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Abstract

The deployment of a space-based Doppler lidar would provide
information that is fundamental to advancing the understanding and
prediction of weather and climate.

This paper reviews the concepts of wind measurement by
Doppler lidar, highlights the results of some observing system
simulation experiments with lidar winds, and discusses the impor-
tant advances in earth system science anticipated with lidar winds.

Observing system simulation experiments, conducted using two
different general circulation models, have shown 1) that there is a
significant improvement in the forecast accuracy over the Southern
Hemisphere and tropical oceans resulting from the assimilation of
simulated satellite wind data, and 2) that wind data are significantly
more effective than temperature or moisture data in controlling
analysis error. Because accurate wind observations are currently
almost entirely unavailable for the vast majority of tropical cyclones
worldwide, lidar winds have the potential to substantially improve
tropical cyclone forecasts. Similarly, to improve water vapor flux
divergence calculations, a direct measure of the ageostrophic wind
is needed since the present level of uncertainty cannot be reduced
with better temperature and moisture soundings aione.
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1. Introduction

Knowledge of the global wind field is widely recog-
nized as fundamental to advancing the understanding
and prediction of weather and climate. Studies have
concluded that it is possible to measure tropospheric
winds from space with current lidar technology
(Huffaker 1978; Huffaker et al. 1980; Huffaker et al.
1984; Menzies 1986; NASA 1979, 1982, 1987). In
addition, successful experimental demonstrations of a
5 J-class, CO, laser were conducted in the laboratory
as partof the design studies for the Laser Atmospheric
Wind Sounder (LAWS) instrument (General Electric
Astro Space 1992; Lockheed 1992). Because of the
extended airborne and ground-based heritage of the
CO, Doppler wind lidar (demonstrated accurate wind
measurement capability since 1968) and the strong
potential for advances in earth system science, the
LAWS instrument was recommended in 1985 for
inclusion in the National Aeronautics and Space Ad-
ministration (NASA) Earth Observing System (EOS)
instrument suite.

Budgetary pressure onthe EQS program was a key
factor in the deselection of the LAWS instrument and
science team from EOS in early 1994. The former
science team continues to meet as the National Oce-
anic and Atmospheric Administration (NOAA) Work-
ing Group on Space-Based Lidar Winds. The working
group and personnel at the NASA/Marshall Space
Flight Center are focusing on an instrument concept
and science objectives for a small-satellite version of
LAWS. The recent advances with the 2-um solid-state
lidar (Henderson et al. 1993) make that technology
competitive for such a mission. However, this paper
focuses on the original LAWS concept (i.e., with a
20J CO, laser), which is well understood and remains
along-term goal of the authors. The mission measure-
ment requirements and possible parameters are sum-
marized in Table 1.
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TasLe 1. Measurement requirements and possible parameters
for a full-capability wind lidar mission.

Mission requirements Possible mission parameters

Orbit

525 km

98° inclination
(sun synchronous)

2ms™, 0-3 km
3ms™, 3-15km

| Resolution
Horizontal—1 wind vector
per 100-km box
Vertical—0.5 km from 0-2 km

1 km from 2—-15 km

~20 J CO, laser

~1.5-m telescope

5-Hz average sampling rate
20-Hz peak sampling rate

Temporal—Every 12 hours 2-3-us pulse
(6 hours desired)

Coverage | Scan

Horizontal—global 10-15 rpm

Vertical—0~-15 km Conical

40°-50° nadir angle

It is acknowledged that the measurement of winds
in the “clear” upper troposphere is challenging and
that other techniques such as direct detection (Abreu
et al. 1992; Korb et al. 1992) and the use of shorter
wavelength solid state transmitters may offer some
potential advantages in sampling the lower tropo-
sphere. However, at this time coherent CO, systems
remain the most mature technology for space-based
measurement of tropospheric winds.

This paper discusses the concept of a space-based
Doppler lidar and the expected scientific return with its
measurements. Specifically, in section 2, the mea-
surement concepts for a Doppler wind lidar are re-
viewed. The results of some Observing System Simu-
lation Experiments (OSSEs) with lidar winds are dis-
cussed in section 3. In section 4 the anticipated
advances in earth system science with lidar winds are
highlighted. Finally, some concluding remarks are
made in section 5.

2. Doppler lidar wind measurement
concepts

a. General principles

The basic concepts associated with the application
of coherent Doppler lidar for wind measurements are
discussed by Menzies and Hardesty (1989). A Dop-
pler lidar, such as the one envisioned for LAWS,
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operates much like Doppler radar in that signals
returned to the receiver from distant targets are spec-
trally analyzed to recover the Doppler shifts imposed
by the motion of the target. The short wavelengths
(e.g., ~9um) involved in lidar, however, mean that the
targets can be much smaller than for radar and that
comparative Doppler shifts and signal bandwidths are
much greater. The distributed nature of the backscat-
ter material means that a pulse of light transmitted
from the lidar (see Fig. 1) gives rise to a return signal
that is scattered as it propagates through the atmo-
sphere andis finally reflected from the earth’s surface.
Range resolution is obtained by dividing the return
signal into sequential time intervals, referred to as
range gating. For wind sensors, the targets are cloud
particles or naturally occurring aerosols suspended in
the atmosphere, which move at approximately the
speed of the wind. An objective of the upcoming Multi-
center Airborne Coherent Atmospheric Wind Sensor
mission in 1995 (J. Rothermel 1994, personal commu-
nication) is to assess how accurately the motion of the
aggregate of cloud particles represents the environ-
mental wind.

An orbiting Doppler lidar (see cover illustration)
consists of a reasonably high-energy, pulsed single-
frequency laser, ameter-size telescope, which acts as
an optical antenna (analogous to radar), with a hetero-
dyne detector in the focal plane. The detected hetero-
dyne signal resides in the radio frequency domain and
is Doppler shifted due to the motion of the spacecraft
and the line-of-sight (LOS) component of the wind.
The telescope scans about nadir as the spacecraft
proceeds along its orbit tracing a spiral pattern cen-
tered about the ground track. The different perspec-
tives afforded by the scanning geometry enable the
horizontal wind vectors to be recovered.

The application of Doppler lidar for the measure-
ment of winds has been extensively demonstrated
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Fic. 1. Principles of Doppler lidar.
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from both airborne and ground-based platforms. For
airborne applications, a low-energy system was used
to study winds in the vicinity of severe storms and
other dynamic processes during the 1970s and early
1980s (Bilbro and Vaughan 1978; Bilbro et al. 1986;
Emmitt 1985a,b). In 19886, scientists at NOAA demon-
strated a ground-based pulsed system that was con-
ceptually very similar to the LAWS system, albeit with
reduced pulse energy and telescope size (Hardesty et
al. 1988). The NOAA system has been employed
extensively to study a variety of atmospheric phenom-
ena, including thunderstorm outflows (Intrieri et al.
1990), upper-level winds associated with a strong
frontal passage (Neiman et al. 1988), and sea-breeze
evolution (Banta et al. 1993). Because the sensitivity
of the NOAA system has been well documented (e.g.,
Post and Cupp 1990), results from the NOAA field
studies can be extrapolated to predict the perfor-
mance of a space-based lidar system.

In addition, solid-state and CO, airborne-pulsed
Doppler lidar systems have been demonstrated in
forward- and side-looking modes with fixed pointing.
An airborne CO,-pulsed Doppler lidar system has
been demonstrated in a side-looking mode with copla-
nar scanning and fore/aft velocity components for
vector velocity resolution (Bilbro and Vaughan 1978;
Bilbro et al. 1984; Bilbro et al. 1986); a second-
generation system will fly in 1995 (J. Rothermel 1994,
personal communication). Also, a downward-looking
conically scanning airborne-pulsed CO, Doppler lidar
(Werner et al. 1989) is scheduled for first flight in 1996
(J. Rothermel 1994, personal communication}.

b. Global aerosol backscatter distributions

Although an earth-orbiting Doppler lidar would
be programmed to probe the atmosphere with
(2.5-3.0) x 10* shots per orbit, not all the shots would
reach the earth’s surface or return a signal of sufficient
strength to make an LOS wind measurement. Thirty to
forty percent of the shots would be terminated by thick
clouds before reaching the ground, with LOS winds
produced at those levels. An additional 30%—50% of
the time, thin or semitransparent clouds would also
provide a strong return but would allow for observa-
tions further along the LOS (Emmitt and Séze 1991).
In all other cases, aerosols, depending on their size
and concentration, would have to provide the back-
scatter necessary for good LOS measurements.

