Airborne Testing of the TWiLiTE Direct Detection Doppler Lidar
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1. INTRODUCTION
The wind field plays an important role in specifying the
global initial conditions for numerical weather
forecasting.
In addition to improving numerical
weather prediction[2],[3], there is also a need for
improved accuracy of wind fields to assess long term
sensitivity of the general circulation to climate change
and to improve horizontal and vertical transport
estimates of important atmospheric constituents
including water vapor, CO2 and aerosols for climate
applications. In spite of this significance the threedimensional structure of the wind field remains largely
unobserved on a global scale. A new satellite mission
to accurately measure the global wind field is necessary
to fill this important gap in the Global Observing
System. Space-based Doppler wind lidar has been
identified as the key technology necessary to meet the
global wind profiling requirement. The 2007 US
National Research Council Decadal Survey for Earth
Science identifies a Global Tropospheric 3-D Wind
mission as one of the 15 priority missions
recommended for NASA in the next decade [1]. The
NRC survey recommended a two phase approach to
achieving an operational global wind measurement
capability. The first recommended step is for NASA to
develop and aircraft test the lidar technology, followed
by a pre-operational space mission to demonstrate the
measurement concept and establish the performance
standards for an operational wind mission. Phase two
would be to develop and fly an operational wind system
in the 2025 timeframe.
In addition to space based wind measurements, high
altitude airborne Doppler lidar systems flown on
research aircraft, UAV’s or other advanced sub-orbital
platforms will provide unique scientific benefit for
studies of mesoscale dynamics and storm systems such
as hurricanes.
The Tropospheric Wind Lidar
Technology Experiment (TWiLiTE) is a NASA Earth
Science Technology Office (ESTO) Instrument
Incubator Program (IIP) project to advance the
technology readiness level of the key technologies and
subsystems of a molecular direct detection wind lidar

system on the roadmap to space. The objective of the
TWiLiTE program is to build an airborne Doppler lidar
system designed for autonomous operation on NASA’s
high altitude research aircraft such as the ER-2, WB57
and Global Hawk. These aircraft are capable of flying
well above the mid-latitude tropopause so the lidar can
measure complete profiles of the horizontal wind field
in clear air from the aircraft altitude of 18 km to the
surface with 250 m vertical resolution and a velocity
precision of < 2 m/s. The TWiLiTE Doppler lidar
system was completed in 2009 and integrated in the
NASA ER-2 Q-Bay for initial engineering flights in
September of that year.
Additional flights were
completed in February, 2011 to further investigate the
instruments performance.
In this paper we will
describe the instrument followed by a discussion of the
results of the ER-2 engineering flights program. We
will conclude with a brief description of future plans for
TWiLiTE including an ongoing program to reconfigure
the instrument to fly on the NASA Global Hawk as part
of the Hurricane and Severe Storm Sentinel Earth
Venture (EV-1) Mission.
2. TWILITE DESCRIPTION
The TWiLiTE Doppler lidar is a molecular direct
detection system operating at a wavelength of 355 nm.
The lidar system is composed of four major
subsystems: 1) the single frequency pulsed laser
transmitter; 2) The transceiver telescope and scanner; 3)
the Doppler receiver and 4) the Command and Data
Handling electronics that control the instrument
functions and acquire and store the science and
engineering data. The design is modular to allow new
technologies to be incorporated and tested as they
become available.
The major components and
subsystems can also be reconfigured to fly on different
aircraft by modifying the structure and electrical power
distribution system to match the interface of the
instrument to the platform. During the IIP program
TWiLiTE was designed to interface the system to the
NASA ER-2 research aircraft.
The integrated
instrument, with major subsystems identified is shown
mounted on it’s ground support cart in Figure 1.

Table 1 - TWiLiTE Instrument Parameters

Figure 1- TWiLiTE molecular Doppler lidar system
integrated on ER-2 Q-Bay instrument frame.

The lidar system is designed to be fully autonomous in
operation. There are only the top level command
switches for the ER-2 pilot to power the instrument on
or off; allow or inhibit the laser firing and begin data
acquisition. All other functions are controlled by the
instrument computer including power up and
initialization, etalon and laser calibration, telescope
boresight and alignment optimization and maintenance,
step–stare scanning in azimuth and photon counting
data acquisition.
A primary objective of the
engineering flights was to test and validate all of these
functions in flight conditions.
To profile winds, the lidar is mounted in a nadir
viewing orientation in the ER-2 QBay and the coaligned transmit and receive paths are pointed off nadir
at an angle of 45 degrees. The 355 nm laser pulse is
transmitted to the atmosphere and a fraction of the
energy is backscattered from molecules and aerosols
back towards the lidar. The backscattered signal is
collected by the novel rotating Holographic Optical
Element (HOE) telescope and directed to the Doppler
receiver which analyzes the signal to determine the
frequency shift introduced by the mean velocity of the
scattering particles. The measured wind speed is the
component of the horizontal wind velocity projected on
the line of sight of the laser. The HOE, which has a
fixed nadir angle of 45 degrees, can rotate a full 360
degrees in azimuth. In normal operation the conical
scan pattern is programmable with a typical pattern
being a 8 point step-stare pattern with a 10 s dwell at
each azimuth position. All of the engineering flight
data collected so far have been with the HOE fixed in
azimuth pointing 90 degrees with respect to the aircraft
flight track to the pilot's right hand side.

