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Airborne Laser Hydrography
To Chart Shallow Coastal Waters

Measuring Water Depths From The Air Promises Major Improvements In The Speed And Efficiency
Of Data Collection For The Production Of Nautical Charts

Gary C. Guenther, Charting and Geodetic Services, National Ocean Service, NOAA

Airborne laser hydrography (ALH) has arrived. The Canadian Larsen 500 system, built by Optech Inc.
and operated by Terra Surveys Ltd., recently completed its fourth successful field season. The Canadian
Hydrographic Service, along with the Canada Centre for Remote Sensing, sponsored development of the
system and recently published chart #7750 of Cambridge Bay, Northwest Territories. This is the world's
first nautical chart based on airborne laser data.

The airborne, scanning laser bathymeter represents a new generation in shallow-water hydrographic
technology. It leaps as far beyond launch-acoustic techniques, which have dominated the field for 55
years, as acoustics did beyond the venerable lead line. A laser sounder is not, however, a replacement
for sonar but rather a complementary system, ideal for shoal areas (typically 1-30 meters depth, but as
much as 50 meters in extremely clear waters) where sonar is least cost effective.

The payoffs are a significant decrease in survey costs per unit area, increases in coverage rate and
yearly coverage area, a rapid-response reconnaissance capability, an improved spatial sounding
distribution, and the ability to rapidly complete surveys in areas with small operational windows, such as
arctic regions. Although there will always be the need for an on-site vessel to provide general survey
support, investigate anomalies, and conduct deeper water surveys, many less accessible areas can now
be surveyed safely and rapidly by flying above traditional hazards such as shoals, rocks, coral heads,
waves, and ice.

Efficient Data Collection

The need for faster and more efficient techniques for charting shallow coastal waters led to the
development of airborne bathymetric systems. In 1978, the Defense Mapping Agency (DMA) estimated a
backlog of over 200 ship-years for coastal surveys. An airborne system flying at a speed of 110
meters/second could survey 20,600 square kilometers (kmz) in one year of 200 flight hours. The Naval
Oceanographic Office estimated that obtaining this quantity of data with a conventional survey ship would
require 13 years.

The production of the lidar (laser radar) system varies with the lengths of lines that can be flown in a
given area. In operational surveys between 1985 and 1987, the Larsen 500 completed 190 km?® at
Cambridge Bay in ten hours, 290 km? at Simpson Strait in 14 hours, and 642 km? off the west coast of
British Columbia in 30 hours. Mike Casey of the Canadian Hydrographic Service has estimated that a
particular survey costing $1.5 million on a ship equipped with three launches could be done for $500,000
with the lidar system.

Australia's area of primary concern is the 2 million square kilometers of water over the continental shelf,
which to date is only about 40% surveyed. The completion of this area with existing techniques has been
estimated at 40 to 50 years. About half of this area is less than 50 meters deep, and one quarter is less
than 30 meters deep, making it ideal for laser surveying. In a simulated operational survey in 1983, the
Australian WRELADS Il system covered an area of 3 km x 30 km off Fremantle, Western Australia, in a
single four-hour sortie with a data success rate of over 95%. Depths greater than 50 meters were
measured.
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An airborne lidar bathymeter can be thought of as an echo sounder that uses a beam of light rather than
sound. It achieves substantial advantage by operating at aircraft speeds rather than at ship speeds and
by scanning across the flight path, thus covering a wide swath along each flight line. The pulsed laser
beam is scanned about +£15° off nadir by a rotating mirror to cover a swath several hundred meters wide
from aircraft altitudes of 200 to 500 meters. Although some systems are installed in large aircraft such as
the Navy P-3, the size/weight/power requirements are compatible with twin-engined commercial aircraft
and mid-sized helicopters. Positioning of the aircraft has been accomplished with short- or medium-range
microwave systems, but such ground-based equipment is inefficient, and plans for the future involve the
Global Positioning System.

How Lidar Bathymeters Work

Conceptually, the water depth is calculated from the time difference between laser pulse reflections from
the water surface and the sea bottom. The resulting waveforms, which must be resolved with nanosecond
accuracy, are received by a telescope in the aircraft, detected and amplified by a photomultiplier tube,
further amplified, digitized, and recorded on magnetic media for post-flight processing. The amplitude
difference between the strongest surface returns and the weakest bottom returns is about six orders of
magnitude, and it can occur within tens of nanoseconds. Apportioning this very large dynamic range
among the receiver components, so that none are overloaded, is a key element of system design.

