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ABSTRACT 

Detailed knowledge of suspended sediment concentration and 

sediment transport rates is one of the most important and, most elusive 

goals of data collection for studies involving stream channel 

morphology and water quality monitoring. Reliable, continuous data on 

the suspended sediment load of streams are virtually nonexistent. 

Although it is relatively easy to obtain information on the water 

discharge through an open channel, it is far more difficult to sample 

the sediment load of a stream. Suspended sediment concentration is 

highly variable with time, cumbersome and costly to sample even for 

short duration periods, and largely independent of other stream flow 

characteristics such as discharge. 

This study explored the potential of using ground-based 

multispectral video remote sensing to monitor suspended sediment 

concentrations. Data were collected during seven sampling episodes at 

two test sites in northern Arizona. Two different video systems were 

employed. The Xybion system recorded reflectance data in four 

bandwidths for three dates while the Bi-spectral system recorded data 

in two spectral bands for the remaining four episodes. 

Video imagery was acquired simultaneously with water samples 

containing suspended sediment. Digital numbers (DNs) for the two and 

four band imagery were extracted from 5 by 5 pixel arrays and the 

average value computed. Water samples were analyzed to determine 
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sediment concentration. Relationships between DNs and reflectance were 

explored through the use of simple and multiple linear and non-linear 

regression. Models were generated for the best single and multiple band 

combinations for both the single date and multidate data sets. 

Correlation coefficients for the models were comparable or superior to 

similar models generated from orbital and airborne data. 

The results of the study indicate that the ground-based 

technique has great promise for providing suspended sediment data of 

high spatial and temporal resolution to supplement existing measurement 

techniques. Recommendations for future work to help improve the basic 

technique are included. 
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CHAPTER 1 

INTRODUCTION 

Statement of Problem 

Reliable, continuous data on the suspended sediment load of 

streams are virtually nonexistent. Although it is relatively easy to 

obtain information on the water discharge through an open channel, it 

is far more difficult to sample the sediment load of a stream. Standard 

s~ream gauges permit continuous estimates of stream discharge. However, 

independent data on sediment load are equally essential for 

understanding stream channel stability (downcutting, alluviation, 

lateral erosion, bar and riffle formation, meander migration, bed form 

sequences) and for predicting downstream rates of reservoir 

sedimentation and/or channel degradation. Suspended sediment 

concentration is highly variable with time, cumbersome and costly to 

sample even for short duration periods, and largely inciependent of 

other stream flow characteristics, i.e. discharge. Estimates of 

suspended sediment loads at critical times are usually derived 

indirectly by means of crude empirical curves relating a limited number 

of sediment samples to a restricted range of contemporaneous estimates 

of stream discharge. Work by Vanoni (1975) suggests that sediment 

discharge equations provide less than satisfactory results. Fleming and 

Leytham (1976) concluded that widespread practical applications of 
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conceptual sediment models appear to be limited by serious shortages of 

basic data. 

Remote sensing techniques have proved useful in providing data 

of a periodic, synoptic nature to supplement traditional ground based 

point samples, but several problems still exist. These include the 

development of site transferable, multidate models and appropriate 

atmospheric corrections. Even more critical is the basic spatial and 

temporal configuration of aerial and orbital platforms and their 

relation to hydrologic applications of a highly dynamic nature. Large 

gaps exist in the ability of current systems and techniques to capture 

these dynamic processes. 

The goal of my dissertation is to evaluate the potential of a 

ground-based multispectral video system for monitoring suspended 

sediment concentrations (SSe) in rivers and streams. This goal will be 

accomplished by adapting existing methodologies which have been used to 

model sse, using remotely sensed multispectral imagery, to the needs of 

this project, as well as developing and evaluating techniques specific 

to the unique capabilities of ground-based video acquisition. The most 

important of these unique features is continuous image acquisition of a 

fixed scene. This offers benefits not available in traditional image 

acquisition modes which involve acquisition of framed imagery from 

platforms such as aircraft and satellites which are in constant motion. 

Airborne images provide periodic "slice of time" measures of 

sse which offer general insights into processes and interactions 



involved in sediment distribution and transport. The video technique 

has the potential to act as a supplement to traditional sampling 

methodologies by providing data frequently from remote locations. In 

many cases these data are not presently acquired due to cost 

considerations tied to the equipment and labor involved. 
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Airborne and orbital remote sensing of surface water phenomena 

is a complex task. From a spectral standpoint the task involves 

measuring the characteristics of a turbid water body through an 

atmosphere which could also be charactelized as turbid (Lillesand et 

al., 1975; Khorram, 1981). Factors affecting the spectral response in 

this situation include intensity and spectral distribution of direct 

and diffuse solar radiation, sun angle effects, atmospheric turbidity, 

surface reflection, volume reflection, sensing wavelength, sensor look 

angle, and bottom reflection in shallow waters (Klooster and Scherz, 

1974; Lillesand et aI, 1975; Rosen, 1976; Amos and Alfoldi, 1979; 

Khorram, 1981). 

Spectral considerations aside, surface water is among the most 

spatially diverse and temporally dynamic environmental targets in 

existence. Water manifests itself in both fresh and saline water 

states, and estuaries and deltas often provide the mixing ground for 

the two. Man uses surface supplies for domestic consumption, 

agriculture, industry, and as a source of food as well as a dumping 

ground for his waste. Surface water is by far the dominant agent in 

landscape formation; streams and rivers act as the primary 



transportation mechanisms for the movement of water and sediment 

through this cascading system. 
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Spatial scales range from the global ocean down to the cross 

sections of first order stream channels. Temporal dynamics range from 

changes in stream discharge on an order of a few minutes up to changes 

in sea level encompassing decades and centuries. The ability of 

different types of sensing systems to adequately record this wide range 

of phenomena is a function not only of sensor configuration but also 

such diverse considerations as the goals of data collection and the 

accuracy of ground data acquisition support. These topics are addressed 

in the following sections in an attempt to identify opportunities as 

well as limitations of existing systems and programs and explore the 

potential of multispectral video remote sensing systems. 

The Current Status of Hydrologic Remote Sensing 

As with other environmental applications, remote sensing has 

proved to be a useful tool for the collection of data on a variety of 

hydrologic conditions. Given the temporal and spatial diversity of 

hydrologic phenomena, prior research has focused on the use of 

satellite systems due to the repetitive, synoptic nature of data 

acquisition from such platforms. This potential has spawned a subfield 

of remote sensing commonly referred to as Satellite Hydrology. As a 

result of research on satellite data acquisition, digital data 

processing, and information extraction, by the late seventies twenty 

three remote sensing techniques were operational in the field of 
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hydrology (Moore, 1979). These specific applications can be classified 

into eight broad categories that include: 1] precipitation; 2] snow and 

ice; 3] surface water; 4] water surface features; 5] water quality; 6] 

ground water; 7] evapotranspiration; and 8] land use/land cover. Of 

these, water quality is the most spatially and temporally dynamic in 

terms of the type of information that is required to drive the modeling 

process. It is this category that is the focus of this study. 

Spatial and Temporal Nature of Surface Water Phenomena 

Different hydrologic environments present different spatial and 

temporal characteristics with respect to surface water quality 

parameters. The size of oceans, estuaries, and large lakes means that 

monitoring of these features requires synoptic coverage, and the 

mixture and movement of suspended material in these systems is less 

temporally dynamic than river systems. This combination of 

environmental characteristics is conducive to the spatial and temporal 

parameters of orbital sensing systems. In contrast, rivers are by their 

nature, smaller and the velocity and interaction of currents with bed 

and bank result in far less homogeneous distributions of suspended 

material which fluctuate with time. The result is that remote sensing 

of surface water dynamics in river systems has been restricted to case 

studies assessing conditions at selected instances in time. In 

addition, smaller rivers and streams have not been generally accessible 

to observation by remote sensing. 
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Water Quality Parameters 

The primary water quality parameters accessible to remote 

sensing systems operating in the wavelengths of reflected solar 

radiation are suspended sediment concentration (SSC), chlorophyll 

concentration, salinity, and turbidity. Of these, SSC and turbidity are 

applicable to the remote sensing of river systems. 

Probably no other term has caused as much argument and debate 

in the various disciplines and agencies involved in its usage as the 

word "turbidity". The confusion stems from the variety of contexts in 

which the word is used, the diversity of definitions associated with 

it, and the uneven application of terminology. Sources do not agree 

with each other in all respects and often a single source will contain 

internal ambiguities (Holyer, 1980). 

Turbidity has come to be used in both a qualitative and 

quantitative context as evidenced from the following definitions taken 

from Holyer (1980, p.11). 

Turbidity - A qualitative descriptor of water clarity. 

Absolute Turbidity - the fractional decrease of incident 
monochromatic light through the sample, integrating both 
scattered and transmitted light. 

Formazin Turbidity - an empirical measure of turbidity. 

Jackson Candle Turbidity - an empirical measure of turbidity 
dependent on a special apparatus. Based on the measurement of 
the depth of a column of water sample that is just sufficient 
to extinguish the image of a burning standard candle observed 
vertically through the sample. 

Nephelometric Turbidity - an empirical measure of turbidity 
based on a measurement of the light scattering characteristics 
of the particulate matter in the sample. 



It is apparent from the above definitions that there is a 

dichotomy between qualitative and quantitative definitions of 

turbidity, and that within the quantitative domain there are several 

incompatible numerical measures based on subjective judgement. Most 

importantly, no reliable conversion exists between the various 

quantitative measures of turbidity and SSC. 
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Wilber (1983) reports that for various reasons the study of 

turbidity in fresh water is muddled a bit by definitions. In the marine 

environment the application of the term is reasonably straightforward. 

In the freshwater environment other terms, such as suspended matter, 

suspended solids, suspended sediment, bed sediment are used with, and 

as surrogates for, turbidity. 

One recommendation of the National Oceanographic 

Instrumentation Center Workshop (1974) was that turbidity should be 

defined as a qualitative and relative appearance descriptor of water 

clarity. To illustrate this definition the analogy was drawn between 

turbidity and warmth which is also a qualitative and relative term. One 

does not measure warmth; one measures temperature. Likewise one does 

not measure turbidity; one measures beam transmittance, scattering 

coefficient, or some other quantitative parameter (Holyer, 1980). 

Although no direct quantitative link between turbidity and SSC 

exists, the qualitative causes of turbidity help explain the link that 

provides correlation between remotely sensed reflectance values and 

sse. Pijanowski (1975, p.1) offered the following explanation: 



Turbidity in water is caused by the presence of suspended 
matter such as clay, silt, finely divided organic and inorganic 
matter, plankton, and other microscopic organisms. Turbidity 
should be clearly understood to be an expression of the optical 
property of a sample which causes light to be scattered and 
absorbed rather than transmitted in straight lines through the 
sample. 

Spatial and Temporal Nature of Remote Sensing Data ACquisition 

A simple tradeoff exists between the spatial and temporal 

resolution of current satellite sensing systems. Satellites with high 

temporal resolution such as the TIROS and NOAA series provide coarse 

spatial resolution on the order of 0.5 kilometers and up. Satellites 

offering fairly high spatial resolution such as Landsat and SPOT have 

temporal resolutions measured in days (Table 1). Thus, no system yet 

designed can provide both the high spatial and temporal resolution 

required in certain water quality studies. 

Several authors have presented charts depicting the time and 
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space scales of water resources and the appropriate sensor systems. My 

own adaptation is presented in Figure 1. It can be seen, even with the 

sometimes arbitrary time and space scales assigned to certain 

phenomena, that a void exists with respect to high spatial and temporal 

resolution phenomena. Even for applications where satellite data have 

proven useful, it is important to note that the spatial and temporal 

scale of the specific target is a major consideration and constraint. 

One of the peculiarities of satellite data is that, depending on the 

spatial resolution, an image is produced of a certain event at a 

specific scale. Moreover, every survey scale, every degree of 
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Table 1. Spatial and Temporal Scales of Selected Orbital and Aerial Systems 

SPATIAL TEMPORAL AREA 
STAGE SENSOR RESOLUTION RESOL.UTION COVERAGE 

TIROS-N 
AVHRR 1.1km 2JDAY 3000 x 4000km 

NIMBUS 
CZCS 0.825 x 0.825 km 6 DAYS 1600 x 1600km 

ORBITAL LANDSAT 
MSS 79 x 79m 16 DAYS 180 x 180km 

TM 30 x 30m 16 DAYS 180 x 180km 

SPOT 
HRV 10m pan 

20m multi 
26 DAYS* 60 x 60km 

HIGH OCEAN COLOR 
ALTITUDE SCANNER Variable Variable Variable 

AERIAL 
PHOTOGRAPHY 
(Color IR & 

LOW 
Multispectral) 

ALTITUDE 1 :10000 <0.3m Variable 2.25 x2.25km 

1 :24000 1m Variable 5.5 x 5.5km 

1 :50000 3m Variable 11.4 x 11.4km 

GROUND Various 
BASED Spectrometers Point Samples Variable Point 

*11 Acquisitions in 26 Days at 32° Latitude 
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Figure 1. Spatial and Temporal Scales of Surface Water Phenomena 
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resolution provides a solution to a Bet of specific problems -

satellite information reflects hydrological events and the environment 

which determines those events with a different level of spatial 

generalization. Particular problems correspond to different spatial 

scales (Kuprianov, 1983). For example, a system such as Landsat with 80 

meter and 30 meter resolution may be acceptable for gathering water 

quality data of a major river such as the Mississippi but is unable to 

provide information on the same parameters on a river of even moderate 

size such as the Colorado. 

Temporal resolution further complicates the situation so that 

one needs to be aware of the goals of data acquisition. The 16 day 

reVisit cycle of Landsat does not provide adequate data to allow the 

replacement of traditional ground-based sampling for an application 

such as the derivation of total sediment load in a river system, but 

may be perfectly acceptable for the mapping of the spatial distribution 

of sediment or chlorophyll distribution as an input for the modeling of 

currents in large riv9rs and coastal environments. 

Goals of Hydrologic Remote Sensing Data Collection 

Several authors have used varying classification schemes to 

describe the different approaches to remote sensing data acquisition 

for hydrologic applications. Kuprianov (1983) divides the use of 

satellite data for land hydrology into two aspects; research or 

resources hydrology and operational hydrology. Resource hydrology 

involves research for developing theories for such things as runoff 
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computations and forecasts, water resources assessment. and the 

determination of parameters for the simulation of hydrologic processes. 

An important consideration with respect to instrumentation is that 

these problems usually require high resolution information timed to 

specific phases of the regime of water bodies and the state of basins 

(Kuprianov. 1983). Simply stated. these problems require systems of 

high spatial and temporal resolution. The ability of current systems to 

achieve this goal is again a function of the specific application. In 

applications related to the variability of suspended materials in the 

surface hydrologic system. especially lower order streams. the spatial 

and temporal resolution of both aerial and satellite systems simply 

cannot meet requirements. 

Operational hydrology involves acquisition of data on the state 

of water bodies and factors determining those water bodies. and the 

determination of parameters of regimes of water bodies for the 

development of operational hydrological forecasts in real time. High 

frequency and regular receiving of information. as well as a large 

areal coverage. are usually required for operational hydrology. These 

conditions can be at least partially met with current polar orbiting 

and geostationary satellites although the dual requirements of 

frequency and coverage imply a certain degree of generality in the data 

acquired by these means. 

Salomonson (1983) presents another way of classifying the use 

of remote sensing in hydrologic studies based on an evolutionary 

approach. He defines three broad categories corresponding to different 
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time periods in the development of hydrologic techniques. Each 

succeeding category does not necessarily replace the preceding one, but 

rather adds to the sum total of available techniques. The first of 

these are qualitative observations made during the 1960's and early 

1970's. These observations involved the visual assessment of water 

color or tone as an indicator of differences in water quality. This 

information was then used to identify sites for in situ measurements, 

to assist in interpolation between point measurements, and to 

extrapolate beyond the bounds of in situ observations. The second 

category, beginning in the seventies, could be termed morphologic data 

acquisition involving geometric form dimensions, patterns, geographic 

location, and distribution. The parameters include area, shape, length, 

and identification of features. Other focuses include quantitative 

analysis of drainage basins and channel networks, geographic location 

of fractures, faults and lineations, and the identification of land-use 

categories influencing runoff, evapotranspiration, and soil-moisture 

storage. 

The third category is the direct estimation of a hydrologic 

parameter through the development of a correlation between remotely 

sensed observations and a corresponding in situ measurement technique. 

Parameters have included soil moisture, snow depth and water content, 

precipitation, and suspended sediment concentration (SSC). 

The third category of Salomonson has been further subdivided 

according to four methodological stages by Curran et al. (1987). The 

stages are as follows: 1] derivation of empirical relationships between 
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SSC and mono or multispectral radiance; 2] derivation of a model for 

the interaction of radiation with suspended sediment; 3] inversion of 

empirical relationships or models to estimate SSC over large areas; and 

4) assessment of the error and accuracy of SSC estimates. 

As discussed earlier, turbidity is a qualitative characteristic 

which relates to water quality parameters such as SSC and chlorophyll 

as well as a quantitative water quality parameter itself. The choice of 

a water quality parameter in a given application is often tied to 

agency or project goals. The U.S. Geological Survey (Pickering, 1976) 

has recommended that the use of turbidity measurements be discontinued 

altogether in favor of suspended sediment concentration. On the other 

hand, Holyer (1980) suggests that the E.P.A. use nephelometric 

turbidity as the unit of measure in the majority of discharge permits 

because this parameter can be measured more precisely by remote means 

than can suspended sediment concentration. 

Considerations in the Collection of Ground Data 

In the context of operational criteria, the time lapse between 

overpass of the remote sensor and collection of individual water 

samples is considered to be of critical importance with respect to 

correlations between reflectance and water quality parameters. 

Time lapse can cause the ground truth data to be 
hydraulically inappropriate if there are significant wind or 
tidal influences on the water body being observed ••. In 
principal, all data should be synchronous with the remote 
sensor overpass, but that has not been achieved in past 



experiments .•• Some experiments have a small time lapse, but in 
other cases it has been assumed that constituents in a water 
pixel remain constant for 2 to 8 hours. (Whitlock et al. 1982, 
p.164) 

In hydrologic environments such as streams and rivers the 

timing of the ground sampling may become critical with time lapses of 

more than a few seconds. Thiruvengadachari et al. (1980) suggest that 
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since open water quality can change rapidly, samples should be taken as 

close to the time of over flight as possible. 

Holyer (1980), reporting on field work at Lake Mead, concluded 

that the water viewed by the spectrometer was not the same water that 

was put into the sample bottle and that in some cases where the water 

is non-uniform and moving, this problem can be significant. The 

continuous nature of video acquisition allows selectivity in the choice 

of the specific frame chosen for processing and analysis, thereby 

overcoming the timing problem inherent in all other forms of concurrent 

sample/image acquisition. 

Nature of Ground-Based Video Data Acquisition and the 
Role of Video Data in Specific Applications 

A precedent for stationary sensors exists in the fields of 

medical remote sensing and close range photogrammetry. Increasing 

attention is being focused on the use of multispectral video systems in 

environmental remote sensing. The uniqueness of the video format 

suggests that a new approach to deployment (stationary, ground based) 

with different information gathering goals, may produce a new level of 



data within the multistage acquisition hierarchy with respect to 

hydrologic applications. 
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Application of new technology provides many new research 

opportunities. To take full advantage requires a rethinking of old 

concepts and relationships. This point is illustrated by Figure 2. A 

comparison of the characteristics of traditional aerial and orbital 

sensing systems versus ground-based video systems indicates some 

fundamental differences which make video attractive for certain 

applications. The time component refers to exposure time in 

photographic systems or dwell time in scanning systems. Motion reflects 

the movement of the platform during the imaging episode. Traditional 

image acquisition combines the continuous motion of the platform with 

the discrete time function of the sensor to provide framed imagery 

corresponding to flight lines or orbital tracks. Stationary video 

systems provide continuous imagery of a single discrete portion of the 

earths surface. The tradeoff is a continuous record of a single 

location versus single instant coverage of large areas provided by 

motion oriented systems. 

