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PREFACE

The quality of water in the Delta, and the effect that
various uses might have on that water quality, is a matter
of great interest to a number of state, federal., and local
government agencies. Of particular interest is an area at
approximately the point where salty tidal water moving up
the Delta from San Francisco Bay meets fresh water flowing
to the Bay from the Sacramento and San Joaquin -"fivers.

Known as the region of "high biological activity's
because of its abundance of fish and plant life, this
shifting, constantly changing area is difficult to map
and monitor. In the fall. of 1978, a team of University
of California Scientists was asked to determine if remote
sensing, combined with information gathered on-site, could
be used to measure water quality in San Francisco Bay and
the Delta, and to locate this region of high biological
activity.

Data was collected on September 14, 1978 by means of
an Ocean Color Scanner (OCS) flown on a NASA U-2 plane at
an altitude of 65,000 feet. The aircraft also took
conventional color and color infrared photographs. Water
quality samples were taken simultaneously from boats at 29
pre-determined sites in the study area. Statistical
comparisons were then made of the data., parameter estimation
models were developed and tested, and separate color-coded
maps were prepared for each of the four water quality
parameters being analyzed,

As shown in the report, the area. of high biological
activity was clearly discernible on computer_ enhanced
imagery of the OCS data. The area could not be consistently
identified by high quality aerial, photography taken with
either conventional color ;Film or infrared color film.

The scientists consider the preliminary results of the
study highly promising; and believe remote sensing will be
useful in monitoring water quality in San Francisco Bay
and the Delta..
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1.0	 INTRODUCTION

Water demand in the State of California is constantly
increasing with the increase in population, improvement in
the standard of living and the expansion of industry. The
San Francisco Bay and the associated delta that is formed
by the confluence, of the Sacramento and San Joaquin Rivers
constitute one of California's most important aquatic re-
sources, Because of this area's wealth of industrial, re-
creational and aesthetic resources, there are many conflict-
ing proposals on how it might 1.;st be used. There also are
conflicting opinions on the extent to which any given use
might affect water quality throughout the area. Within this
study area there is a "region of high biological activity"
because physical forces are such that there is an upwelling
of the heavier salt water, which in turn stimulates a down-
welling of fresh water and a consequent circulation of water
currents and their associated nutrients.

Regions of high turbidity and high suspended solids
appear to be a persistent feature of moderately stratified
estuaries (Mead 1972).__A region of maximum turbidity was
measured as early as 1893 in the Gironde - Garonde Estuary
of France (Glandeaud, 1939). Recently several investigators,
through the use of conventional ground survey techniques,
have reported a region of high turbidity in many estuaries of
northern Europe, British Guiana and the United States (Postma,
1967; Schubel, 1968; Mead, 1968; and Arthur, 1975, 1977).
Other investigators have noted a region of greatest suspended
sediment accumulation in Thames Estuary (Inglis and Allen,
1957). Paterson et al (1975) have suggested that the water
column in the noi^  id—al current null zone in northern San
Francisco Bay experiences the longest advective replacement
time relative to other portions and the estuary, which may
affect the planktonic community.

In a few instances (Barker, 1975; Brooks, 1975, Scherz
et al, 1975; Rogers et al, 1975; Johnson, 1976; and McKeon
and Rogers, 1976) remot*E—sensing data derived from multi-
spectral scanners also have been used for the purpose of
water quality mapping. Draeger, et al (1974) provide a com-
prehensive review of the literatuT  pertaining to the use of
remotely sensed data for measuring and monitoring water quality
That review in conjunction with cooperative studies with the
Department of Water Resources concluded that remotely sensed
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data have the povential for mQasuring water quality
parameters in tin operational mode if 1.) surface ai,,d
airborne measurements are Valten simultaneously, 2,.)
sensors are calibrated for accurately and consistently
relating reflectance characteristics of the water
quality parameter .1 0 image signature, and 3.) robust
models are developed and tested allowing water surface
reflectance values to be correlated to surface and
subsurface water qualit y parameters, This study con-
stitutes the first instance ► n which there has been a
concerted effort to use remote sensing to locate the
region of highest biological activity and map the
associated water quality parameters in an operational
mode,

