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Development of Water Quality 
Models Applicable throughout the 
Entire San Francisco Bay and Delta 
Landsat MSS-aided single models may be developed to be applicable 
to the entire San Francisco Bay and Delta for mapping salinity, 
turbidity, total suspended solids, and chlorophyll a concentrations. 

B ECAUSE OF temporal and spatial heterogeneity, 
mapping and effective monitoring of water 

quality in estuarine environments are very difficult. 
Many investigators have been limited by the in- 
ability to view the entire or even a large portion of 
San Francisco Bay and Delta estuary at one time. 
Relying upon a series of sampling stations distrib- 
uted throughout the estuary, investigators have had 
to interpolate parameter values between stations, 
and have been forced to extrapolate in the large 

quality mapping in this region has already been doc- 
umented (Khorram, 1981a), but the Landsat data 
are preferred to ocs  airborne data because of re- 
petitive coverage. The applicability of Landsat MSS 
data within the Delta portion of this study area has 
been documented (Khorram, 1981b). This paper 
deals with models applicable to the entire bay and 
delta for a given date during low runoff period. 

Remotely-sensed data derived from multispectral 
scanners have been used for water quality mapping 
of inland and estuarine systems by many investiga- 

ABSTRACT: The objective of this study was to explore whether Landsat-based models 
could be deceloped to map each of four water quality parameters in the entire Sun 
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models were then extended to the entire study area for mapping the water quality 
parameters of interest. The results included a series of color-coded maps, bach 
pertaining to one of the water quality parameters, statistical summaries, and ac- 
curacy assessment tables. 

shallow bays where research boats cannot pene- 
trate. The patchiness evidenced by the use of a con- 
tinuous flow fluorometer illustrates the inaccuracy 
of such interpolation and extrapolation. Repetitive 
remotely-sensed data acquired froin Landsat satel- 
lites may be considered as having the potential to 
provide the temporal and spatial data for mapping 
water quality in estuarine systems cost-effectively. 

The usefulness of airborne multispectral data ob- 
tained from the Ocean Color Scanner (ocs) for water 
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tors (Clarke et al., 1970; Duntley, 1971; Bressette, 
1974; Johnson, 1975; Ritchie and Schiebe, 1979; 
Whitlock and LeCroy, 1982). Landsat data have 
been used to map concentrations of suspended sed- 
iments (Klemas et al., 1973; Williamson and Gar- 
beau, 1973; Kritikos et al . ,  1974). Rogers et al. 
(1975), R. Johnson (1980), and Khorram (1981a) ap- 
plied regression models based on remotely-sensed 
data for mapping chlorophyll and other water 
quality parameters in estuarine environments. The 
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same technique has also been used for mapping tur- 
bidity and total suspended solids from Landsat dig- 
ital data in estuaries (Brooks, 1975; Ritchie, 1976; 
Aranuvachapun and LeBlond, 1981; Khorram, 
1981b). Several investigators have studied the ap- 
plicability of Landsat data for determining and mon- 
itoring water quality in reservoirs, lakes, and es- 
tuarine systems (Smith et al. ,  1977; Johnson and 
Harris, 1980; Lillisand et al., 1983). 

Surface water quality monitoring programs have 
demonstrated that concentrations of phytoplankton, 
chlorophyll, particulate organic nitrogen and phos- 
phate, turbidity, and inorganic suspended solids are 
significantly higher in a region of high biological ac- 
tivity, also known as the "Entrapment Zone," within 
the Delta portion of the study area than in adjacent 
upstream or downstream areas (Arthur, 1975; Ball, 
1975; Siegfried et al., 1979). The entrapment zone 
can then be characterized by comparison of sus- 
pended solids, chlorophyll, and turbidity along with 
longitudinal axis of the estuary (Arthur, 1975). Ap- 
plicability of Landsat data to map the parameters for 
locating the entrapment zone is discussed in this 
paper. 

The objective of this study was to investigate the 
usehlness of Landsat Multispectral Scanner (MSS) 
digital data for (1) developing a series of models for 
mapping selected water quality parameters 
throughout the entire San Francisco Bay and Delta 
for a given date during low runoff period; and (2) 
locating the entrapment zone. The water quality pa- 

rameters of interest included salinity, turbidity, sus- 
pended solids, and chlorophyll a concentrations. 
The selected date was 27 October 1980. 

