Wind Field Measurement in the
Nonprecipltous Regions Surrounding
Severe Storms by an Airborne
Pulsed Doppler Lidar System
Abstract
Coherent Doppler lidar appears to hold great promise in
contributing to the basic store of knowledge concerning flow
field characteristics in the nonprecipitous regions surrounding
severe storms. T h e Doppler lidar, through its ability to measure clear air returns, augments the conventional Doppler
radar system, which is most useful in the precipitous regions
of the storm.
A brief description of the Doppler lidar severe storm measurement system is provided along with the technique to be
used in performing the flow field measurements. T h e application of the lidar is addressed, and the planned measurement program is outlined.

1. Introduction
The dynamic behavior of the atmosphere in and around
storms is well known to airplane crews and passengers
who have encountered severe turbulence and to individuals in every state who have had the misfortune to
experience the devastation of tornadoes and hurricanes.
In an effort to understand the factors responsible for
the development and growth of thunderstorms, and especially severe tornado-producing storms, considerable
research has been devoted to the development of measurement systems and the acquisition and analysis of
data (NAS, 1977). Even so, we still do not know why a
seemingly select few of the multitude of clouds we see
in the sky suddenly develop into towering cumuli and
why yet another more select group become tornadoproducing thunderstorms.
Research during the past three decades (i.e., Byers and
Braham, 1949; Miller, 1959; Fujita, 1974) has made
notable contributions to our current understanding of
thunderstorms and their development. The capability
of the Doppler radar to penetrate and measure the interior dynamics of a thunderstorm has revealed important data on circulation patterns, cell development,
and rotational behavior (Lemon et al., 1977). Atmospheric flow structures, especially the microscale and
mesoscale, in the clear air near the thunderstorm have
yet to be adequately measured and studied in relation
to the development and growth of thunderstorms. In
recent years, considerable progress has been made in the
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field of coherent Doppler lidar (Weaver et al., 1976).
It is now well within the technology to have a pulsed
Doppler lidar mounted in an aircraft that will provide
a map of the two-dimensional wind fields as the aircraft
surveys the nonprecipitous regions surrounding a storm
(Fig. 1). Combining this system with an airborne
Doppler radar could provide the capability to map the
wind flow field in and around an existing or developing
storm. Some of the fruitful areas of investigation that
will be opened by an operational airborne Doppler
lidar system include research into: 1) interaction of the
ambient wind field and the storm, 2) entrainment, 3)
outflow bursts, 4) wind field circulation and dynamics,
5) relationship of the wind field with synoptic or subsynoptic wind flow measurements from standard rawinsonde systems, and 6) identification of unique stormassociated wind field characteristics.
It is evident that additional knowledge of severe storm
processes is of considerable importance from both a
scientific and an applied viewpoint. Since the understanding and subsequent characterization of these events
directly influence our day-to-day activities, NASA has
initiated a severe storms program directed toward aiding
the responsible agencies in improving the accuracy and
timeliness of severe storm forecasts and warnings. This
is to be accomplished through a research and development effort that combines aeronautical and space-related
techniques and observations with other key indicators
of severe storm development. The program will enable
the development of better satellite remote sensors and
provide a better understanding of the potential of current sensor systems.
Under the sponsorship of NASA's Office of Space and
Terrestrial Applications, the George C. Marshall Space
Flight Center is currently applying available technology
toward developing a pulsed COa Doppler lidar for use
in severe storms research. The system will permit velocity
flow field mapping in the nonprecipitous regions surrounding severe storms. Preliminary studies on the concept (Thomson et al., 1976) and the hardware design
(Raytheon, 1977) have been completed. Preparations are
underway to modify NASA's Marshall Space Flight Center's pulsed Doppler clear air turbulence (CAT) detection system (Jelalian et al., 1972) to perform measurements of the wind field in the regions surrounding severe
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FIG. 1. Doppler lidar flow field mapping.

storms. This paper will describe the pulsed Doppler lidar
system as applied to severe storms research. The lidar
is expected to be ready for operation at the time the new
high-resolution satellite sensor system, V I S S R 3 Atmospheric Sounder (VAS), is scheduled for geosynchronous
orbit in late 1980 or early 1981 (Allison et al., 1977).
2. System description
Successful application of a coherent Doppler lidar to
obtain atmospheric flow field information relies upon
scatterers being entrained within the atmosphere. At
the 10.6 /um wavelength of C 0 2 radiation, the primary
scatterers are naturally entrained particulate matter
such as dust and pollen. These particles tend to follow
the motion of the atmosphere in which they are entrained, and therefore measurement of the velocity of
these particles provides a reliable measure of the velocity
of the ambient wind field.
Measurement of the particle velocities by coherent
Doppler lidar is possible because of two primary factors:
1) the circular, polarized transmitted laser beam is
rotated 180° in polarization when backscattered along
the axis of illumination by particles within the beam
path, and 2) the return (backscattered) beam is Doppler
shifted in frequency by an amount determined by the
direction and rate of travel of the particle. The coherent detection of the return beam and the subsequent
spectral analysis of the resultant electrical signal provide
s Visible and Infrared Spin-Scan Radiometer.

