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Passive remote sensing techniques for mappmg water depth
and bottom features

David R. Lyzenga

* Ralio processing methods are reviewed, and a new method is proposed for extracting water depth and bot-
. tom type information (rom passive multispectral scanner data. Limitations of each technique are discussed,
and an error analysis is performed using an analytical model for the radiance over shallow water.

Introduction tering in the atmosphere); k; is a constant which in-
: Aerial photography of shallow water areas can pro-  cludes the solar irradiance, the transmittance of the
4 - vide useful qualitative information on bottom compo- ~ atmosphere and the water surface, and the reduction
sition, the distribution of benthic algal or coral com- ~ ©f the radiance due to refraction at the water surface;
mumtles and water depth. However, Lhe interpreta-  ’8i is the bottom reflectance; «; is the effective attenu-
tion of this ogra i sar ation coefficient of the water; f is a geometric factor to
water depth variations are not easily distinguished from  account for the pathlength through the water; and z is
~hottom color differences. Surface reflection effects add~ the water depth. ] _
4 another element of confusion to the interpretation of The simplest method of extracting water depth in-
4 »the photography. The use of digitally recorded mul- format:qn fro{n multispectral scanner data is to 1_nvert
& tispectral scanner data permits corrections to he made Eq. (1) for a single wavelength band. An extension of
for surface reflection effects and also allows the possi-  this method would be to calculate the depth from two
bility of automatic recognition of bottom features and ~ or more bands and average the results. The difficulty
~water depth using radiometric techniques. Past re-- with this technique is, of course, that changes in the
search efforts have resulted in the development of  bottom reflectance or water attenuation cause errors m
specific techniques for each of these applications.2  the depth calculation.
The purpose of this paper is to discuss the limitations - The water depth algonj:hm deVGlOD,Ed.LMlC_Y%eﬁ
of these techniques'and to present a more generalset of ~ al.! relies on the assumption that a pair of wavelength:
algorithms for hoth applications. « bands can be found such that the ratio of the bottom \ \j
: . reflectances in these two bands 1s the same for all the
Ratio Algorithms bottom types within a given scene. THat s, for bottom ™

The techniques described in Refs. 1 and 2 were de-  types A, B, ...,
veloped on the basis of a simple water reflectance model rai  rm
which accounts for the major part of the signal received T Ry, 2)
by a multispectral scanner over clear shallow water, but .
neglects the effects due to scattering in the water and . where r.4, is the reflectance for bottom type A in band
‘internal reflection at the water surface. Accordingto .1etc. The water depth can then be calculated from the

this model, the radiance in a given wavelength band (¢) equation

can be writtenas ‘ t S [n(ﬁ)- n(B—)], @
Li = Ly + kiryi exp{—xifz), (1) (ky = x2)f ke Ry
where L,; is the radiance observed over deep water (due  where R is the ratio of the bottom-reflected signals in
to external reflection from the water surface and scat-  the two bands:
S = Ly = L)Ly = L), “
'l‘henulh«—; is with 4 ymental Research Institute of Michigan, . ‘ . N .
ro. anhl;l Ann Ar,::r;:l:‘h” :, m;:,; o ’ K Il the assumption expressed by Eq. (2) is correet, the
Received 8 June 1977, depth caleulated by this method is not alfected by
0003-64:35/76/0201 -0379$0.50/0. changes in bottom composition in the scene. The depth
© 1978 Optical Society of America. is also insensitive to changes in water quality if the
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difference between the attenuation coeflicients (k1 — x9)
remains constant. In many cases a pair of wavelengths
can be found for which Eq. (2) is approximately satis-
fied, or for which («k; — xs) remains relatively constant.
However, the wavelengths which satisfy one criterion
are in general not the same as those which satisfy the
other, and if changes in bottom composition or water
quality are too large, a pair of wavelengths may nol exist
which satisfies either criterion. Nevertheless, this
method has been used with some success for extracling
water depths from both satellite and aircraft multis-
pectral scanner data over relatively clear water to a
depth of ipately one attenuation Jength 31

mﬁ to extract information about
the botfgm refiectance (or bottom composition) from
the radiance measured by the multispectral scanner.
An algorithm was developed for this purpose? by noting
that the ggdig]%' 2 should be independent of the
water depth if the e eclive water attenuation coeffi-
cients are the same in both bands. From the simple

water reflectance model described above, this ratio then
reduces to

R = (kyra/ (karpz), 6]

which may be used as a:n index of the bottom type,
provided that the bottom types to be mapped have

different reflectance ratios in the wavelength bands .

selected. !