Stationary video presents a new set of opportunities in data 

collection. With the ground-based video format, a new degree of spatial 

and temporal resolution provides the potential to acquire data that can 

investigate processes not accessible by traditional methods. 

In examining the role of ground-based video in the field of 

hydrologic remote sensing the geomorphological concept of relaxation 
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Figure 2. Continuous vs. Discrete Acquisition 
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time is useful. Variables involved in the geometry and dynamics of 

alluvial channels form a complex system of interacting feedback 

relationships in which cause and effect (i.e. independent and dependent 

variables) are hard to distinguish. The hydraulic geometry of stream 

channels is, like beaches and sand dunes, a complex process-response 

system with a short relaxation time (Chorley et al. 1984). System 

complexity, coupled with a highly dynamic nature and configurations 

beyond the imaging capabilities of orbital systems, have precluded the 

remote collection of data on hydrologic systems at the channel reach 

and channel cross section scales. Ground-based video systems have the 

potential to overcome past limitations and open a new area to the 

benefits of remote sensing technology. 

In the context of the multistage approach (Colwell, 1975) the 

development of ground-based imaging systems may provide the proper 

controls in terms of scene reference panels, minimal atmospheric 

scattering, and hydraulically appropriate sampling sequences to improve 

techniques and gain insight into relationships which can then be 

applied to higher levels of data acquisition. 

Study Objectives 

Due to the relative newness of video remote sensing, many gaps 

exist in the literature concerning general system characteristics as 

well as potential applications. Questions of geometric distortion, 

spectral sensitivity, and data manipulation require further research. 

Existing literature on airborne video deals almost exclusively with 
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applications to vegetation monitoring. To broaden existing knowledge of 

video remote sensing requires use of this technology in other types of 

monitoring problems to assess its potential in a wide range of 

applications as well as generate basic data concerning the spectral and 

spatial characteristics of video imagery. 

The goals of this study are twofold. The primary goal is to 

develop and evaluate data acquisition, image processing, and modeling 

techniques for the application of ground-based multispectral video 

remote sensing systems to the monitoring of suspended sediment 

concentrations in rivers and streams. The secondary goal is to generate 

basic data concerning the characteristics of imagery acquired by 

multispectral video systems. 

Development of sse models that will determine the concentration 

of suspended sediments based on reflectance values recorded by the 

video systems will be accomplished by the following steps: 1] 

simultaneous acquisition of water samples and video imagery; 2] image 

processing for the removal of peripheral effects masking true radiance 

values; 3] analysis of water samples for sse and; 4] development of 

regression coefficients for sediment concentrations (represented by 

volume reflectance) and image reflectance values (DNs). 

Successful completion of the study goals will serve as the 

foundation for the future implementation of a full scale monitoring 

system that can be adapted to a wide variety of river networks. 
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CHAPTER 2 

PREVIOUS RESEARCH 

This study involves many facets: video remote sensing 

techniques, the general nature of suspended sediment in river systems, 

multispectral concepts, remote sensing of suspended sediment, and 

techniques for modeling suspended sediment concentration. Each of these 

subjects is reviewed individually. 

Video Remote Sensing 

Background 

The use of video technology in airborne acquisition of remote 

sensing imagery has received increasing attention. Initial acquisition 

of aerial video imagery dates back more than fifteen years, but the 

approach was not pursued in any systematic manner (Millard et al., 

1975; Loose, 1977). Beginning in the 1980's, study of video systems 

resumed as a result of the usefulness of this technology in 

agricultural applications (Edwards, 1982; Manzer and Cooper, 1982; 

Vlcek, 1983; Nixon et al., 1984; Nixon, 1985; Nixon et al., 1985j 

Richardson et al., 1985). Early sustained studies were conducted by two 

groups in particular; King, Vlcek and others in the Forestry 

Department of the University of Toronto; and Nixon, Escobar, Richardson 

and Everitt at the USDA Agricultural Research Service Office, Weslaco, 

Texas. 
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Today investigators in many universities, government agencies, 

and private companies are engaged in the development of video systems 

and are testing their utility in various applications. 

For five years, the Arizona Remote Sensing Center at the 

University of Arizona, has been working with the Xybion six channel 

system and an internally developed multiplexed Bi-spectral system 

(Hutchinson et al. 1990) to assess vegetation patterns along the 

Arizona-Sonora border and to analyze agricultural systems in several 

African countries (Trade names mentioned in this dissertation are 

intended for the benefit of the reader and do not imply endorsement by 

the University of Arizona). 

Image Formation and Resolution 

Vlcek (1988, p.5) provides a concise explanation of video image 

formation: 

As a sensor a video camera is an image plane scanner unlike 
the line and "pushbroom" scanners which operate as object plane 
scanners. This means that a 2-D image of the object space 
defined by the field of view of the camera is formed on the 
imaging surface of the tube or a solid state array. This 
"latent" image is scanned by an electron beam (tube cameras) or 
the photovoltaic seats of the sensor array (solid state 
cameras) are "read-out" to generate a video signal, an 
amplitude modulated voltage signal. Video signal is then 
formatted to produce a 2-dimensional raster image by means of 
accurately supplied synchronization pulses. 

In North America video image formatting is accomplished in 
a manner specified by the RS-170 standard as follows. One 
complete video picture (frame) generated in 1/30 sec., consists 
of, theoretically, 525 lines of video. However, only 485 lines 
of actual video are displayed, the rest being used for retrace 
operations. The frame is generated by interlacing two 1/60 sec. 
fields of 242.5 lines each, one containing the odd and the 
other the even scan lines. The overall image format has an 
aspect ratio 3V:4H 
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This sets the vertical resolution of present broadcast video 

equipment at roughly 240 lines per field. Horizontal resolution (the 

amount of detail in the horizontal direction of the picture) depends 

primarily on the frequency bandwidth of the video signal. Horizontal 

resolution is expressed as the number of lines that can be resolved in 

three-quarters of the picture width -- a function of the 4:3 aspect 

ratio of video. For broadcast television the bandwidth is fixed by the 

FCC (Lusch, 1988). 

Since the majority of equipment used in the early stages of 

video remote sensing was modified off-the-shelf hardware or specially 

designed hardware patterned after the existing standard, 240 lines has 

remained the standard and has contributed to the poor resolution of 

video systems relative to photographic systems. Lusch (1988) aptly 

points out that since remote sensing imagery is not collected for 

broadcast purposes, systems need not be confined to those standards. 

This opened the way for improvements in the spatial resolution of video 

systems. 

Cameras 

Meisner and Lindstrom (1985) liken the development of aerial 

video cameras to the progression of aerial film development in the 

first half of the twentieth century: black and white, color, black and 

white infrared, color infrared. Most early studies in video 

applications used conventional video cameras which were modified for 

remote sensing purposes (Nixon et a1.,1985). These cameras employed 
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imaging tube technology. The tube dictated the image size as well as 

the spectral range of the system. The most commonly used non-standard 

camera tube had a spectral sensitivity from 0.3 to 1.1 micrometer. By 

contrast, the photo emulsions employed in color infrared films are only 

sensitive to 0.9 micrometer. The range of 0.3 to 1.1 micrometer 

contains the four spectral bands of the Landsat MSS and the first four 

bands of the Thematic Mapper. To acquire imagery in a narrow spectral 

band, filters were used to modify the spectral sensitivity of the 

camera. To acquire multispectral imagery, several cameras were 

outfitted with different filters much in the same way as the arrays of 

cameras used in multispectral photography. 

Camera systems developed specifically for remote sensing 

applications have appeared in recent years (Meisner and Lindstrom, 

1985; Everitt et al., 1986). These can be divided into two major 

groups. The first are those using the tube technology described above. 

Meisner and Lindstrom (1985) reported on the development of three tube 

color video camera with spectral sensitivity comparable to color 

infrared film. E. Coyote Enterprises currently markets such a camera 

under the name of Biovision. 

The other type of video camera designed for remote sensing uses 

solid state detectors in place of the imaging tube. These cameras 

consist of an array of photodetectors and readout electronics etched 

onto a silicon chip using integrated circuit technology. A number of 

acronyms referring to the microcircuit technology are used: Charge 

Coupled Device (CCD); Charge Injection Device (CID); and Metal On 
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Silicon (MaS) devices. Solid state cameras offer advantages in terms of 

compactness, shock resistance, low power consumption, and most 

importantly, perfect image geometry limited only by the system optics 

(Meisner, 1986). 

Camera r~solution is improving with time as a result of 

advances in chip technology. Meisner (1986) reported that the density 

of detector arrays had increased to current levels of about 400 by 500 

detectors. Greene (1988) describes a new design being tested which uses 

an array of higher resolution CCDls in the range of about 750 lines 

each with chips of even higher resolution scheduled to be tested. 

Two examples of solid state multispectral video cameras 

designed specifically for remote sensing are the multiplexed Bi

spectral system and the Xybion system. Both cameras are currently used 

by the University of Arizona in their studies of Arizona rangelands and 

African agricultural systems. Imagery was acquired with both systems as 

part of this study. 

The multiplexed Bi-spectral system is a prototype designed 

specifically for vegetation studies. The system is comprised of two 

cameras which feed synchronized signals to a common processing unit. 

One camera is sensitive to the red portion of the spectrum the other 

operates in the near-infrared bandwidth. The processor has the ability 

to provide alternate band and NTSC (National Television System 

Committee) signals as well as band ratios and a Normalized Difference 

Vegetation Index (NDVI) in real time. 
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As an alternative to employing multiple cameras for 

multispectral image acquisition, the Xybion camera employs a rotating 

filter wheel which allows simultaneous acquisition of multispectral 

imagery in six bands with one camera. This eliminates registration 

problems inherent in multiple camera configurations. The system has 

increased flexibility by allowing for changes in filtration to suit the 

needs of the application (Frost, 1986; Schowengerdt, 1987). Both the 

Bi-spectral and Xybion systems are described in detail in Chapter 3. 

Further advancements in camera technology have included the 

investigation of video systems utilizing the mid-infrared bands which 

lie beyond the near-infrared sensitivities of photographic film 

emulsions, a segment of the electromagnetic spectrum previously 

accessible only by multispectral line scanning systems (Everitt et al., 

1986; Greene, 1988). Narigasawa et al. (1988) reported on the use of a 

Thermal Video System TVS-4500 with a sensitivity in the 3-5 micrometer 

atmospheric window. 

Recorders 

The system resolution of a photographic system is a function of 

the combined resolution of a camera and film. In video systems 

resolution is a function of the camera (tube or chip sensitivity) and 

the recorder. In all cases the recorder is the weak link in the 

resolution of a video system and digitization of the recorded image 

further degrades the resolution at the display and image processing 

stages. Consumer-grade recorders generally limit resolution to about 
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250 lines (Greene, 1988). Vlcek (1988) reports a 6% decrease in 

horizontal resolution by a recorder with respect to his 4CVS 

multispectral camera system. Vlcek further reports additional decreases 

in horizontal resolution of 23% to 40% after digitization depending on 

the format chosen. 

Several video recording formats exist. The U-Matic was 

introduced by Sony in 1969 and is the industry standard in 3/4 inch 

recording. The SF U-Matic which is an improved version of the U-Matic 

was added in 1987. The 1/2 inch consumer formats, Beta and VHS, were 

both released in the late 1970's. By the mid-1980's VHS had achieved 

prominence over Beta in the marketplace. In 1987 JVC introduced an 

improved 1/2 inch format called Super VHS (S-VHS). This tape has better 

luminance qualities and a higher carrier frequency than standard VHS. 

These improvements result in an increase in the number of horizontal 

lines recorded and, therefore, increased vertical resolution (Lusch, 

1988). In the prototype high resolution system of Greene (1988), high 

speed recording passes approximately 700 lines through the entire 

system allowing fuller utilization of the camera resolution with 

minimal loss at the recording stage. 

Applications 

A major impetus in the design and utilization of the majority 

of video remote sensing systems has been the potential of extremely 

quick turnaround times. As a result of early agricultural applications 

studies (Nixon et al., 1984; Nixon, 1985; Nixon et al., 1985; 
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Richardson et al., 1985) as well as review articles on general video 

remote sensing (Vlcek, 1983; Meisner, 1986) several positive and 

negative attributes of video systems are recurring themes in the 

literature. In addition to the attractiveness of quick turnaround time, 

other positive attributes include low cost, sensitivity in low light 

conditions which allows narrower bandwidths, wide range spectral 

response and digital capabilities (Vlcek and King, 1984). Once' 

acquired, video images in VHS format are played back and viewed on a 

monitor. When the desired scene is identified, it is "grabbed" and 

digitized using one of many commercially available video digitizing 

boards. This format provides the potential to employ traditional 

computer-based image processing strategies (Vlcek and King, 1984; 

Kramber et al., 1988; Skelton, 1988). The overriding negative attribute 

of present video systems is considered to be poor spatial resolution 

and the effect this has on area coverage. Because of this limitation, 

video systems to date, have had a somewhat restricted range of 

appropriate applications. Preliminary studies show video to be 

especially useful for area transects or the coverage of linear features 

such as stream courses (Meisner, 1986). As new systems with improved 

resolution are developed, the range of potential applications will 

broaden. Except for very rare exceptions, agriculture was initially the 

exclusive application of video remote sensing. In recent years the 

scope of applications has expanded. Now included are soils (Huete, 

1987; Gerberman et al., 1988), rangelands (Everitt et al., 1986; 

Kliman, 1986; Beck et al., 1988; Everitt, 1988b), wetlands (Mackey and 
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Jensen, 1988), forestry (Yuan et al., 1988), hydrology (Dommert et al., 

1988; George et al.,1988; Narigasawa et al., 1988), and even urban 

studies (Talbot et al., 1988). 

Measurement of Sediment Concentration 

Leopold and Maddock (1953) in their analysis of the hydraulic 

geometry of streams, demonstrated that the average river channel system 

tends to develop in such a way as to produce an approximate equilibrium 

between the channel and the water and sediment it must transport. 

Channel width, depth, gradient, and bed roughness, along with stream 

velocity, adjust to the inputs of stream discharge and sediment load. 

Schumm (1960) introduced a parameter for sediment type based on the 

percentage of silt and clay as a replacement for median grain size. 

Schumm concluded that sediment type has an important effect on channel 

shape. 

Goals of Sediment Sampling 

The goals of sediment sampling differ depending on the agency 

collecting the data and the ultimate use of the information. Still, 

collection of sediment and pollutant data with respect to the quality 

of the nations water supply is an activity shared by several agencies. 

Two of the most prominent are the United States Geological Survey 

(USGS) and the Environmental Protection Agency (EPA). According to the 

USGS (1981, p.5): 

Water-related sediment problems vary widely. Most problems 
range from short term impacts on small streams where sediments 
are eroded from cropland or construction sites during 



rainstorms, to long term impacts on large streams where 
sediments degrade aesthetics, interfere with stream channel 
capacity or reservoir capacity, and cause unwanted deposition 
of sorbed pollutants. Although visual inspections may help, 
solving a sediment problem usually requires measuring the 
quantitative and qualitative character of sediments suspended 
in, transported by, and deposited from natural and manmade 
streams and water bodies. 

Guy and Norman (1970) cite the need for sediment data for: 1] 
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the design of hydraulic structures such as dams, canals, and irrigation 

works; 2] determination and understanding of how radionuc1ides, 

pesticides, herbicides, and many organic materials are absorbed and 

concentrated by sediments; 3] establishing criteria for water quality 

standards and goals; and 4] providing sediment-free water for 

industrial, municipal, and recreational needs. 

The USGS concluded that because sediment movement is affected 

by an ever changing environment, measurements for sediment quantity and 

characteristics that can be correlated with the environmental changes 

will be increasingly important. Sediment data are also needed to verify 

the effectiveness of sediment control measures. Most sediment 

measurements are made to satisfy one of three general program 

objectives: 

1. To obtain general information from a network of 
sediment-measuring stations which provide unbiased, 
comprehensive information about sediment movement in 
streams. 

2. To obtain special information relative to specific 
problems so water managers can better choose among 
alternative actions. 

3. To disclose and describe process relationships between 
water, sediment, and the environment (USGS, 1981, p.3). 



Holyer, in his work for the Environmental Protection Agency, 

sites as among the more significant effects of suspended sediment: 

1. Suspended sediment directly affects light penetration, 
water temperature, and oxygen transfer which in turn can 
create unfavorable habitats for aquatic life. 

2. Suspended sediment serves as a mechanism of transport for 
sorbed minerals and organic substances including many toxic 
materials. 

3. The aesthetic and recreational value of a water body is 
reduced by the turbidity resulting from suspended sediment 
(Holyer, 1980, p.1). 

Temporal Sampling Framework 

Traditional sediment sampling techniques are very time and 

labor intensive activities requiring on-site personnel to provide the 
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temporal sensitivity needed for a given application. Thus, any temporal 

sampling framework has, as its most limiting factor, the human element 

and consequent considerations of time, cost, and accessibility. 

For the USGS, desirable time distributions for samples depends 

on many factors such as season of the year, the runoff characteristics 

of the basin, the adequacy of coverage of previous events, and the 

accuracy of information desired or dictated by the purpose for 

collecting the data (Guy and Norman, 1970). 

Discussion of a sediment sampling program involves both annual 

and diurnal considerations. Based on geographic distribution with 

respect to climatic patterns, selected streams exhibit a predominant 

season when a significant percentage of the total yearly sediment load 

is transported. For many streams, the largest concentrations and 

certainly the largest sediment loads occur during spring runoff; on 
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other streams the most important part of the sediment record may occur 

during summer thunderstorms or, along the west coast, during winter 

storms. Streams in the midwest and west have long periods of low or 

intermittent flow and thus storm events should be sampled frequently, 

because most of the annual sediment transport takes place during these 

few events. Intermittent and ephemeral streams usually have hydrograph 

traces whereby the stage goes from a base flow or zero flow to the 

maximum stage in a matter of a few minutes or hours, and the person 

responsible for obtaining the sample seldom knows when such an event is 

to occur. Guy and Norman (1970) "recommend the following sampling 

strategy: during the rising stage, sample small streams every few 

minutes and large streams every half hour or hour. After the peak rate 

of flow passes, if this can be determined, the sampling frequency may 

be reduced somewhat. The frequency of suspended sediment sampling 

should be much greater during these periods than during the low flow 

periods. Additionally, for some streams, several samplings a day may 

occasionally be needed to define diurnal fluctuations in sediment 

concentration (Guy and Norman, 1970). 

Characteristics of individual drainage basins also affect the 

sampling schedule. Streams which drain basins having a wide variety of 

soils and geologic conditions and receiving uneven distributions of 

precipitation cannot be sampled by a rigid predetermined schedule. Each 

storm or changing flow event should be covered as thoroughly as 

possible (Guy and Norman, 1970). 
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Accuracy requirements also dictate how often a stream should be 

sampled. The greater the required accuracy and the more complicated the 

flow system, the more frequently it will be necessary to obtain 

samples, and only those stream-sediment stations operated on a daily 

basis are considered adequate to yield the continuous record required. 

For a given kind of record, the optimum number of samples should be a 

balance between the cost of collecting additional samples and the 

disadvantage of a less complete record (Guy and Norman, 1970). 

Even with a properly implemented sampling strategy the results 

are often flawed. Traditional methods of computing sediment load 

involve the compilation of logarithmic plots of suspended load as a 

function of discharge. Chorley et al. (1984) consider these plots 

misleading due to marked time lags between changes in discharge and 

changes in rates of suspended load transport. Even at a given station 

with a constant debris size, a given discharge may at different times 

be associated with rates of suspended sediment transport that may 

differ by up to one order of magnitude. Differences depend on whether 

discharge is increasing or decreasing, the state of the banks, and the 

season of the year. 

The potential role of remote sensing as a source of adequate 

sediment data has been touched upon by Guy (1970, p.44). 

