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I. INTRODUCTION

A. Overview

This project report to NASA's Office of University Affairs describes progress
during 1976-1977 on research entitled "Multidisciplinary Research on the
Application of Remote Sensing to Water Resources Problems,! conducted under
NASA Grant NGL 50-002-127 1in cooperation with the Wisconsin Department of
Natural Resources (DNR).

Section II discusses two research projects which have been active for
several years and have now matured. One of the projects has resulted in

a manual entitled '"The Assessment of Aquatic Environments by Means of Remote
Sensing'" whach 1s a compendium of research results obtained over the past
five years. A final printed version of this mapual i1s included in this
report. The other project 1s closely related work on development of an
operational statewide system for classification of 3000 Wisconsin lakes

by trophic status. This project 1s now being implemented by DNR.

Section III describes the past year's research efforts which have been
focused upon the problem of non-point source pollution detection and
monitoring., This includes discussion of the sediment sources and transport,
detection of sediments by remote sensing, the role of sediments as carriers
of chemical pollutants, and their hydrological behavior.

Section IV describes the coordinated experiment, called the Sedament Runoff
Experiment, devised to obtain data to answer the interdisciplinary questions
posed by the approach described in Section III  This experiment focused
efforts on a specific watershed. Remote sensing and in situ measurements
were closely coordinated to acquire data simuiltaneously.

Section V briefly discusses a variety of 'spin off" projects which deal
with a brecad spectrum of problems and agencies. Although these projects
were not funded by NASA Grant NGL 50-002-127, they would not have been
possible without the core of instrumentation and personnel made possible
by the NASA Grant.

B. Relationship with DNR and Other Agencies

Our research has focused closely on projects of concern to the Wisconsin
Department of Natural Resources (DNR). DNR investigators have participated
in virtually every aspect of the work, and excellent working arrangements
between University and DNR people have evolved.

Research on water quality assessment relates directly to DNR requirements

to monitor and report upon water quality in inland lakes. In a state

with as many lakes as Wisconsin, conventional sampling procedures are
prohibitively expensive, so interest in remote sensing techniques, especially
using LANDSAT data, is high. An operational procedure for semi-automatic
lake classification has been developed with DNR, and DNR people are working



closely with the University to implement it. Among other things, DNR has
provided ground truth data gathering and water sample analysis. DNR has
committed several thousand dollars for tapes and computer time, and has

two people working on implementation and testing of the analysis methods.

In the area of thermal scanning of heated water discharges data has been -
cooperatively gathered using DNR aircraft and crews, and the results of

the analysis have provided the agency with information needed for rule-making
and setting of standards. DNR crews are now prepared to manage the entire
System on an operational basis,

Other agencies have cooperated with the University and benefitted from
research under this grant. We are working with the International Joint
Commission (IJC) on an investigation of non-point source pollution of

Lake Michigan., We have just completed a small project with the U.S. Forest
Service to map insect infestation in a forest area using LANDSAT data.

The U.S. Geological Survey i1s working with us to model surface runoff
characteristics of Wisconsin watersheds. We are working with a private
firm in developing remote sensing techniques using low altitude arrphotos
to predict corn yields.

We have been involved in using remote sensing in energy conservation with
a Wisconsin utility. Wisconsin Power and Light provided funds for an
airborne thexmal scan of two cities and personnel for dissemination of
the imagery. The U.W. Extension and the Wisconsin Office of Planning and
Energy are using our remote sensing expertise and personnel to aid in
training energy auditors.

C. Summary of Significant Applications

(1) The manual "The Assessment of Aquatic Environments by Means of
Remote Sensing" is completed, culminating five years of research.
This should be valuable to a wide range of users.

{2) An operational set of programs for lake quality classification is
being absorbed and tested by DNR.

{(3) The field portion of a sediment runoff experiment was successfully
completed. Researchers from the various disciplines involved are
now digesting the large quantaty of data obtained during thas event.

(4) Analysis of power plant heated water discharges has provided DNR
with data needed for rule making and standards setting.

(5) Operational use of thermal/scamming by DNR 1s now available.

(6} Computer analysis of remotely sensed data for a wide range of
research or application needs is now possible.

(7) Photographic and satellite data are being used in a variety of small,
short-term applications. These include water quality planning studies,
mapping of forest insect infestation, and crop yield prediction.



(8) Energy auditors are being trained in the use and limitations of
thermal scanning applied to energy conservation.

(9) Thermal scanning was successful in stimulating public awareness
regarding home energy conservation.
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ABSTRACT
Two projects which have been active for several years are:

[
(1) the development of an operational statewide system for the
classification of 3000 lakes by trophic status; and

(2) the development and publacation of a manual, "The Assessment
of Aquatic Environments by Means of Remote Sensing."

The development of an operational system for the classification of lakes
has progressed significantly. Computer files and programs have been
completed to obtain navigation control points, navigate scenes to provide
latitude/longitude to row/column conversion (and vice versa) and to auto-
matically extract data for all lakes on a LANDSAT scene. Analysis and
classification programs are operating but more work is being done to refine
algorithms. Atmospheric correction techniques and multidate analysis methods
have been developed and applied to large-scale experiments in southern and
Southeast Wisconsin. DNR is committing several thousand dollars for tapes
and computer time, and now has two people working on the project. One is
the graduate student who has worked with us for three years.

In Section C, the final draft of the lake eutrophication manual 1s discussed,
The manual, authored by Scherz, Woelkerling, Adams and Scarpace, 1s a
compendium of five years of research.



A. Introduction

Some of our past research has largely reached maturity. TheSe projects,
while not part of our current research thrust, have been supported to allow
them to reach the implementation stage. PFirst, considerable work has been
done to deliver an operational system for classification of the trophic
status of inland lakes using LANDSAT, Computer software has been developed
to allow automatic data extraction from LANDSAT scenes for 3,000 Wisconsin
lakes. Classification and analysis programs are being developed to incor-
Porate atmospheric corrections and multidate LANDSAT scenes. The following
Sectaon gives detarls of progress in this work. Section C briefly discusses
Progress on the lake eutrophication manual.

B. Multadate LANDSAT Classaification of Inland Lake Trophic Status --
Progress Toward an Operational Statewide System

1. Background

Since 1974, UW-Madison researchers have been working with Department of
Natural Resources personnel to apply remote sensing and, in particular,
LANDSAT to help monitor and classify water quality of inland lakes.
Under provisions of the Federal Water Pollution Control Act Amendments
of 1972, PL92-500, reports must be filed with the Environmental
Protection Agency (EPA) classifying all lakes in each state. With
about 3,000 lakes greater than 20 acres in the state of Wisconsin,

the difficulty and expense of traditional monitoring methods using
boats to obtain water samples 1s formidable. Remote sensing offered
attractive alternatives.

Early studies [1,2] correlated water turbadity with film density using
both 7-inch and 70mm film products provided by the EROS Data Center.
Radiometric quality of the 7-inch imagery was 1nadequate, but sufficient
correlations were obtained with the 70mm film to warrant further
research.

The next step was to computerize the procedure, using interactive
computing techniques in which operators identified lakes from a

crude "picture" generated on an interactive graphics terminal by their
general appearance and location, and then used a terminal cursor to
i1dentify particular points from which data were extracted for analysis.
In this process, only Band 5 (red)} data were inspected, only a single
date was used, and no atmospheric corrections were applied. Data from
1974 LANDSAT scenes were extracted in this fashion for all lakes over
20 acres and deeper than 8 feet, as listed by the DNR 1in a brochure
entitled "Wisconsin Lakes,™ which tabulates all lakes in each of
Wisconsin's 72 counties. About 3,000 lakes were included. From the
extracted data, tabulations by county and district were prepared,
ranking lakes i1n order of increasing Band 5 value and thus nominally
in terms of increasing turbidity. These were delivered to the DNR

in early 1975 and formed the basis for an initial report to EPA,

Several shortcomings of this approach were evident  First, substantial
human interpretation was needed. We felt that a large portzon could be



automated. In addition to easing personnel time reqguirements, this
would allow overnight or weekend batch computation at rates considerably
less than the premium paid for interactive computing. Second, only a
few selected data points were taken for each lake. This process was
subject to the risk that data points might, for example, be taken
directly i1n an algae bloom, badly skewing the results. Third, only a
single date per season was analyzed. Finally, no correction process

was used to provide correction for atmospheric degradatiocn.

2. Specifications for the Operational System
a. Preliminary Ground Verification

In late 1975 and early 1976, preliminary plans for an operational
classification procedure were drawn up. First, a better evaluation
of the quality and potential of LANDSAT for lake quality classi-
fication had to be done. Therefore, an extensive ground verifica-
tion effort was begun by DNR and UW-Madison persomnel during the
summer of 1975 and continued during the summer of 1976, Water
samples and turbidity measurements were taken in 10 lakes in
southeastern Wisconsin within a day of a LANDSAT pass. After tapes
had been cbtained for three dates in 1975, LANDSAT data from all
bands were correlated with the ground measurements. Several con-
clusions were drawn from these early studies. First, there was
sufficiently good correlation to warrant a substantial committment
to the project. Second, 1t appeared that data from Bands 4, 5 and
6 were all useful and needed, especially if atmospheric corrections
could be provided. Third, we concluded that the most necessary
data were mean values in those three bands for all data points
within each lake, together with the corresponding variance-covariance
matrix data. Extracting these values rather than storing all data
points for the lakes would have the effect of dramatically reducing
the size of the needed archival information, and would reduce 2ll
data sets, no matter the size of the lake, to the same number of
archived values.

b. Preliminary Plans for the Data Extraction Process

To locate the lakes with a minimum of human intervention, some
mechanism was needed to identify and locate the lakes. After
several potential approaches had been considered, 1t was decided
to construct a statewide file containing latitude/longitude
coordinates of all lakes to be analyzed. Using the largest
avairlable scale topographic maps, a polygon with up to 10 apexes
was drawn around each lake. Sufficient shoreline was included so
that navigation procedures to convert from latitude/longitude to
LANDSAT coordinates and vice versa could err by several rows or
columms or seconds without causing the lakes to be missed. These
polygons and the corners of the maps were digitized to a nominal
precision of .005 inches under contract with the University of
Wisconsin-Madison Cartographic Laboratory. Computer software
necessary to calculate latatudes and longitudes from the digitized
coordinates was also developed by the Cartographic Lab. Editing
and error correction programs were also made available.



In addition to the lake polygons, one prominent point per map-sheet
was selected in a water body -- 2 peninsula, 1sland or similar
feature -~ and digitized, The latitude and longitudes of these
points were made available in a separate format to serve as "control
points" for scene navigation procedures.

The digatizing effort occupied much of the winter and spring of

1976 and 1877, and yielded recorded information for all lakes to

be included i1n the procedure. It was a difficult, expensive and
time-consuming process, but 1t needed to be done only once, It

1S now complete except for occasional editing of errors Or omLsSsSions
which will inevitably come to light.

Once the lake polygon positions had been defined, definite planning
was begun for the file structures and programs to utilize them.

¢. Calibrztion Methods

Atmospheric variability manifests itself in two distinct ways

with LANDSAT., Light reflected from the ground can be absorbed,

or 1t can be scattered. Correction can be obtained to a large
degree 1f two constants can be obtained. First, 1f a very dark
area can be located, a measure of scattered light can be obtained
by noting 1ts brightness in each of the LANDSAT wavelengths.
Following Scherz et al. [3], we sought the most oligotrophic lake
1n a scene as our best available 'dark body." Average values

from such lakes are subtracted from all those for all other lakes
on a LANDSAT scene. Second, some consistently bright object of
uniform contrast from scene to scene was needed to normalize
effects of atmospheric absorbtion. Major airports are sufficiently
common and offer large areas of concrete whose reflectance is

high and not subject to seasonal variation, so we selected these

as our second calibration tool. Airport values are extracted

from each scene  Therefore the change of this difference
(Alrport{-Clear Laked, 1 = the band, j = the day) from day to

day must be due to differing atmospheric absorption. In the
present scheme, the normalization factor 1s Ai

5
- & clear day _ Alrportgn- CLED
ij o day3 - Arrport]- CLJ

Therefore, the portion of the recorded signal due to the reflectance
of the matter present 1n the water, the value upon which the classi-
fication should be based 1s:

AirportED- CLE’DJ

Alrportg-CL{

= J_
G:LJ = (lakel CLl) {

Fortunately, the corrections which are needed by our procedures
need not be applied pixel by pixel. Instead, we can obtain
statistical information in the form of mean values for each band
and variances and covariances for all points within a lake.
Simrlar figures can be obtained for the calibration points (the
nearest large airport and the most oligotrophic lake). Then we



correct the statistics instead of the individual raw data values.
This 1s so because the statistics performed act as linear trans-
formations on the data as a whole. The analysis is substantially
simplified because raw data can be extracted and statistically
processed.

d. Faile Structures

Three major mass storage files were needed. One provides a set
of points of known latitude and longitude which could be easily
identified on crude "pictures" produced from LANDSAT tapes. These
are to be used to correlate latitude/longitude and row/column
coordinate systems to 'mavigate' scenes, providing necessary

"tie points' between the two coordinate systems. The second, a
much larger file, provides a compact and efficient means of
1dentifying all lakes to be considered. The third, DATA-FILE,
provides a mechanism to store extracted data for later classifi-
cation.

CONTROL-PT 1s the name of the first of these files. It presently
consists of 335 1slands, peninsulas and points in lakes and rivers
around the state. An average of one point from each topographic
map quadrangle in Wiscomsin with latitude/longitude coordinates
determined by digitization from those maps 1s included. These
coordinates are specified as number of seconds north of 40° and
west of 85°, an arbitrary point selected sufficiently southeast
of Wisconsin that no LANDSAT scene would encompass the point and
part of Wisconsin.

ACCESS 1s the second file. It contains lake name, identification
number (keyed to Wisconsin's 72 counties), and coordinates of the
bounding polygon (again using the seconds north of 40° and west
of 85° system), for each of about 3,000 lakes. There 1s also a
system of "pointers" in the file, so that we can easily obtain
(1) the first lake on a given 15 minute quadrangle, (2) the next
lake on a quadrangle; (3) the first or next lake 1n a specified
county; or (4) the next lake in alphabetical sequence within a
county, FORTRAN-V subroutines accompany this file to facilitate
extraction of its data, or to edit or regenerate it.

DATA-FILE 1s the third file in the system. It is keyed to ACCESS,
and provides a compact place to store statistical data for each
lake considered. These statistics are used by the classification
program once three sets of data acquired over the course of a
season are stored, and after appropriate calibration data have
been obtained.

¢. Data Extraction Programs

Three steps, each with 1ts own large program, comprise the data
extraction process for a single LANDSAT scene. First, a dozen
or so well-distributed points must be found for each of the four
"quarter scene'' files of a LANDSAT computer-compatible tape so
that latitude/longitude to row/column transformations can be



Jfound ! 3THis is done by means of program CONTROL, which uses

nominal scene geometry and scene-center coordinates to produce
{(row/column) coordinates of points from the control point file,
CONTROL-PT. It produces pictures such as Figure 1 on printer
output or, preferably, microfiche of the areas surrounding each
predicted control point position within the scene. These "pictures™
clearly show water features as well as clouds, cloud shadows, and
major cultural features such as highways. Usually, control points
can be identified from these pictures, and precise row/column
coordinates can be interpolated by an operator. If the points

are missed, the program can rerun for selected points with "offsets™
mtroduced. Usually, after at most two or three "rums,' enough
control points have been located to provide a sufficient number

of sets of row/column and latitude/longitude coordinates for use

by the next program, SATNAV.

SATNAV accepts operator-interpreted coordinates in row/column form
for selected control poimts. It retrieves latitude/longitude
coordinates for these points from CONTROL-PT, and uses non-linear
regression analysis procedures to determine a set of models which
best fit the two coordinate systems., Heuristically, the models
have been chosen as follows, where r and ¢ are LANDSAT row and
column coordinates, and z and 8 are latitude and longltude n our
local system of seconds north of 40° and west of 85°

Tpo=apg tapf toargl +oan? el
¢ may tayl tajgtayctsas?
L= ag *age *ag®dagr? s e
8 =ayy *oayc toager g, rt el

SATNAV's role 1s to calculate the aj;'s, called the navigation
parameters, so” that mean square errors between measured and
calculated coordinates are minimized. It uses the calculated
parameters to predict rows and columns from measured latitudes
and longitudes {supplied by CONTROL-PT) and to predict latitude
and longitude from measured rows and columns (supplied by operator
interpretation). These predicted values are compared with their
corresponding ''actual' values and tzbulated. Graphical displays
of resulting errors or "residuals" are presented, such as those
of Figures 2 and 3. Its main purpose, though (provided the
operator approves of the residuals), 1s to file the navigation
parameters in a small mass-storage file where the next program,
EXTRACT, can use them.

EXTRACT concerns itself wrth extraction of multispectral data

from each file, or quarter-scene, of a LANDSAT tape. First, 1t

uses the navigation parameters computed by SATNAV to calculate
latitudes and longitudes of extremities of the scene. This
identifies all 15 manute quadrangles encompassed by the extremities,
some of which do not intersect the scene i1tself. A subroutine,
INTSCT, tells whether two polygons actually intersect (and which
gives coordinates of the resulting intersection polygon, i1f they
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(Pewaukee Lake, near Milwaukee).
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do). With this aid, EXTRACT systematically inspects each
quadrangle of possible interest, starting at the northwest corner
of the scene. If the quadrangle does not intersect the LANDSAT
scene, the program passes to the next quadrangle east, or next

row south when a row 1s finaished. If, however, 1t 1s found that
the quadrangle and the scene intersect, then ACCESS 1s asked to
return (latitude/longitude) coordinates of the first lake in that
quadrangle, 1f any. The lake polygon 1is then tested for inter-
section with the LANDSAT scene. If 1t does not intersect, then
the next lake 1in the quadrangle is called, 1f there 1s one, cr
else the next quadrangle 1s inspected If the lake polygon does
intersect the scene, then a secarch for '"water-like" points withan
the lake polygon is initiated. To do this, the polygon 1is con-
verted, by the navigation parameters, to row/column form. The
LANDSAT tape is moved to the beginning row, and data 1is transferred
into high-speed memory. Our "interior points of polygons' sub-
routine 1s called to ascertain which columns lie inside the lake
polygon, and each of these points 1s inspected in turn. If Band 7
values are below a preset threshold, an interior point 1s declared
"water-like'", and its Band 4, 5 and 6 values are extracted and
filed in fast memory. After all points within the lake polygon
have been inspected, a statistics program 1s called to calculate
mean values for each band, and the "variance-covariance matrix"
for all water-like points. This information is filed with date
and scene identification in the output storage area, DATA-FILE.
EXTRACT also produces a picture such as Figure 4, usually on
microfiche, showing each lake polygon and indicating all water-like
points by 0's. This provides a check of the navigation and
extraction and allows appropriate reruns 1f data are unsuitable.

Data for "darkest lake in the scene" and for a suitable airport
in each scene are also extracted and filed. At present, rather
crude manual interactive techniques are used to obtain statistics
for the airports, but programs have been partially modified to
automatically extract this data.

Several weeks of work may be required to complete operation of

the data extraction process for three dates in a season for a

large area. During this taime, DATA-FILE 1s gradually built up.

When it has sufficient data, the classification procedures can be
performed. The program CLASSIFY 1s still in a state of flux, but

1t is small enough that various versions can be applied to DATA-FILE
at very moderate cost. Present versions apply heuristically
determined weighting coefficients to the mean values for Bands 4,

5 and 6 and to variances for these bands to produce a 'Trophic
Status Index Number' of 1 to 7. The weighting factors have been
determined by regression techniques to best agree with ground
measurements and with assessments of lakes in southeastern Wisconsin
made by DNR district limnologists. Experiments to choose the best
set of weights are continuing.

3. Results and Status -- October 1977

All of the files have been generated at this time; inevitable errors
are being located and corrected. The data extraction programs are
running and have been used successfully to extract data for all lakes
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in southeast Wisconsin using LANDSAT data from 1975, An experiment

1s underway 1in the same area using 1976 data, although we are still
awaiting delivery of the last of the 1976 tapes for the Madison area.
Classifications of southeastern Wisconsin lakes has been done for 1975
and partzally completed for 1976. Correlations have been performed
against both our own ground calibration data, based on in situ
measurements and on DNR evaluations of a selected subset of lakes,
Weights have been selected to combine mean values and variances to
best correlate with the different forms of ground verification. The
best fit equation for the relationship between satellite data and

lake turbidity was determined. An R2 value of 83% 1s associated with
this equation. This means that 83% of the variability in the data is
accounted for by the regression equation. A large part of the
unaccounted for variability may be due to the difference in time
between satellite overflight and ground sampling time  This difference
varied between one and nine days for the actual data used. The best
relationship between the satellite data and the known trophic status
numbers provided by DNR persomnnel had an R? value of 76.8%. This
equation has been used to classify all lakes in the southeastern
section of the state.

The DNR will provide LANDSAT tapes for 1977 for southern and southeast
Wisconsin. Data for a test area in northern Wisconsin, where lakes

are both plentiful and unfamiliar to our personnel, will provide a
stern test to the programs and procedures DNR has hired Mr Holmquist,
who did much of the ground verification and who has participated in the
project since 1ts inception, as a full-time employee to coordinate
University-Agency efforts during the next few months. DNR has also
provided part-time services of Mr Ron Martin to work with us. Funds
for full-scale, state-wide implementation of the procedure are being
sought for the next fiscal year. Appendix I 1s an evaluation by DNR of
the LANDSAT lake classification program.

C. The Lake Eutrophication Manual

Final draft of the manual, "The Assessment of Aquatic Environments by
Means of Remote Sensing,'' was completed by Scherz, Woelkerling, Adams and
Scarpace in early 1977 The authors decided to seek outside publication,
so a several month review was done by the University of Wisconsin Press.
They decided 1ts projected sales would not justify hard-cover publication,
however, so pre-publication editing was resumed by the Institute for
Environmental Studies Publications Office. This editing was completed in
August 1977. Prainting and collating 1s scheduled by the end of October
1977. The menual will be ready for general circulation in November 1977,
and 1s included as Appendix II.

References

1. Scarpace, F.L., L.T. Fisher and R. Wade, "Trophic Status of Inland
Lakes from ERTS." Proceedings, Fall ASP Meeting, 1974.




16

Fisher, L.T and F.L. Scarpace, "Classification of Inland Lakes from
LANDSAT." Proceedings, NASA Symposium, June 1975.

Scherz, J.P., et al., 1976. '"The Assessment of Aquatic Environments
by Means of Remote Sensing " Unpublished at this time.



17

III. NON-POINT SOURCE POLLUTION

Principal Investigators

Anders W. Andren, Assistant Professor, Department of Civil and Environ-
mental Engineering, and Water Chemistry Program, UW-Madison.

Kenneth 1,. Beghin, Chief, Aeronautics Section, Wisconsin Department
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John M, Cain, Chief, Water Quality Planning Section, Wisconsin Department
of Natural Resources

James L, Clapp, Professor, Civil and Environmental Engineering, and
Director, Environmental Monitoring and Data Acquisition Group

Donald P. Cox, Associate Professor, Department of Physics, UW-Madison

Lawrence T. Fisher, Remote Sensing Project Coordinator, Environmental
Monitoring and Data Acquisition Group, UW-Madison

Theodore Green III, Professor, Department of Civil and Environmental
Engineering, and Meteorology Department, UW-Madison

John A. Hoopes, Professor, Department of Civil and Environmental
Engineering, UW-Madison

Ralph W, Kiefer, Professor, Department of Civil and Environmental
Engineering, UN-Madison

John G. Komrad, Supervisor, Special Studies, Wisconsin Department of
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Environmental Monitoring and Data Acquisition Group, UW-Madison

Frederick W. Madison, Jr., Specralist, Department. of Soil Science,
UW-Madison
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Wisconsin Department of Natural Resources
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Research Assistants

Linda Kalman, Department of Civil and Environmental Engineering

Donald Morris-Jones, Environmental Monitoring Degree Program,
Institute for Environmental Studies

Ananta Nath, Department of Civil and Environmental Engineering
(1/4 time for 1 semester only)

John Schettle, Department of Civil and Environmental Engineering

Barry Verdegan, Department of Civil and Environmental Engineering

ABSTRACT

The non-point source pollution problem is being approached through several
avenues. There are three groups addressing sediment sources and transport,
remote sensing of sediment concentration, and sediment mixing and water
chemistry. These groups have been studying a specific watershed (Pheasant
Branch) and working closely to each provide a piece of the puzzie for an
integrated solution to the overall problem. This section deals with the
individual group's approach to each facet. Preliminary research, data
collection during the sediment runoff experiment, preliminary results and
future analyses are discussed. The following paragraphs abstract each
group's efforts,

The sources of sediment group is under the direction of Professors
R.W,. Kiefer and F.L. Scarpace. This group also includes work on
sediment transport directed by Professor J.A. Hoopes. Graduate
students are D. Morris-Jones and A. Nath. Work on investigating

the sources of sediment in the Pheasant Branch Watershed has proceeded
on several fronts. Existing remote semsing imagery of the watershed
has been inventoried and new aerial photography has been obtained.

A computer-based data bank containing 6136 one hectare cells has

been developed for the Pheasant Branch Watershed. Data from several
sources, including topographic maps, soils maps, and aerial photo-
graphy, have been encoded into the data bank. The application

of the Universal Soil Loss Equation to estimate potential sediment
loss in the watershed has been initaated. The application of remote
sensing to quantification of sediment transport through the watershed
is being investigated. Coordination of research efforts with
involved political bodies and governmental agencies continues.
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The sedimentation concentration group is under the direction of
Professors J.A. Weinman and F.L. Scarpace. The graduate student
working on the project 1s L. Kalman. The proposed study of
determining sediment concentrations in water using multiband
aerial photography has progressed significantly. A mathematical
model which can predict exposures produced on the film by sediment
laden water has been developed. Imagery of a runoff event has
been obtained along with extensive ground truth. The ground
truth 1s being analyzed to determine the spectral characteristics
of the sediment, water and atmosphere. These data will be used
as input to the model when analyzing the film.

The water mixing group 1S directed by Professor T. Green with
graduate student J. Schettle. Their research aims toward
developing field measurements complementing remote sensing
imagery in order to infer vertical and bottom sediment distri-
bution. Specifically, attempts were made to observe the "mud
fingering" phenomenon in the field and to generate this
phenomenon in the laboratory. 'Mud fingering' has been
generated in the labeoratory: conditions necessary for occurrxence
are being parameterized., The lab studies indicated pooxr
conditions for freld observation of "mud fingering" during

the sediment runoff experiment. The phenomenon has not yet
been observed outside the laboratory.

The water chemistry group 1s directed by Professor A. Andren
with graduate student B. Verdegan. Water samples were collected
during the sediment runoff experiment. Analyses have been
completed for eight parameters including turbidity, suspended
solids, conductivity, chlorade, and four forms of phosphorous.
A technique has been developed to obtain particle size from 2
given water sample. Results indicate a decrease in suspended
solids and phosphorous forms with increasing distance from the
mouth of the creek. Conductivity and chloride tend to increase
with distance into the lake from the creek mouth. It was
discovered that a major source of resuspension of sediments was,
in addition to current and wave action, turbulence created by
the boat propellors. One form of phosphorous was probably
affected by sample preservation techniques. Improvements in
sample collection and preservation are planned for future
runoff events.

The proposed work on data acquisition and storage for field
operations has been shelved due to lack of time, funds and
necessity. Conventional methods proved to be quite adequate.
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A. Background

Since the passage of Public Law 92-500 (the 1972 amendments to the Water
Pollution Control Act) increasing interest has focused upon pollution sources
other than those derived from specific point locations. Federal agencies,
University investigators and the DNR are aware that non-point source pollution
1s a major contributor to water quality degradation and have become interested
in locating and monitoring it.

Non-point source pollution 1s caused by materials originating from land

use activities., These materials, carried into waters by erosional runoff
processes, impair water quality and create pollution problems. Potential
sources of non-point source pollution include urban storm water runoff,
construction site erosion, agricultural runoff and sediment loss, land
disturbance caused by mining or taimbering activities, and other diffuse
natural or man-made phenomena. Major non-point pollutants are generally
considered to be sediment particles, nutrients (both natural and those added
to enhance agricultural productaivity), and in some cases toxic materials
such as heavy metals, pesticides and oxygen-demanding substances.

The institutional framework established within the DNR to evaluate

nomn-point source pollution consists of three sections within the Bureau of
Water Qualaty, as well as the district offices. A Non-Point Source Program
has been formulated under the Special Studies Section to complete major
portions of this program element. This Section provides guidance and advice
for monitoring studies done within the State and serves as the focal point
for instituting remedial measures. The Section will analyze and define
"Best Management Practices" (BMP). It will evaluate the capability of each
BMP to meet the needs of the State and the capability of each to be instituted.
Special Studies also coordinates DNR activities in the International Joint
Commission (IJC) Study on the Menomonee River Basin and in the Washington
County Project funded under Section 108 of 92-500,

The Water Quality Evaluation Section serves as the stream data collection
agency within the Bureau. This Section coordinates district non-point
source monitoring. Data management and field report organization are the
primary responsibilities of this Section in the Non-Point Source Program,
with subsequent interpretation and evaluation of the data an integral result.

Requirements of PL 92-500 have imposed a heavy data gathering burden on the
DNR, both for planning purposes and to meet reporting requirements. Present
data sources (praimarily reporting services of the Soirl Conservation Service)
lack badly needed detail and currency. One prime objective of this research
is to provide more detailed and current information by remote sensing means.
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B. AEEroach

To obtain a synoptic view of sediments, their detection by remote sensing,
their sources, their role as carriers of chemical pollutants, and their
hydrologic behavior, a ccordinated data gathering experiment, called the
Sediment Runoff Experiment, was devised. Plans were made to await a heavy
runoff-producing rainstorm. Then water sampling boats would be quickly
deployed and a variety of in situ measurements performed while simultaneously
acquiring aerial photographs and on-land measurements and samples. In
mid-July 1977, a splendid opportunity to conduct this experiment presented
1tself. Advance plamning and coordination allowed us to capitalize on

this opportunity.

The following questions were posed, and the plamning for the experiment
was begun to attempt to answer them:

(1) How does sediment 1n a river or a lake affect air photos?
What are the scattering properties of sediment, and what are
the spectral characteristics of sediment-laden water?

(2) VWhat film/filter combinations can best be used to quantify
sediments?

(3) How does the surface concentration of sediment relate to
concentrations at depth? What particular mechanisms govern
vertical mixing?

(4} How can aircraft or spacecraft remote sensing best be used to
quantitatively assess source areas for sediments?

(5) What sorts of measurements can best be used to calibrate
remotely sensed imagery”®

(6) How does sedimentation affect chemical properties of waters?

During the winter and spring of 1977, investigators met frequently to
discuss and plan for the Sediment Runoff Experiment. During this period,
operational procedures evolved and clearer estimates were developed about
what data were needed by each of the various groups

(1) Hydrologic Source Areas® Essential data in the watershed were
color and color infrared aerial photographs acquired before,
during and after a major storm event, to allow determination of
extent of bare soils and nature and extent of ground cover
throughout the watershed:; rainfall measurements at a network of
points throughout the watershed; and ground samples of runoff
water taken during or soon after the storm. Stream discharge
figures, acquired by the U.S. Geological Survey, were also
deemed necessary.

(2) Optical Characteristics of Sediments Researchers involved in
this aspect of the research needed spectral measurements of
transmitted and scattered light, cobtained during the experiment,
and narrow band aerizal photography of the test area. Laboratory
and field experiments indicated that narrow band filters with
center wavelengths of 4800, 5500, 6000 and 6500 angstroms (A)
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Q
and pass bands of 100 A were needed. These were procurred to
fit our Hasselblad 80mm lenses. Test flights were made to
evaluate the suirtability of Kodak Type 2424 black-and-white
infrared film, but with the 100 A pass bands of the narrow band
filters, exposure times were found to be too long for aerial
photography. Exposures in excess of 1/125 second would have
been needed, even with "pushed"” film processing and maximal
lens apertures. Therefore, 1t was decided to use only Kodak
Type 2403 TRI-X film. With 2ts very high speed and with "push
processing," exposures times of 1/250 second were found to be
suitable, fast enough that image blurring would not be a mzjor
problem. The inevitable graininess of ''push processed" film
was considered acceptable, and a necessary degradation.

{(3) Mixing and Water Chemistry: This group needed a procedure for
sampling water quality within a sediment plume at known locations
and at a variety of depths. Other data could be acquired by
sediment traps located at various locations, sampled at intervals
bracketing the major storm event. Conventional sampling techniques
using boats deployed during the storm event were deemed suitable,
provided some method was available to monitor location. In
addition to gaining information on vertical mixing of sediments
from the boat samples, plans were made for divers to obtain
underwater photography to evaluate sediment concentrations and
patterns. Laboratory studies were begun to investigate the
mechanisms and characteristics of environmental conditions which
affect vertical mixing and lead to (or permit) instabilities such
as '"mud fingering.! X

This section details the specific work done by each of these groups in

preparation for the sediment runcff experiment, data collection procedures

during the experiment, preliminary data analyses, and plans for further
analysis and research. Section IV details the operations and coordination
of the sediment runoff experiment.

C. Sources of Sediment Group

1. Introduction

Remote sensing of hydrologically active source areas has been one of
the activities studied under past NASA support. This theoretical work
1s being applied to extend source area mapping techniques to the
problems of remote detection and mapping of sources of sediment moving
from a watershed into a lake. The investigation includes a cost-
effectiveness comparison between computer analysis of remotely sensed
imagery and human photo interpretation and field sampling methods.

It complements research on non-point source pollutants in the Menomonee
River Watershed, Detroit Metropolitan area, and elsewhere, being

funded by the International Joint Commission. Non-point pollution
refers to the pollution of water from diffuse sources, such as urban

or agricultural runoff. Since sediment 1s itself a non-point pollutant,
and many other non-point source pollutants contained in runoff are
attached to suspended sediment particles, 1t 1s useful to concentrate
efforts on monitoring sediments.
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This group 1s also responsible for outreach between the Pheasant Branch
project and potential user groups, the various political entities and
governmental bodies concerned with land management within the Pheasant
Branch Watershed.

2. Application of Remote Sensing to Quantification of
Sediment Transport Processes

Computer models are frequently used to describe sediment transport
processes in watersheds. To fumction, these models require different
types of geographically referenced environmental data. Since land use
or land cover information 1s usually a necessary input, remote sensing
techniques can make an important contribution to sediment transport
modeling. The land cover information required for sediment transport
modeling varies for urban and agricultural watersheds  In urban
watersheds the quantity and location of land covered with impervious
surfaces 1s the most critical variable. However, crop types, crop
management practices and soil comnservation practices are the most
important land cover factors in agricultural watersheds. While these
are the most critical factors, gross land use or cover classifications
are usually required for the entire watershed in both urban and
agricultural sediment transport modeling.

The Dane County Regional Planning Commission (RPC) estimate of the

so01l loss from the Pheasant Branch Creek Watershed, using the Universal
Soil Loss Equation (USLE) with data from "representative! subareas

(1/4 sections) of the watershed (constituting about 28% of the watershed)
for 1971-72 condartions, was reviewed. The USLE was developed for

20 year average annual soil loss estimates, hence 1ts use for individual
storms 1s questionable. In addition, use of USLE requires specifi-
cation of a sediment delivery ratio (fraction of detached soil leaving
basin) which, for a basin with varying land use and physiographic
characteristics (as Pheasant Branch), should reflect these features

as well as the channel system. In practice a constant value for a
whole basin 1s used. Using aerial imagery throughout the year with
basin topography and soils maps, the land use and basin physiography
can be delineated for use i1n soil loss determinations from individual
storms throughout the year. This work points to the need for a
transport model approach for estimating soil loss to the lake from
individual storms. The model would employ relations for soil detachment
and transport by rainfall, overland runoff and channel flow along with
information on land use and soil condition at the time of the storm.
Relations for soil detachment and transport by rainfall and overland
flow, based upon studies of small, homogeneous land parcels, are
available. For a large, heterogeneous basin such relations would be
applied to homogeneous subarsas and coupled to a water runoff model,
based eather on the hydrologic source area concept or a traditional
basin runoff model (e.g. SCS-TR20), such that the sediment. loss from
each subarea was routed to the basin outlet. Some work on simplifying
Ishaq's hydrologic source area runoff model has been initiated.

Rainfall and channel flow data, which have been and are being collected
by the Dane County RPC, USGS and SCE, have been obtained. This infor-
mation will be used in the water and sediment runoff modeling effort.
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It has already been used to estimate travel times for the surface
runoff from the basin: 2-3 hours from the upper reaches of the basin
to Highway 12, and 8-12 hours from Highway 12 to Lake Mendota.

