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ABSTRACT: This study reports on an investigation of the utility of SPOT-l multispectral digital d~ta to assess water quality
conditions in Green Bay, an embayment of Lake Michigan. Near simultaneo~slyacqUired SPO r-l data and water quality
observations were obtained and related using linear regresSIOn teChniques. High concentratIOns of suspended sediments
appear to be controlling the water volume reflectance. Overlay analysis using digitized bathymetry reveals the effect
of an underwater sill on the mixing and transport of the Fox River plume.

INTRODUCTiON

FLUVIAL TRANSPORT plays a large role in ~oupling inland and
estuarine waters to events WithIn their watersheds. Up

stream land use greatly affects downstream water quality. The
fate of river discharge into major lake systems, in the form of
river plumes, is of concern because high nutrient and sediment
loads in terrestrial runoff can seriously degrade the receivIng
lake's water quality, leading to accelerated eutrophication and
siltation. Urban and industrial developments are major sources
of microcontaminants that adsorb onto suspended solids and
are carried in river discharge. Locating zones of mixing and
deposition is crucial information for the water resource ~anager

interested in tracking the fate of river plumes and their often
toxic load.

The synoptic view provided by remote sensing systems make
them a useful tool in monitoring the influx and disperSIOn of
river plumes (Mortimer, 1988; Abiodun, 1976; Goldman et al.,
1974; Scherz and Van Domelen, 1973). Remote sensing scanners
measure the water volume reflectance as it varies with spectral
wavelength, giving an index of water color. The color of ?alural
lake and coastal waters is fundamentally assoCIated With the
concentrations of three broad classes of constituents: inorganic
suspended sediment, phytoplankton pigments (e.g., chloro
phyll a) and dissolved organic material (DaM). High spectral
resolution measurements across the visible spectrum are nec
essary to sort out the differential absorption and backscatt~ring

properties and determine individual constituent concentratIons.
However, suspended sediment, in moderate to high concentra
tions, strongly backscatters light and tends to dominate the water
volume reflectance (Bukata et aI., 1985; Holyer, 1978) (for a use
ful review of the subject, see Curran and Novo (1988».

The high spatial resolution of the High Resolution Visible
(HRV) sensors aboard SPOT (Systeme Pour J'Observation de la
Terre), coupled with its pointable optical system, would appear
to make it an effective system for monitoring small-scale and/
or transient hydrodynamic phenomena such as river plumes.
Initial studies of SPOT simulator data have shown the utIlity of
SPOT imagery for delineating estuarine water masses (Ackleson
et aI., 1984) and analyzing coastal sediment plumes (Band et aI.,
1984). The objective of this study was the integration of remote
sensing and geographic information system (GIS) technology to
investigate the hydrodynamics of Green Bay. The techmcal fea
sibility of using SPOT HRV multispectral data to assess water
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quality conditions and map the extent of the Fox River plume
was investigated. A raster-based GIS was used to analyze the
effect of lower Green Bay bathymetry on the transport of the
Fox River plume.

METHODS

STUDY SITE

Green Bay, an embayment of Lake Michigan, contains a f,;-,l1
gradient of trophic states from hyper.eutrophlc conditIons at ItS
southern end to oligotrophIC conditIons at the northern end,
thus acting as a microcosm for the Great Lakes as, a whole. The
mixing and transport processes of the Great Lakes embayments
have been likened to marine estuaries (Ahrnsbrak and Ragotz
kie, 1970). For these reasons, Green Bay is the site of an ongoing
investigation into the comparative utility of SPOT~ Landsat The
matic Mapper (TM), and NOAA Advanced Very High ResolutlOn
Radiometer (AVHRR) remote sensing systems for water quality
monitoring (Lillesand et aI., 1987; Lathrop and Lillesand, 1986).
The SPOT-1 image used in this investigation. covers approxI
mately the southern third of Green Bay (see Figure 1).. .