Wavelength

355 nm

HOE Telescope Aperture

0.38 m

Laser Linewidth (FWHH)

<150 MHz @ 355 nm

Laser Energy/Pulse

35 mJ

Laser pulse rep frequency

200 pps

Etalon FSR

16.7 GHz

Etalon FWHH

2.84 GHz

Etalon Peak Transmission

>60 %

Interference filter BW
(FWHH)

220 pm

PMT Quantum Efficiency

25%

The Doppler frequency shift is measured with a
molecular double edge receiver implemented in a
design that is similar to those described previously
[5],[6]. The double edge method utilizes two high
spectral resolution optical filters located symmetrically
about the outgoing laser frequency to measure the
Doppler shift. To make the wind measurement, the two
edge filter channels sample the intensity in the wings of
the thermally broadened Rayleigh-Brillouin molecular
backscattered spectrum. The ratio of the two edge
filter transmission measurements will change in
proportion to the speed and direction of the wind.
Precise knowledge of the filter characteristics, detector
properties and receiver optical throughput is obtained in
calibration. The outgoing laser frequency is also
measured to provide a zero Doppler reference.
Many of the design elements of the TWiLiTE lidar
have been demonstrated and validated in ground-based
lidar measurements [7]. The TWiLiTE lidar system
baseline performance characteristics are summarized in
Table 1.
3. ER-2 FLIGHT TESTING
Several engineering flights of the TWiLiTE system
were performed in September of 2009 as the
culmination of the IIP effort. These engineering flights
are an important step in the technology development
phase of the project required to validate the key
technologies “at the system level in a relevant
environment”. In this case the relevant environment is
the high altitude ER-2 research aircraft. The ER-2s are

and recording the transmitted intensity observed on the
photomultiplier (PMT) detectors with a boxcar
averager.

Figure 2 – View from below of the TWiLiTE Doppler
lidar integrated in ER-2 QBay.

operated as science platforms by NASA Dryden Flight
Research Center. They are capable of carrying a
maximum payload of 1180 kg of experiments in a nose
bay, the main equipment bay, or QBay, behind the
cockpit, two wing-mounted superpods and small
underbody and trailing edges. Most ER-2 missions last
about six hours with ranges of about 4075 km. The
aircraft typically fly at altitudes above 19800 meters.
Cruising speeds are 752 km per hour or 210 m/s.
TWiLiTE is shown in Figure 2 integrated in the QBay
of the ER-2. A hatch with a 55 cm diameter fused
silica window mounted below the HOE telescope
encloses the equipment bay. The QBay is partially
pressurized. Temperature is partially controlled in the
QBay and typically varies between -15 deg C to +10
deg C at altitude. During pre-flight preparations on the
ground temperatures in the bay can exceed 49 deg C [8]
so variations of > 60 deg C within a 30 minute time
period following takeoff are possible. Temperature
sensitive components of the instrument, particularly the
laser and Doppler receiver (etalon) are well insulated
and are coupled to a liquid cooling loop with a design
objective of maintaining the internal temperatures of
the components to ± 1 deg C. This is a very difficult
challenge given the extremes of the environment. One
objective of the engineering flights is to monitor the
temperatures during flight and verify stable
performance. To achieve this 35 separate YSI 44006
thermistors are mounted throughout the instrument and
temperatures are recorded every 1 second following
instrument power up. In addition to the thermistor data
we also record internal voltages in the laser and
receiver as well as other housekeeping parameters at 1
Hz.
A top level verification of the spectral characteristics of
the single frequency laser and the Fabry Perot etalon in
combination can be obtained by illuminating the etalon
with a collimated beam containing a small fraction of
the outgoing laser pulse energy, scanning the etalon gap

Figure 3 - In flight Fabry Perot etalon calibration scan.
Data and fit are shown in top panel, residuals in the
bottom panel. The three fringes are Edge Channel 1(blue),
Edge Channel 2(red) and the Locking Reference Channel
(brown). The y-axis is unity peak normalized intensity.
The x-axis is the etalon gap increment relative to the
initial setting in nm.

