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Studies (GISS). The objective of this study is to correlate and quantify
the airborne spectroradicmeter multispectral data to ground truth water
guality measurements obtained in Lake Powell, Utah, during June 1975.

A ground truth water sampling program was accomplished during 9~16
June 1975 for correlation to an aircraft spectroradiometer flight. Field
measurenents were taken of percentage of transmittance, surface temperature,
pH and secchi disk depth. Also, percentage of transmittance was measured
in the laboratory for the water samples. In addition, electron micrographs
and suspended sediment concentration data were obtained of selected water
samples located at Hite Bridge (Mile 171), Mile 168, Mile 150 and Bullfrog
Bay (Mile 122). Airborne spectroradiometer spectra were selected which
correlated to the Hite Bridge (Mile 171), Mile 168, Mile 150 and Bullfrog
Bay (Mile 122) test sites.

Analysis of the data leads to the following conclusions: (a) as the
secchi disk depth measurement of light extinction decreased, the reflected
radiance measured by the airborne spectroradiometer increased; (b) as
the percentage of transmittance of the water samples decreased, the
reflected radiance increased; (c) as the insoluble particulate concentration
(mg/1) increased, the reflected radiance increased, at least in the 1-80
mg/l range; (d) the reflected radiance in the near infrared region
(0.76-0.91u) always increased as the insoluble particulate matter concen-
tration (mg/l) increased; and (e) when a spectral peak occurred at a
wavelength of 0.58u, the peak reflected radiance varied with the insoluble
particulatg matter concentration as follows:

Peak reflected radiance Concentration
(mW/cm? sr) (mg/1)
0.0001 - 0.0027 i =5
0.0027 - 0.004T7 5 - L
0,0047 - 0.0060 Wy - 77

An interpretation of the Hite Bridge (Mile 171), Mile 168 and Mile 150
aircraft spectra indicated a similar mineralogic source due to the
occurrence of a 0.58u spectral peak and 0.6L4u shoulder. The decrease of
reflected radiance throughout the visible and near infrared regions for
the three sites corresponds to a quantitative decrease of suspended
sed:ment concentration from 77.2 mg/l to 41.1 mg/l to 5.9 mg/l, respec-
tively.

Analysis of the aircraft spectra shows that quantification of
turbidity in water bodies is feasible. The technique is especially
effective when the turbidity in the water is derived from the same
source as was the case in the Hite Bridge (Mile 171), Mile 168 and Mile
150 sites,which are all located along the main Colorado River channel.
The quantification consists in plotting the measured spectral reflected
radiance, at the ke, w-/e.engths of 0.58u, 0.64u and 0.79u, with the
measured concentration of particles in the water. The resulting graphs
can be used as & quantitative measure of particle content throughout
this reach of the Colorado River channel, as long as the spectral peak at
0.58u and shoulder at 0.6hy are present, indicating a similar mineralogic
source.

The relationship should be tested for uniqueness and reproducibility
to complete the study of the quantitative usefulness of reflected radiances
in monitoring water quality. A combination of theoretical work and
laboratory or controlled field experiments would provide a solid foundation
for further development of remote sensing as a practical tool in the
monitoring of water quality. .
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This report was prepared by Carolyn J. Merry, Geologist, of the
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through a NASA Grant (#NSG-501L) to Dartmouth College and by a CRREL
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Engineering Laboratory, NASA Goddard Institute for Space Studies (GISS),
and Dartmouth College were used throughout the course of the study.

The author extends her appreciation to Dr. Harlan L. McKim (CRREL)
for his support, guidance and technical review of the study; to Dr.
Robert Jastrow (NASA GISS) for his guidance, particularly in the theoretical
modeling aspects, and technical review; to Dr. Stephen G. Ungar (NASA GISS)
for technical review and development of the computer algorithms for the
airborne spectroradiometer data through support of the GISS prograrmming
staff; to Dr. Charles Drake (Dartmouth College) and Dr. Robert C. Reynolds
(Dartmouth College) for technical review and field assistance during the
ground truth program; to Ronald T. Atkins (CRREL) for technical review;
and to Daniel C. Leggett (CRREL) for assistance in the determination
of suspended sediment concentration.

The contents of this report are not to be used for advertising or
promotional purposes. Citation of trade names does not constitute an
official endorsement or approval of the use of such commercial products.
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INTRODUCTION

During the past three years there has been a renewed interest in
the methodology and procedures used to monitor water quality in fresh
and salt water regimes. However, there still exists a need to calculate
quantitatively the amount of surface turbidity by remote sensing methods
to provide rapid and synoptic water quality surveys.

