
581Bulletin of the American Meteorological Society

1. Introduction

Being able to remotely measure the wind over a
three-dimensional volume has been the stuff of me-
teorologists’ dreams for many decades. This dream has
led to ground-based dual-Doppler radar and airborne

pseudo-dual-Doppler radar such as the Electra Doppler
Radar (ELDORA; Wakimoto et al. 1996), which pro-
vide high-resolution wind measurements in volumes
with cloud and precipitation. An obvious question is,
what about the majority of the atmosphere that lies
outside of cloud? A new system, an airborne Doppler
lidar, provides exactly this kind of measurement:
gridded volumes of the horizontal winds outside of
clouds. Scattering targets for this remote sensing in-
strument are naturally occurring aerosols, which are
present in sufficient concentrations, particularly in the
lowest 3–4 km of the troposphere, to obtain Doppler
winds (e.g., Rothermel et al. 1989). This new system,
called the Multi-center Airborne Coherent Atmo-
spheric Wind Sensor (MACAWS), represents a col-
laboration among the atmospheric lidar remote sensing
groups of the National Aeronautics and Space Admin-
istration/Marshall Space Flight Center (NASA/
MSFC), the Jet Propulsion Laboratory (JPL), and the

The Multi-center Airborne
Coherent Atmospheric Wind Sensor

Jeffry Rothermel,* Dean R. Cutten,+ R. Michael Hardesty,# Robert T. Menzies,@

James N. Howell,# Steven C. Johnson,& David M. Tratt,@

Lisa D. Olivier,# and Robert M. Banta#

ABSTRACT

In 1992 the atmospheric lidar remote sensing groups of the National Aeronautics and Space Administration Marshall
Space Flight Center, the National Oceanic and Atmospheric Administration/Environmental Technology Laboratory
(NOAA/ETL), and the Jet Propulsion Laboratory began a joint collaboration to develop an airborne high-energy Doppler
laser radar (lidar) system for atmospheric research and satellite validation and simulation studies. The result is the Multi-
center Airborne Coherent Atmospheric Wind Sensor (MACAWS), which has the capability to remotely sense the distri-
bution of wind and absolute aerosol backscatter in three-dimensional volumes in the troposphere and lower stratosphere.

A factor critical to the programmatic feasibility and technical success of this collaboration has been the utilization
of existing components and expertise that were developed for previous atmospheric research by the respective institu-
tions. For example, the laser transmitter is that of the mobile ground-based Doppler lidar system developed and used in
atmospheric research for more than a decade at NOAA/ETL.

The motivation for MACAWS is threefold: 1) to obtain fundamental measurements of subsynoptic-scale processes
and features to improve subgrid-scale parameterizations in large-scale models, 2) to obtain datasets in order to improve
the understanding of and predictive capabilities for meteorological systems on subsynoptic scales, and 3) to validate
(simulate) the performance of existing (planned) satellite-borne sensors.

Initial flight tests were made in September 1995; subsequent flights were made in June 1996 following system im-
provements. This paper describes the MACAWS instrument, principles of operation, examples of measurements over
the eastern Pacific Ocean and western United States, and future applications.

*Global Hydrology and Climate Center, NASA/George C.
Marshall Space Flight Center, Huntsville, Alabama.
+University of Alabama in Huntsville, Huntsville, Alabama.
#NOAA/Environmental Technology Laboratory, Boulder, Colorado.
@Jet Propulsion Laboratory, Pasadena, California.
&NASA/George C. Marshall Space Flight Center, Huntsville,
Alabama.
Corresponding author address: Dr. Jeffry Rothermel, Global
Hydrology and Climate Center, 977 Explorer Boulevard, Hunts-
ville, AL 35806.
E-mail: jeffry.rothermel@msfc.nasa.gov
In final form 11 December 1997.
©1998 American Meteorological Society



582 Vol. 79, No. 4, April 1998

Atmospheric Lidar Division of the Environmental
Technology Laboratory (ETL) of the National Oceanic
and Atmospheric Administration (NOAA) Environ-
mental Research Laboratories. It represents a blend-
ing of technologies, highlighted by the use of the
NOAA/ETL mobile Doppler lidar, previously em-
ployed for more than a decade in the ground-based
mode, being installed on the NASA DC-8 research
aircraft in a side-looking configuration. This system
has the potential to significantly enhance our under-
standing of a wide variety of atmospheric phenomena.

a. History of measurement concept
The concept of wind field measurement with air-

borne Doppler laser radar, or lidar, was inspired by the
need for better observations in nonprecipitating re-
gions surrounding severe storms (Bilbro and Vaughan
1978). It was argued that such observations could im-
prove our understanding of the evolution and dynamics
of extreme weather events, including tornadic thunder-
storms, severe turbulence, and hurricanes. Moreover,
the scientific utility of lidar measurements could be
enhanced through coordination with conventional,
ground-based sensors, especially Doppler radar.

The measurement concept became a reality in 1981
with the first flights of a low-energy (14 mJ pulse−1)
Doppler lidar system that was originally developed for
studies of clear-air turbulence (Jelalian et al. 1972;
Bilbro et al. 1984). The lidar system was configured
to obtain wind measurements within a horizontal plane
relative to the aircraft using a pseudo-dual-Doppler
technique. In view of lidar measurement capabilities
in clear air, research objectives were expanded to in-
clude studies of nonsevere flows as well. Demonstra-
tion measurements included flow over complex terrain
(Cliff et al. 1985), planetary boundary layer structure
(Eilts et al. 1984; Eilts et al. 1985), and thunderstorm
outflows (Emmitt 1985; Bluestein et al. 1986; McCaul
et al. 1986, 1987). With the soundness of the airborne
Doppler lidar wind measurement concept thus con-
firmed, enhancements were made to enable wind field
measurements at multiple vertical levels, as well as to
improve velocity accuracy in the presence of turbu-
lence (Bilbro et al. 1986). Subsequent flights were
made in 1984, and studies included lee mountain
waves (Blumen and Hart 1988) and the extended sea
breeze (Carroll 1989).

b. Scientific motivation
In the 1980s a number of significant developments

occurred that would contribute to the development of

an airborne Doppler lidar with improved research ca-
pabilities. First, technological advances continued to
yield higher-energy, frequency-stable CO

2
 laser trans-

mitters (Batten et al. 1987; Theon et al. 1991). The
significance of this is that measurement coverage, and
hence the scientific utility, is roughly proportional to
the transmitted energy per pulse. An example of tech-
nological advancement during that time period is the
upgraded laser transmitter used within a mobile,
ground-based Doppler lidar system that was devel-
oped by NOAA/ETL (Post and Cupp 1990). The de-
velopment of this type of transmitter began in 1978
at JPL (Megie and Menzies 1979). The previous la-
ser transmitter ( 0.1 J pulse−1) enabled horizontal cov-
erage of measured velocities out to only ~6–15 km,
whereas the upgraded lidar system (up to ~1 J pulse−1)
is now capable of coverage to 10–30 km subject to
sufficiency of aerosols and other atmospheric condi-
tions. As a ground-based system, the NOAA/ETL
Doppler lidar has been deployed successfully in a
variety of locations. The analyses of simultaneous
aerosol backscatter and velocity measurements were
particularly useful for determining the role of winds
in the transport of aerosols into and out of a valley near
Vancouver, British Columbia, Canada (Banta et al.
1997). Other studies using simultaneous velocity and
backscatter data include measurements of the horizon-
tal wavelength of trapped lee waves (Ralph et al. 1997)
and the investigation of the structure of a prescribed
forest fire (Banta et al. 1992). Further examples of the
lidar’s versatility include detailed measurements of
mesoscale features. Such studies include measure-
ments of a well-defined canyon outflow that was nar-
row enough to escape detection by an enhanced
network of sensors, yet strong enough to affect dis-
persion of pollutants (Banta et al. 1995) and the evo-
lution and vertical structure of the Monterey Bay,
California, sea breeze (Banta et al. 1993). As demon-
strated in Clark et al. (1994), a comparison of wind-
storm model simulations to lidar measurements of the
same event shows that the high spatial resolution of
lidar data make the data useful for model validation.
By combining lidar backscatter measurements with
those of a Ka-band radar, Intrieri et al. (1993) have
shown that information about cirrus cloud particle
sizes can be retrieved.

