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Chapter 8
Airborne Lidar Bathymetry

Gary C. Guenther

INTRODUCTION
Airborne laser (or lidar) bathymetry (ALB) is a technique for measuring the depths of moderately
clear, near-shore coastal waters and lakes from a low-altitude aircraft using a scanning, pulsed
laser beam (Hickman and Hogg, 1969; Guenther and Goodman, 1979; Penny and Phillips, 1981;
Guenther, 1985; Muirhead and Cracknell, 1986; Guenther, 1989; Estep, 1993). It is also known as
airborne lidar hydrography (ALH) when used primarily for nautical charting.  The more generic
term, ALB, will be used predominantly throughout this chapter. The term “lidar” is an acronym
which stands for LIght Detection And Ranging, but, as with “sonar” and “radar”, it is in such
common usage that it has become a word in its own right and is no longer capitalized.

Why is this technology important? It is well known that the hydrographic charts for many of
the world’s coastal areas are either out of date or nonexistent (Nordstrom, 2000). Almost 50% of
the maritime states have no national hydrographic capability; developing coastal nations often
lack adequate data and charts. The overall status of hydrographic surveying and nautical charting
world wide is rated in the range from “poor” to “fair” (UN, 1989). Conversely, the use of coastal
areas by commercial and recreational concerns is growing at a rapid pace. There is reason to
believe that hydrography, in the U.S. and around the world, is in a state of crisis regarding the
ability of professional hydrographic organizations to provide the needed and desired products
within their budgets and in a timely manner (Featherstone, 2001). Additionally, coastal zone
engineers and managers need coastal bathymetric data for a wide variety of environmental
applications. A technology that can deliver faster and cheaper shallow-water surveying for both
hydrographic and bathymetric purposes is critically needed. ALH/ALB is that technology.

Based on many years of operations, ALB has proven to be an accurate, cost-effective, rapid,
safe, and flexible method for surveying in shallow water and on coastlines where sonar systems
are less efficient and can even be dangerous to operate (LaRocque and West, 1999; Wellington,
2001a; Skogvik and Axelson, 2001). In addition to traditional nautical charting, applications for
bathymetric data, such as monitoring engineering structures and the movement of sand, environ-
mental protection, and resource management and exploitation, are expanding rapidly (Wozencraft
and Millar, 2005). The growth in the recognition, utilization, and demand for ALH and ALB
surveys has become explosive around the world and is beginning to outstrip availability.

The costs of operations for all current ALB systems are reported most often as 15-30% of the
standard survey cost, depending on location, depth, and survey density. Soundings are densely
spaced, typically on a 2-5 meter grid, within a wide swath under the aircraft, whose width is
typically greater than half of the aircraft altitude. Gross coverage rates as high as 77 km2/hour (23
nmi2/hour) are reported (Wozencraft and Lillycrop, 2003). The major limitation is water clarity. For
areas with very clear water, the advantage of surveying a wide swath at aircraft speeds can be
obtained for depths as great as 50 meters or more. Only in this way can the enormous survey
backlogs of many countries (UN, 1989) be significantly reduced in a timely manner. The fact that
airborne lidar can also measure land topography and survey simultaneously on both sides of the
land/water boundary (Guenther et al., 1998; Irish et al., 2000; Wozencraft and Lillycrop, 2003) is
highly beneficial and attractive to coastal engineers. Figure 8.1 presents a graphic comparison of
lidar and sonar operations in shallow water.
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Figure 8.1  Depiction of lidar and multi-beam sonar operation in shallow water to emphasize lidar capabilities
and efficiency. See color plate in Appendix C.

The essential qualities required for a successful ALB system are accuracy, capability, and
cost effectiveness. Over the past twenty-five years, developments in lasers, optics, electronics,
and computers have made it somewhat easier to construct viable airborne lidar systems with
varying purposes, and an increasing number are being constructed (mostly for topographic use).
Fewer than ten airborne lidar bathymeters exist in the world today, however, because of the
complexity, the large initial monetary investment which must be amortized, relatively limited (but
rapidly growing) demand, and because it remains a challenge to meet vertical accuracy standards.
It is relatively easy today to build a lidar system that can detect the sea bottom, and it is not hard
to get approximate depths from a system. It takes a great deal of understanding and effort,
however, as with shallow-water multibeam sonar, to obtain depths (and elevations) that will meet
international vertical accuracy standards and the operational requirements of the typical customer
(Guenther et al., 2000). A great deal of care, time, and money has been put into the design,
construction, testing, calibration, and operation of the present ALB systems to ensure that they
meet the accuracy standards of the International Hydrographic Organization.

Two basic system strategies are in current use. Several bigger ALB systems are permanently
installed in larger aircraft with the capability to execute lengthy survey sorties or transit long
distances to remote survey sites. Other more compact systems have been designed for efficient
mobilization and demobilization in somewhat smaller and less expensive “aircraft of opportunity”.
Both types can be deployed world wide and can exhibit similar performance specifications. The
trend is toward smaller, lighter, cheaper, more flexible systems which can be flown in smaller
aircraft and fielded in larger numbers, as survey tools, with no loss of performance (Lillycrop et al.,
2001). Newer systems are often paired with complementary airborne sensors and more powerful
lidar processing algorithms that characterize more aspects of the marine environment than just
depths or elevations (Tuell and Park, 2004; Tuell et al., 2005a).

This chapter presents the numerous applications for which the technology is used. How it
works, in terms of requirements, theory, hardware design strategies, performance, and limitations,
is described. The features and capabilities of systems currently in use are examined. Factors
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affecting costs are analyzed, and comprehensive comparisons with overlapping systems and
technologies are discussed for bathymetry and coastal zone mapping. Detailed information is
provided on operational procedures, including calibration, tides, horizontal positioning, mission
planning, data processing, and products, that have been developed to provide the basis for
systems which will meet required accuracy standards while maintaining efficiency and cost-
effectiveness. The chapter ends with a thorough examination of where this inviting new approach
to shallow-water surveying is headed.

Quality control is integrated throughout the hardware, software, procedures, and production
aspects of ALB systems and will hence be integrated throughout the corresponding sections of
this chapter rather than being presented as a separate topic. A major emphasis of this chapter is
how recognized error sources are managed and how accuracy is obtained and maintained from
sensor to chart. The primary considerations in the design, construction, and operation of an
airborne bathymeter must be data quality, depth measurement accuracy, and automation. Both the
physical environment and system hardware components contribute error sources that must be
overcome. This requires thoughtful hardware and software system design and construction
(Guenther et al., 2000), as well as the prediction, modeling, and application of appropriate correc-
tors (Guenther, 1985). Operational procedures for quality control, calibration, and maintenance
must be established and followed. Although data processing must be largely automated, as
dictated by data collection rates as high as 10.8 million soundings per hour, limited manual
interaction during data processing continues to be a critical step.

The quantum leap from sound to light has been made. The first steps have been taken with
excellent and exciting results. As of spring 2006, eight systems are presently engaged in ALB
operations. Several of the current-generation bathymetric systems have been operating success-
fully for over twelve years for diverse applications. The accuracy, capabilities, and cost-effective-
ness of these novel bathymeters are now being widely recognized and respected by the user
community, and demand for contract surveys and new systems is increasing rapidly. Several new
systems are on the drawing board, and prospects for expanded services and new products are
very positive.

USER APPLICATIONS
Airborne lidar bathymetry is an accurate, capable, and highly cost-effective alternative to tradi-
tional, waterborne sonar in areas with appropriate depth and water clarity. With the production of
high-density, three-dimensional digital bathymetric data, it offers a number of important products,
services, and applications in coastal waters. Under appropriate circumstances, finished survey
products may be delivered within 24 hours (Sinclair, 1999b; Lillycrop et al., 2000). ALB is often
optimal in relatively shallow areas where sonar is less efficient.  It can also survey safely in areas
where sonar cannot, including, for some systems, above-water structures and dry land.  ALB is,
however, not a substitute for sonar because ALB surveys are limited by water clarity and depth.
Furthermore, it cannot be expected to detect one-hundred percent of bottom hazards with size on
the order of a one-meter cube unless an expensive, unusually high-density survey is conducted.
Regions where ALB and sonar capabilities overlap are thought of as areas of cooperation rather
than of competition.

Operational ALB systems have been and can be deployed to locations around the globe.
Applications for ALB (Cunningham et al., 1998; Sinclair, 1999b; Irish et al., 2000; Wellington,
2001a) include bathymetric surveys of large offshore coastal areas, islands, coral reefs, navigation
channels, lakes, ports and harbors, shore protection projects such as jetties and breakwaters,
beaches, shorelines, mud banks, and dredge disposal sites. Surveys have been completed
economically and safely in disparate areas. These include everything from large, relatively
shallow, mostly flat areas with sink holes and patterns of sand waves, as in the Bahamas
(LaRocque and West, 1999), to complex areas composed of myriad small islands, channels, and
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shallow banks, as in Norway (Sinclair, 1999a) and Sweden (Skogvik and Axelsson, 2001), to deeper,
rocky areas rife with pinnacles which pose a serious danger to surface vessels, as in New Zealand
(Graham et al., 1999; Sinclair, 1999b).  Large, stable regions, such as coral reefs, can be surveyed
one time only, while rapidly changing areas like the sandy coast of Florida, 40% of which is
suffering serious erosion, may be surveyed every year or two to monitor change (West and
Wiggins, 2000b).

Each existing ALB system has begun with a specific concept of operations, but, through use
and experience, new applications have evolved or been identified as well suited for airborne lidar.
Today’s primary missions are nautical charting, port and harbor surveys, coastal zone mapping,
and military applications.

Large-scale nautical charting has been the chief survey requirement for most of the airborne
lidar survey systems. This is due to the enormous backlog in the production of modern charts
needed for safe navigation world wide (Setter and Willis, 1994; Nordstrom, 2000; Featherstone,
2001). A large percent of the backlog areas is in relatively clear, shallow waters (less than 50 m)
which are well suited for ALB. This mission requirement is not likely to diminish over the next 20
years because even though tens of thousands of square nautical miles have been surveyed with
LARSEN, LADS, Hawk Eye, SHOALS, LADS Mk II, SHOALS-1000, CHARTS, EAARL, and Hawk
Eye II, many more times this area is in critical need of surveying. These systems will be discussed
in later sections. ALB is particularly important for use in complex coastal areas because of its cost,
speed, and safety. Nordstrom (2000) said it succinctly for the Swedish Maritime Administration:
“the use of a helicopter-borne laser-beam system (in Sweden) is essential, especially in shallow
and narrow waters in the archipelagos.”

Port and harbor surveying is a similar requirement (Irish et al., 1995), but one whose goals are
to define navigation channel conditions for safe navigation and to determine and quantify
potential dredging requirements. These surveys are typically concerned with harbor approaches
and the condition of the navigation channel in terms of sediment shoaling. The most successful
surveys are in harbors that have good flushing and mixing with clearer ocean waters. This mission
requirement is not expected to diminish over the next 20 years as the need for deeper navigation
channels, prone to shoaling, is expected to grow.

Perhaps one of the more rapidly growing survey requirements is for large regional surveys to
map, monitor, and manage coastal shorelines (Watters and Wiggins, 1999; Wozencraft and Irish,
2000; Strock, 2006). This is particularly true along sandy shorelines that are subjected to severe
storms, but also along more stable, even rocky shorelines where the effects of storm waves and
flooding are of concern. Natural boundaries are eroding, and entire land masses disappear as new
ones grow. Over the past few years, requirements for this application emerged in diverse locations
such as Canada, Italy, the Marianas Islands, the Middle East, Spain, Portugal, the United King-
dom, Puerto Rico, and many of the coastal states in the United States, to name only a few ex-
amples. At the federal level in the United States, the Army Corps of Engineers has established a
national coastal mapping program designed to map the entire coast on a cyclical basis. ALB flown
with complementary sensors is the main source of data for this program (Wozencraft and
Lillycrop, 2006). This survey requirement is expected to increase over the next 20 years, driven by
growing potential for property damage associated with increased population along the coasts of
the world and fueled by the need for responsible shoreline growth and management.

The development of airborne lidar systems originated with military requirements for subma-
rine hunting (Sorenson et al., 1966). Although the ability to measure bottom depths was originally
somewhat serendipitous, it was not long before the military applications of ALB were recognized.
One such current application is “rapid environmental assessment” which includes sending
military assets to collect data to characterize potential amphibious landing sites where data may be
dated or non-existent. Sites may be denied areas and may range in size from a few kilometers to
hundreds of kilometers. The support of rapid regional reconnaissance and surveying is an
emerging requirement for which airborne lidar has great potential.
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It is instructive to look at a more detailed enumeration of the diverse uses to which this
technology has already been applied:

Large-area charting for navigational purposes (Pope et al., 1997; Sinclair, 1999b),
Monitoring of shoaling in navigation channels (Irish et al., 1997a),
Support of oil and gas exploration and production (Sinclair, 1999b),
Coastal engineering studies of sediment transport (Irish and Lillycrop, 1997; Irish et
al., 1997b; Wozencraft et al., 2001),
Baseline turning point and Exclusive Economic Zone (EEZ) delimitation (Sinclair,
1999b),
Design and evaluation of coastal engineering structures for shoreline stabilization
(Mohr et al., 1999; Irish and White, 1998),
Monitoring seasonal change (McClung, 1998),
Marine resource and coral reef management,
Fisheries management,
Water level management on controlled lakes (Wozencraft et al., 2002),
Rapid-response storm damage assessment after hurricanes such as Opal (Morang et
al., 1996),
Establishment of sediment budgets and monitoring sand as a local resource (West
and Wiggins, 2000b),
Storm surge modeling (West and Wiggins, 2000a),
Resolution of historic bathy/topo shoreline inconsistencies (Parker et al., 2001),
Submarine pipeline planning and construction,
Low impact surveys in ecologically sensitive areas (West et al., 2001a),
Rapid shoreline assessment for tactical military operations (Lillycrop et al., 2000), and
Strategic defense applications.

As a bonus, several of these requirements can sometimes be satisfied simultaneously (Ebrite
et al., 2001).

The primary advantages of this technology are that it provides:
the ability to perform surveys accurately and quickly, in both large and small project
areas, in a more cost-effective manner (Enabnit et al., 1978; Sinclair and Spurling,
1997; LaRocque and West, 1999);
the capability to survey where it would be difficult, dangerous, or impossible to use
water-borne techniques (Graham et al., 1999);
the facility to simultaneously survey the sea bottom, the adjacent beach, and coastal
engineering structures (both above and below the waterline) (Guenther et al., 1998;
Mohr et al., 1999);
the mobility to perform yearly monitoring of dynamic areas and rapid assessments of
seasonal change (McClung and Douglass, 1999) and storm damage (Irish et al., 1996;
Irish and Truitt, 1995); and
the capacity to quickly complete surveys during favorable environmental windows
in areas which are unavailable to traditional techniques for long periods due to
conditions such as ice cover (Vosburgh and Banic, 1987) or high river flow (Millar et
al., 2005).

ALB is rapidly achieving acceptance in the diverse user community as these capabilities
become more widely recognized and exploited. New capabilities continue to be attained, exciting
new applications are being found, and new products will be developed. ALB provides unique
survey opportunities, capabilities, and products, in shallow water and across the land/water
boundary, which would be worth having even if they cost much more.
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DEVELOPMENTAL HISTORY
The concept of ALB grew out of efforts in the mid 1960’s to use the newly invented laser to find
submarines (Ott, 1965, Sorenson et al., 1966) and as an “airborne laser fathometer” (Sorenson,
1966). The seminal paper confirming the ability to perform near-shore bathymetry was written by
Hickman and Hogg (1969) based on work done at the Syracuse University Research Center.

In the early 1970’s a number of first-generation airborne lidar systems were successfully
tested by the U.S. Navy (Ott et al., 1971; Cunningham, 1972; Rankin, 1975; Witt et al., 1976), by the
National Aeronautics and Space Administration (NASA) (Kim et al., 1975), in Canada (Bristow,
1975; O’Neil et al., 1978), and in Australia (Abbot and Penny, 1975). Much of the early work in the
Soviet Union (Ivanov, 1972), Sweden, and Canada (Carswell and Sizgoric, 1974) was ship-borne. A
system sponsored by the U.S. Air Force was successfully tested from a tower over the Gulf of
Mexico (Levis et al., 1973). Several symposia, co-sponsored by the National Oceanic and Atmo-
spheric Administration (NOAA) and NASA, were convened to establish user requirements and
design goals for the use of the second-generation NASA Airborne Oceanographic Lidar (AOL) for
hydrography (Goodman, 1975; Goodman, 1976).  Successful bathymetric field testing of the AOL
was conducted in 1977 (Guenther and Goodman, 1978; Guenther et al., 1979; Hoge et al., 1980). As
a result, the existence of environmentally-induced biases in both surface and bottom returns were
discovered (Guenther, 1981). Other second-generation systems were built and tested in Canada
(O’Neil, 1981), in Australia (Penny, 1981; Abbot, 1981), and in the Soviet Union (Balandin and
Volodarskiy, 1979). The Canadian system, augmented with a scanner, was also tested in Sweden
(Steinvall et al., 1981). The attractiveness of this technology is that it promises faster and cheaper
accurate shallow-water surveys (Enabnit, 1981).

The 1980’s began with the 4th Laser Hydrography Symposium in Australia; a great many
breakthroughs were reported (Penny and Phillips, 1981). Thereafter, the LARSEN (Anderson et al.,
1983; Banic et al., 1986) was developed in Canada by Optech Incorporated for the Canadian
Hydrographic Service and the Canada Centre for Remote Sensing to support nautical-charting
missions in the Arctic during the few weeks a year the region is ice free. Based on surveys
performed in the   Canadian Northwest Territories, it became the world’s first operational ALH
system (Casey, 1984; Casey et al., 1985; Casey and Vosburgh, 1986; Conrad, 1986; Vosburgh and
Banic, 1987). Additional surveys were conducted in the Great Lakes, the St. Lawrence River, and
off the East and West coasts of Canada. Testing of the Australian WRELADS II was successfully
completed (Penny et al., 1986; Billard and Wilsen, 1986; Billard, 1986a); design and construction
was begun at BHP/Vision Systems on the operational version called LADS (Compton and
Hudson, 1988; Penny et al., 1989) for the Royal Australian Navy. Design and testing of a number
of systems such as the U.S. Navy HALS (Harris et al., 1986; Curran et al., 1988) and the Swedish
FLASH (Alexsson et al., 1990; Steinvall et al., 1992) continued. Three multi-purpose research
systems (GOI, Chaika, and Makrel-II) were actively tested in the Soviet Union (Bunkin et al., 1984;
Abroskin et al., 1986; Abramochkin et al., 1988; Tsvetkov, 1991; Feigels and Kopilevich, 1993a),
and work was also conducted in China on their BLOL (Liu, 1990). In 1988, the U.S. Army Corps of
Engineers began the SHOALS program with Optech (Pope and Lillycrop, 1988; Banic et al., 1990).
The promise is beginning to be realized.

In the 1990’s, LADS became operational in Australia (Setter and Willis, 1994; Nairn, 1994),
SHOALS became operational in the United States (Lillycrop et al., 1993; Lillycrop et al., 1994;
Lillycrop et al., 1996; Lillycrop et al., 1997), and Hawk Eye became operational in Sweden (Steinvall
et al., 1994; Koppari et al., 1994; Steinvall et al., 1997). LADS is flown in a dedicated Fokker F-27
fixed-wing aircraft. SHOALS originally operated from either of a pair of NOAA Bell 212 helicopters,
while two Hawk Eye systems were borne in Bell 212 and Boeing Vertol helicopters. The LARSEN
system continued to perform in a variety of fixed-wing aircraft (Hare, 1994). Late in the decade,
SHOALS added the capability of using kinematic GPS (KGPS) as an optional vertical reference
(Guenther et al., 1998); this permits topographic mapping over land to be conducted in conjunc-
tion with bathymetric missions and also permits operation without concurrent tides data.  The
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pulse-repetition rate of SHOALS was doubled (Irish and Lillycrop, 1999), and the system was
transitioned from the helicopters to a deHavilland Twin Otter (Dash 6) fixed-wing aircraft
(LaRocque and West, 1999). The LADS Mk II system, with many added capabilities such as a
much higher pulse-repetition rate and improved computer and navigation functions, was built by
Tenix LADS Corp. to perform contract surveys world wide and became operational in a faster
deHavilland Dash 8 200-series aircraft (Spurling and Perry, 1997; Sinclair, 1998). The promise has
come to fruition.  ALB surveys have proven to be accurate, rapid, flexible, and significantly less
expensive than waterborne surveys in appropriate locations.

ALH surveys were conducted by the government hydrographic agencies of Australia and
Sweden with their dedicated LADS and Hawk Eye systems, respectively, and contract surveys
with LARSEN, SHOALS, and LADS Mk II were widespread for a variety of applications. The
governments of Canada, Australia, Mexico, New Zealand, Norway, Indonesia, Barbados, Puerto
Rico, the United Arab Emirates, and Finland, and also NATO, contracted surveys with the above
systems, as did commercial organizations such as gas and oil and ocean engineering companies.
Contracts were also let by various U.S. federal and state government agencies such as the Army
Corps of Engineers, the Navy, the Geological Survey, NOAA’s National Ocean Service, the Federal
Emergency Management Agency, and the Florida Department of Environmental Protection.

The first decade of the 2000’s has been a time of busy surveying (Wozencraft and Lillycrop,
2006), of the development of new systems, of a breakthrough into the commercial arena, and of
thoughtful planning for a bright future. The pace-setting LARSEN, the world’s first operational
ALB, active for an impressive 16 years, was retired in 2001 (R. Quinn, personal communication,
2006). Wellington (2001b) reported the addition of topographic ability for LADS Mk II.  The
SHOALS system was upgraded to 1000 pulses per second (pps) (LaRocque et al., 2004;
Wozencraft, 2002) and 3000 pps.  A SHOALS-1000 system was purchased by the Japan Coast
Guard (Iwamoto et al., 2004).  USACE obtained a SHOALS-3000TH system called “CHARTS” with
new, high-rate topographic and hyperspectral capabilities (Wozencraft and Millar, 2005; Tuell et
al., 2005a). Optech built an additional SHOALS-1000T “demo” system which can be made avail-
able for use by interested parties.  Most notably, Fugro Pelagos became the first commercial
surveyor to purchase an ALB system when they received a SHOALS-1000T (Lockhart et al., 2005).
The NASA Experimental Advanced Airborne Research Lidar (EAARL) of unique design (Feygels
et al., 2003) was fielded in 2001 (Wright and Brock, 2002) to provide topographic and limited
bathymetric surveys combined with imagery from a down-looking RGB digital camera and a high-
resolution multi-spectral color infrared (CIR) camera, often in support of U.S. Geological Survey
projects.  Recently, a new consortium called Admiralty Coastal Surveys AB was formed in Europe
to develop and provide surveys with the Hawk Eye II system built by Airborne Hydrography AB
in Sweden.