Many studies have been accomplished that concern only the extraction
of qualitative information on turbidity derived from analysis of multi~
spectral data.: However, recently a 500-channel airborne spectroradiometer
which may provide a quantitative means of comparing high resolution
multispectral cdata to water quality parameters has been designed at the
NASA Goddard Institute for Space Studies (GISS). Also, theoretical
models are being examined that will predict spectral response curves
based on varying the size, optical properties and density of particulate
matter in the water and atmospheric conditions (Hansen, 1976). A more
extensive treatment of the theoretical optical properties of water and
previous multispectral analysis for water quality can be found in
Appendix A. The primary objective of this study was to correlate and
quantify airborne spectroradiometer multispectral data with ground
truth water-turbidity measurements obtained at Lake Powell, Utah, during
June 1975.

AIRBORNE SPECTRORADIOMETER INSTRUMENT

The 500-channel airborne spectroradiometer measures ground reflec-
tance in terms of radiance, mW/cm@ sr*,ofrom about 0.42-1.0u and has a
spectral resolution of approximately 14A. The aircraft instrument syctem
comprises a Princeton Applied Research Optical Multichannel Analyzer
(OMA), which drives a silicon vidicon detector coupled to a Jarrel-Ash
0.33-m spectrometer, and a computer compatible tape recorder (Collins

1976).

Collecting optics image a ground target on an entrance slit of the
spectrometer. The radiation is collimated through the entrance slit,
dispersed by a grating and refocused on the silicon vidicon detector.
The vidicon detector samples the spectral data in 500-wavelength in-
tervals at the rate of 6Ly seconds per channel and 32 milliseconds per
freme. Each scan line is amplified, digitized and stored on tape.

The parallel digital data output is transmitted to a computer formatted
eight track magnetic tape recorder for subsequent computer processing

of the multispectral data. An interface monitors these data for errors
and triggers a ground truth photographic camera on every tenth spectrum.
The aircraft measurements are calibrated against a standard tungsten lamp.
Also, frequency calibration is accomplished by use of a krypton lamp to
determine the instrument spectral channel width and wavelength scale.
Further details on the spectroradiometer instrument can be obtained from
the reference by Collins (1976).

¥*Milliwatts per square centimeter per steradian.




APPROACH

June 1975 field trip to Lake Fowell, Utah

A field trip was conducted to lLake Powell during 9-16 June 1975.
The primary objective was to obtain field measurements of turbidity
during an aircraft overflight of the spectroradiometer. Water samples
were taken from the Rincon region north to the Dark Canyon area of Lake
Powell (Fig. 1). Field temperatures and pH values were also recorded
(Reynolds, 1976).

Photographs of the water surface were taken. In addition, wind
speed data and characteristics of atmospheric conditions such as cloud
cover and air temperature were noted. Secchi disk depth measurements
were taken during the field trip.

Field and laboratory measurements of turbidity

Percentage of' light transmittance. Values of percentage of light
transmittance, a measure of water turbidity, were obtained in the field
using a Bausch and Lomb Minispec 20 instrument. These values were checked
in the laboratory using a Coleman Model 14 Universal Spectrophotometer.
The Coleman 14 spectrophotometer allows selection of a single wavelencth
for transmittance measurements. For this study 13 wavelengths between
0.400 and 0.825u were used. Photometric measurement is made first with
a reference sample and then with an unknown sample placed in the light
beam. The ratio of the two intensity values is a measure of the relative
transmittance of the sample at a specific wavelength. In this study a
cuvette (1 cm diameter) of distilled water was used as the reference sample.

The method of the light transmittance measurement from the spectro-
photometer is illustrated in Figure 2. The difference in concentration
between the reference and the sample is determined by measuring the
relative intensities of the exit beam (B), first with the reference and
then with the sample in position (Coleman Instruments, 1969). In this
study the intensity of the exit »am decreased from the original
value of "B,." to a lower value "B." because of the constituents in the
unknown sample. The transmittance value is a measure of the difference
in concentration, not the absolute concentration, between the reference
sample of distilled water and the unknown sample. As a result, the
transmittance measurement is dependent only on the nature and amount of
the extra constitutents in the water.

Secchi disk depth data. The procedure for obtaining the Becchi

disk depth measurements was Lo observe the depth at which a white circular
disk insertec downward from the water surface just disappeared from view
(Hutehinson, 1957). The secchi disk depth is only a qualitative measure-

ment of turbidity yielding approximate information about water clarity.




LOCATION OF
WATER SAMPLES

IO miles
15 km
29
(\\“’zo
D \/.\fj?),f) LAKE POWELL, UTAH
2 Rincon
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Concentration, filtered. A 50 ml aliquot of the Bullfrog Bay
(Mile 122), Mile 150, Mile 168 and Hite Bridge (Mile 171) water samples
(see Fig. 3) was passed through a 0.45u Millipore filter. Each filtrate

was washed several times to ensure removal of soluble salts. The filter

papers were oven dried and the remaining particulate matter was

Airborne spectroradiometer measurements

Airborne spectroradi flights were accomplished over Lal

Powell on 16 and 23 June
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instrument used in these flights
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Table I. Acquis times of the airborne spectroradiometer
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Instrument calibration of the aircraft spectroradiometer was done
in tke laboratory before the instrument was installed on the aircraft
and again after it returned. Also, the preprocessing of the digital data
was accomplished at NASA GISS. The individual spectral data points
(60x120-ft) from the aircraft flight lines were located on 9x9-inch
photographs using the 35 mm ground truth film photography taken at the
time of the aircraft flight and the preprocessing computer data output
as reference. The aircraft spectra were displayed on a Tektronix L4012
CRT terminal using the GISS CRJE (Conversational Remote Job Entry)
computer program. Interactive access to the GISS computer facility
(IBM 360/95) was accomplished over a direct line telephone to GISS.

