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ABSTRACT

Lakes and reservoirs in semi-arid zones are usually warm with abun-
dant sunlight for much of the year. Such conditions are ideal for the
growth of nuisance plants-particularly blue-green algae. In addition,
erosion is often high since ground cover is sparse in dry drainage basins.
This report describes a new system of monitoring lake water quality more
effectively than conventional techniques.

Laboratory measurements of natural populations of nuisance types of
aquatic algae and higher plants irradiated with simulated sunlight produced
characteristic reflected energy spectra (spectral signatu,-es). It was poe-
eible to distinguish the spectral signature of blue-green algae-major nui-
eance types from that of normally beneficial types such as diatoms, green
algae, and the higher aquatic plant duckweed. Blue-green algae in particu-
lar reflected Large quantities of light in the near infrared (NIR = 700-
1050 nm) and more overall light per unit biomass (chlorophyll a) than other
algae, but about as much as duckweed. Arti fica l ly induced collapse of the
planktonic blue-green alga's buoyancy rnechamism (which also occurs naturally)
reduced reflectance over the whole spectrum (400-1050 nm). It is hypothe-
sised that the spectral signature of planktonic blue-green algae is greatly
dependent upon its cellular architecture-specifically the gas vacuoles
which provide many air-cell protoplasm interfaces. The high reflectance
of duckweed and most plant leaves is similar to that of planktonic blue-
green algae for analogous reasons. Within broad ranges, NIR reflectance
corresponded to chlorophyll a concentrations but "infinite thickness and
thinness" prevented precise .ievelopment of this technique with out instru-
mentation.

Overlake measurements using aerial cameras (remote sensing) combined
with ,dater truth collected from boats most economically provided wide-band
photographs rather than precise spectra. With use of false color i.nfrarsd
film (400-950 nm), the reflected spectral signa turea seen from hundreds to
thousands of meters above the lake merged to produce various color tones.
Such colors were easily and inexpensively obtained and could be recognized
by lake management personnel without any prior training. It was noted
that the characteristic spectral signatures of various algal types were
also recognizable-- .in part by the color tone produced by remote sensing.
Fiery red indicates large concentrations of nuisance blue-green algae;
pink, lesser quantities of blue-greens or masses of the aquatic duckweed
plant; diatoms and green algae show faint white at abnormally high concen-
trations but are indistinguishable from the water in recreational lakes
and reservoirs. Periphyton (generally green algae) and macrophytes show
dark areas with a faint red tint. Turbidity, primarily due to reservoir
edge erosion as the systems filled, was easily distinguished on color IR
fi lm.

Patchiness (spatial heterogeneity) provided an additiomil method of
recognizing planktonic algae species. Blue-green algae almost always
occurred in patches, sometimes showing microstructure-small-scale (1-20 rn)
patterning similar in appearance to a giant thumbprint. Green algae and
diatoms showed no visible patchiness in the recreational waters studied,
but exhibited faint patterns when highly concentrated as in sewage

Xi



Oxidation ponds. t'atG'hil= in blue-green algae oae NoWty on c' or K
fi lm a t ohlorophyll concentrations jrcater than 10 U,1; k-[IE'E'r°t ?.2'Z!'itltt'1'! a
threshold ,f 'or onset of nuisance condi tions. An increase a! two Ana rn^i tu.ic'a
in chlorophyll a was necessary for recognition of non-gaB vacuolatt',l algae.

Color IR pictures Can be processed in time to stio l; ^"l^^ral
lations of nuisance plants, but monochrome TV-type 	 l,r ri3ed
instantaneous information. If they NIR band is used for x a rTi yo, the
pa ttern produced can be ksed to identilp blue-green al jai And peri photon.
fiowc'ver, for unknown reasons a lgal surfcice concentrations in the :.ic' uthern
"a i i forn Fa reservoirs were much lower than in other llearB, and were usua l l p
below the sensitivity of the method. This was not the wise at Clear Lake,
ohere remote, sensing has proven vary useful in the design and implementation
'J' 111;Ial oontroto. The period 0800 to 0800 hours is most suitable for r000p-
ni t ion . `f phytoplanktonic spectral, signatures, but frequcn morning fog over
the	 California reservoir's reduced ;10iny time considerably and
i,kzo the ',,a or drawback in econoMiC use of the techneque.
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I. INTRODUCTION

NEED FOR THE STUDY

In reservoirs, as distinct from natural lakes, algal nuisance blooms
are less acceptable '.-ecause modern reservoirs are usually designed to
allow heavy multipurpose use including recreation. However, due to their
smaller size and more regular morphometry, reservoirs are generally more
easily managed from the viewpoint of algal control. Nevertheless, algal
controls are expensive and must be used economically.

As part of the California Water Plan several large multipurpose reser-
voirs have recently been created, all situated in the Los Angeles area.
Even though some of these reservoirs are not yet full there is evidence of
algal nuisance, and the optimal management for nuisance control is uncertain.
(It should be noted that these reservoirs are limnologically unique because
lakes in regions with Mediterranean climate do not normally have a continu-
ous inflow of relatively nutrient-rich water.)

Nuisance scums of blue-green algae, excessiverowths of aquatic weeds
(macrophytes), shoreline periphyton attached algae, and siltation consti-
tute threats to the maximum life and use of multipurpose reservoirs.
Taste and odor problems, restricted recreational use, and decreased water
storage capacity are the natural consequences of these threats. Extensive
biological and limnological monitoring programs provide a means to assess
impaired water quality before it presents a threat to full water use, but
the cost paid for such a service is often high [1-3].

User agencies (e.g. California Department of Water Resources) are
aware of the shortcomings of conventional monitoring. For example, standard
biological monitoring techniques often fail to ooserve complex algal distri-
butions which arise under the influence of wind-induced water movements [4].
Indeed, when conventional limnological techniques are used, substantial
horizontal variations in bl^^e-green algal biomass in large bodies of water
often go unobserved [5,6]. The wasteful use of expensive algal controls
( e.g. CUSO4 ) during treatment operations i^ often the result. Reservoir
siltation, on the other hand, can usually be accurately monitored, but
often little is known about the fate of the sediment after it enters the
lake [1]. Goldman et al. note that an overall view of the complex deposi-
tion patterns of sediment and the effect of increasing sediment load on
accelerated eutrophication processes is needed [7].

In California, design and construction of new reservoirs used primarily
for recreation and drinking water are expected to increase during at least
the next 30 years. As noted in the '1968 Annual Report of the California
Department of Water Resources (DWR):

"California is currently in the midst of constructing an
unprecedented water project for one essential reason—
the State has no alternative. Eighty percent of the
people in California live in metropolitan areas from
Sacramento to the Mexican border* however, 70 percent
of the State's water supply originates North of the
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latitude of San Francisco Bay. Throughout the State, the

bulk of rainfall occurs in a few winter months, while the
summers, when water needs are greatest, are long and dry.
The solution to California's maldistribution of water
resources has been one of conserving the sporadic stream
runoff in surface storage reservoirs and transporting
supplies to areas of use. Prugressively, larger storage
works and longer conveyance systems have been required
to meet the continuing growth in demands for water." [8]

As the need for water increases, large new reservoirs will undoubtedly
have to be built in areas less favorable to siltation and biological con-
trol, inasmuch as many of the more suitable sites have already been used.
Thus the cost of monitoring water quality will reach an excessively high
level unless suitable alternative systems are developed. Coupled with
this is the fact that as clear water reservoirs age, water quality often
deteriorates [9]. It is not certain, however, if this is an inevitable
consequence or merely a result of inadequate management of the reservoir
system. Many natural lakes show cycles of oligotrophy and eutrophy,
depending on the state of their wate-shed. Possibly management techniques
to mimic whichever state is desired in the reservoirs and lakes can be
determined and used. To do this a wide-ranging informational base is
needed. This study hopefully provides a part of this foundation.

PURPOSE AND SCOPE

The initial objective of this study on the Southern California reser-
voirs was to provide a potential user agency (e.g. California DWR) with
a method of recording rapidly the extent and nature of surface phenomena
on reservoirs. Nuisance scums of blue-green algae, excessive growths of
aquatic weeds, and mud flows are probably identifiable using remote sens-
ing, a technique which needs some further development to be used in both
the immediate and long-term management of these reservoirs. The two
subsidiary aims in working with these reservoirs were to test the prac-
ticality of using:

1. Photogra h_ic observations which record changes in surface phe-
nomena with time in relation to existing lake management methods.
Use of conventional color infrared and four-band photography
involves a time lag of 1-3 days for processing.

2. Instaii^.ineous observations which record immediately, for example,
tie presence of nuisance algal scums and the effect of copper
tredtwents. TV-video-type sensing using a multichannel scanner
involves a zero time lag.

The art of remote sensing and research into applications of remote
sensing in terrestrial environmental studies have reached an advanced
state of development in recent years. Studies undertaken by NASA and
others indicate potential uses for remote sensing techniques in monitoring
water quality [2, 5-1, 10-14]. But as yet a comprehensive knowledge of
how aquatic phenomena, over a wide range of concentrations, affect the
spectral response of water bodies does not exist [14]. At the sane time,
preliminary observations of a Joint study undertaken by Ames Research
Center (NASA), the University of California at Berkeley, and Clear Lake

A
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Algal Research Unit (CLARU) have established that nuisance concentrations
of certain aquatic species (notably blue-green algae) are easily recog-
nized in remote sensing imagery [S, 6].

Agencies in charge of water quality control are concerned with the
appearance of nu i sance species and high concentrations of aquatic algae.
With some ads' final knowledge of algal spectral signatures, remote
sensing techniques might be preferable to conventional limnological tech-
niques in monitoring water quality of lakes and reservoirs of the semi-arid
zone. To this end, the following specific objectives were set:

1. Determine the feasibility of providing user agencies with a pro-
g isional manual on remote sensing of aquatic phenomena in reser-
voirs, including information on techniques presently in use and
information on the general state of the art.

2. Further define the reflected light spectra; characteristics
(spectral signatures) of aquatic phenomena present at nuisance
levels. a) Determine if nuisance blue-green algae can be dif-
ferentiated from other algae on the basis of their spectral
response. b) Determine the usefulness of the infrared wavelength
band in identifying surface blooms (and concentration) of nuisance
phytoplankton.

3. Determine whether or not more conventional imaging devices commonly
available at low cost to the public can be used in reservoir
studies to give useful water quality data without an extended time
lag.

Four studies jointly conducted by Ames Research Center (NASA) and the
Sanitary Engineering Research Laboratory of the University of California
(SERL) were completed on large multipurpose reservoirs in the Los Angeles
area. NASA-Ames provided the aerial reconnaissance using multispectral
photography or light filtered closed-circuit television. Concurrent with
eerial reconnaissance, ground truth measurements of algal biomass, algal
species, light peiietration, and turbidity were accomplished using SERL per-
sonnel and equipment. Imagery and knowledge gained from the Clear Lake
study were used as a basis for comparison with the results of the Southern
California study. Some of the previously unpublished material assembled
from the Clear Lake study is also presented 'in this report. Analysis of
ground truth samples and imagery was carried out at SERL, as was the
research into the nature of light reflectance by nuisance levels of aquatic
phenomena.

The four reservoirs used in the California State Water Project were:
Perris Lake (Riverside County), Castaic Lake (Los Angeles County), Silverwood
Lake (San Bernardino County), and Pyramid Lake (Los Angeles County). Even
though 1974 was the first year of simultaneous operation of all four reser-
voirs, evidence of algal nuisance was already present and optimal management
for nuisance control was uncertain. Hence it was felt that these reservoirs
might provide the ideal test location for the use of remote sensing in
aquatic systems where water quality standards must be kept high.
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ORGANIZATION

The project is part of the general research on lake eutrophication in
California lakes and estuaries under the faculty investigatorship of
Dr. A. J. Horne, and was a cooperative effort between the Sanitary Engi-
neering Research Laboratory (SERL) at the University of California in
Berkeley and the Ames Research Center (NASA). Funds for the study were
derived from an extension of NASA's original grant No. NSG-2003 (NASA
funding source 176-53-11) entitled "Remote sensing and large-scale move-
ments of nuisance algal blooms in eutrophic water bodies as related to
water truth measurements."
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II. RECOMMENDATIONS

Remote sensing techniques were demonstrably useful in determining
the presense, extent, and location of blue-green algae in water bodies.
Therefore, as a tool for water quality evaluation, photographic remote
sensing could benefit water-use agencies. This study indicates that
unless lakes have massive blue-green algal blooms, the closed-circuit
television system is of little value, even though results could be
obtained instantaneously. Further studies are recommended to:

1. Delineate the ways in which reflectance varies with concentration
of blue-green, green, diatoms, and dinofiagellate algae. Such
experiments should also determine reflectance when a mixture of
the above components is present.

2. Define how the physiological state of algae from different groups
affects spectral response. Ideally, this would necessitate the
use of controlled laboratory situations where nutrient, light,
and chemical stresses could be more accurately monitored.

3. Produce a model system for aerial monitoring (remote sensing) of
water quality based upon the present study. Such a program would
undoubtedly also use conventional limnological monitoring to test
which system is a more effective early warning signal for nuisance
algae.

4. Extend the research on reflected light signatures of water bodies
processing nuisance algal problems to areas outside the semi-arid
region of California. This should determine the usefulness of this
system in other environments. Such a program would compare the
in situ light scattering properties of a variety of lakes by both
aerial photographic and spectroradiometeric means. This approach
takes into account subtle changes in water conditions which cannot
be reproduced in a laboratory situation (e.g. changes in dissolved
color causing changes in spectral signatures).

5. Determine feasibility of using inexpensive cameras for water quality
monitoring. High resolution aerial photographs are the ideal sys-
tem. Conventional 35 or 70 mm hand-held cameras could be adopted
when cost is a limiting factor. A color infrared film with a
simplified dye development similar to that of Polaroid films would
be especially useful. The photographic industry could be consulted
in this matter, where real time data collection was essential, as
for example prior to copper sulfate treatment or algal harvesting
by skimmers.

5



III. DESCRIPTION OF STUDY AREA

CASTAIC LAKE

Castaic Lake is the southern terminus of the West Branch of the State
Water Project. Located in the Tehachapi Mountains of Los Angeles Count,
the reservoir in 1974 had a gross holding capacity of about 400 x 10 6 m ,
a surface area of about 890 ha, and a shoreline of about 46 km. At normal
operation, the surface elevation i ce, 132 m and the majority of the basin
varies in depth from 35 to 93 m. In- i^an depth is 45 m.

The lake is composed of two arms which extend northeasterly (Elizabeth
arm) and northwesterly (Castaic arm) from the dam. Above the Castaic arm
is a small dam owned by the Los Angeles Department of Water and Power. The
dam impounds a body of water known as the Castaic Lake forebay. Below the
dam is an afterbay known as Castaic Lagoon (cf. Figure 1).

The shoreline around Castaic Lake is dentate, has steep slopes, and
is marked with many coves. Natural inflow is limited to the Elizabeth
arm where a small creek feeds into the lake with periodic water flows.
Inflow from the State aqueduct arrives at the north end of Castaic arm
and outflow takes place at the southern end. Because of the location of
inlets and outlets, the water tends to be short-circuited through the
Castaic arm and the arms form two distinct limnological basins. The
nutrient-rich waters of the Castaic arm generally tend to be more produc-
tive than the nutrient-depleted waters of the Elizabeth arm during the
many warm, dry summer months.

LAKE PERRIS

Lake Perris, located in the Perris Valley, Riverside Lounty, is the
southern terminus of the East Branch of the State Water Project. The
reservoir has a maximum holding capacity of approximately 153 x 106 m3,
a surface area of 931 ha, and 16 km of shoreline. Lake Perris is shallow
(ti 35 m at its maximum depth near the dam) and has only a gradual slope
running east to west. Depths in the eastern portion are very shallow,
averaging only 6 m. Surface elevation is 484 m at normal operation.
Mean depth is 16.5 m (cf. Figure 2).

The lake is used at a regulatory and emergency storage reservoir.
No natural flows feed it and inflow and outflow are again restricted to
one end (deep west end and near the dam). This reservoir is the latest
to be filled beginning in 1973 and was full by April 1974.

Strong afternoon winds (Santa Ana winds) in late summer affect circu-
lation patterns a great deal and biomass is often concentrated on either
the northwestern or southwestern side of Alessandro Island (see Figure 2).
The eastern shore already has a growth of macrophytes (pondweed) and
periphyton (mainly spirogyra) on its rocky shallow shore. This southern
climate is, given adequate nutrients, an ideal place for algal growths.
However, except for the first few months of operation, this lake was rela-
tively free of algal problems.

7
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SILVERWOOD LAKE

Silverwood Lake is located at the 1020 m elevation of the San Bernardino
Mountains. It has a maximum holding capacity of 93 x 10 6 m3, a surface area
of 394 ha, and 20.9 km of generally steep shoreline. Mean depth is 23.5 m
(Figure 3). The climate is generally cooler than that of Perris or Castaic.
Although freezing weather and snow are not uncommon from December through
March, the reservoir does not freeze over.

