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categories. With spatial areas of less than 10%, the
nearshore hardgrounds, 15-25% living coral, and 40—
75% living coral categories are the least spatially
abundant. Sand and fossil reef hardgrounds make up
almost 40% of the study area and have the most ex-
tensive depth range to 30 m.

Throughout Kailua Bay (i.e., in all PLC categories),
Montipora patula occurs the most (Fig. 7; Harney 2000).
This encrusting coral species (Fig. 8) is usually found
growing among other corals (Fielding and Robinson
1993; Russo 1994), which accounts, in the line-intercept
transect data, for why the counts of this species are
greatest. M. patula is used as the species for comparison
in all abundance ratios reported in the following dis-
cussion.

Abundance is calculated as the number of occur-
rences (count) of a given coral species divided by the
number of transects in that category. It is interesting,
however, that M. patula is recorded as being common
in shallow water (below 3 m) (Fielding and Robinson
1993; Russo 1994), but in Kailua Bay this species is
found throughout the depth range of the study area
(Harney 2000). Coral reef habitats in Kailua Bay are
found in depths to 23 m, with about the same stan-
dard deviation in depth in all habitats (mean ¢=4)
(Table 5).
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Fig. 7 Abundance of coral species in PLC categories. [Abundance
is an average. It is the number of occurrences (count) of a given
species divided by the number of transects in that category.] (After
Harney 2000)
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Fig. 8 Abundance of coral morphologies for Porites lobata.
Montipora verrucosa, and Montipora patula species in PLC
categories. (After Harney 2000)

A map of the slope for every pixel in the multi-
spectral mosaic was generated from the predicted depth
map. Analyzing the maps of slope and bottom type. we
find that gentle slopes (mean of 5°, maximum 42°) are
found in the most prolific and least prolific living coral
categories (>75 and <15% living coral). The middle
PLC categories exhibit steeper slopes, averaging 11°
(maximum 60°). We present two hypotheses for this
relationship among PLC and slope.

The first hypothesis is that the relationship between
slope and PLC is based on the underlying topography
on which a coral habitat grows. In other words, slope
appears to be the inhibiting factor to PLC cover. The
second hypothesis is that the relationship between slope
and PLC is a function of the large-scale rugosity of a
given coral reef habitat. Theses two hypotheses can be
tested in the future. In the following paragraphs, the
hypotheses are described in more detail.

There is ecological support of the first hypothesis,
that basement topography is the reason we see the >75
and <15% living coral categories on gentle slopes. The
most abundant coral species in the >75% living coral

Table 5 Minimum and maximum depth (in m) and standard deviation of depth range for percent living coral categories, hardgrounds,

and sand

Category Minimum Maximum Standard deviation Predominant Mean Maximum
depth depth of depth depth slope slope
(m) (m) (s) (m) () )

Hardgrounds —-6.0 —19:0 1:2 =7 S5 35

< 15% living coral cover -4.6 =19.8 3.9 -7 and —-13 to —15 6 40

15-25% living coral cover -14 -23.8 5.0 -6 11 60

25-40% living coral cover -1.1 -22.6 4.0 =12 11 47

40-75% living coral cover -0.61 =227 3.6 -10 10 55

>T75% living coral cover —2.9 -22.6 3.7 =11 to 16 6 42

Sand —0.94 -30.5 12.1 -15to 25 3 46




category is P. lobata which does well on well-lit, gentle
reef slopes (Fielding and Robinson 1993; Russo 1994).
In contrast, P. meandrina is the most abundant species in
the <15% living coral category. This coral species is
commonly found in shallow waters where there are
strong currents or wave action (Fielding and Robinson
1993; Russo 1994). Such shallow, wave-eroded reef
platforms have gentle slopes.

However, there is a bimodal depth distribution in the
< 15% living coral category. One area where we find the
<15% living coral category is in the P. meandrina-
dominated. wave-eroded, nearshore. shallow (<7-m)
habitat mentioned above. The second <15% living
coral cover habitat is found in deep water (13—-15 m),
north of the sand channel. Since P. meandrina are the
first to colonize (Fielding and Robinson 1993; Russo
1994), the high occurrence of P. meandrina in deep water
may be evidence of succession. That is, the rehabitation
of coral from a previously more prolific growth state
that may have been destroyed or damaged by a signifi-
cant event such as large wave stress or human activity.

The middle PLC categories are found in two general
areas: (1) along the slopes of the sand channel, and (2)
north and south of the sand channel on spur-and-groove
coral reef features. The water-incised sand channel walls
and spur-and-groove geomorphology create steep
bathymetric slopes. This first hypothesis suggests that
these middle PLC categories are less prolific than the
>75% living coral category because they are found on
these steep geological gradients in the Bay.