A second significant development was the emer-
gence of a heightened awareness of climate and glo-
bal change, accompanied by stronger scientific and
programmatic emphasis on observing, describing, and
predicting geophysical processes on a wide range of
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spatial and temporal scales. An example is the U.S.
Global Change Research Program, a component of
which is the NASA Earth Science Enterprise.
Knowledge of the global wind field is widely recog-
nized as being fundamental to advancing the under-
standing and prediction of climate, the hydrological
cycle, and weather (Baker et al. 1995).

Finally, beginning in the 1970s a number of inde-
pendent design and performance simulation studies
supported the feasibility of satellite-borne, lidar-based
Doppler wind sensors using current technology (e.g.,
Huffaker et al. 1984; Menzies 1986; NASA 1982,
1987). In the absence of a measurement heritage for
satellite Doppler wind lidar (SDWL), simulations with
airborne Doppler lidar offer the opportunity to reduce
uncertainties in lidar simulation models and to begin
the development of interpretive skills. More recently,
it is noted that the U.S. Weather Research Program has
so far identified a number of research issues to which
airborne Doppler wind lidar measurements are ideally
and uniquely suited (Emanuel et al. 1995).

c. Program implementation
In response to these factors, NASA and NOAA

initiated a research program in April 1992 to develop
an airborne Doppler wind lidar with improved scien-
tific utility compared to previous systems. The scien-
tific motivation has been threefold: 1) to obtain
fundamental measurements of subsynoptic-scale pro-
cesses and features that may be used to improve model
parameterizations in large-scale models; 2) to obtain
datasets to improve understanding and predictive ca-
pabilities of meteorological systems on subsynoptic
scales, that is, less than 300 km; and 3) to simulate the
performance of prospective satellite Doppler lidars for
global tropospheric wind measurement. More recently
the need has arisen to validate planned satellite wind
sensors, such as a proposed small-satellite Doppler
wind lidar, as well as existing sensors that are based
on other measurement techniques.

Although NASA/MSFC, NOAA/ETL, and JPL
have been primarily responsible for the MACAWS de-
velopment and operation, additional involvement has
come from universities and private industry. Flight
planning and data analysis are accomplished both
within this team and through collaborations with ex-
ternal investigators.

A factor critical to the programmatic feasibility and
technical success of this program has been the use of
components and expertise that were developed in the
course of previous airborne and ground-based atmo-

spheric research by our respective institutions.1 The
laser transmitter for MACAWS is borrowed from the
mobile ground-based lidar system developed by
NOAA/ETL (Post and Cupp 1990), which was up-
graded with a more powerful laser transmitter before
undergoing additional modifications to achieve
flightworthiness. The optical table used to support the
laser and other optical components, which by design
must help to preserve the optical alignment under a
variety of flight conditions, was developed in part for a
program to survey the global aerosol backscatter dis-
tribution (Menzies and Tratt 1994). The telescope and
other components (described later) were developed for
NASA/MSFC atmospheric research programs (Bilbro
et al. 1984; Bilbro et al. 1986). Some hardware modi-
fications were required to ensure flight safety, opera-
tional reliability, and compatibility with the aircraft
environment. Laboratory integration and ground tests
were conducted at JPL, Pasadena, California, during
1 March–19 July 1995; the first atmospheric returns
were obtained on 18 May 1995. The first flight tests
were conducted in September 1995; subsequent flight
experiments were conducted in June–July 1996. In the
intervening time between flight programs, repairs and
modifications were performed in order to improve per-
formance, especially under turbulent flow conditions.

This article provides an overview of the MACAWS
instrument and measurement capabilities (section 2),
measurement uncertainties (section 3), a summary of
our two previous flight experiments including sample
results (section 4), an abbreviated set of research ob-
jectives that we plan to address in future missions (sec-
tion 5), and some conclusions based on our experience
with the development and flight of what is the most
powerful and sophisticated airborne coherent Doppler
lidar to date (section 6).2

2. MACAWS description

This section describes the principal subsystems,
functions, and atmospheric sampling methods. The

1We estimate that at least $4,000,000 has been saved by using our
existing lidar equipment and expertise compared to the cost of
designing, fabricating, field testing, and debugging a new lidar
system with comparable measurement capabilities.
2A Web site has been created at http://www.ghcc.msfc.nasa.gov/
macaws.html. More complete technical details may be found
there, along with additional examples of measurements from
previous flights.
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principal differences between MACAWS and the sys-
tem described by Bilbro et al. (1986) are threefold.
First and foremost, the injection-seeded, transverse-
excited atmospheric pressure (TEA) laser transmitter
from the NOAA/ETL windvan has been used (Post
and Cupp 1990), which provides a factor of over 50
improvement in pulse energy compared to the system
flown in 1981 and 1984. Second, the optical elements
in the scanner have been modified to permit measure-
ments over a greater angular range as described below.
Finally, the flight computer system provides more
extensive, real-time data processing with improved
data and instrument status displays, in a much smaller
volume and mass unit.

A more detailed technical description and perfor-
mance assessment of the system are
given by Howell et al. (1996). Although
other airborne coherent Doppler lidars
have been developed (Targ et al. 1996;
Richmond and Jewell 1997), or are be-
ing developed (Werner 1989), to our
knowledge MACAWS is the only system
specifically designed to measure high-
resolution fields of two-dimensional
wind velocities over a three-dimensional
volume.

a. Instrument description
MACAWS consists of the following

major subsystems: laser transmitter, re-
ceiver, telescope, optical table, scanner,
inertial measurement unit, and computer.
Table 1 summarizes the principal instru-
ment and performance characteristics.
The transmitter is a frequency-stable,
TEA CO

2
 laser (Post and Cupp 1990).

The receiver consists of a cryogenically
cooled infrared detector and supporting
optics and electronics configured for co-
herent signal detection (Post and Cupp
1990; Menzies and Tratt 1994). The
folded telescope consists of a 0.3-m di-
ameter off-axis paraboloidal primary
mirror and secondary mirror shared by
the transmitter and receiver in a mono-
static configuration. The table assembly
consists of a ruggedized optical table,
separable into two sections to facilitate
integration; the table itself is upheld by
a three-point support structure that is fas-
tened to the aircraft seat tracks. The scan-

ner is composed of two computer-controlled, indepen-
dently rotating germanium wedges that refract the
transmitted beam in the desired direction (Amirault
and DiMarzio 1985). The original scanner had the
capability to refract the beam anywhere within a full
cone angle of ~40°. In the present configuration the
wedges have been replaced with elements of greater
angular thickness that permit scanning anywhere
within a full cone angle of ~64°. A dedicated inertial
measurement unit (IMU), mounted beneath the scan-
ner, senses aircraft attitude and speed parameters; the
IMU is interrogated at 20 s−1 (Bilbro et al. 1986). This
information is required to derive ground-relative wind
motion by a process described later. The computer
consists primarily of a UNIX-based “operations con-

Wavelength (µm) 10.6 9–11

Transmitter TEA CO
2
 gas laser

Energy per pulse 0.8 0.6–1.0
(J, long pulse mode)

Beamwidth to e−2 power points 20 cm

Pulse duration (µs) 3 0.4, 3a

Laser linewidth (kHz) ~300

Pulse repetition frequency PRF (s−1) 20  0.1–30

Telescope diameter (m) 0.3

Line-of-sight resolution (m) 300 150–1200

Number of scan planes 5 1–5

Vertical resolution (km)b 0–12.5

Wind velocity accuracy (m s−1) ~1

Nyquist radial velocity (m s−1)c 75

Coverage (km)d  10–30

TABLE 1. MACAWS characteristics.

aDuration in which 80% of the pulse energy is emitted.
bDependent on range and angular separation between scan planes.
cActual ground-relative velocity limits may differ depending on relationship be-
tween line-of-sight components of air speed and ground velocity.
dDependent on distribution of aerosol backscatter and extinction.