As this is updated in 2006, eight systems are engaged in operational hydrography.  Looking
ahead, plans are underway for a new system for the Royal Australian Navy to replace their work-
horse LADS, and design has begun for a next-generation system for USACE, to be built by
Optech International (Kiln, MS) in conjunction with the University of Southern Mississippi, called
the Coastal Zone Mapping and Imaging Lidar (CZMIL), which may include some exciting new
technologies.
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CONCEPT

The Challenge
The accuracy standards generally accepted for hydrography are established by the International
Hydrographic Organization (IHO) in Monaco and disseminated in Special Publication 44.  The
current version is the 4th Edition (April 1998); this is also excerpted in Federal Geographic Data
Committee (FGDC) Geospatial Positioning Accuracy Standards, Part 5: Standards for Nautical
Charting Hydrographic Surveys (see Chapter 3 of this book). Many hydrographic surveys are
conducted to “Order-1” specifications, with some at “Special Order” for shallow shipping
channels, and some, typically in waters deeper than 30 meters, at the less demanding “Order-2”
(Engstrom and Axelsson, 2001). In its simplest form, the Order-1 vertical-accuracy requirement for
shallow water hydrography can be paraphrased as a total of ±0.50 m (95%) from all sources,
including tides.

The operational production of reliable ALB depths accurate to these IHO standards involves
detailed understanding of the characteristics of the laser and optics, of the data collection
electronics, and of a number of physical interactions between the laser beam and the environment.
Each of these factors contributes important error sources that must be ameliorated (Guenther,
1985). The development of a system must begin with proper hardware and software design in
which all major error sources are recognized and minimized so that flight data have desirable
characteristics and all necessary system outputs are available (Guenther et al., 1996; Guenther et
al., 2000). The detection requirements for small objects on the sea bottom, also covered in S-44,
are a further difficulty which will be discussed separately. The corresponding Order-1 horizontal
requirement of 5 m (95%) is not as hard to meet using modern Global Positioning System (GPS)
techniques.

There is a danger to believe that, if a generic water-lidar system can detect returns from the
sea bottom, it can be used as a hydrographic system. That is not necessarily the case, because
one of the biggest problems that must be solved in the design of a bathymetric lidar involves the
accurate and reliable determination of the location of the air/water interface, for each laser pulse,
for a wide variety of environmental circumstances (Guenther et al., 1994). For reasons that will be
detailed, the use of green “surface” returns alone has not been considered to be an acceptable
solution. It is necessary to have a surface detection channel at a wavelength such as infrared (IR)
which has no significant penetration into the water (Tyler and Preisendorfer, 1962). In order to
maintain the highest accuracy for every laser pulse, to not restrict the operational envelope, and
to cover full ranges of water depths and environmental constraints, it is beneficial to have a
second surface channel at the Raman-shifted green wavelength in the red. In the future, the
development of sophisticated software routines may enable the use of green surface returns for
the accurate determination of the air/water interface location.

A second generic problem that must be solved is the handling of the more than six orders of
magnitude of amplitude dynamic range between strong water interface returns and weak bottom
returns. That difference, which occurs in only a matter of tens or hundreds of nanoseconds, must
be handled by the detector without anomalous effects and must be compressed into the useful
input range of the digitizer, which is typically only two or three orders of magnitude. The choice of
the scan pattern and beam nadir angle(s) has a major impact on this aspect of system design.

The laser transmitter is one of the most critical system components. The requirements for an
ALB laser in terms of pulse energy, pulse-repetition rate, pulse width, beam quality, lifetime, and
reliability in the field under flight conditions seem to be only a little easier to achieve with today’s
technology than they were 25 years ago. Appropriate lasers have continued to be custom units
not generally available off the shelf, and their performance cannot be taken for granted.

These challenges have been successfully met by several manufacturers, and operational ALB
systems are providing highly productive, low-cost surveys at many locations around the world.
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Theory
The general technique of ALB (Guenther, 1985; Guenther and Goodman, 1978; Hoge et al., 1980;
Guenther and Thomas, 1983) involves the use of a pulsed laser transmitter with both green and IR
output beams. [A continuous-wave (CW) heterodyne approach was studied (Mullen et al., 1996)
but was not fielded.] Green is selected for sea bottom detection because that is the wavelength
which penetrates typical coastal waters with the least attenuation (Jerlov, 1976). This very
penetration causes it to be a less than satisfactory sea surface detector under some circum-
stances. Infrared light penetrates very little and can be used for unambiguous detection of the sea
surface location for most wind conditions. Depending on system design, the IR beam may be
nearly collimated and scanned collinearly with the green beam, or it may be broader and con-
strained at nadir. Red energy generated in the water from green-excited Raman backscatter
(Walrafen, 1967) immediately beneath the air/water interface (and from incidental laser-induced
fluorescence) may also be used as a surface return by correcting its arrival time to the interface
(Guenther et al., 1994). The problem of accurate and reliable surface detection across the entire
operational envelope is more complex than can be dealt with here. The reader is directed to the
“Water surface detection strategy” section of Guenther et al. (2000) for more details.

A conceptual green lidar return waveform (amplitude vs. time), as seen in an airborne receiver,
is shown in Figure 8.2 with the three principal components — surface return, volume backscatter
return, and bottom return — identified. Volume backscatter denotes the signature of pulse energy
reflected from particulate materials in the water column. The amplitudes of the green interface
returns vary statistically with wind/wave conditions over many orders of magnitude because they
depend on surface wave-slope statistics. The amplitudes of the near-surface, green volume-
backscatter peaks are generally relatively constant because they depend on water clarity.
Although the interface return component is illustrated in Figure 8.2 as being roughly equal in
magnitude with the volume return to which it is added, this is not generally true. The interface
component can be significantly stronger or weaker on a pulse-to-pulse basis (Guenther and Mesick,
1988b). If the green interface return is significantly weaker than the volume-backscatter return, the
latter may be incorrectly detected as the surface. The resulting surface time bias (and hence depth
bias) is unacceptably large (Guenther, 1986). For this reason, the use of generic green surface
returns is problematic, and a system using only green pulses is generally unsuitable (Guenther et
al., 1994; Guenther et al., 2000) except for unique technical approaches involving extremely short
laser pulse widths and tiny receiver field of view and/or the application of an innovative software
solution. The logarithmic slope of the volume backscatter can be used as a measure of water clarity.

Figure 8.2  Schematic green lidar waveform showing the three principal signal components.
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In turbid waters, the volume backscatter can be a limiting noise source for the bottom return.
The transmitted green laser pulses are partially reflected from the water surface and from the

sea bottom back to the airborne receiver. The arrival time differences between the surface and
bottom returns, representing the round-trip times through the water column, are typically on the
order of tens or hundreds of nanoseconds. With knowledge of the speed of light in air and water
and the beam nadir angle in water, distances to the local sea surface and bottom could be calcu-
lated by measuring the times of flight of the pulses to those locations. These measured surface
and bottom distances at each pulse location could be differenced to provide local water-column
depths, but this is not the desired result.

The required product may be the mean water depth at each pulse location with respect to a
tidal datum such as “mean lower low water” (MLLW) or “lowest astronomical tide” (LAT), or it
may be the bottom elevation with respect to a given ellipsoidal datum. In the former case, the
mean water level, and wave heights about it for each pulse, are first estimated by modeling a large
number of surface return distances in a so-called wave-correction algorithm. These models may
use Kalman filters (Billard, 1986a) or other sophisticated techniques (Thomas and Guenther, 1990)
involving the use of vertical acceleration data (Krabill and Swift, 1981b). The mean water depths at
each pulse location at that time are then determined by differencing the bottom return times from
the mean water level times, converting to distance with the speed of light in water, correcting for
the effect of the measured wave height, and using the water nadir angle to convert from slant
distance to vertical depth. Unlike the situation with sonar where the speed of sound is a some-
times elusive quantity and can lead to large depth errors, the speed of light in water is only a very
weak function of salinity and temperature and can be easily handled, for example, with three
crudely differentiated values representing “fresh”, “brackish”, and “salty”.

For charting purposes, these mean-water-level depths are reduced to the desired geodetic
(tidal) datum with the application of the simultaneously measured tidal time series. Alternately, with
the use of kinematic GPS with on-the-fly ambiguity resolution (KGPS/OTF), also known as post-
processed kinematic (PPK), to establish the vertical datum, instead of using the mean water level,
bottom elevations may be determined directly with respect to the WGS-84 ellipsoid (Krabill and
Martin, 1987), or to any datum known with respect to the ellipsoid, across the project area (Guenther
et al., 1998). In this case, mission concurrent water-level measurements are not needed, and
unlimited topographic surveys may be conducted over land. This greatly improves the efficiency of
surveying both sides of the land/water boundary in areas of irregular coastline geometry.

In practice, the green and IR beams are purposely expanded to a diameter of at least several
meters at the water surface in order to achieve eye-safe operation with sufficient pulse energy to
provide reasonable signal-to-noise ratios. (This is not necessary with EAARL and its low pulse
energies.) More spreading of the green beam in the water is caused by the optical effects of waves
on refraction angles at the water surface. The resulting redirection of the beam also contributes to
small random depth errors (Guenther, 1985). In all but very shallow water, however, most of the
beam spreading, for typical operating conditions, is caused by scattering from particulate materi-
als in the water column.

Although laser beams are commonly envisioned as being highly collimated with a small cross
section (as they are in space or over short distances in air), this is not the case in water. Here, as
seen in Figure 8.3, scattering causes even the narrowest beam to expand into a cone whose interior
angle and cross section increase significantly with depth. [It should be noted that Figure 8.3 is a
cartoon, and the beam spreading depicted has been exaggerated for clarity.] For most operating
conditions, the 3-db (half-energy) beam diameter at the sea bottom will range between ten and
thirty percent of the depth; for extreme conditions near extinction, it could be as great as half the
depth. Related propagation-induced depth measurement biases must be corrected (Guenther and
Thomas, 1984a). The resulting net expansion in irradiated bottom area is beneficial to the detection
probability for significant bottom features (Guenther et al., 1996) but, as with broad sonar beams,
can be detrimental to depth accuracy when very high-relief features are present.
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Approach
Airborne laser bathymetry is a comparatively young and growing discipline which depends on
state-of-the-art engineering in areas of lasers, optics, electro-optics, and electronics. Although
detailed specifications and implementations vary somewhat from system to system, there is a fair
amount of generic commonality because the designs are driven by the same physical principles
and available engineering, and by similar user requirements. Data collection and processing are all
digital. This enables flexibility in product generation to meet varied user requirements and
facilitates fusion with data from other sources. Two competing design philosophies are extant for
full-capability systems, one supplied in North America by Optech Incorporated (Toronto, Ontario),
and in Sweden by Airborne Hydrography AB, and the other supplied in Australia by Vision
Systems Ltd. (now part of Tenix Defence Systems Pty Ltd.). They differ in their scan patterns,
surface detection strategies, and means of handling the signal-amplitude dynamic range. Both
approaches have been extensively demonstrated to provide excellent performance. NASA’s
EAARL offers a different, unique technique based on a combination of very short, low-energy
laser pulses and a very small receiver field of view to achieve good resolution and accuracy in an
all-green system. This provides a system with excellent topo/bathy capability at the shoreline, but
also leads to a limited depth capability (Feygels et al., 2003).

Figure 8.3  Schematic diagram of the effects of scattering on the green lidar beam (not to scale). See color plate
in Appendix C.
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Systems are mounted in both helicopters and fixed-wing aircraft, depending on requirements.
For the former, the transceiver is typically carried in an externally mounted pod, while for the latter,
it is generally mounted internally. Typical aircraft altitudes are in the 200-500 meter range. An
optical scanner provides coverage of a broad swath under the aircraft track. Scan patterns vary
from system to system; with semi-circular, rectangular, and elliptical scans in use. The scan
patterns must be automatically compensated in real time for variations in aircraft roll and pitch in
order to yield swaths with straight edges and even spot spacing. This can be accomplished with a
mirror servoed in two axes under computer control with compensation for attitude measurements
or with a scanner mounted on a gyroscopically stabilized platform.

The maximum scanner nadir angles in use are 15-22 degrees; this leads to surveyed swaths
with widths from fifty to eighty percent of the aircraft altitude. Larger angles would cause unac-
ceptably large pulse timing errors in both surface and bottom returns due to the more extreme
geometry. Coverage is dense; surveys are performed with soundings spaced in a regular pattern.
The densities vary from system to system. Nominal spacings for current-generation systems
range from two to ten meters. These densities are achieved with laser pulse-repetition rates from
168 to 5000 pulses per second or more. Higher sounding densities from the same pulse rates may
be utilized for special purposes with a corresponding decrease in swath width and increase in
survey cost. All current systems have the capability to vary sounding density within certain
limits. An example of SHOALS data collection with a constant nadir angle and 4-m spacing is seen
in Figure 8.4.

Figure 8.4  Example of region and zoom displays of overlapping swaths flown in opposite directions with semi-
circular scan and nearly constant nadir angle. See color plate in Appendix C.
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The laser currently used universally is a solid-state Nd:YAG source which produces radiation
at an IR wavelength of 1064 nanometers (nm). That wavelength is appropriate and used for one
type of surface detection. The bonus is that a fraction of the IR laser output can be diverted and
frequency doubled, in a crystal with nonlinear optical properties, to produce a simultaneous
output at 532 nm, which is the green light needed for penetration of the water column. Recent laser
systems are diode pumped, rather than flashlamp pumped, to provide smaller size, much better
electrical efficiency, and longer lifetimes. All systems are carefully designed to be eye-safe at
operational altitudes; typical green pulse energies are on the order of 5 millijoules, except for
EAARL. Accurate depth measurement requires reasonably-narrow temporal pulse widths; custom-
ary values are under 7 ns, the smaller the better. For a given spatial sounding density requirement,
the area that can be covered per unit time depends on the laser pulse-repetition rate. Higher rates
permit faster aircraft speeds, higher altitudes, and lower survey costs, or higher survey densities
important for small-object detection. This combination of pulse energy and width is not an easy
set of requirements for laser manufacturers to meet at the higher pulse rates noted above.

The laser pulses reflected at two or three different wavelengths from the water surface, near
surface, and sea bottom are detected in the airborne receiver. A typical lidar receiver consists of a
telescope, various optical filters and field-of-view controls, light detectors, amplifiers, analog
surface-detection logic for real-time system control, a digitizer, and a magnetic storage device or
removable hard drive.  Both the transmitter and receiver are operated under detailed computer
control. Light at different wavelengths is split into separate channels for independent detection
and timing. Two types of light detectors, photomultiplier tubes (PMT’s) and avalanche photo-
diodes (APD’s), are in common use, and a typical receiver may contain both.  Details of receiver
design vary widely between systems because various approaches are taken in solving the prob-
lems associated with handling the extremely large amplitude dynamic range between strong surface
reflections and weak bottom returns. Some systems utilize multiple channels and, possibly,
logarithmic amplifiers for this purpose, while others use gain-controlled PMT’s. The returning pulse
waveforms are digitized in one or two-nanosecond increments and stored on magnetic media, along
with a great deal of supporting data, for processing after acquisition, typically on the ground.

Because of the complexity of the environment and of the interactions of the lidar beam with the
environment (such as returns from fish and underwater scattering layers), it has not been possible
to calculate all depths with highest accuracy and reliability in the air in real time. Approximate
depths are calculated in real time for feedback to the system operators for quality-control purposes,
but precise depths, involving more-detailed calculations and a limited amount of manual interven-
tion for difficult cases, are determined on the ground via post-flight processing of digitized and
stored waveforms. In some systems, a down-looking video or digital camera is used to provide a
permanent record of the survey area to assist hydrographers in the identification of shoreline
phenomena, engineering structures, navigation aids, and the origin of anomalous data.

For the interested reader, a complete technology overview is included in Guenther (2000).
This includes more detailed information on the selection and effects of the beam nadir angle,
handling the amplitude dynamic range, parameter measurement accuracy requirements, waveform
recording, the scanner, vertical references, the use of a vertical accelerometer, and other optics
and electronics considerations.

Performance

Coverage Rate
The single most obvious benefit of ALB is coverage rate. Gross coverage rates, in units such as
km2/hour, are easily calculated as the flight speed times the swath width. The less obvious but
controlling factors are the required survey density and the available laser pulse-repetition rate.
These two quantities determine the speeds and swath widths that can be used. Two bounding
examples will be given. On the low end, one can consider a system with a 100-kt speed and a 110-m
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swath width that yields a gross survey rate of 5670 m2/sec which is equivalent to 20.4 km2/hour.
This is easily ten times the rate that could be achieved with a multibeam sonar system. On the
high side, a 175-kt speed with a 240-m swath gives nearly 78 km2/hour, an additional factor of 3.8.
The value of this technology is very apparent.

At the present time, the performance of the systems in the field falls within these bounds.
Net coverage rates depend on many factors such as swath overlap, flight-line length and time
spent in turns, airspace restrictions, and percentage of reflies needed. For a typical day’s work of
one 6-hour mission or two 3-hour missions with a 20% overlap and a conservative 65% on-line
fraction, between 64 km2 and 243 km2 can be surveyed per day. Longer flightlines with more time
on target will increase these to even larger values. If the detection of small objects on the bottom
is required, surveys may have to be flown much slower with a special scanner pattern, or multiple
coverage may be required, to achieve higher sounding densities. For cases such as these, the
productivity of shallow-water multibeam sonar surveys is greatly reduced, as well (Skogvik and
Axelsson, 2001).

Vertical Accuracy
The results from lidar surveys have been compared with sonar surveys many times, by many
different organizations, with excellent results. Results for LADS systems, for example, have been
described on a number of occasions (Setter and Willis, 1994; Nairn, 1994; Sinclair and Spurling,
1997; Sinclair, 1999a).  Perry (1999) reports 95% of soundings within 0.24 meters for a LADS Mk II
benchmark of 84,500 points for depths ranging from 6-30 meters. This significantly exceeds IHO
Order-1 vertical accuracy requirements of 0.50 m.

First field trials of the SHOALS system (Lillycrop et al., 1994; Lillycrop and Estep, 1995)
revealed very accurate performance, and only a few small adjustments were required. Subse-
quently, SHOALS results were compared with an operational NOAA, National Ocean Service
sonar survey (Riley, 1995) in Tampa Bay (Florida) to 20-m depths. The accuracy of SHOALS for
that test was determined to be 0.28 meters at the 95% confidence level. This also greatly exceeds
IHO Order-1 requirements. In a shallow-water comparison with data from the U.S. Army Corps of
Engineers (USACE) “coastal research amphibious buggy” (CRAB) mobile reference platform at
Duck, NC, the SHOALS results were even better (Lillycrop et al., 1997). SHOALS topographic
accuracy was confirmed over an optical test facility at the Stennis Space Center (Mississippi). The
accuracy of Hawk Eye for a variety of trials over natural sea bottoms and large man-made targets,
as described by Steinvall and Koppari (1996), like that for SHOALS, was reported to be 0.28 meters
at the 95% confidence level, well within IHO requirements. Field trials for the U.S. Naval Oceano-
graphic Office Compact Hydrographic Airborne Rapid Total Survey (CHARTS) system included
accuracy assessments for the SHOALS-1000 and SHOALS-3000 (Wozencraft and Lillycrop, 2006).
Accuracy of both systems over a depth range from 7 to 50 meters is 0.30 meters at the 95 %
confidence level. Topographic accuracy of both systems is better than 0.15 meters for both the
infrared and green lasers. Tests of the Japan Coast Guard SHOALS-1000 in Japan demonstrated
horizontal and vertical accuracy results well within IHO requirements for bathymetry and topogra-
phy (Iwamoto et al., 2004). Independent accuracy tests of the SHOALS-1000T carried out by
Fugro Pelagos (Lockhart et al., 2005) indicate lidar depths matching the multibeam control results
to within IHO accuracy requirements at the 98% level for normal bottoms and 93-94% with wrecks
included. In general, accuracy in ALB systems is maintained operationally by various combina-
tions of daily benchmark comparisons or comparisons of depths in swath overlaps and cross-
lines, automated software quality-assessment routines, and regular checks of absolute system
timing and angle calibrations.

It should be noted that, in general, the accuracy of any ALB system degrades somewhat from
the above values for cases of weak signals near the penetration limit, for situations with extremely
dirty water, and for depths associated with steeply sloping bottoms and small targets.  The
environmental problems are avoided by appropriate survey management.

Steep bottom slopes represent a geometry problem and a vertical and horizontal measurement
problem for lidar as they do for sonar. Because of the finite beam width, the tendency is to bias
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the depth toward the shoalest point in the beam, while horizontally the slope moves slightly away
from its true location. Results will also vary somewhat depending on the direction of flight with
respect to the slope because of the off-nadir beam angle (Steinvall and Koppari, 1996). Extremely
sophisticated algorithms would be needed to improve performance for this case. Perhaps a better
way of looking at the situation is to consider that, for the most part, the error is not really a
vertical error, but just a slight horizontal displacement of an otherwise accurate vertical measure-
ment. The horizontal accuracy requirements are generally forgiving enough to accept this shift
without a problem. This can, however, cause a problem with volume measurements in channels
with steep sides and with the apparent size and location of engineering structures. These errors
can be compensated for with appropriate software.

Small objects pose a particularly difficult situation. The maximum detection depth of small
objects on the bottom is less than the detection depth of the underlying bottom. This fact must be
taken into careful consideration by the survey manager. The depth-measurement accuracy of the
objects is somewhat less than for that of the underlying bottom because of geometric effects
involving the finite beam size and the uncertain (random) location of the object within the beam spot.

The hydrographers of Australia, Sweden, Canada, Mexico, New Zealand, Indonesia, Norway,
Japan, and the U.S., to name just a few, have demonstrated by their actions that they are con-
vinced that the accuracy of a well-designed and properly-operated ALH system can meet required
accuracy standards.

Horizontal Accuracy
The location of the sounding is based on three components: the location of the aircraft, the
location of the lidar surface spot with respect to the aircraft, and the location of the bottom
sounding with respect to the surface spot location. The location of the aircraft is determined by
whatever variant of GPS is required to meet survey needs. Practical details are discussed later
under “Operational Considerations”. The location of the surface spot with respect to the aircraft
location is known with very high accuracy by default because it depends on the nadir angle of the
lidar beam and the aircraft altitude above the water surface. Both of these quantities are known to
high accuracy because they are crucial to the vertical measurement accuracy of the system, which
is far more stringent than the horizontal accuracy requirement. One would not expect this compo-
nent to exceed ±0.20 m RMS in a well-designed system.

The effective location of the sounding on the sea bottom relative to the surface spot location
is a far more complex situation because it is subject to uncertainties related to surface waves, the
effect of water clarity on beam propagation through the water column, and bottom topography.
Wave slope effects and water column scattering can increase horizontal error. The existence of
bottom features with high relief can also contribute unique horizontal biases for individual
soundings.

Surface waves affect the direction of beam entry through the water surface on a pulse-to-
pulse basis. The mean direction is the same as for a flat surface, and the RMS variation is a
function of the beam nadir angle arriving at the surface and RMS wave slopes which vary with
wind speed and fetch. There are also factors related to the relative size of the laser spot diameter
at the surface, compared to the wavelengths of the water waves, which make it difficult to achieve
a precise error estimate. Based on airborne measurements of RMS gravity-wave slopes by Cox and
Munk (1954), a reasonable horizontal error estimate for a 20-degree nadir angle and 10-knot winds
is ±0.36 m RMS per ten meters of depth. These are random errors from pulse to pulse.