Values of the volume backscatter coefficient p
(m™' sr") for atmospheric aerosols and clouds can
easily range over six to eight orders of magnitude
(Kent et al. 1983a; Kent et al. 1983b; Yue et al. 1983;
Hall et al. 1988) depending on the wavelength. During
the early conceptual studies onthe precursorto LAWS,
referred to as WINDSAT (wind satellite) (Huffaker
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1978; Huffaker et al. 1980; Huffaker et al. 1984), very
little information was available on atmospheric back-
scatter properties at or near the prospective LAWS
wavelength of 9.11 um. In fact, Huffaker et al. (1984)
identified uncertainties in aerosol backscatter proper-
ties as the largest single uncertainty in their WINDSAT
feasibility study.

In recognition of this critical data gap, NASA and
NOAA supported three workshops on infrared back-
scatter for aerosols between 1983-85, and in 1986
NASA initiated the Global Backscatter Experiment
(GLOBE) as a cooperative interagency and interna-
tional effort to document global aerosol backscatter
distributions for input to LAWS development studies
(Bowdle 1986, 1989). This research effort has been
directed toward modeling the spatial, temporal, and
spectral variations of aerosol backscatter coefficients
in the troposphere and lower stratosphere. The study
has emphasized aerosol backscatter properties at
selected CO, laser wavelengths, initially 10.6 um,
building on the NOAA dataset (Post 1984a; Bowdle et
al. 1991), and later 9.25 um, beginning with the Jet
Propulsion Laboratory dataset (Ancellet et al. 1988;
Menzies et al. 1989). However, from its inception, the
program has also provided measurement and model-
ing of aerosol backscatter at shorter wavelengths to
support studies on solid-state 2.1-um wavelength
alternatives to the CO, gas laser. Similarly, GLOBE
has emphasized backscatter properties over the re-
mote oceans and in the middle and upper tropo-
sphere. These are the regions where lidar wind mea-
surements are most needed for assimilation into gen-
eral circulation models. GLOBE research efforts have
also included studies of clouds, marine aerosols, and
other high-backscatter targets for use in studies of
smaller lidar prototypes.

Several papers relevant to GLOBE findings were
published in a special GLOBE section of the March
1991 Journal of Geophysical Research—Atmo-
spheres. Results since that time have confirmed the
presence of a well-defined multimodal frequency dis-
tribution of aerosol backscatter values (see Fig. 4).
The primary mode, which appears to account for
40%—-50% of all tropospheric backscatter, is the so-
called “background” mode in the middle and upper
troposphere (Rothermel et al. 1989; Bowdle et al.
1993). This feature is characterized by low backscat-
ter values (i.e., 10" to 107" m™ sr' at CO, wave-
lengths) and, considering the large dynamic range in
the rest of the atmospheric backscatter distribution,
has surprisingly weak spatial/temporal variability. A
slightly broader secondary mode, which accounts for
~10%—20% of the troposphere, is associated with
much higher backscatter in the planetary boundary
layer (PBL). Together these ubiquitous quasi—steady-
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state and reasonably predictable features account for
more than 60% of the tropospheric backscatter. The
remaining backscatter is associated with two much-
broader distributions from less predictable stochastic
targets, namely water or ice clouds, and PBL aerosols
that are detrained into and diluted by the background
middie and upper troposphere. The diluted PBL mode
(termed the “convective mode” by Rothermel et al.
1989) lies in the intermodal gap between the PBL and
the background distributions. The cloud mode roughly
overlaps the convective mode, although the cloud
backscatter at CO, laser wavelengths extends about
two orders of magnitude higher than the PBL mode
(Menzies and Tratt 1993).

Other aerosol studies show that these general
characteristics can be modified significantly by mas-
sive buttransient aerosol generation events that would
potentially provide significantly more wind data than
would otherwise be expected. For example, in the
springtime Northern Hemisphere, vigorous convec-
tion, strong zonal winds, and desert dust storms
overwhelm the background mode and produce broad
areas of strong backscatter (Kent et al. 1991). In
addition, extremely cold temperatures inside the win-
tertime polar vortex produce deep and widespread
polar stratospheric clouds (McCormick et al. 1982;
Steele et al. 1983). Finally, major volcanic eruptions
dramatically increase backscatter in the lower strato-
sphere for several years (Post 1984b). The tropo-
sphere tends to recover much more rapidly from these
eruptions, except in the vicinity of tropopause folds,
which cause mixing of lower stratospheric aerosols
into the middle and upper troposphere (Kent et al.
1991; Post 1986). During extended intervolcanic peri-
ods, backscatter values in the lower stratosphere
eventually decay toward values similar to those in the
background in the middle and upper troposphere
(Rothermel et al. 1989; Post and Cupp 1992).

¢. Sampling volume

As the laser pulse propagates through the atmo-
sphere, photons are scattered back to the lidar sys-
tem. For the 20 J system, the signal on the detector is
the integrated return from a cylindrical volume that is
approximately 10-20 m in diameter and 300 m long.
The signal is digitized at a rate of 50 Mhz and pro-
cessed to provide a single estimate of the LOS Dop-
pler shift for each 250-350-m range gate. While this
may be the resolution for returns from bright targets
(clouds, ground, etc.), it is more likely that several of
these range gates would be processed together to
provide a reliable estimate over 1-3 km, depending
upon the intensity of the returns.

As mentioned earlier, the lidar beam would be
scanned with a rotating mirror resulting in the cycloidal
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INC. ANG.: 98 DEG
ENERGY: 207
TEL.DIA: 15M
PRF:4.6 HZ

SAT. ALT.: 525 KM
NADIR SCAN ANG.: 45 DEG

WAVELENGTH: 9.11
FIXED AREA: 125 KM

Fic. 2. Simulated wind observations from a 20 J LAWS for a 24-
h period at 850 mb. Inputs to lidar wind simulation model were from
the European Centre for Medium-Range Weather Forecasts nature
run. Cloud obscurations are the primary causes of the data voids
within the instrument-viewing swath.

pattern of samples. A target volume of 100x 100x 1 km?
has been chosen in this paper to express many of the
performance statistics. Given the orbit and system
parameters listed in Table 1, the resulting sample
density is 24 independent LOS wind measurements
per target volume (four range gates per vertical kilo-
meter times six shots per 100 x 100 km? area).

d. Sampling strategies and shot management

To extend the lifetime of the laser, shot manage-
ment involving reduced high latitude (polar) sampling
has been proposed. As may be seen in Fig. 2, the
orbital swaths overlap poleward of 45°. A shot man-
agement algorithm designed to achieve the same
12-h sampling interval for the Tropics as for the poles
would reduce the total shots per orbit by 25%—-30%
without compromising global coverage.

