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ABSTRACT

Haline and thermodynamic circulation médels of the Northern Gulf
of California were tested with favorable results against the‘interpre->
tation of ERTS-1 imagery. The phofoanalysis of the data was done in two
stages: (a) analysis without surface truth, but assuming the optical
properties of the area are knowné and (b) analysis using conventional
oceanographic and radiémétric data collected by the research ship,

"Adventyr," during some of the satellite passes., Three enhancement tech-
niqﬁes were used in the interpretatiohvof thevimagefy: (1) color density
slicing which improves the differentiation of turbidity levels, (2) color
addition which was of limited wvalue for the detection of oceanographic
features, and (3) reprocessing of the 70 mm black and white negatives
which proved to be necessary to the enhancement of features such as

circulation patterns and internal waves, Optical classification of

different kinds of sea water was made.



. INTRODUCTION

Today studies of the earth have become more sophisticated.
Extensive exploratién and ‘planned aerial'analyéis of the earth have been
made possibleAthrdugh fhe modern methods of remote. sensing. As it is
applied today, remote sensing implies investigation from aircrafté
manned and unmanned épacecraft, satellites, and space platforms. This
type of investigation consists primarily of measuring characteristics
of the sqrface of;the earth through the detection, measuring, and inter-
p:etafioh of eleqfromagnetic radiation of all waveléngths py photo-
graphic cameras, multispectral scanners, TV cameras, thermal infra-red -
sensors, radar syétemé, radio wave receivers and spectroscopy (Figure i),

The preseqt phase of remote sensing technology involves the use

of artificial satellites equipped with remote sensors.

ERTS-1
On July 23, 1972, tﬁe National Aeronautics andASpace Administrg-.
. tion (NASA) launched a satellite, ERTS-1 (Earth Resources Technology
‘Satellite), into a near-polarborbit. Up to the presént, from an orbital
altitude of approximétely 490lmiles? this unmanned satellite continues
to obtain detailed imagery coverage of selected teét'sites'around the
globe every 18 days provided the sites ;¥e not obsgured by clouds at the
fime‘of'i£3'overf1ight, The Nbrthern Gulf:of Califérnia,Aone of these

.test sites, was chosen for a research project——A Study of the Marine
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Enﬁironment of the Northern Gulf of’California, This study ﬁas sponsored
by NASA and directed by Dr. John R, Hendrickson of the Department of
»Biologicaichiences,'The University of Arizona., It had as one of itg
purﬁoses,_the testing .of the feasibility of ERTS-1 monitoring of oceano-
graphic parameters as well as its seasonal variations (Hendrickson 1973).
This thesis was developed for the above purpose and has as its pTimaryr
objective the photoanalysis of one year's data of ERTS-1 imagery of thg
Northern Gulf of California (August 1972 to July 1973) from a physical
oceanographic point of vie&;, Therefore some-parté of this study have
beeh-published in previous reports (Lepley, Hendrickson and Calderon’

1973).

Importance of the Study

In recent years the Northern Gulf of California has been the
subject of a series of investigations involving several disciplines,
The reasons for thié are: |

1. The flow of the Colorado.River, as recorded at Yuma, Arizona,

| has been reduced frém.anxaverage annual flow of 15,094,000 acre
feet‘(1902-1934) to‘4,380,059 acre feet (1935-1963; see

Schreiber 1969a)., The effects of this flow reduction onlthei

Northern Gulf of Califérnia still need to be documented,

2. The most important industry in the Nérthern Gulf of California
area is fishing. In the past ten years, this industry has
suffefed major changes that are still largely unexplained.- 
Therefore, all ihformation on the oceanography of the area is of

- great interest to those seeking answers to this importanf problefn°



A
Because of the.clear, cloud;free atmosphere which generally pre-
vails over the Northern Gulf of California, it is considered to |
be an ideal test site to demonstrate thebfeasibilityrof ERTS-1
monitoring of the environment, i
The Northern Gulf of Célifdrnia and the San Andreaé_faulf are
coﬂsidered to be the boundary between the Pacific and North
America tectonic platés, even though some aspects of this theory:

still need to be confirmed,



DESCRIPTION OF THE AREA OF STUDY

The area of investigation is defined in figure 2, It lies be-
tween 31°10' and 32°00' North iatitude and longitudinally between the
east and west shqrelines_of the Gulf of Célifornia° | |

Schreiber (1969b, pp. 3-5) gives a good description of the area:

This somewhat triangular area is formed by the Gulf ports of
San Felipe, Puerto Penasco, and the Colorado River delta. . The
west side is in the state of Baja California and is flanked

by the Sierra San Pedro Martir and lesser ranges. These ranges
consist chiefly of pre-Cretaceous and Cretaceous igneous and
.metamorphic rocks (Beal.  1948). The low-lying coastal plain
area between San Felipe and the mouth of the Colorado River
consists of barren mud and salt flats whose sediment was derived
from the Colorado River. The sediments are silt and clay and
evaporites of recent age, but sediments of Pleistocene age have
also been recognized in the area (Thompson 1965).

The northeast side is in the Sonoran Desert which grades north-
ward into the Colorado Desert. The Sonoran Desert along this

side of the Gulf has also been designated the Gran Desierto and
the Desierto del Altar, Near the coast, the desert consists of

an alluvial plain of bedded sand and gravel which is covered

in places by sand dunes. The geologic map of Mexico (Comite

de la Carta Geologica de Mexico 1960) shows this desert area to
consist chiefly of Pleistocene and Recent sediments, late Cenozoic
clastic sediments and volcanics, and granites of Mesozoic and
Precambrian age. Pelican Point, a few miles west of Puerto
~Penasco, consists of -a light-colored granite of Mesozoic age

laced with pégmatite and aplite dikes. Punta Penasco, the dark
hill at Puerto Penasco, and Black Mountain, located west of Pelican
Point, are basalt. The Pinacate region, a basaltic volcanic field,
occupies about 600 square miles of the desert country 55 km

north of Puerto Penasco and 65 km west of Lukeville, Arizona,

Figure 3 shows the area of study and its'surroundings, The

delta area has been described by Thompson (1965, pp. 6-7):
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The crest of the present deltaic cone trends southwestward

from an elevation of 43 m near Yuma, Arizona, to a minimum ele-
vation of about 11 m near Cerro Prieto, 25 km south of Mexicali,
Baja California. To the north, the delta surface slopes into
the Salton Basin at a gradient of approximately 0.8 m/km., On
the Gulf side, the deltaic cone dips southwestward at a gradient
of 0.35 m/km to the 5 m contour at a latitude 32° North., Former
meander belts, levees, and extensive secondary deltaic cones
bear witness to the dominant influence of fluvial processes in
this sector., Surface deposits are generally sandy, and under
natural conditions were covered by dense vegetation (Sykes 1937),

Southeast of the 5 m contour, the influence of the high Gulf
tides is apparent. The delta surface maintains a very low grad-
ient of about 0.016 m/km to the higher high tide line near the
river mouth, This section is characterized by barren mud and
salt flats, which are transected only by the relatively straight
estuary of the river,

Bathymetry and Bottom Topography

In the soufhern part of the area, depths as great as 200 meters
are found (Wagner Basin), while in the northern part, above Consaga Rock,
sediments from tHe Colorado River have reduced the depth toiless than
20 méters. Figure 4 shows a’bathymetric map of the Northwestern Gulf of
California compiled by Thompson (1965).

Ihe western part'of'the area ig gharacterized by a smooth and
plain bottom topography with an average gradient of 0.05o from mean sea
level to dep;hs of about 15 m (Thompson 1969b). This kind of topogrgphy
represents the subtidal continuation of the intertidal mud flats that
have accumulatedAalong the western coast f;om'the Colorado River Estuary
"to near San Felipe.

The bottom topography.of the eastern part of the area is char-

acterized by low ridges and intervening flat-bottomed trdughs.- These

ridges and troughs are best developed near the mouth of the Colorado
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River and are thought to represent tidal current ridges formed by the
stréng tidal cﬁrrents obéerved in thg area (Thompson 1969p) .

A singular topographié featﬁre is well delineated in the eastern
part of the Northern Gulf. This feature consists of a prominent sub-
marine channel that runs from the eastern tip of Isla felicano to the
north end of the Wagner Basin, This‘channel is thought to repreéent a
former entrenched course .of the Célorad; River (Thompson 1969b);

Along the Sonoran coast, the bottom topography is represented by
irregular troughs separated by shoal ridges. Water depths of 25 to 30
meters are encountered very close to the shore line, in contrast with
the plain bottom topography of the western gulf. The irregular topography
close to the Sonoran coast is said to be the result of the combined
effects of formgr river cﬁtting and recent crustal disﬁurbances_along

the San Jacinto fault which extends into this area from the northwest.

Surface Sediments

The distribution of surface sediments in the Northern Gulf of
California has been described by Thompson (Thompson 1969a, pp. 74-76):

Surface sediments in the northwestern Gulf of California fall
principally into the textural categories of silty clay, sand-
silt-clay, and sand, with relatively minor occurrences of muddy
sand and clayey silt (Figure 5)., Silty clay predominates over
most of the intertidal mud flats north of San Felipe and covers
‘the smooth subtidal plain in the Western Gulf, to depths of

10-12 m. " Petrography of these sediments has been studied in
detail by Thompson (1965). The Wagner Basin and deeper area
immediately west thereof are also characterized by silty 'clay.
These clays are brownish gray in. color, homogeneous in appearance,
and average: about 5 percent sand, 40 pefcent silt, and 55 percent
clay. o o
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Figure 5. Surface sediments of the Northwestern Gulf of
California. -- After Thompson (1969b).
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. Fine to medium sand occurs in a continuous belt along the Sonoran

. coast extending throughout the intertidal and shallow subtidal
zone. This belt widens southward and merges with an extensive
area of sand covering the shelf north and east of the Wagner

'~ Basin, Much of this sand is believed to be relict, left un~
covered since the last Wisconsin rise of sea level,

In the remainder of the northwestern Gulf, the textural distri-
bution is complicated, and appears to be controlled by the ir-
regular morphology. Near the mouth of the Colorado River clean,
fine sand prevails on the crests of the tidal current ridges and
silty clay is found in the intervening troughs., Further south,
slightly muddy sand occurs only on the higher ridges, while
" sand~silt, clay covers the lower ridges and troughs. The overall
textural pattern in the northwestern Gulf is that of predominantly
"~sand on the east, predominantly silty clay on the west, and a zone
of mixed sediments in between,
The source of these sediments is the Colorado River, according
to a study made by Thompson in 1965. However, it is necessary to men-

tion that in the last 60‘yearé due to man's activity, the Colorado River

has supplied a very small amount of sediment to the Gulf.

