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Application of a Radiometric Model for
Evaluation of Water Depths and Verification of

Results with Airborne Scanner Data
John G. Lyon and Wendy S. Hutchinson

Abstract
An existing deterministic, algorithmic model was used to
simulate the radiative transfer of light through various
depths of water. A computational formula was developed for
a given set of experimental conditions and used to predict
radiances for water in 0.6-m increments to a depth of 3.2 m.
In a verification test, the capability of the modd was evalu-
ated by comparing the model simulation resulfs with data
collected using an airborne multispectral scanner. Validation
rcsults indicated that the model-simulated data and scanner-
measured data were conelated. Spearman-Rho comparjsons
of calculated model water radianbes and scanner biightness
values indicated very good to excellent agreement ot"a high
level of significance.

Introduction
It is difficult to measure the resource characteristics of shal-
low water over large areas using traditional methods. Remote
sensing technologies and models of light interactions in wa-
ter can potentially supply additional data for determinations
of water resource characteristics such as depths, bottom
types, and concentration of water colorants. Previous studies
have demonstrated the value of measurements of water varia-
bles in combined remote sensor and boat sampling experi-
ments (Klemas et aL,1974; Bukata et al., 1976t Lathrop and
Lil lesand, 1986; Ackleson and Klemas, 1986; Lyon ef o1.,
19BB). However, these projects generally restrict their analy-
ses to one date or one time only, and use empirical models.
The empirical approach is suitible for one-time analysis, but
it provides limited assistance in analyses of frequently
changing water characteristics. This makes the results of em-
pirical experiments difficult to apply at other study sites, or
to other kinds of remote sensing coverage. A deterministic
approach potentially addresses these requirements and does
so with a minimum of new field information to be supplied
in the new application. Deterministic models may potentially
help supply water characteristics over large areas at lower
costs as compared with the requirements of traditional tech-
nologies.

The application of remote sensor data for measurement
and modeling of water requires deterministic models based
on physical and chemical processes {Weidmark et ol., 1gB1;
Bukata et al., 1.983; Suits, 1984; Holl inger et o1,, 1985; Lyon
et d1., 19BB). It remained to evaluate such an approach by
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optimizing an existing deterministic model for a given exper-
imental application, develop a computational formula, derive
results, and determine the relative accuracy of products with
an indeoendent remote sensor data set.

A cbmputer simulation program was developed to model
the flow of electromagnetic energy from the atmosphere
through a water body and back to the surface where it could
be measured by a remote sensor. The computational program
(Hutchinson, 19B9) was based on a radiation transfer (nr)
model developed by Suits (1s84), and it addressed the influ-
ence of water, water surface effects, and atmospheric influ-
ences on solar radiation and its propagation over space and
time.

The model and program were composed of parameters
that addressed physical and chemical processes in a deter-
ministic fashion. Inputs to the program included the solar
constant, extinction coefficients, and sand bottom type reflec-
tance. These inputs were estimated from studv area measure-
ments and from the literature. To test the potential of the
deterministic approach, a combined remot-e sensing and on-
site sampling experiment was conducted. This experiment
provided a detailed data set for verification of model results,
lnd it was deemed valuable to conduct analyses of water re-
sources using these data. The model simulated the radiance
of a water column for a given bottom type and water depth,
as measured by a sensor at the surface of the water body.
The conditions of the model simulation were made to ap-
proximate those of the St. Marys River aircraft multispectral
scanner overflight, allowing for verification of radiometric
model results with airborne scanner data. This overflight was
in support of environmental studies (USACE, 19BB; Lyon ef
al., tggz; Lyon el al., tggs). The radiance results and depths
from the computer model were compared to brightness val-
ues of multispectral scanner data in the verification of the ef-
fort.

Approach
The data analysis was performed in two steps. The first step
involved calibration and model simulations using the Rr
model developed by Suits (198a) and computational model
(Hutchinson, 19Bg), for determination of connecting channel
water depths. The model accounted for each source of light
and its contribution to the total signal measured by the re-
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Figure 1. Diagram of light components of water bodies.

mote sensor. The approach employs an RT model of water
depth and water quality, and incorporates elements from sev-
eral approaches to modeling (Suits, 1972; Bukata et ol., 1978i
|ain ef o1., tg8l; Bukata et al., 1983i Suits, 1984; Hollinger et
a1. ,  19s5) .