As an integral part of this project, water quality
data were collected by means of surface monitoring pro-
grams between 1968 and 1973. This collection effort was
performed by personnel of the Department of Land, Air,
and Water Resources from the Davis campus of the Univer-
sity of California under the direction of Dr. Allen W.
Knight, It demonstrated that concentrations of phyto-
plankton, chlorophyll, particulate organic nitrogen and
phosphate, as well as inorganic suspended solids, and
overall turbidity, were significantly higher in the
"region of high biological activity" than in the adjacent
upstream and downstream areas. Location of this region
may thus have important effects upon the Delta fisheries,
whose contribution to the economy ,of the area is offici-
ally estimated to exceed $10 million annually, This
"region of high biological activity" (often referred to
as the "Entrapment Zone") may be characterized by quanti-
fying, comparing, and monitoring suspended solids, chlo-
rophyll, turbidity, and conductivity parameters along the
longitudinal axis of the estuary, The usefulness of
remote sensing for mapping these important water quality
parameters has beea examined and demonstrated under this
investigation,

The objective of this research effort was to in-
vesuigate the use of remotely sensed data, combined with
in situ data, for assessing water quality parameters and
r-r-10—ating  the "region of high biological activity"
within the San Francisco Bay Delta. The water quality
parameters 

of 
interest included suspended solids, chloro-

phyll concentration, turbidity, and electrical conductivity
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(salinity) The remote sensing data included the Ocean
Color Scanner (OCS) data and color infrared photography,
both of which were obtained from a NASA U-2 aircraft,
and Landsat multispectral scanner (MSS) data.

2.0 TECHNICAL APPROACH,

The general approach involved simultaneous acquisition
not only of all remotely sensed data but also of water
quality samples from boats. The simultaneous collection
of water quality samples and remotely sensed data was
coordinated and conducted by both the Berkeley and Davis
teams, Regression models were then developed between
each of the water quality measurements and the remotely
sensed data. These models were developed in two stages-,
1) between the water quality measurements and OCS data, and
2) between the water quality measurements and Landsat MSS
data, The regression models were then extended to the
entire study area for use in mapping of the water quality
parameters of interest, The methodology is divided into
the following six sections:

1. Collection and laboratory analysis
of water quality samples.

2. Acquisition and analysis of the
Ocean Color Scanner (OCS) data.0

3. Development of regression models
for estimating water quality parameters
from OCS data,

4. Acquisition and analysis of Landsat
Multispectral Scanner (MSS) data,

5. Development of regression models
for estimating water quality parameters
from Landsat MSS data.

6, Application to the entire study area
of regression models based on the
OCS and Landsat data.

0	
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3.0 METHODOLOGY

i3	 Collection and Laboratory Anal ysis of Water
7es,

Oil SUpLel%ber 14, 1973, samples of the four selected
water quality parameters were collected at 29 pre-deter-
mined sites in the San Francisco Bay-Delta Region, These
Water quality parameters measured on the 29 sample sites
included salinity, turbidity, and suspended solids. In
addition, chlorophyll concentration was measured on nine
of the 29 sites, These samples as shown in Figure 1 were
distributed throughout the Delta. The chlorophyll data
were only collected on the first nine sites as the sample
boats progressed from San Pablo Bay toward the Delta
region,

Water samples used for determining suspended solids
were collected through a weighted hose. Samples were
iced in the field and taken to the laboratory for analysis.
In the laboratory, suspended matters were collected Ly
vacuum filtration on pre-weighed 0,45vfilters, dried at
1050C, and reweighed on an analytical balance, Chlorophyll
samples were collected by vacuum filtration on glass fiber
filters pre-treated with MgCO3 suspension, and analyzed
by the Huorometric method, Turbidity and salinity were
determined in situ by a turbidity meter instrument and a
ref rac tome t rr, '-iF5ip ec t ively,

3.2	 Acquisition and Anal	 of the Oceai. Color Scanner

The ocean color scanner is a ten channel line
scanning radiometer having a 90 0 total field of view and
a 3.5 milliradian spatial resolution. This scanner was
flown on a NASA V-2 aircraft at an altitude of 65,000
feet over the study area on September 14, 1978. The cali-
brated computer compatible tapes of the OCS data were ob-
tained from NASA-Goddard Space Flight Center (GSFC). The
following procedure was used in processing and analyzing
the OCS data.

