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Abstract. Simultaneous acquisition of surface chlorophyll-a concentrations for
39 samplesfrom boats and Daedalus 1260 Multispectral Scanner datafrom a U-2
aircraft was conducted in the northern reaches of San Francisco Bay on 28 August
1980. These data were used to develop regression models for predicting surface
chlorophyll-a concentrations over the study area for ebb-tide (8.40a.m. P.D.T.
(PacificDaylight Time)) andflood-tide (3.10 p.m. P.D.T.)conditions. After selection
of a single 'best fitting' model for both morning and afternoon data sets, the
chlorophyll-aconcentration waspredicted for ebb and flood tidefor theentire study
area at approximately 40m x 40m resolution. The predicted spatial display of
chlorophyll-arevealedalocalized area of high phytoplankton biomassthat has been
inferred from field surveys and appears to be a common summer phenomenon.

Knowledge of thedistribution of phytoplankton and thelocation of thiszone of
high biomass is valuable in establishing management policiesfor this ecologicaly
important estuary. Furthermore, the techniques used here may provide an
alternative cost-effective method for assessing water-quality conditions and they
may prove useful for studying spatial variations (patchiness) and seasona vari-
ations in phytoplankton biomass in other estuaries and coastal waters.

1. Introduction

Estuaries are dynamic water bodies characterized by temporal changes that occur
over aspectrum of scales, ranging from short-term (hourly) variationsdriven primarily
by tidal currentstolong-term (seasonal or interannual) variationscaused by changesin
meteorological forcingsor river discharge. Estuarties are also spatially heterogeneous
and often have large horizontal (or vertical) gradientsin water properties (e.g. salinity,
suspended sediments, phytoplankton biomass) that result from local variations in
bathymetry. circulation and mixing, or sources/sinks of dissolved and suspended
constituents. Knowledge of mechanisms that cause spatio-temporal heterogeneity in
estuaries isbased in large part upon the resultsof insitu sampling that iscostly (bothin
time and money) and often inefficient, particularly if ssmplingisrequired over alarge
geographical area and over more than one time scale. Truly synoptic measurements

t Glenn P. Catts is now with the U.S. Forest Serviceat Fort Collins, Colorado.
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from boats are nearly impossible in estuaries having rapid (100-200cm/s) tidal
currents. If specific properties of estuarine waters can be measured accurately using
remote-sensing techniques, then understanding of mechanisms through which physical
processes (tidal advection, estuarine not-tidal circulation, horizontal dispersion,
resuspension) effect change in dynamic estuarine waters can be improved.

This general problem is exemplified by the need for better understanding of
mechanisms that control phytoplankton dynamicsin the northern San Francisco Bay
estuary, which has been thefocus of intensivefield investigation during the past decade
(Conomos 1979). The upper reach of San Francisco Bay (Suisun Bay, figure 1)
comprises of two deep (~ 10-15m) channelsand a shallow (~ 1-2 m) embayment and
is the site of local accumulations of suspended particulates (a turbidity maximum)
(Conomos and Peterson 1977) and phytoplankton (achlorophyll maximum) (Peterson
et al. 1975) during summer. The turbidity maximum, a common feature of partially
mixed estuaries (Postma 1967, Meade 1972), results from two physical processes:
particle sinking and estuarine circulation, such that residual (tidally averaged) surface
currents flow seaward while bottom currents flow landward. The result isa trapping
mechanism that retainssuspended particulatesin that region of theestuary (null zone)
where the landward bottom current converges with the seaward river current. These
same physical processes apparently also operate on phytoplankton cells (mostly
diatoms) in Suisun Bay and act to retain phytoplankton biomass that isproduced over
the shoals, where light availability is sufficient to sustain net photosynthesis and
growth (Cloern and Cheng 1981, Cloern et al . 1983). These conceptshaveevolved from
measurements madeover acoarsegrid of stations that issampled on weekly time scales
or longer. Hence, we know little about small-scale (less than about 2km) spatial
heterogeneity (phytoplankton patchiness, including that associated with fronts),
short-term (hourly or daily) variationsin structure of the phytoplankton maximum or
rates of horizontal mixing of water masses between the shoals (the source of
phytoplankton biomass) and deeper channels. If remotely sensed images could
accurately represent the horizontal distribution of phytoplankton biomass in turbid
shallow waters, then the dynamic nature of the phytoplankton maximum of Suisun
Bay and other estuaries may become more clear.