Another possible consideration for laser shot man-
agement is the desire to take more samples where the
ageostrophic component of the wind is predominant
and/or most variable, such as in the Tropics (Houston
and Emmitt 1987) and near the subtropical and polar
jets.

e. Signal processing and measurement quality
Because the signal backscattered from atmospheric
aerosol particles would, in many instances, be quite
weak, advanced signal processing would be a critical
component of a Doppler lidar instrument. When the
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initial feasibility studies for a space-based lidar
system were performed, a representative minimum
backscatter level of 107 m~' sr' was assumed
(Huffaker 1978). Asindicated previously, aerosol back-
scatter coefficients can approach background levels
(~3-5 107" m™" sr™") in the middle and upper tropo-
sphere over much of the globe. Thus, a Doppler lidar
system will have to operate at a signal-to-noise ratio
(SNR) that may be at least an order of magnitude less
than originally assumed. Aithough some of the signal
loss can be made up by increasing the laser powerand
telescope diameter, the challenge lies in developing
signal processing and analysis techniques that can
accurately estimate wind velocities at the very low
SNRs encountered in these “clean” regions. The sig-
nal processing and analysis function for a Doppler
lidar can be broken down into three critical tasks:

1) processing the signals backscattered from the
individual laser pulses to estimate the LOS compo-
nent of the wind,

2) performing some form of quality check to deter-
mine if the estimated value of the LOS component
has sufficiently small error to be used in the calcu-
lation of the horizontal wind, which is especially
critical when SNR is low (Rye and Hardesty 1993),
and

3) combining the LOS estimates from a given area to
compute a representative horizontal wind vector
(Emmitt and Bilbro 1987; Emmitt 1987).

Because the instrument platform will be moving
through space with a ground speed of more than
7 km s7', removal of the Doppler shift imparted to the
signal by spacecraft motion is necessary for accurate
estimates of the LOS wind velocity component. The
telescope-pointing direction and satellite speed, mea-
sured onboard the spacecraft at the time of laser pulse
transmission, will be used to compute the Doppler shift
due to satellite motion. The current design calls for this
frequency shift to be removed electronically; the
backscattered signal will be mixed with a signal from
a reference oscillator that has a frequency approxi-
mately equal to the Doppler shift imparted by the
satellite motion.

The LOS velocity estimate will be computed from
the information within each range gate of a single lidar
return. To reduce the probability of a poor estimate at
low SNR levels, it is anticipated that some form of a
priori information (e.g., numerical model prediction,
climatology, high confidence estimates from adjacent
gates) can be used to narrow the range of potentially
measurable horizontal wind speeds for each gate to
125 m s around a predicted value. Even with this
velocity estimate “windowing,” a sophisticated veloc-
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ity estimation algorithm is required to optimize perfor-
mance. Development of optimal estimation algorithms
is an important aspect of the prelaunch effort. For
LAWS system design studies, a Capon-type aigorithm
(Capon 1969; Marple 1987) has been assumed forthe
LOS velocity estimation problem; the actual LOS
estimation algorithm will probably not differ substan-
tially in performance from a tuned Capon algorithm.
Simulations performed using a 20 J laser indicate that
in low backscatter regimes (about 3 x 10~ m~" sr-'),
these estimators should be able to extract good re-
turns from a single shot approximately 50% of the time
(Emmitt 1993). Algorithm performance rises rapidly
with SNR; the probability of a good single-shot esti-
mate increases to above 95% for backscatter levels of
107" m-" sr'.

The error distribution of low SNR velocity estimates
consists of a narrow spike of observations at the
correct velocity in a background of essentially random
measurements. This highly non-Gaussian error distri-
bution has important implications for the use of lidar
winds in low SNR regions. For example, it is not
appropriate to merely average the estimates from a
particular spatial box. The anticipated results of such
an averaging are worse than simply choosing one
observation at random. To handle such cases, robust
statistical techniques are being employed, such as N
of M processors, where one searches for a cluster of
N measurements that lie within a specified error toler-
ance from the total sample of M observations (often
referred to as consensus averaging).

Processors of this type can be constructed with a
variable spatial resolution (i.e., the size of the spatial
integration box can be dynamically expanded where
necessary so that estimates with lower spatial resolu-
tion can be calculated in regions of marginal SNR). For
some applications it is expected that using LOS esti-
mates directly in models will produce superior results.
For these cases, care must be taken to handle the
error distribution with either robust assimilation tech-
niques or use of appropriate data quality control meth-
ods that are designed to minimize measurement
biases.

In assessing the quality of lidar data, both the
accuracy of the LOS measurement and its represen-
tativeness must be considered. The measurement
accuracy is expressed in terms of the standard devia-
tion (o) of the lidar wind speed from the true wind
components along the LOS. The representativeness
of the measurements is related to the rms differences
(o,) between the local wind along the individual LOS
and the average of all possible LOS observations
having the same perspective within the target volume.
Differences are due to the variance of the real wind
field within the target volume. Therefore, the total
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variance (o ?) of the error in the wind observation can
be expressed as

2 2
2_0Om *0s

o PN

(3.1)

where

c,? is the variance in the LOS measurement due to
lidar system noise, atmospheric turbulence within
the sample volume, stability of the wind estima-
tion algorithm, etc.;

is the variance of the true wind component on
scales between 1 and 200 km (assuming a target
volume of 100 x 100 x 1 km?3);

is the total variance between the observed com-
ponents and the true average wind components
within the target volume;

is the number of attempted LOS observations; and
is the fraction of N attempts that return a “good”
LOS estimate.

T2

InEq. (3.1), botho_2and Pare, in part, functions of
the energy of the laser pulse. While independent of the
laser energy, 6.2 can have its contribution to ¢ ? re-
duced only by increasing PN.

Assuming a fixed and limiting platform power sup-
ply, trade studies must be conducted to minimize 2.
Since the power demand of the lidar system is related
to the product of the pulse repetition frequency (prf)
and the energy per pulse, one important trade is
between these two parameters (Emmitt and Wood
1991). For instance, high energy per pulse at a low prf
achieves the best individual LOS measurements
(P~ 100%) due to maximized SNR. However, sinceN,
in this case, is very low and o, (~ 3 m s7') is usually
much higherthano, (=0.5ms™), the total observation
error is not minimized. On the other hand, reducing
the energy per pulse to obtain a higher number of
shots to reduce the o, contribution to o, is limited by
the resulting decrease in the percent of good returns
(P) and the increase in o, . Figure 3 illustrates the
sense of the trades based on the above consider-
ations. The optimum solution will vary significantly
with mission requirements. For example, a PBL/cloud
mission (high SNR potential) might require lower
energy per pulse and a higher prf, while for a mid- and
upper-tropospheric mission (marginal SNR potential),
a higher pulse energy would probably be desirable.

f. Simulated performance profiles

In an attempt to express the anticipated perfor-
mance of the LAWS instrument, a LAWS simulation
model (see section 3) has been used to generate
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In this example, the instrument error 6, was taken to be 1 m s~ and
the total rms variation in the wind field on all scales below 200 km was
set at o, = 3 m s7'. The high SNR regime was the continental PBL
and the marginal SNR regime was the aerosol! at 700 mb.

profiles of successful observations including the ef-
fects of dense clouds, semitransparent cirrus, and
overall lidar sensitivity to aerosols. A backscatter
distribution (Fig. 4) has been generated using analysis
fields from the European Centre for Medium-Range
Weather Forecasts (ECMWF), cloud statistics from
Nimbus-7, and International Satellite Cloud Climatol-
ogy Program observations, and aerosol data provided
by the GLOBE and Air Force Geophysics Laboratory
(AFGL) atmospheric transmission model (LOWTRAN
7) (Kneizys et al. 1988). The global variations in
aerosol backscatter and molecular attenuations are
driven by the relative humidity, temperature, pressure,
and surface winds at each grid point in the ECMWF
model fields. The distribution of attenuated backscat-
ter at 9.11 um shown in Fig. 4 (horizontal and vertical)
is for a 24-h simulation. Note that this distribution
includes backscatter from clouds using a relationship
between cloud-top temperature and scattering (Del
Guasta et al. 1993).

The performance profile in Fig. 5a resulted from
simulating the returns from approximately 4 x 10°
shots taken during a 24-h period. Statistics were
compiled as each shot passed through the five
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reference atmospheric layers (<70-, 70-300-,
300-500-, 500-850-, and 850-mb surface). If a shot
intercepted an opaque cloud and its calculated signal
was sufficient enough to produce an LOS measure-
ment with a £1 m s~' accuracy, an observation was
recorded, the shot terminated, and the obscuration
counters for lower layers incremented. If a shot inter-
cepted a transparent cloud (e.g., thin cirrus), a return
from that level was recorded for a sufficient signal and
an attenuated pulse was propagated to the next level.
If no clouds existed within the layer, an aerosol return
was computed and, if £1 m s~ accuracy was com-
puted, the aerosol counter was incremented.