The general approach involved (1) acquisition of 
water quality samples from predetermined sample 
sites simultaneously with the Landsat overpass; (2) 
laboratory analyses of water quality samples; (3) de- 
velopment of regression estimators for predicting 
water quality parameters from Landsat digital data; 
(4) application of regression-based functions for 
mapping the spatial distribution of water quality pa- 
rameters within the entire study area; and (5) as- 
sessment of modeling accuracy. 

COLLECTlON AND LABORATORY ANALYSES OF WATER 

QUALITY SAMPLES 

A total of 73 samples were collected from 11 boats 
from 9:30 to 10:30 A.M. local time on 27 October 
1980. The locations of these sample sites are shown 
in Figures 1 and 2. Landsat overpass time was 10:05 
A.M. local time. 

Salinity was determined first by measuring elec- 
trical conductance with a conductivity bridge and 
then coverting the specific conductivity values to 
salinity in parts per thousand. Turbidity was mea- 
sured with a Hatch Turbidometer in Nephelometric 
Turbidity Units. Suspended solids were collected by 
vacuum filtration on preweighed filters, dried, and 
reweighed on an analytical balance. Chlorophyll a 
concentrations were extracted with 95 percent ace- 
tone and analyzed fluorometrically. 

L O C A T I O N  O F  
W A T E R  Q U A L I T Y  

S A M P L E  S I T E S ,  

U S E D  F O R  

M O D E L I N G .  

FIG. 1. Location of 50 water quality samples, collected on 27 
October 1980, and used for development of water quality 
models. Scale is approximately 1:500,000. 
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FIG. 2. Location of 23 water quality samples, collected on 27 October 1980, 
and used for verification of water quality models. Scale is approximately 
1:500,000. 

ACQUISITION AND ANALYSIS OF LANDSAT DATA 

Landsat-2 Computer Compatible Tapes (CCT) 

were obtained from the Earth Resource Observa- 
tion Systems (EROS) Data Center in Sioux Falls, 
South Dakota. The Landsat CCTS were reformatted 
to a format compatible with the Remote Sensing 
Research Program (RSRP), University of California at 
Berkeley, data processing system. 

All of the water quality sample sites were located 
in the Landsat Coordinate System by applying a 
coordinate transformation equation between the 
Universal Transverse Mercator (UTM) Coordinate 
System and the Landsat Coordinate System. This 
transformation was based on a second order linear 
regression equation based on a number of control 
points with R2 > 0.98. This regression model was 
then used to transfer the UTM-based coordinate 
system for the 73 water quality sample sites to the 
Landsat Coordinate System. The exact locations of 
these sample sites were also visually verified. 

The mean radiance values in all four bands of 
Landsat MSS data for the nine pixel block (3 by 3 
pixels) encompassing each sample site were com- 
puted. These mean block values were used as in- 
dependent variables in the regression model de- 
scribed below. 

DEVELOPMENT OF WATER QUALITY MODELS BASED ON 

SAMPLE SITES 

A series of statistical models (based on a stepwise 
regression method) were examined for determining 
the best relationships between each water quality 
parameter measurement at 50 sample sites and the 
mean count values computed from Landsat bands 

4, 5, 6, and 7, as well as band ratios and combina- 
tions. Based on the evaluation of the coefficients of 
determination (Rq, the "F" values, the significance 
levels of these "F" values, the residual values, and 
the range for residual values, the best regression fit 
for each one of the selected water quality parame- 
ters was determined. The Results section includes 
these models. 

EXTENSION OF WATER QUALITY MODELS TO THE ENTIRE 

STUDY AREA 

The regression models developed between the 
water quality measurements for 50 sample sites and 
their corresponding mean count values were ex- 
tended to the entire study area for mapping the 
selected water quality parameters. This extension 
was accomplished by using a simple linear discrim- 
inant function. By applying this function to each 
pixel in the study area and then grouping each con- 
tinuous water quality variable into discrete classes, 
the classification was accomplished. These discrim- 
inant functions were applied to Landsat MSS data to 
produce the classified outputs representing water 
quality. These classified maps were then renum- 
bered to the final maps. 