Further, San Francisco Bay, like many urbanized estuaries, is subjected to
perturbations (dredging, marsh reclamation, diversions of freshwater inflow, waste
discharges) that potentially alter water quality; remote sensing may be a valuabletool
for monitoring the long-term ecological consequences of such perturbations. The
purpose of thisstudy isto examine the potential utility of high-resolution multispectral
imagery, similar to that provided by the LANDSAT-4 Thematic Mapper (TM), for
mapping the spatial distribution of phytoplankton biomass (chlorophyll-a) in the
upper reach of northern San Francisco Bay.

2. Objectives

Specific objectives were to determine:

(1) Whether remotely sensed reflectance data from a scanner similar to the TM
sensor can be used to map surface chlorophyll-a accurately in a shallow turbid
environment.

(2) Which spectral bandsarerequired for mapping chlorophyll in turbid estuaries.

(3) What statistical model(s) accurately describe chlorophyll concentration.

(4) Whether statistical models are conservative over short time scales (i.e. are
model parameters constant over a tidal cycle).
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3. Brief review of work done previously

Mapping chlorophyll-a from interpolation among surface measurements is a
difficult task, subjective at best, and some sampling stations are too shallow to permit
easy access for sampling (Khorram 1981a). Asan alternative to interpolation among
surface measurements, Khorram (1981 a) first used Ocean Colour Scanner (OCS) data
acquired from a NASA U-2 overflight with simultaneous surface measurements to
delineate the chlorophyll maximum in northern San Francisco Bay. Khorram (1981 b)
later used LANDSAT-3 Multispectral Scanner (MSS) digital data, along with
concurrent surface measurements, to map other indicesof water quality over theentire
San Francisco Bay. Both studies successfully delineated the turbidity/chlorophyll
maximum and LANDSAT-assisted mapping provided a potential for repetitive
monitoring coverage of the entire San Francisco Bay. However, some concern has
arisen (among government officials) over the relatively low resolution capability (80 m
x 10m) of the LANDSAT MSS system. In response to this concern, this research has
employed a higher resolution Daedalus 1260 M SS (40m x 40 m), capable of recording
better than twice as many wavelength channels (10 channels) over the same spectral
range as the LANDSAT-3 MSS (four channels), table 1. Narrowing the receiving
wavelength ranges facilitates remote sensing of specific absorption and reflectance
spectra characteristics of chlorophyll-a.

Coastal chlorophyll-aconcentrations may range as high as 1000 ug/1 during bloom
conditions (Munday and Zubkoff 1981). Therefore, previous remote-sensing investi-
gations of chlorophyll-ain coastal environments have utilized chlorophyll-a absor-
bance and reflectance information in the red (670nm) and near infrared (750 nm) as
well as blueand green portionsof theelectromagnetic spectrum (Johnson 1978, Kim &
al. 1980, Uno et a/. 1980, Grew 1981, Johnson et a/. 1981, Munday and Zubkoff 1981,
Bowker et al. 1983).

Nodataon theconcentration of suspended sedimentsin each chlorophyll-asurface
sample are available for this study. It is highly probable, therefore, that suspended
sediments may be influencing scanner radiance measurements in Daedalus 1260
channels 7 and 8. According to Morel and Prieur (1977) suspended sediment
reflectancein wavel engthsregionsof channels7and 8 are quantitatively similar. By the
use of a ratio of channel 7 over channel 8it is hoped that the radiance contribution
from suspended sediments will be minimized.

A further note of interest isthat in theaforementioned referencesto remote-sensing
studies, only one sample size exceeded 25 sites. This sparse number of surface samples

Tablel DaedalusMSS, channd wavelength ranges.

Channd Waveength(nm)  Colour, etc.