Figure 5a suggests that we should expect, within
the PBL, an LOS wind measurement at least
50%—60% of the time for an instrument deployed at
525-km altitude with a 20 J laser and a 1.5-m tele-
scope. Although the aerosol returns are stronger from
the PBL, there are more returns from the overlying
layer (850-500 mb) due to the additional contribution
of low-level clouds that obscure the lower PBL
15%—20% of the time. Given that the mid- and upper-
tropospheric aerosol backscatter coefficients used
in the LAWS design are for desert dust-free,
nonvolcanic conditions, the performance in Fig. 5a is
considered to be a conservative estimate for the
LAWS performance.

While the probability of getting an acceptable LOS
observation (i.e., within +1 m s of the true LOS
component) may be only 50% for individual shots, it is
still possible that a useful estimate of the v and v
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at 9.11 um for the entire globe during the month of January. The
backscatter values above 2 km were based upon GLOBE data and
below 2 km upon AFGL data (see section 2f). Clouds were those
generated by the ECMWF model for a randomly selected 24-h
period. A sample was defined by the average backscatter value for
a 1-km layer within a 100x 100 km? grid box not obscured by clouds.

components of the wind within a specified volume
(e.g., 100x 100 x 1 km®) could be obtained as long as
the joint probabilities yield at least one good forward
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Fia. 5. (a) Vertical distribution of LOS observations that met the criteria of having a 98% probability of being within 1 m s~ of the true
LOS component of the wind computed from the ECMWF gridded wind fields. Criteria observations are labeled according to the
backscattering media—aerosols, thick warm clouds, thick cold clouds, and thin cirrus. The percentages shown are based upon the number
of shots taken and are not adjusted for global coverage by the instrument swath. (b) Vertical distribution of the horizontal wind component
coverage and accuracies. The dark area to the right represents the percent of the globe not viewed by the lidar during a 24-h period. The
vertical layers are chosen as the basis for general cloud types that would provide lidar returns and/or obscure lower-level data retrievals
along the LOS. The interpretation of the figure should be as follows using the surface to 850-mb layer: ~29% of the 32,828 125 x 125 km?
grid cells over the globe had velocity estimates that were within 1 m s~ of the true average wind ineach cell. In ~21% of those cells the velocity

accuracy was between 1 and 2 m s, etc.
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CURRENT HORIZONTAL WIND OBSERVATIONS
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Fic. 6. Vertical distribution of the coverage and accuracy of direct
wind measurements currently used in the NCEP operational global
forecast model. Grid cells of 100 x 100 x 1 km® were used to
compile the statistics. The accuracies are those assigned by the
NCEP objective-analysis scheme. The “% of globe not covered”
denotes that no observations were attempted during the 24-h period.

and one good aft shot. However, as discussed in
section 2e, the accuracy (including representative-
ness) of target volume estimates depends upon the
variability of the winds within the target area and the
number of samples used to compute the v and v
components. Figure 5b shows the distribution ofuand
vaccuracies within the 100x 100 x 1 km? volumes for
the same time period as that used in Fig. 5a. The
results are as one would expect: while most of the
shots into the PBL may have high signal content, there
are still too few shots to get 1 m s component
accuracy all of the time and, in the mid/upper tropo-
sphere, fewer shots with a good SNR lead to an
increase in velocity measurement uncertainty.

g. Global coverage and accuracy of current wind

observations

Currently, global models obtain directly measured
wind data primarily from rawinsondes, surface land
stations, ocean buoys, ship reports, aircraft reports,
and satellite cloud tracking. Each observation system
yields a data product of particular spatial coverage
and accuracy. In general, the Northern Hemisphere is
better observed over the landmasses than is the
Southern Hemisphere and most of the oceans (North-
ern and Southern Hemisphere). Inspection of global
maps showing the locations of wind observations for
any 24-h period leads to the conclusion that there is a
critical lack of direct wind observations overthe oceans
and most of the Southern Hemisphere. What little wind
data are available are generally biased to cloudy
regions and populated land areas.

To facilitate a comparison between current global
coverage of wind observations and that expected from
a Doppler wind lidar, the vertical distribution of current
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data collected within 111 kmx 111 km areas from the
National Centers for Environmental Prediction (for-
merly NMC) database during a 24-h period (e.g., 10
June 1994) has been constructed in Fig. 6. The
accuracy (including representativeness) of each
system’s observations has been used to express the
quality of the current measurements. The substantial
amount of surface observations is from the Special
Sensor Microwave/Imager, which provides ocean-
surface wind speed data. The significant enhance-
ment in the wind-observing capability with a wind lidar
may be seen by comparing Fig. 6 with Fig. 5b.

h. Expected data products

Horizontal wind field estimates will be computed
directly from lidar returns as well as derived from
general circulation models after the assimilation of
LOS observations and other data. To obtain the hori-
zontal wind field directly from lidar data, acceptable
LOS estimates from within a specified region will be
combined to produce the two-dimensional wind field
estimate. The size of the region will vary with the
density of good shots; when backscatter values are
high (e.g., =27 x 107" m™ sr), it is anticipated
that horizontal wind estimates would be obtainable
for 100-km grid boxes. In cleaner regions (e.g.,
B<7x107"" m~ sr™') the grid-box size may have to be
expanded to 300 km or so to obtain acceptable esti-
mates of the horizontal wind.

The lidar data products, such as those from the
LAWS instrument, would be unlike any wind measure-
ment currently used. Several levels of data processing
are anticipated to meet the needs of a diverse set of
users. Table 2 summarizes six types of data that have
been defined.

There are several attributes of lidar observations
and characteristics that will require modification to
data assimilation systems thathave been designed for
scalar quantities:

1) LOS wind components individually provide incom-
plete information on the total wind vector (i.e.,
more than one perspective is required to resolve
the horizontal wind components from LOS wind
components).

2) Each LOS wind observation will be accompanied
by a quality flag such as one based upon the signal
strength and the signal-processing algorithmused.

3) Within each range gate, the aerosol structure
(gradient) will cause errors in the height assign-
ment of the wind estimate (Emmitt and Wood
1989). However, these height-assignment errors
will be significantly less than those associated
with current passive techniques for cloud-motion
winds.
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1) LOS winD cOMPONENTS—NONGRIDDED

While the plan for processing lidar data is to retain
the raw data (level 0) for reprocessing, most users will
probably be interested in data products processed at
levels 1—4. The level 1 product will be the LOS wind
component (m s7') for individual range gates (or
aggregated range gates) along with the related lidar
shotgeometry, signal strength, and other housekeep-
ing information. In the mid- and upper troposphere it
is likely that signals over more than the target depth
of 1 km will have to be combined to produce accept-
able wind estimates. Within the PBL, it may be pos-
sible, under undisturbed conditions, to achieve a
higher vertical resolution of 300-500 m.

2) HORIZONTAL WIND COMPONENTS—NONGRIDDED
(LEVEL 2)
Each LOS, by itself, is not a particularly useful
observation. Only when several
LOS observations from two or

for a grid cell. Generally, the minimum number of
shots that are needed to make an accurate gridded
wind field is six—three from one perspective and
three from another. As a result, the level 2 product will
be useful only where the SNR is high. Algorithms for
producing the level 3 product have already been
developed and are currently being used to generate
input winds for the OSSEs described in section 3
(Wood et al. 1993).

