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ABSTRACT: A new mechanism for remote bathyrnetric modeling that overcomes inherent deficiencies of previous remote 
bathvmetric techniaues is ~resented. S~ectral observations indicate that the emernent radiance from water is dominated 
by Gater column s5atte1-Ag rather thin by the bottom reflection, unless the warer is very shallow and transparent or 
overlies a highly reflecting bottom. Observation of this phenomenon has made it possible to develop a water column 
scattering-based remote bathyrnetric model which can be applied to turbid and somewhat deep coastal waters. Analysis 
of both satellite sensor (Landsat TM and SPOT-XS) and in situ-observed data indicates that this model can describe the 
relationship between the reflected radiance from water and water column depth better than the bottom reflection-based 
model. This paper also presents an approach to calculate the attenuation coefficient of water with in situ spectral 
measurements and to integrate the coefficient into the model calibration in order to eliminate atmospheric effects. In 
addition, a quantitative expression for the maximum detectable water depth is given using this water column scattering- 
based theory. 

INTRODUCTION 

T HE NEED FOR MAPPING MARINE HAZARDS and for updating 
navigational charts in shallow waters has led many re- 

searchers to develop satellite remote bathymetric techniques. 
Among them, a group of scientists at the Environmental Re- 
search Institute of Michigan initiated investigations in this field 
in the late 1960s and have made major contributions to both 
principles and methods (Polcyn and Sattinger, 1969; Polcyn and 
Lyzenga, 1973; Polcyn and Lyzenga, 1979; Lyzenga, 1977; Ly- 
zenga, 1978; Lyzenga, 1979; Lyzenga, 1981; Tanis and Hallada, 
1984; Tanis and Byrne, 1985). They developed a bottom reflec- 
tion-based remote bathymetric theory which can be expressed 
as follows for the single-band approach: 

where L, is the radiance value in band i, L,. is the average ra- 
diance over deep water due to the reflection from the water 
column and surface and scattering from the atmosphere; Lo is 
a constant which is the product of the irradiance at the sea 
surface, the transmittance of the sea surface and atmosphere, 
and the reduction of the radiance due to refraction at the sea 
surface; R,(A) is the bottom reflectance; ki is the effective atten- 
uation coefficient of the water; f is a geometric factor to account 
for path length through the column in a "round trip;" and Z is 
bottom depth. This model, which has been the basis of almost 
all remote bathyrnetric techniques to date, states that the sen- 
sor-recorded energy reflected from water bottom is inversely 
proportional to the depth of water after eliminating atmospheric 
and water column effects. It has been recognized that the fol- 
lowing assumptions are an inherent part of the bottom reflec- 
tion-based theory: a high bottom reflectance, an appropriate 
level of water quality, andlor a shallow depth. The bottom- 
reflected energy would be too weak to be sensed by the satellite 
sensor if these conditions were not met. This has greatly limited 
the application of remote bathymetric techniques in coastal waters 
that are turbid and have poorly reflecting bottoms, where pre- 
dictions beyond a metre or two are required. 
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With the bottom reflection-based model (Equation I), atmos- 
pheric and water column effects are to be eliminated by de- 
ducting the average deep water radiance from the sensor signals 
(through Li - L,.). It is intended with this approach to provide 
theoretical completion for modeling and seems to be accepted 
without about its validity. hamining this approaih by 
our studv. however. has revealed that it can introduce an error - - - - ~-~~~ 

in modei calculations due to applying a constant deduction to 
the locations having lower water column contribution (or "over 
deduction") and a zero (or even a negative) value of Li - Li. 
can be anticipated in some cases. 

These inherent deficiencies of earlier models make it difficult 
to apply remote bathymetric technique to most coastal waters 
and has slowed the development of new algorithms. A new 
theory which can provide a basis for effective remote bathy- 
metry for most coastal waters, which are turbid and have weak- 
reflecting bottoms with a varied range of depth, becomes nec- - 
essary. 

