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ABSTRACT

The objective of this study was to use the spectral characteristics of inorganic
suspended sediment to estimate suspended sediment concentrations using less expensive

multispectral remote sensing systems and techniques.

Identification of suspended sediment was achieved by digitally processing
multispectral video and photographic imagery utilizing spectral bands which optimized
sediment discrimination. After imaging variable suspended sediment concentrations (SSCs)
concurrent with surface sampling, the relative behavior of discrete spectral bands were

used to develop procedures and techniques for identifying and quantifying SSC.

Spectral characteristics of suspended sediment in varying concentrations were
examined in a controlled laboratory study under natural light conditions. These results
were then compared with previously collected field data obtained in the Fraser River
sediment plume in the Strait of Georgia. Additionally, airborne multispectral video and
photographic imagery were taken at varying scales to examine the influence of
atmospheric factors on target radiance. Extraneous factors contributing to the suspended
sediment signal, such as shallow water bottom reflection and littoral vegetation, were

also examined.

It was concluded that both narrow (10-16.8 mg/lh and wide (31-380 mg/l) ranges
of SSC could be estimated with muluspectral video and small format photographic
imagery. Results showed that reflectance increased non-linearly (except for narrow
concentration ranges) with SSC.  Accompanying this non-linear increase in reflectivity

was a spectral shift of peak reflectivity from green to red wavelengths of light.

Results from airborne imagery acquired at two altitudes (2000-4000 feet A.M.S.L.
demonstrated that the affects of extraneous atmospheric and environmental [actors (noise!
that contributed to the spectral return from sediment-laden water could be reduced.

This reduction in noise resulted in an improved classification of SSC.
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The red portion of the spectrum provided the most consistent information over the
broadest range of sediment and atmospheric conditions. The green spectral region was
also useful, especially for broad SSC ranges where its behavior could be compared with
that of the red band by ratio techniques. A channel in the reflected infrared portion of
the spectrum was necessary to extend the analytical range of the sensor system and
insure that image overexposure (i.e., image saturation) did not occur at high SSCs. In
addition, the infrared band could be used to help delineate shallow water and/or the
land-water interface since these wavelengths are attenuated within the first few
centimeters of the water. Thus, the rationale for a multispectral approach to water

guality remote sensing was reaffirmed by these findings.

The procedures and techniques used in this study support the findings of other
researchers who used orbital, airborne, and ground-based remote sensing systems to
estimate SSC. The results also demonstrate that less expensive multispectral video and
photographic remote sensing systems could be developed for practical water quality

assessment.



THE FUTURE....

“The challenge before the international scientific community is to continue to develop
the science and technology of remote sensing, while on the other hand, develop an
intregrated understanding of our global life support system, and work toward a quantitative
science of the biosphere. For only if we do this will we truly begin to understand the
nature of the only known closed life support system capable of sustaining life for more

than a few decades.”

Estes and Star. {1986)
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CHAPTER 1

INTRODUCTION

The objective of this study was to use less expensive multispectral remote sensing

systems and techniques to estimate suspended sediment concentrations.

The suspended material was comprised primarily of silt and fine sand transported
by the Fraser River, twenty miles south of Vancouver, British Columbia. The remote
sensing system consisted of four (off-the-shelf’) video cameras sensitive in the blue,
green, red, and reflected infrared spectral regions respectively, and two photographic

cameras using color and false color infrared film.

Spectral characteristics of suspended sediment in varving concentrations were
examined in a controlled laboratory study under natural light conditions. These result
were then compared with previously collected field data obtained in the Fraser River
sediment plume in the Strait of Georgia. Airborne multispectral video and photographic
imagery were taken at varying scales to examine the influence of atmospheric factors on
target radiance. Extraneous factors contributing to the suspended sediment signal, such
as shallow water bottom reflection, submerged vegetation. and physical environmental
factors were also examined. Therefore, a secondaryv objective was to identify and
evaluate scurces of problems resulting from atmospheric effects. differences in illumination
(sun angle), instrument noise and noise introduced as a result of specular reflectance
from water surfaces. Identification of suspended sediment was achieved through digital
processing of multispectral imagerv utilizing spectral bands which optimize sediment
discrimination.  After imaging variable suspended sediment concentrations (SSC)
concurrent with surface sampling, the relative behavior of discrete spectral bands was

used to develop procedures and techniques for identifving and quantifving SSC.



1.1 Introduction

Marine studies have often been limited by the inability to collect synoptic data.
Extrapolation of surface sample results to unsampled areas have been tenuous and
inaccurate. Investigators examining water quality parameters and phenomena have also
been hampered by equipment, personnel, and cost contraints. These difficulties are
particularly acute in estuarine studies where significant changes in conditions occur over
short distances and time periods. Remote sensing data can overcome this difficulty by
allowing analysis of complex phenomena such as suspended sediment concentrations and

circulation patterns over entire estuaries and sea basins.

Most remote sensing studies of water quality have utilized orbital multispectral
scanner imagery and relatively large water bodies. Many studies have been successful
in determining various aspects of sediment loads. but were limited by spatial and
spectral resolution and atmospheric restrictions (Bowker ef al., 1975; Viollier and

Baussart, 1978; Aranuvachapun and LeBlond, 1981; Carpenter and Carpenter, 1983).

Landsat Multispectral Scanner (MSS) has been the principal orbital system used to
date. Landsat MSS was designed for terrestrial applications, and is not well suited for
accurate analysis of water qualityv. Consequently, data processing and presentation
techniques were designed for differentiation of land cover classes. not water guality and
related dynamic environments (Carpenter and Carpenter. 1983). Landsat MSS data are
subject to analog-to-logarithmic compression. analog-to-digital conversion. and digital
calibration and decompression before being distributed to the user. The character of the
raw data values, and their proximity to other image data. determine the statistical
decision rules for image calibration and rectification. Therefore, the statistical calibration
and data transformation processes administered to the digital imagery are difficult to
mmvert, making the retrieval of the original data values extremely difficult to achieve

(Viollier and Baussart, 1978; Carpenter. 1981).



A further problem with Landsat MSS is its low spatial resolution (80 meters).
The reflectance of any number of discrete sub-pixel objects are represented by a single
reflectance value averaged for the 79m x 79m area. This affects studies concerned
with small or narrow water bodies, and highly variable environments such as coastal
marine environments. These environments are typically made up of nearshore and
foreshore features with marsh communities and shore deposits, and shallow and deep
water, with and without suspended sediment. Many of these features are ‘sub-pixel’ in

size and would be masked or averaged together in an image pixel.

Spectral resolution limitations of Landsat MSS include the lack of a channel in the
blue spectral region (420-500nm} and fixed wide-band channels ( 2 100nm) (see Figure
1). In a study to determine SSC in a macrotidal system using MSS data, Amos and
Alfoldi (1979) achieved high correlations between SSC and radiance despite the large
variety of grain sizes, compositions, and shapes of the suspended particles. Therefore,
they concluded that MSS broad-band channels smooth-over or mask these variables, and

that they were undetectable.

The signal return from relatively clear water is very low compared to terrestrial
features because most light incident on a water surface is absorbed by the water body.
For a solar zenith angle of 60°, Davis (1978) determined that the total upwelling
irradiance, due to reflected sun and skylight, plus that due w upwelling subsurface light.
was approximately 7.4% of the total incident light, integrated over the visible spectrum.
The subsurface component (i.e., that portion containing water quality information) was
approximately 2.5% of total incident sunlight. This low spectral return translated to a
grey intensity range of about 1-9 (with a possible range of 0 - 127) on a Landsat
image of moderately turbid waters in the Chesapeake Bav (Kritikos ef al.. 1974).
Included in this small density number (DN)' range were atmospheric contributions to the

returned signal. Over clear deep water, more than 95% of the signal measured by

1 the greyv-scale density numbers which make up the digital image representing
reflectance from the ground scene. They range between 0 (black) and 64, 127, or 255
(white). depending whether the image data is represented by 6 bit, 7 bit, or 8 bit
format (see f{ootnote ‘2°).

2
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Landsat MSS originates as atmospheric scattering caused by aerosol content alone. In
terms of reflectivity, this translates as more than the difference between 10-100 mg/l of

suspended silt (Moore, 1978).

Electronic aberrations in the early MSS data resulted in an error of about 7-16%
(Willamson et al., 1973) of the signal returned from the water (from 1-3 grey levels;
Kritikos, 1974). The six detectors comprising each spectral band 2 had slightly different
characteristics which were not completely accounted for in the calibration process.
Carpenter (1981) noted that with the small range in DNs over water, classification of
water quality tended to respond to differences between detectors within a band as much
as to differences between areas. Williamson et «l., (1973}, and Whitlock (1976)
indicated that more recent Landsat data had system noise comprising 5-10% of the
return from water. Because of the low spectral return from the water, the
signal-to-noise ratio (S:N) was low (i.e., = 4:1; Viollier and Baussart, 1978). MSS noise
and atmospheric noise comprise a large portion of the spectral return over water and

hinder the quantitative assessment of water quality.

Landsat Thematic Mapper (TM) may present a viable alternative to Landsat MSS
for measurement of SSC. TM has improved spatial (30m versus 79m), spectral (7
channels versus 4 channels). and radiometric (8 bit versus 7 bit)® resolution. TM
channel bandwidths are narrower than those of MSS. and the addition of a blue band
has greatly enhanced the utility of the imagery for water quality studies. However,
significant atmospheric alteration of the recieved signal and periodicity of coverage (16
days) coupled with infrequent cloud-free davs in the Pacific Northwest still pose problems

for some studies.

2 Scene radiance was measured in four channels which were comprised of six detectors
each. The sensitivities of these six detectors were averaged by on-board calibration
functions to produce a single output value representing ground radiance.

3 In digital computer terminology, this is a binary digit that is an exponent of the
base 2. Therefore, 8 bit is 28 or ‘255’ 6 bit is 28 or 64: 7 bit is 127. These
numbers indicate the dynamic range of the sensor.

1]



Prior to 1968, when the first airborne multispectral scanner was designed and
developed, aerial photography was used to map water turbidity and depth (Moore, 1947;
Jones, 1957). Aerial photography can provide satisfactory quantitative results by
employing careful calibration techniques (Moore, 1947; Piech and Walker, 1971; Scherz
and Van Domelen, 1975; Villemonte et al., 1974; Lillisand et al., 1975). However, the
use of color-pack films results in degradation of color separation images used in
densitometric analysis. ‘Color pack’ film refers to multi-emulsion film used to generate
color photegraphs. The emulsion layers are designed to be sensitive to light of certain
wavelengths. However, the red and green light-sensitive lavers are partially exposed by
blue light because they overlay each other. Thus, color pack films have overlapping
spectral sensitivity between layers. For studies focusing on the radiometric
characterization of features or phenomena, analyses using multi-layered film must cope

with reduced spectral resolution.

A number of airborne multispectral scanners have been used for water quality
remote sensing (e.g., Coastal Zone Color Scanner (CZCS), NASA’s Ocean Color Scanner
(OCS), and Bendix Modular Multispectral Scanner (M2S). Noise in the data ranged
from 2-30+% of the water radiance values, depending on the scanner being used,
particular band under analvsis, and instrument gain (Whitlock. 1976). These airborne
scanners were flexible remote sensors because appropriate bandwidths could be selected
to optimize feature discrimination. with possible bandwidths usually as narrow as 10
nanometers (nm). Also. the number of possible bands could be more than ten, although
the number of bands analyzed was seldom more than four due to computer data
handling and cost constraints. Airborne flexibility allowed good spatial resolution for
many applications. Thus. these systems provided excellent spatial andior spectral
resolution. but were very expensive and highly technical svstems that required expensive
aircraft and specialized system operators. These costs could be prohibitive for many

site-specific resource oriented water quality applications.



To establish the utility of remote sensing for a certain application, two criteria
must be met: 1) the analytical capability of the method, and 2) the economic
competitiveness of the approach as compared with alternative methods for obtaining the
same information. Optimally, many users could combine budget resources ti obtain
useful imagery to suit the requirements of each of the different studies in a cost
effective manner; however, this would necessitate a level of cooperation and
communication between engineers, users, and agencies which is often unrealistic. Many
projects are site or application specific, requiring that the sensor system be flexible
enough to adequately meet the various needs of each study. In reality, even similar
projects may be spatially or spectrally incompatible, and be approached as separate
studies. As the number of potential users decrease, the cost of remote imagery
increases. The tradeoff has been to compromise unique site-specific detail for managable
costs. The cost of sophisticated airborne MSS imagery could easily exceed the budget

for some practical investigations or applications.

One other important consideration in remote sensing of water quality is the fact
that different spectral bands respond differently to different suspended sediment
concentrations. A particular band may be extremely sensitive to changes in SS5C at low
concentrations (e.g., green), but be saturated. or insensitive, at high SSCs: whereas
another band (e.g., red or near infrared) mayv not be highly sensitive at low SSCs but
is not saturated at higher concentrations, thus extending the useful analytical range. In
order to maximize both analvtical range and sensitivity. a multispectral approach is

superior to single-band methods (Holver, 1978).

In light of the limitations of orbital multispectral scanners. the lack of spectral
fidelity of color-pack films, and the high cost of airborne multispectral scanners, an
alternative for aquiring, analyvzing, and processing remote sensing data of water quality
for practical resource management purposes is evident. A low cost. spectrally suitable
and versatile remote sensing system needs to be developed for water quality analysis.

along with compatible methodologies for information extraction from such a system.



Both the sensor system and methods need to be developed so that a range of [sediment]

conditions can be related on a spatial, spectral, and temporal basis. For example, an

ideal system for aquiring and analyzing SSC data would be able to reliably determine

variable SSCs in different geographical locations at different times. Important

considerations that need to be addressed in formulating this methodology are:

1)
2)

3)

5)

6)

knowledge of energyv-matter interactions in atmosphere and water,

knowledge of the sensor system employed,

appropriate control or correction for extraneous influences of image data (e.g.,
atmosphere and system noise),

proper data manipulation conforming to physical and statistical criteria,

consistency of results, and,

applicability, in terms of analytical ability and cost.



CHAPTER 2

SIGNAL RESPONSES IN WATER BODIES

Absorption of light in clear water increases with increasing wavelength. The
maximum transmission and reflection peak for clear water is in the blue region of the
spectrum (400-460 nanometers (nm)), and more light is absorbed through the green and
red portions of the spectrum (500-600nm; 600-700nm). Water attenuates nearly all

incident energy in the reflected infrared (720-1100+ nm; see Figure 2).

The spectral characteristics of a water bodv change with the introduction of
suspended particles. These particles backscatter impinging radiation that would otherwise
penetrate deeper into the water body and be absorbed by the water. The stronger
reflectance from the turbid water is accompanied by a spectral shift of peak reflectivity
towards ionger wavelengths. The strength of the backscattered radiation increases with
increasing sediment concentrations. and the magnitude of the peak spectral return to the
sensor can be correlated with particular sediment types and concentrations. Examination
and evaluation of these relative shifts of object reflectivity as conditions change is

central to multispectral remote sensing.

Some important variables that can affect remote sensing of physical water-quality
characteristics., and that must be accounted for in both empirical and radiative transfer
modeling equations (Moore, 1978), are:

a. Time of vear — The Earth recieves 7 percent more energy from the sun on
January 1 than on July 1 because of its orbit,

b.  Sun-elevation angle — More solar energy is specularly reflected from water surfaces
at low sun-elevation angles than at high angles, Also, the path length of solar
energy through the atmosphere is longer at low sun-elevation angles, and more
solar energy is absorbed and scattered.

¢. Aerosol and molecular content of the atmosphere — These constituents determine the

amount of solar energy absorbed and scattered by the atmosphere.

d. Specular reflection of skylight from the water surface — Specularly reflected skylight
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is recieved by a sensor, and hence, influences the spectral return from both
sediment-laden and clear water. The intensity and wavelength distribution of this
energy depends on atmospheric scattering and absorption.

e. Roughness of the water surface — A rough surface may produce more or less

specular reflection than a smooth surface.

f.  Water color — Dissolved colored materials increase absorption of solar energy in
water.
g. Reflectance and absorption characteristics of suspended sediment — When present in

high concentrations, particles affect the spectral distribution of backscattered energy.
h. Depth of water and reflectance of bottom sediment — Water clarity determines the

importance of bottom reflectance. Light reflected from the bottom of a water body

may be confused with increasing SSC. Solar energy may not reach the sea-bed in

turbid water, or water deeper than 100 meters.

2.1 Energv-Matter Interactions

Remote sensing survevs of water quality are based on the assumption that a
meaningful relationship exists between reflectance and water quality. However, radiance
values derived from remote sensing hardware do not directly relate to ground reflectance
values because of differences in physical environments and atmospheric influences. If
ground features are to be characterized in terms of their spectral reflectivity,
atmospheric noise must be eliminated. Additionally. if multi-date comparisons are to be
made, even limited to one location. adjustment of the remote sensing data is required to
allow for differences in sun illumination, atmospheric backscattering and attenuation of
energy, and the resulting surface reflection effects. These atmospheric effects obscure
and reduce the contrast between adjacent surface features on the imagery and make

feature identification more difficult.

The phenomena affecting water color can be classified into three categories (Piech

and Walker. 1971): 1) atmospheric and source effects; 2i surface reflection: and 3ivolume

11



reflection (true’ water color). Only volume effects provide information about water
quality; the other effects obscure and degrade the desired spectral information by

changing the apparent water color, and should be corrected

Source and Atmospheric Effects: Source effects refer to the two energy sources
available for passive remote sensing, incoming direct sunlight and skylight (diffuse).
These sources differ in relative energy content, spectral distribution, and in the degree to
which they are reflected from water surfaces (due to their different angular distribution)
(Figure 3; Piech and Walker, 1971; Sydor, 1980). Direct sunlight is collimated, and
three to six times more intense than diffuse skylight (Whitlock, 1976). The constituents
of the atmosphere selectively scatter shorter wavelengths more severely than longer
wavelengths.,  Thus, skylight has a large ultra-violet and blue energy component, with
reduced scattering for longer visible wavelengths, and virtually no scattering of
near-infrared energy. Atmospheric attenuation is predominant in numerous longwave
infrared regions due to absorption by water vapor and carbon dioxide, but is less

important at near-infrared wavelengths (Sabins, 1979).

The amount of atmospheric scatter is not only a function of humidity and dust
content, but also sun angle. When the solar altitude decreases from 90° (sun directly
overhead). the atmospheric luminance increases due to longer effective scattering volume
caused by the longer path length of solar radiation through the atmosphere (Figure 4).
The atmospheric luminance at a solar altitude angle of 30° is about twice the value for
a solar altitude of 90°. Increasing absorption of light in the longer atmospheric path
begins to be the dominant factor for smaller angles. Thus. the atmosphere affects
energv sensed by remote detectors in three ways (Turner et al., 1971); 1) it modifies
the spectral and spatial distribution of the radiation incident on water; 2 the energy
returned from the water is decreased by scattering and absorption along the path to the
sensor (atmospheric transmittance): 3) the apparent energy returned from the water is

mcreased due to skvlight scattered into the field-of-view (FOV) of the detector.
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A study by Turner et al. (1971) illustrated the influence of diffuse radiation on
object reflectivity. They attempted to quantify spectral path radiance by measuring the
spectral return from grey reflectance panels. The resulting path radiance spectrum
looked suspiciously like a reflectance spectrum for green vegetation, and they discovered
that radiation from nearby objects outside the sensor’s FOV (grass) were being scattered
into the FOV of the reciever. Similarly, Griggs (1973) found that Landsat MSS
radiance data obtained within 1300 feet of the shoreline was contaminated by the high

albedo of land.