The sounding laser pulse must be in green or blue-green wavelengths to maximize penetration of the
water column. A colinear infrared (IR) beam, which does not significantly penetrate the water, is typically
used to detect the water surface, because the origin of the green surface return can be ambiguous
(between the interface reflection and the volume backscatter signal from particulate material immediately
beneath the interface). If an IR interface reflection is not received due to insufficient capillary wave
structure on the surface, the green volume return can be used to mark the location of the surface, if the
appropriate bias corrector is applied.

A frequency-doubled Nd:YAG laser is particularly useful, as it provides a 1,064 nanometer IR signal along
with the 532 nanometer green wavelength. The laser beam is made eye-safe to observers by expanding
the divergence to illuminate a spot about a meter in diameter at the surface. The pulse repetition rate of
the laser ranges from tens to hundreds per second, depending on the spatial sounding density desired.
Temporal pulse widths no greater than 5 to 7 nanoseconds are needed to provide the necessary depth
measurement accuracy and shallow water resolution.

The system may be flown at night or day. Performance is better at night due to lack of solar background
noise, although most operators will probably prefer to fly in daylight. The system cannot function with the
direct sun "glint" reflection from the surface in the field of view, and hence must not be operated around
local noon. The maximum measurement depth, or penetration, depends strongly on the water clarity
parameters, primarily the diffuse attenuation coefficient, K. For a typical system, the product of the
maximum penetration depth with K is limited to about 3.5 for daytime, and perhaps 5.0 at night. The
daytime penetration is between two and three times greater than can be obtained with passive
(photobathymetry) techniques.

In the water, the tight beam spreads out into a cone of increasing angle due to scattering from entrained
particulates. This beam spreading illuminates an effective footprint on the bottom whose diameter, for all
but shallow depths, is roughly equal to half the water depth. The associated temporal pulse stretching of
the bottom returns can cause depth measurement biases; these have been estimated and can be
corrected in software. Because each pulse measures the height of the water column at that location, the
measured depths must be corrected for the wave height to a mean sea level. This is accomplished
through use of the altimetry information also associated with each pulse.
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Airborne laser hydrography has been critically evaluated through modeling, simulation, and field testing
as an improved technique for performing low-cost hydrographic surveys in shallow waters where present
costs are highest. It was estimated by NOAA's National Ocean Service in 1978 that ALH has the potential
for performing surveys at one-fifth the cost and manpower of conventional, launch-based sonar systems.
Using data on the seasonal optical properties of water in ten typical coastal areas, it was further
determined that large tracts on U.S. East and Gulf coasts and in the Great Lakes can be surveyed by
laser. Careful analysis of depth measurement error sources indicated that required accuracy standards
(typically £30 centimeters, one sigma) can be met through careful hardware design and correction of
known biases in post-flight processing software.

Growth of the Technology

The concept of measuring water depths from the air with a pulsed laser beam grew out of theoretical
studies in the early 1960s, sponsored by the U.S. Navy, related to the detection of submarines. Hickman
and Hogg at the Syracuse University Research Center first reported recognizable bathymetric sea bottom
returns from night tests in 1968.

The field blossomed in the early and mid-1970s with experimental profiling systems successfully tested by
the U.S. Navy, NASA, Optech for the Canada Centre for Remote Sensing, and the Weapons Research
Establishment, Electronics Research Laboratory (ERL), Salisbury, South Australia. In 1977, NOAA,
NASA, and the U.S. Navy conducted successful simulated operational field trials using NASA's second-
generation, Airborne Oceanographic Lidar scanning system built by AVCO Everett Research Laboratory.
In Australia, the WRELADS Il second-generation scanning system was successfully tested around their
coastlines between 1979 and 1984. In Canada, Optech Inc. added a scanner to their Mark Il profiling
system in 1983, and this configuration became the Larsen 500 that began field work in 1985. In 1987, the
U.S. Navy Laser Sounder, part of their Airborne Bathymetric Survey (ABS) system to be operated by the
Naval Oceanographic Office (NavOceano) was tested with partial success. Most recently, Optech Inc. has
just delivered a new system for operational evaluation by the Swedish Hydrographic Service.