4) MODEL-ASSIMILATED WIND PRODUCT—GRIDDED
(Lever 4)

Itis anticipated that for climate studies and weather
forecasting, the LOS components, along with their
individual quality flags, will be assimilated directly. In
this process, the lidar winds will be blended with all
other geophysical data and, therefore, contribute to
the models’ overall performance. Although the identity

more geometrical perspectives
are available can a unique esti-
mate of the horizontal wind com-

TasLe 2. The data products expected from a full-capability wind lidar mission and their
corresponding resolution and accuracy.

ponents be made. This also as-
sumes that the average vertical

Product

Expected resolution Expected accuracy

motion within each shot volume
is approximately zero.

While many users may want
the wind products derived from
a general circuiation model that
has assimilated the LOS obser-
vations (Lorencetal. 1992) along
with all other observational data
(level 4), there will be others
who want u and v wind compo-
nents derived directly from a set
of LOS observations (level 2).
Algorithms have already been
developed (Houston and Emmitt
1986) to produce a nongridded
dataset of u and v components
based upon optimal pairing of

Horizontal vector winds

Line of sight winds

Aerosol' distribution

Cirrus? distribution

forward and aft shots. This would
be the highest resolution data
product available and could be
as high as approximately 50 km Cirrus

in regions of abundant back-

100 km—Horiz.

1 km—Vert.

[300 m in high aerosol regions
(e.g., PBL) or cirrus]

+1 to 5 m s~'depend-
ing on aerosol amount
with quality flags

6 per 1002 km?--Horiz. 11 to 8 m s~ depend-

1 km—Vert. ing on aerosol amount
[300 m in high aerosol regions with quality flags
{e.g., PBL) or cirrus]
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[300 m in high aerosol regions
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COMPONENTS—GRIDDED
LEveL 3
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be combinedto estimatethewind  techniques.
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2Cirrus not detectable by passive techniques (i.e., subvisible).
3Height determination for thin cirrus will be significantly more accurate than with current passive
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of the observations is lost in this process, the gridded
wind fields will be archived and distributed.

5) CLOUD-TOP HEIGHTS AND BACKSCATTER COEFFICIENTS

A Doppler lidar will be able to detect the presence
of clouds and to measure cloud-top heights on a pulse-
to-pulse basis. When the laser pulse encounters a
cloud, the backscattered signal will be several orders
of magnitude higher than the background atmospheric
aerosol return. The high SNR will enable unambigu-
ous detection of cloud presence, and should also
facilitate measurement of cloud-top heights to ex-
pected accuracies of about 50 m. When the clouds are
optically thin, as is usually the case for high ice clouds
such as cirrus, the laser pulse will often be expected
to completely penetrate the cloud. In such cases, a
Doppler lidar will be able to identify multiple cloud
layers and may be able to measure cloud-base heights,
cloud thickness, and cloud backscatter coefficients.

Multiple scattering effects on the backscatter sig-
nals from clouds are not expected to be significant for
Doppler lidars using coherent detection. The narrow,
diffraction-limited transmitter divergence and receiver
field of view (FOV) of the coherent lidar is a major
factor in reducing effects of multiple scattering. The
conclusion of Menzies et al. (1994) was that multiple
scattering effects from clouds were negligible for a
9.25-um airborne CO, coherent lidar for which the
transmitter divergence and receiver FOV is larger
than that of a typical space-based Doppler lidar de-
sign. Although the scattering efficiencies in most
cloud types rise at the shorter wavelengths, multiple
scattering is not expected to affect cloud height or
Doppler measurements for a 2-um coherent lidar
either. The diffraction-limited transmitter divergence
and receiver FOV are much smaller, scaling as the
wavelength. Multiple scattering effects from clouds
were obvious in some of the Lidar In-Space Technol-
ogy Experiment (LITE) shuttle lidar data taken at 532-
nm wavelength during nighttime conditions in its high
sensitivity mode (i.e., when its FOV was 3.5 mrad).
These effects were reduced, however, when LITE
operated with its daytime FOV of 1.1 mrad (McCormick
1994, personal communication). A further reduction
to a 0.03 mrad or smailer FOV of a space-based
coherent Doppler lidar operating at 2-um wavelength
is certainly expected to reduce multiple scattering
effects (for cloud penetration to maximum optical
thicknesses of 3 or 4) to levels that are not problem-
atic in signal interpretation.

Measurements of cloud and aerosol backscatter
coefficients require an estimate of the backscattered
signal intensity. For coherent lidar returns, obtaining a
representative measurementof signalintensity is more
difficult than measurement of frequency, even at high
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SNR, because of speckle (interference effects) in the
backscattered signal. Lidar signal processing will have
to include methods for smoothing and filtering the
fluctuating signalintensity to extract cloud and aerosol
backscatter coefficients and cloud-base-height esti-
mates. Consequently, although cloud detection and
cloud-top heights will be available for every laser
pulse, the backscatter coefficient and cloud-base-
height estimates (when obtainable) will generally be
computed with a spatial resolution roughly equivalent
to that of the velocity estimates. As mentioned in
section 2h, when the aerosol backscatter coefficient is
low (B <7 x 107" m™ sr-'), more extensive spatial
averaging will be required.

3. Observing system simulation
experiments with lidar winds

Airborne lidars (Targ et al. 1991; Bilbro et al. 1986;
Werner et al. 1989) have been in existence since the
1960s, but they have been primarily limited to exam-
ining technical issues or sub-synoptic-scale atmo-
spheric phenomena. Thus, simulation studies have
been necessary in order to meet the following objec-
tives for a space-based wind lidar:

1) todevelop the optimal lidar system design concept
within specified constraints such as laser lifetime,
platform power, and orbital parameters;

2) to develop algorithms for managing the use of the
lidar shots and processing the lidar returns;

3) to evaluate various lidar system configurations
and platform orbits in terms of their potential im-
pact on global climate studies or weather forecast-
ing; and

4) toprovide simulated datasets for use in developing
GCM data assimilation schemes.

LAWS Observing System Simulation Experiments
(OSSEs) have been used to assess lidar system
design trades or to conduct analysis/forecast impact
tests with simulated LAWS observations. A LAWS
simulation model was developed by NASA for use with
the OSSEs. The major components are shown in Fig.
7 and described in detail in Wood et al. (1993).

a. OSSE results

Most remote-sensing instrument programs must
address the twin issues of “what are the mission
science objectives?” and “what are the minimum in-
strument design requirements to meet those objec-
tives?” In the case of LAWS, the objectives were not
expressed in quantitative terms such as “to improve
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Fia. 7. A component diagram of the LAWS simulation model
(LSM) used in OSSEs and other system design studies.

the 5-day forecast skill by 20%” or “to reduce the
moisture transport errorby 50%.” Instead, the process
of defining the mission design requirements for the
LAWS instrument was to answer the question, “What
are the science returns for a mission with a lidar
system that is within certain cost and risk limits?” To
answer this question an extensive set of observing
system simulation experiments, referred toas OSSEs,
has been performed.

While details of OSSEs and related experiments
can be found in Atlas et al. (1985), Arnold and Dey
(1986), Dey etal. (1985), Isaacs et al. (1992), Grassoti
etal. (1991), Hoffman et al. (1990), and Gauthier et al.
(1993), here we wish to describe the general approach
(Fig. 8) and highlight a few of the results.

Since 1985, more than 15 OSSEs in support of the
LAWS instrument were conducted by NASA/Goddard
Space Flight Center (GSFC) (Atlas et al. 1985; Atlas
1990), by NASA/GSFC and Simpson Weather Asso-
ciates (SWA) (Atlas and Emmitt 1991), and by The
Florida State University (FSU) using input datasets
from NASA/GSFC and SWA (Rohaly and Krishnamurti
1993). Primary issues resolved by these experiments
have been

* the relative benefits of a LAWS instrument in vari-
ous orbits [e.g., 705-km vs 525-km sun-synchro-
nous, 450 km at a 55° orbital inclination vs 200 km
equatorial (space shuttle), etc.], and

* the relative benefits of LAWS with different pulse
energies, shot density, and scan routines (e.g.,
conical, fixed quadbeam, and fixed bibeam).