Transmittance of the atmosphere and amount of skylight depends on meteorological
conditions, quantity and size of water vapor and dust particles within the atmosphere,
solar angle, and the altitude of measurement. The atmospheric transmission will
decrease with increasing altitude due to the increased influence of the intervening
atmosphere. Since radiance from the water is much less than the average radiance of
the surroundings (i.e., sun, atmosphere, and clouds), the apparent radiance from the
water increases with altitude because the noise from the surroundings is greater than
the target radiance (Horvath et al., 1970). The tendency towards increase in apparent
radiance is significantly strengthened by hazy atmospheric conditions, and is inversely
related to wavelength (Horvath et al., 1970). Measurements by Hovis and Leung (1977)
show that the radiance at high altitudes can be several times that at low altitudes. As
a result. the apparent differences in reflectivity between targets will decrease with

Increasing altitude.

Surface Reflection Effects: Water surfaces reflect light due to the discontinuity in
refractive index at the air-water interface. Portions of the imagery affected by specular
reflection of direct sunlight are useless for water quality analysis since the returned
radiation is nearly identical to the incident radiation. and overwhelms the volume
reflected energy from the water. Specular reflectance is recorded by the sensor as
‘white’, resulting in loss of information. Information mayv be obtained from areas on the

imagery affected by skylight reflected energy (diffuse) if the volume reflected energy



from the water is stronger. The percentage of energy reflected from calm water

depends on sun-elevation angle (Figure 5; Table 1) (List, 1971).

Only small amounts of information are lost by specular reflection at sun-elevation angles
greater than 30°, whereas specular reflection is a serious problem at sun angles less

than 30°.

Changes in sea-state induce changes in sea surface reflection coefficients (Cox and
Munk, 1956; Wald and Monget, 1983). Rough water increases the area of sunglint on
imagery because many waves have slopes that specularly reflect light towards the
sensor. This effect is complex because of multiple reflections and differences in
wavelength, height, and slope of surface waves. These surface roughness factors affect
imagery according to wind/wave direction, direction of flight (Jook angle), and solar

altitude.

Sunglint reflects visible energy at all wavelengths (white light) and changes the
absolute level of the remotely measured flux, with little effect on the relative spectral
signature (Johnson et al., 1983). While portions of the imagery affected by specular

reflection of direct sunlight can be avoided or eliminated from image analysis, surface

Table 1: Percent Reflection of Solar Energy From Calm Water.

Solar Elevation Angle Percent Reflection
Horizon 100
5° 58
10° 35
20° 13
30° 6.0
40° 3.4
50° 2.1
90° 2.0

tafter List, 1971
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reflected skylight occurs at every point within the scene. The amount of surface
reflected skylight is a function of meteorological conditions, but typically constitutes about
10% of the reflected signal for a clear day (Moore, 1978; Piech and Walker, 1971).
Since diffuse skylight is not specularly uniform, it not only increases the volume
reflectance from the water, but also distorts its spectral shape towards the blue
wavelengths., Jerlov (1968) inferred that reflectance under clear sky conditions was only
weakly dependent on wind speed and air-mass turbidity, and was primarily a function of

solar altitude.

Volume Reflection: The color of water is a function of its own optical properties
and the type and concentration of dissolved and suspended particles. Sunlight (direct
solar radiation and diffuse sky radiation) that is not specularly reflected is refracted
downward at the air-water surface and is depleted due to molecular absorption and
scattering by the water, as well as absorption, defraction, and reflection by suspended
particles in the water (McCluney, 1976; Gordon, 1974). Molecular scattering by the
water is so small that it may be neglected (Moore, 1947). Scattering by suspended
particles in coastal waters will generally be in a forward direction; its extent depending
on the size and amount of suspended particles and on the wavelength of light being
considered (Di Toro, 1978). Forward scattering refers to light scattered deeper into the
water body. i.e., in a forward direction. Thus, wavelengths which are susceptible to
absorption by water (e.g.. red) can actually penetrate deeper into the water body than
some ol the more deeply penetrating wavelengths. such as the blue-green wavelengths in
clear water. Some of the forward-scattered energy is absorbed by both the water and
the suspended material in the water. The remaining energy is ‘backscattered’ by the
suspended particles. The fewer suspended particles, the lower the backscattered energy
component. The re-emerging light resulting from backscattering was used in this study
to predict sediment concentrations. 1In clear deep water. only about 1-3% of incident
energy is backscattered, and about ten times more blue light is scattered than red light
(Moore. 1978). After passing through the seawater. light reaching the sea-bed will be

partially diffuse from scattering by both atmosphere and water. and partially parallel
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(Moore, 1947), the proportions varying over a wide range. The sea-bed will then act
as a diffuse reflector, the fraction reflected depending on the color and texture of the

bottom and the wavelengths considered.

Backscattered energy reaching the water surface at an angle greater than 48° will
be internallv reflected back into the water body (Moore, 1947; Di Toro, 1972; Holyer,
1978). The volume reflection of water is the portion of upwelling irradiance which
emerges from the water surface after selective scattering, reflection, and absorption by
suspended particles. This irradiance is measured by the remote sensors after additional

atmospheric absorption and scattering.

2.2 Quantifying Volume Reflection

Penetration of radiation in pure water is described by an extinction coefficient w,
which is the sum of the absorption coefficient ¢ and the scattering coefficient §; both
the a@ and the f coefficients vary with wavelength and SSC (Moore, 1947). Table 2
illustrates the interaction between these coefficients in pure water. Basically, the
extinction coefficient increases with increasing wavelength and depth (Tvler et al., 1972).
Absorption deminates the extinction coefficient at wavelengths longer than 500 nm, and
at 600 nm (red) the absorption and extinction are approximately equal. Absorption is
low at visible wavelengths less than 500 nm and the extinction coefficient is influenced
by molecular scattering. The scattering coefficient varies inversely with wavelength, and
at wavelengths greater than 600 nm. scattering in pure water is negligible (See Table

2).

These values of the extinction coefficient only apply for pure water. Various types
of inorganic and organic particles. with different size distributions and shapes, yield
different volume scattering functions (Ghovanlou et al., 1977; Gupta and Ghovanlou,
1978).  Scattering is almost entirelv in the forward direction for turbid waters; Di Toro
(1978) found that about 50% of scattered light was scattered within 5% of its incident

direction.



Table 2

Spectral Coefficients for Pure Water

Nw™E >

(i

w B «
(nm) (m™1 (m™1) (m™1y
380 0.030 0.0073 0.023
390 0.027 0.0066 0.020
400 0.024 0.0058 0.018
410 0.022 0.0052 0.017
420 0.021 0.0047 0.016
430 0.019 0.0043 0.015
440 0.019 0.0039 0.015
450 0.018 0.0035 0.015
460 0.019 0.0032 0.016
470 0.019 0.0029 0.016
480 0.021 0.0027 0.018
490 0.022 0.0024 0.020
500 0.028 0.0022 0.026
510 0.038 0.0020 0.036
520 0.050 0.0018 0.048
530 0.053 0.0017 0.051
540 0.058 0.0016 0.056
550 0.066 0.0015 0.064
560 0.072 0.0013 0.071
570 0.081 0.0013 0.080
580 0.109 0.0012 0.108
5»90 0.158 0.0011 0.157
600 0.245 0.00101 0.245
610 0.290 0.00094 0.290
620 0.310 0.00088 0.310
630 0.320 0.00082 0.320
640 0.330 0.00076 0.330
650 0.350 0.00071 0.350
660 0.410 0.00067 0.410
670 0.430 0.00063 0.430
680 0.450 0.00059 0.450
690 0.500 0.00055 0.500
700 0.650 0.00052 0.650

wavelength (nm)

extinction coefficient (m™1)
scattering coefficient (m™1

absorption coefficient (m

)
)

20

(after Morel and Prieur,
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The scattering and absorption coefficients are often expressed as a ratio; §/a. The
B/a ratio of the water mixture is much lower than that of sediment alone (Whitlock,
1976). Inorganic sediments have f/a ratios much larger than unity throughout the
visible spectrum; hence, the input of sediments into a water body will increase the
volume reflectance and turbid water will appear brighter than clear water (Ghovanlou et
al., 1977; Gupta and Ghovanlou, 1978). As sediment concentration increases, the
scattering coefficient increases at a much faster rate than the absorption coefficient until
sediment concentration becomes so high that absorption for the pure water component
alone is small in comparison to absorption of the suspended particles (Bowker et al.,
1975; Whitlock, 1975). Mueller (1973) showed that an increase in the absorption within
the suspended particles produced a reduction in § with w being decreased only slightlyv.
Many workers have found that particle size rather than texture or color is the
predominate factor relating SSC to volume reflectance (Bowker et al., 1975; Whitlock,
1976; Holyer, 1978; Moore, 1978). As the particle size increases, and the number of
these larger particles increase, the minimum extinction coefficient shifts from the blue to
the red portion of the spectrum (due to increased reflection from the sediment-laden

water) (Moore, 1947),

Potentially, many dissolved substances can contribute to the color of a water body
and affect its absorption characteristics. One important dissolved substance which affects
the absorption properties of marine waters is gelbstoff (or “vellow substance™).

Hgjerslev (1979) has shown that gelbstoff and its fluorescent by-products are dependent
on erosion and river runoff and sahlnity, not organic matter or temperature. as
previously thought. Temperature and salinity have been shown to have very little direct

influence on water color (Moore, 1947: McCluney., 1976; Moore. 1978: Khorram, 1985).



2.3 Approaches to Suspended Sediment Concentration Prediction

There are two different approaches which can be taken to analyze remote sensing
data of water quality, theoretical modeling and an empirical approach. The two are
complementary and interrelated, and should be pursued simultaneously. This would
require the cooperation of many investigators in a substantial laboratory and field

measurement program (McCluney, 1976).

Theoretical modeling approaches have two phases. micro- and macroscopic
(McCluney, 1974a). Microscopic models assume knowledge of the particle size
distribution and concentration of particulate matter. Classical absorption and scattering
theories are then used with mathematical simulations to model the absorption and
scattering properties of pure water and any combination of suspended matter. A
simpler and less expensive approach (in terms of computer time) is to use known
scattering/absorption properties of the suspended material to simulate changes of water

color with changing particulate concentrations (McCluney, 1974a).

Macroscopic models use the absorption, scattering, and extinction properties of light
in turbid water (determined in the microscopic models), along with atmospheric
components, incident sunlight and skvlight, water surface roughness, and bottom effects
to predict the volume reflectance of a water body (Jerlov, 1968: Gordon and Brown,
1973a: 1973b; 1974: McCluney, 1974a). The macroscopic model is based on radiative
transfer theories of both atmosphere and water. and should include the effects of
multiple scattering within the water body (Gupta and Ghovanlou, 1978, McClunev. 1976).
Gordon and others (Gordon and Brown, 1973; Gordon, 1973; Gordon, et al.. 1975; Maul
and Gordon, 1977; see also McCluney. 1974a: Gupta and Ghovanlou, 1978) developed a
quasi-single scattering model using Monte-Carlo techniques to simulate multiple scattering
of diffuse light in turbid water, with and without bottom reflection. These techniques
trace movements of photons (i.e., life histories) after entry into the water body. Such
models may not be feasible for practical investigations because 100,000 separate

computer cases mayv be required to define the upwelled radiance (Whitlock, 1976).
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Another macroscopic model was proposed by Di Toro (1978) utilizing a combination of
an exponential and a quasi-single scattering approximation to the radiative transfer

equations. Di Toro assumed an exponential decay of both downwelling and upwelling
irradiance with depth and a strong scattering component in a forward direction, with

scattering in all other directions being isotropic.

In an investigation which compared the Gordon et al. (1975) and the Di Toro
models, Bukata et al. (1979) found that these models may be brought into close
agreement with sun angle corrections. When theoretical results of the Monte Carlo
method were compared with experimental results of extremely clear ocean water in the
Sargasso Sea, it was found that the shape of the two spectra were similar (McCluney,
1974a.). Di Toro’s predicted absorption and scattering coefficients also agreed closely
with actual values, and when particle concentration and tvpes were measured, an
application of the method to the turbid waters in the San Francisco Bay was
satisfactory (Di Toro, 1976). Futher testing is needed to evaluate the accuracy of the
quasi-single scattering model for more turbid waters. One limitation is that these
models apply only to calculations of general irradiance, not specific radiance. Although
initial results look promising, furthur work is needed to establish the validity and
accuracy of this method. Other analytical solutions of radiative transfer equations have
tended to be extremely complex (Morse and Feshbach. 1953) unless the problem is so

simplified that the solutions are nearly meaningless (McCluney, 1976).

Once models have been developed and multispectral data collected, these models
need to be inverted to predict water quality para}neters from the apparent water color
spectrum (McClunex. 1976; Di Toro, 1978). The more complex the model, the more
difficult it is to correctly perform the mathematical inversion required to determine
suspended sediment coneentrations. Theoretically., the complete spectral definition of the
absorption and scattering properties of all particulates in the sea would permit a solution

to the general problem of quantifving ocean color (Jerlov, 1968).
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The empirical approach correlates surface sediment values with simultaneously
collected imagery of the apparent radiance of the sea. Mulitispectral algorithms utilize
radiance values at separate discreet wavelength intervals, which can be overlapping (e.g.,
color photography) or non-overlapping, to determine sediment concentrations. The
empirical approach is closely tied with the remote sensing concept of ‘supervised
classification’.  Supervised classification is the correlation of remotely measured radiance
values of a feature to some property or characteristic about that feature, usually
determined by surface survey. This study correlated SSC with optical DNs obtained
from photographic and video imagery. Supervised classification techniques are based on
surface ‘truth’ observations, the breadth of which depends on the accuracy required and

the cost of misclassification.

Unsupervised classification is the process by which image DNs are statistically
assigned to spectrally distinct groups, with the identity of the groups determined
independently. The features are classified by the pre-determined spectral signature of a
feature, and no surface truth data is collected. Inter-planetary probes employ
unsupervised classification techniques, unless thev can remotely collect actual ground
truth samples as well as imagery. Totally unsupervised classification seldom occurs due
to the inquisitive nature of researchers, resource managers, and other users; many
potential users and investigators need to be convinced of the accuracy and validity of
remote sensing techniques over other accepted methods. Unsupervised classification
techniques are generally based on models developed by extensive surface truth studies
(Le.. supervised classification techniques.). Usually some sort of validation and/or
adjustments are made to the classifier by examining ancillary data sources. e.g., maps
or air photos. Lillisand and Kiefer (1978) refer to this process as “hybrid”

classification.

If features are to be identified by their spectral signatures. all variables
contributing to the feature’s reflectance spectra need to be quantified. This would

require the standardization and/or control over phenomena affecting image data, namely.
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variable atmospheric conditions, since measurements of many meteorological factors is
important in developing analytical corrections for orbital and high altitude imagery.

These data are often not available for a particular site and are usually summarized as
average values over an entire scene or are estimated from tables of prior measurements,
given that some important meteorological data was obtained. The accuracy of the
classification is dependent on the accuracy of the atmospheric models of overpass
conditions. If some meteorological measurements are unavailable (e.g., archival imagery),
they must be estimated using ancillary information or physical relationships evident in

the remote sensing data (e.g.. see Aranuvchapun and LeBlond, 1983; Holver. 1984).

Many of these sophisticated atmospheric relationships can be summarized by
empirically derived relationships between objects’ reflectivity. The spectral deviation of a
‘standard reflector’® in the scene can be estimated by comparison to its ‘true’
reflectivity.  This deviation can be used to radiometrically adjust other image DNs. For
example. a black object or shadow can represent the haseline for scene radiance (see
Chapter 3.2). Other atmospheric factors can become insignificant with low altitude
imagery. Such corrections for atmospheric scatter can be simplified with the use of low

altitude multispectral imagery (Bukata, 1981).

Once remote sensing imagery and surface truth measurements have been obtained.
relationships can be evaluated with multispectral algorithms in order to predict SSC.
Image DNs can be systematically processed and manipulated in a predictable manner
with the use of these algorithms. Algorithms are based on the energy-matter
Interactions. physical environmental dvnamics and components, properties of the employed
sensor system, and other specific criteria dictated by the study. The object of
multispectral algorithms is to determine the linear or non-linear relationship between the
radiance values of each channel (independent variables) and suspended sediment
concentration (dependent variable). The complexity of these algorithms range from

simple linear relationships between one channel and SSC, to linear combinations of the

4 An object that is spectrally stable and usually either black or white, such as airport
tarmacs or concrete dams: or a target with a known spectral distribution.
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channels, to ratio combinations of channels, to third order polynomials (Johnson, 1975;
Bartolucct et al., 1977; Holyver, 1978; Bukata and Jain, 1979). Regression with radiance
and SSC data statistically determine the fitting coefficients for maximum correlation,

The accuracy and prediction capabilities of the developed algorithm can then be evaluated
by application to additional data. Literature reviews by Johnson and Harriss, (1980),
Cracknell, (1981), Geraci et al. (1980), Witzig and Whithurst, (1981), Colwell (1983),
and Virdin (1985) showed that suspended sedimegt can be statistically correlated with

radiance using optical techniques.

2.4 Summary

The amount and spectral distribution of energy that an object reflects provides
information about that object. Scene reflectivity is influenced by numerous physical and
environmental factors which can be measured, controlled, or uncontrolled. Regardless of
all the influencing factors, ground radiance is translated into image density numbers
(DNs). The value of these DNs provide the basic information for countless remote
sensing studies; it is the way these DNs are manipulated that enhances the desired

/
information while de-emphasizing unrelated information (noise).

The spectra of clear water is well known, and provides a reliable ‘baseline’ with
which to make comparisons. Deviations from this baseline (evaluated by multispectral
remote sensing techniques) is caused primarily by inorganic sediment (in this study). and
secondly, by extraneous factors such as atmospheric contributions. bottom reflection, and
submerged vegetation. Because of the low spectral return from water. it is important
to control and correct for different light conditions (e.g., sun angle and clouds), variable
atmospheric conditions, surface reflection (e.g., sunglint), and sea-state. The accuracy of
an empirically derived multispectral algorithm depends on the accurate assessment of
atmospheric contributions to target (i.e., SSC) radiance. The spatial and spectral
resolution of orbital remote sensors will be continually improved, resulting in improved

classification of water quality parameters in small-scale studies. Atmospheric components
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will always be important terms in water quality classification algorithms, and periodicity
and spectral rigidity may render orbital imagery deficient for some site-specific

applications.

Many difficult meteorological measurements, or their estimation, can be avoided by
using low altitude aerial survey. Subsequently, the remotely sensed water volume
reflectance has minimum atmospheric interference, while other secondary factors
influencing the signal response from the water can be estimated from the remote sensing
data (e.g.. surface reflection and sea-state), or measured directly in a straight-forward
manner (e.g., sun angle). Aerial survey missions also allow for:

- co-ordination with complex surface observations,

- variable image scales,

- unique, site-specific target conditions,

- rapidly changing environments (both spatially and temporal),

- flexible scheduling of missions, and

- satisfactory data collection under conditions inappropriate for high altitude sensors (e.g.,

cloud cover).