Tides

The size and shape of the Gulf of California provides a resonant
system to the semi-diurnal tidal cycle, with the :esult that a 9-10 meter’
tidal range is fpund in the northern reaches of the Gulf (Matthews 1969,

Filloux 1972).



MULTISPECTRAL IMAGERY APPLIED IN OCEANOGRAPHY

In 1968, Dr. Larry K, Lepley compiled and extrapolated Naval
Oceanographic Office Secchi diskvtransparency data to show the global
distributioﬁ of coastal water ciarity. He found that 50 perdent of the
world's coastlineé hgve 70 to 90 percent transmission per meter (depths
of 5 to 20 m).' Coastal waters»with more than 92 percent transmission-
(over 20 m depth) comprise 35}percent;‘and 10 percent of the total has a
transmission better than 30 meters. The spectral range considered
varies from about 450 my to 580 my. Thesg findings together with the
1analysis of severai of the 70 mm color and multiband photographs taken ,
by the astronauts'during the Gemini and Apollo flights havé'shown thai
space imagery can be.used for studying sea water. types Gnai;é 1970),A

Among remote image-forming sensors which are used in the remote-
sensing programs foerceanography, good spatial resolution is provided
by the multiband camera and the multispectral séanner. Evén.more im-
portant, they are the only sensors which directly record information
below the surface of the ocean Qith this order of resolution.

Multispectral imagery is of great importance in the different
aspects of oceanography. The hydrographer is concerned withﬁkeeping his
charts up to date to meet the raéidly increasing demands 6f OQean
cbﬁmerce and res&urces development (Badgley, Miloy and Childs 1968),

The biologist is concerned with the correlation that exists between

13
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6ceanic chlorophyll concentration and the ocean's color spectrum, as an
indication of the water's productivity.(Duﬁtley 1972);' The marine
eéologist is interested in detecting pollution in the oceans by correlat-
ing the variation of skylight feflectance with o0il and other pollutants
in the seawater (Badgley et al,41968). The.physical oceanographer is_
interested in detecting circulation, curren#s, tidal and internal wave
patterns,'color boundaries as indicative of different water masses, and
turbidity -levels (Merrit and Stancioff 1971). At present, multispectral
imagery has become the main optical tool fdr gathering information in
the visible and near infrared region for its use in the‘above-mentioned
branches of oceanography. Table 1 presents é summary of the_optical
multispeétral sensors that may be used from spacecraft to stud& different

kinds of marine features,

Characteristics of Oceanographic Subjects

Except for shorelines aﬁd similar features which véry sharply in
color or form from the surrounding terrain, the oceanographer is con-
ce?ned primarily with recognizing and interpreting the meaning of very
slight changes in color hue and‘color saturation evident in the color
photograph or the multispectral record. |

In oceanography, information of vital scientific and economic
importance is in the .460-.510 and .510-.560 micron bands (Ross 1969);
information on water clarity, color,.biological activity, depth, bottom
composition and topography, currents, sediment transport and many oﬁhef
features are found in the blue-green region., In coastallwater the peak

of upwelling light in the water may shift toward yellow, but the



Table 1.

15

Application of multispectral imagery.to oceanography,

Features to be Measured

Schools of fish

Instrument Wavelength
Sea surface thermal mapping - Optical Mechanical Scanner 3-5.5 ym
: and ‘
8-13 ym -
Ice. surveillance Multiband camera, 4=, 7 ym
Optical Mechanical Scanmer = 8-13 |m
Interface land/water Opticél Mechanical Scanner o7-1.1 ym
Fresh/salt water Multiband camera,
: Optical Mechanical Scanner 4-1.1 ym
.Water pollution Multiband camera,
Optical Mechanical Scanner A4-1.1 ym
Suépended sediments Multiband camera,
: Optical Mechanical Scanner 4-1.1 ym
Shoals and coastal mapping Multiband camera,
’ ' Photography, and
Optical Mechanical Scanner 4-1.1 ym
Currents Multiband camera,
Photography, and
Optical Mechanical Scanner «4-13 ym
Coastal marine processes: Multiband camera,
shore and water lines at Photography, . and . 7
" various tidal stages Optical Mechanical Scanner 4-1.1 ym
Ocean waves Photography JA-,7 wm
Biologicél: o Photography,
~Bioluminescence Multiband camera, and '
Red tides ‘Optical Mechanical Scanner o4=.7 ym
Plankton
Chlorophyll
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interpretation prdblem is that of detecting slight changes within a rela-
tively narrow spectral band. |

The energy for'image;formétion is supplied by sunlight. Figure
6 is a»schematic-diagram oﬁtlining the major factors which influence the
scattering and ébsorption of sunlight in the étmospherg and in the ocean,’
and which serve to spectrally modify and attenuate the contrast of image

flux reaching the sensor.

Ocean Spectral Data

Oﬁe of the most &ifficult problems associated with the interpre-
tation of remote spectral measurements of the ocean is the separatibn of
atmospheric effects from the signal which originates in the water. The
total signal received by a high altitude aircraft or spacecraft contains
information originating in both the water and in the atmosphere, with
the latter predominating (White 1972)., Thus the signal receiVed.by the

sensor is:

where ST’ SA and SW are the signals received at the sensor, the individﬁ-

al components from the atmosphere, and the water, respectively. S, is

A

larger compared to S

- and is typically larger by a factor of 10 in the
7o : -

case of a spacecraft measurement. Thus, an uncertainty of one percent
in ST can result in an uncertainty of 10 percent in deriving Sw.
This imposes severe accuracy: and sensitivity requirements on the

" measurement of Sy and on the calibration of the instruments which make’

these measurements,
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C - SURFACE REFLECTION OF SUN 8 HAZE
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F - DIFFUSION OF LIGHT FROM BOTTOM
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SUNLIT
SLOPE
ROCK
Scattering, absorption, and contrast attenuation image
flux by atmosphere and water. — After Badgley et al.

(1968) .
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Necessity of Surface Truth

Mulfispectral imagers sense directly oniy the aﬁparent spectral
radiance of oceanographic features. This apparent number éan lead to
some qualitative determinétions, but, because it is not an inherent
»féature property, it is usually difficult to interpret any significant
information from this q@antity; As a result, it is necessary to acquire
information in some other_ﬁay in Qrder‘to be able to interpret'what this
‘remotely measured'spectfél’radiance means, 'This is the pﬁrpdse'of ground
truth:

The remotely sensed apparent spectral radiance is determined
directly by four things:
1. Reflectivity or emissivity.
2. Illumination,

3. Temperature,

4, Atmospheric path effects,

The first three items determine the actual spectral radiance of
the-feature._ The last item determines how the atmospheric péth between
‘the ocean surface and sensor alters the actual fadiance to pioduce an
apparent radiance. 'Of these four parameters influencing the apparent
,'fédiance sensed, items 1.and 3 are the ones which the scientist Wouid
most like to know since these pérameters are properties of the target
and'thus contain the ultimate information sought.

All of these quantities ﬁary according to target type, target

condition; and the environment as shown in .Table 2, In the case of the



'Table 2. Factors determining the remotely sensed apparent spectral radiance of water features,

Remotely Observed Quantity

Determined Directly By

Which is Influence By

Apparent Spectral Radiance

Reclectivity/Emissivity

I1llumination

Temperature

~ Atmospheric Effects

Water type
Water condition

Environment

‘Water type

Water condition
Environment

Environment

61



ocean, these parameters are ‘described by observing or measuring the
following quantities.
'Environment
a. Solar radiance intensity,
~b. Atmospheric thermal radiation‘intensity;
c. Cloud cover.
d. Air temperature,
e, Wind speed and direction,
f. Water vapof content or air.
g. Atmospheric contaminants kdust,'haze)u

Water type and condition

a. Transgarency.

b. Suspended matter,

c. Tﬁrbidity;

d, Illumination.

e, Surface temperature,

f. Reflectivity, emissivity.



ERTS-1 SENSORS

‘The ERTS-1 spacecraft (Figure 7) carries two types of imaging
sensors: the Return Beém Vidicon (RBV) cameras and the:Multispeétral
Scanner (MSS).. The Return Beam Vidicon caméras are television cémeras
mouﬁted side by side in the épacécraft and bore-sigﬁted'to simultaneous-
ly photograph the earth beneath the spacecraft in éach of three spectral
regions (Tablé 3). The individual frames of RBV images cover approxi-
mately 100 x iOO nautical miles and overlap bj'lo percent along the
spacecraft track; ‘ | |

The multispectral scanner (MSS) is a line scanning device--a
radiometer which measures the spatial distribution of radiatioﬁ from a
source by moving the field of view of the optical system before the
radiation is dispersed and focused into four ;olid state detectors--
which uses an oscillating mirror (Figure 8) to simultaneously scan the
tefrain passing beneath the spacecfaft in four spectral bands (Table 3).
As in the’case of the RBV's the electronic'signals are converted to
70 m system corrected images.1 The'image scale is approximately
1:3,369,000 and the swath width is approximately 100 nautical miles
wide. Although the scanner data are_acquired in a continuous swath,

in the process of electronic signals to image conversion the images are

1. Imagery that contains the radiometric and initial spatial
corrections introduced during the process of video tape to film con-
version.
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SOLAR ARRAY ATTITUDE CONTROL SUBSYSTEM

WIDEBAND
RECORDER
ELECTRONICS

WIDEBAND ANTENNA
ORBIT ADJUST TANK

ATTITUDE MEASUREMENT SENSOR

MULTISPECTRAL SCANNER -
DATA COLLECTION ANTENNA S-BANO ANTENNA

RETURN BEAM
VIOICON CAMERAS (3)

Figure 7. ERTS-1 spacecraft. -—— After NASA (1972).



Table 3. ERTS-1 sensors spectral bands.