The Fox River, whose drainage baSIn has been heaVily Im
pacted by urbanization, industrial development, and dal~y ag
riculture enters at the bay's extreme southern end and IS the
bay's m~or tributary. The Fox River is also the major so~rce of
nutrients (e.g., phosphorus, nitrogen, and carbon), sediment,
and toxic microcontaminants to the entire bay (Bertrand et aI.,
1976). Due to the polluted nature of the Fox River plume, its
transport and dispersal have a significant effect on the Bay's
biota (Auer et aI., 1986; Richman et aI., 1984).

The shallow depth and constricted na.tur~ of the lower bay
reduces horizontal mixing and commUnIcatIon With the ~aIn

body of the bay, leading to a buildup of river effluen~..MIXIng
and transport studies using point samples of ~onductIVlty as a
tracer have shown that the Fox River water IS generally con
stricted to the bay's eastern shore by the combined infl,:,ence of
the prevailing south-southwest winds and rIghtward dr~ft of the
Coriolis effect (Mortimer, 1978; Ahrnsbrak and Ragotzkie, 1970;
Modlin and Beeton, 1970). Ahrnsbrak and Ragotzkie (1970) noted
that a zone of maximum horizontal gradient persisted in the
vicinity of an underwater sill extending fro~ L.ong Tail to Sa~le

Points (see Figure 2) and postulated that thiS sIll restrIcted mix
ing between the lower and mid bay waters.

DATA ACQUISITION

Multiple acquisition dates were initially planned, but only
one date was successfully acquired due to cloud cover. The
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to a period of heavy rain, the Fox River had a discharge of 34.2
x 106 m3/day (5-day average), approximately three times the
normal discharge level.

Eleven stations were sampled within one and one half hours
of satellite overpass, between 9:30 and 12:00 COT. A LORAN-C
radionavigation system was used to establish the position (latitude
and longitude) of each point (U.S. Coast Guard, 1984).

Water quality reference data consisted of surface (to a depth
of 0.3m) measurements of temperature (oq, chlorophyll a
(f.LgII), turbidity (NTU), total suspended solids (mglI), absorbance
(m _1 at 375 nm), and secchi disk depth (m) (see Table 1). All
samples were analyzed at the University of Wisconsin - Madison
Water Chemistry Laboratory to ensure consistently. Chlorophyll
a (CHL) measurements were made using 11 surface samples
filtered through glass fiber filters (Whatman GF/F) and calculated
with the trichromatic equations of Jeffrey and Humphrey (1975).
Duplicate CHL measurements were made for each station and
averaged. Total suspended solids (TSS) were determined by
filtering 11 samples and weighing the filters after drying for 24
hours at 50°C. Nonvolatile suspended solids (NVL) measurements
were determined by volatilization of the samples at 500°C for
one hour and differencing from TSS. Triplicate TSS and NVL
measurements were made for each station and averaged.
Turbidity (TRB) was measured using a Hach turbidimeter. A
general index of dissolved organic material (DaM) or yellow
substance concentration was measured by determining the
absorbance (ABS) of a filtered water sample at 375 nm, using
the method of Bricaud et al. (1981) (no corrections were made
for residual scattering). Secchi disk depth (SDD) was measured
using a 20-cm white disk.

DATA EXTRACTION/EVALUATION

The image analysis was accomplished on the Environmental
Remote Sensing Center's (ERSC) PDP 11/45 minicomputer and
IBM/AT microcomputer image processing system. The
Environmental Planning and Programming Language (EPPL7),
an IBM PC-based raster GIS developed by the Minnesota Land
Management Information Center (LMlC) (Minnesota LMlC, 1987),
was used in spatial analysis of the mapped SPOT image data.
Visual assessment of the multispectral (XS) imagery revealed a
vertical banding pattern (along track direction) of approximately
100-pixel wide columns of data all shifted by one digital number
(ON). Several droput lines were also evident.

The satellite data for all three bands were extracted at each
sample point using the following procedure. First, a second
order polynomial coordinate transformation was used to relate
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FIG. 1. Location of Green Bay Study Area and SPOT HRV scene.

TABLE 1. SURFACE REFERENCE AND SPOT REFLECTANCE DATA.