Characteristic Nominal Range
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trol system” (OCS) that orchestrates the functioning
of each subsystem. The OCS also processes, displays,
and stores raw lidar data (in limited quantities) and
processed data, along with scanner settings, IMU data,
and aircraft housekeeping data. MACAWS is pres-
ently configured for the NASA DC-8 research aircraft,
which has a service ceiling of 12.5 km and a range of
over 9400 km (NASA 1994).

Laser pulses are transmitted to the atmosphere
through the scanner, which is mounted within the left
side of the aircraft ahead of the wing. Upon exiting the
aircraft the beam is eyesafe for any combination of
laser-operating parameters, owing to the range of
middle infrared wavelengths determined by the choice
of a CO

2
 laser and to expansion of the laser beam by

the telescope (American National Standards Institute
1993). Aerosols, clouds, or the earth’s surface scatter
a small portion of the incident radiation backward
along the line of sight (LOS) to the receiver. In order
to maintain precise beam pointing, IMU measure-
ments are received by the OCS, which issues com-
mands to the receiver and scanner to compensate for
aircraft attitude and speed changes at 20 s−1 similar to the
IMU interrogation rate. Using the same IMU measure-
ments during signal processing, the OCS and receiver
calculate and subtract the frequency contribution to the
Doppler-shifted signal representing the component of
aircraft motion along the line of sight; details of the
signal processing are summarized later. The resulting
range-resolved LOS velocities represent the compo-
nents of wind motion with respect to earth coordinates.
Measurement coverage varies with lidar system set-
tings (laser output energy, pulse repetition frequency,
LOS resolution, and number of pulses averaged) and
atmospheric conditions (aerosol backscatter distribu-
tion and attenuation by water vapor, carbon dioxide,
and clouds). Onboard displays of LOS velocity, two-
dimensional wind fields, and backscattered signal in-
tensity provide in-flight mission guidance as well as
enabling real-time assessment of subsystem perfor-
mance and overall data quality. For additional guid-
ance, visible and infrared imagery from polar-orbiting
satellites are available from a satellite weather fac-
simile receiver (NASA 1994).

As implied by the name of the instrument,
MACAWS uses coherent detection of the backscat-
tered radiation (Menzies and Hardesty 1989), mean-
ing that the phase front of the return signal is matched
to that of a stable-frequency reference optical beam
(the so-called local oscillator laser) before the two sig-
nals undergo mixing at the signal detector. The refer-

ence frequency is offset from that of the nominal trans-
mitter frequency, so that the detector registers a time-
varying beat signature, the resolved frequency of which
expresses the frequency difference between the emit-
ted and Doppler-shifted return radiation. Atmospheric
signal processing is done in real time; a poly-pulse-
pair velocity estimation algorithm, implemented digi-
tally as a matched-filter frequency domain estimator
(Rye and Hardesty 1994), is used to calculate LOS ve-
locities (Lee and Lee 1980). For each range gate, the
fast Fourier transform of the truncated autocorrelation
function is calculated from digitized, complex samples
of the time-varying output of the signal detector. The
peak of the frequency spectrum is then found with high
resolution by fitting a quadratic curve to the three
points nearest the peak of the FFT. The peak of the
fitted function corresponds to the LOS velocity esti-
mate. Pulses with excessive frequency variation due
to system anomalies, such as transient optical
misalignments due to turbulence, are flagged and ex-
cluded from signal processing and are termed “bad”
pulses. During signal processing the LOS resolution
may be varied from 0.15 to 1.2 km, although in prac-
tice the resolution is usually varied over 0.15–0.3 km.
The minimum range at which a signal can be detected
is 1.0–1.5 km for 3-µs pulse duration (containing 80%
of pulse energy), owing to the presence of a weak pulse
“tail” that causes optical and radio frequency interfer-
ence at close range.

b. Calibration
Before research flights commence, the IMU, scan-

ner, and lidar transceiver are each calibrated in the
following sequence. First, the IMU is physically
aligned with the aircraft so that measurements of roll,
pitch, and pointing direction agree with those of the
DC-8 inertial navigation system (INS). Second, scan-
ner pointing is calibrated relative to the IMU-indicated
aircraft orientation (Amirault and DiMarzio 1985).
This procedure involves directing the lidar beam in
stages out to a succession of surveyed reference points
located up to 300 m from the aircraft. The set of re-
corded wedge positions, corresponding to the survey
points, is used to derive a set of scanner alignment
parameters. Finally, the intensity response of the lidar
transmitter–receiver is calibrated by comparing
backscattered signals from a target of known reflec-
tance with expected signal intensity calculated from
the lidar signal-to-noise (SNR) equation using mea-
sured system parameters (Post and Cupp 1990). The
resulting calibration factor permits conversion of rela-
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tive signal intensity (dB) to units of absolute backscat-
ter (m−1 sr−1).

c. Sampling methods
The manner in which the atmosphere is sampled

with the lidar beam depends critically on the science
objective(s), three-dimensional distribution of the fea-
ture or process of interest, aircraft altitude, aerosol
backscatter distribution, attenuation, and range to tar-
get. Figures 1a–c illustrate sampling geometries that
are now described in order of increasing complexity;
examples of measurements are given in section 4.

1) VERTICAL PROFILING

The beam can be refracted up to 32° upward or
downward relative to the aircraft. Two modes of ver-
tical profiling are possible. Figure 1a illustrates the
case of downward pointing.

(i) Quasi-vertical cross section
The first vertical profiling mode is accomplished

by maintaining a constant flight heading. The result-
ing distribution of measurements is similar to the fa-
miliar vertical cross section, which is subject of course
to the presence of horizontally distributed gradients in
wind and aerosols. This sampling strategy may be used
to measure the quasi-vertical distribution of aerosol
backscatter over relatively large horizontal distances
with an equivalent vertical resolution of ≤ 75 m.

(ii) Quasi-velocity azimuth display
To achieve this mode of vertical profiling, the air-

craft is directed into a turn at constant roll angle. The
resulting sampling pattern resembles a velocity azi-
muth display common to ground-based radar. Two
principal applications are possible. First, a single hori-
zontal wind profile above or below the aircraft may
be obtained by techniques that were originally devel-
oped for ground-based radar, for example, Lhermitte
and Atlas (1961) and Browning and Wexler (1968).
Second, by altering the roll angle between orbits, the
angular dependence of the surface scattering may be
observed. For roll angles greater than ~40° (equiva-
lent to nadir angles less than 20°), the resulting g-force
on the optical table causes optical misalignment and
loss of signal for which the built-in, autonomously op-
erated alignment devices cannot compensate.