the vector component of the particle velocity parallel
to the line of sight of the transmitted beam.
The pulsed Doppler lidar to be used in this measurement program is a modification of the system developed
for CAT detection. A simplified block diagram of the
modified system is shown in Fig. 2. T o achieve a basic
understanding of the lidar, it will be helpful to follow
the path of a signal as it travels through the system from
the master oscillator laser to the displayed data. In the
operation of the system a small portion of the output
energy of the master oscillator laser (1) is picked off for
use in an offset locking loop (2) that maintains the local
oscillator laser (3) at a constant offset frequency from
the master laser. The main portion of the continuous
wave output of the master oscillator laser is directed to
an electro-optic modulator (4) that amplitude modulates
the horizontally polarized beam to form a pulse train.
The pulse train then passes through an optical isolator
(5), designed to reduce backscatter from the telescope,
and into a power amplifier (6). Upon leaving the power
amplifier, the pulse train passes through a Brewster
window (7) aligned for horizontal polarization, through
a quarter-wave plate (8) to rotate the polarization to
circular, and into a modified Cassegrainian telescope
(9). The telescope collimates the pulsed beam and transmits it to the atmosphere with the aid of a scanning
mirror (10). The scanning mirror control system (11),
along with the range gate, determines the region of space
to be sampled. The return beam, Doppler shifted and
rotated in polarization, comes back along the same path
into the telescope (9) and through the quarter-wave plate
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FIG. 2. Simplified Doppler lidar system block diagram.

(8). Because of the reverse polarization of the return
beam, the pulses upon passing through the quarter-wave
plate, now become vertically polarized. These pulses are
then reflected by the Brewster window (7) to a beam
splitter (12), where they are combined with the local
oscillator beam and transmitted to the detector (13).
The coherent mixing (heterodyning) of the two beams
results in an interference pattern being imaged on the
surface of the detector. The interference pattern fluctuates according to the difference in frequency of the two
beams, thereby resulting in an electrical signal out of
the detector in the form of a frequency-modulated wave
with the modulation frequency being equal to the
Doppler shift of the return beam. The magnitude of
the Doppler shift is given according to the relation A/ =
2Vr/\, where A/ is the Doppler shift, X is the wavelength
of the laser source, and Vr is the radial velocity. At this
point, the signal from the detector is sent through an
IF amplifier (14) to the signal processor (15). The signal
processor calculates the power spectral density of the
pulse return for each range interval (gate) from the
minimum to the maximum ranges of interest. The
processor then extracts the spectral mean and standard
deviation for each range gate and formats the data for

transmission to an on-line computer (16) for additional
processing. The computer receives spectral and range
information from the processor, scan position information from the scanner, and aircraft position information
from the inertial navigation system. Storm location relative to the aircraft will be provided either through the
on-board radar system or in conjunction with a groundbased tracking system.
The characteristics envisioned for the system now
under development are as follows:
Wavelength: 10.6 ^m.
Pulse width: 1 jms.
Peak power: 5 kW.
Pulse repetition: 200 Hz.
Beam width: 30.54 cm.
Horizontal range coverage (perpendicular to flight path):
—1-10 km.
Data point resolution: ~ 1 5 0 m.
Vector component measurement: up to 40 m/s.
Vector component threshold: ~ 1 m/s.

3. Measurement technique
The primary form of the data output of the system as
presently envisioned is that of a high-resolution, two-
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FIG. 3. Doppler lidar flow field scan pattern.

dimensional map of the flow field in the area surrounding the storm. This map would be a plot of the vector
velocity components that lie within a horizontal plane
determined by the flight path of the aircraft. Although
the initial effort will be confined to the collection of
two-dimensional data, a series of passes by the aircraft
at different altitudes would lead to an improved threedimensional picture of the flow field. The feasibility of
such a measurement would depend a great deal on the
extent and stability of the storm.
Since the Doppler lidar is inherently a line-of-sight
measuring device, scan techniques must be employed
to obtain the vector components required for the flow
field map. These scan techniques must allow for at least
two independent observations of each point of interest.
The angle between observations must be sufficient to
accurately resolve the components, and the time between
observations must be short enough to provide a meaningful representation of the mean flow.
A "two-point" scan technique has been employed in
generating the pattern shown in Fig. 3. This pattern is
generated by first directing the beam to an angle forward
of the normal to the flight path and within a horizontal
plane at the altitude of the aircraft for a number of
pulses and collecting data from the various range intervals. The beam is then directed to a line of sight to the
rear of the normal, still keeping within the horizontal

1978

Expanded view is in Fig. 4.

