Cloud Physics Lidar:
initial measurement results
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The new Cloud Physics Lidar (CPL) has been built for use on the NASA ER-2 high-altitude aircraft. The
purpose of the CPL is to provide multiwavelength measurements of cirrus, subvisual cirrus, and aerosols
with high temporal and spatial resolution. The CPL utilizes state-of-the-art technology with a high
repetition rate, a low-pulse-energy laser, and photon-counting detection. The first deployment for the
CPL was the Southern African Regional Science Initiative’s 2000 field campaign during August and
September 2000. We provide here an overview of the instrument and initial data results to illustrate the
measurement capability of the CPL. © 2002 Optical Society of America
OCIS codes: 010.1100, 010.3640, 280.0280, 280.3640.

1. Introduction

The effect of clouds and aerosols on regional and
global climate is of great importance. An important
element of the NASA climate and radiation science
program is field studies that incorporate airborne re-
mote sensing and in situ measurements of clouds and
aerosols. These field experiments involve coordina-
tion of ground-based and satellite measurements
with the airborne observations. The goals of such
experiments include testing satellite remote-sensing
retrievals, developing advanced remote-sensing tech-
niques, and providing fundamental advances in
knowledge of cloud radiation and microphysical prop-
erties.

One of the most important components of airborne
remote-sensing experiments is the high-altitude
NASA ER-2 aircraft. Because the ER-2 typically
flies at approximately 65,000 ft (20 km), its instru-
ments are above 94% of the Earth’s atmosphere,
thereby allowing ER-2 instruments to function as
spaceborne instrument simulators. The ER-2 pro-
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vides a unique platform for atmospheric profiling,
particularly for active remote sensing instruments
such as lidar. A typical ER-2 remote-sensing exper-
iment combines multispectral passive cloud remote
sensing with active lidar or radar profiling or both.
A key application is testing of cloud remote sensing
algorithms and verification of satellite measure-
ments. In these situations, active lidar profiling is
especially valuable because the cloud height struc-
ture, up to the limit of signal attenuation, is unam-
biguously measured.

The Cloud Lidar System (CLS) was the first high-
altitude lidar system designed specifically for study-
ing clouds and aerosols!-3 and was first flown on the
ER-2 aircraft in 1983. In subsequent years the CLS
was modified as necessary to stay current with im-
proving technology. The CLS participated in a large
number of major field campaigns including the Trop-
ical Ocean Global Atmosphere—Coupled Ocean-
Atmosphere Response Experiment (TOGA-COARE),
the Central Equatorial Pacific Experiment (CEPEX),
the First ISCCP Regional Experiment (FIRE), and
the Subsonic Aircraft: Contrail and Cloud Effects
Special Study (SUCCESS).4-8 The CLS histori-
cally provided basic lidar cloud and aerosol observa-
tions at 1064 and 532 nm. Standard CLS data
products included cloud boundary altitudes and ver-
tical profiles of cloud and aerosol structure, up to the
limit of signal attenuation.

The CLS data have been applied in studies involv-
ing retrieval of cloud microphysical parameters.
The visible optical thickness for transmissive clouds
can, in principal, be obtained from the decrease in

20 June 2002 / Vol. 41, No. 18 / APPLIED OPTICS 3725



signals beyond the lower cloud boundary,? but both
multiple scattering and practical limitations of the
analog signal acquisition of the CLS introduce signif-
icant uncertainties. Such limitations eventually led
investigators to consider a new version of CLS that
would be designed to alleviate the difficulties inher-
ent in the CLS hardware and the growing difficulties
owing to age (e.g., spare parts). That, coupled with
increasing desires for enhanced science capabilities,
strongly suggested the need for a new instrument.
Ultimately, a decision was made to develop an en-
tirely new instrument to replace the CLS. The new
instrument would have increased science capabili-
ties, a smaller size, and a reduced mass and would
utilize newer component technologies.