2) TWO-DIMENSIONAL SCANNING

A unique feature of MACAWS is the capability to
remotely sense two-dimensional (2D) wind fields in

clear air. The sampling method, a pseudo-dual-
Doppler technique referred to as coplanar scanning,
was demonstrated in 1981 with airborne coherent
Doppler lidar (Bilbro et al. 1984). Details of the sig-
nal processing and wind estimation methodology are
described by McCaul et al. (1986). Figure 1b illus-
trates a plan view of the sampling pattern of lidar
beams. Each beam may be composed of three or more
pulses that are combined during signal processing to
improve LOS velocity accuracy and coverage (Lee
and Lee 1980). While scanning the beam is alternately
directed ~20° forward and aft of normal relative to the

FIG. 1. MACAWS sampling capabilities. (a) Lidar beam ori-
entation is fixed for quasi-vertical profiles of line-of-sight veloc-
ity and aerosol backscatter, or for studies of angular scattering
dependence, over a vertical range of ±32°. (b) Coplanar scanning
is performed to measure a single wind field, with 40° in-plane an-
gular separation between forward and aft scans. (c) Coplanar scan-
ning is performed at up to five elevation angles at arbitrary angular
spacing to achieve volumetric coverage, over a vertical range
±25°.
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aircraft heading. At each “point” of intersection, a 2D
velocity can be calculated due to the angular separa-
tion between perspectives. This estimate represents
the component of wind motion within the scan plane.
Without compensation for aircraft motions (described
above), turbulence experienced by the aircraft could
cause the scanner to misdirect one or more beams out-
side of the scan plane. The OCS uses IMU measure-
ments of aircraft pitch, roll, and track angle, to
compensate by issuing appropriate commands to the
scanner. Minimum response time of the scanner
(~100 ms or less) is influenced by the inertia of the
wedges (each with a mass of 9.5 kg) and the position
to which the scanner must slew. The angular thick-
ness of the wedges (~5.0°) limits the vertical angular
limits of the 2D measurement capability to ±25°, be-
yond which there is insufficient angular separation be-
tween fore and aft beams to calculate 2D velocity
accurately.

3) THREE-DIMENSIONAL SCANNING

The 2D scanning technique may be used to achieve
three-dimensional (3D) coverage by generating mul-
tiple scan planes (Fig. 1c), a concept that was demon-
strated successfully in 1984 (Bilbro et al. 1986). The
present OCS capability permits up to five scan planes,
with arbitrary vertical angular spacing depending on
the research objective. In general the vertical extent
of the domain over which measurable signals may be
obtained is a function of 1) aircraft altitude, which is
subject to air traffic control restrictions and aircraft
service ceiling; 2) angular separation between upper-
most and lowermost scan planes, which is subject to
the refractive limit of the scanner; 3) aerosol backscat-
ter distribution, which is a function of the aerosol
physical, chemical, and optical properties; and 4) at-
tenuation of the incident and scattered laser radiation,
which depends on concentrations of water vapor,
CO

2
, aerosols, and the optical thickness of cloud (if

present).
Resolution along the flight track ∆x in each scan

plane may be expressed by the following approxima-
tion for both 2D and 3D scanning:

∆x n d n
n n

P
d V≅ −( ) +

+





+








2 1 2 21 2a a

g b
g , (1)

where d
1 
is the delay in repositioning the scanner

wedges to an adjacent elevation angle in the fore or
aft direction (~0.1 s), d

2
 is the scanner delay between

the fore and aft pointing directions (~0.6 s), n
a
 is the

number of scan planes, n
g
 is the number of pulses av-

eraged during signal processing, n
b
 is the number of

pulses rejected during signal processing, P is the la-
ser pulse repetition frequency (s−1), and V

g
 is the air-

craft ground speed. Turbulence may slightly increase
the time required to reposition the scanner wedges.
Turbulence can also cause brief periods of laser mode
degradation or frequency jitter; the onboard pulse qual-
ity discriminator rejects these pulses. Both effects de-
grade the along-track resolution. For the case of
measurements in the planetary boundary layer (PBL)
assuming V

g
 = 125 m s−1, P = 20 s−1, n

a
 = 5, n

b
 = 2, and

n
g
 = 10, ∆x ≅ 1.0 km.

d. Comparison with Doppler radar
The primary advantage to Doppler lidar is the ca-

pability to measure the wind in optically clear air; thus
airborne lidar can complement airborne radar in mea-
surement scenarios containing optically thick clouds
and precipitation. Hydrometeors constitute the primary
source of scattering targets for radar, whereas coher-
ent Doppler lidar can utilize backscatter from aerosol
particles (of order 1 µm in diameter), clouds, and, to a
lesser extent, small hydrometeors. Propagation within
optically thick cloud is limited by extinction due to
scattering and absorption by the cloud particles.
However, attenuation by thin or subvisual cirrus can
be quite small, especially if probed from nonoblique
angles. The ground-based NOAA/ETL lidar has been
used to study microphysics and dynamics in cirrus
clouds, often penetrating to depths of 3–4 km for op-
tically thin clouds (Intrieri et al. 1995). For low con-
centrations of ice crystals, therefore, coverage may
even be enhanced by clouds. Laser radiation in the
middle infrared is absorbed by water vapor, which can
diminish sensitivity at extended ranges in moist
boundary layers.

Whereas Doppler returns from aerosols are gener-
ally representative of the mean wind, radar returns in
optically clear air may exhibit biases. Depending on
wavelength, radar returns in the optically clear PBL
may be weighted toward refractive index fluctuations
associated with inversions or the edges of convective
structures (Hardy and Ottersten 1969), insects (during
nonwinter seasons), and, to a lesser extent, birds
(Eastwood 1967). Insects, which are often a source of
radar scatterers in warm-season boundary layers, may
be concentrated along convergence lines (Wilson et al.
1980), and certain species may have substantial speeds
relative to the wind (Fowler and LaGrone 1969). Ra-
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dar beam divergence is typically 2–3 orders of mag-
nitude larger relative to coherent lidar. Therefore un-
der marginal radar reflectivity conditions and at low
elevation angles, ground clutter contamination can oc-
cur, which may bias the velocity estimates, especially
over complex terrain (e.g., see Fig. 6, Rothermel et al.
1985). Taking all of these factors into account,
nonuniformly distributed targets and their possible
independent motions may produce average velocity
retrievals that are not entirely representative of small-
scale motions in optically clear air. In the optically
clear free troposphere, meteorological Doppler radars
typically do not obtain returns due to insufficient scat-
terers. Very high frequency (VHF) wind profilers ob-
tain measurements above the PBL (Weber et al. 1990)
owing to refractive index fluctuations; however, the
spatial and temporal coverage and resolution are sig-
nificantly reduced from that of meteorological Dop-
pler radars such as the WSR-88Ds that comprise the
National Weather Service network of next-generation
Doppler radars (NEXRAD). Because VHF profilers
require large antennas, they are not suitable for aircraft
deployment.

3. Measurement uncertainties

a. Scanner calibration
For both sets of flights, the uncertainty in scanner

pointing was estimated to be ~0.1° root-mean-square
(rms) in azimuth and elevation based on least squares
analysis of the ground-calibration measurements. For
confirmation, observed and expected pointing angles
were compared based on aircraft radar altitude and
range to surface returns for test flights over sections
of the California Central Valley. Angular errors ob-
served in flight were found to be within the rms un-
certainty of the ground calibrations. For example,
on the checkout flight of 31 May 1996, for an altitude
of ~2.13 km above ground level (AGL) and specified
scanner elevation angles of −11.5° and −8.0°, actual
elevation angles were calculated to be −11.47° and
−8.06°, respectively. A 0.1° pointing uncertainty is
equivalent to a horizontal or vertical uncertainty of
~17 m at 10-km range, somewhat larger than, but nev-
ertheless consistent with, model predictions based
on germanium wedges of slightly smaller angular
thickness (Amirault and DiMarzio 1985). In consid-
eration of Eq. (1), the horizontal uncertainty in scat-
tering volume position for an individual pulse is
relatively insignificant with respect to the envelope of

scattering volumes that comprise an LOS velocity
estimate.

b. Velocity
Velocity errors may arise from several sources,

consist of random and systematic components, and
vary from flight to flight. During scanning, the mea-
sured LOS velocity with respect to the aircraft is domi-
nated by aircraft motion. Therefore, it is essential that
this large velocity component be characterized accu-
rately in order to determine the residual, ground-
relative wind motion. The net effect of random and
systematic LOS velocity errors may be quantified
when the lidar beam intercepts the land surface, which
ideally should exhibit a zero-Doppler shift. Based on
analysis of ground hits as well as comparisons at close
range with wind measurements derived from the DC-8
INS (NASA 1994), velocity errors of 0.5–4 m s−1 may
occur with variations from flight to flight owing pri-
marily to periodic errors in the IMU (described
below). In this respect, our experiences have been
similar to those reported by Carroll (1986), Eilts et al.
(1984), and McCaul et al. (1986), the latter two stud-
ies having been based on an identical IMU. Carroll
(1986) simulated the impact on velocity errors of
uncertainties in beam pointing and aircraft speed and
the presence of atmospheric wave structure. Velocity
measurement errors for the intervening atmosphere
may be minimized by correcting for the apparent
Doppler velocity of the surface during postprocessing
(Rothermel 1987).