RECONSIDERATION OF RADIATIVE MEACHANISM OF 
REMOTE BATHYMETRY 

There are many indications that the emergent radiance from 
water is dominated by scattering in the water column rather 
than by the bottom reflection unless the water depth is very 
shallow, the water is very clear, andlor there is a highly reflec- 
tive bottom. In our study, in situ, satellite-synchronous obser- 
vations were recorded for upwelling radiance and depth to bottom 
of shallow water over three major bottom types: sandy, muddy, 
and vegetation-covered (grassy). Table 1 shows that spectral 
reflectance measurements over sandy bottoms generally have 

TABLE 1. LOG REFLECTANCE VERSUS WATER DEPTHS 

Bottom Sample 
A ( ~ m )  types size rZ Prob > F Significance 
0.45 - 0.52 sandy 15 0.38 0.0110 I 

0.45 - 0.52 muddy 9 0.26 0.1339 
0.45 - 0.52 grassy 13 0.17 0.1371 
0.52 - 0.60 sandy 15 0.61 0.0003 
0.52 - 0.60 muddy 9 0.04 0.5670 
0.52-0.60 grassy 13 0.001 0.9088 

significant; " highly significant. 
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an acceptable correlation with the water depth while this usu- describing the radiance sensed by the satellite remote sensor L, 
ally does not occur for those data measured over other types by including some environmental factors: 
h&ing low reflectance. 

The data in Finure 1 also show that reflectance values, as 
determined with ;I situ radiometer measurements emulating TM or 
band 1, from deeper areas are generally higher than those from 
shallower areas, contrary to the situation in very shallow areas, 
so that the reflectance curve looks somewhat like the shape of 
a saddle. The analysis of satellite sensor data using the bottom  here 
reflection-based mbdel generally shows a low accuracy as an- 
ticipated (see the section entitled "Model Verification"). 

Such facts have generated a framework for developing a water 
column scattering-based theory for remote bathymetric mod- 
eling which is stated as follows: 

"The back-scattered energy from coastal water is quantitatively re- 
lated to the water column depth if the assumption of vertical hom- 
ogeneity is valid. This relationship can be expressed with an 
appropriate radiative transfer model and can be associated with sat- 
ellite sensor signals through a carefully designed algorithm of which 
atmospheric correction is a major function. With this theory, the 
bottom-reflected energy is ignored so that bottom conditions have 
only a negligible direct effect on upwelling radiation from the water. 
Instead, horizontal variations of upwelling radiance are caused by 
horizontal inhomogeneity of water mass which is, to some extent, 
related to suspension of bottom materials (note: with the bottom 
reflection-based theory, horizontal effects in remote bathyrnetry were 
directly related to variation of bottom reflectance over study areas)." 

RADIATIVE TRANSFER MODEL 

To express quantitatively the relationship stated by the water 
column scattering-based theory, an appropriate radiative trans- 
fer model is needed. For this purpose, the Singly Scattered Ir- 
radiance (S~I )  Model developed by Philpot (1987, 1989) was 
adapted due to its advantage of separating optically deep and 
shallow water effects, as well as for its simplicity. A modifica- 
tion has been made by simply ignoring the bottom reflection, 
and a new version of sSI becomes 

where R(0-) is the irradiance reflectance just below the water 
surface and R ,  is the irradiance reflectance of an optically deep 
water column. This equation can be transformed into a version 

C, = a factor relating to downwelling irradiance, Fresnel re- 
flectance in water, and index of refraction of water; 

T, = atmospheric transmission factor; 
p, = Fresnel reflectance in air; 
L, = sky irradiance; and 
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L, = pith radiance. 
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Note that A = C,T,R, and B = T,p,L, + L, in Equation 4 can 
be treated as constants for a given scene. 

With Equations 3 or 4, water column depth within certain 
ranges can be associated with the signal observed at satellite 
height, and the restrictions of the bottom reflection-based model 
have been overcome due to the new model's property of back- 
scattering dependence. If K, A, and B in Equation 4 can be 
estimated, then Equation 4 will become an operational model 
for determining water column depth with remotely sensed data. 
An algorithm has been developed to carry out this task. 
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FIG. 1.  Water reflectance at various depths as determined 
with coupled in situ radiometer and fathometer obselvations 
(data collected coincident with 13 May ,I 988 Landsat over- 
pass). 

