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Propagation of the lidar pulse, the change in its shape and distribution, and the light returned to the
detector all depend critically on the inherent optical properties (IOPs) of the atmosphere, water surface,
water column and bottom. The more descriptive apparent optical properties (AOPs) are also useful for
characterizing the limits of penetration of the lidar in terms of perceived water quality. The key optical
properties are defined and briefly described here, and the concepts will be used throughout the following
chapters. More rigorous definitions and detailed descriptions can be found in references such as Dunt1ey
(1971), Gordon et al. (Gordon, Smith, & Zaneveld, 1979), Mobley (1994) and Mobley, Boss & Roesler
(2013).

3.1 Atmosphere
Viktor Feygels

In this Section, two important questions are discussed: (a) attenuation of the bottom and backscattering
return signals by the atmosphere, and (b) the strength of the atmospheric backscatter signal under various
weather conditions.

Atmospheric attenuation of the bottom and water return signals
The lidar signal is attenuated by the atmosphere both when the sounding beam travels from the airborne
lidar and the sea surface and during the return trip. The effect may be characterized by introducing a twoway transmission term, 𝑇𝑇(𝐻𝐻, 𝜆𝜆), that depends on both the layer thickness, 𝐻𝐻, and the wavelength, 𝜆𝜆:
𝐻𝐻

𝑇𝑇(𝐻𝐻, 𝜆𝜆) = exp[−2 � 𝛼𝛼(𝑧𝑧, 𝜆𝜆)𝑑𝑑𝑑𝑑] ,
0

(3.1.1)

where 𝛼𝛼(𝑧𝑧, 𝜆𝜆) is the atmospheric extinction coefficient at the distance z from the lidar. (For simplicity,
here we consider the case of vertical propagation of laser beam through the stratified medium. Eq. (3.1.1)
expresses a specific form of the Lambert–Beer–Bouguer law for a lidar beam in which the factor 2
represents the two-way transmission over the same path.
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For a homogeneous atmosphere,
𝑇𝑇(𝐻𝐻, 𝜆𝜆) = exp[−2𝐻𝐻𝐻𝐻(𝜆𝜆)] .

(3.1.2)

This approximation is applicable to an airborne bathymetrical lidar at the relatively low altitudes of 400800 m.
The extinction coefficient 𝛼𝛼(𝜆𝜆) may be related to the atmospheric visibility range, or the visual range, 𝑉𝑉𝑟𝑟 .
According to Koschmieder’s theory (Koschmieder, 1924), the visual range is determined only by the
contrast threshold an observer needs in order to distinguish an object from its background, and by the
extinction coefficient, 𝛼𝛼(𝜆𝜆).
Koschmieder (1924) demonstrated that, for the wavelength 550 nm (the wavelength at which human
visual sensitivity is a maximum),
𝑉𝑉𝑟𝑟 (550) =

3.912
3.912
and 𝛼𝛼(550) =
𝛼𝛼(550)
𝑉𝑉𝑟𝑟 (550)𝑟𝑟

(3.1.3)

The value of 𝛼𝛼(𝜆𝜆) (in 𝑘𝑘𝑘𝑘−1 ) at the wavelength, 𝜆𝜆 (in nm), of the lidar source may be estimated from a
more sophisticated formula by Gorchakova et al. (1976) which accounts for wavelength dependence
throughout the visible region (400-700nm):
3

3.912 550 0.583 �𝑉𝑉𝑟𝑟(550)
𝛼𝛼(𝜆𝜆) =
�
�
𝑉𝑉𝑟𝑟 (550) 𝜆𝜆

(3.1.4)

In Figure 3.1.1, the atmospheric transmission is evaluated as a function of the visual range for the two
values of lidar altitude, 400m and 800m, using equation (3.1.2) and (3.1.4) for λ=532nm:
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Figure 3.1.1. Atmospheric transmission (the two-way transmission path) a function of
visual range for two lidar altitudes: 400 m and 800 m.
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Atmospheric backscatter signal
Backscattering of the sounding laser beam in the atmosphere is a major nuisance factor for airborne lidar
bathymetry performance. The backscattered signal arises immediately after the laser pulse emission, and
therefore arrives at the detector before the sea surface reflected pulse, during the time 2𝐻𝐻𝑠𝑠 /𝑐𝑐, where 𝐻𝐻𝑠𝑠 is
the (slant) distance between aircraft and water surface and c is the speed of light. The atmospheric
backscatter signal may significantly exceed in power the lidar return from the water column, sea surface,
and bottom.
The lidar equation for the power of optical atmospheric backscattering signal, 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 (𝑧𝑧, 𝜆𝜆), can be written
in a common approximate form (Kovalev, 2004; Wandinger, 2005)

where:

𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 (𝑧𝑧, 𝜆𝜆) = 𝑃𝑃0

𝑧𝑧
𝑐𝑐𝜏𝜏𝑝𝑝
𝑂𝑂(𝑧𝑧)
𝐴𝐴𝑟𝑟 𝜂𝜂 2 𝛽𝛽𝑎𝑎𝑎𝑎𝑎𝑎 (𝑧𝑧, 𝜆𝜆) exp[−2 � 𝛼𝛼(𝑟𝑟, 𝜆𝜆)𝑑𝑑𝑑𝑑]
2
𝑧𝑧
0

(3.1.5)

𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 (z, λ) is the power backscattered by the atmosphere and detected from range z at the laser
wavelength λ;
𝑃𝑃0 (𝜆𝜆) is the transmitted laser pulse power;
𝜏𝜏𝑝𝑝 is the (effective) laser pulse duration;
𝐴𝐴𝑟𝑟 is the area of the receiver aperture;
𝜂𝜂 is the total optical system loss factor;
𝐺𝐺𝐹𝐹 (𝑧𝑧) is the “lidar geometric factor”, 0 ≤ 𝐺𝐺𝐹𝐹 (𝑧𝑧) ≤ 1.0; 𝐺𝐺𝐹𝐹 (𝑧𝑧) = 1 for monostatic lidars
𝛽𝛽𝑎𝑎𝑎𝑎𝑎𝑎 (𝑧𝑧, 𝜆𝜆), is the backscattering coefficient of the atmosphere.

Calculations based on Eq. (3.1.5) may be simplified using the correlation relation proposed by
Gorchakova et al. (1976) for the optical characteristics of the atmosphere in the visible light range:
𝛽𝛽𝑎𝑎𝑎𝑎𝑎𝑎 (𝜆𝜆) = 0.0263𝛼𝛼(𝜆𝜆)0.69 ≈

𝛼𝛼(𝜆𝜆)
8𝜋𝜋

(3.1.6)

The above relation, together with Eqs. (3.1.3) and (3.1.4) for α(λ), makes it possible to express the
atmospheric backscattered signal power via only one optical parameter of the atmospheric layer (assumed
to be homogeneous) between the lidar carrier and the sea surface – the atmospheric visual range, 𝑉𝑉𝑟𝑟 .
Results of the calculations for are presented in Figure 3.1.2 for the atmospheric visual range (the
meteorological visibility) of 10 km (𝜆𝜆 = 532 𝑛𝑛𝑛𝑛, 𝐺𝐺𝐹𝐹 (𝑧𝑧) = 1).
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Figure 3.1.2. Detected atmospheric (visual range 10 km) backscattering signal for a bathymetric lidar as a
function of distance from the carrier. Lidar parameters: pulse power = 0.5 MW; pulse duration = 2 ns; optical
pupil diameter =10 cm; lidar optical efficiency = 60 %; the “geometrical factor” GF(z) = 1.0.

The powerful atmospheric signal may result in a variety of harmful effects on the lidar photodetector,
such as temporary blindness, ringing, etc. In contrast to ambient sun light, the signal caused by elastic
scattering of monochrome laser radiation in the atmosphere cannot be filtered out by a spectral selector.
The known methods employed to protect lidar “green” detectors from the atmospheric backscattering are
described by Measures (1984). These methods include: spatial separation of the lidar emitter and receiver
axis (i.e., employment of a bi-static scheme); vignetting of the central part of the photodetector field of
view; polarization selection; and “closing” the photodetector to radiation arriving immediately after
sounding pulse generation.
Finally, we present in Figure 3.1.3., an illustrative, practical and convenient table of average values of
visual range (meteorological visibility) and the coefficients 𝛼𝛼(𝜆𝜆) and 𝛽𝛽(𝜆𝜆) for various weather conditions
over the spectral range 350-1000 nm. Figure 3.1.3. is reproduced from Collis and Russell (1976).
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Figure 3.1.3. Attenuation (extinction), α, and backscattering coefficient, β, for various atmospheric conditions
(left column) and wavelengths.

3.2 Water Surface

Shachak Pe'eri and Torbjörn Tingaker

Reflection and refraction

The surface return portion of the Airborne Lidar Bathymeter (ALB) waveform, a major reference point
for water depth measurements, represents the interaction between the ALB laser beam and the air/water
interface. The laser energy returned from the air/water interface and collected by the ALB detection unit
can be described by two basic concepts in optics: reflection and refraction. In the case of ALB, reflection
refers to the redirection of laser radiation from the air/water interface back into the air; refraction is the
change in direction of radiation penetrating the air/water surface (Measures, 1992; Mobley, 1994). Both
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mechanisms are dependent on the angle of incidence with respect to the local normal of the water surface.
The water surface can be regarded as a transparent, specular (mirror-like) surface with some vertical
variability (e.g., waves or swells). The law of reflection states the angle of incidence, 𝜃𝜃1 , is equal to the
angle of reflection. These angles are defined with respect to the local normal at the point of incidence
(Figure 3.2.1). The direction, 𝜃𝜃2 , of the laser energy after transmission across the air/water interface is
calculated using Snell’s law:
sin(𝜃𝜃1 ) 𝑛𝑛2
=
sin(𝜃𝜃2 ) 𝑛𝑛1

(3.2.1)

For light incident on the water surface from above and transmitted into the water we have 𝑛𝑛1 = 𝑛𝑛𝑎𝑎 , the
index of refraction of air and 𝑛𝑛2 = 𝑛𝑛𝑤𝑤 , the index of refraction of water. The value of index of refraction
for air is typically assumed to be 1.000 while the value of the index of refraction for water can range from
1.350 at 400 nm to 1.320 at 1100 nm (Segelstein, 1981) with only a subtle sensitivity to temperature and
salinity over the range typically encountered in the field (Aly & Esmail, 1993; Austin & Halikas, 1976;
Quan & Fry, 1995). In most cases, Snell’s law can be approximated as 1.333 𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃𝑤𝑤 ) = 𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃𝑎𝑎 ) (Saleh
& Teich, 1991a).
incident
reflected
𝜃𝜃𝑎𝑎

𝜃𝜃𝑎𝑎

air, 𝑛𝑛𝑎𝑎

water, 𝑛𝑛𝑤𝑤

𝜃𝜃𝑤𝑤

refracted
Figure 3.2.1. Reflection and refraction at the air-water interface.