Two subbasins in the northern and western portionsof the watershed
were 1dentified for detailed sampling and analysis of precipitation
and runoff (sediment and water). The northern basifi was instrumented
in late spring with a daily average and a contimuwously recording rain
gauge. For several significant rain storms in late spring and early
summer, Sediment sampling and flow gear were used to guage runoff from
the two subbasins. As an example, on 30 July 1977 2.5 cm or rain fell
in 1 hour (about 6 AM-7 AM} as recorded on the northern subbasan.
However, no runoff cccurred from the northern basin (about 400 hectare
area}. There was significant runcff from the western basin (about

600 hectare area). OSampling one hour after the rain ended gave a

flow of about 0.14 m3/sec and a sediment concentration of about 1.4
g/liter. Through the City of Middleton there was a significant (5-fold)
increase in sediment concentration (1 e. fxom Highway 12 to Century
Avenue), probably due to channel erosion in the large channel drop
through the city.

3. Imagery Currently Available for Analysis

The following imagery 1s or will be available for use in analysis of
the land resource and land cover characteristics of the Pheasant Branch
Watershed:

a. U.S. Soil Conservation Service Photography

Dates- 1962 and 1968
Scale* 1 20,000
Imagery Characteristics  black-and-white prints (9"x9")

b. NASA RB-57 High Altitude Imagery

1) Date. 4 July 1972
Scales: 1:60,000 and 1-120,000
Imagery Characteristics: Color infrared positive
transparencies (9"x3'")

2) Date: 31 July 1974
Scale: 1-120,000
Imagery Characteristics  Color infrared positive
transparencies (9'x9')

¢. Project Imagery

Dates: 3 September 1976
26 September 1976
28 April 1977
18-19 July 1977
15 August 1977
3 Qctober 1977
6-13 November 1977 (scheduled)
1978 (as appropriate)
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Scale: 1:60,000

Imagery Characteristics: color and color infrared positive
transparencies (70mm)

d. LANDSAT Digital Data and Imagery

Several dates of imagery and digital tapes are available on campus.
Additional data are available from the EROS Data Center.

4. The Pheasant Branch Data Bank

The Pheasant Branch Data Bank has been developed to store and mani-
pulate the physiographic, soil, land cover, agricultural, and other
information necessary for sediment yield and sediment transport modeling.
Figure 5 shows the outline of the Pheasant Branch Watershed with a
one-hectare grid superimposed. The basic grid cell for the data bank
is one hectare, based on the UTM system, and the watershed contains
6,136 one-hectare grid cells. As shown in Figure 6, there are 969
hectares of 'hon-contributing areas', depressions in the landscape
where runoff percolates into the ground, feeding the ground water,
rather than flowing over land into the channels of the Pheasant Branch
drainage system. The net area of the Pheasant Branch Watershed which
drains into Lake Mendota (subtracting out the non-contributing areas)
is 5,167 hectare (all cells shown as dots in Figure 6 contribute to
the Pheasant Branch surface drainage).

The capabilities of the Pheasant Branch Data Bank must be considered
before data collection efforts are begun. The computer can store only
one value per grid cell for each individual data variable. However,
there is no practical limit to the number of individual data variables
which can be stored in the computer file. Consequently, data concerning
an individual terrain characteristic, such as topographic slope, can

be encoded in a variety of ways if desired.

For data collection purposes, transparent overlays of the grid cell
network can be placed on either base maps or aerial photographs. Data
collection proceeds on a cell-by-cell basis. Data can be recorded in
terms of predominant type within a cell, percent of cell of a particular
type, or average value within a cell. The data values for each data
variable must be encoded into one of not more than ten classes (stored
in the computer as O through 9). The data collection methods and the
data encoding system both reduce data complexity in order to facilitate
more efficient computer calculations. The computer can produce grid
cell map for each variable printed in either numeric or computer
overprint form. With the computer overprint system, each encoded value
is automatically printed as a symbol of a particular density. Very
dense overprint symbols correspond to high encoded values. Both manual
photo interpretation and computer interpretation techniques have been
and/or will be utilized in analysis of the available imagery.

Two land/water classification systems were developed to provide a
mechanism for gathering land cover information on a basic and expanded
level. When the basic land/water classification system is used, the
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following five interpretations are made and recorded for each grid
cell:

(1) Predominant cover within a cell;

(2) Percent of cell which is open water;

(3) Percent of cell which is forested lands;

(4) Percent of cell which is open lands;

(5) Percent of cell which is impervious survaces.

The predominant cover interpretations are coded according to the
system shown in Table I.

The predominant cover classification system is designed to make
effective use of the capabilities of the Pheasant Branch Data System,
i.e. an individual computer overprint map can include up to ten
classes. The specific classifications utilized in the above system
are comprehensive and not subject to seasonal change.
The expanded land/water classification system is designed to permit
detailed classification of land cover specific to the time of over-
flight. When the expanded land/water classification system is used,
percent of cell in all categories is recorded. The following classes
are included in the expanded land/water classification system:
(1) Open Water
a. open water
(2) Forested Lands
a. forested lands
(3) Open Lands
a. non-forested wetlands
- b. grassland
c. lawns
d. gravel pits
e. quarries
f. bare soil
g. TOW crops
). eorn

2) ©peas
3) soybeans, etc., as needed
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h. small grain

1) oats
2) barley
3) wheat, etc., as needed

i. legumes/rotation meadow

1) permanent hay
2) rotation meadow

j. fallow
(4) Structured or Built-Up Lands

bare soil

farm buildings

single family residential
multiple family residential
commercial

institutional

industrial

unpaved roads, etc.

paved roads, etc.

railroad tracks

e e D' O AA0 O R

The expanded land/water classification system can be used to develop
overprint maps in each of the four major land cover categories, i.e.
open water, forested lands, open lands and built-up lands.

The data items (or "variables') presently (October 1977) stored in the
Pheasant Branch Data Bank are listed below (see Tables II through IV).
A considerable number of additional data items will be added during

1977-78, especially interpretations of land cover and other data using
photographic and satellite data sources.

Figures 7 through 12 illustrate some of the data items in the Pheasant
Branch Data Bank. Table V lists the value of the data item corres-
ponding to each code number printed out in Figures 7 through 12.
Figure 7, for example, shows the percent slope in each cell of the
data bank, classified into one of 10 levels (0-9). Level 0 represents
a 0 percent slope and is shown by the sumbol ".'", level 1 represents

a 1-2 percent slope and is shown by the symbol ",", level 2 represents
a 3-4 percent slope and is shown by the symbol "+'", and so on, for a
total of 10 levels. Note that data from three sources are shown in
these figures. The data source for Figures 7 and 12 is USGS topo-
graphic maps, the data source for Figure 8 is USDA-SCS soil maps, and
the data source for Figures 9, 10 and 11 is interpretations using
RB-57 color infrared photography.

Since interpretations are formatted in the data bank, it will be
possible to readily compare data extraction by various means. For
example, a CROSSTAB program can be run on the computer to compare on

a cell-by-cell basis information about tree cover obtained from USGS
topographic maps (Figure 12) with information about tree cover
interpreted from 1:120,000 RB-57 photographs (Figure 11). In a like
manner, variables 37 (tree cover from 1:60,000) and 38 (tree cover from
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TABLE I. Predominant Land Cover Classification System.

Code Number

Voo gahuvT M- O

Land/Water Class

Open Water

Forested Lands

Non-Forested Lands

Other Open Lands

Gravel Pits/Quarries

Agricultural Lands

Single Family Residential

Multiple Family Residential
Commercial/Institutional/Industrial Development
Roads and Parking Lots

TABLE II. Data Derived from USGS Topographic Maps.

Variable 28:
Variable 39:
Variable 40:
Variable 42:

Non-Contributing Areas

Tree Cover (green overprint)
Watershed Boundary
Topographic Slope

TABLE III. Data Based on USDA-SCS Soil Survey Information.

Variable

18
19
20
21
22
23
24
25
26
27

Class

USCS Soil Class (at 150cm depth)
Depth to Bedrock

Flood Hazard

Soil Drainage Class

Depth to Water Table

Corn Productivity

Hay Productivity

Surface Soil Texture

Soil Hydrologic Group

Soil Loss "K'" Value
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1+120,000) can be readily compared and evaluated.

5. Universal Soil Less Equation Analysis

The Universal Soil Lgss Equation (USLE) can be used to assess the

so1l erosion potential of agricultural watersheds. Traditionally,
extensive field studies are required in order to use the USLE. As

a consequence, soil erosion potential of watersheds 15 infrequently
assessed and trends over time are 1nadequately understood. Many
sediment transport models for agricultural watersheds use the USLE

as a subroutine. Cooperative research was conducted with Ken Morganm,
Ph.D. student in Land Resources at the University of Wisconsin-Madison,
to develop a methodology for utilizing the USLE with remote sensing as
a primary data source. Table VI lists the various factors in the

USLE and the method of data collection utilized i1n our experimental
methodology. Remote sensing is used to monitor and/or provide a basis
for determining crop types, crop management practices, 501l conservation
practices and land use.

In 1975 the Dane County Soil and Water Conservation District and the
Dane County Regional Planning Commission conducted a detailed study

of the Pheasant Branch Watershed using traditional USLE methods. In
this study randomly selected quarter sections within the Pheasant

Branch Watershed were ground-truthed extensively and statistical

methods were used to estimate land uses in the total watershed. For
comparative purposes, we used manual photo interpretation techniques,
RB-57 imagery and project imagery to monitor land uses in the previously
sampled quarter sections and statistically estimate total land use for
the watershed. Table VII summarizes the results of this comparison.

In addition, a simple selective key was prepared for the USLE land use
classification system. Table VIII shows this key.

Crop types growing in the Pheasant Branch Watershed were ground-truthed
during the spring and summer of 1977. A simple crop identification
key was prepared after analysis of project imagery and ground truth
information. This key 1s shown in Table IX,

Manual photo interpretation techniques using imagery of the most
appropriate data and film type were used to i1dentify the percent of
each cell in corn, oats and permanent hay. This information 1s not
yet in the data bank. Consequently, no comparison with the 1975 USLE
study has been done to date. This comparison will be completed in the
future. Photo interpretation techniques and computer interpretation
techniques will be explored further to determine 1f the number of
overflights necessary to accurately monitor crops can be reduced.

Soil conservation practices, i.e, contour tillage, strip cropping,
grass waterways, etc,, are easily monitored because of their charac-
teristic patterns. A key 1s in preparation.

6. Hydrologic Source Area Identification

Usang the criteria developed by Ishaq, aerial color infrared imagery
from 4 July 1972 was examined with a spot microdensitometer to
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TABLE VI. Factor Value Information to be Collected.

Factor Information Collection Method Data of Photography
K Soils So1l Survey Not applicable
LS Topography Topo Maps Not applicable
. T1llage Spring

Rotation Summer
¢ Plowing Remote Sensing Late Fall
Residue Late Fall
Contour
: Strip
P Terracing Remote Sensing Summer
Grass Waterways
etc,

TABLE VII. Land Use Comparison in Pheasant Branch Watershed
Values Expressed as a Percent (%).

1972 1975 1977

RB-57 RPC Low Alt. Color Relative
land Use 1°120,000 Inventory 160,000 Change
Cropland 79.6 78.1 78.9 =)
Forestland 5.9 3.5 4.5 (-]
Rangeland 8.9 7.7 7.4 =)
Urban Land 4.1 6.9 7.2 {(+)
Misc. 1.5 3.8 2.0

ORIGINAL PAGE IS
OF POOR QUALITY
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Key for Land Use Identification.

Spectral Response

Land Use Characteristics 1972-~-CIR 1977--Color
Cropland Cultivated fields Sﬁuare fields,bluish Square fields,shades
used for crops or bright red color of greens,yellows
Forestland Abundance of tree Reddish clumps, Green clumps,
cancpy Coarse texture Coarse texture
Rangeland Wildlife and Purpllsh- tones, often  Light greens, irreg.
) pasture areas irregular shape boundaries
Urban Land  Subdivisaions, Distinctive light & Distinctive tones
stores, etc, dark tones from roofs  from roofs
Misc. Roads, farmlots,etc. Recognized by tones Recognized by
& shapes tones & shapes
TABLE IX. Crop Identification Key.
Crop Type Tone Date/Film Type
Corn dull blue-green 15 August 1977/color positive
transparencles
Oats yellow July 1977/color positive
transparencies
Permanent Hay bright red 28 April 1977/color infrared

Hay

bright green

pesltive transparencles

15 August 1977/color positive

transparencies




41

determine the presence of source areas. Areas chosen for examination
were suspected source areas, based upon soil properties and topography.
Although 1t had not rained for several days prior to the imagery, most
of the areas examined would be '"potential' source areas based upon
Ishaq's criteria., Further work 1s needed to correlate source areas

to soil properties, land cover and use, and topography and to delineate
the hydraulic connection of these potential source areas to the stream
channel.

/

7. Involvement with Sediment Runoff Experiment (July 1977)

To provide advance warning for when the sediment runoff experiment

{SRE) could occur, 24 hour precipitation forecasts were obtained from

a student in the Meteorology Department and from local weather

stations. Plans were made to monitor, cooperatively with the USGS,
water and sediment runoff at several locations within the basin and

at the stream outlet into Lake Mendota. To delineate the hydrologic
source areas and land cover, it was decided to obtain color IR and

color aerial imagery on. the day of the SRE storm and 1-2 days afterwards.

Measurements of sediment concentration and water flow were obtained
at various locations within the basin and at the basin outlet during
the SRE and the following days. Continuous measuvements of flow and
sediment concentration were obtained at Highway 12 by the USGS.
Periodic samples of flow and sediment concentration were obtained by
the USGS and our group at the creek outlet into Lake Mendota, at the
Century Avenue Bridge (prior to entering the marsh), on the north and
south branches of the creek above Highway 12, and on the outlets from
the northern and western subbasins mentioned above. A continuous
record of the precipitation was obtained. Aerial imagery for the
watershed was obtained at the time of the SRE.

The above data, after suitable reduction, needs to be analyzed to
determine: sediment and water discharges within and from the watershed
throughout the runoff period, and hydrologic source areas (from the
imagery) Subsequently, attempts will be made to correlate the
sediment discharge to land and water runoff conditions; the concept

of sediment source areas will be examined. Finally modelling of the
sediment and water runoff for the SRE conditions will be attempted,
along the lines discussed above and in the 1977-78 proposal.

8. Coordination with Involved Agencies

As detailed below, various political bodies and governmental agencies
concerned with non-point source pollution planning and land management
in the Pheasant Branch Watershed have been i1dentified. Those groups
presently conducting research in the watershed were contacted early in
the study to determine 1f any coordination was appropriate. The USGS
Surface Water Branch and the City of Middleton are jointly funding
research in the Pheasant Branch Watershed. This group will utilize

our land cover information and provide useful information to the
Pheasant Branch project in return. All groups contacted were interested
in the results of the research. Another round of contacts will be
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made 1n the near future to keep groups informed of interaim results.
The following agencies have been contacted

(1) Umited States Geological Survey, Surface Water Branch,
City of Middleton Water Resources Council

The USGS-Surface Water Branch and the City of Middleton Water
Resources Council are iznvolved in a joint study of non-point
source pollution within the Pheasant Branch watershed and stream
channel erosion processes within the Pheasant Branch River. The
purpose of this study 1s to aid the City of Middleton in assessing
the impacts of alternative land management and planning policies.
A cooperative relationship has developed between this study group
and the Remote Sensing Program research group. For example,
Remote Sensing Program researchers will gather land cover infor-
mation needed by the USGS/City of Middleton researchers will
provide information to the Remote Sensing Program researchers
regarding subwatersheds within the watershed and will also provide
some flow/sediment information from USGS monitoring stations.

{(2) United States Soil Conservation Service

The SCS provides technical assistance to farmers on request. The
SCS 1s interested in Remote Sensing Program research. The imagery
and land cover information are of potential utility for SCS purposes.

(3) Wisconsin Department of Natural Resources

The DNR has completed a simple sediment transport model of the
Pheasant Branch watershed as part of a larger study of non-point
pollution 1n the Lake Mendota drainage basin. DNR 1S interested

1n using the more detailed data being gathered by the Remote Sensing
Program researchers.

(4) Wiscomsin Soil and Water Conservation Districts

These agencies are interested in the educational value of the
Remote Sensing Program research being conducted in the Pheasant
Branch watershed,

{5) University of Wisconsin Extension Resource Agent

University of Wisconsin Extension Resource Agents provide technical
assistance and education in support of better community planning.
The Dane County Resource Agent is interested in the educational
value of the imagery collected and research conducted by the Remote
Sensing Program.

(6) Dane County Water Quality Planning Agency, Dane County
Regional Planming Agency

The Dane County Regional Planning Commission and the Dane County
Water Quality Planning Agency are involved in research and planning
activities regarding non-point pollution mandated by Section 208

of Public Law 92-500 Ground sampling methods developed by the
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U.S. Soil Conservation Service were utilized to gather land
resource information needed for input into the Universal Soil

Loss Equation. Staff planners expressed strong interest in the
land cover information which will be gathered by Remote Sensing
Program researchers. At present, staff planners use statistical
techniques to project land cover data from limited ground

sampling data. Staff planners are also interested 1n reviewing
other 1nformation and research conducted by Remote Sensing Program
researchers.

The following agencies will also be contacted
(a) Dane County Board of Soil and Water Conservation Districts
(b} City of Middieton
{c} Town of Middleton

{d) Town of Springfield

D. Sedimentation Concentration Group

The goal of this portion of the research 1s to determine how photographic
imagery is affected by various types and concentrations of sediment in

lake water, Light penetrating the water undergoes absorption and scattering
by the water itself, as well as by particles within the water. Detection
of sediment i1n the water 1s accomplashed by observation of the light
scattered back to the camera by the sediment particles.

The scattering and sbsorpticn of light by water or sediment particles are
wavelength dependent processes. Shorter wavelengths (blue and green)
penetrate farther into the water, yet are scattered more highly by the
water 1tself than the longer wavelengths. Sediment particles scatter all
wavelengths much more highly than water. Therefore, the exposure produced
by silt-laden water will be higher than that produced by clear water,
particularly in the red wavelengths,

Due to the haigh absorption in the red wavelengths by water, the back-
scattered red light detected by the camera will have come from the surface
or near surface water. By observaing the backscattered green and blue
wavelengths it may be possible to obtain information concerning sediment
deeper in the water. It must be noted, however, that the atmosphere 1s a
source of scattering also, particularly for the shorter wavelengths. Thus
exposures obtained in the shorter wavelengths will be increased by the
backscattered skylight. Exposures obtained in the longer wavelengths will
be at least affected by atmospheric scattering.

1. Theoretical Models

To glean useful information from photographic imagery, 1t is necessary
to understand the interactions of light waith air, water, and sediment.
Personnel in the Meteorology Department have comsiderable experience



44

1n developing models of the passage of light through the atmospheric
hazes [1,2]. The scattering and absorption processes involved are
generally similar to those occurring in the water. A model has been
developed to include the water and air layers, with appropriate changes
to account for the air-water interface. Using this model and incor-
porating the appropriate air and water parameters measured during the
event, 1t 1s possible to compute the intensity in a spectral band
coming from the lake, and eventually incident on the camera lens.
Appendix III gives mathematical details.

2. Equipment and Methods
a. Imagery

The effects of air, water and sediment on exposure can best be
explored and untangled from each other by observing the back-
scattered light in several bands centered at advantageous wave-
lengths. The wavelengths were chosen to (1) obtain maximum
penetration of light in clear water (480 nm}, (2) to detect light
scattered by algae (550 nm), and (3) to detect light scattered
by sediment on or near the surface (600 nm and 650 nm). Narrow
band interference filters (10 nm" bandwidth) centered at the above
wavelengths were obtained for use with four 80mm lenses on the
Hasselblad camera system. The cameras were mounted to view the
same scene, so simultaneous exposures in the four wavelength
bands could be made,

To obtain accurate exposure data, the radiometric properties of
the lenses, filters and film must be known. Black-and-white
Tri-X f1lm (2043) was chosen for its speed and stability. The
radiometric properties of the film are well known. Step wedges
are used to calibrate the film during the developing process
(done by Precision Photo Inc., Dayton, Chio). Using data supplied
by Precision Photo Inc., absolute exposures can be calculated for
the f1lm densities. The lenses themselves also affect the
exposure. This effect, known as lens falloff, i1s generally
assumed to vary as 1/cos®@ (8 1s the angular displacement from
the optical axis). The actual falloff will be measured at
Johnson Spacecraft Center in the near future, and incorporated
into the exposure calculations. The filter transmission charac-
teristics also affect the exposure. Spectral transmission curves
have been obtained for the filters, and will be employed 1n the
exposure calculations

One goal of the project 1s to determine the spatial extent of
the sediment-laden water, and produce contour maps of sediment
concentration. Thus it is necessary that the cameras be cali-
brated for photogrammetric calculations. Fiducial marks were
filed into the magazines, and are imaged onto every frame  The
distance between these marks will be measured accurately so they
can serve as control points on the image
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b. Scattering and Extinction Measurements

During the development of the model, 1t became evident which
parameters must be measured. These parameters are the water and
air scattering and extinction of light as a function of wave-
length and concentration or type of suspended particles. The
atmospheric attenuation was to be measured using a calibrated
pyroheliometer and a flux photometer to observe the direct sun-
light and diffuse skylight incident on the ground. Grey panels

of known reflectance were also to be placed in the water during
the event. These panels and grey areas on shore -- such as
rooftops and streets -- were to be photographed at low altitudes
at the beginning of the data acqursition. From this the reflectance
of the rooftops and streets would be calculated. Then the rcoftops
and streets would be used as secondary "reflectance panels" for
the higher altitude imagery (since the panels would be too small
to be imaged). These features of known reflectance can later be
used to deduce the light intensity incident on the water surface.
The LIDAR system in the Meteorology Department was also to be used
to obtain profiles of the haze in the atmosphere, revealing the
elevation of a haze layer or stratus deck. The data can then be
used to deduce information about the scattering properties of the
atmosphere,

it was essential that a method be found to measure the scattering
and attenuation of the water as a function of wavelength. It is
highly desirable to measure these parameters 1in situ, as water
samples may change en route to the lab and while awaiting analysis.
A transmissometer-nephelometer was purchased for this purpose.

The instrument can measure the extinction of the light by water
over a changeable path of Im, 1/3m or 1/10m It was equipped with
interference filters designed to select the same wavelengths as
the camera filters. It was possible to change the filters easily
while on the boat. The instrument was also equipped with a sensor
to detect light scattered at 90° from the incident beam. It was
not possible to mount the spectral filters over the scattered
l1ght detector, however. As a check on the transmissometer
measurements, it was decided to also use a spectrometer to measure
extinction coefficients for water samples brought back to the
laboratory for other analysis.

The scattering properties of sediment-laden water are important
parameters in the radiative transfer model. In particular, it 1is
desired to know the total scattering coefficient and the scattering
phase function, which 1s a measure of the angular scattering of
light. The spectral dependence must also be known in order for
these to be useful 1n analyzing the multi-bank imagery.

The measurement of scattering phase functions 1s usually accom-
plished with a nephelometer. A nephelometer 1s an instrument
equipped with a collimated Ii1ght source and a movable photodetector
which can detect laght scattered at various angles. It 1s highly
desirable to measure the scattering phase function in situ.
However, the cost of these instruments is prohibitively high. In
fact, to our knowledge, none are manufactured commercially.
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Therefore, we had to settle for a laboratory-based nephelometer,
also a very expensive appa-atus. Several months were spent in

an effort to build our own nephelometer, but stray light and
sensitivity problems were overwhelming This effort was abandoned
when Dr. Phillip Cohen (Physiology Dept., UW-MSN)} graciously
offered us the use of his Brice Phoenix Light Scattering Photometer,

The Brice Phoenix Photometer can measure scattering from 30° to
135°, The light source 1s a mercury vapor lamp. To obtain
spectral information the yellow (578 nm), green (546 nm, and

blue (436 nm) lines can be 1solated using specral filters. The
photometer has been used extensively with great success to
measure scattering phase functions of various solutions. In
particular, Dr. Hasong Pak (Oceanography Dept., Oregon State
University, Corvallis, Oregon) has used a ship-based Brice
Phoenix Photometer to measure the scattering of ocean water [3,4].
The main problem 1n using the scattering photometer 1s to obtain
an absolute calibration for the scattered intensity Pak et al.
use a standard reference opal to accomplish this. Several
researchers 1n physical chemistry suggested the use of Ludox
(duPont), a colloidal silica, for which the absolute scattering
can be calculated using Rayleigh theory. The photometer is
calibrated by comparing the calculated to the measured scattering.

The calibration with Ludox 1s nearly finished. The data necessary
to obtain a calibration by the method of Pak et al. 1s routinely
taken with every set of measurements. A further check on the
calibration will be obtained by measuring the scattering off
Latex spheres The size distribution of the spheres has been
measured by Kirk Morgan (Geology Res. Asst., UW-MSN) using a
Coulter Counter. With this information, Mie Scattering calcu-
lations can be run using programs developed in the Meteorology
Department. These can be compared to the scattering calculated
from the measured values and the Ludox calibration data to
validate the calibrataion,

The photometer was to be used to measure the scattering of water
samples brought back for analysis The samples would be diluted
successively with distilled water to obtain data on the dependence
of scatterang on concentration. Scattering would also be

measured at the three wavelengths selected by the filters on the
photometer.

3. Data Acquisition and Preliminary Discussion of Results

On 16 and 17 July 1977, a heavy rain sufficient to cause extensive
runoff occurred. The following week was devoted to acquiring the
necessary data as proposed. Overflights of the plume were made

every day through 22 July. Color and color IR photographs were
acquired in addition to the black-and-white narrow band photography.
On 19 and 21 July, intensive water sampling was conducted simul-
taneously with the photography. On 18 and 20 July a few water samples
were gathered and some water transmission readings obtained with

the transmissometer,
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a. Imagery

Most imagery was acquired at altitudes between 4000' and 6000'

AMT (above mean terrain). The purpose of flying this high was

to get a substantial portion of the plume and some shoreline in
every frame. On several days heavy haze and slight to moderate
overcast forced the aircraft to fly at lower altitudes. Test
rolls were exposed on 23 July. These were to be cut up and
subjected to various processing speeds. The results indicated

a processing of 8 ft/min (2 tanks) was suitable. The event

imagery was then processed at Precision Photo Lab as indicated.
Stepwedges were places on each roll of film. Problems had been
encountered with placing stepwedges in portions of the film
subject to light leaks, so stepwedges were also placed on separate
pieces of unexposed film and rum through the processor with the
rolls themselves. Visual inspection of the film indicated that,
as expected, the blue filter images exhibit less contrast and
appear washed out due to atmospheric scattering by haze. The
plume 1s well defined in the red images, and in some cases 1n

the green images. Some rolls exhibit severe light leaks, probably
a result of poorly closed film cassettes However, there appears
to be ample imagery for analysis with complete stepwedge calibratiom.

b. Meteorological Data

Complete atmospheric data was acquired on 19 July 1977. Pyro-
heliometer and incident flux measurements were made all morning
every hour by David Lengyel (Meteorology student, UW-MSN). Lidar
scans were obtained by Scott Shipley (Meteorology graduate student,
UW-MSN) until late morning when the tape drive on the Lidar system
broke down. The data set appears to be complete, but 1t has not
been analyzed yet. An absolute calibration of the pyroheliometer
response has been obtained and will be used to determine incident
intensities. No atmospheric data were acquired on 21 July 1977
due to equipment failure.

The reflectance panels were deployed every day during the photography.
The panels were designed to float on top of the water. However, it
was evident from the dirt deposited on them that they were underwaterx
at times. Because of this their reflectances and thus data

extracted from them were not reliable. When the runoff events

were over, the panels were cleaned and set on the ground while
overflights were made of panels and rooftops. The panel reflectances
were remeasured by photographing them on the ground with a standard
grey card. These data have yet to be analyzed.

¢c. Water Measurements

In situ transmissometer measurements were acquired on all days.

The transmissometer filters could not be used, however, because

the turbid water attenuated the light too much. The nephelometer
was alsc found to be useless due to the high intensity of multiply
scattered light within the sediment itself. Transmissometer
readings for both 1/3m and lm path lengths were obtained wherever
possible. To supplement the data, spectral absorbance measurements
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were made in the lakoratory water on several samples using a
Beckman DU Spectrophotometer. The data have not been analyzed

Scattering measurements were made on successively more dilute
solutions of several samples. The uncalibrated phase function
appears similar to those found in the literature. These data
w1ll be analyzed when calibration of the 'photometer 1s completed.

4  Proposed Analysis

Selected frames of the imagery showing good contrast and detail wall
be digitized using the Optronics scanning densitometer. The densities
w1ll be converted to absolute exposures which will then be corrected
for radiometric effects such as lens falloff, Computer programs for
overlaying images have been developed and will be used to overlay
images acquired simmltaneously through the different filters.

One of the goals in developing the radiative transfer model 1s to
find a functional relationship between light exiting from the water
and sediment concentration. Most previous studies have assumed that
there 15 a linear relationship between concentration and reflected
light. No other investigations have attempted to find a functional
relationship between reflected energy and the combination of concen-
tration, viewing and solar zenith and atmospheric turbidity.

Two models will be studied. One will consist of assuming a linear
relationship between sediment concentration and exposure in each
waveband. Contour maps of sediment concentration will be prepared.
The second, a radiative transfer model developed during this project,
predicts the intensity of light coming from the lake water. Water
sampling data and atmospheric data will be fed into this-model, and
the expected exposures on the film calculated for several points in
the plume. If possible, a functional relationship between concen-
trations of sediment and intensity will be developed. The relationship
determined by the model will then be used to predict sediment concen-
trations at various other points in the plume.

Finally, the relative value and success of the two models in predicting
sediment concentrations will be compared.

E. Mixing and Water Chemistry

1. Vertical Mixing of Sediments
a. Background

A vertical transport mechanism which has received some attention
in the past decade has been that of "salt fingering.! This
mechanism can best be pictured by considering a situation whereby
warm salty water overlies fresh cold water. Since the warm salty
water 1s buoyant, the system 15 gravitationally stable; there 1s
a mean density increase downward.



49

If a parcel of warm salty water is displaced downward, it will

lose heat much faster (-~100 times) than 3t will lose salt. This
parcel is then heavier than its neighbors, but remains quasi-
suspended due to the relatively slow daffusivity of salt. This
will result in a "salt finger" extending through the interface

into the cold water [5]. Tn an analogous manner, "mud fingers'' may
be formed by having warm sediment-laden water overlie cold fresh
water. In this case, sediment i1s transported downward through

the interface faster than may initially be expected.

b. Field Studies

The attempt to observe the "mud fingering" phenomenon in the field
has been somewhat disappointing. Due to the exceptionally dry
spring and gradually warmer weather, 1t was generally felt that
conditrons in the field were not commensurate with those found
necessary in the Iab to invoke this type of convection. RNever-
theless, during the sediment runoff experiment an attempt was

made with the use of two scuba divers and an underwater camera to
photograph possible fingering in the plume. It seems the small
temperature difference between the sediment plume and the lake,
the fact that small fashing boats had traversed the plume, and
changes 1n wind and, therefore, plume direction all may have
contributed to the reason why fingering was not observed in thas
attempt. It was still felt that this phenomenon can be observed
in the field under the proper conditions, i.e. when the lake water
15 st1ll cold as in the early spring or ain the harbor of a cold
lake such as lake Superior. Later this fall, towards the end of
October or beginning of November, when Wisconsin usually has 1its
*Indian Summer," another attempt will be made to observe 'mud
fingering" in the field. ‘This time, however, a quiet, secluded
site w1ll be chosen with pictures to be taken by one person wading
into a shallow portion of the lake instead of with scuba divers.
The first efforts provided good experience on how an attempt to
photograph "mud fingering" in the lake should proceed. It 1is
hoped this past experience will help in the coming mission to
photograph and eventually quantify the '"mud fingering" instability
in the field.

¢. Laboratory Studies

In the laboratory, a tank study 1s being undertaken to parameterize
the occurrence of "mud fingering.'" A tank which simulates a two-
dimensional warm water sediment-laden surface discharge or runoff
onto a body of cold water 1s being used. A time Sequence of
photographs taken through the side of the tank with thermistor

and thermocouple probes to measure temperature changes and gradients
help quantify what is cccurring. With various sediment sizes and
concentrations, the mass fluxes as a function of temperature, time
and location in the plume are being determined. Although some
instrumentation problems have hindered progress, it appears that

the initizal problems, particularly those of lighting for the photo-
graphy and probe time response, have been overcome. Some particularly
interesting facets of this study have been observing the onset of
fingering, 1ts effect on the plume front, and the effect of the
surface shear flow on the fingerang. It 1s hoped that results in
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addition to those strictly relating to the vertical sediment
transfer as pertaining to the remote sensing of water resources,
e.g., the shape of the plume front under different conditions,
will be realized.

Water Chemistry
a. Introduction

In surface runoff waters, phosphorous that had previously been
bound to soil particles by sorption or electrostatic interaction
may be released into solution. The primary objective of the water
chemistry group 1s to estimate the amount of phosphorous released
from suspended sediment prior to sedimentation. Secondarily, the
phosphorous release rate and chemical factors affecting this rate
w1ll be examined. Fainally, remote sensing will be used to augment
the 1n situ data and evaluate sampling techniques.

b. Methods

The portion of Lake Mendota involved in the sampling program 1s
1llustrated in Figure 13. Sampling sites located along transects
1 and 3 and the creek site were sampled on 19 and 21 July during
an exceptionally heavy runoff event. Vertical profiles consisting
of a near surface (wrist deep), a deep (1 m above the bottom), and
an intermediate sample (half the depth of the corresponding deep
sample) were collected from all sampling sites with the exception
of tramsect 2. Only near surface samples were collected from
transect 2 on 19 July and none at all on 21 July. The deep site
was sampled only on 21 July

Three motorboats were used to collect water samples. The approx-
imate locations of sampling sites were determined by means of
marker buoys. On-shore surveyors recorded the exact position of
boats during a sampling interval. Boat crews and Surveyors were
coordinated such that a new site was sampled every 15 minutes.

Prior to laboratory analysis, samples collected on 19 July were
stored 1n 10% HNOz-washed polyethylene bottles while samples
collected on 21 July were stored in new, untreated polyethylene
bottles. All samples were stored at 8°C. Filtered and unfiltered
samples were stored under identical conditions.

Analyses have been completed for eight parameters, including
turbidity, suspended solads, conductivity, chloride, dissolved
reactive phosphorous (DRP), total dissolved phosphorous (TDP),

1N aclid extractable phosphorous (AEP), and total phosphorous (TP).
With the exception of suspended solids and AEP, all parameters

were measured using techniques from Standard Methods [6]. Suspended
solids were determined by filtration of 50 ml of sample through an
oven-dried pre-weighed 0.4um polycarbonate filter. The filter 1is
air-dried, oven~dried overnight at 55°C, and weighed on a micro-
balance. The filtrate was stored at 8°C for 20 days and then
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analyzed for DRP and TDP. AEP was measured using the technique
described by Shah et al. [7]. The acidity of the sample was
raised to 1N with EESO4. After four hours, the treated sample
was centrifuged to remove particulates, After four days, the
sample was analyzed for dissolved phosphorous. This procedure
yielded an estimate of non-occluded i1norganic phosphorous.

During the past year, a technique was developed to obtain

particle size for a given water sample. In 1ts present form, the
technique involves the addition of a Calgon dispersing solution

to 2 ml of sample. Next, the treated sample 1s filtered through

a 0.4um polycarbonate filter. After air drying the filter, 1t 1s
mounted on an aluminum plug, carbon coated, and scanned using a
scanning electron mcroscope (SEM). A transparency with an
1nscribed coordinate system 1s superimposed on the SEM video
display. Using the coordinate system and a random number table,

a random sample of 100 particles can be chosen and measured directly
off the video display. Particle sizes can be calculated using the
measurements and magnification. The sample preparation technique
uvsed 1s a modification of the Rukavira and Duncan procedure [8].
The counting and measuring system was developed by John Thresher
{graduate student, Socils Dept., UW-MSN).

¢. Results

Inspection of the data resulting from the analysis of the water
samples reveals a decrease 1n suspended solids as the distance
from the creek increases A second trend is also revealed, the
deep samples, 1n general, have higher concentrations than inter-
mediate or near surface samples. Replicate samples always have
lower suspended solid concentrations than the original samples
if the boat remained anchored at that site between samples.

Total phosphorous appears to follow trends similar to suspended
solids. All phosphorous forms decrease, like suspended solids,
as one goes from creek to lake water. The total and dissolved
forms measured were stored in acid-washed containers, hence some
adsorption of phosphate by the walls of the containers probably
occurred., The values listed have not been corrected to account
for this effect.