ACCURACY ASSESSMENTS FOR STATISTICAL MODELS 

The selected statistical models for water quality 
estimation were based on 50 of 73 sample sites. 
These selected models were applied to the 23 re- 
maining sample sites for verification. The simulated 
values and the actual water quality measurements 
from boats for these 23 sample sites were used for 
evaluating the performance of models. 



The results were composed of (1) a series of math- 
ematical models for predicting each water quality 
parameter along with their statistical summaries and 
accuracy assessment tables; (2) measured values of 
water quality parameters for all sample sites; and (3) 
a series of color-coded maps of the entire study area, 
each pertaining to a water quality parameter of in- 
terest. 

Based on the statistical analyses, the following 
models were selected to represent the best rela- 
tionship between the water quality measurements 
for sample sites obtained from boats and the cor- 
responding mean count values of Landsat data: 
SALINITY MODEL 

YE, = 91.8 - 19.7 (InX,) - 11.8 ( Id6) ,  where 
YE, = salinity expressed in parts per thousand. 

TURBIDITY .MODEL 

YT = 3.70 - 0.04 (X,)' + 0.08 (XJ2 + 0.09 (XJ2 
- 0.57 (X,)" where 

Y, = turbidity expressed as Nephelometric Tur- 
bidity Units. 

SUSPENDED SOLIDS MODEL 

Y,, = -79.25 + 24.24 (InX,) + 0.34 (Id,) ,  where 
Y,, = total suspended solids expressed in mgll. 

CHLOROPHYLL MODEL 

YcH = - 40.99 + 2.73 (X,) - 2.62 (X,) + 1.93 (X6) 
+ 4.14 (X,) - 0.07 (XJ2 + 0.30 (XJ2 
- 0.25 (X,)" 0.19 (X,)', where 

Y,, = chlorophyll concentration expressed in pgll. 
In all of the above models, 

X, = the mean count value in band 4 of Landsat 
data, 

X, = the mean count value in band 5 of Landsat 
data, 

X6 = the mean count value in band 6 of Landsat 
data, and 

X, = the mean count value in band 7 of Landsat 
data. 

The coefficients of determination (R2) for water 
quality models (developed based on 50 sample sites) 
and the correlation coefficients (R) values for veri- 
fication of models based on 23 remaining sites are 
shown in Table 1. All of the "F" values were statis- 
ticallv significant at least at 0.01 level. The deter- , " 
mination and correlation coefficients are measures 
of the closeness with which the regression models 
fit the water quality measurements. The significant 
"F" values indicate that variations in spectral re- 
sponse account for a significant portion of the vari- 
ations in water quality parameters. 

The distribution of the observed values and the 
predicted values for salinity, turbidity, suspended 
solids, and chlorophyll a models are shown in Fig- 
ures 3, 4, 5, and 6, respectively. 

"R" for 
verifications 

R2 for best of lnodels 
fit models based on 23 

Water Quality based on remaining 
Parameter 50 samples samples 

Salinity 0.910 0.64 
Turbidity 0.903 0.88 
Susp. Solids 0.810 0.62 
Chlorophyll a 0.760 0.60 

All of the "F" values were significant at the 0.01 level 
indicating that the variation in Landsat MSS data account 
for a significant portion of the variations in water quality 
parameters. 

The coefficients of determination were observed 
to be high for salinity and turbidity, relatively high 
for suspended solids, and relatively low for chloro- 
phyll a concentrations. The low R2 values for chlo- 
rophyll a may be due to an inadequate number of 
sample sites to represent the wide range of existing 
conditions within the study area in general and in 
the Delta region in particular. The fact that the 
physical, chemical, and biological properties of 
water are different for the Delta Region, the San 
Francisco Bay, and the Pacific Ocean suggests that 
the models must be based on the sample sites rep- 
resenting the entire range of possible values. Be- 
cause the reflection in the visible and near-infrared 
part of the electromagnetic spectrum due to chlo- 
rophyll a concentrations is highly selective (Uno, 
1980), we believe that the broad range of Landsat 
bands is partly responsible for low R2 values in chlo- 
rophyll a model. The chlorophyll a model produced 
some negative values where the very low concen- 
trations were expected. This indicates low sensi- 
tivity of the model for low values of chlorophyll a. 
This may also be due to the broad range of fre- 
quency in Landsat bands. Use of either airborne 
scanners with narrower ranges of frequencies for 
each channel or Landsat Thematic Mapper data may 
be expected to produce better results. 