The airborne flexibility and excellent spatial and spectral resolution of airborne
multispectral scanner imagery makes it an attractive alternative to orbital sensors,
especiallv for site-specific studies. The primary limitation of these sensors systems is
cost. Therefore. a need for applications-oriented remote sensing of water quality is
evident. Ideally, this svstem needs to be inexpensive. spectrally flexible. and flown at
low altitudes to obtain ‘true’ feature reflectivity. Multiple overpasses at different
altitudes allows atmospheric profiles to be developed if smaller scale imagery is required.
Additionally, the methods of image analvsis need to be analyvticallv capable of providing
the desired information, reliably, over time. The feasiblity of using a particular remote
sensing svstem depends on the analytical ability and cost of the emploved methods.
compared with other methods for obtaining the same information. This thesis addresses

the former criteria; however. the sensors and methods employved in this investigation are

27



substantially less expensive than multispectral scanner systems and platforms (i.e.,
aircraft and satellite). Additionally, with the privatization of the Landsat program and
initial cost of SPOT?® imagery, this less-expensive system may compete economically with

orbital imagery.

5 French earth-imaging satellite.
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CHAPTER 3

REMOTE SENSING OF WATER QUALITY

This chapter is divided into two sections. The first section describes energy-matter
interactions in water as defined from many studies. This ‘background’ information forms
the physical foundations on which this research was based. The second section traces
the evolution of empirical water quality remote sensing pertinent to this study. The
body of previous work presented herein forms a basis for comparison and evaluation of
the methods employed in this study. Of particular relevence is the work using

regression techniques to correlate scene radiance with surface sampling measurements.

3.1 Signal and Water Parameter Relationships

Peak transmission and reflection of energv in pure water occurs at blue
wavelengths (Duntley, 1963). Calculations by Williams (1970) show that light at 470nm
is transmitted 100 meters in distilled water. In nature, peak transmission for infinately
deep clear water bodies occurs at blue-green (490-530nm) wavelengths. Theurer (1959)
and Goldman (1974) measured blue-green light at 60 and 40 meters in Puerto Rico and
Lake Tahoe, California, respectivelv. Hulbert (1945), Clark and James (1939}, and
Specht et al. (1973} calculated transmittance values for various water types at
10-meter depths (Figure 6). Tranmittance (and reflection) remains high through the
green (500-580 nm) portion of the spectrum. then rapidly dechnes through the vellow
and red (580-700 nm) wavelengths. McCluney (1974a) estimated that wavelengths
sensed by Landsat MSS channels 4 and 5 (green. red) penetrated 1.8 and .16 meters,
respectively, in turbid water based on a quasi-single scattering model. Pure water
attenuates nearly all incident energv in the near-infrared (MSS channels 6 and 7) within

the first few centimeters.

The introduction of fine partucles shifts the reflectance peak from blue to green

wavelengths.  Gordon and McCluney (1975) indicated that maximum penetration depths
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for coastal waters occur in the green range, and Whitlock (1976) calculated values for
penetration depths based on optical coefficients at 540 nm. Transmittance for natural
waters decreases as the level of turbidity increases, and the peak wavelengths for
maximum transmittance/reflectance shifts to longer (red) wavelengths (Figure 7) (Pestrong,
1968: Polecyn, 1970). As the size of the particles increase and the relative influence of
the water medium is reduced, the color of the signal peak approaches that of the
material which forms the particle (Lepley, 1968; Scherz and Van Domelen, 1977). Any
near infrared return is due to the spectral reflectance caused by particles on or near
the water surface, and near-surface chlorophyll components (e.g., eelgrass, algae). The
direction and magnitude of the peak reflectivity in turbid waters depends on the size,
quantity, and composition of the suspended material. If the water is sufficiently clear
and/or shallow, incident energy will also be reflected from the sea-bed. Thus, the water
color spectrum will be influenced by the color and scattering characteristics of the

bottom, and be affected by interactions similar to those of turbid water.

3.2 Previous Research

Research on the inLerpretaLion of aerial photographs of turbid waters began at the
end of World War II (Moore. 1947, as a result of attempted military landings on South
Pacific Islands. The objective of these early studies was to determine depths of shallow
water; and the turbidity effects on the depth of light penetration in water naturally

followed.

Compiling and updating nautical charts was of obvious importance, and the use of
aerial photography to this end has been ongoing (Jones. 1957: Theurer, 1959: Harris
and Umbach, 1972). In these studies. aerial photography was effective in mapping
intertidal reaches and shallow and deeper water. depending on water claritv. Other
studies were concerned with qualitative assessment of changing shorelines and coastal,
estuary, and turbidity mapping (El-Ashry and Wanless. 1967; Schneider. 1968; Piech and

Walker. 1972). At the same time. the first satellite photographs were being studied for



potential applications in water investigations. Color transparencies from orbital GEMINI
missions were studied in order to pinpoint coastal areas where aerial photography would
enable synoptic depth contouring and shoreline mapping, while also noting atmospheric
effects on orbital imagery (Lepley, 1968). Color and color photographic separations from
the Apollo orbital missions were used to detect water masses, small scale suspended
sediment patterns, and infer coastal and continental shelf processes (Mairs, 1970).
Meanwhile, special films were being designed for water penetration and pollution

detection (Helgeson, 1970; Specht et al., 1978)

Scherz et al. (1969 compared the reflection characteristics of various industrial
wastes discharged into different water bodies in Wisconsin. Various film and filter
combinations were used to enhance the identification of different pollutants. It was
concluded that no one film/filter combination was adequate for general water quality
assessment, but that the best combination depended on the pollutant and type of water
in which it was dispersed (e.g., acid or tannin lakes). Schmer et al. (1972) evaluated
lake water quality in South Dakota using airborne color, color infrared, and multispectral
photography at 4000 and 10000 feet, coordinated with ground survey. Film densities
were measured with as transmission densitometer and correlated with water sample data.
The investigators found that the correlation coefﬁcients for the infrared laver of the color
infrared film showed the best results over all the aerial missions. The highest
correlation between SSC and infrared was 0.59, significant at the 0.05 probabltity level.
No information was given about the other lavers of the infrared film. the color film, or
any of the separate multispectral images. Blanchard and Leamer (19731 also reported
that color infrared film was consistently more sensitive to changes in SSC than color

film.

Villemonte et al. (1973) conducted an ongoing study using aerial photography to
quantitatively map mixing zone characteristics in order to provide data for the
establishment of water quality guidelines for the State of Wisconsin. Their remote

sensing efforts focused on the development of mathematical models identifying and
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correlating turbidity and SSC with aerial photographic imagery. Laboratory reflectance
analyses performed by Klooster and Scherz (1973) were used to demonstrate that
reflectance was a function of turbidity and SSC. A model was developed which
permitted the estimation of SSC from measuring image density, and it was concluded
that the developed nonlinear model could be used with confidence if each roll of film
was calibrated separately using a greyscale stepwedge, and if a standard reflector (white

target) was included in the scene.

Modern digital remote sensing techniques have been applied to water quality data
concurrent with the launch of the first Landsat (ERTS-1) satellite in June of 1972.
Image data format and computer image processing allowed automatic pattern-recognition
techniques to be employed for analyzing remotely sensed multispectral data. These
techniques facilitated discrimination of several spectrally different classes of water and
the subsequent mapping of general turbidity and circulation patterns (Klemas et al.,

1973, 1974a; Bukata et al.,, 1974; Clark et al., 1974; Abiodun, 1976)

Klemas was one of the first workers to use Landsat MSS data to investigate
water quality, and mapped circulation patterns in Delaware Bay using suspended
sediment as a natural tracer (Klemas et «l., 1973a, 1973b; Klemas et al., 1974a,
1974b). These studies correlated MSS band 5 (red) radiance with SSC by using an
exponential determined by a least squares fit. The correlation coefficient was
questionably high for an initial study (0.99), and no information was given about the

standard error of the estimate, significance level, amount of bias. or sources of error.

McCauley et al. (1973) analyzed several earlv Landsat images of reserviors in
Kansas to relate water quality parameters to Landsat radiance. Plotting MSS density
values against SSC exhibited a uniform nonlinear relationship while radiance was linear
for secchi depth (turbidity). The correlation between secchi depth, SSC, and radiance
was high for individual davs, but comparisons between davs were not made bhecause sun
angle changed with changing SSC. Thus, lower radiance could not be solely attributed

to either the reduced sun angle or lower SSCs.



The SSCs of 14 Oklahoma impoundments were related to airborne MSS data by
Pionke and Blanchard (1975). The derived equation related SSC (y) to reflectance (x)
as an exponential: y=x", where x (radiance) was 530-580nm for SSC between
13-75mg/l, and 588-690nm for SSC between 13-232mg/l. Values of n were greater
than 1 (also see Blanchard and Leamer, 1973), causing sediment concentrations to be
increasingly sensitive to incremental increases in measured reflectance. This limited the
range of the relationship because errors in the reflectance measurements had to be small

or the stability and accuracy of the relationship would be destroyed.

Johnson (1975) conducted one of the earliest remote sensing water quality studies
using statistical Aanalyses, and derived a linear regression equation to determine SSC in
the tidal James River, Virginia, using a 10-band airborne MSS (MZ2S). A single band
(700-740nm) was adequate for determining SSC, with a correlation coefficient of 0.89
and the standard error of the estimate was 4.76mg/l for SSCs up to 50mg/l. Five
additional bands, covering a frequency range of 540-860nm, all showed high correlations
with SSC. 1In another study, Johnson and Bahn (1977) used the same data set with a
more rigorous criteria for selecting appropriate ground truth values. Only sea-truth
measurements treated with consistent sample-handling techniques and collected closest to
sensor overpass were used. These ‘more refined’ data resulted in a regression equation
that correlated SSC with band 2 (440-490nm) and band 6 (620-660nmj: the resulting
correlation coefficient was 0.899 and a standard error of 5.23 mg/l (about 38%).

Bowker ¢t al. (1975) regressed Landsat MSS band 5 radiance data. corrected for the
different sun angles on different davs, against SSC obtained in the lower Chesapeake
Bay area. The relationship was linear for the low concentration values measured (1-14
mg/l), with a correlation coefficient of 0.92, although some samples were collected up to
6 hours after satellite overpass., and concentration values mayv have changed. No values
were given for the standard error of the estimate or level of significance. The
attenuation coefficient of the turbid water was also compared with MSS band 5

radiance, resulting in a r2> of 0.95.



Ritchie (1976) measured the reflected solar radiation of 6 Mississippi lakes from a
boat using a spectroradiometer. Linear regression analysis showed that the best
relationship was between SSC and reflectance (i.e., ratio of reflected solar radiation to
incident solar radiation) between 700-800 nm. The correlation coefficient for sun angles
between 10°-70° was 0.84. The correlation coefficient was 0.96 for sun angles less

than 40°, and SSC ranged between 20-350 mg/l.

In a Geological Survey of Canada report of activities, Amos (1976) presented
preliminary results quantifying SSC in the Minas Basin using Landsat MSS data.
Initial analyses involved normalizing MSS band 4 chromatic intensities by dividing the
DNs of a particular band by the sum of the DNs in all bands and regressing the
transformed value against SSC. This resulted in an inverse relationship with a

correlation coefficient of -0.87, significant at the 99.9% confidence level.

Bartolucci et al. (1977) measured reflectance of turbid river water (99 mg/l) and
relatively clear lake water (10 mg/l) with a spectroradiometer mounted on a truck boom.
The spectra from the water was normalized by comparison to the spectral reflectance of
a known standard (pressed barium sulfate). Their findings showed that the greatest
difference between the turbid and clear water occured in the 700-800 nm range, which
corresponds to Landsat MSS band 6. Additionally, bottom reflectance did not affect the

spectral response of turbid water deeper than 30 centimeters.

Some general models have been developed to estimate sediment loads under a wide
range of conditions and phenomena. Holver (1978} made surface radiance measurements
from a boat at Lake Mead, Nevada, along with surface sampling. Field data were only
collected at sites where water depth exceeded secchi extinction depth to exclude bottom
effects.  The recorded surface radiance was corrected for surface reflection of skylight at
the air-water interface. The correction for surface reflected skvlight assumed a uniform
distribution of sky radiance. l.e., clear or overcast conditions, or a partly cloudy sky
with a rough water surface. Three ‘universal’ algorithms were developed for volume

reflectance at 652 nm (red). 782 nm (infrared), and a model using both wavelengths.
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The error of the estimate was similar (variance = 0.05) for the red-infrared algorithm
and the infrared algorithm, with the errors from the red algorithm being much larger.
When sediment was expressed in terms of nephelometric turbidity (NTU), the resulting
volume reflection signatures were relatively invariant (for NTU less than 15) between
sediment types, thus suggesting the turbidity algorithm may have universal applicability.
Unfortunately, turbidity cannot be directly converted to SSC (Amos and Alfoldi, 1979),
thus limiting the usefulness of the algorithm. No direct measurements of algorithm
accuracy were given, except that the nephelometric turbidity model met the
Environmental Protection Agency's accuracy standard that the variance not exceed 0.05

down to a detectable threshold of 25 mg/lL

Munday and Alfoldi (1979) reviewed models from the literature applied to empirical
Landsat MSS and suspended sediment data. Three sets of data collected on different
days were studied separately and together with and without solar angle correction.
Regression with these data showed that solar angle correction generally enhanced the
data and that the logarithmic and nonlinear Gordon (1973) models produced much higher
correlation coefficients than linear models (except for small ranges of SSC). The
correlation coefficients for the simple logarithmic(SSC) model were generally very close to
those of the complex quasi-single scattering diffuse reflectance Gordon model (see Chapter
2.3) The correlation coefficients for the linear. logarithmic, and Gordon models were 0.65
verses 0.95 and 0.96, respectively, for all three data sets combined and corrected for

sun angle.

Scarpace et al. (1979 evaluated Landsat MSS as a way to classifv thousands of
lakes in Wisconsin. Using band 5 radiance, 34 lakes were classified into tropic
categories based on turbidity caused mainly by chlorophvll-a. and to a lesser degree on
mineral sediment. Regression with tropic class and band 5 provided generally high
correlations, but no analytical information was provided about the relationships between
turbidity, Landsat data, and tropic class. The ‘standard radiance’ of clear lakes and an

airport runway were used to adequately correct for atmospheric influences.

o
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Aranuvachapun and LeBlond (1981) calculated the portion of reflected energy
contributed by the atmosphere and the air-water interface to estimate SSC in the Fraser
River sediment plume in the Strait of Georgia. Atmospheric components of the reflected
signal were estimated from work done by researchers in the atmospheric sciences and
other users of Landsat data. MSS DNs were converted to radiance values; the
calculated atmospheric influences were then removed from the total radiance leaving the
diffuse reflectance component due to the optical properties of the seawater. Holyer’s
(1978) nonlinear algorithm for estimating SSC using MSS data was then applied to SSC
data published by Munday and Alfoldi (1979). Aranuvachapun and LeBlond found that
Holyer’s algorithm was unsatisfactory, and subsequently considered the nonlinear model of
diffuse reflectance by Maul and Gordon (1975). and a logarithmic relationship. While
the highest correlation coefficient for the nonlinear model was 0.98, they selected the
logarithmic model for simplicity, which gave a correlation coefficient of 0.96. The
logarithmic relationship was then applied to estimate SSC in the Fraser River plume.

No surface truth samples were collected so that the method was evaluated on ‘plausible’
SSC values. In a reply to Aranuvachapun and LeBlond. Holyer (1982} subtracted MSS
band 6 radiance values for SSC less than 3 ppm from total radiance to estimate
atmospheric influences (see APPENDIX A). The results from Holyer's atmospheric
correction supported his earlier algorithm. but he concluded that further research was

needed.

Carpenter and Carpenter (1983) used multiple regression techniques to develop a
model having MSS bands 4, 5. and 6 as predictors of the logarithm of turbidity.
When the sine of the sun angle was included as a predictor, as a simple way to
compensate for atmospheric effects. the the multiple regression coefficient (r) was 0.96,
with no values given for variability. The model was tested with other lakes in the
area; the resulting correlation between the observed and predicted data was 0.88 for
(logiturbidity., Khorram (1985) also used multiple regression techniques to estimate
suspended solids concentration in the Neuse River estuary, North Carolina. The best

regression equation was complex, with the independent variables being ratios and
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combinations of Landsat MSS bands 4, 5, 6. and 7. The coefficient of determination
was 0.64 for the model, and when tested with new data from the same data set, r?>
was 0.47. These results compared with those obtained in the San Francisco Bay
(Khorram, 1981, 1982). Multiple regression equations were derived to predict 4 water

quality parameters; the r2> for SSC was 0.609.

The importance of understanding the optical properties of pure and natural waters
in order to directly relate suspended sediment concentrations with different radiance
measurements was recognized by many researchers (see section 2.2.3). Development of
physical models using radiative transfer theories has been an integral part in developing
remote sensing techniques for water quality assessment. Theoretical modeling provides
insight and understanding of the processes which are summarized in empirical
measurements. However, simulation models suffer from a deficiency of in situ
measurements of optical properties that could contribute to, and benefit from, these

theories.

Some studies have focused on measurement of apparent optical characteristics of
water bodies in order to predict water quality parameters. The apparent optical
properties—reflectance, attenuation. and scattering— were used with models such as those
developed by Gordon et al. (1973) and Di Toro (1978) to infer the inherent optical
properties of a water body. Statistical techniques such as multiple regression (Bukata et
al., 1979, 1981a. 1981b) and principle components analysis (Mueller, 1976). were applied
to determine the absorption, scattering. and backscattering cross sections of specific
suspended consutuents. Bukata et «l. (1981ar developed a five-component optical water
guality model of Lake Ontario in which the standard deviation for inorganic suspended
sediment was greater than 35%. Because Lake Ontario is optically complex. the high
uncertainty may be misleading, and futher work is needed in a homogeneous aqueous

environment to properlv evaluate this model.

Detection and measurement of suspended sediment has been successfully

demonstrated for individual studies, utilizing airborne (Johnson, 1975. 1980) and satellite
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(Bowker et al.,1975; Alfoldi and Munday, 1978; Aranuvachapun and LeBlond, 1981)
multispectral scanners. Some general models have been developed to estimate sediment
loads under a wide range of conditions and phenomena (Holyer, 1979; Munday and
Alfoldi, 1979). However these models have been developed for high altitude remote
sensing platforms where atmospheric alteration (noise) is an important term in the
algorithms, and is difficult to quantify. Correction for atmospheric scatter can be
simplified, or eliminated, by the use of low altitude multispectral imagery (300+ m)
(Miller et al., 1977). Low altitude aerial survey using muitispectral photography and
video imagery can provide high spatial and spectral resolution, minimum atmospheric
alteration of object reflectivity, and intensive area coverage. The use of aircraft also
allows the versitility of multi-date data to be collected (for temporal parameters) under a

variety of weather conditions that would not permit satellite imaging.

3.2.1 Atmospheric Corrections

Remote sensing surveys of water quality are based on the assumption that a
meaningful relationship exists between reflectance and water quality. However, radiance
values derived from remote sensor channels do not directly relate to ground reflectance
values because of physical environmental and atmospheric influences. If ground features
are to be characterized in terms of their spectral reflectivity, atmospheric interference
must be eliminated. Additionally, if multidate comparisons are to be made., even limited
to one location, some adjustment of the remote sensing data is required to allow for
differences in sun illumination. atmospheric backscattering and attenuation of energy. and
the resulting surface reflection effects. Atmospheric haze obscures and reduces the
contrast between adjacent surface features on the imagery and makes feature

identification more difficuit.