The second step was to correct and enhance the remote
sensor data set. This involved geometric and radiometric cor-
rections, feature selection of data enhancement and reduc-
tion, and pattern recognition or computer categorization of
water colorants classes (Lyon ef al., 1ss2). The second step
yielded a database of water colorants classes which could be
compared to the Rr model calculations.

Background of the Radiometilc Model
The available light to be measured by the sensor or scanner
can be estimated by the radiance L. In this case, the water is
a transparent material of varying thickness or depth. We can
calculate (or measure) the radiance from various depths of
water and predict the response if conditions are known.

To address the characteristics of water, we need to eval-
uate several physical and chemical processes of light, includ-
ing the upwelling and downwelling quantities of diffuse
irradiances, and the spectral irradiance components.

Observing the diffuse assumptions appropriate for fore-
and back-scattering of light, Duntley's equations were ren-
dered in the Suits (1972) notation. The differential equations
that govern the flow of irradiance through a diffusing mate-
rial were as follows:

dE(+d,x)/dx : -(a+ OE(+ d,x)+ PE(- d,x)+ I'E(s,x) (r)

dE(- d,x)/ dx : (a+ OE(-d,x)- BE(+d,x)+f'E(s,x) (2)

dE(s,x)ldx = (a'+ B'+f 
')E(s,x) (3)

where E was the irradiance in a narrow spectral band upon a
plane oriented perpendicular to the flow of the light energy.
E(+d,x), E(-d,x), and E(s,x) denote diffuse irradiance in the
upward and downward directions, and the specular (colli-
mated) irradiance, respectively. These variables are shown as
(c), (d), and (e) on Figure 1. The specular irradiance E(s,x)
had only a downward component (Figure 1), due to the fact
that the water surface was directly illuminated from only one
side of the sun. The symbols a, B, and /were the absorption,
backscattering, and forescattering coefficients of water, re-
spectively. The primed values of Equation 1., 2, and 3 refer
to the specular irradiance and the unprimed values referred
to the diffuse irradiance.

The differential equations allowed for the calculation of
the change in irradiance moving through a diffusing me-
dium, water, as well as for the calculation of changes due to
scattering and absorption. For example, the change in inadi-
ance moving in the positive x direction , dE(+d,x), would be
less than the amount of irradiance moving in the same direc-
tion that was absorbed and backscattered. Consequently, a
calculation of irradiance at a given point would also gain the
irradiance that was backscattered from both the diffuse and
specular irradiance sources that were moving in the opposite
direction.

Suits (1984) rewrote Equations 1, 2, and 3 and combined
the absorption, backscattering, and forescattering components
using five extinction coefficients: i.e.,

dE(+d,x)ldx: -aE(+d,x)+bE(-d,x)+cE(s,x) (4)

dE(-d,x)/dx: aE(-d,x)-bE(+d,x)-c'E(s,x) (5)

dE(s,x)/dx: kE(s,x) (6)

where a was the extinction coefficient (incorporating both
absorption and scattering) for diffuse irradiance, b was the
backscattering coefficient for diffuse irradiance, c was the
backscattering coeffrcient for specular irradiance, c'was the
forward scattering coefficient for specular irradiance, and k
was the extinction coefficient for specular irradiance. By
solving differential Equations 4, 5, and 6, one could then cal-
culate the irradiance at any specific depth in the water col-
umn,

Suits also developed this model to take into account ma-
terials canied in the water. Unlike plastics that exist as one
material, natural water bodies have added particulate com-
posed of a variety of materials. The capability to address a
variety of suspended and dissolved materials is a strong
point of this modeling approach. These capabilities were not
used here, due to the clear, clean water characteristics meas-
ured in the study area (<0.3 mg/l chlorophyll o and <1.0
mg/l suspended sediment).

Suits also developed mathematical expressions for these
parameters by quantifying the interaction of light with water.
These steps are defined in Suits'papers cited here, and in a
master's thesis (Hutchinson, 1989).