The tabulated results of laboratory analyses and 
the locations of the 50 water quality samples used 
for the development of models and the 23 water 
quality samples used for verification of models are 
shown in Table 2 and Figures 1 and 2. 

The color-coded water quality maps for salinity, 
turbidity, suspended solids, and chlorophyll a con- 
centrations are shown in Plates 1, 2, 3, and 4, re- 
spectively. In these figures, the values of water 
quality parameters increase with color changes from 
blue to green to yellow to orange and to red. That 
is, blue represents the lowest value and red repre- 
sents the highest value. 
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SALINITY PPT TURBIDI~Y 
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Frc. 3. Observed values versus p-edicted values based I on salinity model. 

SUSPENDED SOLIDS 
PREDIC rED VS OBSERVED 

FIG. 4. Observed values versus predicted values based 
on turbidity model. 

CHLOROPHYLL A 
PREDICTED VS. OBSERVED 

-2 5 5  

0 2 4 6 8 1 0 1 2 1 9  

OBSERVED CHLOROPHYLL UG / L  OBSERVED SUSPENDED SOL IDS 

FIG. 5. Observed values versus predicted values based FIG. 6. Observed values versus predicted values based 
on suspended solids model. on chlorophyll a model. 

The lower salinity values in the upper left part of 
San Pablo Bay are due to freshwater inflow from 
Petaluma and Sonoma Creeks. At the entrance of 
the Napa River into Carquinez Strait low salinity 
values are indicated. As expected, the higher sus- 
pended solids, turbidity, and chlorophyll a concen- 
trations were observed at the entrance of Petaluma 
and Sonoma Creeks into San Pablo Bay. These 
higher values were in agreement with the surface 
measurements. In case of salinity, it is our opinion 
that we may be sensing one or more surrogate pa- 

rameters because we have not found a strong dif- 
ference in the reflectance characteristics of saline 
water and freshwater in the literature. These sur- 
rogate parameters may be turbidity because fresh- 
water in this geographic region is much more turbid 
than saline water. The other factor contributing to 
this thought is the strong correlation between tur- 
bidity and salinity in our input dataset. 

The analysis of chlorophyll a, suspended solids, 
and turbidity maps indicates the existence of a re- 
gion with high biological activity in the Delta re- 
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Sample Salinity Turbidity Susp. Solids Chlorophyll a 
Site No. PPT NTU mg/l 

BTl* 
BT4* 
BT6* 
BT9* 
BTlO* 
BTll*  
BT23* 
BT26* 
BT27* 
BT28* 
BT29* 
BT30* 
BT31* 
BT47* 
BT49* 
BT50* 
BT52* 
BT53* 
BT55* 
BT57* 
BT58* 
BT59* 
BT109* 
BTllO* 
B T l l l *  
BT2** 
BT3** 
BT7* * 
BT8** 
BT24** 
BT25** 
BT32** 
BT46** 
BT51** 
BT54** 
BT56** 
BT63** 
BT65** 
BT67** 
BT72** 
BT79** 
BT83* * 
BT92** 
BT94* * 
BT96** 
BT100** 
BT105** 
BT107** 
BT60* 
BT61* 
BT62* 
BT64* 
BT66* 
BT68* 
BT69* 
BT70* 
BT71* 
BT74* 
BT75* 
BT77* 
BT78* 
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TABLE 2. (Continued) 

Sample Salinity Turbidity Susp. Solids Chlorophyll a 
Site No. PF'T NTU ~ g / l  

* Used for modeling. 
** Used for verification. 

gion. To some scientists this area is known as the 
"Entrapment Zone." The location of this zone is in 
agreement with the results of other investigations 
(Ball, 1975; Arthur and Ball, 1979; Khorram, 1981a, 
b). This region is shown in red and brown colors in 
Plates 1, 2, and 3. 

The distribution of salinity, turbidity, suspended 
solids, and chlorophyll a values throughout the Bay 
and the Delta regions was in general agreement 
with the expected values of these parameters and 
the values reported in the literature (Conomos and 
Peterson, 1974; Arthur and Ball, 1979; Cloern, 
1979; Orsi and Knutson, 1979; Khorram, 1981a, b). 