Silverwood is operated as an in-line flow-through reservoir. Water
which must traverse 100 miles of the Mohave Desert enters to the north
and exits south. Silt deposition from storms is high and nutrient levels
are generally also high.

PYRAMID LAKE

Pyramid Lake, located on the West Branch of the California aqueduct,
has a maximum storage capacity of 2.21 x 10 8 m3 , a surface area of 550
ha, and a 34 km shoreline. Located in the Tehachapi Mountains (80 m
surface elevation), Pyramid Lake has a climate similar to that of Silver-
wood. Water enters from the north by way of Gorman Creek improvemell^
channel and exits from the south via the Angeles Tunnel. The lake is
highly dentate with generally steep sides and a relatively flat sloping
bottom. Mean depth is 40.6 ni (Figure 4).

A characteristic of all the reservoirs is a continuous inflow of
relatively nutrient-rich Sacramento River delta waters. Compounding this
problem is the fact that the reservoirs, with the exception of Perris,
have native influent strums which are relatively poor in quality, charac-
terized by high hardness, alkalinity, sulfates, and boron. Erodable hills
also contribute to the large sediment load, especially when fluctuations
in water depth are great as during filling. Since at least two of the
four reservoirs are located in regions where the climate is warm all year,
the potential for nuisance algal blooms exists. All of the reservoirs are
intended for intense recreational use and as drinking water. It is clear
that such blooms are imcompatible with the proposed use. Optimal manage-
ment programs are of utmost importance if the full potential of the reser-
voirs is to be utilized.

CLEAR LAKE

Although Clear Lake, California, was not part of the study area,
remote sensing imagery of this highly eutrophic lake as part of the origi-
nal NASA grant has been taken regularly for 2 years. Because widely
ranging algal concentrations are often encountered on the lake, excellent
imagery illustrating conditions not found in the reservoirs is referred to
in the report. For this reason, a description of the lake is in order.

Clear Lake, which now belies its name, is better called by the Pomo
Indian name Lupiyoma (= large water). It lies at an elevation of about
400 m in a valley in the northern coastal range of California and consists
of a large, shallow Upper Arm and two smaller basins—Oaks Arm and Lower
Arm (see Figure 6). Details of the physical parameters of the basins are
given in Table II. Rainfall occurs only between September and April and
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FIGURE 5.	 LOCATION OF THE SOUTHERN CALIFORNIA RESERVOIRS
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PHYSICAl PARAMETERS OF THE SOUTHERN CALIFORNIA RESERVOIRS 
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Castaic 390 45 93 46 400 

Perris 931 16 .. 5 3S 16 158 
Silverwood 394 23.5 -- 21 93 
PyraHid 550 40.G -- 34 221 
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TABlE II 
PHYSICAl PARAMETERS OF CLEAR LAKE 
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FIGURE 6. SKETCH-MAP OF CLEAR LAKE, CALIFORNIA
(Depths are indicated at 5-m intervals
and hatched areas represent small towns.)

ranges fro-. 56 (valley) to 165 cm ;hills), resulting in negligible stream-
flow after midsummer. Lake temperatures vary from 8-25° C, Thermal strati-
fication persists for only short periods in summer, from a few hours to
over a week, with that in Upper Arm being least resistant to breakdown by
wind.

Presumably due to the large chemical and biological oxygen demand and
high temperatures, the sediment remains anoxic from July until November
with the 25 cm of water immediately overlying it also virtually anoxic
(0-1.5 mg 0 /e). A major feature of many lakes in northern California
including Gear Lake is the high inorganic winter turbidity, mainly from
suspended material brought in by the rivers. The vegetation of the water-
shed is largely foothill woodland with a relatively low, seasonally
variable population density of 10-50 humans/km .



IV. METHODS

LAKE SAMPLING

Changing meteorlogical, air quality, and on-site water quality con-
ditions controlled the selection of aerial reconnaissance dates. Sampling
dates were chosen to give maximum vArlations in limnological conditions
while air quality parameters were favorable (clear skies and moderate sun
angle: 35 deg. above horizon). Unfavorable conditions, namely local fog,
prevented sampling in August 1974.

During aerial reconnaissance, "water truth" observations of water
quality conditions were made. Ten to twenty dip samples were collected
per reservoir per flight. These samples were stored in one-liter bottles
and kept dark and cool until turbidity could be measured. Water samples
were filtered at the reservoir edges. Filtered samples were then stored
in ice chests and transported to the laboratory. Such sampling proce-
dure allowed sampling of each reservoir in less than two hours. In turbid
or productive lakes, reflectances recorded by remote sensing techniques
are influenced largely by particles in the upper part of the water column
[15]. Thus the water truth data obtained by the dip sample procedure
gives a good approximation of the suspended solid composition which influ-
ences spectral responses.

Samples were collected along transects of each reservoir. Transects
were laid out so that a representative cross-section of each lake would be
encountered. The station location was made to coincide with easily identi-
fiable shore landmarks. On-site measurements of light transmission were
taken at several stations (using a Tsurumi-Seiki light meter and a Secchi
disk transparency) and field notes were kept of the visual condition of
the water.

Sample analysis determined biomass (Chl a), algal species, and tur-

bidty. Samples were filtered on GF/C filters, kept basic with MgCO 3 , and
frozen until analysis could take place. Chl a was determined by the hot

90% methanol extraction method of Talling and Driver [16]. The analysis
of turbidity was carried out u s ing a MACH 2100A nephalometer. Representa-

tive samples were preserved with Lugol's solution for phytoplankton identi-
fication. Some algal counts were furnished by the Department of Water
Resources, Southern California Division, from Srix stations, using conven-
tional Sedgwick-Rafter cell-counting techniques. Photographic records of
algal species, relative numbers, and detritus per living cell ratios were
made by SERL for the other stations not covered by the California DWR. A
Nikon M.S. inverted microscope with a Nikon A.P.M. camera attachment was
used for this purpose. Processing of the film was done by Kodak Corpora-
tion according to standard procedures.

REMOTE SENSING

Aerial reconnaissance of the Southern California reservoirs was car-
ried out under the direction of the NASA-Ames Research Center. On three
occasions, high altitude aerial photography was performed. Each photo-
graphic mission utilized both a Fairchild K-17 camera with a 305 .= focal

17
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length lens and an International Imaging System MK-1 camera with four 00
focal length lenses. The K-17 camera used a Wratten 12 filter with Kodak(
false color infrared film to produce a 225 mm x 225 mm positive with a scale
of 1:10,000. The MK-1 camera was designee: to record four 100 mm x 100 mm
identical images on the same 225 mm x 225 mm area of the ne5ative. Wratten
filters 47B, 57A, 25, and 88A along with a special infrared blocking filter
were used on respective lenses of the MK-1 camera to allow only one wave-
length band through each of its four lenses. Therefore, the MK-1 camera
with Kodak multispectral film 2424 or S.O. 289 photographed four identical
ima es in the blue (400-470 nm), green (470-590 nm), red (590-690 nm), and
IR 730-950 nm) wavelength bands, respectively. The scale of the MK-1
photographs was 1:30.000. The response of the color infrared film was
measured prior to each flight by exposing a portion of the film to a den-
sity wedge, and based on this response, color compensating filters were
used to insure accurate color reproduction. Calibration is essential if

i color tone is to be used analytically. (For details of this calibration
process, see "Color Balance of Color-IR Film" by 0. G. Malan [17].) The
response of the four-band film was also measured by exposing a portio,. of
t'ie film to a density step-wedge. In this way four-band film properties
,uld be compared from film exposed on different dates.

On two occasions, a light filtered closed-circuit television camera
was used instead of the photographic equipment. Imagery was stared on
videotape. A forward camera, shooting at 45 deg. from the horizon, was
equipped with a Wratten 25 filter so as to record red and IR ligh # only.
The AFT camera was equipped with a Corning visible light filter and pointed
directly down from the plani. the advantage of this system is that an
indication of chlorophyll along flight tracks can be gained instantaneously.

Imagery analysis involved a twofold approach. Four-band multispectral
imagery was analyzed for visual contrast by matching picture scene film
density with a standardized wedge calibrated for 15 tonal values. (The
wedge contained 21 steps, but it was felt that a maximum of 15 tones could
be recognized in the imagery.) To accomplish this, each picture scene
which represented backscattered light of a distinct waveband (i.e., blue,
green, red, and infrared) was divided into discrete subsections correspond-
ing with sampling stations, and each subsection was assigned a contrast
density unit ranging from 1 to 15, with 1 being the lowest possible value,
representative of clear lake water. For example, silt laden inflows or
algal infested waters contrast strongly w'.th either clear lake water or
bottom reflectance.

When wind or water driven currents are active, water masses of vary-
in sestonic composition result, which in turn affect spectral response
[7 . boundaries between clear and particle-rich water masses can often
be discerned, and the type of spectral response measured from the particle-
rich water mass will be indicative of the particle type (i.e., sediment
or biomass). Obviously, a threshold surface particle concentration (which
is dependent on the properties of the particle) sufficient to produce
visual contrast in the film had to exist. for this reason, analysis was
limited to areas where particle concentration was great and visual con-
trasts could be recognized.
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Correlations between waveband spectral response and water-based
observations were obtained for a variety of water conditions. Contrast
values are valid for relative comparisons only at any one time and repre-
sent only generally similar contrasts for different sampling dates. The
variations do give a general indication of the nature of the object in
view (organic or inorganic) and to some extent its concentration (turbidity
or chlorophyll a).

Color infrared imagery was analyzed for a second visual contrast unit,
that of false color tone. When particle concentration in the water increases,
a threshold Lincentrat{nn for the appearance of color tones distinct from
shades of grey is approached. The way in which color tones in color IR
film develop are indicative of particle type. In lakes supporting water
blooms of algae of different groups, certain types appeared to be discern-
ible on the basis of color tone. Also certain types of aquatic weeds and
non-living debris could be identified on the basis of their respective
color tone.

Spectroradiometric Instrumentation

An ISCO Spectroradiometer was used to measure the reflected light
spectra of a known genus and concentration of algae under standard light
conditions over a range of wavelengths extending from 350 nm to 1500 nm.
The spectroradiometer was equipped with a Simpson recorder which recorded
the 1 spectral intensity observed as a function of wavelength (11watt cm-
.nu" ). A one-meter glass fiber optics probe was used to transmit the light
from the observation point to the machine's detector. The probe was used
without a diffuser, and under these experimental conditions, the field of
view could be limited to about a 20-cm diameter. The bandwidth resolution
of the ISCO was approximately 15 um.

Experiments were carried out under artificial illumination consisting
of two 30-watt cool-white fluorescent lights, two 30-watt daylight fluor-
escent lights, and two 300-watt tungsten reflector flood lamas. These
were arranged in a manner so as to give a spectral curve similar, though
nct identical, in shape to incident sun and skylight when the sun was
approximately 30 deg. from the horizon on a cloudless Northern California
day (Figure 7). A shallow (10 cm) flat-bottomed container lined with
aluminum foil and painted black at the bottom sufficed as an approximate
lake basin [18]. The light source was measured for both downwelling
spectral irradiance and upwelling reflected light from a glossy surface
before, during, and after such an experiment. The light source was
arranged so as to be at the zenith angle from the tank (Figure 8).

The spectroradiometer recorded slightly different values on the two
scales used (visible 350-750 um, IR 750-1500 um) but no attempt was made
to relate the two scales as only relative spectral signatures were con-
sidered. No corrections for non-linearity of the sensor were made either,
for the same reason. All measurements were taken at a fixed location
relative to the tank and light array. Artificial lighting was utilized
in preference to natural sunlight for two reasons. First, the laboratory
study was made during the winter when sunlight conditions were poor.
Second, artificial lighting kept a near constant illumination in comparison
to sunlight which fluctuates widely with sun angle. Only the reflectance
values recorded between 400 um and 1050 um are presented in this report.
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Observations were limited to this range for two reasons. First, the sen-
sitivity to the instrument falls off rapidly in the ultraviolet and far
infrared. Second, remote sensing imagery used in the aerial reconnaissance
was sensitive to roughly the same region of the electromagnetic spectrum.
Results are illustrated both as the raw spectra recorded by the ISCO
spectroradiometer and as a percentage of incident light. Percentage reflect-
ance values have been computed only for critical wavelengths, but all portions
of the spectra presented are relative to the artificial illumination curve in
Figure 7.

Specimen Collection and Preparation for Spectral Analysis in the Laboratory

Specimens representative of the major aquatic phenomena, normally found
in reservoirs, were collected for spectral analysis. The samples included:
t7l j rcl Sri ^:, ^:'n(~rl:)n j'I0iG-acl1"0 (Cyarwphyta), Chlomydomonas, Chlorella and mlagur+

^n , I , hyta and Euglenophyta), Spirogyra and Ulothrix (Chlorophyta), the
common filamentous diatoms-{'ymbella, Tabollaria, Nit-whin, duckweed (I.ornkr
sp.) and debris (dust, dry grasses, twigs, bark, wood chips, etc.). The
living samples were collected from ponds and lakes which exhibited large,
healthy growths. sptrojyra and Ulothr x along with the planktonic ^tph,zn -

,;,"' )I, IN flL s -;z;lt<<zt• and floating macrophyte Lemma L. were easily obtainable
in a near monoculture. Al , hanizoruenon dominated the late fall and winter
phytoplankton in Clear Lake. California [19, 20], and were present in
amounts similar to nuisance blooms in reservoirs [3]. Hence both the

a,r^z. l l^ l,t r and attached growth samples were easily harvested. For both
the samples representative of flagellated green algae and diatoms, a near
monoculture could not be obtained, but samples with a predominance of one
species could be collected. P;uzgus and Chlaznyiomorias were the main algae
present in the flagellated green algae sample, each constituting some 40?
of the sample crop. The diatoms were for the most part common filamentous
forms found in ponds with C rriba l la and Ni t schia being the dominant species.
In both these samples, however, numerous bacteria were evident, which was
not the case with the other samples. For convenience, these samples will

be referred to as t'hagus and hrnbclla.

Massive suspensions of natural phytoplankton containing groups with
major structural differences were collected, either decaying naturally or
in a healthy state, and exposed to high light intensities which caused
cell breakdown and lysis. For an assay of a time-dependent change in
reflected light signature, thick suspensions of t^plku:r Nnm^ rt n 	 ^s-^zquat ,
.^pivc)^Ia .l, and a mixture of Plkxgus and Chlarnydomonas were used. For the
:1rha)IIzomE ntm suspension, a healthy mat of algae was placed in the simu-
lated lake basin, 4 ntensely illuminated, and scanned with the spectro-
radiometric instrumentation at time intervals corresponding to changes in
the appearance of the suspension. For the Spirogyra suspension, a healthy
mat of algae and a mat of equal volume of the same algae showing definite
signs of decay were used. The decayed sample was a spongy, surface mat
showing obvious signs of cell lysis. Also a mat of equal volume of the
same algae showing signs of an organism attached to the Spirogyra was
collected. These states represent three obvious health states for

attached algal growth. A mixed unicellular green algal suspension was
collected from the top centimeter of a local sewage pond possessing a
surface film of flagellated algae. Since it was unavoidable that a mix-
ture of healthy and unhealthy algae were collected, this sample was
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intensely illuminated for 4 hours. At this time. a large surface film of
algae covered the simulated lake. Microscopic examination of the algae
in this surface film determined that these normally motile algae were
dormant and appeared lifeless, apparently stunned or killed by the
intense radiation. Those still present underneath the film exhibited
normal activity. A distinct color tone difference (dark green) was
observed by eye in the dormant surface film compared to the active algae
(light green).

In the experiments dealing with altered physiological states, gas
vacuolated suspensions of Aphaniaomenon fZoe-aquae were subjected to pres-
sures generated in an overlying gas phase using an apparatus similar to
that described by Walsby. In order to accommodate the massive amounts of
algae used however, a 5-liter pressure resistant receptacle (a domestic
pressure cooker) was substituted for the 10 mt colorometer tube suggested
by Walsby. Gas from a cylinder was admitted via a diaphragm regulator
and needle valve to the required pressure, monitored on a test gauge.
Pressure was increased in 0.5 atmosphere steps, and when the desired
pressure was reached it was maintained for 30 seconds to assure completion
of gas-vacuole destruction. Samples were first equilibrated with air by
gentle shaking so that the gas vacuoles came to ambient pressure. All
measures given herein are pressure over the ambient pressure (1 atm.).
After the desired pressure was obtained, held, and released, the suspension
was returned to the black-bottom pan where reflectance was measured over
the visible and infrared wavelengths.

Since the algae with collapsed gas vacuoles sank to the bottom of the
pan, a layer of water formed over the algae despite the intense concentra-
tion. In order to compare the spectrum obtained from the algae after gas
vacuole collapse to the buoyant gas vacuolated sample, the suspension was
filtered through a fine nylon mesh (35 u) to remove water which formed
over the algae. The suspension at that point was returned to the tank
where spectral measurements could be made.