23

- ) Wavelengths EM. Spectrum ,
Seqspr (Micrometers) . Position . Band Code
RBV .475-,575 Visible (green) 1

.580-.680 Visible (red) 2
.690-,830 IR* 3
MSS .500-,600 Visible (green) 4
.600-, 700 Visible (red) 5
.700-, 800 IR* 6
.800-1.1 S IRX 7

% NOTE: The IR bands of these sensors are known as solar IR bands.
Therefore, they have nothing to do with the scene thermal properties,



OPTICS
6 DETECTORS SCAN MIRROR
PER BAND (OSCILLATES
NOMINALLY
(24 TOTAL) +2.88°)
NOTE
100
ACTIVE SCAN IS NAUTICAL
WEST TO EAST MILES WIDE
NORTH
WEST
EAST
SOUTH 6 LINES/SCAN/BANO
PATH OF SPACECRAFT TRAVEL
Figure 8. ERTS-1 Multispectral scanner operation, -- After

NASA (1972).
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divided into frames to cofrespnnd with the frame coverage of the RBV
“camera, A detailed description of fhe operation and the photographic
products of the ERTS-1 satellite nan be found in the ERTS-1 user'n |
manual (NASA 19725. ’

0f the two sensors narried aboard the satellite (RBV and MSS),
only the MSS is now being used. An electronic failurerin the RBV power
_.supply:circuitry in August, 1972, made it difficult to switch between thé
two imaging systems, and the RBV was shut down.

Comparison of the MSS with
Photographic Cameras

Multispectral images in the visible region and in the infrared
can be obtained‘bbth.by cameras and by scanners, Aerial photographic
systems afe quite fine for estgblishing the positions of sources so that
accurate maps can be made. Reconnaissance cameras can provide detailed
recordings of the distribution in blaék and white as wéll as color and
false color forms. Satellite based cameras can provideAimnortant geo-
logical information with relatively inexpensive photographic equipment,
With such demonstrated capacity to record positional distribution of
radigtion what is the need to utilize a multispectral scanning apparatus
in ERTS-1?

The principle reason is that both spectral and spatial radio-
metric measurements with a highldegrge of accuracy can be obtained in a
form suitable for analysis by high speed computation methods when optical
mechanical scanners afé used.. The»photogfaphic process is seriously

limited in: (1) precision--the multiple steps to produce the image and

S
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the ten&éncy of the process to become nonlinear in almost every proper-
ty makes reproducible quantitative. results very difficult to échieveu
(2) Spectral range--the photographic proéess is limited to wavelengths
shorter than bne micron b& self-exposures due to its own internal
radiation. (3) Computational form--the spectral-spatial information is
in the form of silver on dye deposits while the high speed computation
equipment requires electrical signals with spectral data accurately
correlated with position in the scene. The multispectral scanner over-

comes these limitations, but loses some of the positional accuracy needed

for standard mapping purposes,



DATA ANALYSIS

The interpretation of the ERTS-1 imagery supblied for the study
was done in two stages:
1. Imagery evaluation without ground truth, but using some back-
.ground,knowledge about theAarea. |
2, Imagery evaluation using ground truth data gathered by the re- .

search ship, '"Adventyr,"

Imagery Selection

The imagery used fér the photoanalysis (Table 4) was selected
"according to the following criteria:
1. Availability of the imagery,
.2. Good quality.

3. Cloud coverage of less than 30 percent.

ERTS-1 Imagery Products Used for the Analysis

As shown in Table 4, the ERTS-1 imagery products ﬁsed in the
photoanalysis were: |
i. 70 mm negatives;
2, 70 mm pésitiées.
3. 9.5 inch positive.

4, 9,5 inch dodged prints.

27



Table 4. ERTS-1 imagery analyzed,

28

Date
8/ 7/72
8/24/72
8/25/72

9/11/72
9/11/72 .

9/12/72
9/12/72
9/29/72
9/29/72
9/30/72
9/30/72

11/ 4/72

11/ 5/72
12/29/72
12/29/72
2/ 2/73
2/ 3/73
2/ 3/73
- 3/10/73
.3/10/73
3/11/73
3/28/73
3/28/73
3/29/73
3/29/73
4115773
4/15/73
4/16/73
4/16/73
5/ 3/73
5/ 3/73
5/ 4773
5/ 4/73
5/21/73
5/21/73
" 5/22/73
5/22/73
6/ 8/73
6/ 8/73
6/ 9/73
6/ 9/73
6/26/73
6/26/73
6/27/73
6/27/73
7/14/73
7/14/73

7/15/73-

7/15/73

Frame ID .
Orbit No. Time (GMT)
1015 17442
1032 17391
1033 17444
1050 17385
1050 17392
1051 17443
1051 17450
1068 17385
1068 17391
1069 17443
1069 17450
1104 17393
1105 17452
1159 17451
1159 17454
1194 17400
1195, 17452
1195 17455
1230 17400
1230 17402
1231 17454
1248 17400
1248 17408
1249 17455
1249 . 17461
1266 17400
1266 17402
1267 17454
1267 17461
1284 17395
1284 17402
1285 17454
1285 17460
1302 17394
1302 17401
1303 17453
1303 . 17455
1320 17393
1320 17395
1321 17451
1321 17454
1338 17392
1338 " 17394
1339 . 17450
1339 17453
1356 17390
1356 17393
1357 17445
- 1357 17451

T N N N N N S O i S e S O ATt SN

od)
0
=]

UL UUGKULUUILUBUVBTULLULILULLULUBLLE LKL N

F T T ¥ S s v A T T T * R S F R T I I T T I )

3

L uutuuutLuuoibhn i L

v v Vv v v v v

v w w v
)

v v

NN N SN N N N S SN NN SN SN SN SN SN S SN N NN N NN

Cad o NI SN S S SN SN S SIS SN N S SN SN SN N NN SN SN NN

70 mm. pos. .

EEEREEEREEREEEEE TR R B T O I I RO I B B B I R

70

mm. neg. 9.5" pos.

xxxx:cxxxxxxxxxxx'xxxx‘x,xxxxxxxx.xxxxkxxxxxxxxxxxx’xxx

s % 54 B B4 B B B % M B MM M M M K MO MM M MR MK MR MMM NN N KKK K MNUNNNNNKNRN




29

~Figure 9 shows an example of the kind of data supplied by the
MSS. .This print cluster of the four MSS bands was obtained from the
70 mm negatives of the data cdfresponding to thevDecember-29, 1972,
satellite overpass. This cluster is a good exémple of the contrast that
mayvbe expected among the four frames due to the different spectral bands
they represent (Table 3), Band number 4 (.500 to .600 micron) shows low
tonal contrast between the submerged and exposed land, but gives éood
information about clear waters (darker areas in the photo). This band
also shows the greatest atﬁospheric and water haze effect, Band number
5 (,600.to .700 micron)  shows the best ﬁonal contrast in the water itselfr
permitting the identification of several water featurés. Finally, bands
6 and 7 (.700 to .800 and ,800 to 1.1 micron) give the best information
about the interface sea-land, deltaic areas and delineate quite well the

bodies of water existent in the surrounding area,

Imagery Evaluation without Ground Truth

Background

Before the photoanalysis started, ‘some facts about the area were
assumed: |
1. The tidal excursions in the Gulf are very intense, ranging up to
10 meters between low and high tides (Filloux 1972, Matthews 1969,
Thomson 1972). o o y
-2, The tidgl currents are_extremely,rapid (Matthews 1969) . |

3. The lack of outflow of the Colorado River (Schreiber 1969%).



Figure O.

band 4 band 5

band 6 band 7

An example of ERTS-1 MSS winter imagery.
corresponding to December 29, 1972.

—— Overpass
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4, The‘known properties of sea wétef (Duntley 1972, Lepley 1968)
and thé,résﬁlts of the Scripps Institute of Oceanography's
"Fresnel II" survey in the Gulf (Austin‘19f2), were used as an

~aid to the iﬁterpretation-of the ERTS—l'imagery under considera-
- tion.

5. The displacement of the light transmission peak frqm the blue-
‘green région to fhe'dear infrared region in the four MSS
channels may be utilized as a sounding device to get a three-
dimensional picture of the distribution and flow of water masses
at f&ur depth intervals (Ross 1969).

6, 1In very turbid waters, the maximum light penetration is expected

to be in the red band (Sﬁerdrup, Johnson and Fleming 1963).

Using the knéwn spectral properties of coastal sea watef (Lepley>
1968, Tyler and Smith 1970, Williams 1970), it is possible to predict the
approximate'thickneés of the surface Water-layerrin which or through |
which turbidity patterns are imaged in each of the four ERTS-1 MSS
gspectral bands. The deptﬁ of integration (penetratidn)‘is different forr
- each of the fourbbands and is different for each degree of turbidity in
the uppermost water layers. |

The diagram»éhOWn iﬂ-Figure 10 can be usedrto estimafe,relativef
depths seen by comﬁaring the imagery of the four ERTS-1 bands. The use
of this diagram.was suggésﬁed by Lepley (1973) and is based on his ex-

perience in multispectral photography and radiometry over -shallow water,
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The use of this curve is as follows;

The selection of the Appropriate curve A, B, C or D f;om Figurg
10.aCCording to the relative .darkness of water in the foﬁr ERTS-1 MSS
bands establishes the class of turbidity represented in the imagery.
Curve D is selected when the water appears dark in all of the four
chaﬁnels. If the water appears dark in channels 5;.6 aﬁd 7, curve C
should be selected. Selection of curve B is made when the water appears
dark:in channels 6 and 7. Curve A is chosen when the water appears dark
only in band 7.

Once a curve is selected an approximate estimation of the depth
of the turbidity patterns is possible., For example, if two superimposed
patterns are seen in type C water on a band 5 image, but ohly one of
these is seen on the band 7 image, then it is possible to conélude that
" band 7 shows the turbidity of the upper 15 cm and that band 5 shows the
same pattern superimposed on a‘second pattern repfesenting the 15 cm;
150 cm depth interval,

>In the analysis of the four different MSS bands, band 4 is ex-
pected to give information from a depth of three‘centimeters to a depth
of 30 meters depending on the turbidity (the less the turbidity the
greafer the depth rangé of infqrmation), Band 5 (for the area of study)
is expected to give information from threé'centimeters to three meters.
The deepest penetration in very turﬁid waters can be ‘expected to be in
this band. »Invbagds<6 and 7,.the high absorptivity of fhe water pre-.
dominates and the information from these bands_représents the 3 to 30

‘centimeters and the 1 to 3 centimeters depth ranges respectively.