The effects of scattering in the water column have been described above and pictured in Fig.
8.3. Because the photon paths in the region undercutting the unscattered ray from the surface to
the bottom are shorter, they encounter less total path attenuation. This causes the spatial energy
peak, and hence the effective sounding location, to be located in the undercutting region. The
magnitude of the shift of the effective sounding location from the unscattered ray for a flat
surface depends on various water clarity parameters (such as the scattering phase function and
the single-scattering albedo) and depth. Because these water clarity parameters cannot be known
from the air, the exact sounding location is a bit uncertain. For constant or slowly-varying water
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clarity conditions, this horizontal error will be a bias. The magnitude of this shift has been
predicted by Monte Carlo simulation for various water clarity conditions. The value of the
predicted mean shift, averaged over bounding water clarity conditions, can be applied as a
horizontal bias corrector leaving the variation about the mean as a residual bipolar uncertainty of
reduced magnitude. Depending on circumstances, recommended mean shift magnitudes are on the
order of 10%-30% of the distance from the unscattered ray to the nadir point.  Residual horizontal
errors after the bias correction, which increase linearly with depth, are estimated at ±0.32 m RMS
per ten meters of depth. These are bias errors that are constant from pulse to pulse and vary only
with water clarity properties. The quoted variation relates to the statistical uncertainty of the
water clarity.

The net result of the above effects, on a windy day at a 30-m depth, for example, with
software that applies an appropriate predicted horizontal bias corrector for scattering, is an
expected bias error on the order of ±1 m RMS and an expected random error of  1 m RMS. For most
applications, these errors are well within the overall horizontal error budget.

For low-density surveys, the apparent location of a small object on the bottom detected only
in the off-axis part of a single laser footprint could be shifted by several meters from its true
position. For survey density appropriate to the accuracy and scale of the survey, that same object
will be irradiated on-axis by a neighboring pulse and properly located to within the above toler-
ances. The net effect will be to slightly magnify the horizontal extent of the object.

Limitations
The limitations, as seen below, have proven to be operationally acceptable and, for the most part,
pose no more than logistical problems that are dealt with by appropriate planning and survey
management.

Water Clarity
The most significant limitation for ALB systems is water clarity, which limits the maximum survey-
able depths (Guenther and Goodman, 1978). The maximum surveyable depth is the greatest depth,
at a given time and location, for which depth measurements can be obtained whose accuracy
meets obligatory standards. This requires that the bottom-return signals be reasonably strong and
free from excessive noise so that their arrival times can be accurately estimated. This depth will be
somewhat less than the greatest depth from which weak, noisy lumps of bottom-return energy are
barely detectable in the signal waveforms. The maximum surveyable depth depends on a number
of system hardware, software, and logistical parameters in addition to environmental conditions.
The former include such items as green laser-pulse energy and width, receiver optical bandwidth,
aperture, and field of view, optical system efficiency, electronic noise figures, and flight altitude.
The latter are primarily water clarity, bottom reflectivity, and solar background. Of the environmen-
tal factors, water clarity is by far the more important because it enters as a negative exponential
factor, while bottom reflectivity is a linear factor.

For a typical, eye-safe system, maximum surveyable depths range from greater than 50 meters
in very clean offshore waters to less than 10 meters in murky near-shore waters. For extremely
turbid conditions, surveying may not be possible. It is not uncommon, in a given area, to be able
to survey in deeper water and not in the shallowest water because the water is typically much
clearer farther from shore. As a rule of thumb, for a full-capability system, one can expect success-
ful operations to depths between 2 and 3 times the Secchi depth. [The Secchi depth is an old and
intuitive water clarity measure which is the depth at which a standard white (or black and white)
disc, deployed over the side of a boat, is no longer visible to the human eye (Tyler, 1968).] The
Secchi depth is not a particularly good predictor of performance, however, because its relationship
to the proper optical parameter, the diffuse attenuation coefficient, varies with the scattering-to-
absorption ratio of the water (Gordon and Wouters, 1978). The factor of two applies where the
water has a significant amount of absorption (which reduces energy), while the factor of three is
appropriate for waters dominated by scattering (which redistributes energy). The ratio of scatter-
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ing to absorption in sea water depends on the quantities and types of suspended organic and
inorganic particulates and on the amount of dissolved organic material in the water. This varies
strongly with location, season, tidal cycle phase, and weather.

In the more specific terms of ocean optics, the water property which most nearly dictates the
received bottom-return pulse energy in a well-designed, full-capability ALB system is the “diffuse
attenuation coefficient”, “K”, at the green laser wavelength. The concepts surrounding various
definitions and measures of K are far too complex to describe here (Gordon et al., 1975; Gordon,
1989), but in simple terms, K is the exponential factor by which the downwelling vector irradiance
of the incident light field, at a given wavelength, decreases with increasing depth. The bottom-
return peak power, typically used in ALB pulse detections, decreases slightly more rapidly than
pulse energy with increasing depth due to pulse stretching caused by scattering (Guenther, 1985).
The value of K is very different from the so-called “beam attenuation coefficient”, c, which is the
sum of the scattering and absorption coefficients. For a full-capability system, c is not a good
measure of the maximum surveyable depth. [The ratio K/c, is always less than unity and for green
light typically ranges between one-sixth and one-half for coastal waters. It depends strongly on
the scattering-to-absorption ratio of the water column (Timofeyeva and Gorobets, 1967), often
expressed in terms of the so-called “single-scattering albedo”, and also, to a lesser extent, on the
scattering “phase function” (Guenther, 1985).]

If the receiver field of view (FOV) is sufficient, at the given altitude and depth, to integrate a
major fraction of the returning bottom-reflected energy, the system attenuation coefficient for
pulse energy, “k”, will approach K (Krumboltz, 1979; Steinvall et al., 1992). If the FOV is insuffi-
cient, k tends in the direction of the larger value of c (Gordon, 1982), and a potentially severe
depth penalty will result. The EAARL system was purposely designed in this small-FOV regime
for certain practical reasons (Feygels et al., 2003), and it is for this specific reason that EAARL is
not a “full-capability” system in terms of maximum penetration depths.

The maximum surveyable depth for a given water clarity can be expressed roughly as n/K,
where “n” is a constant. For typical, eye-safe ALB systems, under customary operational circum-
stances, the value of n will be around 3 to 4 for daytime operation and perhaps 5 at night
(Guenther, 1985) but with smaller values for the detection of small objects on the bottom
(Engstrom and Axelsson, 2001). In other words, if, for example, the water clarity can be expressed
in terms of a value of K=0.1 m-1, then one would expect to be able to survey to a depth of 30-40
meters during the daytime. The daytime value of n depends on the extent of solar background and
sun glint present during operations and on the optical filter bandwidth of the system. Nighttime
operation is preferred from a performance standpoint, because there is no sun glint to avoid, and
the shot noise associated with the ambient, reflected solar background in the optical filter
bandwidth is absent. Flying at night for extended periods, at low altitude over water, however,
may be taxing on pilots, and can be more dangerous, particularly near land. For safety and
practicality, most operations are consequently conducted during the daytime, with concomitant
reduction in performance.

In many areas, if the water is too dirty for a survey to be successfully performed on a given
day, it may only be necessary to return to that site at a different tidal phase, or several days later
when the weather has changed, to find acceptably clear water. This is one of the logistics factors
that must be managed in survey planning for ALB systems. Given that many government agencies
involved in bathymetric surveying have a large hydrographic backlog in areas with moderately
clear waters, as well as the need for periodic monitoring in sites with dynamic bottoms, there is
more than enough work within these water clarity limits for a number of ALB systems (Lillycrop et
al., 1995).
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Small-Object Detection
The use for which current ALB systems are not appropriate is in proving, beyond any doubt, that
a navigation channel is free of small objects on the bottom with a size on the order of a 1-meter
cube or slightly larger. ALB is not a substitute for side-scan sonar.  Its spatial resolution is not as
good as for modern high-frequency sonars, and some small targets may not be detected, even if
illuminated (Guenther et al, 1996). The problem is that it is either difficult or impossible, depending
on which part of the laser beam hits the target, to resolve the small target return in the presence of
the much stronger and immediately following bottom return. To be confidently detected, the small
target must be in the part of the illuminated bottom area closest to the aircraft where the light
path-lengths are shorter than those for the remainder of the bottom return energy. Such objects
may not be detected at all for the case of near-nadir beam angles as used by the LADS systems.

The standard, and most-effective, approach for increasing the detection probability for small
objects is to significantly increase the survey density. This technique is expensive and does not
guarantee 100% detection unless the density becomes extremely high. In general, objects with a
combination of larger surface areas and smaller heights (than a one-meter cube) are well detected,
as are objects with reasonably small areas and larger heights (Guenther et al., 1996). This is true
because the target returns for such cases are better separated from the sea bottom returns.  Small-
object detection probabilities become smaller with increasing depth more rapidly than the bottom-
return probabilities, even if water clarity is sufficient, because the ratio of object size to bottom
illuminated area decreases as the laser pulse expands geometrically. The maximum depth to which
a small object can be reliably detected is not nearly as great as the depth to which a relatively flat
bottom can be detected. Survey plans and parameters must be adjusted according to object-
detection requirements (Engstrom and Axelsson, 2001). For example, this problem can be mildly
ameliorated by using a small receiver field of view (Steinvall and Koppari, 1996), but that is an
expensive solution because it increases the spot density requirement and reduces the maximum
penetration depth for flat bottoms.

The reliable detection of small objects on the sea bottom depends on a properly designed
lidar transceiver, sophisticated automated pulse-processing software, a well-designed survey
strategy, knowledge of system hardware and software capabilities, well-trained and experienced
human data processors, and a knowledgeable and attentive survey manager. A failure in even one
of these areas could result in a large object being missed. Such an oversight would not be a failure
of ALB, but, rather, a failure of implementation.

It should be noted that multibeam sonars, by themselves, have the same problem in that it is
also difficult for them to detect one-meter cubes on the bottom (Hughes Clark et al., 1999) for
similar reasons. Modern channel-clearance surveys, such as done by the U.S. National Ocean
Service, for example, require waterborne sonar using a combination of multibeam and redundant
side-scan techniques.

Logistics
Environmental factors, other than water clarity, which can cause problems with ALB surveys
include rain, fog, low clouds, high winds, high waves, surf zone, sun glint, very steep slopes, and
kelp beds (Steinvall et al., 1994; Guenther, 1985; Nairn, 1994). Surveys are not generally conducted
in the rain because the laser beam is severely backscattered to the receiver by the raindrops. The
ALB technique does not operate through fog or clouds. A notable exception, however, is the
typical wisps of morning mist (“sea smoke”) which can form at a few meters’ height over calm
water. Systems using only IR or green surface returns will not perform well here because these
signals are backscattered by the mist, and this can result in false surface heights. A system such
as SHOALS with a red channel to receive water Raman backscatter and laser-induced fluores-
cence can effectively see through light mists without degradation in performance because the
concentration of water molecules in the mist is much lower than in the underlying liquid water.
Heavy sea smoke would degrade performance by reducing green signal strengths. Tropical clouds
can often be defeated by lowering the flight altitude below 500 meters.
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High winds are bad for several reasons. First, they can pose a danger to the aircraft, particu-
larly when flying near coastal mountain cliffs. High tail winds can also pose a problem if the
aircraft is attempting to survey at a ground speed near its stall speed. Second, they cause
whitecaps and large waves that can cause false land detections and degrade system penetration
and accuracy. Third, they create a spray of water drops above the surface that, like mist, can cause
false surface returns at IR and green wavelengths. This is not a problem for a red channel for
water Raman backscatter because, again, the water molecule concentration is too low to create a
false detection. Fourth, strong headwinds and tailwinds can cause changes in survey density if
the pilots fly by airspeed instead of ground speed.

Low winds can also be a problem because capillary waves are needed to reflect the off-nadir
laser energy from the water surface back to the airborne receiver. Without sufficient wind, the
capillary wave slopes are insufficient for this need, and as the interface becomes glassy, the IR
and green interface returns will become unusably weak at larger nadir angles. Again, this is not a
problem for a system like SHOALS with a red surface channel, because the water Raman returns
are received regardless of wind or wave structure (Guenther et al., 1994).  Conversely, with the
glassy case, near-nadir green and IR interface returns can be virtually mirror-like and so exces-
sively strong (Petri, 1977) that they can saturate the receiver and possibly cause anomalous
pulses in the green PMT. This is not generally a problem for systems that utilize larger, nearly
constant nadir angles.

Large wave heights and wave lengths pose problems, both directly and indirectly, for several
reasons. As wave heights grow, the accuracy of the measurements of the mean water level and the
local wave heights degrade, regardless of the surface detection technique. This reduces the
accuracy of the resulting depth or elevation measurements. Larger wave slopes also affect the
direction of the beam as it passes through the interface and add an additional small random depth
error. Perhaps the biggest problem with large waves is that they tend to stir up loose bottom
sediments and cause a significant decrease in water clarity which may prevent sufficient penetra-
tion or which can add a scattering layer above the bottom which can be falsely detected as the
bottom. Interestingly, SHOALS was able to operate successfully in Portugal when the winds and
waves were so great that they forced the survey boats to remain in port (Lillycrop et al., 2000).

Very long wavelengths (swell), can cause a problem with the determination of the mean water
level because of the difficulty of sufficient sampling. This is more of a problem for a system like
LADS which determines the mean water level by averaging across the swath (Penny, 1992) than
for SHOALS which uses a vertical accelerometer and averages a longer and adjustable distance
along the swath (Guenther et al., 2000). Swell is not a problem if KGPS/OTF is used as the vertical
reference instead of the mean water level. The surf zone is a particularly difficult area in which to
work because of the large quantities of foam which can give false land indications, the resus-
pended bottom material which can make the water virtually opaque, and the fact that the correct
mean water level is difficult to discern.

Sun glint is a noise source that, if sufficiently strong, can effectively blind the airborne
receiver. For this reason, operations are sometimes scheduled to avoid flight times around local
noon. LADS, for example, flies its missions in the late afternoon and early evening (Sinclair and
Spurling, 1997). A properly designed receiver, however, can work successfully in moderate glint if
the bottom return signal strength is sufficient.

Underwater masses of kelp growing from the bottom toward the surface provide strong false
returns throughout the water column and, when dense, are nearly impossible to penetrate to the
bottom. Sonar has a similar problem, plus the danger of vessel entanglement. It is possible at least
to delineate the boundaries of the kelp beds. Less obtrusive but nevertheless dense bottom
vegetation may be detected and may cause a slight shoal bias depending on height, density, and
reflectivity.
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CURRENT OPERATING STATUS

Background
As of Spring 2006, eight systems (LADS, LADS Mk II, EAARL, three SHOALS-1000s, CHARTS,
and Hawk Eye II) are in active use around the world. These systems, based on three differing
technical design philosophies, have all proven to be highly effective, and they demonstrate
excellent accuracy. By adding succeeding generations, the venerable LADS and SHOALS
systems have been providing operational hydrographic and bathymetric surveys virtually full-
time for 13 and 12 years, respectively. EAARL has been in operation for the past 5 years, collect-
ing shallow-water bathymetry and topography for projects like coral reef and post-hurricane
mapping. The new Hawk Eye II has recently joined the ranks of available systems.

On the other hand, it is important to note that ALB remains a youthful technique that utilizes
state-of-the-art technology and requires knowledgeable implementation. It is far from mature, and a
new generation of systems and techniques is now being initiated which will improve performance
and availability even more.

The growing list of sites successfully surveyed to date, using the operational systems
described below, includes the Northwest Territories of Canada, many of the coastal areas of
Australia including the Coral Sea, the Timor Sea, the Gulf of Carpentaria, and the Great Southern
Ocean, the East and West coasts of Canada, the East, West, and Gulf coasts of the United States,
the Great Lakes, the St.  Lawrence River, Sweden, New Zealand, Indonesia, Mexico, Barbados,
Alaska, Norway, six of the Hawaiian Islands, the Bahamas, Puerto Rico, the United Arab Emirates,
Portugal, the Madeira Islands, Lake Tahoe, Finland, Guam, American Samoa, Wake Island, the
Republic of Marshall Islands, the Commonwealth of Northern Mariana Islands, the Federated
Sates of Micronesia, the Republic of Palau, the Australian Antarctic Territory, the United King-
dom, Honduras, Okinawa, Kenya, Philippines, Israel, Japan, and Montserrat. Since 1993, LADS
has been used to survey over 100,000 km2 in Australia alone; this is at least 50% of the total area
surveyed by the Royal Australian Navy Hydrographic Service in Australian waters each year
(Sinclair, 1999c). It is fair to say that coverage is world wide, extensive, and expanding.

LADS (Laser Airborne Depth Sounder)
In 1971, only about 15% of the Australian continental shelf, the critical area for safe navigation,
was charted to modern standards (Setter and Willis, 1994). The estimated backlog was 50 survey
years using conventional ship-based acoustic equipment. Half of this area has depths less than 50
meters, and one quarter is less than 30 meters. In 1972, CAPT J.H.S. Osborn, the far-sighted
Hydrographer of the Royal Australian Navy (RAN), asked the Department of Defence’s Weapons
Research Establishment (later the Electronics Research Laboratory of the Defence Science and
Technology Organisation) in Salisbury, South Australia to evaluate whether an airborne lidar
system could be used for accurate, high-speed surveying in shallow water. Two successful
prototypes, WRELADS I (Abbot and Penny, 1975) and WRELADS II (Penny et al., 1986), were
subsequently developed in Salisbury under the direction of Mike Penny.

In 1989, a contract was awarded to BHP Engineering Pty. Ltd. and to Vision Systems Ltd. of
Australia to develop a turn-key, operational system from the WRELADS II design. In January
1993, LADS entered service in the RAN, internally mounted in a dedicated Fokker F-27 500-series
aircraft (Nairn, 1994). LADS is operated by the RAN LADS Flight with logistics support from the
system manufacturer, Tenix LADS Corporation Ltd. (formerly BHP/Visions Systems), a wholly
owned subsidiary of Tenix Defence Systems Pty. Ltd. LADS operations are conducted solely by
and for the RAN which uses LADS data in the production of Australia’s IHO-compliant chart
series.  The use of LADS, in conjunction with the RAN surface fleet, will reduce the survey
backlog to an estimated 15 years (Sinclair, 1999a). LADS surveys at 20 times the rate of conven-
tional surface vessels. While surveying half of the total area surveyed by the RAN, it was found
to be four times more cost effective than the surface fleet on an absolute basis, not taking into
consideration the added difficulty of the shallower survey areas.
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LADS uses a 168-pps laser to provide a sounding spacing of 10 meters in a 240-m swath
width from a 500-m altitude. At a speed of 75 m/s, this yields a gross area coverage of 50 km2 per
hour. The scanner was augmented to permit 3-m and 5-m spacing across the scan, at reduced
swath widths, for more detailed investigation of least depths on critical shoals (Sinclair and
Spurling, 1997). The system has green and IR channels, and the design involves the use of a
scanning green beam and a vertically-fixed IR beam, both transmitted from a gyroscopically-
stabilized platform (Penny et al., 1989). The scan pattern is rectangular with a widely-varying nadir
angle whose maximum value is 15 degrees. The IR beam is used for surface detection, while the
green beam is used for bottom detection and to augment surface detection. The digitizer has 2-ns
time bins with 6 bits of amplitude resolution. Positioning is by P-code GPS.

On one of its first RAN shakedown test flights in Spencer Gulf, LADS discovered a dangerous
and previously uncharted granite pinnacle rising to an 11.9-m depth from an otherwise flat, 20-m
bottom. The feature was first designated “Laser Shoal” and then, more aptly, renamed Penny
Shoal. This sophisticated and reliable system has surveyed an estimated 10,000 km2 per year in
Australia. Much of this area is strewn with dangerous reefs that would have been difficult to
survey in any other way.

LADS Mark II
 A significantly upgraded version of LADS, named the LADS Mk II, was developed as a commer-
cial system to meet government and industry needs. Built by Vision System’s LADS Corporation,
now owned by Tenix Defence Systems, it provides fixed-price contract surveys.  It has been
operational since 1998 in a relatively-large, fast deHavilland Dash 8-202 aircraft that has the
capacity to deploy world-wide and execute long survey sorties or transit long distances to remote
survey sites (Spurling and Perry, 1997; Sinclair, 1997). The aircraft flies at a transit speed of 250
knots at altitudes up to 25,000 feet, with an endurance of up to eight hours, and a transit range of
2000 nautical miles. Survey operations are conducted from altitudes between 400 m and 700 m at
ground speeds between 140 and 210 knots.

The basic design configuration is the same as LADS, with a vertical IR beam and a rectangu-
larly-scanned green beam. As with all current ALB systems, LADS Mk II consists of airborne data
collection and ground-based data-processing subsystems. The design has been augmented with
a great deal of newer technology and has benefited from many lessons learned by operating the
RAN LADS. It has an improved laser, computer, and navigation technology enabling the collec-
tion of higher-density data at deeper depths and at higher productivity, and the depth accuracy
has been improved to meet IHO Order-1 standards for depth, position, and target detection
(Sinclair et al., 1999). Maximum depths of roughly 70 meters can be measured in extraordinarily
clear water. KGPS capability (Sinclair et al., 1999) and topographic ability (Wellington, 2001b) have
been added.

The survey planning and data processing requirements for LADS Mk II surveys have
evolved as a result of the huge RAN LADS output and the differing requirements and survey
standards of the contract survey customers. These challenges have required continued improve-
ments in survey planning, data collection, data processing, data validation procedures, quality
control, data output formats, and data visualization. The data processing to data collection ratio is
better than 1:1.

The wide range of hydrographic applications of ALB systems can be demonstrated by
reviewing LADS Mk II survey operations during the first six months of 2002. It conducted
surveys for users engaged in oil and gas development, coastal zone management, and nautical
charting. Survey operations were conducted in both the northern and southern hemispheres,
including the North West Shelf of Western Australia, the Norwegian Sea, Qatar in the Middle East,
and the Irish Sea (Sinclair, 2002). Environmental conditions ranged from -10º C overnight in
Stavanger, Norway to 50º C on the tarmac in Doha, Qatar. The system recorded depths to 50
meters in the cold Norwegian Sea and 35 meters in the hot waters of the Arabian Gulf. Over the
years, surveys have also been conducted in a wide range of conditions and other locations such
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as the other coasts of Australia (Wellington, 2001a), New Zealand, the Australian Antarctic
Territory, Finland, Alaska (Sinclair, 2004), Connecticut (Sinclair, 2005), the Canary Islands, Florida,
Scotland, Italy, Dubai, and Bermuda.

A Nd:YAG laser, riding on a stabilized platform, operates at a 900-pps rate and is set to
provide 5 x 5 meter laser spot spacing in the main line sounding mode of operation across a swath
width of 240 meters. For a typical 88-m/s aircraft speed, this yields a survey rate of 64 km2/hour.
The electro-mechanical scanner can also provide higher-density modes of operation with laser
spot spacings of 4 x 4, 3 x 3 and 2 x 2 meters, according to survey requirements, at reduced swath
widths, as well as a 6 x 6 meter reconnaissance mode. Returning green laser energy from the sea
surface and the sea floor is captured by the green receiver and digitized and logged onto digital
linear tape. The broad infrared laser return determines the height of the aircraft, supplemented by
an AHRS inertial height reference and KGPS height. The LADS Mk II system can operate by day
and night; operations at night are enhanced by the removal of the day-filter from the receiving
optics to improve the optical efficiency. Real-time positioning is provided by WADGPS, and raw
GPS (since “selective availability” was turned off on 1 May 2000). Off-line GPS signal logging for
use in determining post-processed DGPS and KGPS positions is also included (Sinclair, 2005). The
ground-based data processing subsystem consists of a portable Compaq Alpha Server ES40 that
can be transported in the aircraft to the deployment site.