A SD CHL TRB TSS NVL ABS Reflectance
N

(m) (11g!l) (NTU) (mgll) (mg!l) (11m) XSI XS2 XS3
.25 .5mi

LBI 0.6 74.74 9.1 27.2 17.1 5.62 0.0798 0.5630 0.0460
LB2 0.6 76.85 11.9 28.9 18.6 7.05 0.0825 0.0646 0.0421
LB3 0.9 51.78 5.4 16.7 8.2 4.98 0.0742 0.0534 0.0409

FIG. 2. Bathymetric map of Lower Green Bay Study Area. Note: contour MBI 0.7 29.12 5.2 12.5 7.7 0.0680 0.0469 0.0392
interval = 6 feet (1.8m). MB2 1.2 31.86 4.5 12.6 7.6 0.0752 0.0543 0.0358

MB3 1.2 20.96 4.0 11.9 7.7 3.55 0.0795 0.0547 0.0358
MB4 1.9 16.37 2.3 6.2 3.3 1.53 0.0703 0.0436 0.0307
MB5 1.1 19.28 3.2 9.2 5.7 2.61 0.0798 0.0514 0.0307

scene is centered over 44°38'20" N latitude and 87°45'23" W MB6 1.7 14.68 1.7 7.0 4.0 1.54 0.0666 0.0419 0.0313
longitude (K596,IJ260, scene ID 1596268610061657271X). The scene MB7 2.0 14.81 1.3 5.1 2.4 1.48 0.0660 0.0428 0.0307
was acquired at approximately 11:00 AM COT 6 October 1986 by MB8 2.0 12.68 1.2 4.6 2.0 1.21 0.0697 0.0424 0.0307
the HRVI in spectral mode and processed at level 1B SD = secchi disk depth CHL = chlorophyll a
(radiometrically and geometrically corrected). Sky conditions at TRB = turbidity TSS = total suspended solids

the time of image acquisition were reasonably haze-free but NVL = nonvolatile TSS ABS = absorbance

with scattered cumulus and cirrus cloud cover. The wind was
XSI = multispectral band 1 XS2 = multispectral band 2

out of the west southwest at an average speed of 11 km/hr. Due
XS3 = multispectral band 3
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TABLE 2. REFLECTANCE AND LN SURFACE REFERENCE DATA

CORRELATION MATRIX

data. At high water volume reflectances, the HRV sensor was
relatively insensitive to small changes in the water quality pa
rameters, leading to a nonlinear relationship over the large range
of water quality conditions measured in Green Bay. An expo
nential model was found to best typify the data, thus requiring
a natural logarithmic (In) transformation of the water quality
data, resulting in the following model:

A In-linear relationship between suspended sediment concen
tration, turbidity, and sensor reflectance has been reported by
a number of other workers (Moore, 1980; Munday and Alfoldi,
1979).

Examination of the correlation matrix shows the high corre
lations of the individual band reflectances and ratios with the
In transformed water quality parameters (see Table 2). The cor
relation matrix also shows the high intercorrelation of the in
dividual band reflectances and of the· water quality parameter
data. The green wavelength band (XS1) shows the lowest cor
relation with the water quality parameters, whereas the red and
near IR wavelengths (XS2 and XS3, respectively) both show high
correlations. The high response in these longer wavelengths,
which are normally strongly absorbing in water bodies, is typ
ical of inland waters with high suspended sediment loads and/
or phytoplankton concentrations (Moore, 1980).

The red (XS2) and near IR (XS3) bands are relatively insensitive
to changes in turbidity and TSS at low levels of these parameters
(approx. < 4.0 NTU and 10 mgll, respectively) but show a strong
relationship with the higher levels (see Figures 3a and 3b). The
red/green (XS2/XS1) ratio, however, shows a greater sensitivity
at these lower levels (see Figure 3c). A multispectral approach
of combining the XS2/XS1 ratio with XS3 in the regression models
provided the best results over the entire water quality reference
data range (except for SDD, where the addition of the XS2/XS1
was not a significant improvement). Due to the limited sample
size (n = 11 sample points), the regression results must be
interpreted with caution but general trends do appear evident.
The final regression models are all highly significant with high
R2 values, low standard error of the mean Y estimate and good
predictive value (FIFe< > 4.0) (see Table 3).