Figure 3 shows an example scan of the normalized
etalon transmission of the three etalon channels in the
double edge receiver [4], identified as Edg1Norm
(blue), Edg2Norm (red) and LockNorm (brown) in the
figure. To produce the calibration scan the etalon gap
is stepped in 2 nm increments and 200 laser pulses (1 s)
are averaged and recorded at each gap position. In the
top panel of the figure the etalon measured data are
shown along with a non-linear least squares fit to the
instrument function. Residuals from the fit are shown
in the bottom panel. This scan was one of 15 scans
recorded during a 5.5 hour flight from Edwards AFB in
California to Boulder, Colorado on October 1, 2009.
Overall, with the possible exception of the slight
asymmetry observed in the Edge 1 fringes, the etalon
fits are in very good agreement. More importantly the
etalon transmission, finesse and relative position of the
three fringes are consistent and repeatable throughout
the flight indicating the laser and etalon are operating
normally and within specifications.
In addition to the engineering data and calibration data
we also record atmospheric backscatter returns
measured in the Edge1 and Edge 2 channels by the
photon counting PMTs. An example 10 minute time
series of the Edge 1 (top) and Edge 2 (bottom)
backscatter profiles are shown in Figure 4. These data
are from the October 1, 2009 flight from Edwards AFB
in California to Boulder, CO. The data shown are
signal counts sampled with 1 s temporal resolution and
30 m range (21 m vertical) resolution. The color bar in
units of counts per range bin is shown to the right.

engineering and atmospheric data. We are now
reconfiguring the TWiLiTE instrument to fly in Zone
25 of the NASA Global Hawk as part of the Hurricane
and Severe Storm Sentinel (HS3) NASA Earth Venture
program.

Figure 4 – Time series of atmospheric backscatter profiles
recorded in the two etalon Edge channels (Edge 1 top;
Edge 2 bottom) from a 10 minute segment of the October
1, 2009 engineering flight of TWiLiTE

5. ACKNOWLEDGEMENTS
We want to acknowledge support from the NASA
Earth Science Technology Office, George Komar
director, for funding development of TWiLiTE. We
also wish to acknowledge the support from the
Airborne Instrument Technology Transition program
managed by Dr. Ramesh Kakar of NASA HQ for
support of the flight tests. Finally we wish to thank the
many engineers, scientists and technology partners who
contributed to the success of the TWiLiTE program.
REFERENCES

The Edge1 and Edge2 channel atmospheric backscatter
data, etalon calibration data and GPS/IMU data are all
required to produce wind profiles. An example 10
minute time series of line-of-sight wind profiles
obtained from the October 1, 2009 flight is shown in
Figure 5. The backscatter data have been averaged to
10 second temporal resolution and 250 m vertical

[1] US National Academy of Sciences Earth Science Panel,
2007, Earth Science and Applications from Space: National
Imperatives for the Next Decade and Beyond
http://www.nap.edu/catalog.php?record_id=11820
[2] Baker, W. et al, 1995: Lidar-Measured Winds from
Space: A Key Component for Weather and Climate
Prediction, Bulletin of the American Meteorological Society,
76, pp. 869 – 888.
[3] Stoffelen, AA., et al, 2005: The Atmospheric Dynamics
Mission for Global Wind Field Measurement, Bulletin of the
American Meteorological Society, 86, pp73- 87.

Figure 5- TWiLiTE LOS wind profiles from Oct 1, 2009
ER2 test flight. A 10 minute segment taken over Grand
Junction, CO is shown. Inset is a single TWiLiTE profile
compared with wind profile data from the 00Z, Oct 2
NWS radiosonde launched from Denver, CO.

resolution to produce the wind data. For reference, a
single lidar profile is plotted in the inset along with a
projected wind speed profile produced by projecting
wind speed and direction from a NWS radiosonde to
the line of sight direction of the laser. The sonde was
launched from Denver, CO approximately 4 hours later
at 00Z on October 16, 2009.
Additional data and
results from the February, 2011 flights will be
presented.
4. SUMMARY
The TWiLiTE instrument development program has
been completed and the lidar was integrated into the
NASA ER-2 for two sets of engineering test flights in
Spetember, 2009 and February, 2011. These flights
demonstrated the major functions and autonomous
operation of TWiLiTE and generated a wealth of

[4] Gentry, B., et al, 2008: “New technologies for direct
detection Doppler lidar: Status of the TWiLiTE airborne
molecular Doppler lidar project” , Proceedings of the 24rd
International Laser Radar Conference, Boulder, CO, June
23-27, 2008
[5] Gentry, B., H. Chen and S. X. Li, 2000: “Wind
Measurements with a 355 nm Molecular Doppler Lidar”,
Optics Letters, 25, pp 1231-1233,
[6] Flesia, C. and C. Korb, 1999: “Theory of the double-edge
molecular technique for Doppler lidar wind measurement”,
Appl. Opt., 38, pp. 432-440
[7] Gentry, B. and H. Chen, 2002: “Performance validation
and error analysis for a direct detection molecular Doppler
lidar”, SPIE Third International Asia-Pacific Environmental
Remote Sensing Conference, Hangzhou, China, Oct 23-27,
2002.
[8] NASA Dryden Flight Research Center, 2002: ER-2
Airborne Laboratory Experimenter Handbook, pp 3.2-3.3.