The radiance from the water column was the sum of ra-
diance from the water volume and radiance reflected ftom
the bottom. From Suits (1984) the radiance above the surface
of the water column was equal to

L(wc) : r,Ol*) [J ldr(water volume)/(dx)*ebdx t7)+ I(bottom)e-kil

where T. was the transmittance through the air-water inter-
face, n* was the index of refraction of water, k was the beam
extinction coefficient in the angle of view of the sensor, and
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fi was the depth of the water column. The term kir was the
probability of having a direct line of sight from the layer into
the direction of view of the sensor.

In the case of given depth x, the radiance of an infinites-
imally thin layer of water can be calculated from

dl(water volume) /dx : (1 / T)luE(+ d,x) + vE(- d,x) + wE(s,x) I (B )

where u, y, and w were the factors expressing relative pro-
portions of upwelling diffuse, downwelling diffuse, and
specular irradiance that combine to make up the total irradi-
ance on the horizontal plane or given depttr of water.

For any depth x, these irradiances can be calculated
from

(s)
(10)

(1  1 )

A and B are constants that depend on the boundary con-
ditions defined below. The values of f, g, C and D were di-
rectly calculated from the extinction coefficients a, b, c, c',
and k (Suits, 1984) and were dependent on the optical prop-
erties of the water: i.e..

f  :  [(o-b)/(a+fi) l t tz
g : (a,-bz)1/,

c (k -a) -c 'b  - ,  ,L : ----;-------:;-r,[s,oJ
K . - q -_ '  o

^ c'(k+ o)+ cb -,D :  _  -  _  E (s ,o )
K ' -  9 "

E(+d,x) : A(]--f les'+ B(l+fle sx + Cerx
E(- d,x) : A(l+f)$. + B(1-/)e-:" + Dek*

E(s,x) : E(s,o)er'

Bs which corresponded to the appropriate depth and bottom
tyPe.

For the conditions of this experiment. we simulated the
radiance from homogeneous thicknesses of water in 0.6-m
increments between the upper boundary (at x : 0) or the air/
water interface, and the lower boundary (at x : -h) was the
bottom of the river channel, with the positive x value in the
upward direction as shown in Figure i. Here, -fi was equal
to 3 metres of water.

To complete this task, the radiance that could be re-
corded by a sensor was calculated by the model for water
depths in 0.5-m increments above a given bottom sediment
type. The depth-radiance data and model results were stored
in a "look-up table" for further reference.

Methodological Approach
A computer program was developed to make calculations
based on Suits (198a) radiometric model (the program is in
Hutchinson (1989) or can be obtained from the authors). Re-
sults from this computer program were the radiance attrib-
uted solely to the water column. In Equation 7, L(wc) was
calculated because it approximated that quantity measured
by the sensor. This calculated parameter was the same quan-
tity as L(wc) or I on Figure L.

Estimation of Inputs to the Program
Inputs to the computer algorithm were selected as appropri-
ate to the site condit ions and assumptions used in the exper-
iment. Sources for coefficients and Darameters included 

-

actual measurements and literatureieferences of conditions
on the day of overflight of the site to be simulated using the
radiometric model (USACE, 19BB; Lyon et al., 1992). Tliese
inputs included solar illumination conditions, water extinc-
tion coefficients, bottom type reflectances, beam angle of
view extinction coefficient, and other Darameters which de-
scribe the amount of irradiance on a hbrizontal plane such as
a water surface (Valley, 1965; ferlov, 1968; Wiedmark ef o,1.,
1981;  USACE,  1e8B) .

The Suits model part i t ioned the solar i l lumination into
two components, the diffuse and the specular. The diffuse ir-
radiance was called the illumination contribution due to sky-
l ight (RCA, 1968; Suits, 1984). Diffuse solar i l lumination for
skylight was estimated to be approximately equal to one-fifth
the direct solar i l lumination (RCA, 1968; Wiedmark ef a1.,
1 9 8 1 ) .

Total solar illumination was obtained from the literature
(Valley, 1965). Val ley's document provides tabulat ions of in-
coming radiation from the sun in a variety of wavelength in-
tervals or increments. These data were summed to estimate
the amount of incoming radiation in a particular wavelength
range. The percentage of direct solar illumination was de-
pendent on the sun angle and wavelengths of the light. In
this case, the sun elevation angle was approximately 40 de-
grees, as determined by the field notes of the flight crew and
by solar elevation tables. These wavelength ranges were the
same as those specif ied in the descript ion of the scanner
data .  wave length  bands o f  0 .05  pm.