Conductivity and chloride follow saimilar trends of increasing
values as one goes from creek to lake for samples collected on
19 July. On 21 July, conductivity and chloride values appear to
be less related to each other and to distance from the creek.

d. Discussion

Based on the suspended solids data, 1t would appear that the levels
observed are actually much higher than would occur in an undisturbed
mLxing zone. The replicate samples indicate that a great deal of
suspension, followed by rapid sedimentation 1s occurring. Current
and wave action may resuspend some bottom sediment. However,

‘ visual sitings of boat trails indicate that the sampling procedure

i1tself 1s the source of the high values. Turbulence created by
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the boat engines appears to have created a highly localized area
of high sediment concentration. In future work, boat motors will
not be used.

Conductivity and chloride are closely related, based on the 19
July data, and probably can be used to trace river water 1n the
mixing zone On 21 July, the relationship between the two 1s
much more diffuse, possibly due to the decay of the sediment
plume. Future analyses for sodium, potassium, calcium and
magnesium are planned to identify other more useful tracers.

Within the phosphorous forms measured, there appears to be little
relative change with respect to each other. Due to the preservation
techniques used, DRP values probably do not reflect environmental
conditions since bacterial decomposition may have occurred during
storage. This possibility 1s being evaluated at the present time.
Six samples from 19 July were analyzed for DRP the same day the
samples were collected. The six samples indicate that the

dissolved phosphorous changes from mainly inorganic phosphorous

1n the runoff to mainly organic phosphorous in the lake. The TP

and AEP values reflect the trends in the suspended solids data.
This, too, may be an artifact of the sampling procedure that
reflects bottom sediment chemistry rather than runoff sediment
chemistzry.

e. Future Plans

The analysis of samples collected in July 1977 will be completed
after the Na, K, Ca, Mg and particulate organic carbon parameters
have been measured. Plans are being made to monitor future runoff
events on a somewhat smaller scale and after correcting past errors
in sample collection and preservation. To obtain information on
release rates, we will attempt tc follow a well defined portion of
the runoff waters as they leave the creek and mix with the lake
water.

F. Data Acquisition and Storage for Field Operations

This proposal was an i1dea to develop a microprocessor-based magnetic
cassette system for rapid and largely automatic acquisition of data tele-
metered from boats or fixed sampling stations, and to augment this with
directly recorded bearings from a digital transit and ranges from a
distance measuring equipment (DME) for boat locationm.

It was quickly found that the proposed budget was inadequate to obtain the
needed capital items, the transit and the DME. Also, Dr. Fisher had
inadequate time to do the necessary engineering Accordingly, this proposal
was shelved in favor of bpat location by means of redundant transit sightings
with conventional manual data logging in notebooks, and conventional sampling
and recording procedures for water samples and boat-based measurements

When put to the test, the manual and conventional methods were quite

adequate. No immediate plans are being made to continue with the proposed
development.
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IV. THE SEDIMENT RUNOFF EXPERIMENT

Coordinator

Lawrence T. Fisher, Remote Sensing Project Coordinator, Environmental
Monitoring and Data Acquisition Group

Principal Investigators

See list of Principal Investigators in Section III,

ABSTRACT

During the spring and early summer of 1977, plans were laid to conduct a
large-scale experiment in Lake Mendota following a runoff-producing rainstorm.
The experiment inviuded obtaining sediment and water samples, measuring
spectral characteristics of sediments, taking black-and-white narrow band
photographs, and obtaining photographs and field data in the nearby watershed.

The week of 16 to 22 July provided a splendid opportumity to conduct
this experiment, with a 75-year rainstorm and heavy runoff on the night
of 17 July. After a trouble-plagued failure on 18 July, the experiment
was conducted successfully on 19 July and repeated after a second heavy
rain and more sediment runoff on 21 July.

Black-and-white, color, and color infrared photographs were acquired daily
until Saturday, 23 July, when the sediment plume had essentially dispersed.

A. Operational Planning for the Sediment Runoff Experiment

1. Test Site

Lake Mendota lies directly off the University of Wisconsin-Madison
campus and 1s a well-studied lake. Its proxamity and its general
limnological characteristics made 1ts choice as the experiment area
highly desirable. Boats were readily available, as were lakeside
laboratories. The Pheasant Branch watershed, covering some 6,000 acres
and emerging into Middleton Bay at the western end of the lake, had
long been a study area for several of the researchers involved in
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on-land aspects of the experiment. Gauging stations stations along
Pheasant Branch Creek are maintained by the USGS, an important adjunct.
For these reasons, this watershed and 1ts associated portion of the
lake were chosen as the experiment area, (See Figure 14.)

2. Boats and Instrumentation

Early planning for experimental operations led us to the conclusion
that several boats would be needed to acquire water samples and to
make spectral measurements We envisaged a set of three fixed lanes,
moored to buwys, each about 300M long. A boat would work along each
line, moving from peint to point at 15 minute intervals and taking
water samples at each location at the surface and at various depths.
Buoy lines would be set at approximate right angles to the plume, one
near the stream outfall and two others at sultable distances, probably
200 to 300M apart, depending on plume characteristics,

A fourth boat would be free to maneuver throughout the plume, taking
measurements with a transmissometer/nephelometer, and attending to
grey reflectance panels, placed to provide calibration film densities.

3. Location Control

Boat locations were clearly needed. Rather than the concept of a
combination transit/distance measurement equipment (DME)} unat as
originally proposed, 1t was decided to use conventional surveying

and hand recording methods. Five stations around Middleton Bay were
chosen, all had good fields of view of the bay and were positioned

to allow redundant triangulation measurements to pinpoint boat
locations; only three sites were actually used due to crew limitations..
Permission to use privately-owned locations was obtained and precise
locations of the survey points was done.

A carefully designed measurement sequence was devised such that each
boat and the ends of the three buoy lines would be sampled at fixed
time points after each quarter hour. Styrofoam markers, coded by
color and arrangement, were designed to mark each end of each line
and each boat.

4, Communications

Communications were clearly needed. Arrangements were made to borrow
seven 51 MHz radios from the Department of Military Sciences at the
UN-MSN. Another portable radio was obtained from the Department of
Natural Resources to be used for groumd-to-air communications.

5. Flight Planning

Watershed researchers prepared flight lines over the watershed, and
preliminary color and color infrared photography was acquired. Over

the lake exact lines could not be established until plume charac-
teristics were known. So generalized flight plans were prepared

calling for 10 flight lines at altitudes of 6000 feet above terrain,
along with begimming and ending lines at 2000 feet. Several experiments,
both ground-based and aerial, were conducted to check exposures, filters,
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and cgmeras, leading to the conclusion that filter wavelengths up to
6000 A could be used 1f Tri-X film was exposed at 1/250 second and at
maximum aperture settings (£2.8), provided 1t was "push processed."

A special camera mount was designed to carry four Hasselblads, all
oriented the same way, with sufficient space to operate them and
change film magazines, yet small enough to drop into a standard
Fairchild mapping camera mount.

B. Preliminary Attempts

And then we waited. The i1ce melted on the lakes, and day by day temperatures
rose until we were sure that cold water would not present lethal hazards in
case of a boat tipover. Final exams came, and researchers's schedules
changed. Several times it rained, often fairly hard. Three times runoff
from Pheasant Branch Creek was sufficient to raise stream flow at the

Highway 12 gauge to at least five cubic feet per second, and to introduce
tantalizing amounts of sediment. Each time, the marsh just above proved

1ts worth as a filter; not once was any change in inflow to the lake noticed,
nor was there any noticeable sediment entering the lake., Conditzons seemed
ripe for a repeat of the drought summer of 1976, when only one storm caused
any sediment runoff at all, and that minor. Summer arrived, and vacation
schedules took various investigators to various places.

C. 16-17 July 1977

Plans had been made during the week of 11-15 July for another experimental
flight on Monday, 18 July, to evaluate films, filters and exposures. On
Saturday night, 16 July, about one inch of rain fell at the Dane County
Arrport; perhaps somewhat more in the Pheasant Branch watershed. Early in
the afternoon of Sunday, 17 July, the Remote Sensing Project Coordinator
stopped by the USGS gauge at Highway 12 and found haigher water than at any
time during the season. Further checks at the entrance to the lake revealed
that mud was clearly washing into the lake! After many telephone calls,
plans were settled. The experiment would begin on Monday morning, wxth
aircraft support by the Department of Natural Resources (DNR)} DC-3. Then,
Sunday night, it rained. And rained...

D. 18 July 1977

By Monday morning, 18 July, the rain stopped after dropping about 3.5 inches
at the Dane County Airport. Obviously, aircraft operations were out of the
question due to low cloud cover that morning. A predicted '"second front"
of squall lines reinforced that decision (it never materialized). Plans
were postponed until Monday afternoon when flying and photography conditions
were expected to improve quickly.

i it
At. the experiment site, conditions were changed almost beyond recognition!
The normally placid flow from the marsh into the lake was now a turbid,
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roiling torrent. At Highway 12, the gauging station's weir was completely
submerged. The previous day's runoff had been sufficient (marginally) for
execution of the Sediment Runoff Experiment, but now a spectacular event
was obviously happening.

Subsequent analysis by USGS concluded that the rainfall was a 75-year
storm. Because the previous year's drought had left soils so dry, runoff
was about a 4 to 5 year flood. There could be no question that this was
the event we had hoped for, and more. Plans, therefore, proceeded as
rapidly as possible. Final arrangements were made with the air crew. Radios
were obtained. Boats were started from their anchorages. Ground crews went
out into the watershed.

The rest of that day, frankly, was a disaster. The DC-3 showed up, rather
sooner than expected, but the ground/air radio wouldn't work (its batteries
were dead). The airplane photographed watershed flight lines and conducted
two passes over the lake. Then it left (to pick up the Secretary of the
DNR in a distant city, and to try to obtain storm event photography in
Milwaukee). In fact, its loss didn't especially matter, for:

(1) One of the four boats never got started due to electrical
problems.

(2) One of the buoy lines began to drift badly, dragging its anchor.
(3) Another boat sheared a propellor pin, and for a long time seemed
destined to drift, carrying a frustrated research assistant, until
it made sufficient windage to fetch the far shore of the lake,
five miles away (it was eventually rescued by a passing fisherman).

(4) A third boat suffered electrical failure, and had to be towed back
to shore by the only surviving boat.

It was, collectively, not one of our better days.

E. 19 July 1977

During Monday evening, coordination was done to resume operations the next
morning, and to correct some of the faults which had become apparent. Early
morning reconnaissance from a small aircraft showed that the sediment plume
had survived the night well, and was a compact, approximately triangular
body of extremely silty water filling all of the vicinity of the mouth of
Pheasant Branch Creek (Figure 15). Some silt-laden water was continuing to
emerge from the marsh into the lake, but stream flows were obviously
diminishing quickly. Weather conditions, generally calm the previous day
and night, continued, so that wind seemed unlikely to destroy the plume
quickly. The day promised to be clear and very hot.

One of the boats disabled the day before was still out of service, and

the non-operating air/ground radio could not be recharged or replaced.
Otherwise, all equipment was operational. Boat crews were ready for
operations by 9:00 A.M., with fixed lines deployed, and three surveying
stations were operating. Each site was equipped with a radio, an instrument
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TABLE X. Chronology of Aircraft Passes on 19 July 1877.
Pass Altitude Direction Time Overhead Remarks
1 2000 N te S not recorded No boats operating but
lines and reflectance
panels deployed.
2 6000 S toN 9 50-40 Boats were being deployed,
3 " N to S 10 09 25 All boats operating as
planned for remainder of
operation.
4 " S to N 10.25 10
5 1 N to § 10 40 49
6 " S to N 10:54.08
7 " N to S 1109 13 Camera magazine jagmed on
BLUE system (4800 A filter).
That system was not used
for remainder of day.
8 " S toN 11-34-02
9 " N to S 11.46 03
10 " S to N 11 59:46
11 " N to S 12:16:13
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to obtain 35mm color and color infrared coverage were abandoned because
atmospheric haze had become too dense for phctography.
Late Wednesday night, a heavy storm began, with strong rain, lightning,

and strong, gusty winds from the northwest. Before 1t ended, this storm
had deposited another two inches of rain.

G. 21 July 1977

By Thursday morning, the previous night's storm had run 1ts course, and
clouds were beginning to dissipate. A hasty reconnaissance flight revealed
several changes:

(1) The old sediment plume, although still present, was much less
turbid. Apparently 1t was beginning to sink.

(2) Stream flow into the marsh was high again and very turbid. Its
level and turbidity was perhaps comparable to conditions late
Monday afternoon, when the previocus flood was beginning to diminish,
From the air we could see relatively little outflow from the marsh,
which was apparently still charging. No very large amount of new
muddy water had yet entered the lake from Pheasant Branch, although
this situation changed somewhat during the morning.

(3) A significant new plume had developed at Lake Mendota County Park,
about 1 kilometer northeast of Phessant Branch. This apparently
came from flooded storm sewers draining an area heavily developed
with apartment buwldings, Severe local rain must have occurred in
that area. This muddy water looked as though 2t might gradually
mix with Pheasant Branch inflow, confusing the hydrology even more
than the mixture of old and new mud from Pheasant Branch 1tself.

Cloud cover remained heavy early in the morning, so flight operations and
data gathering were postponed, beginning at about 10 00 A.M. instead of

9 00. About the same procedures were used as on Tuesday, with three boats
collecting water and sediment samples and taking measurements, and three
surveying stations recording positions. One change was that the fixed lines
between buoys had been abandoned in favor of simple buoys marking ends of
sampling transects. The lines themselves had proved useless for location
because of bowing,.and they interfered with boat operatioms.

Two of the investigators, qualified SCUBA divers, carried an underwater camera
and a diver's flood light into the plume. They found diving conditions
extremely poor due to heavy weed growth. They obtained no photography.

They reported that the most sudden gradient of sediment concentration
appeared to be i1n the midst of emergent macrophytes which form a thick bed
about 150M off shore. 1t was conjectured that the weeds were inhibiting
water circulation and were "trapping"” the sediment plume.

Data gathering continued until about 13 08, interrupted from 10°55 to 12-11
to load more film. During the late morning, weather conditions improved
for a while, but then began to deteriorate, with low scattered clouds
developing. Haze also began to increase. Finally, sun glitter became
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progressively more severe as sun angle increased. Therefore, the day's
data gathering was halted after 7 of the planned 10 flight lines were
flown.

More troubles developed with the BLUE camera system which failed early in
the day. So most of the flight lines used only three cameras.

In spite of camera and lighting troubles and early termination, it was felt
that sufficient data was acquired, both in the air and on the water, to
make the day a success.

Late Thursday afternoon, the air crew repeated black-and-white photography
with the narrow band filters (by this time, the defective camera had been
Placed back in service after replacing a fuse, so all four filters were

again used). Color and color infrared 35mm images were also acquired,
although haze had become so heavy that photography conditions were very
marginal. (Some aircraft were filing instrument flight plans that afternoon!)

H, 22 and 23 July 1877

Friday was a clear, braght and cool day after a night with strong northeast
winds, Flying conditions were superb, so we re-photographed the area,

again with narrow band black-and-white film and with 35mm color and color
infrared film. By this time, most of the runoff had ended, and stream flow
into the marsh was dropping rapidly. Very little current was apparent as
the marsh outflow entered the lake, although the water there remained
extremely turbid. From the air, 1t was clear that considerable new sediment
had entered from Pheasant Branch overnight; this mud was mixing with the old
plume and several distinct fronts. The mud from Lake Mendota County Park
had decayed into a thin stream hugging the north shore where it was evidently
most protected from the wind, and to a small extent this mud was beginning
to merge with that from Pheasant Branch.

By this time, crews and supplies were largely exhausted and more data had
been acquired than had been planned. So no attempt was made to repeat the
experiment. It was decided instead to continue twice daily photography as
long as good conditions persisted. In fact, by Friday eveming, 1t was
apparent that the plume was rapidly sinking, so photographs were taken on
Friday evening and repeated one last time on Saturday morming, again with
splendid flying and photography conditions. On Saturday morning, the
experiment was terminated.
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ABSTRACT

Several projects have been undertaken to expand the use of techniques
developed through our main research funded by NASA. These projects would
not have been possible. without the fundamental research conducted over
the past few years.

Projects and the sponsoring agencies reported here include airborne thermal
scanning of rooftops (Wisconsin Power and Light), remote sensing and the
energy extension service (U.S5, Dept. of Energy), spruce budworm defoliation
mapping using LANDSAT (U.S. Forest Service), thermal monitoring of heated
discharges from electric power plants and paper mills (Wisconsin Dept.

of Natural Resources), remote sensing data center (UW-MSN), LANDSAT land
cover classification of watersheds (USGS), corn Yield project (J.F. Mellor and
Associates}, and land cover determination from digital interpretation of

high altatude aerial imagery (International Joint Commission).

A, Introduction

NASA core support has provided a technological base which can be used for
projects unrelated to our main research. Application of our remote sensing
techniques to other areas expands the utility of our approach and promotes
remote sensing technology outside the realm of water quality. To incorporate
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remote sensing or any new technology as an operational tool within a

state (or states) requires a broad base of support. This support can

come 1f many of the state agencies have had some (good) experience with
remote sensing through projects they have helped accomplish. The following
are brief descriptions of projects we have begun and our progress in them.

B. Airborme Thermal Scanning of Rooftops

This project began on a small scale in 1975-76 with airborne thermal scanming
of rooftops to monitor energy loss. The Wisconsin Power and Light Company
provided funds in 1976-77 for a pilot study of the Beloit, Wisconsin,
metropolitan area.

The project goal was to encourage energy conservation in the home using
thermal scanner imagery as a stimulus. This was our first effort to take
thermal scanmer imagery to an entire community. The data were processed
with the limited expertise of the user in mind. Namely, the problems of
navigation 1n the image ("where's my house?') and the identification of
relative amounts of radiated energy from a rooftop were addressed. The
first was solved by locating and labeling the streets on the image. The
second was solved by color slicing the data; an individual can dastinguish
yellow from green much better than light grey from a shade darker. To
perform these tasks a new approach (for us) to thermal scanmer data processing
was needed., The Man-Computer Interactive Data Analysis System(MCIDAS) at
the UW~-MSN Space Science and Engineering Center (SSEC) lent 1tself nicely
to this approach The digitally formatted scanmer data, preprocessed to
Temove 1nherent tangential distortion, was segmented into "frames'™ of 672
columns by 500 rows and loaded onto a video disk. The segmenting was
programmed to provide 10% overlap between adjacent frames to insure full
coverage. The frames were displayed on a television monitor. Text strings
were written over the TV image; software was developed to allow cursor
control of the TV coordinates of the first character in the string and the
orientation angle of the text string about the first character. Thus
labelling non-horizontal streets became an easy task rather than a time-
consuring letter-by-letter chore. The cursor controls were also used to
generate the color enhancements interactively. The color enhanced frames
with streets labelled were photographed. WPL was provided with slides and
color negatives of the 61 frames required to cover the Beloit area.

Early news coverage of this project was excellent. In part this success
was due to the exciting visual display offered by the real time color
enhancing and text labelling of the MCIDAS system. Last winter, television
stations from Madison, Rockford, Illinois, and Green Bay covered the
project using the MCIDAS visuals as a vehicle. The Madison station sold
the story to NBC who aired 1t on their network. WPL used their organization
to promote press coverage in local newspapers and other media. The Department
of Natural Resources (DNR), with whome we cooperate for data acquisition,
began to use 1ts public relations organization to encourage press coverage
of this project.

A crucial aspect of this type of study is the contact made with the public.
For the WPL funded study, WPL employees were to make the contact. Training
in interpretation of the scanner imagery and long discussions on energy
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conservation measures were provided to these people by the UW-MSN. The
thrust of our approachwas to use the scanner imagery as a lead-in to a
total awareness of energy conservation in the home. Radiated energy loss
through a rooftop 1s just one way a roof loses heat; roof heat loss i1s Just
one way a dwelling loses heat. A report by Smath et al. to the State
Planming and Energy Office on Energy Conservation Techniques in Residential
Space Heating was to be used as a guide.

Initial meetings with the public by WPL employees were received positively.
The imagery scale required full screen slide projection or large prints
{11"x14") to view individual homes. (The scale was smaller than we desired
due to air turbulence during data acquisition which forced the pilot to fly
35% higher than planned. Another flight was scheduled but inclement weather
kept us from accomplishing 1t.) The meetings were generally attended by

15 or 20 people and were run by one person. Individual attention was
difficult with this approach.

One of the questions which frequently arose was, "How much insulation do
the various colors represent?' We cautioned WPL that there were at least
three factors which made direct correlation difficult. These factors are:

(1) rooftop emissivity
(2) roof pitch and surroundings (view factor)
(3) attic ventilation

During the summer of 1977 WPL hired a limited term employee (LTE) to conduct
a survey of 200 homes 1in the Beloit, Wisconsin area. We viewed this as a
data gathering survey to give UW-MSN enough information to perform a corre-
lation of attic insulation levels to thermal imagery. In addition, WPL
desired to poll public opinion on 1ts newest inducement to public energy
conservation, The Energy Efficient Home Reduced Utility Rate proposal.

(The state Public Service Commission in spring of 1977 ordered utilities to
propose ways to induce the public to make their homes more energy efficient.
WPL at that time shifted direction from thermal scanning to this new approach
As a result, our comparative study of the effectiveness of rooftop thermal
scanning to stimulate energy conservation was not funded. We opted for
reduced funds to perform the correlation analysis )} The LTE performed his
own correlations. His report indicated almost no correlation between colors
in the thermal images and a parameter defined in, the report called "heat
loss value." This parameter was calculated by multiplying the estimated
attic area by the R-value of the attic insulation. His report estimates

the uncertainty of the 'heat loss value'" parameter to be 50%. Considering
the uncertainty in this parameter and the omission of rooftop emissivity,
roof pitch, and attic ventirlation factors, we were not surprised at the
lack of correlation. We were very surprised and dismayed to read an
Associated Press release that thermal scamning was a "flop." This news
article was based on an interview with the LTE. Neither UW-MSN nor WPL knew
of this interview prior to its release in the press Appendix IV is the
WPL response to the editor of the newspaper responsible for the article.

We are currently working with WPL to ameliorate this problem.

Appendix V 1s a letter indicating positive use of thermal imagery for
heat loss monitoring. The UW system Bureau of Facilities Management used
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a scan of UW-Parkside buildings to zero in on two areas of water damaged
insulation. These buildings have built-up flat roofs which de not have
the ventilation and view factor problems of pitched roofs.

C. Remote Sensing and the Enerpgy Extension Service

The Department of Energy (formerly ERDA) has funded 10 states to perform a
19-month pilot study on methods to promote energy comservation with the
accent on personal contact with the public. Wiscomsin received $1.1 million
from DOE to implement a statewide Energy Extension Service (EES). Thas
project takes advantage of existing agencies and 1s, in part, patterned
after the state's Agriculture Extension Service. Realizing the need for a
better understanding of remote sensing applied to energy conservation, EMDAG
w2ll provide educational expertise through the EES energy audit training
program. This program 1s designed to educate representatives from utilities,
municipal agencies, and UW Extension in current audit methods and cost-
effective energy conserving retrofit and construction recommendations.

The EMDAG part of the audit training program has received about $25,000.
This includes a scientast for 6 months.and a research assistant for one
year, Spot radiometers, ground-based thermal imaging systems and airborne
thermal scanning will be explained with emphasis on understanding the
operational principles and basic concepts behind these devices. Strong
emphasis will be placed on image interpretation and the inherent caveats
with 1magery and demonstrations (e.g., emssivity effects) providing graphic
examples. The objective 1s to get auditors aware of the utility and
limitations of remote sensing tools in performing home energy audits.
Hopefully, the recent experience discussed above will be alleviated by
this approach.

In addition, EMDAG will document research tests of various remote sensing
tools now in use in energy audits. Should adequate tests be lacking, EES
may fund EMDAG to perform them.

Research 1s currently underway to make in situ measurements of rooftop
emissivities. A portable emissometer has been constructed and 1s being
tested. EMDAG scientists have been cooperating with a local firm, Vanlen
Views, to improve the emssometer design. They have been providing their
AGA thermovision system at no cost to EMDAG, In addition to design
improvements, the AGA system allows measurement of emissivity in the 2 to

5 micron waveband. Together with our measurements in the 8 to 14 micron
waveband, we have been able to document the selective emissivity of plastic-
coated metal films used originally as solar reflecting sheets applied to
windows. Their utility as thermal infrared reflectors has been both
questioned [1] and praised [2]. The study indicating these metalized plastic
sheets were good infrared reflectors measured the reflectance in the 2 to 5
micron waveband. Our preliminary results indicate a (good) reflectance of
about 0.7 in the 2 to 5 micron region. However, in the 8 to 14 micron
region the reflectance drops to about 0.2. A blackbody at 300°K radiates
less than 1.2% of 1ts energy in the 2 to 5 micron region. It radrates

35% a1n the 8 to 14 micron region. Clearly the 8 to 14 micron waveband is
significantly more important as an indicator of reflectance of thermal
infrared energy for home energy conservation.
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D. Spruce Budworm Defoliation Mapping Using LANDSAT

The use of LANDSAT MSS digital data and computer-assisted analysis techniques
was 1nvestigated in a study funded by the U.S. Forest Service to detect and
map areas of spruce budworm infestation in forest stands of balsam fir and
white spruce. A LANDSAT computer-compatible tape was obtained from 11 July
1976 when peak foliage browning of fir and spruce was visible, Computer
analysis was accomplished by the use of the Remote Sensing Applications
Programs of the Environmental Monitoraing and Data Acquisition Group., Color
and color infrared, 70mm aerial photography at scales of 1 78,900 and 1 46,800
provided a record of ground conditioms.

Training sets for computer classification were identified from a forest

cover type map that was produced by photo-interpretation. Local vegetation
patterns made the selectron of small-sized training sets necessary. However,
the training sets could be well located on a computer printout map with
respect to prominent geographic features (e.g. lakes). Training set
performance was based on the results from the intermediate program analysis
and from a comparison of preliminary computer classifications with the cover
type map. Spectral differences between many of the training sets representing
different levels of defoliation could not be readily distinguished. The
final trainming sets are those with distinct spectral differences and which
best qualified to represent appropriate resource classes.

Nine resource classes were identified including 2 levels of coniferous
infestation, Extensive and moderate infestation categories were used as
classification levels to distinguish between the interpretations made by
ground and remote sensing survey methods. An unsupervised, maximum likelihood
classification (MAXLIK) program was used.

The classification printout maps from MAXLIK gave generally favorable results.
The location and spatial coverage of all resource classes was fairly accurate
when the computer classification map was compared with the cover type map and
checked with the color infrared aerial imagery. Moderate infestation
represents an intermediate class such that 1ts cover type boundaries were

not always clearly defined. Its distribution by computer classification,
however, is comsistent with the photo-interpretation results. The class 1s
mostly associated with a Mixed Swamp Conifer cover type, as well as other
heterogeneous composition types that do not qualify as Extensive Infestation.

The overall results of Extensive Infestation were good also, but there were
classification errors. The spatial coverage of large, homogenous stands of
fir and spruce with spruce budworm infestation compared well with the cover
type map. Numerous small patches of coniferous infestation were also
located by the computer classification. However, the class was umable to
distinguish between different species types that were exhibiting defoliation
properties similar to the fir and spruce.

More adequate training sets of these conditions would permit better analysis.
The results indicate that the LANDSAT system can be used to identify and map
areas of coniferous infestation, but that supplementary methods are required
to determine the type and severity of defoliation that is present. Further
analysis techniques such as multidate imagery are recommended to remedy some
of the problems. Appendix VI is the final report of this study.
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E. Thermal Monitoring of Heated Discharges from
Electric Power Plants and Paper Mills

The pressure on the use of Wisconsin rivers as a heat sink for various
industries continues to increase; DNR 1s keenly aware of this pressure.

To begin to evaluate the effect of heated discharges on several major

rivers in Wisconsin, a cooperative project was undertaken to map the area

of influence of thermal plumes in these rivers. Thermal scanning has

proven to be an effective tool for this type of effort. Funding ($15,000)
was made available to monitor fifteen power plants and five paper mills
throughout the state on three different occasions. The overflights were
planned to observe the annual maximum surficial extent of the thermal plumes.

A final report was delivered to DNR early in 1977. This report was patterned
after a previous study of thermal plumes along the Wisconsin shore of Lake
Michigan. A summary of that report 1s in press [3]. A thermal image of

the plume from a given power plant on a given date was mounted on a page
together with associated environmental data, areas enclosed within isotherms,
water temperatures, plant data, and comments A compendium of these pages
together with a written report comprises the final report. The following

are the major recommendations,

1. Ground Truth

A marked improvement over our previous thermal plume study was the
measurement of surface water temperatures for ground calibration.

DNR district personnel provided excellent ground truth, The major
problem was the coordination of up to four separate field crews with

the aircraft operation. Each crew had its own work and boat scheduling
to contend with., Together with the intensive scheduling of the aircraft
and the vagaries of the weather, these factors combined to frequently
frustrate the most ardent attempts at a successful mission. By

reducing the number of field crews required to be at different sites

for a mission, the probability of a successful mission would be enhanced.
Performing a primary calibration at the Blount Street discharge at the
beginning and end of a mission 1s a possibility. These ground truth
measurements combined with a technique for reducing atmospheric effects
could result in an operationally less expemsive calibration program.
Changing the scanner wavelength sensitivity from a range of 8 to 14
microns to one of 10 to 11.5 microns considerably reduces atmospheric
effects. Thus ground truth in Madison could be valid throughout the
entire state provided the scanner level and gain settings were not changed.

2. Routine Monitoring

Routine thermal monitoring of thermal plumes is recommended. Publac
interest in all aspects of power generation has understandably
increased with the dramatic increase in the number of power plants.
Aerial remote semsing of thermal discharges is an 1inexpensive way to
insure compliance with regulations, and keep the public informed of
the extent of thermal discharges New power plants should be monitored
frequently inatially to extend what has been reported herein. Routine
monitoring would also be useful as a guide and a complement to other
thermal plume sampling programs. Routine monitoring of every power
plant in the state 1s not recommended. This study shows that many of
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the discharges result in quite small thermal plumes. However, the

small number of flights made over each power plant during drought
conditions limits the utility of the data set as an indicator of

typical conditions for some of the plants., To gain insight to size
variations of significant river plumes routine monitoring 1s recommended.

3. River Monitoring

Analysis of thermal scanner data of river discharges 1s much more
difficult than that of lake plumes. River plumes in general are

much smaller than lake plumes. Larger plumes are fonced by the river
boundaries and flow patterns into long thin shapes. Most efficient
analysis occurs when the relevant data (i.e., the plume) is contained
within a square or nearly square two-dimensional data array. The
larger the ratio between the relevant dimenszions the less efficient
the analysis, Basically, what happens 1s that all the data must be
read i1nto the computer but only a small percentage 1s useful. The
percent of useful data points per scan line for lake plumes 1s about
30%, for river plumes this drops to about 10% or less. One possible
method of circumventing this problem 1s to scan on a flight path
perpendicular to the river instead of parallel to it. In many cases
the plumes would be short enough to encompass their length in the
width of one scan line. This waild increase the useful data points per
scan line to as high as 60% or 70%. The plumes small size and the
river banks (cluttered with barges, boats, overhanging trees and other
structures) make river plume discharges much more difficult teo discern
than lake discharges.

4, Thermal Standards

The thermal standards for power plant thermal plumes should be written
operationally as a compromise between end-of-pipe standards and
biological-effect standards. That 1s, standards should be based on
information that can be obtained with a reasonable effort. Standard
remote sensing monitoring procedures should be developed by EPA or
ERDA. Such procedures should include standardized, routine, ground
truth measuring techniques. The control of raw data through the entire
processing procedure should also be standardized to insure that legal
integrity is maintained. Every attempt should be made to avoid
arbitrariness by continuilng intensive biological effect programs at a
few representative plants, rather than studying all plants on relatively
limited bases.

F., Remote Sensing Data Center

All collections which were moved 1n November 1976 were reorganized into
the new spatial setting, all visitors were assisted with information and
imagery needs,

Through November and December 1976, 2600 frames of RB-57 high altitude
color and color IR transparencies were cut from film rolls, labelled
according to mission number, date of flight, frame number, and scale, and
placed into protective plastic casings. The numerous flight lines of each
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of the missions were then delineated on 1 500,000 scale Wisconsin maps to
act as the collection's reference system.

In February 1977, work began on organizing and labelling a portion of the
LANDSAT transparency collection. The 35mm slide collection was organized
according to county. Other various collections were organized and integrated.
This work was pursued until the end of the semester.

G. LANDSAT lLand Cover Classification of Watersheds - with USGS

Local representatives of the U.S., Geological Survey are engaged in a project
to model surface runoff characteristics of Wisconsin watersheds. One aspect
of their work involves land cover classification of watersheds into the
categories of (1) open water; (2) bare soils, including agricultural land;
(3) agricultural crops; (4) wetlands, and (5) woodlands and forests. Since
the University of Wisconsin Remote Sensing Project has invested considerable
time and effort in the development of computer programs for general purpose
analysis of remotely sensed data, including LANDSAT, we engaged in a small-
scale project to try our procedures to provide classifications for some
experimental watersheds.

LANDSAT data of southern Wisconsin from 12 September 1975 was available from
our library, so it was chosen for analysis. There was a general dearth of
ground verification information about ground cover in most of the scene, so
representative areas which were generally well understood by our investigators
were chosen. One area selected was the Portage, Wisconsin region where

EMDAG 1s involved 1in a large-scale project sponsored by the Environmental
Protection Agency, studying the environmental impact of coal-fired power
plants. Another test area focused on the Yahara River watershed, familiar
because 1t includes Madison and 1ts lakes.

At the moment, our analysts are handicapped by the absence of any means to
interact quickly with our computer. Our supervised classification procedures
must use line printer output produced in batch computer runs, and we must

pay substantial fees to the Madison Academic Computing Center (MACC).
Classification costs of our maxamum likelihood classifier were high (although
1ts code 1s efficient, patterned after Eppler [4]), and the need to mosaic
many pages of output made the classification inefficient. To lower computation
costs, a "table lookup" classifier program, TABCLASS, was constructed after
the basic design of Eppler [5]. This lowered processing charges substantially.
Turn-around time, though, was still slow due to the cumbersome output
procedures, although the resulting classificatzons were judged good by

persons knowledgeable with the area.

Several years ago, our studies of thermal effects of heated water dascharges
from power plants into Lake Michigan required development of computer
algorithms to locate points interior to an arbitrary closed polygon. The
resulting algorithm [6] has proved useful several times since, and it has
proven beneficial i1n this project. We were able to define watersheds in
terms of a given LANDSAT scene's rows and columns, and classify only points
inside that area.
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After reviewing our results and assessing other options (including the
General Electric Co., IMAGE 100 system at the EROS Data Center and Bendix
Corporation's EMDAS system), the USGS has elected to procure their basic
land cover classification through Bendix, sending their LANDSAT tapes to

Ann Arbor, Michigan, and usaing a Madison-based video display, telephone
linked to Ann Arbor, for the necessary interactivity. EMDAG still plays

a role, however, and this 1s made possible both by our polygon handling
routines and our LANDSAT lake classification procedures. As envisaged, we
w1ll be supplied with (latatude/longitude) coordinates of points bounding
watersheds. OQur navigation programs CONTRL and SATNAV, developed for lake
classification, will be used to relate these coordinates to LANDSAT (row/
column) coordinates These in turn will be used by our '"inside the polygon"
programs to take pre-classified data to the Bendix system and find just that
data inside specified watersheds. Color film classification results will be
provided, but more directly, tabulations of surface areas classified in each
of the various cover categories will be tabulated for use by the USGS
modeling programs.

This effort is underway, and 1s expected to be completed during the next year.

H. Corn Yield From Digitized Low Altitude Arrphotos

This project 1s funded by J. F. Mellor and Associates and 1s directed by
F. L Scarpace. Its intent is to investigate the feasibility of using low
altitude digitized aerial imagery to monitor crop extent and yield. The
pProject started in June of 1977. Thirteen missions have been flown over
30 fields. Only a few of the aerial images have been digitized, thus no
signmficant results have been found.

I. Land Cover Determined from Digital Interpretation of
High Altitude Aerial Imagery

This project 1s funded by the International Joint Commission on Water Quality
in the Great Lakes and is directed by F.L. Scarpace. It 1s concerned with
the investigation of the feasibility of digital interpretation of land cover
information for input into hydrological models from high altitude aer:ial
1magery  Thus far the results of the investigation have not been used
directly in a model developed by the project, The results have been compared
with traditional methods of acquiring the needed data for the model.