1 380 420 Ultraviolet
2 420 450 Violet
3 450-500 Blue
4 500-550 Green
5 550-600 Ydlow
6 600-650 Orange
7 650-690 Red
8 700-790 Infrared
9 800-890 Infrared
10 920-1100 Infrared
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is characteristic of remote-sensing water-quality investigations due to logistic and
expense.

4. Considerationsin the selection of wavelengthregions used for modelling

The physical basis for the models developed in this study was derived from
inspecting the literature on laboratory investigationsof the spectral characteristics of
phytoplankton, as well as previously successful remote-sensing investigations of
estuarine chlorophyll-a.

Previous laboratory research has shown that the spectral characteristics of
phytoplankton cultures depend on age, vitality and concentration aswell astaxonomic
distinction (Wilson and Kiefer 1979, Uno et /. 1980). All algae absorb energy in the
430 and 670-680 nm regions of the electromagnetic spectrum due to the presence of
chlorophyll-a (Anderson and Horne 1975). Reported laboratory spectral curves of
marine diatoms, including the dominant species of the study date, Skeletonema
costatum, demonstrate that as chlorophyll-a concentration increases, wavel engths of
500 and 670 nm are increasingly absorbed while wavelengthsin the 550-600 nm range
and near-infrared spectral region (750nm) are increasingly reflected (Anderson and
Horne 1975, Uno et al. 1980), seefigure 2.

Recent work at NASA Langley Research Center (Farmer et al. 1983) involved
investigations into the use of visible absorbance spectraasa basisfor remote sensing of
algal concentration and community composition. They found that absorbance spectra
of different cultures of the same species were most similar. The separation and
quantification of mixed phytoplankton colour groups was possible using information
from the difference between radiance measured at 680 and 720 nm (Daedal uschannels
7 and 8).
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Figure 2. Relationship between percentage reflectanceand wavelength at various concen-
trations of Skeletonema costatumin culture (adapted fromUno et a/. 1980).
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The selection of Daedalus channel ratio 7/8 as an independent variable in the
chlorophyll-amodel isbased on the aforementioned spectral propertiesof chlorophyll-
a. Aschlorophyll-aconcentration increasesin surfacewaters, theenergy isincreasingly
absorbed in Daedalus channel 7 (650-690 nm). On the other hand, with increasing
chlorophyll-a concentration, the reflectance in Daedalus channel 8 (700-790nm)
increases. Itisthechangein the slope of the reflectancecurve from Daedalus channel 7
to Daedalus channel 8 with increasing chlorophyll-a concentration that permits the
ratio of 7/8 to be a useful predictor variable. This 7/8 ratio is most useful at higher
chlorophyll-a concentrations due to the increasing absorption of near-infrared
radiation by water reducing the intensity of the reflectance by chlorophyll-a in
Daedaluschannel 8 when the concentration of chlorophyll-aislow (Morel and Prieur
1977, Gordon and Clark 1980, Uno et al. 1980). To observe theincreasein the value of
the channel 7 over 8 ratio as chlorophyll-a concentration decreases see the third and
eighth columns of tables2 and 3.

The absorption in the blue and green wavelength regions of the spectrum
(450-550 nm) by chlorophyll-aisselected asan input variable in the model becausethis
absorption is sensitive to changesin chlorophyll-aat lower concentrations (Uno et al.
1980). The form of thisvariable, Daedalus channel 3 minus Daedaluschannel 10, isan
attempt to remove unwanted reflectancecontributionsfrom the atmospheric haze that
plagued the afternoon scene. The rationale of this transformation isthat most of the
energy recorded by Daedalus channel 10 is atmospheric or surface reflectance since
essentially near zero reflectancefrom the water column would occur in thiswavelength
regionof 1000-1100 nm(Y entsch 1960, Morel and Prieur 1977, Gordonand Clark 1980).
At thesame time, absorption by chlorophyll-aistaking placein Daedaluschannels2,3
and 4 (Anderson and Horne 1975, Uno et al. 1980). As chlorophyll-a concentration
increases, the slope between reflectanceva uesin Daedal uschannels2and 4 movesin a
positivedirection(Unoet al. 1980). Channel 2 minus 10,channel 3minus10andchannel 4
minus 10 were all examined as possible variable transformations during regression
modelling. The transformation 3 minus 10 applied most consistently to both morning
and afternoondatasets. For thisreason, itisconcluded that for theseparticular datathe
proportion of atmospheric interference in Daedalus channel 3 was removed by
subtracting thevalueof Daedal uschannel 10. 1 nany case, development of futuremodels
capabl eof consistent predictionsof surfacechlorophyll-aconcentrations must be based
onsimultaneousmeasurementsmadeof surfaceirradiance (upwellingand downwelling)
and scanner spectral value comparisons.