DISCUSSION

As stated in the introduction, the optical properties of a water
body's constituents determine its volume reflectance. Three pa
rameters, namely inorganic suspended sediments, chlorophyll
a, and dissolved organic matter (DaM), through their differen
tial absorption and scattering properties, generally determine
water color/transparency. Due to the high intercorrelation of
these three parameters in the surface reference data set, it is

(3)InY = a + bX

water quality parameter of interest
reflectance of selected band or band
combination, and
regression coefficients.

XS1 XS2 XS3 XS2/1 InCHL InSDD InTRB InTSS

0.902
0.541 0.745
0.630 0.903 0.811
0.655 0.855 0.948 0.890

-0.671 -0.830 -0.912 -0.822 -0.916
0.747 0.902 0.897 0.890 0.942 0.957
0.742 0.905 0.932 0.897 0.967 -0.952 0.982
0.794 0.955 0.927 0.964 0.972 -0.964 0.970 0.978

where Y
X

a, b

XS2
XS3
2/1
InCHL
InSDD
InTRB
InTSS
ABS

RESULTS

As expected, there is a strong positive relationship between
the selected water quality parameters and the SPOT HRV digital

ground positions in the Universal Transverse Mercator (UTM)
reference system to their equivalent row and column position
in the satellite scene. Second, the sample site locations in latitude
and longitude were transformed to UTM, and then to their
corresponding satellite row/column addresses. Third, a high
resolution color graphics monitor was then employed to
interactively locate and review each sample point in the imagery.
A 3 by 3 pixel window, centered on the sample point, was used
to extract the digital number (DN) data for all the multispectral
bands. These data were then averaged for each sample point.
Also, it should be noted that all data were collected in locations
where potential bottom effects were avoided (the water depth
was at least twice the secchi depth). Three stations (MBl, MB2,
and MB7) were obscured by clouds. Image data from the nearest
cloud free location within 10 to 15 pixels of the original location
were used in each of these cases.

SATELLITE DIGITAL NUMBER TO REFLECTANCE CONVERSION

The DN data for each of the three XS bands were first converted
to spectral radiance. The gain information located in the leader
file of the SPOT computer compatible tape (CCT) was used to
calculate the spectral radiance, L (mW cm- 2 Sr- 1 J.l.m- I). The
spectral radiance values were then transformed to effective at
satellite reflectance, or in-band planetary albedo, a unitless
measure, using the coefficients in Price (1987). This conversion
was done to transform the data from all the bands to the same
physical units, as the DN scales for each band are calibrated
differently. This conversion facilitates direct comparisons among
the HRV bands (Robinove, 1982) as well as, intercalibration with
other remote sensing systems (e.g., TM) (Price, 1987).

DATA ANALYSIS TECHNIQUES

The satellite reflectance and surface reference data were
analyzed using the Minitab Statistical package. Data plots,
correlation matrices, and stepwise linear regression were used
to explore the relationships in the data. Linear regression was
used to quantify the relationships between the selected water
quality parameters (TSS, TRB, and SDD) and selected bands and
ratios of reflectance values. Analysis of residuals was undertaken
to check whether the regression model assumptions had been
met and whether transformations were necessary. Several
statistical parameters were chosen as indicators of the significance
of the regression models (Whitlock et al., 1982). These included
the square of the multiple correlation coefficient (R2), the standard
error of the mean Y estimate (SE(Y)), and the F-value. The F
value was expressed as a ratio of the observed F-value to the
critical F-value (FIFe<) at the 5 percent significance level; a ratio
of 4 implies a significant and worthwhile prediction equation
(Draper and Smith, 1981, Appendix 2C).