plane, and again collecting data for a number of pulses
and range intervals. As this process is repeated, it is
evident that a rearward-looking scan will at some time
intersect one or more forward-looking scans generated
previously. The resulting pattern in space, as indicated
by Fig. 3, is a grid in which the crossing points represent
regions where vector velocity components are obtained.
The formation of a grid point is shown in Fig. 4.
This expanded view of Fig. 3 is based on the parameter
selection covered in the previous section. In addition, the
speed of the aircraft is taken to be ~250 m/s, with the
angle between observations being 60°. With the beam
in the forward-pointing position, a 1 /xs pulse is transmitted in this position and the return from the pulse is
sampled in time increments determined by the range
resolution desired. The sampling occurs along the beam
from a 0.5 km minimum range to a maximum range of
~ 11.5 km. This allows coverage normal to the flight
path out to ~ 1 0 km. The range resolution is determined
by the pulse width and is given by AR — r/2c, where
AR is the range resolution, r is pulse width, and c is
the speed of light. For the 1 ^s pulse, approximately 73
samples will be taken in ~76 /jls. At a pulse repetition
rate of 200, the next pulse transmission occurs in 5 ms,
when the aircraft has moved 1.25 m. In 0.6 s the aircraft
has moved — 150 m and 120 pulses have been transmitted.
Following the reception of the 120th pulse return, the
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FIG. 4. Expanded view of scan pattern.

beam is directed to the rearward angle. If it is assumed
that the 60° change (including settling time) requires
~0.2 s, the aircraft has traveled 50 m since the last received pulse in the forward direction. At this point, data
would be collected from another 120 pulse returns.
During the period of time required to complete a grid
intersection point, altitude variations will occur in the
different samples, particularly at the far ranges. T o
maintain a vertical resolution on the order of the range
resolution, the roll axis of the aircraft must be stabilized
and the overall altitude variations by the aircraft must
be taken into consideration. In the final calculation for
the grid point, data from the 120 forward-looking pulses
will be averaged to obtain a single component value.
Likewise, the 120 rearward-looking pulses will be averaged to obtain the second component, and the vector
will be calculated for the grid point. In this manner,
calculations will be performed for each grid point and
a map constructed of the flow field. For this particular
configuration a 10 km by 10 km map could be constructed
in < 2 min. The time between component measurements
at the nearest point to the aircraft would be ~ 3 s as
compared to the time for the farthest point of ~ 5 0 s.
These times should allow for a relatively accurate measurement of the mean flows surrounding a severe storm.

4. Test program plan
NASA expects to select a suitable aircraft for the integration of the pulsed Doppler lidar system by the end of
1978. We hope this will be accomplished as a cooperative
endeavor with another group interested in flying correlative sensors. The test program is planned for mid-1980
and will initially involve checkout of the instrumentation system. Once the checkout has been completed, a
selected set of data acquisition experiments will be performed in conjunction with other sensors to provide a
series of data sets organized in such a manner as to
permit the maximum acquisition of correlative data.
This will be accomplished by participating in local or
regional mesoscale experiments such as the Atmospheric
Variability Experiment (AVE) (Hill and Turner, 1977),
the Severe Environmental Storms and Mesoscale Experiment (SESAME) (Lilly, 1976), and the Convective
Storm Studies (NCAR, 1977). An important objective
for the test program is to acquire selected data sets in
the vicinity of convective storm development for use in
assessing the potential for measurements from satellite
remote sensors such as those to be acquired by the VAS
sensors from a geosynchronous orbit. Data sets acquired
by the test activity will be made available to all interested
researchers.
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NRC Research Associateship Programs for 1979
Applications are now being accepted for the National Research Council Research Associateship Programs for 1979.
These programs provide scientists and engineers opportunities for postdoctoral research in the fields of atmospheric
and earth sciences, chemistry, engineering, environmental
sciences, life sciences, mathematics, physics, and space sciences. Awardees conduct research on problems of their choice
in selected federal research laboratories at approximately
65 geographic locations in the United States. T h e programs
are open to recent recipients of the doctorate and, in many
cases, to senior investigators also. Some programs are open
to non-U.S. citizens. Approximately 250 new awards will be
made on a competitive basis in 1979. T h e basic stipend
(subject to income tax) will be $18 000 for recent recipients
of the doctorate; higher stipends are awarded to senior investigators. T h e awards include relocation grants and funds
for limited professional travel during tenure.
Applications must be made to the NRC and must be
postmarked by 15 January 1979. Results will be announced
in the spring. Application materials and detailed information
about specific opportunities for research are available from:
the Associateship Office, J H 608-Dl, National Research
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AGI Minority Participation Program Scholarships
The American Geological Institute (AGI) will again this year
offer scholarships for geoscience majors who are U.S. citizens
and members of the following ethnic minority groups: Blacks,
American Indians, Native Hawaiians, American-Samoans,
Puerto Ricans, and Hispanics. Approximately 50 such awards
were granted in 1978-79. About the same number will be
awarded for 1979-80. Geoscience majors currently enrolled
in accredited institutions as either undergraduate or graduate
students are eligible to apply for the scholarships. The term
"geoscience" is used broadly to include major study in the
fields of geology, geochemistry, geophysics, hydrology, meteorology, oceanography, and space and planetary sciences.
Monies for support/funding of this program are administered by the AGI Minority Participation Program Advisory Committee. Requests for application materials or
nominations for scholarships should be addressed to William
H. Matthews III, Director of Education, American Geological
Institute, Box 10031, Lamar University Station, Beaumont,
Tex. 77710. T h e deadline for filing the completed application
is 1 February 1979.
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