2. Cloud Physics Lidar

In designing the Cloud Physics Lidar (CPL), three
primary considerations drove the instrument design:
(1) make the system eye safe at the operating alti-
tude; (2) make the system as lightweight as possible,
yet rugged; and (3) use solid-state photon-counting
detectors. In addition, all mechanical and safety
considerations relating to the ER-2 aircraft had to be
accommodated. Although primarily intended for
use on the ER-2, the CPL is designed to also fit other
aircraft such as the WB-57 and potentially even un-
manned aircraft.

In recent years there have been significant ad-
vances in the approach to lidar design. A now-
proven approach is to use a high repetition rate laser,
operating at multiple kHz rather than tens of Hz, but
at low pulse energies. Ground-based systems of this
type, such as the micropulse lidar,%1° have been in
use since the early 1990’s. Advantages of using a
high-repetition-rate laser are the potential of eye
safety from low pulse energies, a more compact size,
a greater reliability, and turnkey ease of use. A ba-
sic requirement of using a high-repetition-rate laser
is a narrow field of view, along with narrow-band
filtering, to minimize solar background noise. An
added advantage is that the field of view is small
enough to essentially eliminate multiple-scattered
signal.

Because the pulse energy is low, the instrument
can be designed to use photon-counting detection.
Solid-state photon-counting detectors are readily
available and have good quantum efficiencies with
low thermal noise. More important, the photon-
counting detectors permit easy data inversion with-
out the need for complicated calibration schemes or
calibration of log-amplifiers, as is needed when ana-
log detectors are used. The disadvantage of photon-
counting detectors is their inherently small dynamic
range. However, the use of photon-counting detec-
tors along with high-repetition-rate lasers still allows
for wide dynamic range in the measured signal; the
dynamic range is attained by accumulation over
many pulses.

Science goals immediately dictated that the system
be designed around a three-wavelength laser. The
laser transmitter is a solid-state, conductively cooled
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Table 1. CPL System Parameters
Parameter Value
Wavelengths 1064, 532, and 355 nm
Laser type Solid-state Nd:YVO,

5 kHz

50 nd at 1064 nm

25 nd at 532 nm

50 nd at 355 nm

20 cm

Off-axis parabola

100 prad, full angle

240 pm at 1064 nm

120 pm at 532 nm

150 pm at 355 nm

81% at 1064 nm

60% at 532 nm

45% at 355 nm

3% at 1064 nm

60% at 532 nm

10% at 355 nm

1/10 s (30 m vertical by 20
m horizontal)

1 s (30 m vertical by 200 m
horizontal)

Laser repetition rate
Laser output energy

Telescope diameter

Telescope type

Telescope field of view

Effective filter bandwidth
(full width, half-height)

Filter efficiency

Detector efficiency (all
detectors fiber coupled)

Raw data resolution

Processed data resolution

system made by LiteCyles, Inc. (2301 North Forbes
Boulevard, Suite 111, Tucson, Arizona 85745). The
laser is a neodymium vanadate (Nd:YVO,) oscillator
with doubling and tripling crystals generating 1064-,
532-, and 355-nm outputs simultaneously and col-
linear. The laser head is housed in the instrument
box and is fiber optically coupled to the power supply
and diodes. The pump diodes are located outside
the instrument box to aid in dissipating the heat
generated by the diodes and associated electronics.
Output energies at each wavelength are given in Ta-
ble 1.

The telescope is used as part of the beam expander,
similar to MicroPulse Lidars. However, unlike Mi-
croPulse Lidars, the CPL utilizes a 20-cm-diameter
off-axis parabola as the telescope primary. The off-
axis parabola not only permits a rugged and robust
design but also eliminates most obscurations to both
the outgoing and the incoming beams. In fact, none
of the outgoing light is lost to obscurations, and only
approximately 20% of the receiver aperture is ob-
scured. The return signal collected by the telescope
is separated into wavelength components by use of
dichroics. The 1064-nm return is further separated
into parallel- and perpendicular-polarization compo-
nents. Once the wavelengths are separated, each
component is passed through a narrow-band inter-
ference filter(s) and fiber optically coupled to an ap-
propriate detector. For the 532- and 1064-nm
channels a pair of matched interference filters is used
to provide better solar rejection. A half-wave plate
is located in the 1064-nm path to allow calibration of
the parallel and perpendicular channels. A simpli-
fied schematic diagram of the CPL optics is shown in
Fig. 1.