In general, the OSSEs led the former LAWS Sci-
ence Team to converge on a polar sun-synchronous
deploymentat 500-550-km altitude. The OSSEs clearly
showed that the current dearth of wind observations
over the oceans, and, in particular, the Southern
Hemisphere would allow even a modest lidar to have
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a very significant scientific impact as highlighted in
section 4.

1) GopbarD Space FLiGHT CenTER OSSEs

OSSEs related to Doppler lidar measurements
have been conducted at NASA/GSFC since 1983.
The initial experiments were aimed at assessing the
potential impact of an idealized Doppler wind lidar on
numerical weather prediction. For this purpose, five
assimilation experiments were run: 1) a control cycle,
in which only conventional data were assimilated; 2) a
First GARP (Global Atmospheric Research Program)
Global Experiment (FGGE) cycle, in which conven-
tional and special FGGE datasets, including Televi-
sion Infrared Observational Satellite-N (TIROS-N) tem-
perature soundings and geostationary satellite cloud-
track winds, were assimilated; 3) a control plus TIROS
temperature profiles experiment; 4) a control plus
cloud-track winds experiment; 5) and an experiment
that used data from the control plus satellite lidar wind
profiles.

LAWS
SIMULATION
MODEL

N
LSM INPUT l >
v

T1086 ECMWF NATURE RUN

(GLOBAL VERSION)

COMPARE
WITH
NATURE RUN LSM
OUTPUTS

GLOBAL CIRCULATION MODEL LINE OF SIGHT WIND PRODUCTS

ST

GODDARD SPACE FLIGHT CENTER

FLCRIDA STATE UNIVERSITY HORIZONTAL WIND PRODUCTS

Fic. 8. Flow diagram for observing system simulation experiments
designed to study the relative impact of various LAWS system
configurations, scan patterns, shot management schemes, and
orbits.

Figure 9 (from Atlas et al. 1985) summarizes the
results for these initial simulation experiments. Here,
S1 skili scores, averaged for eight forecast cases, are
presented for the Southern Hemisphere. These re-
sults indicated a significant improvement in forecast
accuracy resulting from the assimilation of simulated
satellite wind data and showed that wind data are
more effective than temperature data in controlling
analysis error. In the Northern Hemisphere, the influ-
ence of simulated wind profiles was smaller but on
occasion showed a significant positive impact.

More recent OSSEs have been conducted to evalu-
ate the critical issues related to the design of a Doppler
lidar system and its data utilization. One set of experi-
ments, presented at the Global Energy and Water
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Cycle Experiment Workshop on Temperature and
Humidity Profiles from Space (Atlas 1990), evaluated
the impact of lidar winds relative to very accurate
temperature and moisture profiles. These experiments
demonstrated the importance of all three types of
data, but showed the potential impact of lidar winds on
atmospheric analysis and prediction to be substan-
tially largerthan either of the other types of observations.

A second set of experiments was performed to
determine the impact on data assimilation of changing
the orbit for a lidar deployment from polar to 55°
inclination, and the impact of lowering the altitude from
705 to 450 km. Changing the orbit inclination (e.g., to
55°) was suggested in order to benefit studies of
diurnal processes and tropical and midlatitude circula-
tion. Deploying a wind lidar at a lower altitude (e.g.,
450 km) would increase the SNR of the returns.

The results from these experiments, which were
presented at the American Meteorological Society’s
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Fia. 9. Improvement in accuracy relative to the control of different
types of simulated satellite data on Southern Hemisphere 500-mb
height forecasts. (Lower S1 score indicates higher accuracy.)
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Second Symposium on Global Change Studies (Atlas
and Emmitt 1991), showed that changing the orbit
inclination would result in a substantial degradation
near the South Pole. The impact of orbit altitude was
found to be negligibly small.

2) OSSEs AT THE FLORIDA STATE UNIVERSITY

The FSU global modeling group also assessed the
potential analysis/forecast impact of the LAWS instru-
ment. A four-dimensional data assimilation system
was used to update the initial conditions for a global
general circulation model. The optimum interpolation
objective analysis scheme used was very similar to
the gridpoint analysis scheme formerly used at the
National Centers for Environmental Prediction (Dey
and Morone 1985). The FSU global spectral model
was used at two different horizontal spectral resolu-
tions, triangular truncation T42 (~314 km) and T106
(~125 km) (Krishnamurti et al. 1989).

The OSSE results of the FSU group were similar to
those of NASA/GSFC. A significantimprovement was
found in both the analyses and forecasts for the
Southern Hemisphere and the tropical oceans (e.g.,
Krishnamurti et al. 1991; Rohaly and Krishnamurti
1993). In the upper troposphere, the analysis error in
the wind field was reduced by roughly 2 m s~ globally
when simulated LAWS observations were added.
The midtropospheric height analysis was also
improved.

In the lower troposphere, the wind analysis error
was decreased by 1 m s~ globally. The FSU OSSEs,
in agreement with those of NASA/GSFC, have clearly
shown that wind measurements will greatly benefit the
understanding and prediction of the polar regions, the
Southern Hemisphere, and the tropical oceans.

b. Other simulation studies

Tropical cyclone intensity has been shown to be
quite sensitive to the flux convergence of angular
momentum into a cyclone (Molinari and Vollaro 1990;
DeMaria et al. 1993). This quantity can be calculated
knowing the wind field alone. A “diagnostic OSSE”
was carried out to test the ability of lidar winds to
reproduce angular momentum flux convergence dur-
ing the life cycle of Hurricane Elena (1985). Lidar
winds at 200-km resolution were simulated from ac-
tual analyses at a single analysis level. Both random
and nonrandom errors were added, the latter due to
the 90-min time differences between adjacent swaths.
These simulated LAWS winds, unaccompanied by
any supplemental data sources, were objectively
analyzed. Angular momentum flux convergence was
calculated for 12 observation times for Hurricane
Elena, and the results compared to a control analysis.
Figure 10 shows a time series of the results. The
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simulated lidar winds did remarkably well in reproduc-
ing control values throughout the life cycle of the
storm.

4. Anticipated advances in earth system
science with lidar winds

A Dopplerwind lidar is the only space-based instru-
ment that can provide direct measurement of the
global tropospheric wind field. Such winds would
significantly increase the skill of numerical weather
forecasts and provide data that are fundamental to
advancing the understanding and prediction of pos-
sible climate change as discussed below. :

a. Doppler lidar winds and the U.S. Global Change
Research Program and Intergovernmental Panel
on Climate Change objectives
The Committee on Earth and Environmental Sci-

ences (1989) outlined a framework for the U.S. Global
Change Research Program (USGCRP). Leading the
priority in research topics were Climate and Hydro-
logic Systems and Biogeochemical Dynamics, both of
which require improved determination of atmospheric
fluxes and the wind field. The USGCRP also contrib-
utes climate change studies within the framework of
the Intergovernmental Panel on Climate Change
(IPCC). The first IPCC report assessed prospects for
investigating climate change (IPCC 1990). The IPCC
recommended that five of the most critical areas for
intensive study are 1) control of the greenhouse gases
by the earth system; 2) control of radiation by clouds;
3) precipitation and evaporation; 4) ocean transport
and storage of heat; and 5) ecosystem processes.
There is a clear mandate to refine our understanding
of the hydrologic and biogeochemical cycles. We
need to better quantify the transports, phase changes,
and chemical processes that interconnect the compo-
nent subsystems of the planet. Wind data are funda-
mental to all of these calculations. The Doppler wind
lidar stands as the unique sensor system capable of
providing the required giobal measurements of this
key parameter.