The Fresnel equations are used to estimate the amount of light reflected and refracted at the interface
between two dielectric media (Saleh & Teich, 2007). The reflection coefficient, R, for unpolarized light
is:
1
1 𝑠𝑠𝑠𝑠𝑠𝑠2 (𝜃𝜃𝑎𝑎 − 𝜃𝜃𝑤𝑤 ) 𝑡𝑡𝑡𝑡𝑡𝑡2 (𝜃𝜃𝑎𝑎 − 𝜃𝜃𝑤𝑤 )
𝑅𝑅 = (𝑅𝑅∥ + 𝑅𝑅⊥ ) = � 2
+
�
2
2 𝑠𝑠𝑠𝑠𝑠𝑠 (𝜃𝜃𝑎𝑎 + 𝜃𝜃𝑤𝑤 ) 𝑡𝑡𝑡𝑡𝑡𝑡2 (𝜃𝜃𝑎𝑎 + 𝜃𝜃𝑤𝑤 )

(3.2.2)

where 𝑅𝑅∥ and 𝑅𝑅⊥ are the reflection coefficients for parallel and perpendicularly polarized radiation,
respectively. Equation (3.2.2) provides a useful approximation for the overall loss at the surface due to
reflection. However, evaluation of the amount of the laser pulse returned to the receiver will generally
require more precise examination of the reflectance at the water surface.
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Effects of waves
The length of sea-surface waves ranges from a few millimeters up to several hundreds of meters and may
be divided into two general categories: capillary and gravity waves (Holthuijsen, 2007). Capillary waves
are short wavelength waves that are generated locally and restored by surface tension; the longer
wavelength gravity waves may be generated either locally or from outside the survey area, and are
restored by gravity (Open_University, 2005). For waves that are generated locally, the structure of sea
surface is often described using the Beaufort scale which relates a visual description of a sea state to wind
speed (Table 2.1). Although the Beaufort scale is a qualitative characterization of the sea state, it is useful
for relating wind speed observations to approximate environmental conditions for ALB surveying. It is
important to note that when breaking waves start to appear on the sea surface (Beaufort Sea State 3) and
bubbles are generated as a result, the chances are reduced for ALB systems to successfully detect the
bottom. Accordingly, Guenther (2007) suggested limiting ALB surveying to wind speed of less than 5.5
m/s (10 knots).
Under ideal ALB survey conditions, the water surface would be horizontal on a macroscale (i.e., at a scale
larger than the size of the lidar footprint on the water surface) with a uniform roughness on a micro-scale
(i.e., vertical variability that ranges from a few millimeters to a few centimeters). In that case, a moderate
amount of energy would be returned from the surface, the angle of refraction would be directly
predictable given the horizontal surface, and only position and attitude data would be needed to calculate
the position of the laser measurement underwater. However, the morphology of the sea surface is
complex and highly variable in time and space. Capillary waves, with wavelengths smaller than the laser
footprint on the water surface, might be expected to disperse the beam in the water. Water waves with
lengths on the order of the laser footprint could act as a lens to focus or disperse the beam, and water
waves much larger than the laser footprint could redirect the lidar beam since the local water surface will
no longer be horizontal. These conditions can introduce several errors:
1) Range errors - Identification of the surface return in the ALB waveform.
2) Positioning error - Angle of refraction, 𝜃𝜃𝑤𝑤 , of the ALB beam.
3) Illumination area contributing to the measurements - Estimation of the ALB beam pattern below
the water surface is used to as the initial conditions to calculate the scattering and absorption
interaction of the laser beam as it passes through the water column.
Table 3.1. Beaufort wind force scale from 0 to 3
Beaufort
Number

Wind speed

Appearance on the Water

0

Less than 0.3 m/s

Flat, smooth sea surface, mirror-like

1

0.3–1.5 m/s

Scaly ripples without crests

2

1.6–3.4 m/s

Small wavelets, glassy crests, not breaking

3

3.5–5.4 m/s

Large wavelets, crests begin to break, scattered whitecaps

The physical dimension of a wave with respect to the size of the ALB footprint is an important
consideration. Tulldahl and Steinvall (2004) considered the change in direction of the transmitted laser
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pulse after passing through a sloped air/water interface with capillary waves, by applying Monte Carlo
ray-tracing simulations to realistic ocean surface models (Mobley & Preisendorfer, 1988; Preisendorfer &
Mobley, 1985) corresponding to wind speeds according to the wave-slope wind-speed law (Cox & Munk,
1954b, 1954a; Duntley, 1954). Tulldahl and Steinvall (2004) investigated the variance of ALB beams
based on HawkEye specifications for wind speeds that range from 0 to 20 m/s. His conclusion was that
very little change (a few percent change) was calculated for the refracted angles of the ALB beam over a
flat water surface with capillary waves.
Monte Carlo ray-tracing simulations have also been used to calculate the variance of ALB beams after
passing through the water surface. These studies investigated micro-scale and macro-scale slopes over a
sea surfaces generated from an Elfouhaily, Chapron, Katsaros, and Vandemark (ECKV) wave spectrum
model (Elfouhaily, Chapron, Katsaros, & Vandemark, 1997) with wind conditions of up to 5.4 m/s. The
simulation results showed that wind speed and footprint size were the two main parameters contributing
to changes in the laser beam pattern underwater (Figure 3.2.2). The model results were confirmed with
empirical measurements in a laboratory setting. Statistically, the mean direction of the laser beam over a
large number of realizations (> 1000 realizations) does not deviate much from the refracted beam
direction under a horizontal water surface. The standard deviation of along-wind, 𝜎𝜎𝑢𝑢 , and cross-wind, 𝜎𝜎𝑐𝑐 ,
directions of the ALB beam increased as the wind speeds over the water surface increased from 3 m/s to
5.4 m/s with a fixed beam diameter (4.5 m) and fetch length (10,000 km) (Figure 3.2.2a). The area of the
ALB footprint over the water surface also affected the standard deviation. The standard deviation
increased as the footprint size was reduced from 4.5 m in diameter to an area of a single ray (>5 mm in
diameter) with a fixed wind speed (5.4 m/s) and fetch length (10,000 km) (Figure 3.2.2b). The standard
deviation of the rays for a 4.5-m in diameter beam with a wind speed of 3.5 m/s remains constant as the
fetch length increases from 100 km to 10,000 km.

Figure 3.2.2. Standard deviation along-wind, 𝝈𝝈𝒖𝒖, and cross-wind, 𝝈𝝈𝒄𝒄, directions as a function of: (a) wind speed and
(b) ALB beam diameter (Karlsson, 2011).

