 2005)

= Critical Design Review CDR of instrument and satellite passed successfully (Sept. 2005)

» Manufacturing of Flight Model FM parts ongoing and partly finished, e.g. structure finished,
instrument electronics and detection units finished, telescope mirrors polished (1 yr) and
coated, spectrometer manufacturing almost completed, first FM laser under construction,
laser diode stacks completed and endurance test started, optical alignment and test of the
receiver will start in June 2006

» First versions of L1B Processor delivered, ground segment activities ongoing

= Launch planned for September 2008

» Pre-Launch Campaign Activities with ALADIN Airborne Demonstrator in 2006 and 2007

= ADM-Aeolus will path the way for operational wind lidar satellites => constellation of 2-3
satellites should be achieved for denser global coverage (KNMI study PIEW)
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= Next campaign activities:
» African Monsoon AMMA: 10-um Doppler Lidar
WIND on Falcon in July 2006
= ADM Pre-Launch Campaigns: 2-um and A2D
from ground in 2006 and airborne in 2007
= Convective and Orographically-Induced
Precipitation Study COPS: H,O-DIAL and 2-pm
Doppler lidar on Falcon in June-Aug 2007

= |nterest in involvement in THORPEX Pacific-Asian
Regional Campaign PARC in 2008, but funding open

= New Gulfstream G550 aircraft HALO at DLR

nstitut fG operational in 2009
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First Assimilation of Water Vapor Observations
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H,O- DIAL on the DLR Falcon
during the IHOP transfer fllght
from Germany - Oklahoma
from 13-15 May 2002

(A. Fix, G. Ehret, H. Flentje,
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Join the ADM-Aeolus Workshop in September 2006 at ESTEC

The
ADM-Aecolus
Workshop

\7)) sond Annou ncemma‘ll for Absti

26 to 28 September 2006 ESA/ESTEC Noordwijky The Netherld s

~

Evropean Space Agency -, R -
Agence spatiale evropéenn : <t "

further information under www.congrex.nl/06¢c05
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http://www.congrex.nl/06c05

LIDAR Instruments for Earth Observation Missions

ADM-Aeolus/ALADIN
ESA, launch 2008

wind profil, aerosol, clouds

EarthCARE/ATLID
ESA, launch 2011/12

s» aerosol and clouds

Calipso/CALIOP

NASA, launch 2006 8
aerosol and clouds 'i‘gi'
T3
Wi~ 7
IceSAT/GLAS

NASA, launch 2003

elevation, aerosol
and clouds

Future Lidar
Instruments for

H,0, CO,, O,
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