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Preface

The 3rd International Workshop on Space-based Lidar Remote Sensing Techniques
and Emerging Technologies was held in Milos, Greece, between June 18 and June
23, 2023. The intent of this workshop was to offer a venue and create a framework,
where leaders, scientists and technologists from government agencies, academia, and
industries, from different countries, can meet and discuss important issues related
to current and planned lidar space missions, including techniques and associated
emerging and enabling technologies. Also, it was an opportunity to discuss challenges
and common issues and explore ways to increase collaboration among agencies
and organizations to enhance the future social benefit of active space-based remote
sensing. The workshop goals were:

e Review and assess the scientific needs for space-based lidar measurements,
instrument synergies, and the maturity of lidar techniques to meet these needs.

e Introduce upcoming space-based lidar missions and present/discuss results from
existing and past lidar space-based missions.
Discuss challenges and future directions in research and technology development.
Discuss approaches to mitigate risk and costs for space-based lidar instruments
and increase mission lifetime.

e Identify synergies and ways to enhance space lidar missions through international
cooperation among various space agencies and organizations.

e Document the outcome in completion and update the white paper from prior
workshop.

The main topics covered by the presentations and discussion were:

Advances in space-based lidar techniques and methodologies
Science highlights, observational approaches, and technologies used
Challenges experienced and lessons learned in space lidar missions to date and
discussion of approaches to overcome them

e Planning of new space Earth Observation lidar missions, which include moni-
toring of: Topography, Cryosphere, Biomass, Greenhouse and Trace Gases
Clouds, Aerosols, Oceans, and Winds



vi Preface

e Exploration Lidars: Entry, Decent and Precision Landing, as well as Hazard
Avoidance for Mars and Lunar landers missions

e Results and plans for simulations, airborne experiments, and demonstrations as
precursors for space missions

e New and emerging space lidar technologies, particularly in lasers, optics, elec-
tronics, and detectors as well as space lidar reliability and influencing factors,
such as effects of the space environment (thermal, vibration, contamination, and
radiation effects).

The workshop covered the following Space Lidar five sessions:

Session 1: Lidar Active Sensing (i): Topography, Cryosphere, Biomass, Gravity,
Greenhouse, and Trace Gases
Session 2: Lidar Active Sensing (ii): Clouds, Aerosols, Oceans, and Winds
Session 3: Exploration Lidars: Entry/Decent/Landing, Precision Landing and Hazard
Avoidance, Mars & Lunar Landers
Session 4: Ground/Airborne Campaigns for Space Lidar Cal/Val: Ground campaigns
for Cal/Val, Airborne demonstration systems
Session 5: New and Emerging Space Lidar Technologies & Reliability: Laser Trans-
mitters, Advanced Optical Components and Diffractive Optics, State-Of-The-Art
Detector and Detection System, Lidar Software and Data Processing.

Thank you for attending and contributing to the workshop.

Hampton, USA Upendra N. Singh
Noordwijk, The Netherlands Georgios Tzeremes
Hampton, USA Tamer F. Refaat

Noordwijk, The Netherlands Pol Ribes Pleguezuelo
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The NASA HSRL Pathfinder Mission )
Concept L

Chris Hostetler, John Smith, Richard Hare, Amin Nehrir, Shane Seaman,
Anthony Notari, Richard Ferrare, Sharon Burton, Kathleen Powell,
Tyler Thorsen, Mark Vaughan, Johnathan Hair, Robert Holz,

Willem Marais, Edwin Eloranta, and Fran Fitzpatrick

Abstract The High-Spectral-Resolution Lidar (HSRL) Pathfinder Mission concept
is designed to provide HSRL measurements at 532 nm and elastic backscatter lidar
measurements at 1064 nm. The instrument is based on Clio, the HSRL that was
descoped from NASA’s Atmosphere Observing System (AOS) mission due to cost
constraints. The NASA Langley Research Center (LaRC) developed the HSRL
Pathfinder concept as an example of a lower-cost mission to advance the tech-
nology and demonstrate the measurement capability originally planned for AOS.
Cost savings are achieved via a Class-D instrument development approach and some
reductions in performance from the original Clio design. Despite these changes, the
HSRL Pathfinder Mission promises to provide valuable observations for advancing
studies of aerosol and cloud radiative effects, cloud microphysics, aerosol-cloud
interaction, aerosol transport and speciation, and air quality. The design also enables
scientifically important observations of depth-resolved ocean subsurface optical
properties, snow water equivalent, and seasonal sea ice, making HSRL Pathfinder a
truly multifunctional lidar mission.

