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Scanning laser mapping of the coastal zone: the SHOALS system
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Abstract

The SHOALS system uses lidar technology to remotely measure bathymetry and topography in the coastal zone. During
five years of survey operations, SHOALS has demonstrated airborne lidar bathymetry’s benefits to the coastal community by
providing a cost-effective tool for comprehensive assessment of coastal projects. This paper discusses the application of lidar
technology for water-depth measurement, specifically outlining the SHOALS system and introducing a SHOALS survey
from Saco River, ME. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .Airborne lidar LIght Detection And Ranging
bathymetry was conceptualised in the mid-1960s,
and successful development of first-generation sys-
tems in the US, Canada, and Australia followed in

Žthe 1970’s Cunningham, 1972; Abbott and Penny,
.1975; Kim et al., 1975; O’Neil et al., 1978 . Today

there are three fully operational airborne lidar
Žbathymetry systems in operation: SHOALS Scan-

ning Hydrographic Operational Airborne Lidar Sur-
. Žvey , LADS, and Hawk Eye Setter and Willis,

1994; Steinvall et al., 1994; and Lillycrop et al.,
.1996 . The SHOALS system, developed for the US

Ž .Army Corps of Engineers USACE , employs lidar
technology to remotely collect accurate, high-density
measurements of both bathymetry and topography in
coastal regions. SHOALS has been in full operation
since March 1994 and to date surveyed more than
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230 projects totalling 5000 km2. These surveys cover
a variety of project types including coverage of
maintained channels and harbours, coastal structures,
and dredged material placement areas as well as
adjacent beaches. SHOALS data collected for the US
Navy and for the National Oceanic and Atmospheric

Ž .Administration NOAA were used for creation of
nautical charts. Other SHOALS surveys were for
beach nourishment and erosion monitoring and for
emergency response to hurricanes and ship ground-
ings. In the following, we describe lidar bathymetry
technology by presenting the SHOALS system and
introducing the SHOALS survey at Saco River, ME.

2. Lidar technology

An airborne lidar bathymeter uses lidar technol-
ogy to measure water depths. A laser transmitterrre-
ceiver mounted on an aircraft transmits a laser pulse
which travels to the air–water interface where a
portion of this energy reflects back to the receiver
Ž .Guenther et al., 1996 . The remaining energy propa-
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gates through the water column and reflects off the
sea bottom. The water depth comes directly from the
time lapse between the surface return and bottom
return, and each sounding is appropriately corrected

Žfor surface waves and water level fluctuations Fig.
.1 . In practical application of this technology, laser

energy is lost due to refraction, scattering, and ab-
sorption at the water surface, sea bottom, and as the
pulse travels through the water column. The combi-
nation of these effects limits the strength of the
bottom return and therefore limits the maximum
detectable depth. Optical water clarity and bottom
type are the two most limiting factors for depth
detection. Typically, lidar bathymeters collect
through depths equal to three times the site’s Secchi
Ž .visible depth.

3. The SHOALS system

The SHOALS system uses a scanning, pulsed,
Ž . Ž .infrared 1064 nm and blue-green 532 nm laser

transmitter with five receiver channels mounted on
either a Bell 212 helicopter, a fixed-wing Twin
Otter, or other equivalent aircraft of opportunity
Ž .Table 1, Fig. 2 . Infrared and blue-green frequencies
were selected to optimise air–water interface detec-
tion and water penetration, respectively. Typically,
SHOALS operates at an altitude of 200 m and a
speed of 60 mrs giving a survey swath width of 110
m and a horizontal spot density of 4 m. SHOALS
survey rate is nominally 16 km2rh thus is several
orders-of-magnitude faster than conventional swath-
fathometer survey rates. Two receiver channels

Fig. 1. Lidar operating principle.
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Table 1
SHOALS sensor summary

Laser type Nd:YAG infrared: 15 mJ at 1064 nm
blue-green: 5 mJ at 532 nm

Laser pulse rate 400 Hz
ŽLaser pulse width 6 ns governed by eye-safety restrictions

.and surface return optimisation
Scanner type Flat mirror, dual-axis, programmable
Scan rate Variable

ŽScan pattern Variable nominal arc ahead of aircraft
.208 off nadir

Laser receiver 20-cm catadioptric Cassegrain telescope
with five-way splitter

Ž .4 avalanche 1064 nm 2
Ž .photodiode 532 nm 1; shallow water and topography
Ž .detectors 645 nm 1
Ž .1 photomultiplier 532 nm deep water

tube detector
Waveform 1 GHz
digitisation rate

Ž .record energy vs. time waveforms for each re-
flected blue-green pulse and two record waveforms
for each reflected infrared pulse. The fifth channel