1) BEAM POINTING

Velocity errors arising from scanner calibration
uncertainty are relatively small compared to other er-
ror sources. For example, an azimuthal pointing error
of up to 0.1° at 0° elevation introduces a random ve-
locity error of ≤ 0.4 m s−1 for a ground speed of
232 m s−1 (450 kt). Lidar operation in the presence of
turbulence may introduce additional errors related to
scanner performance, described below. The mechani-
cal process by which the alignment of the transmitter
laser discharge cavity is maintained introduces addi-
tional, random pointing errors (“jitter”) of up to 0.02°.
At a ground speed of 232 m s−1 (450 kt), this effect
leads to LOS errors of less than 0.08 m s−1.

2) INERTIAL MEASUREMENT UNIT

For the airborne Doppler lidar system described
previously (Bilbro et al. 1984), velocity errors were
due principally to undersampling or delayed sampling



589Bulletin of the American Meteorological Society

of the IMU, from which the update period was ≥ 1 s.
For MACAWS, this difficulty has been minimized by
interrogating the IMU at the much faster rate of 20 s−1;
this improvement was first demonstrated in the modi-
fied airborne Doppler lidar described by Bilbro et al.
(1986). Although the higher sampling rate effectively
reduces systematic errors, random errors may still
occur. The reason is that turbulence may introduce
aircraft attitude and speed changes, as well as vibra-
tions, at timescales that cannot be resolved by the IMU
and that are faster than the positional update rate for
the scanner. The resulting pointing error may intro-
duce an additional, but relatively small, LOS veloc-
ity component due to aircraft motion (Carroll 1986).

Periodic errors may arise from IMU position mea-
surements due to the Schuler resonance, an inherent
source of error in an inertial navigation system
(Britting 1971). This error results in an incorrect air-
craft ground speed, which is subtracted from the li-
dar LOS velocities during signal processing. Periodic
errors in the MACAWS velocity measurements have
been found with amplitude as large as 2–4 m s−1,
comparable to findings by Eilts et al. (1984) based on
an identical IMU. This periodic error can be quanti-
fied by comparison with lower-time-resolution,
ground speed measurements derived from the DC-8
global positioning system (GPS) receiver. During
postprocessing, GPS-derived ground speeds may be
used to recalculate the LOS velocities for cases where
IMU-derived ground speeds have significant errors;
in this manner an improvement in mean wind veloc-
ity errors of 1–4 m s−1 can be achieved according to
comparisons with DC-8 INS winds. Additional veloc-
ity errors occur during aircraft turns; however, these
data are not used for calculating two-dimensional
wind fields.

3) LIDAR TRANSMITTER–RECEIVER

When the lidar has been operated in the ground-
based mode measuring signals from stationary targets,
standard deviations of single-pulse, velocity estimates
for the long pulse mode of operation have been found
to be 0.6 m s−1 (Post and Cupp 1990). The single-shot,
short pulse accuracy is degraded to 2.2 m s−1 owing
to increased signal bandwidth. Airborne measure-
ments of the apparent Doppler velocity of the land
surface indicate random errors that cannot be fully
accounted for by the factors described in the previous
sections. The most likely cause for random velocity
errors, apart from the factors cited above, is imprecise
characterization of the frequency distribution of the

outgoing pulse. A frequency monitor detector is em-
ployed in the receiver to sample each outgoing pulse
(Post and Cupp 1990). The information obtained by
the frequency monitor is used in real time by the sig-
nal processor to correct the received signal for vari-
ability in the pulse frequency. Analysis of the pulse
profile suggests that the duration of the window for
the frequency sample may have caused undersampling
of the pulse tail. Additional evidence indicates that the
frequency monitor detector signal strength occasion-
ally dropped below a level necessary for optimum
characterization. A significant effort is currently un-
der way to identify and remedy sources of velocity
uncertainty.

4) SIGNAL PROCESSING

A digital poly-pulse-pair processor is employed to
estimate the first three moments of the frequency dis-
tribution of the signal spectrum for each range gate,
corresponding to signal power, radial velocity, and
velocity variance. This technique is one of several fre-
quency domain, spectral peak estimators that provide
good performance at low SNR (Rye and Hardesty
1993). Velocity errors are generally inversely propor-
tional to the square root of the number of lidar pulses
integrated (assuming homogeneity over the relevant
spatial scales), which during scanning may range from
3 to 20 pulses. The frequency distribution for each
transmitted pulse is measured and used by the receiver
and OCS to correct the velocity and velocity variance
accordingly. For high-SNR signals, velocity uncer-
tainty is on the order of 0.5 m s−1.

c. Aerosol backscatter
Measurement of aerosol backscatter coefficients is

carried out by inverting the equation for the coherent
lidar signal-to-noise ratio after computing the SNR
(e.g., Post and Cupp 1990; Kavaya and Menzies 1985).
This estimate requires knowledge of several param-
eters including system range response, optical effi-
ciency, atmospheric extinction, shot noise level, and
pulse energy. For MACAWS, system optical effi-
ciency parameters are measured while the aircraft is
stationary; these values are then applied to the flight
data. Given an accurate measurement of the system
parameters, backscatter coefficients are measurable to
within ~3 dB (factor of 2) if the key system param-
eters do not change significantly between calibrations.
By comparison, atmospheric aerosol backscatter at
10.6-µm wavelength may vary over five orders of
magnitude or more.
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4. Examples of measurements

Following completion of development and ground
tests, initial flight tests were conducted over the west-
ern United States and eastern Pacific Ocean during 13–
26 September 1995. Highest priority was given to the
characterization of velocity and scanner pointing ac-
curacy. Subsequently, minor modifications were made
to the lidar, receiver, and OCS to improve perfor-
mance, especially under turbulent conditions (Howell
et al. 1996). The system was reflown during 31 May–
2 July 1996 over similar areas, as well as over Alaska
and Texas in conjunction with other, unrelated experi-
ments. The remainder of this section presents ex-
amples of wind and aerosol backscatter measurements.

a. Comparison with aircraft-derived winds
On 31 May 1996 during 1133–1203 UTC, the air-

craft flew in a rectangular racetrack pattern at 2.13-km
altitude over the San Joaquin Valley of California,
southwest of Fresno. The primary objectives of this
mission were to verify the scanner calibration and
overall system performance. Figure 2 compares lidar
winds measured within a 0° scan plane at the closest
possible range (1.2 km) with winds derived from the
DC-8 INS based on five flight segments. Mean biases
in wind speed and direction between lidar and INS
winds are 0.10 m s−1 and −1.4°, respectively, with
standard deviations of 0.64 m s−1 and 2.4°, respec-
tively. Similar agreement has been found for subse-
quent missions.