40
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3.2.1 Data Reformatting%

An a^. gorithm was developed and applied for re-
formatting the ACS data from the OSFO format to the
format of the Remote Sensing Research Program (RSRP)
data processing system.

3,2.2 Bad Data Rectification

The OCS data contained a large number of bad
data lines (referred to in this report as "dropouts"),
These dropouts resulted from the malfunctioning of
the dig itize .^ on the scanner at the time of data ac_
quisition,

Two procedures for replacing the bad lines
were used. Procedure One was used to replace data
line dropouts not exceed ng three consecutive lines.
This procedure was based on a linear interpolation
of the data from reliable data of a line above and
below the dropout region. In this procedure, we

simplyeplaced the drop out lines, pixel-by-pixel,
hh 

the 
linearly interpolated values between the

lines immediately above and below the dropouts,
Procedure Two was used to eliminate dropout regions
excee ng three consecutive lines. Tis situation
occurred on the average of once per one hundred scan
lines in each band, Procedure Two utilized RSRP
developed software to create data lines in the drop-
out regions. This replacement was accomplished as
follows: For each band to be corrected (i.e. dropout
regions replaced) which we will call "Band A", we
determined which of the available bands with a different
dropout pattern (i.e, "Band B") was most highly corre-
lated with "Band A". For each set of dropout regions
in "Band A", we located the nearest scan lines above
and below the dropout area which had reliable data in
both "Band A" and "Band B", On the basis of these two
lines, we constructed a table containing the transforma-
tions from corresponding lines in "Band B". None 'of the
29 sample sites corresponded to areas of large data drop-
outs on the spectral channels used.

6



3.2.3 OCS Channel Select on

The OCS data consisted of rix useable channe!R.
Channels 1, 2, 8 and 9 were not used, Channels I and
2 were deemed inappropriate data for water quality
studies-, Channel 8 was not acquired over the study tre4-0
and Channel 9 was designed to be most sensitive to
terrestrial areas, A correlation matrix was examined to
determine the dependency of these six available channels
on each other. Based on this correlation matrix, there
were very strong correlations between Channels 4 and 5
(R * 0.938), and Channels 6 and 7 (R * 0.965), There-
fore Channels 4 and 6 were eliminated and only four
channels were chosen for analysis. These channels were
3, 5, 7, and 10. The peak wavelengths and sensing ranges
for these channels are shown in Table 1.

3.2.4 Sample Site Location

The 29 water quality sampling site3 were located
in the OCS data coordinate system by applying a coordin-
ate transformation equation between the Universal Trans-
verse Mercator (UTM) ground coordinate system and the OCS
scanner coordinate system. The transformation was based
on a second-order linear regression equation, To develop
this transformation equation, a network of ground point
coordinates was located on the UTM System from the 7k
minute USGS topographic quadrangle maps coverinj the study
area. Their corresponding scanner coordinates n the OCS
system were also located and extracted from the OCS data.
After the regression equation was developed, the UTM
coordinates of the 29 sample sites were extracted from
the USES quadrangles. These UT11 coordinates of the sample
sites were input to the coordinate transformation equa-
tion, and the coordinates of the sample sites in the OCS
coordinate system were predicted. In this waK, OCS spectral
data corresponding to the sample sites could e extracted
from the disk file, and then related to the water quality
parameters measured by the sample boats.