SHOALS (Scanning Hydrographic Operational Airborne Lidar
Survey)-1000
The USACE operates and maintains thousands of miles of navigation channels throughout the
U.S. In the late 1980’s, it initiated a development program to produce the SHOALS system
(Lillycrop, et al. 1996; Guenther, et al., 1996; Lillycrop et al., 1997). SHOALS systems are built and
maintained by Optech Incorporated, Toronto, Ontario, Canada. The SHOALS-200 began survey
operations in 1994, and it was upgraded to the SHOALS-400, with a doubled pulse rate and new
capabilities such as KGPS, in 1998.  Many hundreds of projects were surveyed world wide for a
variety of customers and applications from the Great Lakes (Mohr et al., 1999) to New Zealand
(Graham et al., 1999), from the Bahamas (West and Lillycrop, 1999) to Hawaii (West, 2001), from
Lake Tahoe (West et al, 2001a) to Portugal (Lillycrop et al., 2000), and from Mexico (Pope et al.,
1997) and Puerto Rico (West et al., 2001a) to a long list of Pacific Islands. SHOALS-1000 is a
further generational advancement of the original SHOALS technology, based on nine years of
operations (Wozencraft and Lillycrop, 2003).

Design of the SHOALS-1000 focused on creating a more compact, lightweight, and portable
system whose size and power requirements are conducive to operations on photogrammetric
aircraft of opportunity, and to integration with other sensors. Digital, geo-referenced, RGB imagery
captured at one frame per second replaces SHOALS analog down-look video. New flight planning
and survey tracking software support operations. Redesigned data processing software requires
less manual intervention from the survey engineers and maintains collection-to-processing ratios
for the faster bathymetric laser and optional integrated topographic laser. New 3D data-editing
tools improve visualization and speed during manual data cleaning.

SHOALS-1000 comprises a 1000-pps bathymetric laser and a DuncanTech (DT)-4000 digital
camera (LaRocque et al., 2004). A 9000-pps topographic laser, technology similar to that discussed
in Chapter 7 of this book, is available as an option. The topographic laser is integrated into the
same hardware box as the bathymetric laser system and digital camera. The lasers share an optical
path of scanners, mirrors, telescopes, and receivers, but do not operate at the same time. Typical
operational altitudes have ranged between 300 and 400 meters, and the swath width is roughly
three-fourths of the altitude. Standard survey densities are 2 to 5 meters according to customer
needs. All survey scan patterns are of the form of a section of a circular arc, and the beam is
maintained very nearly at a constant 20-degree nadir angle. The lidar and RGB imagery  are located
using an integrated Applanix Pos AV. Positioning may be accomplished using either pseudorange
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or carrier-phase based GPS techniques. At survey speeds from 125-180 knots, coverage rates
range from 14 to 77 km2/hour depending on survey density.

The collinear laser design puts both green and IR beams at the same location on the surface.
SHOALS has the unique capability of measuring Raman backscattering from the water, in conjunc-
tion with the infrared air/water interface reflection, to provide the most sophisticated and accurate
water surface detection strategy of any ALB system (Guenther et al., 1994). Green surface returns
are never used for depth calculation due to the inherent ambiguity of their origin. The receiver has
four independent channels in which to measure surface and bottom returns: two green, one IR,
and one red. The overlap areas provide an excellent ability to monitor system calibration. A special
software algorithm permits acquisition of depths from the problematic region of less than one
meter of water (Brooks et al., 1998; Millar et al., 2005). This permits seamless operation across the
land/water boundary. The green channels are radiometrically calibrated to enable extraction of
bottom reflectance from the lidar waveforms (Tuell et al., 2005b). The computer data-processing to
data-acquisition ratio is better than 1:1.

 Three SHOALS-1000 systems are currently operating: Fugro Pelagos makes SHOALS-1000
surveys available commercially; the Japan Coast Guard uses its SHOALS-1000 to support its
charting mission; and one system is available for lease from the manufacturer. The SHOALS-1000
systems are operated to meet both USACE “Class 1” and IHO “Order 1” hydrographic accuracy
standards for most applications.

CHARTS (Compact Hydrographic Airborne Rapid Total Survey)
CHARTS is the U.S. Naval Oceanographic Office program name for its airborne coastal mapping
and charting sensor suite (West et al., 2001b; Heslin et al., 2003). CHARTS is technically a
SHOALS-3000TH instrument that comprises an Optech SHOALS-3000T lidar and an ITRES
Research Ltd. CASI-1500 hyperspectral imager. The SHOALS-3000T is itself an integrated
instrument containing a 3000-pps bathymetric laser, a 20,000-pps topographic laser, and a DT-4000
RGB digital camera. The SHOALS-3000 is the same technology as the SHOALS-1000 described in
the previous section, but the lasers and scanner operate at higher rates. The CASI-1500 is a
visible/near-IR pushbroom hyperspectral instrument whose design was specified for integration
with the CHARTS system. The SHOALS-3000 and CASI-1500 occupy a single rigid platform and
view window in the aircraft, and the hyperspectral imagery is geo-referenced using the position/
orientation data stream from the Pos AV in the SHOALS-3000. The SHOALS-3000 and CASI-1500
require separate operator consoles.

CHARTS is managed and operated by the Joint Airborne Lidar Bathymetry Technical Center
of eXpertise (JALBTCX) in Kiln, MS.  Surveys are conducted world wide. CHARTS collects lidar
bathymetric soundings spaced from 2-5 meters and topographic lidar postings spaced from 1-2
meters. The DT-4000 captures one image every second with a ground resolution near 20 cm per
pixel. Typical aircraft altitude (400 m) and flight speed (150 knots) result in more than 50% overlap
between the images in the flight direction. The CASI-1500 features high spatial and spectral
resolution from 0.25 m to 1.50 m and 288 bands, respectively. It is tuned to the marine environment,
operating over 675 nm that is programmable between 375-1050 nm. The depth, water column
attenuation, and bottom reflectance derived from the lidar data pulses are used to constrain the
inversion of a radiative transfer model, resulting in bottom reflectance data of all bands of the
hyperspectral imagery (Tuell and Park, 2004; Tuell et al., 2005c; Kopilevich et al., 2005).

EAARL (Experimental Advanced Airborne Research Lidar)
The NASA Experimental Advanced Airborne Research Lidar (EAARL) is a pulsed, blue-green
airborne laser altimeter with capabilities for high-resolution surveys of emergent and submerged,
shallow aquatic topography. It was developed by C. Wayne Wright at the NASA Wallops Flight
Facility, Wallops Island, Virginia to map sandy beach topography, three-dimensional coastal
vegetation structure, shallow bathymetry, coral communities, and near-shore benthic habitats
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simultaneously (Wright and Brock, 2002; Brock et al., 2004; Nayegandhi et al., 2005). Changes in
these features can be detected by returning to sites on multiple occasions. [Much of the informa-
tion in this section was obtained from a number of small articles at http://coastal.er.usgs.gov, the
site of the USGS Center for Coastal & Watershed Studies.]

EAARL has been operational since the summer of 2001, when it surveyed the coral reef tract
in the northern Florida Keys. Subsequently, surveys have been carried out in a variety of coastal
communities around the Gulf of Mexico and in the Caribbean. EAARL data have been used
extensively by the USGS and USACE for hurricane storm damage evaluation and response,
respectively. In the 2004 and 2005 hurricane seasons, EAARL collected topographic data immedi-
ately before and after major storms.

EAARL represents a unique design philosophy for ALB. There are two main features that
separate the EAARL from traditional airborne bathymetric lidars. It uses very-short, low-energy
green laser pulses with a radically-narrowed receiver field of view (FOV) and produces 20-cm laser
footprints at a nominal 2-m spacing at 300-m altitude and 97-knot flight speed. It operates at a
single green wavelength (532 nm) with little of the traditional ambiguity in surface location
detection because of the combination of 1.2-ns laser pulses and a 1.5 - 2-mr receiver field of view.
The shorter pulse increases depth-measurement accuracy and enhances the pulse resolution,
while the narrower receiver FOV aids in improving the spatial resolution of the bathymetric system
while minimizing geometrically-induced temporal return pulse broadening. Moreover, the small
FOV aids in rejecting ambient sunlight and also rejects laser light which has been widely scattered
in the water column. The smaller FOV results in much less temporal broadening of the surface and
bottom return pulses and therefore provides more precise determination of both surface and
bottom temporal position within each laser return waveform, consequently improving the mea-
surement accuracy.

On the other hand, the narrower receiver FOV inevitably causes a more rapid decay of the
bottom-return signal amplitude with increasing depth and therefore a decrease in operational
depth of the lidar (Feygels et al., 2003). Unfortunately, the small FOV and low pulse energy limit
depth penetration for EAARL to roughly 1.5 Secchi-disc depths. Based on proof-of-concept tests
performed over Carysfort Reef off the upper Florida Keys, the maximum EAARL survey depth
should be on the order of 25 m under ideal, extremely-clear water conditions. The system can make
a topographic range measurement with accuracy on the order of 2 - 5 cm, depending on variations
in the target reflectivity from pulse to pulse. The lidar system was determined to be capable of
separately ranging signal returns down to a minimum separation of about 0.5 m.

The EAARL sensor suite includes a water-penetrating, adaptive lidar transceiver, a down-
looking RGB digital camera with 80-cm resolution operating at one picture per second, a 3-band
multispectral, color/infrared camera with 20-cm resolution operating at one picture per second
synchronized to the GPS, two precision dual-frequency, kinematic carrier-phase GPS receivers, and
an integrated miniature digital inertial measurement unit that provide sub-meter geo-referencing of
each laser sample. The nominal EAARL platform is a twin-engine Cessna-310 aircraft, but the
instrument may be deployed on a range of light aircraft. A single pilot, a lidar operator, and a data
analyst constitute the crew for most survey operations. Aircraft costs are reduced due to the
compact design, low power requirement, and the substitution of an array of GPS antennas in the
place of an Inertia Navigation System. All of these innovations minimize the airborne payload and
enable the use of light aircraft that are commonly available at low cost.

EAARL’s lidar is a raster-scanning, waveform-resolving system with the capability to detect,
capture, and automatically adapt to each laser backscatter return in real time. Although the laser
can operate up to 5000 pps, its pulse-repetition frequency is computer controlled and varied to
produce nearly equal cross-track sample spacing, thus equalizing the sample density within the
swath. The laser also concurrently generates a 3-ns, 1064-nm (IR) pulse that can be used to
double the sample density for non-submerged topographic targets. The receiver system uses a
“digitizer only” design which eliminates all hardware-based, high-speed, front-end electronics,
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start/stop detectors, time-interval units, and range gates, typically found in lidar systems.  It can
accommodate a large signal dynamic range through the use of multiple channels with high-speed
waveform digitizers. It has the capability to sense the vertical complexity of the surface target “on
the fly” during a given survey. This enables automatic, adaptive acquisition of dramatically
different surface types, thereby reducing data volume over bare terrain while simultaneously
enabling the capture of detailed reflected pulse waveforms over forests and shallow water. This
makes it well suited for mapping emergent coastal vegetation, submerged coral reefs, and bright
sandy beaches in a single flight.

Hawk Eye II
In the middle 1980’s, the Swedish Defense Research Establishment (FOA) worked with Optech
Incorporated to develop the FLASH airborne lidar system to evaluate object detection and the
performance of emerging ALB technology (Steinvall et al., 1994). The success of this program led
to development of two identical Hawk Eye systems, largely derived from the SHOALS design, in
the early 1990’s by Saab Instruments AB (later Saab Dynamics AB) and Optech Incorporated. The
two pod-mounted systems were purchased by the Swedish Defence Material Administration
(FMV) — one for the Royal Swedish Navy and one for the Swedish Maritime Administration.
They were designed for helicopter operation in a Boeing Vertol and a Bell 212, and were deployed
in 1994 and 1995 for the dual purposes of hydrography and submarine detection (Steinvall et al.,
1997; Skogvik and Axelsson, 2001). These systems are no longer active.

Airborne Hydrography AB (AHAB) was formed as an employee buyout of the lidar work at
Saab Dynamics AB to supply state-of-the-art laser bathymetry and terrestrial systems and
hydrographic laser survey services. In 2004, AHAB and TopEye AB of Sweden and Admiralty
Holdings Limited in the United Kingdom formed a unique collaboration, Admiralty Coastal
Surveys AB (ACSAB), to create and produce an ALB and topography service based around their
new Hawk Eye II lidar system. Admiralty Holdings Limited is a wholly government-owned
subsidiary of the United Kingdom Hydrographic Office (UKHO) created to provide a route
through which partnerships can be formed with industry. Blom ASA of Norway became a partner
in ASCAB when it purchased TopEye in 2005.

Hawk Eye II Laser Bathymetry and Topography System was tested in 2005 and delivered to
ASCAB in early 2006.  Surveys have been performed in France, Germany, Denmark, Estonia,
Norway, UK, and Sweden.  The Hawk Eye II system is a considerable improvement on its forerun-
ners. It simultaneously collects 4000-pps bathymetric soundings, 64,000-pps topographic sound-
ings, and geo-referenced, high-resolution digital color images. The hydrographic and topographic
lasers use the same 2-axis, servo-controlled scanner mirror. This large (25-cm diameter) mirror and
sensitive receivers assure a great depth range.  The mirror is geo-stabilized and compensates for
flight deviations in roll, yaw, pitch, altitude, speed, and side position, to distribute the scan
pattern optimally. This reduces the needed overlap between flight lines and minimizes the errors
between the hydrographic and the topographic survey data. Operational altitudes for Hawk Eye II
are between 200 and 450 meters, with a typical swath with of one-half of the altitude; the aircraft
speed range is from zero to 250 knots. The bathymetric sounding density is programmable
between 0.5 m and 3 m, depending on customer needs.

With a total system weight of less than 180 kg and electrical power consumption of less than
1.4 kW, Hawk Eye II is designed for easy installation in most small-to-medium, fixed-wing or
rotary-wing aircraft. The system can be installed within one hour and is operated by one operator
and one spotter. Hawk Eye II is delivered with the operator’s console used for survey planning
and airborne operation, and an extensive coastal-survey software package that includes advanced
post-flight processing and data analysis and the costal survey viewer (a tool for the end cus-
tomer). Specific software algorithms have been developed for detection of very shallow depths
(less than 0.3 meters), which permits seamless presentation of the boundary between the topo-
graphic and bathymetric data.
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Hawk Eye II enables ACSAB to provide fast and accurate surveys, with full coverage of
shallow waters, land, coastlines, shores, and islands, crossing from one to the other in a single
mission. Survey results fulfill IHO S44 Order-1 accuracy requirements.

Summary
In the first decade of the new millennium, the vintage LARSEN, augmented with the VideoMap
digital camera system by Terra Remote Sensing Inc., succumbed to Moore’s Law and flew its last
mission.  LADS, fully and heavily utilized by the Royal Australian Navy in reducing the survey
backlog on the Great Barrier Reef, is in need of replacement.  SHOALS-1000, CHARTS, LADS Mk
II, and Hawk Eye II, representing the current generation of full-capability lidar bathymeters, are
fully involved around the world providing hydrography and a wide variety of related bathymetric
services and products, as noted in the User Applications section, for a variety of customers.
EAARL is used to support the coastal change and coastal mapping initiatives of the US Geologi-
cal Survey.

Because the uses of these systems are so varied, it is difficult to select an example of a typical
product. As one sample, Figure 8.5 provides a small-scale presentation of a survey product from
the SHOALS system. It illustrates the navigation channel between jetties, and the ebb tidal shoal
at Fort Pierce, Florida (Irish et al., 1995).  The depths are color coded; land is represented as
brown. If desired, the land topography can also be color coded.

The successes of all these systems are responsible for rapidly growing interest in this
technology in many countries. Two new systems, now in the design stage for the Royal Austra-
lian Navy and the U.S. Army Corps of Engineers, promise evolutionary improvements in perfor-
mance, utility, and survey cost. Exciting opportunities lie ahead.

Figure 8.5  Color-coded contours of the Jetties and navigation channel at Fort Pierce, Florida. See color plate in
Appendix C.
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COST CONSIDERATIONS

Background
Costs for hydrographic surveying are highly variable and depend on environmental and logistical
circumstances. They change with time and technology relative to the costs of other services, and
they have historically been hard to assess because they were most often conducted by govern-
ment agencies who may or may not have always considered all of the overhead costs involved. In
the last century, surveying techniques and costs underwent a succession of great changes as a
result of improving measurement technology. We now take sonar and lasers and GPS for granted,
but it was not that many years ago that surveyors were throwing graduated, lead-weighted lines
overboard and positioning with sextants. Techniques and relative costs will continue to change.
One of the primary reasons for the development of ALB systems is their significant cost advan-
tage in shallow water.

In the past, there may have been only one way to conduct a survey. Today, a hydrographer
has choices. There may be more than one method possible for solving a given survey problem,
and, after accuracy, cost must be one of the most important considerations. More attention is
being paid to the detailed calculation of costs now due to tight budgets and the advent of a
transition in many countries to some fraction of contract surveying. Although the costs may be
better known, they are now often considered a somewhat confidential matter due to commercial
competition, and they may not be readily obtainable. Without a comprehensive cost analysis
using carefully controlled and well-defined evaluation criteria for a given survey scenario, there is
always the risk of drawing false conclusions. Even the results of such studies depend on many
assumptions and can vary. Published values must be understood in context, their sources
recognized, and their validity carefully considered.

The true costs associated with surveying in general are highly dependent on location and
geography. Flat, smooth, nearby coastlines like the Gulf Coast of the U.S. are cheaper to survey
than the remote, rocky coastlines of Alaska by a factor of two or three. According to a recently
published report (Featherstone, 2001), the cost of waterborne sonar hydrography, averaged over a
number of different areas, some easy and some hard, varies between $4400/km2 for NOAA surveys
and $13,300/km2 for contract surveys.  Indications are that the latter number may be a little on the
high side. This report is undoubtedly controversial, and more may yet be heard in this arena.

Modern hydrographic surveying is clearly a very expensive and labor intensive task. This is
one of the reasons for the large hydrographic backlogs being experienced by many countries (UN,
1989).  NOAA now has only four hydrographic vessels in the field (RAINIER, FAIRWEATHER,
THOMAS JEFFERSON, and RUDE), down from eleven in the 1970’s, due to budget and pressure
from the private sector to use contract surveys. Most of the world’s coastal charts are outdated,
both because the coastal environment is a region of significant change and because earlier mea-
surement techniques were not as accurate as presently (Featherstone, 2001). The cost of surveying
is a significant contributing factor in the lack of resolution of this problem in most countries.

In the U.S., only the 40 highest priority sites, which primarily involve river entrances and
harbors heavily used for commercial shipping, are being addressed by NOAA’s Office of Coast
Survey. A great deal of time and attention must be paid to these areas because of the continuing
reductions in under-keel clearance being utilized by very large ships to gain economic advantage.
Even for this limited goal, the backlog is reported to be 25 years due to limited ship time and
budgets. This says nothing, however, of the needs of coastal resource managers and recreational
boaters. The above critical areas represent only 1.3% of the total coastal responsibility. There is
clearly a need for a faster and cheaper approach to provide coverage in the 98.7% of less critical
areas where small-object detection is not as important a requirement.

For many applications in waters less than 50-m deep, where the guaranteed detection of 1-m
cubes is not required, that approach can and should be ALB. Although it offers many adjunct
products which are utilized and appreciated by a variety of customers, the primary reasons for the
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use of ALB are its ability to perform hydrographic surveys much more rapidly and at a much lower
cost per unit area.

Qualitative Factors
Costs are important at two times: when a job is being planned and bid, and when the job is done.
A cost estimate prior to a lidar survey is based on two generic factors — logistics and risk. Once a
price bid or cost forecast is accepted, the ultimate survey cost depends on planning, logistics,
survey management, and luck. Contract surveys are typically bid at fixed prices; the price must
also include factors for profit and recovery of initial investment. Contract surveys with higher
environmental risks must be bid at higher rates with the understanding that actual profit margins
will vary from mission to mission according to uncontrollable circumstances.

Risks which must be considered in survey planning and bids involve the statistical consider-
ation of the uncontrollable factors such as the expected effects of water clarity, wave heights,
local and regional weather, refly probability, and time on site. Water clarity varies with location,
season, tidal phase, and weather. Water clarity problems can be managed by choosing the
optimum month for a given location and, once on site, by selecting the best time of day and by
having alternate targets in neighboring areas with different characteristics — such as two sides of
an island, or protected bay areas compared to exposed offshore areas. Weather varies on both
daily and seasonal time scales and, as with water clarity, can be managed by selecting optimum
seasons and times of day, and having alternate targets. Some days will be lost to weather. This is
true of sonar as well as lidar. Those days are rarely wasted because they are generally well spent
in performing needed system maintenance, planning future surveys, and catching up on data
processing. For hydrographic surveys, areas known to have coral heads and fish schools or high
winds will require a higher percentage of reflies to resolve anomalies and holidays. Time on target
may be affected by winds.  Flightlines may have to be flown in only one direction, for example. In
some congested airspace near urban areas, time can also be lost to the aircraft “loitering” while
awaiting clearance from the air traffic controller to access the survey area. In some cases, daytime
flights may be proscribed altogether, requiring a shift to nights where, in some cases, increased
dangers near land could reduce production rates.

Lidar survey operation and maintenance (O&M) costs depend strongly on project character-
istics. Survey scenarios and costs can vary widely. The characteristics with the largest effects on
costs are project location, size, horizontal density requirements, survey accuracy “order”, the
possible requirement to resolve all questionable points by reflying, the physical shape of survey
area and if it includes surf zone or high cliffs, the positioning method employed, and extant
environmental conditions on site. Many of these same factors apply to sonar costs.

Two aspects of project location are important: the distance of the airfield to be used from the
preceding mission site and the distance of the project area from the airfield being used. Transit
(mobilization) costs can be a significant fraction of the total. Greater costs are obviously incurred
by flying halfway around the world than by flying to the next county or state. For this reason, it is
important to be able to plan ahead as far as possible and plot a “grand tour” route in which
surveys fall in logical geographical and environmental progression. On a single continent, survey
crews can drive to their next location, but for travel over water, regardless of the size of the survey
aircraft, many of the survey crew fly to their destinations by commercial air carriers. A great deal of
computer and positioning hardware, spares, and other equipment must also be transported.  This
greatly increases the costs for distant locations. The size of the survey must be large enough to
amortize these costs. Simply put, large areas are cheaper to survey per unit area than small areas.
Interestingly, however, increased costs at remote areas are sometimes nevertheless a cost advan-
tage, because some sites may be so remote or dangerous that they cannot practically be accessed
other than from the air. In such a case, greater costs may be justified.

Once on site, the project location with respect to the aircraft’s base of operations has a large
influence upon the survey cost. Each aircraft type has specific flight endurance, and the time
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spent in transit to reach and return from the survey area reduces the time available for data
collection. Aircraft time in the air is money, whether it is in transit to the project location, to the
survey site, or in actual surveying.

For a given system, the spatial data density required is another strong contributor to the
project cost. This is true for both lidar and sonar. Most current lidar systems offer a means of
decreasing or increasing “spot” density from their standard value, in order to deal with special
circumstances. Spot spacing is typically controlled by varying the coverage swath width of the
aircraft flight line and the ground speed of the aircraft while collecting data. There is a direct
correspondence between required survey density and the required aircraft time and cost to
complete a survey. Economics dictate that surveys should be performed at the lowest density
acceptable to achieve the desired products. If surveys are required to prove or disprove the
existence of small objects with high probability, the data processing time and refly percentage will
also increase. In other words, hydrographic surveys are more expensive than bathymetric surveys.