b. Quasi-vertical cross section
On 7 June 1996 during 1630–1813 UTC, the DC-8

flew in a series of parallel tracks in the vicinity of Napa
Valley, California. During this time flight-level con-
ditions were dominated by weak southwesterly flow
due to a ridge over Utah–Arizona and by a low pres-
sure area to the west of British Columbia, Canada.
Surface conditions were influenced by a weak inverted
trough extending through southern California and a
stationary front located along the California–Oregon
border. Figure 3 illustrates cross sections of LOS ve-
locity and corresponding absolute aerosol backscatter
observed while flying from southeast to northwest.
These profiles, taken at a downward angle of 30° from
horizontal, were thus pointing to the southwest and
therefore measure the component of the wind in that
direction. As many as seven aerosol layers are evident,
most of which varied in altitude and thickness. The
atmosphere below the aircraft appeared optically clear
to the unaided eye. Interlayer regions are characterized
by weaker scattering and marginal velocity estimates,
but scattering from the clean layer between 5.0 and
6.5 km varied considerably across the swath. A dis-
tinct shear layer is evident at 3.0 km and appears to be
more pronounced near the end of the run. In general,
the LOS velocity distribution (southwesterly compo-
nent at low level and a northeasterly component in the
midtroposphere) is consistent with the surface and
upper-air flow patterns.

c. Flow interaction with coastal topography
Surface winds off the California coast are north-

westerly to northerly in summer, resulting from flow
around the east side of the subtropical high pressure
system over the Pacific Ocean. This high is accompanied
by subsidence and a strong marine inversion usually a
few hundred meters deep. The coastal mountain range
topography interacts with the northerly flow in this
marine-inversion layer to produce a variety of interest-
ing flow phenomena. For example, when this flow passes
one of the many capes and points that jut into the winds
along the California coast, structures referred to as
“hydraulic expansion fans” have been found (Winant
et al. 1988). Such features are marked by strong varia-
tion along the vertical and cross-shore directions.

To study this variability the aircraft flew sets of
parallel line segments just offshore past Point Arena
on 30 June 1996 during 1950–2110 UTC at an alti-
tude of 0.49 km. Figure 4 shows the wind distribution
calculated within three scan planes; winds at two
higher-elevation scan planes (not shown) were mea-
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FIG. 2. Comparisons of wind speed and direction measured
with MACAWS (0° elevation, minimum range ~1.2 km) and
NASA DC-8 inertial navigation system on 31 May 1996 during
1006–1051 UTC at 2.13-km above mean sea level (MSL) altitude
over San Joaquin Valley, California.
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sured as well and are similar to the dis-
tribution observed at the highest angle
shown in the figure. Figure 4 also serves
to illustrate the wind vector displays
that are available in real time. The data
from all five elevation angles were re-
analyzed along constant-height levels, as
shown in Fig. 5. Evident is the northerly
flow in the marine layer, the strong vari-
ability in the cross-shore direction within
the marine layer, especially at 150 m
above mean sea level (MSL), and the
structural changes in the vertical. The
pseudo-dual-Doppler process of calcu-
lating 2D wind velocities requires that
the transformation of the original range-
gated data to Cartesian grid points be
executed for the fore and aft scans sepa-
rately. In this case, grid spacing in the
east–west and north–south directions
was 300 m and 25 m in the vertical.
The National Center for Atmospheric
Research’s software package “Custom
Editing and Display of Reduced Infor-
mation in Cartesian space” (Mohr and
Miller 1983) was used to determine the
2D wind velocities using the two-equa-
tion solution.

5. Future research objectives

Growing demands for understanding
subsynoptic-scale processes have arisen
from 1) an increasing emphasis on the
use of numerical models to analyze and
predict subsynoptic-scale processes, and 2) the need
to develop and refine parameterization schemes in nu-
merical models used to describe the hydrological
cycle and other processes influencing climatic and
global change. The increased emphasis on the role of
these scales, and associated scale interactions, is fur-
ther underscored by research objectives of several ex-
isting or planned interagency programs, which may
include enhanced observations against a background
of routine measurement and research activities em-
ploying operational sensors. With spatial resolution
of order 1 km, a Joule-class laser transmitter for ex-
tended propagation in optically clear air, and the range
and duration afforded by a large, multiengine aircraft,
MACAWS can provide unique measurements of a

variety of subsynoptic-scale processes and features
that are described below. The research potential of
MACAWS for mesoscale studies is apparent when
considering the measurement capabilities of several
ground-based measurement systems under implemen-
tation. These systems, which are key components of
operational meteorological and interagency research
programs, include the wind profiler network (Weber
et al. 1990), automated surface observing system
(NOAA 1992), and National Weather Service
NEXRAD (Leone et al. 1989). The wind profilers and
surface observing network may be widely spaced rela-
tive to atmospheric scales of interest or else these
scales may be beyond the measurement capability;
some examples are given below.

FIG. 3. Quasi-vertical cross section of aerosol backscatter coefficient (top) and
line-of-sight velocity (bottom) measured on 7 June 1996 during 1715:22–1720:06
UTC with lidar beam elevation angle of −30°. Aircraft traversed a horizontal dis-
tance of ~62 km at 8.0-km MSL altitude. As many as seven scattering layers are
evident, which are highly correlated with LOS velocity distribution. Lidar beam
intersected land surface (indicated in gray), including western slopes of Mayacmas
Mountains north of Santa Rosa, California, apparent on right-hand side. Surface
reflectivities (which on average were 0.006 sr−1) were computed by multiplying
the absolute backscatter by the range gate width (150 m) and correcting for back-
scatter from a nonaerosol medium (Jarzembski et al. (1996). Ambiguity in loca-
tion of these surface returns is due to laser pulse tail. Such datasets are invaluable
for atmospheric research as well as to simulate aspects of the performance of pro-
spective satellite Doppler lidar wind sounders.
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During 1998 and beyond, it is anticipated that
MACAWS will periodically conduct research flights
both independently and within the context of research
programs having a field observation component.
Examples of the latter include the Global Energy and
Water Cycle Experiment (GEWEX) Continental-Scale
International Program (GCIP) (World Climate Re-
search Program 1992; International GEWEX Project
Office 1995), the U.S. Weather Research Program
(Emanuel et al. 1995; Rotunno et al. 1996), as well as
other, smaller-scale interagency programs. A key goal
of GCIP is the development and improvement of pa-

rameterization schemes for subgrid-scale processes
within regional- and global-scale models. Measurements
will be required at scales as small as 1 km, placing
heavy demands on the accuracy and resolution capa-
bilities of, among other sensors, the core observing
systems identified above. The measurement capabili-
ties of MACAWS would allow detailed measurements
of, for example, the subgrid-scale momentum field,
which would complement ground-based and satellite
remote sensing systems. The endurance of the DC-8
permits monitoring of processes that evolve on a time-
scale of a few hours but that may “drift” through
ground-based observing grids during evolution.
MACAWS would also be well suited to studies over
complex terrain, which may compromise the siting or
performance of ground-based observing systems.