This method was successfully used for mapping the
distribution of Cladophora (a green benthic algae)
under a variable depth of water along the Lake Onldrio
shoreline.? The primary reason for the success ol LRis
application was the fact that the vegetation reflectance
has distinctive features (due to chlorophyll absorption)
in the blue—green region of the spectfum Where the
water attenuation is at a minimum. Thus it was pos-
sible to choose two bands with equal water attenuation
coefficients and different bottom reflectance ratios for
the green vegetation and the sand background.

In attempting to apply this method to a larger num-
ber of water types and bottom materials, however,
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Fig. 1. Plotof X, vs X, for water type 3 with three bottom types.

Water depth ranges from 0 m Lo 5 m on each curve.
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~dent radiation may be written in the same Torm

"~ southern California.

several difficulties arose. First, the requirement of
equal water attenuation coefficients in the operating
wavelength bands causes operational difficulties, since
the band positions musl he changed when operating in
different waler {ypes. Second, the requirement of
different botiom reflectance ratios restricts the number
of bottom materials that can be recognized, since ma-
terials with similarly shaped reflectance spectra (such
as sand and mud) have nearly equal reflectance ratios.
Finally, both ratio methods for bottom features and
water depth are inherently restricted to two operating
wavelength bands. Since independent information
relating to both water depth and bottom composition
can be collected simultaneously in several wavelength
bands, methods which d'se only two of these bands do
not make full use of the $vailable information.

More General Algorithms

In order to develop a more general set of algorithms
for water depth and bottom features, the simple ra-
iance model described above was i i
' Lhe effects of scatlering in_the water and internal re-
Lion er surface (see Appendix A). Ex-
. amination of this model shows that the scattering term
has the same depth dependence as the botlom-reflec
radiance., Excepl for the effects of internal reflectio ,

therefore, the totalgadiance for the case of direct i -

q.
(1), with the actual bottom reflectance replag by an

apparent bottom reflgctance
—

' - < (“n R
rg'=rg 1‘5‘%; ‘l’t(ﬁ)
The variables on the rightMuation

are defined in Appendix A. This exponential depth
dependence suggests the use of the transforma& v

. Xi = n(Li = L)\~ 9"‘, ™

where L,; is the deep-water radiance (including scat-
tering). The purpose of this transformation is to li-
nearize approximately the relationship between the
transformed radiances and the water depth. The
nonlinearities which remain are caused by internal re-
flection effects, which are significant only for very
shallow water and high bottom reflectances.

A plot of the transformed radiances over three bottom
types at wavelengths of 0.475 um and 0.525 um is shown
in Fig. 1. The water parameters used in this example
are a composite of Jerlov’s® irradiance attenuation
coefficients for coastal water type 3 and Petzold’s
scatteri:, parameters for Station 5 off the coast of
The irradiance attenuation
coelficients were 0.223 m~! and 0.198 m~!, and the total
scattering coefficient was 0.275 m~! at the wavelengths
used. In the absence of reliable reflectance measure-
ments for actual bottom materials, the reflectances of
beach sand, dark soil (representing mud), and wheat
leaves (representing aquatic vegetation) were used for
this calculation. These reflectances are plotted in Fig.
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Fig. 2. Spectral reflectances of sand, mud, and green vegelation.

2. For these water and hottom parameters, the ra-
diance due to scattering is equal to the bottom-reflected
radiance at a depth of about 6 m.

Figure 1 represents a simulated data set for an ideal
measurement situation with no noise and no variation
in water or bottom parameters. For an actual data set,

- the data points would be randomly distributed about

the lines in Fig. 1. Except for the slight curvature
caused by internal reflection effects, the transformed
radiance values over different bottom types describe
parallel lines in X;-space as the water depth varies
continuously.

For an N-band system, the transformed radiances fall
along a set of parallel lines in N-space. Thus, a second
set of variables

N

Yi= j?] AyX; (8)
can be obtained by rotating the coordinate system so
that the Y axis is parallel to this direction (see Ap-
pendix B). If the linear transformation (8) is a pure
rotation, only Yy will be dependent on the water depth,
while all the other variables are functions only of the
bottom reflectance. For an N-band system, this results
in a set of N ~ 1 depth-invariant signals which can be
used as inputs to a conventional maximum likelihood
classification algorithm. The remaining variable can
be written as

YN = B,,, - CZ. (9)

where B, is a function of the hottom composilion and
C depends only on the water attenuation coefficients.
If the bottom material can be recognized by the proce-
dure outlined above, and the value of B,, determined
for each bottom type, Eq. (9) can then be used to cal-
culate the water depth.