The second hypothesis suggests that the slopes are an
inherent quality of the PLC habitat, i.e., the slope is a
measure of the topography of the habitat. We explain
that slopes are gentle in the >75% living coral habitat
because, in these habitats, corals are prolific and have
filled in all available space laterally and horizontally. A
fully grown and filled-in coral garden has an overall
gentle slope on its surface.

The < 15% living coral habitats exhibit gentle slopes
due to erosion of topography. This erosion occurs either
due to constant wave activity on the shallow reef plat-
form or due to periodic large-scale events. Erosion clears
out any large coral colonies that might cause steep
bathymetric gradients. Corals in these habitats may be
low-lying and encrusting forms or small colonies, like
those formed by P. meandrina species.

In the middle PLC habitats, coral growth has not
completely filled in the three-dimensional spaces on the
reef, i.e., there are still spaces in the bathymetry of the
reef habitat. This results in steep slopes between large
coral colonies or communities of clustered colonies, for
example.

The low producers’ accuracy in some PLC categories
is a result of the small number of transect reference
points in those categories. The more important cate-
gorical accuracy estimate is the users’ accuracy as this
determines the probability of a user going to a given
place on the bottom-type map and finding a particular
PLC there. All users’ accuracies are improved over the
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producers’ accuracies, except the 40-75% living coral
category. There are the most ground truth points plotted
within this category that should have been allocated to
other categories (data in the row of the error matrix,
category 40-75%). This is because the details of other
categories within the 40-75% category were lost during
the resampling of the multi-spectral image to 30-m res-
olution to fit the line-transect data resolution.

Bottom reflectance, 4 (see Appendix), can be directly
solved for, instead of solving for bottom-type coeffi-
cients, by using the multi-spectral predicted depth, z, or
depth measured by other means, in the radiative transfer
model (Eq. A2). This is useful since reflectance mea-
sured with a field radiometer can be used to train su-
pervised classification of predicted bottom reflectance
multi-spectral maps. Reflectance spectra for coral reefs
from field radiometer measurements are being made
(Holden and LeDrew 1999; Hochberg and Atkinson
2000) and may become available in spectral libraries in
the future. The use of radiometer-measured coral reef
reflectance to train remotely sensed bottom albedo will
be particularly useful with hyperspectral data where
many wavelengths of reflected sunlight (in contrast to
three in this study) are measured. The greater number of
bands measured in hyperspectral remote sensing gives a
spectrum of sensor-measured reflectance (in multiple
layers of digital band maps) to train with a spectrum of
field radiometer-measured reflectance. Hence, the shape
of the reflectance spectrum for each bottom type as well
as the strength of the reflectance signal in a given band
are used to solve for the bottom type.

Although field-measured reflectance to perform su-
pervised classification on remotely sensed data has been
in use on land for some time, this approach in marine
environments is still in its infancy. One reason is that the
minimum discernable unit for multi-spectral data is
larger than the size of individual coral species, so spectra
should be a measure of habitat type rather than species
until greater resolution is achieved. In addition, this ap-
proach has not been used extensively in marine envi-
ronments, because the correction of remotely sensed data
for the effects of the ocean is in an early stage of devel-
opment. However, researchers are working on measuring
spectral reflectance of habitats with field radiometers
(e.g., Holden and LeDrew 1999), and sensors able to
acquire greater resolution will be developed in the future.

Conclusions

1. The radiative transfer model and estimated parame-
ters used in this paper are sufficient to normalize
multi-spectral images in a mosaic to one another and
can be used with any passive airborne remote sensing
digital data.

2. Bathymetry and PLC are appropriately mapped from
two bands of multi-spectral data (488 and 551 nm)
using the “differencing” method we present in this

paper.
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3. Spatial change in depth and PLC can be mapped
through time with multi-spectral data using the
methods described in this paper and if additional
multi-spectral data sets are collected at different
dates.

4. The greatest PLC habitats are found on reef tops
where gentle slopes are observed. Gentle slopes are
also observed in the least PLC habitats. In contrast,
the medium PLC habitats are associated with steeper
reef slopes.
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Appendix A: Significant symbols

A Irradiance reflectance (albedo) of the
ocean bottom (sr™")

AT o Atmospheric transmittance from space
to the ocean surface (0 to =)
AT ¢ Atmospheric transmittance from the

ocean surface to the multi-spectral
sensor (0 to h,)

D Distribution function for the underwa-
ter light field

Dy Distribution function for the downwel-
ling underwater light field
D ey Distribution function for the diffuse
g component of the downwelling under-
water light field
D Distribution function for the direct
¥ component of the downwelling under-
water light field
D, Distribution function for the upwelling
underwater light field
Ey Downwelling irradiance (W m™> nm™")
I Fraction of direct sunlight to total

sunlight in the incident radiation trans-
mitted through the air—water interface

Fy Extraterrestrial irradiance corrected for
earth—sun distance and orbital eccen-
tricity (W m > nm™')