Rapid Scanning Spectrometer (RSS) Instrumentation

Because of the relatively slow scanning speed of the ISCO spectro-
radiometer (approximately 2 min.), observations are often difficult to
make in situ where spectral signatures change contir ously with wind and
wave action. For use under grant NSG-2003, a rapid ,canning Tectronix
spectrometer has recently been acquired for this purpose. Although the
instrument was not available for use at the Southern California reservoirs,
the authors have recorded some preliminary data at Clear Lake, California,
which will be referred to whenever the Clear Lake data relate to the
Southern California study. A description of the experimental technique is
therefore in order.

The Tectronix spectrometer was used to measure the spectral reflec-
tance curve of al al/water mixtures in situ under daylight illumination.
The spectrometer J-20/7J20 RSS) contains a Czerny-Turner monochrometer,
two interchangeable gratings, silicon-vidicon target, and electronic cir-
cuitry. Light dispersed by the monochrometer is focused on the vidicon
target which simultaneously gathers spectral information at all wavelengths
within the wavelength span of the gratings. The spectral information is
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then electronically scanned from the target and the resultant signal,
after processing, is displayed on a Tectronix 1313 series oscilloscope
(Figure 9). The oscilloscope was equipped with a Tectronix C-5 oscillo-
scope camera so that the spectral signature of the object in view could be
recorded from the oscilloscope screen. Only the grating with the 400 nm
wavelength span was used in this study and only the information from a
span of 400 to 800 nm was recorded for this study. The amount of light
impinging on the vidicon can be regulated by a slit width. For this
investigation a 100-u slit width was chosen. The spectral reflectance
curve of a water body under daylight illumination was measured from a
boat. A 20-millisecond scanning time gave the best results. Instrumen-
tation was battery powered for this purpose.

Observations were made with the spectrometer pointed at a 45 de
angle down at the water and at a right angle from the sun (Figure 10}:
In this way, sun glint was avoided. Changes in illumination were
observed by placing a highly reflective Styrofoam pad parallel to the
water and in line with the viewing slit. Thus, solar and skylight irradi-
ance reflected from this surface could be used as a measure of total
irradiance. Results show total irradiance at the approximate time the spec-
tral signature was taken. At certain wavelengths a percent reflectance
value was computed in order to make general correlations between laboratory
and field work.

Microp hotogra phic Instrumentation

A Nikon inverted M.S. microscope equipped with a Nikon A.P.M. camera
attachment and a 35 mm camera was used to photograph both reflected and
transmitted light received from an algal specimen. For reflectance
exposures, the light from a tungsten source was transmitted through a
field diaphragm and objective into an illuminator mounted on the micro-
scope. A beam splitter directed the light through the objective toward
the specimen. The light reflected by the specimen was transmitted by the
objective and proceeded through the tube to the camera attachment. For
transmitted light, the order the light path followed was the normal one:
source, illuminator, objective, camera. Different objective (X 10, X 20,
X 40, and X 100) were used in the study.

The film used to record images of algal cells was Kodak (1E-135-20)
false color infrared film. This choice was made for several reasons.
First, the film was chosen for its sensitivity in the green and red wave-
lengths as well as the infrared. Since resolution in the light micro-
scope is greater at shorter wavelengths, the inclusion of shorter wave-
lengths within the photo would enhance resolution of fine algal details
within the algae [21]. Second, since the eye is more sensitive to color
tones than shades of grey [22], cellular constituents with a proportion-
ately greater waveband response might be more easily identified. Third,
multiband film with sensitivity in the visible as well as the infrared
wavelength bands can be used to illustrate how the cells adapt to light
of a normal daylight condition. The mechanism [10] which promotes

.-
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infrared response by algae is in dispute (fluorescence or particle back-
scattering). Thus wavelengths were measured which use either fluores-
cence or backscattering, to discern which component was most significant
on tine basis of the cellular constituents. Also, since color infrared
film is sensitive in the far red (685 nm) where fluorescence is greatest,
as well as in the infrared (700-900 nm), a color tone difference might
distinguish one phenomenon from the other.

For use with color infrared film, the light emitted by the tungsten
source was filtrated to a spectrum similar to daylight. The light source
was first measured with the Spectroradiometer; then Wratten filters 12,
308, 50C, and 50C-2 were used to block blue light and color compensate
the remaining spectrum (Figure 11). Since color infrared film has no
standard ASA rating, several trial exposures were made on each batch of
film before selecting the proper exposure time. Exposure was then regu-
lated by the camera attachment.

To determine whether or not in vivo chlorophyll fluorescence played
a large part in the IR response, the microscopic instrumentation was
equipped with a Corning glass filter CS-5-60 as a screen so that only
light from the blue end of the light spectrum would impinge on the specimen.
It has been shown that light from the blue end of the spectrum has the
maximum efficiency in promoting fluorescence. A Kodak 029 filter was fitted

over the camera lens so that only light from the 680 nm to 900 nm wavelength
range could be recorded. This setup is nearly identical to the type used
in fluorimeters to record in vitro and in vivo chlorophyll fluorescence.
The major difference was in the light source as the tungsten illumination
produced light intensities impinging on the specimen similar to those used
to capture light scattered by the algae.

Specimen Preparation

Specimens representative of several major algal groups -t';a.z^^	 ILI
ChZorophyta, L'hrysvphyta, Cryptophilta, and Euyrenophyt^z— were collected
from their natural environment and photographed within the same day.
Specimens were also photographed within minutes of slide preparation to
avoid possible cellular stresses. The sequence of the steps from the
glass slide on which the algae were mounted was: algae, lake water, No.
cover slip, and oil immersion when the 100 X objective was used. Photo-
graphs were taken in a dark room to exclude diffuse light.

To define the role of gas vacuoles in producing light scattering
effects, blue-green algae (Cyanophyta) were subject to a further treatment.
The algae were first photographed with gas vacuoles intact and then after
destruction of gas vacuoles accomplished by the classical hammer, cork,
and bottle experiment [23].
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V. THEORY

GENERAL

The concentration of phytoplankton, sediment, and other suspended
+,o'ids found in lakes or reservoirs implies a level of productivity and
i; often a measure of water quality [13, 33, 14]. Multispectral sensors
can be used to measure the spectral reflectance of water bodies contain-
ing suspended solids, and in turn, spectral reflectance can itself be a
measure of suspended solids concentration or trophic state. But when a
body of water subject to electromagnetic radiation is viewed by a sensor,
the device receives reflected radiation not only from the water body with
suspended solids but also from the air/water interface, particles in the
air, dissolved organic material, and from the lake bottom if the lake is
shallow. Also, the electromagnetic radiation must pass through two media,
air and water, each of which may alter the incident radiation in a variety
of ways.

Therefore, when remote sensing techniques are used to characterize
water quality, four important parameters must be considered:

1. The spectral character of the radiation source I0

2. The attenuation of radiant energy by the medium through which it
travels, TX;

3. The characteristic spectral reflectance of the water body at any
trophic state, P, (suspended solids and water);

4. Background reflectance either from the lake bottom or redirected
light from nearby obstruction [24].

The spectral reflectant Iw X of water bodies gathered by a sensing device
can be thought of as:

Iw	s P
X
(suspended solids and water)T

A
I^	 (1)

a

Since the sun provides a convenient source of radiation it was the
natural choice for this study. The radiation of the sun may be regarded
as that of an incandescent black body [22]. The radiation received at
the surface of a measuring instrument on earth obeys the ordinary law of
transmission [25]

I = Ic 

a_naM	

(2)

where na is ;.he extinction coefficient of the air referred to one standard
atmosphere and M the length of the path of the radiation in atmospheres.
The quantity I is called the "solar constant" and represent" the rate at
which solar rAiation must be delivered on a unit area normal to the inci-
dent rays, at the outside atmosphere, to account for terrestrial observa-
tion. The radiation actually received at any point on the earth's surface
depends on the time of day, season, latitude, and transparency of the
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atmosphere [25]. The extinction coefficient of the air multiplied by the
pathlength traveled can be redefined as T,, attenuation by the atmosphere.

Radiation (I) received can further be defined as having a certain dis-
tribution of radiant energy, which is:

I' = I x ' = spectral character as a function of wavelength	 (3)

The description of radiant energy from the sun as presented accounts only
for direct illumination. Indirect solar radiation, skylight or reradiated
light from the earth also accounts for a varying proportion of the light
impinging on a water body. It too has a spectral character (Ia") and has
a unique attenuation (Tx") factor. Skylight adds to direct solar radiation
(sunlight and skylight) to form a unique spectral character:

'	 M
I 
k 
I + I k" = I N =	

Ic e -Tx Ta	
=	 Ic a-na

If certain rules are observed during aerial reconnaissance, the spec-
tral character of the radiant source can be maintained as a constant.
That is, if the layer of atmosphere intervening between the source, object,
and sensing device is constant, and clouds, dust, and photochemical haze
are minimal, the attenuation effect will be nearly constant and sun and
skylight illumination will be nearly uniform from one reconnaissance to
any other [22]. To meet these conditions, it is conventional to plan
reconnaissance flights to coincide with a unique solar elevation and
defined air quality conditions. For aquatic studies, the solar elevation
acceptable for photographic missions is 355 deg. on the horizon. By
choosing this angle, unwanted solar glare from the air/water interface
can be avoided [22]. Obviously, perfect air quality conditions cannot
always coincide with flight dates, hence an acceptable compromise will
have to be made under most circumstances. Such a compromise should be
based on the type of imagery desired. For remote sensing of vegetation,
the green, red, and near infrared wavebands often contain the most useful
information for photointerpretation. If sensitivity to these wavebands
is desired, image quality will be high despite the presence of smog,
since photochemical haze absorbs little light, but does promote Rayleigh
scattering. Figure 12 shows that the primary effect of smog is in the
shorter wavelengths green, blue, and ultraviolet. Moisture in the presence
of fog or clouds strongly absorbs infrared wavebands and scatters visible
and infrared light. This reduces the use of imagery for interpretation
of water quality. More complete treatment of problems related to atmos-
pheric attenuation is given in "Imaging with Photographic Sensors" [22].

With atmospheric attenuation (Tx) a near constant, the spectral
character of the radiant source (I N ) is a near constant, and the spectral

reflectant ( I wo) measured from a water body will be a direct iJeasure of
the trophic state of a water body (Pa suspended solids and water) if the
air/water interface reflectance is minimal (no solar glare) and if the
lake is large (>2/3 ha and physically (or at least optically) deep (no
background reflectance;. Simply stated:

Iw a K(I T ) (
Pa suspended solids and water) 	 (5)

Na

(a)
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If the characteristic spectral reflectance of a water body can be related
to known suspended solid concentrations and defined attenuation values,

Iw

P,I (solids and water) _	 X

(I
K T)

water quality can be determined solely from the spectral reflectance
gathered.

The characteristic reflectance of a water body (P solids and ,gater)
is determined by the fate of incident light. Incident light strikim, the
surface of a water body can suffer four fates: absorbtion, reflection,
transmission, or scattering [25]. The absorbtion, transmission, of reflec-
tive characteristics of a water bod;- are of concern only insofar as they
represent light which will not be detected by a sensing device. That light
which is scattered in an upward direction from a water body will affect a
detector, and light scattering by water bodies as set out by Whitney [26)
can be thought of as follows.

If an inverted, flat ring sensing device (internal radius r, external
radius r + dr, thickness dz) is placed in a horizontal plane at depth 0
of a lake (Figure 13), the device will detect light scattered toward the
device within an element of volume,

2TTz2sin
dV = --- — w da, wdz	 (7)

cos w

where

dr - ---^---- dqw	(8)
cos Ww

Incident light on a horizontal plane within this volume and at any
depth z is equal to

- n'tbz	

(9)I	 =	 I ez \	 (

where

n't = mean extinction coefficient

nw + npc where nw is due to water, np to suspended parti-
cles, and nc to dissolved material

bz = mean optical depth

(6)
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Energy, I z \ , will be absorbed or scattered within any voluiiie element
according to equation [25]. Differentiating,

-n'tbz
dI z	= -n' tbI o a	 dz	 (10)

a	 a

or for an area at depth z,

-n'tbz
dI z	= -n' tbl 0 a	 dV	 (11)

a	 a

Energy scattered in any direction by any element of volume dV will be

-n'tbz
S s bI z dV = S s bI O a	 dV ,	 (12)

A	 a

where

Ss = distance traveled by a quantum of light

b = mean optical path.

If the solid angle subtended by the instrument is 	 the energy rrattered
toward the instrument will be

-n'tbz
TIT S

sbI O ^e	 dV

where

cos3 w

z

and the sensor is at depth Dip.

From equations (7) and (14)

-Tiltbz
	

SsbI0x 2,, z 2 sin ^w de w dz cos 3
 Ww -n'tbz

S sbI 0 a	 dV =	
3	

--- 2 e
a	 47T	 cos	 w	 z

S h-n'tbz
-2 

'O 
e	 sin ^ wd^ wdz	 (15)

a

In traveling to the sensor, the energy must cross a path which has a dis-
tance of z/cos ^ W ; where scat ering or absorbtion can take place. There-
fore the quantum of energy,	 wa, actually received by the instrument from

W.

(13)

(14)



any element of volume dV is

SsbION -n' tbz	 ( -n'tz
dIw	--^— a	 sin , dew dz exp

^cos ^
X

	 w

SsbIO	
1 + b cos

exp -n' tz	 cos *w w
	

sin ^w dew dz
	 (16)

If ^ varies from 0 to n12, and z from 0 to m , the quantum of energy
striving the sensing device will be

	

fn/2	 Cl + b cos
Iw	 SshIO 
	

fexp -n'
tz cos ^,	 w	

sin ^w dew dz.
 0	 1	 w	

(17)

Solving,

I	 - Ss_---X b-1 n1+b)	 (18)
	w 	 2n	 b

R	 = Iwo = Ss
	

b - In 1	 b	 (19)

^-	 t--^ J	P 	 0a

where R is the ratio of incident light striking the detector as it faces
away frBm the water to that which is scattered by the water body and
strikes the detector as it faces down into the water. Only light which
is backscattered toward the receiver can be measured, however. Therefore
the total extinction coefficient n' t will be

S
n' t	n'w + n' pc + -- s	 (20)

Ss = F 5 ( b ) n i t 
R 
	 (21)

where

F s (b) =	 - nb+ 	 ^-	 (22)

it is found that F s (b) varies relatively slowly with b (mean optical path
- 1 /COS Syr)

b (mean optical path), meters 	 1.0	 1.1	 1.2	 1.3	 1.4	 1.5

F s (b)	 6.52 6.14 5.83 5.57 5.35 5.15
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For most purposes, a mean value of 5.9 for F s (b) is sufficiently accurate
[25]. Therefore:

S s = 5.9n' tRp 	(23)

and can be conventionally expressed as a percentage

Ss
P s = 100 — -^------

+ sn t -^- no 

In lakes or reservoirs, a wide range of spectral signatures is normally
found, as the concentration of suspended solids and dissolved color varies.
For lakes which have concentrations of phytoplankton which assume nuisance
proportions, certain spectral signatures are all too familiar. The dull
yellow-green prcduced by a blue-green algal bloom is typical of the spectral
signatures which dishearten the agencies in charge of water quality control.

Although such phenomena have been observed for hundreds of years,
understanding of the spectral signature of water blooms has for the most
part been confined to areas of visible light spectrum (400 nm to 700 nm)
[15]. Recent advances in both photographic and spectroradiometric design
have made available sensing devices which have a sensitivity throughout the
electromagnetic spectrum [22]. Such devices held close or away (remote)
from the object of view can detect incident light backscattered from water
bodies both within the visible light spectrum and encompassing the ultra-
violet (200-390 nm), near infrared (700-900 nm) and the infrared (900-3000
nm). These wavelength bands along with the equally important visible light
band may be used to characterize water quality. The spectral signature
of water bodies is dependent on concentration of suspended solids and their
composition. Thus remote sensing devices with sensitivity to more than one
waveband are needed to provide information useful in identifying trophic
states and categorizing aquatic phenomena. For example, when the concen-
tration of suspended biomass increases, the area of greatest spectral
response shifts from the blue, as in Lake Tahoe, to the green, as in many
mesotrophic lakes, and at times to the infrared in eutrophic lakes like
Clear Lake. Lakes which are either very turbid or high in dissolved color
(e.g. Gelbstoff in dystrophic lakes) may reflect well in the red.

To this end, multispectral color infrared film and four-band multi-
spectral film are both broad band films, sensitive to both visible and the
IR wavelength bands of the electromagnetic spectrum (Figure 14). Color
infrared film has three dye layers which are coupled to three wavelength
bands-near infrared (700-900 nm), red (600-700 nm), and green (500-600 rim).
(See Figure 15.) The dye responses are inversely proportional to the
exposure from their respective wavelengths. For example, objects reflect-
ing well in the infrared wavelength band but poorly in the red and green
bands will cause the cyan dye coupled to infrared response to be diminished
while the magenta and yellow dyes are enhanced. In this way, wavelengths
outside the visible light spectrum can be assigned a certain false color
tone from the visible light range. The color coding of Kodak color infra-
red film used in this study is: greAn a2pears blue; red a2pearsgreen;
infrared appears red. Each band of	 e four-band ilm used in the study

V
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is directly proportional to the intensity of the wavelength band to which
it is exposed. Both visible and infrared radiation screening filters
must be used to allow exposure of only one waveband in a particular pic-
ture frame. The closed-circuit television camera used in the study also
functions in direct proportion to wavelength bands, hence it is filtered
in a similar fashion.