The remainder of this section highlights research
objectives that will be addressed in 1998 and beyond,
by the MACAWS team and in cooperation with inter-
ested external investigators, through independent stud-
ies or as part of multi-instrument, multiagency field
programs.

a. Low-level winds and convergence in the Tropics
A number of explanations and corresponding mod-

els have been advanced to explain tropical precipita-
tion and latent heat release, and their variation, relative
to sea surface temperature. These studies challenge
previous assumptions that latent heat release in deep
convection strongly influences low-level convergence
and that the resulting low-level moisture convergence
is proportional to the amount of cumulus convection
and precipitation. For example, one set of model re-
sults indicated that SST gradients produce gradients
in pressure, in turn producing low-level moisture con-
vergence, which ultimately determines the distribution
of deep convection and precipitation (Lindzen and
Nigam 1987). Measurement of PBL height and wind
distribution with MACAWS could allow improve-
ments to the model parameterizations. PBL height
measurements would provide a check of parameter-
izations schemes, from which interior quantities such
as temperature and moisture can be inferred.

b. Low-level jet
When the free atmosphere is decoupled from the

surface at night, significant ageostrophic flow can re-
sult that is manifested by the production of a low-level
jet. Previous studies of this jet have relied heavily on
numerical modeling and in situ measurements by bal-
loon soundings. While the U.S. wind profiler network

sea surface
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- 2.06o
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Pt. Arena, CA

- 2.77o
Intersection with sea surface
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21.5 km

FIG. 4. Example of full-resolution wind field measurements at
multiple elevation angles obtained near Point Arena, California,
on 30 June 1996, 1711:34–1715:00 UTC, at ~0.49 km height
MSL. Panel on left shows portion of NASA DC-8 flight track with
wind velocities (kt) estimated from DC-8 inertial navigation
system (INS, plotted every 1 min); this information is also
displayed in real time. Shaded box indicates location of multilevel
lidar wind fields shown on right-hand side. Wind fields were
measured at five elevation angles, three of which are shown
varying from −1.37° (top right panel, m s−1) to −2.77° scan angle
(bottom right); vector wind displays are representative of real-time
data reduction and display capabilities. Bottom row of vectors in
each panel represents aircraft INS wind estimates. Diagram at
bottom depicts vertical distribution of scan planes to scale.



593Bulletin of the American Meteorological Society

can be an important source of synoptic-scale measure-
ments of this phenomenon, the lowest measurement
level for these profilers may be above many low-level
jets, and the vertical resolution may be rather coarse.
Ground-based Doppler radars have been used success-
fully to measure mean and turbulent momentum quan-
tities when the scatterers are plentiful, presumably
dust, seeds, and insects (Frisch et al. 1992). The struc-
ture of the nocturnal low-level jet and the realism of
the processes in numerical models that lead to its
formation, however, have still not been well estab-
lished. MACAWS provides a unique opportunity to
probe the evolving jet with fine spatial resolution,
particularly over regions that are inadequately covered
by conventional sensors or where nonaerosol scatter-
ers or complex terrain could induce biases in ground-
based radar measurements (Rothermel et al. 1985).
The capability of MACAWS to cover regions of
~100 km or more in less than an hour with finescale

volumetric coverage make it ideal for investigating
cross-jet variability, including maxima and minima in
the speed of the jet, and variations in the vertical struc-
ture and vorticity.

c. Organized large eddies
Coherent structures in the PBL, sometimes re-

ferred to as organized large eddies (OLE), can affect
the accuracy of PBL flux parameterizations (Foster
and Brown 1991). Parameterizations based on tradi-
tional methods of boundary layer analysis utilize scat-
tered and limited data, mostly collected over land.
These parameterizations may be inaccurate (e.g.,
Blanc 1985) and inadequate for general circulation
model studies of the climate (Randall et al. 1992).
Examples of OLEs include quasi-steady 2D and 3D
circulations that are often manifested, respectively,
as roll vortices (Etling and Brown 1993) and meso-
scale cellular convection (MCC) (Hubert 1966). Little

FIG. 5. Vector plots of winds based on measurements included in Fig. 4 as well as wind fields measured at two higher elevation
angles (not shown). Terrain contours are in 200-m increments. Upper plots show three horizontal slices through a Cartesian grid volume
at different heights ASL. Bottom plots are enlargements of the area marked by the dotted boxes above.
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is known of the 3D kinematic and thermodynamic
properties of individual MCC cells. Previous in situ
measurements have been made in the PBL with in-
strumented buoys (Burt and Agee 1977) and conven-
tional gust probes mounted on slow-flying aircraft
(Rothermel and Agee 1980). Remote measurements
of backscatter distribution associated with convective
structures have been obtained with airborne backscat-
ter lidar (Melfi et al. 1985). The spatial resolution,
coverage, and mobility of MACAWS are ideally
suited for mapping the structure of this ubiquitous
marine boundary layer convective phenomenon.
Preliminary measurements of a weak MCC event
were obtained in and above the marine boundary layer
over the northern Pacific Ocean during the 1995
MACAWS flights (not shown).

d. Tropical cyclone dynamics
New measurements are needed at multiple levels

in and around the tropical cyclone. Airborne radar
measurements have suggested that circulation changes
may reflect intensity changes occurring above 7-km
altitude, that is, rapid deepening. Since thick cirrus or
heavy precipitation within the central dense overcast
(CDO) may attenuate infrared laser radiation, lidar
data could augment radar data in higher-altitude re-
gions of thinner cirrus or cloud-free conditions. New
measurements are needed of the flow at all levels in
order to improve mass budget calculations, describe
eyewall substructures, and improve understanding of
eye thermodynamics. Current measurement strategies
based on radar require that the eye be seeded with
chaff to obtain sufficient reflectivities for Doppler ob-
servations (H. Willoughby 1995, personal communi-
cation). Additional observations are needed of tropical
cyclone PBL processes, including better characteriza-
tion of confluence and decelerating flow into the cy-
clone, and PBL entrainment. Airborne Doppler lidar
cannot only measure the wind distribution in and
above the PBL, but also precisely determine the PBL
depth.

Recent results from a tropical cyclone prediction
model developed at The Florida State University
(FSU) have shown that the large-scale instabilities that
arise from horizontal and vertical shear of the horizon-
tal wind and cumulus convection are inadequate to
describe the behavior of hurricanes. The modeling ap-
proach has met with success using an ensemble fore-
cast strategy based on an operational analysis as a first
guess and a physical initialization to assimilate rain
rates derived from satellite observations (Krishnamurti

et al. 1998a; Krishnamurti et al. 1998b; Zhang and
Krishnamurti 1997). Optimal perturbations with the
fastest-growing modes are then determined by a tech-
nique that employs perturbations based on empirical
orthogonal functions. As a result, it should be possible
to design an adaptive observational strategy that uses
the findings of the ensemble-based initial states (T. N.
Krishnamurti 1997, personal communication).
MACAWS affords an opportunity to test the impact
of Doppler lidar winds on hurricane forecasts, subject
to flight conditions. During the MACAWS test flights
in 1995, Doppler lidar velocity measurements were
obtained within Hurricane Juliette (eastern Pacific
Ocean) on 21 September 1995. Although a malfunc-
tion in the receiver—subsequently corrected—pre-
vented full two-dimensional wind measurements,
coverage of LOS winds in the CDO was observed to
be 15 km or more.

Decaying landfallen tropical cyclones (TC) are
known to produce tornadoes. Unprecedented NEXRAD
observations of a landfalling TC of only tropical storm
strength indicated the presence of persistent mesocy-
clones, several of which were observed to produce a se-
ries of tornadoes over South Carolina (Cammarata et al.
1996). An important issue is when the conditions for
tornadogenesis arise relative to landfall. MACAWS
could be used to probe rainbands within the forward
quadrants of the tropical cyclone, in regions free of
precipitation and with minimal clouds such as the
boundary layer, in order to map out inflow patterns that
may indicate mesocyclone signatures, prior and sub-
sequent to cyclone landfall.

e. Stratosphere–troposphere exchange
MACAWS affords a unique opportunity to study

the spatial and temporal scales of stratosphere–
troposphere (ST) exchange by mapping flow patterns
and aerosol distribution near the midlatitude tropo-
pause. In periods when volcanic aerosol exists in the
lower stratosphere and when sedimentation is not a
major loss mechanism, the lower-stratospheric aero-
sols are useful as tracers of mass exchange. This has
been depicted in a tropopause fold situation using an
airborne backscatter lidar (Browell et al. 1987). Global
studies of ST mass exchange clearly show zonal asym-
metry and the significant influence of regional vari-
ability. When obtained near large-scale cyclonic flow
patterns, MACAWS data can provide wind-vector
maps of unprecedented resolution. These data should
provide evidence of mixing processes associated with
shear and moderate- to large-scale eddies.
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f. Convective dynamics
Convection often forms initially at the boundaries

between two air masses; these boundaries can range
from local- to regional-scale features. Understanding
and forecasting these events requires clear-air mea-
surements of the preconvective environment near the
boundaries, which are often situated in locations far
removed from well-equipped, fixed observing sites.
MACAWS is thus well suited to documenting these
incipient circulations, such as lake-, topography-, and
irrigation-induced boundary layer circulations possi-
bly influencing deep convection (e.g., Pielke and Zeng
1989), interacting convective outflows, dryline dy-
namics, and mature/tornadic thunderstorms.