5. Research methodology

The research approach involved (i) simultaneous aquisition of surface measure-
ments of water quality and Daedalus 1260 MSSdata, (ii) laboratory analysis of whole
water samples from 39 sites, (iii) extraction of digital count values from Daedalus
scanner for 39 sample sites, (iv) bad data replacement, (v) development of regression
equations relating Daedalus MSS data to chlorophyll-a measurements and (vi)
transformation of Daedal us 1260 M SSdatathrough selected best-fit regression models
for production of surface chlorophyll-a distributions for the entire study area.

5.1. Collection and laboratory analysisd surface chlorophyll-asamples

On 28 August 1980 chlorophyll-a samples werecollected at 39 sitesfrom five boats.
The sampling strategy was designed by the technical staff of several government
agencies, which have been involved in water-quality sampling over this study areafor



Table 2. Morning ebb-tide raw data. Chlorophyll-a concentrations (ug/!), Daedalus 1260 scanner band count values and band transformations?.

Time from Ratio Daedalus Daedalus channel
overflight Observed Daedalus Daedalus Daedalus Daedalus channel 7 to 3 minus
Site (min) chlorophyll-a channel 3 channel 7 channel 8 channel 10 channel 8 channel 10
1 0 14-4 43-96 48-28 42-28 27-36 1-14191 16-60
2 0 93 44-00 48-92 42-36 27-40 1-15486 16-60
3 5 9-0 44-04 48-20 41-00 27-44 1-17561 16-60
4 45 330 44-04 47-56 41-08 25-52 1-15774 18-52
5 25 20-8 4420 50-40 44-24 27-60 113924 16-60
6 35 28-2 44-36 52-44 48-80 30-92 1-07459 13-44
8 40 66-0 44-92 51-64 48-36 2996 1-06782 14-96
9 50 239 44-76 49-64 43-04 26-48 1-15335 18-28
10 63 22-9 44-04 49-60 42-72 2572 1-16105 18-:32
11 —13 60-5 47-04 53-00 51-08 2896 1-03759 18-08
12 0 49-5 46-00 51-92 48-88 27-84 1-06219 18-16
13 0 24-4 44-96 47-08 39-76 23-00 1-18410 21-96
14 —18 557 47-16 51-36 48-96 28-32 1-04902 18-84
15 0 66-0 47-52 52-96 51-04 28-40 1-03762 19-12
17 20 24-8 4592 50-92 46-68 2532 1-09083 20-60
18 13 358 45-04 51-20 47-44 2590 1-07926 19-14
19 55 37-8 44-68 51-36 46-16 29-04 1-11265 15-64
20 65 16-4 4472 51-12 45-80 28-36 1-11616 16-36
21 68 49-5 44-04 50-28 45-92 27-95 1-09495 16-09
22 71 399 44-32 5276 49-52 31-28 1-06543 13-04
23 55 38-5 44-20 52-00 47-32 29-44 1-09890 14-76
24 —13 34-4 4496 53-88 51-28 31-70 1-05070 13-26
25 0 536 4496 52-40 49-24 30-64 1-06413 14-32
26 58 337 4492 52-24 48-08 3228 1-08652 12-64
27 50 275 45-04 51-76 46-00 31-48 1-12522 13-56
28 —-37 27-3 44-76 51-08 46-36 32:12 1-10181 12-64
29 0 26-1 44-04 53-00 49-88 32-84 1-06255 11-20
30 0 172 43-16 50-76 45-60 30-36 1-11316 12-80
31 15 146 44-04 51-56 44-92 27-88 1-14782 16-16
32 24 11-5 44-12 51-04 44-40 28-00 1-14955 16-12
33 —42 316 44-68 51-88 48-12 29-20 1-07814 15-48
34 —28 399 44-00 52-00 50-64 30-72 1-02686 13-28
35 20 32:2 44-00 50-00 46:76 27-88 1-06929 16-12
36 31 481 44-00 49-52 46-48 27-60 1-06540 16-40
37 24 282 45-00 53-88 51-44 32-60 1-04743 12-40
38 38 36-4 45-08 52-84 47-52 29-00 1-11195 16-08
39 —16 22-1 44-00 52-04 48-32 31-70 1-07699 12-30