1) THE HYDROLOGIC CYCLE

On climate timescales (e.g., amonth or longer), the
atmospheric branch of the earth’s hydrologic cycle
can be expressed as a balance between the column-
integrated convergence of water vapor and net evapo-
ration minus precipitation. The spatial and temporal
variability in the components of this balance has great
importance and, unfortunately, substantial uncertainty
(Chahine 1992). Coupled with water vapor measure-
ments from passive microwave and infrared sound-
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ers, Doppler lidar wind data could play a unique role in
isolating this fundamental component of the earth’s
energy cycle. Furthermore, Doppler lidar wind mea-
surements and other estimates of evaporation minus
precipitation are strongly complementary. Calculation
of flux convergence of water vapor using winds would
serve as anindependent check on estimates of evapo-
ration minus precipitation; given any two measure-
ments the third can be found as a residual. For
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Fic. 10. Radius—time plot of the azimuthal eddy flux convergence
of angular momentum for Hurricane Elena (1985). Contour interval
4 m s~ day™'. (a) From the control analysis; (b) from analysis of
simulated lidar winds.
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example, using moisture convergence estimated from
Doppler lidar winds and water vapor estimates from
the Multifrequency Imaging Microwave Radiometer
(MIMR)/Microwave Humidity Sounder/Atmospheric
Infrared Sounder and precipitation measurements
from the Tropical Rainfall Measuring Mission, the
resulting required evaporation could be obtained.
Conversely, moisture convergence plus evaporation
estimates from MIMR and SeaWinds, an EOS
scatterometer, would yield the required precipitation
amounts. This would be a powerful approach toward
reducing the uncertainty in this fundamental cycle.

As stressed in both the USGCRP and IPCC docu-
ments, a major uncertainty in modeling climate sce-
narios, past, present, and future, is uncertainty in
representing clouds. On all scales, cloud-system dy-
namics are strongly linked to the circulation patterns.
Thus, to verify performance and integrity of climate
models, it is necessary to improve the understanding
of not only cloud and water vapor distributions, but
vertical and horizontal transport of water vapor.

In addition to wind measurements, a Doppler lidar
would also contribute key information on cloud-top
height and, in many cases, cloud thickness. This
vertical structure information, especially forice clouds,
is complementary to passive sounderandimager data
and would contribute to a more accurate determina-
tion of cloud influence on radiative flux profiles.

2) CLOSURE ON ATMOSPHERIC—OCEANIC HEAT
TRANSPORT

Top-of-the-atmosphere radiative fluxes provide a
quantitative estimate of heat energy transport plus
'storage by the earth system. Partitioning of heat
transport by oceanic and atmospheric components
remains an unresolved question of major significance
in climate dynamics. Despite the intensive measure-
ment campaign planned for the World Ocean Circula-
tion Experiment in the late 1990s (World Climate
Research Program 1986), observational constraints
will likely remain a barrier to sufficiently accurate
measurement of global oceanic heat storage and
transport for the foreseeable future. By appealing to
Doppler lidar wind measurements and to profiles of
temperature and moisture from passive sounders, the
total energy transport requirement, determined from
top-of-the-atmosphere net radiative fluxes, can be
resolved into an atmospheric component and, by
residual, an oceanic part. Current top-of-the-atmo-
sphere flux uncertainties are of the order 10 Wm=2,
while those of the calculated atmospheric-oceanic
transport are typically a factor of 3 to 5 larger over
much of the globe. A large part of this uncertainty is
due to errors in the wind analyses (Fortelius and
Holopainen 1990).
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3) AEROSOLS AND THE CARBON CYCLE

One of the more striking shortfalls in global climate
modeling continues to be the treatment of aerosols.
Although their increase in generally thought to en-
hance cooling due to increased albedo (order
1 Wm=2), an adequate understanding of their produc-
tion, transpon, radiative impact, and deposition is only
rudimentary at best. Production by anthropogenic
(industrial sources, fossil fuel burning) and natural
processes (volcanic and biogenic emissions and
aeolian transport) is widely distributed. Many impor-
tant radiatively active aerosols have atmospheric resi-
dence times on an order of one week (Penner et al.
1992), and thus their dispersion depends critically on
the evolving wind field. The atmospheric transport,
interaction with clouds and radiation, and removal by
precipitation requires better knowledge of the wind
field (trajectory modeling) coupled with hydrologic
modeling (scavenging by precipitation processes).
Contemporary research into processes governing the
carbon cycle has focused on searching for a “missing
sink” of approximately 1.0-2.0 G of carbon per year
(IPCC 1990). Methodologies to investigate the carbon
budget have used inversion methods (Enting and
Mansbridge 1989) as well as direct transport models
(Tans et al. 1990). Both approaches rely upon the a
priori specification of the wind field, the former in
solving for sources/sinks required to explain the ob-
served CO, concentrations and the latter in direct
calculation of CO, distributions resulting from mea-
sured or modeled sources and sinks. Because the
wind field is poorly measured over critical source/sink
regions, such as tropical rain forests and boreal eco-
systems, refinement in transport estimates via lidar
wind measurements would be an important contribu-
tion to narrowing the uncertainties in the carbon cycle.

b. Impact of deforestation on rainfall

To highlight the significance of the present uncer-
tainties in the tropospheric wind analyses for conduct-
ing climate change research, consider the findings
summarized in Table 3 concerning the impact of
deforestation on rainfall. The present uncertainties in
the tropospheric wind field alone produce correspond-
ing uncertainties in the moisture budget that match or
exceed the drying effect found in deforestation experi-
ments with GCMs. Without the measurements of the
ageostrophic wind (the wind component crucial for
accurate transport calculations), our present level of
uncertainty in the water vapor flux divergence calcula-
tions will not improve substantially.

¢. Planetary-scale dynamics and climate

The coupling of the moisture cycle with radiative
processes and surface heterogeneity leads to an
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TasLE 3. Sensitivity of the moisture flux divergence to uncertainties in tropospheric
wind analyses, contrasted with the effect of Amazonian deforestation (rain forest
replaced with grassland)* on rainfall (based on findings of Wang et al. 1992).

ships are not yet fully understood. What-
ever the cause of these increases, the
resulting changes in regional and global

climates over the next 100 years could

Current Resulting uncertainties ~ POssibly exceed those experienced by

wind in moisture flux mankind. Thus, there is an urgent need

. analysis divergence (for to understand the biogeochemical cycles

Region uncertainties precipitable water) of these elements. The same processes

North America 23mst 2.1 em month-" that are needed_to better deﬁne t_he hy-

South Ameti 30 m e " ae he drologic cycle will also be critical in esti-

| South America | soms | 4Icmmontr mating the long-range transport of trace
Effect on =4.0 cm month-'

Amazonian rainfall

(~20%—25% reduction)

gases and aerosols. An example for
which global wind data would be valu-

*See Lean and Warrilow 1989; Shukla et al. 1990.

exceedingly complex thermodynamic forcing of the
climate. As gradients of temperature are generated by
differential heating, a continual process of equilibra-
tion is necessary. The global wind field plays a domi-
nant role in this response. To understand the essential
modes of dynamical behavior that characterize cli-
mate, it is not sufficient to know the mean thermody-
namic state or even a succession of states. It is
necessary that the horizontal and vertical fluxes of
heat, moisture, momentum, etc. be accurately mea-
sured. Air-surface fluxes are parameterized with re-
spect to surface winds. The winds in the planetary
boundary layer are difficult to calculate ina GCM. This
leads to a systematic error of about 10%—20% in the
winds and fluxes (Foster and Brown 1994). Observa-
tions are needed to get these winds correct and
satellite lidar winds are needed to obtain sufficient
data for global flux analyses. The shortcomings of the
currentobserving system are well documented (Brown
and Foster 1994; Randall et al. 1992). Furthermore,
both the rotational and divergent components of the
flow must be accurately determined, and only the
direct measurement of the wind from satellites can
provide the divergent component with sufficient
accuracy.

d. Aerosols, trace gases, and the biogeochemical

cycle

Next to water in importance to life on earth are
compounds involving carbon, nitrogen, and sulfur.
There is abundant evidence that increases are occur-
ring in the atmospheric composition of radiatively
active trace gases composed of these elements, in-
cluding carbon dioxide, methane, oxides of nitrogen
and sulfur, as well as the chlorofluorocarbons (IPCC
1990). Many of these changes are thought to be a
result of human activities superimposed on natural
fluctuations, but the complex causes and relation-