Keywords High-spectral-resolution lidar (HSRL) - Ocean lidar + Aerosols -
Clouds * Air quality
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1 Introduction

Lidar has long been an essential remote sensing tool for acquiring vertically resolved
observations of aerosols and clouds. The 17-years record of the Cloud-Aerosol Lidar
with Orthogonal Polarization (CALIOP) elastic backscatter measurements from the
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO)
satellite has been used for many ground-breaking studies of aerosol transport, cloud
distribution and microphysics, and the impacts of aerosols and clouds on the Earth’s
radiation budget [1]. In addition, CALIOP demonstrated that spaceborne lidar can
provide scientifically valuable observations of ocean subsurface ecosystems [2].

The chief deficiency of the elastic backscatter lidar technique is the inability to
provide independent measurements of particulate backscatter and extinction. The
high-spectral-resolution lidar (HSRL) approach overcomes this deficiency, with the
result being a significant increase in the accuracy of particulate backscatter and
extinction estimates plus higher information content for aerosol typing and charac-
terizing ocean plankton communities. The European Space Agency recognized the
value of this advanced architecture two decades ago and is preparing to launch an
HSRL on the Earth Clouds, Aerosols and Radiation Explorer mission in 2024. The
China National Space Agency started much later but succeeded in launching an HSRL
on their Atmospheric Environment Monitoring Satellite in 2022. Since 2000, NASA
has funded the development and deployment of several airborne HSRLs and the
advancement of spaceborne HSRL technologies. An HSRL was originally included
in NASA’s AOS-Sky mission concept but was later descoped due to cost constraints.
Subsequently, NASA LaRC has been tasked with developing a concept for an HSRL
technology demonstration mission that can be implemented at a lower cost than the
HSRL originally planned for AOS. This new concept is called the HSRL Pathfinder
and is described in the following sections.

2 Mission Overview

The HSRL Pathfinder mission is designed to reduce cost as much as practical while
still providing significant scientific advances in measurements of aerosols, clouds,
and ocean ecosystems. The baseline approach for the spacecraft is a powered Evolved
Expendable Launch Vehicle Secondary Payload Adapter (ESPA), which enables cost
sharing via hosting of additional payloads on the powered ESPA bus and shared
launch with other payloads in the launch stack. Cost savings are also achieved
by using a Class-D development strategy, which eliminates redundant components,
reduces subsystem prototyping, and targets shorter duration missions. The required
mission lifetime for HSRL Pathfinder is 1 year; however, expendables on the space-
craft will enable a lifetime greater than 3 years. The concept is designed for a 450-km
sun-synchronous orbit, consistent with current plans for the AOS-Sky orbit, should
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the opportunity arise to launch into formation with AOS-Sky. Other altitudes can
be accommodated, albeit with potential impacts to mission life and measurement
precision.

3 Instrument Description

Figure 1 provides a high-level block diagram of the HSRL Pathfinder instrument and
Table 1 lists key specifications. To fit within the volume and mass constraints of a
powered ESPA bus, the transmitter is single-string, and the telescope is limited to
0.8-m in diameter. HSRL and polarization measurements are made at 532 nm only,
and total elastic backscatter measurements are made at 1064 nm. The sections below
describe the laser, interferometer, and detector subsystems that have been the focus
of our recent technology and engineering maturation efforts.

-
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Fig. 1 High-level block diagram of the HSRL Pathfinder instrument
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Table 1 Laser optical performance requirements

Parameter

Specification

Laser

Pulse energy

125 mJ at both 532 and 1064 nm

Repetition rate

71.4 Hz (100-m along track profiling)

Pulse width 15+ 5ns

Spectral linewidth < 100 MHz at 532 nm
Frequency jitter 10 MHz (1-0)
Spectral purity 2500:1

Wavelength tunability + 2 GHz at 532 nm
Receiver

Telescope diameter 0.8 m

Field of view 208 prad

Solar filtering

532 nm: 20-pm FWHM etalon
1064 nm: interference filter

HSRL optical filter

Michelson interferometer

Detectors

532 nm: Hamamatsu R9880-20
1064 nm: Excilitas APD

Detection approach

Analog + photon counting

Vertical sampling

Fundamental sampling: 120 MHz (1.25 m)

3.1 Laser

The laser is being developed by Fibertek, Inc., and is based on an injection-seeded
master-oscillator power-amplifier (MOPA) architecture that has been successfully
demonstrated on airborne lidars, including NASA LaRC’s HSRL-2, which has flown
on numerous field deployments since 2012 [3]. In 2015, Fibertek began modifying
this design for spaceflight. During the design progression, a prototype of the optical
module was built to evaluate operating performance and lifetime and is shown in
Fig. 2. The physical configuration of the laser subsystem is partitioned into two
modules: a pressurized housing which contains all optical assemblies and a vented
electronics module providing power and control. The 0.2 A 0.3 x 0.5 m? housing
contains an integral midplane that serves as the primary optical bench. The entire
assembly is conduction-cooled to an external interface.