A Tektronix 4632 video copy unit provided a means to obtain hard copy
plots from the Tektronix L4012 graphics terminal.

The aircraft spectra produced were not corrected for effects such
as sun glint, atmospheric attenuation or wind speed. However, precautions
ware taken to minimize these effects during the aircraft spectroradiometer
flights. These included obtaining aircraft spectra during the early
morning on a clear day with little wind and when sun glint was not
considered a problem. Therefore, the differences in the spectra between
various locations in Lake Powell should represent mainly variations in
turbidity and not atmospheric effects.

RESULTS AND DISCUSSION

Water transmittance data

Tables BII and BIII (App B) give tabulations of the light transmittanc
data obtained in the field and laboratory for all the Lake Powell water
samples (see Fig. 1). These values were obtained using the spectrophctometer
procedure described previously. In addition, secchi disk depth, pH and
temperature measurements taken during the field reconnaissance at Lake
Fowell are shown in Table BI (App B). Secchi disk depth measurement
locations are also shown in Figure 5.

The Bullfrog Bay (Mile 122), Mile 150, Mile 168 and Hite Bridge
(Mile 171) areas were selected to represent low, intermediate and high
turbidity regions, respectively (Fig. 3). In the analysis it is important
to note that the direction of stream flow is from the Hite Bridge (Mile
171) to Mile 168 to Mile 150 and past the Bullfrog Bay (Mile 122)
tributary area.

Table II shows the ground truth data of the selected water samples.
These data included sample location on the map (see Fig. 1), pH, surface
temperature and secchi disk depth data.

The ground truth data do not show appreciable differences in pH,
but all values were above 8.0 indicating a highly basic water environment.
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Table II. Ground truth data from selected Lake Fowell water
samples (June 1979).

Location Surface Cecchi

Location on map pH temp. lisk depth
{oe) (m)

Hite Bridge
(Mile 171) 3 8.2 18 0.18
Mile 168 9 8.5 18 3
Mile 150 Si 8.6 20 0.T5
Bullfrog Bay
(Mile 122) 26 8.6 23 4.50

The temperature values were relatively warm varying from 18.0°C (64.L°F)

to 23.0°F (73.4°F). The secchi disk depth data varied appreciably for

the four areas. Although this measurement is only qualitative the value
does give a subjective determination of water turbidity. The turbidity

in the water decreased from very turbid conditions at Hite Bridge
(0.18 m) to clear conditions at Bullfrog Bay (L4.50 m).

Table III shows the surface turbidity data of the four test site
areas. These data included percentage of transmittance measurements

obtained in the field and laboratory. The percentage of transmittance

measured in the laboratory showed higher values than the field data,
A

however, the same trends occurred with both sets of measurements. At

shorter wavelengths, lower transmittance values occurred because of higt

scattering at short wavelengths.

Table III. Surface tubidity data from selected Lake Powell
water samples (June 1975).

Transmittance Transmittance Transmittance
(rield) (1lavoratory) (transmissometer)
Location % % Y

0. by 0.7y O.by 0.7y 0.8u

Hite Bridge

(Mile 171) 18 45 39.2 58.7 63.3 65
Mile 168 Ly T 6h.1 T79.5 82.1 80
Mile 150 79 98 89.7 98.1 97.9 a3

Bullfrog Bay
(Mile 122) 20 98 95.4 99.0 99.2 09




S

One reason for the difference between the field and laboratory

measurements can be atiributed to the instrumentaticon as two different
kinds of instruments were used. In addition, a sample with many small
particles with a large total surface area would result in a lower per-
centage of transmittance such as measured in the field. The particulate
matter in the water may have flccculated by the time the water sample

was brought into the laboratory. As a result, the same water sample
would show a higher percentage of transmittance because the fewer larger-
sized particles with less surface area would alliow more light to pass
through the sample.

The percentage of transmittance data correlated well with other
surface turbidity data taken cn 14 June 1975 which indicated the same
relationship of turbidity (Johnson and Merritt, 1975). These data were
obtained by using a Hydroproducts transmissometer which was lowered into
the surface water (Table IIT). The instrument is calibrated to an
absolute value of 92% before and after each measurement using a light
beam source. For example, if the instrument reads 100% in water, this
indicates very clean water due to the refractive index properties between
water and air.

The percentage of transmittance data taken in the field and laboratory
correlate with the secchi disk depth and transmissometer measurements
and show that the percentage of transmittance, secchi disk depth and
transmissometer values increassd from the very turbid Hite Bridge area
to the relatively clear Bullfrog Bay area (Tables II, III). These groun
truth data indicate differences in surface turbidity for the four test
sites which should be reflected in the aircraft spectra.