No matter how precise the theoretical prediction of 
sedimentation processes becomes, it is inevitable that mans' 
activities will continue to cause changes in the many variables 
affecting sediment erosion, transportation and deposition; thus 
there will be an increasing need for direct and indirect 
(emphasis added) measurement of fluvial sediment movement and 
its characteristics. 
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The EPA (1975) suggests that remote sensing techniques for 

measuring suspended sediment concentration would be valuable in several 

aspects of monitoring. These include: 1] identification of sources and 

potential sources of sediment loading; 2] determination of the extent 

of areas affected; 3] study of relationships between sediment loading 

rates and land use practices; 4] assessment of the contributions of 

sediment to waterways from various point and nonpoint sources; and 5] 

quantitative assessment of the distribution of sediment in waterways. 

This study addresses the last of these five aspects. 

Multispectral Considerations in SSC Modeling 

Background 

The electromagnetic energy that emanates from the earth's 

surface can be recorded by instruments sensitive to various parts of 

the spectrum. Although radiation measured by a sensor is limited by the 

spectral sensitivities of the sensor, the object being sensed reflects 

and emits energy at many wavelengths. The characteristics of the energy 

emanating from a given feature depends largely on its atomic, molecular 

and macromolecular composition. The ability of a sensor at altitude to 

collect a record of these energy characteristics is a function of the 

location of the spectral channels with respect to several key 

environmental processes. These include the energy-matter interactions 

of the target, atmospheric "windows", and the wavelength dependent 

atmospheric scattering and water penetration characteristics of energy. 
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Curran et a1. (1987) suggest a basic relationship between 

wavelength, atmospheric scattering, depth penetration, and accuracy of 

SSC estimates for coastal waters. Simply stated, the greater the depth 

penetration of water the more accurate the estimation of SSC. At the 

same time the greater the atmospheric scatter the less accurate the 

estimation of SSC. Since both water penetration and atmospheric scatter 

are wavelength-dependent, with each increasing with progressively 

shorter wavelengths, a balance between the two processes must be 

maintained to achieve the best results. While the relationship breaks 

down somewhat in the context of river systems where depth penetration 

is not always a positive attribute, the Curran et a1. discussion 

properly points out the wavelength dependent nature of the remote 

sensing of water quality parameters and the advantage of a 

multispectral approach. 

Multispectral image analysis is one of the most powerful tools 

available in remote sensing. The ability to isolate certain naturally 

occurring processes into discrete bandwidths of visible and non-visible 

energy is the basis for much of the modeling which uses remotely sensed 

data. In discrete models, this results in increased contrast between 

object and background and allows the implementation of band ratioing 

techniques to improve the discrimination and classification of selected 

phenomena. Vegetation indices are a prime example of this. In 

continuous models, the use of multiple bandwidths often provides a 

greater sensitivity and analytical range with respect to parameter 
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densities/quantities than single or broadband approaches. This appears 

to be true of sediment concentration modeling (Holyer, 1980). 

Spectral Characteristics of Water Bodies 

The modeling of SSC involves measuring the spectral 

characteristics of a turbid water body through an atmosphere which 

could also be characterized as turbid (Lillesand et al., 1975; Khorram, 

1981). Factors affecting the spectral response in this situation 

include intensity and spectral distribution of direct and diffused 

solar radiation, sun angle effects, atmospheric turbidity, surface 

reflection, volume reflection, sensing devise, sensor look angle, and 

bottom reflection in shallow waters (Klooster and Scherz, 1974; 

Lillesand et al., 1975; Rosen, 1976; Amos and Alfoldi, 1979; Khorram, 

1981). 

Of all these variables it is volume reflectance alone that is 

indicative of the suspended load in a water body (Holyer, 1980). All 

other variables are considered to be peripheral effects which mask the 

true volume reflectance. Volume reflectance is the energy scattered and 

reflected over a range of depths within the water body itself. Some of 

this energy is directed back toward the surface where it again passes 

into the atmosphere and then to the sensor. This upward flux of radiant 

energy is the primary source of the color of a water body. The downward 

flux of energy that enters a water body is influenced by absorption and 

scattering by pure water, and by scattering, reflection, and 

diffraction by particles suspended in the water. For pure water, some 
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of the same principles controlling atmospheric scattering apply. 

Scattering by particles that are small relative to wavelength (Rayleigh 

scattering) causes shorter wavelengths to be scattered the most. Thus, 

deep, pure water bodies are blue or blue-green in color. Maximum 

transmittance of light by clear water occurs in the range of 0.44 to 

0.54 micrometer with peak transmittance at 0.48 micrometer (Jensen, 

1983). Because the color of water is determined by volume scattering 

rather than surface reflectance, spectral properties of water bodies 

(unlike land features) are determined by transmittance rather than 

surface characteristics alone. In the blue region light penetration is 

not at its optimum, but at slightly longer wavelengths, in the blue

green region, penetration is greater, and at these wavelengths the 

opportunity for recording features on the bottom of the water body is 

the greatest. At longer wavelengths, in the red region, absorption of 

sunlight is much greater, and only shallow features can be detected. 

Finally, in the near infrared region, absorption is so great that 

energy penetrates only the first few centimeters. This makes the near 

infrared useful for locating the planimetric boundaries of water 

(Lockwood et al., 1974; Jensen, 1983). Accurate boundary information is 

integral to the mapping and spatial display of sse and other water 

quality parameters. 

As impurities are added to a water body its spectral 

characteristics change. First its overall brightness in the visible 

region increases so that the water body ceases to act as a "dark 

object" and becomes more of a "bright object" as sediment content 
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increases. Secondly as sediment concentrations increase, the wavelength 

of peak reflectance shifts from a maximum in the blue region toward the 

green (Specht et al., 1973; Whitlock et al., 1978; Jensen, 1983). The 

presence of larger particles means that the wavelength of maximum 

scattering shifts toward the blue-green and green regions. Therefore as 

sediment increases, there tends to be a simultaneous shift in peak 

reflectance toward longer wavelengths, and the peak itself becomes 

broader (Figure 3). As sediment content approaches very high levels, 

the color of water begins to approach that of the sediment itself. At 

this point saturation occurs in the visible wavelengths while a useful 

analytical range still exists in the near-infrared portion of the 

spectrum. In addition, the limited penetration of near-infrared 

radiation makes it useful for areas where bottom reflectance may 

interfere with water reflectance information (Klooster and Scherz, 

1974; Lillesand et al., 1975; Ritchie et a1., 1976; Rosen, 1976). 

Surface leaving radiance involves a series of complex energy

matter interactions which are wavelength dependent. Many algorithms for 

determining SSC from remotely sensed data use multiple bandwidths in 

the modeling process (Carpenter and Carpenter, 1983; Rimmer et al., 

1987; Ritchie and Cooper, 1988). Holyer (1978, 1980) found great 

utility in the ratioing of visible red and near infrared wavelengths 

and others have adapted his technique to satellite data (Aranuvachapun 

and LeBlond, 1981). The results of these studies indicate that the 

multispectral/ digital approach has great potential for providing the 
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best possible combination of speed and accuracy in image analysis for 

the modeling of SSC. 

Remote Sensing Of Suspended Sediment 
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According to Salomonson (1983), the direct estimation of 

hydrologic parameters, including sediment load in a water body, is 

accomplished through the development of a correlation between remotely 

sensed observations and corresponding in situ measurements. 

Curran et al. (1987) categorize the studies of the 1970's and 

1980's designed to utilize remotely sensed data to estimate suspended 

sediment concentrations by identifying four methodological stages. 

These are: 1] the derivation of empirical relationships between SSC and 

mono or multispectral radiance; 2] the derivation of a model of 

interaction of radiation with suspended sediment; 3] the inversion of 

empirical relationships or models to estimate SSC over large areas; and 

4] assessment of the error and accuracy of SSC estimates. 

Implicit in Salomonson's discussion and explicit in Curran's, 

is that spectral response and it's correlation to water quality 

parameters is the primary factor in the remote sensing of suspended 

materials. In photographic systems, the theoretical calculation of 

irradiance in a camera focal plane describes the functional 

relationship between film exposure and scene radiance (Jensen, 1968; 

Piech and Walker, 1971; and Lillesand, 1973). With provisions made for 

peripheral effects, the number of photons incident at each point on the 



image plane is linearly dependent on scene reflectance. This is true 

for both cameras and sensors. 
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The platform characteristics control the spatial and temporal 

characteristics of a system, and these in turn limit the specific 

applications of a given system with respect to the sensing of water 

quality parameters. Studies using sensors carried on orbital platforms 

focus on oceans, estuaries, and lakes while airborne systems which 

trade area coverage for increased spatial resolution tend to 

concentrate on coastal waters and rivers. A sampling of studies 

discussed in the following pages is summarized in Table 2. Both orbital 

and aerial studies employ the same principles of hydrologic optics to 

model water quality parameters, only the context of the application 

differs. 

A handful of ground-based radiometric studies have been 

undertaken to improve understanding of basic energy-matter 

relationships involved in hydrologic optics and the remote sensing and 

modeling of sse. Ritchie et al. (1976) attempted to determine the 

optimum wavelength for quantitatively determining suspended sediment 

concentrations of surface water from a remote platform. Results 

indicated that the region between 0.7 and 0.8 micrometers was the best 

for this purpose. Ritchie also reported that sun angle has an effect on 

the relationship between reflectance and suspended solids. As solar 

elevation decreases, the correlation coefficient between reflectance 

and suspended solids decreases (Ritchie et al., 1974). 
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Table 2. Overview of Water Quality Studies 

REPRESENTATIVE STUDIES WATER QUALITY 
PARAMETERS 

HUH & DIROSAl1981l Tem~erature 

CARAUX & AUSTIN (1983) Chlorophyll 
HOlLlGAN ET Al. (1983) Chlorophyll 

AMOS & ALFOLDI (1979) Suspended Solids 

CARPENTER & CARPENTER (1983) ChlorophyJl,Turbidity 
MacfARLANE & ROBINSON (1984) Suspended Solids 

MUNDAY & AlFOlDI (1979) Suspended Solids 
RITCHIE & COOPER (1988) Suspen.Solids,Chlorophyll 
LATHROP & L1llESAND (1986) Suspended Solids,Turbidity 

Chlorophvll Temo. 

LATHROP & LlllESAND (1989) Suspended Solids 

KHORRAM (1981) 
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L1llESAND ET Al.(1975) Suspended Solids 
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CURRAN ET Al. (1987) Suspended Solids 
RIMMER ET AL ,(1987\ Sus. Solids Salinitv.Chlor. 
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RITCHIE ET Al. (1976) Total Solids 
RITCHIE ET Al. (! 976) Total Solids 
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Holyer (1978, 1980) took spectroradiometric readings from a 

boat at various locations on Lake Mead in an effort to derive a 

universal algorithm for suspended sediments. Results indicated that 

grain size and not color was the controlling factor relating sse values 

to volume reflectance. If the results of future studies sUbstantiate 

these initial findings, a universal model may someday become a reality. 

Given the non-repetitive nature of aerial acquisition, there is 

a tendency towards single episode studies whose goal is the development 

of an empirical relationship between spectral values and in situ water 

quality parameters. Little or no attempt is made to transfer the 

resulting models to other sites or to use the model at a single site 

over a period of time. While admittedly limited, this type of study 

provides basic modeling techniques which may be modified and applied to 

a variety of situations. 

Lillesand et al. (1975) presents a review of the early work on 

the remote sensing of suspended solids. These early studies 

concentrated primarily on the delineation of waste plumes and the 

mixing zone between pollutants and a natural water body. Reasons for 

the use of waste plumes as targets are probably two-fold. First, 

artificial plumes are a reliable source of suspended materials which 

provide the gradient of concentrations required in statistical 

modeling. Second, waste plume monitoring was, and still is, considered 

an important topic given the continued degradation of surface waters by 

industrial and municipal waste discharges. The Water Pollution Research 

Board of England (1964) employed drift poles and drogues while Ichiye 



and Plutchak (1966) used tracer dyes in conjunction with aerial 

photography to track waste plumes and their interaction with natural 

currents. Starting with the work of Scherz (1969) various film-filter 

combinations were utilized to photograph waste plumes without the use 

of tracers. As part of the same study, laboratory spectroradiometric 

analysis of waste water samples yielded a correlation between water 

sample reflectance and waste concentration. Neumaier et al. (1967), 

using photographs acquired in conjunction with submerged test panels, 

identified industrial waste effluent on the basis of reflectance. 
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By relating photodensitometric measurements from multispectral 

photographs to conventional plume tracer data, Burgess and James (1971) 

determined waste concentrations, water current patterns, and diffusion 

coefficients near an ocean pulp mill outfall. Piech et al. (1969), 

Silvestro (1969), Piech and Walker (1971), and Scherz (1971) reported 

on the utility of relating photo image-density measurements to waste 

concentrations while at the same time pointing out that image-density 

variations are the result of complex composite responses to which a 

number of factors might contribute. 

As part of a National Aeronautics and Space Administration 

Grant for "Multidisciplinary Research in Remote Sensing as Applied to 

Water Quality", a long term study was undertaken in 1968 at the 

University of Wisconsin, using an integrated program of field sampling, 

mathematical modeling, laboratory modeling and remote sensing, to 

characterize mixing zones at seven river discharge sites throughout the 

state (Villemonte et al., 1973). Klooster and Scherz (1974) and 
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Lillesand et al. (1975) presented condensed reviews of characteristics, 

results, conclusions and recommendations of the University of Wisconsin 

study focusing primarily on the relation of densitometric data 

extracted from color infrared (CIR) aerial photographs to ground truth 

data in the form of surficial suspended solids measurements. 

Rosen (1976) applied the modeling techniques of Lillesand 

(1973) to predict concentrations and source areas of naturally 

occurring sediment loads along a 100 mile stretch of river in Montana. 

Hand held vertical CIR photographs were acquired from a low flying 

helicopter. Results indicated the potential of this procedure to 

provide reliable water quality data for large, remote areas. 

Wertz et al. (1976) analyzed four-band multispectral 

photography and developed an empirical mathematical model which depends 

on visual color recognition of photographs composited on a color 

additive viewer and included a time-dependent term related to sun 

angle. 

More recent aerial studies have employed multispectral scanners 

in lieu of photographic systems (Khorram, 1981; Curran et al. 1987; 

Rimmer et al. 1987). Advantages of scanning systems over photographic 

systems include easier processing, storage, and manipulation of data, 

availability of smaller bandwidths and additional bandwidths beyond 

photographic sensitivities, and the potential for radiometric 

calibration. The repeatability of spectroradiometric readings with 

photographic products is usually in a range of 10% (Slater, 1980). This 

severely limits the ability of investigators to compare results derived 



from analysis of multidate imagery and, in essence, renders these 

studies idiographic in nature. Thomas (1980) considers multispectral 

scanner data in the form of a computer compatible tape (CCT) to be 

superior to photographic densitometric data for sediment profile 

mapping. His justifications are twofold. First, CCT's are first 

generation data which may be directly related to scene radiance. 

Second, CCT's contain linear data, free of the recorded radiance 

dynamic range compression around the low intensity/low photographic 

negative density "toe" on the film response curve. 

Khorram (1981) utilized Ocean Color Scanner (OCS) data to 

identify areas of "high biological activity" in estuaries of San 

Francisco Bay using the water quality parameters of chlorophyll, 

suspended solids, and turbidity. Results indicated that these areas 

could be distinguished on OCS data while they were not discernible on 

either conventional color or color infrared photography. 
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Work by Curran et al. (1987) was designed to assess the 

accuracy of airborne MSS data in estimating and mapping suspended 

sediment in nearshore plumes and to identify weaknesses in the 

methodology used. The authors conclude that future studies should be 

focused on reducing the error of estimation. Five reasons for this 

error are identified: the areal, vertical, and temporal variability in 

SSC distribution, problems of inversion, and the presence of white

caps. 

Rimmer et al. (1987) found that particle size is the 

predominant factor relating SSC values to volume reflectance. This 



supports the results obtaingd by Holyer (1978, 1980) in his work on 

developing a universal algorithm for SSC. 
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Orbital systems offer repetitive, synoptic coverage with the 

consequent tradeoff of spatial resolution. Again, the basic modeling 

principles remain the same but the potential for multidate modeling now 

exists. Additionally, the synoptic nature of the acquisition often 

requires a higher level of generalization in the modeling process. As a 

result, the level of accuracy may decrease while the potential for site 

transferability increases due to the more general nature of the model. 

Although no operational satellite systems designed specifically 

for hydrologic remote sensing presently exist, researchers have studied 

the utility of existing environmental satellite sensors for the 

measurement of water quality parameters. These studies began with the 

launch of Landsat 1 in 1972. By far the bulk of the studies have 

involved the Multispectral Scanner carried on all five of the Landsat 

vehicles (Johnson, 1974; Munday, 1974; Scarpace et al., 1974; Brooks, 

1975; Amos and Alfoldi, 1979; Munday and Alfoldi, 1979; Khorram, 1980; 

Thomas, 1980; Aranuvachapun and LeBlond, 1981; Carpenter and Carpenter, 

1983; MacFarlane and Robinson, 1984; Ritchie and Cooper, 1987 and 

1988). Additional studies have involved the Landsat Thematic Mapper 

(Lathrop and Lillesand, 1986), SPOT (Lathrop and Lillesand, 1989), 

AVHRR (Huh and DiRosa, 1981), and the Coastal Zone Color Scanner 

(Caraux and Austin, 1983). Laththrop and Lillesand (1986) report that 

relative to the MSS, the Thematic Mapper's improvements in spatial and 

radiometric resolution contribute to a sUbstantial increase in the 



accuracy and specificity with which water quality parameters can be 

mapped. 

The most common methodology in these studies, as well as 

airborne photographic and multispectral scanner studies, involves 

regression analysis to determine the strength of correlation between 

different bandwidths of spectral data and water quality parameters. 

These parameters include SSC, turbidity, chlorophyll, salinity and 

temperature and vary from study to study depending on the spectral 

sensitivity of the sensor, the test site, and the research design. 

Several investigators have examined data transformation 

t~chniques which are critical to multidate monitoring. Data 

transformations that have been analyzed include sun angle corrections 

(Carpenter and Carpenter, 1983; MacFarlane and Robinson, 1984), 

variable pixel arrays (Ritchie and Cooper, 1987), and reflectance and 

radiance values derived from CCT digital numbers (Johnson, 1974; Amos 

and Alfoldi, 1979; Munday and Alfoldi, 1979; Carpenter and Carpenter, 

1983; MacFarlane and Robinson, 1984; Lathrop and Lillesand, 1986 and 

1989; Ritchie and Cooper, 1987 and 1988). 
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While all modeling strategies operate from the basic principles 

of hydrologic optics, model design can take several forms. Munday and 

Alfoldi (1979) analyzed three model variations and their use with 

Landsat imagery. Lathrop and Lillesand (1989), in their work with SPOT 

data, found non-linear models worked best for wide ranges of SSC and 

suggest that the multispectral approach outlined by Holyer (1978, 

1980), involving the use of visible and near infrared bands, provides a 
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simple yet effective calibration model for total suspended solids. Both 

the Munday and Alfoldi (1979) and Holyer (1978, 1980) studies are 

reviewed in the following section on modeling techniques. 

Airborne and orbital studies have provided important 

information on the potential of remote sensing of sse and will no doubt 

form the backbone of any operational, synoptic monitoring program. 

Still, they involve several limitations with respect to spatial and 

temporal sensitivity, in both research and operational modes. 