Estimates of the percentaee of illumination that was
composed by skylighi were alio found in the literature (Jer-
lov, 1968). Jerlov's approach and the values above were used
in the calculation. The direct solar illumination was then
calculated such that the results were equal to the total solar
illumination minus the Dercent contribution that was attrib-
uted to skylight. These values were used as estimates of solar
illumination conditions on the day of overflight.

{ 1 r )
( 1 3 )

(14)

( 1 5 )

The extinction coefficients input to the model a, b, c, c',
and k were all optical properties of the water body. These
values were wavelength dependent. These extinction coeffi-
cients were defined as

a : extinction coefficient for diffuse irradiance,
b : the upper hemisphere or backscattering coefficient for dif-

fuse irradiance,
c : he upper hemisphere or backscattering coefficient for

specular irradiance,
c' : the lower hemisphere or forward scattering coefficient for

specular irradiance, and
k : the beam extinction coefficient.

The equation describing the boundary conditions at the
air/water interface was

E(-d,o)  :  l r ln , ,  +(1-11n, , ) l4(+d,o)+(1-r )E(d i f tuse)  (16)

where .E{diffuse) was the incident diffuse irradiance in a
given spectral band from the sky, shown as o on Figure 1.
This equation states that the downward diffuse irradiance
was equal to any upwelling diffuse irradiance that was inter-
n_ally reflected, plus any incident diffuse radiation from the
SKY'

The bottom sediment material was assumed to be Lam-
bertian and to exhibit diffuse hemispherical characteristics
(Suits, 1984). These phenomena weie expressed by

E(+d,-h) : rhlE(-d,*i l +E(s,-ft)l (17)

The computer algorithm solved the boundary conditions
for parameters A and B in Equations 9 and 10 and solved for
the irradiance. In this application, however, there were a va-
riety of depths at the study site. The dependence of ,4 and B
on water depth made it necessary to solve for a set of As and
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There are five general bottom types found in the St.
Marys River. These types included sand bottom, and bottoms
that were combinations of sand/si l t ,  si l t /sand, si l t /clay, and
sand/rock-si l t  bottom types (USACE, 1S8B). Due to sample
size limitations based on sediment type and depth class com-
binations, only the sand bottom sediment type was used in
the analysis. The bottom type reflectance was estimated from
reflectance spectra for equivalent wet soil. These soil types
were selected by checking the geology of the area and using
this knowledge to best estimate the mineral composition of
the soil. Reflectance of a similar soil type was then selected
fiom Leeman et al. (1,971,).

Extinction coefficients, such as k in Equation 7, wete es-
timated from Secchi Disk measurements using the technique
developed and tested by Scherz (1s77). Secchi Disk depth on
the day of overflight was 3 metres. In addition, Bukata ef o1.
( tgz+;  tgza ;1983;  19BB)  measured ex t inc t ion  coef f l c ien ts
and Secchi Disk depths of all the Great Lakes, and estimates
of k taken from Lake Suoerior were similar to those of the
St. Marys r iver during t l ie overf l ight.

From Duntley (Ls42), Suits (198a), Weidmark ef a1.
(19s1), and Bukata et al. (1988), the following relationships
were derived to address the extinction coefficients of optical
characteristics of water and particles in the water:

k -- a'+B'+f'
a :  a I B
b :  B
c :  p '
c ' : f

where o was the absorption coefficient, B was the beam por-
tion of irradiance backscattered, and /' was the portion of the
beam irradiance scattered forward, The parameters which
have prime notation referred to incident irradiance, and the
other values referred to the diffuse irradiance. It was as-
sumed that the few oarticles found in the river had a random
orientation and posiiion and, therefore, the scattering of dif-
fuse irradiance was equal to the scattering of specular irradi-
ance, of B+f:p+f (Duntley, 1942).

The values of the extinction coefficients o, b, c, c', and k
(explained above) were estimated from the work of Weid-
mark ef 01. (1981), Duntley (1942), Liston et o1. (1983), and
Bukata et al. (1,988).

The Weidmark article provided values for the irradiance
attenuation coefficient, the scattering coefficient, and the
backscatter probability. These values were particularly ap-
propriate for evaluation of water resources using remote sen-
sor data with the same wavelength band as used in this
study. In addition, the Bruce Peninsula area of Lake Huron
exhibits water oualitv conditions similar to those of the St.
Marys River, and the extinction coefficients were similar to
those measured on the St. Marys River (Liston ef o1., 1sB3).