PHOTOANALYSIS TECHNIQUES -

Visual Examination
The first step in the aﬁalysis éthhe selected imagery was a
~ visual examination to delineate general marine features and at the same
time ‘to choose the best frames for further analysis. Due to the varia-
tion in water clarity in the northern Gulf, and the good résolutioﬁ
capability of the MSS, éll fourvbands supplied a 1arge amount of informa-
tion when examined*visuall?. Table 5 is a summary of the oceanographic
features thus detected.

Analyzing the results of the visual examination one concludes
that the examined imagéry can be classified in two tyﬁes.accérdiné to
the tonal_contrast and resolution: (a) Summer-Fall imagery correspondé
to the dry season in thé area (May through October) and shows low con-
trast between the Northern Gulf Waters and the surrounding area. Yet
for the water itself, the summer i@agery gives the bést information in
turbidity levels, tidal pulsations, circulation patterns, wind effecgé%;
over the surface layers, internal waves, and recurring plumes in the
water, The early summer imagery in which the solaf‘elevation was 60
degrees or more abo#e the horizon shows that surface glitter or direct
solar specular reflection from the water surface obliterated the sub-
surface turbidity patterns. However, these glitter.-patterns werg‘foundi

to be useful in themseives, in that bands of varying water roughness
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Catalog of dcéanographic features of the northern Gulf of California from

_Table 5.
o " ERTS-1 MSS imagery.
Date Frae ID Band Cireulatton] Tidal Glitter Internal | Suspended Surface Sea-land Wind Upwelling
. ] Patterns Stage Patterns Waves Sedipents -Currents Interface | Effects Plumes - -
, " ”
8/2/72  1015-17442 5 X
6 X X X X
7 X X X X
4
8/24/72 1032-17391 5 x x
6 X X X x
7 X X X X
4 -
. : 5 % x
8/25/72 1033-17444 6 X X x x x
‘ L 7 X X % x x
4
5
9/11/72 1050-17385 6 3 x
7 x x
4
5 -
9/11/72 1050-17392 X
: 6 X X X
7 X x X X
4
. T "
9/12/72 1091-17443
6 X X X X
7 X X X X
. 4
5
9/12/72 1051-17450 X X
6 X X X
7 % X X X
4
5 X
9/29/72 1068-17385 . = x % x
) 7 X X X X
4
9/29/72 1068-17391 -2
6 X X
7 ¥ X

Ge



Table 5, continﬁed. -- Catalog of oceanographic features.

3

Citcﬁlatior

Tidal Glitter Internal {Suspended Surface Sea-land Wind Upwelling
Date Frame 1D Band{ potterns Stage Patterns | Waves Sediments | Currents | Interface | Effects |Plumes
4 X
9/30/72 1069-17443 2 x X x
) . 6 x X X x
7 x X x X
9/30/72 1069-17450 5 x
. 6 .
7 x X
) 4
11'4/72 1104-17393 3 X x X x
8 X % X
7
4 X
11/5/72 1105-17452 3 X x % X
6 X X X x
1 X X
A x X
12/29/72 1159-17451 ) X x
6 x X
7 X X
: 4
12/29/72 1159-17454 5
6 x
yi X
. 4 T
2/2/73  1194-17400 E] X
6 X X
7 x %
2/3/73  1195-17452 5 X X
. : 6 « x
7 X %.
4 .
2/3/73  1195-17455 5
6 X X
7 X, X

9



Table 5, cbntinuéd. -- Catalog of oceanographic features,

Date VFrame ip Band Circulation| Tidal Glitter Internal | Suspended Surface Sea-land Wind Upwelling
‘ Patterns Stage Patterns Waves Sediments Currents Interface | Effects Plumes
) 4
3/10/73 1230-17400 5 X X
6 X X b4
7 X
. 4
3/10/73 1230-17402 3 X
6 X x
- 7 X X
; . 4
3/11/73 1231-17454 5 2
6
7 X x
4
3/28/73 -1248-17400 5 X
6 x
7 X
JA
3/28/73 1248-17408 ) X
. 6 % X
7 X X
4
3/29/73 1249-17455 5 X X
: I % x
7 X - X
: 4
3/29/73 1249-17461 5 X
6
7
: 4
4/15/73 - 1266-17400 5 *
: : i : 6 x X X X X
7 X X X X
4
4/15/73 1266-17402 5 X X X
6 X X X X X
7

L€



Table 5, continued, -- Catalog of oceanogréphic'features.

Tidal

Date Frame ID Band Circulatiod Glitter Internal | Suspended Surfvace‘ Sea-1land Wingd Upwelling
- Patterns Stage Patterns Waves | Sediments Curxents Interface| Effects Plumes
. 4 ‘ )
4/16/73 -1267-17459 b} X X
’ 6 x X x
7 X
4
4/16/73 1267-17461 5 X
B 6 X x
7 X b4
4
5/3/71  1284-17395 S X X X
6 x < %
7. X X
o 4
8/3/73 - 1284-17402 5 X X x X
6 X X X x x
7 X x X X
4
5/9/73  1285-17454 3
. P »
7 X
4
5/4/73  1285-17460 5
6 X
7 X X
4
5/21/73 1302-17394 5 X X - X
. 6 x X x x x‘
7 X X X X X
. 4
5/21/73 1302-17401 5 h X
6 X X x X
7 b3 x X X
A
5/22/73 1303-17455 |5 x x :
6 X x X x X
N Z X X X,

8¢



Table 5, continued. -- Catalog of oceanographic features,

Date Frame ID Band Circulation | Tidal Glitter Internal | Suspended Surface Sea-land Wind Upwelling
Patterns Stage Patterns Waves Sediments | Currents Interface| Effects Plumes
4
5/22/73 1303-17455 5 X
. 6 X x
7 X
4
6/8/73  1320-17393 5 x x
. ' 6 X
i X
4
6/8/73  1320-17395 5 X "
6 X x
7 % x
4
6/9/73  1321-17451 3 X b
6, X X X
7 X X X
4
6/9/73  1321-17454 5
6 X X
7 X X
. : : 4
6/26/73 1338-17392 3
' 6 X X .
7 X x O
4
6/26/73 1338-17394 5 R
6 X X x
7 x X
. ; 4
6/27/73° 1339-17450 5 S X X -
6 X X X X
7 x X X X
: 4
6/27/73 1339-17453 5 x
' 6 X X X X x
Z 3. X X X X

6¢



Table 5, continued. -- Cétalog of oceanographic features.

Circulation

Tidal

Glitter

Internal

Suspended

Surface Sea-land Wind Upwellin:
¢ pwe g
Date Frame ID Band Patterns Stage Patterns Waves _Sediments Currents Interface] Effects Plumes
4 .
7 x
7/14/73 135617390 5 b3
6 x X X
7 X x
4
7/14/73 1356-17396 * |2 % x _
6 x X X
1 : X b4 X
4 .
7/15/73 1357-17445 3 X X -
. 6 x x X . x
7 x x x X
4
7/15/73 135717451 5 % x x ‘ .
. 6 X X x X X
7 X X - X X

-0y
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would reconstitute, on the sea surface, an image of subsurface oceano-
graphic phenomena which become abpafent in the satellite imagery.

Figure 11 shows an example of summer imagery. (b) Winter—Sﬁring imagery
- corresponds to the raiﬁ& season in the area (November through April) and
éxhibits good contrast between the gulf waters and tﬁe surrounding 1ahd,
but in the wafer itself the contrast is attenuated and oceanographic
information is given mainly by band number 5, The water in bands 6 and
7 is shown with the same level of density, This means that the surface
waters dufiﬁg these months are very homogeneous with a low level of
turbidity. Figure 9 shows a set of data corresponding to this kind of.
imagery.

The reasons for the seasonal differences evidenf in the imagery
discussed above are priﬁarily (a) changes in sun elevation and (b) changes
in the weather conditiomns. Sun elevation as well as Weatﬁervchanges
affect the reflectivity copditions. VDuring.the summer when the sun
reaches its higher elevations in the area and the dryness of the land
afea is at a maximum, the observed contrast between the exposed land gnd 
‘the water réaches its minimum value (NASA 1972). The opposite happens
when the sun reaches its lowest elgvations and the land area is wet duf-_

ing the winter season,

Dénsity Slicing Method

This technique consists in'converting>electronically and in-
stantaneously the shades of gray in an image or scene into a wide spec-
trum of colors (demsity levels of a photographic transparency and con-

verted into colors) so areas of special interest may be shown in detail.



Figure 11.

band 4 band 5

band 6 band 7

An example of ERTS-1 MSS summer imagery.
corresponding to June 27, 1973.

—— Overpass
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‘The equipment used for this project was a Spatial DatarModei 704/8 of |
the Arizona Regional Ecological Test Site. This system'ﬁses a black
and white video camera to ?roduce a standard television signal. An on-
line .digital video proceésor analyzes‘thé shades of gray in the tele-
vision signal. The gray‘shades are classified into one of eight cate-
gories. A different color is assigned to each category;,thé appropriate
'color television signal for the color is generated by tﬁe digitél pro-
cessor. The final result is a complete color ‘signal suitable;fof'opera-
tion of a color monitor unitf The colors on the monitor correspond to
the shades of gray in the original black and white picture.‘ For this
particulér case the color contours indicate relative gray tone values in
the ERTS-1 imagery. The color sequence runs from white at the off-
scale portion of the bright end of the gray scale to black at the

N

off-scale portion of the dark end, as follows: white; dark blue; green;

yeliow; brown; red; magenta; black, As a general but not absolute rule,
the sequence from white to black corresponds with a range from very

turbid to clear water.