ALGORITHM DESIGN 

The algorithm is a two-step procedure. First, calculate K val- 
ues from in situ spectral measurements using Equation 2 through 
ratioing technique. Next, with K values calculated and a group 
of values of L, and Z, A and B in Equation 4 are estimated. With 
K, A, and B values, calculation of water column depths can be 
performed with the inversion of Equation 4. 

Equation 2 is used to calculate K value with in situ measure- 
ments. For two spatially proximal locations, there are four mea- 
surements: R(0-),, R(0-),, Z,, and Z, so that 

and 

R(0 -), = R., [l - exp(-KJJ] 

A ratio of Equation 5 and Equation 6 results in 

For the two proximal locations, one can assume a horizontal 
homogeneity of water quality; thus, R., = R,, and K, = K, = 
K. Therefore, Equation 7 is reduced to 

Applying a power series expansion to approximate exp(-KZ), 
solve Equation 8 for K: i.e., 

In the visible region of the electromagnetic spectrum, and for 
typical coastal waters and appropriate Z values, the value of 
KZ is usually smaller than 1; therefore, (- KZ)"/n! for n r 3 will 
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have a very small value and can be ignored. Thus, an approx- fects. Thus, the term L, - B accounts for these effects without 
imation is obtained for exp(-KZ): i.e., "the over-deduction" problem with the bottom reflection-based 

model. 
+ (-q2 exp(-Kz) = 1 +- - 

I! 2! THE MODEL FOR VERY SHALLOW WATERS 

Substituting Equation 10 into Equation 8, we come to As noted previously and also as shown by in situ measure- 
ments, when the water is very shallow (usually < 2 m) and/or 
parti&larly with a highly reflecting sandy bottbm, the bottom- 

1 + (-Kz,) + reflected energy could be dominant in emergent radiation from 
R(O - 11 -- 2 

- (11) water. Such a situation has led to a solution to this "marginal 
R(O - 1, effect" by adapting the bottom reflection-based model with a 

modification of the approach to eliminate the atmospheric ef- 
fect. Philpot's SSI model is used again but with an elimination 
of the deep water effect; thus, we have Rearranging Equation 11, K is expressed with a compact form: 

X(0 - ) Jz  - X(0- )ZZl L, = A exp( - KZ) + B 
K = 

R(0 -),Z - R(0 -),Z: (m-l) (I2) where A = TaC& Solving Equation 15 for Z: 

In measurement of reflectance of sea water, a specially de- 
signed two-part enclosure was used to adapt a terrestrial, hand- 
held radiometer to measure upwelling radiance Ri-0) beneath . , 
the surface (Brown et al., 198G). The &sic function of the en- Note that in Equatipn 16, whkh is estimated with deep water 
closure is to protect the radiometer from water while keeping data, is the same as used in Equation 14. E~~~~~~ 16 has the 
measurements unaffected by surface reflection. The radiometer same form as One-Band Model (Equation was immersed in the water to within a few centimetres of the 
surface when measurements were taken. 

To calculate K values, the paired measurements, two values 
of R(0-) and the corresponding depths, were chosen from those 
which were not only spatially proximal and with significant 
difference of depth, but also from depths as deep as possible 
and from a bottom of low reflectance such as muddy conditions 
to avoid possible minor bottom effects. Calculated K values using 
the above criteria were considered as representative of the 
corresponding data groups. 

Table 2 lists K values for each scene with respect to the band 
pass and the bottom type, showing that K values generally in- 
crease with longer wavelengths (from TM band 1 to band 3) 
which is consistent with published in situ measurements (K val- 
ues corresponding to the first three bands of TM and the first 
two bands of SPOT-XS were calculated). 