The physical shape of the project is also a large factor in cost determinations. Generally
speaking, large, rectangular shaped, open-water areas are the most efficient for ALB surveys, and
irregular shorelines tend to be least efficient. Data collection plans over a specific survey area can
be broken into two parts: collection lines and line changes (time in turns). The most efficient
survey areas incorporate the longest possible collection lines, within reason, and the least number
of lines. The efficiency of the survey is best indicated by the ratio of time “on-line” to time “off-
line”; the higher this number the more efficient the survey. Another consideration for near-shore
areas is whether the flightlines are flown parallel with the shore or perpendicular. Various logistical
concerns may dictate one or the other. Flights perpendicular to the shore are less efficient because
they spend more time over land. This may not necessarily be true, however, if topographic heights
over land are part of the product. Areas with large surf zones are less efficient because the large
areas of white foam can require reflies. High cliffs adjacent to the shore can disrupt desired flight
patterns for shoreline surveys, and the winds associated with them can be dangerous to the safe
operation of the aircraft. It is noteworthy that a factor that is not very important to ALB cost
considerations is depth, because the lidar swath is constant. This is very different from the
situation with multibeam sonar for which the swath decreases as the depth decreases, and the
shallow-water sonar costs soar.

Additional items affecting costs are the positioning system used and the environmental
conditions. The use of wide-area differential GPS (WADGPS), if available, is less expensive than
placing and manning differential stations on the ground. The use of kinematic GPS, if needed,
requires more equipment, more work on the ground, and more data processing. Although this
increases the cost over DGPS, it is somewhat ameliorated by the lack of need to record, collect,
and incorporate concurrent water levels. Finally, as noted above under risk management, it is well
known that a certain number of days are going to be lost to rain, dirty water, high waves, and high
winds. The associated costs are included as part of risk assessment. Savvy survey management
and the availability of alternate survey areas can reduce the associated losses.

Quantitative Aspects
Costs can be broken down into four main categories: initial system costs, upgrade costs, opera-
tions, and maintenance. It is not hard to deal with the first two by establishing a simple model. If
one assumes, for the sake of argument, an ALB system cost of, say, $5,000,000, a system lifetime
of 10 years, and a yearly survey total of 10,000 km2 (the rather extraordinary yearly survey rate of
the RAN LADS for the last seven years), then the sunk cost works out to $50/km2 over the lifetime
of the system. If an average system may only survey 5,000 km2 in a year and incurs an additional
cost of, say, $1,000,000 for technology and software upgrades, and needs to return 6% on the
initial investment if the system is commercially backed, this value is still only on the order of $150/
km2. The cost of future systems is expected to be significantly lower when they are produced in
greater numbers. Similarly, the design of future systems is based on a greater base of experience
than in the past, and the probability of a need to upgrade is reduced. Nevertheless, these figures
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are virtually in the noise compared to the O&M costs reported above for sonar, and further
discussions will center on the O&M costs for ALB. There are much more-complicated ways of
making this estimate, but this simple approach provides a reasonable estimate and can be scaled
for different assumptions.

There are two ways to relate the O&M costs of ALB: as hard numbers for given circum-
stances, or as an estimated fraction of what the corresponding waterborne sonar survey cost
would be. As noted above, even the latter are either not well known or vary over a great range.
Different user and provider groups have different ideas, needs, philosophies, and experiences.
Because ALB costs depend strongly on the above factors and may be closely held because of
increasing commercial competition, only broad ranges and averages can be discussed. To put this
important subject into full perspective, the topic will be approached, therefore, first by reprising
two historic predictions, second by examining a common-sense, semi-quantitative model result,
third by referencing the relative costs experienced by the Royal Australian Navy, fourth by
repeating the predictions of a model published by an equipment manufacturer, and finally by
quoting unofficial but often heard estimates.

NOAA became interested in ALB in the mid-1970’s. Because one of the primary benefits
proposed for the new technology was cost savings, a cost-effectiveness study was immediately
commissioned. The results (Enabnit et al., 1978), calculated over a variety of survey scenarios,
indicated a predicted cost of $123/km2 for ALB and $772/km2 for launch sonar. Note that the ratio
was a 6:1 advantage for ALB and that these were 1976 dollars. Assuming an average 4.75%
inflation rate over the last 25 years, these costs inflate by a factor of 3.2 to a prediction for 2001 of
$394/km2 for ALB and $2470/km2 for sonar. This sonar value was low by a factor of two for NOAA
surveys, according to Featherstone (2001), and the ALB figure is consistent with the low end of
concurrent predicted and quoted values seen below.

Cost figures in a 1990 study (Golaszewski et al., 1990) for a government-owned, contractor-
operated ALB system predicted a cost benefit for ALB over sonar of 2.7 with ALB costs (con-
verted to 2001 dollars) of $4980/km2 and sonar costs of $13,460/km2. Interestingly, the latter figure
is consistent with the sonar contractor values reported by Featherstone (2001) but overestimate
actual NOAA vessel survey costs by a factor of three and typically mentioned ALB costs by a
factor of between four and ten.

A simple model involving benchmark cost and coverage rates can be enlightening for
determining the ballpark cost-benefit ratio of ALB. For coverage, the assumptions will be a lidar
swath width equal to three times the sonar swath width (appropriate at a 20-m depth for a 200-m
ALB swath width or a 10-m depth for a 100-m swath width) and a 20x aircraft speed advantage
(say, 150 knots compared to 7.5). For actual operations, the swath-width ratio would be a very
strong function of depth because the sonar swath width is a linear function of depth. For costs,
the daily expense of operating an aircraft will be assumed to be about half again as much as for a
vessel, and, furthermore, it will be considered that the vessel will collect data 2.5 times longer each
day (say, 15 hours compared to 6 hours). A factor of two in extra cost for ALB over sonar will be
included based on the hypothesis that the data processing and the maintenance of the more
complex hardware might each be about 40% higher. With these numbers, the coverage ratio favors
ALB by 60x, and the cost ratio favors sonar by 7.5x. The net ALB cost benefit per unit area
becomes a factor of 8:1. This crude estimate is only slightly more favorable than the original, much
more carefully calculated 1978 NOAA prediction, and corresponds very well with Australian field
experience, as noted directly below. This ratio will decrease as the depth increases and multibeam
sonar becomes increasingly efficient. All of these factors obviously vary from system to system
and from project to project, but the proposed values indicate very simply the primary factors
involved, their rough magnitudes, and the basic reason for the ALB advantage.

Sinclair (1999c) reports that as a result of using LADS in combination with its survey vessels,
the RAN has experienced long term cost reductions to 20-30% of traditional total survey costs.
Sinclair (1999a) emphasizes further that this global average factor of four benefit is not a one-to-
one comparison because it does not take into consideration that the ships are being used where
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they are more cost effective and LADS is being used where the vessels would be less cost
effective. If the ships were used in the same locations where LADS is being used, the direct cost
comparison factor would be much larger. Considering that LADS surveys roughly the same total
area as the RAN vessels each year, if one hypothesizes that LADS is surveying in waters which
are, on average, at least two times shallower than the ships, the fact that the swath width and cost
effectiveness of the vessels would be reduced by that same factor in those areas, indicates that
the true cost benefit of LADS is at least a factor of 8. This is the same figure estimated by the
rough model above. This high ratio is possible with LADS’ relatively low laser pulse rate because
the survey density is correspondingly low. The ratio for LADS Mk II may be a bit higher because
of slightly increased aircraft speed, but much of the increased laser pulse rate goes instead into
increased sounding density, and LADS Mk II also has a relatively high initial system and aircraft
cost to be amortized.

A detailed cost model for a large, complex survey area has been published by Axelsson and
Alfredsson (1999) of Saab Dynamics AB with input from the Swedish Hydrographic Department.
The survey logistics are broken down by depth range and associated accuracy requirements and
discussed in terms of the selection of the proper mix of airborne and water-borne resources. Table
8.1 contains a sampling of the predicted costs per square kilometer presented therein for 100% use
of each sensor technology in given regimes. The ALB values are for a proposed “Hawk Eye”
1000-pps system mounted in a helicopter. Information on the cost categories involved and on the
origin of their estimates is not reported. It is surmised that these values are for “local” surveying
and do not include transit or mobilization costs from a distant location.

Table 8.1  Estimated O&M costs per unit area (Dollars/km2) from Axelsson and Alfredsson (1999).

Although these results are quite interesting from a relative perspective and emphasize the
great variability with depth and accuracy requirements, it should be noted that the predicted
vessel costs for the depths in which the vessels normally operate are significantly lower than the
values quoted by Featherstone (2001) for NOAA and NOAA contractors, and the predicted lidar
cost numbers also appear to be lower by a factor of from two to four than practical experience
would dictate.

As implied by the variety of cost figures in Table 8.1, actual costs will vary over a consider-
able range depending on the many factors discussed above. Based on unofficial comments, it
appears that O&M costs for typical airborne hydrographic charting surveys of reasonably sized
areas, not involving excessive transit distances or other complications, will range between $400/
km2 and $1500/km2 depending primarily on location, size, and survey density. Less stringent
bathymetric surveys will tend to the low side, while difficult shoreline areas could be somewhat
more. Prices charged will also vary according to risk, rate of recovery of initial investment, and
profit margin.

In summary, the O&M area cost ratio between ALB and multibeam sonar depends very
strongly on the survey depth, the lidar survey density, the pulse-repetition rate of the airborne
system, and the location of the survey. For most practical cases, it appears that a realistic factor is
probably between 3 and 10 in favor of ALB for depths under 50 meters. Regardless of the exact
numbers, it is quite clear that ALB offers a significant cost advantage in addition to its other
advantages of coverage rate, rapid-response capability, safety, and overall flexibility.

Depth (m) 4 8 8 8 16 16 32

S44 Order 1 Special 1 2 1 2 2

Hawk Eye $378 $2413 $378 $249 $336 $221 $210

Boat $16434 $12791 $8217 $3819 $2407 $1119 $497

Ratio 43.5 : 1   5.3 : 1  21.7 : 1  15.3 : 1    7.2 : 1    5.1 : 1   2.4 : 1
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COMPARISON WITH OVERLAPPING TECHNOLOGIES

Bathymetry

Background
The most compelling attributes of airborne lidar bathymetry are its proven accuracy, its numerous,
varied, and unique capabilities, and its advantages in terms of high coverage rates, flexibility,
mobility, efficiency, safety, and low cost per unit area. Although airborne lidar bathymetry is most
frequently used alone, to good advantage, it is generally complementary with traditional survey
technologies (Calder and Penny, 1980), including both sonar and land-based topographic eleva-
tion data-collection methodologies. This is due, in no small way, to the fact that ALB technology
and techniques were conceived for this purpose. Both sonar and ALB have strengths and
weaknesses. The most obvious difference is that sonar is optimal in deeper waters while lidar is
more efficient and safer in depths less than about 50 meters as long as the water is reasonably
clear. The overlapping boundaries of optimal performance provide the opportunity for coopera-
tion, rather than competition, to maximize overall survey efficiency and safety. Lidar and sonar,
and their products, have been used together with excellent success (Graham et al., 1999).

A good example of the complementarity of lidar and sonar working together is Lake Tahoe on
the California - Nevada border. This is one of the world’s deepest and clearest lakes. Unfortu-
nately, visitors and neighboring development are negatively impacting the finely balanced
environment, and water clarity is suffering. The U.S. Geological Survey mapped the lake in 1998
with multibeam sonar for depths greater than 10 meters, but 72 miles of shoreline remained
unsurveyed because of the shallow water limitations of the sonar. The near-shore area, however,
is a critical focus for studies of shoreline erosion and runoff that encourages the growth of algae.
Because of this, SHOALS was called in to complete the mapping of the lake’s near-shore depths.
Together, the SHOALS and multibeam data present a complete picture and their complementary
nature permits the production of a survey invaluable to understanding and predicting natural and
manmade lakeshore processes (West et al., 2001a).

Survey planners are increasingly challenged to identify the types and locations of surveys
needed and to assign the appropriate mix of data collection sensors in order to maximize survey
efficiency and minimize cost. Conceptually, this has always been the aim, but it has only been in
recent years that emerging technologies such as ALB have broadened the array of sensors
available and made this a real possibility. Perhaps the most prominent manifestation of this has
been the supersedence of the traditional, scale-driven approach to surveying by one that is usage
driven and allows broader interpretation of survey data density and resolution. This approach is
still suffering growing-pains and currently offers pitfalls along with the opportunities, since many
survey planners are still not fully educated to the relative merits of these emerging technologies,
especially ALB. The synergy between ALB and sonar can provide great benefits (Skogvik and
Axelsson, 2001). Careful consideration must be given to understanding or properly defining true
user requirements, to understanding the effects of geography on user requirements, to recogniz-
ing the proper mix of technologies, to meeting but not exceeding user requirements, and to
managing the relationships among techniques and costs relative to those requirements (Axelsson
and Alfredsson, 1999). The system and flight parameters of future ALB systems will be able to be
adapted according to the S-44 survey Order required (Engstrom and Axelsson, 2001).

One trend that is lending impetus to this evolution in survey philosophy is the growing
worldwide move to having some fraction of surveys provided to government agencies by private
contractors (DeBow et al., 2000) who can provide access to a mixture of new and varied technolo-
gies. Land Information New Zealand (LINZ) is New Zealand’s national topographic and hydro-
graphic mapping authority. They have been at the forefront of the movement to providing
contractors with greater autonomy and flexibility in instrument selection and in July of 1998
introduced full contestability for most of its mapping and charting requirements. A primary factor
behind this move was the aim to identify better and less expensive ways to undertake inshore

Chapter08.pmd 11/29/2006, 1:45 PM284



285

Airborne Lidar Bathymetry

Chapter 8

surveys, while also ensuring the safety of conventional hydrographic survey craft in uncharted
areas. One of the first contracts to be tendered was for a survey of the two Sub-Antarctic Island
groups, Snares and Solander, which lie 60 miles SW and 120 miles S of the New Zealand mainland,
respectively. This presented an enormous challenge to mobilize, during an extremely short
weather window, a total survey effort that could work in a complex seabed environment that
ranged from water several hundred meters deep to exposed rocky coasts. ALB was the enabling
component with its ability to meet all the inshore requirements while also defining the areas in
which conventional acoustic platforms could safely work. The winning consortium stated that
they would have considered declining the contract if the use of ALB had not been acceptable to
LINZ (Graham et al., 1999).

Ships or launches surveying near-shore waters at slow speed in potentially hazardous
conditions are exposed to precisely the same dangers that they are tasked with delineating. For
this reason ALB is attractive as a means of both defining safe operating areas prior to deployment
of surface platforms and as a method of surveying areas which are declared to be too hazardous
for such vessels to operate in. In Australia this concept has revived the ‘No Bottom At’ (NBA)
classification which was historically used to indicate depths apparently deeper than the maximum
length of a lead line. NBA is now used to describe areas that LADS and LADS Mk II has ‘cleared’
of hazards to the assumed lidar extinction depth (Nairn, 1994; Perry, 1999). These areas may be
surveyed later by sonar without fear of danger to the vessel. Although this approach entails a
certain inherent risk regarding water clarity estimation, the term is officially endorsed for LADS
surveys by the Australian Hydrographic Office of the Royal Australian Navy.  A prudent mariner
will apply the same degree of caution to such an annotation on the chart whether it comes from
lead line or laser.

The ability of ALB to bridge the topographic and marine survey worlds is one of its most
useful features. The disparate topographic and hydrographic communities have recently been
brought together to resolve a historic land/water juncture problem (of inconsistency between
respective shoreline locations) which has significant social, economic, legal, and safety implica-
tions (O’Reilly, 2000). The National Oceanic and Atmospheric Administration (NOAA) National
Ocean Service (NOS) and the U.S. Geological Survey (USGS) conducted a “bathy/topo” demon-
stration project to resolve their procedural differences in terms of methodologies, datums, and
standards with the goal of producing a single digital elevation model (DEM) initially referenced to
the ellipsoid (Parker et al., 2001). Data sets from various airborne and satellite remote sensing
instruments were used to create a high-resolution “shoreline elevation zone” in the DEM, which
will, for the first time ever, be used to produce a number of internally consistent “shorelines” by
moving the water level in the DEM to the desired tidal datum heights (Parker, 2002; Parker et al.,
2003). The United States has over 95,000 miles of shoreline to map and third-party data will be
used wherever possible.  ALB data can be very useful in supporting this effort.

Nowhere are the relative merits of ALB versus traditional surface-based technologies more
clearly emphasized than in the dilemma of how to map environmentally sensitive or dangerous
coastal areas without the need to put potentially damaging or vulnerable assets on the surface.
Such areas can pose difficult surveying problems because they may be difficult to access from the
shore due to logistical or legal restrictions or because they may pose a threat to the surveyor.
Examples range from the areas offshore from the rain forests of Puerto Rico to sensitive sand-
grass dunes to the rocky coasts of Hawaii or New Zealand. Survey boats are often required to
operate in very shallow water; this is not only time-consuming but also presents the possibility of
damaging either the boat or the environment. In extremely shallow waters, as in Florida Bay,
depths less than a meter may even be acquired by the manual use of a calibrated staff from small
boats or hovercraft — a very tedious and expensive approach. The lidar survey aircraft are
relatively quiet and complete their missions with a minimal impact on fauna and flora.  ALB
provides the capability to undertake such tasks rapidly, safely, efficiently, and with minimum
disruption of the environment (Guenther et al, 1994). In several cases such as New Zealand’s
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remote, uninhabited, rocky islands of Solander and Snares (which are important marine sanctuar-
ies), Puerto Rico’s Vieques conservation zones, and Hawaii’s Molokai coral reefs, SHOALS survey
projects have been completed that would have been all very slow, difficult, dangerous, and
expensive for conventional systems (West et al., 2001a). LADS Mk II also surveyed under similar
circumstances in New Zealand (Sinclair, 1999b).

Acoustic Technology
The development of ALB from the 1970’s parallels the commercial development of multibeam
echosounders. Early systems were rather slow and ponderous, but advances in underlying
technologies have made both ALB and multibeam much more effective today. A number of very
capable multibeam echo sounders have been developed for use in increasingly shallow water
depths. Although these acoustic swath, shallow-water multibeam (SWMB) systems represent a
significant improvement in performance versus the single-beam echosounder, they maintain one
feature in common with the single-beam systems: they are waterborne and thus seriously limited
in the speeds at which they can safely survey, particularly in shallow waters.

Although ALB was developed specifically to cover the shallow-water areas that are ineffi-
ciently surveyed with sonar technology, it is important to remember the limitations of ALB. As has
been noted, lidar works only in relatively optically clear waters and only out to limited depths. In
deeper or dirtier waters, sonar is, and will remain, the tool of choice. It is relatively straightforward
for an appropriately trained hydrographer to recognize how a survey area will naturally break
down into overlapping areas alternatively best served by ALB and by acoustic approaches based
on considerations involving depth, bottom character, water clarity, safety, and weather limitations
(Graham, et al., 1999; Axelsson and Alfredsson, 1999). Configurations using combinations of ALB
for depths under 50 m and SWMB for greater depths have much lower annual costs. In short, ALB
is not, and was not intended to be, a general replacement for sonar. It is, rather, a new tool that can
be utilized, with great cost, speed, and coverage benefit under the proper circumstances, as an
adjunct to sonar.

Vertical-Beam Echosounder (VBES)
A VBES (also known as a “single-beam echosounder”) is only able to provide data along the
profile delineated by the vessel’s track. Surveys using VBES require large amounts of ship time to
provide dense enough data to characterize an area, and they nevertheless include areas devoid of
data between profiles. Shoal features between lines are typically detected with the use of concur-
rent side-scan sonar and developed by increasing the profile density of the area with the VBES, or,
in exceedingly rough bathymetry, through planned profiles at high density without the use of
side-scan sonar. For this reason, VBES is rapidly being demoted to a subordinate, near-shore role
in large marine surveys to provide preliminary data before sending in expensive SWMB systems.
Despite this, relatively inexpensive initial capital equipment costs mean that its use is still wide-
spread among lower-end users who predominantly have limited or small survey requirements.
ALB could be economical for such users if a group of nearby projects can be combined.

In the past, sediment management has been a significant use for VBES. Traditionally, coastal
monitoring conducted by agencies such as the Florida Department of Environmental Protection
has been based on a combination of cross sections surveyed using VBES and land-leveling at
1000-foot intervals. These cross sections extend from an established baseline, marked by survey
monuments, to either the 30-foot contour line, or 2,400 feet from the shoreline, whichever is closer.
Time and cost, including the maintenance of dense control points, limit the scope of such an
exercise, and it is for these reasons that ALB now provides a cost-effective alternative, while also
providing a greatly enhanced data density (West and Wiggins, 2000b). Single-beam echosounders
are currently the focus of a new sediment characterization mission, in which the returning back-
scatter is analyzed and categorized relative to known sediment types.
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Shallow-Water Multibeam Echosounder (SWMB)
If resolution were the only consideration for a shallow-water bathymetry survey, ALB might be
judged as inferior to the SWMB. This is because a modern SWMB typically employs beams that
are formed tighter than 2 degrees in both the fore/aft direction and the across-track direction.
Some of the most modern SWMB systems use beams as narrow as 0.5 degree. Waterborne survey
and data processing costs are relatively high, however, and users’ requirements often do not need
such a high level of resolution. SWMB systems are least efficient in very shallow waters because
their cross-track angular coverage provides a swath width that decreases proportionally with
decreasing depth. This degradation in efficient performance in very shallow waters is further
accentuated by the need to compensate for smaller footprints (resulting from the narrow beam
angle) by slowing the speed of advance to ensure overlap of footprints along track. In shallow
waters, the time and cost of a SWMB survey increases rapidly with decreasing depth. In contrast,
ALB systems, with high speeds and wide swath widths nearly independent of depth, are very
efficient in relatively shallow waters. For ALB, the along-track speed is linked to density require-
ments and laser repetition rate, because object detection often remains a primary purpose for the
hydrographic mission.

As noted earlier, theory and practical experience have shown that although ALB is able to
reliably detect only a fraction of isolated bottom features the size of a one-meter cube, a modern
SWMB is also unable to resolve such objects except in the near-nadir situation when the vessel
passes almost directly over them (Brissette and Hughes Clarke, 1999; Hughes Clarke et al. 1999).
For this reason, SWMB, like VBES, is typically operated in conjunction with side-scan sonar when
small-object detection is important.  IHO “Special Order” (more accurate than Order 1) survey
specifications require full bottom search for all objects of 1-meter cube size, and only side-scan
sonar, properly acquired and processed, can currently meet that specification.  NOAA Office of
Coast Survey Hydrographic Survey Specifications and Deliverables (http://chartmaker.ncd.noaa.
gov/hsd/specs/specs.htm) do not require IHO Special Order, but instead require side-scan sonar
usage when small-object detection is needed.

ALB using a constant 20-degree nadir angle and three or four meter sounding spacing is
expected to resolve a very high percentage of 2-meter cube objects (to limiting depths) (Guenther
et al., 1996), while such objects were noted to be resolved only over the inner 45 degrees of swath
for a particular SWMB system (Hughes Clarke et al., 1999). It should be noted that each SWMB
product has special characteristics to ensure that it can be differentiated from its competitors, and
that some may perform a mission better than others. Some newer, specialized multi-beam systems
combine angle-independent imagery, similar to side-scan sonar; this permits better small-object
detection at large nadir angles. Other systems are optimized for normalized backscatter by beam to
enable accurate segmentation of bottom characteristics. Still others are optimized for little user
interaction, which makes them good only as “beginners” bathymetric systems. In terms of target
resolution, it appears that for most systems, SWMB used by itself offers little advantage over ALB.