Ž .records a red Raman 645 nm energy that results
from excitation of the surface water molecules by the
blue-green laser energy. SHOALS uses the two
blue-green waveforms to determine the bottom inter-
face where one is for shallower depths and the other
for deeper depths to 60 m. To avoid problems associ-
ated with air-water interface detection, SHOALS
uses any of two waveforms to determine this inter-

face accurately. Prioritised by order of use these are
the Raman then infrared channels. The second in-
frared channel is used in conjunction with the first to
discriminate between land and water returns. In re-
sponse to the USACE’s need to map the upland
beach, dunes, and above-water portion of coastal
structures, SHOALS was modified in 1996 to in-
clude topographic capabilities. Unlike most topo-
graphic lidar systems, which use an infrared fre-
quency, SHOALS uses its blue-green frequency to
measure topographic elevations. All waveforms are
recorded to Exabyte tape in raw form, and depths are
extracted during post-flight processing.

SHOALS positioning comes either from differen-
Ž .tial GPS DGPS provided by Coast Guard beacons

and OMNISTAR satellite system or from kinematic
GPS provided by local stations. When SHOALS
operates with DGPS, which provides horizontal air-
craft position, horizontal and vertical accuracy are
"3 m and "15 cm, respectively. When SHOALS
operates with KGPS, which additionally provides
vertical aircraft position, horizontal accuracy im-
proves to "1 m. An inertial reference system
mounted with the laser optics accounts for aircraft
motion effects. In addition to lidar depth and eleva-
tion measurements, SHOALS’ geo-referenced
down-look video camera provides a visual record of
the survey area. These records are frequently used to
obtain approximate positions of coastal structures,
navigation aids, and other objects of interest. Fur-
thermore, the video record serves as an auxiliary

Fig. 2. The SHOALS system mounted on underside of a Bell 212 helicopter.
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Table 2
SHOALS performance characteristics

Maximum depth 60 m
Vertical accuracy "15 cm
Horizontal accuracy
DGPS "3 m
OTF KGPS "1 m

Ž .Sounding density 4-m grid variable
Ž .Operating altitude 200 m variable
Ž .Scan Swath width 110 m variable

Operating speed 60 to 120 mrs

check for anomalous data discovered during post-
flight processing.

Post-flight processing uses a depth-extraction al-
gorithm developed by the NOAA National Ocean

Ž . ŽService NOS Thomas and Guenther, 1990; Lilly-
.crop et al., 1993 . The system software serves two

functions: automated processing and manual process-
ing. In automated processing, each sounding’s five
waveforms are analysed and a depth extracted. Auto-
mated processing also makes surface wave and water
level corrections as needed. Manual processing al-
lows the hydrographer to interrogate data sounding-
by-sounding. When the automated processor flags a
questionable sounding, the hydrographer accesses the
waveform window display. Here, four recorded
waveforms are visually displayed along with other

Fig. 3. Saco River, Maine, 1998; 0.5 m contours; 500 m grid; north is at top.
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Ž . Ž .Fig. 4. Submerged jetty: a centerline and b cross-section; stations and elevations in m.

pertinent sounding information such as selected sur-
face detection channel, selected bottom detection

channel, aircraft altitude, and depth and position
confidence. From this information, the hydrographer

Ž . Ž .Fig. 5. Disposal area contours in 1997 solid and 1998 dashed ; 1 m contours; 100 m grid; north is at top.
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makes an informed decision about that sounding’s
integrity. Once post-flight processing is complete,
the data are written to an ASCII text file with
latitude, longitude, and depth for each qualified
sounding.

4. SHOALS performance

Data collected with SHOALS meets USACE Class
Ž .1 and International Hydrographic Organisation IHO

Order 1 standards. Through independent testing, both
the NOS and US Navy verified that SHOALS met

Ž .IHO charting standards Riley, 1995 . Additionally,
the USACE conducted extensive field tests to ensure
that SHOALS met the USACE Class 1 survey stan-
dards, which are more restrictive than the IHO stan-
dards. Table 2 summarises SHOALS current perfor-
mance characteristics.