Once K values have been obtained, the model parameters A 
and B in Equation 4 can be estimated using a transformed Equa- 
tion 4 with sea truth depth data: i.e., 

where X,= 1 - exp(-KZ). 
With A and B estimated, the operational model was derived 

by solving Equation 4 for Z: i.e., 

Note that B contains only atmospheric and sky irradiance ef- 

TABLE 2. CALCULATED K (11~) VALUES FOR EACH SCENE 

SPOT-XS TM TM TM 
9 May 1988 13 May 1988 20 Oct 1988 13 Mar 1989 

0.20 0.26 0.34 0.17 
(XS 1, muddy) (TM 1, grassy) (TM 1, muddy) (TM 1, muddy) 

0.18 0.27 0.29 0.24 
(XS 2, muddy) (TM 2, grassy) (TM 2, muddy) (TM 2, muddy) 

0.47 0.37 0.31 

MODEL VERIFICATION 

Regression analyses were performed with Equation 14 using 
satellite sensor data and adequate sea data sets (water depth Z) 
to verify the water column scattering-based model and to esti- 
mate the parameters of the model, and with the same data sets 
a bottom reflection-based model was also tested for comparison. 
A statistical program was written to conduct these analyses. 
The term X (= 1 - exp(-KZ)) was calculated with K and Z values 
for each observation and was used as an independent variable 
rather than depth Z, because X is simply a transformation of 
Z. The analyses were based on SPOT-XS data of 9 May 1988 and 
Landsat TM data of 13 March 1989. To test the effect of bottom 
reflection on the water column scattering-based model, analyses 
were also conducted successively with exclusion of observations 
corresponding to the depths in the order from the shallow to 
the deep. For example, all observations were used for the first 
analysis while the single observation corresponding to the depth 
less than or equal to 0.6 m was excluded for the second analysis, 
and several observations corresponding to the depth less than 
or equal to 0.9 m were deleted for the third analysis, and so on 
until an acceptable minimum number of observations was 
reached. Similarly, to test the effect of water depth on the sig- 
nificance of the bottom reflection-based model, analyses were 
conducted with exclusion of observations in the order from the 
deep to the shallow. 

The analyses show that the largest correlation coefficients for 
the water column scattering-based model are 0.56 (P value = 
0.0001) and 0.51 (P value = 0.0001) with TM band 1 and SPOT- 
XS band 1, respectively, indicating a highly significant model (a 
= 0.05). In contrast, a small correlation exists for the bottom 
reflection-based model, with the highest correlation coefficients 
of 0.24 (P value = 0.0037) and 0.29 (P value = 0.0010) for TM 
band 2 and SPOT-XS band 1, respectively. 

The above analyses also indicate for the water column scat- 
tering-based model that a higher correlation exists with the shorter 
wavelength band (blue band) because the correlation coeffi- 
cients for TM bands 2 and 3 and SPOT-XS band 2 are 0.31 (P value 
= 0.0058), 0.29 (P value = 0.0079), and 0.13 (P value = 0.0320), 
respectively. Most likely, this is due to the penetrating peak in 
coastal waters being in the blue to the blue-green regions of the 
electromagnetic spectrum (the significantly different penetrat- 
ing abilities of different bands raises a question about the muE 
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tiband approach to satellite remote bathymetry because different SPOT-XS. Substituting Equation 17 into Equation 4 and solving 
bands provide information about waters at different depths). it for Z,,,, we have an expression for Z,, for the scattering- 
Also, due to the water penetrating ability, the model with TM based model: 
band 1 (blue band) data tends to be affected by "shallow water 
effect" - the bottom reflection in contrast to the models with 
SPOT-XS band 1 (green band) and TM band 2 (green band) data. 

(19) 

Thus, the best correlation for TM band 1 data was obtained after 
several observations, corresponding to depths less than 1.5 m, 0. 

