Multiple surface channels in SHOALS airborne lidar
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ABSTRACT
Airborne laser hydrography is the process of measuring the depth of coastal waters, for the purpose of nautical charting,
by firing a pulsed laser beam into the water from an airborne platform. In this application of LIDAR (LIght Detection and
Ranging), the times of flight for signals detected from the reflection of the light pulse off the air/water "surface" interface
and off the sea bottom are converted into slant range distances from which the water depth can be determined. The interaction of a light pulse with the surface and near-surface region of the water column involves a number of complex
phenomena which depend on environmental conditions and system parameters, and great care must be taken in system
design and data processing to obtain an accurate, reliable, and unambiguous result. The SHOALS system records data for
three independent channels which contain surface information. Two of these, the infrared, which is effectively an
interface return, and Raman, which is strictly a volume return, are used singly or in concert to ensure that these goals are
met. Results from the green channel are ambiguous due to the uncertain nature of the origin of that energy (between interface reflection and volume backscatter), and are not used. Field test results indicate that easily detectable returns were
received in both infrared and Raman channels under virtually all test conditions. The use of independent surface channels
also permits operation at extremely shallow depths. Excellent delineation of tidal erosion "cuts" through nearly exposed
mud banks was obtained in Florida Bay for use in flow modeling programs.

1.

INTRODUCTION

The Scanning Hydrographic Operational Airborne Lidar Survey (SHOALS) is a hydrographic survey system recently
developed for the U.S. Army Corps of Engineers and the Canadian Department of Science, Industry, and Technology by
Optech, Incorporated.1 SHOALS consists of a computer-controlled airborne laser transceiver capable of measuring 200
soundings per second using a pulsed, frequency-doubled Nd:YAG laser. Both green and collinear infrared pulses are
utilized. The pod-mounted system operates from a Bell 212 helicopter, flying at from 200 to 1000 meters altitude, with a
speed of from 0 to 100 knots. With the standard 20-degree off-nadir scanning angle, the swath width surveyed is half the
aircraft altitude. The helicopter is being provided by the National Oceanic and Atmospheric Administration (NOAA) Aircraft Operations Center, and the system will be operated by John E. Chance & Associates.

The most important requirements of an airborne laser hydrography system are vertical and horizontal accuracy and depth
penetration; we will deal here with the aspects of vertical accuracy. The depth which must be determined is the vertical
distance between some reference height and the sea bottom. Different references are used for different purposes by
different agencies. For nautical charting, NOAA's Coast and Geodetic Survey typically uses "mean lower low water"
(MLLW) as a reference. Depths are first measured with respect to the mean water surface and then corrected to MLLW
through the use of a tide corrector which references the mean water level at a given location to MLLW. This approach
requires that tides be measured constantly during the hydrographic survey (as well as before and/or after, in order to
establish an accurate datum).
In this approach, which is currently used by all operational airborne laser hydrography systems,1-4 the depth is determined
by differencing the measured distances from the airborne platform to the water surface and to the bottom. The distance to
the surface must thus be determined with an accuracy better than that required of the overall depth measurement.
Although different measurement techniques and procedures are used in the different systems, it is generally true that the
measurements are affected by the presence of waves on the water surface, and that in order to achieve the best possible
vertical accuracy, the mean water level at the locations of the sounding pulses must be obtained as a spatial average of
local water surface heights.
An alternate approach, which should become practical in the near future, involves the use of the satellite-based Global
Positioning System (GPS) with kinematic differential carrier-phase tracking5 and "on-the-fly" (OTF) ambiguity
resolution6 to provide a highly accurate (several centimeter) measure of the vertical height of the surveying platform with
respect to the ellipsoid while the vertical distance from the platform to the sea bottom is being simultaneously measured.
The "ellipsoid" refers to a standard mathematical ellipsoid of revolution which has been chosen as a best fit to the surface
of the earth -- as a whole or at some specified location. Examples which are in current use are termed "WGS84" and
"NAD83". If the tidal datum at a given location is also measured with respect to the ellipsoid using GPS, the water depth
with respect to that tidal datum can be determined without the need of measuring the tidal heights at the time of the hydrographic survey.
It is important to note that even if GPS techniques are adopted for obtaining depths by measuring the distance to the
bottom relative to the ellipsoid, the distance to the water surface must still be accurately measured, because the light pulse
travels a fraction of the distance to the bottom in air and the remainder in water, for which the speed of light is significantly slower. For either method, given a detectable surface return, the resulting depth error is roughly one-quarter of the
error in the surface height measurement plus three-quarters of the error in the altitude estimate.7,8 The benefit for using
the GPS approach is that a wave correction procedure to convert local surface heights to the mean water level, a complex
and computationally intensive process in software, would not be necessary. The former approach, however, with its
calculation of a mean water level, does have an advantage in that it permits depth estimation even for (a limited number
of) pulses whose surface returns are missing, with a depth error related to one-quarter of the physical wave height.
It is clear that accurate measurement of the transit time of the green sounding pulse, or a collinear equivalent, to the surface of the water is imperative for every airborne lidar hydrography system. SHOALS has three potential surface
channels. Waveforms are digitized from detectors at wavelengths of 1064 nm (infrared), 647 nm (red), and 532 nm
(green). The measurement of the time to the surface is determined by the detection of any of these singly or with "priority
logic" which defaults to a lower priority channel should the signal in a higher priority channel be missing.

