16

Fully automated analysis of space-based lidar data: an overview of the
CALIPSO retrieval algorithms and data products

Mark Vaughan®, Stuart Young®, David Winker ¢, Kathleen Powell *, Ali Omar©,
Zhaoyan Liu , Yongxiang Hu ¢, and Chris Hostetler ©

* SAIC, Mail Stop 435, NASA Langley Research Center, Hampton VA, USA 23681
® CSIRO Atmospheric Research, Private Mail Bag 1, Aspendale, VIC, 3195, Australia
“NASA, Mail Stop 435, NASA Langley Research Center, Hampton VA, USA 23681
4 Hampton University, Mail Stop 435, NASA Langley Research Center, Hampton VA, USA 23681

ABSTRACT

The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations' (CALIPSO) satellite will be launched in April
of 2005, and will make continuous measurements of the Earth's atmosphere for the following three years. Retrieving the
spatial and optical properties of clouds and aerosols from the CALIPSO lidar backscatter data will be confronted by a
number of difficulties that are not faced in the analysis of ground-based data. Among these are the very large distance
from the target, the high speed at which the satellite traverses the ground track, and the ensuing low signal-to-noise
ratios that result from the mass and power restrictions imposed on space-based platforms. In this work we describe an
integrated analysis scheme that employs a nested, multi-grid averaging technique designed to optimize tradeoffs
between spatial resolution and signal-to-noise ratio. We present an overview of the three fundamental retrieval
algorithms (boundary location, feature -classification, and optical properties analysis), and illustrate their
interconnections using data product examples that include feature top and base altitudes, feature type (i.e., cloud or
aerosol), and layer optical depths.

1. INTRODUCTION

Conceptually, the automated analysis of lidar backscatter data is a relatively straightforward process. The analyst must
first locate all layer boundaries, and then must identify each layer as being either cloud or aerosol. Knowing the ‘where’
and ‘what’ of each layer, the range-resolved profiles of optical properties can then be derived. In the final step of the
process, the analyst must composite all of the measured and derived spatial, morphological, and optical characteristics of
each layer into a sensible data format that lends itself to easy use by researchers from a broad cross-section of scientific
disciplines. However, as is the case with so many complex tasks, the preceding concise enumeration glosses over a
number of critical points. Particularly with respect to computer automation, the lidar data analysis devil does indeed lie
deep in the details. In this paper we will expose those critical levels of detail on which the foundations of the CALIPSO
analysis architecture are constructed. We will provide the heritage and briefly describe the mechanics of our algorithms
for identifying layer boundaries within a single lidar profile (section 2); for discriminating between cloud layers and
aerosol layers and determining layer subtype (section 3); and for retrieving profiles of volume backscatter and extinction
coefficients from the lidar measurements (section 4). We will also describe the content and structure of the CALIPSO
Level 1II lidar data products, and trace through the one-to-one matching between the retrieval algorithm(s) and each
major class of data products (section 6).

The fundamental algorithms in the CALIPSO analysis framework can be considered as profile processes. These
routines are solidly rooted in traditional lidar data analysis techniques, and take as inputs either a single profile of lidar
measurements, or, in the case of the layer classification routines, a collection of integrated quantities derived from some
segment of a profile. Similarly, the outputs from these profile processes are either a derived profile of optical
parameters (e.g., volume extinction coefficients), the integral of such a profile (e.g., optical depth), or some additional
information about the content and/or structure of the input profile (e.g., as provided by base and top altitudes). In every
case, the uncertainties associated with the outputs of these profile processes are a strong function of the signal-to-noise
ratio (SNR) of the input data. Therefore, perhaps the most critical and innovative steps in the CALIPSO analysis
framework occur during the scene processes that run immediately prior to the initiation of any of the individual profile
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processes. These scene processes are essentially sophisticated, multi-level averaging schemes whose function are to
identify and extract high SNR profile data from an extended, contiguous sequence of profile measurements; that is, from
a lidar “scene”. The averaged profiles thus obtained are then delivered for analysis to the appropriate profile processes.
A thorough discussion of the rationale motivating the CALIPSO scene processes, and of the techniques employed, is
given in section 5.

The CALIPSO satellite carries a polarization-sensitive lidar that makes backscatter measurements at 532 nm and 1064
nm. A complete instrument description is given in a companion paper published in this volume®. In this work we
assume that the CALIPSO profile data has been properly geolocated and calibrated during the Level I data processing’.
Therefore the primary measurement quantity used in the Level II data processing will be range-resolved profiles of

attenuated backscatter coefficients, 3} (r) , as follows:
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The system constant at each wavelength is given by C,, and the background-subtracted raw data by P, (r).

Backscatter coefficients are represented by (r); the two-way transmittance due to any scattering (or absorbing) species
is given by T?, and the subscripts m, O3, and p specify, respectively, molecular, ozone, and particulate contributions to

the signal. Here we understand the term “particulates” to represent either clouds or aerosols, as appropriate. The two-
way transmittance for any constituent, X, is
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where 1 (r) specifies the optical depth and o, (1) is the volume extinction coefficient.

2. TECHNIQUES FOR FINDING CLOUD AND AEROSOL LAYER BOUNDARIES

Space-based lidar measurements can be used to detect the vertical location of several different classes of geophysical
objects. Specifically, individual lidar returns can contain information on the base and top altitudes of clouds and aerosol
layers, and on the altitude of the Earth’s surface. However, before we can determine the specific class of geophysical
object that has been detected, we first must determine its spatial extent. That is, before we can say what it is, we first
must know where it is...and, with the possible exception of surface spikes, we cannot use specifics of the “what” to help
us in our search for the “where”. It is only after determining the spatial boundaries that we can begin to quantify the
optical properties that will allow us to classify an object as either cloud or aerosol. Therefore, within the context of our
boundary detection scheme, we employ the generic term “feature” to describe any extended and contiguous region of
enhanced backscatter signal that rises significantly above the expected molecular value. Clearly this definition
encompasses all of our targets of interest; that is, clouds, aerosol layers, and surface returns. The sole task of the feature
finding algorithm is thus to separate the genuine features from the pseudo-features (i.e., noise excursions). The
subsequent task of identifying feature type — that is, classifying each feature as either a cloud or an aerosol — is deferred
until later in the analysis (i.e., section 3).

The CALIPSO feature-finding algorithm is driven by a robust profile-scanning engine (i.e., a profile process) originally
developed for application to ground-based observations* and later adapted for space-based analyses using LITE data”.
For each profile analyzed, a range-dependent threshold is constructed based on estimates of both random and signal-
induced noise levels®. Because these estimates are derived from the profile being analyzed, the magnitudes of the
threshold values scale automatically with increased signal averaging. Scanning begins at the top of the profile and data
points are examined sequentially, with features being identified as those regions where the profile data exceed their
corresponding threshold values over an altitude range greater than some predetermined minimum feature thickness. The
scanning procedure is applied to the 532 nm attenuated scattering ratios, given by

Proc. of SPIE Vol. 5575 17