Both color infrared film and four-band multispectral film have advan-
tages and disadvantages. Since both films cover the same useful area of
the electromagnetic spectrum, the disadvantages are not inherent to the
wavelength range capabilities of the film, rather problems of photointer-
pretation exist for both films. Exposure of wavebands in four-band
imagery can be analyzed by measuring film density in stepwise fashion,
with either a density wedge or a densitometer. Since exposures are
registered in black and white, only a limited number of film density
values (approximately 20 with the naked eye [22]) can be established
using a density wedge and visual comparisons. Although a densitometer
theoretically could be more useful in assigning numerical values to film
densities, cost is prohibitive and turnover time is great. Technical
difficulties arising from lens fall-off effects also complicate the use
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of densitometry. Color infrared film offers two advantages. First, expo-
sures in each waveband are combined by a chemical process rather than a
physical one used in the four-band. Recent advances in the emulsion sensi-
tivity and color-coupling dyes have improved the fidelity of this process
[22]. A chemical process offers a more sensitive method for measuring
band intensities when compared to measuring film densities by eye. Second,
since the image is recorded in color and the human eye is more sensitive
to color tone than to shades of grey, subtle changes in spectral response
are more easily recognized. There is some dispute over the sensitivity
and usefulness of false color infrared films [27]. However, as Malan [17]
notes, "doubts about the utility of color IR film are probably due to the
fact that the photographic technique employed did not exploit the full
capabilities of the medium." For analytical use of color IR film optimum
color balance is essential. Inherent disadvantages in the film lie in the
fact that the different wavebands are inseparable. Since the absorption
and scattering properties of water vary in their effects on wavelength bands,
a wide variety of spectral signatures may be recorded as physical and bio-
logical factors change. Since wavebands cannot be separated, it is more
difficult to attribute changes in spectral signature to a physical or a
biological process. A possible solution to the problems may be found in
the use of narrow band multispectral scanners or spectroradiometers. Here,
water quality is measured by an electronic pulse rather than a conventional
imaging device. Such techniques are still in an experimental phase and
the cost is prohibitive. The use of (color infrared and four-band)
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. Low cost multispectral systems
are available commercially [2,

PHYTOPLANKTON REFLECTANCE

Reflectance by chlorophyl I -containing plants varies as a function
of wavelength. A floating higher aquatic plant (e.g. the duckweed Lemna,
Figure 16) has a spectral signature with a major peak in the near infrared
and a minor peak in the green (303. Since the human eye is unable to
detect infrared light, chlorophyll-containing plants appear green in sun-
light [11]. The reflectance properties of lower plants such as phytoplank-
tonic algae are much less understood because they are highly modified by
the spectral properties of the aquatic ecosystem.

To understand why the spectral response of phytoplankton solution
may vary as a phenomenon dependent on both wavelength and concentration,
the events which promote a spectral signature should be understood. The
first, probably main, event which contributes light to the reflected light
spectra of water bodies is simple mechanical scatter from suspended parti-
cles with a different refractive index. As with atmospheric scattering,
particle size may have an important effect. The second events contributing
light to the spectral signature are photochemical: fluorescence and phos-
phorescence. Studies to date on the mechanism of light reflectance by
phytoplankton have not clearly discerned the rominence of these two events
in contributing light to the infrared region 50]. Absorbtion either by
chlorophyll a, 1) or c, or by accessory pigments removes light from the
spectrum, and Yentch [31] has shown that the primary effect in commonly
encountered concentrations of phytoplankton is in the 400-500 nm and
660-680 nm regions.

Using the above considerations, several workers have proposed models
for measuring the chlorophyll content of water bodies. Clark et at. [133
have shown that changes in the percentaqe of light backscattered in the blue
and green ranges of the spectrum can be related to changes in chlorophyll
a concentration (Figure 17). In this case, increased reflectance in the
green would result from greater particle scattering while depressions in
the blue would result from the presence of more chlorophyll a. Other
investigators have constructed models based solely on the 670-700 nm
reVon or on the 420-480 and 620-700 nm bands [12, 14, 32-34] (Figure
16 . These workers, however, have for the most part been dealing with
oligotrophic water bodies where phytoplankton concentrations were several
magnitudes less than those commonly found in water in which we worked.
For use in these eutrophic systems, such models may prove of little bene-
fit since the rate of change in these spectral regions due to increases
'in chlorophyll a will be minimal at modest concentrations. From the
data of Clarke et at. (Figure 17) it can be seen that when chlorophyll a
concentration exceeds 4 iiq/t. re"llectance in the blue drops to below 2% of
incident light. Wezernak notes that significant problems arise in using
selected wavebands which have normally low reflectance [14].

Secondly, although the reflectance peaks and depressions in the
visible wavelengths provide some useful information about the presence
of chlorophyll a, in water bodies with a mixture of algal species,
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.1rious accessory chlorophylls and accessory pigments (phycocyanin e,
tucoxanthin, etc.) may overlap regions of normally high reflectance.
Wezernak et at. have made a point that no one simple modular approach to
the problems of assessing trophic state by spectral analysis is suitable
in all cases [14].

Gramms and Boyle have constructed one model for differentiating blue-
,3reen algae from green algae based upon such accessory pigments (Figure
19). Here; differences in reflectance at 625 and 650 nm may be due to
the presence of phycocyanin a [35]. The model accounts for two components,
g lue-green and green algae; but in many lakes a third component, that of
accessory pigments from diatoms and dinofl agellates may also contribute
to the spectral signature in a way not yet predictable. Such a model
also faces the same constructions as previous ones in that the changes
which can be observed in this region are small, which would make rapid
identification by aerial photographic reconnaissance difficult. Separa-
tion of components from complex spectral signatures made up from different
algal species, inorganic sediment and dissolved color based upon observa-
tions in the visible region alone where all these components react
uniquely, is undoubtedly a difficult if not impossible task. Over the

past 12 years the Principal Investigator has made many absorbance curves
Of mixed, suspended populations of blue-geen and other algae. Without
exception no distinguishable pattern was produced when more than one type
Of algae was present. Natural populations are usually mixed and such
visible spectra seem inadequate.
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Studies undertaken at Clear Lake, California, have indicated that a
potential exists for using the near infrared band in a chlorophyll model
[5, 6, 18]. 'n situ studies on Clear Lake have established that buoyant
masses of blue-green algae found in the upper 10 cm of surface water pro-
mote a strong infrared response, similar in magnitude to that of higher
plants [5, 6, 18, 36]. If the spectral response of these objectional
algal scums is similar to the spectral signature of a forest, several con-

'	 clusions can be made.

1. First, at some point, natural populations of phytoplankton are
great enough to form a near optically opaque surface, similar to
that of leaves.



a

7
•

a ^
c'
W
J
W

L 3
L)

r-+

UJ

M►J
W

^ t7^ V
V Q

W
V
_—. W

ui

v I

W J
ce 0030

OC. F-

u

CLs
N
Z

W W

>-ce
F- V'Q
J Q
W ss
ce ► -

O
O	 r'
Ln	 W

w
M
t7
rr
W

O
Ln
wAr

O
O
d

43

ell

O
	 co	 %0	 C

31V31nS W(1IaV8 01 WIV1R 33NV133I33a

a_



44

2. Studies by Gausman and others have established that the infrared
response of leaves is primarily due to changes in refractive

index between hydrated cell walls and intracellular air spaces
[37]. Clearly, if the response of intense surface concentrations
of blue-green algaeis equal in magnitude to that of leaves, the
physical laws which govern the mechanism should apply.

3. Near the lake surface and at these high concentrations, the effect
of water on the spectral signature is small and the suspension can
be thought of as a solid.

4. By studying the surface properties of such near solids, knowledge
of how phytoplankton reflect light can be gained and any spectral
anomalies due to phytoplankton should be applicable to more
dilute suspensions.

5. The infrared band has potential for monitoring the presence of

nuisance algal scums in lakes or reservoirs.

At the same time, several questions arise:

First, to what extent do all phytoplankton share this property
which has bean ascribed to blue-green algae?

Secondly, since physiological stress in plants has been shown
to have a measurable effect [37] on spectral response of higher terres-

trial plants (Figure 20), how to phytoplankton respond to physiological

stress?

Thirdly, at what concentration does an algal suspension form

a near optically opaque surface?

Based on the preliminary observations of the Clear Lake study, it
seems surprising that the infrared band has not received more attention
in the study of chlorophyll models, and especially as a means of differ-

entiating nuisance blue-green algae from other possibly more desirable
algae. If distinctive features of phytoplankton reflectance are to be

found in the infrared zone, it may be possible to determine phytoplankton

type as well as concentration. Different reflected light spectra of

algae have long been known to algal taxonomists, since when algae are
viewed under a light microscope variations in the visible light spectrum
are apparent and in part form the basis of their classification. Many
of these variations in spectral signature within the visible region can

be attributed to complicated effects of carotenoid pigments [38]. But
as yet, remote sensing techniques have not been able to discern what color
differences due to phytoplankton can be recognized by multispectral imagery.

This is not surprising as aerial photographs taken at thousands of meters

altitude cover areas of 2-5 square kilometers while an individual alga
covers only 5-10 square microns in that area. The characteristic response

of a very high concentration of five species was examined which represent

three algal types found in lakes and reservoirs of the semi-arid zone—

green algae, blue-green algae, and diatoms. The concentration of natural

populations used in laboratory study were chosen to ensure that the
-^	 response of the suspension would be most like that of an optically opaque
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surface, while still retaining the natural form. (This would not be true
if the algae were dried.) We have assumed that such a surface would pro-
mote the largest infrared response possible. The results of this study
determine the feasibility of differentiating nuisance blue-green algae
from the other types.

SEDIMENT REFLECTANCE

Spectral signatures received from the backscattering of light by
inorganic sediment in lakes and reservoirs vary as a function of wave-
length, particle composition, concentration, and size [7]. The spectral
signatures of inorganic suspended solids are often readily distinguishable
from those of phytoplankton. Generally speaking, sediment appears to
reflect well at visible wavelengths, particularly in red, and IR reflec-
tance is usually low. A commonly observed response from sediment shows
a spectrum much like that of normal daylight with a shift to the yellow
or orange region (Figure 21). This is a crude approach to the analysis
of sediment reflectance patterns. (For further details see ref. 14.
This relative spectral signature was recorded on 21 February 1975 (1233 hr.)
at Clear Lake, California. A sampling crew was stationed in a boat near the
mouth of the lake's major inflow, Rodman Slough, just after a major winter
storm. The signature was recorded under natural daylight conditions, and
the fiber optics probe was directed down toward the water from 10 cm eleva-
tion. Turbidity was measured at 55 JTU. Chlorophyll a was found to be
less than 1.0 i,g /k.
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VI. RESULTS

LABORATORY STUDIES (MAINLY QUALITATIVE) ON REFLECTANCE OF NATURJAL POPU-
LATIONS OF NUISANCE ALGAE AND HIGHER PLANTS

Plant Taxonomic Groups and Their Characteristic Reflectance Signatures

A comparison of the spectral signatures resulting when taxonomically
different phytoplankton constitute the suspended solids in the test tank
was made (Figures 22-25). Figure 22 shows the spectral properties of a
concentrated suspension with representative green algae, diatoms, and
blue-green algae on the same energy scale, and Figure 23 showi the
reflectance spectrum of green algae and diatoms on an expanded energy
scale. Figure 24 compares the shape of the spectral signature of Lemna
to green algae, neglecting the disparity of energy reflected, and Figure
25 presents a similar comparison of the signatures of green algae, blue-
green algae, and diatoms neglecting energy inequalities. The results of
the study can be summarized as follows:

Blue-green al gae and the macro h to Lonna reflect much more li ht
than either —reen a ae or atoms. Reflectance in the infrared am

is 3 to 4 times greater or t ese two aquatic organisms in comparison
to an equal concentration of either the green algae or diatoms (Figure
22 and Table III).

Despite the similarity in quantity of light reflected, a basic
dissimilaritv exists in the general shape of the spectral curves oT the

emna. Lireen ai ae and Lonna exhibit a greate
nce, since any two waveband ratios are nearly
organisms (Figure 24 and Table V).

Another dissimilarity exists between algae of different groups.
Diatoms behave in a unique optical fashion when compared to either blue-
green or green algae. Discounting the disparity of energy, it is apparent
that diatoms reflect a proportionately greater amount of light from the
red waveband than either blue-green org reen algae and that the peak in

the green has shifted 25 nm to the red (Figure 25 and Table III).

Minor discrepancies exist in the spectral signature of individual
Chlorophytes. The filamentous green alga, spirogyra, is shown to ,reflect
slightly more light in the infrared band than a mixed population of uni-
cellular green algae or the filamentous Utothrix (Figure 23).

The broad band of reflectance noted in the infrared range of all
samples (Figures 22-25) suggests that particle scattering of light rather
than a photochemical event is the primary event affecting the spectral
signature in this region. Fluorescence would produce sharp distinct peaks.
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(BG) Blue-green alga
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TABLE V

VALUES FOR THE REFLECTANCE RATIOS (565/730, 625/730, 650/730)
FOR DIATOMS, BLUE-GREE14 ALGAE, GREEN ALGAE, AND Larnna

Specimen
Reflectance Ratios

(200 mg/k Chl	 a) 565/720 nm 625/730 nm 650/730 nm

:tt 1 il^^ ♦ ti4 111f t:r 11,14

(BG)
0.1625 0.125 0.145

and
0.42 0.50 0.55

(D)

`T `1 ``'' ` ' I "
(G)

0.5 0.42 0.33

" " ;
'I' "L

(G)
0.40 0.34 0.30

^:a,.,, w	 and
0.42 0.34 0.30

(FG)

(HP)
0.42 0.34 0.30
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Based on the hypothesis that gas vacuoles present in Aphaniaomenon
,ftos-aquae promote increased light scattering, changes in spectral com-
position due to the gas vacuoles were determined.

A comparison of the resultant spectral signatures obtained when the
algae were subject to discrete pressures is presented in Figure 26. The
spectral signature taken when the algae were subject to 6.8 atmospheres
pressure is shown on Figure 27 at an expanded energy scale. The results
of the study can be summarized as follows:

Gas-vacuolated blue-green algae subject to gas-vacuole collapse by
pressure show a stepwise decrease in light reflected over the entire
spectrum measured with a stepwise increase in pressure. The relative
shape of the curve remains more or less unchanged before, during, and
after gas vacuole collapse by pressure (Table VI).

When gas vacuoles of Aphaniaomanon f7os-aguac are subject to 6.8
atm pressure, a two-thirds reduction in the intensity of light back-
scattered is observed. At this point, the intensity of light reflected
in the infrared band is near that of green algae, while in the visible
range the values drop below that of the green algae (Figure 28).

of Cellular Constituents (Other than Gas Vacuoles) in Promotin
Gaftn"4nn

Although the intensity of light reflected by r11,hanizxioiOn flos-agtcat?
was reduced when gas vacuoles were collapsed, the essential shape of the
spectral signature remained virtually unchanged (Figure 27). The obvious
conclusion is that the mechanism of light reflectance is primarily a
function of cell constituents of varying refractive index, and for this
reason gas vacuoles, chloroplasts, cell walls, storage vacuoles, membranes,
chromatophores, and pyrenoids found in algae may all help scatter incident
light. Photographic records of light transmitted and reflected by repre-
sentative algal species were also made. Figure 38E-F illustrates color
reproductions of false color infrared photos of the blue-green alga
Anabae.k-z flos-aquce using transmute light. Figure 39 illustrates a
reflected light photo of the same. Figure 38E represents algae with gas
vacuoles present, with the exception that the cells in the lower middle
row of Figure 38E (marker B) have lost their gas vacuoles. The algae
were cultured with ample nutrients and illumination until the gas vacuoles
collapsed due to the production of photosynthetic products which increase
turgor pressure [39]. The gas vacuoles appear as crystal-like objects
near the periphery of the protoplast and their ability to reflect or
transmit infrared light is demonstrated in Figure 38E by the strong red
tone indicative of infrared response. Figure 38F shows the same algae
after gas vacuoles were crushed by the classic cork, hammer, and bottle
experiment (Van Klebahn, 1898) [23]. All pictures were taken at the
same magnification of 600 x.