+ Count values were derived by quantizing spectral radiance (L4) to 8 bit digital counts.
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many years, to represent the various physical and chemical conditions in the Delta
adeguately. Sampling was continuous throughout the day with each boat responsible
for anumber of sample sitesalong a designated transect. All samplesweretaken froma
depth of 3ft. Location of the sample sites is shown in figure 1. Sampling times were
recorded and surface samples occurring at times closest to the Daedalus scanner
overflight were used for the devel opment of models. All surface samples were acquired
within 1-5 hours of the scanner overflight.

Water samples werecollected onto glassfibrefilterswhich were extracted in 95 per
cent acetone. Chlorophyll-a concentration was determined fluorometrically (Strick-
land and Parsons 1972) from acetone extracts. These values were corrected for
phaeopigments. Chlorophyll-a concentrations and extracted count values for the 39
sample sitesfor the morning overflight are displayed in table 2 and for the afternoon
overflight in table 3.

5.2. Acquisitionandprocessingd Daedalus MSSdata

From 8.30to 8.45a.m. and from 3.00t0 3.15 p.m. (P.D.T.) of 28 August 1980 two
NASA Ames Research Center U-2 overflights of the study area were flown at
approximately 55000ft in conjunction with ebb- and flood-tide conditions, respec-
tively. Overflight times corresponded closely with the highest and lowest water
conditions of thestudy areathat day (seefigure 3.) An altitude of 55000ft produced a
ground resolution cell of 42 m x 42 m using the Daedal us 1260 M SS (angular resolving
power of 2-5mrad). The MSS recorded 10 channels of reflected energy and two
channels of thermal energy. Only the reflected wavelengths were considered in this
study (seetable 1).

In order to extract the count values of each scenefor thecorresponding 39 sample
sites a second-order polynomial regression equation was developed. This equation
regressed control pointsfrom USGS topographic maps using a Universal Transverse
Mercator (UTM) grid system against the same control point located visually on the
imagery. Regression residualswereexamined and samplesiteswereverified visualy. In
this fashion, scanner imagery was mathematically transformed to conform to the
latitudinal and longitudinal co-ordinates of ground sample-site locations.

To ensure the proper location of sample sites, a block of 5 pixels X 5 pixels
surrounding each sample site was located and the average count vaues computed.
These mean count values were then used in developing chlorophyll-a prediction
models. The squares outlined in figure 4 represent the 5pixel X 5pixel blocks (approx.
200m x 200m) for sample sites 4, 5, 6, 8, 9, 10, 11, 12, 13 and 14 in Suisun Bay. This
averaging procedure was done for both the morning and afternoon scenes. Standard
deviationsof count valuesfor all wavelength channelsin each pixel block ranged from
+ 0-4 per cent.

5.3. Bad data replacement

It was not possible to use the previously described method of count-value
extraction for the morning ebb-tide scene. During the morning overflight, severe
turbulencewasencountered causing tilting of theaircraft. This pitch manifestsitself on
theimagery by dightly altering the ground distancefrom one scan lineto another. This
isvisiblein figure4 asa scalloped shoreline. Noteal so thesickleshapes of the normally
rectangular moth ball fleet. The turbulence was unsystematic and randomly variable
throughout the scene. Attempting to transform this image to mathematically to
register it with the afternoon scene or a UMT projection was impossible with the
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Figure3. Theriseandfal of thetideontheday of sampling within thestudy area. Vertical lines
indicate the approximate time of simultaneous overflight and surface sampling. The
dotted line represents water height.

available software. I nstead, the sampl e points werelocated by triangulation and visual

verification techniques. Scan start problems dropped 30 lines of data over Suisun Bay
during the morning overflight. Radiance valuesfor two sample sitesfrom the morning
scenewerelost to thismalfunction (sites 7 and 16). Final output products have a black
filler region spacing the scene correctly and indicating the area of data loss.