The nonplanar ring resonator is seeded with 25 mW of optical power and uses a
Nd:YAG slab gain head to generate 35 mJ of nearly bandwidth-limited 15-ns optical
pulses at 1064 nm with a beam quality of 1.2 M?. Cavity locking to the seed is
accomplished with a ramp-and-fire technique using two actuators, a fast electro-
optic modulator and a slower PZT, to acquire and maintain resonance. Results of
initial frequency stability measurements in a laboratory environment are shown in
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Fig. 2 Left: the upper housing compartment containing the injected seed leg, ring resonator and
pre-amplifier stages. Right: the lower housing compartment containing the power amplifier and
the conversion assemblies to the second and third harmonics. (This prototype was developed for a
precursor program that also included 355 nm output. HSRL Pathfinder requires output at only 532
and 1064 nm.)

Fig. 3. There is no secondary spatial or axial mode content above the —35 dB level,
and both short- and long-term frequency jitter with respect to the seed is maintained
within <5 MHz (10).

The resonator output is preamplified in a pair of identical Nd: YAG slabs to produce
an output of 175 mJ with 1.7 M2. The beam is then periscoped to the other side of the
midplane where it undergoes resizing and subsequent amplification to 275 mJ with
2.2 M2. Type I mixing in lithium triborate (LBO) is used to convert to the second
harmonic at 532 nm, with efficiencies up to ~70% and M?s in the range of 2.5 to 3.0.

After characterization of the laser performance, the prototype was subjected to a
3 x 10 shot (equivalent to 1.3 year @ 71 Hz) life test to evaluate component perfor-
mance over extended operation, the suitability of manufacturing processes to limit
material outgassing contamination, and component fatigue over extended operation.
While the test showed very little optical wear due to contamination, shortcomings
were noted in the life of the pump diodes and the cavity locking algorithm under

Fig. 3 Frequency jitter of
the pulsed output with
respect to the seed laser

Jitter = 3.6 MHz (10)

Frequency (MHz)

1 L 1 1
0 100 200 300 400
Time (hours)
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Fig. 4 Configuration of the
flight laser optical module

0.2m

P ——

Mounting Optical
Flexures Output

certain, extremely low-probability events. Recent development work has led to the
closure of these two risk items. Pump diodes from two vendors have been life tested
at NASA LaRC to >6.6 x 10° shots (equivalent to 3 years at 71 Hz), with power
degradation of only 0.5% per billion shots, and corrections to the locking algorithm
have been successfully demonstrated.

With these positive results, detailed design of the flight laser optical and electronics
modules has begun. Figure 4 shows the current configuration of the laser optical
module. Current work is focusing on the structural, thermal, and optical analyses to
ensure appropriate margins have been met for surviving the launch environments. An
example is the design of mounting flexures that shift higher frequency energy to below
the resonant frequency of the midplane optical bench and internal subassemblies.
Component load information is then used to ensure the component designs support
required margins.

3.2 HSRL Interferometric Optical Filter

The instrument concept employs a field-widened, off-axis Michelson interferometer
to separate 532-nm molecular and particulate backscatter [4]. Field-widening enables
accommodation of a wide range of field angles without compromising performance.
Tilting slightly off axis enables capturing the back-reflected light in addition to the
traditional Michelson output, thereby providing a second measurement channel. The
laser transmitter is tuned to provide destructive interference of particulate backscatter
on the Molecular Channel output and constructive interference on the Particulate
Channel output. Through appropriate choice of the free spectral range, the molecular
backscatter is distributed equally between the two channels. Figure 5 shows the
spectral distributions of the interferometer input and outputs. LaRC has used this
Michelson approach on HSRL-2 for 355-nm measurements on numerous airborne
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field deployments since 2012 [3]. In a prior development effort, a prototype 355-
nm interferometer designed for spaceflight was environmentally tested to TRL-6 in
2018.

Figure 6 shows the prototype interferometer subsystem that is currently under-
going TRL-6 testing at NASA LaRC. The design includes a 50:50 beam splitter
cube that divides the input light equally between the two interferometer arms. One
arm is solid fused silica glass with a high-reflection coating on the end. In the other
arm, the beam travels in free space to a high-reflector mirror mounted on a metering
structure. The tuning of the interferometer was made insensitive to temperature by

Fig. 5 Top: input spectrum. T ' T T

Middle (Bottom): portion of 3 Particulate 3
spectrum incident on the L Backscatter ]
Molecular Channel Molecular / <100 MHz ]
(Particulate Channel) b Backscatter FWHM ]
detector E ~3 GHz ]

Bl Input ]

\ Spectrum

Molecular
Backscatter
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Fig. 6 Interferometer
subsystem enclosed in
thermal housing. Heaters are
integrated to cover plates to
precisely control temperature

designing the coefficient of thermal expansion of the metering structure to compen-
sate for temperature-induced changes in the refractive index and length of the glass
in the solid arm. Through structural-thermal-optical performance modeling, many
variations of this metering structure were analyzed to determine the optimum design
that imparts minimal distortion and gravity sag on the end mirror.