Gas vacuoles appear to act like fragments of glass lodged in the
cell, reflecting or transmitting light depending on their orientation
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TABLE VI

VALUES FOR THE REFLECTANCE RATIOS FOR BLUE-GREEN
ALGAE BEFORE AND AFTER GAS VACUOLE COLLAPSE
PiE'han i Zolnen '»t J'Lvn-.l'juila' , 200 mg/ Chl .1

Reflectance
Ratio

With Gas
Vacuoles

Without Gas
Vacuoles

565/730 nm 0.1625 0.161

625/730 nm 0.125 0.133

650/730 nm 0.145 0.160

to incoming light (Figure 38E, F). The change in the index of refraction
encountered at the gas vesicle membrane appears to cause Fresnal reflection.
Consider the geometric relationships involved in taking this photo. Radiant
energy from the light source passed through a ground glass diffuser and was
then focused on the specimen. If the plane of reference is the plane in
which light is travelling (the plane perpendicular to the glass slide),
light impinges on the slide with most of the radiant energy approaching
from an angle of incidence of 0 deg. The glass slide in this instance con-
stitutes a single transparent plane and from Figure 29 it can be seen that
the main portion of light striking the slide should be transmitted. Hence,
in the transmitted light photos the areas adjacent to the algal cells
appear slightly blue on false color film (indicative ofreen, the predom-
inant light component of the spectrum striking the slide . In the reflected
light photos, the areas adjacent to the cells appear black, indicating that
very little light is reflected. However, if the object in the reflective
plane i s a semi-transparent algal cell with gas vacuoles randomly oriented
within the cell, incident light will strike the vacuoles from a variety of
angles varying from 0 deg. to 90 deg. and the percentage of light trans-
mitted will vary in a predictable but complicated fashion dependent upon
each vacuole's orientation to incident light. If the angle is sufficiently
large, light will be critically reflected.

The variability of response from gas vacuoles in the photos illustrates
that orientation of gas vacuoles within the cell plays a large role in
determining the magnitude of light transmitted or reflected. Resolution
is generally poor in the reflected light photos and the response is variable
from cell to cell, apparently due to random gas vacuole orientation. It
seems, however, that the predominant infrared reflection originates from the

iy
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the electric vector perpendicular to the test plane, light polarized
with the electric vector parallel to the test plane, and (TOTAL)
unpolarized ligi ► t. The test plane is the plane perpendicular to
the reflecting surface and containing the incociing ray of light
[37].

FIGURE 29. THEORETICAL REFLECTANCE OF A SINGLE,
TRANSPARENT PLANE SURFACE

peripheral area where gas vacuoles are present. This also appears as a
h-ilo effect surrounding the entire cell. Qualitatively, Figure 38E appears
similar with the exception that the infrared halo effect is greatly dimin-
ished in the transmitted light photo. Interestingly, since the magnitude
of infrared response from the gas vacuole region in either the transmitted
or reflected light photos is similar, the indication is that gas vacuoles
are oriented more in the plane of incident light. Hence, critical reflec-
tance occurs more often than would be anticipated if the vacuoles were in
the perpendicular plane. In a sense, gas vacuoles appear from the photos
to be oriented so as to shield the cell from high light intensity. The
infrared halo also appears to confirm this, although work by Walsby
(personal commurication) casts doubt on the shielding hypothesis.

Figure 39E-F illustrates the lack of infrared response by ;gae with-
out gas vacuoles. Numerous other species of green algae, diatoms, and
flagellated algae were photographed in a similar fashion, but again the
infrared response was largely absent by comparison with the blue-green
algae. Figure 39E-F also shows the dramatic effect of removing gas
vacuoles.

A certain amount of infrared response can be detected as coming
apparently from tannin in vacuoles of Spzro yra (Figure 39E), as a halo
effect surrounding cell walls (Figure 39F-F), and as a halo effect sur-
rounding pyrenoids (Figure 39E). No attempt was made to quantify the
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nature of this response; rather it was intended Just to shcw how the
production of certain cellular components might possibly affect spectral
response.

To determine whether or not in vloo chlorophyll fluorescence played
a large part in the NIR response, color IR microphotographs were employed
using a Corning glass filter CS-560 as a screen so that only blue light
would excite chlorophyll and a Kodak #29 filter over the camera lens so
that only light from the 680 nm to 900 nm wavelength range would be
recorded. This array is nearly identical to that used in fluorimeters to
record chlorophyll fluorescence. NIR light was captured on the film, but
the exposure time was in the order of hours as compared to the -.0.1-sec
exposure needed to record NIR light originating from the reflected light
array. Although the filters required a compensation factor of 2-4 (due
to less light irradiance in the blue region by the source), the contri-
bution of fluorescence to the reflected light spectra of healthy algae
seems minor.

Effect of Decay on Reflectance Signatures

In real lake systems algae exhibit a variety of physiological states
which presumably effect the reflected light signature (c.f. Figure 20 and
the effect of N on reflectance of sweet pepper leaves).

The results of the study can be summarized as follows:

For gas vacuolated blue-green algae, the reflected light response
as a function of temporal decay produced a rop in infrared reflectance.
Visible light reflectance increased as the suspension of healthy algae died
and lysis occurred (Figure 30). Since the response in the infrared regiun
is quite similar to that observed when gas vacuoles are caused to collapse
under pressure, gas vacuoles may play a large part in the signature change.
Increased reflectance in the visible wavelengths may be due to the uncoup-
ling of the photosynthetic apparatus, or to pigment decomposition.

For filamentousreen algae, the reflected light response as a
cfunction of T ay increase reflectance in the infrared range as gas

bubbles formed and thus promoted increased light reflectance (Figure 31).
As the photosynthetic apparatus reacted to more favorable light conditions,
CO2 and 02 evolution also increased. In dense populations of filamentous
algae, gas was sometimes trapped among the filaments [40]. Reflectance
in the visible range was little changed, perhaps indicating that not only
greater light penetration and reflection ')ut also preferential absorbtion
of desirable wavelengths occurred. The gas bubble in this sample may have
served a useful light shielding function. As more favorable conditions
for algal growth were created, the filamentous forms became favorable
host substrates for other algal types. Attached filamentous algal growths
often supported large growths of attached diatoms. If the diatom growth
is successful in such an environment, the reflected light signature begins
to indicate diatom presence, reflectance in the infrared range drops as
aas bubbles are lost, and the spectral curve for the visible range comes
to represent that of a typical diatom suspension.

For unicellular green algae (Figure 32), a reflected light sig-

nature change similar to that of attached g reen algae was observed.
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 O

d ^LL- 

Cl IT
w G
U h

d Oo
h cL N
U N
W " 1
J
LL.
w >- C
d'h-^^
J ^I

h h
U d W
W U
m
LnJ JW U
'^ t

U-N Q rr
°oY
F- ► + CO

LL. t1,

N
M
W

Ca
r-r
LL

C m co f-- %0 LC? ct M N — C73 *

I 
S 

Z-
tu	 wW:)44 LIMn ` ^IlI SN31N I IVIII03dS

-

X

..J

w
J
dU
N

L
C

w

C^

W
J
LLI

d



65

Flagellated green algae responded to more favorable light conditions by
migration. When light conditions changed rapidly, some algae were trapped
on the surface in unfavorable conditions. The incident light striking
water with a thick surface algal film passed through a plane of abnormally
high refractive index. Since the diffuse incident light must pass a highly
irregular layer of neustonic algal cell walls before water contact is made,
light scattering increased. A differential response to infrared light
could be observed. However, no explanation is readily apparent. Changes
in pigment structure may be partially responsible.

Intracellular and intercellular air spaces in concentrated phyto-
plankton suspensions thus have a large influence on reflected infrared
light response. An experiment to measure the spectral response of plant
material suspensions largely lacking photosynthetic apparatus but having
intracellular• air spaces was performed (Figures 23 and 24) to estimate
the importance of refractive index discontinuities of cellular constituents.
This can be compared to the importance of photochemical events such as
fluorescence in contributing light to the infrared region. As can be seen
in Figure 33, a suspension of cr:llulose matter (twigs, bark, wood chips,
etc. called debris) has reflectance value in the infrared range quite
similar to that of green a l gae. A substantial deviation in the red band
of the visible light spectrum is apparent and indicative of the lack of
photosynthetic pigments [30]. A suspension of diatoms, by comparison,
can be seen to reflect light over a visible region in a similar way to
debris because it possesses fucoxanthin which absorbs in the green [41].

The similarities in shape (broad bands) and intensity of infrared
reflectance by debris and phytoplankton suggest that fluorescence is
indeed only a minor component of infrared light registered as reflectance.
Of course, the debris used in this experiment may have a variable infrared
response dependent upon the dog ree of porosity and hence buoyancy.
Generally, however, the experiment indicates that Particle scattering,
not photochemical events, contribute b y far the greatest pro portion of

ntraren waveiengtn oanas.

Discussion of Laboratory Data

The results of the laboratory study serve as a basis for a number of
conclusions which may be useful in remote sensing of water bodies.

Reflectance of _Aquatic Phenomena. The reflected light spectral s'.g-
naturps rom tea gal or plant suspensions at concentrations used show
an inverse relationship to knowr► absorbance spectra of photosynthetic
pigments. Table VII and Figure 35 illustrate the distribution o^ photo-
synthetic pigments and their absorbtion spectra in algae [41]. The com-
position of pigments in duckweed perhaps most resemblQs that found in
green algae. Blue-green algae which are known to contain chl a (reflec-
tance peak 435. 670-680 nm) and pnycocyanin-e (absorbance peak 618 nm) as
the predominant photosynthetic pigments have reflectance peaks at approxi-
mately 565 nm, 650 nm and 720 nm. The presence of phycocyanin-c can be
seen in the depression from 575 nm to 630 nm and a minor peak at 650 nm.
Comparison of Aphanizomenon with either duckweed or green algae (Figures
22 and 25) illustrates that green algae reflect more light from 575-630
nm while Aphanizomenon absorbs here. Green algae which contain Chl a
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Chlorophyll	 ABSORPTION SPECTRA of the photosynthetic pig-
` 	 ments measures the amount of light they absorb

Cnlorophyll	 at various wavelengths. The chlorophylls have
two absorption bands, one in the g lue and one

Carotenoids	 in the red. They are green because they trans-

Phycoerythrin	
mit the intermediate wavelengths. The caro-
tenoids absorb shorter wavelengths and appear

Phycocyanin	 .......	 yellow or red. Phycoerythrin, which absorbs

Solar spectrum 	
blue through yellow light, is red and phycocyanin,
absorbing long waves, appears blue. Together the
pigments absorb most of the light in the solar
spectrum [43].

Note: These spectra have been recorded from pigments extracted in organic
solvents not in vivo. In vivo, the spectra would charge slightly.

FIGURE 35. ABSORPTION SPECTRA OF PHOTOSYNTHETIC PIGMENTS
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TABLE VII

THE PHOTOSYNTHETIC PIGMENTS [41]

A.	 The Chlorophylls

Characteristic Absorption Peaks

Type of

Chlorophyll In Organic
In Cells, nm Occurrence

Solvents. nm

Chi a 420,662
435, 670-680
(several forms)

All algae

Chi t 455,644
480, 650
(two forms])

Green algae

Chi a 444,626 Red band at 645 Ciatoms and brown algae

Chi d 450,690 Red band at 140
Reported in some red
algae	 (7)

B.	 The Carotenoids

Types of Character+stir Absorption

Carotenoids Peaks, nm
Occurrence

I.	 Carotenes

In red algae and in sipho-
n-carotene In hexane, at 420, 440, 470 naceous green algae it is

the major carotene

$-carotene
In hexane, at 425, 450, 480 (the
480 nm band maY be shifted to

Main carotene of all other

$00 nm in vivo)
algae

1I.	 The Xanthophylls

Lutein In ethanol, at 425, 445, 475
Major carotenoid of green
algae and red algae

In hexane. at 425, 450, 475 (in
Major carotenoid of diatoms

Fucoxanthin vivo, absorption extends to
and brown algae

580 nm)

C.	 The Phycobilins

Types of Phycobilins Absorption Peaks Occurrence

Phycoerythrins
In water and in vivo:	 490, 546,

Main phycobilin in red algae;
also found in some blue-green

ar,' 576 nm,
algae

Phycocyanins At 618 nm. in water and in vivo
Main phycobilin of blue-green
algae; also found in red algae

Allophycocyanin
At 654 nm, in phosphate buffer Found in blue-green and red

(at pH 6.5) and in vivo algae
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The most obvious refractive index discontinuities in
a leaf are the interfaces between the intercellular
air and the wet cell walls, but other diffusing ele-
ments are present. The contribution of air-wall
interfaces to the leaf reflection can be estimated
by eliminating these interfaces; tiat is, by replac-
ing the air with a medium of higher refractive index.
Figure 36 shows the effects of such replacement.
Various liquids, mostly oil mixtures, having refrac-
tive indices between 1.42 and 1.52. were vacuum-
infiltrated into leaves. Minimal reflectance for a
soybean leaf was obtained with a medium having a
refractive index of 1.47 or 1.48, which must have
been the best approximation to the average refractive
index of the wet mesophyll cell walls. Figure 36
shows that internal discontinuities other than the
air-cell interfaces are responsible for a significant
part of the light reflection by a leaf [37].

FIGURE 36. ROLE OF AIR-CELL INTERFACES IN LEAF REFLECTANCE
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(absorbance peak 435, 670-680 nm), Chl b (absorbance peak 480, 650 nm),
B-carotene (absorbance peak 425, 450, 500 nm) and lutein (absorbance peak

425, 445 and 475 nm) as the predominant photosynthetic pigment have only
two reflectance peaks, one at 565 nm and one at approximately 720 nm.
Diatoms which contain Chl a, Chl v (absorbance peak 444, weak absorbance
peak 645), B- carotene and fucoxanthin (absorbance peak 425, 450 0 475, 550

tr	 nm) as major photosynthetic pigments have a reflectance curve slightly
K

	

	 different from either blue-oreen or green algae. The normal peak in the

green has been disp.aced to 600 nm. The peak of reflectance in the infra-
red again occurs at approximately 720 nm, a peak in the red appears at
650 nm, and the magnitude of response in the whole infrared range is similar
to that of green algae. Since the genera used are only broadly representa-
tive of a particular group and pigment quantities vary from species to
species, it is also supposed that reflected light spectral curves from
other members of the group will behave only in a generally similar fashion.
A most interesting feature is that both blue-green algae and diatoms (which
lack Chl b) have minor reflectance peaks in the red region at 650 nm. Both
green algae and the higher plant Gema (which contain Chl b) have no distinct
reflectance peak in this region. The peaks and depressions in reflectance
from this area are not very distinct,, possibly because of overlapping weak
absorption shoulders. These exist beyond known maximum absorption peaks
for chlorophylls and carotenoids found in these algae. The presence of
such a high concentration apparently induces nearly complete absorption
of light within the visible range.

Gramms and Boyle [351(as mentioned in Chapter III) noticed a more pro-
nounced variation between apecies around the 620-650 nm range when dealing
with lower concentrations, and as a consequence proposed that the differ-
ences in reflectance at 625 and 650 might serve as a basis for differentiat-
ing the two (Figure 19). Two objections to this model can readily be seen
from our study. First, since these workers were dealing with laboratory
cultures grown under ideal light conditions, the populations in all proba-
bility lacked or had very few gas vacuoles. Hence, the much more obvious
distinctive feature of the blue-green algae, i.e., the fourfold increase
in reflectivity in the infrared with gas vacuoles, went unnoticed (Table
IV). It should be noted that their instrumentation may not have been
adequately sensitive in the infrared band (personal communication with
S. Klooster). Second, in noting that diatoms have a reflectance peak at
650 nm, the same as blue-green algae, it is possible that mixtures of
green algae and diatoms would, under some circumstances, have a composite
spectral signature in the 600-700 nm region similar to blue-green algae.
In many cases, diatoms and green algae are present at the same time, and
diatoms reflect well at 650 nm while green algae absorb moderately well
at 625 nm. Differentiating this signal from the typical blue-green algal
signal in real lakes may be difficult if only the ratio 620/650 nm is used.

This study showed that all phytoplankton solutions investigated
reflected light well into the infrared, but Aphan izornenon floe-aquae infra-
red specific reflectance was four times greater than representatives of
other algal groups. Reflectance was greater than in the visible portion
of the spectrum where the increase was only 50% (Table IV). Since equal
concentrations of duckweed and Aphanizomenon reflected light with similar

intensity in the -infrared band, it is suspected that a structural element
present in both duckweed and Aphanizornenon but absent in algae from other

groups was the cause. Since duckweed is a higher plant with intracellular



air spaces Lf a low refractive index found in the spongy mesophyll and
Aphanizomeno- is a typical gas vacuolated blue-green alga, it is probable
that gas vacuoles were the element responsible.

The absorbance and scattering properties of the various phytoplanktun
solutions have several distinctions which may be used to characterize their
presence in lakes or reservoirs. Blue -green algae can first of all be
characterized as strong light reflectors. A second distinction is their
unique ratio of light scattered in the infrared compared to the visible
light (Table V). At the concentration of natural population used, the
ratio of peak reflectance in the visible (550 nm) to peak reflectance in
the infrared (720 nm) was approximately 0.16 (for algae of other groups
the ratio was closer to 0.5). This figure represents a peak attainable
for a very high concentration of natural lake phytoplankton. This ratio
may not hold for the same algae subject to other environmental stresses
and must certainly will not hold if the concentration is below the "bloom"
threshold. Nevertheless, even at lower concentrations this distinctive
higher reflectivity should identify blue-green algae. Diatoms and green
algae, in contrast, can be characterized as weak light reflectors with
light reflected in the peak of the infrared band exceeding that of the
peak reflectance of the visible band by only a little more than 2:1.
Diatoms alone might be distinguished from green algae on the basis of
their increased reflectance in the 600-650 region, relative to the IR
(720 nm).