One important, but often underestimated, aspect of SWMB is the quantity of the data and the
resultant amount of time necessary to create a product. The data acquisition speed of SWMB is
very high, even higher than ALB, in terms of bytes per knot over ground. The special characteris-
tics of the near-shore environment make the resultant data highly dependent on boundary
conditions, and environmental effects on the acoustics can make SWMB systems quite ineffi-
cient. The data management of SWMB is a very large factor which must be considered in the
deployment of the system, because processing rates of from 3:1 to 6:1 (one hour acquisition
requires up to six hours manual processing for high-confidence hydrography) must be factored in
(G. Noll, personal communication, 2001). Repeating coverage in shallow areas which were not
accurately sounded on first attempts costs many hours of lost production. Planned double
coverage with ALB, at relatively lower cost, has been used in some missions by the U.S. Navy to
ensure that the final hydrographic accuracy goals and object detection criteria were reached.
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Side-Scan Sonar
Conventional side-scan sonar provides no bathymetric depth measurement capability. It is
typically used in conjunction with VBES and SWMB surveys because it is an invaluable tool for
feature reconnaissance in coastal waters. Although a side-scan only measures seabed backscatter,
defined in time (commonly correlated to slant range) and azimuth, it provides a superior method to
all other sensors for detecting small (< 2-m cube), off-nadir targets with a high level of confidence.
This is because it is conventionally deployed in a submerged tow-body 10-15 meters above the
seabed, which results in a geometry with low grazing angles such that targets protruding above
the general seabed surface will cast telltale shadows. As a consequence, however, double
coverage of the bottom is required in order that the detection gap at nadir is covered by the active
area of the adjacent swath. Although side-scan sonar yields good target detection capability, it
typically suffers from poor positioning, which can be of the order of tens of meters, due to
uncertainty in tow-body location — except in cases where a short baseline acoustic transponder
is used (Hughes Clarke et al., 1999). There is also the possibility of damaging the sensor on an
unexpected hazard. The best results are now being obtained from systems with an angle-
independent imagery option.

In shallow water, the height of the tow body above the bottom may need to be decreased.
This decreases the effective swath width and increases the danger of grounding. Beams are quite
narrow in the along-track direction, and, in shallow water, either speed over the bottom has to be
reduced in order to avoid excessive spatial gaps or the listening time of the sonar must be
decreased, which further reduces the true swath width. Surface noise and motion effects become
more pronounced in shallow water. Unless sea conditions are extremely calm, it is difficult to
operate a towed side-scan in waters less than roughly 15-m deep without a significant degradation
in performance. Tow speed in waters less than 10-m deep is often 4 knots or less, which results in
extremely slow coverage rates. An alternative for waters less than, say, 20 m deep is to use a
method pioneered by NOAA (Huff, 1993) in which the side-scan transducers or towfish are fixed
directly to the vessel hull, and speeds may be increased to between 6 and 8 knots. Still, the
coxswain and equipment owner both need nerves of steel for such survey tasking.  This presents
a striking contrast to an ALB system operating safely overhead at a speed in excess of 100 knots
and with a swath width of 100-200 meters. The survey customer needs to be very sure of his target
detection requirements to justify the costs associated with waterborne techniques versus use of
an ALB system.

Satellite Bathymetry
Depths may be estimated from passive, multispectral satellite data for clean waters (Lyzenga, 1978;
Philpot, 1989). This method does not meet IHO hydrographic accuracy standards, but it can
provide a meaningful bathymetric model if lesser accuracy can be tolerated. The results depend
very strongly on the algorithms used to process the measured irradiances, and the atmospheric
correction is crucial. Many models have been used over the years for data from a variety of
systems. A standard algorithm for determining depth in clear water from passive sensors exists,
but it requires tuning of five parameters and does not retrieve depths where the bottom has an
extremely low albedo. As one example of a new approach, Stumpf et al. (2003) report that to
address these issues, they developed an empirical solution using a ratio of reflectances that has
only two tunable parameters and can be applied to low-albedo features. The standard linear
transform and the new ratio transform were compared through analysis of IKONOS satellite
imagery against lidar bathymetry. Both algorithms compensate for variable bottom type and
albedo (sand, pavement, algae, coral) and retrieve bathymetry in water depths of less than 10-15
m, the latter being the practical limit for the linear transform. The coefficients for the ratio algo-
rithm were tuned manually to a few depths from a nautical chart, yet performed as well as the linear
algorithm tuned using multiple linear regression against the lidar. The ratio approach is more
robust and can sometimes work in deeper depths, water clarity permitting; but it tends to have
less resolution and to be noisier in that regime.
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Shoreline Mapping
Shoreline mapping can be described simply as the delineation of the location of the land/water
boundary. This is, however, a gross oversimplification because of legal and environmental
considerations. The shoreline is typically defined in terms of the water level at the time of a
particular tidal datum. For charting purposes, the mean high water line is typically used. For legal
purposes, various nations and, indeed, various states in the U.S. use many different definitions in
relationship to rights of ownership, rights to use resources, etc. For some legal purposes, the
shoreline may be defined by the mean high water; for others, it may be the mean lower low water
or something else. The beauty of a complete digital elevation model of a coastal area is that
different shorelines may be determined, as desired, simply by selecting the appropriate water level
on the computer. The problem lies in the frequent lack of consistent historical elevation data and
the great expense of collecting, to modern accuracy standards, what is needed for contemporary
purposes. NOAA has developed a national vertical datum transformation tool called “VDatum”
that allows the transformation of elevation data between any two vertical datums, among a choice
of 28, which can be categorized as three general types: tidal, orthometric, and 3D ellipsoidal
datums (Parker et al., 2003). NOAA is presently engaged in creating the VDatum database that
must be populated for all geographic locales by making the necessary measurements.  Some areas
currently covered include Tampa Bay, a section of the Louisiana coast, New Jersey, Delaware Bay,
Chesapeake Bay, North Carolina, and Puget Sound (Myers, 2005).

The selection of a remote sensing tool for shoreline mapping should be based on criteria such
as cost, speed, products, and data quality. A brief description of some typical sensors follows.

Aerial Photogrammetry
Aerial photographs have been acquired for many decades to support shoreline-related applica-
tions. Almost all high-water shoreline on hydrographic charts comes from photogrammetry
(O’Reilly, 2000).  The mapping of shoreline using photogrammetry is simpler than the construction
of a full DEM and more pragmatic. High-resolution, stereoscopic, geo-referenced black-and-white
infrared aerial photography can be acquired at flight times carefully coordinated with the desired
water levels. The water comes out dark, and the land comes out light. Clouds are a problem. The
further use of color photography permits the construction of stereo models from which land
elevations above (and perhaps slightly below) the water can be determined.  From such photos,
often also taken to identify and locate land features, it may be possible to determine a high water
datum from berms or debris fields. Photographs may cover widths as great as 9200 meters for a
1:40,000-scale survey. Even though a metric camera can be flown in a small aircraft, aerial data
collection and processing are, nevertheless, expensive and must be limited to high-priority targets.
More information may be found in Chapter 5 of this book.

Satellite Imagery
High-resolution black-and-white satellite imagery is, perhaps, the most promising approach to
large-scale shoreline definition and precision mapping projects, but a number of hurdles remain.
Coverage is global, but, as with aerial photography, it must be tide coordinated and cloud free.
Spatial resolution varies considerably from satellite to satellite. Geo-referencing is difficult due to
off-nadir angles and atmospheric distortions, and high resolution and accuracy are expensive to
obtain. Products of varying resolutions are available and priced accordingly. The accuracy of
most typical current products is borderline for some applications. Satellite images are now being
assessed by NOAA’s National Geodetic Survey as a reconnaissance tool to define areas of rapid
change that may need more-frequent aerial investigation and to evaluate the current validity of
previously compiled shoreline data. More satellites and data suppliers are needed to create a
competitive atmosphere that will promote improved accuracy at reduced prices for all users.
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Airborne IFSAR
Airborne interferometric synthetic aperture radar (IFSAR) is another very promising technology
for shoreline mapping. There is no water penetration, and, as for the techniques above, data
collection must be tide coordinated. A major benefit of this approach is that it works through even
heavy clouds. This ability is needed for areas that are frequently cloud covered such as Alaska
and areas in the tropics. The spatial resolution is good with 2.5-m pixels.  DEMs can be generated
above the extant water line. Missions are typically flown from relatively high altitudes, on the
order of 6000 meters, with swath widths of several thousand meters. The resulting high coverage
rate is a cost advantage. NOAA’s National Geodetic Survey has sponsored several successful
commercial IFSAR shoreline surveys in Alaska. More information on IFSAR may be found in
Chapter 6 of this book.

Airborne Lidar Topography
Over the past three decades, airborne lidar terrain mapping (ALTM) systems have been developed
into extremely capable and popular land surveying tools with many applications. They have also
been used for water surface applications (Jelalian, 1968; McClain et al., 1982). Although the land/
water boundary is qualitatively evident in the results of many ALTM systems (Gutierrez et al.,
1998), formally defined, quantitative shoreline has not been a common product. The feasibility and
cost effectiveness of this promising approach are being assessed for the production of new and
enhanced charting products (O’Reilly, 2000). For shoreline applications, ALTM results must be
tide coordinated and will provide a three-dimensional digital data set from which DEMs can be
generated for elevations above the extant water line. Shorelines defined at higher hypothetical
water levels can be derived from the DEM. System specifications vary by manufacturer, of which
there is a large and growing number, but areal coverage is generally very dense, effective pixel size
is small, and vertical accuracy is excellent. Typical operating altitudes are in the 1000-2000 meter
range, and swath widths are generally about seven-tenths the altitude, or about 1000 meters on
average. Infrared wavelengths are used, and, as with all approaches except for IFSAR, it cannot
work through clouds.

The ability to resolve land from water is sometimes a problem, particularly if surf is present.
Most ALTM systems do not have software optimized for distinguishing between land and water
for each laser pulse. Water is qualitatively evident as a result of reduced signal strengths. Signal
dropouts often occur, particularly at larger nadir angles, but the combination of variable nadir
angles and wind speeds leads to a very wide and confusing range of signal amplitudes from water.
The location of water areas is often inferred manually in a geographic context. The shoreline
accuracy required for some applications may not be easily achieved without additional software
development. Some excellent qualitative results have been reported in complex estuarine environ-
ments (O’Reilly, 2000). Chapter 7 of this book contains detailed information on ALTM systems.

Airborne Lidar Bathymetry
Early examples of surveying across the land/water boundary were conducted with the NASA
Airborne Oceanographic Lidar (Krabill and Swift, 1981a). The performance of ALB systems at the
land/water interface varies with design. LADS is used primarily over water. Most now have
augmented capabilities to provide services in this critical regime. SHOALS was the first to perform
bathymetry and topography simultaneously with an optional KGPS vertical datum and special
software algorithms which give it the capability to operate seamlessly at the shoreline if environ-
mental conditions permit (Guenther et al., 1998; Brooks et al., 1998). The major advantage is that
there is no need for tide coordination. The elevation data are collected both above and below the
water surface for the development of a DEM on which any desired water level may be added on
the computer to determine the related shoreline. LADS Mk II also supports KGPS and added a
topographic capability (Wellington, 2001b). Woolard et al. (2003) report encouraging results in a
NOAA study using LADS Mk II data from a test area at Shilshole, Washington.  EAARL and
Hawk Eye II are also designed to work at the shoreline.
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One possible drawback of using an ALB system for shoreline definition is that the presently
available survey density (typically 4 m at full swath width) may not be as great as desired for some
applications, although it should be sufficient for many uses. Additionally, as noted previously,
system performance degrades in a heavy surf zone due both to large areas of white foam and to
the water being opaque with re-suspended bottom material. Both of these conditions can cause a
false land indication. This is not an ideal area for shoreline operations because the land detection
algorithms are not foolproof, particularly in such difficult circumstances. Because the methods
used to distinguish water from land typically involve relative factors such as pulse return ampli-
tudes and shapes (Swift et al., 1981), performance will vary from system to system.

If a bathymetric or bathy/topo survey is already being conducted at the shoreline, the
“shoreline” product can have excellent quality and be a nearly cost-free result — except possibly
for additional data processing and reporting. On the other hand, if shoreline mapping is the only
product desired, airborne lidar may not necessarily be a good competitor with aerial photogramme-
try, satellite imagery, or IFSAR, in terms of coverage rate and cost, particularly for complex
coastline geometries, because bathymetric lidar typically flies at relatively low altitudes with
associated narrower swaths (less than 300 meters). If a full DEM is desired, however, and coordi-
nation with tides is onerous, then airborne topo/bathy may provide the best approach. Now,
innovative approaches for shoreline topo/bathy include multiple lidars working together on one
platform and lidar married with hyperspectral techniques, but coverage rate and cost will probably
remain a comparative problem if there is no complementary reason for the system to be there.

OPERATIONAL CONSIDERATIONS

Calibration Procedures
As noted in an earlier section, low-order IHO accuracy requirements are quite rigorous, and the
ability to achieve and maintain them cannot be taken for granted.  ALB, like other systems, has a
number of inherent and potential error sources that must be carefully managed and monitored.
These are exacerbated by the aircraft altitude and the need to pass through the air/water interface.
Proper system design is of primary importance. The hardware and software designs must be
predicated on producing the best possible precision and accuracy of recorded and processed data
by minimizing sensitivity to uncontrollable environmental effects while not introducing any
uncorrectable errors (Guenther et al., 2000). Recognized biases must be removed in software.
Because field operations take place in harsh environments, the precision, repeatability, and
absolute accuracy of the system must be checked on a regular basis by performing occasional
intercomparisons against independent standards, both on the ground and in the air, and through
constant monitoring of survey overlap areas between swaths and flying periodic cross lines.

A great deal of attention, during both design and operation, must be paid to the precise and
accurate measurement of times and angles. Optical and electronic time delays through the system,
both fixed and variable, must be carefully determined, and errors must be either eliminated or
calibrated and corrected in software. Typical examples are signal transit time variations in a
photomultiplier tube (PMT) as a function of high voltage and in a logarithmic amplifier as a
function of signal amplitude. Inputs related to aircraft attitude and location are typically recorded
at a rate slower than the laser pulse rate. Such measurements must be temporally deskewed and
appropriately interpolated on a pulse-to-pulse basis. Computer latencies must be well understood
and carefully handled. The stability of laser pulse characteristics such as pulse risetime, width,
and energy is very important and must be monitored. It is important to design the system such
that any correctors are small so that errors in the correctors do not have a substantial impact on
overall system performance. Timing calibration must be measured and corrected to sub-nanosec-
ond accuracy, and it should demonstrate good stability. This calibration for each receiver channel
should be checked occasionally by firing the system in calibrated target ranges on the ground,
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and it must be repeated when new components which can affect the timing are added or when
problems are suspected. Constants thus derived are used in the software. Systems such as
SHOALS that have multiple receiver channels have the added benefit of continuous, full-time
timing intercomparisons as a consistency check.

System installation angles, aircraft orientation angles, and the resulting beam nadir angle in
the world frame must be known to high accuracy for every pulse because their effect on distance
measurements is magnified by the aircraft altitude. For example, at a 400-m altitude and with a
nominal 20-degree nadir angle, a system angle error of 0.05 degrees (<1 mradian), which equates to
a nadir angle error of 0.10 degrees after reflection off a misaligned mirror, would yield a 25-cm error
in the estimated vertical height of the aircraft. This would be unacceptably large for many applica-
tions. It is desirable to limit system error components to about 5 cm and thus system angle errors
to about 0.01 degrees. The measurement of system alignment angles in the aircraft to such a
tolerance would be very difficult. This calibration can be accomplished with the needed accuracy
by applying an inverse algorithm to slant ranges to the water surface from flight data collected
occasionally for the specific purpose of angle calibration. Calibration passes should be made
whenever the optical system is disturbed, as when laser heads are switched.

The green light beam in the water spreads out because of the effects of surface waves and of
scattering from entrained organic and inorganic particulate materials. Scattering is generally the
dominant effect. The complex phenomena involved were diagrammed in Figure 8.3. The beam
spreading is both spatial and temporal and affects both the effective location of the sounding and
the arrival time of the bottom return at the receiver. The basis for timing measurements for the
slant path to the bottom is the so-called “unscattered ray”. Scattering causes simultaneous “long”
biases due to increased photon path lengths and “short” biases due to the fact that a significant
amount of energy is scattered into the “undercutting” region in the direction closer to the aircraft
than the unscattered ray. The results of Monte Carlo simulation studies of underwater light
propagation (Guenther and Thomas, 1984b; Guenther, 1985) indicate that net propagation-induced
depth measurement biases vary with nadir angle, depth, and water clarity parameters and exhibit
larger magnitudes, and larger variations versus water clarity parameters, near nadir. The resulting
net depth-measurement biases must be predicted by such modeling. These predicted biases, after
their accuracy has been confirmed by field intercomparisons, are then applied in software as
correctors to the raw measured depths.

For each aircraft installation, the precise location of the GPS antenna must be determined
relative to the location of the timing datum in the transceiver. This can be accomplished to within
a few centimeters either by using a total station or by geodetic GPS observations from an arbitrary
baseline. For systems that utilize measured vertical accelerations, the location of the inertial
reference unit is also calibrated with respect to the center of rotation of the aircraft.

The philosophy regarding the need to confirm vertical and horizontal accuracy in field
intercomparisons, or “whole system checks”, varies from system to system. The frequency of
benchmark survey intercomparisons depends on system design, the recommendations of the
system manufacturer, and the propensity of the user. The LADS systems employ a strategy of
benchmark surveys on every flight (Setter and Willis, 1994; Sinclair, 1999b), while other systems
do not embrace the need for such a procedure on a regular basis because long-term calibration
stability has been well established. Both approaches appear to be quite satisfactory.  LADS
vertical accuracy is assessed against acoustic benchmarks, wherever possible, on each opera-
tional sortie using an automated comparison routine in post-flight processing (Perry, 1999). Other
systems, such as SHOALS, rely on occasional benchmarks, rigorous periodic timing and angle
calibrations, proven calibration stability (Guenther et al., 2000), and monitoring survey data
quality with continuous checks of internal system consistency in overlaps between adjacent
swaths and in cross-lines. The latter checks, performed either manually or in software, are
potentially the most reliable method for identifying system errors. For systems with topographic
capability, topographic benchmark surveys are also required.
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When making these intercomparisons, it must be taken into consideration that both lidar and
sonar systems are designed to meet the same accuracy standards and that the accuracy of a
properly designed lidar system is as good as that for sonar (Setter and Willis, 1994). There is a
danger in the popular conception that, when lidar results are compared with those from older
techniques, the latter are correct. This is not necessarily the case. Indeed, laser surveys have
“brought to light” errors in associated sonar surveys.

Although surveys using KGPS to provide the aircraft height, and resulting measured eleva-
tions, with respect to the WGS-84 ellipsoid are nominally very precise and accurate, practical
experience has shown that some form of gross vertical accuracy checking is required when
performing KGPS surveys because they are highly susceptible to errors in datum information and
data quality, the latter particularly at times of active sunspots. Project datums are most often
related to tides. New control surveys are sometimes needed because the height difference
between the project datum and the WGS-84 ellipsoid can change throughout the project area
(Guenther et al., 1998).

Satisfactory horizontal accuracy for nearly all applications can be obtained from appropriate
implementations of GPS. Differential GPS (DGPS) is most commonly used. Gross horizontal-error
checks can be made by confirming the location of identifiable features in down-look video
imagery, but these depend on the alignment of the camera and the reference grid utilized. More
accurate results can be obtained by parking the aircraft over control points on the runway and by
comparing the measured and known locations of objects detected in the lidar pulses themselves
(Graham et al., 1999).

Positioning the Aircraft
All existing ALB systems use some form of GPS for horizontal positioning of the aircraft. Develop-
ments in GPS positioning capabilities over the past decade to provide the ability to accurately
position aircraft “over the horizon” have had a major impact on the efficiency of ALB operations.
Earlier positioning systems such as microwave ranging were less accurate, and their use was
unwieldy. The accuracy of stand-alone GPS is marginal, at best, for most modern surveying
purposes even with selective availability (SA) switched off.

Two methods of overcoming large portions of the propagation and SA errors associated with
stand-alone GPS are Precise (P) Code and differential (DGPS).  Although P-code (originally
available only to military organizations) is less accurate than DGPS, it continues to be useful for
the RAN LADS (Sinclair and Spurling, 1997). DGPS achieves substantial improvement in accuracy
by using one or more GPS “base stations” at known locations for measuring local errors in the
GPS pseudo-ranges (ranges to the satellites derived by an iterative process) and generating
corrections. Range errors are transmitted, by one of several methods, to users and applied as
correctors to the observed user pseudo-ranges to the same satellites. DGPS positioning, typically
accurate to better than 3 meters, is used by most or all systems.

Finally, sub-decimeter accuracy, both horizontal and vertical, can be obtained through the use
of carrier-phase measurements in so-called kinematic GPS (KGPS) which became practical with the
implementation of a technique variously called “on-the-fly (OTF) ambiguity resolution” (Remondi,
1991) or “integer ambiguity resolution”.  This combination is alternately known as KGPS/OTF or
DGPS with KAR (kinematic ambiguity resolution) or post-processed kinematic (PPK). Its primary
use for ALB is to provide an alternative vertical reference, the WGS-84 ellipsoid, independent of
the water surface. Because of the previously mentioned uncertainties in the bottom-sounding
horizontal location relative to the surface location, caused by beam spreading, its additional use
as the horizontal reference would probably be of little practical benefit.

In the early days, differential corrections were applied during post-flight processing of
recorded user data, but now DGPS systems not only generate the corrections but also utilize some
type of wireless transmission system for getting the correctors to users in near real time. This
communication may be VHF systems for short ranges (FM broadcast), low-frequency transmitters
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for medium ranges (beacons), and geostationary satellites (L-Band) for coverage of entire
continents. All of these methods have been employed for ALB. Prior to the demise of SA, the
correction update rate and transmission bandwidth required consideration, but this concern is
now significantly reduced.

Over short ranges (less than roughly 50 km), VHF transmission presents several advantages.
Once the user has purchased the portable differential base station, it is under his full control. It
can be established over any selected known point, and there are no further costs. A second
advantage lies in the high update rate that allows accuracy to be easily maintained. Major
drawbacks, however, are associated with the limited range, the associated potential need for a
large number of base stations, and the multiple sources of interference in that part of the electro-
magnetic spectrum. Although the use of VHF was common in the earlier days of ALB, it is now
seldom used both for the reasons outlined above and because of the availability of other indepen-
dently maintained systems.

Medium or low frequency beacons operated almost continuously, independent of the user, by
organizations such as the U.S. Coast Guard, offer much enhanced ranges over VHF (up to about
200 km). Despite the fact that use of such beacons is essentially free to the user (except the cost
of purchasing a DGPS-compatible receiver), they suffer from several problems that can, in some
circumstances, compromise their usefulness for ALB purposes. These include both slower update
rates and occasional atmospheric interference effects. Notwithstanding this, ALB systems have
successfully used such beacons for a number of years.