In an operational context, the major limitation is one inherent 

in the use of traditional sensor platforms. Just as field personnel can 

only remain at a site for a certain length of time, so too, an airplane 

can only remain airborne for a limited amount of time. While airborne 

the platform is constantly in motion, so that the imagery it acquires 

is essentially a temporal sample of processes and events taking place 

on the ground. This results in a slightly different set of problems 

that produce some of the same limitations imposed by traditional, 

ground-based sampling methods. Since the platform is in motion, it 

cannot provide continuous imagery of a specific site. This, coupled 

with an inability to remain perpetually airborne, specifies a situation 

were the continuous monitoring of a stream cross-section, which is 

required to determine the total sediment load with a high level of 

accuracy, is not possible. Even satellite systems with repetitive 

acquisition characteristics do not presently have the temporal 

sensitivity required for this application and are also prone to cloud 



cover limitations which may preclude the use of imagery from specific 

overpasses resulting in a further reduction of temporal sensitivity. 
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When considering the basic research required to develop and 

model the relationships required for an operational system, platform 

motion also affects the validity of the results obtained by the process 

of gathering simultaneous in-situ water quality data and remotely 

sensed imagery. In reality, water samples gathered for comparison to 

image reflectance values for calibration of the predictive model may be 

separated in time from the actual image acquisition by several minutes 

in the case of airplanes to several hours in the case of satellites. 

The effect of this lag in data collection may not be critical for 

lakes, reservoirs, and oceans where water movement is relatively slow, 

but it can be a major problem in streams, where water movement may 

carry the suspended materials some distance between the time the 

imagery is acquired and the time that the water sample is collected on 

the ground (Holyer, 1980; Whitlock et al., 1982; Thiruvengadachari et 

a1., 1983). 

However, the "motion picture" capabilities of video systems 

combined with a fixed vantage point will allow precise location in time 

and space of reference water samples with respect to radiance values. 

This promises to be a valuable method for assessing the error involved 

in time lags between the acquisition of water quality samples and 

remotely sensed imagery, since successively greater time lags can be 

selectively chosen from the video imagery under controlled study 

conditions to study the problem. This information can then be used 
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in the error assessment of orbital and airborne applications. The same 

characteristics of video acquisition will allow for a reduction of 

error estimates in what Whitlock et al. (1982) refer to as 

"hydrologically appropriate" sampling in the context of stream cross

sections and stream reaches. This is the scale at which ground-based 

video appears the most appropriate. The are additional potential 

benefits from ground-based observation. Due to the lack of intervening 

atmosphere, ground-based video data could also be compared to airborne 

and orbital imagery to develop atmospheric corrections for the latter. 

Furthermore, calibration panels can be placed in the field of view of 

the sensor, allowing corrections in the system response as well as 

aiding in the removal of intervening effects such as diffuse skylight 

and reflection at the air-water interface. By placing a video system at 

a fixed point above river sites and utilizing the "motion picture" 

capabilities of video, the problems associated with aircraft and 

satellite-based systems can be addressed while at the same time 

providing another level of data within the multistage framework. 

Modeling Theory and Technigues 

Preisendorfer (1976) presents the theoretical framework for 

three basic models of light fields. Each is designed to describe one 

facet of the radiometric complex encountered in the earth's hydrologic 

environments. These include the two-flow model and the radiance model, 

which d~scribe light fields generated by skylight and sunlight, and the 

diffusion model which describes artificial light fields. 
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Curran et al. (1987) propose four methodological stages in the 

use of remotely sensed data to estimate SSC. The first of these is the 

derivation of empirical relationships between SSC and monospectral or 

multispectral radiance (Robinson, 1985), the second involves the 

derivation of a model for the interaction of radiation with suspended 

sediment (Jain and Miller, 1977; Holyer, 1978), the third is an 

inversion of these empirical relationships or models to estimate SSC 

over large areas (Johnson, 1974; Amos and Alfoldi, 1979) and the fourth 

stage is an assessment of the error and accuracy of these SSC estimates 

(Amos and Alfoldi, 1979). 

Munday and Alfoldi (1979) reviewed three commonly used models 

utilizing inputs from the Landsat Multispectral Scanner (MSS) in an 

attempt to find a standard model for all future studies. The types 

analyzed were linear, logarithmic, and non-linear diffuse reflectance 

models. The authors concluded that a non-linear model curve fits 

Landsat radiance data better than a linear model for usual sediment 

concentration ranges. For small ranges of sediment concentration, non

linear and linear models work equally well. The authors based their 

conclusions on a chromaticity analysis of loci for suspended solids 

from a large number of Landsat scenes. The results indicate the loci 

are non-linear, requiring a non-linear model. The chromaticity concept 

is a transformation that operates on the premise that changes in 

brightness caused by peripheral effects (including varying sun angles) 

may mask small color differences, leading the interpreter to miss the 

spectral distinction between objects. A brightness contrast may also 
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lead the interpreter to make an invalid color distinction between 

objects having the same spectral reflectance. Several investigators 

have used chromaticity transform models for studies of water quality of 

acid stressed lakes in Canada and the Northeastern United States 

(Munday, 1974; Munday and Alfoldi, 1979; Hardy and Jefferies, 1981; 

Bukata et al., 1983). 

The chromaticity technique can be termed an "equal radiance 

transformation" because the result on a color display is an image of 

spatially constant brightness; only color information is present 

(Munday and Alfoldi, 1975). The transformation coordinate values are 

regressed against the various water quality parameters of interest. In 

the models involving acid stressed lakes, the parameters are usually 

chlorophyll, suspended mineral concentrations, and a dissolved organic 

component. 

Bukata et al. (1983) found that an unreasonable level of 

accuracy is required to reliably determine the chlorophyll and 

suspended mineral concentrations of water bodies and concluded that 

chromaticity analysis would yield totally ambiguous results for water 

masses characterized by large concentrations of chlorophyll, large 

concentrations of suspended minerals, or large concentrations of both. 

Additionally, the application of chromaticity to the prediction of 

chlorophyll concentrations would require that both the dissolved 

organic component and suspended mineral concentrations of the water 

mass under study be both known and constant; prediction of suspended 

mineral concentrations would require that the concentrations of 



dissolved organics and chlorophyll be both known and constant. Given 

these constraints, it becomes quite apparent that this type of 

transform is useless in modeling SSC involving the transport of sand, 

silt, and clay fractions. The accuracy of the results, even given a 

priori knowledge by investigators of two of the three water quality 

parameters is questionable. The fact that a priori knowledge is 

required at all, negates essentially all of the advantages remote 

sensing offers in terms of time and cost considerations. 
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Therefore, while the results pertaining to the relative value 

of linear versus non-linear models may be valid, especially in the case 

of ocean environments, the suspect nature of the chromaticity transform 

with respect to high levels of suspended material and the failure of 

the authors to define small vs. large concentrations leaves some doubt 

as to the applicability of such results to this study. Several authors 

have reached the same conclusions regarding various aspects of the 

Munday and Alfoldi study (Butaka et al., 1983; Carpenter and Carpenter, 

1983; MacFarlane and Robinson, 1984). 

The results obtained by Holyer (1978, 1980) appear to be more 

widely applicable to conditions associated with SSC in lakes and river 

systems. Based on data acquired by a specially designed 

spectroradiometer, this study resulted in the development of algorithms 

for the removal of peripheral effects as part of a multispectral 

algorithm operating on volume reflectance in the red and near-infrared 

wavelengths. The concepts involved in the design of this model have 

been applied at varying levels of complexity by a number of 
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investigators (i.e. Piech and Walker, 1971; Aranuvachapun and LeBlond, 

1981; MacFarlane and Robinson, 1984). 

Peripheral Effects 

Proper implementation of an sse model driven by data in the 

form of multispectral signatures requires identification and removal of 

peripheral effects which are a result of energy interactions with 

atmospheric and surface components before reaching the sensing device. 

If left intact these effects can cause sufficient alteration in 

reflectance values rendering any conclusions meaningless. 

Virtually all electromagnetic (EM) energy used in passive 

remote sensing originates from the Sun. EM energy propagated by the Sun 

travels through the vacuum of space until it arrives at the top of the 

earth's atmosphere. From this point, until it is ultimately collected 

by the sensing device, this energy undergoes a series of interactions 

with the atmosphere and the earths surface. These interactions can 

affect the integrity of the reflectance values recorded on the imagery. 

Within the atmosphere, EM energy can be reflected, scattered, 

transmitted, or absorbed and re-emitted by the various atmospheric 

gases and particulate matter it encounters. The degree to which these 

mechanisms affect energy in the atmosphere is a function of the 

wavelength of the energy in relation mainly to the size and absorption 

characteristics of the materials present. The blue portion of the 

spectrum, with its shorter wavelengths is scattered the most; the red 

and infrared the least. 
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The visible portion of the EM spectrum reaching the earth is 

separated into two components: 1] direct sunlight which passes through 

the atmosphere without being absorbed or scattered; and 2] skylight or 

diffuse light that has been scattered at least once (Chahine, 1983). 

Skylight is one of the peripheral effects that must be removed from 

imagery. It manifests itself as a bluish cast in color photography, 

caused by haze, which contributes brightness and reduces image 

contrast. Water vapor is the major controlling parameter. Conversely, 

absorption in the atmosphere has the effect of subtracting brightness 

from longer wavelengths (reflective infrared). Both effects result in a 

masking of true radiance information about the surface. 

At the earth's surface, the direct sunlight component of the 

total energy is subjected to a variety of surface types and conditions 

which have the potential to further alter the values received at the 

sensor. The operative mechanisms include scattering, reflection, 

transmission, and absorption. As in the case of the atmosphere, the 

magnitude of the interaction differs as a function of wavelength and 

target material. The basic relationship with respect to water is 

illustrated in Figure 4. As this schematic indicates, remote sensing of 

water bodies is a complex task. It involves two turbulent media; air 

and water and the interface between the two. 

The type and quantity of organic and inorganic materials held 

in suspension affects the reflection, scattering, transmission, and 

absorption characteristics of a specific body of water. In many cases 
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the mixture and concentration of these materials can be highly variable 

over short periods of time. 

The reflectance from a water body, and the resulting color or 

gray tone exhibited on the image, are dependent on five categories of 

phenomena. These include illumination source, surface reflection, 

bottom reflection, volume reflection, and finally, atmospheric 

scattering which was discussed above. Of these, only volume reflection 

is indicative of suspended sediment concentration (Holyer, 1978). 

Illumination source includes the angle of the Sun 

above the horizon. Correlation coefficients for the relationship 

between reflected solar radiation and surface concentrations of 

suspended sediment have been shown to be 5 to 15% higher when the sun 

angle is less than 40 degrees from solar zenith compared to data where 

the sun angle is greater than 40 degrees (Ritchie et al., 1976). 

Bottom reflectance is the result of selected wavelengths 

penetrating the water column, reflecting off the bed and contributing 

to the upwelling radiance returned to the sensor. This effect is 

difficult to quantify and is, therefore, omitted from the majority of 

models. This is permissible in lakes and oceans where the depths 

involved are sufficient to preclude penetration of visible wavelengths 

to the lake bed or ocean floor. In the case of water bodies where 

bottom reflection is a consideration, a Secchi disk may be used to 

determine the extinction depth of visible light within the water body. 

This is the depth below which less than one percent of the upwelling 

radiance is returned to the sensor. Portions of the water body with an 



extinction depth greater than the water depth are either eliminated 

from the study or sensed only in the near infrared wavelengths which 

penetrate only the top few inches of the water column. 
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Surface reflection is also very difficult to quantify. As in 

the case of bottom reflection, the easiest way around this is to simply 

eliminate those portions of the imagery exhibiting sun glitter from 

analysis. 

Volume spectral reflectance is the only one of the five 

phenomena affecting water color that is indicative of SSC. The results 

of Holyer's work indicate that particle size rather than color or 

texture is the predominant factor relating sediment concentration to 

volume reflectance. This is promising with respect to the development 

of an algorithm that requires no ground confirmation. If color were the 

key factor, the potential variations are infinite and universal 

algorithms are unlikely. If particle size is the key, the range of 

sediment types is limited and signature transfer between sediments may 

be a manageable problem. While Holyer's initial results are promising, 

the effect of these different sediment characteristics on volume 

reflectance has not been fully established at this time. 
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CHAPTER 3 

METHODOLOGY - DATA ACQUISITION 

Instrumentation 

Primary field instrumentation for this study consisted of two 

video systems and two reference panels. Equipment availability and 

sampling technique influenced the choice of sensor for a given date. 

Both the Xybion and Bi-spectral systems were utilized. The panels (one 

white and one black) were placed within the sampling scene to provide a 

reference for scene normalization and the removal of skylight during 

image processing. 

Meisner (1986) defined three basic configurations of 

multispectral video systems. These are: The multiple-camera array, the 

internal optical beam splitter, and the filter wheel. 

The Xybion system consists of a filter wheel design camera and 

image processing software while the Bi-spectral system is a dual camera 

configuration with special signal processing capabilities. Details of 

both systems and the panel characteristics are presented on the 

following pages. 

Xybion System Characteristics 

The Xybion multispectral video system, referred to as the 

Multispectral Video Imaging and Analysis System (MSVIAS) consists of 

several pieces of equipment which, for the purposes of this discussion, 

can be subdivided into the camera component and the image processing 
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component. The camera component consists of the camera, a real time 

display system, and a video tape recorder. The image processing 

component includes a real-time digitizing frame (field) grabber, an 

IBM-PC compatible computer, a high resolution monitor, and applications 

software. The image processing component is also used to process images 

acquired by other video cameras such as the Bi-spectral system. The 

following description of the Xybion system is taken from Frost (1985) 

and Schowengerdt (1987). 

The Xybion multispectral video camera model MSC-02 is a solid 

state CCD imager. The solid state design of the system results in a 

small, light camera with minimal drift in performance characteristics. 

The 8.8 x 6.6 mm chip has 384 horizontal (H) by 491 vertical (V) 

imaging elements resulting in a recommended digitizing resolution of 

320H by 240V per field. This is fairly coarse in comparison to newer 

chip designs, but since the resolution of video recorders is presently 

the major constraint on system resolution, the full potential of the 

newer chips can not yet been realized. 

The filter wheel configuration provides six user defined 

spectral bands, with the capability to handle bandwidths from 10-300 

nm, covering the 0.4 to 0.9 micrometer portion' of the electromagnetic 

spectrum, roughly the same coverage as the first four bands of the 

Landsat Thematic Mapper. Four of the six bands were chosen for the 

analysis phase of this project (Table 3). 
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Table 3. Video System Specifications 

XYBION BI-SPECTRAL 

CCO 384 x 491 array 754 x 488 array 
RESOLUTION 8.8 mm x 6.6 mm element 11.5 mm elements 

EXPOSURE 1/60 second 1/60 second 

FULL SIGNAL 
LEVEL NA 0.032 ft-candles at CCO 

SIGNAL-TO- 50 dB Beak signal 
NOISE NA to RM noise 

NORMAL 
APERTURE F/8 F/8 

SPECTRAL 
SENSITIVITY 

BAND 1 0.475 - O.530~m 

2 0.520 - O.580~m 

3 0.615 - 0.680~m 0.610 - O.680~m 

4 0.800 - 0.900~m 0.780 - O.930~m 
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The filter wheel spins at a rate of 600 RPM while the camera 

produces a standard RS-170 video output which, combined with an 

automatic sequential imaging at a rate of 60 images per second, results 

in an image (field) being generated every 1/60 second, and a complete 

set of filtered images is obtained every 1/10 second. Synchronized 

shuttering eliminates noise bars or flicker. The filter wheels are 

designed to provide a maximum shuttered aperture of approximately 1/250 

second but contain masks that can be used to provide aperture times 

from 1/250 second to less than 1/10,000 second resulting in 

equalization of spectral response with a sensitivity equal to ASA 200-

400. 

The camera uses a standard C-mount lens so that lenses from 

conventional 35 mm cameras can be used. Care must used in selecting 

lenses for spectral response. For the purposes of this study a 12 mm 

lens with a f/stop of 8 yielded images with a ground resolution element 

of 0.2 meters. 

XICAS2. The image processing component of MSVIAS is the Xybion 

Image Capture and Analysis Software for multispectral applications 

(XICAS2). The software is menu driven with command file capability. In 

addition to basic image capture functions, including programmable 

resolution, sequential synchronous capture, and single filter display, 

an ability to perform limited image processing tasks is provided. These 

include histograms, pixel attributes, image algebra, geometric 

transformations, and contrast enhancements. The current software is not 

intended to provide a complete image processing system capability. 
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However, the system can readily capture, store, and retrieve images for 

subsequent processing by other readily available systems such as ERDAS. 

The image file system allows image files to be stored with digitizing 

parameters and provides interfaces with other image processing systems. 

Imagery for this study was grabbed and digitized using XICAS2 and the 

water sample coordinates recorded. The images were then imported into 

ERDAS and formatted for preprocessing and data extraction. 

Bi-spectral System Characteristics 

The Bi-spectral system is a prototype two camera multiplex 

video system developed by the University of Arizona with support from 

the National Aeronautics and Space Administration. System components 

include the cameras and the multiplexer. The following description is 

taken from Hutchinson et ale (1990). 

The cameras are two boresighted black and white, high 

resolution (780H by 488V) Cohu Model 4810 CCD video cameras mounted on 

a common fixture, with wide-angle lenses (12.5 mm focal length) and 

removable filters in the red (610-690 nm) and near-infrared (780-930 

nm) spectral bands corresponding to those used in the Thematic Mapper. 

Specifications for the camera system are given in Table 3. The 

relationship of the filter responses to water reflectance 

characteristics for both the Xybion and Bi-spectral systems is shown in 

Figure 5. 
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The Multiplexer is a real time video image processing unit 

between the camera system and video recorder that has many signal 

processing capabilities. These include: 1] modifying the contrast of 

the raw video signals from each camera as desired; 2] mixing the 

individual video signals to yield a single composite color signal 

composed of any desired combination of raw or enhanced camera signals; 

3] generating a single output signal of alternating frames from each 

raw video input signal; and 4] performing a continuous ratio of the 

difference and sum of two video input signals yielding a single output 

signal comparable to the normalized difference vegetation index (NDVI). 

In addition to a video monitor output, the system is capable of 

producing seven different output signals simultaneously (raw and 

enhanced signals from each camera ; NTSC color composite; alternate 

bands; and the NDVI). Anyone or all of these signals can be displayed 

or recorded during operation, provided appropriate equipment is 

available. 

An RS-170 sync generator provides signals to synchronize the 

CCD cameras. The system accepts two video inputs which are passed 

through routing electronics to a pair of enhancer modules, prior to 

signal mixing and processing. The enhanced signals are mixed and the 

resultant signal along with the two original camera signals are made 

available to an NTSC encoder. The red, green, and blue color encoder 

inputs are available for user selection, providing the user with many 

color combinations of NTSC color video. 



Reference Panels 

The design and rationale for the use of reflectance standards 

was taken from the work of Holyer (1980). Much of the following 

description was taken from Holyer (1980). 
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Since drift in the video system electronics was a distinct 

possibility, absolute calibration of the system was not attempted. The 

alternative to absolute calibration was to make relative measurements 

where backscattered light from water is compared to radiance of a 

surface of known reflectance. Reflectance standards were, therefore, 

prepared for field use. The construction and calibration of the field 

reflectance panels is discussed below. 

Two panels, one black and one white, were used as reflectance 

standards. These were constructed by spray painting two 1.0 meter by 

1.0 meter pieces of aluminum sheet metal. This gave fairly uniform 

reflectance surfaces and good durability when properly handled. The 

panels were touched up before each sampling session. 

The paint used was Krylon spray paint manufactured by Borden, 

Inc. The white panel was painted with Krylon Flat White Enamel, No. 

1502, Federal Color Standard 595 No. 37875. This titanium dioxide 

pigmented paint is believed to be of high quality and good diffuse 

reflectance since it has been considered in the past as a coating for 

optical integrating spheres. 

The black panel was painted with Krylon Flat Black Enamel, No 

1602. Like the white, the black panel appeared to be uniform and 

relatively diffuse. 
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Test Sites 

Two test sites in northern Arizona were utilized in this study. 

Short descriptions of each follow. 

Little Colorado Valley Pit 

The first study site was located in the Little Colorado Valley 

southwest of Cameron on the Navajo Indian Reservation (Figure 6). 