Verification of Model Results
Scanner Data

In order to test the computational model. it was neces-
sary to correlate the results of model simulations with the in-
dependent data sources. These included airborne
multispectral data provided by the U.S. Environmental Pro-
tection Agency (tpa), and water depths from the U.S. Army
Corps of Engineers, Detroit  Distr ict (USACE, 19BB) and from
available NOAA bathymetry maps.

On 19 October 1985 the USEPA flew an aircraft with a
Daedalus 1260 multispectral scanner over the St. Marys
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River. The sensor had ff spectral bands ranging in wave-
lengths from 0.38 to 14.0 pm. The sensor recorded radiance
in digital numbers from 0 to 255. The exact details of the
scanner data and the analysis were described in USACE
(1988) and in Lyon et al.  (1,992),

At the time of overlight, the Detroit District of the U.S.
Army Corps of Engineers set up 36 stations in the St. Marys
River area to sample water characteristics. These sample var-
iables included Secchi Disk, water depth, chlorophyll o, sus-
pended sediments, water temperature, and bottom sediment
type (USACE, leBB).

The snlas clustering algorithm was run on the scanner
data in order to reduce the volume of data for this analvsis
(Lyon et o1., 198B). The clustering algori thm establ ished
training sets of pixels that were spectrally similar groupings,
and were reduced to 50 classes in this case (Lyon et o1.,
1es2).

Atmosoheric corrections were not oerformed on the data
set because of (1) the uniform and cleai weather conditions
on the day of overflight; (2) visual inspections of concurrent
aerial photos showed no appearance of atmospheric distor-
tions; (3) the small size of the study area limited the possibil-
ity of distortion; (a) the relatively low altitude of the sensor
reduced the possibility of path radiance; and (5) the use of
categorized scanner data accounts for small, residual quanti-
ties of atmospheric turbidity as a natural component of the
variability of the data (Lyon ef o.1., lss8).

The mean brightness values of the clustered groups were
used for comparative analyses with the calculated radiance
from the radiometric model.
Verification
To verify any model, model simulations and independently
measured values need to be compared. In this study, the
value of interest was the water depth estimated by each
method. However, i t  was very dif f icult  to invert the equa-
tions of this radiometric model (due to multiple variables)
and solve directly for the depth from the radiance (Lara,
19781. To solve this inversion problem, a " look-up" table
procedure was developed to relate the model results to the
sensor data.

In this procedure, a series of water depths were input to
the radiometric-model computer program developed in the
study. The program output was a radiance value for each
depth for a given bottom type (e.g., sand sediments). These
values were produced for each of four wavelength bands,
3(0 .45  to  0 .50  pm) ,  4 (0 .50  to  0 .55  pm) ,  6 (0 .55  to  0 .60  pm) ,
and s (o .oo  to  o .6b  pm) .

Two non-parametric tests were chosen to compare the
results of the radiometric model and the scanner dita in the
verification experiment. The first test was Soearman's corre-
lation coefficient. The second was Kendall'i tau. Both statis-
tics are non-parametric assessments of association between
two variablei. fhls approach was chosen for several reasons,
including (1) the clustered scanner data had non-normal dis-
tributions, (2) the sample sizes in different depth classes
were not the same, and (S) data were assumed to be mono-
tomical ly increasing (Lyon ef o/. ,  19BB).

Results
Verifications were made from the model radiances and were
correlated with the mean brightness values of the scanner
data. Spearman's rho rank correlation demonstrated the rela-
tionship between model radiance values and brightness val-
ues from the categorized remote sensor data. Strong
relationships wer6 found in bands 4, 5, and O (e.g., the blue-
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green, green, and red wavelength ranges). Spearman's rho
values ranged from r. : O.77 to 0.94, with probability
p>0.050-0.005 in these three bands. The sample size was 25
ior each band.

A poor relationship was found in the blue region of the
visible spectrum band 3, with a rho value of r" : 0.14. The
poor correlation was probably due to scattering effects of the
water that affects blue light to a greater extent, and results in
poor return of light to the sensor (Bukata et al., 1974).