Two subwatersheds (Schoonemzker and Noyes creeks) in the Menomonee watershed
were chosen to test these techniques. High altitude imagery (scale 1.120,000)
flown by NASA was digitized with a ground resolution of 6 meters square.

Land cover was classified within each watershed and compared with human
photo-interpretation and data supplied by the Southeastern Wisconsin Regional
Planning Commission (SEWRPC) which was used as input to the hydrological model.
The computer classification included five land cover classes: impervious
surfaces, tree cover, crop land, other vegetation, and water.

Three other urban watersheds were investigated using this technique. Imagery
(scale of 1 130,000} of Detroit-Windsor, Toledo, and Rochester were acquired
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from EROS Data Center, Sioux Falls, S.D. In these cases, NASA had not
properly calibrated the imagery and the classification accuracy dropped

to 80-85% from 95% for the digital classification within the Menomonee
watershed. These results have indicated that it is possible to use high
altitude imagery to obtain land cover information for input into a hydro-
logical model within other urban watersheds. All the urban watersheds within
_the Great Lakes Basin could be accomplished in 2 similar manner.
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A DNR Evaluatzon of the LANDSAT
Lake Classification Program

The LANDSAT lake monitoring program is a mechanism which can be employed
to classify anland lakes greater than 20 acres in size to their trophic
status. The current program is a cooperative effort between Wisconsin
DNR and the University of Wisconsin. Goals of this program as viewed by
DHR are twofold:

(1) To establaish guideline priorities for lake management practices
(e.g. preservation and rehabilitation techniques)

(2) To document long term lake eutrophlcation changes over time.

Through a computerized system, LANDSAT data can be used to classify all
lakes over 20 acres in size at a minimal cost of 5-10 dollars per lake.

To adequately monitor lakes, sampling at least 2-3 Limes per year 1s
required. Algae populations vary throughout the growing season so that
no one time LANDSAT sampling technique would be adequate te classiiy a
water body.

Several computer programs are needed to adequately classify lakes by
remote semsing techniques. Data acquisition and handling 1s accomplished
through programs entitled CONTROL, SATNAV, and EXTRACT. These programs
cannot be executed without baseline data. Thas information is contained
1n a computer file called ACCESS. Before data can be entered into
ACCESS, polygons are drawn around every lake greater than 20 acres in
size on U.S.G.S. topographic maps. Apexes of these polygons together
with control points (points that are €asily identaified on the satellite
data) are numbered and placed into the file. Latitude and longitude
were also established for these control points and stored im ACCESS. In
addzition to latitude, longitude and polygon apexes, file ACCESS contains
county number and lake number and name.

The imitial step for data gathering is the acquisition of computer tapes
from the EROS Data Center in Sioux Falls, South Dakota. -Approximately
40 tapes at a cost of $200/tape would be needed to classify all the
lzkes 1n Wisconsin. Bach tape contains a scene 115 x 115 miles which 1s
subdivided into quarter strips called files. 'Each file covers a full
length scene from a north to south direction. It is most systematic to
work on the scenes from a file to file basis.

The first computer program, CONTROL, predicts the approximate ground
area covered by the file of data. The program then selects the control
points from the file entitled CONTROL-POINT, which are likely to be
found in that particular file area. The Milwaukee scene contained three
scenes; July 16, August 3, and September 26, 1975. Each scene contained
three files with approximately 15 control points per file. These control
points represent readily identifiable ground locations on various lakes.
A minimum of ten control points are needed to determine the location of
the lakes in each file. Row and column coordinates for each control
point are recorded following an interpretation of typed printouts of the
lakes 1n the various files (see figure 1). The taime element involved in
locating the control points for the lfilwaukee scene was about 7 minutes
per lake; nearly 700 man hours would be required to perform the manual
operations in CONTROL for a statewide classification.
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One of the problems encountered with the CONTROL program was the effect
of cloud cover when trying to locate control points. For example, in

the July 16, 1975, Milwaukee scene, the control point for Lake Sinissippi
could not be properly located because 1t was obscured by cloud cover.
Another problem experienced with CONTROL was that some of the smaller
lakes could not be located on the U.S5.G.S. quad maps. (1.e. July 16,
1975 scene, Crystal and Wyona were not found). It 1s possible that
reflection from the land surface or cloud cover may have interfered with
locating these lakes.

Once the rows and columns are recorded for each control point they are
used 1n the next phase-—-program SATNAV. Program SATNAV performs a least
squares adjustment to compute the coefficients of a third order poly-
nomial which best predicts locations given the control point data set.
These parameters are stored on a file at the conclusion of SATNAV, to be
used in the next stage of the process—-program EXTIRACT.

SATNAV is a relatively imexpensive computer program to run provided it
does not have to be run very often. The cost to run SAINAV for the
Milwaukee scene was about 34. Some of the problems encountered in the
Milwaukee scene in SATNAV were due to programming errors which have
since been resolved. Difficulty was also experienced in matching the
predicted rows and columms with those that were measured. For example,
in file 3 of the July scene, Muskego Lake was found to have a significant
error in the measured latitude and longitude when compared to that
predicted. The acceptable error for latitude and longitude is within 3-
6 seconds; for Muskego Lake the latitude was off by 16 and the longitude
by 11 seconds. 1In cases like Muskego-~Lake where there is a large error
in latitude and longitude, the measured rows and columns are rechecked.
If no error is detected, the control point for that particular lake
should be thrown out. For the Milwaukee scene there were sufficient
control points (L0 per file) which were within the margin of error
(within 2-3 rows or columns), that there was no problem in predicting
the location of the rest of the lakes in the sceme. However, in scenes
such as in the southwest portion of the state where there are few lakes
and fewer control points than the Milwaukee scene, larger errors 1n rows
and columns may result in less than 10 control points in a gaven fale
that are within the acceptable range of error. Consequently, it may be
difficult without sufficient navigation points to accurately predict the
location of the lakes an the scene.

Program EXTRACT uses the information stored by SATNAV in the data collection
process. This computer program checks each quarter scene (file) successavely,
to gee if there i1s any intersection between the U.S.G.8. quads and the

data. TUpon location of a quad that intersects the data set, EXTRACT

begins checking lake polygons within the quad for data. AlJl data points
within the lake polygons are checked for LANDSAT Band 7 values. Land

masses and water bodies are delimeated through Band 7. All data which

the computer interprets in Band 7 as water bodies 1s stored for classi-
fication. The entaire lake polygon 1s analyzed and the wean values for

bands 4, 5, and 6, as well as the variances for these bands, are computed
and stored 1in DATAFILE. A character representation of the data area of

a given lake is printed out. These representations are then checked

with maps to ascertain 1f the raght lake was found. This process is

done for all the lakes over 20 acres in the scene for each of the three
dates. The next step in the process then 1s the classifzcation program.
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EXTRACT 1s a difficult program to understand and quite expensive to xun.

The cost for the Milwaukee scene for three dates was about $20 to $30

each time the program was run. Unfortunately EXTRACT was rup unsuccessfully
quite a number of times which 1nvolved a large expenditure of money.

Many problems were encountered in the syntax of the program itself.
Hopefully most of the bugs 1n the system have been worked out as a

result of a trial and error type system used on the Milwaukee scene. If

the persons who wrote the program would establish a command sequence

that would be assured of working for EXTRACT it would greatly help those
that will run the program in the future.

After program EXTRACT has extracted data for each lake for three dates,
the next step of the process i1s the actual classification of lakes. A
computer program entitled CLASSIFY goes through DATAFILE and corrects
for atmospheric scatterings and absorption. An airport runway and a
clear lake are used as a steady state index to determine the amount of
atmospheric absorption. Once the data 1s corrected for atmospheric
effects, the output i1s put into a file for classification.

Corrected data 1s then used to classify lakes as to lake type and trophie
condition. The categorization system that is presently being used was
developed by Dick Lillie of the DNR Bureau of Research. They are delineated
into class numbers as shown below:

LAKE CLASSIFICATION SCHEME

Class Classf
Oligotrophzc 0 1
Cm 2

Mo 3

Mesotrophic M 4
¥e 5

Em 6

Eutrophic E 7

Secchi disc and organic nitrogen data along with personal experience was
used by DNR limmologists to classify 29 lakes using the above system.

A lainear regression model for predicted trophic clase status was developed
for utilization with LANDSAT data. The parameters used in the model are
the individual sums of the data, corrected for atmospheric affects, for
bands 4, 5, and 6 as well as the varizances for each of those bands over
the three dates for each lake. The best £it equation is:

Trophic class = TC = 1.362 + 0 8147(BS) -0.389(B4)-
0.0967(B6) + 0.1509 (VB4) - 0.2053 (VB3)
B4, B5, and BH indicate the sum of the corrected data for Bands &, 35,
and 6 respectively over the three dates for each lake. VB4 and VBS are

the sums of the variances of the corracted data within the lake on each
day for Bands 4 and 5 respectively. The sum of the variances for Band 6&
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was 1nsignificant and therefore was not included in the equation. The
RZ value of the regression is 93.87% after adjustment foxr degrees of
freedom. This means that 93.87 of the data wariability is explained by
the regression analysis.

The- other aspect of classifying lakes 1s an attempt to "typa" classify

the lakes. TLake types are eather silt, clear, algae, or tannin depending
upon the lakes spectral signature. A box classifier was used to determine
the data values for the spectral signature. Additional data is needed

in the form of ground truth to verify the "type" classaficatzon.

The output generated from program CLASSIFY is listed by couaty with the
lake number, name, trophic class, type class, and number of dates used
for the classification (See figure 2). To adequately classify the
lakes, it 1s necessary to have tapes from three dates during the summer.

To check the wvalidity of the linear regression model, the authors of

this report field inspected 18 lakes in the Milwaukee scene. A subjectave
classification was agreed upon based on secchi disc readings, organic
nitrogen, total phosphorous, and wvisual observations of the littoral

zone (see table 1). These subjective classification numbers were then

put into the limear regression model for comparison with those classification
numbers predacted by LANDSAT. The R% value of the regression wvas 72.1%
following the adjustment for degrees of freedom. This model again

showed that LANDSAT has a good reliability in the prediction of trophic
status classes.

Based on the linear regression model -developed from cur data, a prediction
of trophic class status was compiled for all the lakes in the Milwaukee
scene. Results of our predictive run for this scene is contained in
Appendix A. In comparison with the results obtained by the classificataon
system used by the university (wath ground truth correlation done by the
Bureau of Research, DNR) our program varied on twenty lakes (by 2 trophic
class numbers or more).

Reasons why these trophic class numbers disagree can be explained as
follows:

1) Our data was collected on a "one—shot' basis during the summer.
LANDSAT averages the data collected on lakes over three different
dates.

2} Ground truth data as collected by the Bureau of Research was a
result of samples obtained over 4 separate dates during the year.

Our results probably are not as accurate as earlier runs done by the
university because of lack of ample ground truth data. Based on our one
time sampling for ground truth verification, ocur correlation with the
linear regression model was quite acceptable. The type classification
for the program needs additional ground truth data for correlation. For
example, algae type lakes show up as tannin or silt lakes. In some
cases the reverse can also be true. Additional ground truth data will
be required to establish a spectural signature for each water type
class.
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In conclusion, we feel that the LANDSAT Program for classification of

lakes compares favorably with the ground truth data collected on lakes

to date. All the significant lakes 1n the state (greater than 20 acres)
could be classified economically by using this technique. Utalization

of one full time employee plus assistance from an LTE could accomplish a
statewide lake classification in about a year. Any effort to manually
classify lakes rather than using the LANDSAT approach would ke prohibitively
expensive and time consuming. The flexaibilaty of LANDSAT 1s a strong
advantage over the manual classification of lakes. The six dastricts

within DNR could establish their own trophic status schemes for their
respective reglons.

It 1s extremely beneficial for personnel working on LANDSAT to have a

good background 1in statistics and computer science. Due to our initial

lack of knowledge in these’areas, we encountered difficulties in understanding
program technology and computer-terminology. For example, the EDIT

program gave us considerazble broblems in executing the programs. In
addition, a standardized format shonld be written listing the proper run
sequence for each of the programs, and stored an files that are inaccessible
to meddlers. With such a format, any changes 1n personnel would have a
mipnimum impact on the classification process.

Several frustrating problems occurred with our first attempt at using

the computer programs, because of changes i1n the computer programs
themselves. Prompt mnotification to DNR persomnel using the classifiacation
system of any alterations in the programs would have alleviated many of
the problems.

LANDSAT holds promise for depicting changes in trophic status of lakes
over time as well as developing strategies for water resource management
programs. Should the LANDSAT effort prove successful on a statewide
basis, the Wisconsin DNR would again show itself a national leader in
water resource and pollution control programs.
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" Figure 2 depicts the output generated from program CLASSIFY for Waukesha County.
The ocutput ineludes lake number and name, trophic class, type class, and number

-of..dates used.for classifacataon. .
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LLAKES CLASSIFIED FOR wAUKEqHA cauNTY
LAKE NO LAKE NAHE CLLASS TYPE DATES

1 ASH:PPUN 3 ALGAE 3

2 BEAVER [ ALGAE 3

e 3_.___BlG HMUSKEGQO 7 ALGAE __ 3

g CORNELL 3 ALGAE 3

5 CROQOKED 3 ALGAE 3

& DENOGN L} CLEAR 3

7 DUTCHMAN 2 ALGAE 3

8 EAGLE SPRIMG & ALGAE 3

——— 5 FOREST yd ALGAE 3

10 FOWLER 3 ALGAE 3

12 HUNTERS 3 ALGAE 3

i3 KEESUS 3 ALGAE. 3

14 LAC LA BELLE 5 BHUHIC 3

16 LOWER GENESEFE 3 ALGAE 3

17 LOWER_NASHOTAH 1 CLEAR. 3

18 LOWER NEMAHRBRIN 4 HyUMic 3

i9 LOWER PHANTOHN 3 CLEAR 3

e e 20 . _HMERTON_HMILLPOND . ALGAE 3

21 HID GENESEE 2 ALGAE 3

22 MONTERY MILLPOMD 1 ALGAE 1

—— 23 __ __MOOSE.. - 2 ALGAE 3

24 MAGAWICKA - t CLEAR 3

25 NORTH g CLEAR 3

U4 - S OCONOMOWOC . o et e . 2 _CLEAR 3

28 OTTAWA & AlLGAE 3

29 PEWAUKEE 5 HUM]C 3

v e .30 . PINE_ . ___ e e Ve CLEAR 3
31 PRETTY 3 ALGAE 3 .

32 RAINBOW SPRINGS 4 ALGAE 3

e 33 L SCHOOL, SECQTION i = L . ALGAE 3

34 SILVER 3 HUMIC 3

35 SPRING & ALLGAE 3
—eee 36 __ UN_s523,14T7T8R17. . - am e e M BLGAE 3

37 UPPER GENESEE 2 ALGAE 3

38 UPPER NASHOTAH 1 ALGAE 3

e 32 _UPPER NEMAHBIN . e o o e e i a3 _.._.CLEAR . .3

40 UPPER OCONOHOWOC 4 ALGAE 3

44 UPPCR PHANTOH 3 ALGAE 3
M2 . WATERVILLE HMILLPAND M ALGAE B

43 Woop Z ALGAE 3
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Table 1

Ranking Based Obzective Composite
on Total P, Rating Rating

Total P Org-N Secchi Org-N and Based on {Objective Lallx-

Lake Name (me/1) (mg/1) Dasc (££) Seccha Disc  Observations plus Ranking)  Ratis.
Big Green .02 0.8 10 2 A 1 1
Little Green .36 3.2 1.0 12 6 3 6
Puckaway .36 4.5 0.8 13 6 6 7
Fox .18 2.6 2.2 10 5 6 5
Nagawicka .04 1.8 3.8 7 5 4 &
Pine .08 0.7 12 3 2 1 2
Lac LaBelle .04 0.9 7.5 4 3 4 3
Nemahblin 04 1.3 6.0 6 3 3 3
Oconomowoc .02 0.9 5.8 5 3 3 3
Lake Wisconsin 17 1.8 2.0 9 7 7 6
Swan .08 1.1 2.2 8 3 5 4
Mason .24 3.3 1.2 11 4 6 6
Jordan .02 6.6 10 1 2 2 1
Beaver - - - - 2 - 2
Devil's Lake - - - - 1 - 1
Mendota - - - - 5 - 5
Monona - - - - 5 - 5
Wingra - - - - 7 - 7



Appendix A 1s the output generated from the classification of the lakes 1in the
southeastern section of Wisconsin (the Milwaukee scene).

linear regression model developed from our data.
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LAKE NAMZ

3ECKER
CRrRYSTAL
GEORGE
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LONG
PARK
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SPRING
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WYONA

LAKES CLASSIFIED FOR DANE

LAKE NAME

BASS
BELLDVILLE MILLPOND
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FlsH
HARRILET
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MUD T7R1D
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LAKES CLASSIFILD FOR FCID DU LAC  CUOUNTY

LAKL NU LAKL NAME CLASS PYPE DAILS
0@1
1 AUBURN Op Gy, 4 ALGAE 3
2 BERNICE Poodcp 4 ALGAE 3.
4 FOREST 2 o, 6p 2 ALGAR 3
5 KETTLE MORAINE 634{ % 4 ALGAE 3
b LONG Lp 3 ALGAE "3
7 MAUTHE 3 ALGAE 3
8 MUD 5 ALGAE 3
9 RIPON POND ? 7 ALGAE 3
14 WOLF 4 ALGAE 3
LAKES CLASSIFIED FOR GREEW COUNTY
LAKE NO LAKE NAME CLASS TYPE DATES
1 ALBANY MILLPOND 6 ALGAE 2
2 DECATUR 7 ALGAE 2
3 ZANDER 3 ALGAE 1
LAKES CLASSIFIED FOR GREEN LAKE  COUNTY
LAKE NO LAKE NAME CLASS TYPE DATES
1 BIG TWIN 4 ALGAE 3
2 GREEN LAKE 1 CLEAR 3
4 LITTLE 'TwWIN 4 ALGAE 3
5 SPRING T14K1l1 5 HUMIC 3
6 SPRING T15R13 4 ALGAE 3
LAKXES CLASSIFIED FGR JEFFERSON COUNTY
LAKE NO LAKE NAME CLASS TYPE DALES
1 BLUE SPRING 6 SILT 3
2 GREEN LSLE 6 ALGAE 3
3 HAHN 5 ALGAE 2
4 HOPE 6 ALGAE 3
11 LAKE KOSHKONONG 7 ALGAL 3
5 LOWER SPRING 4 ALGAE 3
6 MUD 6 . ALGAL 3
7 RIPLEY 4 CLEAR 3
8 ROCK 3 CLEAR 3
9 ROME MILLPOMD 3 ALGAE 3
10 UPPER SPRING 4 ALGAE 3
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ABSTRACT

Over the past decade there has been considerable interest in the possible use
of remote sensing as a tool for monitoring water quality. From 1968 to 1976,
interdisciplinary work at the University of Wisconsin-Madison, in cooperation
with state agencies, was devoted to investigating this topic. The effort
involved theoretical studies in the physics of remote sensing and the modeling
of energy/water interactions, as well as the application of remote sensing and
ground truth data collection to lake classification. Data from laboratory,
field, aircraft, and satellite indicate that remote sensing can be used
successfully and practically in water quality investigations of turbidity,
suspended solids, and biomass production in lakes. Biomass production relates
to lake trophic conditions, so the techniques described can also be used for
trophic classafication  Specific examples are given in which remote sensing
has been used in mapping algae and macrophytes and in classifying Wisconsin
lakes by their trophic state.
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I. INTRODUCTION

This report summarizes seven years of work at the University of Wisconsin-
Madison on the application of remote sensing to water quality monitoring.

The investigations began in 1968 as a joint effort between personnel at the
UW-Madison and several Wisconsin state agencies In 1969, support was
obtained from the National Aeronautics and Space Administration (NASA) Office
of Universaty Affairs through Grant No NGL 50-002-127 The joint investigation
grew to include experts from botany, physics, civil engineering, and environ-
mental studies At the UW-Madison, this multidisciplinary project was
administered by the Environmental Monitoring and Data Acquisition Group (EMDAG)
of the Institute for Environmental Studies (IES)} Research on littoral zone
aquatic macrophytes also received support from the National Science Foundation
(NSF) through the Eastern Deciduous Forest Biome, United States-International
Biological Program, under Interagency Agreement AG-199, 40-193-69 with the
Atomic Energy Commission-Oak Ridge National Laboratory, and thrcugh NSF grant

BMS5-75-~1977 to the UW-Madison (principal investigator for both NSF grants
was M. S Adams).

Initial remote sensing work on water quality concentrated on photometric
laboratory studies, and boat level and low altitude aerial photography. The
culmination of the project was an analysis of amagery from the ERTS (LANDSAT)*
satellite This imagery was used to develop a trophic classification of about
800 lakes in Wisconsin. A portion of this effort was supported by the Wisconsin
Department of Natural Resources (DNR). The Princeton Electronic Products (PEP)
computer terminal at the UW-Madison was used for preliminary data manlpﬁ}a@lon
and reduction More advanced work on the LANDSAT data then was done on thé
Bendix Multispectral Data Analysis System (MDAS) under another NASA grant

(NAS 5-20942) Although the MDAS analysis was not part of the NASA grant to
the UW-Madison, the success of the MDAS work depended on the previous work done
under this grant  Therefore, some of the MDAS results are also mentioned in
this report This combination of university theory and MDAS equipment has
created an effectaive, operational system for classifying lakes over large
geographical areas.

One of the original purposes of this multidisciplinary investigation was to
determine to what extent remote sensing could be used to measure and monitor
water quality By 1975 the staff concluded they had learned enough to produce
a report that would consolidate the new knowledge gained The anticipated
departure of key personnel further stimulated the writing of this report, in
order to preserve the knowledge gained by all parties on the project

In Chapter II the nature of aquatic environments 1s discussed. Chapter III
covers water quality parameters associated with remote sensing The basic
science of remote sensing and the correlation of conventional water quality
indicators with remote sensing signals are discussed in Chapters IV and V

* TIn 1974, two years after it had begun functioning, the Earth Resources
Technology Satellite (ERTS) was renamed LANDSAT  This report discusses
satellite data before and after the name change, but for simplicity only
LANDSAT will be used.
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In Chapter V theoretical models are used to explain how light signals are
modified by water volume, the bottom, the surface, and atmospheric effects.
An understanding of these interactions 1s crucial when using remote sensing
for water quality work. For analyzing oil slicks, only the surface effects
are important, for bottom weed analysis, the bottom signals are necessary
For analyzing material miXed with the water itself the only zmportant signal
1s the energy backscattered from the water volume — all other signals are
troublesome noise. This report shows workable techniques for obtaining thas
signal by removing noise from surface and atmospheric effects. Once these
effects are removed the signals from the bottom lake weeds are also free from
such noise and can be better analyzed

Chapter VI touches on the mechanical aspects of analyzing film and satellite
data, and explains how conventional satellite data analysis systems designed
for land cover mapping were modified to determine water quality

Chapter VII includes four examples where remote sensing has been used in
mapping, or 1n 1nvestigating water quality problems
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II. THE NATURE OF AQUATIC ENVIRONMENTS

Before one can talk about using remote sensing for water quality monitoring
1t 1s first necessary to define what is meant by water quality. The quality
of inland lakes 1s often expressed in terms of the lake's trophic state, A
lake with extreme nuisance algal blooms or a lake that 1s choked with aquatic
weeds 1s often said to be eutrophic A very clear lake 1s called an oligo-
trophic lake. A lake that is intermediate between an oligotrophic and a
eutrophic lake may be calied a mesotrophic lake. Bog-dystrophic (or humic
lakes*) and marl** lakes are two other types of lakes that are important for
a complete lake classification scheme. This chapter discusses traditional
methods of lake classification

A. PRIMARY PRODUCTION AND EUTROPHICATION

Likens (1972) defined eutrophication, from an ecosystem point of view, as
"nmutrient or organic matter enrichment, or both, that results in high biologigal
productivity and a decreased volume within an ecosystem " 1In this case, volume
refers to the volume of a lake filling up with accumulating organic matter.
Rodhe (1969) reviewed the classical use of phytoplankton production of organic
matter (Naumann 1919}, nutrient concentrations in lakes (Weber 1907), and
hypolimnetic oxygen concentrations with the corresponding presence of certain
bottom-dwelling animals (Thienemann 1918), as indices of oligotrophic or
eutrophic lakes On the basis of these consideraticns, eutrophic lakes would
be expected to have high phytoplankton production of organic matter, oxygen
depletion near the lake bottom, and certain kinds of organisms (specifically,
certain kinds of Chironomid larvae) on the bottom Comversely, oligotrophic
lakes would be expected to have low nutrient levels, low phytoplanktonic
production of organic matter, high oxygen levels, and other species of
Chironomid larvae on the bottom

Likens discussed a measure of eutrophication that ccnsiders the importance of
allochthonous organic matter  Allochthonous organic matter 1s i1mported to
the lake from 1ts drainage basin, as contrasted with autochthonous organic
matter that is formed by photosynthetic activities of plants i1n the lake

The difference between autochthonous and allochthonous organic matter supply
to lakes was recognized early in this century by Birge and Juday (1927).

* In the northern latitudes, especially where spruce and tamarack swamps are
prevalent and the soil 1s acid, many lakes have a brown, tea-like color
This color 1s associated with undecomposed organic matter and materials
such as tannic acid, iron and manganese In the literature such water has
been described as "Gelbstoff," yellow substance, brown water, humic material,
or tamman water, etc In this report such material will be called humic
materaal and lakes where 1t 1s present will be called humic lakes.

** Marl 1s an earthy, unconsolidated deposit in freshwater lakes, consisting
chiefly of calcium carbonate mixed with clay or other ampurities. Fane
precipitating calcium carbonate particles 1n suspension can cause a distinect
blue-green color in marl lakes.



14

Classically, eutrophication was considered part of the natural process of
aging 1n some undisturbed lakes (Likens) Rapad acceleration of the process
by effects of man has been given the name "cultural eutrophication' (Hasler
19473 The metabolism of oligotrophic lakes, havang low productavity, is
regulated significantly by low transport levels of inorganic nutrients from
areas outside the lake but wathan the drainage basin

EButrophication rate 1s most often controlled by the amount of phosphorus
received by a lake. An outstanding example of the importance of phosphorus
was demonstrated by a large-scale lake fertilization experiment in a lake
in northwestern Ontario, located on Precambrian Shield bedrock (Schindler
1974). The biology and chemistry of the lake was representative of about
half the waters that drain to the Laurentian Great Lakes The lake 1s
constricted in the middle, which allowed the two parts of the lake to be
physically separated by a plastic curtain. One basin was fertilized with
phosphorus, nitrogen, and carbon The other basin received only nitrogen
and carbon  The basin receiving phosphorus quickly developed a dense growth
of phytoplankton

Lake succession, or development, can proceed from eutrophic to olagotrophic
states (Margalef 1968), in contrast to the usual direction of change.
Successional changes toward oligotrophy can be natural i1f nutrients from
runoff waters are not continuously transported to lakes (Hutchinson 1967,
Lakens) Also, man can control inputs of nutrients te lakes by management
procedures  This can force lake succession toward oligotrophy (Edmundson
1970, Oglesby 1969), as in the case of sewage daversion fyrom Lake Washington
in Seattle (Edmundson) The diversion quickly resulted in a reversal in the
trophic status of the lake.

Historaically, the term eutrophication has been generally misused. Excellent
detailed discussions on the historical development of the term and 1ts misuse
can be found elsewhere in the literature (National Academy of Scaences 1969,
Likens 1972, Hutchinson 1973, Vallentyne 1974, Wetzel 1975) A basic problem
with early consideration of eutrophication was that only phytoplankton were
considered to be important among the primary producers in lakes  Recently

the importance of the littoral zone macroflora has been recognized as a source
of organic matter production in lakes (Westlake 1965, Adams and McCracken 1974,
Wetzel 1975).

B WATER QUALITY

The subject of water quality 15 indeed complex. The public has the right to
expect drinking water that 1s odor-free, tastes good, has a pleasant appearance
(x e , 25 clear), and 1s free from toxic inorganic chemical substances, organic
poisons, and harmful bacteria  People generally desire recreational lakes that
are relatively clear, not smelly and not choked with algae. The swimmer,
boating enthusiast, and water skier prefer their lakes to be relatively free

of submersed aquatic macrophytes (large aquatic plants), some of which can be
called weeds On the other hand, the bass fisherman prefers to have some weeds
in the lake in which he fishes Most people probably consider large quantities
of submersed macrophytes undesirable.



i5

Aigae can be divided taxonomically into a number of divisions or phylla One
major division, the green algae (Chlorophyta), has many genera represented in
lakes, but these algae do not annoy people unless the algae are present in
large quantities The diatoms (Class Bacillariophycae of the Chromophyta},
like the green algae, are well represented in lakes but generally are not
considered offensive. Another division, the blue-green algae (Cyanophyta),
tends to smell and so 1s more offensive to people, particularly during periods
of active growth The blue-greens are characteristic of lakes that have
considerable inputs of inorganic nutrients Representative examples from this
group of algae are Anabuena and Aphanizomenon.

Another way to divide the algae 1s to separate them with respect to the specific
ecological habit they exhibit Algae suspended in the water column due to their
own buoyancy are the phytoplankton. Algae attached to macrophytes are called
epiphyton Algae that occur in the upper levels of mud sediments are called
epipelic algae. Algae of most concexrn to the public are the phytoplankton and
the epiphyton. Both kinds may develop nuisance growth levels Some epiphytic
algae develop mat-like growth habits and occur almost as a 11d over macrophyte
communities An example 1s the dense mat of Oedogomium (a green alga) that
occurs over the water milfoil macrophyte community in Lake Wangra, in Madason,
Wisconsin (Figure 68).

C  IMPORTANT WATER QUALITY PARAMETERS

Brief mention of the more important measurable water quality parameters is made
here Methods of measuring certain parameters needed for use as ground truth
data in remote sensing are discussed in Chapter III

For methods of measuring inorganic and organic water chemistry parameters,
refer to Golterman and Clymo (1965) and to Standard Methods for the Examination
of Water and Waste Water, American Public Health Association (1971)

1 Phosphorus {P)

Phosphorus 1s the least abundant of the major plant nutrients and most commonly
limits growth of plants in lakes (Vollenweider 1971), Measurements of only the
dissolved inorganic phosphate 1n water are meaningless since this inorganic
phosphate 1s only about 5% of total phosphorus (Wetzel 1975)}. Most of the
phosphorus in lakes 1s in the organic phase (Wetzel 1975)  About 70% of the
organic P 1s particulate (sestonic), the rest 1s dissolved or colloidal

Total phosphorus in lakes ran%es from less than 5 pg 17'* for the most olagotrophic
lakes, to more than 100 ug 1% 1n hypereutroghlc bodies of water (Vollenweider),
Most eutrophic lakes range from 30-100 pg 1~ The measurement of phosphorus
loading to lakes requires analysis of P concentrations in both drainage waters and
hydrologic inputs There 1s little correlation between sediment phosphorus and
lake productivity (Wetzel 1975). More important are conditions related to
phosphorus exchange between sediment and the water column  Productivity of

lakes can generally be reduced by limiting phosphorus input.

* pg 17! = microgram per liter = 1/1,000 miligram per liter
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2  Naitrogen (N)

Since plant growth in oligotrophic lakes is often limited by phosphorus, many
of these lakes can actually have a large surplus of nitrogen The nitrogen
cycle in lakes 1s regulated primarily by bacteria In very eutrophic lakes,
nitrogen available for growth may be low Faxation of atmospheric nitrogen by
microorganisms (conversion of nitrogen gas tc ammonium) requires an energy
output by plants in the lake Large quantities of usable nitrogen may enter

in the groundwater routes rather than in surface flow (surface entries to lakes
are more common forxr phosphorus). Total N may range from less than 400 to more
than 3700 mg/m® (miligrams per cubic meter) (Wetzel 1975)

3 Chlorophyll a

Chlorophyll a can be used as an index of eutrophication, since chlorophyll is
a component of suspended algae (phytoplankton) Chlorophyll a 1s used this
way in Michigan's inland lake Self Help Program *

4  Water Clarity

Secchi disc measurements of water clarity are commonly used, the Michigan
Department of Natural Resources is using such measures along with chlorophyll a
in their survey of Michigan lakes. A Secchi disc disappears from sight at a
depth at which 5% to 10% of the transmitted light occurs  From the Secchi dasc
readings, approximate extinction coefficients for light in the lake can be
calculated (Ruttner 1963).

5 Organic Carbon

Organic carbon 1s central to the metabolic dynamics of lakes and streams, and
1ts importance cannot be overemphasized Most of the organic carbon of natural
waters 1s either dissolved organic carbon (DOC) or particulate organic carbon
(POC). The ratio DOC POC 15 from 6 1 to 10:1 1n most lakes and streams. As
eutrophication increases, total organic matter increases, and the ratio of DOC
to POC increases disproportionately Living POC 1s a small percentage of total
POC  Lakes can receive organic carbon from the watershed, from the littoral
macroflora, and from photosynthate excretion by algae Macrophytes excrete
about 5% of their photosynthate to the lake during growth, and provide large
amounts of organic carbon to the lake upon their death and decay Extensive
allochthonous inputs of refractory (relatively less degradable than labile)
organic carbon produce the brown water of dystrophic lakes.

References to methods of analyses for the different fractions of organic carbon
may be found in Golterman and Clymo (1969) See Wetzel (1975) for an

excellent review of the subject and Melchiorri-Santolini and Hopton (1972)

for detailed reports and discussion

* D P, Tierney and A. Massey, Inland Lake Management Unit, Water Quality
Appraisal Section, Bureau of Water Management, Michigan Department of
Natural Resources personal communication
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D LAKE CLASSIFICATION

Lake§ are classified on the basis of their trophic state, This classification
considers both rates of supply of organic matter from autotrophic and
allotrophic sources (Figure 1). However, primarily only the phytoplanktonic
photosynthetic contribution of autochthonous formation of organic matter has
Egﬁgrc3n51dered The contribution of littoral zone macrophytes has been

e

FIGURE 1. Classical Trophic Lake Types (from Wetzel 1975, as modified
from Rodhe 1969)

3. DYSTIROTHY
(Huric Laker)

allotrophy

1 OLIGCTROPJIY 2. EUTROPUY
(Clear Lales) {Algal Lales)

autotirosiy

Notes for Classification

ALLGTROPHY= refers to biological productivicy
1nfluenced by an outside source

AUTOTROPHY - refers to biological produclivity
ynTluenced by a source an the late

1 g1igotrophv= refers Lo low biclegical produc~
tivity rcsuiving in cleal water

2 futrophy = refers to hign biologicat produc~
Livity causing cutrophic labes

3 Dystrophy = refers to large amounts of iesi1s-
tant humic substance ceusing
brown water or humic lakes
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A more current view of lake classification has been established by Wetzel;

the reader i1s referred to his recent text (Wetzel 1975) in which the modern
view is extensively described. The following paragraphs briefly summarize
points that are relevant to this report. The discussion of the evolution

of different lake types emphasizes the role played by organic matter inputs.
The discussion also considers that the productivity of lakes ificorporates

the plants of the littoral zone. As pointed out by Wetzel, the tendency
persists among North American limnologists to exclude littoral zone production
dynamics when considering whole-lake metabolism. The role of the littoral
zone has even been ignored in several recent modeling simulations.

1 Oligotrophic Lakes

Oligotrophic lakes have low primary productivity (low production of organic
matter within the lake), mainly due to low input of inorganic nulrients from
outside the lake Such lakes are often relatively large and deep. Low
production results in low decomposition The hypolamnion {lower zone of water,
beneath the thermocline or region of rapid temperature decrease with increase
in depth) 1s high in oxygen. The high oxygen levels result an rather low
nutrient release from the sediments, reinforcing the low primary productivity
In oligotrophic lakes phytoplankton and littoral vegetation are much less
wmportant (in terms of numbers and productivity) than in more nutrient-rich
lakes. The low levels of organic matter mean alsc that chemical complexing
of organic materials with inorganic nutrients 1s reduced., This chemical
complexing is amportant for phytoplankton growth. Such oligotrophic lakes

are considered clean by the public. Devil's Lake in Wisconsin, Lake Superior
in North America, and quite a number of alpine lakes in the world are examples
of classical oligotrophic lakes. However, it 1s aimportant to remember that

a continuum or gradient exists among the various lake types described here.