Airborne spectroradiometer data

The airborne spectroradicmeter data used for analysis were obtained
from the following flight lines (see Fig. L): C'-C3 (Bullfrog Bay),
1 and 1A (Good Hope), 4 and 4A (Castle Butte), 5 (Hite), 6 (Dirty Devil)
and 10 (Narrow Canyon). Figure 6 shows aircraft spectra selected from
these flight lines and gives representative data of the water sauple:
obtained at the Hite Bridge (Mile 171), Mile 168, Mile 150 and Bullfrog
Ray (Mile 122) locations. Table IV shows the time of day, date and sun
angle elevation associated with each aircraft spectrum.

Table IV. Time of day, date and sun angle elevation associated with
selected Lake Powell aircraft spectra (June 1975).

Sun angle elevation

Location Time of day Date (degrees) K.
Hite Bridge

(Mile 171) 0950 23 June Lb2.7

Mile 168 0905 23 June 33T

Mile 150 0833 23 June 2T .4
Bullfrog Bay

(Mile 122) 1005 16 June 45,6

SRR T a——
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lhe spectral data are shown with wavelength in microns (u plotted
along the x-axis and reflected radiance in mW/cm€ sr along the y-axis.
The wavelength channel widih of the aircraft spectroradiometer data use
in this analysis was 14.96A and, therefore, the reflected radiance can
be expressed as mW/cme sr-channel. However, thre
of this report the reflected radiance will be expre
the channel width assumed to be L‘:.’Jt’?—‘;.

shout the remainder

d in mW/cm© sr with

A typical spectrum is composed of 500 individual data points or 500
channels of approximately 14A width. These reflected radiance values
cover a total spectral region from 0.42uy to approximately 0.90p. The
spectral regions represented by the aircraft spectra are located in the
visible wavelength region from 0.L4-0.7u and the near infrared region
from 0.7-1.5u. The sharp drops in the spectral curves are due to various
absorption bands caused by the presence of water vapor and oxygen in the
atmosphere and, to a lesser extent, the presence of Fraunhofer lines in
the solar incident radiation. For example, a water absorption band
occurs at 0.76p (Hodgman et al., 1953).

The range of reflected radiance values in the Bullfrog Bay (Mi
122) water spectrum was low when compared with the Hite Bridge (Mi
171), Mile 168 and Mile 150 spectra throughout the entire 0.42 to 0.9l
vavelength region (Fig. 6). The percentage of transmittance at Bu
Bay (Mile 122) was high (95.47) which indicated that the water had a very
low turbidity (Table II1I Y. This was verif
measurement of 4.5 m (Table T1) which ws

ied by the secchi disk deg

s the deepest depth of light
extinction in Lake Powell that was obtained from all the water
(Fig.%). 1Initially, the reflected radiance value was 0.0010 mW/emc sr
at an initial sampling wavelength of 0.42p, but increased to a broad
peak of 0.0017 mW/cme sr centered at 0.58u. The reflected radiance
values then gradually decreased to a value of 0.0001L mW/em© sr at 0.76u.

The Mile 150 aircraft spectrum was somewhat different in appearance
i o

from the Bullfrog Bay (Mile 122) spectrum (Fig. 6). The initial re-

} pod . e
flected radiance value was 0.0008 mW/em= sr at a wavelength of 0.42p
and increased to 0.0027 mW/ceme sr at a wavelength of 0.58u. A secondar

spectral shoulder occurred at 0.64p at a reflected radiance value
0.0017 mW/cm?2 sr. ESecchi disk depth measurements showed a 3.75 m de-
crease in depth penetration from Bullfrog Bay (Mile 122) to Mil
(Table 11). The percentage of light transmittance had decreased to a
value of 89.7% in the Mile 150 sample (Table III). The Mile 150 spectrun
in contrast to the Bullfrog Bay (Mile 122) spectrum showed higher re-
flected radiance values in the near infrared region (0.70-0.91p)
indicating that the Mile 150 sample contained more turbidity than that
observed at Bullfrog Bay (Mile 122).

The Mile 168 spectrum was

ar in shape to the Mile 150 spectrum; h

however, the entire curve had increased to higher reflected radiance

values (Fig. 6). The turbidity in the Mile 169 water sample had also




increased and is indicated by a lower value of percentage transmittance
(6L.1%) and a lower secchi disk depth measurement (0.30 m) than occurred
in the Mile 150 or Bullfrog Bay (Mile 122) samples (Tables II1, III).
Also, as in the Bullfrog Bay (Mile 122) and Mile 150 spectrum, the peak
in reflected radiance value occurred at 0.58u (Fig. 6). In addition,

a secondary spectral shoulder occurred at 0.64p similar to the Mile 150
spectrum.