Bubbles and foam
Typically, ALB surveys are conducted under relatively benign sea state conditions with small wavelets,
glassy crests and no breaking waves (up to Beaufort Sea State 2) (Guenther, 2007). At higher sea states
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when larger wavelets occur at the water surface and crests begin to break, optical scattering from
whitecaps (foam) and associated sub-surface gas bubbles increasingly distort the ALB waveforms. If
unaccounted for, these sea surface and volume scattering effects may reduce the accuracy with which the
water depth can be measured and, at high enough sea states, may mask the seafloor entirely. Although
bubbles and foam are a source of noise during operations focused on seafloor characterization, there is
great potential scientific value in using ALB to remotely characterize the air bubbles themselves. Gas
bubbles, generated through the breaking of wind-driven sea waves, influence the air-sea gas exchange,
aerosol formation, sea surface chemistry, fractionation of organic and inorganic materials and cavitation
(Bortkovskii, Egorov, Kattsov, & Pavlova, 2007; Loisel, Meriaux, Berthon, & Poteau, 2007; Sorooshian
et al., 2009; Stigebrandt, 1991; Woolf, 1993). Bubbles can also be an indicator of environmental events
occurring on the seafloor, such as a methane seep (Solomon, Kastner, MacDonald, & Leifer, 2009;
Westbrook et al., 2009).
Monahan and Lu (1990) characterize the main stages in the evolution of a plume of air bubbles. Spilling
wave crests and active whitecaps are generated when winds that are well above 4 m/s blow over the water
surface. The bubble plume at this stage is visible from a ship or a plane with an optical albedo of about
0.5 (Monahan & Mac Niocaill, 1986). The active whitecaps and the concentrated sub-surface bubble
plumes have surface expressions with very short characteristic lifetimes (less than 1 s) (Donelan,
Longuet-Higgens, & Turner, 1972). The sub-surface bubble plumes associated with the spilling/breaking
wave crests have void or air volume fractions estimated to range from 3% up to 30%, depending on the
water depth and exposed features (e.g., jetty or dam) that may influence the breaking wave (Monahan &
Lu, 1990). These plumes will quickly decay into a mature whitecap or hazy foam patches whose size
decreases exponentially with time. Mature plumes are relatively large sea-surface features with an
average albedo of about 0.2 (Monahan & Mac Niocaill, 1986) and a void fraction ranging from 1% in a
fully developed sea condition to 0.1% for a bubble plume that is a few seconds old (Monahan &
Muircheartaigh, 1980). Even after the bubble plume is not visible anymore, a large subsurface bubble
plume exists. Compared with the visible bubble plumes, the size spectrum of the bubbles is narrower but
the lifetime of the subsurface plume is typically hundreds of seconds (Monahan & Mac Niocaill, 1986). In
this final stage of the plume’s lifetime, the larger bubbles have risen to the surface while near-surface
turbulence has mixed the micro-bubbles (10s to 100s of µm in radius) throughout a near-surface layer.
The size distribution and evolution of the micro-bubble plume depends on the aqueous concentrations of
nitrogen and oxygen in the surface waters (Thorpe, 1982) and the gas transfer rate across the air-water
interface of the bubbles (the bubble wall) into the surrounding water (Medwin, 1970), with all bubbles
eventually either returning to the surface to burst or going into solution. It is important to note that ship
wakes or water surface circulation (e.g., Langmuir circulation) may dramatically change the lifetime and
distribution of the bubble population. These changes occur partly as a result of changes in the flow
dynamics, but also because organic materials, such as oils and surfactants, and particulates collected on
the surface of a bubble can modify the rate of dissolution and substantially increase the lifetimes of
bubbles (Johnson & Cooke, 1981; Thorpe, 1985; Weber, Lyons, & Bradley, 2005). The void fraction of
these late-stage micro-bubble plumes is estimated to be in the range of 1 × 10−4 % to 1 × 10−5 %
(Thorpe, 1982). Even after the plume has disappeared, the surfactants that have been scavenged by
bubbles and deposited at the surface can change the sea-surface roughness for long periods of time. This
is particularly noticeable in synthetic aperture radar images of ship wakes (Weber et al., 2005).
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Research on the use of ALB surveys to map bubble plumes is still in its infant stages. Most of the work
has focused on the use of ALB surveys to correct for ocean color estimates of chlorophyll concentration
that are modified by bubbles (Terrill, Melville, & Stramski, 2001; X. Zhang, Lewis, & Johnson, 1998)
and to identify ship tracks and fish schools (Krekova, Krekov, & Shamanaev, 2004; Li, Yang, Xia, Rao,
& Zhang, 2009). These studies are based on theoretical work and laboratory experiments, in which the
key assumption is that ALB amplitude is proportionally related to void fraction and the presence of
organic materials. In the calculations, seawater is considered to be a multi-component medium, for which
the backscatter radiation is a function of water molecules, hydrosol particles, and air bubbles (Churnside,
2010; Krekova et al., 2004). The optical models for the ALB are based on the work of (X. Zhang et al.,
1998) which defines the bulk optical properties of the bubble population.
In addition to the elastic scattering approaches to mapping bubble plumes in the ocean, there are also
efforts to use inelastic scattering, such as Raman scattering. Bunkin et al. (2011) demonstrated
experimentally that Raman scattering can be used to detect a micro-bubble plume 4.5 minutes from the
time a boat passed by, whereas with elastic scattering it is only possible to detect larger bubbles that are
present, and only within the first 0.5 to 0.75 minutes from the time a boat passes by.

3.3 Volume

An understanding of the optical properties of the water is essential for understanding of the propagation
and spread of the laser pulse as it passes through the water. The treatment here is necessarily brief and is
focused on the characteristics that are most important for lidar bathymetric mapping. The material
presented here will be widely used in the later sections. More thorough and detailed treatments can be
found in references such as Duntley (1971), Gordon et al. (1975), and Mobley (1994) or on line (Mobley
et al., 2013).
We will be concerned with both inherent and apparent optical properties. The inherent optical properties
(IOPs), absorption and scattering, are the properties that are not dependent on the ambient light or
viewing conditions. Apparent optical properties (AOPs) "are those properties that (1) depend both
on the medium (the IOPs) and on the geometric (directional) structure of the radiance distribution,
and that (2) display enough regular features and stability to be useful descriptors of a water body."
(Mobley et al., 2013).

Apparent Optical Properties (AOPs)
William Philpot

Although it is the IOPs that will be most important for the description of the transmission of the lidar
pulse through water and the overall operation and performance of the lidar system, AOPs are useful for
describing the general optical characteristics of the water. The description that they provide is relatively
coarse, but intuitive. Indeed, AOPs have provided a useful, if crude, characterization of the penetration
depth of bathymetric lidar.
3.3.1.1

Secchi Depth

As observed from above the water surface, objects lowered into the water become less distinct as the
depth increases, eventually merging with the background. This is the principle behind the Secchi disk, the
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first device designed to document the transparency of natural waters (Tyler, 1968). Originally, a simple
white disk, the Secchi disk is now most commonly divided into black and white quadrants in order to
maximize contrast, and the depth at which the black and white disk disappears from view is called the
"Secchi depth". Clear waters will have a 1arger Secchi depth than more turbid waters, and the size of the
Secchi disk may need to be adjusted for different water clarity conditions (Holmes, 1970). The disk
disappears because the light traversing the water column is subject to absorption and scattering processes
which reduce the magnitude of the reflected radiation and increase the volume backscatter noise
background. The measurement, while common and useful, is only semi-quantitative since the results
depend on a number of factors such as the angle and distribution of ambient illumination, surface wave
structure, the type of particulates in the water, and the visual acuity of the observer, to name only a few
(Pilgrim, 1984). The Secchi depth is consequently an AOP.
Although it is only approximate, the Secchi depth remains a useful, intuitive measure of water clarity and
is commonly used to characterize the penetration depth of ALB systemsndix
. It is worth remembering, however, that the Secchi depth does not properly describe the attenuation of a
collimated light beam. In addition, it is an observation that spans the visible wavelengths and is not
specifically tuned to the narrow waveband of a laser.
3.3.1.2

Diffuse Attenuation Coefficient

A more quantitative measurement of water clarity involves measuring the rate of change of irradiance
with increasing depth. For this purpose we consider cosine irradiance, E(λ), the cosine-weighted integral
of the radiance distribution over a hemisphere. We are particularly interested in the downwelling cosine
irradiance on a horizontal plane, Ed (z, λ), at depth z. The rate of change of Ed with depth is a measure of
water clarity that is similar in concept to the Secchi depth in that the rate of change will be faster in turbid
waters than in clear waters. The rate of change of Ed , or logarithmic derivative of Ed is the diffuse
attenuation coefficient, 𝐾𝐾𝑑𝑑 , which is given by (Mobley et al., 2013):
𝐾𝐾𝑑𝑑 = −

𝑑𝑑 ln 𝐸𝐸𝑑𝑑 (𝑧𝑧, λ)
1
𝑑𝑑𝐸𝐸𝑑𝑑 (𝑧𝑧, λ)
=−
𝑑𝑑𝑑𝑑
𝐸𝐸𝑑𝑑 (𝑧𝑧, λ)
𝑑𝑑𝑑𝑑

(𝑚𝑚−1 )

.

(3.3.1)

This attenuation coefficient is an AOP because of its sensitivity to the distribution of downwelling light
(thus, the term diffuse in the name). Values for 𝐾𝐾𝑑𝑑 will be different if the measurement is made under
cloudy conditions or under clear skies, although such differences are often relatively small. On the other
hand, 𝐾𝐾𝑑𝑑 is not dependent on the individual viewer, it can be tuned to the wavelength of the laser, and the
measurement can be made over discrete depth ranges, allowing for characterization of stratified water
bodies. For these reasons, 𝐾𝐾𝑑𝑑 is sometimes referred to as a "quasi-inherent" optical property. 𝐾𝐾𝑑𝑑 is useful
for laser hydrography in that it can provide effective general description of the attenuation of the
broadened laser pulse (Feygels et al., 2013; Kopilevich, 2002; Wozencraft & Millar, 2005).
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Inherent optical properties
Minsu Kim

As a laser pulse propagates through natural waters, it interacts with the optical constituents of the water
with the radiant power decreasing due to the absorption of the medium, and its radiance distribution is
dispersing due to the scattering. A small fraction of radiant power is backscattered and available for
detection by the distant lidar receiver. The properties of the water responsible for this light interaction
are: IOPs (defined above), properties of the medium itself, and independent of the light field (Mobley,
1994; Mobley et al., 2013; Preisendorfer, 1976). The bulk IOPs of natural waters are a sum of properties
of the optically dominant constituents. In describing a real-world light field, the macro-level radiance
propagation is properly explained using absorption and scattering, which is why these two quantities
(absorption coefficient and volume scattering function precisely) are called IOPs. We will describe the
definition of these IOPs here. There are, however, more fundamental physical parameters than the
macroscopic absorption and scattering coefficients. These are the refractive indices of the dielectric
medium that controls the propagation of the electromagnetic wave, microscopic properties that underlie
the macroscopic properties. Thus, we begin with a description of the refractive index of water, which is
the dominant component.
3.3.2.1

Refractive index of natural water

Radiative transfer describes the rate of change of the macroscopic radiant power as a result of all the
microscopic interactions between electromagnetic waves and matter: absorption of a photon, re-emission,
diffraction, etc. For our purposes, absorption and the volume scattering function (VSF) are the two
fundamental parameters. Along with these typical IOPs, the complex refractive index is another
important, and more fundamental IOP. It is also a very important parameter in lidar ranging and depth
penetration. The complex refractive index of a dielectric medium determines the interaction with the
incoming electromagnetic wave in terms of refraction and absorption. It is expressed as
𝑚𝑚 = 𝑛𝑛 − 𝑖𝑖𝑛𝑛𝑖𝑖 .

(3.3.2)

The real part, 𝑛𝑛, is the index of refraction that determines the phase speed of the electromagnetic wave in
the medium, and the imaginary part, 𝑛𝑛𝑖𝑖 , is related to absorption by the medium. Both 𝑛𝑛 and 𝑛𝑛𝑖𝑖 are
dependent on the wavelength, 𝜆𝜆. The absorption coefficient, 𝑎𝑎, is related to the imaginary part of the
index of refraction, 𝑛𝑛𝑖𝑖 by the following relationship (Kerker, 1969)
𝑎𝑎 =

4𝜋𝜋𝑛𝑛𝑖𝑖
.
𝜆𝜆

(3.3.3)

The absorption coefficient of water plays a major role in shaping the reflected water-leaving radiance. A
relatively rapid rise in the absorption coefficient near 600 nm characterizes typical coastal water (Figure
3.3.1), resulting in a sharp drop in reflectance at that point. Beyond 600 nm the reflectance disappears in
all but very shallow or turbid water.
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Figure 3.3.1. Refractive index of water with varying temperature and salinity.