Implementation of the HSRL technique requires the interferometer and laser
to remain spectrally aligned. Interferometer tuning drift is considered inevitable,
requiring the laser to be episodically retuned to achieve optimal constructive and
destructive interferences on the two outputs. The operational goal is to avoid retuning
the laser to the interferometer more frequently than once every two weeks. Long-term
stability testing (Fig. 7) shows that the as-built prototype meets this metric.

3.3 Detection Subsystems

To conserve cost, the 532-nm detection subsystem is based on that used on CALIOP,
but with significant improvements. The baseline detectors are Hamamatsu metal-
packaged R9880-20 photomultiplier tubes (PMTs). These PMTs are inherently
rugged and extensive testing has shown these tubes to be superior to the PMTs used
on CALIOP in several ways, including quantum efficiency, transient recovery, and
gain stability. NASA LaRC has developed and tested a novel electronics design to
process the PMT signals. It is based on an analog detection architecture and achieves
an 8-order-of-magnitude linear dynamic range, far exceeding that of CALIOP (6
orders) [5]. The design permits fast gating to suppress the signal spike from the
ocean surface reflection, thereby reducing artifacts in the ocean subsurface signal.
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Fig. 7 Long-term (20-day) frequency drift measurements of the prototype interferometer scaled in
wavelengths at 532 nm. The trend (black line) is 4 x 10~3 lambda/week, well within the requirement
of <1 x 1072 lambda/week

The fundamental sampling period is 120 MS/s, which equates to a sampling resolu-
tion of 1.25 m (~1 min the ocean), also far exceeding the 30-m resolution of CALIOP.
Samples will be averaged to coarser resolutions in the atmosphere, and resolutions
may vary with altitude to reduce downlink volume. The objective is to provide 1-m
resolution for ocean, snow, and sea-ice profiling and 5-m resolution at lower alti-
tudes to enable advanced retrievals of extinction in low-altitude water clouds. All
profile data will be downlinked at single-shot resolution, resulting in 100-m spacing
of profiles along the ground track.

The signals from each PMT are read by three 14-bit digitizers with overlapping
dynamic ranges. A field programmable gate array (FPGA) performs preliminary
processing required to merge the three data streams into a single profile. It also
vertically averages samples as required to meet the downlink budget and formats the
data for transmission to the instrument control computer, which packetizes data for
downlink. Figure 8 shows a photo of the spread system that incorporates all hardware
and firmware features of the design and has been used for end-to-end verification
testing.

The 1064-nm detector is a low ionization ratio Excelitas Si avalanche photodiode
(APD), similar to those used on the CALIOP and, more lately, the Global Ecosystem
Dynamics Investigation (GEDI) lidars [6]. The HSRL Pathfinder APD will require
some changes from the GEDI detectors in terms of signal coupling, transimpedance
gain, bandwidth, and operating temperature, to optimize signal-to-noise ratio for
atmospheric, as opposed to GEDI’s vegetation canopy, measurements.
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Fig. 8 Spread system of the 532-nm detection subsystem. Left: PMT and amplifier boards. Right:
signal processing board incorporating digitizers and FPGAs for on-board processing. This system
has undergone end-to-end testing including the injection of realistic light profiles to the PMT and
processing of the acquired signals

4 Rationale for Design Choices

The most fundamental design choice is that of wavelength. We chose to operate
at 532 and 1064 nm for several reasons. The first was consistency with the 17-
year CALIOP data record for climate-trend studies and overall science context.
The 532-nm wavelength also provides good contrast between aerosol and molec-
ular backscatter, enabling accurate HRSL retrievals at low aerosol loading levels
and transmits sufficiently through water to enable ocean subsurface profiling. The
1064-nm elastic backscatter measurement has high utility for discriminating between
aerosols and clouds, which is critical to science analysis. Operating at an additional
wavelength of 355 nm would be highly desirable for several reasons (continuity with
EarthCARE, increase in aerosol microphysical information, etc.) and was included
on an earlier concept developed jointly with the French national laboratories and
CNES, but doing so is not practical for the HSRL Pathfinder due to cost.