The greatest amount of turbidity was measured in the Hite Bridge
(Mile 171) water sample. The percentage of light transmittance measured
in the laboratory was 39.27 and the secchi disk depth measured 0.18 m
Tables II, ITII). The reflected radiance value observed at the 0.%42u
wavelength (0.0017 mW/em© sr) was larger than observed in the other three
samples and increased to 0.0060 mW/cmc sr at a wavelength of 0.58u
(Fig. 6). 1In the 0.58-0.91u range the reflected radiance value decreased
rapidly to a value of 0.0007 mW/cmR sr with a secondary spectral shoulder
occurring at 0.6Lu (0.0046 mW/cme sr). In the 0.76-0.91p wavelength
region the reflected radiance was relatively greater in intensity
(0.0007 mW/cm@ sr) for the Hite Bridge (Mile 171) area compared to the
other spectra. 1In the near infrared region the light does not penetrate
deep within the water. 1f the surface water has very low turbidity the
reflected light will be low and, therefore, the reflected radiance is
very low. If large quantities of particulates occur in the surface
water (high turbidity), the reflection becomes greater and the corres-
ponding reflected radiance value will increase.

From these data it is possible to correlate the turbidity in the
water samples to the spectra obtained from the airborne spectroradiometer
instrument. It can be stated that as the turbidity in the water in-
creases the spectral reflected radiance curve increases throughout the
0.42-0.91y wavelength region with the peak reflected radiance value
occurring at 0.58u. Also, a secondary spectral shoulder occurred at
0.6ky for the Mile 150, Mile 168 and Hite Bridge (Mile 171) spectra, but
this shoulder was absent for the Bullfrog Bay (Mile 122) spectrum.

Analysis of particulate matter

The concentration of particulate matter in the water samples was
determined by the filtration procedure described previously (Table V).
These concentrations contributed to the turbidity of the water samples.

Table V. Concentration data from selected Lake Powell
water samples (June 1975).

Concentration

(filtered)
Location _ (mg/1)
Hite Bridge (Mile 171) T7.2
Mile 168 h1.1
Mile 150 5.0
Bullfrog Bay (Mile 122) k.9




The electron micrographs obtained of the water samples show
difrerences in the composition of the particulate matter. Figure fa
illustrates the low concentration of particulate matter in the Bullfrog
Bay (Mile 122) water and Figure Tb shows the resulting precipitated
sult crystals after evaporation of the water sample. Figure 8a, b, ¢
show clay and other inorganic materials that increase in concentration
from Mile 150 to Mile 168 to Hite Bridge (Mile 1T71). The insolubl

w116

L
inorganics composing the major portion of the particulate matter in

ol

these samples are probably clay minerals or clay-sized particles.

Runoff from the surrounding areas carry particles of both clay m
and clay-sized materials. Very little organic matter enters Lake Powell
from the land. The principal clay minerals found in the area are illite,
montmorillonite and kaolinite (Mayer, 1973). Also, carbonaceous materials
occur throughout the river basin.

By examining the enlarged photogrephs of the water samples (Figs

and 8) an inference of the type of particulate matter in the water
can be obtained. The Hite Bridge (Mile 171), Mile 168 and Mile 150
water samples comprised mainly clay materials as evidenced by platy
and irregular particle shapes. The Bullfrog Bay (Mile 122) water
sample contained very little particulate matter with predominantly salts
present.

A comparison of the ground Lruth measurements f the Hite Bridge
(Mile 171), Mile 168 and HMile 150 water samples showed the following
trends

| 12 'he percentage of transmittance measured in the field and

laboratory increased from Hite Bridge (Mile 171) to Mile 168
s | B
'he secchi disk depth measurement increased from Hite Bridge
(Mile 171) to Mile 168 to Mile 150.
3. The concentration determined by filtration decreased from Hite

Bridge (Mile 171) to Mile 168 to Mile 150.

When comparing the data obtained for the Bullfrog Bay (Mile 122) area
to the trends observed for the other three sites, the following observa-
tions were made:

L. The percentage of transmittance measured in the field and
laboratory increased in value from Mile 150 to Bullfrog Bay
(Mile 122).

2 The secchi disk depth data increased in value from Mile 150
to Bullfrog Bay (I

file 122).




a. Electron micrograph (3675x enlargement).

b. Photograph showing precipitated salts
(72x enlargement).

Figure 7. Photographs of the Bullfrog Bay (Mile 122) water sample.
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a. Mile 150.

b. Mile 168.

Electron micrographs of selected Lake Powell

Figure 8.
water samples (3675x enlargement )i
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,ion determined by filtration decreased fron
to 4.9 mg/l in the Bullfrog

the concentration differed by

5.9 mg/l in the Mile 150

" . { \A= a 1099) Rt N
Bay area (Mile 122); howe
i

only 1 mg/l.