Turner et al. (1971) observed that “in spite of all the research over the past
thirty years or so. no detailed comprehensive [atmospheric] radiative transfer model has
been developed which can be applied directlv to the problems of remote sensing.”

Additionally, because of the many variables, it may not be practical to directly
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determine an atmospheric correction for remotely sensed data (Moore, 1978). So many
factors would have to be monitored, measured, and calculated that it would probably be

cheaper to collect and analyze water samples.

It is possible to enhance spectral data and define an adequate atmospheric
correction factor by using the remote sensing data itself. The observed color spectra of
a turbid water body represented on imagery is made up of hue, saturation, and
brightness. Brightness information, containing atmospheric noise components, can be
removed with chromaticity techniques which use the normalized hue and saturation
values to determine water quality parameters (Jerlov, 1968). These techniques remove
brightness information by converting image DNs to radiance values and ratioing the
radiance measured by each band with the other bands. These techniques essentially

remove brightness information and use the color differences to determine SSC.

Munday and Alfoldi have applied chromaticity analysis to remote sensing data of
southern Ontario lakes with good results, obtaining correlation coefficients as high as
0.97 for three combined dates. Lindell (1981) and Smith and Baker (1978) have also
noted satisfactory results. but Bukata et al. (1983) reported ‘severe’ restrictions in the
application of chromaticity techniques to water quality prediction of western Lake

Ontario.

Other researchers have used objects with constant reflectance f(e.g., black objects,
clear lakes, airport tarmacks, etc.) to calibrate imagery and remove unwanted
atmospheric noise (Klooster and Scherz. 1973: Moore, 1947; Piech and Walker, 1971:

Scherz and Van Domelen, 1974: Yarger, 1974; Scarpace et al.. 1979).

Spectral band ratio procedures are valuable for isolating spectral differences
between targets under varyving light conditions. The presence of suspended sediment
affects the spectral response of the green and red bands differently: this spectral
difference can be enhanced by dividing the DN's of one band by another. Subsequently,
inferences can be made about water quality based on the resulting band ratio. Ratios

of the spectral DNs from different channels also reduce or negate the effects of
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extraneous factors that influence the sensor data. For example, Yarger (1974) used a
concrete dam with constant percent reflectance to investigate sun angle and atmospheric
variability on remote sensing data. The resulting spectral band ratios appeared to be
nearly independent of solar and atmospheric effects, and provided satisfactory
enhancement of image data. Additionally, the process of ratioing of radiance data can
normalize some temporal differences in imaged spectral values between aerial surveys
(Amos and Topliss, 1985). The resulting radiance transformations are therefore
considered isoluminous, and spectral differences result from changing SSC, not changing
solar brightness or sea state (Amos and Topliss, 1985). Theoretically, ratio techniques
compensate only for those factors that act equally on the various channels, such as

vignetting and some atmospheric effects (e.g., sun elevation angle; Moore, 1978).

Because some atmospheric effects are additive (Moore, 1978; Scarpace et al., 1979),
ratio techniques alone cannot normalize atmospheric influences between scenes. Dark
objects with near-zero reflectance (e.g., deep shadows and black rooftops) can be used to
determine additive atmospheric influences. These objects should have a DN of ‘0’, and
any spectral return from these objects is due to atmospheric backscatter. Since the
atmosphere selectively scatters the shorter wavelengths. each channel must be corrected
separately. The pixels (picture elements) of each channel can be radiometrically adjusted
by subtracting the portion of the signal contributed by scattering from the total scene
irradiance, determined by the spectral return from the dark object (Moore, 1978; Sabins.

1978).

3.3 Development and Evaluation of Regression Models

Many researchers have used regression techniques to estimate a variety of water
quality parameters with varving degrees of success (Johnson, 1975; 1977; Johnson and
Bahn. 1977. Rogers et al..1975; 1976; Whitlock and Kuo, 1979). The theoretical
justification for using this particular method can be found in Whitlock (1977), Whitlock

and Kuo (1979). and Whitlock et al. (1982). Basically, the remote sensing signal



responses to various concentrations of different constituents suspended in water {in terms
of optical physics) can be summarized in a straight-forward manner by a multiple
regression equation. Regression models for predicting SSC were developed by applying
multiple regression techniques between surface truth measurements and radiance values
represented either by densitometric optical counts (film), or grev density numbers
(electronic sensors). The reflectance data of the different bands, or layers of film, were
treated as independent variables, while the measured SSC values were the dependent
variables. The resulting models are of the form:

SSC = J + K,(Rady) + .. + K, (Rad)) + e

where:

J = the y intercept.

K = the partial regression coefficient.

Rad = the optical count values and grey density numbers from film and video imagery,
respectively.

w, ...z = the different sensor bands.

e = error.

The J and K coefficients are a function of surface reflection, atmospheric scattering and
absorption, and inherent upwelled radiance components from the background water.
These various water and atmospheric factors have a significant influence on volume
reflectance, and must be determined empiricallv. The regression task is to determine
the J and K coefficients by least squares fitting techniques. Thus, the J and K
coefficients are chosen in such a way that the sum of the squared vertical deviations

between the regression line and the scatter of points is minimized.

3.3.1 Meuasures of Adequacy

It was not known how many channels (or in what combination) would be required
to make a reliable prediction of SSC. Several statistical parameters were used as
indicators of precision of the regression equation, such as the coefficient of determination

(r2>). standard error of the estimate (SE), F-values, and the total squared error (Cp/p)



statistic (Whitlock and Kuo, 1979).

A common measure of prediction accuracy and linear association is the ratio of
explained variation in SSC to the total variation in SSC, or r¢2>. The coefficient of
determination (r?>) describes the variation in SSC explained by the combined linear
influence of the radiances for the different bands. Conversely, the proportion of variance
in radiance not explained by the regression equation is 1-r2>. Theoretically, r2>
should approach 100%. but values greater than .7 may indicate a reliable regression
model for predicting water quality (Mace, 1983). The correlation coefficient, r, is not a
good indicator of precision when the number of estimated coefficients (independent
variables) approach the number of observations (sample sites) (Draper and Smith, 1966).
Therefore, the number of ground truth points should exceed the number of spectral
channels by a wide margin, or the number of channels should be limited (Whitlock and

Kuo, 1979).

The overall test for goodness of fit of the multiple regression equation tests the
null hypothesis that the multiple correlation is zero, and any observed multiple
correlation is due to sampling variability and/or measurement error. The statistical
parameter used to evaluate the adequacy of the least squares process is the F-test,
which can be expressed as (Whitlock and Kuo, 1979):

F = (r?2>/k) / [(1-r?>)/(n-k-1)]

where:
k = the number of independent variables.
n = the number of f{ield observations.

In order for the regression equation to be deemed a valid predictor (of sediment) the
calculated F-value should be at least 4 times the tabular critical F-value (F/F.) (Daniel
and Wood, 1971). The F-ratio is approximately distributed as the F distribution with k
and n-k-1 degrees of freedom. A problem with this parameter is that the confidence
level must be arbitrarily selected before the F/F_ . can be calculated. A confidence level

of 0.95 is commomly selected. meaning that the risk of being incorrect was no more
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than 5 percent.

Daniel and Wood (1971) recommended the total squared error as a criterion for
goodness of fit. This statistic, called Cp, measures the sum of the squared biases plus
the sum of the squared random errors for the dependent variables at all n data points.

Given a multiple regression equation with p estimated coefficients (Whitlock, 1977):

Cp = RSSp/sz - (n - 2p)

where:

RSSp = sum of the squared residuals for the p-term equation,

s2 = unbiased estimate of the variance.

Given a multiple regression equation with P estimated coefficients, a low value of Cp
coupled with a Cp/P ratio of less than 1.0 is considered to indicate a good fit with
negligible bias (Whitlock et al. ,1982: Huang and Lulla, 1986). The Cp/P ratio is the
only one of the discussed statistical parameters which is indicative of bias in the fitted

equation.

To summarize the criteria used to select the optimum regression equation to
predict SSC:

The r2¢> 2.70,

the regression coefficient () should approach 0,

the standard error of the estimate (SE) should approach 0,

the F/F( g5 2 4.

the total squared error {Cp) should be low, and.

the Cp/P ratio £ 1.0.



3.3.2 Assumptions

A number of criteria must be met in order to make valid quantitative inferences
using remote sensing data. The remote sensing study should conform to the following
assumptions (Whitlock and Kuo, 1979):

1) The correct form of the equation has been chosen (radiance of each band is linear
for concentration, for all channels involved).

2) The data are representitive of the whole range of environmental combinations in the
remole sensing scene.

3) The observation of the dependent variable (surface truth concentration values) are
uncorrelated and statistically independent.

4) All observation of the dependent variable have the same (but unknown) variance.

5) The distribution of uncontrolled error is normal.

6) All independent variables (radiance values) are known without error.

These criteria are met when:

1) Minimal time lapse between sensor overpass and surface sampling occurs.

2) The noise contributed by both instruments and the atmosphere is sufficiently low.

3) The number of surface truth daw: points should exceed the number of channels by a
wide margin, for each classification.

4) Water depth greater than secchi depth (remote sensing penetration depth).

5) Constant vertical sediment concentration profile within the remote sensing penetration

depth.
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CHAPTER 4

METHODS

The methods described in this chapter are designed to evaluate the empirical
relationships between multispectral image brightness and surface sampled SSCs. The
simultaneous measurement of SSC and the remotely sensed apparent radiance spectrum

was extremely important in order to reduce temporal variability.

4.1 Sensor System and Field Site Description

4.1.1 The Imaging System

The remote sensing system used in this study included both electro-optical imaging
sensors and photographic systems. The multispectral sensor system was comprised of
four video cameras with optical filters transmitting blue, green, red, and reflected
infrared wavelengths, respectively (Figure 8). Additionally, two 35mm cameras were

used with Ektachrome and infrared Aerochrome film

The video svstem (Roberts and Evans, 1986) consisted of one RCA Newvicon and
three Sonv Xc-37 CCD (charge-coupled device) low light television (LLTV) cameras.
Figure 9 shows the spectral sensitivity curves for the detectors used in these video
cameras. Matched variable focal length (12.5mm - 75mm) lenses were used on each
camera. The Newvicon and two CCDs were outfitted with blue (415-485nm). green
{515-585nm), and red (615-685nm) band-pass interference filters. respectively. and the
third CCD was used with a glass near infrared sharp-cut filter (88A: 700-1100+nm).
The spectral ranges of these filters are illustrated in Figure 1. Aquired imagery was
recorded on four individual Sony 8mm metal video cassette recorders (VCRs). Proper
exposures were set with the aid of a Hatachi V-099 waveform monitor. Imagery from
each individual camera was viewed during data aquisition on a 4 inch Sony Trinitron
monitor (system operator) and a 1.5 inch Akai V10U monitor (pilot) through a switching

svstem.
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SPECTRAL SENSITIVITY CURVES FOR THE
12 - RCA NEWVICON AND SONY CCD
VIDEO CAMERAS
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Figure 9: SPECTRAL SENSITIVITY CURVES FOR THE NEWVICON AND SONY
CCD VIDEO CAMERAS.
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Two 35mm reconniassance cameras were used to supplement the MSV imaging system.

The Nikon F250s (with Nikkor 24mm f-2.8 lenses) were used with:

1) Kodak Infrared Aerochrome 2443 and a Wratten 22 filter for haze penetration and
blue light removal; and

2) Kodak Ektachrome 5037 color film with a 85B filter for haze penetration and color
balance.

Imagery from these cameras provided broad-band information covering the spectral gaps

between the sensors of the MSV system, and allowed comparisons with the wvideo

imagery. The photographs were also useful to show visual contrasts simply, quickly,

and inexpensively.

4.1.2 Field Site Characteristics

Throughout most of the vear Fraser River discharge is relatively low and the
small suspended sediment load is dominated by silt and clay-sized material. From
midsummer through early spring SSC has been generally less than 50mg/l, and often
less thah 20mg/l during high tide (Milliman, 1980). Post-freshet flow in summer has
relatively high discharge, but low SSC. During low tide in August 1975, Milliman
(1980) measured SSC offshore in the Strait of Georgia. Values seldom exceeded 10mg/l.

and decreased significantly with water depth greater than 10 meters.

Fraser River discharge often peaks in early May, depending on timing of warm
weather. Milliman found that suspended material during LLT (Low-low tide) was
primarily sand, while during LHT (Low-high tide) sand concentrations were less than 1
mg/l, with most of the suspended material being silt and clay. High turbulence during
freshet creates high suspensions offshore. sometimes in excess of 400 mg/l of silt and

clay (Milliman, 1980).

Saltwedge effects and density differences between fresh river water and salt water
cause the river water (containing suspended sediment) to flow over the more dense sea
water. The Fraser River water column is about 14 meters deep at the mouth of the

main stem, and gradually thins to approximately one meter as it disperses across the



Strait of Georgia in a south-southwest direction towards the Gulf Islands and Strait of
Juan de Fuca (Thomson, 1981). Little mixing occurs between the river and marine
water, facilitating a sharp contact delineated by a ‘foam line’ between turbid river water
and relatively clear marine water. Thomson also reported that the momentum of the
river water flowing from the main stem caused it to initially be directed southwesterly.
The runoff was then affected by winds and tidal currents that ebb to the southeast and

flood to the northwest.

4.2 Field Sampling Project

4.2.1 Aerial Survey Project

In order to estimate SSC in the Fraser River plume in the Strait of Georgia,
large scale (1:5000 - 1:25000) reconnaisance aerial photography and MSV imagery was
acquired on August 8, 1986. Infrared and color photography was used for mapping and
some spectral identification of surface and submerged vegetation, suspended sediment,
bottom reflection and the land/water interface. The MSV cameras provided discrete
spectral data for spectral identification of suspended sediment concentration in the Fraser

River plume.

Imagery was collected on August 8 between 10:00 and 10:50 am (Davlight Time)
on a moderately clear sunny dayv. Winds were 15 knots from the north. and the
sea-state was moderately choppv with occasional whitecaps. A weak flood tide.
approaching slack tide, was the predominite condition. Hence. the momentum of the
runoff resulted in the sediment plume being driven southwesterly with the flood tide

keeping it close to the west coast (= 8 km.).

The aircraft utilized was a Cessna 185-c (turbo, photo conversion) outfitted with
two photo hatches covered with optical glass. The fore hatch was 18 inches in
diameter and housed the two photographic and one Newvicon (video! cameras. The
three CCD cameras were mounted over the aft hatch measuring 8 inches in diameter.

All cameras were boresighted for nadir (i.e., vertical! viewing.
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Correct camera exposures were determined over the highest sediment conditions
(i.e., the brightest feature) in the Fraser River plume at 2000 feet. The exposure
settings were not adjusted for the duration of the mission to allow direct comparisons to
be made between altitudes. The lens aperture settings were determined using the
waveform monitor for the video cameras. Exposures for the photographic cameras were

determined with a light meter.

Three passes over the surface sampling transect were flown at increasing altitude
to measure atmospheric effects on image data. Overflights were at 2000, 4000, and
8000 feet A.M.S.L. Time between first and last overflight was about an hour. Flight
direction was west; each overflight began over land in the Tsawwassen jetty area and
passed over the Westshore Terminals coal facility (see Figure 10). The spectral return
from coal was used in some atmospheric correction procedures (see section 4.5.1). Time

of each overpass was noted to correlate with the sediment samples.

4.2.2 Surfuce Truth

Collection of ground data is an important and integral component of any remote
sensing process. Due to the dynamic nature of tidal marine environments, simultaneous
water samples have to be collected concurrent with sensor overpass, and complex
energy-water interactions must be taken into account to insure meaningful results. The
results and conclusions can onlyv be as good as the field data. and inadequacies in

surface measurements will necessarily affect the results.

In many past remote sensing experiments. sensor overpass has not been
svnchronous with surface sampling due to logistical difficulties {Bowker et al., 1975:
Johnson. 1975, 1978: Miller et «l., 1977). However. these studies were conducted in
somewhat calm waters (ie. lakes, bavs, and low velocity riversj. In a dynamic
environment such as the Fraser River coastal marine environment, it was crucial to

svnchronize surface sampling and sensor overflight.
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Figure 10: MAP OF THE FRASER RIVER DELTA, BRITISH COLUMBIA. SURFACLE
TRUTH SITES ALONG THE SAMPLING TRANSECT INTO THE STRAIT OF
GEORGIA ARE INDICATED,



Knowledge of the maximum sensor penetration depth was required so that the
water samples were not obtained below this zone. Secchi depth is a measure of
turbidity; a (usually) white disk is lowered in the water until it is no longer visible, and
is known as the ‘extinction depth’. Turbidity is an optical property, and is affected by
many types of particles suspended in water. Other constituents which are frequently
measured are chlorophyvll-a, which is related to amount of phytoplankton in water, and
suspended sediment. Both of these are specific parameters that affect turbidity, but
turbidity cannot be directly translated to SSC or chlorophyll-a concentration (Amos and
Alfoldi, 1979). Klemas et al. (1973) measured secchi disappearence depth with green
and red disks and found that neither “color” exceeded the readings obtained with the
white disk. Depending on the scattering and absorption characteristics of the suspended
material, sensor penetration depth was on the order of 20% to 50% of secchi disk

disapperance depth (Whitlock and Kuo, 1979).

4.2.3 Surface Sampling Transect

Suspended sediment samples were collected at selected sites arranged along a
sampling transect in the Strait of Georgia. Six sampling sites were spaced between
500m and 1000m apart and represented variable suspended sediment conditions. A
Canadian Coast Guard hovercraft and two small boats with outboard motors were used
in surface sampling. The versitility of the hovercraft was instrumental in the
formulation of the sampling procedure. Onboard navigation systems were used to set up
a straight transect in open waters and provided communication links between aircraft
and sampling crews. Additionally, boat crews were comforted by knowing their safetv

was assured, allowing them to concentrate on their sampling duties.

The sampling transect set-up involved anchoring targets® in five locations along a

straight line. The transect began in shallow water adjacient to Westshore Terminals

6 The targets were 4x4 feet plywood painted flat white. A tire innertube was fixed to
the underside to prevent submergence of the target. On each corner an inflated
55-gallon orange trash liner was tied. resulting in an overall target size of about 8x8&
feet.
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and extended west 240° (magnetic) into the Strait of Georgia until clear water was
encountered — 8 km from Westshore Terminals (see Figure 10). The two small boats
were launched from the Westshore Terminals boat launch and travelled to sample sites
1 and 2, where they remained for the duration of the sampling period. These crews
collected samples every 5 minutes for 45 minutes beginning at 10:45 am, Daylight
Time. The hovercraft travelled between the remaining four sample sites collecting
suspended sediment samples. Sites 3, 4, and 5 were sampled twice; however, because
the targets drifted south due to winds and tidal currents, these sample sites were not
coincident with each other. No target was laid at the clear water site (site 6), and
only one sample was obtained since SSC was assumed to be low and remain constant.
Sediment concentrations ranged from 10.6 mg/l to 16.8 mg/l: the ‘clear water’ site had

a concentration value of 2.1 mg/l

4.2.4 Surface Sampling Procedure

The secchi disappearence depth was determined for each sampling position as an
estimate of' the remote sensing penetration depth. This also allowed the identification of
areas influenced by bottom reflection when the white disk was visible on the seabed.
Two sampling baskets containing three and four weighted sampling bottles, respectively,
were lowered to a depth slightly less than secchi disappearence depth and raised at a
constant rate to obtain 7 simultaneous integrated sediment samples. The time between
submergence and emergence of the sampling baskets was about 12 seconds so that the
sample bottles were not filled before reaching the surface insuring the preservation of

the intergrated sample

The water samples were then transferred to 250 ml nalgene containers labled with
the time, depth of sample, and sample site so that each container could be matched to
a sample location on the airborne imagery. The sampling bottles were then washed
with distilled water and redistributed into the sampling baskets in readiness for the next
sample site. Samples were stored at cool temperatures and time between sample

collection and analysis was less than four days.
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Another surface sampling studv was conducted on August 12, 1986, in order to
investigate the temporal and spatial variability of SSC within the Fraser River sediment
plume. Five suspended sediment samples were collected simultaneously at the same
depth every 5 minutes for 45 minutes (8 groups) at two different locations. For both
locations, variation between the 8 groups was not was not significantly different, nor
was the variation of the entire sample significantly different when compared with each
of the 8 groups. These results indicate that representitive samples may be obtained
with short time lags (15 minutes) between surface observations and airborne collection of

remote sensing data.