The choice of the field-widened Michelson interferometer as the HSRL receiver
filter was driven by several factors. First, it enables a high degree of separation of
particulate backscatter between the HSRL channels. Our goal for the Contrast Ratio
(ratio of particulate backscatter in the Particulate and Molecular Channels) is 50:1.
A high Contrast Ratio reduces the impact of errors in the calibration of particulate
backscatter crosstalk between the HSRL channels, making aerosol retrievals more
accurate and extending the dynamic range over which HSRL retrievals are possible
to a significant fraction of cirrus clouds. Second, the Michelson approach enables
the molecular backscatter crosstalk between the two HSRL channels to be known a
priori by choosing a free spectral range that delivers 50% of the molecular backscatter
to each channel regardless of the backscatter volume’s temperature. Third, the field
widening allows for larger etendues, e.g., larger telescope diameters for higher signal
collection and/or larger fields-of-view and laser divergences to address eye-safety.
It also allows the design to be vetted on airborne HSRLs, which tend to have higher
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etendues than space HSRLs. Forth, the design parameters can be optimized to enable
ocean profiling with no compromise to atmospheric retrievals.

The detection subsystem design choices were driven by cost, risk, and perfor-
mance considerations. CALIOP heritage was leveraged as far as possible to control
cost and risk. The CALIOP-like approach at 1064-nm, with Si APDs and analog
readout, enables improvements over CALIOP’s proven performance without signif-
icant modifications to existing designs. The 532-nm detection subsystem also has
much in common with the CALIOP design but includes more modifications, in terms
of higher performing PMTs and improvements in the readout and signal processing
electronics, that significantly increase science capability. The improvements enable
advanced retrievals of water cloud optical properties, depth-resolved ocean optical
properties, snow depth, and seasonal sea ice thickness.

5 Science Outlook

The science rationale for implementing HSRL measurement capability in the HSRL
Pathfinder and our original Clio HSRL concept for the AOS-Sky mission is an
improvement in accuracy and information content over elastic backscatter lidar for
aerosol observations. In the case of backscatter lidar, accuracy can be poor due to
the a priori assumption of the particulate extinction-to-backscatter ratio in the profile
retrieval (i.e., barring an external constraint, like optical depth, which enables a
column-average estimate of lidar ratio but not the lidar ratio profile [see Fig. 9]).
The resulting error in retrieved particulate backscatter and extinction accumulates as
the retrieval proceeds downward through the atmosphere to the surface, resulting in
the largest errors at the surface, where the highest concentration of aerosol is often
located. The HSRL retrieval requires no such error-prone assumptions and is thereby
much more accurate.

Along with high accuracy, a critically important feature of the HSRL measurement
is that the data products are inherently more suitable to model assimilation. The
uncertainties in elastic backscatter lidar particulate extinction and backscatter profiles
are difficult to quantify due to the accumulation of unknown bias errors, making those
profiles unsuitable for assimilation. The HSRL product uncertainties are quantifiable,
and the data are therefore well-suited for assimilation. Many future science advances
will rely on assimilation of profile data into reanalysis models and weather and air
quality forecast models, hence model compatibility is of paramount importance.

The HSRL Pathfinder’s ability to retrieve extinction-to-backscatter ratio, in addi-
tion to the depolarization and backscatter color ratios demonstrated with CALIOP,
will provide significantly greater information content for aerosol typing [7] (e.g.,
smoke vs. marine as illustrated Fig. 9), which is important for aerosol source
attribution and air quality studies.

Advanced cloud measurements are another important objective of the HSRL
Pathfinder. Cloud retrievals can be made using algorithms like those used on CALIOP
data via combining the signals from the Particulate and Molecular Channels. Doing
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Fig. 9 Simulation realization for a smoke layer overlying a marine boundary layer (simulation in
green, truth in orange). The Lidar Ratio clearly shows the boundary between the layers. For this
scene, the vertical and horizontal averaging resolutions were 500 m and 50 km, respectively

so makes HSRL Pathfinder functionally similar to CALIOP but with much higher
signal-to-noise performance. The higher vertical resolution and linearity of the 532-
nm detection system will expand capability significantly by enabling estimates of
cloud extinction profiles to a few 10 s of meters into the tops of water clouds [8] and,
when combined with droplet size information from other sensors (e.g., polarime-
ters), cloud droplet number density [9]. While interferometric HSRL techniques are
severely challenged for retrievals of strongly scattering cloud, the high Contrast Ratio
of our interferometer should enable HSRL retrievals of a significant fraction of cirrus
clouds, providing unprecedented accuracy in estimates of cirrus optical properties
key to estimating the radiative impact of cirrus.