In summary, the Bullfrog Bay (Mile 122) and Mile rea showed about
the same relative particulate concentration, but th : larity in
concentration was not reflected by @« similar aircraft spectrum curve. It
can be seen in Figure 6 that the Mile had a larger
overall reflected radiance than the Bullfrog Bay (Mile 122) spectrum.
Also, the ”““Ctrwi shoulder at 0.64p, which was presgent in the Mile 150,
Mile 168 and Hite Lr;dge (Mile 171) spectra,was absent in the Bullfrog

\

Bay (Mile lch) spectrum.

painy

The concentrations determined by the filtration method (Table V)
for the four test sites are compared against the reflected radiance
value in Figure 9 for the wavelengths of 0.58p and 0.6L4u, selected because
of the prominent spectral features--a peak at 0.58u and shoulder at
0.6Lku. Also, the reflected radiance value at 0.79u was plotted against
the concentration to give representative data in the near infrared region.
In all cases the measurements for the Bullfrog Bay (Mile 122) water fell
outside the curves fitted between the Mile 150, Mile 168 and Hite Bridge
(Mile 171) data.

This feature of the aircraft spectra suggested that the particulate
matter in the Bullfrog Bay (Mile 122) water may be significantly different
than the other three sites. On examining the location of the test sites
(Fig. 3) it can be seen that Bullfrog Bay is a large tributary off of
the main Colorado River channei. The water in Bullfrog Bay was res

old in June 1975 and should not be compared to the other three

located on the mdir Colorado River channel. In addition, the ch
mineralogy and particle distribution of the Bullfrog Bay water !}

unknown relationship to the water conditions in the main channel. Also,

b3}
the Bullfrog Bay tributary has a different drainage area than the other
three sites and thus would be receiving different sediment inputs from
the land.

The surface waters of Lake Powell are characterized mainly by
sulfates, carbonates and chlorides (Reynold and JLanun. 197hk). 'The
concentration of the carbonate increases downstream from Hite Bridge and
the water becomes oversaturated with carbonate as the salinity (Table VI)

Table VI. ©8alinity of selected Lake Powell water samples
{June 197°¢

Conductivity Est. NaCl
Location ( mn} (mg/1)
Hite Bridge (Mile 171) R 180
Mile 168 0.4k 198
Mile 150 0. 5¢
Bullfrog Bay (Mile 122) 0. 5¢ 250
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and temperature in Lake Powell (Table II) increase downstream (Reynolds,
1976). Also, during June 1975 the sediment load was at & meximum at
the Hite Bridge area (Mile 17..) due to spring runoff conditions and the
turbidity decreased downstrean.

It is suggested that the carbonates and siliceous materials reflect
differently in the visible spectrum and this mixture of two kinds of
particulate mat:ter is the cause of the two spectral features--the 0.58u
peak &nd the shoulder at 0.64u--that were observed in the aircraft
spectra. The Bullfrog Bay (Mile 122) water is greener to the eye,
suggesting the greater carbonate content. Also, the salinity and tempera-
ture were the highest in the bullfrog Bay area water suggesting a
greater carbonate content (Reynolds, 1976). Therefore, the spectral
peak at 0.58u may be associated with the carbonate or green peak in the
spectral curve.

The spectral curve at 0.6Up is absent in the Bullfrog Bay (Mile
122) sample. The explanation for this is probably the fact that very
little siliceous particulate matter or sediment is present in Bullfrog
Bay (Mile 122). The remaining three water samples are composed of both
the carbonate and siliceous particulate matter and, therefore, the
spectral curves show both a spectral peak at 0.58u and shoulder at 0.64u.

Comparison with the theoretical model

To obtain quantita*ive information from the aircraft spectra,
spectral data at the key wavelengths of 0.58u and 0.6L4y were compared
with results from a theoretical calculation of water spectra carried
at the NASA GISS by Trevis and Hansen (1976). For this comparison they
had tc assume a gelbstoff component (Kalle, 1966) in addition to siliceous
particles to match the shape and magnitude of the aircraft spectral curves
(Travis and Hansen, 1976).

The particle size and particle concentration, determined by scanning
electron microscopy (EMV Associates, 1976) and by filtration, were also
used in the theoretical model. In addition, the model assumed a particle
refractive index of 1.2 that is suitable for clay materials according to
standard textbooks (Kerr, 1959; Kraus et al., 1959). The absorption
coefficient of the particles, which was unknown, was adjusted by Travis
and Hansen to secure agreement with the aircraft observations at Hite
Bridge (Mile 171).

The results, shown in Figure 10a and 10b, indicate major disagree-
ments between the aircraft measurements and the theoretical model, in
both shape and magnitude of the curves, for reflected radiance intensitly
vs. concentration. The agreement at Hite Bridge (Mile 171) is due to
adjustment of the abscrption coefficient, as indicated above, and is not
significant. If a third component consisting of calcite particles were
assumed in the model, in addition to siliceous and gelbstoff components,
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a closer fit between the theoretical and aircraft spectra could be
obtained. However, little or no information would result from this
agreement because the number of adjustable parameters would be at least
as great as the number of data points. In any case, a simple theoretical
model in which the major component consists of siliceous clay particles
cannot describe the aircraft spectral measurements.