By far the most flexible solution is provided by Wide Area DGPS (WADGPS) in which
corrections are provided via satellite broadcast. This enables both high update rates and reliable
communications over continent-size footprints. The broadcast has ample power within the
footprint that a small omnidirectional antenna may be used for receiving, and the frequency used
is sufficiently close to that of GPS that, in most instances, a common, single antenna may be used.
This particular feature is highly attractive to ALB because it reduces the need for modifications to
the external fuselage of the aircraft that may have certification implications. A further key feature
of WADGPS is “Virtual Base Station Solution” (VBS), which uses a weighted solution from
multiple base stations to provide every user with corrections optimized for their specific location.
This is an attractive feature to ALB since the aircraft is provided with a solution that is consis-
tently accurate regardless of proximity to any particular base station. A number of providers have
established WADGPS subscription services; OmniSTAR, Starfix, Skyfix supplied by Fugro, and
CNAV supplied by C&C Technologies are probably the best known. Incorporating up to 80
permanent reference stations and two or three regional network control centers, these services are
designed to provide uninterrupted and accurate positioning via L-Band geostationary communi-
cations satellites to up to 95% of the globe. This versatility and robustness is offered at reason-
able subscription rates. WADGPS is currently in wide use for ALB operations (Lillycrop and
Brooks, 1996; Sinclair, 1998).

KGPS/OTF provides a methodology for sub-meter positioning of the aircraft in all three
dimensions. Although this accuracy may not be needed for horizontal positioning, it has been
noted that the optional use of this technique for the defining the vertical aircraft reference
provides the benefits of unlimited operation over land for beach profiling and topographic
mapping, as well as operation over water without the need for concurrent water-level measure-
ments. These advantages, however, are not without costs. The biggest drawback to the use of
KGPS for ALB is the burdensome logistics requirements, which are a function of the number of
base stations required. To ensure the highest possible reliability and accuracy, a procedure that
utilizes multiple baselines to detect and prevent erroneous initializations should be used (Lapucha
and Barker, 1996). This requires the placement, monitoring, and maintenance of multiple base
stations at sites locked to an extremely accurate vertical control network.

Estimates of the maximum distance from the base station at which KGPS can be operated vary
from 10-30 km, but this figure is dependent on a number of factors. First among these is the extent
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of the unobstructed horizon at both the base station and the aircraft. While the possibility that
high buildings and/or trees may obstruct the clear horizon at the base station is easily appreci-
ated, care also has to be taken that line of sight to satellites is not obstructed on the aircraft either
by poor antenna location or through aggressive maneuvering of the aircraft. In optimum condi-
tions, maximum range from base station to mobile can be achieved if both have in view a common
set of satellites, even when some of these may be at relatively low elevations. Conversely in less
ideal conditions, obstructions can limit base and mobile to the use of only high-elevation satel-
lites, resulting in the need to establish a tighter network of base stations.  This problem is further
compounded when it is considered that the main benefactor of KGPS technology is coastal
resource management projects that are characterized by long stretches of coastlines which
consequently require an extended linear network of base stations. Consequently, while logistics
costs discourage its general use, KGPS offers a viable solution to areas with specific problems
such as complex tides or the need to survey both topography and bathymetry simultaneously.

Although some applications benefit from performing calculations in near-real-time using a
technique known as “real time kinematic” (RTK), there is little or no currently perceived benefit for
its application to ALB, and the carrier-phase data is recorded in both the aircraft and base stations
receivers for subsequent post-flight processing and quality control. During flight, positional
control is typically maintained using a DGPS solution.

Water Level (“Tidal”) Measurement
The water level at a given time and location on a body of water is a function of an astronomical
component (the tide) which can be predicted and a meteorological component which cannot.
Depending on the location, the tidal variation may range from a few decimeters to over ten meters.
Florida’s Atlantic coast, for example, has tidal ranges that vary from a maximum of 2.01-m in the
North to 0.56-m in the South.  ALB surveys break down into two categories: those using the
extant mean water level at the time and location of the survey as the vertical measurement
reference and those using KGPS/OTF.  For the former, traditional approach, water level measure-
ments at the survey site, concurrent with the survey, are required. For the latter method, they are
not. This is one of the major advantages of the KGPS/OTF approach.

For a traditional survey, depths measured with respect to the local mean water level will be
reduced to the tidal datum of choice by applying either predicted tides or measured tides. A low
order (high accuracy) survey requires the latter because predicted tides do not include the effects
of meteorology and are often inaccurate. The collection and application of a water-level time series
for the survey time and location must be carefully planned and executed. The accuracy of this
measurement is a critical component of the depth error budget. Data from existing water-level
gages, such as those maintained by the National Ocean Service, is used wherever possible. It
takes at least a month to establish datums at a new gage (traditional spelling). For the large areas
covered rapidly by airborne surveys, a single water-level gage is often insufficient. A further
complicating factor occurs in areas of restriction, such as an inlet. Because of access issues and
the need to protect gages from storm action, tide stations are often located inside inlets where
incoming and outgoing tides create a build up of water during high flow and can cause tidal
reductions to be erroneous for areas outside the inlet. In these situations, a water-level gage
network may be needed, and the further procedure of tide zoning between gages will be needed to
avoid steps in the modeled surface. In complex geographic situations, integration of modeled tides
and in situ gages may be required to maintain desired accuracies.

For KGPS/OTF surveys, the surface and sea bottom elevations measured with respect to the
WGS-84 ellipsoid are often reduced to a local tidal datum for charting or mapping purposes. This
does not require a survey-concurrent, water-level time series, but, as noted above under “Calibra-
tion”, it does demand accurate knowledge of the ellipsoidal heights of the vertical control
monuments to which the local tidal datums are referenced. This may necessitate a vertical and
horizontal control survey of the existing monuments or the creation of new reference stations that
can be tied into the monument network. This type of survey tends to be more expensive, due to
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the added logistics, and is therefore only conducted when needed. The accuracy may be de-
graded somewhat during times of high solar activity. In order to permit assessment of the accu-
racy of baseline closure at the time of the survey, the control survey should be conducted prior to
the hydrographic survey. It should be noted that knowledge of the ellipsoidal elevations of the
control monuments alone is not necessarily sufficient to correct a KGPS survey to the tidal datum.
An accurate zoning model of the datum separation (geoid to ellipsoid) over the entire survey area
is needed, and these are not always available. Unmodeled variations in the separation will result in
errors in reported depth, with respect to a true geoidal datum at that location, much as errors in
tidal zoning result in depth errors for the traditional method.

Survey Planning and Management
Mission planning can be thought of in terms of three epochs: the basic survey plan, detailed
scheduling and logistics, and on-site survey management. Given a potential mission requirement,
the first agenda involves the development of a plan consisting of a feasibility study, the estima-
tion of logistical considerations, the determination of data requirements, and a cost assessment.
The success or failure of a survey can depend on how well it is planned, how those plans are
executed, and the ability to deal with unforeseen circumstances.

The feasibility study involves both theoretical and practical aspects. The first determination
that has to be made is expectation of success based on depth requirements and expectations of
water clarity. For many areas, the water clarity and meteorological factors may vary seasonally and
dictate the month(s) appropriate for the survey. The next matter is ascertaining the availability of
the system at that time and location. Availability conflicts may need to be resolved. Planning a
geographical “Grand Tour” can be very important in reducing costs. Customer priorities and
requirements must be taken into consideration.  If the survey is judged feasible, the next consider-
ations are logistical. The distance from the expected system location to the new survey is deter-
mined. The size of the survey area is considered with respect to projected travel costs. The
nearest appropriate airport to the survey site is located and contacted. The availability of suitable
facilities and equipment for aircraft and personnel are evaluated. Special features such as moun-
tains and potential air space restrictions or conflicts will be factored in.

Discussions with the potential sponsor about data requirements will have indicated whether
the survey is to be a bathymetric survey or a hydrographic survey and defined the associated
data density, vertical and horizontal accuracy, and small target requirements. The need for surf-
zone, shoreline, or topographic products will have been identified. Known features of particular
emphasis will have been denoted. It will first be decided whether the survey will be traditional or
use KGPS/OTF as the vertical reference. For a traditional survey, the availability of suitable water-
level gages and their condition must be ascertained. In extreme cases, an ad hoc gage may need to
be installed. The method to be used for horizontal control is selected. For a DGPS survey, the
source of differential correctors (wide area or local) must be determined. If local, consideration
must be given to the coverage area, range limits over land and water, the number of stations
needed, and practical sites along coast. For a kinematic survey, the number of base stations
needed is determined, availability of control monuments and locations for base stations is
identified, and the possible need for a control survey must be considered. Experience has proven
that things are not always where they were thought to be. Finally, a cost assessment is made
based on the logistical considerations, data requirements, and perceived risks.

If it is to be a contract survey, this is where the technical and cost proposals would be made,
assuming the survey is deemed appropriate for the technology. With a determination to proceed,
the second step is to supplement the basic plan with a schedule and detailed logistics for items
such as aircraft and equipment needs, environmental considerations, transportation requirements,
personnel assignments, office space, and housing arrangements.

The third and final process can best be categorized as survey management. This involves the
implementation of the plan, mobilization of equipment and personnel, establishment and manning
of control and water level stations, conducting needed system calibrations, day-to-day selection
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and planning of specific survey areas and laying out flightlines consistent with data requirements,
monitoring weather and water clarity, management of flight times to avoid sun glint and meet the
needs of the air crews, coordination with tidal cycles if desirable, reacting to winds, weather, and
wave conditions, selection of alternate sites, planning reflies, modification of plans as necessary,
selection of data processing protocols, evaluation of data quality, production of the required
output products, maintenance of the equipment, conducting necessary remedial actions to ensure
the successful completion of the survey, and demobilization. This is a complex and demanding
task that requires a great deal of both expertise and experience.

Post-flight Data Processing
Software design features and algorithms are equally important with hardware for performance and
accuracy. A detailed description of post-flight data processing software and procedures is beyond
the scope of this document, but a brief summary is presented here to emphasize important features
and typical characteristics. The major generic software components are the Automated element,
the Manual element, Visualization and Editing, and Production.  Data processing techniques vary
considerably from system to system, but they have a number of aspects in common. Early work
was reported by Billard and Wilsen (1986) and Guenther and Mesick (1988a). More recent details
have been provided for LADS by Perry (1999) and for SHOALS by Guenther et al. (1996; 2000).
Depth-measurement accuracy is the primary goal. Post-flight data processing software seeks to
maximize sea-bottom detection probability while minimizing false alarms. As a major part of this
effort, it is absolutely critical that small objects (such as rocks, coral heads, and man-made debris)
be properly identified. The processing corrects several unavoidable but predictable biases from
the environment as well as removing effects inherent to the hardware configuration. Its automated
component provides efficiency, while the manual components provide flexible operator interaction
to handle differing survey requirements and special environmental circumstances. Visualization
tools were originally used to assist with a final sanity check, but these powerful programs are now
being customized for specific systems and taking over more of the manual processing functions.
The production element provides the required survey output products for the customer.

A practical measure of data processing can be expressed in terms of the effective laser pulse-
repetition rate that can be handled by a single work station and operator while maintaining the
needed data throughput. In order to minimize personnel and computer requirements in the field,
systems with higher pulse rates will have to compensate with faster computers, more efficient
processing, and less need for manual interaction.

Automated Algorithms
The following list highlights some of the major functions performed by the post-flight waveform
processor and depth determination algorithms. Flexible operator interaction is provided to handle
special cases through the use of a set of software control parameters. Timing latencies in mea-
sured scanner angles, attitude, and altitude data are deskewed. Low-rate sensor data are interpo-
lated for each pulse. A tracking algorithm may be applied to surface times. Surface and bottom
returns are discriminated using signal-to-noise ratio and possibly near-neighbor confidence as
criteria. Algorithms containing heuristic rules (Guenther and Mesick, 1988a) are helpful in rejecting
noise, system artifacts, and false targets in the environment such as fish and scattering layers.
The algorithms must handle complex waveforms associated with a variety of circumstances from
extremely strong shallow returns to extremely weak deep returns as well as difficult returns in
turbid waters (Perry, 1999). It is vitally important to have a reliable capability to identify small
objects on the sea bottom. Recorded waveforms, which have been nonlinearly processed in
hardware, are linearized, and precise pulse arrival times are estimated. Studies have shown that the
most accurate and precise pulse-location algorithm is a half-peak-height amplitude threshold
applied to the linear waveform (Guenther and Thomas, 1981). Timing calibration correctors are
applied for hardware and environmental time delays. This should include delay versus amplitude
tables because transit times through nonlinear components tend to acquire a certain amount of
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amplitude dependence. Predicted biases associated with the measured sub-surface water Raman-
scattered surface times (Guenther, 1986) are added in the case of SHOALS.

Several types of automated channel priority logic may be available for selection of the optimal
surface return for each pulse. The local mean water level is calculated.  This acts as the primary
depth reference and permits the removal of wave heights from the measured water-column depths
(Billard, 1986a; Thomas and Guenther, 1990). The depths are determined in a manner consistent
with the quality of available surface data and the goals of the survey. Two possible bottom returns
per waveform are saved in order to permit valid depths to be calculated in the presence of fish and
other biota in the water column. This is also a critical for small-object detection. Depths from both
detections, if available, can be presented for possible manual inspection. Automated depth
selections may be manually swapped to an alternative if desired. When KGPS/OTF is used as the
primary vertical reference, bottom elevations are calculated with respect to the ellipsoid (Guenther
et al., 1998). A predicted corrector for propagation-induced bias is applied as a function of depth
and nadir angle (Guenther, 1985). The positions of the soundings are calculated taking into
consideration parameters such as aircraft position, altitude, attitude, scanner angles, and depth.

A number of internal consistency checks are conducted during processing, and various
confidence and accuracy statistics are gathered. For each pulse, an overall level of “confidence”
in the result is provided as a key parameter. For a traditional survey, predicted tides or measured
water levels are applied. For LADS systems, benchmark depth comparisons are flown and
automatically processed for every flight. Prerecorded data is generally available for defined, small
areas that have been surveyed using high-accuracy acoustic techniques. The comparison cross-
line and benchmark statistics are calculated and recorded for subsequent viewing (Perry, 1999). In
SHOALS, quality control of surface data is augmented by calculating difference statistics for
independent but redundant times in the two surface channels. In addition to bathymetry, topo-
graphic heights may be calculated for pulses on land. The horizontal position of each laser shot
on the bottom is determined. At this point, for LADS systems, a subset of soundings is produced
by a selection process aimed at producing a decimated data set suitable for conventional fairsheet
presentation at the scale of the survey.  SHOALS defers decimation until the production step.

Manual Processing
Interactive data displays and automatically calculated statistics are available to facilitate quality
control and validation of results. Calculated depths are typically color-coded and may be pre-
sented in a variety of display formats. The user may “zoom” in to view selected geographic
regions of interest. Pulses not returning depths may need to be examined.  Areas of indicated land
might need to be verified, particularly in surf zones. The time-stamped down-looking video record
or digital images may be consulted for ancillary geographic information. Difficult or questionable
data segments can be reprocessed, within limited geographic boundaries, with parameters
optimized for the situation. Multiple or false depths due to environmental effects such as schools
of fish or turbidity layers can be investigated by the operator to ensure the use of the underlying
true bottom depths. The automated decision may be reversed if necessary. Problem soundings or
areas are marked for further investigation or reflies.

Most importantly, recorded raw waveforms, along with important parameters, can be accessed
for selected soundings and displayed for careful evaluation by the operator (Brooks et al., 1998;
Sinclair et al., 1999). According to the laws of statistics, assuming a normal distribution, one pulse
in every hundred is beyond the three-sigma level. If a relatively short 13-km flight line contains,
say, 100,000 or more pulses, then that flight line will contain at least 1000 pulses whose depths are
outside the three-sigma bound. A few of such statistically inevitable errors may leak through
automated quality tests and need to be studied, and possibly removed, manually. Waveforms with
multiple bottom returns may need to be examined, particularly for the presence of small objects
when invoking hazard-detection procedures.

Especially rigorous hazard detection techniques and quality control procedures are used for
nautical charting data (Brooks et al., 1998; Perry, 1999). The waveforms of questionable soundings
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are examined and compared to those from neighboring points to assist interpretation. The
distinction between fish and coral heads or a wreck is not always clear. For nautical charting work,
if no conclusive evidence exists to discredit an apparent anomaly, additional flight data are
collected to confirm or disprove its existence. Some surveys are flown with 200% original cover-
age to improve the detection probability of small objects. In this case, the data are examined to
determine if the anomalies exist in both flightlines. A software or operator failure at this point will
lead to very dangerous, or, at best, embarrassing circumstances. The job of data processing is not
any easy one.  The survey manager must be aware of problematic data and maintain control over
these procedures. For less-stringent general bathymetry not for navigation purposes, such as
reconnaissance or “condition” surveys or modeling work, similar examinations of the anomalies
and neighboring soundings are made, but additional data are not normally collected; the decision
to keep or discard is made based on the existing data.

For LADS systems, the possibility of assigning “No Bottom At” depths is assessed.  For
SHOALS, depths in the problematic 0-1 meter depth range can be examined for validity and
selected by the operators if desired (Brooks et al., 1998). Additionally, SHOALS provides access
to internal and value-added parameters for calibration, analysis, correlation, and plotting through
the use of optional relational database and spreadsheet programs. Utility programs for tasks such
as angle calibration may be executed. The various systems employ numerous other analytical
features that are beyond the scope of this article.

All flight lines are planned to overlap adjacent lines. Areas of missing coverage (“holidays”)
caused by missing or unresolvable data, data edits, or incorrectly positioned flightlines are
identified for further investigation or reflying. The consistency of overlap results, throughout the
survey area, is monitored for quality control. Periodic cross-lines are flown and analyzed for the
same purpose. Quality control is also augmented by monitoring redundant surface time statistics.
For LADS systems, previously calculated cross-line and benchmark statistics are reviewed and
evaluated.

Powerful visualization software tools have become commercially available. Manufacturers are
willing to customize these tools to meet the unique needs of specific users. This permits the migra-
tion of much of the editing previously done in ad hoc two-dimensional manual processing schemes
to be accomplished more efficiently in a pseudo-three-dimensional visualization environment.

Visualization and Spatial Editing
Three-dimensional visualization programs may be used as a check for holidays and wild depths in
geographic context and for spatial data editing. These permit color-coded data to be viewed
interactively from various perspectives and typically include a variety of features such as
rotations, contouring, shadow rendering, and profile views. Excellent commercial programs are
available, and these are often customized to provide ad hoc features such as efficient access to
the raw waveforms. LADS and SHOALS, for example, use the Fledermaus Professional Edition
from IVS 3D to great effect (Francis et al., 2003). In general, such software must be able to provide
simple and rapid rotations of very large data sets. Shadowing has proven to be a quite useful
feature. Profiles, in addition to being a quality control feature, may be an output product in some
cases. Data sets acquired at different times or with different sensors may be combined and tested
for agreement. An effective visualization program will provide the ability to find suspicious step
offsets which could indicate problems such as errors in positioning, water-level correctors, or
angle calibration. Pseudo three-dimensional views are valuable for discovering any remaining
random outliers that have avoided two-dimensional manual quality checks. All data sets for a
project area are cleaned and saved.

Deliverables
Products, procedures, and deliverables vary far too much from system to system, customer to
customer, and over time, to be described in any but the most general terms. Deliverables may be
paper or digital; most often, both are required. Typical digital products from a survey, provided to
the customer in agreed-upon formats, would be the cleaned and verified full xyz survey data set, a
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decimated xyz data set, TINs, Computer-Aided Design (CAD) and Geographic Information System
(GIS) files, plot files, and a metadata file compliant to FGDC standards. Paper products may
include two-dimensional forms such as charts, maps, smooth sheets, contour plots, or profiles and
pseudo three-dimensional, color-coded, shaded displays. Some customers may desire higher-
order products, based on further analysis of the data, such as bathymetric differences from
previous years or dredge volumes.

All raw data and processed results should be permanently recorded for possible later review
during chart verification and production, as well as for archiving. If decimation has not already
been done, it would be done at this point to the cleaned xyz files. The raw survey density is far
too great for presentation to many customers, and a large percentage of “unimportant” soundings
may need to be removed in the generation of final products. The decimation process retains the
critical soundings, particularly the shoals, according to the scale of the survey. Overlapping
soundings and unneeded data on uniformly sloping areas are removed according to specified
horizontal and vertical tolerances. Commercial or custom software programs may be used. The
result is saved in an appropriate digital format for distribution and may be used to generate paper
products. In the near future, the digital data may be used for the creation of Electronic Nautical
Chart (ENC) files.

When paper products are required, the cleaned or decimated data are typically passed into
commercial chart or map production software. The scale is determined by customer needs and the
size of the project. The complete data set would generally only be used to create very large-scale
charts (1:1200 or larger) for small projects, because the large file size is not justified by the minimal
increase in information in the final product. The basic element of the mapping process is the
triangulated irregular network (TIN) that represents the depths or elevations. Each individual
sounding is a mass point in the TIN. TINs are used as intermediate products in the generation of a
variety of deliverables such as color-coded elevation grids, contours, and profiles. Hard
breaklines are rarely needed or used when dealing with high-density bathymetric data. Along the
shoreline or on land, however, breaklines may be used along road centerlines, toes and crowns of
dikes, levies, jetties, and walls, and anywhere they are needed to prevent the software from
connecting data points that fall on opposite sides of a physical discontinuity.

Individual CAD and/or GIS files may contain single data representations such as color-coded
elevations, contours, profiles, geo-referenced photographs, and sounding elevation text (individual
soundings shown on the final chart) which can be overlaid in various combinations. Contours are
usually generated on intervals ranging from 0.5 m to 5.0 m depending on the chart scale and
intended use of the data. The elevation text is produced by a method that reads the complete or
decimated data file. The overlaid data files must be on, or converted to, the same datum and the
same projection but need not all cover identical geographic areas. Composite products can be
generated by retrieving all data within a selected overlay frame and writing it into a “sheet” file.
The sheet file will also contain items such as the title block, legends, notes, index maps, scale bars,
and borders. Plot files can be created from these sheet files. Charts and maps may be printed on
site in the field, but, more often, cleaned complete and decimated files will be sent to a centralized
production and distribution facility for final validation and printing. The customer may perform
additional data verification measures according to their standard procedures.

Digital GIS products can provide access to the valuable information contained within the
bathymetric lidar and accompanying datasets, especially in cases where customers do not have
the knowledge or hardware required to deal with large datasets. These products include raster
images, or grids, built from TINs of the combined topographic and bathymetric elevation data.
From these grids, a shoreline or other contour of interest is extracted and stored as a shapefile.
For topographic data, images of first and last returns are analyzed to extract building footprints
and bare earth models. Topographic lidar intensity and bathymetric seafloor reflectance data are
used to discriminate between discrete land use areas and bottom types, respectively. These
classifications are improved by combining lidar elevation and intensity/reflectance with RGB or
hyperspectral image data in complex data fusion algorithms (Tuell et al., 2005c).
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FUTURE ADVANCEMENTS

Background
The ALB systems operating in the world today are largely derived from Canadian, Australian,
United States, and Swedish government programs, and these governments were primarily respon-
sible for defining the user requirements. Airborne lidar-bathymetry systems of the current
generation have matured, and the services of several are now available from industry. With up to
twelve years of successful operations, including thousands of hours of experience in logistics,
data collection, data processing, and product generation, representatives from the latter three
national governments re-evaluated their needs and formulated more ambitious ALB requirements
that go well beyond the current capabilities. Serious consideration was being given to defining
where the technology and systems must be in five to ten years to meet anticipated needs in areas
such as nautical charting, port and harbor mapping, coastal zone management, and military rapid
environmental assessment for site characterization. Each early system was developed based on
different survey requirements and program goals, each program has traveled a different path, and
each has experienced different successes and failures, but the representatives discovered that
they all shared the same vision for the future (Lillycrop et al., 2001). Industry will continue to be
quite challenged to meet these new requirements for enhanced data collection capabilities, lower
unit cost, size constraints, and the ability to integrate with complementary sensors.