For the model results as compared with the scanner data
depth results, the Spearman's rho demonstrated strong asso-
ciation in the green (o.ss to 0.60pm) and red (0.50 to
0.65pm) wavelength regions, respectively. Spearman's rho
values were r" : O.BZ and p>0.010 for both bands 5 and 6. A
poor association was again found in bands 3 and 4, with rho
values ranging between r. : -0.06 to 0.38.

The Kendall's tau test also indicated a strong relation-
shio between calculated radiance from the Suits model and
cluitered brightness values from remote sensor data for
equivalent depths and sand bottom types in the blue-green,
green, and red channels, bands 4, 5, and 6. This was found
for the data utilizing the NOAA map to derive depths. A
poorer correlation was again found in band 3. Kendall's tau
for bands 4, 5, and 6 ranged from z = 0.60 to 0.70. The level
of significance used in both these tests was p>0.10. Both sta-
tistical tests on the two data sets indicated a strong associa-
tion between variables in band 5 (green) and band 6 (red),
and poorer association in band 3 (blue) and band 4 (blue-
greenJ.

Conclusions
Two nonoarametric association tests confirmed the similar
depth measurement results from similar experimental condi-
tions simulated by the Suits' radiometric model and meas-
ured by the scanner. The strongest correlations were found
in bands 5 and 6, the "green" and "red" bands. Spearman's
rho values ranged from r. : O.B2 to 0.94 and Kendall's tau
values ranged from r : 0.66 to 0.87. These tests were signifi-
cant at levels ranging from p>0.010 to 0.005 for these two
bands of data.

The results for band 3 (blue channel) indicated no rela-
tionship (or a weak one) between the variables in both verifi-
cations. Band + had strong correlation in one of the
verifications and random association in the other. Spear-
man's rho value in the verification had a strong correlation
of  r "  :  O.77  and p>0.05 .

The results for bands 5 and 6 were quite good, consider-
ing that some of the inputs to the computer model were esti-
mated from the Iiterature and available field sampling data.

A orevious verification of the Suits model was done un-
der ideil and very controlled conditions in a laboratory envi-
ronment (Lara, 1978). The results of this study show that the
Suits model can be applied in at least one eximple of a more
general, field-measurement situation using a few key input
parameters to the model.

Discussion
There is great potential in remote sensing technologies to
supply data and augment traditional hydrographic measures.
Traditional measurement technologies can be qualitative,
time consuming, and people intensive. A combined model-
ing and remote sensing approach can provide additional data
and potentially increase the accuracv of water resource de-
terminations oi reduce the costs associated with on-site sam-
pl ing (Lyon ef 01., 19BB; Lyon, 1993).
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This modeling approach can hopefully provide opportu-
nities to use models in more than one location or at different
times. RT models can simulate various water resource and at-
mospheric conditions, and the general approach may offer
the potential to fulfill the need for a model that can be used
at different times and places upon appropriate calibration.

Acknowledgments
This research project was partially sponsored by NOAA Of-
fice of Sea Grant, Grant No. NA81AA-D-0095, R/EM-3 and
NAB4AA-D-0079, R/EM-7, REM-B to Ohio Sea Grant, and frorn
appropriations by the Ohio Legislature. Additional support
was provided by NASA, The Ohio State University Center for
the Commercial Development of Space, the US Army Corps
of Engineers, the US EPA, and the Department of Civil Engi-
neering at Ohio State University.

Refelences
Ackleson, S.G.,  and V.  Klemas, 1983. Remote reconnaissance of  sub-

merged aquatic vegetation: A radiative transfer approach, Pro-
ceedings of the 4th uS Army Corps of Engineers Remote Sensing
Symposium, Reston, Virginia, 17 P.

Bukata,  R.P. ,  J .E.  Bruton,  J.H.  lerome, A.G. Bobba, and G.P. Harr is ,
1976. The application of Landsat-1 digital data to a study of
coastal hydrognphy, Proceedings of the 3rd Canodian Sympo'
siunt on Remote Sensing, Edmonton, Alberta, Canada, pp. 331-
3 4 7 .

Bukata,  R.P. ,  G.P. Harr is ,  and f .E.  Bruton,  1974. Ihe detect ion of  sus-
pended solids and chlorophyll a utilizing digital multispectral
ERTS-1 daIa, Proceedings of the 2nd Canadian Synposium on
Remote Sensing,  Guelph,  Ontar io,  Canada, pp.  551-654.