CONCLUSIONS

Analysis of the water spectra obtained from the airborne spectro-
radiometer shows that remote sensing techniques can be a useful measure
of turbidity in water bodies. Valuable qualitative information can be
obtained by comparing the Lake Powell water spectra to spectra from
other water bodies. The spectral peak centered at 0.58u may indicate
the presence of calcite which is a measure of lake salinity (Reynolds,
1976). Therefore, detection oi this spectral peak in other water bodies
would be a means of classifying lakes (hard and soft) using remote
sensing techniques. Also, the shoulder at 0.64uy is probably due to the
siliceous particles and can be taken as a qualitative measure of the

presence of these particles.

The remote sensing technique also shows promise of being an effec-
tive quantitative method. The quantification consists in correlating
the measured spectral reflected radiance, at some key wavelength or
wavelengths, with the measured concentration of particles in the water.
Ideally, the correlation could be tested by measuring the reflected
radiances at one site in the lake and at several different times of the
year when the water has a different particle content. A graph of the
particle concentration vs. the reflected radiance at some suitably
chosen wavelength would then give a quantitative relationship that
could be used to determine particle concentration at any other time
solely by the measurement of the reflected radiances without ground

truth verification.

This project permitted only one aircraft flight and an examination
of measurements at different times of the year over the same site was
not feasible. However, some pertinent information could be obtained
from the measurements taken at the same time, but at different sites
along the Colorado River channel. The aircraft measurements are shown
in Figure 10 and display the same major spectral features--a peak at
0.58p and a shoulder at 0.6lu-~for three sites, namely Hite Bridee
(Mile 171), Mile 168 and Mile 150. This suggests (although it does not
prove) that the particle content and mineralogy are similar at the three
sites. Therefore, the particle concentration vs. reflected radiance
was plotted for key wavelengths (chosen as 0.58u, 0.64n and 0.79u) and
these graphs can be used as the quantitative measure of particle content
in this reach of the Colorado River channel as determined by remote

sensing techniques.




The relationship implied in Figure 9 should be tested for unique-
ness and reproducibility to complete the study of the guantitative use-
fulness of reflected radiances in monitoring of water gquality. Such
tests will require additional flights at different times of the year
and also over different lakes. The results obtained in the present
investigation ere sufficiently encouraging to justify such flights, if
resources can be made available.

One other useful line of research for the future would be measure-
ments under controlled conditions, in laboratory tank tests if feasible,
and if not, then in carefully selected bodies of water in the field. If
tank tests are feasible, known concentrations of various types of
particulate matter could be dispersed in water tanks and spectra could
be obtained using the airborne spectroradiometer. Physical properties
of the particulate matter, such as particle size, number and distribution
and optical properties of the particles, would be previously determined.
The relationship of these parameters to the shape and intensity of the
water spectra could then be analyzed and also compared with results from
thecretical models of the scattering of radiation penetrating through
turbid water. This combination of theoretical work and laboratory or
controlled field experiments would provide a solid foundation for further
development of remote sensing as a practical tool in the monitoring of
water quality.
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Optical properties

APPENDIX A

LITERATURE REV1EW

of water

Considerable research in tne past ten years has resulted in numerous
articles on the optical properties of water. A significant contribution
was presented in which the definitions for attenuation, absorption and
scattering were mathematically stated as the following relation (Jerlov,

1974 ) :
b =
where: e =
a:
b=
B(0)=

e=a+b (1)
Ll

en [ B(8) sind a8 (2)
0

attenuation coefficient
absorption coefficient

total scattering coefficient
volume scattering function

\

It is evident from equation (1) that attenuation of water is derived from
both scattering and absorption. bsorption has often been used instead
of attenuation because scattering is negligible compared to absorption

in the total wavelength spectrum, except in the 0.4-0.%5p spectral region

where the absorption or attenuation coef'ficient

The scattering of light in turbid water is primarily caused by
reflection and diffraction of the incident light by suspended particles
in the water (Jerlov, 1968). The simplest scattering occurs at low
concentrations when the size of the suspended particles is small compared

to the measured wavelength.

and follows Rayleigh's law (Rayleigh, 1871) which states that the reduc-

tion in the intensity of the incident ﬁ

ight is inversely proportional to

the fourth power of the wavelength (A™ ).

The Tyndall effect occurs when a beam of light passing through
turbid water illuminates the suspended particles. The illumination is
caused by reflection and scattering of the incident light. The Tyndall
light is bluish in color at shorter wavelengths because light at these
wavelengths is strongly scattered. This phenomenon has been used to
explain the blue color of scattered light in pure water since the water

molecules were the scattering particles.

is minimal (Jerlov, 19T7k).

The scattering of light is due to diffraction
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Schematic diagram illustrating refraction and
total reflection.




Subsequently, it was found that direct scattering of the water
molecules could not occur because the water molecules were compressed
and the distance between the molecules was very small relative to the
diameter (Defant, 1961). Later, the fluctuation theory (Smoluchowski,
1908) stated that irregular molecular movements gave rise to an optical
inhomogeneity (or Schlieren streaks of very small dimensions) which was
responsible for the scattering of light.