Figure 3.3.2. Annual mean surface salinity, 2005-2013 (NODC, 2013).
http://www.nodc.noaa.gov/OC5/woa13f/index.html

3.3.2.2

Bulk water optical properties

There are only two fundamental IOPs for the bulk medium of natural water: the absorption coefficient and
the volume scattering function (Mobley, 1994; Preisendorfer, 1976). Other IOPs are simply parameters
derived from these two fundamental IOPs.
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Ps(n)
Pi

Figure 3.3.3. Interaction of radiant power with a small volume of water.

Consider a narrow, collimated beam with a radiant power, 𝑃𝑃𝑖𝑖 , that is incident onto a small volume of an
absorbing and scattering medium (Figure 3.3.4). Some of the radiant power, 𝑃𝑃𝑎𝑎 , is absorbed by the
medium. Light absorption is assumed to follow simple Beer's law and most of the natural water satisfies
this condition. According to Beer's law, the absorption coefficient, 𝑎𝑎, is defined as absorptance, 𝑃𝑃𝑎𝑎 ⁄𝑃𝑃𝑖𝑖 ,
per unit propagation distance in the medium,
𝑎𝑎 =

𝑃𝑃𝑎𝑎 1
𝑃𝑃𝑖𝑖 𝑑𝑑𝑑𝑑

.

(3.3.4)

A fraction of the radiant power is scattered in all directions, with a portion of the scattered power, 𝑃𝑃𝑆𝑆 (𝒏𝒏),
being directed into a solid angle, 𝑑𝑑Ω, centered on the direction, 𝒏𝒏. The distribution of scattered radiation
is described by the volume scattering function (VSF), 𝛽𝛽, defined as the directional scatterance per unit
distance of the medium,
𝛽𝛽(𝒏𝒏) =

𝑃𝑃𝑆𝑆 (𝒏𝒏)⁄𝑑𝑑Ω 1
𝑃𝑃0
𝑑𝑑𝑑𝑑

.

(3.3.5)

It is customary to express the VSF as a function of the scattering angle, 𝜃𝜃, where 𝜃𝜃 is measured from the
forward direction, so that 𝜃𝜃 = 𝑐𝑐𝑐𝑐𝑐𝑐 −1 (𝒏𝒏 ∙ 𝒏𝒏𝟎𝟎 ).

Figure 3.3.4. Conceptual diagram for VSF measurement.

The measurement geometry of the VSF is illustrated in Figure 3.3.5, where an incident, collimated
irradiance, 𝐸𝐸0 , illuminates the water volume, 𝑑𝑑𝑑𝑑, and the scattered power in the direction 𝒏𝒏, 𝑃𝑃𝑆𝑆 (𝒏𝒏), is
viewed by a detector. This allows us to express the VSF as
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𝛽𝛽(𝒏𝒏) =

𝑃𝑃𝑆𝑆 (𝒏𝒏)⁄𝑑𝑑Ω 1
𝐸𝐸0
𝑑𝑑𝑑𝑑

.

(3.3.6)

The major practical difficulty with evaluating 𝛽𝛽(𝒏𝒏) is in the accurate determination of the scattering
volume, 𝑑𝑑𝑑𝑑, the volumetric intersection between the incident beam and the viewing field. This is not
simply a matter of determining the 3-D geometry of two intersecting volumes; it is complicated by the
need to characterize the divergence of the incident beam and the exact response function of the viewing
field. The characterization is particularly problematic at very small angles (forward near 0º) and very
large angles (backward near 180º).
Having defined the two fundamental IOPs of hydro-optics, the remaining IOPs can all be derived from
these two. The total scattering coefficient, 𝑏𝑏, is simply the integral of the VSF of the full sphere,
𝑏𝑏 = � 𝛽𝛽(𝒏𝒏)𝑑𝑑Ω(𝒏𝒏) .

(3.3.7)

4𝜋𝜋

Using spherical coordinates and assuming azimuthal symmetry, the integration is expressed
𝜋𝜋

𝑏𝑏 = 2𝜋𝜋 � 𝛽𝛽(𝜃𝜃) sin 𝜃𝜃 𝑑𝑑θ .

(3.3.8)

0

The volume scattering phase function (VSPF) is simply a normalized VSF, defined as
𝜒𝜒(𝜃𝜃) = 𝛽𝛽(𝜃𝜃)⁄𝑏𝑏 .

(3.3.9)

Therefore, 𝜒𝜒(𝜃𝜃) satisfies the normalization condition
𝜋𝜋

1 = 2𝜋𝜋 � 𝜒𝜒(𝜃𝜃) sin 𝜃𝜃 𝑑𝑑θ .

(3.3.10)

0

The forward scattering coefficient, 𝑏𝑏𝑓𝑓 , and the backward scattering coefficient, 𝑏𝑏𝑏𝑏 , which describe the

proportion of light scattered in the forward and backward hemispheres, respectively, are defined as
𝜋𝜋/2

𝑏𝑏𝑓𝑓 = 2𝜋𝜋 ∫0

𝛽𝛽(𝜃𝜃) sin 𝜃𝜃 𝑑𝑑θ ,

𝜋𝜋

𝑏𝑏𝑏𝑏 = 2𝜋𝜋 ∫𝜋𝜋/2 𝛽𝛽(𝜃𝜃) sin 𝜃𝜃 𝑑𝑑θ .

and

(3.3.11a,b)

By the above definitions, the following equality holds:
𝑏𝑏 = 𝑏𝑏𝑓𝑓 + 𝑏𝑏𝑏𝑏

.

(3.3.12)

Another noteworthy IOP is the lidar backscattering coefficient, which is simply the VSF in the opposition
direction, 𝛽𝛽𝜋𝜋 . This is particularly useful for describing the lidar waveform.
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The total beam attenuation coefficient, 𝑐𝑐, is the sum of the absorption and scattering coefficients,
𝑐𝑐 = 𝑎𝑎 + 𝑏𝑏 .

(3.3.13)

Although it is possible to calculate the scattering coefficient from the integration of the VSF, it is
common practice to use the relationship, 𝑏𝑏 = 𝑐𝑐 − 𝑎𝑎, because of the practical difficulty of making the VSF
measurement. Thus, it is important to understand the principles of measurements of 𝑎𝑎 and 𝑐𝑐. The
absorption coefficient is measured using a cylindrical sample chamber whose inner wall is highly
reflective. The conceptual diagram of the absorption meter is shown in Figure 3.3.6. A fraction of light
will be absorbed and lost over the distance, 𝑟𝑟. At the same time a fraction of the light will be multiplyscattered and directed forward by the reflective wall. Any light not absorbed will eventually reach the end
of the tube, adding to the uninterrupted (transmitted without being absorbed or scattered) light to make up
a total measured power, 𝑃𝑃(𝑟𝑟). The lost power is ascribed entirely to absorption, and the absorption
coefficient is calculated using the formula
𝑃𝑃(𝑟𝑟) = 𝑃𝑃𝑖𝑖 exp(−𝑎𝑎 ∙ 𝑟𝑟) .

(3.3.14)

where the exponential term represents the probability that a photon will survive being absorbed.

r
Pi →

→ 𝑃𝑃(𝑟𝑟)

Figure 3.3.5. Conceptual diagram for absorption measurement using reflective wall sample cell.

In order to calculate the total beam attenuation, c, both absorbed and scattered power must be accounted
for. An estimate of the power loss due to scattering can be obtained conceptually using a cylindrical
sample cell with walls designed to absorb all the scattered power. Only the power that has not been either
absorbed or scattered will reach the detector. The probability of a photon surviving any interaction with
water is expressed using the beam attenuation coefficient, and the transmitted power can be expressed as
𝑃𝑃(𝑟𝑟) = 𝑃𝑃𝑖𝑖 exp(−𝑐𝑐 ∙ 𝑟𝑟) .

(3.3.15)

r

Pi →

→ 𝑃𝑃(𝑟𝑟)

Figure 3.3.6. Conceptual diagram for beam attenuation using a sample cell with a black-painted wall.

The single-scattering albedo, 𝜔𝜔0 , is the ratio of the total amount of power scattered to the total power
removed from a beam and is defined as
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𝜔𝜔0 = 𝑏𝑏/𝑐𝑐 .

(3.3.16)

Water containing mostly absorbing material will have a low 𝜔𝜔0 , while water in which scattering
dominates the attenuation will have a high 𝜔𝜔0 . Thus, the single scattering albedo indicates the probability
of photon being scattered when a photon interacts with water.

3.4 BOTTOM

Shachak Pe’eri and Chi-Kuei Wang

The primary function of the bottom return is to mark the time of arrival of the laser pulse at the bottom.
The time of arrival is essential to the determination of the distance traveled by the ALB pulse from the
air/water interface. The shape of the bottom return is also of value in that it carries information about the
character of the bottom; however, it is also a function of hardware and environmental parameters. In
addition to the detector and digitizer that log the returning laser energy as a waveform, other parameters
that need to be considered are: laser output power, 𝑃𝑃0 the total optical system loss factor 𝜂𝜂, the ALB
receiver’s aperture area 𝐴𝐴𝑟𝑟 , the optical thickness, τ𝑎𝑎 , of the air layer between the lidar and the laser
impact point on the surface, the length of the laser-beam path above the sea surface 𝐻𝐻𝑠𝑠 , the index of
refraction of the water 𝑛𝑛𝑤𝑤 , Fresnel’s reflection coefficient of the air-water boundary 𝜌𝜌𝑤𝑤 , the length of the
laser beam path underwater, ℎ𝑠𝑠 , the water attenuation coefficient, k, based on the ALB receiver’s field of
view, and the bottom reflectance ρ𝑏𝑏 . Feigels et al. (Victor I. Feigels, Evans, Feygels, Guenther, &

Kopilevich, 2002) and Guenther (1985a) expressed the power returning from seafloor, 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏 , as follows:
2

𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑃𝑃0 𝐴𝐴𝑟𝑟 𝜂𝜂�1 − ρ𝑤𝑤 � ∙

ρ
𝑒𝑒𝑒𝑒𝑒𝑒(−2τ𝑎𝑎 )
𝑒𝑒𝑒𝑒𝑒𝑒(−2ℎ𝑠𝑠 𝑘𝑘) 𝑏𝑏
2
(𝐻𝐻𝑠𝑠 𝑛𝑛𝑤𝑤 + ℎ𝑠𝑠 )
𝜋𝜋

.