Bulletin of the American Meteorological Society

ableisin understanding the possible role
of tropospheric dynamics in modulating
the ozone hole during the Southern Hemi-
sphere stratospheric spring. Global wind
data should also be of value in studies of the influence
of transient waves on the stability of the northern polar
vortex.

e. Critical role of wind measurements for NWP

As mentioned above, accurate, global wind mea-
surements would be as valuable for weather forecast-
ing as they would be for climate studies. The relatively
advanced state of atmospheric general circulation
models now available for coupling with those of the
ocean and biosphere is due in large part to the
advances in numerical weather prediction (NWP), for
which atmospheric general circulation models are
now widely used. In addition, improvement in NWP is
essential for improving the validation of climate mod-
els. Our understanding of the evolution of the atmo-
spheric component of climate is ultimately based on
the continuous assimilation of datainto NWP systems.
A number of observing system simulation experi-
ments, where simulated Doppler lidar winds have
been used in general circulation models, have consis-
tently indicated thata dramatic improvementin weather
forecasting skill would occur with the addition of lidar
winds in data-sparse regions (see section 3a). In
addition to the obvious fact that accurate observations
in data-sparse regions will always be useful, one can
mention at least two independent reasons for such an
improvement.

First, even if mass observations are already avail-
able, which can lead to wind estimates through the
geostrophic relationship, those estimates cannot be
expected to be as accurate as estimates obtained
from the direct measurement of the wind. This is
especially true because differentiation worsens the
effect of noisy observations. Since the geostrophic
relationship relates the wind to the horizontal pressure
gradient, this is a major cause of error in the estimation
of the wind field (Kalnay et al. 1985).
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A secondreasonis that at low [atitudes and at small
scales at higher latitudes, the geostrophic relationship
is often invalid so that winds become an increasingly
more important measure of the atmospheric state.
The next generation NWP models (in the time frame of
the first space-based Doppler wind lidar) will reach
high-enough resolution to include significantly
nongeostrophic scales.

f. Dynamics of weather systems

The assimilation of Doppler lidar winds along with
other available data wouid also provide four-dimen-
sional, dynamically consistent datasets with sufficient
resolution to allow a detailed diagnostic study of
cyclones and anticyclones, fronts, jets, shear lines,
and convergence zones throughout their life cycle.
Furthermore, by means of the data-assimilation pro-
cess, lidar winds should improve the analysis of other
variables, as well as model diagnostic quantities.
Reviews of recent examples of the use of datasets
derived from regional-scale models for the study of
subsynoptic phenomena are described by Keyserand
Uccellini (1987) and Anthes (1988), while an example
of the use of a global model for the study of oceanic
cyclogenesis is given in Atlas (1987). Many of these
studies were limited by the lack of accurate wind data
over the oceans. For example, in the Atlas (1987)
study, upper-level cloud-track wind data were found to
degrade the model simulation of cyclogenesis. Dop-
pler lidar winds afford an unprecedented opportunity
to advance knowledge of extratropical weather
systems.

Some examples of longstanding research prob-
lemsin the dynamics of extratropical weather systems
in which the application of datasets incorporating lidar
wind measurements should prove useful are 1) con-
tinuous documentation of the frontal structure through-
out the cyclone life cycle; 2) the nature of interactions
between upper- and lower-tropospheric processes in
cyclogenesis and frontogenesis; 3) the origin of ante-
cedent disturbances (e.g., jet streaks) that contribute
to cyclogenesis; 4) the relationship of cyclones and
fronts to the larger scales; and 5) the nature and
dynamics of lateral interactions between flow regimes
(e.g., through phasing and merger).

While cyclogenesis has been studied in detail in
selected regions, the efforts have generally been
limited to data-rich continental areas and adjacent
coastal oceanic areas. The opportunity exists to ex-
tend descriptions of the structure and evolution of
cyclones in maritime regions, especially in the South-
ern Hemisphere. Until comparatively recently, the
extent to which cyclogenesis involved the interaction
between upper- and lower-level disturbances or oc-
curred in isolation of the influence of upper-level
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features was uncertain (Petterssen et al. 1962;
Petterssen and Smebye 1971). Although the former
scenario is now accepted to be the more common, the
relative importance of upper- versus lower-level pro-
cesses has not been documented in a global, climato-
logical sense.

In particular, cyclone structure and evolution have
not been examined in detail in three-dimensions (par-
ticularly in the vertical) over the oceans. Uncertainties
resulting from the lack of upper-air data have resulted
in a view that low-level cyclone structure is rich in
mesoscale detail, whereas upper levels are synoptic
scale (Reed and Albright 1986). This also can resultin
the fictitious representation of the lower-tropospheric
thermal structure as represented in thickness pat-
terns, since a finescale surface height analysis sub-
tracted from a synoptic-scale 500-mb height analysis
can introduce a warm-core structure. Lidar wind ob-
servations would contribute substantially to under-
standing this phenomenon.

In addition, the horizontal and vertical resolution of
lidar winds would allow a better definition of the
potential vorticity structure of the midlatitude tropo-
sphere and the structure of the tropopause than has
previously been possible. This advance would allow
detection of antecedent features (e.g., jet streaks) that
may eventually interact with low-level features result-
ing in cyclogenesis.

Global datasets over long time periods would allow
revisions to cyclone climatologies, especially in mari-
time regions and the development of a climatology of
cyclones in relation to the large-scale flow. Param-
eters of interest are the geometry of the circulations
(aspectratio) and characteristic scales as a function of
life cycle.

Finally, theoretical studies of cyclogenesis empha-
size amplification of a small-amplitude perturbation
based on linear stability analysis of a basic-state flow
consisting of a zonal jet with meridional and vertical
shear. These studies need to incorporate more gen-
eral basis states (i.e., polar/subtropical) and finite-
amplitude initial perturbations. Focused observational
studies based on lidar winds have the potential of
defining the basis and initial states for cyclogenesis to
help guide future theoretical developments.

g. Economic benefits

In addition to the important scientific advances that
would be achieved with the deployment of a Doppler
wind lidar, as discussed above, there is a substantial
evidence that a significant economic benefit to the
nation would occur with the use of lidar wind data for
operational weatherforecasting. Two notable examples
would be the reduction in fuel consumption by the
airlines achieved through more accurate wind fore-
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casts in the upper troposphere and in improving hur-
ricane track and intensity forecasts and thereby reduc-
ing the area of overwarning for hurricane landfall.

First, it has been estimated that a 1% reduction in
fuel consumption would result in a yearly savings of
about $100 million (Steinberg 1983). Second, the
National Hurricane Center has estimated (Sheets
1990) that preparation/evacuation costs incurred in
the coastal areas covered in a hurricane warning are
about $90,000 per kilometer. Typically, more than 350
km of coastline is “overwarned” because of uncertain-
ties in the forecast track. In tests with a barotropic
model, Franklin and DeMaria (1992) evaluated
the impact of omega dropwindsondes (ODWs). They
found that the mean forecast error was reduced by
12%—16% with data from the ODWs at 24-36 h prior
to landfall, when the decision of whether to issue a
hurricane warning is made.

5. Concluding remarks

The technology to deploy a space-based Doppler
wind lidar is now available. The deployment of such an
instrument would fundamentally advance the under-
standing and prediction of weather and climate. Also,
a significant economic benefit may be expected with
the use of lidar wind observations for operational
weather forecasting.

Because of budgetary constraints, the deployment
of the LAWS-type (e.g., ~20 J) instrument discussed
in this paper does not appear likely in the near future.
On the other hand, preliminary analyses indicate that
significant science advances can be expected with a
small-satellite version of LAWS. Furthermore, recent
advances with the 2-um solid-state lidar now make
that technology competitive for a small-satellite mis-
sion. These topics are the primary focus of the NOAA
Working Group on Space-Based Lidar Winds and
personnel at the NASA/Marshall Space Flight Center.
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