2.

THE GREEN SURFACE RETURN

The sounding beam which must penetrate the water to the bottom is green in all airborne laser hydrography systems
because that is the wavelength for which attenuation in typical coastal waters is minimized9 so that depth penetration is
maximized. The use of the green beam for surface detection, however, is a problem. In order to cover a swath under the
aircraft, the laser pulses are scanned across the flight path at or up to off-nadir angles as large as 20 degrees For laser
light to be reflected back into a co-located (monostatic) receiver from the air/water interface, water waves must present
facets perpendicular to the incoming pulses. Since the presence of gravity waves with such large slopes would likely

resuspend bottom sediments and make the water too turbid for satisfactory penetration to the bottom, one must depend on
wind-generated capillary waves with centimeter-order wavelengths. If sufficient wind is not blowing, the average facet
angle may be too small,10,11 and the interface reflections in the direction of the receiver may not be sufficient for detection.
The green pulses, however, having passed through the interface, are partially backscattered off particulate material
entrained in the water column. The peak of this volume backscatter signal, being much stronger than a typical bottom
return, is relatively strong and easily detected in the absence of an interface return. Since it arises from the water column,
this return arrives later than the interface return by a time differential which depends primarily on the temporal pulse
width and pulse location algorithm but also on water clarity. For the 5 to 7 nanosecond pulse widths typical of lasers in
current use for this application, this would lead to unacceptably large depth errors in the 20-70 cm range12 (30-40 cm for a
leading-edge 50% linear fractional threshold pulse location algorithm)13 if the volume return were mistaken for an interface return, which could easily happen.
If the origin of each pulse were known and unique, those perceived to be volume returns could be corrected to the
interface by the application of predicted biases based on models and/or field measurements. Neither case, however, is
true. For most wind conditions and moderate off-nadir angles, the surface return origin can "flip-flop" unpredictably back
and forth from pulse to pulse14 according to the sea surface statistics. One pulse might, for example, strike a mass of
capillaries piled up near a gravity wave crest and give a big interface return, while the next might hit a flat trough area and
yield nothing but volume. The observed behavior will be a strong function of wind and off-nadir angle with much
stronger and more numerous interface-dominated returns arising at off-nadir angles under, say, ten degrees and mostly
volume-dominated returns at larger angles.
In general, pattern recognition to determine the origin of an individual return is not practical, as the lidar "surface" return
is a linear combination of interface and volume backscatter energy whose character can be very "mixed". A green surface
return waveform can have a leading edge with some fraction dominated by interface energy while the peak location is
dominated by the volume return.15 The arrival time of green surface returns is thus an inaccurate measure of surface
location. Unless interface returns can be guaranteed, which is a rare occurrence at the larger off-nadir angles preferred for
a cost-effective swath width and for minimizing the uncertainty in the propagation-induced bias corrector,16 the use of
green surface returns is likely to lead to unacceptably large depth measurement errors.
Laser designers take note: if an otherwise satisfactory laser (in terms of pulse energy and repetition rate) is developed with
a pulse width (FWHM) of two nanoseconds or less, this error would shrink to within the vertical accuracy error budget
and make irrelevant much of the remainder of this paper.

3.

THE INFRARED SURFACE RETURN

The natural wavelength of a Nd:YAG laser is at 1064 nm in the infrared (IR). Frequency doubling these pulses to 532 nm
is an inefficient process, and a great deal of IR energy is left over. This energy can be put to good use by sending it to the
water surface either as a narrow, collinear beam as in SHOALS or as a broad, vertical beam as in the Australian LADS
system.
The Fresnel reflection characteristics of infrared energy from the air/water interface are basically the same as in the green.
Because the diffuse attenuation coefficient of water is much greater at this IR wavelength (by a factor of 50-100x over the
green17), the physical origin of any detectable IR volume backscatter is limited to a region much closer to the interface.
Thus the IR surface return resulting from a 5-7 ns pulse width can provide accurate surface timing regardless of its
interface or volume character.
There are several problems, however, with this signal. By far the biggest is that, in the absence of an interface return, the
volume return may be too weak to detect due to the greater attenuation. If so, operation of a collinear IR beam at larger
off-nadir angles would be constrained to more windy conditions which are not necessarily desirable. Evidence is growing
from SHOALS field data, however, that for most if not all cases of interest, the IR volume return may be strong enough