3.2.5 Spectral Data Extraction at Each Samnle Site

To insure proper correspondence (or registration)
of the spectral data to the sample sites, the radiance



Table 1, Peak wavelength and ranges for the four OCS
channels used in this study and wavelength
ranges for the four Landsat MSS bands,

Peak
Wavelength

Wavelength
range in pm

OCS Channel 3 .506 .475	 - .530

OCS Channel 5 ,586 .550 - .610

OCS Channel 7 .667 .645 -	 .690

OCS Channel 10 .778 .745 -	 .800

Landsat Band 4 - .5	 - .6

Landsat Band 5 - .6	 - .7

Landsat Band 6 - .7	 - ,8

Landsat Band 7 - .8	 - 1.10

8
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values for a nine-pixel bloclt cell surrounding each Pre-
dicted sample site were extracted from OCS Channels
5, 7 and 10.

3.21 .6 Cell Mean Radiance Value Calculation

The average (mean) radiance value of the nine
pixel cell encompassing each sample site was computed.
These average cell values were used as independent
variables in the regression models described below,

	

3.3	 Develo2ment of Regression Models for Estimati
9—ater Quality Parameters trom OCS Data

A number of statistical models were examined for
determining the best relationships between each water
quality parameter and the mean radiance values generated
for Channels 3, 5, 7 and 10, as well as a number of
numerical functions of these channels, Based on the
evaluation of correction coefficients (R), "F" values,
and 'the significance levels of these "F" values, the
best fit for each one of the four water quality para-
meters was determined, These models are presented and
discussed in Section 4.0.

	

3.4	 Acquisition and Analysis of Landsat Multispectral
Scan	 ta

The Landsat-2 ccmputer compatible Tapes (CCT) for
September 1978 were obtained from the EROS Data Center
in Sioux Falls, South Dakota. The following procedure
was used in processing and analyzing the Landsat CCT's.

3.4.1 Data Reformatting

The Landsat CCT's were reformatted to a formal
compatible with the Remote Sensing Research Program (RSRP)
data processing system.



r
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3.4.2 Bad Data Rectification

Malfunctioning of the Landsat Multispectral
Scanner_ at the time of data acquisition, caused a
number of bad data lines, These were replaced in
each instance by averaged values of the data from
the lines above and below the bad data line. The
correction was applied to each pixel along the bad
data line.

3.4,3 Landsat Sand Selection

All four Landsat MSS bands (4, S, 6, and 7)
were examined for the development of regression
models,

3.4,4 sample Site Location

All of the water quality sampling sites were
located in the Landsat Coordinate System by applying
a coordinate transformation equation between the Uni-
versal Transverse Mercator (UTM) coordinate system
and the Landsat coordinate system. This transforma-
tion was based on a second order linear regression
equation. To develop this transformation equation,
a number of ground point coordinates were located
on the UTM system from USGS maps and on their corres-
ponding Landsat coordinates A regression model was
fit- to these two sets of data; 1) the UTM coordinates;
and 2) the Landsat-based coordinates, Once the re-
gression model was determined, the UTM coordinates of
the 29 sample sites were extracted from the USGS maps.
These UTM coordinates of the sample sites were used
as inputs to the coordinate transformation equation,
and the corresponding; Landsat coordinates for the 29
sample sites were calculated. This facilitated our
locating the water qualitv sampling sites on the Land-
sat data.

.4.5 Spectral Data Extraction at Each Sample Site

In order to determine the correct correspondence
of the Landsat spectral data to the sample sites col-

10



lected from boats, the radiance values for a nine-
pixel block call (3 pixels by I Pixels) surrounding
each predicted sample sitar? were e#,tracted from Land-
sat data as was done with the OCS data.

3.4, 6 Cell !-lean Radiance Value CI1 :ulati,on

The average (mean) radiane ,;clues in all 4
bands of Landsat MSS data for the.ine-pixel cell
encompassing each sample site were computed. The
average cell values were used as independent varia-
bles in the regression models described below.