4.2.5 Laboratory Study

Since the sediment range encountered in the field study was relatively narrow
(10.6 mg/l to 16.8 mg/l), the laboratory experiments were deemed necessary in order to
futher test the analytical capibilities of both the MSV and photographic systems.
Sediment concentrations ranged from 31.5 mg/l to 378 mg/l. Suspended sediment
concentrations more than 250 mg/l are rarely found in nature (Pionke and Blanchard,
1975). Whitlock (1976) reported that the usual SSC range for estuaries and rivers was

between 3 and 45 mg/l

These experiments used natural sunlight for illumination in order to represent a
more realistic spectral distribution of upwelling radiance from turbid water. It was
hoped that these laboratory studies would provide insights on camera response to
different light - conditions and and broader ranges of SSC. and help to identify upper

limits of camera sensitivity to high concentrations of sediment.

The first lab test was conducted on the mornings of Febuary 6-7. 1987, between
9:00 and 12:00 am, P.S.T. Both mornings were sunny with occasional clouds of
different densities resulting in variable light intensities. The interiors of nine 45 gallon
drums, with a diameter of 2 feet and a depth of 3 feet, were painted flat black to

reduce reflection from the insides of the barrels influencing the spectral character of the



water/sediment mixture. The nine barrels were placed along a straight line on the
shady side of a building (i.e., the light source was diffuse), and imaged from a nearly
vertical position from the overhanging roof eight feet above the water surface. The
drums were filled with unprocessed tap water and different amounts of sediment; one
drum contained no sediment and was imaged before and after water was added, for
control. The camera/filter configuration was identical to that used for the field
experiment. Imagery was collected using the blue-sensitive Newvicon and three CCD
cameras (green, red, and infrared), along with two 35mm photographic cameras with
color (5037) and false-color infrared (2443) film. Since all the VCRs but one were
required for another unrelated remote sensing study, imagery of the barrels was
acquired using one camera at a time. The desired spectral image was acquired by
selecting the appropriate camera through a switching system, and all imagery was
recorded using the same VCR. Optimum exposure (1.0 volt) for each camera was set
by first imaging the barrel with the highest SSC using the waveform monitor. After
stirring and allowing the surface to stablize, imagery of each sediment condition, and
clear water, was obtained using each video camera (i.e., blue, green, red, and infrared)
and photographic camera (i.e., color and false color infrared). Secchi disappearence depth
was noted and 7 intergrated suspended sediment samples were obtained using the same
proceedure as in 4.2.4, After the first round of data collection, more sediment was
added to all the drums except the control and the drum representing the highest
sediment condition. Again. the mixtures were stirred and imaged and sampled. resulting

in data for 22 sediment conditions.

Another laboratory experiment was conducted on March 21, 1987, to study the
effects of direct sunlight on upwelling in turbid waters. The 45-gallon tanks were
coated with aluminum foil for reflection to simulate side scattering of light (i.e., open
ocean conditions). with matte black bottoms to minimize bottom reflection. Five tanks
were placed on a concrete slab which had a slightly higher albedo than the highest
sediment condition. Reflectance from the concrete would have scattered into the sensors’

FOV. but the spectral distribution of this scattered light was assumed to be uniform
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(and diffuse) for all bands since the concrete was white. Two additional tanks were
filled with clear unprocessed tap water for control. The interior of one tank was flat

black, while the other was coated with aluminum foil with a matte black bottom.

The camera, filtration, and imaging equipment was identical to the setup of the
first laboratory experiment. Again, all the VCRs were not available so that imagery
was acquired using the cameras in sequence. The exposures were set by first imaging
the highest sediment condition, and not adjusted for the duration of the experiment.

The sampling procedure was to stir three barrels to create a ‘uniform’ sediment
concentration, then image them using a video camera sensitive to a particular
wavelength. There was a short time-lag between stirring the barrels and imaging them,
which undoubtedly caused some small amount of sediment to settle out of suspension.
Then, the other two barrels were stirred and imaged in the same manner (plus the
clear water control barrel) using the same camera. Imagery of the same barrel (.e.,
the same sediment condition) was acquired in the same manner using a different camera
until all four video and two photographic cameras had been used. Then the barrels
were sampled to determine sediment concentration in the same fashion as described in
the field test. After sampling, more sediment was added to some of the barrels, while
water was added to others in order to dilute the existing sediment concentration. Thus.
while the sun angle was increasing. SSC may have increased or decreased. This
procedure was followed three times in total. resulting in 4-band multispectral video
imagery. and color and infrared photographs of 15 sediment conditions. Total time from

start to finish was about two hours. from 11:00 am to 1:15 pm.
Suspended sediment consisted of about 65% fine sand (Z63um), determined

gravimetrically: approximately 33% silt. and about 2% clay (£ Zumj, determined on a

Micrometrics sedigraph.



4.2.6 Film Densitometry

Ektachrome color 5037 and Infrared Aerochrome 2443 films were analyzed with an
Eseco transmission densitometer with red, green, and blue filters (WRATTEN 92, 93,
94, respectively) that allowed measurement of film density for each of the three dyve
“layers of the color and color infrared film. Film density was inversely related to scene
reflectivity, where a high optical count on the densitometer corresponded to low
reflectivity. The color film was sensitive to blue, green, and red wavelengths, while the
color infrared was sensitive to green, red, and reflected infrared wavelengths. Optical
density counts were taken using the 1 milimeter aperture. The 1lmm aperture
corresponded to a ground distance of 20 and 90 meters (diameter) for imagery collected
at 2000 feet (601 meters) and 8,000 feet (2424 meters), respectively. Densitometric
analysis of film used in the laboratory tests resulted in optical count values averaged
for a ‘ground area’ of 9 centimeters on the water surface. Five densitometric readings
were averaged for each sample point on all photographic images. The optical counts

were then regressed with SSC and analyzed on the SFU mainframe computer.

4.3 Analysis of Video Imagery

The video remote sensing svstem used in this study was treated as a
spectro-radiometer. This was done to avoid image registration difficulties, posed by both
the sensor svstem and the lack of easily identifiable ground reference peints over water.
Additionally. camera and lens distortions were reduced. thus avoiding complex camera
and radiometric calibration procedures. This approach also allowed complete control of
radiance data manipulation., and avoided unknown (and perhaps unrepeatable) scaling and
stretching procedures performed by the image processor after mathematical manipulation
of image data. Spectral values at the image center (l.e., nadir values) were extracted
using a VAX11-750 12S (Model 70/F4) image processing system and analyzed using the

SFU mainframe computer.
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Sample site locations were pin-pointed on the imagery by using Loran-C navigation
(coordinates) information from both hovercraft and aircraft. The Coast Guard navigation
system also provided digitized maps of sample site locations. After the video imagery
in one band was scaled and sample sites located, the other multispectral images were

selected by the VCR counter and a stop watch.

Video imagery lends itself to computer image processing due to its electronic
format. The imagery was digitized in a straight-forward manner from video tape with
good radiometric reproduction without the use of optical filters. The spectrally discrete
video images were individually entered into the image processing system from a VCR.
The VCR was interfaced with a time base corrector (TBC) which synchronized the scan
rate of the digitizer and the output signal of the VCR. The waveform monitor was
linked between the TBC and the video digitizer in order to accurately adjust the level of
the video signals produced by the TBC. This insured that all the information on the
video tape (< 1 volt) was being ‘captured’ by the video digitizer without exceeding 1
volt, which would result in image saturation and loss of information. The different
video image intensities. representd by .01-1 volt (100 divisions), were transformed into
DNs between 0 and 255 by the digitizer. Imagery was visually inspected on a 19 inch

RGB monitor during the process to permit proper image selection

The 12S System 500 software BLOTCH function was used to select digitized video
data from each band separately. These ‘BLOTCHED’ regions were analogous to the
densitometric spot readings from the film. In order to overcome problems cf detector
noise, and noise in the image data due to sea-state or surface orientation, the data
extracted from the video images for the regression analysis were not from a single pixel
corresponding with the sample sites. Instead, areas (groups of pixels) incorporating
multiple surface reflections were selected from the image nadir. with no attempt to
impose a rigid shape or size. The number of pixels analyzed for the ‘BLOTCHED".
regions in each image was approximately 300 for the field study sites, and about 150

for the laboratory studies. The number of pixels, means, and standard deviations of
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these selected regions were obtained with the HISTOGRAM function. While the
analvzed regions of the multiple images making up the ground scene were not exactly
coincident, they were from essentially the same area. Spatial and/or radiometric
variability between images was ‘smoothed over’ by using the mean values for the areas

analyzed.

4.3.1 Dark-Object Subtraction/Addition

Clear water has low reflectance and can be used as both a dark object for
subtraction and a standard with which to compare turbid water bodies (Ahern et al.,
1977; Moore, 1978; Snydor, 1980). Subtraction of the minimum radiance of clear water
from turbid water (in each band) results in the subtraction of approximately the
atmospheric reflectance from the water surface and the volume reflectance of clear
water. Thus, the resulting residual radiance is attributed only to suspended sediment

concentration (Scarpace et al., 1979; Scherz and Van Domelen, 1975; Sydor, 1980).

Such awvmospheric corrections can significantly reduce the effects of atmospheric
radiance components from the imagery, thereby increasing the image contrast for the

scene and enhancing the sensitivity and accuracy of suspended sediment classification.

In an attempt to reduce atmospheric influences. the dark DNs from both coal and
clear water were used to adjust image DNs in the field study. The DNs of coal from
the video imagery werce ‘0’; therefore, only the clear dark water values were used.
These clear water DNs {rom both altitudes were subtracted from the sample site DNs

obtained from the corresponding altitudes.

Since an increase in atmospheric scattering results in a decrease in film density
(the photograph is lighter). the optical count density values of these dark obhjects were
actually added to the image density values in order to increase the film density (and
make the photograph darker). Thus, adding film density values was approximately
analogous to subtracting reflectance values (see 4.3.1). However. neither dark object

used with this technique improved the results. This prodedure was probably
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inappropriate because it altered the spectral relationship between bands as well as

between flight lines.

Clear water values from the black barrel and aluminum-coated barrel were used as
dark objects to adjust the image DNs of the different sediment conditions in the
laboratory study. Again, the video imagery was not sensitive to these dark values so
that dark-object subtraction techniques could not be assessed. The dark DNs were
added to the appropriate DNs of each light-sensitive layer of the color and infrared

films, in the same manner as in the fleld study.

4.3.2 Regression Analysis

Linear and non-linear multiple regression empirically correlated the reflectance
spectra (independent variable) frbm the sediment-laden water with the concentrations of
suspended particles. Environmental and optical conditions (water and atmospheric
conditions) were summarized in the regression coefficients. In order to help define a
reliable relationship between SSC and reflectance, certain criteria and conditions were
identified and measured. These included environmental, sampling, and statistical
J)rocedures:

1. Analysis of image data from water depths deeper than secchi disappearance depth.
The flat-black bottom of the barrels in the laboratory study were not considered to
be reflective, and these data were included in analyses.

2. A wide range of sediment conditions within the scene were measured in both the
field survey and the laboratory experiment.

3. Time lags between image aguisition and surface sampling were small

4. SSCs were determined from 7 integrated samples collected from the remote sensing

penetration depth.

o

Only data subjected to consistent handling techniques were analvzed.
6. Only the central portion of the images were analvzed. Pixels from a
representitive area 1n the image nadir were averaged to reduce system and

environmental noise. These distributions were normal.



The field survey sample size was 14 when data from the two flight lines were
combined. There were 13 sediment conditions analyzed from the laboratory
experiment., While the number of observation were not large, they were more
than three times the number of sensor channels, and probably constituted a

representitive sample.
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CHAPTER 5

RESULTS AND DISCUSSION

5.1 Introduction

The analytical capability of the airborne multispectral remote sensing system was
evaluated in terms of sensitivity and precision. The analytical range of the
reflectance-sediment relationship was subsequently examined in a laboratory experiment.
The first step was to determine which bands responded best to various sediment
concentrations then to evaluate the predictive capabilities of these bands using linear and

log-linear multiple regression techniques.

With regards to the field study, imagery was analyzed from the 2000- and
4000-foot altitude flight lines, with the data collected at 8000 feet omitted. Imagery
acquired at 8000 feet was not analyzed because about an hour had elapsed between
sensor overflight and surface sample data collection. The optical density counts for each
dve layer of the color and infrared films. representing film density, were ratioed one to
another and regressed with SSC. The neutral density optical counts were not analyzed
because they represented general irradiance (i.e.. overall albedo), not radiance at discrete
wavelengths.  Consequently, neutral density values were correlated with each of the

film’s light-sensitive layers.

The data plotted in Figure 11 are the optical density counts from the different
light-sensitive lavers of the color and color reversal infrared film for the field study at
2000 feet. They illustrate the strong relationship between SSC and film density.
showing that reflection increases with increasing SSC. Multiple and simple linear
regression analyses were conducted in order to quantitatively evaluate this relationship.
Reflectance in the different spectral bands (ie., film lavers) was used to predict SSC —

the dependent variable.
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Only regression equations with coefficients of determination (r?) greater than .70
were considered (Mace, 1983). Various statistical parameters were used to measure the
precision of the regression solution, as described in the previous chapter. Briefly, the
criteria used for selecting an appropriate regression equation were (Whitlock et al.,
1982):

1} Values for the regression coefficient (r) should approach 1,
2) the standard error should approach 0,

3) the F/FO'05 ratio should be 2 4.0 for predictive utility,
4) the total squared error, Cp, should be low, together with,
5) a Cp/P ratio < 1.0.

This information is tabulated for color and color infrared film in tables 3 and 4.

The tables show that several trends were evident. Al of the film layers of both
film types were good predictors of SSC for individual flight lines at both altitudes, with
stronger results from the imagery collected at 2000 feet. Perhaps the most striking
observation was that the best predictive equations for both the single flight lines and
the two flight lines combined were essentially all single-term. Thus, simple regression

solutions were adequate for the statistical prediction of SSC.

When data from both flight lines were combined, regression coefficients and number
of variables meeting the various criteria generally decreased. However. all the values
for the infrared film (see Table 4) remained high, indicaung that it was relatively
unaffected by atmospheric and sun angle differences between 2000 and 4000 feet. The
principle reason for the reduced atmospheric effect on the infrared film was due to the
filtration (Wratten 22) blocking wavelengths shorter than 560nm. Since the shorter
wavelengths are scattered more than longer wavelengths. atmospheric scattering had a

reduced effect on infrared film, and a stronger influence on the color film.
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Table 3
Linear Regression Test Parameters Associated with the
August 8, 1986 Aerial Survey; Ektachrome Color Film

BAND r r2 SE F  F/Fyg; RSS Cp Cp/P
A R 989 .979  .326  236.12 357  .53180  2.00  1.00
G 986 .973  .371  180.96 27.37 .68960  2.00  1.00
B 993 .986  .267  354.46 53.62 .35670  2.00  1.00
R/B 913  .833  .924  25.07  3.79 4.26500 1.99  1.00
G/B  .919  .844  .892  27.17  4.11 4.46800 2.60  1.30
B R 893 .797 1020  19.73  3.11 5230  2.00  1.00
G 863 .745 1143  14.62  2.21 6.53600 2.00  1.00
B 903 .815 974  22.02  3.33 4.74500 2.00  1.00
RIG  .924  .855  .863  20.41  4.45 3.72600 2.00  1.00
R/B .900  .811  .983  21.55  3.26  4.8300 1.99  1.00
C R 870 760 1009 3833  9.00 12.2300 201  1.00
G 826 .680  1.166  25.71  6.03 16.3200 2.12  1.06
D R 921 .849  .804  67.44  10.2  7.7479 199  0.99
G 915 .837  .835  61.63  9.32 83598 199  1.00
E R 918 .543  .8181  64.65 1518 8.0300  2.00  1.00
G 840 705 1122 2873  6.74 151100 2.00  1.00
F No r22 .700

2000 feet A.M.S.L.

4000 feet A.M.S.L.

2000 and 4000 feet A.M.S.L.. combined.

2000 and 4000 feet A.M.S.L.. combined. with Sun Angle Correction.

2000 and 4000 feet A.M.S.L.. combined, with Sun Angle Correction. and

Clear Water Addition.

F’ = 2000 and 4000 feet A.M.S.L.. combined, with Sun Angle ‘Correction, and
Coal Addition

= regression coefficient.

r¢ = coefficient of determination.

SE = standard error.

F = F-statistic.

F/Fg g5 = F-ratio. at the 95% confidence level.

RSS = sum of squares of residuals.

Cp = Total squared error

Cp/P = estimate of bias (Cp/P<1.0=negligible bias)
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Table 4
Linear Regression Test Parameters Associated With The
August 8, 1986 Aerial Survey; Infrared Aerochrome Film.

BAND r r? SE F F/Fg 05 RSS Cp Cp/P
A R+1IR/G .997 .995 177 369.51 86.74 12613 3.02 1.01
R+G .993 .985 .295 137.12 32.18 03684 2.87 0.95
IR 934 873 771 34.42 5.21 2.9721 1.99 1.00
R 978 957 448 111.79 16.91 1.0031 1.99 1.00
G 957 .916 .624 55.08 8.33 1.9497 2.00 1.00
IR/R 977 955 .455 107.94 16.3 1.9497 2.01 1.00
IR/G .95 .90 673 46.71 7.07 2.2654 2.00 1.00
R/G .88 L7187 .998 18.52 2.80 4.9803 2.00 1.00
B IR .90 817 .924 22.45 3.39 4.2680 1.99 1.00
R .85 72 1.136 13.16 1.99 6.4502 1.99 1.00
G 87 157 1.066 15.62 2.36 5.6812 1.99 1.00
IR/R 847 718 1.149 12.74 1.92 6.6033 2.00 1.00
IR/G .909 .827 .900 23.91 3.62 4.0521 2.00 1.00
R/G .933 .87 779 33.62 5.08 3.0335 1.99 1.00
C IR .914 .836 .801 61.106 14.34 7.6918 1.98 0.99
R 898 .807 .868 50.24 11.79 9.0347 1.99 1.00
G 903 816 .848 53.21 12.49 8.6234 1.99 1.00
IR/R .88 17 .938 41.22 9.67 10.5650  2.00 1.00
IR/G 908 .824 829 56.23 13.20 8§.2413 1.99 1.00
R/G .88 17 .932 41.94 9.8 10.425 1.199 1.00
D IR 914 .834 .803 60.59 14.22 7.7463 2.01 1.01
G .856 .733 1.021 32.94 7.73 12.513 2.00 1.00
E IR .880 .780 1.235 46.31 9.91 19.8240 1.99 0.99
R L9360 876 .926 92.34 19.77 11.1600 2.01 1.01
G .923 .850 1.017 74.50 12.44 13.4360 1.99 1.00
IR/R .835 .700 1.450 29.99 6.42 27.3450 2.00 1.00
A = 2000 feet A.M.S.L.
B = 4000 feet A.M.S.L.
C = 2000 and 4000 feet A.M.S.L., combined.
D = 2000 and 4000 feet A.M.S.L.. combined. with Clear Water Addition
E = 2000 and 4000 feet A.M.S.L., combined. with Coal Addition
r = regression coefficient.
r? = coefficient of determination.
SE = standard error.