The high vertical resolution and linearity of the 532-nm detection system
make the lidar truly multifunctional. High resolution HSRL measurements in the
near-surface ocean enable independent and accurate measurements of particulate
(i.e., phytoplankton) backscatter and diffuse attenuation coefficient, in turn leading
to depth-resolved estimates of marine biomass and net primary productivity [10].
While the measurement lacks swath, the retrievals are much more direct than passive
ocean color retrievals, are immune to overlying atmospheric conditions (e.g., strong
aerosol layers, optically thin clouds), and can be acquired at night as well as during
day. HSRL Pathfinder observations would enhance the value of the entire ocean
color data record by assessing ocean color retrievals and training advanced ocean
color algorithms. The high vertical resolution will enable estimates of snow depth,
as recently demonstrated with data from the second-generation Ice, Cloud and land
Elevation Satellite (ICESat-2) [11], and Brillouin scattering measurements from
the Molecular Channel may enable estimates of snow density. Additionally, high
vertical resolution plus Brillouin scattering measurements should enable entirely
new retrievals of seasonal sea ice thickness.

In summary, HSRL Pathfinder’s multifunctional capabilities would enable several
scientifically significant advances. HSRL Pathfinder would provide advanced aerosol
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and cloud observations relevant to air quality and weather applications and climate
science, unprecedented measurements of ocean optical properties for ocean ecosys-
tems studies, more accurate estimates of snow water equivalent to better understand
terrestrial hydrology and its response to climate change, and estimates of seasonal sea
ice thickness to improve understanding of sea-level rise and cryosphere-atmosphere
interaction.
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25 Years of CALIPSO )

Check for
updates

David Winker

Abstract Selected for development in 1998 and launched together with CloudSat
in 2006, the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO) mission terminated science operations in the summer of 2023 after
completing 17 years of on-orbit observations. As one of NASA’s Earth System
Science Pathfinder missions, CALIPSO was truly a pathfinder. CALIPSO obser-
vations provided a new perspective on clouds and aerosol and have not only met but
far exceeded the original objectives of the mission. Many unanticipated findings and
data applications have been discovered along the way. Flying with many other remote
sensing instruments, as part of the A-train constellation, stimulated the discovery of
numerous retrieval synergies between lidar and other sensors. This paper describes
how the CALIPSO mission came to be, discusses some of the early choices made by
the CALIPSO team that shaped the mission, and some of the challenges facing the
team in developing the first-ever global climatologies of aerosol and cloud based on
lidar observations.

Keywords Space lidar - Active remote sensing - Clouds * Aerosols

1 Introduction

The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO)
mission began with the selection of the Step-2 proposal to the NASA Earth System
Science Pathfinder (ESSP) program in December 1998. The 3rd International Work-
shop on Space-Based Lidar Remote Sensing Techniques and Emerging Technolo-
gies was held in June 2023, just after CALIPSO completed 17 years of observations
and a few weeks before the planned termination of CALIPSO payload operations.
Therefore the Workshop was an appropriate time to take a retrospective look at
how CALIPSO came to be and highlight a few of the challenges and a few of the
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many achievements. More than a decade of global cloud and aerosol profiling, collo-
cated with many other remote sensing observations from the A-train constellation,
has revolutionized the way aerosol and cloud studies are done, and provided new
ways of evaluating models. CALIPSO broke new ground in many areas, forcing the
CALIPSO team to creatively address many challenges.

2 CALIPSO Grew from LITE

The Earth Observing System (EOS), consisting of the Terra, Aqua, and Aura satellites
was conceived in the 1980’s, developed in the 1990’s, and launched between 1999
and 2004. The initial vision included an advanced lidar for ozone and water vapor
profiling, which was later descoped along with a number of other sensors due to cost.

Meanwhile, the Lidar In-Space Technology Experiment (LITE) was developed as
athree-wavelength (1064/532/355 nm) backscatter lidar by NASA Langley Research
Center (Langley), beginning in the late 1980’s. LITE flew on the NASA Space Shuttle
STS-64 mission in September 1994 [1]. LITE only acquired 53 h of observations
during the 2-week mission of STS-64 but provided our first global-scale view of
cloud and aerosol from a lidar perspective. LITE gave us our first view of atmospheric
structure on a global scale and observed parts of the globe never seen by lidar before.
Dense clouds block lidar signals but LITE showed that the global coverage of dense
clouds blocking the beam was much less than expected. LITE also observed the
vertical distribution of aerosol on a global scale for the first time.

LITE was developed as a technology demonstration but also served as a proof
of concept that a satellite lidar could provide unique and essential observations of
aerosol and clouds. In addition, the successes of LITE motivated NASA to begin
exploring the possibilities of a free-flying lidar satellite. The NASA Earth System
Science Pathfinder (ESSP) program was initiated in the mid-1990’s to fly relatively
small science missions to fill gaps in the global observing system. Immediately
following the LITE mission, design studies of a free-flying lidar to study the global
distribution and properties of clouds and aerosols were begun at Langley, targeting
the new ESSP program.