DATA BASE CREATION

The regression equations were used to map the water quality
parameter distributions over the entire image data set. A data
base of geo-registered images was created for the lower Green
Bay study area. The SPOT XS images were registered to UTM
using the above ground control points and an affine
transformation, followed by resampling by cubic convolution.
A layer delineating bathymetry (water depth) was vector digitized
at a 1.8-m (I-fathom) contour interval from USGS 7 liz" topographic
maps (Green Bay East and Green Bay West, Wisconsin, 1982)
using the Odyssey GIS package (Harvard, 1983). These vector
data were transformed into the UTM coordinate system, rasterized
into 20-meter grid cells, and then converted to EPPL7 run-length
encoded binary format.
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FIG. 3. (a) Plot of In turbidity versus XS2 reflectance. (b) Plot of In turbidity versus XS3 reflectance. (c) Plot of In turbidity versus XS2/XS1 reflectance.

TABLE 3. FINAL REGRESSION RESULTS. FORM: InY = a + b,X, + b 2Y2

Parameter n b, X, b2 X2
R2 SE(Y) FIFe< 11

InSDD 2.88 -76.2 XS3 0.83 0.199 8.7 11
InTRB -5.77 6.67 2)1 70.2 XS3 0.88 0.289 6.7 11
InTSS -3.27 4.74 2)1 68.1 XS3 0.93 0.189 11.2 11

difficult to distinguish the individual effect of anyone param
eter on the satellite reflectance data. The high total suspended
solids (ISS) loads (> 10 mg!l), including both inorganic and or
ganic solids, contributed by the Fox River, and possible wind
resuspension of lower bay sediments, appear to be the over
whelming determinant of the observed volume reflectance. The
concentration of nonvolatile suspended solids, an indicator of
inorganic suspended sediment, is well above the 0.5 mg!llevel
that Bukata et al. (1985) indicated would curtail the sensitivity
of Lake Ontario water volume reflectance to changes in chlo
rophyll concentration. Under the resulting highly turbid con
ditions, the separate delineation of chlorophyll a levels with the
limited spectral resolution afforded by SPOT should only be made
with caution. DaM probably plays a role in the lower correlation
of XSI with the other water quality parameters because this shorter
wavelength band is more greatly affected by DaM absorption.

Secchi disk depth (SOD) and turbidity measures incorporate
both the absorption and backscattering characteristics of the
water body and thereby provides a useful index of volume re
flectance. TSS lumps the inorganic and organic solids, providing
a useful measure of the overall particulate concentration. At
high water volume reflectances the lower wavelength bands
(e.g., green wavelengths) tend to saturate with the reflectance
maximum shifting to higher wavelengths (e.g., red and near IR
wavelengths). Conversely, the longer wavelength bands are in
sensitive to small changes in parameter levels at low water vol
ume reflectances. As suggested by Holyer (1978), a multispectral
approach combining the visible and near IR bands provides a
simple yet effective calibration model for total suspended solids
and turbidity over the large range in water quality conditions
found in Green Bay. The water quality parameters (SOD, TRB,
and TSS) can be predicted with a reasonable degree of accuracy
over most of their range (within approximately ± 10 percent for
the mean, as compared to an accuracy of ± 5 percent due to
sampling error alone). Due to the exponential nature of the
regression models, at higher parameter levels (i.e., near the
upper limit of the calibration data) the prediction confidence

interval widens considerably; the water quality parameters can
only be estimated to within ± 25 percent.

Figures 4 and 5 show the distribution of SOD and TSS through
out the study area. Cumulus cloud banks and land have been
masked out as black. The SOD image map shows the general
distribution of the highly turbid lower bay waters in relation to
the clearer mid bay waters (see Figure 4). As expected under
the prevailing southwesterly winds, a plume of more turbid
water (e.g., < 0.9m SOD) can be observed extending up the
eastern shore, out around Sable Point. Unfortunately, cloud
cover obscures observations of the plume in the northern half
of the scene. The TSS image map shows the complex patterns
of the lower bay and the steep gradient in TSS concentrations
between the river plume and mid Bay waters (see Figure 5).