F = F-statistic.

F/¥g o5 = F-ratio, at the 95% confidence level.
RSS = sum of squares of residuals.

Cp = Total squared error

Cp/P = estimate of bias (Cp/P£1.0=negligible bias)

68



The blue-sensitive layer for the color film had very high regression coefficients for
individual flight lines (see Table 3), but when the data for the two altitudes were
plotted together (Figure 12), the curves were separated due to the difference in
atmospheric scattering and higher sun angle. The green- and red-sensitive layers were

affected somewhat less by the atmosphere.

In order to compensate for increased sun angle, film density counts were multiplied
by the cosine of the sun angle’ (see Figure 12-D). Since the red-sensitive layer was
theoretically affected least by additional atmospheric scattering, this procedure alone
provided an adequate correction for the red band at these low altitudes. Sun angle
correction also improved the response of the green- and blue-sensitive layers, but the

curves remained separated due to residual effects from increased atmospheric scattering.

While the literature suggested that the relationship between SSC and spectral
reflectance were nonlinear (e.g., see Munday and Alfoldi, 1979), the narrow range of
sediment values (10.6 mg/l - 16.8 mg/l) from the field observations resulted in a linear
relationship. This did not hold true for the wider ranges of SSC values found in the

laboratory experiments.

The four video bands analyzed were reflected infrared, red, green, and blue. The
DNs were proportional to reflectance so that a large DN represents high reflectivity.
Results of the regression analvses and the summary statistics are compiled in Table 5.
From this table, linear relationships are evident between variable SSC and reflectance.
The red. green, and blue image bands collected at 2000 feet met the criteria for SSC
prediction. The response of the blue band was similar to color film in that it is highly
sensitive to changing SSC at low altitudes. As expected. the r? for the blue imagery

collected at 4000 feet fell below .70, probably due to the increased atmospheric scatter.

When data from both flight lines were combined to examine atmospheric effects

between flight line altitudes, the red band proved to be the least affected by the change

7 The sun angle for the 2000-foot flight line was 42°. and the sun angle for the
4000-foot flight line was 45°.
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Figure 12: OPTICAL DENSITY VALUES FOR BLUE (A), GREEN (B), AND RED (C)
SENSITIVE LAYERS OF EKTACHROME COLOR FILM TAKEN AT 2000 FEET A
AND 4000 &), AS A FUNCTION OF SEDIMENT CONCENTRATION. FIGURE “D”

IS THE RED-SENSITIVE LAYER CORRECTED FOR SUN ANGLE DIFFERENCES
BETWEEN THE ALTITUDES.
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Table 5
Linear Regression Test Parameters Associated with the

August 8, 1986 Aerial Survey; Multispectral Video Imagery

BAND r r? SE F  F/Fyo5 RSS Cp Cp/P

A R 835 .700  1.217 11.56 174  7.400  1.99 0.9
G 859 739 1131 1415 214 6.400  1.99  1.00

B 930 .866  .809 324 490  3.270 199  1.00

B R 964 929 590  65.32  9.88 1740  1.99  1.00
G 896 .800  .986  20.26  3.06  5.370 253  1.26

R/B  .939  .880  .761  37.36  5.56  8.520  3.07 153

C R 888 788 929 44,77  10.51 10.360  2.00  1.00
D R 889 791 924 4547 957  10.237  1.99 1.0
E IR 826 680  1.140  25.7 54 16270 251 1.25
R 811 658  1.181  23.08  4.86  16.760  2.03 1.0l

F R 893 797 0.911  47.04  9.90  9.960  2.00  1.00

A = 2000 feet A.M.S.L.

B = 4000 feet A.M.S.L.

C = 2000 and 4000 feet A.M.S.L.. combined.

D = 2000 and 4000 feet A.M.S.L.. combined, with Sun Angle Correction.

E = 2000 and 4000 feet A.M.S.L., combined. with Clear Water Subtraction
F' = 2000 and 4000 feet A.M.S.L.. combined, with Sun Angle Correction, and

Clear Water Subtraction
r = regression coefficient.
r2 = coelficient of determination.
SE = standard error.
F = F-statistic.
F/¥g g5 = F-ratio, at the 95% confidence level.
RSS = sum of squares of residuals.
Cp = Total squared error
Cp/P = estimate of bias (Cp/P<1.0=negligible bias)
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in atmosphere, similar to the color film. The r? changed only slightly when the DNs
were multiplied by the sine of the sun angle, increasing from .788 to .791. Slight
exposure adjustments (see Appendix A) by the time-base-corrector saturated the pixels of
the coal to black, so that only clear water values were used as dark object corrections
for atmospheric interference. Clear water DNs were subtracted from the other sample
site. DNs in the appropriate images. Dark-object-subtraction (DOS), together with sun
angle correction improved the results, increasing the r? from .788 to .797, with both
the F-ratio and the Cp/P ratio values meeting the predetermined criteria. There was
some indication that clear water DOS did compensate for some atmospheric effects.
However, this technique cannot be fully evaluated because the time-base-corrector was

thought to be automatically adjusting low image-DNs.

5.2 Laboratory Experiments

5.2.1 Experiment 1

The SSC range encountered in the field study was narrow. This obviously affects
and limits the utility of the findings based on this narrow sediment range. Therefore, a
need to examine the performance of the remote sensing system with higher concentration
values and broader concentration ranges was evident. To satisfy this, a laboratory
studv was chosen over another field study in order to reduce expenses and logistical
difficulties. while insuring a broad SSC range. A laboratory study also reduced or
eliminated many environmental variables such as atmospheric absorption and scattering

between the sensors and the desired targets, ie., variable SSC.

McCluney (1976¢) recommended the use of black, non-reflecting containers in
laboratory experiments studving the spectral return from suspended sediment. This
seems intuitively obvious since the color of the container will influence the total signal
measured by the sensor. The first laboratory study utilized matte-black 45-gallon drums

in which varying SSCs were measured and imaged.
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Initial examination of the data uncovered some shortcomings of this method. The
radiative transfer of light in both clear and sediment-laden water was seriously
hampered by the dark interiors, the relatively small diameter of the barrels, and the
diffuse light source. Subsequent observations noted better discrimination of SSCs in
these black barrels in direct sunlight, but it was obvious that scattering was affected by

the relatively low sun angle and dark interiors.

McCluney suggests that results from studies employing these methods are wvalid
only if the vertical depth of light penetration was less than the diameter of the
container, Therefore, SSC must be high enough such that the remote sensing
penetration depth was only 2.5 feet. This required SSCs on the order of about 1000
mg/l - not very realistic concentration values for an applications-oriented remote sensing

study.

Another problem encountered was that variable cloudiness resulted in variable
skylight conditions that were extremely difficult to control for. These effects were
acerbated by the dark background of the barrels. The net effect was that the sky,
with haze and thin clouds, was prominantly mirrored on the water surface. This
laboratory setup needed furthur study in order to assess its value in providing ‘realistic’
data. Data and experience obtained from this laboratory study were instrumental in

formulating and implementing a second laboratory experiment.

5.2.2 Experiment 2

The laboratory setup for the second experiment was similar to the first
experiment. The principal difference between the experiments was that the 45-gallon
barrels were coated with aluminum foil to reflect sunlight in order to simulate the side
scattering of light found in open water conditions, and also allowed deeper penetration of
light in the barrels. Direct sunlight was used for illumination, and data was also
collected from aluminum-coated and f{lat-black barrels containing clear water for control.
The scattering of natural light in the sediment-laden water appeared much more

realistic, and the results indicated that this method may represent a more realistic
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model of the environment.

5.2.3 Photographic Imagery

The optical density numbers from both the aluminum-coated and matte-black control
barrels containing clear water were added to the values obtained from the different
sediment conditions. This was done to partially account for water surface reflections

contributing to the total signal returned from the sediment laden water.

The resulting r?

values and other statistics for the color film are presented in
Table 6. The variable demonstrating the strongest relationship to sediment
concentrations was the red:green ratio. In fact, it was the only significant variable in
four cases, and had the highest r? value in the remaining two cases. Transforming
SSC to logarithmic values resulted in higher r? values for the red:green ratio in all
cases.

Thus, the ability of the color film to detect higher sediment concentrations decreased

towards the upper boundary of the SSC range (see Figure 13).

The laboratory test took about 2 hours from start to finish. The increased sun
angle had a small affect on the overall return from the sediment-laden water because
the volume reflectance from these barrels was much larger than the surface reflection.
in contrast to the first laboratory studv. Dark-object addition did compensate for some
surface reflections as shown by the improvement of the r? values of the non-linear
red:green ratio. The r? of the uncorrected ratio. .702. was improved with
dark-ohject-addition techniques using both the black barrel (.824), and the

aluminum-coated harrel (.853).

The results from the linear and logarithmic multiple regression analvses using
infrared film are compiled in Table 7. The infrared-sensitive laver provided the most
meaningful results. The r? and F-ratio values for linear regressions were high, .920
and 12.4. respectively. This indicated that the infrared-sensitive laver was responsive to

broad ranges of SSC. Dark-object addition techniques had little affect on the absolute



Table 6
Linear and Non-Linear Regression Test Parameters Associated
with the Laboratory Experiment; Fujichrome Color Film

BAND r r? SE F F/Fg 05 RSS Cp Cp/P

A R/G .838 .702 54.679 25.98 5.37 32727.8 1.95 0.97
B R/G .891 .793 0.155 42.32 8.74 .2650 2.03 1.01
R/B .856 732 0.177 30.15 6.23 .3440 2.10 1.05

C R/G .898 .806 44,110 45.84 9.47 21377.7 1.98 0.99
D R/G .907 .824 0.189 80.16 16.56 .14109 2.05 1.02
E R/G .858 L7137 51.42 °~ 30.826 6.369  29081.0 2.0 1.00
F R/G .925 .853 .131 63.87 13.20 .18875 1.99 1.00
R/B .879 773 .163 37.44 7.74 .29174 1.98 0.99

A = Raw Optical Density Numbers, untransformed.

B = Raw Optical Density Numbers, logl0(SSC).

C = Black-Ba#rel Clear Water Addition, untransformed.

D = Black-Barrel Clear Water Addition, log10(SSC).

E = Aluminum-Coated Barrel Clear Water Addition, untransformed.
F' = Aluminum-Coated Barrel Clear Water Addition. log10(SSC).
r = regression coefficient.

r? = coefficient of determination.

SE = standard error.

F = F-statistic.

F/Fy o5 = F-ratio. at the 95% confidence level.

RSS = sum of squares of residuals.

Cp = Total squared error
Cp/P = estimate of bias (Cp/P<1.0=negligible bias)
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Figure 13: OPTICAL DENSITY VALUES FROM THE LABORATORY EXPERIMENT

A = Ratioed Red:Green optical density values for Fujichrome color film as a function
of suspended sediment concentration.

B = Raticed Red:Green optical density values for Fujichrome color film as a function
of logl0-sediment concentrations.

C = Infrared-sensitive layer of the infrared Aerochrome (2443) film.

D = Ratioed Red:Green optical density values after aluminum-barrel clear water

addition (color film), as a function of logl0 sediment concentration.
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DNs. Logarithmically transforming SSC enhanced the ability of the red:green ratio to
predict SSC, but the resulting red:green ratios were not as strong as those from the
color film. The response from the red-sensitive layer was also improved by a

logarithmic transformation, coupled with the black barrel addition.

5.2.4 Video Imagery

The DNs obtained from the video imagery of the laboratory experiment were
treated in a similar manner as the film. No dark-object-subtraction (DOS) procedures
were used because the dark values from both the black and aluminum coated control
barrels of clear water were saturated to black (DN = 0) in the digitization process and
provided no information. Linear and logrithmic multiple regressions were performed only
on ‘uncorrected’ absolute and raticed DNs. Additionally, the infrared imagery was

seriously under-exposed and was consquently not used in the analyses.

The results of these regressions can be found in Table 8. The significant
variables were the unratioed red and green bands. The r? of the green band was only
slightly improved by logarithmic transformation, while the r? of the red band was
improved from .720 to .790. The r? of the red and green bands was greater than
.700, and the F-ratio was greater than 4.0, but the Cp/p ratio was greater than 1.0,
indicating that the derived equations were biased. Inspection of the plots of residuals
(see Figure 14) indicated that some of the errors were not random. but svstematic.
Therefore, the simple linear equation using the green reflectance appeared tc be the best

predictor of SSC.

The performance of the video system in the laboratory experiment was not as
good as expected for a variety of reasons which are discussed below. The problems
were not inherent to the video system per se. but resulted from equipment used
inconjunction with the sensors and some aspects of the experimental design. The results
do indicate. howewver. that video imageryv can provide useful remote sensing data over

broad SSC ranges.

77



Table 7

Linear and Non-Linear Regression Test Parameters Associated
with the Laboratory Experiment; Infrared Aerochrome Film (2443)

BAND v r2 SE F  F/Fy; RSS Cp  Cp/P

A IR 920 .846  39.4  60.23 1244 17076.0 2.00  1.00
B RIG  .850  .727  .17854 20, 6.05  35.063  1.99  1.00
C IR 920 .846 394  60.23 1244 17076.0 2.00  1.00
D R/G  .844 713 18312 27.31 5.6  .36887  2.00  1.00
E IR 920 .846  39.40  60.23  12.44 17076.0 2.00  1.00
F’ R 844 716 18218 27.71 570  .36509  2.00  1.00
R/G 855  .732  .17704 20.98  6.20  .34479  2.00 1.0

Raw Optical Density Numbers, untransformed.
Raw Optical Density Numbers, log10(SSC).

Black-Barrel Clear Water Addition, log10(SSC).

TEHODOT >

= regression coefficient.

coefficient of determination.

standard error,

F = F-statistic.

F/Fg g5 = F-ratio. at the 95% confidence level.
RSS = sum of squares of residuals.

Cp = Total squared error

Cp/P = estimate of bias (Cp/P<1.0=negligible bias)
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Black-Barrel Clear Water Addition, untransformed.

Aluminum-Coated Barrel Clear Water Addition. untransformed.
Aluminum-Coated Barrel Clear Water Addition. log10(SSC).



Table 8

Linear and Non-Linear Regression Test Parameters Associated
with the Laboratory Experiment; Multispectral Video Imagery

BAND  r r? SE F  F/Fyo; RSS Cp Cp/P

A G 848 720 53.027 28.32  4.28 30930.1 1.99  1.00
B R 889 .790  .156  41.47  6.27  .3142 290 145
G 869  .755  .169  33.97  5.14  .1.156  30.4 152

= Raw Optical Density Numbers, untransformed.

= Raw Optical Density Numbers, log10(SSC).
= regression coefficient.

-2 = coefficient of determination.

E = standard error.

= F-statistic.

F/Fg o5 = F-ratio, at the 95% confidence level.

RSS = sum of squares of residuals.

Cp = Total squared error

Cp/P = estimate of bias (Cp/P<1.0=negligible bias)

B2 R oo e S
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Figure 14: VIDEO RED AND GREEN BANDS: PLOTS OF RESIDUALS FROM THE

REGRESSION
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5.3 Results in Perspective

These results demonstrate that suspended sediment concentrations can be estimated
using practical remote sensing systems. The results from the individual flight lines were

very good, with r?

values greater than .90 in many cases, together with high F-values
and minimum biases. Combining data from both flight lines reduced the statistical

strength of the derived regression equations to predict SSC due to increased noise.

The decision of which set of results were more useful would depend on the remote
sensing objective. If the purpose of conducting a remote sensing survey was to collect
data for a one-time, specific, non-temporal application, then there is value in calibrating
image reflectance values from a single sensor overpass to the phenomena of interest.
For example, if the objective of a study was to determine the total quantity of surficial
SSC in the entire sediment plume during a certain stage of freshet discharge, image
reflectance values would simply need to be calibrated with the corresponding surface
truth concentration values. The relationship, under conditions particular to that
overflight, could be modeled with, for example, a regression equation. The surficial
sediment concentrations could then be quantified and mapped across the entire plume
with a variety of computer plotting routines. The shortcomings of this procedure are
that the accuracy would depend on the number and quality of surface truth
measurements, and perhaps more importantly, the results would only apply to that
specific data set. This method may be adequate for ongoing studies if ground truth

data could be easily and inexpensively acquired and processed.

If the remote sensing objective was to monitor water gquality for management
purposes, minimize the dependency on ground truth data®, or temporal parameters were
of interest, then controlling and/or quantifving extraneous factors contributing to the
recieved remote sensing signal would be important. These factors would be mainly

meteorological, phyvsical environmental, and sensor system noise.

8 Ground truth data aquisition is often expensive, time consuming. and difficult, or
even dangerous, to obtain.
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The objective of this study was not to determine the suspended sediment load in
the Fraser River plume per se. Rather, the objective was to quantify suspended
sediment using a particular remote sensing system, thereby testing its analytical ability.
This was facilitated by employing certain methods to quantify SSC under a variety of
conditions sufficient to realistically assess the techniques used to predict suspended
sediment. A subsequent result is an evaluation of the sensor system employed.
Therefore, data from the two flight lines were combined to test certain procedures (e.g.,
dark-object subtraction) under increased noise conditions to broaden the utility of these

findings.

In agreement with studies previously reviewed, the relationship between SSC and
reflectance can be used to predict suspended sediment concentrations in surface waters.
However, the spectrai bands most sensitive to SSC fluctuations were different in some
cases. This may have been due to the composition of the suspended particles and
physical factors affecting their suspension {(coastal marine v.s. fresh water environments),
in addition to the particular attributes of the sensor systems. Bartolucci (1977), Ritchie
(1976), and Holver (1978) all measured the spectral reflectance of sediment laden waters
from just above the the water surface using spectro-radiometers. They all found that
the channels most responsive to SSCs were in the near-infrared (700-800nm).
Additionally, in situ measurements by Ritchie ef «l. (1974) and airborne data collected
by Johnson (1975) showed strong relationships between SSC and reflectance at
near-visible infrared wavelengths (700-800nm). In another airborne study. Poinke and
Blanchard (1975 found that green wavelengths (530-580nm) were the most responsive to
narrow sediment ranges, and orange (588-643nm) together with red (650-680nm) was
the best combination to predict broad ranges of SSC (13-232 mg/l). Johnson and Bahn
(1977 reported that their hest results were obtained using both blue (440-490nm) and
red (620-660nm) channels. but chlorophyll-e was also- in suspension with the mineral

particulates.