Surficial geology of this area consists of the Chinle Formation and its 

associated members: the Shinarump Conglomerate and the Petrified Forest 

Member. The lower of the two members, the Shinarump Conglomerate, 

consists of sand and pebbles of Paleozoic and Precambrian rock units as 

well as petrified logs and associated deposits of uranium. The 

overlying Petrified Forest Member of the Chinle Formation is a thick 

sequence of gray-green-brown shale, sandstone and volcanic ash. This 

rock unit is soft and non-resistant, and typically is weathered and 

eroded into topographic lows (Nations and Stump, 1981). 

Uranium deposits in the Chinle Formation occur mostly in the 

basal 45 meters of the Shinarump Conglomerate. Many small and medium 

size deposits are in similar lenticular channel-filling sandstones in 

the lower part of the Petrified Forest Member. The Cameron district is 

one of two areas of major production in northern Arizona (Nations and 

Stump, 1981). 

It is this mining connection that provided the setting for this 

test site. During the 1950's over ninety pits of various sizes and 

depths were excavated as a result of the mining of uranium. The test 
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site was one of the most extensive pits in the area and provided the 

needed vertical relief (approximately sixty feet). The spoil pile and 

surrounding in situ material contribute the suspended material which 

was collected during this sampling episode. 
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Water collects in many of these pits on an ephemeral basis 

related to seasonal precipitation patterns and possibly consequent 

ground water fluctuations. Water depth was approximately 15-20 

centimeters with a significant zone of ooze underlying. Suspended 

sediments consisted of high concentrations of colloidal material with a 

secchi extinction depth of 7 centimeters. 

Verde River/Oak Creek Confluence 

The majority of the sampling episodes took place in the Verde 

Valley at the confluence of the Verde River and Oak Creek (Figure 7). 

These two streams drain geologically dissimilar portions of the Verde 

Valley providing sediment loads of varying concentration and color. 

About twenty million years ago (the late Miocene), the scarp of the 

Mogollon Rim had taken shape, providing some 2000 feet of relief. The 

Verde River gradually developed its drainage along the foot of the 

Mogollon Rim and soon became integrated with the Salt and Gila systems 

(Thiessen, 1986). 

Less than six million years ago, a second period of faulting 

and volcanic activity impounded the waters of the Verde River 

inaugurating a succession of Pliocene-Pleistocene lakes receiving 

tributary streams that drained the limestone surface of the Coconino 
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Plateau which was highly charged with calcium carbonate. Much of this 

material accumulated on the lake floor as the Verde Formation now 

forming the chalky white-banded hills of the Verde Valley. These 

lacustrine limestone layers are interlayered with pink silt and sand 

brought in by streams, and with the volcanic ash from long-continued 

volcanism in this region. At about this same time there was rejuvenated 

movement on the Oak Creek Fault. The eastern block was dropped over 700 

vertical feet. Utilizing the crush zone of the Oak Creek Fault, Oak 

Creek eroded its route to the Verde River (Chronic, 1981). 

The geologic units through which Oak Creek passes are very 

different from those in the southwestern Verde Valley. The Oak Creek 

units are very similar to those found in the Grand Canyon to the north 

and are the result of a succession of shallow seas, dunes, and river 

deltas which existed from 330 to 250 million years ago. 

Although Oak Creek passes through the Verde lake bed sediments 

just before joining the Verde River, it is apparent from the color of 

the sediment load that it is comprised predominantly of material eroded 

from the Supai formation and associated units farther upstream. The 

confluence setting provided an excellent gradient of concentrations and 

material types within a single scene. 

Field Procedures 

Field data collection involved seven sampling episodes at the 

two sites over a four month period (Table 4). 
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Table 4. Field Sampling Conditions 

Discharge (ef/s) Secchi Extinction Depth 
Sampling 
Episode Date lime Oak creekl Verde Oak CreekJ Mix I Verde 

Conflu1 7/14/89 1200-1330 17.00 77.50 10cm ------- 15cm 

Conflu2 7/30/89 1030-1200 18.50 80.00 10cm ------- 10cm 

Conflu3 8/23/89 1030-1100 17.75 77.50 10cm ------- 10cm 

Conflu4 8/25/89 1030-1115 15.25 69.00 20cm ----.. _ .. 10cm 

Conflu5 8/30/89 1015-1045 14.25 75.50 40cm 30cm 20cm 

Conflu6 9/7/89 0945-1130 14.25 75.50 45cm 35cm 30cm 

LCPit 5/23/89 1140-1300 Secchi Extinction Depth 7cm 



The most important phase of data collection involved the 

simultaneous acquisition of water samples and reflectance data in the 

form of multispectral video imagery under varying conditions of 

discharge and turbidity. 
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Meteorological conditions during the summer of 1989 did not 

yield as wide a range of flow conditions as would be expected from 

fully developed monsoon conditions. This resulted in an acceptable 

distribution of SSC values (between 25 and 250 mg/l), but data at 

higher concentrations is lacking (Figure 8). A limited number of 

samples with higher concentrations of suspended sediment were acquired 

at the Little Colorado site. The ability of stationary, multispectral 

video to measure these higher concentration values will need to be 

studied in more detail in the future to assess the range of conditions 

to which the technique may be applied. For the purposes of this initial 

study, the number of samples and the range of values associated with 

those samples is sufficient to assess the basic relationship between 

reflectance and concentration needed to generate the initial regression 

model and analyze the level of error inherent in the model. 

At the Little Colorado Pit site the camera was placed at the 

top of a spoil pile, 60 feet above the water, with a depression angle 

of 48 degrees and an azimuth of 320 degrees. Surface samples were taken 

from a small raft floating near the center of the pond. Bottom material 

was stirred into suspension from the normal movement of the oars to 

position the raft. In addition bottom material was purposely stirred 

into suspension to provide a range of concentrations. Much of this 
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material settled within a matter of minutes after being placed in 

suspension. All samples consisted primarily of fine grained silt and 

clay size particles. 
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At the confluence site the video camera was located on a 

limestone outcrop on the north bank of the confluence, 60 feet above 

the water, in low oblique viewing mode with a depression angle of 23 

degrees and an azimuth of 228 degrees. The initial motivation for the 

fixed platform concept was a combination of the inherent 

characteristics of the video system (motion picture acquisition) and 

the nature of the phenomena being studied (water flowing past a fixed 

point). There are several advantages to this system configuration not 

available from a platform in constant motion. The most important of 

these are continuous data acquisition of a fixed frame, constant scale, 

and predictable sun angle. A priori knowledge of these factors helps to 

account for them in the image processing and classification stages of 

the analysis. The goal behind a consistent methodology in the 

acquisition of video imagery is to remove or standardize all peripheral 

effects which do not contain radiance information pertaining to the 

volume reflectance of the water body during the collection phase. 

During all six confluence sampling episodes sse samples were 

acquired by a surface scoop using 500 rom and 1000 rom Nalgene water 

bottles. During the sixth episode, samples were also taken at sec chi 

extinction depth using a LaMotte Model JTI077 instantaneous point 

sampler. The time at which each sample was taken was also recorded. The 



range of sample acquisition times for each sampling episode is 

presented in Table 4. 
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Every effort was made to adhere to the environmental and ground 

truth criteria for the proper use of linear multiple-regression 

techniques with radiance as the independent variable (Whitlock et al. 

1982) 

Environmental criteria applicable to the site include: 1] a 

linear radiance gradient for the constituents of interest; 2] small 

changes in atmospheric transmission over the remote sensing scene; 3] 

and water depth greater than Secchi extinction depth (Table 4). The 

only criteria in question is a near constant vertical concentration 

gradient within remote sensing penetration depth. Within the mixing 

zone of the two plumes, visual assessment indicated that surface 

concentrations (to a depth of 0.5 meters) varied in a very dynamic 

manner while subsurface concentrations appeared more consistent. 

The ground truth criteria included: 1] a single remote sensing 

scene with boundaries that give the maximum change in upwelled 

radiance; 2] multiple water sample locations with near-uniform radiance 

distribution; 3] multiple sample points in all plumes and water masses 

in the scene; 4] total number of water sample locations much greater 

than number of remote sensor bands in the regression equation; and 5] a 

constant sample depth less than Secchi extinction depth. The large 

scale coverage characteristics inherent in the ground based approach 

insured that those criteria were met. The temporal sensitivity of video 

acquisition insured a hydraulically appropriate sampling sequence. The 
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ability to correlate the exact video frame/field with the time of 

sample acquisition means that this is the most hydraulically 

appropriate remote sensing technique in existence to date. All sampling 

took place roughly between 10:00 am and 2:00 pm under as cloud free 

conditions as possible. Additional information on stream 

characteristics was recorded during each sampling episode (Table 4). 

During the sampling episodes two types of markers were 

utilized. The first type were traditional reference panels which were 

designed to act as reflection standards to allow for normalization of 

the reflectance values in multiple time and date images. These panels 

were also shaded at the beginning of each session to provide 

information on skylight values to be used in the removal of peripheral 

effects during the image processing stage. Additional, smaller markers 

were placed in the water at the sample points at the moment of sample 

acquisition so that the points can be accurately located on the imagery 

during analysis. 

The results of the analysis of data collected during field 

acquisition are reported in Chapter 4. 
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CHAPTER 4 

METHODOLOGY - DATA ANALYSIS 

Evaluation of the potential for monitoring SSC by means of 

stationary, multispectral video techniques involved three sets of 

procedures: 1] analysis of video imagery brightness values (DNs); 2] 

analysis of water samples; and 3] statistical analysis of relationships 

between variables extracted from imagery and water. 

Data were organized according to two criteria: date of 

acquisition and the video system utilized. This resulted in seven date 

specific data sets which, in addition to being analyzed individually, 

were also combined to produce three multidate, system specific data 

sets. One of these multidate data sets (Conpit) included data from both 

the confluence and pit sites resulting in a multidate, multisite data 

set. Figure 9 provides a schematic of the data set structure. Image DN 

values were analyzed for each of these configurations. 

Image Analysis Technigues 

Video Image Preprocessing 

In order to extract DN values from the video imagery, it was 

necessary to format the image data contained on video tape for analysis 

on an image processing system; in this case ERDAS. Using a specially 

modified Compaq computer interfaced with a video tape player and 
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monitor, video tapes acquired by the Xybion and Bi-spectral systems 

were played back and visually examined on the monitor. 
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The small markers used to provide the spatial location of the 

samples were placed on the water surface to mark the sample point and 

then waved in the air immediately before and after each sample 

providing a "bracketed" segment of tape which was then played back 

until the exact time of the sample acquisition could be visually 

determined. The video field immediately following each surface scoop 

sample was "grabbed" and digitized at the default resolution of 320H by 

240V using the XICAS2 software package. This yielded 280 spectral 

images corresponding to 100 water samples (Table 5). These images, as 

well as the digitizing parameters, were recorded on floppy disks as 

image files consisting of 78,720 bytes of information per band. 

Water sampling sites were located on the grabbed images by 

means of the ground markers utilized during sample acquisition. The 

coordinates of the sample points were recorded using the basic image 

processing capabilities of XICAS2. 

Image files were input from the floppy disks into the ERDAS 

image processing system and formatted for further processing and 

analysis. This resulted in a final scene format of 320H by 232V to 

avoid inclusion of the vertical retrace bar at the bottom of the field. 

The oblique acquisition mode of the video systems yielded a pixel array 

of varying scale just as an oblique photograph exhibits a larger scale 

in its foreground than its background. 
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Table 5. Field Sampling Strategy 

SAMPLING SAMPLE SPECTRAL SPECTRAL 
EPISODE TYPE SAMPLES BANDS SAMPLES 

L. C. Pit Surface Scoop 10 4 40 

Confluence 1 Surface Scoop 10 4 40 

Confluence 2 Surface Scoop 15 2 30 

Confluence 3 Surface Scoop 15 2 30 

Confluence 4 Surface Scoop 15 2 30 

Confluence 5 Surface Scoop 15 2 30 

Confluence 6a Surface Scoop 10 4 40 

Confluence 6b Secchi Depth 10 4 40 
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In spite of this variation no geometric correction was applied 

to the images. The are two basic reasons for this. First, geometric 

transformations generally require resampling of the spectral data 

resulting in an alteration of the original radiometric values which are 

the basis for generating the regression models. 

Secondly, the use of pixel arrays to characterize water sample 

reflectance reduces the need for precise geometric rectification. One 

use of pixel arrays in water quality studies has been to reduce data 

noise (Whitlock et aI, 1982). While large reductions in instrument 

noise can be achieved by averaging small arrays the use of array sizes 

larger than 7 x 7 are ineffectual. Whitlock et al. (1982) warn that if 

the array size becomes too large, average radiance values of the 

enlarged pixels may not be representative of ground values because of 

spatial variability in pollutant concentration. 

Another reason for the use of pixel arrays has been in response 

to the problem of locating Landsat MSS sample pixels representative of 

the area being used for calibration. Ritchie and Cooper (1987) 

suggested that to insure sampling consistency in a water body, at least 

a 3 x 3 pixel array be sampled. Smaller arrays provide a greater chance 

that the mean pixel value may not be representative of a larger area. 

At the same time they present the opposing conceptual view that because 

in situ measurements are "point" measurements, single pixels would be 

more representative of a point measurement. 

With respect to this project, the pixel array approach, even 

with its potential drawbacks, is the only viable method for 
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characterizing the reflectance of a water sample. This is a result of 

the combined factors of system spatial resolution, stream velocity, and 

sediment sampling methodology and their relation to hydraulically 

appropriate sampling strategies. The acquisition configuration of the 

video systems yielded imagery with sub-meter spatial resolution 

(approximately 0.2 meters). Water samples were, for the most part, 

acquired as surface scoops. The scooping motion quite easily 

encompassed an area greater than a single pixel. This, coupled with 

stream velocities resulting in rapid movement of water and sediment 

downstream precludes the use of a single pixel to characterize the 

sample, even When the image utilized in data analysis is only separated 

in time by a few seconds from the water sample. 

Raw DN's of 5 x 5 pixel neighborhoods (approximately 1 meter) 

corresponding to each water sample were extracted from each of the 

spectral bands (2 bands for Bi-spectral imagery and 4 bands for Xybion 

imagery). After extracting raw data values, several system and 

environmental factors were assessed to determine whether corrections or 

transformations of the original data set would help decrease the 

unexplained variation in the final regression models. 

System Noise 

Noise patterns introduced during the recording process were 

assessed using basic techniques. Capped aperture readings were taken 

for both systems to identify the dark current contribution to the 

multispectral images. Two sets of readings were taken for each system. 
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The first set of readings for the Bi-spectra1 system was acquired under 

field conditions while the second was acquired during laboratory tests. 

The Xybion data were acquired during two, one-hour tests conducted in 

the laboratory. Field values for the Xybion are expected to be, at the 

very least, slightly higher than the laboratory values, based on 

increased environmental heating of the system. The difference between 

the field (A) and laboratory (B) readings for the Bi-spectra1 system 

supports this expectation (Table 6). The Bi-spectra1 readings also show 

a slight offset between bands reflecting the two camera configuration 

of the system. The chip in the near-infrared camera produced slightly 

more background noise than the red camera detector array in the field 

test. 

The readings for the four bands of Xybion imagery utilized in 

this study showed little band-to-band variation due to the filter wheel 

configuration of the system. The camera utilizes a single detector 

array with the filter wheel providing the discrete spectral bands so 

the noise level should remain constant from band to band. Although the 

band variation in system noise was negligible for the Xybion, the base 

noise level is significantly higher than the Bi-spectral system. 

The readings for both systems indicate that system noise 

increases with the amount of time the system is in operation. A simple 

test was devised as an indication of the effect of a time dependent 

noise correction on the model results. The results from simple 

regression of time versus DN for Bi-spectra1 noise test "A" were 
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Table 6. System Noise Data (DNs) 

BI-SPECTRAL XYBION 

A RED IR BLUE GREEN RED IR 

5 min. 7.84 10.10 24.69 24.87 25.09 25.23 
30 min. 10.41 12.42 
60 min. 12.93 15.99 28.37 28.77 28.84 29.23 

MEAN 10.39 12.84 26.53 26.82 26.96 27.23 

B 

5 min. 6.57 6.07 24.97 25.20 25.24 25.31 
30 min. 10.54 10.25 27.72 27.74 28.14 28.40 
60 min. 11.47 11.73 27.90 28.17 28.45 28.80 

MEAN 9.52 9.35 26.82 27.03 27.27 27.50 
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applied to the data for Confluence sampling episode #4. No significant 

difference in results was obtained. 

Skylight 

Atmospheric scattering, surface reflection of skylight 

(including the air-water interface), and flux resulting from skylight 

reflection from within the water were included in the discussion of 

peripheral effects in Chapter 2. Sunlit and shaded panel readings were 

acquired in an attempt to account for the surface reflection of 

skylight. Atmospheric scattering was not directly addressed due to the 

relative lack of an intervening atmospheric column. Shaded panel 

readings provided a simple but effective correction factor for the 

surface reflection of skylight. Shaded and sunlit readings of the 

panels were taken at the beginning of Confluence sampling episodes #2 

through #6. The lowest single pixel value of the shaded black panel was 

chosen as a simple skylight correction factor (Table 7). 

Since only one reading was acquired for each sampling session, 

and regression was the method of statistical analysis, there was no 

reason to subtract a constant from the DN's. Additionally, the sampling 

periods lasted no more than 1 3/4 hours under cloud free conditions so 

there were no significant changes in skylight conditions. Operational 

deployment of the ground based video technique will involve much more 

variable atmospheric conditions than those chosen for this study. 

Therefore, periodic shaded panel readings are a factor that should be 

included in future work. 
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Table 7. Skylight Data (DNs) 

BAND L. C. PIT CONFLU1 CONFLU2 CONFLU3 CONFLU4 CONFLU5 CONFLU6 

1 NA NA ....... ...... ----- ----- 65 

2 NA NA ..... _- --_ .. - ----- ----- 58 

3 NA NA 48 32 42 38 60 

4 NA NA 27 29 31 32 76 

Conflu 1,6 • 4 bands Conflu 2 ,3 .4 ,5 • 2 bands 
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Since the DN values were extracted from the raw image data they 

include the system noise component. Evidence of this can be seen in the 

offset of values for Confluence #6 which was imaged by the Xybion 

system with its higher noise level. Panel values derived in this manner 

provided a usable one-step correction factor for both effects. Still, 

it is important to further define system noise factors separately to 

determine whether the signal-to-noise standard deviation ratio exceeds 

3.16 as suggested in Whitlock et al. (1982). 

While shaded panel readings were not included in the 

regression analysis, subtraction of the skylight/noise factor using 

image algebra improved the visual appearance of all displayed images by 

improving contrast. 

Sun Angle 

Several investigators have reported the effects of sun angle in 

water quality studies (i.e. Johnson, 1974; Ritchie et al., 1974) and 

included sun angle in predictive models (Carpenter and Carpenter, 

1983). 

The fixed field image acquisition framework of this study lent 

itself to the placement of reference reflectance panels in the scene to 

provide inputs for the correction of sun angle effects and the removal 

of the surface reflection of skylight. The original strategy was to use 

a traditional, calibrated barium sulfate (BaS04) panel provided by the 

Optical Sciences Center, University of Arizona. Last minute camera 

scheduling changes conflicted with the availability of that panel. 
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As a secondary plan it was decided to follow the specifications 

of Holyer (1980), using aluminum panels coated with titanium dioxide 

based paint. One deviation was to substitute a black panel for the gray 

panel used by Holyer. As described above, the shaded black panel 

readings did help provide a correction factor for the combined effects 

of system noise and the surface reflection of skylight. 

There was no chance to assess the reflectance characteristics 

of the panels in a controlled environment before the first confluence 

sampling episode. As a rough measure, the zoom lens capabilities of the 

Xybion were utilized to acquire close-up images of the two panels 

during the first round of field sampling. These scenes were grabbed 

along with the sediment sample imagery. Histograms of the panel 

readings were generated. While the mean values for the blue and green 

bands were 255 indicating saturation, the data for the red and infrared 

bands showed progressively lower mean values with normal distributions. 