August 24, 1972;_imagefy
Figure 12 shows the video-densitometer enhanced imagery cor-
responding to this date (orbits 1032 and 1033), The tide was at mid-
stage and riging. Northwest-flowing tides can be seen as épears‘of
rwater (blue color) intfuding into esfuaries iﬁ band é of orbit 1033.
Sﬁperﬁosed over the northwest tidal streamers are a surface turbidity‘
sheet running in a north-socuth direction'(green contour in band 7 §f

orbit 1033). This sheet appears to emerge from the north shore of the



Figure 12. Video-densitometer enhanced imagery. W Overpass corresponding to
August 24, 1972.
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gulf and move in a -southeéerly direction; indicating a wind blowing from
north to south which pulled up turbid water in;the’north and -caused a
downwelling of the clearer (black) surface layers té the south. Cloud
positions coincide with the western edge of this north-south surface
turbidity layer. This cloud streamefris presuméa to mark the western
edge of the south-moving air mass,

In orbit 1032 a gyre,.best shown by longer wavelengths, seems to
be indicated by a tqrbidity pattern of rotary.surface currents moving in
" a counterclockwise direction around an eye aé 31°QO'N, 114010'W. The .
gyre has a diameter of:approximatelf 40 nauFical miles (green in baﬁds 5,

6 and 7)..

Color Additive Enhancement Method

-Although significant information can be extracted from the
imagery by sequential or comparativg intefpretation of each of the four
frameé compfising_the MSS set, a significantly more productive anélysis
can be made by simultaneous additive color viewing.,

The prinéiples of additive color viewing of multispectral imagery‘
are quite straightforward. . The basic concept is simply that a color
composite image can be produced when onevoptically projects positive
photo.transparencies of images which.are:

1. Taken in different parts of the spectrum,
2. Projécted through different colored filters,

3. Superimposed one  upon the other in accurate registration,
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Figure 13 shows a coloricpmpositeVimage obtéined with the IZS

‘miniadcol multispectral viewer of the'ArizonarRegibnal Ecological Test
Site, This color enhanced image was.obtained usiﬁg the simple arrange-
ment of additive color viewing of the green, red and infrared "black
and white"” multisbectral positives projected throﬁgh blue, green, and
red filters reépectively (false color combination). The imagery corre-
sponded tothe November 5,‘1972,.sate11ite oﬁerpass.

'Analyzing this color-additive enhanced iﬁagery, one finds that
for this particular area not much more data can be extracted from it
with respect to visual examination since most of the information abéut'
the gulf waters is contained in.band 5. Nevertheless, the following'
interpretation was made., A mass of clear water (dark blue), a possiblé
upwelling near the port of San Felipe, is identified., The difference
in turbidity levels of the waters near Isla Montague (northweétern part
of the area) is shown by different tonalities of blue., The dark blue
color seen‘in the lower right corner of the imagery represents deeper
waters, This false color combinétion technique is very useful fof land
vegetation mapping purposes. The red tones in the faise color-image
under consideration‘represent vegetated areas;

Figure 14 shows the samé iﬁagery processed through a reversed
color additive combination with a red filter assigned to the green band;
a . green filter assigned to the red band, and a blue filter,aséigned #o
the IR band} This filtér combination is more useful for the study of
oceanographic features than the Othercolof combination.‘ The turbidity

a

streamers are much better delineated as are the tidal pulsations.



Figure 13. Color addition enhanced imagery (false color). -- Satellite overpass
corresponding to November 5, 1972.



Figure 14.

Reversed color addition technique.
the November 5, 1972, overpass.

— ERTS-1 imagery corresponding to

00
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‘Reprocessing of the. Imagery Method

This method of analysis consists of rephotographing the ERTS-1
“imagery to proﬁide‘a higher contrast and a better gray scale range.
This technique proved to be the most valuable 6ne in the oceanographic
analysis of the‘ERTS—l imagéry for the afea, Figure 15 shows an example
of the kind Qf data~obtained using .this technique. The contrast among
the différent features on land is lost completely (white areas), but
vthe contrast in the water itself is increased enbrmously, This imagery
- corresponds to the sétéliifé ove;pass of September 11,-1972. |

A turbidity front.and'its counferclockwisé rotation can be &e-
1ineated to a greater degree using tﬁis technique. 1In band 7 the clouds
at the edge'bf the gyre are quite distingqishable'due to the high con-
trast between the clouds and the surroundihg gray water areas. 'Uéing
the sounding properties of the MSS imagerybahd curve B of Figure 10, one
can deduct thatAveftically the turbidity extends from a depth of about
v 2 meters up to approximately three milliméters below the water surfaqe;
The results of thé.data aﬁalysis will,bé discussed later using

>main1y imagery processed by this technique.

Data Analysis with Ground Truth

in'order té correlate what is actually seen by the MSS from 490
nautical miles offaititude with the real phenomena; another kind of
analysis of. the ERTS-1 imagery was undertaken. This anaiysisyusedAground

'tﬁuth data gathered'bﬁ the”résearch ship, "Adventyf," operated at the
Atime by The University of Arizoma. The data was used to construct a

working model that related thé spectral reflectance of the area under



Figure 15.

band 4 band 5

band 6 band 7

Reprocessing of a MSS imagery quadrant to show the
enhancement of water features. -— Overpass corre-
sponding to September 11, 1972.
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study, as sensed by‘the MSs, with the real reflectance as seen frqm two
meters;

The surface trﬁth data dsed in the image interpretatioﬁ were
mainly spectroradiometric readings, some of them taken by this writer,
‘during the oceanographic cruises of Jaﬁuary, March, April, May and June
qf 1973 (Hendrickson 1973). ERTS- matched reflectance spectra from 2
meters above the wéter surface was éollected gsihg an Exotech four;
channel_radiométer made available by the Arizoﬁa Regional Ecologi;al
Test Site (ARETS) program. Appendix.A shows the spectroradiometric
data used in the analysis, and Figure 16 show; the oceanographic stétions
at which the data was obtained, Figure 17A, 17B, and 17C shows this data
plotted as un-normalized reflectance spectra. Two readings were taken
with each of the channels--one reading of downwellipg incident radiation
over a field of view of 160O through a diffusing plate and tﬁe other of
upwelling scene radiance over a 150 field of viéw, The ratios of these
sets of readiﬁgs in each of the channels were plotted without any attempt
to nqrmalize to-100 pércent reflectivity.

The . plotted data was then identified with corresponding turbi—
dimeter,secchifdisk,'ocular,.and other observations summarized in Table
6. Thié table was constructed to show the ciasées of water to which the
spectral curves correspond, Two assumptions were made in the analysis
of the ERTS imagery and surface spectroradiometric Aata:

1, The transparency gf‘clear water decreases-mohotonically with an

increase in wavelength of the four MSS bands,
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Table 6, Identification of water types in the Northern Gulf of
California from spectroradiometric and surface truth data.
Stations Surface Observations

D2,

C3,

AL,

B5,

B9,

D3, D4, D5, D6, D7, D9
c6, C7, C8, D8

A2, A8, A9, A10, B2, B3,
B6, B8, C4 :

B10, B1l, B2, B13

Water very turbid,. Depths less
than 4 meters.  Secchi disk readings
from .25 to .80 meters.

Water semiturbid high plankton con-
tent., Secchi disk readings from
1 to 4 meters,

Clear water. Secchi disk readings
greater than 5 meters.

-Clear water over turbid water,

Secchi disk readings vary from 2
to 5 meters,

2, The head of the gulf is usually formed by a wedge of clearer

water which' thins toward the Colorado River estuary and overlies

at least onme layer of very turbid water.

The imagery of the ERTS-1 overpass corresponding to the January,

1973, surface truth cruise consisted mostly of clouds, but fortunately,

the previous December 29 ERTS ovefpasscorrespondedto an analogous tidal .

situation.

\

The spectroradiometric data (Figure 17) show a tehdency to

_ cluster according to (a) depth of clear water over the underlying Eﬁrbid :

layers, (b) the amount of su§pended matter in clear water and. (c) clarity

of the surface 1ayer;
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Other surface truth data used in tﬁé image interpretation, in-
ciuded secchi disk measurements, fufbidity, wind velocity and direction,
and témperatufe profiles. This data is described iﬁ Hendrickson (1973)
-_Sections III-2 and III-7.

The spectral reflectance -data taken during_ali of the surface
truth measurement cruises, whén plotted as reflectance in one spectral
band versus reflectance in another, were found to cluster especially
well when band 4 wasvplqtted against band 6 as shown in Figure 18A and
wheﬁ band 5 was plotted against band 7 as shown in Figure 18B, Two
agpects of these plots are significant., The clusters representing the
bodies of waters that were considered likely to contain high biolggical
content are located in‘the areas csrresponding to those of intermediate
turbidity. It is also important to note that the reflectance spectra of
layers of relatively clear water overlying turbid water are different
from those of unlayered mixed water of any particﬁlar turbidity.. Thig
result implies that, with remotely sensed spectfalidata, mixed water
bodies can bé.separated from stably laminated bodieé of water. The
analyses of this spectral data,-céupled with sub-surface measurements
of secchi disk and turbidimeter readings taken by the "Adventyr" and
by Scripps Institute of Oceanqgraphy (Austin 1972) were indispensable

in the interpretation of the multispectral satellite data,
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RESULTS OF DATA ANALYSIS

Circulation Patterns

It was possible to study gross circulation in the surface 1ayérs

of the,Nofﬁhern Gulf of California because suspended sediment acfs as a
-

natural tracer. Counterclockwise gyres were detected especially in the
summer imagcry. Figure 19A and 19B shows two gyreS»precent on August
24th andlSeptember 11th, 1972. These gyres are all cyclonic; converging
- upon ,a vortex. These types of counterclockwise circulation patterns in
the Northern_Gulf cf California have been reported before by Thompson
(1969b). He pointed out that, in comparable situations of semiFenclosed
long bays like the North Sea and the Adriatic .Sea, the rotary tidal
circulation is also counterclockwise, which is consistent with theoreti-
cal models (Defant 1958) in which che surface waters flow in a north—
south direccion,' This north-south flow is indeed observed in the imagery
under considefation. The problem is that, according to theory (Emilsson
1972); the circulation for areas like this would be controlled by the
thermohaline conditions (with the}haiine conditions predominating) and
should be in a south to north direction. Considering.the theory for
1ong—narfcw bays like the area of study, in whicﬁ thc evapcration exceeds
the bfecipitation one finds that the salinity is determined by the‘Balaﬁce
‘between the fresh water inflow (through the sea-atmosphere and sea;land

boundaries) and the water exchange with the exterior sea, In a long

57



Figure 19.

Examples of counterclockwise turbidity gyres. -—-—
(A) Imagery from August 24, 1972. (B) Imagery from
September 11, 1972.
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term, an equilibrium is reached, so that the amount of salt entering

from the exterior sea is equal to the amount of salt leaving the interior

sea,
The salt conservation requires that:
FgSg = 1.5,
where
FE = Mass of water entering the area.
SE = Salinity of the mass of water entering the area,
FL = Mass of water 1eaving the area.
SL = SaliniFy of the mass of water,leaying the grea.