The best overall results from the field study were obtained with the red-sensitive
layer of the color film, corrected for sun illumination angle. The r? value from data
with both flight lines combined, was .849, the standard error was low, and the F and

F-ratio values were high. Thus, the suggested equation format was:

SSC = J + K(Rad)

where:

1. SSC = suspended sediment concentration, mg/l,

2. J = 21.87

3. K = - 0.3247

4. Rad = optical density count of the red-sensitive layer of color film, multiplied by

the cosine of the sun angle.

The usefulness of the red band was not restricted to the color film. The
performance of the red band was consistently good at both altitudes for virtually all
imagery. Using the color film, the most outstanding difference between results of the
laboratory and field study was that the red absolute DNs were the best predictors in
the field studyv, while the red:green ratio provided the best results in the laboratory
study. Because the range in sediment concentration was narrow in the field test
(10.6-16.8mg/l), the spectral shift of peak reflectivity from green to red wavelengths was
not evident. Therefore, both bands experienced a similar increase in overall reflectance,
and the relative behavior of the increased reflectance was similar. The range of
sediment concentrations in the laboratory study was much wider (31-377 mg/l). As a
result, the relative increase in reflectance as SSC increased was greater for the
red-sensitive laver than for the green-sensitive laver. This difference in relative

reflectance was enhanced by dividing the red band by the green band.

Another important f{inding of the laboratorv study was that, for color film.
nonlinear (logSSC) equations gave higher correlation coefficients than linear models,

except for narrow ranges of SSC (i.e., the field studv). Non-linear models were also

83



better with the infrared film, excluding the infrared-sensitive layer. The two similar
light-sensitive layers of color and infrared film (i.e., green and red) behaved similarly
under similar conditions. The response of the red:green ratio with both color and
infrared photography confirmed the consistancy and usefulness of this ratio for predicting

SSC.

The absolute DNs of the infrared-sensitive layer provided the best results when
regressed with untransformed SSC. This indicated that infrared reflectance was
sufficiently low over the entire range of SSC values so as not to increase at an
exponential rate with increasing SSC. Therefore, infrared reflectance did not reach some
asymptotic value at high SSCs, and has a broader analytical range than the other

light-sensitive layers in the color and infrared film.

5.4 Data Correction Techniques

High altitude atmospheric effects must be reduced or negated to increase the
usefulness and accuracy of remote imagery for predictive purposes. The lower the
altitude of image aqusition, the less atmospheric alteration of the remotely sensed signal.
However, this may be at the expense of synoptic coverage, because of the smaller area
imaged. Other problems were compounded at low altitudes. such as video image blur

and difficulty in averaging ocean wave-frequencies to compensate for variable sea-state.

The techniques examined in this study were dark-object-subtraction (or addition, for
film) to compensate for additive atmospheric effects. band ratioing to compensate for
multiplicative effects. and sun angle correction for differences in sun illumination. The
main difference between this dark-object addition procedure with film and dark-object
subtraction of reflectance data was that the relative spectral separation between bands
was reduced for the addition procedure. If a large constant (a dark-object DN) was
added to the DNs of each band, the relative difference between the bands would be
reduced; whereas the relative difference would be increased ienhanced) if the resulting

DNs became smaller. It is the relative differences between bands that are compared in
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multispectral remote sensing, and as sediment conditions change, these relative differences
between bands change. Because these relationships were degraded, this dark-object
addition procedure was probably inappropriate. However, if film density values were
converted to reflectance values, the subtraction of dark-object DNs should enhance image
data affected by additive atmospheric scattering. This point was illustrated by the fact
that dark-object addition techniques did not account for differences in altitude for the
color film, while clear water subtraction, together with sun angle correction, slightly
improved the video results. Sun angle correction was valuable for correcting the
red-sensitive layer of the color film, suggesting that atmospheric interference was not as

important as changes in sun elevation at these relatively low altitudes.

To compensate for water surface reflections in the laboratory experiment, the
addition of the aluminum-coated barrel clear water values enhanced the results, using
color film. The results from adding the aluminum-coated barrel clear-water values were
better than for the addition of the black barrel clear-water values; both of which were
an improvement on the the results from the uncorrected DNs. Therefore, there may be
some utility for using dark-object-addition techniques when using color film and an 85B
filter. However, these image values should be converted (inversely) so that a
subtraction procedure could be used. Again, dark-object-addition had little effect on the
results from the infrared film. even though the sun angle (i.e., atmospheric scattering)
increased significantlv. These results indicate that changes in sun angle and altitude
have a reduced effect on infrared film used with a Wratten 22 filter. The small
increase in sun angle and altitude differences had little affect on the infrared film. and

no correction were necessary.,

Physical environmental effects, such as sea state, were compensated for by simply
anaivzing an area on the image large enough to incorporate a representitive sample of
wave frequencies. Thus, the multiple reflections of surface waves were averaged, and
no one wave-surface orientation. and its resulting reflection characteristics. was dominant.

The resulting average DN, corresponding to a particular sample site and sediment



condition, was considered to be representitive of that sediment condition. It was
extremely important to select the same area on the multiple video images. This must
occur so that essentially the same reflectance information was being compared, and
differences between the bands were attributed to changes in the reflectance spectra,

rather than non-related spatial differences.

Sensor system noise was minimized by insuring proper camera exposures, and by
only analyzing image nadir values (i.e., the center of the image). Nadir values were
affected the least by lens and camera distortions, resulting in relatively consistent
exposure (spatially), thereby allowing relative comparisons to be made between images

without incorporating vignetting effects in the analysis.

5.5 Realized and Potential Problems

5.5.1 The Ficld Experiment

The logistics of arranging personnel and equipment from government agencies and
universities along a straight sediment sampling transect in adverse field conditions,
extending from shallow water to 8 kilometers in the Strait of Georgia. concurrent with
airborne sensor overflight proved to be difficult. Relatively short time lags between

sediment sampling and sensor overflight resulted.

Strong winds and currents swept some of the ‘anchored’ sample-site location targets
offline and out of sight. Sampling sites were located on the video imagery using the
Loran-C navigation information from both aircraft and hovercraft, and smaller-scale aerial
photography. Consistancy of surface sampling techniques between sea-sick sampling

crews was assumed, as was the laboratory techniques emploved to determine SSC.
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5.5.2 The Laboratory Experiment

The main problem with the laboratory study involved the method of acquiring the
video imagery. Because of equipment constraints, imagery of the different barrels was
collected separately, rather than using all the cameras simultaneously. Therefore. the
imagery was not ‘multispectral’ in the true sense of the word. Infrared, red, green,
and blue imagery was collected of each barrel, but the surface orientations, and the
resulting multiple reflections, were different for each image. In other words, surface
reflection coefficients were different between images of a particular barrel. It would be
difficult to circumvent this problem using the present MSV system. If the water
surface in a barrel is thought of as a continuously moving plane in 3-dimensional space,
it would be extremely difficult, or impossible, to register the same water surface
orientations between different images, even if they were acquired simultaneously.
Additionally. SSCs between the images of the same barrel may have been slightly

different if the energy used to suspend the particles (in stirring) was slightly variable.

These problems were ‘reflected’ in the results of the laboratory study. The
spectral shift of peak reflectivity between green and red wavelengths could not be
detected because of the variablity introduced by the different multiple reflections between
bands. The relatively small amount of bias indicated by the Cp/p statistic was probably
due 1o some systematic errors associated with the same problems. However. despite
these inadequacies. the results indicated that there is potential to achieve very good

results with the MSV system for predicting SSC.

It is interesting to note that these problems were not realized with the film
because all of the ‘bands’ were exposed simultaneously, and were, of course, ‘registered’

by design.



5.5.3 Video Imagery

Video cameras and other equipment are designed to provide optimum exposure over
a wide range of light intensities. This is commonly facilitated through the use of
automatic exposure controls which automatically adjust image brightness to an ‘optimum’
level. Because apparent feature reflectivity values are changed, these adjustments

invalidate digital comparisons of these features between scenes.

One such exposure control function present in the video cameras is called
‘automatic-gain-control’ (AGC). The AGC was adjusted so that it was considered to be
inoperative, but since it was not totally disabled until after the field study (and before

the laboratory study), small exposure adjustments may have been made.

During the digitization process, there was some evidence that the time base
corrector was making some exposure adjustments. In some scenes containing dark
objects (e.g., the Westshore Terminals coal facility), the dark objects were saturated to
‘black’.  This may also have been a result of the black pedestal being set too high.
Stated differently. dark DNs below a certain threshold value were assigned a DN of ‘0
(black). In either case, these factors essentially reduced the dynamic range of the video
imagery, resulting in somelloss of information. Proper adjustment or control of such

factors would improve the performance of the video imagery for the spectral

identification of features and phenomena.

5.5.4 Photogruphic Imagery

Portions of the study relied more heavily on photography because the results were
better than for video imagery. Because the principle svstem of concern in the study
was the video, some techniques of calibrating photographs were overlooked. These
techniques included developing a grey-scale step-wedge with each photographic frame in
order to measure density differences due to film development. Another technique is to
calibrate density differences to a standard reflector within the scene. e.g.. black shadows.

Film developer and storage effects mav have varied slightly between frames. and would
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have been incorporated in the optical density counts. This unaccounted variability could
influence the accuracy of the results. Other problems associated with multi-layered films
included chemical development variabilities (e.g., ‘cracked’ emulsion), film storage effects,
overlapping spectral sensitivity between layers, and dye absorption in areas other than
those of its primary design. Many of these complications are less important with
relative ratio comparisons between bands due to the compensating effects of ratioing
procedures. Additionally, optical density values were obtained from the center of the

individual photographic frames to reduce vignetting and other camera/lens distortions.

5.5.5 Measurement of Suspended Sediment Concentration

SSC is typically measured in terms of a weight of dry sediment per unit volume
of water (mg/l). The reason for this type of measurement is simplicity and low cost.
A problem exists with this convention of measurement. Volume reflectance is mainly a
function of particle size, not their texture or color. Composition and size of particulates
obviously affect the measurement of weight. Manyv clay-sized particles are required to
produce the same weight as a few sand-sized particles; but an equal weight of clay-
and sand-sized particles produce drastically different volume reflection spectra. Hence,
mg/l is an measurement relative to a certain particle size or composition (density) and it
may be Inappropriate to compare such measurements between studies unless the
comparisons were being made between the same sized particles. If discharge could be
related to a certain particle size distributions. then remote sensing data of similar

discharge rates could be compared.
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CHAPTER 6

CONCLUSIONS

6.1 Towards an Universal Multispectral Model to Determine S5C

The ideal remote sensing scenario is that an algorithm could be developed which
would allow the quantification of SSC without surface truth. Additionally, the algorithm
would apply universally to various geographic regions under a variety of environmental
conditions. The only way this could be accomplished is to model all variables which
affect the spectral return from sediment-laden water. This would require knowledge of
the conditions under which the different constituents are suspended due to the nature of
suspended sediment measurements and their relationship with reflectance of

electro-magnetic energy.

Several researchers have reported that particle size is the most important factor in
relating SSC to reflectance, rather than color and texture of the particles (Bowker ef al.,
1975: Whitlock, 1976; Holver, 1978; Moore, 1978) Hence, there is some hope for
developing an universal algorithm because the possible colors and textures of suspended
sediment is infinite, whereas acccounting for different particle size may be a more

manageable problem (Holyer 1978).

Developing such a model would still be a formidable task. Particle size would
have to be corrrelated with time of vear, discharge rates. and tidal conditicns for a
particular site, area, and region. If biological parameters are of interest, additional
information would be needed, such as temperature. BOD, nutrients and time of dayv.
Such a data base would take many years and require the efforts of many agencies and
researchers. Therefore, the development of a universal algorithm is unlikelv. and remote
sensing of SSC would remain site-specific. If, however. the physical and environmental
factors affecting the suspension of certain sediments can be adequately modeled so that
a minimum of surface truth information was required, an “universal” model pertaining to

a certain geographical region (e.g. the Fraser River delta) could be realized. Any
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surface truth measurements would increase the accuracy of the classification, and these

sample sites could be conveniently located to minimize time and cost.

The first step in the journey towards this “hybrid” classification of SSC would be
to identify. quantify, and reduce the effects that distort and degrade classification
accuracy with respect to the remote imagery. These effects are camera and lens
distortions, system noise, atmospheric and sun angle differences, and sea state and
surface reflection influences. The second step would be to quantify and correlate
suspended partical size and other attributes to reflectance. Together, these ‘steps’ would
provide a strong foundation on which to base an hybrid classification scheme to predict

SSC.

6.2 Summary and Further Research

The aim of the research was to evaluate less costly methods of remote sensing
data aquisition and analysis for monitoring water quality. The objective of the study
was to develop a procedure to quantify variable suspended sediment concentrations using
a combined multispectral video and small format photographic remote sensing system. It
is concluded that the reflectance characteristics of sediment-taden water can be used to

adequately predict SSC.

The following conclusions were reached:

1. A channel in the red portion of the spectrum can estimate narrow ranges of low
SSCs (10 mg/l - 16.8 mg/l).

2, A ratio of the red and green channels can estimate broad ranges of variable SSCs
(31 mg/l - 380 mg/h.

3. The relationship between suspended sediment concentration and radiance is
non-linear, except for narrow ranges of SSC.

4. Correction for different sun angles can compensate for illumination differences in

image data.
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5. Averaged image nadir values are representitive of the reflectance spectra from
different features/conditions in the ground scene. Thus, the sensors can be treated

as a broad-band spectro-radiometer.

The fifth conclusion is valid only if the random variations affecting the reflectance
characteristics of the sediment-laden water can be averaged. For example, variations in
surface reflections can be averaged in an image of a large ground scene, whereas an
image of only one surface reflection condition (e.g., the water surface in the barrels of
the laboratory experiment) did not provide a representitive sample of surface reflection

values.

Another important observation resulting from the research was that reflective
containers used in the laboratory study appeared to be more representitive of natural
water conditions than black containers. A probable explaination is that the black
interior absorbed the incident light before representitive radiative transfer interactions of
light in water could occur. Conversely, a reflective container re-directed incident light

deeper into the container, simulating the side-scattering of light found in open waters.

Statistical and graphical analyses have shown that both narrow and wide ranges of
SSC could be estimated with multispectral video and small format photographic imagery.
The utility of the red portion of the spectrum was evident in both the laboratory and
field studies. and provided the most consistant information over the broadest range of
sediment and atmospheric conditions. The green band was also useful, especially for
broad SSC ranges where its behavior could be compared with that of the red band by
ratio techniques. A channel in the reflected infrared portion of the spectrum is
necessary to extend the analvtical range and insure that image saturation does not
occur at high SSCs. In addition, the infrared band can be used to help delineate
shallow water and/or the land-water interface because of absorption within the first few
centimeters of the water. If a narrow range of sediment values are expected. and a
low (= 2000 feet) altitude flight is planned, a band in the blue-green portion of the

spectrum would be benificial for good discrimination of sediment concentrations. A
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blue-green channel would also allow good water penetration in clear water for
identification of underwater features. Thus, the rationale for a multispectral approach to

water quality remote sensing has been reaffirmed by these results.

To fully test the performance of the MSV system, imagery of a broad range of
sediment concentrations needs to be aquired at a few different altitudes. Fraser River
discharge during freshet conditions could provide this wide range of SSCs. Aerial survey
would allow the averaging of water surface wave-frequencies and a more thorough
examination of atmospheric effects. It is suggested that imagery of a dark object be
aquired at the same time to adequately test the value of dark-object subtraction
techniques. A combination of dark-object-subtraction with ratio procedures may provide
adequate atmospheric correction, for practical purposes. Additionally. all automatic
exposure devices of all video imaging, viewing, and digitizing equipment must be disabled
in order to make relative comparisons between bands and sediment conditions.
Futhermore, all video digitizing equipment must be properly adjusted for imaging the
features of interest to minimize the reduction of the dynamic range of the sensors and

subsequent loss of information.

The remote sensing procedures described hercin addressed principal problems in
gquantifying SSC, and identified methods contributing to a better classification of different
suspended sediment concentrations. These techniques appeared fundamentally sound. and
such analvses should conform to both statistical and physical criteria and conditions
encountered, and not be applied to data in which limiting factors are not met or are

unknown,
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APPENDIX A

Characteristics of Video Sensors

The purpose of the following description of video hardware and basic characteristics
of video signals is to familiarize the reader with some of the terms and concepts which
have bearing on theoretical design and practical problems encountered during the course

of the study.

The Newvicon video camera is a black and white (b&w) single tube camera. The
camera lens forms an image on the faceplate of a magnetic deflection tube, which is
then electronically scanned to generate a video signal. The Sony Xc-37 video cameras
are solid state detectors which consist of an array of photo detectors and read-out
electronics etched onto a single (b&w) silicon chip. The density of the detector array

for these sensors is 384 X 491 horizontal/vertical detectors.

The video image is made up of ‘scan lines' in which the voltage level of the video
signal is varied in proportion to image brightness. Thus, variable scene brightness is
translated into a corresponding voltage level at each array detector in the videohf'rame
(CCD).  The VCR recieves the electronic image signals from the detectors of the camera
and records this information on a video tape. The VCR only records 240 lines of the
possible 400 lines of information obtained by the camera. The VCR represents the
‘weakest’ link in the svstem in regards to resolution, and determines the baseline for

the spatial resolution of MSV imagery.

The video cameras are designed to provide good imagery over broad illumination
ranges utilizing exposure adjustment devices such as aute-iris and automatic-gain-control
(AGC). With automatic exposure controls, the camera will adjust image scene brightness

values to optimize exposure hetween dark and light flelds within the ground scene.
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These exposure controls are constantly making adjustments since the bright and dark
objects within every new ground scene can be different. Because apparent feature
reflectivity values change with exposure, these adjustments invalidate digital comparisons
of these features between scenes. The AGC was disabled in all cameras, requiring that
correct camera exposures be set manually with the aid of a waveform minitor. When
optimum exposure is achieved, video output of scene brightness values range from 0 to
1 volt, with 100 divisions between these two values. This is referred to as the
dynamic range of the sensor. If exposure is set too high, bright ground values produce
a video signal greater than 1 volt; values greater than 1 volt are saturated and appear
white, resulting in loss of information. Therefore, correct camera exposure is determined
by setting the brightest object to be imaged to the maximum video output, insuring that

all other scene brightness values are less than 1 volt.

Sources of System Noise

A perfect camera system will respond to light within a particular intensity range
by producing digital intensity values that are linearly related to the light intensity of
the ground scene (Green, 1983). Many remote sensing svstems do not faithfully
represent scene reflectivity due to noise introduced by the imaging system. Two major
causes of radiometric distortions in imagery (Green, 1983) are:

1) the digital intensity values are not linearly related to the light intensities producing
them: and,

2) the lack of spatial uniformity in the svstem’s response to light levels: different
regions within the camera’s FOV respond differently to the same light intensity
te.g., vignetting and tube distortions). These distortions affect both photographic
and electro-optical imagery. Each type of distortion for both svstems will be

briefly discussed in turn.
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Nonlinear Camera Response to Light Intensities

The response of film to different light intensities is illustrated by the film’s
‘characteristic curve'. “The characteristic curve of processed film is a plot of optical
densities against the logarithm of the corresponding exposures, where exposure is the
product of irradiance and the time during which the irradiance is incident on the
emulsion surface”, (Slater, 1983). A typical characteristic curve is shown in figure
15. The four important regions are: base-plus-fog, toe of the curve, straight line
portion, and the shoulder of the curve. The base-plus-fog portion represents the
baseline density of the film below which no information is available. The toe of
the curve is the region where exposure is just above the threshold of the
base-plus-fog. The slope of the straight line portion of the curve indicates the
contrast level of the film, with a steep slope indicating high contrast for limited
exposure ranges. lIncreased granularity and reduced resolution result for exposures
on the shoulder of the curve. Processing conditions and other physical factors
which influence the chemical response of film determine the shape and position of
the curve. The characteristic curve will vary between rolls of film and between
frames within the roll of film due to chemical changes in the developer.
Therefore, absolute comparisons of film density are necessarilv suspect., even with

careful calibration (Egan, 1974).