Effect of Cellular Architecture. When gas vacuoles collapse under
pressure reflected ig t decreabes. Thus the gas vacuole is the struc-
tural component responsible for the high reflectivity of natural popula-
tions of blue-green algae. However, it is not clear whether or not the
intensity of light lost by the collapse at the high pressure of 6.8 atm
is the maximum loss. Three reasons might be responsible for a further
decrease:

First, hydration of the cell may result as gas vacuoles collapse
under pressure. Gas vacuoles represent about 10'/.' of cell volume at maxi-
mum gas vacuolation. When replaced by water, refractive index discon-
tinuities could be abnormally high. Wolley [37] has shown that for leaves,
replacing the intracellular air spaces with media of varying refractive
indices, a variety of reflectance values will be obtained (Figure 36).
Water has a midway reflectance value in this experiment.

Secondly, the phytoplanktonic algae used were quite resistant to
sinking even after exposure to 6.8 atm pressure. Walsby [40] has sug-
gested that colonies of blue-green algae may trap escaping gas as the
vacuoles collapse if the colonies are massive. Such gas pockets might
still promote light scattering. Our suspensions were held for 10 minutes
after pressurization before spectral measurement. During this time a
second, distinct color change was observed. Whether or not this color
change was due to the release of gas and whether or not all gas was
released at that time is not clear.

Thirdly, lack of sufficient pressure for total gas vacuole collapse
may have been responsible for higher reflectivity. The instruments were
capable of reaching and sustaining a maximum of only 6.8 atm. Walsby
[42] has shown that for a natural population of oacillatoria agardhii

14
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var. io, , thri;. total collapse did not occur until nearly 8 atm pressure
had been exerted. A few gas vacuoles may have promoted

	
disproportionate

amount of light scattering dependent upon their -,elation to incident light.

Since gas vacuoles are known to collapse naturally as c.,notic pres-
sure in the cell increases due to photosynthesis of sugars [39], it is
reasonable to suspect that natural changes in reflectance signatures may
occur depending on the time of day or season at which the signatures are
recorded. Our natural populations were collected during winter months
and in the early morning and hence represent perhaps a maximum state of
gas vacuolation [3, 17]. High sunlight during sunnner may result in a
loss of gas vacuoles [17, 39, 44] and hence a weaker spectral reflectance.
Since the shape of the spectral curve is relatively unchanged before,
during, and after gas vacuole collapse, it appears that gas vacuoles, not
individual gas vesicles, are the component which alters light. Gas vacu-
oles would reflect light, whereas individual gas vesicles scatter light
because of their particle size [39]. If light were scattered 'Instead of
reflected, changes in the shape of the spectral curve would be anticipated,
especially in the blue.

Gausman [45] has shown on studies of higher plants that refractive
index discontinuities other than those due to cell wall-air space inter-
faces appear to contribute little light to the IR. For example, Figure 37
illustrates the scattering of light by cell walls and cytoplasm for the
common plant Hol is-oniu h e ,:i:,, .	 In this case, the cell walls and cytoplasm
scatter light in a fashion which would be expected from plant material, but
no statistical difference between scattering by cell walls and internal
areas was found.

370 400 500 600 700
	

1000 1100

WAVELENGTH, nm

FIGURE 37. ROLE OF CELL WALL ON
SPECTRAL REFLECTANCE
IN Heliannia hwnile



This study has shown that such a case is not true tor certain algae.
In the case of blue-green algae which contain internal gas vacuoles,
both reflected and transmitted light photos identifv the light scatterinc
role of gas vacuoles. Also, the slight halo of infrared light (translated
red) st+rrounding both gxs vacuolated and non-gas vacuolated samples tends
to indicate that for algae there may be a cell-wall effect. The scattering
properties of the cell wall appear unique from internalized areas for a
number of reasons. First, the cell walls of algae are often geometrically
more complex than those of higher plants (i.e., diatoms). Second, many
algae have flagella, mucilage, etc. associated with the cell wall area.
In both cases, protruding non-plane, rough surfaces would affect incident
light so as to increase scattering [45]. Also, it appears from the photos
that some organelles of the algae may enhance scattering. The reddish
tone of tannin vacuoles observed in :;pircgura may in fact account for the
slight increase in reflected light observed on a macroscopic scale.
Studies of other cell constituents such as polyphosphate storage granules,
cell vacuoles, lipid storage vacuoles, etc. would be useful.

Just as the nature of the spectral distribution of incident light
striking an algal cell depends upon the scattering and absorption coef-
ficients of the water through which it must pass, so the nature of the
spectral distribution striking the internal organelles of the algal cell
depends upon the scattering and absorption coefficients of the cell material
through which it must pass before encountering the organelle. The reflec-
tance of Anabaew floe-aquae (Figure 38E, F) illustrates how tht" spectral
distribution of incident light changes as the light crosses the cell wall
surface, the gas vacuoles, and finally the internal cell area. The figure,
together with other unpublished work, suggests that infrared light is bent
away from internal areas, for these often appear blue in false-color film
(meaning more green reflectance). In this instance, it may be significant
to consider the arragement of cell organelles and the distance that inci-
dent light must travel before encountering :hem. In the case of Inabaena
JZos-aquae, gas vacuoles are arranged at the periphery of the protoplast.
Other blue- green algae such as	 or Microcystis
aerugi.nosa have gas vacuoles embedded randomly throughout the protoplast.
It is easy to conjecture that cell organization affects the scattering
properties of algae. The apparent differing response of the peripheral
area of the cell to infrared wavelengths suggests that wavelength dependent
reflectance and absorption characteristics exist in these areas. Since
isolated gas vacuoles contain no pigmentation and appear as milky white
in solution [40], gas vacuoles cannot he responsible for this ^avelength-
dependent observation. It was shown that when gas vacuoles were caused to
collapse, no proportional changes occurred between wavebands, indicating
that gas vacuoles do not scatter light according to wavelength. Hence
the interaction of light with cellular constituents in this zone alters
the incident spectrum so as to make infrared wavelengths the largest com-
ponent striking the gas vacuole. Highly reflective gas vacuoles then
redirect this altered spectrum. Figure 37, part of Gausman's work, seems
to support this conclusion as cell walls and internal areas of plant cells
are shown to reflect more infrared than visible light [45].
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REMOTE TENSING MEASUREMENTS ON RESERVOIRS AND LAKES

Introduction

In the preceding section an indentifying characteristic of blue-green
algae, namely a strong infrared response, was measured and characterized
as tc how the physiological state of the algae alters this response. For
these results to be of use to water resource agencies, the ease of recog-
nition of the unique infrared response must be determined for aerial
photographs. I.e., at ghat concentration does a particular phytoplankton
suspeiision produce a distinguishable signature in an aerial photograph?
Will this be of use in identifying nuisance algae before they present a
problem?

The definition of an unacceptable concentration of nuisance algae in
a lake cannot be quantitatively answered in a simple way. A serious water
qua l ity problem in a drinking water reservoir ma;; be considered only a
minor nuisance in a recreational lake used for surface activities. Hence,
a method must be developed for determining the presence of nuisance aquatic
phenomena in the water over a wide range of concentrations. Given the
limitation that at present only low-cost conventional aerial imaging
devices (i.e., aerial photography or closed-circuit televis i on) can satisfy
the cost and turnover time restrictions for monitoring water quality in
typical size lakes or reservoirs of the semi-arid zone, it was necessary to
to pose two more questions.

1. How do nuisance scums of aquatic plants which have known spectral
signatures (e.g. Figures 22-28, 30-34, 38-39) appear in aerial
Photography?

2. How do the spectral signatures of both nuisance and desirable
aquatic phenomena change with algal and sediment concentration?

A characteristic feature of most nuisance plants is their uneven dis-
tribution. They are "weed species" able to exploit rapidly a newly dis-
turbed environment. Planktonic blue-green algal populations show such
patchiness (spatial and temporal heterogeneity) both vertically and hori-
zontally. Such patchiness is highly influenced by the wind, which con-
cantrates horizontally, and by light, which affects vertical concentration.
Blue-green plankton all possess gas vacuoles which are formed under low-
light conditions and caused to collapse by photosynthetically produced
sugars under higher illumination (Horne [3] and Walsby [393). The net
result is often a series of algal patches very near the surface, ranging
in size from 2-5 cm uo to km. Small-scale variations in algal concentra-
tions over a few meters are called microstructure (Wrigley and Horne, [6])
and are distinct from macrostructure where patches are in the km range
(Powell et aZ. [46]). The distinction is important, since it is likely
that microstructure is dominated by physical processes (turbulence, buoy-
ancy) while macrostructure is biologically or chemically dominated (plant
growth, nutrient recycling).

The patchiness and patterning of Llue-green alga populations can
distinguish nuisance blue-green algae from desirable phytoplankton.
Changes in the spectral signatures of nuisance blue-green algae with
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A
	

B

Summer patchiness,of a bloom of

Aphaniaomenon flos-aquae, Clear Lake,
Ca.-gals Arir, 9 July 1973 (ref. Horne
[3], Horne and Wrigley, in prep. [47])
a. Boat tracks
b. Approximate position of sampling

station, Chl a = 600 ug/a..
c. Decayed algae
d. Open water

C

Surface macrostructure of
Aphanizomenon j7os -aquae,
Clear Lake, Ca.--Oaks Arm, 2 March
1973 (ref. Horne and Wrigley, in
prep. [471)

Chl a = 30 ug/k.
^. Chl a = 15 ug/z
c. Boat wake
d. Shoreline trees

J

b

C Imo_ ^\

a
•

Surface macrostructure resulting
from Anabaena flos -aquae, Perris
Reservoir, 12 September 1974
a. Chl a ti 10 ug/ z (Sta. 3)
b. Chl a ti 4 ug/z
c. Boat

E*

Surface microstructure due to
grass, dust and wood debris on
Castaic Reservoir, 12 July 1974
a. Sampling--Sta. 6

Chl a = 32 ug/R

F

^O

a

CD
Anabaena flos-aquae x 600
a. With gas vacuoles

b. Without gas vacuoles

* Transmitted light photo

Amzbaena f,os-aquae x 600
after collapse of gas
vacuoles under pressure

FIGURE 33. KEY

FIGURE 38. COLOR T014E OF VARIOUS RESERVOIR NUISANCE PHE140ME14A

AND DETAILS OF THE CELLULAR CAUSES
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concentrations may be rephrased as: At what concentration can the atchi-
ness of blue- green al gae be recogni d. and as concentra on changes  can

qUished from that of other aquatic
phenomena? Fewer examples of nuisance algal blooms were evident in
Southern California during the test period than in eutrophic Clear Lake.
As a consequence, a great deal of the data gathered by remote sensing
techniques in Southern California was not as easily interpreted. In
many cases, suspended solids (algae, debris, sediments) were below the
threshold level for recognition by photographic or television imagery.
In order to determine whether or not the laboratory observations with a
spectroradiometer could be confirmed by aerial photographic measurements,
a comparison was made with the known aerial spectral signatures from a
lake with more blue-green algae. S:,..h a lake is Clear Lake, California,
and some preliminary spectral signatures are given of nuisance blooms of
blue-green algae [5, 6, 36].

Spectral Signature Variations as a Function of Particle Type and Concen-
tration

The two color plates (Figures 38 and 39) are reproductions of original
false color infrared photos gathered by aerial reconnaissance of the
Southern California reservoirs and Clear Lake, California. Each figure has
within it a section where surface algal, macrophyte, or debris concentration
is great enough to form a nearly opaque surface. Spectral variations evi-
dent as distinct false color tones are apparent when the figures,are
compared. These spectral variations correlate with a change in algal or
plant type, not in concentration. Represented in these figures are blue-
green algae (predominantly Aphanizomenon fZo8-aquae, Figure 38A and 8),
attached green algae (mainly spirogyra, Figure 39B), attached green algae
that are mainly Cladophora (Figure 39C), an aquatic macrophyte (Lemna,
Figure 39D), and debris (Figure 38D). Figures 383-C and 39A are similar
color infrared photos where surface water algal concentrations are less
than those of the other figures. Color tone variations correlate with a
change in particle concentration in these instances. Those figures which
represent living plant material observed durinc aerial reconnaissance
possessed apparently healthy intact, living ce `ils. An exception is shown
in Figure 38A. The white area corresponds to a mass of algal cells where
cell breakdown and l ysis were observed.

The following section deals with field observations showing that:

1. Algal species could be differentiated by remote sensing techniques
and,

2. Surface algal concentration could be approximated by remote
sensing techniques based on infrared response in photographs.

Algal Spectral Si natures—Blue-v- reen Algae. Figure 38A is a repro-
duction of a false color in raced phi to taken over Clear Lake, California.
The fiery red portion of the photograph represents a portion of the lake
with a dense patch of the blue-green alga Aphanizomenon flos-aquae [3, 473.
Samples gathered within the fiery red zone were found to contain ti0.6
mg/9 Ch'l a. Samples outside contained 20 u9 /Q•

The fiery red tone in the false color pictures of Aphanizomenon floc-
aquae has been f: ro-)wn to occur frequently in aerial photographs of this lake
[47].

PREOE I NG PAGE BLANK NOT F.ILA"
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a

Shoreline, Perris Reservoir
12 July 1974
a. Shallow water
b. Deeper water

Shoreline, Perris Reservoir
12 September 1974
a. Darker area indicative of

attached growth below surface
b. Attached Periphyton (mainly

Spirogyra) Chl a = \,50 mg/R

C
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a

b

a

Shoreline, Silverwood Reservoir
12 September 1974
a. Attached Periphyton (mainly

Claaopltora) Chl a est.
ti 50 mg/Z

E*

a

b

c	
d

Sewage pond near Clear Lake, Ca.
20 February 1975
a. Lenin - Chl a -.200 mg/Q
b. Open water

F*

°o OpDo ^, Q W o 0
^ ^^ ° goo8

o0oo ^^^
0 ^ CA ^0

Green alga - Spirogyra x 150	 Coccoid green alga x 300
a. Cellulose cell wall
b. Spiral chloroplasts
c. Tannin vacuoleF (?)
d. Oil, starch reserve bodies	 * transmitted light photo

FIGURE 39. KEY
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..^	 FIGURE 39. COLOR TONE OF VARIOUS RESERVOIR NUISANCE PHENOMENA AND DETAILS

OF THE CELLULAR CAUSES
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This photograph was chosen as an excellent example of a massive algal sus-
pension with sharp boundaries and no visible signs of deca . Reflectance in
this figure is due to intact living cells like those used in the laboratory
study. And although the concentrations measured in the field and those used
in the laboratory are not equal, the algal patch presents a near opaque sur-
face. The algal mass extended down some 50 cm into the water column.

Although the intensity of this signal varies at several points within
the photo, the color tone does not appear to change. In other words, though
the intensity of the signal appears to change, the shape of the spectral
curve (reflectance ratios) appears to be relatively constant. This is not
to say that other color tones have not been observed on Clear Lake, but
when other color tones have been recorded, they have been associated with
die-off scums. Obviously when mixtures of healthy gas-vacuolated blue-
green algae with a deep red tone are mixed with decaying, lysing cells
with a white 'tone as noted in Figure 38A, a range of false color tones will
be observed.

Historically, therefore, the typical spectral signature of a healthy,
massive concentration of blue-green algae has been associated with the
fiery red tone. Recently, however, with the acquisition of the rapid scan-
ning Tectronix spectrometer this has been documented better. Figure 40
illustrates the spectral signatures of a natural population of Aphaniaomenon
measured in situ on Clear Lake. In the midst of a massive algal patch, con-
centrations were found to vary substantially within a few meters. However,
even though concentrations were found to vary from 0.97 mg /k to Nearly
8 mg /R Chl a, the shape of the spectral curve changes only slightly.
Reflectance ratios remain approximately the same (Table VIII). Aerial
photographic coverage was provided when these spectral signatures were
recorded and the area where sampling crews were stationed appeared a deep
red tone similar to Figure 38A. At the present time, however, there is
no explanation why the spectral signatures recorded in situ from algal
masses promoted a stronger infrared response than did those studied under
laboratory conditions; this despite the fact that samples studied in the
laboratory were higher in concentration (based on comparisons of percentage
light scattered from the infrared region. Compa re Tables III and VIII).

It could be anticipated from past knowledge of infrared response by algal sus-
pensions that not only would a spectral signature shape become independent
of concentration at some point, but also that the intensity of this signal
would become independent of concentration. Two reasons explain this incu:+-
gruity, i.e., that more massive concentrations may have a weaker infrared
response than less concentrated ones: First, this study has shown that
spectral response is highly dependent on gas vacuolation, and the act of
collecting algal samples may have caused a significant number of gas vacuoles
to collapse before spectra were measured in the laboratory. Secondly,
changes in flake size or other alterations in physiology occurred in the
lake. These, coupled with the concentrating effect of water currents,
produced different conditions at the surface which were not duplicated
in the laboratory. Caution is needed in assigning any absolute Chl a
valaes to any particular spectral signature presented in this section.
The spectra' signatures can be taken only as broadly representative of
concentration and are dependent on variables such as degree of gas
vacuolation and minor changes in vertical stratification.