An important feature of the CPL is the integrating
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Fig. 1. Simplified optical diagram of CPL (not to scale). Compo-
nents are labeled as follows: F, interference filters; M, mirrors;
and W, half-wave plate. Components lying above the dashed line
are mounted on one side of the optical breadboard, and components
lying below the dashed line are mounted on the opposite side.

sphere located at the laser output. The integrating
sphere collects light scattered from lenses that follow
it. There are three energy monitor detectors located
at ports in the integrating sphere. Each detector
has appropriate filtering such that the laser output
energy is measured independently for each wave-
length. The laser output energy is measured on
each pulse to permit the most accurate calibration
possible.

As mentioned previously, the overall instrument
design was driven by a desire to use simple photon-
counting detectors. The 1064-nm detectors are
single-photon-counting modules. These detectors
have approximately 3% quantum efficiency and low
thermal noise (less than 200 counts/s). The 532-nm
channel also utilizes single-photon-counting mod-
ules, the quantum efficiency being approximately
60% at that wavelength. The 355-nm channel uses
a photon-counting photomultiplier tube to allow for
good quantum efficiency (~20%) and larger dynamic
range for the enhanced Rayleigh signal. Output
from the detectors are counted by a multichannel
range-gating card made by ASRC Aerospace Corpo-
ration (6301 Ivy Lane, Suite 300, Greenbelt, Mary-
land 20770).

The laser head and transmit optics are mounted on
one side of an optical breadboard. The receiver op-
tics are mounted on the back side of the same bread-
board. The optical breadboard is housed in a sealed
box to maintain a clean, thermally stable, and dry
environment. For vibration isolation the bread-
board mounts to the box via a three-point kinematic
mounting system. Figure 2 shows front and back
views of the optical breadboard with all components
mounted. The breadboard is compact to fit within
the ER-2 and measures only 55 cm X 30 cm.

(a)

1064-nm channels ‘ g i!
B Al

Fig. 2. (a) Photo of the transmitter side of the optical breadboard,

showing the laser head and off-axis mirror. (b) Photo of the re-
ceiver side of the optical breadboard, showing the component lay-
out and the different wavelength channels.

3. Science Capabilities of the Cloud Physics Lidar

The CPL provides a complete ensemble of cloud phys-
ics information. Primary data products include

¢ C(Cloud profiling with 30-m vertical and 200-m
horizontal resolution at 1064, 532, and 355 nm, pro-
viding cloud location and an internal backscatter
structure.

e Aerosol, boundary layer, and smoke plume pro-
filing at all three wavelengths, providing calibrated
profiles of backscatter coefficients.

e Depolarization ratio to determine the phase
(e.g., ice or water) of clouds by use of the 1064-nm
output.

¢ Cloud particle size determined from compari-
son of backscatter at the three wavelengths.

¢ Determination of optical depth for both cloud
and aerosol layers (up to the limit of signal attenua-
tion, ~optical depth of 3).

¢ Direct determination of the optical depth of cir-
rus clouds (up to ~optical depth of 3) by use of the
355-nm output.

¢ Determination of the extinction-to-backscatter
parameter.

The CPL provides information to permit a compre-
hensive analysis of radiative and optical properties of
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optically thin clouds. To determine the effects of
particulate layers on the radiative budget of the
Earth—atmosphere system, certain information
about the details of the layer and its constituents is
required. The effect of cirrus clouds on the Earth’s
radiation budget has long been recognized.'! The
interaction of radiation with cirrus clouds, termed
cloud radiative forcing, is important for both
regional- and global-scale energy budgets. The in-
formation required to compute the radiative forcing
includes the vertical distribution of a short-wave
cross section, a parameter that the CPL can provide,
up to the limit of optical signal attenuation.