The nonhlinear response of the MSV svstem to varving light intensities is
caused by noise within the svstem. and is primarily electronic in nature. Svstem
noise 1s any interference which degrades the radiometric clarity of an image. and
15 usually expressed as the ratio of the signal to the combined noise (S/N).  The
efficiency of a sensor syvstem is simply the ratio of emitted electrons to incident
photons. and will vary nonlinearly through a wide range of light intensities.

These electronic aberations result from changing light intensities over a scene. solid
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state circutry, dark current and thermal conductance, and the sensitivity of the
individual detectors and/or scanning devices. Additional factors contributing to
overall noise are the changes in pressure (aircraft altitude), aircraft electronic
interferences, cabin temperature, and electronic interference from the photographic
intervolometer. Nonlinear response characteristics of both photographic and MSV

systems are influenced and acerbated by vignetting.

Shading Distortions

The remote sensing systems utilized in this study produce imagery through
camera optics. Therefore, the imagery produced by the four video and two
photographic cameras are all influenced by lens/filter absorption and refraction,
resulting in uneven distribution of brightness in the focal plane and affecting the

spatial and spectral sensitivity of the recording medium (film or magnetic tape).

Inherent in the imaging process of a lens is a cos?

dependence of incident
light angle of incoming light (Egan, 1974). This cos® dependence is quite
pronounced and produces a vignetting of the image. Vignetting is a decline of
light intensity away from the center of a lens, and is aperture dependent: smaller
f-stops result in less vignetting. Camera lens transmission. and the resulting
vignetting. differ between lenses (even ‘identical’ lenses) due to lens geometry.

This fall-off in light intensity is not necessarily uniform, and depends on the
geometry and the angle of collimated light striking the lens. Because different
wavelengths of light refract differently, focal plane adjustments were made on each
video camera to compensate for the different refractive index of the various bands.

The blue camera required the smallest adjustment while the infrared camera

required the largest adjustment.

Discrete bandwidths were determined by interference filters placed in front of

each lens. Interference filters work on the principle of reflecting unwanted
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radiation and transmitting the desired wavelength interval. These filters exhibit
different bandpass characteristics for different angles if incidence. If the angle of
incidence (for collimated light) i1s increased, the peak wavelength is shifted to
shorter wavelengths (Oriel Corporation, 1983). The bandpass shift is not
considered to be significant in this study as long as the channels do not overlap;

however the additional refraction of light affects vignetting.

One more important source of shading distortions was the magnetic deflection
tube in the Newvicon camera. Spatially variable response characteristics are
caused by the geometry of the tube, with radiometric distortions extreme near the

edges (Roberts and Evans, 1986).

All these nonlinear and shading distortions affecting an image can be
significantly reduced with correct camera exposures, resulting in a more accurate
representation of scene reflectivity. However, radiometric measurement uncertainty
of less than 10% is extremely hard to achieve in remote sensing due to both
sensor and environmental factors (Norwood and Lansing. 1983). Noise from this

MSV system was estimated to be at least 10% of the recieved signal.
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APPENDIX B

Laboatory Analysis

A filtration method was used for determination of total sediment
concentration. The filtration method has several advantages over the Pyrex dish
in the evaporating method (Environment Canada Sediment Laboratory New
Westminster; and Geological Survey of Canada Sediment Laboratory, Patricia Bay,
B. C.). Laboratory equipment necessary for filtering sediment are:

1.  Millipore filtration funnel.

S8

Filter manifold system with vacuum pump.
3. Dessicators.

4. Analytical balance.

5. Drving ovens,

6. 57 mm aluminum weighing dishes.

7. Millipore filters (pore size = .45 um).

w

Graduated cylinders, flasks.

Filtration Method Laboratory Analvsis

1. Number the sample bottles and corresponding 57 mm aluminum weighing dish.
2. Place the 4 um millipore filter in the weighting dish.

3. Place weighting dishes in oven at 105 C for 1 hour.

4. Transfer dishes into dessicators to cool to room temperature (1 hour).

o

Record the weight of the filters.

6. Record the gross weight of the sample bottle + the sample.

7. Record the volume of the sample (mLi.

8. Place the filter in the millipore funnel and apply vacuum pressure of 100 to 300
mm Hg.

9. Wash filtrate through the milipore funnel, taking care to wash the graduated
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cylinder, sample bottle and the funnel with distilled water to obtain all residue.
10. Let sample bottles air dry for several hours.
11. Place the filter + the residue in appropriate weighing dish.
12. Place weighing dishes in ovens to dry at 105 C for 3 hours.
13. Transfer dishes to dessicators to cool to room temperature (1.5 hours).
14. Record the weight of the filter + residue {(grams).
15. Record the weight of the dry sample bottles.

16. Calculate the resultant total concentration as:

TC = (Wg = A« B) / Wy
where:
TC = total concentration in mg/L

W, = net weight of sediment in g. (#14 - #5).
A = 1000 mL per L.
B = 1000 mg per g.

Wom = net weight of water-sediment mixture expressed in mL.
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APPENDIX C

TABLES OF DATA

The following tables contain data from both the field survey and the laboratory
experiment. These tables contain the absolute and ratio optical density values as well

as the SSC values (mg/l).

110



8t'1 w6t 6FrI0T'T 8¢l 4 $68L06 0s 69 9L 69 LoD
0c W'l w6l 890STEC'T (A1 9601H0'1 L9916L° 0s tL 96 9L 131BM 183D
99°11 SLE60'L STILS'T LA SL8T'T yILSRO'T 1§37 (43 St (34 8¢ IR
1wt STIST'L ST9'1 SOYSOr'l STl 180180°1 1€T69L° (43 Lt (4 oy 931§
9801 I818T°1 90909'1 vL68SE'T 1244444 {8CIS0°T S8SELL €t 6f £< |44 sang
1 &4 L99991°1 €EELe9’l LA L9999T°1 vILSBO'T $3774 0 13 oy 8¢ Faus
v'el 8YreoT'T LISt SLE'T vIVCLTT ST0'1 Ll (Y4 it 144 vt £3ng
1841 £0LED'T datd LS8TOL'T 1400000 6Zv1L0T 1€269L Le 87 6f ot s
L9t (4439 9T8LYE'T 16060%'T 8LPEHOT 6060601 voIvLL 14 (44 It 144 Q1IN
JSS ad /4 /N D/N /N an1d NA4HD ady TVALNAN 4LIS

Wity 10j0)) dwoydeNg (133] 0007) Laamg [er1ay 9861 ‘g Isndny AL YNAL

pajerdossy siaquny £sua(] (ea1)dQ o1jey pue Injosqy

6 31qeL

111



6TrILST [4 LTLTLT rILo9T LTLTT0'1 1L5¢08° 8T 44 96 Sy VoD

Yilvm

0T 9Lyt 6T5LTET $9658¢°1 90LHILT (4% (431N vovoSL 123 LS 6L 09 yva1
911 133330 | 96796'1 eLr'l LovLOF'T 966650°1 18691L° L 9¢ 139 8¢t 4118
1011 £E80T'1 P16L't 6SLT8K'T teeete’l 8kre0l'l 98IvbL 44 6l 134 it 9:ALIS
9801 ST1 CELEL8'l L9991 SLET Tt S vt 0g 44 33 S41IS
(A1 (80971 (809781 9LT8YH'T HOLTOE'T 8PrEOT'T SO6T9L X4 (Y4 (44 (43 VLIS
vl 1314401 1999991 £EE8SH'l S608LT'T £EEe80’T LS8TrL 1T 144 St P tdLIS
[§2 (A Ul L9911 £l 1333 %: (10 90LYIL 174 144 14) 9 {31Is
L91 78850'1 IP6TSE'T 8LLLLTT LYILITT 9685801 L809TY Lt 81 14 61 14LIs

JSS 18] 4/ D/ /N O/N /N aNn1d NAI4D a3y TVYLNEAN 4118

wiyg 10]0) aworydepyy (133 000F) £AING JELIAY 9861 ‘8 Isndny

Y YNAL pajedossy s1aquiny Apsua(g [eondQ oy pus njosqy
0T siqel.

112



LOLTES $859¢6° 89P19L°1 TTIs6s 9926111 LIYSEY S0T 601 (41 (44! 1v0D

ddrvm

0c 69S1LY 1€v8L0°T 6£8509'1 t6L0eL 165L80°1 LTLLY 2114 LET {144 o1 yvann
9911 18€LL §TT 769L06T 987196 SISVT'T |03%:144 v8 $9 681 18 LALIS
(IR 6S61EL 619020°C £9509L°C LO6968 SESTTT 8LBEYY L6 IL 961 L8 91.LIS
9801 18T £690£6'1 €€80L°T 98€198 £€807°1 1218044 101 [43 S61 L8 SALIS
A EHOTL 9TS¥90°C TL9598°T LLYT68 088£T'1 [{Y44%4 £6 L9 z61 €8 VLIS
ver 8869 T1oesTe 6TT1910°E 65L6£6° 98ST'T [4012%4 £8 (&} L81 8L LIS
I'vl 101L6L 126L5°C PIE9LT't 13344 0N! et YAY N 69 ) 8L1 0L [2RAN
¥91 L19¢68 901580°¢ 18¢TSY'E 68¥161°1 £Leee’l L0798t Ly (47 34! 9¢ 13.LIS

388 4/9 H/d D/d a/N O/N /N an’id NAAYD aid TVILNEAN 4LIS

wii sojo)) pareyuy {123) 0007) Lasing [BiI3y 9861 ‘g ysndny
Y} Yia pajerdossy siquaN Lpsuaq eandQ onjey pue )njosqy

1 3iqel

113



90pF6s LLETT £5£T80°C 80€769° HLITT [4413%% 134 ¢8 Lt 66 V0D

YAIVM

0c ST9SY STI't 98TYIL'T 8S6€TL SLICOT'T 61SEry (412 9l 91t otl yvan
91n vorIsL 806688'T S6ITIST 806688 LT6T8T'T vL8OLY 601 [4:] 9t L6 L4118
(Va8 yIETIL LLTLee’t £LESTOT [4:1837) 9088LT'1 (14744 88 L9 961 t8 91LIS
9801 SOOTIL 18€LTT SLEVB6'T ILHOVE SLEVET'T LIty b8 ¥9 161 6L SH1IS
1Z4¢ 9TILvL 806£81°C LLOETO'T rsot6 69L0£T'T £S0ITY L8 $9 061 08 vALIS
vel (TAYY4 1L¥9L9°T 1A 8ITPHO'T LS8LIT'T 1106t 89 9¢ 81 1L LIS
|84 81818’ (A48 4 N4 TS8ISEE 909090°T 96796T'1 vL98¢" 9 125 181 0L TALIS
891 06’ rse0t't S68L59°¢ 9BTIPIT'T SOTTYE'T 90699¢" (44 8¢ 6tl 8% [4LIS
JSS a4/0 q/d DY /N O/N Y/N Riggt:! NAI4DO ady TVILAIN 4LIS

WL 100D JwoIyde)Yy {(133] 000F) L3AInG JBLIdY 9861 ‘g JSndny
3Y) y)im pajerdossy sraquny Kpsua(y |eandQ oryey pue njosqy

(AR BLAN

114



9911 SLIT0Y 8560bS L8668 TE0LES 795768 £vLT66 178t 66T L9°0C [AY 114 L3NS
1071 L1S9LL’ LSLSTE ££60S0°T 88¥v8L $92010'T 699196’ 9°Ce ££'5C 19'9¢ 65°ST 93§
901 TSTLYY 8999 9Tre0’1 1LLL0Y 8r16£6’ LIYT16 60'8¢ 9T p'ST ST'ET Gons
44! vLT9ty 191L99 (44214 8E9TIL LrP8IT'T £99990'1 Ly'oy SLST Lz 88 pangs
vel 8619¢¢ S6LT8Y 10PELT'T 96£9L9 69898T°1 LYOTE6 6£°SS Let [4: WA STSE €118
184! 19168¢ 8£788¢" £00TS0°T pT8LES r8196° 96TV 16" 1095 01 6SE°EE S0¢ NS
v'91 vLEOS L9989 8rC1 £P9TrY YrLSLTY 1670’1 9£0°79 ST1E 6t L9868 12us
JSs 4/0D a4/d o/d /N /N /N 4071d NA:JAD aAdd TVALNAON ALIS

£133ew] o0apip [enpAdsnny (139) 0007) KaaIng [eudy 9g6] ‘g Isndny

3y} Y)im pajRIIOSSY SIaqQunN A)ISuUd(] O1jeY pue NjOsqy

€1 alqel,

115



911 6£560L 885009 8rrors’ €169 961vLe TTOUST'T vy o't Ly’ 85'0¢ Loug
1011 185S6¥ pILEEY £915L8 133922 §$990¢°T 4,V YA 6£°9r 66'CC trug ot 9aug
901 (44442} vSLTIV 890Y9° 8rL8S” £68116° 9ITEETV'T 18y 89'LT oLl N 84 Sag
vl LET98Y y11509° y16188 6££9t Y 9L65E9" S8UTCL 1 YA 6v'ST 8¥'C 1791 pNS
vel 8879 666LS 916 99¢9° 985001 9ILOV'T 88'¢S (4 STIt Lyt £ANS
'yl S9TEL 608789 687186 LLYSY LE6E 8£9656° 6t'S¥ SSTtt L6Vt et (A1
¥I1 191758 T6E€T8 161996 111744 80596’ 618866’ 9L'es 9% vy 12 4%4 (N4 12UuS
JSS 4/ g/d /4 4/N O/N /N an1d NAIHD 1y TVIINGAN LIS

£133ew] oapip |BaRAdSH NI (193] 000F) £941nG [BLIAY 986 ‘8 Jsndny

3y} Y)ia pajerdossy sraquny £psuaqg pednydQ onpey pue ajnjosqy

1 3lqel

116



99Lt LLLOvY [4433%) <4747} L88Y19 965656 126996 Syl 66 ST'86 S6
8'L61 £T09LY 97869 LLBTLO'T 1€LS9 8ILTLE vLETRE I 961l 418! vt
L9t 10TLLy S¥L069 201 $88959° L6 86056 Ll A (&4t 10
&4 188342 88659° 121141A! LPE9TY 611ZLE £816v6 191 901 o1t I
| §.144 1139430 109209 98866 9sT1109 809L¥6’ 209L66 2191 8L8 A% (A%
8861 8tSPt9 SToLYY L60120°T £01609° 916656 £800v6’ 14141 8v6 896 16
801 S1S69° £06EL (XALS N £6T189 990086’ SL81T6 [AYA 411 871 811
Topt 149799 £LTPBY 66STLO'T L69SKY L8EVLE ST9LYE $'891 99111 £SIT 8801
$°801 £695¥9° 9£T89 ¥oL9S0'T LI81EY 4315} 796576 LU'e91 L'so1 U1t 1341t
90§ ¥66889° 6L0L9L £LTEIT 162689 L95v66° lLee68 6L1 Leetl LAY 99T
It 9696t L’ LS6618 p0S80T'T pOTzTEL 9£L686 LS8T68 v'v81 v9tl TIst SEl
£'68 19 WLl 6TT1LLO'T 106199 1¥¥986° vI8S16 LS8'SLT 811 It v91l
[A%Y 81089 S6vSvL 970960°T LOTTLY 11886’ £18106° 9Ll 80Tt vitl roll
JSS 4/ g4 D/d /N O/N U/N an1d NAJID add TVILAAN

uifig 1030 dwoayanlnyg Juawiddxy Lio)eroqe]

Y} ypm pajedossy siaqunN Kjsua(q [eanpdQ oney pue njosqy

ST 9lqel

117



99L¢ 13741134 S6E180°T pISEIST 1411239 13443748 1£817.74 (42 bL 981 [4)
8L61 ¢ ISTPI0'T 70£820°C 68108¢° LLEOIT'T £60TLs (414 901 SI¢ X4
L9t 619 1LS8T0°T 9IT'T S0619¢ 8T'T 96T9¥S 017 00T 91T 81T
[ §:14¢ £8S08Y 86L£50°T 6161617 196L9¢ 81818T'T IL16ts T 66 L1 LTI
| &.144 9TSELtY £59617°1 eLeIg’e 32(029 L9999T°1 LETOSY €Ll St 11e S6
881 333194 80T0LT'T 60659¥'T 6TLSS 606S1T'T 880¢6t (4 88 L1 Lot
8401 T86STS S9CBIN'T ISveL6'l L0986S HOST'T 96T8¢ 612 €1t Y44 0t
oyt £9788¥ pLVETO'T vS1960°C SLO8YS” T9pe9T'l ISSS €1 1 81T 171
$801 1928L¥° 60t8v0'1 616161°¢ L1TS9¢" SI81I8T'T [L168S Lz 66 L1c L
9'0$ LTS 81810'1 yeotee't SPSr09 (435140 SLE6S 0Tt 911 444 tel
91t £8688¢ 01996 88C0¥9'1 890vv9’ STSE60'T 199999y 9te 6¢1 8T (4!
£'68 SO8L8Y 6¥08L0°T Tt 195Ly 81’1 LE6LES S0T oot 1 811
Tt 61681¢ BLLLTO'T (3 414.1 N1 (44411 98LIST'T 18018¢ 91t 4l 444 6t
N 4/9 4/d D7y d/N D/N /N 4014 NITAD aad TVALNAN

] 10(0) parerjuy fJudwnadxy Liojeroqe] ayl

UM pajerossy slaquiny isuaqp [eaidQ oniey pue ajnjosqy

91 3iqeL

118



| &:121 v10869°1 679t6¢°1 PLOTE 12:844 Wt (8¢9
L9t 6165vS'T SCEIsY'l 9¢T856’ 6’9 13X 569
gL61 BIESHTT 160LTS°C 9S6LLT'T Lo'1¢ 0589 6908
99t LTLTBI'T TLIETT LPSTLY 9T'9¢ L9v6 L9t9
6801 (3339 ¢:44 1%0990°C 96LELL 65°5T SO'TL L8°TS
1'0PT 986670 £90956°C BISLEL 224 6LLS 6Lty
98'+01 1Tv610°C [RALYAN (374394 9091 £€0es SO0y
8861 861¢€5°T 19L960°C LILLTY 0Lyt LS9 6L 1S
| §:144 LET0EL'T s0Ts6L'T [TELL8 0T'6t et ¥6'69
9°0¢ 85L6¢8C 6556641 LLLy 91°81 LIS 89Tt
LA 668L11°C 1081401 L0616y 99°81 75°6¢ vr'61
£'68 [£2333%4 SSTERIT L6SEOL 611t v8TL STIS
(431 143%4 81S€9T'1 LOPSSY v6'91 8TEY IL61
JSS 4/0 a/d D/d H40°7d NATID ady

L133emy 0ap1A rendadsyingy fyuaduniadxy £10JB10QET y) Y)m PAjeOSSY S1aquny L)isua([ eadQ onjey pue IJnjosqy

L1 91qeL

119