Since the mass of water in the region must be constant, it

follows that:

FL = FE + R - (E - P)
“where |
R = Fresh water inflow through the sea-land interface,
" E = evaporation,
P = precipitation.,

Combining both equations FE'is found to be:

CR- @ -y

- - Q
E SE 'oL

F

’

‘This equation gives an idea of the circulation which can be ex-
pected in semi-enclosed areas when the hydrological regime and the-

salinity of waters entering and leaving the region are known.



60
For the Northern Gulf of California (during the summer) R is
negligible and the evaporation exceeds tﬁé precipitation (Alvarez—Borrego,
Nishikawa-Kinomura and Florez-Munoz 1974; Green 1969) so R - (E - P) is
ﬁegative and this requires that Si Be greater than.SE (Emilsson 1972),
Ip adjaéent regions in which the temperaturé of surface waters is usually
about the same, the difference in density (ultimately responsible fof
circulation) depends essentially on the salinity.
In the first analysis of tﬁe area, and taking'into consideration
a Qegaﬁive hydrological balance, one(finds thaé the saltier water is the
water leaving the area. Because this %ater is heavier, it should be
close to the bottom and the surface circulation should be ina‘south-ﬁorth
direction as shown in Figure 20A, but this is not the case according to
ERTS-1 imagery. A reason for,this was foqnd by checking the surface
_temperatures)and salinities (Hendrickson 1973) of the area during the
summer of 1972. One finds that there are as many as three degrees
céntigrades of difference between the delta stations and the sea stafions,‘
In another case, the temperatures-of adjacent regions were differeni
and the density was influenced to a greater extent by the temperature,. '
The density of the surface waters in the delta area was reducea in such
a way that the waters at the northern end of the gﬁlf could not sink
any more than expected in Figure 20A>if the circulation were coﬁtrﬁlled
only by salinity.
| It follows that one would expect the surface salinity also to be
greater.in the.delta area stations than in the sea stations andithis

t

evidently occurs (Alvarez-Borrego et al, 1974, Hendrickson 1973), The



Figure 20.

Summer circulation. Northern Gulf of California. —

(A) Assumed haline dominated circulation;
suggested thermal dominated circulation.

(B)

ERTS-1
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density of this wafer is affected more by temperaturé than by salinity
and therefore tends to flow in the direction of lower surface tempera-
ture waters which are found in the sea stations south of the delta, 1In
this area the south-flowing water cools, increaseé its density and sinks.
The constancy of the water masses in the region requires a net circula-
tion in a north-south direction in the surface and opposité circulation
near the bottom forming a convection cell (Figure 20B). - This is con-
sistent with the author's interpretation of the ERTS=1 data,

In the winter (November through March) the surface truth data
shows that the surface temperature in the.delta area is SQC colder than
the ﬁater in the center of the uppef gulf. The surface salinity is also
greater in the delta stafions by .5 parts per thousand. The data show
that even in the winter (when some rain wés reported) the negative hydro-
logical balance still persists and the general circulation is more of the
thermo-haline type with the saltier and colder bottom waters (those which
sink at the head of the gulf) being the leaving waters and the less
salty aﬁd hotter surface wéters being the entering waters. In this
) mannér,.a convection cell is formed (Figure 21)., Since the surface
circulation is now in'a south to north.direction, the entering water
coming from deeper parts at the center of the upper gulf is expeéted‘to
have a vefy small amount of suspended sediments, This would make diffi-
cult the analysis of circulation patterns in the winter imagery since
the natural tracer (suspended sediments) used for the summer circulétion
patterns analysis is now lacking. 1In fact, this was observed during the

analysis of winter imagery, one example of which is Figure 9 where bands



Figure 21.

ERTS-1 suggested thermohaline winter circulation model
for the Northern Gulf of California.
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6 and 7 show that the surface waters are not turbid (uniform gray

density).

Upwelling Plumes

-Lepley (1973) proposed a circulation model baséd,on thermal
convection and the Coriolis effect to obtain an idealized circulation
modéi that ciosely resembles what is actually seenrin.ERTS—l sumﬁer
bimagery (north to south surface circulation andvéounﬁefclockwise gyres),
According to this model, the principai heat source for this thermal in-
fluenced circulatidn is the well-flushed shallow tidal waters of the
Colorado River delta which in time are heated by conduction from the
nearby Gran Desierto., The surface circulation is north to south and
the bottom circulation is south to north. Thus a convection cell is
formed. The Coriolis force deflects the surface stream to the-rigﬁt as
it moves down into the main area of the upper center gulf, énd a major
counterclockwise gyre is-formed around a center of aownwelling, cooled
water, Figure 22A répresenté the surface flow in summex according to
ﬁhe model. The longitudinal flow is the same as shown in Figure 20B,
The transverse flow is shown by Figure 220. The point of downwelling
in the sectional diagfam coincides with the center of the gyré in the
mgin diagram, Figuré 22B represénts compensatory subsurface»moﬁements
in aécord with Coriolis effect and physical oceanographic theory (Dé}ant

1958), This pattern would produce aréas of upwelling at points along
the coast with offshore drift to complete the cell, The analysis of the

summer imagery, in fact, showed plumes of darker (clearer) water which



Figure 22.

Thermal dynamic model of the Northern Gulf of Cali-
fornia during the summer. - () Surface circulation;
(B) bottom circulation; (C) east-west section. After
Lepley (1973).
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would fit that expectation. Figure 23 is an example of such upwelling

A plumes,

The study of tideé_in.the Northern Gulf of California is not an
easy sﬁbject, The‘reason for this is the lack of primary tidal stations -
(Puerto Penasco is the only one iﬁ the area). Some quesfions about
tidal phase and tidal current velocities in this part of the Gulf of
California have not been answered completely, Reports about the natural
period of oscillation of the Gulf disagree (Matthews 1969). Tidal cur-
rent velocities in the area have been measured (Thompson 1969b), but a
compléte seasonal scheme of these tidal cufrentS'is still unavailable,

The analysis of ERTS-1 imagery has provided-new information for
the study of both tidal phase and tidal current velocities, Figure 24
is a pﬁotograph of a composite sandwich overlay consisting ofyé positive
70 mm transparency of band 7, taken May 21, 1973, over a negative 70 mm
transparency- of band 7, ﬁaken June 8, 1973. This shows only the inter-
fidal zone, Tidal calendars (DGOSM 1973, Thomson 1973) available for
Puerto Penasco show thétlon May 21 ‘the tide was at 0 feet (1ow tide),
and on June 8 the tide was at 10 feet (high tide). The use of ERTS-1
synopﬁic imagery in:fhis way should allow measurements of tidal phase
velocities in this region where access with the instrumentation neéded
for direét»measurement is difficult, Unfortunatély, with the imagery
available for this thesis, it was not possible'to record both»extremes

of the 20-plus foot vertical excursions of spring tides in the Northern



Figure 23.

Plumes of clear water (arrows) near shore. -

overpass corresponding to September 30,

1972

Satellite
(band 5).
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Figure 24. Photographic overlay (positive over negative) to show the inter
tidal zone. -—— Images from May 21 and June 8, 1973.
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-Gulf because none of the satellite overpasses coincided with the peaks
of the spring tides.

The.ahalysis of turbidity banding patterns shown mainly by band
5 in most of the ERTS-1 imagery available for the.study was very useful
for the indirect meésurement of tidal current velocity. Figure 25 shows
an example of tﬁis phenomenon. The widtﬁ of this banding pattern, which
represents a historical record of the tidal pulses, varies from ap?rbxi—
mately 5 nautical miles in the northeast along the Sohoran Coast to 20
miles in the southwest along the Baja California coast, giving average
net veldcities,of‘0,4 and 1,7 knots, respectively. The differential in
velocity on thé two sides of the Gulf iliustrates a counterclockwise
rotary cdmponeht of net velocity. This ;grees with the egpected,diver-
sion of flow to the right toward the east from the Corioiis effect én
this outward flow.

Band 7 of ERTS-1 iﬁagery taken dﬁring 10W'points of spring tides
is very useful to delineate the iﬁtertidal zone, Figure 26 (May 21,
1973). is a good example of this, The exposed intertidal zone is recog;

nizable by its distinct dark gray tone,

Internal Waves

The presence of internal waves in the oceans has long been .
recégniéed (Phiilips 1966). The unwanted variabiiity frequently:found 
in érofile measurements of temperature and salinity has often been
attributed to them, particularly near the highly stratified thermpcline.
This kind of wavé, always.a subsurface featu?e, forms at the interfgee

of two strata of water of different density, the surface itself remaining -



Figure 25.

Turbidity banding demonstrating tidal pulses,

70

Northern

Gulf of California. -- ERTS-1 image from November 5, 1972,

band 5.