Bukata,  R.P. ,  J .H.  Jerome, l .E.  Bruton,  and E.  Benett ,  1978. Relat ions
among optical transmission volume reflectance, suspended min-
eral concentration, and chlorophyll a concentration in Lake Su-
petior, Journal of Great Lakes Research. 4i456-461'

Bukata,  R.P. ,  J .E.  Bruton,  and J.H. ferome, 1983. Use of  chromat ic i ty
in remote measurements of water quality, Remote Sensing of En-
vi ro n me nt. 1.3 :1.61.-1.7 7 .

Bukata,  R.P. ,  I .H.  |erome, and f .E.  Bruton,  1988. Relat ionships among
Secchi Disk depth, beam attenuation coefficient, and irradiance
attenuation coefficient for Great Lakes waters, lournal of Creat
Lakes Reseorch, "14:347-355.

Dunt ley,  S.G.,  1942. The opt ical  propert ies of  d i f fus ing mater ia ls,

lournol of the Optical Society of Anerica, 32:67-7O.

Hol l inger,  A. ,  N.  O'Nei l ,  l .  Dunlop,  M. Cooper,  H.  Edsel ,  and J.
Gower, 1985. Water-depth measurement ancl bottom types analy-
sis using a two-dimensional array imager, Proceedings of the
lgth Intemational Symposium on Renote Sensing of Environ-
meni ,  pp.  553-563.

Hutchinson, W., 1989. A Radiometric Model and Airbotne Sensor
Measurement of Water Depths, Master's Thesis, Department of
Civil Engineering, Ohio State University, Columbus, Ohio, 85 p'

Ia in,  S. ,  H.  Zwick,  W. Weidmark,  and R. Nevi l le,  1981. Passive bath-

vmetric measurements of inland waters with an airborne multi-

ipectral scannerJ Proceedings of the lsth International
Symposium on Remote Sensing of Environntent, pp. S47-951.

ferlov, N.G., 1.968. Optical Oceanography, Elsevier Publishing Co.,
Amsterdam, Netherlands.

Klemas, V. ,  M. Ot iey,  W. Phi lpot ,  and R. Rogers,  1974. Correlat ion of
coastal water turbidity and circulation with ERTS-1 and Skylab
imagery, Proceedings of the 9th Internotional Symposium on Re-
mote Sensing of Environment, pp. 1289-1317.

Lara, S.C., L978. Verification of o Radiation Model: Reflectance from
Bodies of Water Traceable to Suspended Porticulates, Ph.D. dis-
sertation, Univ. of Michigan, Dept. of Aerospace Science, Ann

Arbor, Michigan.



PEER.REVIEWED ARTICTE

Lathrop, R., and T. Lillesand, 1986. Use of Thematic Mapper data to
assess water quality in Green Bay and Central Lake Michigan,
Photogrammetric Engineering & Remote Sensing, 5Z:6Z1-680.

Leeman, V. ,  D.  Ear ing,  R.  Vincent ,  and S.  Ladd, 1.s7L The NASA
Earth Resources Spectral Information System: A Dato Compila-
tion, Contract Report #NAS9-9784.

Liston, C., 1983. Environmental Baseline Studies of the St. Morys
River, Michigan, Prior to Proposed Extension of the Navigation
Seoson, Report for US Fish and Wildlife Service, Twin Cities,
Minnesota.

Lyon, 1.., 1993. Practica) Handbook for Wetland Identificotion and
Delineation, Lewis publishers, Boca Raton, Fiorida, 190 p.

Lyon, f .E. ,  K.W. Bedford,  Y.  Chein-Ching,  D.H. Lee,  and D.J.  Mark ,
1988. Determinations of suspended sediment concentrations
from multiple day Landsat and AVHRR data, Remote Sensing of
E nvi ro nm e nt, 25 :1.O7 -1,1,5.

Lyon,  1.G.,  R.  Lunetta,  and D. Wi l l iams, 1992. Airborne mul t ispectra l
scanner data for evaluating bottom sediment types and waler
depths of the St. Marys River, Michigan, Photogrammetric Engi-
neering & Remote Sensing, 58:951-956.