By use of optical depth measurements determined
from attenuation of Rayleigh and particulate scatter-
ing and by use of the integrated backscatter, the
extinction-to-backscatter parameter can be derived
under favorable atmospheric conditions. This per-
mits rapid analysis of cloud optical depth because
only lidar data are required; there is no need to use
other instrumentation.? By use of the derived
extinction-to-backscatter ratio, the internal cloud ex-
tinction profile can then be obtained.

The CPL uses photon-counting detectors with a
high repetition rate laser to maintain a large signal
dynamic range. This dramatically reduces the time
required to produce reliable and complete data sets.
The goal of the CPL analysis is to provide, within 24 h
of a flight, data including (1) cloud and aerosol quick-
look pictures, (2) cloud and aerosol layer boundaries,
and (3) depolarization information. The optical depth
determinations require more careful analysis. De-
termination of optical depths for uncomplicated lay-
ers of cirrus clouds with homogeneous scattering
characteristics can be completed within a day by use
of an automated analysis algorithm. However, sit-
uations in which the cloud layering and structure are
complex, which often preclude an automated data-
processing algorithm, may require several weeks for
processing.

Multiply scattered signal is a known problem for
cloud and aerosol remote sensing by conventional li-
dar. For a standard lidar equation, it is generally
assumed that only first-order scattering is collected
by the receiver. However, most lidar systems have
wide receiver fields of view that necessarily collect
multiply scattered signal when a dense medium (e.g.,
cloud) is encountered. When multiply scattered sig-
nal is present but not accounted for in data analysis,
incorrect estimates of the extinction-to-backscatter
parameter and optical depth can occur. Multiple
scattering is difficult to predict owing to the depen-
dence on both the measurement geometry and the
particle size. The CLS receiver had a field of view of
1.6-mrad full angle. When dense media were en-
countered, the multiply scattered contribution was
significant. For CLS retrievals, the correction to di-
rect optical thickness was approximately a factor of
two but could vary by more than 50%.12 The new
CPL receiver has a field of view of only a 100-p.rad full
angle. Although not entirely eliminating multiply
scattered signals, the small field of view does greatly
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minimize collection of multiply scattered signals.
Simulations show that the amount of multiple-
scattered signal should be 5% or less of the total
measured signal for thin cirrus and no more than
15% for clouds of optical depth of 2.

4. First Flights and Sample Data

The first field deployment for the CPL was the South-
ern African Regional Science Initiative (SAFARI)
campaign in southern Africa during August and Sep-
tember 2000.13.14 The purpose of SAFARI was to
study the unique climatology of southern Africa, with
particular emphasis on biomass burning and other
regional emissions. During the SAFARI campaign,
the CPL provided data on cloud height and structure
as well as aerosol and smoke plume structure. The
goal is to use CPL data to determine quantitative
optical characteristics of both clouds and smoke lay-
ers. The CPL data will be used in conjunction with
other airborne and ground-based instrumentation, as
well as satellite data, to quantify and validate the
regional emissions. Data from the SAFARI cam-
paign will be used to understand the linkages be-
tween  land-atmosphere  processes. Although
detailed analysis of data will be the focus of future
papers, we present here some initial results to dem-
onstrate the data collection capability of the CPL.

As with any lidar, instrument corrections (e.g.,
overlap and detector dead time) must be applied, and
the system must be calibrated before data products
can be retrieved. For the CPL we have developed a
standardized calibration routine. The most impor-
tant part of the calibration is knowing how much
energy is transmitted to the atmosphere for each
measurement. To measure the output energy of the
laser, we use an energy monitor detector (a photo-
diode) to sample the laser output. Separate detec-
tors are used for each wavelength, thus ensuring that
each wavelength can be independently and accu-
rately calibrated. The energy monitor detector is
calibrated to the laser energy in a laboratory setting.
This calibration provides a relationship between la-
ser energy and energy-monitor output that is used to
energy normalize the CPL measurements during op-
eration. During operation the energy monitors sam-
ple the laser energy on every pulse to ensure that an
accurate measure of the output energy is obtained.
To obtain the instrument calibration constant, we
adjust the measured, energy-normalized CPL profile
to match a molecular profile at high altitude. The
molecular profile is obtained through either standard
atmosphere models or, if available, balloon soundings
or other local sources of temperature—pressure pro-
files. In the data-processing stage, the instrument
calibration is calculated for every profile and then
averaged over 5-min intervals.