The missions described in detail in the User Applications section are expected to continue to
be the primary applications over the next five years or more. At the present time, there are two
general philosophies of system configuration in terms of aircraft size and utilization. One approach
is to use a large, high-performance lidar system in a dedicated, long-range aircraft. In this way, the
system can be flown directly to any location in the world within a few days. Long sorties may
consist of lengthy surveys if flown at a location near the airport or shorter surveys performed at a
great distance from the airport. The latter capability is an important asset for reaching remote
locations, and it is expected that there will be continued demand for contract services from such a
system. Few such systems, however, will be needed. The second approach is the proliferation of
smaller, portable, shorter-range systems that can be installed in local “aircraft-of-opportunity”.
These have the advantage of lower cost, the ability to fly from smaller and less developed
airfields, and the potential for greater acceptance as a general survey tool by both service
providers and clients.

The consensus opinion of government and industry representatives was that the emphasis in
the future will be on smaller size and lower cost for the lidar sensor and associated electronics,
potential for use in smaller aircraft, greater flexibility in the use of aircraft-of-opportunity, more
sophisticated automated data processing with integrated survey planning, and utilization of more
off-the-shelf equipment for easier maintenance. These characteristics will reduce the survey cost
per unit area by reducing the initial investment, flight costs, field crew size and training, and
manual data processing complexity.

More information about the environment should be extracted from the raw lidar return signals
to better quantify the physical characteristics of the survey area and add value to the already
existing bathymetric products. Once the cost has been expended to operate the aircraft for lidar
depths and elevations, valuable additional environmental characterization can be obtained at a
very low cost if appropriate software algorithms are available. The ability to use multiple lidars,
and lidar in conjunction with complementary sensors such as multispectral and hyperspectral
imagers, to produce a broader range of information and products, will lead to new applications and
missions. There are undoubtedly other sensors that lidar could complement to improve the ability
to rapidly and accurately characterize and quantify the coastal zone. The potential applications are
broad, but require ALB systems that are small, flexible, relatively inexpensive to purchase and
operate, and easy to operate and integrate with a variety of other techniques.
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Driving Factors
There are two types of ALB customers — system customers who wish to own and operate their
own systems and survey customers who wish to contract for surveys. The first category includes
both government agencies and private companies. The latter ranges from national governments
with huge survey backlogs and multi-million dollar budgets to local governments or private
entities with a small budget and a little project. While there are already a sufficient number of the
former, there could be a very large number of the latter if costs are attractive and knowledge and
availability of the technology become widespread. With few exceptions, the needs of this diverse
customer base are very similar.

The vision for future ALB systems is driven by the following factors.
All customers desire more affordable ALB systems and surveys.
Most survey customers do not have large enough requirements or budgets to justify
the purchase cost of a system.
Most system customers wish to operate systems in smaller aircraft to reduce overall
operating costs, because aircraft costs are the dominant cost in ALB operation.
Systems of the future must be extremely flexible to meet the varied and changing
requirements of the survey community.
Lessons learned from existing systems and programs must be incorporated, and
preferably automated, into the new ALB systems.
Compact airborne laser terrain mapping (ALTM) systems, adapted for operation on
small photogrammetric aircraft-of-opportunity and providing accurate, high-density
terrain elevation data, are enjoying world-wide success.  This implies the existence
of a large potential user base and act as a role model for more complex ALB systems.
Expectations of the international hydrographic community are shifting towards
higher standards for hydrographic mapping, including nearly 100% bottom coverage
and the ability to detect small features on the bottom.
Many survey customers would be able to make use of value-added products related
to environmental characterization.
Military organizations desire to put even smaller systems (generation-after-next) into
unmanned airborne vehicles for covert operations.

It is envisioned that in the future, as with ALTM systems now, the majority of ALB systems
will be procured by aerial survey companies which will then provide survey services to clients as
required. A minority of systems will be purchased by government agencies who will want to own
and operate their own equipment. Many government agencies will make use of contract surveys.

Performance Characteristics
New advancements in ALB technology and software algorithms will be able to provide the user
with a combination of increased capability, improved performance, new products, and lower
operating costs in a smaller package than has been available with earlier-generation ALB systems.
As performance improves, the locations and types of applications will increase. It is crucial to
remember, however, that the penetration and accuracy of existing systems has been hard won and
must not be compromised in new systems for the sake of cost and size reductions. An ineffective
or marginalized system is not a bargain and is not acceptable. Standards must be maintained, and
lessons learned must not be forgotten.

To support the applications described above, the ALB systems of today must evolve. This
section lists some of the desired performance characteristics and identifies key focal points for
research and development to provide the changes needed to enhance today’s sensors and
systems. Until these characteristics are adopted by industry, government programs will be the
only method of evolving airborne lidar hydrography. If these criteria are met, the entire survey
community, both industry and governments, will add ALB to their capabilities. Only then will
systems mature and evolve based on the needs of the many.
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Platform and Logistics
Size and power requirements of existing ALB systems make them somewhat platform-specific. For
systems not intended to be operated from a dedicated aircraft, achieving an airborne sensor
design that is fully platform-independent will allow the use of aircraft-of-opportunity. To increase
operational flexibility with respect to mission type, sensor fusion, and survey cost, most systems
of the future will be small, portable, and modular in design. Regardless of application, these three
criteria will ensure that future systems can utilize standard photogrammetric aircraft of opportu-
nity (including utility helicopters), be easily shipped worldwide to utilize these aircraft, and be
capable of operating integrated with other sensors. A smaller sensor may be operated from a
smaller aircraft, thus reducing the cost of hourly survey flight operations. Reduced costs for
sensor mobilization and demobilization will also be realized. The size must also be reduced so that
lidar can become a viable sensor for unmanned aerial vehicles (UAV). This is important to the
military of the future, one that must project itself in a moment’s notice around a region or around
the world.

Existing systems require several specially-trained personnel to mobilize them into the aircraft.
Once installed, they require complex procedures to calibrate. Future systems, as a goal, should
require fewer and less-specially-trained personnel to mobilize equipment and initiate survey
missions. Targets for size and training requirements should be similar to those for acoustic
multibeam survey systems. System maintenance should be modular and self-diagnosing to reduce
the amount of training required of the field survey crew. Finally, the level of automation versus
operator control must advance such that the system itself is capable of monitoring the progress of
the mission and assessing the quality of the data to reduce the needed expertise level and
workload of the operator, or in the case of a UAV application, to operate autonomously.

Lasers
Since airborne lidar bathymetry began, a primary performance metric has been laser pulse-
repetition rate. Faster lasers are very desirable. Higher sounding rates will allow even greater area
coverage rates, with associated reduction in survey cost, and/or denser coverage. Higher area
density, particularly to achieve 100% overlap at the surface, would improve the detection probabil-
ity for small objects on the bottom. Along with high repetition rates, the pulses must have
sufficient energy and narrow width. Narrow pulse widths provide higher peak power, and hence
higher signal-to-noise ratio, for a given pulse energy. They also help improve performance in
turbid waters and, additionally, can improve the technical aspects of depth measurement accuracy.
Diode-pumped solid-state laser technology has advanced to the point where compact systems in
the field today have pulse-repetition rates of 5000 pulses per second or more, with appropriate
characteristics. In the future, there is expectation of even higher repetition rates and narrower
pulse widths. The limitations then will shift to digitizers, associated electronics, and computers
that can keep up. As such performance improves, however, it will still be desired to maintain
system compatibility with smaller aircraft of opportunity. As pulse rates increase, in conjunction
with the need for the same pulse energy, average power requirements would naturally increase. It
will be important to find compensating efficiencies to prevent this. For the far future, tunable
lasers (wavelength and energy) capable of adjusting to maximize performance under given
environmental conditions could improve maximum depth performance and possibly extend the
locations and missions where ALB systems are capable of operating.

Technology
In current systems, many components were custom built or in limited availability. This can lead to
maintenance and support problems as the system ages. In future systems, maximum use should be
made of commercial off-the-shelf components. For platform-dedicated systems, which can be
larger in size and more expensive, the ultimate performance envelope can be extended with the use
of cutting-edge, highly sophisticated components regardless of size. Portable systems of limited
cost and size will be built to meet but not exceed ad hoc operational requirements. The sophistica-
tion in this case will be in miniaturization.
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In order to achieve the above goals, recent and upcoming advancements in several key areas
of ALB technology will be utilized. In addition to the lasers already discussed, these include the
following:

Lightweight and compact optical scanning systems are now becoming available that
can provide the high scanning rates required by future ALB systems. The scanner must
be flexible, programmable, and capable of operating in a variety of configurations to
match the survey requirements. This might involve altering sounding density in the
range between 1 m and 10 m. This and other mission survey parameters must be able to
change for each survey line. A new generation of scanners may be necessary to keep up
with increasingly high laser repetition rates.
New waveform digitizers are now commercially available that are much more compact and
provide 1-ns digitization on one board, without the need for interleaving separate
digitizer boards. For systems with extremely narrow laser pulses, sub-nanosecond
digitizers are needed, once again pushing the envelope of the possible.
Significant advances have been made in the development of compact inertial
measurement systems, such as the POS AV, that are now integrated with GPS. Future
systems will continue to use a wide range of different positioning systems such as GPS,
DGPS, and KGPS.
High-pulse-rate ALTM systems are now providing ALB systems with enhanced
capabilities for terrain mapping and allowing mapping of coastal areas on both sides of
the land-water interface at appropriate densities. The trend is toward even more capable
and flexible combinations.
Computer technology has taken enormous strides with the development of new
functional boards and faster processors, which will provide tremendous increases in data
acquisition and data processing speeds. Fewer computer boards will be required for
airborne data acquisition and control. This computing power will also be harnessed by
incorporating sophisticated software and algorithms to provide increased automation in
both airborne operations as well as post-flight data processing.
Lightweight, flat-panel displays have replaced large, heavy computer monitors used for
operator displays in earlier-generation systems.
Geo-referenced high-rate digital photography is a highly desirable feature that is being
incorporated into current systems. More sophisticated products will be produced from
these systems.
Developments in compact narrow-band optical filters will be closely monitored because
these can improve the signal-to-noise ratio, and hence the maximum depth penetration
capability, for daytime operations.

The above technological advancements, when simultaneously incorporated into future-
generation ALB systems, will yield a powerful combination of superior performance in a miniatur-
ized package.

Ground-Based Processing
Survey operations, including survey planning, data acquisition, and data processing, will become
faster and more automated, thereby providing the user with a quicker turnaround and reducing the
number of personnel required to support system operations. Software and algorithm development
to provide more automated data processing with less manual interaction is essential in making
ALB a mainstream hydrographic tool. Minimizing hydrographer interaction through streamlining
and optimizing ALB data processing will increase data throughput and provide greater uniformity
in final products. This is particularly important in light of ever-increasing laser pulse-repetition
rates. Improved algorithms are needed for the complex surf zone and land/water interface where
large areas of white foam and suspended solids complicate depth measurement and shoreline
differentiation. Delineating where the land ends and the water begins, whether for coastal zone
management or military rapid environmental assessment, can be very difficult and time consuming.
An accurate, repeatable, automated methodology is required and should be achievable with more
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aggressive use of existing raw data. In addition, a variety of new, sophisticated data processing
options could be used to meet application and mission-specific goals.

Some existing ALB systems appeared before conventional shallow-water acoustic multi-beam
survey systems became wide spread, but this acoustic technology has already significantly
helped ALB. Shallow-water multibeam echosounders can produce as much data as ALB systems,
and this has caused a boom in tools to manage, edit, and visualize large spatial data sets. These
tools, and their successors, can be integrated into future ALB systems in order to improve depth
extraction and processing efficiency. Today, many weeks of special training in lidar technology is
required to process data accurately. Only through an integrated approach that automatically
processes ALB data by considering raw lidar signals, nearest neighbors, and statistical variations
simultaneously with survey mission parameters and historic survey data, can the amount of
additional training be reduced and a typical hydrographer conduct ALB processing. To maximize
the incorporation of ALB into commercial visualization and editing packages, an open architecture
must be adopted by the lidar manufacturers so that existing software manufacturers and universi-
ties can evolve this capability.

Future Capabilities
A comprehensive ALB system of the future could include a variety of potential capabilities.
Added features could include bottom and water-column characteristics, hydrodynamic character-
istics, and feature imaging. Airborne technologies and data processing algorithms have demon-
strated the potential to measure such parameters as bottom reflectivity and type, water wave
properties, and surface currents. More detailed interrogation of raw ALB waveforms to extract
value-added information may provide an independent means for quantifying certain environmen-
tal parameters. The integration of ALB with existing operational sensors such as geo-referenced
digital photography, topographic lidar, and multispectral scanners is beginning to meet additional
data requirements. Multi-sensor data fusion with ALB is beginning to provide a most efficient and
reliable means for mapping additional environmental parameters.

Added ALB-only Products

Bottom Reflectivity
With a radiometrically calibrated system, bottom return amplitudes can be converted into esti-
mates of bottom reflectivity. This can be a very valuable value-added product of bathymetric
surveys. It is equivalent to the “intensity” product offered by a number of lidar altimeter systems.
This parameter is now being estimated from SHOALS and CHARTS data (Tuell et al., 2005b). It is
also an important input into the processing of multispectral data (Tuell and Park, 2004).

Water Clarity
There is much more information contained in the digitized and recorded raw green lidar return
waveforms than only water depth. The development of algorithms to extract value-added informa-
tion from on-wavelength returns is possible for applications such as the quantification and three-
dimensional mapping of various water clarity parameters and associated environmental factors.
This has been a popular topic since the availability of practical lasers in the late 1960’s, particu-
larly due to military applications. The literature abounds with hundreds of highly technical and
increasingly sophisticated references dedicated to theoretical studies and field measurements,
from surface vessels and aircraft, of the propagation and scattering of light in hydrosols (see, for
example, numerous volumes from the biennial Ocean Optics conferences published by SPIE). A
great deal of work is also reported in the Soviet literature (Bunkin et al., 1984; Vlasov, 1985). Of
greatest interest for this application is solving the so-called “inverse” problem, i.e., estimating the
parameters from the measured light field, rather than predicting the effects of the parameters on
the light field. It should be noted, however, that from a practical point of view, much more effort
and funding is put into off-wavelength (fluorescence) and passive multispectral techniques
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because of the benefits these offer, particularly for living resources. The chief advantage of a lidar
system over passive techniques is related to its ability to penetrate much deeper and to estimate
the parameter depth profiles.

From depth-resolved green pulse returns, the optical diffuse attenuation coefficient can
certainly be estimated (Gordon, 1982; Billard, et al., 1986; Steinvall et al., 1992; Feygels, et al.,
2003), and water clarity parameters, such as some form of scattering coefficient, may be possible
(Reuter, 1982; Phillips et al., 1984; Billard, 1986b). For some users, mapping the three-dimensional
distribution of a parameter may be of more value than its precise value. Such applications have
been discussed, for example, by Hoge et al. (1988), Feigels and Kopilevich (1993), and Feigels and
Kopilevich (1994). The spatial concentration of suspended materials could be used, for example, to
evaluate dredging operations or measure the impact of effluents on a region. Systems have also
been designed for the detection of fish schools (Murphree et al., 1974; Kronman, 1992; Churnside
et al., 1997), but that type of operation would require dedicated missions and probably not be
conducive to simultaneous operation with a bathymeter.

Wave Spectra
In order to calculate most accurate depths, the wave heights about the mean water level at each
pulse location must be measured.  These estimated wave heights are presently not being used as
value-added products by the operational bathymeters.  This should change.  The size and
direction of waves is important for many coastal engineering applications such as measuring
sediment transport rates and in military operations such as determining limiting conditions for safe
ingress and egress routes. Early one-dimensional experiments with airborne profiling lasers were
carried out by Ross et al. (1970), Schule et al. (1971), Liu and Ross (1980), and McClain et al.
(1982).  Spatial and statistical wave height characteristics including the two-dimensional vector
wave-number spectra can be obtained from a scanning system. These dynamics can be obtained
with airborne topographic lidar systems (Hwang et al., 1998), and the results could also easily be
reported for ALB missions.

One difficulty which requires careful attention to detail is the fact that the waves and the
aircraft are both moving and at very different rates and directions. The sampled wave heights are
thus neither synoptic nor stationary, and special algorithms are required to provide a useful
product (Walsh et al., 1985). One possible drawback with the present scenario is the spatial data
density. The 4-m spacing typically used by today’s bathymeters may not provide sufficient
sampling density for many wave applications. If future systems have higher sounding densities,
the wave-height products would be of greater value. It should be noted that wave heights over
the entire swath under all environmental conditions can only be reliably measured by systems
with collinear green and infrared beams.

Multi-Sensor Fusion
More information than is currently collected is needed to better quantify the environment. Lidar
sensors are now being combined with other airborne sensors on a single airborne platform
because of the resulting economy and utility in simultaneously collecting information from many
sensors with the same reference data. More importantly, the synergy between synoptic products
can provide environmental information that neither sensor alone could produce. As noted above,
lidar and geo-referenced digital photography were pioneered in LARSEN. Most ALB systems now
have digital cameras, and geo-referencing is being done at various accuracy levels depending
upon needs.

The use of lidar provides the unique ability to survey ground elevations at the same time as
depth soundings, thus integrating land and water measurements in the same data set. Land
elevations are being collected on a regular basis by some existing ALB systems, but the pulse-
repetition rate of current bathymeters is not as great as desired for land operations, and they
consequently lack the horizontal resolution necessary to fully define topographical features such
as small structures, dune lines, seawall break points, and other fine detail. High-resolution
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renderings of these shoreline structures and coastal features provided by existing ALTM systems
are capable of being merged with ALB underwater data, thus producing a seamless product. The
solution has two approaches depending on where you start: add topographic capability to a
bathymeter or bathymetric capability to a topographic system.

The merging of a combined terrain and bathymetric lidar system with a digital camera creates
an excellent data collection tool with numerous applications. Further addition of hyperspectral
capability completes the picture and will provide capabilities not yet contemplated. The ALB
systems of the future will be capable of sharing a single airborne platform with a variety of
complementary sensors. Early proof of concept studies and tests successfully brought together
ALB with topographic lidar and ALB with hyperspectral imaging (Borstad and Vosburgh, 1993).
All these sensors now form the standard suite for CHARTS missions (Tuell et al., 2005a; Tuell et
al., 2005c).  Other possibilities include ALB with airborne electromagnetic sensors or with IFSAR.

Multiple Lidars
Combinations of independent bathymetric and topographic lidars on one platform provide great
flexibility in the coastal zone. The CHARTS and Hawk Eye II systems now include independent
high-rate topographic lidar capability to sample land elevations at a higher rate than the water
depths. The two sensors do not operate simultaneously, but data collection is interchangeable
from flightline to flightline. EAARL provides high-rate topographic coverage and bathymetry with
a single lidar, but at the cost of some bathymetric performance.

Bathymetric Lidar with Digital Imagery
Digital, geo-referenced imagery has been used traditionally as a base photograph on elevation
and depth contour plots. With the use of Geographical Information System (GIS) software,
elevations and imagery can be integrated, possibly with other data, to yield more interesting
displays, and more sophisticated and valuable products. Existing lidar data have been used with
separately collected aerial photographs or even satellite imagery, but precise geo-rectification of
the individual products can be a serious problem. When imaging ability is deployed on the lidar
aircraft to collect simultaneous data, this synoptic information can be more accurate, more
meaningful, and less expensive. LARSEN, for example, made extensive use of this feature to
provide products such as mapping of shorelines, coral reefs, and fish habitats. Flying with Terra
Remote Sensing’s proprietary VideoMap imaging system, the LARSEN bathymeter provided the
Coastal Zone Management Unit of the Barbados Government with lidar, geo-referenced video, and
ortho-rectified still images, all of which were combined with sonar data, to provide a complete
solution for shipping and navigation, shoreline erosion, and coastal features (Quinn, 2000). Most
current ALB systems have been designed or upgraded to include high-rate digital imagery which
can be geo-rectified to the extent desired. Uses include both quality control of the lidar data and
the production of new, value-added products.

Bathymetric Lidar with Multispectral or Hyperspectral Scanner
Multispectral and, more recently, hyperspectral imagers are perhaps the most valuable of all
remote sensing tools for both land and water. World-wide attention was drawn to them with the
satellite launches of Landsat in 1972 and the Coastal Zone Color Scanner in 1978 (Austin, 1979).
These increasingly capable tools are being used from satellites and aircraft to discern a myriad of
environmental parameters. Extremely sophisticated algorithms have been developed and proofed
to estimate everything from crop health and the location of minerals on land to many physical,
optical, and biological parameters from the sea. There is no room here to delve much deeper, but
innumerable books, journal articles, and conferences have been dedicated to this very broad
subject (see, for example, Volume II of ERIM, 1998).

Several facts are worth mentioning. The radiances measured at various wavelengths from
shallow water by imagers can be used to estimate approximate depths (to a maximum depth of
somewhat less than one Secchi depth) (Lyzenga, 1978), but even with sophisticated algorithms
these depths are not reliable and do not meet IHO requirements (Fay and Miller, 1990; Morel and
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Lindell, 1998). These same high-density depths from the imager, however, can be accurately
calibrated with the simultaneous use of a low-density lidar bathymeter in a so-called “active-
passive” mode (Cooper, 1981). This capability was further demonstrated in a test in which the
Compact Airborne Spectrographic Imager (CASI) was successfully flown simultaneously with
LARSEN (Borstad and Vosburgh, 1993).

The multispectral radiances measured by the scanners, if processed with appropriate algo-
rithms, can provide the ability to map a wide variety of aquatic features such as oil slicks, near-
surface fish schools, bottom types, sea grass, coral and other benthic plants, phytoplankton in
the water column, and suspended sediment plumes, to name only a few (Quinn, 1992). As with
estimated depths, however, when radiances are used to estimate many environmental characteris-
tics, assumptions must be made, and an uncertainty or ambiguity exists in the results if the bottom
depth is unknown. Again, the active-passive combination of a bathymetric lidar with the imager
provides a major synergy that permits significant improvements in the accuracy of the products,
both quantitative and qualitative, that can be derived from the imager. For example, lidar depths
were used to calibrate multispectral imagery in the Environmental Research Institute of Michigan
(ERIM) M8 scanner (Lyzenga, 1985). Two additional examples are provided by Hoge et al. (1986).
In a later experiment, SHOALS depths were used to calibrate CASI multi-spectral imagery col-
lected on a separate flight (Lillycrop and Estep, 1995). It was determined that it is possible to
classify and map bottom types in gross terms (i.e., sand, sea grass, mud, etc.), but more research
and experimentation are needed.

There is a great deal of interest in the mapping, monitoring, health, and conservation of coral
reefs (McManus and Noordeloos, 1998; CRTF, 1998). It is expected that an active-passive
approach could provide accurate, high-resolution information on characteristics such as coral reef
location, health, and speciation which neither sensor alone could produce.

There is much important and interesting work to be done in environmental characterization
and mapping. The first integration a hyperspectral scanner with an operational bathymetric lidar
has now been accomplished in CHARTS, and an entire new field of study has begun. Algorithms
developed at Optech International constrain the inversion of the hyperspectral radiative transfer
model using parameters extracted from the lidar waveform (Tuell et al., 2005a; Tuell et al., 2005b;
Tuell et al., 2005c; Tuell and Park, 2004; Kopilevich et al., 2005). Active-passive sensing will be a
dynamic area of research in the future as more compact, relatively inexpensive, portable ALB
systems become available. Both sensors involve very complex technology and algorithms, and
numerous technical, scientific, and financial challenges will have to be met.
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