Figure 26. Intertidal zone, Adair Bay. e ERTS-1 image from May 21, 1972,
band 7.
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glmost‘émooth,’_For'this'very reason these dscillations ha&e.escaped
invéstigation until fairly récently; Sbme authors like Defant (1958)
have stated that these ocean features cannot be detected from above, but
remote sensing may prove the contrary. -MSS imagery corresponding to the
summer satellites overpasses, show in all of the four bands "?ibbdns"
like features thﬁt,are believed tb be a manifestation of internal wave
structures just beipw the water surface. These cyclically Banded
patterns with wavelengths of from 2 to 5 kilometers are noﬁ oriented
with the swell patterns in the area and have a surface signatﬁre of
vsligks that modify the surface. These slicks are generated by the sun
glitter effect (solar elevation greatér thén'60 degrees) over the diver-
gent zones abéve the cresté of internal waves. The“necess;ry inﬁerfacé
.for the formaéion'éf this type of waves would be provided by the bugyant
estuarine 1ayers'of'ﬁarmer water described in the summer circulation
model. "’ Eigure 27 shows two types of internal wave patterns: adjacent
and paréllel to thé-west coast of the Northern'Gﬁlf, one set a?peafs to
- oceur within a single long mass of estuarine water Which eventually
curls into a g?fe at its southern end invthis,image. Ihe other type of
internal wave péttern in this scene occurs in the mid-gulf as overlapping
arcuaté sets éoncave to the west, Whiéh may be remnants of.older éstuarine
gyres of previous tidal pulses that have drifted eastward. The fact ;hat
these ban&ed wave patterns end abruptly in mid-gulf is takén as evidence‘
that these are indeed internal wave patterns which are breaking against
the edges of.the floating lenses in_ﬁhiph théy are contaiped; If this

is true, an answer to the driving mechanism for these internal waves is



Figure 27.
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Internal waves, Northern Gulf of California. -- Image
of area just north of Angel de la Guarda Island; Baja
California coast on left. Upper photo is enlargement
of area adjacent to X on lower photo. ERTS-1 image

from May 3, 1973, band 5.
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also‘found. The wavelengths of about 5 kilometers that are measured
'directly on £he imagery éhowAthat these. internal waves afe small com-
pared to the in;ernal waves that would be generated by the tidal action
(Phillips 1966),  This leaves only two pbssible driVing mechanisms:
the wind and the flow of the thin layer of warm water (weék vertical
shear). Thé wina, blowing during the summer from the séutheast, WOuld
explain the arcuate set of internal'wqﬁes (transfer of momentum to the
right of the wind direction) concave to the west, but ﬁot the set that
appears to occur within the single long mass of estuarine water, The
‘weak veftical shear due;to the north-south flow of the warm surface
water has the -effect of reducing the frequency and vertical scale of
small'internal wave motions (Phillips 1966). This explains the short
ﬁavelengths of the detected igternal waves (as compared to longer
wavelength expected in tide generated internal waves); The change “in
' the.direcfionAof/the vertical.éhear due to the counterclockwise gyre of
the ﬁarm surface water accounts fér the two sets of internallwaves under
consideration. The vértical motions‘of these kinds of weak vertical
shear generated internal waves are suppfessed rapidly (enérgy is ulti-
mately lost from the waves, being tfansferred to the mean flow). fhe
‘motion then becomes almost entire1y~horizontal.' This horizontal motion
»lalso'dies away but more'slowly than the vertical motion. As the vertical
scale decreases, however, the vertical gradients of the:velocity field
continue to increase, leading possibly to a‘locallinstability and an
a¢c¢1erated decay of the wave motion by the generation of turbulence

(Phillips 1966), Figure 28 shows an hourglass—éhaped white blotch about



Figure 28.

Hourglass-shaped figure

@A),
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thought to be turbulent water

resulting from the breaking of internal waves. -- ERTS-1
imagery corresponding to May 3, 1973, band 7.



76
9 km jin length thought to be turbulent white water. This is in agree-

ment with the vertical shear generated internal waves theory,

Suspended Sediments

Suspended sediment concentrations ranging from i ppm to 45 ﬁpm
have begn ﬁeasured in fhe Nortﬁern Gulf of California"(Alvaréz-Borrego
et al. 1974, Gayman 1969), Generall&, the measured concentrations are
higher in the northwéstAand decreége toward the southeast. On the: =~ -
Sonoran‘side the waters arenless;turbid'than in the restrof the area.
Thié is thought to bé_due to.the'deeper waters (channel running parallél
to the coast) anaﬂthe strong £idal éurrents in the area,

During the'ERTé-l overpasses Sécéhi depth readings ranged from
about 0.2 meters in the Isla Montégue‘grea to about 3 meters in thé deep
channel (Hendrickson 1973,-Alvarez-B6rregobet al. 1974). Therefofe, it
is quife unlikely that thé Bottoﬁ ﬁiii be visible inlany of the ERTS-1
channels and it is possible to éaf that in the Northern Gulf of Cali-
fornia most of tﬁe visible featﬁfes‘wi11 be'caused by light reflected
off- the surfacé or backécafteféd from sgspendea matter (Austin 1972),

In.paé£ expériments in other areas which used:aeriai and orbital
photography to enhapéé suspended sediment'patferﬁsv(Klemas; Srna and
Tréasure'19i3; Boﬁker'etAal, 1973;7Mairs 1970) it has been shown ﬁhat
red filters ﬁavé‘been barticularly effective for discriminating bfowﬁ
sediment-laden water iﬁ shallow areés from the less turbid dark-green
waters in deeper areas, ‘

| Figure 29 contains MSS images of the Northerﬁ Gulf of Cafifornia

(orbits 1032 and 1033) in the four bands, Suspended sediment. patterns



Figure 29. Suspended sediments are shown better in band 5
of these multispectral quadrants (August 24 and
25, 1972).
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appear most distinct‘in band 5, thé red channel which agrees with air-
cfaft,and orbital resulté. Band 4 displays.a more complex pattern of
 suspended matter, which is further aggravated by a masking effect re-
sembiing'sgattering‘by the atmoéphere or haze., Due té its limited water
penetration, band 6 and band 7 showlqnly weak patterns ofrsuspended sedi-

<

ment near the surface,

. Wind Effects Upon Surface Layers

VWind-induced drift of the warmér surface 1ayer§'ére evident when
meteorological data is éompared wi;ﬁ theiimagery. For éxample,lin
Figure 30A and-BQB of August 24 and 25, 1972, a 12.2 knot southwest
wind (Hendrickson 1973) has ﬁushed~the cyclonic surface gyre‘and other
turbid surface layers northeasterly whereas the multispectral quadrant
of Figﬁre 31 (September 12, 1972) show the estuarine layer plastered

against the western shore by a 3.5 knot northeasterly wind.

Qrographic Indicator of a Shoal

Figure 32 (August 7, 1972) shows a disturbance ofAincoming
laminar tidal flow water, It.appears that the estuarine layer has begn
torn by a subsurface protrusion, The point of the plume coincides with
the ﬁapped-locafion of a shoal on the U, S, Naval Océanographic Office

’

Cﬁart 620 (see also Figure 4).

. Runocff
On the imagery for March.lO, 1973, a floating sheet of rainwater
was made visible by the slight increase in surface turbidity, onshore

evidence of rain in the area, and a cloud-line indicating a temperature



Figure 30.

Wind effects on surface layers,
Northern Gulf of California. -—
August 24 (A) and August 25 (B),
1972.
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Figure 31.

Strong northeasterly wind pushing surface layers
against west shore of the Northern Gulf of Cali-
fornia. —-- ERTS-1 images from September 12, 1972.
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Figure 32.

Orographic indicator of a shoal
August 7, 1972, band 6.

(arrow) .

—— Image from
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stepVat the boundary of the turbid layer., Figure 33 A, 33B and 33C
shows pairs of images from February"zoa March 1O,Hand March 28, 1973,
iﬁ.which band 7 images were enhanced for land and watef respectively,
The sequential images show.(1) cloudy weather previous to March 10,

(2) the présenée of the runoff 1ayer'at sea on,Maréh 10, aﬁﬁ (3) thé
absence of this 1ayer by March'28. If;also;cempares the high albedo of
the adjacént desert areaélshown in the March 28 image with the aérkl

tones of the moist soil in the March 10 image.



Figure 33.
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'T-t
cvJ

History of rainfall and runoff, Northern Gulf of
California. -- Figures on left enhanced for land,
figures on right enhanced for water. (A) February
20, 1973, cloudy weather; (B) March 10, 1973, runoff
layer at sea; (C) March 28, 1973, runoff layer gone.



CONCLUSIONS

Detection of thé dynémic oceanographic parameters of the Northern
Gulf“of_Califdfnia and its éeasonal changes using ERTS~1 data
is possible due mainly to the cloud—free atmosphere-that pre-
vails over the area most of the.time, Twenty;nine out of 40
ERTS-1 satgllité o?erpasses in one year over fhernqrthern Gulf.
were successful,

The lack of direct information from great depths using ERTS-1
imagery is offset by the amount of high resolution:synpptic
data from the top meters given by the ééme imagery, impossible -
to obtain otherwise.

Surface circulation patterns inlthe Northern Gulf of California

during the summer (May through October) are easily detected on

‘,ERTS-l imagery due to the load of suspended sediment that acts

as a natural tracer, During the winter (November through April)
the surface waters appear clear (band 6 and band 7) making diffi-
cult the study of the circulation patterns in the area,

A seasonal circulation model developed'duriﬁg the interpretation
of one year of ERTS-1 data for the area-of'study, agrees with -
several of the'oceanographiq parameters detected in the area:
counterclockwise gyres, upwelling plumes, and;internal waves.,

The changes in the distribution and configufation of tidal flats
in the Northern Gulf of California can be monitored with MSS
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band 7 images. The measuring of the tidal flat itself provides
infofmation about the tidal phase velocity in the érea in which
there are not primary tidal stations in-oéeration, The knowledgé
of the tidal flats configuration is essential for the management
of claﬁ beds known to e#ist there.

From the analyses of the imagery and'taking into account thaﬁ

the discharge of the Colérado River is negligible, it is cbn—~
cluded that tidal activity is the responsible fdr thefﬁﬁékff§¥i} £
turbidity levels in the estuafine area, Tidal pulSations de-h’
tected by means of turbidity banded patterns, shown best by MSS
band 5 allow and indirect estimate of tidal current velocities,
ERTS-1 MSS band 5 (0.6-0.7 micrphs) gives the sharpest definition
of interface between waters of differenﬁ turbidity. Band 4
(0.5-0.6 micron), due to iﬁs dgeper water penetration, is more
sensitive to patterns having lower turbidity, yet was veiled by

a uniform blanket of atmospheric scattering making'identificétion
of sediment patterns more difficult., Band 6 (Qf730.8 microns)
andrband>7 (0.8-1.1 microns) clearly delineate Ehé;shbreline

and discriminates water from land, |

Sun glint patterns, produced when the sun elevation éngle ié

greater than 60 degrees above the horizon, permitted the detec-

~ tion of internal waves although other water surface features

are obscured by the same effect,
The use of spectroradidmetric data in the analysis of ERTS-1

data together with surface truth data like secchi disk, turbidity
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and plankton content, make possible the classification of dif-
ferent types of water according to its spectral reflectance

properties,



RECOMMENDATIONS

The present study has shown that the detection of oceanographic
features of the Northern Gulf of California and its seasonal variations
using ERTS data are possible. The results obtained during this projact
are considered to be rapfeseﬁfative of a typical year in the area. ,There;
fore, the continuation of the study in a iong'term basis is advisable.