PRECEDING PAGE 13LANK MC T? 
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B

400	 600
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400	 600	 800

WAVELENGTH, nm
	

WAVELENGTH, nm

C
	

D

i	 1	 1	 I	 I	 1	 I	 1

400	 600	 800

WAVELENGTH, nm

400	 600	 800

WAVELENGTH, nm

D - Daylight illumination at time
of recording. Lower curve
represents irradiance at time
A. Upper curve at time B and
C.

FIGURE 40. COMPARIS014 OF THE SPECTRAL REFLECTANCE CURVES OF
Aphaniaomenon floe-aquae AT THREE HIGH CONCENTRA-
TIONS. (RECORDED in situ ON CLEAR LAKE, CA.,
3 JULY 1975)

Note: These spectral curves were recorded using the Tectronix spectro-
meter. The dashed line at the bottom of each figure represents the
baseline of the spectral response. Parts A and B-C are on a different
energy scale, hence only general comparisons between A, B, and C can be
made. The energy scale for daylight irradiance is double that of Figures
B and C and five times that of Figure A. A B and C are representative
onU of a water body with surface microstructure. Scale for Figure D
Is I scale a lvision = IOU picowatts per nanome er.
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TABLE IX

VALUES FOR REFLECTANCE RATIOS (565/730. 625/730.
650/730) FOR SURFACE CONCENTRATIONS OF BLUE-GREEN

ALGAE MEASURED in aitu AT CLEAR LAKE, CA., 3 JULY 1975

Reflectance Ratios
Spectral Curve

565/730 nm 625/730 nm 650/730 nm

A
0.97 mg/z Chl a

0.20 0.096 0.112

B
3.0	 mg/A Chl a

0.184 0.098 0.111

C
7.9	 mg/R Chl a

0.146 0.048 0.084

^y .
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TABLE XI

VALUES FOR REFLECTANCE RATIOS (565/730, 625/730,
650/730 FOR SURFACS CONCENTRATIONS OF BLUE-GREEN

ALGAE MEASURED in eitu AT CLEAR LAKE, CA., 3 OULY 1975

Reflectance Ratios

Spectral Curve
565/730 nm 625/730 nm 650/730 nm

a
970 ug/i Chl a

0.20 0.1 0.11

b
170 ug /R Chl a

0.70 0.33 0.4

50 ug/i Chl a
1.1 0.53 0.55

d
25 ug/z Chl a

2.2 1.075 1.0
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Although direct comparisons between the signals recorded by the
ISCO spectroradiometer in the laboratory experiment and the Tectronix
spectrometer cannot be made easily, comparison of the percentage of
incident light reflectance values in Table VIII with those of Table III
indicates that substantial agreement exists between reflectance ratios
derived from laboratory and lake studies.

Al gal Spectral Si g natures-Green Algae. Figure 39B-C comprises repro-
ductions of photos taken over errsan Tilverwood reservoirs, respec-
tively, on 12 September 1914. The arrows in each photo indicate significant
features, including nuisances. Figure 39B (Perris reservoir) shows how
color infrared film records the reflected light spectral signature of an
intense growth of the shallow-water, shoreline-dwelling filamentous green
alga, z',pirojy • z. The same can be said for the area designated in Figure
39C, only on this occasion the subject is the attached filamentous green
alga, c''adorhora.

Water truth measurements made at the time of aerial reconnaissance
established that in each case the area identified by a eink tone represents
a growth of potential nuisance algae. Chl ,z concentration was estimated
to be ti50 mg/z (Figure 41). However, within the designated area surface
chlorophyll a levels were quit variable and within a few meters of shore
were reduced by a factor of 10 . The algae appeared healthy with no
obvious sign of decay, although in parts cf Silverwood reservoir other
than those shown in Figure 39C the same algae, k itadophora, were badly
decayed. In this case, the signature recorded on color IR film produced
a white response.

Figure 39A shows the same area as in Figure 39B, two months earlier.
Although a faint pink tone (indicating a high infrared response) can be
seen near the shoreline, it -is apparent thai the surface scum was not
nearly as extensive. Phytoplankton counts established that this algae
increased in the water column of the closest sample site between June and
September. Though the sample counts indicated only those attached algae
which had broken away their rock strata, the evidence still suggests that
the algae had reached a peek in their growth phase near the date at which
the photo (Figure 396) was taken. It is possible that decreased water
level had some concentrating effect. In each case, the concentration of
the surface algae was sufficient to form an opaque surface to incident
light, similar to that used in laboratory studies. For this reason, it
appears that each example represents the type of color tone observed when
the density of a phytoplankton population is at a maximum, the scattering
properties of water ( wa) are a near total function of the phytoplankton
and the spectral signature and reflectance ratios should be similar to
those of laboratory studies.

The four-band imagery indicated that a spectral signature reminiscent
of blue-green algal scums in Clear Lake (intensive infrared band, diminished
visible bands-see Appendix) correspond with ground truth measurement of
the areas designat- in Figure 39B-C. However, Figure 39B-C demonstrates
that the color to, associated with green algae scums as noted in Figure
38A. (Note: color reproduction of the area in Figure 39C designated as
CZadvp,hora did not retain the true color of the original. Original posi-
tives which would be used in practice gave a much more intense pink tone.)
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The color tone attributed to green algal scum as noted in the
Southern California study is the first instance in these remote sensing
studies where a distinct color tone could be ascribed to an alga of
another taxonomic group. Since each case represented healthy algae, the
color tone differences recorded are prr'ably due to the structural dif-
ferences of the algae, and not to a physical attenuation of the signature
resulting from altered physiology or water absorption. At the same time,
film characteristics and atmospheric attenuation may alter records of
reflected light imagery. These alterations appear insignificant when

Aagery is taken under the same sun angle and atmospheric conditions, and
when film character is corrected by color compensation. Hence, direct
comparisons or color infrared imagery from Southern California and Clear

Lake c«n be made. Also, aerial photography of ponds near Clear Lake
supporting similar filamentous green algae has given similar results. The
Tectro ►iix intitrumentation spectral signature of these grE pn algal scums
near Clear Lake had reflectance ratios 565/720 different from those of
blue-green algae and a spectral reflectance curve almost identical to those
observed in the laboratory study.

When color tone differences noted between algal groups were a function
only of structural differences between the algae and the resultant reflected
light spectral curve, laboratory studies indicated that duckweed (Lemna)
should produce a color tone in color infrared film similar to that of
green algae. This is because the shape of spectral signatures of green
algae and of Lemma were almost optically identical (given that a similarly

concentrated scum of this plant is found on the surface of a lake).

To test this hypothesis, imagery was taken of a sewage pond near Clear
Lake, California, covered with a surface scum of Lemna. Figure 390 illus-

trates a color infrared photo of the pond with duckweed present. the pond
supports the same healthy duckweed which was used in laboratory experiments
and at the same concentration. Again color reproduction of the false color
original did not register the true color of the original (a-slight shift
from pink to orange took place). Still a distinct color tone is apparent
from that of the fiery red of blue-green algae. Original transparencies
show a Fink false color tone similar to that of Figure 39B.

The results show that false color tones of color infrared film which
are the result of massive algal scums agree in substance with the observa-
tions of the laboratory study and that the results are reproducible. The
unique color tones of nuisance scums of various plant material depend on
cellular architecture and the resultant ratio of light backscattered from
different wavelength bands. Blue-green algae are unique in the possession
of gas vacuoles and the pigment phycocyanin-c which absorbs in the green

and red wavelengths in vivo. This produces a very high reflectance in the
infrared. Compared to any other waveband, green algae do not reflect
infrared light as well as blue-green algae. This and the lack of phyco-
cyanin-e produce a distinct color tone. Lemna has intracellular air spaces

and a strong IR reflectance but lacks phycocyanin. The spectral signature
produced is much the same as that for green algae, hence the color tone
perceived is similar.

Debris in Water. During the 12 July 1974 aerial reconnaissance,
photography captures a spectral response from Castaic Lake similar to a
concentrated suspension of phytoplankton found near the surface of the

Z
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water. The response was similar in the sense that the film contrasts in
the four-band imagery (intense infrared band, diminished visible bands, see
the Appendix), were highly reminiscent of those known to cot-respond with
the appearance of blue-green algal scums in Clear Lake. Ground truth
determined that no excessively (i.e., > p.5 mg/t Chl a) large surface con-
centration of algae existed on Castaic Lake that day (see Chl a distribu-
tion4igure 42), rather, the lake was covered with small bits and pieces
of dead. buoyant cellulose material (debris - dead grasses, dust, twigs,
dead leaves). Figure 38D reproduces a section of the original false color
infrared photograph. A portion of the surface debris noted to occur on the
lake is designated by arrows. The debris in this case exhibits a distinct
orange color tone. In this sense, the spectral character of debris does not
resemble the typical signal of any aquatic plant tested.

Studies have shown that for living trees, the reflectance of bark,
twigs, and wood generally gives a neutral color tone in color infrared
film. Cellulose fibers subject to the drying and cracking of the environ-
ment, however, become porous and fill with air. Debris floating in water
may have many more air/water interfaces which serve to reflect infrared
strongly and to some extent behave spectrally as gas-vacuolated phyto-
plankton. However, the lack of photosynthetic pigments causes a deviation
in the light reflected from the visible region.

Surface Algal Concentration Based on an Infrared Band. Figure 38A-C
illustrates how color tone in color infrared film varies w en blue-green
algal suspensions of different concentration are photographed. Figure 38A
represents a portion of Clear Lake where, as previously noted, a large
mid-summer bloom was present. Figure 38B also represents Clear Lake, but
in this instance a small, overwintering population of Aphanizamenvn is
evident as a reddish patch (indicative of infrared response) in a corner
of the figure. Chlorophyll a values (30 ug/z) are substantially less than
those found in nuisance scums. Consequently, the deep red tone also is
absent. Figure 38C illustrates patchiness on Perris Lake on 12 September
1974, Water truth measurements (Figure 41) established that surface Chl a
concentrations from the area exhibiting patchiness were 10 pg/e, while
outside this zone they were 4 ug/e. In the designated area of Figure 38C,
field observations showed visible colonies of the blue-green algae Anabaena.
In this instance, these colonial algae represented approximately 50% of
the biomass of the sample. Although it can readily be seen that a portion
of the water mass is definitely richer in reflective particles, at the
relatively low concentration of Chl a, the patch does not exhibit any
reddish color tone whatsoever. Figure 38A-C demonstrates that progressive
color tone changes occur with increasing concentration of blue-green algae,
and that these easily recognized color tones provide a simple means of
estimating approximately the amount of blue-green algal biomass present.
Also, though it is apparent that algae can only be recognized when con-
centration^ are relatively high, the lake-wide concentration of chlorophyll
is obviously much lower than that ob y c-rved within the patch. Clearly
these photographic techniques provide some minimal information about
phytoplankton presence in a wide range of lakes and trophic levels.
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To understand the changes in color tone which occur in Figure 38A-C.
it is useful to define the changes in color tone as changes in the shape
and intensity of the spectral signature from these areas of the photos.
The photos were selected because they exhibit patches with essentially
one color tone present $ hence one spectral signature will nearly describe
each photo. In many instances where remote sensing is used, this will
not be the case and photointerpretation will depend on using the princi-
ples these examples bring to minds perhaps all in one picture frame.
Figure 44 illustrates data collected in aitu at Clear Lake in June 1976
which demonstrates the changes in spectral signature which take place in
the photos. Figure 44 is intended to serve as an aid in interpreting
that imagery. Photographic coverage provided by NASA-Ames during the time
the signatures of Figure 44 were collected showed that in the portion of the
lake where Figure 44A-D was taken $ microstructure existed comparable to that
of Figure 38A. B. or C. respectively.

Figure 44A shows the typical signature of a massive blue-green algal
scum and corresponds with the fiery red portion of Figure 38A. The shape
of this signature is not only typical of concentrations of 0.97 mg/R but
represents a broad range of concentrations from as low as 0.6 mg/n (as at
the sampling point in the picture) to as high as 200 mg/i used in the labor-
atory studies. Within this concentration range, changes in spectral signa-
ture shape and intensity do not show substantial changes and appear to be
nearly independent of concentration.

Figure 448 and C shows both typical spectral signatures of moderate
or "transitional" concentrations of blue-green algae. The term "transi-
tional" is used for these intermediate concentrations of 50-167 ug /Z surface
Chl a. for it can be seen that the shape of the spectral curve varies radi-
cally with concentration. This is unlike the stable spectral signature of
massive algal blooms. Though the spectral signatures of Figure 47C are
unique to those concentrations, within this concentration range the shape
of the spectral signature has definite bounds. Hence the color tones which
will be associated with these types of spectral signatures will appear more
or less like those of Figure 38B which has a Chl a concentration in the
transition zone. The spectral signature in Figure 44C perhaps comes the
closest to being representative of Figure 388 for the concentration values
are the most similar. In the transitional zone, the infrared response is
significant, but not overwhelming as is the case with Figure 44A. Within
the transitional zone the infrared predominates with increases in Chl a,
hence increases in concentration produce more prominent shades of red in
color infrared film. The color tone of Figure 38B is one of the lightest
shades of red which can be observed, since the measured Chl a value places
the concentration at the lower limits of the transition zone. By photo-
interpretation alone it would be difficult to tell whether the light red
tone of an intermediate blue-green algal concentration indicates blue-green
algae or whether it would come from a much more substantial population of
green algae. In theory this is a problem, but in practice it is not. In
drinking water reservoirs where water quality standards must be kept high,
the appearance of anything in the water promoting a significant infrared
response would warrant further attention.

Figure 44D is a spectral signature that is broadly representative of
Figure 38C. Although Figure 440 is clearly unique to that Chl a level,
within a range of concentrations the shape of the spectral signature
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(and reflectance ratios) is constant enough so that the resultant macro-
structure will appear similar in color tone to that of Figure 38C. This
will be a more or less white tone. From the appearance of the patch
observed in Figure 38C which has been ascribed to the presence of blue-
green algae in Lake Perris on 12 September 1974, it can be said that both
photo and spectral signature 44D are in good agreement. The color infrared
photo shows microstructure as white, indicating a broad response in at least
the green, red and infrared wavelengths. In the appendix a breakdown of
the spectral response by wavelengths indicates that the patch was in fact
more visible in the green band of the 4-band camera, but by no means invisi-
ble in the red or infrared. The appearance of structure at such low concen-
trations as that recorded at the Southern California reservoirs is interest-
ing, for it shows that highly reflective near -surface, large colonial
blue-green algae induce the appearance of patchiness at very lowpo ulation
levels. However, in this instance the ability to predict chlorophyll level
is not strictly related to the algae's infrared response, but rather to its
high reflectance in all wavelengths and proximity to the surface. Not only
low levels of blue-green algae will induce a white response in color infrared
film, but also high concentrations of suspended sediment, green algae, and
foam formations. Certainly problems in photointerpretation will inevitably
arise from time to time, but as will be pointed out in the discussion these
can be resolved by some other knowledge of spectral responses.

Our experience with photographic remote sensing leads us to believe
that at or below a concentration of 10 ug/R, the ability to recognize any
structure with or viithout color tones is lost. It is also evident that at
or above 10 pg/t surface blue-green al al Chl a values, the reflectance
peak in the infrared begins to appear Figure 44D). The infrared reflec-
tance by blue-green algae is a crucial factor in determining whether or not
microstructure will be apparent in aerial photographs of water bodies. But
at the same time spectral response by blue-green algae is dependent on the
state of gas vacuolation. Also the delineation of blue-green algal Chl a
concentration is dependent on the algae being very close to the surface in
order that infrared light be reflected before it is absorbed. Since these
factors must be taken into account in the work we have done so far, the
spectral signatures presented in this section can be taken as only a broad
measure of chlorophyll concentration.