The afternoon scanner overpass had scan line starting problems in Daedalus
channel 10. These appear on analogue imagery as lines of offset densities (i.e. land
values offset over water and vice versa). An algorithm interpolating across these bad
scan values by assigning the average of the preceding and subsequent scan linesto the
bad linewas used for correction. Therewere 80 bad scan linesin the morning sceneout
of 1080 total lines (7.4 per cent).

5.4. Model development

The modelling approach tnvoived two seis (morning and arfternoonj of stirfice
measurements and wo sets of scanner data. The surface measurements were used as
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Figure 4. Reldtive size of 5pixe x 5pixel blocks representing 200m x 200m on the ground.
Thediscontinuity truncating thewestern end of theislandsat theright istheresult of scan
dropout region of approximately 30 missing lines. Note image scalloping affecting the
northern shoreline of Suisun Bay and the Mothball Fleet.

dependent variables while the independent variables were composed of simple
functions of the recorded count values of selected channels of the Daedal us scanner.
The'best fit' singlemodel for predicting chlorophyll-ain both morning and afternoon
scenes was chosen on the basisof significanceand stability of the overall model and o
its (parameters) coefficients. Criteria examined in order to compare various models
included R? values, F-test results of the significanceof the overall model, t-test results
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of thesignificanceof thecoefficient estimates, standard errorsof the overall model and
each of its coefficients and residual analysis.

Prior to the use of spectral datain modelling, histograms of the count valuesfor
both scenes were examined. The histogram of the morning scene count values appears
asanormal distribution while the histogram of the afternoon scenedisplays a marked
bimodal tendency. Upon closer inspection, the bimodal condition of the afternoon
scene was attributable to the influencesof a thin wedge of haze covering the western
third of theimagery and barely detectableon analogue imagery. The haze was thickest
(but not visually obstructing) over the westernmost portion of thesceneand gradually
diminished in thickness until it appeared to be absent east of the threeislandsin the
centre of the scene. Backscattered radiance from the haze gave haze-influenced sites
higher count valuesin all Daedalus M SS channels (seefigure 5 and table 4). Daedalus
MSS channel 1 (ultraviolet) was removed from analysis due to the extreme degree of
atmospheric scattering.

The regression modelling strategy used 30 sample sitesfrom the morning data set
(n==37) and 30 samplesites from the afternoon (n = 39). These two groups of 30 sites
were modelled independently for the purpose of discovering a functional model
applicable to both data sets. Seven sites were saved from the morning data for
verification of themodel and ninesitesweresaved for verificationin theafternoon case.
Sitessaved for verification werechosen randomly after beingstratified by boat location
and water depth. The model for the morning ebb tide was

Chlorophyll-a (ug/l)=323-7+2-4x, —299-2x,
and for the afternoon flood tide was

Chlorophyll-a (ug/1)=570-8 + 3-1x, — 541-2x,
where x, isDaedalus channel 3 minus Daedal uschannel 10and x, isDaedal uschannel
7 divided by Daedalus channel 8.

The summary of modelling and verification regressions appears in table 5.
Additionally the model wasfitted only to siteswhere surface measurementswere made

Table4. The mean, standard deviation and range of count valuesfor the 18 haze-influenced
and 21 clear dtes.