Lyon, J. ,  D.  Wi l l iams, and K.  Flanigan,  1994. Ef fects of  commercia l
vessel passage in narrow channels with and without ice cover,
ASCE lournal of Cold Regions Research, 8:47-64.

RCA, 1968. Electro-Optics Handbook, Radio Corp. of America, Bur-
lington, Massachusetts.

Scherz, 1.P., 1,977. Assessment of Aquatic Environment by Remote
Sensing,Institute of Environmental Studies, Univ. of Wisconsin-
Madison,  Wisconsin.

Suits, G.H., 1972. The calculation of the directional reflectance of a
vegetative canopy, Remote Sensing of Environment, 2:177-126.

1S84. A versatile directional reflectance model for natural
water bodies, submerged objects, and moist beach sands, Remote
Sensing of Env,ironment, 16:143-156.

U.S. Army Corps of Engineers, 1,588. Druft Environmental Impact
Statement, Supplement II to the Final Environmental Impact
Statement, Operations, Maintenance, and Minor Improviments
of the Federal Facilities at Sault Ste. Marie, Michigan (ldy
1977),  Detro i t ,  Michigan.

Valley, S.L., 1965. Handbook of Geophysics and Space Environ-
ments, McGraw-Hill Book Co.. New York.

Weidmark,  W.C.,  S.C. la in,  H.H. Zwick,  and J.R. Mi l ler ,  1981. pas-
sive bathymetric measurements in the Bruce peninsula region of
Ontario, Proceedings of the lSth International Symposiui on
Remote Sensing of Environmenf, Ann Arbor, Michigan, pp. 811-
8 2 2 .

(Received 4 March 1993; revised and accepted 2 May 1994; revised
18 May 1994)

Nomenclature
o extinction coefficient for diffuse irradi-

ance
.B constant determined by boundary condi-

t ions
b backscattering coefficient for diffuse irra-

diance
c backscattering coefficient for specular ir-

raolance
c' forward scattering coefficient for specular

irradiance
d diffuse irradiance

dE(+d,x)ldx change in upwelling diffuse irradiance
with x

dE(-d,x)/dx change in downwelling diffuse irradiance
with x

dE(s,x)/dx change in specular irradiance with x

166

total incident irradiance in a narrow
sDectral band
diffuse irradiance in a narrow spectral
band a t  depth  x  mov ing  in  upward  d i rec-
t ion
diffuse irradiance in narrow spectral
band at depth x moving in downward di-
rect ion
specular irradiance in narrow spectral
band at deoth x
direct solai i l lumination in a narrow
spectral band volume fraction occupied
by water
volume fraction occupied by water
thickness of total depth of water layer
extinction coefficient for specular flux
incident radiance in a nariow spectral
b a n d
radiance in a nanow spectral band at
point x
path radiance due to aerosol scattering
radiance in a nanow spectral band re-
flected off the bottom of water body
path radiance
path radiance of pixel r'
path radiance of a pixel that views clear
water
path radiance due to Rayleigh scattering
radiance in a narrow spectral band at the
sensor
radiance in a narrow spectral band re-
flected of the targel surface
radiance in a narrow spectral band from
the water column. lncludes radiance
from water column and from the bottom
of the water bodv, but not the water sur-
face effects
radiance in a narrow spectral band from
the water volume. Does not include radi-
ance from the bottom of the water body
index of refract ion of water
hemispherical reflectance from air to wa-
ter
hemispherical reflectance of bottom
specurar
transmittance through water-air interface
fraction of upwelling diffuse irradiance
upon a horizontal plane
fraction of downwelling diffuse irradi-
ance upon a horizontal plane
fraction of specular irradiance upon a
horizontal plane
depth in feet or metres
absorption coefficient for diffuse irradi-
ance
absorption coefficient for specular irradi-

;:ffi"" of diffuse irradiance backscatter
portion of specular irradiance backscatter
portion of diffuse irradiance scattered
forward
portion of specular irradiance scattered
forward
Kendall's tau correlation coefficient

ti

E(+d,xJ

E(- d,x)

E(s,x)

E(specular)

LIa)
l(bottom)

L(path)
l(path at I

L(path, clearwater)

L(n)
.I.(sensor)

l(surface)

L(wc)

l(water volume)
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