By overlaying the bathymetry contours on the calibrated mul
tispectral SPOT imagery, the close association of the maximum
gradient to the shallow underwater sill is clearly evident (see
Figure 6). Behind the sill the waters of the lower bay are rea
sonably well mixed, though there is some fine-scale structure

FIG. 4. Secchi disk depth distribution mapped over Green Bay Study Area.
Note: cloud cover and land masked out as black. SPOT image Copyright
1986 CNES.
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FIG. 5. Total suspended solids distribution mapped over Green Bay Study
Area. Note: cloud cover and land masked out as black. SPOT image Co
pyright 1986 CNES.

(as evidenced in Figure 5). Long Tail Point restricts the flow of
lower bay water northward along the western coast. These ob
servations closely correspond to those made by Ahrnsbrak and
Ragotzkie (1970) and support their contention that Long Tail
Point and the underwater sill are restricting mixing of the lower
bay water with the main body of the bay. However, a distur
bance in this zone with an eddy of turbid water breaking off is
visible (unfortunately, the SPOT XS data are unusually noisy in
this region of the image). The advection of this eddy and the
river plume up along the eastern shore indicates that the turbid
·river water with its high TSS loads is being transported farther

up the bay where it will eventually mix with the mid-bay water
mass and settle from the water column.

The study's original goal of obtaining a time series of data to
observe the temporal dynamics of the Fox River plume was not
realized due to the high frequency of cloudy weather in the
Great Lakes region and the limited temporal resolution of the
SPOT system. However, the calibrated SPOT imagery, when in
tegrated with bathymetry, does provide a high spatial resolu
tion data base useful in investigating river plume transport.
Both fine-scale structure within an individual water mass and
larger scale relationships between water masses are within the
synoptic view of the SPOT system.
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New Sustaining Member
YEP ASSOCIATES, INC.

1140 Bloomfield Ave., West Caldwell, NJ 07006
Telephone 201-575-8556; fax 201-575-7777

"l TEP ASSOCIATES, one of ENR's Top 500, was founded in 1971 as a full-service consulting engineering firm providing surveying,
V mapping, engineering, design, and construction management services for a wide variety of clients. Our comprehensive range of

services and multidisciplinary approach offers continuity throughout the entire course of any project, from its initial inception through
final completion. YEP places special emphasis on surveying and photogrammetry, and our commitment to advanced technology and
innovative thinking.

VEP's well-staffed SURVEY DIVISION utilizes the latest Kern and TOPCON instruments functioning both in support of in-house
projects and performing survey services for other firms. In addition to conventional survey services, YEP also performs Global
Positioning Satellite (GPS) surveys using its state-of-the-art ten-channel Trimble 4000SL Surveyor Systems.

The PHOTOGRAMMETRlC DIVISION at YEP employs the latest high technology Wild and Kern equipment including analytical
stereorestitution systems, high-order stereodigitizing stations, precision two-dimensional digitizing stations, digital graphics edit and
design stations, as well as a variety of computer-aided plotting tables.

Currently VEP operates over 30 in-house computers ranging from microcomputers to the super mini DEC VAX, where CADD sys
tems such as Intergraph, McDonnell-Douglas GDS, Diginetics DIGIMAP, AutoCAD, etc. reside. YEP is constantly implementing
innovative cost-effective integration of the computer technology with the surveying, photogrammetric, and engineering sciences. Due
to our broad client base we have developed unique capabilities in the translation of digital data into most commonly used CADD sys
tems (Intergraph, Synercom, IBM, McDonnell-Douglas, Medusa, Auto-CAD, etc.).

VEP serves clients throughout the Northeastern United States from its headquarters in West Caldwell, New Jersey, and its Regional
Operating offices: 2000 Market Street, Philadelphia, PA 19103, 215-564-1045, fax 215-564-1109; 1250 Broadway, New York, NY 10001,
212-629-4000, fax 212-629-4017; and 701 Main Street, Stroudsburg, PA 18301, 717-424-6004, fax 717-424-5009.

For more information, please contact Mr. Val Manov, VEP's Director of Management at 201-575-8556.