L 3

2 Hardwater Marl Lakes

Wetzel has suggested that the development of a eutrophic lake from an
oligotrophic lake can be affected by the input of carbonates and associated
cations Lakes can be sustained in a state of reduced productivity by the
lowered nutrient availability that exists in hardwater marl lakes. Such lakes
are important to identify in any classification scheme used in the vicinity
of the Laurentian Great Lakes; about 11% of lakes in Michigan are estamated

to be marl lakes

Under the extremely buffered conditions of such lake water, a large numbex

of inorganic-organic interactions occur For example, phosphorus, iron, and
manganese form insoluble compounds  The pramary production that does occur
31s dominated by certain macrophytes such as Seirpus subterminalis. Low
production of organic matter leads to low levels of dissolved organic compounds,
which in turn support only low numbers of bacteria. The paucity of bacteria
implies poor production of organic micronutrients, which in turn limits algal
growth  Low available inorganic carbon (due to very high pH) also reduces
the photosynthesis of algae Thus, a complex feedback loop exists to limit
productzon i1n lakes which, on the basis of large inputs of phosphorus, would
otherwise become eutrophic
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3  Bog-dystrophic Lakes

The most common materials in allochthonous imports to lakes are the decay-
resistant humic substances from terrestrial plant remains. Dystrophic or
humic lakes are those that receive large inputs of such resistant substances.
Christman and Ghassemi (1966) poxnt out that natural waters with a yellow to
brown color are common in many parts of the world, The coloring compounds

are thought to be complex polymers of phenolic compounds which Christman and
Ghassem1 have further shown to be chemically similar to bark and soil extracts.

Dystrophic lakes may develop a dense littoral community of bog plants,
dominated by Sphagnum moss In typical bog lakes the littoral vegetatiocn
completely dominates that lake and 1s the supply of organic matter, both
dassolved and particulate At the same time, phytoplankton production in

the open water 1s low. Dystrophic aquatic systems include both lakes which
receive extensive inputs of humic substances from terrestrial sources, and
closed bog lakes with extensive littoral vegetation. The large allochthonous
loading of humic materials and the low pH that occurs from the cation exchange
processes 1n the littoral bog vegetation result in decreased microbial
metabolism This produces an accumulation of organic matter and a reduction
in nutrient availabilaty  Such factors preclude high photosynthesis by the

phytoplankton populations, even though adequate free carbon dioxide 1s
avallable

4  Eutrophic Lakes

Eutrophic lakes contain positive feedback loops which act to maintain the
highly productive, eutrophic state, within certain limits. High levels of
inorganic nutrients from the watershed lead to high algal and macrophytic
photosynthesis  The hagh productivity of these plants produces a high level
of organic matter in the lake, which increases bacterial numbers and activity
Extensive bacterial use of oxygen below the photic zone (zone of sufficient
light for photosynthesis) preduces an anaerobic (oxygen deficient} hypolimnion
Low oxygen at the lake bottom encourages high nutrient release from sediments
High levels of bacterial activity provide for the complexing of inorganic
nutrients with organics, making the inorganic nutrients more available to
algae for growth In this report eutrophic lakes will be those with biomass
caused either by algae, macrophytes, or a combination of these types. Both
algae and macrophytes can be detected by remote sensing systems

5, Interrelationships and Common Ontogeny of the Four Main Lake Types
Figure 2 indicates the factors that lead to the three main lake types that

can develop from oligotrophic lakes Note that marl lakes can develop into
either eutrophic or bog-dystrophic lakes
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FIGURE 2 Outline of Common Ontogeny of Four Main Lake Types
{from complex diagram of Wetzel 1975)
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As wi1ll be detailed in Chapter V, proper analysis of satellite data yields
different reflectance signals from oligotrophic and marl, humie, and eutrophic
lakes It 1s also possible to ascertain various degrees within each class

and to determine lakes that fall between one class and another. Signals
originating from sand bottoms are alse unique and can be classified and
mapped by computer analysis of satellite data

ORIGINAL PAGE IS
OF POOR QUALITY
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ITI. WATER QUALITY PARAMETERS ASSOCIATED WITH REMOTE SENSING

The quality of fresh water depends on a large number of factors. Many have no
correlation to parameters recorded by remote sensing (Scherz, Graff, and Boyle
1969), The water quality parameters that can be measured by remote sensing

are associated with characteristic modifications of backscattered sunlight
{energy) The water quality parameters that relate most directly to the energy
signal backscattered from the volume of a lake are turbidity, various measures

of solids, and water color (Scherz, Klooster, and Van Domelen 1973, and Scherz
and Van Domelen 1975)

A TURBIDITY, PARTICULATES, AND THE REMOTE SENSING OF WATER QUALITY

If light impinges downward on very clear water of infinite depth, the signal
that returns upward to a sensor will be that backscattered from the surface
and from water molecules. Light in distilled water will penetrate to more
than 100 feet and the samll amount of energy that i1s backscattered from the
pure water molecules will be primarily blue 1n color. Figure 30 shows a
picture of Lake Superior where the water at site a 1s of a qualaty approaching
that of distilled water. The water at site a also has a depth of about 1,000
feet This site 1s an approximation of pure water of infinite depth

As very fine rock particles are added to clear water, the backscattered signal
shifts to the color green  Examples are Lake Louise in Alberta, Canada, where
the material is glacial rock flour and the Silver Bay, Mimmesota area where
fine taconite particles have added a green halo to the waters of Lake Superior.
The transmittance through such green halo water can still be quite high — wup
to 10 feet or more.* As larger particles are added to water the color of the
backscattered signal shifts to the color of the material i1tself

The total amount of visible light energy backscattered from a column of watexr
can be measured as the turbidity of the water Any airborne sensor operating

in the visible region measures backscattered light from a column of water One
would expect instruments sensitive to all light to give results that correlate
to turbidity. Scherz, Crane, and Rogers (1975} demonstrated good correlation
between turbidity and remote sensing imagery from a variety of natural water
types. Therefore, there 1s a primary correlation between remote sSensing lmagery
and turbidity  Instruments that measure turbidity, such as the Hach turbadity
meter do not differentiate light of different colors. Turbidity i1s therefore

a color-blind measurement and falls short of multicolor needs. However, because
turbidaity 1s the only traditional water quality parameter that by definition

and by proven observations can be universally correlated to remote sensing
imagery, 1t 1s the most important parameter 1in the remote sensing of watex
quality.

Figure 36 1llustrates that the strength of the backscattered signal correlates
with turbidity Praimary correlations depend only on the optical properties of
the medium, and thus only to turbidity which 1s by definition an optical
parameter :4, -
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Fine precipitdting particles of calcium carbonate in marl lakes can also cause a
blue-green backscatter See Appendix E.

*



22

The particles that cause light to be backscattered can be inorganic or organic
material. The amount and size of particles in the water as well as their
composition determine the amount and type of light backscattered The correlation
of secondary water quality parameters to backscattered laight depends on the
composition of the solid materials and how these materials correlate with
turbidity  For example, 1f an inorganic waste from a steel mall dascharges into

a clear body of water, the weight of ferric iron may correlate with the amount

of particulate material in the water. Thas particulate material causes the
backscatter and correlates with the turbidity and the turbidity correlates with
the signal on the remote sensing image (Scherz 1972). So 1n this case, the

Temote sensing imagery correlates not only with turbidity and weight of solads,
but with iron as well

However, 1f the material in the water 1s green algae and not i1ron, the
correlation will be different With the algal case, the correlation can be
extended to chlorophyll a concentration (a property of all algae). In both cases
the specific correlataons (with iron or with chlorophyll a) are secondary
correlations Figure 3 1llustrates that there 1s a different correlation between
turbidity and the weight of three different types of suspended soclids in water.
These materials are algae, rock flour from a taconite rock crushing operation,
and humic material

FIGURE 3. Correlation of Suspended Solads to Turbadity for Three
Lake Types {Scherz and Van Domelen 1975).
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If the correlation between a particular suspended solid and turbidity is

known, 1t is possible to measure turbadity from remote sensing data (a primary
correlation) and then use a solid-turbadity curve such as that in Figure 3 to
find out what the suspended solid concentration i1s from the secondary correlation.

In summary, the strength of a single band of backscattered energy correlates
primarily only to turbidity. Therefore, theoretically turbidity can be mapped

by a single remote sensing signal providing one type of material enters a uniform
water Other parameters can also be mapped 1f their correlation to turbidity

1s known for that particular situation.

1  Field Methodology for Ground Truth Measurements of Particulates

Sampling methods for open water ground truth measurements depend heavily on the
accuracy amd type of information required as well as the amount of time avallable
for sampling. Because many open water solid concentrations change so rapidly,
samples should be taken as close to the time of overflight as possible, Since
materials can be heterogeneously distributed i1n a lake (Hutchinson 1967), a
method must first be derived for referencing the sample location  Marker panels
on the lake may be used for small-scale investigations, whereas large-scale
investigations (L.e, 1n a satellite) must rely upon simple navigation skills

for proper locations in the lake in question.

Water samples may be taken at the surface by dipping, or at various depths with
bottle samplers (Schwoerbel 1970), or by using a hose and pump As will be
described in Chapter V, the water sample should be integrated from the surface
to the depth to whach light no longer penetrates in order to correlate the
acutal water quality with what the remote sensor records. Samples taken by
water bottles are often mixed in representative proportions for assessing the
amount of material present throughout the water column Water samples should
be iced in polyethylene bottles and immediately taken to the laboratory for
analysais.

A quick method for determining turbidity of a water sample in the field uses

the Seccha disc (Hutchinson 1957). The Secchi disc is a white or black and

white disc that 1s lowered into the water until the disc i1s no longer visible

The depth of disappearance 1s called the Secchi disc depth There 1s a correlation
between turbidity and the Secchi disc depth because both are measures of the

amount of laght backscattered by materials in the water

Figure 4 shows a correlation between Secchi disc depth and turbadity for numerous
water samples from many different lake types in Wisconsin. It must be pointed
out that the Secchi disc reading depends upon many factors such as the type of
day, cloud cover, and the sharpness of the observer's eye The Secch:r dasc
reading 1s a simple, nonprecise field method for measuring turbadity, whereas

the turbidity meter i1s a much more precise, laboratory method



24

FIGURE 4 Relationships Between Turbidaity (T) and Secchi Disc Readings
(S) for Wisconsin Lakes Sampled During 1974/1975.
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2. Laboratory Methodology for Ground Truth Measurements of Particulates

The following methods represent the ones used by UW-Madison remote sensing
researchers in their water quality investigations. For convenience, sources
for the description of these methods are listed in Appendix A

The standard method for determining turbidity 1s the candle method. Turbidaty
measurements are based on the laght path distance thiough a standard water
suspension which just causes the image of a standard candle flame to disappear.
The longer the path length, the lower the turbidity. For example, a path length
of one inch implies a turbidity of about 1,000 Jackson Turbidity Units (JTU);
one foot, 200 JTU, and two feet about 100 JTU
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Recently, electronic turbidity meters have come into use, Their results are
expressed relative to the turbidity of standard formazin polymer SUsSPensions
(hence the units — Formazin Turbidaty Units oxr FTU's). Turbidities of
natural lake waters range from about 0.4 FTU's for very clear water up to
about 200-300 FTU's for very turbid water.

Suspended solids in water cause turbiadity (backscattering of laght}. However,
dissolved substances may influence turbidity by absorbing light which might
otherwise have been reflected, Figure 5 1llustrates the relationships among
turbidity, suspended solids,* dissolved solads, and water color.

FIGURE 5. Schematic Showing Relationships Among Turbadity, Suspended
Solids, Dissolved Solids, and Color.
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Suspended solids are commonly broken into two Categories, volatile and
nonvolatile The primary basis for this separation is to distinguish organic
solid material from inorganic solid material. All the organic material can
be volatalized by exposure to a temperature of 600° C for twenty minutes
Figure 6 illustrates the relationships among total suspended solids, volatile
suspended solids, and nonvolatrle suspended solids.

FIGURE 6  Schematic Showing Relationships Among Total, Volatile, and
Nonvolatile Scolids.
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% The positive gfbwth response of free floating algae to laKe enrichmént makes
these organisms a well-known indicator of water quality. In 'the open water zone
of lakes, chlorophyll a is found only 1in algae and represents a discriminative
test for their presence as well as their quantity Chlorophyll. a concentration

«sprovades the best secondary correlation between remote sen51ng'1ﬁegegy and
algal quantity (Thorne 1977)
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B MACROPHYTES AND THE REMOTE SENSING OF WATER QUALITY .. .. ‘ )
. i-
Aquatic macrophytes can play an Important and sometimes even dominant role in
the production dynamics of freshwater lakes  Although these plants are generally
limited to the shallow water zone at a lake's edgé, they may be very*patchy in
their distribution The spatial orientation of macrophytes (horizontal and
vertical) with respect to the lake surface may change with wind patterns  This
phenomenon can cause .differences in 1mage appearances. Encrustations of calcium
and magnesium carbonates or diatoms can also affect the appearance of these
plants on imagery. Therefore, sampling and remote sensing of aquatic macrophytes
must be done under carefully controlled conditiomns.

1 Field Sampling of Aquatic Macrophytes

Methéds for sampling aquatic macrophytes are almost as numerous as the number
of different types of macrophytes. Most methods have some features in common,
%nd the most common methods are included here

Because macrophytes are so patchy in their distribution, a number of samples
should be taken to assess the average den51ty of plant material  For most
macrophytes a sampling area of 0 1 meter? 1s sufficient for each sample taken
(this area, although not necessarily square, 1s known as a quadrat). To
encourage complete objectivity, statistical sampling designs are desirable
Samples can be taken at regular intervals along a line to cover all portions of
the plant community (called regular sampling design), but such sampling 1s not
statistically testable. To subject sampling data to statistical analysis, a
random sampling design may be employed In the random sampling design, the
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community 1s placed on a hypothetical grid system. Sample coordinates are

then derived from a random numbers table Although this design assures randomness
of sample location, 1t i1nvaites the possibility of missing important areas of the
plant community. To overcome this difficulty, the ainvestigator can employ a
stratified random sampling design Thas design assures random location of sampling
points as well as a sampling of all sections of the plant community Samples are
located in smaller grids along a line through the community. A number of sampling
point coordinates are randomly chosen in each of the smaller grids along the

line established through the plant community.

Statistical analyses of sampling data should include average biomass per unit
area (X), the variance (S?), the standard error Si’ the 95% confidence interval

and the minimum number of quadrats that can be sampled and still assume statistical
validity. Calculations for these values are presented as follows®

- Total of the observation

(1 z N where N = the total number of observations
N N
£x,* -7 (Zx )2/
(2) §* = TR where x = the 1th observation
§2 = the variance
(3) Si -5 where S = the standard deviation of the sample
VN
(4)y 95% CI = z ¥ to OSSE where CI = Confidence anterval
: toos = ¢ value from Student's t distribution
: with N-1 degrees of freedom at 0 95
probability level
df = degrees of freedom = N-1
2
(5) N = ooz
min O Oli where len = mininum number of quadrats which can be

sampled to give a standard error of 10%
or less of the mean, considered an adequate
sample for most purposes

As will be noted in Chapter VII, these sampling designs and statistical
calculations also can be used for analysis of imagery from aerial photography
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In the field, macrophyte stem density (instead of biomass) 1s often determined
as the number of stems counted within the quadrat The data are then converted
to numbers of stems per standard unit area (usually per metexr?) Plants may
also be physically removed from the community and transported in polyethylene
bags (iced) to the laboratory for analysis. Previous attempts to estimate
biomass of submergent aquatic macrophytes have involved difficult harvesting of
known lake surface areas using SCUBA. This method has proved difficult in
turbid water with canopy-forming species because the diver must operate by
touch, not sight. In response to the need for defining a quadrat of known
surface area and harvesting the macrophytes in the entire water column defined
by that area, numerous mechanical samplers have been tried. However, none are
as efficient as diving at this point.

Aerial photography also can be used in conjunction with field sampling to make
seasonal measurements of filamentous algae that often overgrow aquatic
macrophytes  Sampling points again are located by use of a statistical sampling
design  All plant material (algal and macrophytic) to a depth of 32 centimeters
should be harvested  Separation of filamentous algae from macrophyte stems 1is
facilitated by socaking them in a 20% formaldehyde solution for 30 minutes. Thas
sample material should also be iced in polyethylene bags for transport to the
laboratory for analysis,

2. Laboratory Methodology for Ground Truth Measurement of Macrophytes

Macrophyte density can be measured in terms of dry weight or ash-free dry
weight per meter? (biomass) as well as numbers of stems per meter? (plant stem
density) To assess the dry weight of a stand per unit area, the field sample
should be subsampled, weighed, and dried at 70°C for three days. By heating the
sample at a high temperature all the organic material in the plant sample can
be volatilized. The amount of ash (assumed to be 1norganic material associated
with the plant) can be assessed. Subtraction of the weight of the ash from the
total dry weight yields a number proportional to the organic matter content of
the plants This quantity is the ash-free dry weight

C TIMING OF REMOTE SENSING SAMPLING

If the discharge from a continuous industrial operation such as a paper mill
1s being monitored, i1t 1s easy to sample and compare data from one day to the
next Also, data taken in one month can reliably be compared to that taken
in another month and a consistent indication of the status of the industrial
operation can be oblained The only variable here 1s the addition of the
essenti1ally unchanging pollutant to the water used by the industrial operation

In classifying lakes, however, sampling 1s not such a simple matter. Lake water
properties are dynamic and change with the seasons There 1s little basis for
comparing a Secchl disc reading taken in May to another in August  The changes
of the Secchi disc readings in one lake taken in May and August may be much
greater than the changes from one lake to another Figure 7 shows the monthly
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Note the period

fluctuation in water turbidity as measured by the Secchi disc.
Note also that

of minimal turbidity (maximum light penetration) late in May
turbidity seems greatest in the months of July and August

FIGURE 7 Plot of Light Penetration Verses Time (Madison Area Lakes)
(from Stauffer 19674).
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Figure 8 shows the seasonal fluctuation of suspended solids in Duluth Harbor,
Lake Superior The heavy concentration of solids in early spring 1s apparently
due to silt and other material carried into the lake during and after the
spring thaw. The high concentrations of nutrients from thas Tunoff also are
available for some early green algae and diatom production. The type and
duration of runoff and the rate at which the water warms in early spring to
support early algal growth can vary greatly from lake to lake. Note also 1n
Figure 8 that there 1s another peak in suspended solids in late August. As will
be shown in Chapter V, other indicators show that maximum algal growth usually
is in late August Limnologists have long known that open water phytoplankton
biomass 1s high in spring and again in late summer. The summer peak in biomass
production 1s generally more reliable than the spring maximum and more indicative
of the lake's trophic state (Hutchinson 1967) Many aquatic macrophytes also
reach a peak biomass in late summer (Adams and McCracken 1974). Considering all
these data, the ideal time for remote sensing for detecting biomass or for lake
classification seems to be the latter part of August to the first part of
September

FIGURE 8. Effect of Seasons of Year on the Total Suspended Solids at
Duluth Harbor, Lake Superior {from Sydor 1973)
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IV. REMOTE SENSING  BASIC CONSIDERATIONS

To understand how remote sensing can be applied as a tool for monitoring water
quality, 1t 1s first necessary to understand how remote sensing works  Thas
chapter gives an overview of the electromagnetic energy spectrum It also
describes remote sensing instruments that have the greatest potential for
monitoring water quality from either aircraft or satellites

A BACKGROUND

Remote sensing 1s detecting the nature of an object without actually touching
1t The term 1s new, but man has used rudimentary forms of remote sensing for
centuries By using his sense of sight, for example, he knows that white flakes
falling to earthin winter 1s snow.

The camera was probably the first mechanical remote sensing device and 1s still
the most important today It was invented about 1839 and was used in 1849 to
make maps for the U S Army Corps of Engineers During the Civil War cameras
were mounted on balloons and used for aerial reconnaissance In World War II,
infrared film added another facet to aerial photography Camouflage netting
reflects infrared energy in an entirely different way than vegetation  Infrared
photography could easily differentiate between the two, although they appear
similar to the human eye Recent developments in aerial photography such as
color film, color infrared film, and multiband photographic systems, have greatly
increased the amount of useful information that can be obtained from aerial
photographs

The human eye has a spectral range of 0 4 to 0 7 microns * The spectral response
of photography is about 3 times as wide, ranging from 0 3 to 1 2 microns Except
for special films used in astronomy etc , most films used for remote sensing work
are designed to sense from 0 38 to 0 9 microns Other remote sensing instruments
operate in parts of the electromagnetic spectrum well beyond the range of the
human eye o1 even of special photography (Figure 9) For example, 1t 1s possible
to use infrared thermal scanners in an open field at night to count deer by
sensing their body heat It 1s also possible to sense differences in water
temperature down to #5°C by using airborne thermal radiometry or a thermal
scanner

Since World War II, radar instruments have been developed that can penetrate
dense clouds and obtain i1mages of almost photo-like quality day or night Waith
airborne magnetometers submerged submarines and magnetic 1ron ore can be detected
Instruments that "look at" the ultraviolet scatter from the atmosphere have been
able to detect mercury vapor given off by underground ore deposits

w® -
1 micron (u) = 10 % meters = 1/1000 maillimeter
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For water quality investigations the photographic region of the electromagnetic
spectrum from 0,38 to 0 9 microns and the thermal regions of 3.5-5 5 and 8-14
microns are most useful. This report deals primarily with the 0.38 to 0.9
micron region of the electromagnetic spectrum and with aerial cameras and
mulitispectral scanners that operate in this regioen,

B. THE ELECTROMAGNETIC SPECTRUM AND BASIC RELATIONSHIPS

Electromagnetic energy operates as a wave function. The length of any wave (A)
1s equal to the velocity of propagation of the wave (¢}, divided by the wave's
frequency (f), or A = ¢/f

Energy can be defined by either its frequency, which 15 usually the case when
discussing radio energy, or by i1ts wavelength In this report energy will be
defined by 1ts wavelength For example, visible light 1s composed of energy
from 0 4 to 0.7 microns in wavelength Visible light is either caused by
energy emitted from a hot object such as the sun, light bulbs, or flares, or
by reflection of such energy from these sources

Any object which has a temperature above 0°Kelvin (K) emits energy according
to the Stefan-Boltzmann Equation:

W=oceT" where, W = Radiant Emittance
(watts/cm?)
o = Stefan-Boltzmann Constant
(f. 67x10 '?watt/cm?-deg")
€ = Emissivity Factor
T = Degrees Kelvain

This equation defines a theoretical blackbody curve and points out that
emittance energy 1s dependent on temperature

The theoretical blackbody (or object) 1s the standard against which emitted
energy from a real object 1s compared If a blackbody was at a temperature of
about 300°K the radiation distribution curve would peak at about 10 microns
{Figure 9) As the black object, say a piece of black iron, bescomes hotter

1t radiates more energy because the molecular interactions become more rapid
The frequency of wave propagation increases, and the energy distribution curve
shifts to shorter wavelengths (to the left in Figure 9) As the temperature
of the black object continues to increase, the radiation curve first intercepts
the long wavelengths of the visible spectrum and the object glows with a dull
red color  With higher temperatures the spectral shift continues and the colox
changes to orange, yellow, and white, respectazvely If an object 1s hot enough,
1t might appear the same color as the sun, which corresponds to a blackbody
curve at a temperature of about 5800°K  Exceedingly hot stars, hotter than
our sun, actually have a blue color because of further shift in these curves
toward the shorter wavelengths with greater temperatures.
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FIGURE 9. The Electromagnetic Energy Spectrum
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White light can also be broken down into its component colors or wavelengths

by passing 1t through a prism or grating Wavelengths from approximately 0.4

to 0 5 microns appear blue to the human eye, those from about 0 5 to 0 6 microns
appear green, and wavelengths from about 0.6 to 0.7 microns, red Energy with
wavelengths shorter than 0 4 microns 1s called ultraviolet (UV) energy, and
energy with wavelengths longer than 0.7 microns 1s called infrared (IR) energy
(Figure 10).

Cameras are limited to the 0 3 to 1.2 micron range because photographic emulsions
are not sensitive to wavelengths longer than 1 2 microns and the atmosphere
scatters energy with wavelengths shorter than about 0 3 microns, effectavely
blocking i1t from the camera's lens Another factor 1s the wavelengths that can
pass unhindered through the particular type of glass in the lens. Also, very
little of the sun's total energy occurs in wavelengths longer than 1.2 microns
Atmospheric absorption also occurs in the longer wavelengths (Figure 9 and

Figure 11)
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Visible And Near Visible Spectrum

FIGURE 11
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C  ATMOSPHERIC EFFECTS

Certain materials existing in the atmosphere, such as moisture, carbon dioxade,
and ozone cause some of the energy passing through it to be absorbed or blocked
{(Faigure 9). Also shown an Eigure 9 are clear bands or '"windows" in the
atmosphere through which energy can pass with considerably less interference.

Because the blackbody radiation curves for objects of average earth surface
temperatures peak at about 10 microns, the far infrared window (8-14 microns)
1s the most efficient for thermal sensing. The middle infrared (3.5 to 5.5
microns) window 1s also commonly used for thermal scanning because 1t 1s less
costly to construct and use instruments that operate in this region.

D REFLECTION CHARACTERISTICS

Since solar radiation contains all wavelengths that comprise the colors blue,
green, and red (as well as ultraviolet and near infrared)}, 1t appears white
because the combination of these three basic colors makes up whaite light On
a hazy day, sunlight may appear yellow because the shorter wavelengths of blue
light are scattered by the haze and dust suspended i1n the atmosphere Yellow
laght, composed of green and red, can pass through the haze

Every object in the world appears to have its own characteristic color because
of the selective absorption and reflection characteristics of the object A

blue material for example, might have a reflection curve as shown in Figure 12,
while a purple object would reflect red as well as blue light

FIGURE 12  Energy Reflected From a Blue Object
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Objects can be separated on the basis of their characteristic refiection curves
in parts of the ultraviolet and infrared as well as in the visible region of
the spectrum. By semsing 1n the ultraviolet and infrared bands, two objects
sometimes can be distinguished which appear to have the same color in the
visible spectrum. ILiving vegetation has a much greater infrared reflection
than green (camouflage)} netting (Figure 13} When these two objects are
photographed in the visible portion of the spectrum, they appear the same, but
when photographed waith infrared-sensitive film, the difference 1s obvious.

FIGURE 13  Typical Reflection Curves for Live Green Vegetation and
Green Netting Material
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E  EBNERGY BALANCE

When sunlight strikes an object some energy 1s reflected depending on the
reflection characteristics of the material  That energy not reflected may

be absorbed Energy absorbed raises the object's temperature and 1s reradiated
at longer wavelengths according to the blackbody curves,

In the case of a translucent or semi-transparent medium such as the earth's

atmosphere, some energy 1s scattered, such as blue light on a hazy day The
sunlight which is not scattered, the yellow light, passes through. Some of

the energy 1s absorbed and heats the atmosphere In general, then

Total Enexrgy = Energy reflected + Energy scattered + Energy absorbed

ORIGINAL PAGE 18
OF POOR QUALITY
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This 1s the general energy balance equation which applies not only to the
atmosphere but also to all objects which receive radiation such as water

and objects within water For example, the sun's energy striking a water
body 1s either reflected from the water surface, or scattered from particles
withaint the water volume, or absorbed and converted to heat.

F PHOTOGRAPHY
1. Black and White Film

Ordinary film 1s made of a light-sensitive emulsion of silver salts (silver
halides) painted onto an appropriate plastic backing or support (Figure 14)
An emulsion can be made sensitive only to ultraviolet and blue light as is
the case with the emulsion on most photographic prainting paper  Because of
this feature, a red or yellow safelight does not expose printing paper The
emulsion on black and white film can be made sensitive to ultraviolet, blue,
and green 1ight, such a film 1s call orthochromatic film With this type of
film only a deep red safelight can be used Yet another emulsion can be
produced which 1s sensitive to ultraviolet and all of the visible colors
including red Such a black and white film 1s called panchromatic fiim and no
safel1ights can be used with 1t Because 1ts sensitivity range is the same as
the human eye, black and white panchromatic film 1s the optimum film for most
conventional uses

FIGURE 14. Cross Section of Black and White Falm,

Emulston of
silver salts
Support

When panchromatic film 1s exposed by light focused through the camera lens, all
of the visible light sensitizes the grains in the emulsion. The captured image
1s not visible, however, until the film 1s put into a developer solution where
the sensitized grains of silver salts are changed into particles of pure black
silver Next, the film is washed in an acadic stop bath to stop the action of
the developer It 1is then put into a hypo (fixer} solution which washes out
the unused silver salts, and finally 1t 1s rinsed with water and dried
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The resulting image 1s black and clear with intermediate tones of grey which
correspond to the light reflected or emitted by the object photographed

Where the light reflected from the object was bright, the film turns black
Conversely, where no light was reflected from the object to the film, the image
will be clear. The film tones are opposite to the tones as they exist in
reality and the film is called a negative. To get a positive print, laight is
passed through the negative to expose the printing paper emulsion. The print
1s then processed i1n much the same manner as the film.

Most untreated silver salt emulsions are sensitive to only the ultraviolet and
shorter wavelengths of the visible spectrum, 1 e, blue laght. By treating
these silver salts with special dyes 1t 1s possible to make the film sensitive
to longer wavelengths By further treating the emulsion during its manufacture
1t 1s possible to extend the emulsion's sensitivity into the near infrared
region (0 7 to 1 2 microns) (Figure 15) The result 1s called black and white
infrared f1lm
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FiIGURE 15 Sensitivities of Varibus Black and White Emulsions
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With black and white infrared film, as with panchromatic film, the image 1s

black and whaite with intermediate tones of grey Contact prints and enlargements
can also be made in exaclly the same manner as with panchromatic film  The

only difference is that man's use of the spectrum is slightly more effective

because he can photograph images caused by energy wavelengths longer than those
he can see
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2, Normal Color Film

An advancement that made photography more useful was the manufacture of normal
color film. Although color film emulsion consists of silver salts, it differs
from black and white film because 1t has three layers (Figure 16). Each layer
performs much the same job as the single layer on the black and white film
except that by means of special treatments during manufacture, individual

layers are made sensitive to separate colors of the visible and near visible
spectrum. The top layer in most color films 1s sensitive to blue light, the
second 1s responsive to green and blue light, and the bottom layer reacts to
red and blue 1light. A blue-blocking filter 1s built into the emulsion between
the top two layers which prevents blue light from exposing the bottom two. This

results in three emulsions, each sensitive to blue, green, and red light,
respectively (Figure 17).

FIGURE 16, Cross Section of Normal Color Film
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Color film 1s exposed in the same manner as black and white film. Light entering
the camera 1s captured on the layer or layers of the emulsion corresponding to
the color or combinations of colors of the original scene The first steps of
the color developing process accomplish much the same thing as the development of
black and white film - exposed halides in each layer are turned into black
crystals of silver salts. The remainder of the processing depends on whether

the film 1s color negative or color reversal film, A color negative film
produces a negative prior to the print Color reversal film results in a correct
tone color transparency directly from the film, e.g., a color slide

The exact development process for a color film depends on the film manufacturer
and the chemistry for that particular film However, in the interests of
simplicaity, some generalizations can be made in describing the development
process for both color negative and color reversal films (see Appendix B). 1In
any color photographic process, the resulting picture is actually three individual
images. With normal color film, be 1t color negative or color reversal type, the

final color tone 1s matched as closely as possible to the original color of the
object

3. Color Infrared Film

The color infrared film used today also has three emulsion layers — each
sensitive to a different part of the spectrum As with black and white emulsions,
the silver salts of the color film can be treated chemically during manufacture
to alter the spectral sensitivity of each layer Figure 18 1llustrates the shift
in peaks of the sensitivity curves for the three layers The sensitavity of

the yvellow-forming layer (originally sensitive to blue light) now 1s sensitive to
ultraviolet, blue, and green light The magenta-forming layer (originally
sensitive to green light) has its sensitavaty peak shifted to the red portion of
the spectrum while 1t remains sensitive to ultraviolet light  The third layer
(originally sensitave to red light) has its sensitivaity extended so 1t will react
to both ultraviolet and infrared light

FIGURE 18 Sensitavity of Color Infrared Film
Kodak Type 8443,
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In color reversal development the
yellow layer changes to 1ts
complement blue, magenta to green,
and cyan to red.
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As a result of this sensitivity shift, any item that reflects ultraviolet,
long-wave red, and infrared light will appear red on the final processed
picture. Items reflecting green light will show blue, and reflected red

light will appear green For this reason the film 1s commonly known as faise
color film For operational use-a yellow filter is used that abSorbs blue
energy, converts 1t to heat, and does not allow 1t to reach the film. With
such a "minus-blue™ filter a blue object appears black, a green object appears
blue, a red object green, and an object reflecting infrared energy appears
red. In other words, when color infraved film 1s used with a yellow filter
the colors are shifted one color toward the longer wavelengths.

4 Filters .

Another variable that must be considered when using photography for remote
sensing - the wavelengths of energy that reach the emulsion — can be governed
by placing filters between the object and the emulsion Filters are used to
keep the unwanted part of available laght from falling on the emulsion  Often
two 1tems may appear to reflect the same color when viewed in the visible
portion of the spectrum but may have different reflection characteristics in
the near infrared region (Figure 13) In addition to using the red forming
layer of color infrared film to show this difference, black and white film
could be used with a filter to block all the visible light and allowing only
infrared energy to pass to the infrared sensitive film

Filters are available in either glass or dried gelatin film form, the latter
being less expensive and easy to cut to a desired size. Since there 1s a large
selection of filters to choose from, a choice 1s made much easier by consulting
a publication on filters available through photo dealers. The proper selection
of a filter 1s a function of the spectral response of the 1tem to be sensed.

In the above example where 1t was desired to photograph only in the infrared
region of the spectrum, 1t is necessary to cut out energy of wavelengths below

0 7 microns. To do this one of the #87 series of Kodak Wratten filters could

be used. Because this filter blocks out the shorter wavelengths, 1t 1s referred
to as a short wave blocking filter. Various other short wave blocking filters
are avilable to screen out different wavelengths across the photographic
spectrum (Figure 19)

Occasionally only a narrow band of the spectrum is of interest Many filters
are available which allow the transmission of only a specific band, depending
on the spectral location of the band and ats width (Figure 20) If the exact
area of interest can not be 1solated by using an existing filter, two or more
filters can be used together To obtain the desired results  However, best
results are normally obtained by using the least number of filters as possible
because extra filters cause light loss and image distortion
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FIGURE 19. Typical Transmission Curve for Short Band Blocking Type
Wratten Filters.
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FIGURE 20. Narrow Band Pass Filter (Kodak Wratten Filter #48)
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A haze filter is one of the short wavelength blocking ‘types that filters out
short waves in the blue and ultraviolet region  Since very short waves are
more easily scattered by the atmosphere than longer wavelengths, the short
waves cause haze and give the sky 1ts characteristic blue color. Haze 1s

almost always used

Although the longer wavelengths give better haze penetration, filtering out
shorter scattered visible light causes loss of detail in the shadows. Details
in shadows are 1lluminated by blue skylight In some cases, i1t may be necessary
to pack up these details, them the shorter blue light should not be filtered out.
The proper choice of filter depends on the particular application

5 Cameras

One of the variables in photography - the amount of energy reaching the film —
1s controlled by proper use of the camera. The camera 1s perhaps the mest
important instrument in remote sensing because 1t 1s relatively inexpensive and
15 capable of projecting an extremely high quality image onto the film.

The camera, in 1ts simplest form, 1s nothing more than a black box with a
pinhole that allows light to pass into 1t and expose the film. Many improvements
have been made Some of these include the addition of a lens system to replace
the pinhole, an adjustable aperture to control the size of the lens opening,

a shutter control to regulate the time the shutter remains open, a film advance
mechanism, light meters, and many other devices to control variables and increase
the ease and speed of operatzon

The shutter opens for a prescribed period of time to allow light to enter and
expose the film. Numerous types of shutters have been tried and are in use today
The common types are between-the-lens shutters, used extensively in aerial
photography, and focal plane shuiters

For precise photometric analysis the between-the-lens shutter is preferable
because the opening and closing of the lens uniformly changes light intensity
across the film There 1s a falloff of light near the edges of the photo due

to the lens. But this falloff 1s predictable with the between-the-lens shutter,
and such falloff can be corrected for. With the focal plane shutter, however,
the shutter i1s like a slit in a window shade that passes over the fiim Not
only 1s there lens falloff, but the shutter itself causes an additional
differential in exposure as the shutter speeds up and slows down This variable
shutter exposure changes from camera to camera, and with temperature and shutter
speeds It 1s extremely difficult to remove focal plane shutter effects in photo
analysis work  However, cameras with focal plane shutters are more versatile,
cheaper, and more commonly used Therefore, focal plane shutters are often the
most economical means of obtaining images for photo interpretation and for
photometry work where shutter effect may not be significant or where standard
field reflectance panels are used to eliminate such effects
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The camera pinhole has been replaced by a lens but the geometry 1s still much
the same as with the pinhole camera The fact that the opening 1s made larger
by the lens diameter means that more light can enter the camera and exposure
time can be decreased However, as the diameter of the lens opening increases,
image distortion increases and there 1s a decrease in depth (or field) of focus.