This was interpreted to mean that: 1] increased scattering and/or 

differences in band sensitivity was responsible for saturation in the 

shorter wavelengths, and; 2] the panels were fairly diffuse and would 

serve the purposes of the study, and could be analyzed in more detail 

after the completion of the field work. 

Review of panel values after completion of the six confluence 

sampling episodes indicated that the white panel had saturated in all 

subsequent episodes after the initial test. This appears to be 

partially a result of the fact that the sensitivities of the Bi

spectral and the Xybion systems are dissimilar and should have been 
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accounted for. Use of camera lenses which allow for automatic iris 

adjustments would help alleviate this problem. In addition, the type of 

ground cover which served as the background for the panels was switched 

to try to approximate the natural sand cover rather than provide 

maximum contrast between panel and background. The natural brown color 

of the replacement tarp saturated the video detectors and may have 

contributed an albedo masking effect on the white panel. 

Due to these problems, DN values could not be converted into 

physical values of radiance or reflectance and corrections for sun 

angle variations were not incorporated in the analysis. Variation in 

sun angle was no greater than 5% during any sampling episode, so little 

benefit could be expected from inclusion of a sun angle correction in 

the individual date models. Sun angle corrections are much more 

important in multidate modeling. A 15% variation in solar elevation was 

observed over the two month period of the six confluence sampling 

episodes. It is safe to say that the inclusion of this factor in the 

multidate models would improve the generally good results obtained 

without such corrections. 

Water Sample Analysis 

Water Quality Parameters 

In hydrologic remote sensing, the most commonly accessed water 

quality parameters are chlorophyll, temperature, salinity, suspended 

sediment, and turbidity. Given the framework of this study, suspended 

sediment and turbidity are the potential parameters of interest. 



Analysis of water samples focused solely on suspended sediment 

concentration for theoretical as well as practical reasons. 
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It has been established that turbidity is both a concept and a 

quantitative measure. As a quantitative descriptor, turbidity is a 

water quality parameter which provides a measure of the quality of a 

water body. While sse can also be used as a measure of environmental 

quality, it is an independent variable in the hydraulic geometry of 

stream channels as well as an input into the modeling of most sediment 

related phenomena, all of which require inputs measured as sediment 

concentrations or total sediment load calculated from concentration. 

This project was designed to examine the potential role of video 

systems in the close-range imaging of suspended sediment concentration 

and its distribution at the scale of stream reach or stream 

crossection. Therefore, the attempt in this study was to explore the 

correlations between reflectance and sse. 

If the operational goal shifts to the monitoring of 

environmental quality instead of the collection of sediment transport 

data, then turbidity might be the parameter of interest. Indications 

from other studies are that turbidity shows a correlation to 

reflectance equal to or greater than suspended sediment concentration 

(Holyer 1978, 1980). If the correlation can be proven for sse in this 

study, transference of the hardware and methodology to turbidity 

measurements should be assured at least comparable success. 

From a more practical standpoint the equipment required for 

turbidity measurements was not available and the cost to have samples 
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commercially analyzed for this parameter were prohibitive. None-the

less turbidity should be included as a parameter of interest in further 

studies. 

Analysis of Suspended Sediment Concentration 

Analysis of water samples took place in the wet lab of the 

Tucson office of the Water Resources Division of the USGS. The 

procedure was initiated by weighing the 100 half liter and liter 

samples while still in the sample bottles. The majority of the water 

was then decanted from the sample bottles. The remaining water and 

sediment were transferred to tared petri dishes for oven drying. The 

original sample bottles were then dried and weighed to determine their 

tare weight. Tare weight was subtracted from gross weight to provide 

the net weight of the sample. 

The decanted samples were dried in an oven at 90 degrees 

centigrade for eighteen to twenty-four hours. The dried samples were 

then weighed and the tare weight of the sample dish subtracted from the 

gross weight of the dried sample resulting in the net weight of the 

sediment. 

Sediment concentration was computed using the following 

formula: net sediment/net sample x 1,000,000 a suspended sediment 

concentration (parts per million). 

Statistical Analytical Procedures 

The video reflectance and surface reference data were analyzed 

using the SPSS-PC statistical package. Data plots, correlation 
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matrices, and regression analyses were the primary statistical tools 

used to explore the relationships in the data. To develop a better 

understanding of the data sets, simple, multiple, and stepwise 

regressions were perfonmed with suspended sediment as the dependent 

variable and DN values from the two and four spectral band data sets as 

independent variables. As a first step, plots of suspended sediment 

concentration vs. radiance in the fonm of DN's were generated for each 

band in each of the seven sampling episodes. Outliers were visually 

identified on each of the data plots. Where specific samples were 

anomalous in all bands, the field sample contributing the point was 

identified. Field notes for these samples were checked for comments 

concerning unique conditions during the sample acquisition. As a result 

of this process seven of the one hundred samples were discarded due to 

problems with surface glitter and extremely shallow water. The number 

of samples discarded from anyone episode ranged from zero for 

Confluence #3 to two for Confluence #4. All other episodes had one 

sample removed. The remaining data were then used as the base 

throughout the remainder of the data analysis. To quantify the 

relationships between variables, single and multiband models were 

generated for the single and multidate data sets. 

Assumptions and Measures of Precision 

The regression equations generated during analysis were judged 

using a framework based on the criteria of Whitlock et al (1982). These 

include general assumptions about the data sets which satisfy 
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requirements for least squares analysis, and measures of the precision 

of such analyses. 

In performing least-squares analyses on remote sensing data 

there are three major assumptions: 1] the correct form of the equation 

has been chosen (the relationship between DN's and sse is linear for 

all bands involved); 2] the data represent the entire range of 

environmental combinations in the remote sensing scene; 3] the ground 

measured concentration values are uncorrelated and statistically 

independent. There are also three minor assumptions: 1] all 

observations of concentration have the same (but unknown) variance; 2] 

the distribution of the uncontrolled error is normal; 3] all radiance 

values are known without error. Since there is some error inherent in 

the radiance values Whitlock recommends that remote sensing experiments 

be designed such that the standard deviation of the change in upwelled 

radiance for the ground truth points should be at least 3.16 times the 

standard deviation of data noise for the particular remote sensing 

instrument being used. 

Whitlock et al (1982) also recommended that if pixel averaging 

is necessary, the credibility of pixel radiance values extracted from 

arrays should be established. 

In addition to these general procedures and assumptions about 

the data set, Whitlock et al. (1982) identify several statistical 

parameters as measures of the precision of the regression models. 

These include the correlation coefficient (r), the standard error of 
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the estimate (SE), the sum of the squared random errors (Cp )' and the F 

ratio. 

The square of the correlation coefficient (r2) represents the 

proportion of the total variation that can be explained by the 

regression equation. An r of 0.9 yields an r2 value of 0.81. This means 

that 81% of the signal variation is explained by the regression 

equation with the remaining 19% unexplained by the included independent 

variables. r is not considered a good measure of precision as the 

number of estimated coefficients approach the number of experimental 

observations. Therefore the number of ground data observations should 

exceed the number of instrument bands by a wide margin or the number of 

bands included in the multiple regression equation should be limited. 

The standard error of the mean Y estimate (SE) is also a 

measure of the precision of the least squares process for estimating 

coefficients of the regression equation and takes the form: 

SE = (Ypi - Yi)2/ (N - P) 

where Ypi is the predicted value of the water quality parameter, Yi is 

the actual value of the water quality parameter, N is the total number 

of ground truth observations, and P is the number of estimated 

coefficients. Sixty-eight per cent of the total errors should fall 

within one standard error. The value of SE is expected to approach 

zero. 

The total squared error Cp , is a measure of the sum of the 

squared random errors. The Cp statistic, the residual sum of squares 
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and mean square of residual are defined by Daniel (1980) and summarized 

by Huang and Lulla (1986) as follows: 

Cp = (RSS I S2) - (N - 2*P) 

RSS = (Ypi - Yi)2 

S2 = (Ypi - Yi)2 I (N - Pmax) 

where RSS is the residual sum of squares fitting the equation with P 

estimated coefficients of the regression equation to N observations; S2 

is the mean square residual of the equation with all variables present; 

Pmax is the number of estimated coefficients with all variables present 

in the equation. Given a multiple regression equation with P 

parameters, a low value of Cp in combination with a Cp/P ratio close to 

1.0 is indicative of a good fit with negligible bias. The Cp/P ratio is 

the only one of the parameters which provides a measure of bias in the 

fitted equations. 

The F-value is a statistical parameter used for evaluating the 

adequacy of the least squares process and can be expressed as: 

F = (Ypi - y)2 I (Yi - Ypi)2 

where Y is the mean of the water quality parameter. The calculated 

value of F must be greater than a critical value (Fcr) taken from F -

distribution tables in order to be judged significant. Beyond being 

judged significant, if a multiple regression equation is to be used for 

predictive purposes a ratio of the observed F-value to the critical F

value (F/Fcr) of at least 4 implies a significant and worthwhile 

prediction equation (Draper and Smith, 1966; Whitlock et al., 1982). 

The drawback to this measure is that the confidence level must be 
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arbitrarily selected before the F ratio can be calculated. A 5% 

significance level was chosen for the purposes of this study based on a 

review of similar studies (Lathrop and Lillesand 1986, 1989; Whitlock 

et al., 1982) 

After generating the initial models from the data, analysis of 

residuals was undertaken to check whether the regression model 

assumptions had been met and whether transformations were necessary. 

Measures of precision for each band combination were then computed as 

recommended by Whitlock et al. (1982). The results of these procedures 

are presented in the following chapter. 
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CHAPTER 5 

RESULTS AND DISCUSSION 

Results generated during statistical analysis of the data sets 

can be divided into two components; 1] measures related to the basic 

assumptions about the structure of the data set which are required for 

the application of regression techniques to those data; and 2] the 

results generated from regression analysis of the data sets. 

Analysis of Assumptions 

Background 

The first step in the analysis of data used in regression is to 

check the assumptions required for the use of regression techniques. 

These assumptions apply to all data used in regression analysis but for 

the remote sensing of water quality they take the following form. The 

three major assumptions are: 1] radiance is linear with concentration 

for all bands involved; 2] the data represent the entire range of 

environmental conditions; and 3] the ground truth variables are 

uncorrelated and statistically independent. The three minor assumptions 

are: 1] all observations of concentration are normally distributed and 

have the same (but unknown) variance; 2] the distribution of the 

uncontrolled error is normal; and 3] all radiance values are known 

without error. 



III 

Analysis of residuals is conducted to look for evidence that 

the necessary assumptions have been violated. Scatterplots, histograms 

and listings of residuals were generated for all bands and band 

combinations in the single and multidate data sets. The two data sets 

containing readings from the Little Colorado Pit site were subjected to 

log transformations for all phases of analysis due to the limited 

number of samples and the extremely wide range of concentration values. 

If the assumptions of linearity and homogeneity of variance are 

met, there should be no relationship between predicted and residual 

values. This is substantiated by examination of the scatterplots for 

individual bands in simple regression and band combinations in multiple 

regression (Figure 10). If the assumption is met, the residuals are 

randomly distributed in a band around the horizontal straight line 

through zero. The equality of variance assumption is met if there is no 

increase or decrease in the spread of residuals with increases in the 

predicted values. 

Normality of variance is analyzed through the use of histograms 

of the residual values. The statistical package used for this analysis 

(SPSS), plots histograms of observed residual values together with a 

curve indicating the normal distribution associated with the same mean 

and variance as the residuals. An example is shown in Figure 10. The 

first and last intervals of the histogram contain residuals more than 

3.16 standard deviations from the mean. In addition to an analysis of 

the overall distribution, these extreme values require further 

scrutiny. Another measure of normality is a plot (P-Plot) of cumulative 
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distributions for the observed and expected values against each other 

for a series of points (Figure 10). If the distributions are identical 

a straight line results. Inspection of how points scatter around the 

line allows comparison of the two distributions. 

Whitlock et al. (1982) reported that one problem with the use 

of the regression technique for this application is that the 

independent variables (upwelled radiance) contain errors and are often 

correlated with each other. This requires the consideration of a number 

of statistical parameters when performing regression analysis. Most of 

these parameters are measures of precision which are addressed later in 

this chapter. With respect to the error in the independent variable, 

the Daniel and Wood Criteria (Daniel, 1980) is used as a measure of 

bias introduced into the regression coefficients. The criteria 

indicates that ground truth locations should be selected within the 

remote sensing scene in such a manner that the standard deviation of 

the change in upwelled radiance for the ground-truth points be at least 

3.16 times the standard deviation of data noise for the particular 

remote sensing instrument utilized. 

The final assumption is that the data represent the entire 

range of environmental conditions in the remote sensing scene. 

Results 

Linearity and Equality of Variance. Analysis of the 

sCdtLcrplots indicated a random distribution of residuals for all bands 

and band combinations in all data sets (Figure 11). Additionally, there 
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was no increase or decrease in the spread of those same residuals, 

indicating that the equality of variance assumption was met. As a 

further check of the linearity assumption, regression analysis of log

transformed values as well as interactive comparison of linear and 

logarithmic curve fitting functions were undertaken. No improvement was 

obtained over the use of raw data values. These results reinforced the 

conclusions drawn from the scatterplots; the data were linear in nature 

and linear regression was the proper form of data analysis and model 

generation. 

Normality. Review of histograms of residuals for both single 

and multidate data sets indicated no extreme outliers among the 

residual values. The histograms indicate that the residuals are not 

normally distributed, but in many cases show a rough approximation of a 

normal distribution with the most common deviation being a spike in the 

plus or minus 0.33 standard deviation range. With respect to the 

multidate data sets, Conflub, with its relatively large sample size, 

shows the closest approximation to normality while Conflux, with the 

smallest sample size, deviates the most. In the case of the individual 

date data sets the shape of the distribution varies but considering the 

small sample size their departure from normality is not unexpected. 

It is unreasonable to expect the observed residuals to be 

exactly normal--some deviation is expected because of sampling 

variation. Even if errors are normally distributed in the population, 

sample residuals are only approximately normal (SPSS, 1984). 



Examination of the P-Plots did not indicate any patterns that 

would cause concern as to the normality of the data. 
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Error in Radiance Values. The Daniel and Wood Criteria was 

used to assess errors in radiance values attributable to system noise. 

Standard deviation values for scene radiance (RAD) were derived from 

summary statistics generated by SPSS. Standard deviation values for 

system noise (NOISE) were generated using XICAS2 software during the 

system noise tests summarized in Table 6 and discussed in Chapter 4. 

The Daniel and Wood Criteria were not met for band 4 (NIR) in 

Confluence sampling episodes 3,4,5 (Bi-spectral) & 6 (Xybion) (Table 

8). Additionally band 3 (Red) failed the criteria in the Conflu6 

sampling episode. Although band 4 of Conflu6 failed to reach the 

criteria threshold, it is comparable to the value for band 5 of the 

Whitlock study. In that case the investigators included the band in the 

regression analysis because the value was only slightly below the 3.16 

threshold value. 

At least a partial explanation of the failure of the remaining 

four bands.to exceed the threshold value can be found in an examination 

of the SSC sample characteristics for the various data sets analyzed in 

this study (Table 9). Work by Holyer (1976, 1980) concluded that the 

red portion of the spectrum provided a greater sensitivity to low 

concentrations of suspended sediments but saturated at higher 

concentrations. Conversely the near-infrared portion of the spectrum is 

not as sensitive to low concentrations and is less susceptible to 

saturation at high concentrations. Simply stated, the lower the maximum 



117 

Table 8.System Noise Criteria (ONs) 

RANn CTRAD 16NOI~1= (t"RAn/(t"Nnl~1= ( ... ~ 1~\ 

CONFLUENCE 1 1 8.54 1.76 4.85 

2 10.78 1.63 6.61 

3 10.23 1.61 6.35 

4 6.79 1.57 4.32 

CONFLUENCE 2 3 12.64 2.28 5.54 

4 8.18 2.35 3.48 

CONFLUENCE 3 3 16.32 2.28 7.15 

4 6.65 2.35 2.83 

CONFLUENCE 4 3 11.88 2.28 5.21 

4 4.85 2.35 2.06 

CONFLUENCE 5 3 10.47 2.28 4.59 

4 4.27 2.35 1.82 

CONFLUENC"E 6 1 6.31 1.76 3.58 

2 6.64 1.63 4.07 

3 3.66 1.61 2.27 

4 1.79 1.57 1.14 

CONFLUENCE X 1 10.49 1.76 5.96 

2 11.05 1.63 6.78 

3 7.46 1.61 4.63 

4 5.37 1.57 3.42 

CONFLUENCE B 3 18.33 2.28 8.04 
4 12.28 2.23 5.23 

L.C. PIT 1 32.52 1.76 19.52 

2 38.45 1.63 27.10 

3 31.06 1.61 19.72 
4 23.16 1.57 13.18 

CONPIT 1 34.36 1.76 18.48 
2 44.18 1.63 23.59 

3 ! 31.75 1.61 19.29 

4 20.69 1.57 14.75 
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Table 9. SSC Sample Characteristics (mgll) 

EPISODE n MEAN St. Dev. St. Error ~IN MAX RANGE 

Conflu1 9 151.98 48.43 16.14 101.90 217.70 115.80 

Conflu2 13 173.89 26.97 7.48 133.50 238.20 104.70 

Conflu3 15 154.63 36.08 9.32 115.10 215.30 110.20 

Conflu4 14 108.82 42.11 11.25 54.80 165.50 110.70 

Conflu5 14 83.88 34.62 9.25 30.50 165.90 134.40 

Conflu6 14 60.23 15.74 5.25 31.00 78.10 47.10 

Conflux 18 106.11 58.72 13.84 31.00 217.70 186.70 

Conflub 56 129.96 49.68 6.64 30.50 238.20 207.70 

L.C.Pit 9 3.31 .719 .240 2.53 4.69 2.16 

Conpit 27 2.41 .788 .152 1.49 4.69 3.20 
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sediment concentration, the narrower the range of DN or radiance values 

in the near-infrared band and the lower the standard deviation. While 

the range of concentration values is comparable for episodes 1-5 (a 

range between 100 and 135 mg/l) the maximum values for episodes 4-6 (78 

to 165 mg/l) are well below the maxima for episodes 1-3 (215 to 238 

mg/l). 

There appears to be a good correlation between the maximum SSC 

value for a given episode and the ability of band 4 to meet minimum 

criteria values. Following this line of reasoning, the extremely low 

maximum value of Conflu6 appears to have also caused the failure of 

band 3 to meet the Daniel and Wood Criteria. While system noise appears 

to be a potential problem in single episode experiments with small 

sample sizes and low maximum values of SSC, the multidate models 

containing larger sample sizes, wider ranges, and higher maxima due to 

the inclusion of values from multiple sampling episodes, have no 

problem meeting the criterion for system noise. Also, the single date 

LCPit data set, although it only contains nine samples, exhibits an 

extremely wide SSC range which allows it to exceed the threshold value. 

Rather than exclude bands not meeting the stated criteria, it was felt 

that for the purposes of this study they should be included in the 

regression analysis. However, it is important to note that conclusions 

based on the further analysis of these bands involve limitations in the 

case of the single episode data sets. 
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Correlation of Ground and Image Variables. 

Correlation matrices were generated to provide a measure of the 

relationship between and among the dependent (SSC) and independent 

(image DNs) variables in all sampling episodes. Only the matrices for 

the multidate data sets are presented in Table 10 but the trends are 

indicative of the relationships noted in the matrices generated for the 

single date data sets as well. The patterns are also similar to those 

reported in previous studies. The correlation between SSC and each of 

the bandwidths sensed by the two video systems was, in all cases, much 

weaker than the correlation among the different bands of the sensor 

systems. This supports the findings of Whitlock et al. (1982) that one 

problem with the use of regression techniques for water quality studies 

is that the independent variables (upwelled radiance) are often 

correlated with each other requiring the consideration of the 

statistical measures of precision which, are indeed, used in this 

study. 