	

3.5	 Develo ment of Regression Models for Estimati.n
aW ter ua. ty arameters` from Landsat eta

Statistical models were examined for determin-
ing the vest relationships between each water quality
parameter and the mean radiance values computed from
Landsat bands 4, 5, 6, and 7, as well as their ratios
and other combinations. Based on the evaluation of
correlation coefficients (R), "F" values, and the signi-
ficance levels of these "F" values, the best fit for
each one of the water quality parameters was determined,
The Results section includes these models,

	

3.6	 Applications of Regression Models Based on the
OCS or Landsat Data to the Entire Stuy rea

The regression models, developed between (1)
the water quality measurements from boats for 29 sample
sites, and (2) the mean radiance values as obtained
from (a) the OCS data and (b) the Landsat data, were
extended to the entire study area for mapping the de-
sired water quality Parameters, The extension of these
models to the entire study area was accomplished by
using a simple linear discriminant function. By ap ply-
ing this function to each pixel in the study area and
then grouping each continuous water quality variable
into discrete classes, the classification was accom-
plished, These discriminant functions were applied to
the OCS and Landsat data to produce the water quality

17,
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maps, based on the OCS and Landsat data, respectively.
The results of these classifications were produced in
color-coded maps for the water quality parameters of
interest. Section 4.0 of this report includes these
color-coded maps.

	

4.0	 RESULTS

As the OCS data contained a number of dropout
regions, we developed algorithms to re place these
dropouts with new data. These procedures were dis-
cussed in Section 3.2.2. As an example, the data in
Channel 10 before and after rectification of the drop-
outs are shown in Figures 2 and 3 respectively,

Based on the correlation matrix discussed in
Section 3.2,3. only Channels 3, 5, 7 and '10 were selected
for analysis. The peak wavelength and sensing range
for these channels are shown in Table 1. The best fit
regression models, for mapping water quality parameters
from Landsat data, were based on all four bands of
Landsat data. The wavelength range for these bands
are also shown in Table 1. The Landsat raw data after
rectification for bad data lines is shown in Figure 4.

The results of the laboratory analysis for 29
water quality sample sites are shown in Table 2.

Based on the statistical analysis, the follow
ins; models were selected to represent the relationship
between the water quality measurements obtained from
boats and the mean radiance values obtained from the
OCS and Landsat (MSS) data.

	

4.1	 Regression Models Based on the OCS Data

4.1.1 Salinity Model

yEC	 a + b/x10 + c/(x10)1/2 + d/(x10)2 ► where

ySC = salinity expressed in percent.

12
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Figure 2. Display of digital OCS data in Channel 10
prior to rectification of the dropout regions.

F_ieu_r_e 3. Disvlav of di g ital OCS data in Channel 10
after rectification of the dropout regions
and Masking,
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Table - 2. The results of laboratory analysis for water
quality samples collected on September 14, 1978.

,Sample	 Suspended	 Turbidity,	 Salinity, ► Chlorophyll,;
Site #Solids m8/1 I mg/1 Si02 	 /4	 +	 mg/1

1 29,8 13.0 22,0 .0038
2 37.4 23,0 23.0 ,0044
3 39.4 20.0 18,0 . 0040
4 36.2 18.0 19.0 .0051
5 44.4 14.0 15,0 .0062
6 28.9 21,0 16,0 .0138
7 47.1 43,0 12.0 .0201
8 - 44.0 10,0 .0451
9 65.4 41.0 10,5 .0520

10 69.8 58.0 6.0
11 67.9 41,0 3.0
12 73.0 53.0 4.5
13 64.9 50.0 3.0
14 69.3 50=0 3.0
15 75.6 47.0 1.0
16 74.5 50.0 1.5
17 43,1 41.0 1.5
18 69.2 47.0 0.0
19 56.4 41.0 0.0
20 53.5 37.0 0.0
21 24.5 41.0 1.0
22 SO.O 53.0 1.5
23 (	 46,2 52.0 1.0
24 '46.0 45.0 0.0
25 `,5.0	 j 37.0 0.0
26 -11.8 31.0 0.0
27 "29.9 23,0 0.0
28 19.7 13.0 0.0
29 8.1 16.0 0.0

15



X.10 - the mean radiance value of OCS Channel 10

a - 405.7, b - 3597, v = 2306, and d - -1257.