for typical coastal waters to be detected by a sensitive receiver. The SHOALS IR channel is approximately 50 times more
sensitive than the green surface (and shallow bottom) channel, and additionally, the laser output in the IR is three times
greater than in the green. A minor problem which can affect the performance of an IR surface channel is early returns
from above the surface caused by puffs of condensed water vapor (sea smoke) or bird strikes.
Another use of IR in SHOALS is the discrimination of returns from land. Land returns must be recognized and excluded
from the wave correction process, because otherwise they would affect the calculation of the mean water level. The
technique utilized is a comparison of signal levels from two cross-polarized IR channels. This application, too, could be
compromised by excessively low signal strength. It is also possible for the land/water discrimination to be confused by
interface reflections from extremely thin layers of water on land areas.

4.

THE RAMAN SURFACE RETURN

The dominant, elastic (on-frequency) scattering processes for light in natural waters are either molecular (Rayleigh) or
particulate (Mie, Tyndall) in origin. Raman backscatter, named after its discoverer, Sir Chandrasekhara Raman (18881970), is, in general, an inelastic process in which the energy of an incident photon is either increased (anti-Stokes) or
decreased (Stokes), and the wavelength of the exiting photon is correspondingly shorter or longer. The vibrational modes
of the O-H stretch in liquid water yield a set of broad Stokes lines representing the different structural species (monomer,
polymer, etc.); together these compose a band with a wavenumber (frequency reduction) centered at roughly 3350 cm-1
and a width of about 700 cm-1.18 The resulting scattering process converts a small portion of the incident green lidar
pulses at 532 nm into weak pulses of red light centered at about 647 nm.
It was felt that SHOALS would benefit from the time and amplitude information of the Raman backscatter signature
returning from the water in the form of these pulses of red light. SHOALS is the first system to use Raman returns for
hydrographic purposes. Prior applications of the use of an airborne, water Raman lidar include the estimation of oil film
thickness,19 the normalization of laser-induced fluorescence returns for the estimation of the concentration of chlorophyll
and phycoerythrin,20 and a proposal for sub-surface temperature estimation.21 Raman backscatter also plays an important
role in the spectral redistribution of energy, such as the production of red light in deep ocean waters, which can seriously
confuse irradiance and attenuation measurements.22
The Raman scattering cross section is a very strong function of the wavelength, varying as the inverse fourth power of the
emission wavelength,23 which yields stronger returns with ultraviolet excitation than with green. It would be nearly seven
times stronger, for example, at tripled Nd:YAG (355 nm) than for doubled Nd:YAG. The cross section at 90 degrees has
been measured at 8.2E-34 m2/molecule-sr at 488 nm;24 this is equivalent to 5.4E-34 m2/molecule-sr at 532 nm. The
depolarization ratio (the ratio of the perpendicularly polarized intensity of Raman scattered energy to the parallel
polarized component) for water is about 0.16,25 which means the parallel component is roughly six times stronger. For
this depolarization ratio, the intensity of the parallel component is three times greater in the forward and backward
directions than at 90 degrees.26 (The perpendicular component is isotropic.) Multiplying the above cross section by three
for the backscatter direction and by 3.3E28 molecules/m3 (the number density of water) yields a Raman backscattering
coefficient of 5.4E-5 m-1 sr-1. This is roughly one-third the on-frequency backscattering coefficient for distilled water,27
ten times less than deep ocean water, and 30 to 100 times less than typical coastal waters.28
This cross section is, however, large enough to provide a lidar return signal of sufficient strength to be easily detected and
used for surface identification, particularly at lower flight altitudes. Indeed, during the initial SHOALS field tests
(January 1994), the amplifier gain in this channel had to be reduced to preclude unexpected saturation of the digitized
signal. This return can be inadvertently augmented slightly by laser-induced fluorescence. The long wavelength tail of the
phycoerythrin peak, the broad spectrum of dissolved organic materials, and the short wavelength tail of the chlorophyll
peak can all contribute energy to the 17-nm optical bandpass of the red (Raman) channel.29 Although these signal sources
would beneficially increase the received signal-to-noise ratio, they cannot be depended upon, and the effects are relatively
minor. The Raman signal can be reduced or suppressed by the existence of an oil film.19 For this reason, it is beneficial
to have the IR channel as a backup.