The pinhole camera is in focus for all objects no matter what their distance
from the camera. When a lens is used instead of the simple pinhole, the lens

maker's equation for relating the object distance, image distance and focal
lengths must be considered.

1
%-= T+ %— f = focal length of the lens
1 = image distance
o = object distance

For a given '"i'" distance, "o" can be changed by a certain amount and not cause
the 1mage to go out of focus. This leeway in the "o" distance 1s called the

depth of field The larger the lens diameter, the shorter becomes the depth of
field

The focal length of any lens divided by the diameter of its opening gaves a
number known as the aperture or '"F" of the lens. This F 1s an expression of
the brightness of the image striking the film Modern cameras have a diaphram
which controls the size of the opening from the full diameter of the lens down
to an opening approaching a pinhole At times 1t 15 necessary to have a lens
camera function somewhat like a panhole camera, especially when it 1s desirable
to have objects at various distances from the camera all in sharp focus at the
same time.

The adjustable aperture also makes 1t possible to adjust the image brightness
to correspond with desired shutter speeds and yet keep the total film exposure
great enough to obtain quality photographs  For example, from moving aircraft
1t 1s usually necessary to use a fast shutter speed of about 1/500 or 1/1000
second to prevent image blurring The aperture in this case 1s open (F number
decreased) until the i1mage 1s bright enough Lo account for the desired shutter
speed and the sensitavity of the film

The single lens aerial camera, along with all other cameras, has been improved
because of refinements in lens making techniques. One of the primary objectives
of lens making for aerial mapping work is to cut down on geometric lens distortion
With the color and color infrared films presently being used in metric mapping
cameras,* the lenses must also eliminate color distortion. Other important
developments 1in advanced aerial photography include very long focal lengths

and wide angle lenses for telephoto and large area applications respectively

* Cameras used to obtain highest metric or position accuracy for topographic

mapping purposes are called metric cameras
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The typarcal aerial mapping camera today 1S5 equipped with an extremely high
quality lens so that the resolution is high enough and distortion low enough

to allow reasonably precise metric measurements from resulting photographs
These cameras also are capable of shutter speeds to 1/500 or 1/1000 of a second
or faster The camera is generally equipped with an intervalometer that -
regulates the time between exposures The better intervalometer system cameras
can cycle as rapidly as a few seconds between exposures or 1n special cases even
faster :

Modern aerial cameras are also often equipped with controls by which the operator
can regulate the orientation of the optical axis, and 1n most cases, compensate
for the crab angle of the aircraft (a sideways shift in direction due to a cross
wind) The magazines of most modern aerial mapping cameras are built to handle

a 9% anch by 200 foot roll of aerial film that is automatically advanced and
then during exposure 1s held in the focal plane by an air pressure system

Although aerial mapping cameras are made to produce a picture on which man can
make relatively precise measurements, such measurements are not always required
Often an investigator 1s simply interested in monitoring changes in spectral
reflection that would be involved in identifying certain types of crops or trees,
possibly mapping an algae bloom, or monitoring water poliution. In such cases
the spectral responses are more important than the ultimate in metric accuracy.

6. Multiband Cameras

The multilens camera was developed to better observe different parts of the
spectrum. This camera has two or more lenses, each normally has a different
filter combination such that each image represents different parts of the
spectrum. This allows the interpreter to compare imagery of the same area at
the same time but in different spectral regions Typical examples of the
multilens camera are the four lens and nine lens models (Figure 21)}.

Multilens cameras exist where different types of films are used as well as
different filter combinations For example, 1t is possible to photograph the
same area simultaneously with normal color and color infrared film.

Also 1t 1s possible to simultaneously use several small format cameras (70
millimeter [mm] and 35 mm) for multiband work For metric accuracy and higher
resolution, over a specific area photographed, the 70 mm format 1s preferable.
For cost consideration and ease of use, the 35 mm format 1s preferable (Clegg
and Scherz 1975)

For a two camera system, studies have shewn that the cost of 70 mm photography
1s about 1/6 that of the 9 inch mapping camera and the cost of 35 mm photography
15 about 1/25 that of the 9 ainch camera
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. FIGURE 21. Itek Nine Lens Camera. All 9 lenses point downward at the same
area. Each lens has a different filter in front of it and photographs a
different part of the photographic spectrum. The resulting 9 photographs
shown to the left contain many spectral tone reversals from one lens
system to the other.
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Figure 22 shows a bank of four 35 mm cameras used from the window of a small
airplane. It was found that for most environmental mapping two cameras were
adequate; one using color film and the other using color infrared film. With
such a system the 4 bands of blue, green, red, and photographic IR are recorded
with each simultaneous exposure. These four bands can be separated later by
projecting the resulting slides through red, blue, and green filters or by
copying the slides with black and white film using blue, green, and red filters.

FIGURE 22. A portable 4-camera bank being used from the open window of a small
fixed-wing aircraft. These cameras are 35 mm and each contains a different
film-filter combination. Courtesy of the UW-Madison Civil § Environmental
Engineering Daopartment.




48

G. RADIOMETERS

A radiometer is a nonimaging device that measures an absolute value of energy
emitted from an object directly, or the solar energy reflected from it. A
radiometer may be sensitive to energy from ultraviolet to the far infrared
region, depending upon the type of sensing element being used. The readings
from a radiometer operating in the blackbody or thermal emission range of the
spectrum can be converted directly to temperature if the emissivity of the
object sensed is known.*

The energy collection system for a radiometer differs according to the type

of work for which it is designed. For laboratory or close field work in the
photographic spectrum, a fiber optic probe, with or without a light collecting
head, is employed. If an object is at some distance from the probe, a pointing
capability is usually necessary, and the energy is gathered by a telescopic
device.

The collection system directs the energy onto an energy-sensitive detector which
is a transducer that converts the incoming radiation into electrical current.
Two common detectors that are used are photo resistors and photo diodes.
Different detectors are sensitive to various spectral ranges, and a particular
type of sensor is often chosen for individual applications because of its
spectral range of sensitivity. Detectors operating in the thermal area must

be cooled during operation to make them function properly. Liquid nitrogen

is often used for such cooling.

Usually it is desirable to detect energy within a specified spectral band. To
do this a filter to block undesired energy or a diffraction grating to fan out
the incoming energy can be used. By placing the detector in the proper geometric
position within the fan it will sense only the energy range of interest, Other
times it is desirable to record the total incoming energy across a broad region
of the spectrum and no filter or grating systems are necessary.

Radiometers can operate either in the visible, photographic, or thermal part
of the energy spectrum. A radiometer sensitive to thermal energy and mounted
to point vertically down from an aircraft would produce a chart indicative of
the temperature of the terrain directly below the aircraft's flight line.
These thermal sensors have been used very effectively in determining surface
thermal patterns in water down to *%° Centigrade.

*The energy emitted from an object according to the blackbody radiation curves
is expressed by the Stefan-Boltzmann Equation that states the total emitted
energy is a function of both temperature and an emissivity constant. Since
this emissivity is constant over a body of water, thermal radiometers and
thermal scanners will show temperature patterns in the water.
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H. SCANNERS

Mechanical scanners are actually very sensitive scanning radiometers which scan
a scene and produce an image in much the same manner that a picture is recorded
by television cameras. These images are made up of a series of scan lines,
each similar in nature to the chart or graph output from a radiometer, except
that the signal strength across the scan is turned into light intensity on a
cathode ray tube. The scan lines are made up of cells of instantaneous fields
of view which become the resolution of the system and are defined by the size
of the collection optics. The output from scanners, like the output from
television cameras, can also be stored on magnetic tapes and manipulated by
computers for specific applications.

1. Thermal Scanners

Thermal radiometers or thermal scanners are especially designed to operate in

the middle and far infrared parts of the spectrum. They operate in the blackbody
radiation range for cool objects, and therefore detect naturally emitted thermal
infrared energy from objects. These units can operate day or night because they
sense the object's temperature and not solar reflected energy. They can also

be used when there is a light haze because the longer wave thermal energy is

less apt to be scattered by particles suspended in the atmosphere.

Scanner mechanics can be broken down into three basic systems: 1) energy
collection, 2) detection, and 3) data recording systems. The collection system
is a mirror mounted on a shaft parallel to the flight line. The mirror is set

at an angle so that the image of the ground below the flight line is reflected
back into the scanner housing and to the detector (Figure 23). The shaft on
which the mirror is mounted spins, causing the mirror to sweep a swath across

the ground perpendicular to the flight line. As the plane advances, the mirror
scans another swath which is adjacent to the first. This results in the spinning
mirror scanning a continuous series of adjacent sweeplines laterally across the
flight path.

2. Multispectral Scanners

A multispectral scanner is similar to the thermal scanner, except that it can
operate in the ultraviolet, visible, and near infrared regions and sometimes in
the middle and far infrared areas as well. The main reason for using the
multispectral unit is that it allows an investigator to view imagery individually
in a number of different narrow bands. This property allows one to locate
certain wavelengths that are more important than others for the particular
application at hand. Modification of image intensity by lens falloff and shutter
effects (a problem in precise analysis of multiband photography) is of no concern
with the multispectral scanners because there is usually no lens nor shutter.
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FIGURE 23. Schemafic of Thermal Scanner.
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The systems of a multispectral scanner are: 1) energy collection, 2) energy
separation assembly, 3) detection, and 4) data recording systems. The energy
collector is a mirror mounted on a spinning shaft that scans the terrain
laterally across the flight line just as with the thermal unit (Figure 24). The
separating assembly is a prism or diffraction grating that splits incoming energy
into smaller bands while passing them on to the detector system. The shorter

the wavelength, the greater the angle between the incoming light and light
passed through to the detectors (Figure 10).

By placing a number of individual detectors at proper geometric positions in
the path of the light passed through the prism or grating, each detector will
sense the energy for its particular wavelength band. A multispectral unit is
usually referred to as an '"n" channel unit, '"n" being equal to the number of
detectors. Some multispectral scanners operate with as many as 18 channels,
but that much information may become redundant. Most research limits channels
to four, six, or nine throughout the entire photographic spectrum.

The recording apparatus of the multispectral unit performs almost exactly the
same function as it does in the thermal unit except there are more channels.
Information can be played through a cathode ray tube for immediate visual
monitoring and for film making. Tapes are almost always made. From the tapes
an image can be made for each channel so that an analyst can make meaningful
comparisons (Figure 25). More importantly the data from each channel can be
fed into a computer where automatic and precise analysis of tremendous amounts
of data can be accomplished.
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FIGURE 24. Schematic of Multispectral Scanner.
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FIGURE 25. Multispectral Imagery.
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I. ANALYSIS OF MULTISPECTRAL DATA

Images from a multispectral scanner can be treated in different ways. One way
is to take three selected channels and assign a color to each by using filters
or electronic means similar to those employed in color television. A composite
color picture is made by superimposing three of these colored images. The
result is a false color image that may be similar to a color infrared photo.
Proper selection of channels and colors can maximize desired interpretation
capabilities.

Another more sophisticated type of automated interpretation is to computer
analyze the signal in the different bands from a crop, such as corn. A computer
analyzing multispectral scanner data could be trained on a corn field to
"remember" what the intensities are in the different bands for the corn.
According to statistical methods if the computer recognizes another part of the
earth that has a similar return in all the bands, this spot is also identified
as corn. It is possible to so identify dozens of different types of crops and
have the computer print out the results (Figure 26). Instead of the printout
being a series of letters as in Figure 26, the printout can also be different
colors displayed on a color TV set (i.e. red for corn, brown for soybeans,
green for alfalfa, etc.).

Multispectral scanners aboard satellites are by necessity somewhat more complex,

but the analogy to the aircraft scanner will suffice for this report. Signals

from the satellite scanners are transmitted to earth before the images and

tapes are made. The computer analysis of the signals from the tapes is quite
similar to the example given for identifying crops such as corn. Such multispectral
scanner data can be used to classify land cover whether the scanner is on an
aircraft or a satellite. If done correctly, the system can also be modified

to classify water types. To successfully accomplish this task, however, the

user must understand the physical relationships between light and water. These
relationships are discussed in Chapter V.
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FIGURE 26. Crop Identification and Mapping by Computer Processing of
Multispectral Data.

s BT RIS SRR} 2Ot i OF ngb P AGE m

SHUFEIE L g e

D L S Tty
LI TRRT B [T TR
[ ALTITUBE-- 3000 HTAT

CLASMS Comiiotare Tlatuets comsintars

TE T T oa
‘ mmmmmmvmwwwwwmﬂmm

a4 ,.;, zlmgng i u < R

N.;
!

Ei I' ﬂ SR L e

A f.'ti ‘E%l;r“:“‘”w:_'r—-"'
Cogn &,ﬁ“”,tfii {Ijé‘ Hi ?_:L”:E?j;
. e

1 ,.m,'.
tit ; Rti
i l

il

! ﬁ*“ it —-was.fm_w*i? [l
» !t‘%‘" ‘“ oy R f‘
i e ;”;1,., 4‘
TR A “::! ﬂ?
QN A T B S i ﬁ

g
e—— Bttt }"";

e fe sJ‘“ ‘L i

‘i‘““ﬁ“ i T
z*m;l t=is i g OO L
'ﬁg? Hind Pi, i'ug E{Eq téﬁ“i’
e

;‘le‘“‘

& &l?!

Following a Bendix flight operation This computer printout, which iden-
over agricultural crops in Indiana's tifies and shows the distribution of corn
Tippecanoe County on 13 November 1968, (C), wheat (W), soy bean stubble (S),
the LARS personnel processed three and bare soil (B), attests to the prac-
bands of the Bendix multispectral data ticality and usefulness of multispectral
to produce the computer printout, data gathering and processing tech-

niques for agricultural applications.
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V. REMOTE SENSING AND WATER - MODELING AND .
ANALYZING ENERGY RELATIONSHIPS

A. GENERAL

When remote sensing is applied to nonwater targets such as different types of
crops, the analysis is considerably less complicated than with water. For

crop identification and mapping only the reflected energy that returns from

the surface of the plants is considered. Atmospheric effects are a factor

with crop identification and mapping, but if there is a uniform atmosphere

without patches of puffy clouds or ground fog, the atmospheric effects can

be considered uniform for all points on a particular image frame and accounted

for in analysis. The remote sensing imagery must, of course, be taken at the
right season of the year and at the correct time of day for optimum identification.
This time factor is prevalent in all remote sensing operations.

When remote sensing is used for mapping or monitoring water quality the process
becomes considerably more complex. The primary signal that indicates water
quality is the volume reflectance or backscattered energy caused by materials
in the water. However, in addition to this desired signal there may be a
signal ‘caused by the reflection of skylight from the water surface. This signal
acts like a mirror reflecting back the image of the sky. Even if there are
waves, this reflection (although chopped up) is still there. To make matters
more complex, the surface reflection is specular reflection and follows Snell's
Law. All other materials on the surface, within, or on the bottom of the water
body behave as diffuse reflectors which must be analyzed using Lambert's Law.

Therefore, when airborne photos or LANDSAT images are used for water quality
work, the sunlight and skylight interact with the water surface, the particles

in the water volume, and in some cases with the bottom. All of these signals
combine to form the total signal from the water body. This total signal is
modified by the atmosphere prior to its reaching the satellite sensor (Figure 27).

There is a different volume reflectance (pv) or backscatter for each color

(wavelength) of light. The volume reflectance for a water is primarily caused
by light being diffusely reflected from suspended particles in the water between
the water surface and the depth where the energy is extinguished. Pure or
distilled water is assumed to contain no suspended material; therefore its
volume reflectance is essentially zero. However, even in the laboratory there
will be some diffuse backscatter from distilled water caused by water molecules,
dust, foam, or other impurities on the water surface. Let the laboratory
diffused reflectance from impurities on the water surface be indicated by

pSL' There is a different DSL for each color or wavelength of energy

(Van Domelen 1974).
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. FIGURE 27. Components of Light Showing on an Aerial Image Caused by Various
Interactions of Light In, On, and Through the Water.

SUN AERIAL CAMERA
e OR SENSOR

Surface Reflection of the Sun
Atmospheric Scatter

Surface Reflection of Skylight
Volume Reflectance of Water
Bottom Effects

moOw>»
wowowonn

Note: Both Atmospheric Scatter, B, and Surface Reflection of the Sky, C, cause
the apparent reflectance of an aerial photo to be higher than the
laboratory analysis, which measures only volume reflectance, D. It must
be assured that bottom effects, E, are insignificant and that there is
no sun reflection, A, in the area of the photo being analyzed.

As material is added to the volume of a pure water sample the only factor that
will be significantly altered will be the volume reflectance pv. The dust,

foam, and other impurities (pSL) are likely to remain unchanged. In some cases
0oil slicks can alter this Pgr, but in all other cases it is considered unchanging

(Scherz and Van Domelen 1975). Each material added to water, such as red clay,
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white paper mill waste, green taconite rock flour, blue-green algae, etc., has .
a unique spectral reflectance signature which is indicated by the p, at

different wavelengths. The LANDSAT satellite has four different sensor bands*
so the type of material in water should be detectable.

As more material is added to the water there will be more particles to backscatter
the light; the volume reflectance, oy will increase, as will the total signal

sensed by the satellite. Therefore, for a particular type of material, its
concentration should be related to the signal strength sensed by the four bands
of the LANDSAT satellite.

So, it should be possible to determine both the type of material and its general
concentration from LANDSAT images. Type of material is related to the relative
signal strength in different bands, and concentration of material is related

to the absolute strength of the signal in all bands. To adequately accomplish
such analysis the total signal from LANDSAT must first be manipulated so that
only some function of the volume reflectance, Py is left, for only pv relates

to the type and concentration of materials in water. Surface effects, bottom
effects, and atmospheric effects are all noise sources which must be removed.

To remove these effects, the volume reflectance, Py? of distilled water or a

very clear lake approaching distilled water must be determined in the laboratory
or in the field. The deviation from this signal indicates what impurities have
been added to the water. The o, for clear water is best determined in the

lab because indirect skylight and wave action effects can be eliminated. On
the LANDSAT image a clear lake that approaches distilled water must be used
for calibration. Using the LANDSAT signal from this lake and the known volume
reflectance for its clear water it is possible to eliminate the surface and
atmospheric effects and have residual signals that are indicative only of the
type and concentration of material added to the pure water of other lakes.

Important nomenclature used in this chapter is listed at the end of this report
to help the reader follow the theoretical modeling used to arrive at volume
reflectance from airborne and satellite imagery.

In developing the relationship between the amount of material in water and the
strength of the backscattered signal in any one band, two example sites are
given. One site is in Lake Superior where very heavy amounts of red clay are
mixed with the clear water of the lake. The second site covers the Madison
area lakes where various amounts of algae occur in late summer in the otherwise
relatively clear waters.

* The multispectral scanner aboard ERTS 1 (LANDSAT) has four bands which are
called band 4 (sensitive to green), band 5 (sensitive to red), band 6
(sensitive to short IR), and band 7 (sensitive to somewhat longer IR). A
blue sensitive band was not used because of the high scatter of blue light
by the atmosphere.
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In developing the ability to differentiate between types of material such as
red clay and green algae, again the Lake Superior and Madison area sites are
used. Where it has been determined that the material in the lakes is algae,
then the amount of material in the water correlates to nutrient enrichment
of the lakes or to their trophic classification.

B. ALGAE IN MADISON AREA LAKES

Figure 28 shows two LANDSAT images of lakes near Madison, Wisconsin. The upper
image was taken in early spring shortly after the ice had thawed; there was
essentially no algal growth in any of the lakes. All lakes appear essentially
the same brightness on the LANDSAT image.

FIGURE 28. LANDSAT Images of Lakes Near Madison, Wisconsin in Early Spring
When Algae and Lake Weed Growth is a Minimum and in Late August When it
is Maximum. Band 5 (red) (Scherz, Crane, and Rogers 1975).

Clouds

Devil's Lake (Clear and Oligotrophic)

Lake Kegonsa(Algal and Eutrbphic)

LATE AUGUST
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The lower image shows the same area in late August when algae and macrophyte
growth are at a maximum. Those lakes which have an abundance of nutrients
(the most eutrophic) have heavy algal growths. The energy from the skylight
and sunlight interacts with this suspended algae and is backscattered to the
satellite. The denser the algal growth, the more the backscatter and the
brighter it appears on the LANDSAT image. A clear (oligotrophic) lake such
as Devil's Lake in Wisconsin does not have enough nutrients present to
sustain significant growth of algae, so it has approximately the same strength
of backscattered signal in August as in early spring. Highly eutrophic lakes
such as Lake Kegonsa have backscattered signals so high in August that they
are virtually indistinguishable from the green fields in Figure 28.

Figure 29 shows the strength of the backscatter signal from Madison area lakes
as sensed from the LANDSAT satellite on two different days in late summer.

These signals are plotted against turbidity. It is obvious from Figure 29 that
for a particular day there is a good correlation between the LANDSAT signal,
turbidity, and trophic classification. However, for a different day the height
of this correlation curve shifts. This shift is caused by different atmospheric
effects from day to day. If the exact location of the curve for a particular
day is determined, it can be used to map turbidity if there are no humic lakes
present or lakes where bottom effects are significant.

FIGURE 29. Strength of Backscatter Signal Received by Band 5 of LANDSAT.
Madison Area Lakes. Note Shift in Height of Curve for Different Days
Due to Atmospheric Change (Scherz, Crane, and Rogers 1975).
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For humic lakes, the tannic acid or other materials in the water creates a dark
brown color which absorbs energy. On the curve of Figure 29 such a lake would
probably lie below the curve for the other lakes. A lake with a sand bottom
would create a point which lies far above the curves for the other lakes. In
order to handle humic and sandbottom lakes the spectral signatures must be
analyzed first so the lakes can be separated. Once the bottom lakes have been
removed from the analysis and the other lakes have been put into classes of
humic and nonhumic lakes, curves such as those in Figure 29 can be used to
categorize the lakes as to turbidity and possible trophic classification. The
lakes in Figure 29 are essentially nonhumic lakes with various amounts of algae
present and no bottom effects.

From the analysis of Madison area lakes, it might be concluded that there is
a simple relationship between satellite signal strength and eutrophication.
If the material in the water causing the backscattered signal is only algae,
then indeed there is this relationship. But there is other material besides
algae that causes turbidity and the backscattered signal.

C. RED CLAY IN LAKE SUPERIOR

Figure 30 shows a LANDSAT scene of Lake Superior near Duluth. Lake Superior
is a very deep lake approaching distilled water in clarity. However, near the
city of Superior, Wisconsin, there is a heavy discharge of red clay material
that causes an increased backscattered signal from the water (Scherz and

Van Domelen 1973). As more of this red clay is added to the water the amount
of backscattered energy increases. Figure 31 shows the relationship between
the percentage of maximum possible signal from this water as sensed in the
laboratory and by the satellite for different amounts of solids and turbidity.

In the laboratory, the water samples all have the same surface reflection
situation and atmospheric effects, and the correlation of laboratory reflectance
to turbidity and suspended solids is constant for all days. However, the
satellite signals have different surface and atmospheric effects for each day.
If two simultaneous water samples are taken at the time of a satellite
overflight then for that day it is possible to establish the exact position

of the curve relating satellite signal to turbidity (and for that particular
material also the correlation of satellite signal to suspended solids). Once
the position of the curve is established for that day then the exact values

of turbidity and solids can be mapped.

Figure 32 shows such a map. The satellite signal-to-solids relationship

(Figure 31) used to make the map holds only for red clay on that day and would
not work for algae, as in the Madison area lakes. To determine from satellite
data whether material is red clay, algae, humic material, or some other substance,
multispectral signals must be analyzed to find a unique fingerprint from each
water type. Such an analysis necessitates first removing atmospheric and surface
effects from the signals.

To do this, a detailed laboratory approach is first used and the results from
this work are then extrapolated to a boat level situation and then to an
airborne sensor.
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FIGURE 30. LANDSAT Image of Southwestern Lake Superior. 12 August 1972.
Band 5. Red Energy. Pure Water of Essentially Infinite Depth at "a."
Water With Turbidity as High as 100 FTU at '"b." Note the Step Wedge at
the Bottom of the Frame Which is Used for Radiation Calibration (Scherz,
Crane, and Rogers 1975).
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FIGURE 32. Suspended Solids Map for Southwest End of Lake Superior Made From
LANDSAT Image and a Curve as Shown in Figure 31 (from work by Prof.
Michael Sydor, University of Minnesota at Duluth)

suspended solids (mg/l1)

hestern Lake Supcrior water quality, August 12 1972, from
densitometry of LANDSAT inage E-1020-16252-5

D. SURFACE EFFECTS

The atmospheric signal (signal B in Figure 27) changes from day to day as
meteorological conditions change  The surface signal (signal C in Figure 27)
1s also dependent upon meteorological conditions and changes drastically due
to changes in altitude of the sun, cloud heaight, and wave conditions

Piech and Walker (1971) have shown that the ratio of solar irradiance (total
energy coming from the sun) to sky irradiance (total energy coming from the
skylight) 15 7 1 on a clear day, 3.1 on a hazy day, and 1 1 on a day with than
clouds This means that the skylight contributes 12% of the total irradzance
on a clear day, 25% on a hazy day, 50% on a day with thin clouds, and 100% on
an overcast day This alsoc means that the relative strength of the skylight
signal from a clear day to an overcast day varies by 8 3 times (100%:12%) or
830%
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Another indicator of the magnitude of factors effecting the surface signal is
shown by some Russian work reported by Kondrat'yev  Figure 33 shows curves

for his work as modified by Van Domelen (1974) The Russian study was on a

very clear lake where the volume signal was a known unchanging factor and
essentially negligible. The total energy coming up from this clear lake was
compared to the energy coming down The ratio of the two 1is called albedo.

The albedo on this clear lake 1s essentially caused only by the surface sagnal
component  Thexefore, Figure 33 shows the change in surface reflection component
or surface albedo under different conditions The magnitude of the changes are
impressively large.

FIGURE 33. Approximate Surface Reflection Component From Clear Water. Data
by Ter-Markaryants, USSR, Reported by Kondrat'yev in 1865 To Obtain
Spectral Values for 0.45, 0 55, 0 65, and 0 75 Microns, Multaiply Curve
Values by 0.7, 1 0, 0 75 and 0 58, Respectively These Modifications
From Ph.D. Thesis by John F. Van Domelen (1974)
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E. LABORATORY APPARENT REFLECTANCE VS. TURBIDITY AND SUSPENDED SOLIDS

The volume reflectance, p,s cen be obtained by the scheme shown in Figure 34.

In a darkened laboratory, a lamp shines light ontc a standard Barium Sulfate
(BasS0,) diffuse reflectance panel and onto the water sample. The water sample
15 1n a tube 62 meters long which has a black bottom. Shorter tubes will
cause overriding bottom signals that make the results confusing or meaningless,
as will a bottom that 1s too reflective. The sides of the tube are lined with
diffusely reflective white chronoflex that returns side-scattered energy
simulating adjacent water volumes in the field.

FIGURE 34  Darect Energy Relationships in the Laboratory (Scherz, Crane,
and Rogers 1975)

N 4

L \(" ? = 5ensorLc =0
N

L \

Standard Diffuse Reflectance Panel

LL = Radiance of laboratory lamp, watts/cmzs

Hp = Irradiance on horizontal panel caused by
lamp, watt/cm Water Sample

P,SL,V, and B are radiance values (watts/cmzs) caused by diffuge reflection

G is glitter radiance (watts/cmza) caused by specular reflection
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The radiance of the lamp 1s L. 1n watts/cm’s.* As viewed from the level of the

L
panel or water sample the solid angle of the lamp is wL steradians. The total

irradiance that reaches the level of the panel at raght angles to the rays is
LLwL The total irxrradiance available on the panel per unit area, HL’ 1s.

H =1

2
L Lchose (watts/cm®)

where © 1s the angle between the lamp and the vertical as shown in Figure 34.
The indirect illumination from the ceiling Lc (watts/cm?) 1s zero in the perfect

laboratory setup.

Lambert's Law states that P, the diffuse radiance returning into space from the
panel, 1s,
T PrL (1)

where Ppr, is the daffuse reflectance of the panel

Since the dust, foam, and other impurities on the water surface also behave as
diffuse reflectors, their signal, SL’ also follows Lambert's Law.

= Hp
8, = _L"SL
i

where Pgp, 1S the daffuse reflectance of the impurities on the water surface

in the laboratory The suspended particles in the water volume are also diffuse
reflectors and cause V, the radiance from the water volume

v = A
T

where P, = the diffuse reflectance of the particles in the water volume

The signal G 1s the specular reflection of the lamp from the water surface
and does not follow the laws of diffuse reflection Where © = r, as in Figure 34,
the signal G i1s specular reflection of the lamp's radiance from the surface,

G = ¢LL (watts/cm?s)

* Watts/cm®s means watts per square centimeter per steradian  This 1s the
energy avallable at the point of interest per unit of solid angle (steradian)
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and where ¢ = the specular reflection of the surface,

(, - n,)?
= (?——-;—n—)—z- in which
w a

index of refraction of water = 1 333, and

1l

index of refraction of air = 1 000 -~ so that

=]
1}

_ {1 333 - 1,000)2

® = 333+ 1 o00y7 - ° 020

This value holds fairly well out to angles of 8§ and r of about 40 degrees off
the vertical Most remote sensing operations fall within this range

The total signal from the water as seen by the sensor is W

W=V+ SL
p. H p.. B
Wwe o vL PsiL
™ kis
H
W= (o, + Pgr) =
v SL’ T (2)

The ratio of this signal W to the signal from the panel 1s called laboratory
apparent reflectance, AP. From equations 1 and 2:

i
w_m Py *Pg) Pyt gy
Ap = _ﬁ = H = pp (3)
L L
— (DPL)

Figure 35 shows the relationship of apparent laboratory reflectance (AP) with
different amounts of red clay mixed in distilled water. Figure 35 also shows
that at exceedingly high concentrations of clay the mixture behaves as a mud,
and there 1s very little change 1n reflectance with changes 1in moisture content
(between points A § B). At a concentration of less than about 8000 mg/1 of
suspended solids the apparent reflectance bzgins to decrease in an almost
perfectly linear manner (between points B & C) Once the solution becomes clear
enough so the shiny white bottom of the sample tube becomes visible (point C on
curve) the apparent reflectance, AP, increases linearly as the water becomes
clearer (between points C & D). However, when a very black and rough bottom is
substituted for the shiny bottom of the sample tube, the curve continues downward
on the ilinear relationship (C to E on the curve) toward a minimum value whach
corresponds to zero suspended solids
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FIGURE 35. Laboratory Backscatter Expressed as % Lab Apparent Reflectance
(AP) Versus Suspended Solids. Synthesized Water Samples Made Up By -
Mixing Red Clay From Near Duluth, Minnesota, With Distilled Water. Thas
Curve Shows the Relationship For the Red Part of the Energy Spectrum
(modrfied from Scherz and Van Domelen 1973).
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From the curve in Figure 35 1t can be clearly seen that in the normal range for
lake waters (suspended solids and turbidities between about 200 and zero) there
15 a good linear relationship between the amount of material added to distilled
water and the energy backscattered from that material, The curve in Figure 35
also shows the possible troublesome problem of bottom noise that can be caused
by energy reflecting from the bottom of the water sample The bottom noise
problems can occur both in laboratory and field conditions The bottom noise
effects depend somewhat on the wavelength of energy being considered,
Generally, blue-green energy penetrates the furthest into the water  This
penetration matter will be discussed later in this chapter

Curves simirlar to Figure 35 have been made for red clay, white clay, paper mill
waste, and various industrial pollution materials including black inklaike
material. This work has shown that, generally speaking, the curve of backscatter-
to-turbidity 1s unaversal, but the precise curve of backscatter (expressed as
turbidity) and suspended solids varies for different materials.
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{

Figure 36 shows lab apparent reflectance values (AP) as they relate to turbidity
for 127 different natural lake waters in Wisconsin. Such lakes varied from very
clear lakes to those with high turbidities caused by silt and clay and various
types of algae  All such suspended materials increased the backscatter signal
Some lakes had high concentrations of dark humic material in them Such dissolved
humic material absorbed rather than scattered light  Such lakes caused data
points that lie below the average curve Had the humic lakes been removed from
the data the curves in Figure 36 would have had less scatter. Nevertheless it is
felt that Figure 36 illustrates very well the universal relationship between
backscatter (AP) and turbadity caused by suspended particles

FIGURE 36 Laboratory Backscatter Expressed as Laboratory Apparent Reflectance,
(AP), Plotted Against Turbidity for 127 Different Lake Samples Collected
Over Three Years This Curve 1S for Red Light (0.65 Microns). The Average
Turbidity and AP Value of 50 Laboratory Distilled Water Samples is also
Shown (modirfied from Scherz, Crane, and Rogers 1975)
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The least squares curve relating turbidity (T) to lab apparent reflectance
(AP) for all those different water samples in Figure 36 1s

T = 5.21 (AP)* 00

Figure 36 also shows the average turbidity and apparent reflectance values
associated with 50 laboratory distilled water samples

F. OBTAINING THE VOLUME REFLECTANCE VALUE (pv) IN THE LABORATORY

Let subscript "1" indicate values for distilled water and subscript "1" indicate
values from any water sample #1 (more turbid water).

Therefore, from Equation 3, the lab apparent reflectance for a sample of
distilled water 1is

o, +p
v1 SL1

Ppr1,

and the lab apparent reflectance for water sample #1 1s

Py ™ Pgr
1 1

Pp1,

Assume the dust, foam, and other elements of surface reflectance for both
samples to be identical, then:

Psr, T Psi T PsL

1

Figure 36 shows that the average apparent reflectance for distilled water is
about 0.18% (Note that this is for the color red only )} So for the celer
red

p + 0
vl SL
Ppy,

and pPL for the BaSO, reflectance panel was determined to be 39% = 2% across
the photographic spectrum, so

p. t+ P

v1 SL .

AP]. = ———39—'—' = 0.18%
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From various tests in the lab and the field a rough estimated value for Pgr,

is 0.02%.

This leaves a value for the volume reflectance for distilled water (pv ) to
1

be:

0.18% (.39) - 0.02% = 0.05%

o
"

0.05%

©
i

This example 1s for the color red only but i1t shows how the process could be
repeated for any color or wavelength energy

To obtain the volume reflectance of water sample #1 (pv ), compare the radiance
1

of the water sample #1i to the radiance of the standard reflectance panel and

use the following equation:

W v T PsL
Mamp ~ Ppr,
Which for a BaS0. panel becomes
pvl T PsL,
APy =70

Since Pgp, 1S assumed to be 0 02% for the color red, and AP1 15 measured

experimentally, i1t 1s not difficult to solve for Py
L

G LABORATORY DIFFERENCE (D;)

However, there 1is an easier and more accurate method for solving for Dv . Thas
1
second method also will work for any value of Per. and does not require its solution

For a particular lab setup (no bottom signals present) an apparent reflectance 1is
first run on distilled water

W
!
Apl—p—

and then the apparent reflectance i1s obtained for water sample #1.

Wl
Apl = 'p—'
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By subtracting the apparent reflectance for distilled water from the apparent
reflectance for any water sample, a difference results that 1s caused mainly
by the difference in the reflectance of the material added to the pure water
of sample #1 D1 indacates the laboratory difference for any water sample

_ N T §
D1 = AP1 - APl =P P or
(b, *pPg) (p, *+ Pg)
D = i _ 1
1 Ppy, PpL,
p. - P
b - Vl Vl
2 PpL,

The laboratory difference for sample #1, D1’ 1s easily obtained in the lab for

any desired color or wavelength. Because the reflectance of the BaS0, panel 1s
constant across the photographic spectrum at 0 39% then Ppy, = 0.39 for any

wavelength  And

b, =1(p, -p, 1}/.39
1 Vl Vl

The difference in volume reflectance between samplie #1 and distilled water indicates
that some suspended materials have been added to the pure water to make up water
sample #1

The Laboratory Difference, Dl, plotted against wavelength, provides the laboratory

fingerprints for different materials added to pure water.