4,1.2 Chloro h ll Model

yCH	
a + b/X7 -1• 

cXIO + dX210	 where,

yCH - chlorophyll concentration expressed in mg/l.

X7 - the mean radiance value of OCS Channel 7

X10 - the mean radiance value of OCS Channel. 10

a - 0,2919, b - 0,8065, c - 0.09512 and d - 0.009270

4.1.3 Suspended Solids Model

ySS - a + b/X3 + c/X7 + dX3	where,

ySS - suspended solids, expressed in mg/1.

X3 - the mean radiance value of OCS Channel 3

X7 - the mean radiance value of OCS Channel. 7

a - 564,1, b = 609.9, c = -1694, and d = -32.62.

4.1.4 Turbidity Mode l

YT = a + bX3 + c/X3 + dX10 + /X10	 where,

YT = turbidity, expressed in mg /l S102

X3 = the mean radiance value of OCS Channel 3

X10	 the mean radiance value of OCS Channel 1.0

a = 1357, b = -59,33, c = - 7005, d = 3.417 and

e =163.9

16
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j4.2	 Regression Models Based on

4.2.1 Salinity Model.

yEC - a + bX4 + cX6 + dX7

yEC - salinity 
expresse

X4 - the mean radiance

X  - the meal radiance

X7 the mean radiance

a	 59.96, b - 1.228,

Landsat MSS Data

where,

d in percent

value of Landsat Band 4

value of Landsat Band 6

value of Landsat Band 7

c - -3,004, and d - 8,981

4.2.2 Chloronhvll Model

yCH - a + bX4 + cX5 + dX 7 where,

yCH - chlorophyll concentration expressed in mg/l.

X4 - the mean radiance value of Landsat Band 4

X5 - the mean radiance value of Landsat Band 5

X7 - the mean radiance value of Landsat Band 7

a - 0.285, b - -0.0225, c. = 0.00820, and d = 0.0287

4.2. 3 sû̂sPended Solids Model

ySS a + b(X 6 ) 1/2 + CX̀ ^ + d(X5)1/3
7

ySS - suspended solids expressed in mg/1

X5 3 the mean radiance value of Landsat Band 5

X6 = the mean radiance value of Landsat Band 6

X7 the mean radiance value of Landsat Band 7

a = 399.850, b = 136.787, c	 0.0115, and d = -321.630
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4 2.4 Turbidity Model

YT - 12.90 +e (a + b-n X4 -17.41 + cin X.-14.32

+din X 6 _4.8S )

YT - *--arbidity expressed in mg11 S102

X4 w --he mean raoiance value of Landsat Band -4

X 5 - the mean radiance value of Landsat Band 5

X6 
- the mean radiance value of Landsat Band 6

a - 1.053, b - 0.613, c - 0.529, and d - 0,860.

To prepare the color-coded maps of estimated water
quality parameters, the regression models established
between the 29 water quality measurements from boats and
remote sensing data (the OCS data and Landsat data) were
extended to the entire study area, using a simple linear
discriminant function. Applications of these functions
resulted in a series of maps which were then color-coded
to represent the four water quality parameters. The color-
coded maps of the entire study area for salinity, chloro-
phyll concentration, suspended solids and turbidity (based
on the OCS data) are shown in Figures 5, 6, 7, and 8 and
for salinity, chlorophyll concentration, suspended solids,
and turbidity (basea on Landsat MSS data) are shown in
Figures 9, 10, 11, and 12 respectively.

5,0	 DISCUSSION

The correlation coefficients (R), measuring the

closeness with which the regression models fit the water

quality measurements, and the "F" values for both OCS-

based models are shown in Table 3. In poneral, the values
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Table 3. Correlation Coefficients (R) and "F" values

relating remotely sensed data to "ground
truth" for the four water quality parameters

estimated using the regression models on

Ocean Color Scanner (OCS) and Landsat data.