The Raman return is desirable because its origin is unambiguous, being strictly from the volume and having no interface
component, and because it has comparatively little dependence on wind speed or nadir angle. Since it is a volume return,
a bias corrector must be applied to move the time measurement back to the interface. This bias corrector, which has the
same characteristics as that for elastic scattering, is slightly smaller than for the green return since the diffuse attenuation
coefficient is a bit greater for the returning red pulses, and depends on the pulse location algorithm and water clarity. The
Raman bias corrector can be predicted from an analytic model,12 and this model can be validated in field data by
comparison with IR returns when both are present. Another beneficial characteristic of Raman returns is that they will not
be generated by sea smoke, because the number density of water molecules in fog is much less than in a mass of liquid
water. It remains to be seen from field data if bird feathers are fluorescent enough to produce a false return.
In very shallow waters, only a few meters deep, weak Raman bottom returns can be detected from the reflection of
forward scattered red light and Raman conversion of the green bottom reflection. A leading-edge pulse location algorithm
is thus required rather than a pulse-shape sensitive detector such as a constant-fraction discriminator (CFD) or an energy
detector such as a matched filter.
The Raman return can also be useful in the land/water logic. The presence of a return in the Raman channel indicates
either a significant thickness (magnitude yet to be determined) of water or fluorescence from items on land such as
vegetation. The latter can be rejected by application of an adaptive amplitude threshold.

5.

SHOALS SIGNAL PROCESSING

Because of the uncertainty of the depth of the origin of the green return, that channel will never be used for depth
determination in either hardware or software, although the information may be used for diagnostic purposes. The availability of both IR and Raman information lends great redundancy and virtually ensures the detection of surface returns
under all expected conditions. It also provides the ability to detect in software, by intercomparison on a pulse-to-pulse
basis, anomalous situations which might compromise accuracy. Timing differences greater than a set threshold, for
example, can be used as a pulse rejection criterion.
In addition to providing real-time hardware surface detection, SHOALS also records digitized waveforms for each of the
above three channels which contain surface information so that these can also be processed later in software if desired.
Depths may be calculated using surface timing from either hardware or software detection. The former runs faster, but the
latter, in some cases, may be more accurate. Timing differences between hardware and software surface detection can be
constantly monitored during post-flight data processing. The probability of successful surface returns in each surface
channel, for both hardware and software detection, is also available. Depths which may have been missed or mistaken by
the hardware, due perhaps to incorrect threshold settings, can be resurrected in processing by using software surface
detection.
The use of independent channels for surface detection also permits the measurement of extremely shallow depths for
which the surface and bottom returns in the green channel are merged, as long as the bottom returns are significantly
stronger, which they typically are at a 20-degree off-nadir angle. Software processing is preferred here for greatest accuracy. From preliminary field data recently acquired in a SHOALS survey in the Florida Bay region of Everglades National
Park sponsored by NOAA's National Ocean Service, it seems that SHOALS will be useful in depths as shallow as one
meter. This provides the added benefit of being able to use the system in such environmentally sensitive wetland areas.
The Florida Bay data, for example, dramatically delineates the network of very shallow tidal "cuts" (Fig. 1) eroded
through the large mud banks which restrict the flow of water in the region. This data is expected to be useful in modeling
the transport phenomena in this endangered region.

Figure 1 The Rabbit Key channels in Florida Bay as delineated by the SHOALS airborne lidar hydrography
system. The surrounding black areas are unsurveyed. The irregular, vertical black area is a short section of a
very shallow (less than one meter depth) mud bank running north and south. It is black because the depths are
too shallow to be detected with the given software parameterization. The horizontal features are the "cuts" of
interest to modelers which range in depth from one to three meters. The lidar swath width evident at the survey
line ends (along the sides of the figure) is 100 meters. There are roughly one million color-coded soundings in the
6.

CONCLUSIONS

The utilization of independent infrared and Raman surface channels in the SHOALS airborne lidar hydrography system
provides reliable, unambiguous, and accurate surface location, for depth determination, at a 20-degree off-nadir angle.
This permits a usable sounding swath width under the aircraft equal to half of the flight altitude, independent of wind conditions. It also permits the scanner pattern to avoid near-nadir incidence where the receiver is subjected to a very difficult
amplitude dynamic range and where the variation in propagation-induced depth bias with unknown water clarity
parameters is quite large.16 There appears to be no inherent reason why this angle could not be increased even further if
that were desirable. Post-flight processing software can be used to provide the highest possible accuracy and rejection of
anomalous data.
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