(3.4.1)

Wang and Philpot (2007) simplified equation (3.4.1) by considering the optical loss of the ALB hardware,
𝐴𝐴𝑟𝑟 𝜂𝜂(1 − 𝜌𝜌𝑤𝑤 )2 and the atmospheric attenuation, 𝑒𝑒𝑒𝑒𝑒𝑒(−2τ𝑎𝑎 )/(𝐻𝐻𝑠𝑠 𝑛𝑛𝑤𝑤 + ℎ𝑠𝑠 )2 as constants in relatively
shallow waters (< 13 m), and combining them into a single term, 𝑊𝑊:
𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑃𝑃0 𝑊𝑊 𝑒𝑒𝑒𝑒𝑒𝑒(−2ℎ𝑠𝑠 𝑘𝑘)

𝜌𝜌𝑏𝑏
𝜋𝜋

.

(3.4.2)

A natural log of equation (3.4.2) yields a linear relationship between the power returned from the seafloor
and the bottom reflectance:
ρ

𝑙𝑙𝑙𝑙(𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏 ) = 𝑙𝑙𝑙𝑙(𝑃𝑃0 𝑊𝑊) + 𝑙𝑙𝑙𝑙 � 𝑏𝑏 � − 2ℎ𝑠𝑠 𝑘𝑘
𝜋𝜋

.

(3.4.3)

Equation (3.4.3) effectively separates the bottom reflectance from the attenuation and system effects
suggesting that it will be meaningful to consider the effects of bottom type and morphology on the shape
and strength of the bottom return pulse.
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The following section is a review of the seafloor characteristics and their radiometric contributions to the
ALB returned beam. The review includes different approaches for calculating ρ𝑏𝑏 . Key seafloor
characteristics include: morphology of the seafloor, color of the seafloor including sediments, rocky
outcrops and submersed aquatic vegetation (SAV). Separate discussions of the contributions of the ALB
system design, water surface and the water column to the ALB waveform are provided in other sections
of this book.

Morphology
In conventional laser hydrography, the morphology of the seafloor is a concern primarily because of the
effect on the accuracy of depth measurements and the ability to resolve objects (e.g., large rocks or ship
wrecks) that are hazards to navigation (Guenther, Thomas, et al., 1996). An ideal surveying case has a flat
and smooth bottom. Thus, any bottom detection by the laser measurement above the background
bottom/seafloor depth is either a large object emerging from the seafloor or a feature in the water column
(e.g., fish and nets). However, many natural coastal areas have slopes (i.e., a height difference between
adjacent laser measurements) and a roughness (i.e., small-scale height variability within the footprint of
the laser measurement) that can vary from one local area to another. Steinvall and Koppari (1996)
conducted a set of simulations to investigate the accuracy of depth measurements for different bottom
slopes and laser angles of incidence. Although their results show a 3% change in the depth estimation
over angle of 0° to 15°, the intensity value of the bottom return also changed significantly. Similar results
were observed for bottom slopes that range from -40° to 40° with respect to the normally incident
unscattered beam on the bottom (Figure 3.4.1 left). Wang and Philpot (2002) also observed such a
phenomenon using a SHOALS-400 dataset north of Egmont Key, FL (Figure 2.4.1, right). The ALB
dataset was collected over a sloped sandy bottom at a water depth of 4.4 m. The survey contains
flightlines in two opposite directions (north- and south-bound). Peak values of the bottom returns were
consistent within each individual flightline and among flightlines in the same direction. However, a
significant difference in the peak values of the bottom returns is observed between flightlines in opposite
directions. Steinvall and Kompari (1996) defined this phenomenon as a pulse stretching effect and
considered it as a means of estimating the slope. (The “geometrical stretch” will be discussed in Section
4.2.) Wang and Philpot (2007) restated the bottom slope issue and also discussed the bottom roughness as
it relates to the Bi-directional Reflectance Distribution Function (BRDF). The BRDF describes the
reflectivity behavior of a surface as a function of illumination geometry and viewing geometry (Haner,
McGuckin, Menzies, Bruegge, & Duval, 1998).
The influence of the slope and roughness was also identified by Pe’eri et al. (2011) at a study site offshore
of Gerrish Island, ME. The relationship between ALB bottom detection and the bottom slope and
roughness characteristics was quantified using high-resolution multibeam bathymetry and underwater
video imagery as independent measures of the water depth and the seafloor characteristics (Figure 3.4.2).
The results indicate that a lack of bottom detection by ALB does not necessarily indicate water depths
deeper than the surrounding areas that have strong bottom detection by the lidar. Consequently, lack of
bottom detection could be misinterpreted to indicate deeper depths and could be a hazard to navigation.
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Figure 3.4.1. (Left) Normalized peak values from simulated bottom returns at varying slope angles as a function of
depth (𝑲𝑲𝒅𝒅 = 𝟎𝟎. 𝟏𝟏𝟏𝟏 𝒎𝒎−𝟏𝟏 ) (Steinvall & Koppari, 1996). (Right) Four SHOALS-400 waveforms over a sloped sandy
bottom at the depth of 4.4 m near Egmont Key, FL. The dashed and continuous lines represent ALB waveforms
extracted from the north-bound and the south-bound flight lines, respectively (Wang & Philpot, 2002).

Figure 3.4.2. (Left) Grey-scale shaded relief multibeam-bathymetry map of the Pe’eri et al. (2011) study area. The
depth values are relative to the Mean Lower Low Water (MLLW). (Right) ALB waveforms over a subset of the
study area (denoted by the rectangle area in the left image), where the bottom returns are circled in yellow). A color
ramp indicates successful bottom detection by the ALB system. Laser measurements that were not detected are
colored dark red.

Color
The color of many bottom types – sediments, various vegetation types and manmade materials – provides
a unique spectral signature that can be used as an identifier (Goetz, Vane, Solomon, & Rock, 1985). The
spectral signature of the bottom type can be defined in ocean optics as bottom reflectance, ρ𝑏𝑏 (λ), where

the radiance reflected back from the seafloor, 𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏 (𝜆𝜆), is normalized with solar irradiance at the water
surface, 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 (𝜆𝜆), and the solar zenith angle, 𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠 (Gordon & Wang, 1994; Mobley, 1994):
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ρ𝑏𝑏 (λ) =

π
cos 𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠

∙

𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏 (λ)
𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 (λ)

.

(3.4.4)

A common approach for classifying sediment and vegetation over terrestrial environments is to use
hyperspectral imagery collected using a scanning radiometer, that records imagery in narrow spectral
bands (~10 nm) from ultraviolet (350 nm) to short-wave infrared (2500 nm). However, such passive,
hyperspectral sensors are dependent on the Sun’s illumination as the light source, leaving the sensor
susceptible to changes in atmospheric and water conditions.
ALB provides only a single wavelength (i.e., 532 nm), but its intensity can be used to calculate the
bottom reflectance at that wavelength. ALB is an active sensor, where the solar radiation (passing through
the green band filter) is considered environmental background noise source (Guenther, 1985a, 2007).
Recent studies have used the ALB intensity to constrain the radiative transfer equations in order to
estimate the passive spectral reflectance (Kopilevich et al., 2005b; Park et al., 2010a; Tuell, Park, et al.,
2005; Tuell & Park, 2004). Kopilevich et al. (Kopilevich et al., 2005b) and Tuell et al. (Tuell, Park, et al.,
2005) demonstrated their work using a SHOALS-1000 system over an area off of Hollywood, FL.
Concurrent hyperspectral imagery, collected by a CASI-2 system over an area where the water depth
ranged from 8 m to 30 m, was constrained to match the ALB reflectance at 532 nm using the 534 nm
band in the hyperspectral imagery. A thematic map of the seafloor bottom type was then produced using
an unsupervised classification (Park et al., 2010b).

Vegetation
The research on seagrass and macroalgae using ALB is very limited. Healthy vegetation typically
contains chlorophyll-a, a pigment that generates a spectral response characterized by a steep slope at
around 680 - 690 nm (i.e., the red edge) between a strong red wavelength absorption and a strong nearinfrared reflection (Kirk, 1994). However, this red-edge spectral response can only be clearly observed
from vegetation above water; it is rapidly attenuated at water depths of more than 1 or 2 m (Nils Gunnar
Jerlov, 1976). In addition, spectral scattering and absorption by phytoplankton, suspended matter and
dissolved organic matter (DOM) further restrict the passage of light underwater (A. G. Dekker et al.,
2002). Bottom reflectance from SAV is typically low, often lower than the reflectance from a deep water
column. In addition, self-shading takes place within the canopy and further reduces the amount of
returning energy (Zimmerman, 2003). Another mapping challenge is that there are many species of
seagrass and macroalgae that can grow at varying densities over the seafloor and these are often mixed
with other biological materials (e.g., other species of submerged vegetation, detritus and corals).
Because of the mapping challenges of seagrasses and macroalgae mentioned above, it is important to first
understand the interaction between light and the plant canopy. Macroalgae require a relatively low level
of light ranging from 0.1% to 1% of the surface irradiance. However, seagrasses require much greater
light levels ranging from 10% to 37% of the surface irradiance (Duarte, 1991; Olesen & Sand-Jensen,
1993; Zimmerman, 2006). This light sensitivity makes seagrass beds a very useful environmental
indicator for deteriorated water quality (Short & Wyllie-Echeverria, 1996) that can be mapped by optical
remote sensing in more favorable conditions.
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The common calculation for remote sensing reflectance, 𝑅𝑅𝑅𝑅𝑅𝑅 , calculated over a seagrass bed requires the
a priori knowledge of the remote sensing reflectance over optically deep waters, 𝑅𝑅∞ (Bierwirth, Lee, &
Burne, 1993; A. Dekker et al., 2006; Dierssen, Zimmerman, Leathers, Downes, & Davis, 2003; Philpot,
1989):
𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑅𝑅∞ + (𝑅𝑅𝑏𝑏 − 𝑅𝑅∞ ) 𝑒𝑒𝑒𝑒𝑒𝑒(−2ℎ𝑠𝑠 𝑘𝑘)