During the SAFARI campaign the CPL instrument
operated properly, and good data from the 532- and
1064-nm channels were obtained. A custom optic
for the 355-nm channel was not delivered in time,
which precluded use of that channel for the SAFARI
mission. During the SAFARI mission, 120 flight
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Fig. 4. ER-2 flight tracks for 1, 4, and 25 September, 2000.

hours of data were obtained by CPL with no problems
or failures. Figure 3 shows a plot of attenuated
backscatter over the course of an entire flight on 25
September, 2000. The top panel is the 1064-nm at-
tenuated backscatter (sum of both parallel and per-
pendicular channels), and the middle panel is the
532-nm attenuated backscatter. The bottom panel
in Fig. 3 is the derived total particulate optical depth
by wavelength. As evidenced in Fig. 3, the signal-
to-noise ratios in both the 1064- and the 532-nm data
are extremely good. At higher altitudes the 1064
profiles reflect the absence of both aerosol and molec-
ular scatterers at high altitudes. The standard de-
viation of the total particulate optical depth,
calculated by averaging over periods in which clouds
are not present and natural variability is minimal,
varies from 0.04—-0.08 for 532 nm and 0.02—-0.03 for
1064 nm. To aid in interpreting the data, we
present in Fig. 4 the flight tracks for all data seg-
ments used in this paper.

During the SAFARI campaign there was only one
flight that encountered any significant cirrus clouds.
A 2-h segment of data from 4 September, 2000 is
shown in Fig. 5. The top panel shows the 532-nm
attenuated backscatter, and the bottom panel shows
the retrieved cirrus optical depth by wavelength.
For this data segment, the extinction-to-backscatter
ratio (S ratio) was preset to 29.5 sr for both the 532-
and the 1064-nm channels if the ratio could not be
calculated. The retrieved cirrus optical depth exhib-
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its no wavelength dependence. This result verifies
proper behavior of the optical depth retrieval algo-
rithm, because cirrus clouds are expected to be
“white” scatterers (e.g., all wavelengths are scattered
equally).

Of particular interest in the SAFARI campaign
were optical properties of the planetary boundary
layer (PBL) that were due to smoke from extensive
biomass burning. Figure 6 shows a 2-h segment of
data from 1 September, 2000. The top panel is the
1064-nm total backscatter showing the structure of
aerosols within the boundary layer. The boundary
layer is capped by a strong inversion, with little aero-
sol above the capping level. The bottom panel in
Fig. 6 is the aerosol optical depth by wavelength for
the boundary layer, calculated from the top of the
layer down to the ground. Two features are evident
in the data. First, the optical depth of the boundary
layer increases as the flight proceeds. Second, there
is a strong wavelength dependence presumably
caused by large concentrations of smoke particles.
In fact, in the latter half of the data segment the
optical depth becomes large enough that the 532-nm
lidar signal is almost fully attenuated before reaching
the ground, thereby resulting in noisy 532-nm re-
trievals. For processing this data segment, the
extinction-to-backscatter ratio (S ratio) was fixed at
57 sr for the 532 nm and 49 sr for the 1064 nm.
These S-ratio values are consistent with a smoke-
polluted boundary layer.15