H  TLABORATORY FINGERPRINTS FOR MATERIAL ADDED TO WATER

Laboratory difference spectra for lake samples depend upon the amount and types
of material added to the lake water The more material added, the greater will
be the deviation of the fingerprint from that of distilled water. Figure 37
shows these fingerprints for a lake with dense algal development and 2 humic

lake The difference curve (or fingerprant) for distilled water is flat at
approximately zero The more algae that 1s added to clear water the greater will
be the height of 1ts curve above zeroc  Fingerprints for lesser concentrations
of algae will be closer to the zero line Different types of zlgae will have
slightly different shaped fangerprints Figure 38 shows lab difference curves
for clear water type lakes with different amounts and types of algae present.
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FIGURE 37 Characteristic Laboratory Fingerprints of Two Types of Material
in Water.
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FIGURE 38

Clear Water Type Lakes With Various Amounts an
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However a lake with both algae and humic material has a more depressed curve

in the hlue Tegion than a lake with just algae present
laboratory difference curves for humic lakes
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Figure 39 shows
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FIGURE 39. Laboratory Reflectance Difference Curves (Dl) for Humic Lakes

Lake Wisconsin Contains Algae Also (Scherz, Crane, and Rogers 1975)
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Other materials added to pure water such as red clay have their own unique
fingerprints It 1s possible to obtain these fingerprints by proper analysis
of satellite data as well as laboratory data. The only real difference between
the lab fingerprints and the satellite fingerprints 1s the slightly longer
wavelengths that the satellite fingerprint senses compared to the laboratory
flng%rprlnt Figure 39 shows that the satellite multispectral scanner does not
contain data from the blue portion of the spectrum, while the lab data do. The
satellite fingerprint extends further into the infrared region than does the
laboratory fingerprint. Also, there 1s a different scale for the y axis between
the lab and satellite fingerprint. The scale factor 1s a function of the lab
reflectance panel and the meteorological conditions only (discussed later in this
chapter) Essentially, the scale factor does not change the shape of the real
fingerprint curve - just the numbers on the vertical scale used 1n 1ts plotting

The models and equations needed to analyze satellite data must first be developed
for the situation where the sensor 1s outside under skylight and near the water
surface, € g., mounted on a boat :
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T BOAT LEVEL ANALYSIS AND MODELING

‘+
+

1. General

r

Let the superscript ' denote signals sensed outside at boat level that contain

1
skylight reflection components. For example, let W be the total signal coming
upward from a lake to a sensor mounted 1n a boat The signal W 1s the signal
from water to a sensor in the lab .
When the water being analyzed 1s out-of-doors as in Figure 40, the direct

1]
radiance of the sun 1s LS, and the average indirect radiance from the skylight

T
1is Lc According to Lambert's Law the total irradiance effecting a horizontal

surface due to this skylight as-*

t 1
The sun's direct contribution to the irradiance at water level is HS = stcose.

The symbol ¥ represents the solad angle of the sun as viewed at ground level and
8 1s the angle between the sun and the vertical (Figure 40) Let the total

t
irradrance from both the sun and skylight be Ho

H =H_+H
0 s [

»

fant
il

1 T
L PcosH + L T
5 c

where Pp = the reflectance of this field panel

L}
Also following Lambert's Law for diffuse reflectance, Ss’ the daffuse reflectance

caused by leaves, dirt, foam, and other impurities on the water surface 1s
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where Py = the field diffuse reflectance from foam, leaves, and other dirt on

1
the water surface Also V , the radiance from the water volume 1s

+ Hp
V =

The specular reflection of the sun from the water surface (sun glitter) is

t

1 ] i 4
G =Ld¢=.020L
s s

where ¢ 15 the specular reflection from the surface.

FIGURE 40 Darect and Indirect EBnergy Relationships in the Field (from
Scherz, Crane, and Rogers 1975).
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In a similar manner the specular reflection of the skylight from the water

1
surface 1s Sc

1

1 t
Sc = ¢Lc = ,020 Lc

¥
The total signal from the water is W

W=V +8 +8

S C

H! Hl
P P '
W = vo, 359, 020 L
i C

1
1 H 1
W = (p +p)—+ 020L

v s’ T c (4)

2. Obtaining Py In The Field
1

Volume reflectance (pV) of a particular lake can be determined in the field

with a ground truth instrument such as the Bendix RPMI Ground Truth Instrument.*
This can be done most easily by pointing the sensor telescope down through the
surface of the water as in Position "d" in Figure 40 Assuming no significant

bottom signal, the sensor at "d" only reads the radiance from the water volume
t

V.

1
H0 can be obtained directly by using the Bendix RPMI anstrument or a reading

can be taken on the field reflectance panel and the ﬁé_value determined as
4
follows

* RPMI = Radiant Power Measuring Instrument developed by Aero Space Systems
Division of Bendix Corporation (Rogers, Peacock, and Shah 1973)
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H =P and
_0 PeE—
T Pp
1
by =V Pp

] 1
The V and P are readings from the boat mounted sensor and the pp can be

determined i1n the laboratory by comparing the reflectance of the field panel
to the reflectance from the BaS0, standard Thus, the p, can alse be obtained

in the field for any water sample with a boat mounted sensor. However, due to
variations 1n skylight and wave action in the field, the laboratory determination
of p, 1S 2 magnitude more precise than field determinations,

3. Laboratory Data Compared to Boat Level Data

It 1s necessary to understand how to translate laboratory values to values
obtained by a boat level sensor The difference between the two 1s due to
possible difference 1n standard reflectance panels, difference in 1llumination
energy, and specular reflection of skylight from the water surface

The radiance from the panel in the laboratory 1is

juad

L

P =7 fpp,

The radiance from very clear or distillied water in the lab is

i1

W) = (pvl * P T

The radiance from water sample #1, (more turbid) in the lab is
H
- L
W = (pV + pSL)

1 ki
1

If Wl 15 subtracted from Wl, the result 1s called Laboratory Residual for

water sample #1, R1
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The lab apparent reflectance APl for sample #1 1s

w Py *Pg
Api - ﬁl'= 1
Ppy,
The lab difference 1is D1
D = AP - AP, = (p -p ) —l-
* 1 Vi V1 Ppg

From Equation 4, for the boat level sensor the total signal from the water
1S

t HO t
W = (pV + ps) - + 0 020 LC
The signal from the panel 1s
| I
P =p Ho
P

The boat level residual signal obtalned by subtracting the clear water signal
from the lake #i1 signal uis.

1 1

oW, Py T Ps 0020w

AP:L:—1= D + T
P P Pp Ho

If a white styrofoam reflectance panel* 1s used in the field, then p = pPL'
Also 1f the lake surface 1s relatively clean and free from undue foém, leaves,
and dust so that surface contaminants are assumed to be the same as in the

laboratory (1 e , pg = pSL) then

* White styrofoam makes a good field reflectance panel Its reflectance
across the photographic spectrum i1s essentially constant at 39% which 1s
the same as that for BaSO, For some field studies, especially with dark
water, a grey reflectance or black reflectance panel 1s also useful
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1
' 0.020 Lcﬂ
AP1 = AP + ~——————, and the boat level difference 1is

PpH,

J. AIRBORNE AND SATELLITE MODELING
Let the superscript " denote signals received by a sensor on an aircraft or a
satellite. This superscript means these signals have been modified by the

" t
atmosphere between the earth's surface and the airborne sensor. So W, W, and
W denote the total signals from a water sample as detected by airborne mounted,
boat mounted, and laboratory sensors, respectively.

1
When the signal from the water level such as SS in Figure 40 passes upward through

n t
the atmosphere 1t 1is attenuated by the atmospheric transmittance T; Ss = SST.

Also the atmospheric backscatter, LA, 15 added to the signal Therefore, the
total signal from the water as sensed at "c" in Figure 40 1s:

1 T H
W =(V +5_ +8)T + LA
[ c

t 1
" vaOT psHOT

f
W = e .020 LCT + LA
!
Tt Ho 1
W = (pv + ps) =T + 020 LCT + LA (5)

If the subscripts 1 and 1 represent distilled water and a turbid lake (#1),
respectively, then

1
n HT

_ 0 !
Wl = (pMr1 + ps) ——*+ 020 LT + LA
1
11 H T 1
= 2 4 020L T+ IA
wl (pv * pS) m * [

1
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"
1. Airborne or Satellxite Residual, R1

. Subtracting the airborne signal of the clear water lake from the signal from
Tt
lake #i y1elds what 1s here defined as the airborne residual (Rl) for lake #1.

If the sensor i1s aboard a satellate this term 1s called the satellite residual.

e
n
~

o

1 AS] (6)

HT
Note that except for a different constant factor —%—-the above equation 1s the

same as the equation for the laboratory difference that was used to obtain the
fingerprints for materials added to pure water

Laboratory difference

D, = oy -0, 0 G
1 1

1 [¢]
where C, = — and C, = —
1 Ppy, 2 T

Since Ppr, for styrofoam is essentially constant at 0 39% for all wavelengths

of i1nterest, for a styrofoam panel
1 _ 1 .
C. = o= = 26

C, =26
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?
The variables in C, are H0 and 1. These are dependent on the elevation of the

2
sun and the atmospheric clarity existing at the instant the image was taken.
These are also very dependent on wavelength  Francis J. Ahern and his colleagues
at the Canada Centre for Remote Sensing are involved in calculating atmospheric
parameters such as T by using the Turner model and radiances from clear lakes
obtained from LANDSAT data (Ahern et al. 1977; Turner and Spencer 1972). Ahern

1
has calculated and furnaished values of HOT determined from Lake Ottawa on clear

L 4
and hazy days in 1976  These curves of HBT for the four different LANDSAT bands

are given in Appendix C. Although more work 1is needed on the area of these
atmospheric effects the curves in Appendix C 1llustrate that it 1s theoretically
possible to relate laboratory data to satellite data by:

1" CD - p )
ST U
D, (pvl - pvl) Cq Cy

C

11"
R = —2-D and

1 C1 1
. =Ean

1 C2 1

2  Solving For Volume Reflectance, £y

Again assuming the volume reflectance of distilled water, Py s to be known,
1
from Equation 6:

So 1f the atmospheric factors for that particular day G¥¥—3 are solved for,
HOT
then the volume reflectance of lake #1 (pv ) can be calculated from airborne

1
data
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3 Modeling and Solving For Atmospheric Parameters

From Equation 5 the total signal from a lake as detected by an airborne sensor
1s

1
Wt + LA

=
I

H
tr o t
(pv + ps) Tt 0.020 LCT + LA

=
1}

t 1t
Similarly the signal from the panel (P at boat level) becomes P when sensed
by the airborne sensor

P =P1+ 1A

T
P =p H prll LA

1
As has already been stated, the airborne residual for lake #1, R1 1s as

follows-
1 n 1
R =W, -
3] t
_ T
Ro=(py -0y ) Hyo
i 1
1
1 HD
but since R_ (boat level resadual) = (p - p. ) ==, then
1 v v, T
1 1
T t I 1
R =RTorT=R/R & T

In other words 1f there are two lakes, one a very clear lake and another wath
significant suspended matter present, and 1f the strength of their backscattered
signals are recorded both from boat and airborne levels, then by simple
subtraction and division the atmosphere T can be calculated *

It 1s also possible to use the Ahern curves in Appendix C. first 02 must be

calculated from

" HOT
C2 - El_cl T
D
1

* Some correction factors may be necessary however to account for such things

as the fact that 1ight backscattered from water behaves according to the

laws of photometry in a logarithmic rather than a linear manner See
Appendax C
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then by entering the curves with the appropriate sun elevation angle 1t is
. possible to obtain a value for T as with the example given in Appendix C.

LA can be solved for, using the backscattered signals from a lake, as follows:

1
WT+ LA

=
i

Therefore:

1!

1
A=W -wr & LA

LA can also be determired using the energy backscattered from a uniform diffuse
reflector such as a standard reflectance panel. The strength of the energy

T
backscattered from this panel must be determined both at ground level (P ) and
1]
from the airborne level (P )

1Al

1]
P =P1+ LA
and

it T
IA=P -P1 & LA

The total irradiance from both the sun and skylight as sensed at ground level
1

1]
15 Ho Panel reflectance data can be used to solve for HO as follows.

)
]

1t T ]
- <
L= (P - 14) o < H_

If the surface of a lake 1s relatavely clean (free from foam, etc,) so that the

specular reflectance in the field can be assumed to be the same as i1n the
laboratory (ps = pSL) then 1t 1s also possible to calculate an effective value

t
for skylight radiance Lc‘

1

1

W

1 tw
AP = —F=AP + 0 020 L —~ and
i p 1 c o H
¢ p o
Hl‘
1 P t " T
= o - A
Lc 0 0207 (API Apl) ™~ Lc
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I
Of course a value for LC can be obtained by other methods such as pointing a

field radiance measuring instrument at various portions of the sky and then
by certain mathematical integrations determining an effective average value

1
for Lc'

T T
Once L_ 1s obtained, then i1t 1s possible to calculate a value for Hc’ the

total irradiance from the skylight

1 1 T

= &
Hc nLc < HC
t
Also the sun's irradiance HS can be obtained by
T 1 '_j HI
HS = HO - Hc <- S

The airborne apparent reflectance for lake #1 (AP:) can be obtained by relating

water signals to a diffuse reflectance standard and can be compared to boat

level and laboratory data by using a factor K which combines several atmospheric
terms (Scherz and Van Domelen 1975) Let:

Assuming that laboratory panel and water specular reflectance are equal to
those 1n the field (pp = Ppr, and o, = pSL) then 1t can be shown that

1
W v TP 0 020L T .
) @ r———— E + K-1)
K K K

p_H

po
The above 1s the universal equation for apparent reflectance The airborne and
boat level data can also be related by

t 1 1 1
AP = (AP) T+ (K- 1) (®

If measurements are made at boat level, the atmospheric backscatter LA drops
to zero and K becomes 1 0




86

1" 1
and APl becomes APl, 50

AP = +
1 P !
P ppHo

This 1is also the same as:
1

. 0 020 Lcﬂ
Apl = Apl + ———

p H

pPo

1 H
If measurements are beixng made in the laboratory, Lc drops to zero and AP1

becomes AP1

The factor K can also be used for relating airborne, boat level, and laboratory
T

I
differences (b, D, and D_)
1’ T 1

L2}
The airborne difference for lake #1 (Dl) 1s

WoOW
1" 1t T
D1=AP1-AP1=ﬁ-—,1,
P P
. Py ~ Py
D= (——23 & -
1 K
’p

T 1 T 1"
D, = (0;) () or K=D /D

H
but the boat level difference Dl equals the laboratory difference D1 when
the field and laboratory panels are of the same material (pP = Ppy, .

s
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and

1"

vl 1
D, =D, ﬁ@ =D Q@

or
t D"
K= Dl/ 1

The factor K 1s used when ratios are calculated for signals from lakes to those
from a diffuse reflector of known reflectance. Many times from high altitudes,
especially satellite altitudes, no diffuse reflectors of known reflectance are
avallable In such cases if a clear water lake occurs somewhere zn the image

11
the signal from it (Wl) can be used as a standard. Then this clear water signal

1s subtracted from the signal from another lake (#1) and the ai1rborne residual
results.

!
3 _ 0
Ry =W -W =0, -0, )=
1 1
The residual for thais lake can also be calculated for the boat level situation,

At boat level the atmospheric attenuation factor (T) 15 1 0 because there 1is
essentially no atmospheric path for the signal to travel

¥
R, = W - W, Yo
1 - T (pv - py) T
1 1
or
H 11
Rl = Rl/T

T t L] t 1 ]
For obtaining boat level values such as W, Wl, APl, APl, R:.’ Dl, etec , two
simultaneous boat level readings must be taken on different lakes  This can
be accomplished by two porteble field radiance units such as the Bendix RPMI

instruments (Rogers, Peacock, and Shah 1573)

If absolute values from airborne data are to be obtained, then some atmospheric

1t
factors must be known If the values for airborne difference D1 and airborne

1
residual R

, are used, most of the atmospheric factors drop out  The airborne

t

1
residual value R

M used 1n satellite analysis because 1t has the least number
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of atmospheric components and requires no field panel  From it come the
satellite fingerprint curves for different materials added to pure water that
closely match the fingerprint curves obtained from analysis of laboratory data
using the laboratory difference equation.

X _ - i
Laboratoxy fingerprints Dl = APl - APl = (pvl - Dvl) pPL

Airborne fingerprints R =W - W, = (p. - p ) ——
1 1 v T
1 1
From the above it can be seen that if the total irradiance on the earth's surface,

¥
Ho’ and the atmospheric transmittance, T, do not change over a remote sensing

1]
scene, then R1 (from satellite analysis) can be compared to the D1 from
liaboratory analysis and the only difference between the two will be a constant
which 15 dependent on the lab panel (pPL) and the atmospheric conditions at

1
the time of the overflight (H T} *

K. SATELLITE DATA ANALYSIS

For LANDSAT image analysis for water quality mapping a very clear lake must
be located which can be used as a substitute for distilled water used in the
laboratory analysis A lake wath a Secchi disc reading of at least 10 to 15
feet should be used Also, aerial observations should be made or color photos
taken to assure that there is no bottom showing in this test lake.

11
Let W, equal the satellite raw reading in some band for this clear lake (Lake #1)

i1t
Let Wl equal the raw readings in the same band for Lake #1i, the lake in question.

The raw readings for Band 4 (green) and Band 5 (red) are very high due to
atmospheric effects, and some dafferential water signals are perhaps 1% of these
raw readings  Therefore these raw readings do not appear very meaningful
(Figure 66)

1" (2]
However, if Wl 15 subtracted from Wl the residual 1s due primarily to the material

in the water of Lake #1  Raw readings are taken from the four bands of the
LANDSAT scanner

*®

See Flgure 31 and Appendix C. In Figure 31, the changes in slope of the
satellite reflectance curves for different days 1s due to changes in

1
HnT and logarithmic correction factors given in Appendix C
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The four bands of LANDSAT cover the electromagnetic energy spectrum as
follows*

Band 4+ 0 5 0 60 microns
Band 5. 0.6 0 70 microns
Band 6. 0.70 to 0 80 microns
Band 7. 0 8 1.10 microns

green energy
red energy
infrared #1
infrared #2

{

Plot the total signal from Bands 4, 5, 6, and 7, as centering on wavelengths
0 55, 0 65, 0 75, and 0 954, respectively Figure 41 shows such a plot of

13
the satellite resadual, R., for these four LANDSAT bands  Three types of

waters. clear, humc, and algal, are readily differentiated, Note the similarity
of these fingerpraints with those obtained from the lab data (Figure 37). However,
while the laboratory differential fingerprints cover the .45 and .751 part of

the spectrum, the satellite residual fingerprints cover the 0.55 to 0.95u part

of the energy spectrum Other than this shift of wavelength for the x axis

and the change 1n scale factor in the y axis (C1 for the laboratory data and

C2 for the satellite data) either the satellite data or the laboratory data can

be used to plot the fingerprints of the material added to clear water of any
lake sample. The shape of the fingerprint for a lake such as Lake #1 1s really
determined by the factox (pv - P, ) plotted for different wavelengths. For

1 1

"
the satellite data, R1 1s plotted against wavelength (Figure 41)
-p,)C
1 1 1 V1 2

For the laboratory data, D1 15 plotted against wavelength (Figure 37).

1
D ={p -0 )—=1(@p, -p J)C
1 Ve Y1 fpp vy 1

The values on the y axis for the two figures vary only by the factor

T

o

1

1 T 1
— = H —_ / -
D1 o pPL

PpL, Yo

1}
Therefore, by use of R1 and the resulting satellite fingerprints it 1s possible

to separate lakes ainto different classes by LANDSAT signals alone. Also,
computers designed specifically to analyze multiband satellite data can readily
perform the manipulations necessary to arrive at satellite fingerprints for
different material of various concentrations in water

* Also see Appendix C for refinements.



FIGURE 41.
For Three Water Types (Scherz, Crane, and Rogers 1975)
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BOTTOM EFFECTS IN SATELLITE IMAGERY

The bottom effect problem 1s a difficult noise factor in satellite classification

of lakes

Bottom signals can show in any of the lake types The type of
bottom (dark mud, light sand, or green weeds), also will give a different
characteristic modification to signals from each of the water types The depth
to bottom also affects the strength of the signal and 1ts spectral distribution

The bottom effect problem in lakes can best be studied by analyzing spring
imagery when the lakes are clear and free of algae and the bottoms are the

most apparent.

Where bottom signals are strong they yield a characteristic
fingerprint and can be separated from the various lake types
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Figure 35 showed how significant the effect of the bottom of the sample tube 1s
in the laboratory  For clear water the effect of the shiny white bottom could
be several times larger thad the signal from the water 1tself., Samilar
conditions can occur in field situations. Figure 42 shows the effect of a

sand bottom and macrophytes on the total signal coming from a lake that has
nearly clear water but with a small amount of humic material present, The
total signal from the part of the lake with the visible sand bottom i1s several
times greater than the magnitude of the signal coming from the deep water where
no bottom effect 1s present  Fortunately the fingerprint from the sand bottom
15 different than those from algae, humic material, or red clay, etc. The
computer analyzing satellite data can be trained to recognize sand bottom
conditions. The signals from macrophytes are also unique and can be recognized
by the computer However, each kind of macrophyte has a different fingerprint.
Even the same kind of macrophyte at different depths has different fingerprints,
But generally speaking for macrophytes as well as sand bottoms, the fingerprants

are unique enough so that the computer can recognize and map them as such
(Figure 43)

FIGURE 42  Effect of Sand Bottom and Macrophytes On Satellite Fingerprint of
a Clear Lake Containing Some Humic Material.
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FIGURE 43 Effect of Heavy Weeds and Mud Bottom on Signal Expected From Humic
Lake. Although the Water 1s Low in Turbidity and Free of Algae (Figure 39)
Thas 1s an Eutrophic Lake Because the Nutrients are Converted to Heavy
Macrophyte Growth
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M. MODELING LIGHT PENETRATION AND RETURN IN A LAKE

To effectively correlate lab, field, and satellite data, 1t 1s necessary to
model the penetration of each color of energy in different waters. This depth
of penetration 1s modeled as 1t relates to the easily obtained Secchi disc
readings Also 1t 1s sometimes important to collect water samples from a lake
to get a composite sample in accordance with the percentage of energy that
returns from the different water layers -- from the surface to the depth where
the sun's energy 1s extinguished This can be accomplished by using the Secchi
disc reading, the model, and the curves shown in this section
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The importance of collecting water samples at the correct depth cannot be
overemphasized. In one case at a steel mill near Chicago, Lake Michigan water
on one side of a breakwater appeared dark brown to the airborne sensors and to
observers due to the discharge from a nearby polluting steel mill. In contrast
the water on the other side of the breakwater was very clear Lake Michigan water.
When water samples were obtained to correlate the field data to the remote
sensing images, the water samples from both sides of the breakwater were
identical -- both being very clear water., This did not correlate at all with
the different tones on the aerial image. Then 1t was discovered that the water
samples had both been grab samples taken at the surface of the lake On the
side of the breakwater near the steel mill there was about six feet of very
clear water overlying the polluted water from the steel mill. This polluted
water was heavier and settled toward the bottom below where the surface sample
was collected Most of the sun's energy penetrated through the clear water
surface layer and interacted with the lower polluted water, Certain wavelengths
of energy were reflected back by the steel mill pollution and this energy again
passed upward through the clear water layer and reached the airborne sensors

If the water samples had been collected in accordance with the amount of emnergy
returning from the different layers in clear water then some of this steel mall
pollution would also have been obtained in the water sample It was from this
study that the following depth penetration modeling and curves were developed
(Scherz 1972)

In Figure 40 the energy that penetrates below the water surface 1s Io The

energy that reaches the bottom through depth "Y'" 1s I From Beer's Law:

B
IB = Io/e(aY), where e = 2 718 and o 1s the extinction coefficient of the water

If a white Secchi disc is lowered into the water to the Secch:i disc depth (SD)
until 1t 1s no longer visible, then according to Holmes (1970) the energy ISd

that penetrates to this Secchi disc depth 1s approximately 1/10 Io' Therefore,

(aSD) _ I/I,4 = 1/0.1= 10, and SD = Ln 10 = 2.3,

therefore SD = 2 30, (Figure 44, also Scherz and Van Domelen 1975}.

as a working approximation e

The extinction toefficient 15 obtained by passing light through the water sample
rather than recording the energy backscattered from 1t The same sample tube 1s
used as with the reflectance work except the tube has a glass bottom for
transmittance analysis (Fagure 59 shows a sketch of the equipment used for water
transmittance work ) The transmittance data seems exceedingly precise and there
are transmittance fingerprints even more differentiable than those from the
reflectance studies Accurate and reliable transmittance fingerprints can be
plotted for different materials in water from transmittances between 100% and

0001% (Figure 45) It seems that a very valuable water analysis potential
exasts for such a multispectral transmittance system However, it 1s energy
backscattered to remote sensors that i1s of primary interest here and especially
energy coming from different layers of water between the surface down to the
depth of the Secchi disc reading
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FIGURE 44. Modeling of Light That Penetrates to and Returns From the Secchi
Disc at the Secchi Disc Reading.
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1
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FIGURE 45. Transmittance Analysis of Different Lake Waters. Accurate and’
Reliable Curves Can be Plotted to Transmittances of 0.0001%
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8D 1s the hypothetical Secchi disc reading for a particular wavelength It is
assumed that about 10% of the sun's energy reaches this depth. In actual practice
the Secchi disc reading, 1ike the turbadity reading, gives an average value across
the entire visible spectrum while remote sensing investigations are mostly
concerned with specific wavelengths. The extinction coefficient, o, like the
hypothetical Secchi disc reading (SD), can be obtained for different wavelengths.
Figure 46 shows such values of SD for various waters as well as actual Secchi
disc readings From these curves one can obtain an understanding of the
penetration of different wavelengths of energy anto various waters compared to
the readily obtained Secchi disc reading. The reflectance of the white Secchi
disc 1s almost always greater than the reflectance of bottom material, so if

the bottom is deeper than the Secchi disc reading 1t will not be visible to the
eye (however, 1t might be significant to more sensitive sensors).

FIGURE 46 Hypothetical Secchi Disc Readings, 2.3/a, for Different Waters at
Different Wavelengths.
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1. Magnitude of Energy That Returns From Below the Secchi Disc Readaing
and From Various Layers of Water

Figure 44 shows a sketch which can be used to model the energy that returns
from a Secchi disc and from various layers above that depth. The radiance
avallable jyust below the water surface 1s IO. About 1/10 of this energy remains

after passing through water with a thickness equal to the Secchi disc depth,

The radiance reaching the Secchi disc depth 1s called g Isq ® 1/10 I,
According to Lambert's Law the total irradiance available on the Secchi disc is
HSd = ﬂIsd (watts/cm?); let Bsd be the radiance returning upward from the Seccha

H
1 _Sd 2
disc Lambert's Law states that. Bsd = - psd(watts/cm s) where Peg 28 the
diffuse reflectance of the Secchi disc,

" The diffuse reflectance of a white styrofoam panel (pp) was computed as 39%,

Assuming the reflectance of the Secchi disc to be the same, then B the energy

sd’
returning upward from the Secchi disc 1s

B  HsalPsd) —ISd(Ozg)—l—I (.39) = .039 1
sd ~ T - T 10 "o o o

The portion of thas energy that returns upward to the water surface,
r

Bsd’ is approximately

1
BSd = 1/10 Bsd = 0039 I0 = 0.39% Io

To calculate the amount of energy that returns from variocus layers in the water
volume, 5 equal layers of thickness, "d" are created above and below the Seccha
disc reading, d = SD/5 (Figure 47) Let Iln be the energy striking any layer

and Iout be the energy transmitted through 1t (Figure 46). The energy backscattered

by the particles in that layer 1s I Let '""b" be the unit backscatter,

back
b= Iback/Iln’ and let 't" be the unit transmittance through layers of thickness d,

t=1__/1__ (Figure 47) From the extinction formula
out’ "in

od - In (I_/T_ ) = In (1/t)

out

but o = 2.5/SD and d = 8D/5 so od = In(}) = &> X o2 = In(3)  From ths
Ln(%a = 46 and t = 0 63 From analyzing all possible water samples, the unit

backscatter "b' will change depending on the type of material but will lie
between 0 37 and 0 If in Figure 47 the light transmitted and backscattered from
one unit volume 1s followed to the next until the enexgy 1s extinguished or
reaches the surface, then the total energy coming from particles in each layer

1 T 1
(Avl) can be calculated From layer 1, Avl = bID From layer 2, AV2 = bIOtzF,
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where F = (1 + b% + b* + b® + . ). For any layer (1):

av' = b1 ¢ @22)p(22-3)
1 e}

1]
The sum of all the AV, for all layers is V; V = AV, + AV, + AV, + .

T L}
The percentage of V that comes from the first level is AVi/V which for a

variety of natural waters 1s 59%, from the second and third layer 1t is 24%
and 9.5%, respectively. Figure 47 shows a graph of the percentage of energy
that comes from each of the layers.

FIGURE 47 Determining Percentage of Upwelling Energy From Suspended Particles
at Different Depths Also Percentage of Composite Water Samples to be
Collected at Different Depths (Scherz and Van Domelen 1975)
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This graph 1s helpful when used with a Secchi disc reading. It shows how to
integrate a water sample to get a representative collection of water particles
which cause the backscatter returned to sensors from the total water volume

The composite water sample should be collected with an approximate,59% coming
from the first layer, and 24% and 9 5% coming from layers 2 and 3, respectively,
etc Each layer is 1/5 of the Secchi disc reading. Also, the curve in Figure

1
47 can be used to ascertain what portion of the total signal V stilil originates
from below the Secchi disc reading. Thas knowledge can be useful for bottom
studies.

2. Penetration of Different Wavelengths of Light

In clear water the maxamum penetration of light occurs in the blue-green region
(Figure 46) As dafferent materials are added to clear water the penetration
maximum wmay be any wavelength depending on the particular material in the water

Generally speaking, however, the penetration of infrared energy into water 1s
low.

Ultraviolet energy seems to reflect off the surface of the water like a mirror
Because of this phenomena UV energy is especially useful for analyzing oil
slicks * Most of the infrared energy seems to be absorbed in a few inches of
water This makes the infrared wavelength especially good for detecting water/
land boundaries and even wet soils  Figure 48 1llustrates how different

wavelengths of energy in the photographic portion of the energy spectrum interact
with water

N. PRACTICAL ANALYSIS OF SATELLITE REMOTE SENSING DATA AND LAKE CLASSIFICATION

1 General

The desirable remote sensing signal 1s the backscattered signal from the target
For lake classification the target 1s primarily the material in lake water  Some
lakes have much material -- some have little. Those lakes with much material
have more in some seasons than in others In early spring after the i1ce melts
lakes are often relatively free from green and blue-green algae  However, some
diatoms may bloom then Most of the nuisance algae from the previous summer dies
during the winter ** By late summer those lakes that have a great deal of
nutrients present (phosphates and nitrates), have heavy growth of green and
blue-green algae and macrophytes

In the autumn the sun sinks further to the South, the water begins to cool, and a
net decrease in living algae often occurs The amount of energy backscattered by
particles in the water also decreases Figure 49 shows the seasonal fluctuation
of apparent reflectance, (3 e., the backscattered energy) from the algae 1in

Polarized light 1s also useful for o1l slick analysis

Some observations indicate that this dead organic material seems to add to
the humic or brown water concentrations in some northern waters which appear
to be especially brown at spring ''breakup "
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Lake Mendota. Maximum reflectance from the algae occurs near the beginning of
September The maximum apparent reflectance alsc will correspond with the
minimum amount of dissolved oxygen at the period of maximum temperature as
shown in Figure 50 (Scherz 1877). The maximum differentiation in backscatter

caused by nutrients in different lakes is a period during the last part of
August to the first week in September. This is the time when lake classification

by LANDSAT data should be accomplished,

FIGURE 48 Interaction of Different Wavelengths of Energy Waith Water (Scherz
1971},
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FIGURE 49. Effect of Time of Year on Reflectance Fingerprints in an Algal Lake.
Lake Mendota Laboratory Data (modified from Scherz, Crane, and Rogers 1975)
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FIGURE 50. Water Temperature, Dissolved Oxygen, and Nitrates Plotted Against
Time Lake Mendota, 1871 Data From Robert Elihu Stauffer, Ph.D Thesis,
University of Wisconsin, 1974
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2. Ground Truth For Remote Sensing Lake Classification

In the machine analysis of LANDSAT imagery and subsequent classification of lakes,
the computer needs to be trained on at least one lake of each type {(1.e , very
clear lakes, humic lakes, lakes with algae, and lakes where bottom effects and
weeds are present) Various means were tested for the best method of finding

such lakes. New ground truth, existing data, aerial photos, and aer:ial observations
were used. It was usually impossible from aerial photography to differentiate a
clear lake from a humic lake because of differences in skylight conditions and
altitude on various flights The difference between a clear and humic lake was
eas1ly detected, however, by aerial observation from a small fixed wing aircraft
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For such differentiation purposes, the human eye 1s a better aerial sensor than
an aerial camera and a photointerpreter. Also there may be months of delay in
obtaining good aerial photos, but an aerial observation can be made instantly
any time weather permits. Clear days are, of course, better for all aerial
observations of lakes except when observing and photographing oal spills, then
a completely overcast day is best (Van Domelen 1974 and Scherz and Van Domelen
1975) . %

The aerial observation system for lake classification described here was
developed to determine which lakes should be sampled by ground truth teams from
the Wisconsin DNR and the UW-Madison simultaneous with LANDSAT overflights
Aerial observations were also useful throughout the development of a satellite
classification system Also, lake classification maps from the Bendax
Multispectral Data Analysis System (MDAS) were field checked using aerial
observations by experts from the UN-Madison and the Wiscomsin DNR

Basically, the aerial observer flying over a lake should look for five things

clear water (C), brown humic water (H), algal water (A), visible bottom (B), and
lake weeds (W) A lake may be basically clear water (C), but have some humic
material (H) and some algae (A). Such a lake might be described as C4, HZ, Ad,
which would be the code classification for the water of that particular lake.

The 4, 2 and 4 would be the estimated part in 1/10's that each material contributes
to that lake. If about 30% of the lake (e g, the west end) had sand bottom showing,
the notation could be B = 30% W end Also the strength of the light reflected from
the hottom could be estimated. A sandy beach would have 100% of the signal coming
from the sand, and a sand bottom (BS) deep in the lake and no longer visible would
have a zero percent signal. A note such as (BS 2-5, 30%, W end) would mean that
sand bottom shows over 30% of the west end of the lake with an estimated strength
two-tenths to five-tenths of the possible signal from the sand itself. The total
observation code for this lake including the sand bottom would be as follows.

C4, H2, A4, (BS 2-5, 30%, W end) Other notations can be* G for green colored
rock flour, BM for mud bottom, D for dirt and silt, WS for surface weeds, and

WB for bottom weeds, etc  With such a system it wa® possible to rapidly and
roughly classify any lake with an accuracy usually sufficient to locate the

best test lakes for MDAS computer training and for water sampling.

3  Lake Classification Using LANDSAT

Although aerial observations proved to be good rough estimates of whether bottom
and weeds were showing and whether there was algae present, the exact amount of
algae in one lake compared to the algae in another lake could not be determined
with any real precision What 1s needed for such a comparison i1s an aerial image

* On an overcast day the total signal from an o1l spill is much greater than
from water with no o1l This is because of a greater reflection of the
skylight from the oil than from the water. On an overcast day the total
signal from the water and oil increases as the depth of the o1l increases
On a clear day, however, the total signal can decrease with increased oal
depth This 1s explained by an interplay of energy transmitted through the
01l (to and from the water) and the skylight component reflected from the
01l surface The relative change in skylight-to-total light on a clear and
overcast day accounts for this phenomena.
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from high altitude showing all lakes at the same time  LANDSAT images weTe
analyzed on the interactive Princeton Electronic Products (PEP) Terminal at
the UW-Madison to study the spectral signatures of different lakes  Then
the Bendix MDAS analysis and mapping system was used to do the actual
categorization and to produce color coded printout maps.

In testing the Bendax MDAS classification, it was necessary to first flag

those lakes where bottom effects were present. It 1s not possible to simply
take the total signal coming from a lake (bottom signal included) and run a
blind classification for trophic status Work by Boland {1975 and 1976) in
Southeastern Wisconsin shows the potential for using LANDSAT for trophic
classification  However, the classification system used in this study looked
at the entire signal from many lakes in Wisconsin which have most of theix
signals caused by bottom effects * Such a classification scheme could not work
in another area where there were different types of bottoms present,

For a universal classification scheme that would include lakes where bottom
noise 15 the predominant signal, such bottom lakes must be removed from further
analysis Then the computer can reliably classify those lakes where bottom
noise does not exist. Lakes with bottom effects must be classified by other
means, such as ground methods, aerial photography, or aerial observations.
Overriding noise simply cannot be mixed with meaningful signals and achieve
meaningful results, no matter how sophisticated the mathematical manipulations
The noise must be removed.