,

(3.4.5)

where 𝑅𝑅𝑏𝑏 , is the remote sensing bottom reflectance. The calculation assumes a homogenous water body
and no contribution from the atmosphere. Also, the diffuse attenuation coefficients for the upwelling and
downwelling light are assumed to be the same. Zimmerman (2003, 2006) further developed the bottom
reflectance by including the changing morphology of the seagrass bed with currents (Figure 3.4.3):
𝑅𝑅𝑏𝑏 = ρ𝑠𝑠𝑠𝑠

ℎ𝑐𝑐 𝛷𝛷𝑠𝑠𝑠𝑠 𝐵𝐵𝑠𝑠𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠�𝜃𝜃𝑠𝑠𝑠𝑠 �
𝑐𝑐𝑐𝑐𝑐𝑐(𝜃𝜃𝑐𝑐 )

,

(3.4.6)

where 𝜌𝜌𝑠𝑠𝑠𝑠 is the reflectance of pure seagrass leaves, 𝜃𝜃𝑐𝑐 is the zenith angle of a collimated beam incident
to the seagrass bed plane, and 𝜃𝜃𝑠𝑠𝑠𝑠 is the average bending angle of the seagrass leaf orientation with

respect to the zenith. The leaf biomass is described as a function of: 1) the height distribution of the
eelgrass bed over a given area, 𝐵𝐵𝑠𝑠𝑠𝑠 , with the seagrass canopy height distribution that range from 0.1 m to
over 1.0 m, and 2) the peak canopy height ℎ𝑐𝑐 , and 3) seagrass-shoot density 𝛷𝛷𝑠𝑠𝑠𝑠 .

Figure 3.4.3. Simplified angular relationship based between the laser beam incident angle (𝜽𝜽) and leaf orientation of
the seagrass field (𝜽𝜽𝒔𝒔𝒔𝒔 ). The figure is based on Zimmerman (2006).

Zimmerman (2006) suggests that light loss through the biomass should be included in the light
attenuation because the seagrass can be regarded as an additive attenuation media that absorbs and
scatters the light. Thus, the seagrass-leaf absorption coefficient, 𝑎𝑎𝑠𝑠𝑠𝑠 , and the seagrass leaf thickness 𝛥𝛥𝛥𝛥𝑠𝑠𝑠𝑠 ,
should be integrated over the path through the seagrass, replacing the term (−2ℎ𝑠𝑠 𝑘𝑘) in equation (3.4.5)
with:
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−2 ∙ �𝑎𝑎𝑠𝑠𝑠𝑠 𝛥𝛥𝛥𝛥𝑠𝑠𝑠𝑠

ℎ𝑐𝑐 ρ𝑠𝑠𝑠𝑠 𝐵𝐵𝑠𝑠𝑠𝑠
𝑐𝑐𝑐𝑐𝑐𝑐(𝜃𝜃)

� − 𝑘𝑘ℎ𝑠𝑠

(3.4.7)

The seagrass biomass measurements reported by Zimmerman (2003) provide the basis for Monte Carlo
simulation of seagrass beds in a model designed to explore possible biases in lidar bathymetry estimates
due to the presence of seagrass (Wang, Philpot, Kim, & Lei, 2011).
Wang and Philpot (2007) use natural log scatter plots of the power returning from seafloor and the water
depth to discriminate between sand and vegetation. In their study, ALB data were collected using a
SHOALS-400 system over a study site east of Egmont Key, FL. In addition to sand/vegetation
discrimination, Wang and Philpot (2007) were able to separate the seagrass beds into sparse and dense
seagrass patches. Two sources of error mentioned in their study are bottom morphology and the presence
of surface waves.
A different approach for mapping seagrasses and macroalgae is an investigation of the bottom return
characteristics (e.g., shape and amplitude) of an ALB to map habitat composition (Collin, Archambault,
& Long, 2008; Collin, Long, & Archambault, 2011). Four benthic habitats were classified using twelve
statistical properties that describe the shape of the bottom return. ALB data were collected using a
SHOALS-3000 system over Bonaventure, Gulf of Saint Lawrence, Quebec, Canada. Collin et al. (2011),
were able to demonstrate an improvement in accuracy of the results using the statistical properties of the
ALB bottom return and a supervised classification (Support Vector Machine) approach. This approach
achieved an overall accuracy of 93.3%, which is a 5.3% accuracy increase compared to results using
unsupervised (K-means) classification.

3.5 References

Aly, K. M., & Esmail, E. (1993). Refractive index of salt water: effect of temperature. Optical Materials,
2(3), 195–199. http://doi.org/10.1016/0925-3467(93)90013-Q
Austin, R. W., & Halikas, G. (1976). The index of refraction of seawater. Final Report (Vol. SIO Ref. 7).
La Jolla, California: Scripps Institute of Oceanography. Retrieved from
http://misclab.umeoce.maine.edu/education/VisibilityLab/reports/SIO_76-1.pdf
Bierwirth, P. N., Lee, T. J., & Burne, R. V. (1993). Shallow sea-floor reflectance and water depth derived
by unmixing multispectral imagery. Photogrammetric Engineering and Remote Sensing, 59(3),
331–338. Retrieved from http://eserv.asprs.org/PERS/1993journal/mar/1993_mar_331-338.pdf
Bortkovskii, R. S., Egorov, B. N., Kattsov, V. M., & Pavlova, T. V. (2007). Model estimates for the mean
gas exchange between the ocean and the atmosphere under the conditions of the present-day
climate and its changes expected in the 21st century. Izvestiya, Atmospheric and Oceanic Physics,
43(3), 378–383. http://doi.org/10.1134/S0001433807030127
Bunkin, A. F. A. F., Klinkov, V. K., Lukyanchenko, V. A., & Pershin, S. M. (2011). Ship wake detection
by Raman lidar. Applied Optics, 50(4), A86–A89. http://doi.org/10.1364/AO.50.000A86
Churnside, J. H. (2010). Lidar signature from bubbles in the sea. Optics Express, 18(8), 8294–8299.
http://doi.org/10.1364/OE.18.008294
Collin, A., Archambault, P., & Long, B. (2008). Mapping the shallow water seabed habitat with the
SHOALS. IEEE Transactions on Geoscience and Remote Sensing, 46(10), 2947–2955.
http://doi.org/10.1109/TGRS.2008.920020

46

eCommons (2019)

https://doi.org/10.7298/q1vg-jp06

AIRBORNE LIDAR HYDROGRAPHY II
Collin, A., Long, B., & Archambault, P. (2011). Benthic Classifications Using Bathymetric LIDAR
Waveforms and Integration of Local Spatial Statistics and Textural Features. Journal of Coastal
Research, 27, 86–98. http://doi.org/10.2112/SI_62_9
Collis, R. T. H., & Russell, P. B. (1976). Lidar measurement of particles and gases by elastic
backscattering and differential absorption. In E. Hinkley (Ed.), Laser Monitoring of the
Atmosphere (pp. 71–151). Springer Berlin Heidelberg. http://doi.org/10.1007/3-540-07743-X_18
Cox, C., & Munk, W. (1954a). Measurement of the roughness of the sea surface from photographs of the
Sun’s glitter. Journal of the Optical Society of America, 44(11), 838–850.
http://doi.org/10.1364/JOSA.44.000838
Cox, C., & Munk, W. (1954b). Statistics of the sea surface derived from sun glitter. Journal of Marine
Research, 13, 198–227.
Dekker, A., Brando, V., Anstee, J. M., Fyfe, S., Malthus, T., & Karpouzli, E. (2006). Remote Sensing of
Seagrass Ecosystems: Use of Spaceborne and Airborne Sensors. In Seagrasses: Biology, Ecology
and Conservation (pp. 347–359). Springer Netherlands. http://doi.org/10.1007/978-1-4020-29837_15
Dekker, A. G., Brando, V. E., Anstee, J. M., Pinnel, N., Kutser, T., Hoogenboom, J., … Malthus, T. J.
(2002). Imaging Spectroscopy of water. In F. D. van der Meer (Ed.), Imaging spectroscopy: basic
principle and prospective applications (pp. 307–360). Netherlands: Springer.
http://doi.org/10.1007/978-0-306-47578-8
Dierssen, H. M., Zimmerman, R. C., Leathers, R. A., Downes, T. V., & Davis, C. O. (2003). Ocean Color
Remote Sensing of Seagrass and Bathymetry in the Bahamas Banks by High-Resolution Airborne
Imagery. Limnology and Oceanography, 48(1, Part 2; Light in Shallow Waters), 444–455.
Retrieved from http://www.jstor.org/stable/3597765
Donelan, M., Longuet-Higgens, M. S., & Turner, J. S. (1972). Periodicity in Whitecaps. Nature,
239(5373), 449–451. http://doi.org/10.1038/239449a0
Duarte, C. M. (1991). Seagrass depth limits. Aquatic Botany, 40(4), 363–377.
http://doi.org/10.1016/0304-3770(91)90081-F
Duntley, S. Q. (1954). Measurements of the Distribution of Water Wave Slopes. Journal of the Optical
Society of America, 44(7), 574_1. http://doi.org/10.1364/JOSA.44.0574_1
Duntley, S. Q. (1971). Underwater Lighting by Submerged Lasers and Incandescent Sources (Vol. SIO
Ref. 7). La Jolla, CA: Scripps Institution of Oceanography Visibility Laboratory. Retrieved from
http://oai.dtic.mil/oai/oai?verb=getRecord&metadataPrefix=html&identifier=AD0730721
Elfouhaily, T., Chapron, B., Katsaros, K., & Vandemark, D. (1997). A Unified Directional Spectrum for
Long and Short Wind-Driven Waves. Journal of Geophysical Research, 102(97), 15781–15796.
http://doi.org/10.1029/97JC00467
Feigels, V. I., Evans, B., Feygels, L., Guenther, G. C., & Kopilevich, Y. I. (2002). Prediction of
bathymetric lidar performance with Ocean Scientific 2001 simulation code. In R. J. Frouin & G.
D. Gilbert (Eds.), SPIE 4488, Ocean Optics: Remote Sensing and Underwater Imaging (Vol.
SPIE 4488, pp. 61–70). San Diego, CA, United States: SPIE. http://doi.org/10.1117/12.452826
Feygels, V. I., Park, J. Y., Wozencraft, J. M., Aitken, J., Macon, C., Mathur, A., … Ramnath, V. (2013).
CZMIL (Coastal Zone Mapping and Imaging Lidar): from First Flights to First Mission through
System Validation. In W. W. A. Hou RA (Ed.), Proceedings of SPIE (Vol. 8724, p. 87240A–1–
87240A–15). Baltimore, MD: SPIE. http://doi.org/10.1117/12.2017935
Goetz, A. F. H., Vane, G., Solomon, J. E., & Rock, B. N. (1985). Imaging Spectrometry for Earth Remote
Sensing. Science, 228(4704), 1147–1153. http://doi.org/10.1126/science.228.4704.1147
Gorchakova, G. I., & Isakov, A. A. (1976). Some results on light scattering in the location angles domain
(in Russian). In 1st All-union conference on atmospheric optics (pp. 218–221). Tomsk, IOA SO
AN SSSR.