Around that time, a joint Langley-JPL workshop was held to discuss possibilities
for a satellite mission involving a cloud profiling W-band (94 GHz) radar and an
elastic backscatter lidar, due to the realization that the combined capabilities of lidar
and W-band radar were necessary to address the need for vertical profiling of cloud
occurrence and water/ice mass distributions. Similar discussions were happening at
about the same time in Europe [2], which ultimately resulted in the ESA EarthCARE
mission [3]. Initial discussions with JPL envisioned an ESSP mission carrying a
backscatter lidar, W-band radar, and several passive sensors. In the end the radar and
lidar were proposed to ESSP as separate missions due to the cost cap on individual
ESSP missions.

A lidar proposal was submitted in 1996 but was unsuccessful, primarily due
to cost issues. Looking forward to the next ESSP opportunity, the Langley team
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contacted members of the French science community and negotiated a partnership
where Langley would develop a payload consisting of a two-wavelength, depolariza-
tion lidar (Cloud-Aerosol Lidar with Orthogonal Polarization, CALIOP, rhymes with
eye-oh-pea), a Wide Field Camera (WFC) with a single visible channel, based on
a star tracker from Ball Aerospace Technologies Corporation (BATC) and fulfilling
the function of the film camera flown on LITE, a payload controller, and an X-band
transmitter to downlink science data [4]. The Centre National d’Etudes Spatiale
(CNES) was to provide a PROTEUS spacecraft and an infrared imaging radiometer
(IIR), reducing the mission cost to NASA to within the ESSP cost cap. The IIR
was a compact instrument, built by SODERN (Paris), based on a new technology 2D
bolometer array and matching much of the capability of the MODIS infrared channels
in amuch smaller package. BATC was prime contractor for the payload and fabricated
CALIOP, except for the detectors and detector electronics which were designed and
built at Langley. This second CALIPSO proposal was selected in December 1998,
with the CloudSat proposal selected in 1999 after additional analysis was performed.

3 Early Decisions

Analysis of the LITE laser after STS-64 returned to Earth showed significant
contamination-induced laser damage due to the 355 nm laser light. To reduce laser
technical risk, it was decided that the CALIOP laser would only operate at 1064 nm
and 532 nm but there was a desire to do something new, beyond LITE. At the time
there were few polarization lidars but Ken Sassen had recently published a paper
in the Bulletin of the American Meteorological Society pointing out the utility of
lidar depolarization measurements [5]. A decision was made that the CALIOP laser
would transmit a highly linearly polarized beam and the lidar receiver would have
co-polar and cross-polar 532 nm channels.

Following on the experience from LITE, we realized there were a number of
design challenges in moving from a two-week experiment on the Space Shuttle to
an extended mission on a free flyer. LITE was based on a water-cooled, flashlamp
pumped laser. The CALIOP laser would have to be passively cooled and laser lifetime
was a major concern since the flight lasers were required to have a design lifetime
of 3 billion shots. Diode-pumped lasers were new at the time and laser pump diodes
were not as reliable as they are now. Laser damage from contamination was also a
concern and the laser would need a ruggedized design to survive G-forces during
launch. Because of laser risk concerns raised over the first proposal, a prototype of the
flight laser was fabricated and life testing was begun in time to include results in the
proposal to ESSP to demonstrate the reliability of the design. The Risk Reduction
Laser (RRL) [6] was jointly conceived by Langley and BATC and developed by
Fibertek Inc. in collaboration with experts from Langley and BATC. Fabrication of
the RRL began about a year before the proposal to ESSP was due. The RRL was
based on prior lasers designed for field deployment, but output power was derated by
a factor of two from the design values to promote long lifetime. Peak optical power of
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the laser pump diodes was derated significantly from their design values and power
density in the Nd:YAG slab was a small fraction of the damage threshold. Prior
experience at Fibertek indicated that operation in an atmosphere containing oxygen
reduced contamination risk relative to operation in a vacuum so the flight lasers were
designed to operate inside a canister pressurized to just over 1 bar with dry air. A
comprehensive contamination control plan was developed before fabrication began.
The RRL was fabricated and was 50 million shots into an extended life test when
the second proposal was submitted in 1998. The RRL was eventually operated for
1.2 billion shots (about 2 years) with only a 4% decrease in pulse energy, verifying
the reliability of the design and the success of the contamination control procedures
developed to avoid contamination damage.