As part of the SAFARI field campaign, ground-
based MicroPulse Lidar systems were deployed at
two field locations. One system was located in the
Skukuza National Park in South Africa, and the
other was in Mongu, Zambia. At several times dur-
ing the campaign, the ER-2 was directed to overfly
the MicroPulse Lidar sites to allow calibration and
comparison of the ground-based and airborne sen-
sors. Figure 7 shows one such comparison of extinc-
tion profiles derived from the CPL and MicroPulse
Lidar on 22 August, 2000. In this particular case,
the ER-2 flew no closer than 5 miles to the MicroPulse
Lidar site. This difference in exact location probably
accounts for differences between the profiles in the
lowest kilometer. In this example the CPL profile is
a 30-s average, whereas the MicroPulse Lidar profile
is a 30-min average. For the calculation of the ex-
tinction profiles, the extinction-to-backscatter ratio
(S ratio) for the 532-nm channel was fixed at 61 sr,
and the MicroPulse Lidar (operating at 523 nm) S
ratio was fixed at 74 sr. Both lidars used Aerosol
Robotic Network (AERONET) Cimel1¢ optical depth
measurements colocated at the MicroPulse Lidar site
to calculate the S ratios.

Also participating in the SAFARI campaign was
the NASA Ames airborne tracking 14-channel sun-
photometer (AATS-14) onboard the University of
Washington CV-580 aircraft. The AATS-14 mea-
sures atmospheric transmission (and hence optical
depth and extinction) in bands from 354 to 1558
nm.'7” The channels of interest to CPL are those at
525 and 1020 nm, close to the CPL wavelengths. The
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Fig. 7. Comparison of extinction profiles from CPL, micropulse
lidar (MPL) and the Ames airborne tracking 14-channel sunpho-
tomer (AATS-14) for 22 August 2000. The MPL was sited at
Skukuza, and the AATS-14 was onboard the CV-580 aircraft. On
that day the ER-2 flew within 5 miles of the MPL site, as did the
CV-580. Despite slight wavelength differences among the three
instruments, there is good agreement in the retrieved extinction
profiles. The MPL profile is a 30-min average, and the CPL pro-
file is a 30-s average.

AATS-14 extinction profiles are overplotted in Fig. 7.
The agreement with the CPL 1064-nm profile is quite
good. At the shorter 532-nm wavelength the agree-
ment is also good, although, as expected, there is
greater wavelength dependence owing to the differ-
ences in operating wavelength among the three in-
struments. Nonetheless, this result indicates that
the CPL instrument and analysis algorithms do pro-
vide accurate measurements of aerosol optical prop-
erties.

5. Conclusion

During 1999 and 2000 a new cloud and aerosol lidar
system, the Cloud Physics Lidar, was built for use on
the high-altitude NASA ER-2 aircraft. The CPL pro-
vides measurements at three wavelengths to permit a
comprehensive study of cloud and aerosol properties.
The CPL is designed around a high repetition rate
and a low pulse energy laser transmitter. Photon-
counting detection is used to simplify the data inver-
sion process. Although photon-counting detectors
have limited bandwidth, use of the high repetition
rate laser allows for large dynamic range through
pulse accumulation at low pulse energy.

The first field deployment for the CPL was the
SAFARI 2000 campaign during August and Septem-
ber 2000. During the SAFARI mission the CPL pro-
vided measurements of boundary layer structure and
optical properties to aid in studies of biomass burn-
ing. Examples have been shown to illustrate the
data collection capability of the CPL. It is demon-
strated that aerosol variability and structure are

measured during daylight conditions. Retrieved op-
tical depth estimates are consistent with expecta-
tions. Comparisons of CPL-derived extinction
profiles compare favorably with those from other li-
dar and in situ instruments.

The cloud physics lidar is sponsored by NASA’s
Earth Observing System office and by NASA Radia-
tion Sciences, Code YS. We thank Ellsworth Welton
of Goddard Earth Science and Technology Center for
providing the MicroPulse Lidar data and Brent Hol-
ben of Aerosol Robotic Network for Skukuza Cimel
data. Data presented in this paper were collected
during the Southern African Regional Science Initia-
tive (SAFARI-2000).
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