The computer can easily identify lakes where bottom problems exist from analysis
of resadual fingerprints as shown in Figure 42. Lakes where silt was present
were also 1dentified by the computer and had residual faingerprints not unlike
those shown in Figure 51. Both bottom lakes and silt lakes were given a yellow
color on the multicolor fimal printout. Lakes with dense macrophyte populations
were also identified (Figure 43) and were assigned a red color on the color
coded printout

Thus the lakes that were left were (1) clear lakes, (2} humic lakes and (3)
lakes with various amounts of algae The graph by Wetzel (Figure 1) was
modified and used to classify such lakes On the y axis, estimated humic

water content was plotted on a scale that varied between zero and 10, and
estimated clear water content was plotted on a scale that varies from 10 to
zero  Similarly on the x axis, algae was plotted between zero and 10 and clear
water between 10 and zexo {Figure 52).

* Two such lakes with overriding bottom signals in this study were Lake Como
and Lac La Belle. Lake Como was classified from LANDSAT data as trophic
class 7 (toward eutrophic) However, our studies estimate that 50% of the
signal from this lake is bottom noise in July and 60% 1in late September.
Lac La Belle was classified as trophic class 15 (toward oligotrophic)
However, this 1s a clear lake where sand bottom is visible over the entire
lake at all seasons. The estimated proportion of the total signal caused
by bottom noise 1s about 20% in August and approaches 90% in late fall and
early spring
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FIGURE 52. Scheme Used to Classify Lakes From LANDSAT Data Based Upon Wetzel
Data in Figure 1 and the Clear Water, Humic, and Algal Lake Types Estimated
by Aerial Observations. Satellite Residual Fingerprints of Lakes Along
Profiles I, II, and IIl are Shown in Figure 53, 54, and 55, Respectively
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Therefore, on this x-y plot all lakes with various concentrations of algae and
humic material in the water can be plotted from their unique spectral signatures
or fingerprints About 40 different categories of such mixed water lakes

within this plot can be recognized by the computer but only four major classifai-
cations were chosen to be printed out because the human eye can only detect a
limited number of different colors on the final MDAS color coded classification
map. For the water types the four classifications used were humic lakes

(printed as brown), clear waters (dark blue), light-to-moderate algae (blue-green),
and moderate-to-heavy algae (dark green). Various profile lines running

radially from the zero part of the curve in Figure 52 are therefore lines showing
different amounts of algae i1n waters containing various amounts of humic material
Figures 53, 54, and 55 show various profiles of lakes with different mixtures of
clear water, humic water, and algae Marl lakes alsc lie along Profile IIT on
Figure 52 and on this project were classified as clear water lakes A separate
category of marl lakes 1s also possible See Appendix E
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FIGURE 53 Satellite Reszdual Fingerprants for Clear, Moderate, and Intensely
Humic Lakes (Profile T in Figure 52) -
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Satellite Residual Fingerprints of Moderately Humic Lakes Containing
Varrous Amounts of Algae (Profile II in Figure 52}. Three
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FIGURE 55 Satellite Resizdual Fingerprints of Nonhumic Type Lakes (Clear Water
Type) Containing Various Amounts of Algae (Profile III in Figure 52).
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About 800 lakes were classified by the MDAS system as having humic water, clear
water, light-to-medium algae, medium-to-heavy algae, silt, or lakes where the
bottoms were showing Heavy surface lake weeds could also be identified and
were printed as red Three tones of grey were used for urban areas, clear
fields, and forests  Black represented unclassified portions of the scene.
Clouds showed as black and their shadows were sometimes red or brown
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+ It was found that when humic water lakes with mud bottoms (mud bottoms depress
the curve for a humc lake). were combined with wild rice (whaich raises the
curve) the sum was a signature which 1s identical to that of a deep humic lake.
Therefore the humic water classification (brown code) also includes some rice
lakes, but such rice lakes are usually important and their locdations are known
because the gathering of wild rice 1s a licensed actavity. It was thought that
the maxing of the rice beds with the humic lakes would cause no real trouble
on the MDAS printout map. Further work combaining spring and fall LANDSAT

imagery 1nto an eight-channel tape could probably isolate the wild rice beds.

Three separate field observers checked the output maps and found between 87%

and 99% correct classification * This gave an,average of 93% correct with a
probable error of #6%. The estimated error between the different observers
checkang any one set of lakes was about *8%. The percent correct classification
was concluded to be as good as any available method of checking the results.
Figure 56 shows an example of the Bendix MDAS color categorized map for lake
classification near Madison, Wisconsin -

* An airplane flew over each lake to be field checked in late August  Aerial
observers 1n the plane had the color coded lake classification map in hand
-(made from previous year's data) and made notes as to whether the MDAS
categorization was excellent, good, satisfactory, poor, or umnsatisfactory
Excellent, good, and satisfactory were considered a correct classification.
There was some obvious change in lake categories from one year when the
imagery was acquired to a year later when the map was field checked However,
such change was anticipated to be less than about 5%
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FIGURE 56. Example lake classification color-coded map from
multispectral analysis of LANDSAT data by the Bendix MDAS
. system. Madison area lakes, August 1973.

* Devil's Lake used as deep clear water standard for the analysis of this scene.
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D, D, D laboratory difference, and differences obtained from boat and
airborne-mounted sensors, respectively. Difference between
apparent reflectance from water #1 and a very clear, pure water

{(water #1).
e 2.718
F factor used in modeling energy upwelling from various layers in
water, 1 ;
= (1 +bZ2+b*+b%+. )
G specular reflection of laboratory lamp from water surface,

watts/cm S.

G specular reflection of sunlight from water surface, watts/ans,
(boat level analysis).

HC Skyllght 1rradiance on flat surface at ground level, watts/cm’s,
HC=1TL.
HL total irradiance available in laboratory for sample being analyzed,
watts/em?. The source 1s a laboratory lamp
1 1 1
HO total 1rradiance at earth's surface (H = HS + Hc) caused by both
the sun and skylaght, watts/cm®,
1
HS irradiance on horizontal surface at the earth's surface caused by

sunlight, watts/cm?

H total irradiance available on the Secchi disc at the Secchi disc
sd 2
depth (watts/cm<),
IB downwelllng energy available at the bottom of a water body
(watts/cm?s).
back energy backscattered from a unit water sample (watts/cm®s)
Iin energy striking a unit water sample (watts/cm®s).
IO downwelllng energy available just below the water surface
(watts/cm?s)
Iout energy transmitted through a unit water sample (watts/cmzs).
ISd downwelling energy that reaches the Secchi disc at the Secchi disc

reading (watts/cm?s)
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backscattered signal or radiance caused by the atmosghere between
the earth's surface and an airborne sensor, watts/cm“s

ceiling 1ilumination in laboratory, watts/cm’s.

skylight radiance reaching water, watts/cm”s (boat level analysis).

sun's radiande reaching water, watts/cmzs (boat level analysis).

radiance of laboratory 1lluminating lamp, watts/cm’s.

radiance from reflectance panel to laboratory, boat and airborne
sensors, respectively, watts/cm’s,

airborne resxduals for lake #i1. The residual is obtained by

L]
subtracting the signal from a very clear lake (W

1) from the signal
of the lake in question, e g , from lake #i.

| Tt T " 1

- - - T
|1-‘z:L =W - w1 = (p pv ) H0 T

residuals obtained from laboratory, boat level, and airborne
sensors, respectively Lake water #1

radiance caused b{ specular reflection of skylight from water
surface, watts/cm“s, (boat level analysis)

radiance from diffuse reflectance of lmpurltles on the water
surface, laboratcry signal, watts/cm®s.

radiance caused by diffuse reflection from impurities on the
water surface (foam, dirt, leaves, etc ), watts/cm’s (boat level
analysis andlairborne analysis, respectavely).

Secch1 dlSC Iead1ng In the depth analysis modeling 1t 1s assumed
that 10% he energy penetrates to the Secchi disc reading depth

transmlttancl through a unit water sample, t = I /I
watts/cm’s.

radiance caused by diffuse reflectaion from material in waterxr
volume to laboratory, boat mounted and airborne sensors,
respectivelyl watts/cm?s
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watts/cm?

watts/cm®s

Ppr> Py

pSL’ ps

ile

upwelling energy above the watexr surface which originates from
a particular layer in the water (watts/cmzs).

upwelling energy above water surface that originates from layerx
1, 2, and 1 1n the water, respectively (watts/cm®s).

total radiance from water to: laboratory, boat and airborne
sensors, respectively, watts/cmzs.

watts per square centimeter, a measure of irradiance or total
radiant energy available on a surface.

watts per square centimeter per steradian, a measure of the
nonpoint radiant energy mpinging on a point per unit of solid
angle measured from that point Used with radiance.

vertical distance between water surface and bottom.

extinction coefficient for energy passing through water,

specular reflection of a water surface, considered to be 0.020
for anglies near the vertical.

diffuse reflectance of laboratory and field panels, respectively.

diffuse reflectance of foam, dust, and other impurities on water
surface 1n laboratory and field, respectively.

diffuse reflectance of Secchi disc.
volume reflectance of a water column; diffuse reflectance

volume reflectance of material in water (sample 1 and distilled
water, respectively).

solid angle of the sun as viewed on the earth's surface, steradians

solid angle of laboratory lamp as seen by the object being analyzed,
steradians.

atmospheric transmittance between ground level and airborne sensor
or satellite.

Subscripts 1 and 1 denote waters 1 and #1 (distilled), respectavely

Superscrapts

1t o

and denote data from boat and airborne sensors, respectively

Lack of superscript denotes laboratory data
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VI. THE ANALYSIS OF REMOTE SENSING DATA

A GENERAL

The desirable remote sensing signal in all cases 1s backscattered energy from
the target. However, the absolute value of this backscattered signal 1s of
less importance than its value relative to total energy available The
absolute amount of energy backscattered from a particular object will be
greater on a bright day than on a dark day when there 1s less energy available.
It 1s the ratic of energy backscattered/energy available (percentage) that is
unique for a particular material. This percent refiectance at different
wavelengths accounts for the unique reflectance fingerprints of different
materials

In order to handle this relative reflectance problem (energy returned/energy
available), a reflectance panel 1is often used as a standard in laboratory,

boat level, and airplane data analysis. In the absence of a standard reflectance
panel, another known reflection standard can be used such as a clear water lake.
With this in mind, let us see how remote sensing data can be analyzed to obtain
the absolute values of energy that reach the sensor

B. MULTISPECTRAL SCANNER DATA

A multispectral scanner senses a portion of the earth's surface in several
different wavelengths The energies that return from this spot are converted
into electrical impulses which are read out from the scanner. For calibrated
thermal scanners, a very cold and a very hot surface are sensed in each
revolution of the scanner For scanners operating in the photographic poxrtion
of the spectrum a very dark and a very bright surface are similarly used in
calibrating each scan of the instrument If the response of sensor readout is
linear with the energy received then interpolation between the signals from the
cold and the hot standard will detexmine the unknown energy from a spot in-between.
Therefore, 1t is not a difficult matter to obtain a correlation curve between the
count on a multispectral scanner detector and the radiance 1t receives (Figure 57).
Once the raw count 1s known from the computer tape (which 1s obtained from the
multispectral scanner), 1t 1s then possible to enter the curves and obtain the
intensities of the energy striking the scanner from that portion of the earth

Raw computer data may first be manipulated to improve statistical analysis and
classification  For example, the scale can be multiplied by some factor to
allow statistical use of whole numbers rather than fractions With the Bendix
MDAS computer analysis system the raw data from Bands 4, 5, and 6 are first
multiplied by four, and the data from Band 7 are multiplied by two before
classification analysis begins. Therefore, the calibration curves for the MDAS
system are like the curves in Figure 57 except the y axis is increased by some
factor.

ORIGINAL PAGE IS
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FIGURE 57. Obtain Radiance Values From Satellite Tape Count Using Calibration
Curves For The LANDSAT Satellite Multaspectral Scanners.
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C  PHOTOGRAPHIC ANALYSIS

When a signal passes through a lens and is captured on camera film, there are
several more factors that must be considered than with the multispectral scamner
data. First the lens and 1ts properties must be considered There 1s less

energy available at the edge of a photograph than in the center. And with cameras
with a focal plane shutter, the amount of energy across the frame may be a function
of the movement of the shutter The way to calibrate this sort of lens and shutter
falloff 1s to photograph a uniformly illuminated source (such as a piece of opal
glass 11t from behind), and then analyze the brightness of the f£ilm that results.
Calibrations like this can be made for cameras (Scherz 1972 and Van Domelen 1974)
and should always be considered when doing microdensitometer work on a film
However, 1f a standard reflectance panel 1s ammediately adjacent to where a !
reflectance sample is being analyzed the falloff patterns may not be so important
(Klooster and Schexrz 1974).
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1. The D-Log E Curve

Another important factor in photography is the density-log exposure curve
(D-Log E) of the film (Klooster and Scherz 1974). After light hits the falm
and the film 1s developed, part of the negative turns to black silver and
becomes dense to light passage The more light, the darker becomes the
developed film. However, the film's darkness (or density) 1s also a function
of the time in the developer, the temperature of the developer, and the age -
of the film. Therefore, to determine the relationship between density (which
can be measured) and the amount of energy exposing the original film, a D-Log E
curve must be made for that particular film. Such D-Log E curves are made by
exposing different known amounts of energy onto the film and measuring the
densities that are created (Eastman Kodak Company 1967, Smith 1968, and Baines
1970). This exposure variation can be accomplished by varying exposure time
or light intensity The most convenient way s to photograph a step wedge or
to lay a step wedge across the film and expose it. A step wedge is a piece of
transparent material that has different amounts of black silver deposited on
each step. For example 1f step 1 1s clear and the laight that passes through
it 1s Eo’ then light that passes through each of the other steps i1s some known

percentage of E0 (Figure 58). The veriation of the amount of light passing

through the step wedge and exposing the film i1s what creates the x axis of the
D-Log E curve.

FIGURE 58. D-Log E Curve For A Black And White Negative Film. Obtain Relative
Values Of Exposing Energy By Analyzing A Black And White Falm That Also Has
A Step Wedge Exposed Somewhere On The Film
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The percentage of E_ that passes through each of the steps is either given by
the manufacturer or’can be determined in the laboratory with a microdensitometer.
Using a microdensitometer for analyzing transmittance of film 1s similar to
analyzing transmittance of light passing through a water sample except that the
film or step wedge replaces the water sample. The equapment for film amalysls
1s smaller than what is used for water sample analysis (Figure 59)}. A
microdensitometer that can be adjusted to analyze a particular color or
wavelength of light 1s a spectral (or color) microdensitometer. On a spectral
microdensitometer, light falls into a microscope and passes through a prism or
diffraction grating on to a detector head which produces a readout signal. The
prism or grating is rotated so that a particular color falls on the detector
head (Figure 59). When analyzing black and white film there is no color data
and the spectral microdensitometer can be set at any color, or wavelength.

FIGURE 59 Schematic Of Equipment Used To Analyze Film And Water Samples.
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The developed film will show a negative image of the step wedge., This image 1s
called a fi1lm wedge. The step 1 which was clear on the step wedge 1s darkest
on the negative film wedge because the exposing light E0 passing through this

part of the step wedge was essentially unchanged in intensity (Figure 58). The
density of each step on the film wedge can be analyzed by the microdensitometer.
Let Io be the energy from the i1lluminating light for the microdensitometer

analysis If the film 1s put in-between the 11luminating Ilight and the microden-
sitometer sensor, let the energy that passes through the film be called I. The
transmittance (T) of the f1lm 1s 1 Density i1s defined as logig 1-whlch 1s also

I T
o

I
logig Tg' Therefore, 1f a £11m wedge has six dafferent steps recorded on 1it,

then the density of these particular steps can be anzlyzed and the densiaty or y
axis of the D-Log E curve obtained. This density for each step 1s plotted
against the energy that originally passed through each step of the wedge and
exposed the f£ilm.

2  Obtaining Relative Exposure Of Objects Photographed By Using The D-Log E
Curve

By such a process 1t is possible to shine the beam of the microdensitometer light
through particular targets (such as targets 2 and 3 in Figure 58) and obtain

the densities on that particular scene and then come back to the D-Log E curve
and find the relative values of the exposing radiance. ©Notice that only relative
intensity 1s obtained; no absolute intensity 1s possible. For absolute intensity
there must be something in the photographed scene with an absolute intensity such
as a calibrated light source. Obtaining absolute intensity is very difficult
with a camera.

D. BLACK AND WHITE REVERSAL FILM -~ LANDSAT SCENE ANALYSIS

A calibrated sensor system 15 available for the LANDSAT multaispectral scanner
LANDSAT tapes can be converted into black and white images and both negative and
positive prints can be acquired A fiim wedge 1s still shown on each scene of
such LANDSAT imagery On a positive transparency the film wedge has undergone

a reversal and becomes a positive film wedge rather than a negative film wedge

The D-Log E curve therefore makes a mirror image of itself as 1s shown in

Figure 60 From the densities obtained by analyzing LANDSAT images and the

D-Log E curve, and the absolute calibration data published by NASA, it 1s possible
to find the absolute radiance entering the scanner for each part of the scene
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FIGURE 60 D-log E Curve For A Black And White Positive Film. The Photographic
Reversal Step Wedge Printed On A LANDSAT Positive Transparency Is Used To
Obtain The Relative Values Of Energy Exposing Different Parts OF The Scene.
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E. COLCR FILM ANALYSIS

1. Color Negative Film

With normal color film processed to a color negative, the blue-sensitive layer
turns to a yellow dye, the green-sensitive layer turns to a magenta dye, and
the red-sensitive layer turns to a cyan dye. Therefore 1f a color film were
used to photograph a grey scale step wedge each step would expose a certain
amount of silver in each of the blue, green, and red-sensitive layers on the
film in accordance with the amount of energy received by the three layers.
(Colors of white and grey are made up of equal amounts of blue, green, and red
laght )

Assume a grey step wedge were exposed on a color film which was processed to a
color negative. Then place a yellow filter over thas color negative and analyze
the strength of light passed through the film wedge (and the yellow filter), a
yellow density could be obtained for each step of the film. The densities for
each step could be plotted up on a y axis and a D-Log E curve could be constructed
similar to a D-Log E curve for a black and white negative film. The resulting
D-Log E curve for the blue-sensitive layer would look similar to the curve for
the negative black and white step wedge shown in Figure 58.

By placing a magenta filter over the color negative film berng analyzed, a

similar D-Log E curve could be constructed for the second or green sensitive layer
of the film. Likewise a cyan filter over the color negative would make 1t possible
to obtain the D-Log E curve for the red sensitive layer of the film. For a color
film all three of these D-Log E curves would be plotted up on the same piece of
paper. Such a graph 1is then often used to determine the relative sensitivities

of each layer (necessary for matching particular film types to particular types

of light sources) (Faigure 61).

FIGURE 61. D-Log E Curve For Three Layers Of Normal Color Film Processed To
A Color Negative. The lLayers A, B, And C Turn To Colors Yellow, Magenta,
And Cyan, Respectively. Measurements Shown Can Be Used For ASA Speed
Determinations And Color Balance (Modified From Manual Of Color Aerial
Photography, American Society Of Photogrammetry, 1968).
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2. Color Reversal Film

When color film is processed in a color reversal development then the dyes are
formed 1n those layers where no light struck. The silver and dyes in the layers
where 1ight struck are washed away. Th other words if light struck the
blue~forming layer, dyes would be formed in the other two layers (magenta and

cyan dyes). The combination of magenta and cyan dyes creates the color blue
(Figure 62). Similar processes occur for the green sensitive and red sensitive
layers.

FIGURE 62. Sketch Of Dye Development And Transmittance For Normal Color Fiim

For Color Infrared Film, Essent2ally The Same Process Takes Place Except
Colors For The Exposing Light Change To Green, Red, And Infrared

Color of £ilm Coloxr of f£ilm

when developed Film when developed Film
Color of to a color transmittance to a color transmittance
Exposing Light negative curve reversal curve
Blue
Blue =2>{ Yellow - N Clear ‘@
Clear T + \\\\ ’ia{;ent:a T + //
Clear B G R Cyan B G r
Green
Green Clesz Yellow *
——
—=-] Magenta T Clear T \
& +III!§;;1 NN 7
Clear B G R Cyan B G R
- Red
Red Clear Yellow 1 1
Clear T .!x [/} Magenta * T .%\\ngé
i - N
ar
—>{_ Gan | B G R £ B ¢ R

T = transmittance, B = blue, G = green, R = red

Therefore where blue light exposed the normal color reversal film, the film when
processed by a color reversal technique would allow the color blue to pass The
stronger the exposing blue light the more blue light would be transmitted through
the processed film, A spectral microdensitometer can be tuned ta the color bhlue
to obtain the energies passed through different steps of a step wedge photographed
by or.contact printed on the color film. The resulting D-Log E curve would be for
the blue-sensitive layer of the film. This only works for color reversal film,
however. For color negative films, filters of magenta, cyan, and yellow must be
used when analyzing the different layers on the film because a spectral microdensi-
tometer cannot be tuned to a color like magenta (made up of blue and red light).
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Because there 15 a tone and color reversal in the color reversal development
process the resulting curves correspond in shape to film positive rather than

film negative step wedges

FIGURE 63.
Film).

D-Log E Curves

(Figure 63).
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If the D-Log E curves for the three layers of a normal color film lie essentially
on top of each other, the film 1s a well-balanced color film. However, 1f one of
the layers has a hagher position on the D-Log E plot then this is a poor balance

for this film to that particular light source. Such cases occur when color film

designed for daylight use outdoors 1s used indoors under a sodium light which 1is

deficient an blue light. Film designed to be used indoors under sodium light has
a blue-sensitive layer which is much more sensitive then the other layers.

Appendix D explains the construction of a D-Log E curve for color reversal film.

3. Color Infrared Film

If the color reversal film were color infrared film rather than normal color film
the processes described above and depicted in Figures 62 and 63 would be identical
except that the colors of the exposing light would be changed from blue, green,
and red to green, red, and infrared, respectively. The formation of the yellow,
magenta, and cyan dyes and their addition into colors blue, green, and red would
be 1dentical as with the normal color film. The analysis of the step wedge with
the microdensitometer tuned to blue, green, and red, would yield D-Log E curves
for the green, red and infrared sensitive layers, respectively.

F. COMPUTER ANALYSIS EQUIPMENT

For LANDSAT data, a particular part of the earth 1s imaged by all four bands of
the multispectral scanner. The smallest unit resolved on the ground (a pixel --
"picture element") 1s about 78 meters on a side. A pixel on the tape 1s recorded
in all four bands Therefore, the 1ntensity of all four bands can be analyzed

The data from the LANDSAT multispectral scanner are obtained either as photographic
images* or as computer tapes. The computer tapes provide the most accurate data
and the format most useful for analysis and classification of ground objects. For
such analysis there must be some device that allows the operator to interact with
the computer Figures 64 and 65 show two such computer devices for this analysis,
a PEP terminal and the Bendix MDAS terminal, respectively. The PEP terminal 1is

a black and white display screen and a keyboard which allows the operator to
interact with a conventional digital computer, view portions of the LANDSAT scene,
and extract digital data at different locations in the scene from the different
bands of the satellite scanner. Qutput from the PEP terminal 1s obtained by the
computer digital printer or by copying data displayed on the black and white TV
monitor screen

The Bendix MDAS terminal and other special computer systems are designed just for
multispectral tape analysis. Sophisticated computer software enables the enhancing
and manipulating of the data by statistical techniques prior to classification of
objects in a scene. The display 1s color coded -- a different color being assigned
to each type of material classified. This color coded display can also be printed
out on a color categorized map on photographic paper

* LANDSAT photographic images are produced in essence by displaying LANDSAT tape|
data onto a TV screen and photographing the screen. These photographic images
have film wedges on them to allow control over the photographic copy process.
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FIGURE 64. PEP Terminal For Analyzing LANDSAT Tapes. This Terminal, Produced
By Princeton Electronic Products, Inc. And Available At Most Computer
Facilities, Makes It Possible For The Operator To Interact With The
Computer Which Has The LANDSAT Tape On Its Tape Reader.
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FIGURE 65. Bendix MDAS Terminal For Multispectral Analysis Of LANDSAT Tapes.
Such Special Computers Have Many Features Of The PEP Terminal But Have A
Color TV Monitor And Are Specifically Designed To Analyze Multispectral
Data By Sophisticated Statistical Techniques, Classify Different Features
On The Earth, And Print Out Color Coded Classification Maps.

The MDAS system, like the PEP terminal, can also print out digital data. For
statistical manipulation the MDAS signal is first multiplied by a factor of 4
or 2 depending on the band so the printout by the PEP or MDAS system will vary
by a scale factor. Figure 66 shows the MDAS raw data so manipulated from the
four bands of the LANDSAT scanner for three types of lakes -- a clear water
lake, a humic lake, and an algal lake.

Note that in Figure 66, clear water . which yields essentially a flat reflectance

curve in the laboratory has much more green energy than infrared energy recorded

on the LANDSAT data. This is because of the haze that causes a much greater

scatter of the shorter wavelength light. Therefore there are more atmospheric

effects and skylight reflection effects in the green than in the red and IR bands.

The signals in the green and red bands are exceedingly high. This raw data is

very difficult to relate to laboratory reflectance data. .
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G. OPERATIONAL LAKE ASSESSMENT PROGRAMS USING LANDSAT DATA

The Wisconsin Department of Natural Resources (DNR) was regulred to classify
all the named lakes in the state as to their trophic level in response to
federal legislation ("Federal Water Pollution Control Act Amendments of 1972,"
Section 314). In the spring of 1974, a cooperative project involving the
Institute for Environmental Studies (UW-Madison) and the DNR was i1nitiated to
investigate the feasibility of using satellite imagery to satisfy the federal
mandate to monitor lake water quality

Initially the project investigated using 9" by 9" and 70 mm positive transparencies
from the LANDSAT satellite (Scarpace, Fisher,and Wade 1974) Difficulties with the
radiometric fidelity of the 9" by 9" transparencies, and operational problems due
to the extremely small image sizes of small lakes on the 70 mm images prompted

the development of computer-assisted analysis of the imagery. A large interactive
computer program was developed to provide highly versatile data extraction and
analysis capabilities for LANDSAT or other multispectral data.

The computer program was designed for an interactive graphics terminal and the
Madison Academic Computing Center's UNIVAC 1110 computer (Fisher and Scarpace
1975) The terminal chosen was the Princeton Electronic Products, PEP-801 because
the Computing Center supported the development of the necessary software and the
DNR owned such a terminal. Display information on the terminal (graphics and
alphanumeric characters) is stored as an electronic pattern on a storage tube that
1s scanned to produce a high quality black and white television picture
Information can be retained with no computer action (or cost) for several hours

Alphanumeric data can be entered into the computer via a standard keyboard.
Position on the screen can be entered via a cursor control unit. A joystick on
the control unit allows an operator to maneuver a small electronically generated
cursor around the screen. Pressing a button on the control unit transmits the

x and y coordinates of the cursor to the computer This latter feature 1s used
extensively to indicate the data pixel points to be extracted from the LANDSAT
imagery for analysis.

Because of the limited data transfer rate between the 1110 computer and the PEP
terminal, only 90 rows of S0 picture elements can be displayed at any one time.*
Variable resolution allows the area on the screen to correspond to ground areas
from 5.2 by 7.1 km to 46 3 by 64.1 km. This variability in resolution was
sufficient to locate all the desired lakes in the state.

It was decided that to satisfy the federal law, a water quality assessment of all
lakes greater than 10 acres was needed There are approximately 4000 lakes that

fit into this category in Wisconsin. It was also decided, for this farst cut
assessment, that the lakes would be ranked within each county 1n order of decreasing
turbidity No differentiation would be made at this time between water quality
problems caused by algae, macrophytes, sediments, humic material, nor lakes where
bottom signals were present. These problems were tc be rectified in a later

version of the classification program due to be released soon in a UW-Madison Water
Resources Center Report, Use of Satellite Imagery for Lake Classification in
Wisconsin

¥ A Full LANDSAT scene has approximately 3200 rows and 2400 picture elements/row
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Computer compatible tapes from 23 scenes were purchased from the EROS Data Center
(Sioux Falls, South Dakota). These scenes were from the summers of 1973 and
1974. Each lake was imaged cloud free at least once on the 23 scenes. The data
to be derived from the LANDSAT imagery for this project were the Band 5
brightness values in selected portions of each of the lakes in the state.

The desired locations of the data to be extracted were found by displaying a
character representation of the Band 5 digital values on the screen of the

PEP terminal. This was accomplished by the computer examining the Band 7 digatal
values and only displaying the Band 5 values when the Band 7 values were extremely
low (less than 10 counts). This technique, known as bi-band masking, clearly
outlined each of the lakes The operators had numerous topographic quadrangles

to check the shape and location of the lakes for positive identification

Data are extracted by entering a lake name and then pointing the cursor at each
desired point or at alternate corners of blocks of points. A one-digit area
number 1s written at each selected point or block of points on the screen and
adjacent to the extracted data. Data extraction continues as long as desired
within the lake. It ends for a gaiven lake with the entry of another lake name.
At this time the Band 5 data 1s printed, punched, and filed by the computer for
further analysis

The data extracted by the program were sorted by county Within each county,

the lakes were ranked in order of decreasing average Band 5 brightness value.

A computer-generated table for each of the 72 counties was produced in the spring
of 1975 {e.g , Table 1) At the same time, a pictorial representation of the
data points used for the classification was also made. This is a computer line
printer rendition of the PEP terminal screen at the time of data extraction
(e.g., Figure 67)

The Bendax MDAS system was also used to produce color-coded lake classification
maps of two areas in Wisconsin. Figure 66 shows raw spectral signatures obtained
by the Bendix MDAS system. Such spectral data were used in arriving at the
automatic lake classification scheme further described in Chapter VII.



TABLE 1
From Bands 5 And 7 Of LANDSAT Analyszis,
Decreasing Turbidity.
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Typical Output For One County Relating To Lake Turbidity Derived
Lakes Are Ranked In Order Of

Some Lakes May Have Noise From Bottom Effects.

DNR District No. 1 Name. Southern Columbia County
Number of Band 5 Band 5 Scene
Rank  Lake Name Points Average Range Identification
1 Swan 4 16.50 16-18 1378-16151003
2 Long 2 15.50 14-17 1378-16151003
3 Lazf 3 14.67 14-15 1378-16151004
4 Park 4 14.50 14-15 1378-16151003
5 Spring 3 14.00 14-14 1378-16151003
6 Lake Wisconsin 9 14 00 13-15 1378-16151003
7 Becker 2 13 50 13-14 1378-16151003
8 Silver 2 13.50 13-14 1378-16151003
9 . George 2 13 50 13-14 1378-16151003
10 Wyona 2 13.50 13-14 1378-16151003
i1 Crystal 1 13 00 13-13 1378-16151003




FIGURE 67.
Madison, Wisconsin,
And Obtain The Intens

Image Scene As Viewed On The PEP Terminal.
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VII. APPLICATION

This chapter outlines four examples of applying remote sensing theory to water
quality monitoring. The first example is a case where an $8,000,000 intake

for drinking water was located i1n turbid, unusable water. This could have

been avoided had aerial photos (which clearly show the location of the turbid
water) been adequately utilized The second example involves mapping macrophytes
by low altitude photography. The third example 1llustrates the unique laboratory
spectral reflectance fingerpraints of different types of algae, and the
translation of these laboratory fingerprints to satellite fingerprints. The
fourth example shows how lakes in a large region (10,000 square miles) were
categorized and mapped by multispectral analysis of LANDSAT data, and how the
lake with the heaviest algal concentration was found (Prairie Lake in Barron
County, Wisconsin)

It 1s felt that these four examples demonstrate that remote sensing, properly
used, can be a powerful tool for water qualaty monitoring and control.

A. EXAMPLE 1: TURBID WATER LOCATED BY AERIAL IMAGES

Lake Superior 1s one of the clearest lakes in the worid Early explorers remarked
on its clarity and their ability to see rocks on the bottom and fish at great
depths  Today anyone boating on or flying over Lake Superior will probably be
amazed at 1ts clarity, 1n many cases 1t 1s clearer than drinking water Along
the north shore of the lake, north of Duluth, Minnesota, this clear water 1s
piped inland. Only chlorination 1s necessary to make 1t usable for drinking.

On the other hand, river and bank erosion near Superior, Wisconsin, cause
suspended red clay particles to be mixed with the clear Lake Superior water. 1In
Figure 68 this turbid water can be clearly seen in LANDSAT images. Careful
analysis of LANDSAT images since 1972 and aerial photos since 1938 show the
turbid water in an eddy that stays near Superior, Wisconsin over 50% of the time
After strong southwest winds, the turbid water moves eastward along the south
shore of Lake Superior.

Evidently proper use was not made of the aerial photos on file in Superior, and
1t was proposed to construct a water intake in the center of the area where the
turbid water eddy is located. This spot 1s marked by an "X" in Figure 68.

Some water samples were collected in the area on a clear day when the wind was
not too strong On that day the water was clear Plans were made and $8,000,000
was spent constructing the intake and the pipe line to pump the water inland.
However, after the intake was constructed, the water pumped for drinking purposes
exceeded the turbidity limits for drinking water over 50% of the time.

Although aerial photos were evidently not used in the location of the intake,
they were very useful in the lawsuit that resulted (Scherz and Van Domelen 1973)
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FIGURE 68. LANDSAT Satellite Image Taken 12 August 1972 Showing The Southwest
End Of Lake Superior Near Duluth. Note The Turbid Water. An X Marks The
Spot Where An $8,000,000 Water Intake Was Located (modified from Scherz
and Van Domelen 1973).

Lake Superior

Duluth, Minnesota

Superior, Wisconsin

B. EXAMPLE 2: MACROPHYTE MAPPING

The traditional method of mapping aquatic macrophytes is an expensive and time-
consuming process. The following techniques illustrate how remote sensing can
be a very effective tool in increasing the efficiency and accuracy of macrophyte

mapping.

1. Macrophyte Community Mapping By Photo Interpretation

Determining aquatic macrophyte standing crop, total plant biomass (weight of
above-ground, root, and rhizome plant parts per unit area), or plant density can
be a difficult, time consuming, and expensive procedure in most studies on lakes
of any significant size. For example, on Lake Wingra (Dane County, Madison,
Wisconsin) Nichols (1971) obtained almost 1,500 0.1 m? samples to characterize

a littoral zone community about 40 to 50 hectares (ha)* in size. These data

* 1 hectare = 10,000 meters?
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were obtained without the aid of remote sensing techniques. When used in
conjunction with remote sensing, a smaller number of plant material samples can
be taken, and the final estimate of total standing crop will be more accurate.
Use of remote sensing with biomass sampling in the lake also provides more
accuracy in preparing map areas dominated by different plant species or by
different standing crops of the same species.

a. Preliminary Community Delineation

To approximate the biomass or standing crop of different plant species which dominate
various areas of aquatic macrophyte communities in lakes, it is not necessary for
the lake manager to use the more expensive photoanalytic research techniques such
as microdensitometry. Instead, the manager may use a more simplified approach that
combines aerial photointerpretation with a minimum of ground truth observations.
The investigator should first obtain the proper photographic imagery before
collecting any ground data. Suitable imagery would include a 35 mm slide using
Kodak color infrared film taken from 1000 to 3000 feet on a clear day. The axis

of the lens should be vertical to the ground with care being taken to eliminate

sun glitter (specular reflection of sun from water's surface). If the camera axis
is nearly vertical then the noise due to the skylight reflection is nearly uniform
across the scene.

Different colors appearing on the slide in areas of the lake that are thought to
contain macrophytes usually will represent zones of different species or simply
indicate different plant densities or plant biomass. Preliminary community
boundary estimates can be made by projecting the image against a sheet of Mylar

laid over a map of the lake area of interest. The different zones of the macrophyte
community can then be outlined on the Mylar from areas of different colors on the
slide.

b. Obtaining Ground Truth

The next step is to obtain an estimate of ground truth within each of the colored
areas of interest observed on the film. The stratified random sampling design
was selected for this purpose because it provides statistically usable data and
at the same time assures that samples will be taken throughout the study area.
(See Chapter III for a detailed discussion of sampling designs.)

The investigator can stratify this sampling pattern by setting compass lines at
regular intervals across the littoral zone area selected for analysis. Each area
should be one that appeared as a different color or markedly different shade on
the photograph. In most cases it will be reasonable to select about five or six
differently colored or shaded areas. The more areas that are selected for
analysis, the finer the discrimination. The degree of discrimination must depend
ultimately on the objective of the analysis.
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After setting out compass lines on the map and lake within each area to be
investigated, sampling points should be selected from a random numbers table

and designated along each sampling line to be followed. Designation of sampling
points should be in distance units (meters or feet) from the starting point of
each sampling line or transect to be followed. The question now arises as to
how many sampling points must be selected. Again, the objectives of the study
will determine this decision. Up to a point, the more samples taken, the better
the data; calculations for the minimum statistically valid number of samples
taken are presented in Chapter III. At e