There is always a desire to fly active sensors in a low orbit, to maximize signal-to-
noise ratio (SNR), and fortunately LITE flew on STS-64 at 260 km altitude. There
was initial discussion of flying CALIPSO as low as possible. With a primary science
objective of better characterizing the impacts of aerosols and clouds on Earth’s radi-
ation budget, the CALIPSO science team identified numerous advantages of flying
in formation with the EOS-PM satellite (later renamed EOS Aqua) which was to
carry MODIS and CERES. The EOS science strategy was for MODIS to observe
aerosols and clouds and for CERES to use MODIS cloud observations in its task of
measuring broadband radiative fluxes at the top of the atmosphere. Formation flying
of CALIPSO with CloudSat was always a key desire, which would not only allow the
profiling of virtually all clouds but also enable joint retrievals of cloud properties.
The driving synergy with CERES was the ability to use collocated CALIOP and
CloudSat profiles of cloud vertical structure in the CERES flux retrieval algorithms.
Flying in formation with Aqua, CALIOP could also provide validation of MODIS
cloud masking and cloud retrievals [eg: 7] and MODIS would provide context for
the CALIOP curtains of cloud and aerosol observations. In the end, the science
team felt the synergies of flying with Aqua at 705 km outweighed the increase in
SNR that could have been achieved in a lower orbit and the CloudSat team was
convinced to also fly at 705 km. As the A-train developed—adding Aura, POLDER,
and OCO-2—many more synergies were realized.

Formation flying of CALIPSO and CloudSat was a further challenge. At the time,
flying in close formation had not been attempted for Earth remote sensing satellites
and some cast doubt on its feasibility. But JPL successfully developed procedures to
control the CloudSat spacecraft to fly to CALIPSO with an along-track separation of
12—15 s, while minimizing the cross-track differences between the CPR and CALIOP
footprints. The impact of these collocated radar-lidar cloud observations on our
understanding of global clouds was called out in the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC).
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4 Challenges and Innovations

Calibration of the lidar attenuated backscatter returns was to be performed using the
atmospheric normalization technique, based on molecular backscatter found above
the stratospheric Junge aerosol layer. This technique references lidar returns from
the mid-stratosphere to molecular density profiles derived from global re-analysis
products, essentially using the molecular atmosphere as a calibration target, and had
been used for decades on ground-based lidars [8]. Therefore, the lidar was required
to accurately measure weak signals from high altitude molecular backscatter returns,
but there was also a requirement to measure the backscatter signals from strongly
scattering liquid clouds. This required the analog detection system to have a highly
linear dynamic range of six orders of magnitude [9]. This technical challenge was
met by Langley engineers.

Calibration was initially performed using lidar returns from 30 to 35 km altitude,
but careful analysis showed that aerosol concentrations in the tropical stratosphere,
while low, were enough to cause significant calibration errors which propagated into
CALIORP retrievals. Therefore, starting with Version 4 data products, the calibration
region was raised to 35 to 40 km. Raising the altitude required a major change to
the Level 1 calibration software as substantially greater averaging was required to
maintain the same calibration precision and CALIOP adopted cross-track averaging
for the first time [10]. Subsequent analysis has shown the Version 4 calibration
has excellent long-term stability. The red curve in Fig. 1 shows a time series of
CALIOP 532 nm attenuated backscatter integrated from 25 to 40 km, where the
lidar backscatter is dominated by molecular scattering, and averaged over 50°S—
50°N. The blue dashed curve is the normalized molecular number density from the
MERRA-2 re-analysis product, interpolated to the CALIPSO ground track, over the
same altitude range. The black curve shows the time history of 532-nm laser pulse
energy over the mission. Changes in pulse energy over the mission were dominated
by the loss of pump diodes and a switch between primary and backup lasers in March
2009. The apparent dip in laser energy after 2020 is likely due to a degradation of
the laser energy sensor. It is apparent the calibration scheme is able to accurately
account for these variations in pulse energy and produce a stable long-term record,
as demonstrated by the high correlation of stratospheric attenuated backscatter and
molecular density. The discrepancy between the two in early 2022 is due to the
eruption of the Hunga-Tonga volcano, which injected aerosol into the 35-40 km
altitude region.

Langley had developed retrieval algorithms over several decades for a ground-
based 48" lidar, used for studies of stratospheric aerosol, and for lidars flown on
airborne campaigns. Processing the data from these instruments was a relatively
manual operation. Observations performed for aerosol studies were often acquired
only in cloud-free conditions. CALIOP required the development of new algorithms:
algorithms to detect the boundaries of cloud and aerosol layers, to automatically
discriminate between aerosols and clouds, and to use the lidar signals to classify
aerosol by type in order to estimate the aerosol lidar ratio needed for extinction