47

eCommons (2019)

https://doi.org/10.7298/q1vg-jp06

AIRBORNE LIDAR HYDROGRAPHY II
Gordon, H. R., Brown, O. B., & Jacobs, M. M. (1975). Computed relationships between the inherent and
apparent optical oroperties of a flat homogeneous ocean. Applied Optics, 14(2), 417–427.
http://doi.org/10.1364/AO.14.000417
Gordon, H. R., Smith, R. C., & Zaneveld, J. R. V. (1979). Introduction to Ocean Optics. In Proceedings
of SPIE Ocean Optics VI, Vol. 208. La Jolla, California.
Gordon, H. R., & Wang, M. (1994). Retrieval of water-leaving radiance and aerosol optical-thickness
over the oceans with SeaWIFS - A Preliminary Algorithm. Applied Optics, 33, 443–452.
Guenther, G. C. (1985). Airborne Laser Hydrography: System design and performance factors.
Rockville, MD: NOAA Professional Paper Series, National Ocean Service 1. Retrieved from
http://shoals.sam.usace.army.mil/downloads/Publications/AirborneLidarHydrography.pdf
Guenther, G. C. (2007). Airborne Lidar Bathymetry. In D. F. Maune (Ed.), Digital Elevation Model
Technologies and Applications: The DEM Users Manual, 2nd Edition (2nd ed., pp. 253–320).
Bethessda, Maryland: ASPRS. Retrieved from
http://www.asprs.org/a/publications/2009PubsCatalog.pdf
Guenther, G. C., Thomas, R. W. L., & LaRocque, P. E. (1996). Design considerations for achieving high
accuracy with the SHOALS bathymetric lidar system. In V. I. Feigels & Y. Kopelivich (Eds.),
SPIE 2964, CIS Selected Papers: Laser Remote Sensing of Natural Waters: From Theory to
Practice, November 1, 1996 (Vol. 2964, pp. 54–71). St. Petersburg, Russia: Society of Photooptical Instrumentation Engineers (SPIE). http://doi.org/10.1117/12.258353
Hale, G. M., & Querry, M. R. (1973). Optical Constants of Water in the 200-nm to 200-microm
Wavelength Region. Applied Optics, 12(3), 555–563. http://doi.org/10.1364/AO.12.000555
Haner, D. A., McGuckin, B. T., Menzies, R. T., Bruegge, C. J., & Duval, V. (1998). Directionalhemispherical reflectance for Spectralon by integration of its bidirectional reflectance. Applied
Optics, 37, 3996–3999. http://doi.org/10.1364/AO.37.003996
Holmes, R. W. (1970). The Secchi disk in turbid coastal waters. Limnology and Oceanography, 15(5),
688–694. http://doi.org/10.4319/lo.1970.15.5.0688
Holthuijsen, L. H. (2007). Waves in Oceanic and Coastal Waters. Cambridge University Press.
Jerlov, N. G. (1976). Marine Optics. Amsterdam: Elsevier. Retrieved from
http://www.sciencedirect.com/science/bookseries/04229894/14
Johnson, B. D., & Cooke, R. C. (1981). Generation of Stabilized Microbubbles in Seawater. Science,
213(4504), 209–211. Retrieved from http://www.jstor.org/stable/1687157
Karlsson, T. (2011). Uncertainties Introduced by the Ocean Surface when Conducting Airborne Lidar
Bathymetry Surveys. Lund Institute of Technology, Lund, Sweden.
Kerker, M. (1969). The Scattering of Light and Other Electromagnetic Radiation (Vol. 16). New York:
Elsevier. http://doi.org/10.1016/B978-0-12-404550-7.50001-4
Kirk, J. T. O. (1994). Light and photosynthesis in aquatic ecosystems. 2nd edition, xvi, 509p. Cambridge
University Press, 1994. Price £50.00. Journal of the Marine Biological Association of the United
Kingdom. Cambridge Journals Online. http://doi.org/10.1017/S0025315400044180
Kopilevich, Y. I. (2002). Prediction of bathymetric lidar performance with Ocean Scientific 2001
(052001) simulation code, 4488(052001), 61–70.
Kopilevich, Y. I., Feygels, V. I., Tuell, G. H., & Surkov, A. (2005). Measurement of ocean water optical
properties and seafloor reflectance with Scanning Hydrographic Operational Airborne Lidar
Survey (SHOALS): I. Theoretical background. In SPIE 5885, Remote Sensing of the Coastal
Oceanic Environment, July 31, 2005 - August 1 (Vol. 5885, pp. 1–9). Optech International, Inc.,
7225 Stennis Airport Drive, Kiln, MI 39556, United States: SPIE.
http://doi.org/10.1117/12.618923
Koschmieder, H. (1924). Theorie der horizontalen sichtweite. Beiträge Zur Physik Der Freien
Atmosphäre, 12, 171–181.

48

eCommons (2019)

https://doi.org/10.7298/q1vg-jp06

AIRBORNE LIDAR HYDROGRAPHY II
Kovalev, V. A. (2004). Elastic lidar : theory, practice, and analysis methods. Hoboken, N.J.: John Wiley.
Retrieved from
http://proxy.library.cornell.edu/login?url=http://onlinelibrary.wiley.com/book/10.1002/04716431
73
Krekova, M. M., Krekov, G. M., & Shamanaev, V. S. (2004). Influence of Air Bubbles in Seawater on
the Formation of Lidar Returns. Journal of Atmospheric and Oceanic Technology, 21(5), 819–
824. http://doi.org/10.1175/1520-0426(2004)021<0819:IOABIS>2.0.CO;2
Li, W., Yang, K., Xia, M., Rao, J., & Zhang, W. (2009). Influence of characteristics of micro-bubble
clouds on backscatter lidar signal. Opt.Express, 17(20), 17772–17783.
http://doi.org/10.1364/OE.17.017772
Loisel, H., Meriaux, X., Berthon, J.-F. J.-F., & Poteau, A. (2007). Investigation of the optical
backscattering to scattering ratio of marine particles in relation to their biogeochemical
composition in the eastern English Channel and southern North Sea. Limnology and
Oceanography, 52(2), 739–752.
Measures, R. M. (1984). Laser remote sensing: fundamentals and applications (1st ed.). New York: John
Wiley & Sons.
Measures, R. M. (1992). Laser remote sensing: fundamentals and applications (2nd ed., Vol. 2nd). New
York: John Wiley & Sons. http://doi.org/0471081930, 9780471081937
Medwin, H. (1970). In situ acoustic measurements of bubble populations in coastal ocean waters. Journal
of Geophysical Research, 75(3), 599–611. http://doi.org/10.1029/JC075i003p00599
Mobley, C. D. (1994). Light and water: radiative transfer in natural waters. San Diego: Academic Press.
Retrieved from http://www.curtismobley.com/LightandWater.zip
Mobley, C. D., Boss, E., & Roesler, C. (2013). Ocean Optics Web Book.
Mobley, C. D., & Preisendorfer, R. W. (1988). A numerical model for the computation of radiance
distributions in natural waters with wind-roughened surface (Vol. NOAA Tech.). Seattle, WA:
NOAA. Retrieved from
http://www.pmel.noaa.gov/publications/search_abstract.php?fmContributionNum=813
Monahan, E. C., & Lu, M. (1990). Acoustically relevant bubble assemblages and their dependence on
meteorological parameters. IEEE Journal of Oceanic Engineering, 15(4), 340–349.
http://doi.org/10.1109/48.103530
Monahan, E. C., & Mac Niocaill, G. (1986). Oceanic Whitecaps and Their Role in the Air-Aea Exchange
Process. In E. C. Monahan & G. Mac Niocaill (Eds.), (Vol. 2). Dordrecht: Springer Netherlands.
http://doi.org/10.1007/978-94-009-4668-2
Monahan, E. C., & Muircheartaigh, I. (1980). Optimal power-law description of oceanic whitecap
coverage dependence on wind speed. Journal of Physical Oceanography, 10(12), 2094–2099.
http://doi.org/10.1175/1520-0485(1980)010<2094:OPLDOO>2.0.CO;2
NODC. (2013). World Ocean Atlas 2013. Retrieved August 21, 2015, from
http://www.nodc.noaa.gov/OC5/woa13f/index.html
Olesen, B., & Sand-Jensen, K. (1993). Seasonal acclimatization of eelgrass Zostera Marina growth to
light. Marine Ecology Program Series, 94(1), 91–99. http://doi.org/10.3354/meps094091
Open_University. (2005). Waves, Tides, and shallow-water processes. (G. Bearman, Ed.)Open University
Oceanography Series (Vol. 4). Boston, MA: Butterworth-Heinmann.
Park, J. Y., Ramnath, V., Feygels, V. I., Kim, M., Mathur, A., Aitken, J., & Tuell, G. H. (2010). Activepassive data fusion algorithms for seafloor imaging and classification from CZMIL data, 769515.
Retrieved from http://dx.doi.org/10.1117/12.851991
Pe’eri, S., Gardner, J. V, Ward, L. G., & Morrison, J. R. (2011). The Seafloor: A Key Factor in Lidar
Bottom Detection. IEEE Transactions on Geoscience and Remote Sensing, 49(3), 1150–1157.
http://doi.org/10.1109/TGRS.2010.2070875