Although this analysis bears a superficial resemblance
to principal component analysis,” the only actual sim-
ilarity is the use of a rotation transformation. In the
case of principal component analysis, the first coordi-
nate axis is aligned in the direction of maximum sample
variance, and the remaining axes are aligned in the or-
thogonal directions with decreasing sample variance.
The purpose of the principal component analysis as

applied to water color8is to reduce the number of vari-
ables, since only a few of the principal components are
usually needed to account for most of the sample vari-
ance. Inthe analysis presented here, the directions of
the transformed coordinate axes are not necessarily
related to the sample variance, and the purpose of the
analysis is not to reduce the number of variables but to
rirlnove the depth dependence from all but one vari-
able.

For a two-band system, the decision rule for bottom
classification reduces to a simple test on the value of Y;.
That is, the bottom is classified as material m if

Ym1 <Y1 < Ypa, (10)

where Y,,; and Y, are the lower and upper decision
boundaries, respectively, for material m. If the radi-
ances over a given bottom type m are assumed to be
normally distributed (due to system noise) with mean
value L;,, and standard deviation (NEAL); in band ¢,
the probability that this material will be classified as
material n is approximately

dy / dy
P(m,n) = Y erf (72) - herf ( =) an
where
di = (Pm = Ya)/om, (12)
d2 = (P ~ Yna)/om, (13)
om?= % A% (NEAL)Y(L; — Lu)® (14)
im]

The total probability of misclassification for material
mis

Pim)=1- P(m,m). (15)

The total probabilities of misclassification for the three
materials in Fig. 1 are plotted vs depth in Fig. 3 for
NEAL = 0.05mW cm~2sr~1 ym-1.

It can be shown that for the case of two bands with
equal attenuation coefficients, the method described
above is equivalent to the ratio method. However, in
this case the performance of both methods is worse than
that shown in Fig. 3 because of the similar reflectance
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Fig. 3. Total probability of misclassification for three bottom types
in water Lype 3, using the proposed method.
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ratios of sand and mud. Thus, the performance of the
ratio method can always be equaled and can usually be
exceeded by the use of the proposed method with a more
optimum pair of wavelengths. Further improvement
in bottom classification would be expected if more than
two bands were used.

After the bottom classilication has been performed,
the water depth can be caleulated from Fq. (9), using
the appropriate value of B,, for material m. Depth
errors arise from the variance of Yy due to hoise, which
is approximately given by

N
(AYN)? = T AVNEAL)Y(L; - L,)? (16)
im}
and from errors in bottom classification. Thus the total
rms depth error for bottom type m is

1/2
AZ, = %[(AYN)"- + ¥ P(man){(B,, — /;”)2] . (17)

The average depth error for the three bottom types
in water type 3 is plotted vs depth in Fig. 4. For com-
parison, the depth error due to noise only using the ratio
method is also plotted in Fig. 4. The rms depth error
due to noise for the ratio method is given by

- 1 [(NEAL1)2+ (NEALZ)Z]I/Z-

(k1= xa)f L\L = Ly Lo — L,

The depth error is in general minimized by choosing
wavelength bands with the smallest attenuation. In the
ratio method, however, the sensilivily to noise increases
rapidly as the difference between the attenuation
coefficients in the two bands decreases. Since this
difference is only 0.025 m~! in the above example, these
are not the optimum wavelengths for the ratio method.
For any choice of wavelengths, however, the depth error
due to noise is larger for the ratio method than for the
method described above. The ratio method is also
subject to errors due to changes in bottom composition:
although these can be reduced by an appropriate choice
of wavelengths, they can never in practice be completely
eliminated.

(18)

r

Conclusions

The ratio algorithms for water depth and bottom
features mapping are relatively simple techniques which
give acceptable results in many situations. However,
these algorithms are limited by operational restrictions
which reduce their applicability and utility. A more
general algorithm has been defined, and a preliminary
evaluation of this method has been performed using a
simulation model for the water radiance. '

The advantages of this method for mapping bottom
features are (1) increased operational flexibility, in that
the wavelength bands are not limited to those with equal
water attenuation coefficients, (2) better discrimination
of bottom materials with similarly shaped reflectance
spectra, and (3) improved performance through the use
of more than two wavelengths bands.

The advantages of this method for mapping water
depth are (1) increased operational flexibility, since the
wavelength bands are not restricted by the requirement
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Fig. 4. Total depth error using the proposed method and depth error
due to noise using the ratio method for water and bottom types shown
inFig. 1. .

of equal bottom reflectance ratios for all bottom types,
(2) lower sensitivity to noise, and (3) improved perfor-
mance through the use of more than two wavelength
bands.

The disadvantage of the algorithm defined here is
that it is more complex and therefore somewhat more
difficult to implement than the ratio methods. The
subtraction and division operations required for the
ratio methods can be implemented by either analog or
digital processors, whereas the method defined here
requires digital computation. The input parameters
for this algorithm are also somewhat more difficult to
determine than those for the ratio methods.