With the above successes, both the U.S. Navy and Australian programs, which were originally due to field
systems in the mid-1980s, are still underway. In proceeding to turn-key operational systems, both
programs opted for highly ambitious, revolutionary approaches that were frustrated by a combination of
management, technical, and budgetary problems. In order to maximize performance, several of the
critical components of the system, such as laser and waveform digitizer, are continually pushed to the
leading edge of technology and not commercially available "off-the-shelf.” The successful systems to-date
have been evolutionary and designed around existing hardware.

In 1984, the WRELADS Il system was the most sophisticated and most successful in the world. It was
carefully developed and proven in the field over five years by ERL at the renamed Defence Research
Centre, Salisbury. Contracting for an up-graded commercial copy known as LADS (laser airborne depth
sounder), complete with post-flight processing software, then met with serious problems and delays, and
new bids have been entertained. The Australian project office recently rejected three bids for construction
of LADS because all were over a substantial budget ceiling. Revised proposals were reviewed for an
expected January 1989 award. Delivery of an operational instrument will require at least three more
years. WRELADS Il was unfortunately decommissioned.

The U.S. Navy ABS laser sounder system has been developed for NavOceano by the Naval Ocean R&D
Activity and the Naval Air Development Center. It is designed both for stand-alone use and to provide
calibration for depth data derived from passive multispectral-scanner radiances. Originally designated
HALS for Hydrographic Airborne Laser Sounder, this development also fell prey to contracting problems
in the early 1980s. Although resurrected through continued support from the Defense Mapping Agency
and tested with partial success last year, the HALS hardware has become obsolete and worn out.
Options for updating the design and hardware are currently under consideration at NavOceano.
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In the latest development, under a multi-phase contract with the U.S. Army Corps of Engineers, Optech is
currently designing the Helicopter Lidar Bathymeter System (HLBS) for use on Corps projects around the
country. A new cost-benefit study is being made for these small-scale, site-specific applications. The
decision to commence construction and testing was scheduled for January 1989. It is planned that, like
the Larsen 500 in Canada, this system would be transferred to private industry in the United States, thus
allowing for future contracting of commercial laser surveys. This would be attractive to NOAA's National
Ocean Service, which has chosen not to incur the up-front cost and development risks of a dedicated
system. Additional systems are expected in Europe in the next few years.

Scenarios and Software

Operational scenarios have been developed by each of the major players. These vary considerably
depending on user requirements, but standard considerations are items such as selecting areas of
highest priority and success probability, location of suitable airfields, availability of air space, range from
airfield, day vs. night operation, flight duration and altitude, optimization of flight lines and times,
horizontal and vertical control, seasonal and daily variations in water clarity, weather, coordination with
supporting vessels for filling gaps and “item” investigation, and multiple targeting for small projects.

One of the features of an ALH system is its ability to generate huge amounts of data very rapidly. Real-
time depths can only be calculated for a fraction of the soundings to act as a rough quality control. A
critical part of any ALH development is the design of totally automated post-flight data processing. The
data rate which provides the benefits is a two-edged sword. At 200 pulses per second, the sounder
records 0.72 million waveforms per hour. This data must be processed between flights to ensure integrity.
The computer time required for data processing can be considerable (as much as twenty times the
acquisition time), and its reduction to the realm of two- or three-to-one is hence a major area of effort.

The ground processing system must be able to calculate a corrected depth for each waveform, assign a
position to each depth, and compress those x,y,z results into a product that interfaces with the following
verification and chart production procedures without totally overloading that facility. This software must be
in place as part of the overall system design for the ALH tool to be useful. Existing verification and
production philosophy and procedures have evolved over the years and are oriented toward the
characteristics of sonar returns. It is likely that minor modifications in these procedures will be necessary
to accommodate the advent of airborne laser surveys.

Coming of Age

There is no question that the basic technique works and is cost-effective under appropriate operational
scenarios. The key issues of maximum penetration depth and depth measurement accuracy have been
satisfactorily resolved in hardware and software, although somewhat differently for each system. It is clear
that efforts have been duplicated in the development of too many diverse, competing systems around the
world. Standardization would be a boon to commercial and military applications alike. Right now, Optech
appears to be closest to being able to supply that standard.

Airborne laser hydrography is slowly coming of age. The Larsen 500 tackles new locations each year, but
the larger promise is only partially fulfilled at present. Problems posed by this evolving technology are
numerous and complex, but great strides have been taken. The benefits of the technique are recognized
world wide, and with continued dedication the promise will reach fruition. The field is dynamic and is ripe
for entrepreneurial development and marketing of the service.
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