were excluded from the analyses. 
L,, - L,, - (T,p,L, + L,) N The water column scattering-based bathymetric model (Equa- 

tion 14) has been applied, using ERDAS' image processing sys- CoTJmN 
tem, to Landsat TM data of 13 March 1989 to calculate predicted 20 shows how Z,x is determined by water quality, 
water the study area- Before the en~iro-entalparamete~s, and the sensor's characteristics. In- 
the satellite sensor image was processed to mask out all land putting K, A, B, and a values into Equation 19, the 
mass and islands with a technique developed for this study Ui, detectable depths for TM bands 1, 2, and 3 were calculated to 1991) so that the water portion was processed for water be 6.4, 3.0, and 2.1 metres, respectively. These values come- 
depth   re diction.   he resulting depth map shows a sponded t~ water quality and atmospheric conditions of 13 March coincidence with the bottom depth data on the nautical chart 1989. The validity of Equation 19 has been verified by the fact 
of the study area Ocean Service, 1985). In that 97 percent of the predicted water depth values with the 
several areas, such as the area near the entrance of Pawcatuck water column scattering-based model for TM band data of 13 
River and throughout Little Naragasett Bay, predicted depth March 1989 were less than 6.4 m. 
values do not coincide well with the nautical chart. This may 
be caused by significant local variation of water quality or bot- CONCLUSIONS 
tom conditions. 

The bottom reflection-based model has been found to be valid 
QUANTITATIVE ERROR SOURCES OF THE MODEL usually only in very shallow waters, generally requiring a highly 

reflecting bottom andlor a high water transparency. Satellite sen- 
Even though the model with the first band data of both Land- sor data analyses indicated that the procedure of deducting the 

sat TM and SPOT-XS was highly sigruficant, moderate correlation average deep water radiance from the sensed radiances of shal- 
coefficients suggest that notable quantitative errors still could lower locations could introduce an error into the calculations. This 
be anticipated if the inversion of this calibrated model (Equation was due to over-deduction between locations with different water 
14) were used to predict water depths. Major error sources might column contributions. This situation, thus, restricts use of the 
be as follows: bottom reflection-based model to coastal waters. 

Observations from both in situ and satellite measurements have 
The simplified radiative transfer theory might be too crude to revealed that back-scattering of the water column can dominate 
describe precisely the radiative processes in water and the bound- the upwelling irradiance, and bottom reflection usually is only a 
ary of water-air. minor effect in those areas which are turbid, deep, andlor have 
Possible spatial variations in environmental parameters within the weakly reflecting bottom coverages, a more common situation for 
scene make the assumptions of vertical and horizontal homo- applying remote bathymetric techniques. This fact has generated 
geneity, the mainstay of the remote bathymetric models, invalid. a framework to develop a new mechanism of remote bathymetric 
Unavoidable fluctuations in sea depth measurements. modeling. 
The sensor's ability is limited in water penetration and depth res- n, remote bathymetricmodelbased upon column theory 
olution. has succeeded in yielding a more prease description of the relation- 

@ The data with transit depths from very shallow to deep may be ship between the sensed radiance and the water depth beyond very 
subject to significant effects of both water column scattering and shallow areas. Statistical analyses with the column scattering-based 
bottom reflection and might introduce quantitative errors when model showed that correlation between satellite sensor radiance val- 
using a "scattering-based model." ues and water depths was highly significant for both TM and SPOT- 

XS band 1, and was sigruficant for TM bands 2 and 3. This was in 
THE MAXIMUM DETECTABLE DEPTH contrast to the relatively small conelation obtained with bottom re- 

In remote bathymetry, the maximum detectable depth is a 
function not only of wavelength, but also the sensor's dynamic 
range (maximum and minimum recorded radiance values) and 
the quantization level, which are all fixed and are available from 
sensor calibration data. The definition of the maximum detect- 
able depth (Z,,,) is the depth at which the difference between 
the observed radiance and that for an optically deep water mass 
is equivalent to the identifiable minimum radiance a: i.e., 

with 

flection-based model fdr the same data sets. 
Predicted water depths with the water column scattering-based 
model and TM band 1 data of 13 March 1989 showed a significant 
agreement with the sea data. 
The approach developed to calculate water attenuation coeffi- 
cients with in situ spectral measurements has provided a way to 
integrate water quality, a very important factor, into bathymetric 
modeling so that the model can be calibrated more preasely. 
The maximum detectable depth in satellite remote bathymetry 
can be defined in terms of maximum and minimum sensed ra- 
diance values and the quantization level of the satellite sensor 
and can be formulated with the column scattering-based bath- 
ymetric model. 
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