49

eCommons (2019)

https://doi.org/10.7298/q1vg-jp06

AIRBORNE LIDAR HYDROGRAPHY II
Philpot, W. D. (1989). Bathymetric mapping with passive multispectral imagery. Applied Optics, 28(8),
1569–1578. http://doi.org/10.1364/AO.28.001569
Pilgrim, D. A. (1984). The Secchi disk in principle and in use. The Hydrographic Journal, 33(July), 25–
30.
Pope, R. M., & Fry, E. S. (1997). Absorption spectrum (380-700 nm) of pure water. II. Integrating cavity
measurements. Applied Optics, 36(33), 8710–8723. http://doi.org/10.1364/AO.36.008710
Preisendorfer, R. W. (1976). Hydrologic Optics (Vol. 1: Basic P). Honolulu, Hawaii: National Oceanic
and Atmospheric Administration Environmental Research Laboratories. Retrieved from
http://archive.org/details/hydrologicopt00prei
Preisendorfer, R. W., & Mobley, C. D. (1985). Unpolarized irradiance reflectances and glitter patterns of
random capillary waves on lakes and seas, by Monte Carlo simulation. NOAA Tech. Memo (Vol.
ERL PMEL-6). Retrieved from
http://www.pmel.noaa.gov/publications/search_abstract.php?fmContributionNum=784
Quan, X., & Fry, E. S. (1995). Empirical equation for the index of refraction of seawater. Applied Optics,
34(18), 3477–3480. http://doi.org/10.1364/AO.34.003477
Saleh, B. E. A., & Teich, M. C. (1991). Fundamentals of Photonics (1st ed.). New York: WileyInterscience. Retrieved from
http://web.ebscohost.com/ehost/ebookviewer/ebook/nlebk_26193_AN?sid=305fb078-c2e9-47a7a406-694f63a9402c@sessionmgr198&vid=1&format=EB
Saleh, B. E. A., & Teich, M. C. (2007). Fundamentals of Photonics (2nd ed.). New York: WileyInterscience. Retrieved from
http://web.ebscohost.com/ehost/ebookviewer/ebook/nlebk_26193_AN?sid=305fb078-c2e9-47a7a406-694f63a9402c@sessionmgr198&vid=1&format=EB
Segelstein, D. J. (1981). The complex refreactive index of water. Ph.D. Dissertation, Department of
Physics, University of Missouri-Kansas City. Department of Physics, University of MissouriKansas City, MO.
Short, F. T., & Wyllie-Echeverria, S. (1996). Natural and human-induced disturbance of seagrasses.
Environmental Conservation, 23(01), 17. http://doi.org/10.1017/S0376892900038212
Solomon, E. A., Kastner, M., MacDonald, I. R., & Leifer, I. (2009). Considerable methane fluxes to the
atmosphere from hydrocarbon seeps in the Gulf of Mexico. Nature Geosci, 2(8), 561–565.
http://doi.org/10.1038/ngeo574
Sorooshian, A., Padro, L. T., Nenes, A., Feingold, G., McComiskey, A., Hersey, S. P., … Stephens, G. L.
(2009). On the Link Between Ocean Biota Emissions, Aerosol, and Maritime Clouds: Airborne,
Ground, and Satellite Measurements Off the Coast of California. Global Biogeochemical Cycles,
23(4), n/a-n/a. http://doi.org/10.1029/2009GB003464
Steinvall, O. K., & Koppari, K. R. (1996). Depth sounding lidar: An overview of Swedish activities and
future prospects. In V. I. Feigels & Y. I. Kopilevich (Eds.), CIS Selected Papers: Laser Remote
Sensing of Natural Waters: From Theory to Practice (Vol. SPIE 2964, pp. 2–25). St. Petersburg,
Russia: SPIE. http://doi.org/10.1117/12.258342
Stigebrandt, A. (1991). Computations of oxygen fluxes through the sea surface and the net production of
organic matter with application to the Baltic and adjacent seas. Limnol.Oceanogr, 36(3), 444–
454. http://doi.org/10.4319/lo.1991.36.3.0444
Terrill, E. J., Melville, W. K., & Stramski, D. (2001). Bubble entrainment by breaking waves and their
influence on optical scattering in the upper ocean. Journal of Geophysical Research: Oceans,
106(C8), 16815. http://doi.org/10.1029/2000JC000496
Thorpe, S. A. (1982). On the clouds of bubbles formed by breaking wind-waves in deep water, and their
role in air -- sea gas transfer. Philosophical Transactions of the Royal Society of London.Series A,

50

eCommons (2019)

https://doi.org/10.7298/q1vg-jp06

AIRBORNE LIDAR HYDROGRAPHY II
Mathematical and Physical Sciences, 304(1483), 155–210. Retrieved from
http://www.jstor.org/stable/36969
Thorpe, S. A. (1985). Small-scale processes in the upper ocean boundary layer. Nature, 318(6046), 519–
522. http://doi.org/10.1038/318519a0
Tuell, G. H., & Park, J. Y. (2004). Use of SHOALS bottom reflectance images to constrain the inversion
of a hyperspectral radiative transfer model, 185–193. Retrieved from
http://dx.doi.org/10.1117/12.564929
Tuell, G. H., Park, J. Y., Aitken, J., Ramnath, V., Feygels, V. I., Kopilevich, Y. I., & Kopelivich, Y.
(2005). Fusion of SHOALS bathymetric lidar and passive spectral data for shallow water rapid
environmental assessment. In Oceans 2005 - Europe, June 20, 2005 - June 23 (Vol. 2, pp. 1046–
1051). Optech International, 7225 Stennis Airport Drive, Kiln, MS 39520, United States: Institute
of Electrical and Electronics Engineers Computer Society.
http://doi.org/10.1109/OCEANSE.2005.1513202
Tulldahl, H. M., & Steinvall, O. K. (2004). Simulation of sea surface wave influence on small target
detection with airborne laser depth sounding. Applied Optics, 43(12), 2462–2483.
http://doi.org/10.1364/AO.43.002462
Tyler, J. E. (1968). The Secchi disc. Limnology and Oceanography, 13(1), 1–6.
http://doi.org/10.4319/lo.1968.13.1.0001
Wandinger, U. (2005). Introduction to Lidar. In Lidar : range-resolved optical remote sensing of the
atmosphere (pp. 1–18). New York: Springer Science+Business Media. http://doi.org/10.1007/0387-25101-4_1
Wang, C.-K., & Philpot, W. D. (2002). Using SHOALS LIDAR system to detect bottom material change.
In IGARSS ’02 (Vol. 5, pp. 2690–2692). http://doi.org/10.1109/IGARSS.2002.1026743
Wang, C.-K., & Philpot, W. D. (2007). Using airborne bathymetric lidar to detect bottom type variation in
shallow waters. Remote Sensing of Environment, 106(1), 123–135.
http://doi.org/10.1016/j.rse.2006.08.003
Wang, C.-K., Philpot, W., Kim, M., & Lei, H.-M. (2011). A Monte Carlo study of the seagrass-induced
depth bias in bathymetric lidar. Optics Express, 19(8), 7230.
http://doi.org/10.1364/OE.19.007230
Weber, T. C., Lyons, A. P., & Bradley, D. L. (2005). An estimate of the gas transfer rate from oceanic
bubbles derived from multibeam sonar observations of a ship wake. Journal of Geophysical
Research: Oceans, 110(C4), C04005. http://doi.org/10.1029/2004JC002666
Westbrook, G. K., Thatcher, K. E., Rohling, E. J., Piotrowski, A. M., Pälike, H., Osborne, A. H., …
Aquilina, A. (2009). Escape of methane gas from the seabed along the West Spitsbergen
continental margin. Geophysical Research Letters, 36(15), n/a.
http://doi.org/10.1029/2009GL039191
Woolf, D. K. (1993). Bubbles and the air‐sea transfer velocity of gases. Atmosphere-Ocean, 31(4), 517–
540. http://doi.org/10.1080/07055900.1993.9649484
Wozencraft, J. M., & Millar, D. (2005). Airborne Lidar and Integrated Technologies for Coastal Mapping
and Nautical Charting. Marine Technology Society Journal, 39(3), 27–35.
http://doi.org/10.4031/002533205787442440
Zhang, X., Lewis, M. R., & Johnson, B. (1998). Influence of bubbles on scattering of light in the ocean.
Applied Optics, 37(27), 6525. http://doi.org/10.1364/AO.37.006525
Zimmerman, R. C. (2003). A Biooptical Model of Irradiance Distribution and Photosynthesis in Seagrass
Canopies. Limnology and Oceanography, 48(1, Part 2; Light in Shallow Waters), 568–585.
http://doi.org/10.4319/lo.2003.48.1_part_2.0568

51

eCommons (2019)

https://doi.org/10.7298/q1vg-jp06

AIRBORNE LIDAR HYDROGRAPHY II
Zimmerman, R. C. (2006). Light and Photosynthesis in Seagrass Meadows. In SEAGRASSES: BIOLOGY,
ECOLOGYAND CONSERVATION (pp. 303–321). Springer Netherlands.
http://doi.org/10.1007/978-1-4020-2983-7_13

52