Water Quality Parameter
R F*

OCS Landsat OCS Landsat

Salinity 0,948 .363 73.5 24.3

Chlorophyll 0.934 .905 11.4 59.2

Suspended Solids 0.609 .674 4.9 6.9

Turbidity 0,791 .907 10.0 60.2   



of the correlation coefficients may be summarized a-;-	 T

1) high for chlorophyll concentrations based on the UCS

data and also based on Landsat data; 2) Hgh for salinity

based on the OCS data; 3) medium for salinity based on

Landsat data; 4) medium for turbidity based on the OCS

data; 5) high for turbidity based on Landsat data; and

6) relatively low for suspended solids based on the OCS

data and also based on Landsat data. This indicates

that: 1) chlorophyll concentrations can be estimated by

either the OCS or Landsat data with approximately equal

accuracy; 2) salinity can be best estimated by the OCS

data; 3) turbidity can be best estimated by Landsat data;

and 4) neither the OCS data nor the Landsat data provide

a reliable basis for estimating suspended solids.

All of the "F" values were significant at the 0,01

level of significance. This indicates that variations

in spectral response account for a siAnificant portion of

the variations in water quality parameters,

In all of these color-coded maps, the values of

the given water quality parameters increase in accor-

dance with the following sequence of colors:

dark blue, blue, green, yellow, orange, red, brown

(low concentration)	 No-(high concentration)

The analysis of the chlorophyll, suspended solids,

and turbidity maps indicates the existence of a region
with high chlorophyll content, high suspended solids, and
high turbidity. This region is referred to as a "region

of high biological activity" in this report and is shown
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in red and brown colors in Figures 6, 7, 8, 10, 11, and
12. To some scientists this region has also become known

as the "Entrapment Zone.

The salinity values in the study area increased

constantly as the San Pablo Bay was being approached

from the Delta. The lower salinity values were ob-

served in the west side of the San Pablo Bay. This was

due to the fresh water in-flow from Napa and Sonoma

Rivers to the Bay in that region.

6.0	 CONCLUSION

Based on the results and the associated analyses
that were made of the various kinds of imagery, the

following conclusions are indicated;

1. Areas of high biological activity were

clearly discernible on suitably enhanced

digital data from the OCS and also from

the Landsat MSS, This area was characterized

by high turbidity, high suspended solids, and

high chlorophyll concentration.

2. It was virtually impossible, at least within

this test site, to locate such areas on

aerial photography of the highest quality

that had been taken with either conventional

color or infrared-sensitive color films.

3. Consistent with our findings, many investi-

gators from different parts of the world,

through the use of conventional ground sur-

vey techniques, have reported the region of

I

29



high turbidity and high suspended solids
to be a persistent fe4ture of moderately
stratified estuaries.

G. Comparison of the results based on the OCS
and Landsat data indicated that;

a. Chlorophyll concentrations can be esti-
mated by either the OCS or Landsat data
with approximately equal accuracy.

b. Salinity can be best estimated by the

OCS data.

c, Turbidity can be best estimated by Land-
sat data; and

d, Neither the OCS data nor the Landsat data
provides reliable basis for estimating
suspended solids,

5, Although, in a few other instances, remote

sensing data derived from multi-spectral
scanners has been successfully used for the
purpose of water quality mapping, it is be-
lieved that the present study constitutes

the .first concerted effort to use remote
sensing to locate the estuarine region of

highest biological activity and to analyze
such associated parameters as turbidity, sus-
pended solids, chlorophyll concentration and

salinity.

6. It is deemed especially noteworthy that in

the present study remote sensing data derived
from the Ocean Color Scanner and/or the Landsat

30
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Multispectral Scanner proved highly useful

in mapping water quality parameters associated

with determining both sine and migration of

the "region of high biological activity" in

the San Francisco Bay and its associated

Delta.
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