For this long term study, imagery from ERTS-1 and ERTS-2 would be
available. | .

The correlation of spectral propertiés to various surface-.
idantified water types indicate that computerrmapping from the ERTS-1
and ERTS-2 (to be launched ih 1976) MSS digital fapes will be possiblef.
It is therefore recommended that for future studies of the area using
ERTS data, tﬁe computer mapping method be included within the analysis
techniques. | |

qu to the large magnitude of the tidal excursions.in the Northern
Gulf oé California, surface truth tfansects should be-acqﬁired over a
distance of 150 km within a total time of about tﬁo hours, These should
include spectral radiometric readings for calibrating multispectral
imagery, which are obtained from sufficient height above the water
surface to obtain an integration of the specuiar flashes'ffom-surface
waves, The mo st pract;cal and economical means;of meeting these two re-

quirements is the use of aircraft, A seaplane or float plane can carry
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continuously recording optical and thermal radiometers, Méxican or
United States commercial aircraft could be chartered for this purpose,

Practical and immediate use of ERTS-1 imagery include:
1. Estimations of the total prodﬁcing area of the clam beds known
to exist in the intertidal zone (mud fléts), These estimations
vshduld be of uﬁility in ménaging the resource,
2. fMonitOrihg sites for suspected pes;icide and heavy metal con-
tamination,
3. Corrections of the nautical charts of the area adding on these

the low tide and the high tide shorelines,



APPENDIX A
SPECTRORADIOMETRIC AND SECCHI DISK DATA

" The downwelling and upwelling radiance readings are in an

arbitrary radiance scale.
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Downwelling

Date. »Station Band Radiance,Dw gzgiiiingw '§21i:izgncé (Uw/Dw) §::§?igD?$§terS)
_ . 4 28 1,12 0.040 . 8.0
01/14/73 A-1 5 39 0.76 0,020 8,0
' 6 30 0.64 0.020 8.0
7 42 1,12 0.030 8.0
4 28 2,30 0.080 5.2
01/14/73 A-2 5 36 0.96 0.030 5.2
: 6 29 0.24 0.008 5.2
7 34 0.32 0.009 5.2
_ 4 18 3,70 0.200 . 5.0 .
{ 01/14/73 - B-12 5 22 . 2.50 0.114 5,0
6 28 0.56 0.020 5,0
7 37 0.50 0.013 5.0
4 82 0.84 0.010 17.0
01/15/73 A-9 5 24 0.66 0.027 17.0
6 20 0.50 0.025 17.0
7 24 0.66 0.027 17.0
4 32 0.99 0.028 25.0
01/15/73 B-3 5 42 0.90 0.021 25.0 .
6 32 0.53 0.016 25,0
7 52 0,80 0.015 25.0
o 4 15 1,25 0,084 15,0
01/15/73 B-2 5 28 0.72 0.026 15,0
6 17 0.64 0.037 15.0
7 38. 0.50 0.013 - 15.0
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Downwelling

Secchi Disk

Date Statipn Band Radiance Dw ,gzgiiiingw g:éi:iﬁ:nce (Uw/Dw) Reading (meters)'

» 4 11 0.87 0.079 ' 14,0
01/16/73 E-1. 5 13 0.76 0.058 14.0
6 10 0.48 0.048 14.0
7 14 0.72 0,051 14,0
4 21 1.08 0.051 14.0
01/16/73 B-5 5 22 1.00 0.045 14.0
’ b 18 0.80 0_044 14,0
7 26 0.96 0.037 14.0
4 28 1.48 0.051 9.0
01/16/73 B-8 5 36 0.76 0.019 9.0
o 6 28 0.68 0.024 9.0
7 39 0,72 0.018 9.0
4 _31 2,00 0,064 5.0

01/17/73 B-9 5 40 0.92 _0.023 5.0
6 28. 0.36 0,012 5.0
7 46 0.68 0.014 5.0
4 22 7.60 0.344 2.0
01/18/73 ¢C-6 5 30 4,20 0.139 2.0
6 24 0.56 0.023 2.0
7 40 0.40 0.010 2,0
. 4. 13 - 6.20 0.475 1.0
01/18/73 -8 5 14 5,60 0,400 1.0

6 15 6.00 0,400 1.0
7 0.68 0.024 1.0

28
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' Downwelling . | Upwelling Relative : " Secchi Disk
Date  .Stat v ‘ :
ate a i.on Band ‘Radiance Dw Radiance Uw Reflectance (Uw/Dw) Reading (meters),
4 99 10,60 0,480 0.1
01/19/73 D-4 5 30 : 18,0 0,600 0.1
' 6 26 17.00 0,650 0.1
7 38 22.00 0.600 0.1
4 14 ' 9,20 0.650 0.2
01/19/73 D-3 5 i9 13.00 0.680 0.2
: 6 16 8.60 0,530 0.2
7 24 ~8.00 0.334 0.2
S 4 19 1.10 - 0.058 7.0
01/21/73 E-2 5 26 0.56 0,021 7.0
6 18 0.24 0.013 7.0
7 37 0,20 0,005 7.0
4 46 4,00 0.091 4.2
03/27/73 _D-8 5 58 2.00 0.034 4.9
- - 6. b 1.00 0,022 4,2
7 66 1.01 0.017 4.2
_ 4 22 4,00 0.182 2.8
04/15/73 C-6 5 29 3.60 0.124 2.8
6_ 22 0.66 0.033 2.8
7 30 0.32 0.010 2,8
4 38 5.10 0,146 1.3
04/15/73 D-8 5. 48 __4.00 0.083 1.3
6 36 0,80 0.022 1.3
7 54 -l 0.686 0,011 1.3

z6



Thlative

Date S,tat?'.on Band ];Zg?:;axiigs gzz::r];ingw Reflectance (Uw/ Dw) Isizzgtilring?;Ztersy
4 46 8.20 0.200 0.4
04/16/73 C-7 - 5 60 10.20 0.193 0.4
6 46 4,00 0,087 0.4
7 66 2.40 0.036 0.4
k T 4 54. 12,10 0.250 0.3
04/16/73 D-9 5 64 18,00 0.280 0.3
: 6 48 6.04 0.132 0.3
7 82 7.20 0.088 0.3
. 4 50 10.40 0.207 0.5
04/15/73 D-7 5 65 12.00 0.190 0.5
_ 6 52 3.12 0.062 0.5
7 78 1.67 0.021 0,5
4 50 8.12 0.184 5.0

06/7/73 A-1 5 62 6,20 0.116 5.0

6 50 4,00 0.080 5.0
7 82 4,40 © 0.054 5.0
4 42 2.70 0.065 5.0
06/7/73 A-2 5 54 1.28 0.024 5.0
) ' : 6 48 0.40 0.008 5.0
7 54 - 0.40 0.007 5.0
4 30 2,22 0.075 5.0
06/7/73  A-6 5 40 1,04 " 0.026 5.0
' 6 36 0.32 0.009_ 5,0
7 42 0.23 0.005 5,0

€6



Upwelling

'Secchi Disk

Date Station Band Dow?welling ; Relative
T o .Radiance Dw Radiance Uw Reflectance (Uw/Dw) Reading (meters):

4 52 6.00 0.118 ) 9.5

06/7/73  A-1 5 65 8.40 0.128 9.5
6 54 4,00 0.074 9.5

7 84 5.60 0.066 9.5

» 4 54 2.63 0.049 12.4

06/7/73 A-10 5 65 1.68 0.026 12.4
T 6 54 1.04 0.019 12.4
7 84 1.12 0.132 12.4

4 32 1.52 0.047 15.0

06/9/73 A-8 5 40 0.80 0.020 15.0
: 6 30 0.48 0.016 15.0
7 38 0.40 0.010 15.0 .

v 4 44 1.20 0.027 15.0
06/9/73 A-9 . 5 _ 64 0.96 0.015 15.0 °
6 b 0.56 0.012 15.0

7 66 0.56 1 0.008 15.0

4 56 6.80 0.121 16.0

06/9/73 B-2 5 74 5.20 0.071 16.0
o 6 58 4,00 0.069 16.0

7 80 3.20 0.040 _16.0

4 58 4. 40 0.076 15.0

06/9/73 .B-3 5 73 5.20 0,072 15.0
: 6 22 4,40 0.073 15.0 -

7 40 8.00 0,085 15.0
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Downwelling -

Upwelling,

"Secchi Disk

Date Station | Pand Radiance Dw Radiance Uw i:;izzzznce (Uw/Dw) Reading (meters):

4 48 1.12 0.023 " 15.0

06/9/73 B-6 5 62 0.56 0.009 15.0
6 50 0.40 0.008 15.0

7 74 0.48 0.006 15.0

_ 4 24 0.80 0.033 16,0

06/9/73 B-10 5 34 0.40 0.011 16.0
6 30 0.,.40 0.013 16.0

7 42 0.41 0.010 16.0

4 50 4,00 0.016 10,0

06/10/73 B-9 2 66 0.88 0.013 10.0
6 52 0.40 0.007 10.0

7 80 0.48 0.006 10.0

4 36 14.00 0.390 - 0.3
06/10/73 D-4 5 50 20.00 0.400 0.3
6 40 10.40 0,260 0.3

7 57 1.00 0.123 0.3

4 32 2.50 0.079 6.0

06/10/73 B-12 3 40 1.02 0,042 6.0
6 34 0.40 0.012 6.0

7 45 - 0.40 0,001 6.0

4 28 7.60 0.270 0.3

06/11/73 D-2 5 34 9.20 _0.272 qu
4 . 6 27 4,00 0.148 0.3 -

7 38 3,60 0,095 0.3
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Secchi Disk

Date  Station |Band EZZEZiiilgs gzgiiizngw gz%%zzz:nce (Uw/Dw) Reading (meters)
4 54 8.00 0,148 0.5
106/11/73 D-3 5 68 © 10.00 0.148 0.5
6 54 4.60 0.085 0.5
7 80 4.00 - 0.050 0.5
4 16 10.00 0.622 0.5
06/11/73 D-5 5 20 14,00 0.700 0.5
. 6 16 6.00 0.373 0.5
7 24 5.02 . 0.216 0.5
4 25 8.00 0.320 0.5
| 06/11/73 D-5 5 29 8.14 0.336 0.5
6 20 4,00 0,200 0.5
7 28 3.02 - 0.115

0.5
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