The dryline of the western Great Plains is an espe-
cially important boundary for severe weather production.
Oriented roughly north–south, it moves east and west
diurnally, and its overall location changes from week
to week, emphasizing the advantage of mobile mea-
surement systems. Variations in convergence and vor-
ticity along its length generate hot spots for convective
initiation and development. As is the case for the other
phenomena described, the mobility, speed of cover-
age, and fine resolution of MACAWS make it an ideal
platform for revealing the prestorm kinematics of the
dryline. Knowledge of the evolving structure is nec-
essary to further our understanding of processes lead-
ing to severe storm genesis and to enhance our ability
to forecast severe weather with greater lead times.

g. Coastal atmospheric processes
Research into coastal processes is hampered by a

lack of detailed observations. Interaction of marine
boundary layer flows with coastal topography may
strongly influence coastal meteorological conditions. An
example has been illustrated in Figs. 4 and 5. Another
example is the “southerly surge” phenomenon that can
affect the meteorology of the southern California coast,
in extreme cases affecting flight operations at the Los
Angeles International Airport (Dorman 1985;
Emanuel et al. 1995; Bond et al. 1996). Data from a
weak southerly surge case were obtained during the
1996 flights and are currently being analyzed. The
strengths of the MACAWS platform in investigating
coastline meteorological systems make it ideal for prob-
ing the structure of these surges, and they are expected
to be an important target for future research flights.

h. Comparison with scatterometer
The MACAWS team had intended to conduct

calibration/validation flights against the NASA Scat-

terometer launched in August 1996 (Naderi et al.
1991); unfortunately, the Advanced Earth Observing
Satellite spacecraft failed in June 1997 before any cor-
relative measurements could be made. This activity
will therefore focus on the NASA QuikSCAT and Sea
Winds scatterometers, currently scheduled for launch
in 1998 and 2000, respectively. In the meantime we
plan to conduct correlative exercises with the Euro-
pean Remote Sensing satellite ERS-2 scatterometer.
The primary objective of the comparisons is to pro-
vide vertical profiles of horizontal wind vector within
and above the marine boundary layer over regions
coincident in time and spatial location with scatter-
ometer tracks. Measurements will be obtained with
horizontal resolution that is significantly finer than the
fundamental resolution cell of the scatterometer.
Ultimately these data will be of use in the validation
and refinement of scatterometer wind vector retrieval
algorithms, as well as for studies of flux param-
eterization schemes needed in regional and global
modeling.

i. Assessment of SDWL concept
The concept of direct measurement of global tro-

pospheric winds from space with Doppler lidar has
been studied for some time (NASA 1982; Huffaker
et al. 1984; Kavaya et al. 1994; Baker et al. 1995). Such
measurements would fundamentally improve our un-
derstanding of global and climate change, as well as
global- and regional-scale hydrological cycles (Baker
et al. 1995). In the absence of a heritage of satellite
Doppler lidar wind measurements, performance simu-
lations with measured—rather than simulated—data
are highly desirable to reduce uncertainties in lidar
simulation models and to begin to develop the neces-
sary interpretive skills. MACAWS can simulate sev-
eral aspects of SDWL, including such issues as
velocity retrievals at marginal signal levels; impact of
spatial wind variability; effect of aerosol vertical gra-
dients, particularly for near-surface wind measure-
ments; angular dependence of sea surface returns; and,
in the absence of opaque clouds, correction of veloc-
ity biases using land and ocean surface returns. Clouds
will constitute a frequent scattering target for SDWL,
perhaps a majority of the time. MACAWS can be used
to assess velocity distribution in and around clouds,
cloud porosity, cloud-free line of sight, cloud dimen-
sions (height and possibly thickness), and optical
properties (optical depth, extinction, and speckle sta-
tistics). A number of sampling strategies may also be
simulated.
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j. Angular dependence of sea surface scattering
The primary surface scattering target for a satel-

lite Doppler wind lidar will be the sea surface. More-
detailed measurements are necessary to better define
the relationship between sea surface wind and lidar
directional retroreflectance. MACAWS can be used to
investigate this relationship over a larger range of na-
dir angles compared to measurements from the Lidar
In-Space Technology Experiment (Menzies and Tratt
1996). Moreover, MACAWS employs a wavelength
that does not penetrate the surface and therefore is not
influenced by subsurface volume scattering. Data are
valuable for both calm waters, when contributions
from capillary facets are expected to dominate, and
from surfaces containing significant whitecaps (foam).
The spectral dependence of the foam reflectance is not
well known beyond about 2 µm. To study these issues,
MACAWS will employ a series of nested circular
flight tracks at roll angles that will result in a nadir
angle range of ~20°–70°.

6. Conclusions

In 1992 the MACAWS team set out to develop
what has become perhaps the most powerful and so-
phisticated airborne coherent Doppler lidar system in
the scientific history of atmospheric remote sensing.
We have successfully achieved that goal and can now
concentrate our attention on the many scientific appli-
cations of which the instrument is capable. This mea-
surement platform fulfills decades-old dreams of those
who study weather systems, by providing a 3D vol-
ume of the horizontal wind field and thus revealing the
3D kinematic structure of those systems. MACAWS
is especially suited to probing flows that accompany
long, linear structures, such as fronts, drylines, waves,
flows near coast and mountain ranges, and determin-
ing their along-feature variability in structure; to de-
scribing the cross-feature variability of more extensive
systems, such as the low-level jet; and to measuring
the radial or azimuthal structural variation of atmo-
spheric vortices such as tropical cyclones and hurri-
canes. One can easily envision a host of other
applications.

Our experience has demonstrated that the technol-
ogy necessary for the reliable operation of high-power,
frequency-stable CO

2
 lidar is mature and presents

no technological risks. Moreover, use of a large,
high-energy CO

2
 laser poses no special integration

problems.

Although MACAWS performance in the PBL is
unique, we have identified desirable modifications
that will improve measurement accuracy, resolution,
and coverage. The first involves redesign of the opti-
cal table, power supply, and support structure to reduce
the overall volume and mass. Preliminary estimates
suggest that volume and mass can be reduced in an
economic manner by nearly half. Anticipated benefits
include reduced integration time, more stable opera-
tion in turbulence, and better compatibility with
smaller aircraft such as a Lockheed C-130 or P3. A
second desired modification is replacement of the
IMU with an integrated GPS–INS package. This
change would effectively eliminate, in real time, ve-
locity errors caused by the Schuler resonance, thereby
reducing the level of complexity of the postflight data
processing. Other desired modifications include op-
eration of the transmitter laser on a wavelength that
is less susceptible to absorption by water vapor, for
example, 11.15 µm; improvements to the electro-
optical circuits in the transmitter to maintain laser fre-
quencies with greater accuracy; replacement of the
germanium wedges with diffractive optical elements
to permit more rapid beam pointing; and expansion
of the cooling capacity for the transmitter laser to
improve temperature stability, hence performance,
during ground-based tests and flights in the PBL dur-
ing summer.

Finally, the MACAWS program has underscored
the practical benefits of cooperation among govern-
mental agencies during a time of shrinking research
budgets. By sharing existing hardware, software, and
expertise, by minimizing additional hardware devel-
opment, and by identifying mutually compatible re-
search interests, we have saved literally millions of
dollars while succeeding in the development and ap-
plication of a world-class airborne coherent Doppler
lidar system.
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