While the overall trend is towards a high degree of correlation 

between the independent variables, more subtle trends are apparent 

between specific bandwidths. Bandwidths located adjacent to each other 

in the visible portion of the electromagnetic spectrum exhibit high 

levels of correlation as do visible bandwidths in general. The lowest 

level of correlation exists between the shortest visible bandwidths and 

those located in the near-infrared portion of the spectrum. The 

correlation matrix for the Conflux data set illustrates this point most 

graphically. 



Table10. Correlation Matrices for Multidate Data 

SSC 1.0000 
BAND1 -.3374 1.0000 

BAND2 -.1776 .9633 1.0000 
.7190 1.0000 BAND3 

BAND4 
.5062 
.7611 

.5487 

.1326 .2620 .7558 1.0000 

SSC 1.0000 
BAND3 
BAND4 

SSC 
BAND1 
BAND2 
BAND3 

BAND4 

.7947 1.0000 

.8504 .8683 1.0000 

1.0000 

.7500 1.0000 

.7495 .9907 1.0000 

.7706 .9709 .9855 

.8840 .9197 .9065 
1.0000 
.9341 1.0000 
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The very high level of correlation between bands 1 and 2 is the 

not only the result of adjacent bandwidths, but also the fact that 

these bands overlap slightly. The lowest degree of correlation exists 

between the shortest wavelength visible band (band 1) and the near

infrared band (band 4). 

Model Generation 

Field data were collected on seven dates, at two sites, using 

two video camera systems. By taking advantage of this combination of 

acquisition components, ten data sets were compiled for analysis 

(Figure 9, p.91). The variation in components allowed an initial 

examination and comparison of different acquisition and analysis 

methodologies. 

Several regression equations were developed from the two band 

(Bi-spectral) and four band (Xybion) data. Least squares linear 

regression analysis of the video data with sse show a wide range of 

correlation coefficients (r) for the individual bands and band 

combinations. 

Individual Date Models 

Individual date data sets were analyzed to look for patterns 

over several sampling episodes. Since the number of samples for each 

episode are limited to between nine and fifteen, caution must be used 

when drawing conclusions regarding both the general utility of the 

regression technique as well as the precision of the results. Even with 

these limitations, the analysis of individual episodes does indicate 



123 

some trends which are supported by the multidate models with their 

larger sample size. Conversely, other trends are contradicted by the 

multidate models indicating problems and/or limitations associated with 

the smaller sample size. 

Because of the potential number of band configurations 

available for analysis, two basic criteria were imposed when analyzing 

the four band individual date data sets. Since the correlation 

coefficient (r) is not considered a good measure of precision as the 

number of estimated coefficients approach the number of experimental 

observations, the number of ground observations should exceed the 

number of instrument bands by a wide margin or the number of bands 

included in the multiple-regression equation should be limited. To this 

end all available bands w~re analyzed but only single band and two band 

configurations were considered reliable. To further restrict the 

analysis to significant band combinations, only those combinations 

derived from the SPSS default tolerances for forward, backward and 

stepwise entry of independent variables were candidates for further 

examination. Forward entry selects variables according to the 

probability of F-to-enter value of 0.05. Backward elimination removes 

variables according to the probability of F-to-remove value of 0.10. 

Stepwise selection utilizes both F-to-enter and F-to-remove criteria. 

For the Bi-spectral two band data, the three potential band 

configurations (two single and one multiband) are presented for each 

episode. 
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Table 11a lists the bands meeting the criteria outlined above 

and the measures of precision identified by Whitlock et al. (1982) and 

presented in Chapter 4. Again, these measures are: 1] an r approaching 

1; 2] a standard error approaching zero; 3] an FIFc r greater than or 

equal to 4.0; and 4] a Cp/p less than or equal to 1.0. When all of 

these conditions are met, the multiple regression equation with the 

minimum number of bands should be selected for calculation of SSC. In 

addition to these measures, both the raw and adjusted coefficient of 

determination, as well percentage of error inherent in the model as a 

function of the mean SSC, are presented. It should be noted that these 

measures of precision are presented in their most idealized statistical 

form. As is the case in many types of field studies, the reality is 

that the ideal is rarely attained. For example Huang & Lulla (1986) 

report that a coefficient of determination of 0.70 and above may 

indicate a reliable regression model for predicting water quality. 

Conflu1. Results for Conflu1 indicate that band 3 is the best 

single band with bands 2 and 3 the best multiband combination, based on 

the measures of precision previously outlined. The addition of band 2 

increases the correlation coefficient to 0.94, and decreases the 

standard error when compared to the single band algorithm. The F ratio 

is roughly the same but more importantly the Cp/P ratio is 

significantly lower for the two band model. Both the single band 3 and 

the combined band 2 and 3 models show the best results for any of the 

single date confluence models. 
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Table 11a. Measures of Precision 

Bands r r2 r2 (adi.) St. Error % Error FIFcr Co Co/P 

Conflu1 1 .65 .42 .34 39.39 25.9 48.19 24.10 

2 .75 .57 .51 34.06 22.4 34.77 17.39 

3 .89 .79 .76 23.80 15.7 4.67 14.42 7.21 

4 .75 .57 .51 33.99 22.4 34.62 17.31 

2,3 .94 .88 .84 19.17 12.6 4.38 7.80 2.60 

1,2,3 .96 .92 .87 17.70 11.6 6.66 1.67 

1,2,3,4 .98 .96 .91 14.28 9.3 3.43 5.00 1.00 

Conflu2 3 .73 .54 .49 19.21 11.0 2.15 1.08 

4 .72 .51 .47 19.66 11.3 2.68 1.34 

3,4 .76 .58 .50 19.07 11.0 2.99 1.00 

Conflu3 3 .76 .58 .54 24.42 15.8 3.76 7.58 3.79 
4 .84 .71 .69 20.22 13.1 6.76 1.74 .87 

3,4 .85 .73 .68 20.42 13.2 4.07 3.00 1.00 

Conflu4 3 .84 .70 .67 24.13 22.2 5.80 4.71 2.36 

4 .81 .65 .62 25.89 23.8 4.70 6.94 3.47 
3,4 .88 .77 .73 21.79 20.0 4.72 3.00 1.00 

Conflu5 3 .18 .03 .05 35.40 42.2 13.14 6.57 

4 .63 .39 .34 28.12 33.5 14.61 7.31 
3,4 .74 .54 .46 25.48 30.5 2.99 1.50 

Conflu6 1 .47 .22 .11 14.87 24.6 12.29 6.15 

2 .45 .20 .09 15.06 25.0 12.67 6.34 

3 .68 .47 .39 12.30 20.4 6.79 3.40 

4 .84 .71 .67 9.10 15.1 3.02 1.45 .73 
2,4 .87 .77 .69 8.80 14.6 2.18 .72 

2,3,4 .90 .80 .68 8.82 14.6 3.33 .83 
1,2,3,4 .90 .81 .63 9.47 15.7 3.00 .60 

LCPit 1 .39 .15 .03 .709 21.4 95.43 47.72 
2 .24 .06 -.07 .745 22.4 106.03 53.02 

3 .28 .07 -.05 .738 22.3 103.95 51.98 
4 .71 .51 .44 .537 16.2 52.78 26.39 

2,4 .97 .94 .92 .199 6.0 9.49 3.84 1.28 

1,2,4 .97 .95 .91 .209 6.3 5.48 5.28 1.32 
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Conflu2. The results of this sampling episode as well as 

Conflu5 are very poor in comparison to the other eight data sets. In 

addition to the low correlation coefficients (0.73 - 0.76) none of the 

models fulfilled the minimum F-ratio at the 0.95 confidence level. 

Bands 3 and 4 meet the criteria at the 0.90 level while the two band 

combination is simply significant at standard Fcr values at the 95% 

confidence level. 

All three models explain only half the variation and have very 

poor predictive utilization. Further analysis of image data indicated 

problems with the video products. The substandard quality of the video 

signal most certainly contributed to the poor results obtained for this 

sampling episode. 

Conflu3. Band 4 for this sampling episode provided the best 

results with a reasonable correlation coefficient (0.84), strong F 

ratio, and very low Cp/P ratio indicating minimal bias in the equation. 

Conflu4. Both the single band models worked reasonably well 

and the two band model provided the best results of any single date 

model derived from Bi-spectral system data and the correlation 

coefficient (0.88) is comparable to that of the same band 3/4 

combination in the Conflub data set which includes all four Bi

spectral/Confluence data sets (Figure 9, p.91). 

Conflu5. This episode produced the worst results of any of the 

ten data sets analyzed. In addition to low correlation coefficients and 

high standard error values, none of the bands came close to meeting the 

F-ratio criteria with band 3 even failing to achieve a critical F value 
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at a 90% confidence level. Several potential reasons for the poor 

results were identified and investigated but no conclusive proof exists 

for specific contributing factors. Causes that were dismissed included 

variation in video tape recorders, sediment sample distribution, stream 

discharge variations, and sampling without a cameraman/observer. 

Potential factors which cannot be ruled out include high thin cirrus 

clouds, floating debris, uneven mixing in the sediment plume, and small 

sample size. No concrete evidence exists to either accept or discard 

these possibilities, rather they can only be identified as components 

which should be monitored more closely in future experiments. 

Conflu6. Band 4 provided the best model for this episode with 

a reasonable correlation coefficient (0.84), the lowest standard error 

of any algorithm for the six confluence sampling episodes, with very 

little bias. The low standard error is, in part a result of the low SSC 

values contained in this data set (Table 9). When converted to a 

percentage based on the mean SSC for the episode the values are 

actually higher than in most other individual date models. The F-ratio 

was fairly strong but did not reach the threshold value of four. None 

of the other bands achieved anything more than the basic significance 

level with bands 1 and 2 even failing that test. 

LCPit. Due to the extremely wide range of sediment 

concentrations in this episode, a log transformation was applied in an 

attempt to achieve a linear fit. While none of the individual bands 

performed even reasonably well, the combination of bands 2 and 4 

yielded the best results of any of the single date models with a 
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strong correlation coefficient of 0.97, a very low standard error, high 

F-ratio indicating good predictive capabilities, and a low Cp/P ratio 

showing little bias in the fitted equation. 

Multidate Models 

Three mUltidate data sets were assembled from the seven 

individual date data sets (Figure 9, p.91). Since conversion of system 

values, in the form of DNs, into physical values of radiance and/or 

reflectance was not possible for the reasons discussed in Chapter 3, no 

attempt was made to combine values derived from the two systems. 

Rather, the Conflu1 and Conflu6 data was combined to create a 

multidate, single site model for the Xybion system; Conflu2,3,4 & 5 

were combined to produce a multidate, single site model for the Bi

spectral system; and the LCPit data, which was also acquired by the 

Xybion, was combined with Conflu1 and Conflu6 to produce a multidate, 

mUltisite model for the Xybion system. Because the SSC values for this 

last data set ranged from 31.00 to 50,494.72 mg/l the data underwent a 

log transformation. 

All potential band combinations were analyzed for these three 

data sets. The number of observations now exceed the number of 

instrument bands by a sufficient margin to provide more statistically 

sound results warranting a more complete analysis. The measures of 

precision for the three data sets are presented in Table lIb. 

Conflux. Although the sample size for this data set is larger 

than any of the individual date sets, it still should be considered 
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Table 11b. Measures of Precision 

Bands r r2 r2 (adj.) St. Error % Error FIFcr C~_ Cp/P 

Conflux 1 .34 .11 .06 54.98 51.8 85.54 42.77 
2 .18 .03 .03 59.57 56.1 94.78 47.39 
3 .51 .26 .21 52.20 49.1 69.54 34.77 
4 .76 .58 .55 39.26 37.0 4.90 33.25 16.63 

1,2 .64 .42 .34 47.81 45.1 53.69 17.90 
1,3 .89 .90 .77 28.12 26.5 8.02 10.73 3.58 
1,4 .88 .77 .74 29.66 28.0 7.02 13.28 4.43 
2,3 .93 .86 .85 23.10 21.8 12.88 3.44 1.15 
2,4 .86 .73 .70 32.36 30.5 5.56 18.10 6.03 
3,4 .77 .59 .54 40.01 37.7 34.00 11.33 

1,2,3 .94 .88 .86 22.34 21.1 10.32 3.39 .85 
1,2,4 .89 .80 .76 28.89 27.2 5.60 12.38 3.10 
1,3,4 .92 .85 .82 24.93 23.5 8.01 6.68 1.67 
2,3,4 .94 .88 .85 22.56 21.3 10.06 3.65 .91 

1,2,3,4 .94 .88 .85 22.84 21.5 7.81 5.00 1.00 

Conflub 3 .79 .63 .62 30.44 23.4 22.68 21.99 11.00 
4 .85 .72 .72 26.38 20.3 34.50 3.38 1.69 

3,4 .86 .74 .73 26.00 20.0 22.88 2.00 .67 

Conpit 1 .75 .56 .54 .531 22.0 7.57 50.52 25.26 
2 .75 .56 .54 .532 22.0 7.55 50.63 25.32 
3 .77 .59 .57 .512 21.2 8.62 45.30 22.65 
4 .88 .78 .77 .375 15.6 21.08 13.75 6.88 

1,2 .75 .56 .53 .541 22.4 4.58 51.20 17.07 
1,3 .77 .59 .56 .523 21.7 5.15 47.30 15.77 
1,4 .89 .81 .79 .360 14.9 14.78 11.42 3.81 
2,3 .77 .60 .56 .521 21.6 5.23 46.74 15.58 
2,4 .89 .80 .78 .370 15.3 13.81 13.22 4.40 
3,4 .90 .81 .79 .362 15.0 16.47 11.75 3.91 

1,2,3 .78 .61 .56 .524 21.7 3.91 47.00 11.75 
1,2,4 .90 .82 .79 .360 14.9 11.23 12.00 3.00 
1,3,4 .90 .81 .78 .366 15.1 10.76 13.10 3.28 
2,3,4 .90 .81 .78 .367 15.2 10.62 13.35 3.34 

1,2,3,4 .93 .87 .85 .309 12.8 12.96 4.97 .99 
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statistically marginal. With that in mind some interesting patterns 

still emerge from the data. None of the individual bands provided 

acceptable correlation coefficients for modeling of SSC but several 

multiband combinations did yield good results. The band 2 and 3 model 

resulted in a correlation coefficient of 0.93, the same as that derived 

for the same band combination for Conflul. This is not surprising since 

half the samples comprising this set were derived from Conflu1, but it 

does seem to indicate that the addition of data from a different date 

(Conflu6) does not substantially reduce the correlation coefficient. 

The standard error increased somewhat and the percentage of error 

increased substantially owing to the lowering of the mean SSC value 

used to derive this statistic. The F-ratio increased and the Cp/P ratio 

dropped to a level indicative of negligible bias. Several of the three 

and four band models obtained similar results to those of the band 2 

and 3 model but no significant improvement resulted from the inclusion 

of additional bands. 

Conflub. With a sample size of 56 this data set provided the 

most statistically sound results. Even with the inclusion of data from 

Conflu2 and Conflu5, which provided poor results in the individual 

models, the results rivaled the best single date Bi-spectral model 

(Conflu4). This provides an initial indication that multidate models 

may prove effective in the context of ground based video remote sensing 

of water quality. Band 4 provided the best overall results in terms of 

the measures of precision. Addition of band 3 only increased the 

correlation coefficient 0.01 to 0.86, with the standard error remaining 
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constant and the F-ratio dropping dramatically. The two band model did 

significantly reduce the measure of the bias of the fitted equation 

(Cp/P) but the value of this same statistic for the band 3 model was 

well within reasonable levels, so there is some question whether the 

benefits derived are worth the inclusion of a second band. 

Conpit. The Conpit data set was compiled to test the potential 

of multisite, multidate modeling of an extremely wide range of SSC. To 

accomplish this, a log transformation of the data set was required to 

achieve a linear fit. The overall results of regression analysis were 

the best of any of the three multidate sets. Band 4 was the single best 

band, achieving a correlation coefficient of 0.88, a low standard error 

and an extremely high F-ratio. The Cp/P ratio, however was somewhat 

high at 6.88. Several two band combinations performed well. The band 

combinations of 1/4, 2/4, and 3/4 had comparable measures of precision 

across the board and were comparable to the single band 4 measures 

except for bias where the two band algorithms were lower but still in a 

moderate range. The best results achieved for this data set was by the 

four band combination with the highest correlation coefficient (0.93), 

lowest standard error, a strong F-ratio, and negligible bias in the 

fitted equation. The model results for this data set must be viewed 

with some caution due to the different look angles and azimuths of the 

sensors at the two field sites. 

The estimated coefficients for the best models derived by 

regression are presented in Table 12. 
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Table 12. Estimated Model Coefficents 

RANn!=; r r2 A 81 82 83 84 

Conflu1 
3 .89 .79 -233.79 0 0 4.20 0 

2,3 .94 .88 -179.23 0 -4.53 8.75 0 

Conflu2 ---- ----

Conflu3 
4 .84 .71 -151.30 0 0 0 4.56 

Conflu4 
3,4 .88 .77 -343.35 0 0 1.86 3.60 

Conflu5 -.-- ----

Conflu6 

4 .84 .71 -361.73 0 0 0 7.38 

2,4 .87 .77 -391.99 0 -.830 0 9.62 

L.C.Pit 
2,4 .97 .94 2.65 0 -.023 0 .054 

Conflux 
2,3 .93 .86 -183.06 0 -5.96 10.33 0 

Conflub 
4 .85 .72 -86.50 0 0 0 3.44 

Conpit 

4 .88 .78 .0435 0 0 0 .0337 

1,4 .89 .81 .1281 -9.38E-03 0 0 .0480 

3,4 .90 .81 .1418 0 0 -.0107 .0490 

1,2,3,4 .93 .87 .9631 -.056 .062 -.051 .0728 



General Observations 

It is important to urge caution in drawing hard and fast 

conclusions based on the results of individual sampling episodes 

comprising nine to fifteen samples but certain trends are evident. 

Additionally, the results derived from the multidate data sets 

consisting of eighteen to fifty-six samples are not without their 

limitations but hopefully overcome some of the chance variability 

inherent in the smaller data sets. 

133 

Water quality studies utilizing aerial and orbital systems as 

well as hand-held radiometers, have resulted in a number of basic 

findings which have been substantiated by other investigators. Two of 

the most important of these are: 1] non-linear models provide higher 

correlation coefficients than linear models (Munday and Alfoldi (1979); 

and 2] multispectral algorithms provide higher accuracy over a wider 

analytical range than do single wavelength models (Holyer, 1978, 1980). 

Nonlinear vs. Linear Models 

Munday and Alfoldi, in their 1979 work, reviewed three types of 

diffuse reflectance models in an effort to standardize the methodology 

being used to model suspended sediments with remote sensing data. They 

concluded that the results markedly favor non-linear models for large 

ranges of SSC. For small ranges, non-linear and linear models are 

equally satisfactory. Therefore, in their minds, a non-linear model is 

preferred in general. This finding has been cited by others (Curran et 

al., 1987; Rimmer et al., 1987) while still others agree with the 
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concept, but find the reality of their analysis favors the linear model 

(Ritchie, et al., 1987). 

The results of this study fall somewhere in the middle ground 

of the debate. Linear models proved satisfactory in all of the 

individual and multidate models developed from. data collected at the 

Confluence test site. These data spanned a range of SSC's between 30 

and 250 mg/l. Attempts to fit logarithmic curves to the data resulted 

in the same or slightly worse results. For the two Little Colorado Pit 

site data sets the range of SSCs was significantly wider; over 50,000 

mg/l in the case of the Conpit data set. In these two cases the results 

benefited from the conversion of SSC values to their natural logarithm. 
~ 

Under these conditions the LCPit data set recorded the highest 

correlation coefficient of any of the data sets modeled while the 

Conpit data set exhibited correlation coefficients comparable to the 

values derived for the linear modeling of narrower concentration values 

in the Conflux and Conflub mUltidate data sets. These results indicate 

the concept of non-linear models providing better results for large 

concentration ranges is correct. 