H Path irradiance due to scattering by
particles in the atmosphere between the
ocean surface and the airplane
(Wm2nm™)

Ly Ocean bottom radiance
(Wm2nm™' st

Ly Radiance measured at the multi-spectral
detector [Egs. (A3) and (A4)]
(Wm™ nm™' sr™)

Liw Radiance of the ocean
(Wm™2nm™' sr'h)
My Refractive index of water
0 Conversion factor for irradiance to
radiance
R Irradiance reflectance of the ocean (sr™")
T(a - w) Transmission coefficient for downwel-

ling irradiance across the air-water
interface

Transmission coefficient for the direct
component of downwelling irradiance
across the air-water interface

s Transmission coefficient for the diffuse
' component of downwelling irradiance
across the air—water interface

Snell transmission coefficient for radi-
ance to the camera across the water—air
interface

K Water-attenuation coefficient (m™")

TAs TR TOz Optical extinction coefficients for aero-
sol, Rayleigh and ozone scattering for
the distance from the ocean surface to
the sensor (km™")

Optical extinction coefficients for aero-
sol, Rayleigh and ozone scattering for
the atmosphere from space to earth
(km™)

7‘:\‘””

I( ()('"' % BCH)

TA-TR:TOz

(e Solar zenith angle in air

O, Solar zenith angle in water
0.4 Camera zenith angle in air
(T Camera zenith angle in water

Appendix B: Radiative transfer theory

Following Philpot (1989). the irradiance reflectance,
R(z), is the ratio of upwelling irradiance to downwelling
irradiance:

L, E, (Z)

otali—
rs Ed(z)

(A1)

For a given wavelength, 4;_the reflectance just beneath
the water surface, R(07), can be written as

= (A(i) — R (i) exp™ P + R (i) (A2)
where bottom albedo, 4, is the value of R just above the
bottom: R.. is the value of R (07) for an infinitely deep
ocean; k is a water-attenuation coefficient; and D is the
distribution function for the underwater light field.

In a comprehensive formula that includes transmis-
sion across the air-water interface, atmospheric effects,
solar illumination, and the conversion of irradiance to
radiance, the upwelling radiance measured at the multi-
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spectral camera, L,, for a given wavelength, 4, is written
as:

Li(z=—h_,i)
. 4(0+,rr)An»(f){

|

T(a—w) (0 — 0c)R(0—,i) ]
o +H(z)}
st~} (A3)

=0 -
Wm “nm

in which h, is the height of the camera above the sea
surface and E4(0") is the total downwelling irradiance,
attenuated by the atmosphere, just above the ocean
surface (Fig. 9). E/f0+) is given by E,;(0%)=

(cos OsaF, ()4 T-u)/ where F,(i) is extraterrestrial irradi-
ance corrected for earth—sun distance and orbital ec-
centricity (Gregg and Carder 1990) and f'is the fraction
of total downwelling light due to the direct component,
i.e. the ratio of irradiance due to sunlight to irradiance
of sunlight plus skylight. 47 ,. the atmospheric trans-
mission for the height of the atmosphere (from the ocean
surface to space), involves the exponent of optical ex-
tinction coefficients, 75, T'r. and 7', for aerosol,
Rayleigh, and ozone scattering and absorption in the

. T, + T + 1)
atmosphere, respectively. Agp= exp"[ AR 0.] /

cos g, where 0, is the incident, zenith sun angle (sa=
sun in air).

H is path radiance due to scattering by particles in the
atmosphere between the ocean surface and the airplane.
A7 . is the atmospheric transmittance back to the cam-
era. With optical extinction coefficients for the distance
from the ocean surface to the altitude of the airplane

T
0 to h,), Ar..= exp_[u Pl = &]/0056%[: where 0., is
the transmitted, zenith bottom-reflectance angle
(ca=camera path in air).

T(a — w) is the transmission coefficient for!downwel-

ling irradiance across the air-water interface. == is

w

the transmission coeflicient for upwelling radiance across
the water—air interface, and 0, is the incident, zenith
bottom-reflectance angle (cw = camera path in water). Qis
a conversion factor for irradiance to radiance, which for
our calculations can be taken to have the value m, and n,,. is
the index of refraction for water.

Equation (A3) can be written in the simplified form

Ly = Lyexp # +L, (Ad)

if L, the radiance measured at the multi-spectral de-
tector, is defined as

Ly= ((Wiim)‘”)/co

where Cy = Mw L, is the bottom-type radi-

ance; L, is the radiance of the water column; and g is
defined as the product of the water-attenuation coeffi-
cient, x, and the distribution function, D, given by
g=kD.

(A5)
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