Numerical results illustrating the performance of this
method have been presented for one example situation.
These results should not be considered as definitive of
the best possible performance, since the wavelengths
considered are not necessarily the optimum ones nor are
the reflectances used necessarily representative of ac-
tual bottom types. In addition, better performance can
be obtained by reducing system noise and by using more
than two wavelength bands. The value of NEAL used
in these calculations was 0.05 mW cm=2 sr~! ym-1,
This is a typical value for an aircraft multispectral
scanner with an angular field of view of a few millirad-
ians, a spectral resolution of about 0.025 um, and a col-
lector area of ahout 80 cm2. This noise equivalent ra-
diance can readily be reduced by a factor of 2 or 3, with
a corresponding reduction in the depth error, by in-
creasing the collector area or reducing the spatial or
spectral resolution of the system.

This work was supported by the Office of Naval Re-
search, contract N000-14-74-C-0273.  ssa.
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Appendix A: Shallow-Water Radiance Model

The radiances shown in Fig. 1 were calculated using
a combined water-atmosphere radiance :»odel which
includes the effects of scattering in the atm >sphere and
reflection at the water surface, as well as the compo-
nents originating in the water itself. The atmospheric
effects are calculated from the double-delta approxi-
mation,® using the atmospheric parameters tabulated
by Elterman.i® A solar zenith angle of 20° and a plat-
form altitude of 1 km were used for the calculations in
this report.

-
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§ The water radiance is calculated using the quasi-

single-scattering approximation,!! modified to include
the effects of reflection from the hottom!? and internal
# reflection at the water surface.!3 The effects of internal
2 - reflection are included to all orders by assuming that the
¥ upwelling radiance distribution just beneath the water
& surface has a uniform angular distribution. Thus, the
8 upwelling underwater radiance can be written as
L(w',¢)

1 2r
« E¢S(u'ug' ) + j‘; f“ L', ") S b Y d " dp”

1 2% '
1~ L j; RS u, ") u"du”dp*
(A1)

where E¢’ is the direct solar irradiance penetrating the
water surface, L’(u”,¢”) is the transmitted sky radiance
below the surface, uo’ is the cosine of the apparent solar
zenith angle below the surface, R(1”) is the Fresnel re-
flectance of the water surface, and

Slu,u',¢) =%(u + u)? {1 — exp [‘ (i'*‘%) KZ]] Bluy)

+8 exp [— <l + %) Kz], (A2)
x TR
where K is the irradiance attenuation coefficient,!4 z
is the water depth, 8(u;) is the volume scattering func-

tion, rg is the bottom reflectance, and
e = —pu’ + [(1 - pI(1 — '?)]12 cosg. (A3)

The results of this model agree with exact calculations
using the Monte Carlo method!'® 1o within about 10%
for values of the single-scattering albedo less than 0.8
and bottom reflectances less than 504%.

Appendix B: Coordinate System Rotation Parameters

The assumption involved in making the coordinate
transformation (8) is that the variables X; are linearly
correlated with the water depth z, that is,

XRi=a; — bz (B1)

with possibly different values of a; for each bottom type.
It is desired to transform this set of N depth-dependent
variables into a new set of N — 1 depth-independent
variables (Y; ... Yn-1) and one depth-dependent
variable (Yn). The required transformation may be
visualized as a pure totation in N -space such that the
Yy axis is oriented in the direction specified by the
parametric Eq. (B1). Thus, the transformation pa-
rameters for Yy are

N Sy
Anj = b ( 3 /,,3) . (132)

b=
The remaining parameters can he calculated using
the conditions for the orthonormalily of the new coor-
dinate axes

N 0.i]
T Apdj = L (B3)
k=1 Li=)

and the condition for a proper rotation

det(A;) = 1. (B4)

These conditions uniquely define the transformation
matrix only for the case N = 2. For three or more di-
mensions, however, a unique solution can be obtained
by requiring that the coefficients for Yy ... Yy—; be the
same for the (N + 1)-dimensional case as for the N-
dimensional case. The coefficients for the (N — 1)
depth-independent variables are then

i -2 si+l -1/2
Aij = bisib; ( 3 bk2) ( ¥ b,.’) forj=1...i, (B5)
dowe t k=
.o 12 it -12 .
Au'=‘(): bkz) (Z bkz) forj=i+1, (B6)
kw] kel
Aij=0 forj=i+2...N. (B7)

These equations, along with Eq. (B2), completely
define the required coordinate transformation. The
values of b; can be calculated if the water attenuation
coefficients are known or can be empirically obtained
from a regression analysis of the measured radiance
values over a uniform bottom.
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