The proposition that linear and non-linear models work equally 

well for small concentration ranges, and therefore non-linear models 

should be used, is one that should be taken with some caution. While 

the results are for the most part similar, the linear model appears to 

hold a small edge and therefore should be favored. This corroborates 

the findings of Ritchie et al. (1988). It is my belief that both 

options (linear and non-linear) should be examined in each situation 
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rather than making the assumption that the non-linear model is best in 

all circumstances. 

Single vs. Multiple Bandwidth Algorithms 

As discussed previously, work by Holyer (1978, 1980) indicates 

the combination of the red and near-infrared bands provides the 

greatest analytical range in the modeling of SSC. This is based on the 

fact that the peak wavelength of refectance shifts towards 

progressively longer wavelengths as the sediment load increases (Figure 

2). Based on this relationship the red portion of the spectrum (band 3) 

provides sensitivity to low concentrations and the near-infrared 

wavelengths (band 4) are optimal for higher concentrations. It 

intuitively follows that if the concentration levels were very low, the 

two optimal bands might shift to the green (band 2) and red (band 3) 

portions of the spectrum. Some support exists for this idea. In studies 

involving coastal waters with relatively low levels of SSC, the visible 

bands were found to be the most useful in the modeling process (Collins 

and Pattiaratchi, 1984; Curran et al., 1987). 

With respect to the three Xybion episodes (Conflu1, Conflu6 & 

LCPit) the optimal bands vary slightly from this model. Conflu1 has a 

maximum SSC of 217.70 mg/l yet the best one band model was derived from 

band 3, and the best two band combination was bands 2 and 3. For 

Conflu6 with a maximum SSC value of 78.10 mg/l the single best band was 

band 4, and the best two band combination was the 2 and 4. This runs 

counter to what would be expected in terms of the analytical abilities 



of bands 3 and 4 with respect to concentration levels. Also, no 

concrete explanation can be found for the prominent role of band 2 in 

the best two band models for all three Xybion individual date data 

sets. 
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The two Bi-spectral episodes which provided reasonable results 

(Conflu3 and Conflu4) appear to be more in line with the results 

reported by other investigators in earlier studies. Conflu4, with SSC 

values between 54.80 and 165.50 mg/l, benefits from the two band 

approach while in Conflu3, with a range of 115.10 to 215.30 mg/l, band 

4 provides the best results. One could draw the conclusion that in 

Conflu4 the low end values are best modeled with band 3 and the high 

end values are best modeled with band 4 whereas in Conflu3 the skew of 

values towards the high end reduces the value of band 3 information. 

Since Holyer (1978, 1980) and Munday and Alfoldi (1979) both make use 

of the terms "high" and "low" concentrations without assigning any 

numerical values to the terms, and the sample sizes involved are small, 

it is difficult to make any definitive statements about the results of 

the individual date models but the general characteristics reported 

here appear valid. 

In the case of the three multidate models, Conflux has the same 

maximum value as Conflu1 but the range of values includes much lower 

concentrations. Still the band 2 and band 3 combination provides the 

best results equalling the correlation coefficient of the same band 

combination in Conflu1. Conflub exhibited the widest 'range of 

concentration values of any of the non-Pit data sets but the band 3 and 
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4 combination added little to the results obtained with the single band 

4 model; again this departs somewhat from the expected band response 

proposed by Holyer and the observed results of the Conflux data set. 

The fact that these results are derived from two different systems and 

the Bi-spectral system has no band 1 or 2 for comparison makes 

resolution of this dichotomy impossible within the scope of this study. 

The one data set that best fits the expected results in terms 

of band combinations is Conpit. Still, the relationship is not as 

direct as the literature suggests. Where the combination of bands 2 and 

3 proved best in Conflux, with its concentration range of 31 to 217 

mg/l, this combination performed poorly in the Conpit data set with its 

extreme range of concentrations. The 3/4 band combination provided 

better results than it had in Confux, but it is apparent from the 

results that band 4 is providing most of the explained relationship in 

the modeling process. Essentially, any single band combined with band 4 

provides good results but not significantly better than band 4 alone. 

The real improvement in results with this data set comes with the 

inclusion of all four bands. 

These results at least partially validate the use of the red/ir 

combination. The use of near-infrared wavelengths for extremely high 

concentrations supports the concept of a greater analytical range in 

the near-infrared but optimal band(s) at lower concentration levels 

seems to vary from data set to data set. A variety of factors may 

account for this but two appear most probable. The first is the 

variability of band locations and band widths within and between 



138 

systems. The second factor is that the reflectance/SSC relationship is 

sensitive to viewing geometry, especially at low SSC (Novo et al., 

1989). 

Error Assessment 

Uncertainty is introduced into the modeling process both in the 

field data collection process and the statistical analysis phase. In 

the process of collecting water samples and concurrent imagery, three 

important types of error are introduced. These are: 1] instrument 

noise; 2] time lag between water sample acquisition and image 

acquisition; and 3] conceptual uncertainties associated with water 

sampling techniques. 

The question of instrument noise was addressed in the 

assumptions section of the statistical analysis by the use of the 

Daniel and Wood Criteria. 

The traditional problem of time lags between the acquisition of 

water samples and imagery is almost completely overcome in the use of 

stationary multispectral video. The continuous acquisition of video 

imagery during the sampling episode allows selection of the appropriate 

video frame, corresponding to the exact time of water sample 

acquisition, during the digitizing process. 

The third type of error relates to the concepts utilized in the 

development of the water sampling strategy. Samples acquired for this 

study, as in many other water quality studies, consisted of surface 

scoops. Turbidity is generally expected to be a function of depth. 
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Allowing surface samples to represent the sse of a water column which 

varies as a function of the penetration capabilities of specific 

wavelengths is conceptually incorrect. Even the averaging of surface 

and Secchi extinction depth samples as the two ends of the function is 

inaccurate unless the function is known to be linear. This source of 

error would be minimal in the near-infrared wavelengths where 

penetration is no greater than the depth of the water sampled by the 

surface scoop, and would increase with increasing wavelength. No 

attempt was made to quantify this error but it helps explain the 

relatively good single band results obtained in the red and near

infrared wavelengths and the poor results with respect to the green and 

blue bandwidths. 

Another type of error is associated with the derivation of the 

regression equation. Using the approach of Johnson (1974), the 

estimated inaccuracy of the regression equation, expressed as a 

percent, is derived by dividing the standard error of the estimate 

(Table 11a&b) by the mean sediment weight (Table 9) of the data set. 

Values for the chosen models range from 6% to 21.8% with most falling 

between 10% and 16%. This compares favorably to the 20% figure reported 

by Johnson (1974). 
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CHAPTER 6 

CONCLUSIONS 

For the majority of field research projects in the earth 

sciences, a final accounting indicates certain goals were met, others 

went unfulfilled, and new questions and challenges arose as a result of 

knowledge gained in the collection and analysis of data. The following 

is a discussion of the accomplishments of this project as well as 

aspects which require further attention in any subsequent studies. 

Achievement of Study Goals 

My goals at the outset of this study were twofold. The primary 

goal was to expand the existing applications of video remote sensing by 

developing and evaluating an initial methodology for the adaptation of 

video technology to the monitoring of sediment transport in river 

systems. The secondary goal was to generate basic data concerning the 

characteristics of imagery acquired by the Xybion and Bi-spectral video 

systems. 

The initial results provided by this study have demonstrated 

the potential utility of using ground based multispectral video remote 

sensing for the monitoring of surface concentrations of suspended 

sediment. While considerable work remains to bring this technique from 

a demonstration project to an operational status, several initial steps 

have been taken towards that goal with the completion of this study. 
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Image Acquisition 

Much has been written regarding view angle effects on image 

acquisition from satellites and high altitude aircraft. Two components 

of this problem are differences in atmospheric path radiance and 

differences introduced by varying angles with respect to sun elevation, 

azimuth angle, and incidence look angle (the bidirectional reflectance 

factor). While both components come into play in traditional 

acquisition modes, the atmospheric component was negligible for this 

study due to the lack of intervening atmosphere. Due to the inability 

to convert the sensor DNs into radiance, corrections were not made for 

view angle effects. The results obtained in the absence of such 

corrections indicate that the implementation of view angle corrections 

has the potential to enhance already significant results. 

A major advantage of the ground-based video proved to be its 

ability to acquire continuous imagery during the water sampling period. 

This allowed the extraction of data from images acquired within seconds 

of water sample acquisition, thus removing a major source of error in 

the sampling process. This technique offers such pinpoint temporal 

control that it appears to have great potential for modeling the error 

inherent in time lags between image and water sample acquisition. This 

can be accomplished by allowing the introduction of measured amounts of 

time differential and assessing the effects on the modeling process. 

This could provide valuable inputs into water quality modeling 

utilizing airborne and satellite data. 
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Modeling of SSC 

The goal of most water quality modeling studies in recent years 

has been to move from simple, one time demonstration studies to the 

development of site transferable models which will allow for 

operational application of remote sensing for the modeling of water 

quality parameters, specifically SSC and turbidity. This pursuit has 

resulted in mixed success. One of the study goals, both in the field 

acquisition and statistical analysis of data sets was to explore as 

many variations of data combinations as possible to provide a 

preliminary indication of the ability of the ground based technique to 

achieve operational utility. The seven single date, two multidate/ 

single site, and one multidate/multisite data sets provided a wide 

variety of configurations and a range of SSC's far beyond any yet 

reported in the literature. 

The major accomplishment of this study was the success of the 

multidate/multisite data sets over an extremely wide range of 

concentrations. This was accomplished in the highly dynamic environment 

of a confluence mixing zone where turbidity (and therefore SSC) are 

highly variable throughout the water column. The single date models 

also provided some insight into the repeatability of results. 

Video System Characteristics 

One of the major goals of the study was to gain some insight 

into the operating characteristics of the Xybion and Bi-spectral video 

systems. Basic information was acquired during the course of the 
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project regarding system noise characteristics and the removal of the 

surface reflection of skylight. Also, the utility of the hydraulically 

appropriate sampling sequence was noted. Although much work remains in 

these areas this study provided a valuable first step towards a more 

complete understanding of system characteristics and potential. 

Recommendations for Future Work 

While the initial results provided by this study are promising, 

further work is required to validate the repeatability of results and 

move from a fairly simple approach to one incorporating more 

sophisticated methodologies for the removal of peripheral effects, 

corrections for variations in sun angle and sensor view angle, 

acquisition of subsurface information, and assessment of different 

types of error inherent in the collection and analysis of ground 

samples and remotely sensed imagery. Some recommendations towards 

fulfillment of these goals follow. 

Radiometric Considerations 

The one aspect of this study in which a major goal went 

unfulfilled was the inability to convert system DNs into physical 

values of reflectance and radiance. The combination of the video system 

sensitivity and the reflectance characteristics of the reference panels 

was responsible for this problem. Any additional studies would benefit 

greatly from the use of standard reference panels constructed of 

materials with known reflectance characteristics. Barium sulfate 

(BaS04)' halon (polytetrafluoroethylene), and fiberfax (a building 



144 

material with consistent reflective qualities) have all been utilized 

with good success by numerous investigators in a wide variety of 

situations. Adjusting system gain to meet the range of illumination 

should also be a goal of future studies. Conversion to radiance and 

or/reflectance allows the use of more sophisticated corrections in the 

removal of peripheral effects, most notably sun angle and view angle 

variations. 

Image Acquisition 

Initial results derived from an oblique viewing mode show great 
. . 

potential for this acquisition strategy. Recent work (Novo et al., 

1989) has indicated variation in viewing geometry affects the 

sensitivity of reflectance to changes in sse so that the asymptote of 

the reflectance/SSe relationship was reached at different points under 

different geometries. Further, the effect of viewing geometry on the 

reflectance/SSe relationship appears to be wavelength dependent. 

To assess the limitations of this configuration requires 

comparison of oblique imagery to vertically acquired video imagery. 

Further studies should include simultaneous acquisition of low altitude 

vertical imagery and ground based oblique video to help ascertain view 

angle effects. 

One of the major limitations of all remote sensing water 

quality studies to date has been the bandwidth configurations. 

Satellite bandwidths are primarily designed to take advantage of 

energy-matter interactions with vegetation and rocks. The same is true 



145 

of the two video systems utilized in this study. While results derived 

from these systems have been good, study is required as to the optimal 

bands for the remote sensing of turbidity and suspended sediment. 

General work has been accomplished with hand-held radiometers 

in both laboratory and field environments but appears to be lacking 

with respect to imaging systems. For example, Bhargava and Mariam 

(1990, p.229) concluded: 

In some regions a sharp decrease of reflectance with 
increasing wavelength is observed, but in other regions the 
reflectance value is nearly constant with respect to variation 
in wavelength. Selection of the wavelength range would be more 
rational when it is taken in wavelength regions where the 
spectral response is nearly constant with respect to the 
variation in wavelength. 

The filter wheel configuration of the Xybion system allows for 

selection of user defined wavelengths with custom made filter wheels. 

Bandwidths based on the work of Bhargava and Mariam (1990) and other 

sources in the literature, as well as preliminary laboratory studies, 

could provide a set of initial bandwidths with near constant spectral 

response for further study in a field environment. This would be an 

important step in moving the remote sensing of water quality out of a 

"makeshift" environment and exploring the true potential of these 

technologies to provide valuable information on an aspect of water 

resources which is becoming increasingly crucial. Information gained 

from this type of endeavor could help realize the potential of 

hyperspectral orbital systems, such as HIRIS, once they become 

operational later in the decade. 
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A final consideration with respect to bandwidths is the further 

study of the penetration characteristics of short wavelengths of 

visible energy (blue and green). Knowledge of these characteristics 

coupled with refinements in water sample acquisition discussed below 

can go a long way toward dramatically reducing the existing levels of 

error inherent in present sampling strategies. 

Water Sample Acquisition and Analysis 

The problem of acquiring water samples that are representative 

of the water column contributing the upwelled radiance to the sensor is 

an important one. It not only has implications with respect to the 

accuracy of the model, it is also a major step in fulfilling the 

potential of this technique to provide data on total sediment load 

rather than just surface concentrations. This requires sediment 

concentration data for the water column in conjunction with stream 

cross-section data. 

The first step in this process is the use of sites with more 

consistent vertical mixing than those utilized in this study. The idea 

of starting with the simplest situation possible, to provide 

experimental control, and applying what is learned to more complex 

environments is one with a high level of validity when dealing with the 

complexities involved in the remote sensing of water quality. As one 

moves to more dynamic and complex sampling environments the use of 

depth integrating sampling devices is an absolute requirement. To be a 

truly operational technique the ability to acquire representative 
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samples under a wide variety of mixing conditions and concentration 

gradients is important. The constraint of consistent vertical mixing is 

one that relegates the technique to the level of an interesting 

demonstration. 

Future improvements in the sampling strategy used in this study 

include image acquisition tied to formal sampling methodology, and a 

fixed scene correlated to predetermined measurement points to help 

speed data extraction and lower sampling error. 

Based on the results of the Daniel and Wood Criteria for system 

noise, collection of a wider range of sample concentrations is 

recommended, but in the final analysis this is dependent on the 

prevailing sediment regime at the time of sample acquisition. 

In the context of water sample analysis, future studies should 

include turbidity and particle size as additional water quality 

parameters for inclusion in the modeling process. 

Finally, analysis of the effects of different pixel array sizes 

under different flow conditions and inversion of models for production 

of maps depicting SSC distribution should be addressed. 

The results of this study show promise for the use of ground

based multispectral video in water quality applications. Further study 

of the technique is warranted. The unique characteristics of 

multispectral video remote sensing present new opportunities for data 

generation in the hydrologic sciences: opportunities that should be 

capitalized upon. 
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APPENDIX A - STUDY DATA SET 
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ON 
Episode Sample# 1 .2 ~ SSC mgn 

LCPit 1 161.55 209.22 161.55 91.66 916.10 
2 186.00 221.77 167.44 115.33 2917.20 
3 174.33 214.77 169.33 106.33 3093.30 
4 180.88 210.77 166.55 123.11 50494.72 
5 170.88 209.66 159.22 87.00 343.20 
6 165.44 190.77 148.22 106.22 14304.83 
7 157.88 199.22 156.77 80.77 394.70 
8 97.11 123.55 90.55 56.44 896.50 
9 103.11 122.77 94.22 61.11 1042.40 

Conflu1 1 100.44 118.80 105.04 66.48 217.70 
2 87.76 110.40 92.48 63.92 201.30 
3 85.32 104.48 96.32 64.52 171.00 
4 81.32 93.08 82.68 61.76 104.50 
5 101.88 121.08 107.64 72.44 208.70 
6 94.96 106.96 92.92 63.12 142.40 
7 93.96 104.56 86.04 60.96 101.90 
8 83.40 100.44 87.44 52.68 116.50 
9 77.80 87.72 75.84 50.12 103.80 

Conflu2 1 168.80 78.20 188.10 
2 169.04 78.76 178.00 
3 144.44 71.84 160.80 
4 148.24 74.56 152.50 
5 153.60 71.40 152.20 
6 158.12 68.96 172.70 
7 163.60 75.52 164.20 
8 153.76 71.44 152.20 
9 154.43 79.20 193.20 

10 175.28 90.28 200.40 
11 181.76 88.08 174.60 
12 149.88 80.88 133.50 
13 181.96 96.08 238.20 
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DN 
Episode Sample! 1 g ~ SSC mg8 

Conflu3 1 126.20 60.00 115.70 
2 152.12 64.28 150.90 
3 156.56 72.76 206.60 
4 145.36 64.24 173.90 
5 123.72 56.52 118.70 
6 131.32 65.36 154.40 
7 153.24 73.08 211.70 
8 159.40 75.20 184.90 
9 103.88 61.16 118.30 

10 150.28 71.64 141.30 
11 168.48 80.04 215.30 
12 145.24 64.32 130.30 
13 137.88 59.76 115.10 
14 140.32 66.04 126.00 
15 147.76 71.48 156.40 

Conflu4 1 125.16 49.40 72.90 
2 134.20 57.04 117.20 
3 150.00 63.44 155.30 
4 126.80 47.72 54.80 
5 143.28 52.80 121.50 
6 148.84 59.04 155.50 
7 125.80 50.80 77.20 
8 133.44 53.40 97.10 
9 155.60 64.16 161.90 

10 117.36 55.92 70.70 
11 131.88 52.76 72.30 
12 153.68 57.48 146.60 
13 134.80 55.64 165.50 
14 129.24 51.88 55.00 
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ON 
Episode Sample# 1 2 3 SSCmgA 

Conflu5 1 127.44 55.48 96.70 
2 140.12 51.08 81.80 
3 128.44 53.28 99.10 
4 125.64 49.28 71.50 
5 127.20 54.32 90.60 
6 106.44 45.88 105.50 
7 114.92 47.80 101.10 
8 123.28 49.08 60.90 
9 126.36 48.04 44.60 

10 144.64 57.80 107.60 
11 111.12 45.84 37.30 
12 123.28 57.08 164.90 
13 116.52 47.48 30.50 
14 133.36 56.40 82.30 

Conflu6 1 99.52 111.24 86.64 54.10 54.10 
2 103.04 117.92 89.64 55.20 31.00 
3 109.44 122.24 93.48 56.96 49.70 
4 115.20 126.56 93.84 59.20 78.10 
5 101.80 115.40 91.60 56.32 61.60 
6 107.80 120.28 94.12 59.44 69.30 
7 92.88 103.92 86.52 54.60 48.70 
8 104.24 118.52 95.52 59.16 n.90 
9 104.92 120.88 96.52 57.44 71.70 
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APPENDIX B - EXAMPLES OF REGRESSION PLOTS 
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