Through the use of conventional ground survey 
techniques, the location of a region of high biolog- 
ical activity or "Entrapment Zone" in the main es- 
tuary of the study area and its adjacent environment 
has also been reported by other investigators (Con- 
omos and Peterson, 1974; Peterson et al., 1975; Ar- 
thur, 1975; Siegfried et al., 1979). 

Consistent with the results of this investigation, 
the region of high turbidity and high suspended 
solids appears to be a persistent feature of moder- 
ately stratified estuaries (Meade 1972). A region of 
maximum turbidity was measured as early as 1893 ' in the Gironde-Garonde Estuary of France (Glan- 
deaud, 1939). Recently, several investigators, 
through the use of conventional ground survey tech- 
niques, have reported a region of high turbidity in 
many estuaries of northern Europe, British Guyana, 
and the United States (Postma, 1967; Schubel, 1968; 
Arthur, 1975). 

The water quality maps of the same area based 
on the Ocean Color Scanner data also indicated the 
existence of this region of high biological activity 
(Khorram, 1981a). 

Based on the results of this investigation, the fol- 
lowing conclusions were indicated: 

Areas having relatively high biological activity were 
clearly discernible on digitally-enhanced Landsat 
data. This area is characterized by high turbidity, 
high suspended solids, and high chlorophyll a con- 
centrations. 
Consistent with our findings, many investigators 
from different parts of the world, through the use 
of conventional ground survey techniques, have re- 
ported a region of high turbidity and high sus- 
pended solids to be a common feature of moder- 
ately stratified estuaries. 
The coefficients of determination (RZ) were ob- 
served to be high for salinity and turbidity, rela- 
tively high for suspended solids, and low for chlo- 
rophyll a concentrations. In the case of salinity, we 
may be sensing one or more surrogate parameters. 
One of these parameters may be turbidity. Two rea- 
sons contribute to this thought: one is the less 
turbid nature of saline water as compared to fresh- 
water in this geographic region and the other is the 
strong correlation between salinity and turbidity in 
our input dataset. 
The broad range of frequencies in Landsat MSS 
bands may be partially responsible for low R" 
values with respect to the chlorophyll a model. The 
use of the Thematic Mapper data, which has a nar- 
rower range of frequencies per band, is expected 
to produce better results. 
We were able to develop a single model for esti- 
mating the diverse range of each water quality pa- 
rameter throughout the entire San Francisco Bay 
and Delta during a low runoff period based on the 
combination of Landsat and in situ data repre- 
senting the existing physical, chemical, and biolog- 
ical conditions. 
Landsat MSS data have been successfully used for 
the purpose of water quality mapping by many in- 
vestigators. I t  is believed, however, that the 
present study constitutes the &st concerted effort 
to use remote sensing to map selected water quality 
parameters throughout the entire San Francisco 
Bay and Delta. 
Further research is needed to confirm these 
models or develop new models under different 
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Landsat digital data. Landsat digital data. 
PLATE 1. Salinity ,nap of the study area, derived from PLATE 2. Turbidity map of the study area, derived from 

PLATE 3. Suspended solids map of the study area, de- PLATE 4. Chlol-ophyll a map of the study area, derived 
rived from Landsat digital data. from Landsat digital data. 
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freshwater inflow conditions and, possibly, develop 
a series of generalized models applicable all year 
round for this geographic region. 
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Over the past fifteen years satellites have made a major impact on all of our surveying and mapping 
activities. Surveyors regularly use satellite positioning techniques to establish survey control and to estab- 
lish the position of off-shore drilling platforms. Landsat data has become a key source of environmental 
and resource information as well as providing data for updating small-scale maps. The developing Global 
Positioning System (GPS) is presently of major interest to our researchers, and further technological 
development will increase the potential utilization of satellites in the future. 

This 78th Annual Meeting of the Canadian Institute of Surveying will explore the many novel and varied 
ways satellites have impacted our profession and will also allow us to catch a glimpse of what the future 
may hold in store for us. 

For further information please contact 

Convention Chairman Clark Beattie 
17203-103 Avenue 
Edmonton, Alberta T5S 1J4, Canada 
Tele. (403) 483-8033 