P.M. haze site count values (N = 18) P.M. clear site count values (N =21)
Daedalus Standard Daedalus Standard

channels Mean deviation Range channel Mean deviation Range

2 99-5 2-45 95-20-94-80 2 850 1-65 81-85-88-15

3 60-8 1-79 57-30-64-30 3 51-2 072 49-80-52-60

4 76-8 200 72-95-80-65 4 65-5 0-81 64-05-66-95

5 663 1-62 63-35-69-25 5 574 0-83 55-80-59-00

6 66-3 170 63-35-69-25 6 579 1-13 55:60-60-20

7 736 2-39 69-60-77-60 7 62-9 1-23 60-20-65-60

8 74-1 3-63 69-05-79-15 8 617 1-97 57:30-66-10

9 557 3-03 50-90-60-50 9 452 2-03 40-25-50-15

10 613 5-46 51-70-70-90 10 466 2:61 40-90-52-30
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Figure5. Effect of haze on mean count vauesof Daedaluschannels 2-10 during the afternoon
overflight.

within 10 min of the scanner overflight. The necessity for surface measurementsto be
made as close to the overflight time as possibleisdemonstrated in the improved fit of
these regressions (see table 5). A measure of the percentage variation due to chance
(R?)signifiesthatin all modelling and verificationdata setsfrom 55 to 92 per cent of the
variation in the observed chlorophyll-a values can be explained by the models. These
models utilize data uncorrected for atmospheric variation. Atmospherically corrected
data would improve model performance and aid in developing conservative model
coefficients from scene to scene.

Plots of observed versus predicted chlorophyll-u appear in figure 6 for ebb- and
flood-tide models developed from 30 sites. Plots of residual versus predicted values
appear in figure 7 for these same models. The residual plots display a random
dispersion about the residual zero axis and indicate that the variance of predicted
chlorophyll-ais constant throughout the predicted range.

5.5. Application d regression models to the entire study area

All morning and afternoon models were displayed for visual inspection of spatial
distributions of predicted surface chlorophyll-a concentrations and then compared
with interpolated spatial distributionsfrom conventional surface surveys. Modelsthat
passed visual inspection were then extended to the entire scene including portions of
theestuary not within thestudy area. Model applicationswereaccomplished by usinga
simple linear discriminant function. Classification was accomplished by applying this
function to each pixel in the study area and then grouping continuous chlorophyli-a
surface predictions into discrete classes. These discriminant functions were applied to
the Daedalus MSS data to produce classified chlorophyll-u surface concentration
maps. These classified maps were then renumbered to produce the fina maps (see
figure 8).
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6. Discussion of results

The results of this research include:

(1) A record of chlorophyll-a concentrations determined by laboratory fluoro-
metric analysis for all 39 sample sites during the morning ebb and afternoon
flood tide of 28 August 1980.

(2) A seriesof statistical models developed from point sampledatafor the purpose
of predicting surface chlorophyll-avalues at ebb and flood tide.

(3) Colour-coded maps of morning and afternoon surface chlorophyll-a con-
centrations of the entire study area created by applying the statistical models
developed from 30 point samples.

Multispectral data from the Daedalus 1260 scanner (or TM) can be used to map
horizontal distributions of phytoplankton biomass (chlorophyll-a) in shallow and
turbid waterssuch asnorthern San Francisco Bay. A simpleregression model that uses
count values from four wavebands can predict chlorophyll-a distribution almost as
accurately asfield techniques based upon measurement of in vivo fluorescence. During
this study, for example, we measured in vivo fluorescence (‘'Turner Designs Model 10
fluorometer) from surface samples collected at sites4, 7, 8, 9, 10, 11, 12 and 13 during
fivestages of the tideon 28 August. Linear regression of chlorophyll-a against in vivo
fluorescenceisacommon method for predicting chlorophyll-a, and in thisinstancethe
fit of chlorophyll-a to in vivo fluorescence (see figure 9) showed only 8 per cent
improvement which was not much better than that of fits to Daedalus MSS data.
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Figure9. (a) Plot of observed chlorophyll-a concentrations (ug/1) versus model predictions for
sites 4, 7, 8, 9, 10, 11, 12 and 13 using both morning and afternoon data. (b) Plot of
observed chlorophyll-a concentrations (ug/1) versusfluorescencefor sites4, 7. §, 9, 10, 11,
12 and 13 asrecorded by acontinuous shipboard fluorometer for both ebb and flood tide.