Figure 45 also illustrates patchiness found in Perris Lake which
could be ascribed to blue-green algae (Micsroaystis acruginosu). This
photograph was taken by closed-circuit television instrumentation over
Perris Lake on 4 November 1974. During the November reconnaissance Chl a
values were again low ( 10 outside and 18 Ng/i inside the patch), although
it should be noted that field sampling did not touch on the exact area
where film contrast is greatest. Figure 45 was taken solely in the infrared
band and the structure is shown to promote the modest infrared response
expected from blue-green algae. However, it can be stated that without
water truth meast-ements and observations neither this phenomenon nor the
concentration or species present would have been noted. Iris effects and
blooming of land features, due to the fact that instrument gain controls
had to be opened to fully pick out any features in the water, contributed
to the problem as did poor resolution and tack of orientation within the
picture scene.
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FIGURE 45. COMPARISON OF TV-VIDEO NEAR INFRARED IMAGERY
WITH CONVENTIONAL IR PHOTOGRAPHY, PERRIS LAKE
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Although the laboratory studies indicated that at most a fourfold
difference in IR reflectance existed between blue-green algae and green
algae, the results of the lake studies indicate that if the concentration
of green algae is simply four times that of blue-green algae, patchiness
comparable to that outlined previously for blue-green algae, does not
exist. The study indicated that the probability of recording a signifi-
cant infrared response from a concentration of planktonic green algae
was far less than for blue-green algae. In Figures 1, 4 9 41-42, 46-489
54 9 and 60-61 the distribution of chlorophyll a and turbidity over the
reservoirs at the time of aerial reconnaissance is shown for the entire
range of sampling dates. These water quality measurements suggest that
there is no simple relationshi p between the arrival of visible natchiness

On no occasions in our study could patchiness be attributed to the
appearance of planktonic green algae, diatoms, or dinoflagellates, despite
the fact that during the test period in Southern California chlorophyll a
levels measured from samples known to contain primarily these algae varied
from 1 vg/t to well over 100 ug/t. Continuing studies of this subject on
some highly eutrophic sewer ponds near Clear Lake showed that patchiness
similar to that in Figure 38C became apparent only when green algal
chlorophyll a levels approached 350 ug/t. This suggests two important
points. First, magnitudes of difference in chlorophyll a levels must
exist between green algae and blue-green algae before equivalent pattern-
ing in color IR is apparent, and this can be explained only by taking into
account reflectance capabilities and differences in stratification near the
surface for the two algal types. Blue-green algae, being buoyant, will
appear just below the surface whereas green algae will not. Second,
although it is clear that at some point green algae, diatoms, and dino-
flagellates will promote a significant infrared response, such a concen••
tration appears to be out of the range of normal conditions, exce t for
the instance of shoreline 	 or "red tides" [483. The sign cance of
these s a emen s o a personnel n charge of ake management becomes
manifest when charting correlation between surface chlorophyll a measure-
ments and the signs of patchiness. Figure 49 shows the breakdown of algal
species present in the surface water as averaged for six stations over
Perris Lake where the patchiness was noted, and over Castaic Lake where the
spread of chlorophyll a levels was the greatest for the four reservoirs,
during the four-month test period. As can be seen in Figures 48-50,
patchiness at Lake Perris coincided with a minor blue-green algal bloom in
September and occurred just prior to a minor bloom in November. In each
case, take observations established that the portion of the lake exhibiting
patchiness had blue-green algae. Chlorophyll a levels were more than 100
ug/i in Castaic Lake in September and November (Figures 46 and 47) but no
patchiness was detected. Figure 51 confirmed that for all surface samples
collected, only green algae were present. Imagery showed that both arms
of the lake were just very dark, indicating that reflectance in any wave-
band was simple and below that which could cause a substantial deviation
in the response of the film.

A second interesting point respecting green algae was made during
lake observations. During the October and November sampling dates, a bloom
of the green alga Mougeotia was noted on Lake Perris. Mougeotia is a
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filamentous green alga known to farm surface mats. These were evident in
the lake at the time of aerial reconnaissance, but no patchiness could be
associated with the areas of high Mougeotia concentration. Concentrations
in this instance were still substantial (10-25 ug/t Chl a).

Together, the two points above illustrate that by simple photographic.
interpretation it may be possible to predict general types of algal composi-
tion in surface waters, and that to some extent the appearance of surface
patchiness is specific to nuisance blue-green algae. Under no circumstances,
however, can the chlorophyll a model based on infrared response, as outlined
in previous pages, be applied when the phytoptankton is not a blue-green
gas vacuolated alga.

Macro h tes and Per i_phyt_o_n_. Figure AIII-D illustrates a second impor-
tant feature of remote sensing in aquatic environments,. Attached growths
such as spirogyra, Cladlvphora, and Lemna often cause problems in lake
management because they obstruct navigation or break loose and cause filter
clogging. Decaying scums may also cause visual unpleasantness and malodor.
Remote sensing offers a rapid, simple means of detecting the extent and
growth rate of these nuisances. Outside the colored zone which corresponds
to a surface scum, light and dark areas of contrast are apparent in Figure
39B. Lake observations established that the darker areas correspond to
areas of sub-surface algae (1-3 m deep). Normally, high infrared reflec-
tance does not occur from this depth because the infrared band has been
absorbed. Visible light penetrating to the bottom is largely absorbed by
the attached plants or algae. Lighter areas adjacent to the dark patches
correspond to areas with less algae, consequently a greater benthic
reflectance of visible light. As the edge of sub-surface shelf is reached,
reflectance in all bands drops off and the image appears dark.

Figures 38A-B and 54A-B show the change in extent of growth over two
summer months. Lighter areas not infested at the time of aerial recon-
naissance can be delineated as potential sites for aufwuchs invasion.
Estimates of standing crop and percent shoreline infestation of benthic
algae or macrophytes can aid user agencies in planned use development.
A more extensive approach to the use of remote sensing technology in
monitoring this type of nuisance aquatic phenomena has recently been
published [12].

Sediments. Highly turbid waters were observed by aerial reconnais-
sance on three of the four reservoirs and were linked with two phenomena:
turbidity associated with water flows from the California State Aqueduct,
and shoreline erosion at Pyramid and Castaic lakes. Shoreline erosion
tended to increase in the afternoon with noticeably strong westerly winds.
Sediment plumes regulated by flow operations were assigned density units
corresponding to water turbidity in the plumes, and erosions correlated
well in the red band of the four-band multispectral camera (see Appendix).
Depending on the nature of the object, plume or shoreline erosion, tur-
bidity appeared well delineated from the rest of the water body. The
plume vanished shortly after flow was cut off, indicating that particle
size was possibly large and producing quick sedimentation (Figure 53A).
Shoreline erosion fanned out from the shore and particles remained in
suspension a great deal longer (Figure 53B), possibly indicating smaller
particle size. The Appendix illustrates the correlation between wavelength
response and turbidity. At no time could a distinct color tone, in color
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IR film, be associated with any of the suspended sediment concentrations;
on the contrary, even the heaviest concentrations gave a rather dull,
neutral tone (gray-blue) in contrast to distinct colors associated with
biomass.

Figure 53A-B also illustrates two instances where sediment induced
patchiness. In both, one feature is apparent: the sediment patches start
at an obvious point source such as an eroding shoreline or a water inlet.
This indicates that sediment often appears in this fashion rather than
as turbulence produced bottom stirring (a non-point source of sediment).
Sediment plumes such as those in Figure 53A-B have an obvious shape which
is not at all reminiscent of phytoplankton patchiness. Therefore, on
some occasions the dispersion or movement of particles in water can
serve to identify particle type.

Water Clarity. Another water quality parameter, that of light pene-
tration in water,  was measured during aerial reconnaissance dates. Since
water clarity is both desirable from the point of view of water recrea-
tionists and lake management personnel (highly transparent water means few
nuisance algae are present), it would be useful if techniques could be
developed whereby water clarity was measured automatically by remote
sensing techniques. Also, since light responds unevenly to different types
of suspended particles in water, the extinction profiles for light as a
function of deth can be useful in determining particle character and con-
centration [113. The following discussion summarizes the important results
noted during the study.

Figure 54 has depth profiles of light penetration at stations 5 and
9 on Perris reservoir on 11 July 1974. A slight increase from 2 to 5 mg /X
chlorophyll a surface concentration was recorded and a noticeable increase
in colonial algae was apparent to the naked eye. Since turbidity was
essentially constant at these two stations, the decrease in light trans-
mission can only be attributed to the phytoplankton it the water. Though
the surface biomass levels changed only slightly (and DWR depth sampling
at six stations in the lake showed little stratification over the entire
lake), the depth of the photic zone dropped substantially. Figure 54
shows that blue and red light are absorbed preferentially to green light,
and may serve as an indication of photosynthetic pigments.

Although a marked increase in particulate composition could be
observed by eye, as mentioned, no patchiness was detected on film. This
seems to be due to the fact that only weak reflecting green algae were in
the lake at the time.

Figure 55A and B from Silverwood and Castaic reservoirs, on 11 and
12 July 1974, respectively, also indicates this phenomenon. Although
the profiles were taken at different times of the day, the sun angle was
nearly equivalent (35 deg). Note how the slope of blue light extinction
has changed radically from that in Figure 54.
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VII. DISCUSSION

Nowadays it is quite common to use aerial remote sensing for rapid,
synoptic measurements of large -scale environmental phenomena. Symposium
proceedings, articles in scientific journals, and those in the popular
press appear regularly [", 4 0 6 1, 10-14 0 28 9 29 0 31-34, 43 1 47 $ 49 9 50-731.
At least for different types of static vegetation such as forests, marshes
and grasslands [e.g. 63, 64, 68 0 74] 0 different species [e.g. 531 and even
the state of health of the population can be assessed. For mobile vegeta-
tion-generally phytoplankto"nly very generalized remarks have been pos-
sible due to lack of simultaneous water truth. This is particularly so
with Skylab and with oceanic phytoplankton [67]. Sediment, however, has
proved amenable to semi-quantitative remote sensing since it is often
routinely measured by conventional means [57, 62].

A unifying feature of these reports is the experimental nature of
remote sensing projects, together with a constant search for applications
of this powerful technique. A few workers with longer experience of the
technique have developed their methods so that now economic considerations
dictate the use of remote sensing instead of, or at least in conjunction
with, conventional measurements. R. N. Colwell and his students in the
Department of Forestry, University of California at Berkeley have been able
to predict the number of board-feet of certain types of timber using remote
sensing, at less cost than conventional forestry ground sampling [74].
SERL studies in Southern California reservoirs were designed for a similar
purpose. Could the cost of lake monitoring be reduced by using aerial
remote sensing? Could lake monitoring using remote sensing be made even
more useful?

Our initial laboratory studies with natural populations demonstrated
that different algal types could be distinguished by their characteristic
reflectance spectral signatures. This was perhaps to be expected given
the high concentrations of algae used, but nevertheless these were natural
populations. More unexpected were the aerial reflectance signatures pro-
ducing distinct color tones for the different types of algae, macrophytes,
and debris which cause reservoir management problems. These colors were a
apparent at concentrations lower than those used in our laboratory experi-
ments. It appears that the water absorbance is insufficient to obscure all
algal reflectance in the near-surface water. The integral reflectance for
this short water column then resembles that of a membrane filter through
which a similar column of water Kv,-3 been passed. Thus, given a sufficient
concentration of algae in the surface or near-surface waters, remote- sensing
can usually identify approximate type and concentration using color bone on
false infrared film. In addition, shallow water periphyton and macrophytes
can be assayed, as has been found previously [12]. The aerial identifica-
tion of sediment eroding from the newly-formed shoreline was predictably
easy, since sediment is known to have a distinct color tone in four-band
photography (0.3-1 um).

Four-band color or instantaneous remote sensing using the TV-video
system is of less direct val6e to the reservoir manager, since it is more
difficult to interpret the patterns of algae on the lake surface than to
notice the color tone of a photograph. However, rapid identification may
be vital for the efficient deployment of copper sulfate dispensers or algal
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harvesters, especially in the Los Angeles area where reservoirs are far
apart. The unavailability of a Polaroid -type color IR film was a serious
handicap. The TV-video single waveband system proved useful in predicting
the onset of a small bloom of M oroo etza (Figure 45) prior to its detec-
tion by conventional methodology. Although the TV camera was useful in
this case, the overall performance of this imaging system when dealing

t

	

	 with biomass levels found in reservoirs was poor. The resolution of the
television camera was the biggest drawback. For a common television video-
camera, there are only approximately 500 line scans. In a 9x9 -inch photo-
graph of comparable size, there are approximately 17,000 lines for the same
area. The result is that commnn TV video-camera sensing systems are limited
to a resolving power of 5 meters at a scale of 1/10,000, while a comparable
photograph has a resolving power of 30 cm. The problem can be defined as
recognizing patchiness or microstructure typical of blue-green algae.
Since the structure is often obvious only briefly and in a limited area,
resolution is essential. There were also some problems with the spatial
orientation with the TV camera, which produced imagery with a different
perspective from that of the typical airborne 9x9 photographic cameras.

In a well -designed, well-managed reservoir algal concentrations in
the upper waters would usually be at levels too low to be detected by
remote sensing. Thus any sign of algae, either from development of red
or pinkish tone in false color IR film or in patchiness with possible
microstructure in the NIR band of four-band photography or video, is a
warning that problems may be arising. Periphytonic nuisance growths or
macrophytes such as duckweed or water hyacinths develop quite slowly and
could easily be detected by most tyrs of ranw to sensing and controlled
conventionally. In contrast, phytoplankton booms—especially those of
blue-green algae-develop rapidly. In high summer too much time may pass
between flights, production of the processed photographs, and the action.
It should be realized that most algal blooms are basically mechanical
accumulations of already grown algae, rather than sudden overnight growths
[3, 71-76]. For blue-green algae various conditions [44, 71] allow the
algae to float to the surface and to remain there as a nuisance. On other
occasions, as in the notorious Lake Zurich algal bloom, the breakdown of
the summer thermocline may bring to the surface previously unnoticed deep-
dwelling populations [77, 78]. In all these cases remote sensing would
detect the algae, but so would simple visual observation or normal visitor
use of the t.aservoir.

In the case of the initial growth or accumulation o' a patch of blue-
green algae in an unused corner or sidearm prior to its development in
the whole reservoir, remote sensing provides a unique method of detection.
In Lake Perris, however, the main corner for algal accumulation has been
the main boat ramp, which can scarcely be described as unused! In Castaic
Lake there were no incidences of algal accumulation in sidearms, although
considerable debris was found there. For both Silverwood and Perris lakes,
attached periphyton were a potential problem easily observed by remote
sensing, although few complaints were received about their presence [79].

The color tone typical of highly concentrated scums of green algae
is pink, and that of a moderate concentration of blue-green algae (40
ug/t Chl a) is a faint red. What criteria can be used to distinguish a
large concentration of green algae from a moderate concentration of
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blue-green algae? To answer this question, it is first necessary to
establish the amount of green algae which would produce a pink tone. The
Southern California study has shown that a minimal amount of white struc-
ture is evident in the water when a concentration of predominantly blue-
green algae has a chlorophyll a level of 10 vg/t. Since blue-green algae
constituted only about 50% biomass in samples taken from the area showing
structure, it is assumed that their chlorophyll a concentration alone is
approximately 5 vg/.t. A comparison between the chlorophyll a levels then
known to produce (blue-green structure at Perris Lake (12 September 1974)
and those known not to cause (green) patchiness at Castaic Lake (4 November
1974) shows that at least a 20-fold increase in green algal plankton popula-
tions would be necessary to produce comparable structures. Recent aerial
studies on sewage ponds near Clear Lake have established that only at
green algal chlorophyll a concentrations of 350 ug /t does an equivalent
minimal amount of structure begin to appear. The conclusion is that a
nearly 70-fold increase in green algal concentration would be necessary
for an equivalent structure to be present. Given this context, the question
seems rather esoteric as far as take management personnel are concerned, for
a 70-fold increase in the population of green algae (4 ug /t going to 280
ug/r., for instance) would be quite evident from just a casual glance at
the lake.

Another problem in using remote sensing for monitoring water quality is
presented by changeable weather. Bad weather—particularly morning mist or
clouds--reduced coverage for the Southern California reservoirs. Smog did
not affect operations, however. Conventional measurements were less limited
by cloud cover, although mist usually prevented sampling. Beyond that was
the problem of how wind affects water circulation patterns. Patchiness,
especially microstructure, resulted from active algal movement, water
currents, and light. However, in a lake or reservoir where biomass levels
are low, patchiness is easily lost during periods of windy weather. On 'the
night of 2 October 1974, extremely calm conditions prevailed over Lake Perris
(Table XII). Winds measured at nearby March Air Force Base were only two
knots, from 319 deg true north, up until 1000 hours on the following day.
The lake itself was littered with balls and patches of detached shoreline
aquatic growths (mainly highly decayed spirogyra with unidentified macrophytes
and filaments of the green alga Mougeotia). The balls and patches were suf-
ficiently large to anticipate their being visible in the photographs.
Figure 55 shows the relatively high morning chlorophyll a levels, but the
Spirogyra was so badly decayed that it appeared white to the eye. It was
apparent that a great deal of chlorophyll a had been lost to the environ-
ment and that chlorophyll a may not be a good measure of biomass present.

By noon, the winds had increased to 10 knots from 300 deg true north.
The afternoon run showed little surface structure and decreased chlorophyll a
levels (Figure 56). The lack of surface patterns indicated a more uniform
vertical and horizontal distribution. It is at this point that resolution
of patchiness or microstructure is lost totally, even if high concentrations
of algae are involved [5]. Afternoon video-sensing picked up some of this
extraneous drifting matter at a corner of the lake (Station 6), although much
of the morning's patchiness was gone. Similar results could be anticipated
if blue-green algae were present. Hence in any remote sensing monitoring
program flight times and dates will have to be chosen carefully to coincide
with calm periods if the maximum amount of useful information is to be



TABLE XII

WIND DATA — PERRIS LAKE

Day Time
Direction

degrees

Magnitude

knots

11 Jul 74
0957 300 4

1555 300 10
t

12 Jul 74
0957 160 1

1555 300 8

it Sep 74
0957 110 2

1555 320 13

12 Sep 74
0957 --- Calm

1555 300 10

13 Sep 74
0957 --- Calm

1555 320 9

2 Oct 74
0957 310 2

1555 306 10

Measured at true North: 15 deg off magnetic center
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obtained. The most favorable time of day is usually early morning before
winds have picked up (i.e., 0700-0900 hours).
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