5. Saco River, Maine

On two occasions, SHOALS surveyed the Saco
River exit into the Atlantic Ocean along the US coast
of Maine. Two parallel jetties to the north and south,
a maintained channel between the jetties, a disposal
area to the north, and several rock outcrops charac-
terise the river mouth. The most recent SHOALS
survey during June 1998 covered 4 km2 and in-

Žcluded nearly 500 000 soundings and elevations Fig.
.3 . The contour map generated from the data quanti-

fies the three-dimensional bathymetry in the naviga-
tion channel and maps the beach and near-shore to
the north. Centrelines and cross-sections of the jetties
created from the SHOALS data illustrate the current

Ž .structure condition Fig. 4 . Comparisons between
this survey and the previous SHOALS survey col-
lected in May 1997 show that the disposal mound

Ž .migrated inshore and to the south Fig. 5 .

6. Summary

Laser remote sensing to measure the coastal zone
proves an integral tool for improving coastal engi-
neering evaluation while maintaining cost-effective-

ness. In addition to providing high-density data faster,
remote collection of bathymetry and topography us-
ing a lidar system allows for data collection in very
shallow or environmentally sensitive waters that are
unreachable using conventional survey methods. Un-
like conventional surveys, the SHOALS survey of
Saco River is an instantaneous picture of the entire
near-shore system that completely represents existing
conditions and quantifies interaction of various fea-
tures within the system. In summary, SHOALS ca-
pacity to map in detail shorelines, coastal structures,
the near-shore, and upland topography provides the
USACE with a tool for total project assessment.
Furthermore, SHOALS ability to collect synoptic
hydrographic and topographic data supports the US-
ACE’s regional sediment management initiative. The
SHOALS program is based at the Joint Airborne

Ž .Lidar Technical Center of Expertise JALBTCX in
Mobile, AL. In addition to survey operations, re-
search and development toward improving lidar
bathymetry are conducted at the JALBTCX.

Acknowledgements

USACE Headquarters and Districts, NOS, and
U.S. Navy sponsor operation of SHOALS. Permis-
sion to publish was granted by the Chief of Engi-
neers.

References

Abbott, R.H., Penny, M.F., 1975. Air trials of an experimental
laser bathymeter. Tech. Note WRE-TN-1509, Weapons Re-
search Establishment, Department of Defence, Salisbury, South
Australia.

Cunningham, L.L., 1972. Test report on Pulsed Light Airborne
Ž .Depth Sounder PLADS . Naval Oceanographic Office, Tech.

Note 6620-102-72, US Navy.
Guenther, G.C., Thomas, R.W.L., LaRocque, P.E., 1996. Design

considerations for achieving high accuracy with the SHOALS
bathymetric lidar system. In: Feigels, V.I., Kopilevich, Y.I.
Ž .Eds. , SPIE Selected Papers, Laser Remote Sensing of Natu-
ral Waters: From Theory to Practice, pp. 54–71.

Kim, H.H., Cervenka, P., Lankford, C., 1975. Development of an
Airborne Laser Bathymeter. Tech. Note TND-8079, NASA,
Washington, DC.

Lillycrop, W.J., Parson, L.E., Guenther, G.C., 1993. Processing



( )J.L. Irish, W.J. Lillycropr ISPRS Journal of Photogrammetry & Remote Sensing 54 1999 123–129 129

lidar returns to extract water depth. Proc. Int’l. Symp. Spectral
Sens. Res., pp. 1131–1136.

Lillycrop, W.J., Parson, L.E., Irish, J.L., 1996. Development and
operation of the SHOALS airborne lidar hydrographic survey

Ž .system. In: Feigels, V.I., Kopilevich, Y.I. Eds. , SPIE Se-
lected Papers, Laser Remote Sensing of Natural Waters: From
Theory to Practice, pp. 26–37.

O’Neil, R.A., Thompson, V., de Villiers, J.N., Gibson, J.R., 1978.
The aerial hydrography program at CCRS. Proc. Coastal Map-
ping Symp., Rockville, MD, pp. 56–84.

Riley, J.L., 1995. Evaluating SHOALS bathymetry using NOAA

hydrographic survey data. Proc. 24th Joint Mtg. of UJNR
Sea-Bottom Surveys Panel.

Setter, C., Willis, R.J., 1994. LADS—From development to hy-
drographic operations. Proc. US Hydro. Conf., The Hydro-
graphic Society Spec. Pub. No. 32, pp. 134–139.

Steinvall, O., Koppari, K., Karlsson, U., 1994. Airborne laser
depth sounding: system aspects and performance. Proc. SPIE
Ocean Optics XII 2258, 392–412.

Thomas, R.W.L., Guenther, G.C., 1990. Water surface detection
strategy for an airborne laser bathymeter. Proc. SPIE Ocean
Optics X 1302, 597–611.