Predicted horizontal distributions of chlorophyll-a (figure 8) are consistent with
gross horizontal distributions inferred from boat sampling. For example. fied
sampling has consistently shown that chlorophyll concentration is highest in discrete
samples collected over the northern shallows of Suisun Bay than in the deeper channels
(Cloern etal. 1983) and that chlorophyll concentration isusually higher in that reach of
ihe channel adjacent to the northern shoals. Both of these features are apparent from
Daedalus imagery, but the spatial resolution available from the application of remote
sensing is much greater than has been possible from field surveys. Thus, results of this
study offer the first accurate views of the two-dimensional structure of phytoplankton
distributionin thisestuary. Moreover, sequential flyovers provide atool for examining
the dynamic nature of the phytoplankton maximum. For example, the tidal advection
of high-chlorophyll water from the northern shoalsinto the main body of Suisun Bay
on low (floodicg) tideis apparent (figure 8) and this spatial pattern isconsistent with
the hypothesis that shallow waters are the source of new phytoplankton biomass
(Cloern et al. 1983).
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7. Conclusions
The results of thisinvestigation indicate:

(1) The TM on board LANDSAT may provide repetitive coverage of this estuary
in the wavelength regions applicableto predicting chlorophyll-a concentrations. Band
transformations of TM data that correspond to Daedalus 1260 channels 3 minus 10
and ratio of 7to8are TM channel 1 minus5(0-45-0-52 to 1-55-1-65 pm) and ratio of
channels 3 (0:63-0-69 pm) to 4 (0-76-0-90 pm), respectively.

(2) Surface concentrations of chlorophyll-acan be predicted utilizinginformation
in thevisibleand near-infrared wavelength regions of a Daedal us 1260 M SSregardless
of tidal state. The spectral resolution of this scanner was extremely useful in recording
wavelength regionsinfluenced primarily by chlorophyll-a. At thesametime, the spatial
resolution of this scanner increases the capability of detecting more detailed local
variations in surface chlorophyll-a concentrations compared with the LANDSAT
MSS system.

(3) Resultsof thisstudy show the potential for TM multispectral dataasatool for
monitoring water quality (including chlorophyll-a) and for studying
hydrodynamic/biological features of estuaries. However, routine application of the
methodisnot realisticuntil thesignificanceof potential problemshasbeenresolved. For
example, problems with bottom reflectance or reflectance from exposed mudflats,
particularly wherechlorophyll concentrations arehighin sediments, cannot beignored.
Thisistruefor northern San Francisco Bay (Thompson et /. 1981), and the predicted
high chlorophyll values around the perimeter of Suisun Bay (figure 7) may beinvalid
because of this source of error. Also, problems arise with tidal currents—the tidal
excursion along northern San Francisco Bay is about 10km, and water parcels are
advected rapidlyduringthecourseof samplingfrom boats. Therefore,care must betaken
toensuresimultaneouscollection of surface truth and remotely sensed data, particularly
in waters with strong tidal currents.

(4) Inthisinvestigation, model coefficientswere similar but not conservative from
the morning to the afternoon. Atmospheric correction of data based on surface
measured upwellingand downwellingirradiance at various sitesduring datacollection
would allow calibration of solar input from morning to afternoon and could possibly
contribute to coefficient standardization.

(5) All regression models explained a significant portion of the variability of the
measured surface concentration of chlorophyll-a. Standard errors of the regression of
continuous fluorometric surface traces versus acetone-extracted laboratory measures
of chlorophyll-a are similar to standard errors predicted using remote-sensing
techniques. Larger sample sizes will be necessary to verify functional models.

(6) Further investigation isnecessary to confirm the applicability of themodel for
different times of year and in different regions of San Francisco Bay. The success of
using Daedalus MSSdatafor defining chlorophyll-adistributions in this study may, in
part, result from the relatively homogeneous phytoplankton community composition
in the study area. Different models may be needed to predict surface chlorophyll-a
concentrations at different times of year or for a much different part of the bay (i.e.
south San Francisco Bay) where phytoplankton speciesand dynamics differ consider-
ably from the study area. Present knowledge of the actual temporal and spatial
variations in phytoplankton dynamics is an essential input in developing a tailored
remote-sensing system capable of monitoring conditionsfor alocal geographicregion.
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