Parallel light rays incident on a water surface will in part be
reflected and in part enter the water (rig. Al). The angle of reflection
will equal the angle of incidence, but the ratio of the intensities of
the incident and reflected light will be dependent on the angle of
incidence which can vary between 0-90°. Light which enters the water will
change direction on passing through the water surface and the angle of
the refracted beam is represented by the following equation (Snell's Law):

sin i
sin r

where: = angle of incidence
angle of reflection
refractive index

Mo
T

n

For air and pure water, n will be approximately equal to 4/3
(Jerlov, 1968). A light ray striking the water surface vertically from
below continues into the air along the same path. If the path deviates
from the vertical, the light ray is refracted from the perpendicular at
the surface. When an angle o: 48.5° from the vertical is reached, the
light ray will pass along the surface. For any angle greater than the
critical angle of 48.5°, the light is reflected downward and, therefore,
the 48.5° is called the critical angle for total reflection. The critical
angle is determined by the ratio of the velocity of light in the two
mediums (or refractive index).

Scattering of light is the result of three physical phenomena which
are (Jerlov, 1968):

1) light that is deviated from rectilinear propagation (diffrac-
tion) by the action of a particle.

n

light that will penetrate a particle and emerge with or without
one or more internal reflections (refraction).

3) light that is only reflected externally (reflection).
Particle size is the major component of light scattering. For large
particles the scattering is almost independent of the wavelength and

depends primarily on that part of the total surface area of the particle
influenced by the light. Therefore, scattering by large particles is not
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color selective. Diffraction will occur independent of the particle's
composition, whereas refraction and reflection are determined by the
refractive index of the particle (Jeriov, 1968).

In contrast to Rayleigh scattering, the Mie theory of scattering
occurs for a model system composed of particles with a given refractive
index and pure water (Mie, 1908). Also, the scattered light has the
same wavelength as the incident light. 1In this theory the particles
are spherical and larger than those assumed for Rayleigh scattering with
the distance between the spheres being at least three times the radius.
Also, multiple scattering does not occur. Therefore, the total scattering
is proportional to the number o particles.

Correlation of multispectral data to water quality

Numerous investigators have studied the problem of correlating
spectral measurements with suspended sediment and algal concentrations
(Blanchard and Leamer, 1973; Bowker et al., 1973; Gramms and Boyle, 1971;
Grew, 1973; Jarrett et al., 1973; Maul and Gordon, 1973, 1975; Polycyn
and Lyzenga, 1973; Wrigley and Horne, 197L). Generally, these experiments
utilize a ratioing technique between broad spectral bands in the 0.5-1.1u
region. This is accomplished to measure and distinguish between sus-
pended sediment and algae concentrations and surface areal distribution
which is a qualitative measure of turbidity. It is difficult to obtain
quantitative information on materials in the water because the color
measurements of the observed radiance result from a combination of surface
reflection, atmospheric scattering and light scattering within the water
body (Lacis et al., 1976). Techniques which can separate the contributions
to the observed radiances from these different mechanisms would be useful
for improving remote sensing capabilities (Lacis et al., 1976).

In addition to aircraft sensors, satellite sensors have been used
to monitor water quality. One of the latest sensor developments has been
the multispectral scanner (MSS) aboard Landsat, a polar orbiting satellite.
The multispectral scanner comprises four channels; MSS 4 (0.5-0.6u),
MSS 5 (0.6-0.Tu), MSS 6 (0.7-0.8u) and MSS 7 (0.8-1.1u). The ground
coverage of a Landsat scene is 100 nautical miles on a side (185 km) with
a pixel resolution of 1.1 acres (57x79 m). The satellite orbits the
earth in 103 minutes, completing 14 orbits a day. Coverage of a given
area occurs every 18 days at the same local time. The multispectral data
are quantized onboard the satellite (128 gray levels for MSS L, 5, 6,
64 for MSS T) and relayed in a digital bit stream to a ground receiving
station. An oscillating mirror system reflects upwelling radiation from
the earth into six detectors for each channel so that six scan lines are
observed simultaneously (NASA, 1971).

Published results indicate thut for Landsat MSS band 5 (0.6-0.Tu)
high densities of suspended sediment correspond to high water reflectance
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and low densities correspond to low water reflectancs; therefore, gross
sediment and circulation patterns can be delineated for large water bodies
(Blackwell and Boland, 1973; Egan, 1972, 1974; Klemas et al., 1973,

19745 Kritikos et al., 1974; Rogers et al., 1975; Scherz et al., 1973;
Strong, 19Thk; Williamson and Grabau, 19735 Yarger et &l., 1973). Again,
only qualitative information has been derived from these Landsat multi-

spectral analyses.,




APPENDIX B

WATER QUALITY DATA OF LAKE POWELL

WATER SAMPLES (JUNE 1975)
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