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ON THE COVER — The area of the heavens around the Orion Constellation,
shown in the cover photograph made through the 120-inch telescope of the Lick
observatory, is also the region of observations with an infrared telescope de-
veloped by University of Minnesota astro-physicists. The infrared sensory equip-
ment reveals stellar bodies that could:not be studied by conventional telescopes,
and it is expected 1o provide data on the birth of stars.
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INTRODUCTION

This report covers research at the University of Minnesota
during the twelve month interval from January 1, 1977 to December 31, 1977.

Section A is a final report by Robert A. Warrick entitled "Evalua~
tion of Four Methods for Using LANDSAT Data to Analyze Lake Condition
in Minnesota.” This report represents a thesis submitted to the
Geography Department of the University of Mimmesota in partial fulfill-
ment of the requirements for a Master of Science degree in Geography.
The work was done under the immediate supervision of Professors Dwight
Brown and Richard Skaggs and was supported by NASA Grant NGL 24*005;263
during earlier yéars. The report is a study of the utility of LANDSAT
data for the evaluation of lake condition. In order to test the use of
LANDSAT data for this purpose 81 lagkes in East éentral'ﬂinnesota were
investigated. Extensive ground truth information is available for many
of these lakes which made possible a comparison of the classifications
arising from the LANDSAT evaluations with the Imown qualities of the
lakes. The first part of the report describes the optical properties
of natural water and the factors influencing the reflectance. The
second part of the report is deveoted to the analysis of the LANDSAT
data for the lakes uader study. After finding the éendix System expen-

sive and not applicable to this type of basin study, Mr. Warrick at—



tempted to use density slicing and a micro-densitometer for black and
white film transparencies but found that the results were not repro—
ducible. He then turped to computer compatible tapes and having
chosen appropriate sample sites used a 20 -pixel (22 acres) sample to
obtain reflectance data.

Data cbtained in‘this way were then subjected to two types of
analysis; cluster analysis and discriminate analysis. The cluster
analysis technique which is described resulted in the identification of
ten classes or lake groups. However, these groupings are not entirely
distinct and the method inherently involves certain awbiguities. It
has the advantage that it does identify the inherent grouping tenden-
cies that exist in the data. ,

Discriminate analysis cannot identify inherent grouping tendencies
but requires a prespecification of the groups, or classes, between which
discrimination is desired. The discriminant analysis in Warrick's study
was based on groups defined By the results of the cluster amnalysis,
ground truth and subjective estimation of the condition of selected
lakes in the study area. Ten types of water conditions representative
of those in the study area were identified and thirty-seven lakes were
used to statistically describe these ten classes. These training lakes
provided the basis for the discriminant analysis of 104 observations
into ten classes. Warrick describes the possible errors in the clas-
sification methods and the probability of misclassification between
adjacent classes.

Also included in Section A is a second report entitled "Recon—

paissance Analysis of Lake Condition in East Central Minnesota',



vhich was written by Dwight Brown, Robert Warrick and Richard Skaggs.
This report to the Minnesﬁta State Planning Agency was partially sup-
ported by NASA Contract 20985 to the above agency. It represents an
application of the gethods of analysis developed by Robert Warrick. It
extended the earlier study to an expanded area which ineluded 1,000
lakes larger than 50 acres. The study was limited to lakes over 100
acres in size, resulting in 619 observations for 421 lakes. Ground
data for 81 lakes were used to define six classes into which the lakes
were classified. This report emphasizes what its title suggests:
that the use of the LANDSAT data in this way provides a reconnaissance
tool and cannot be depended upon for detailed information on water
guality. The recomnaissance should be an iImportant tool in guiding
ground baseq studies and management of lakes.

Section B is a report by Michael Sydor of his continving study of
Lake Superior. In previous work reported in the December 31, 1976 report
on NGI, 24-005-263 Sydor demonstrated the ability te identify three major
contaminants in Lake Superior using LANDSAT observations.‘ In this sec-—
tion, the earlier investigation has been extended and a Iinear tyans-—
formation developed to provide a relationship between the residual
LAWDSAT intensities and concentrations of the thrée contaminants quanti-
fied by correlation of remote sensing data with in situ measurements.
From the inverse transformation the concentrations of the particulates
can be obtained from the mlti-spectral signal intensities. These —
analytical methods can be extended to other regioﬁs of the Lake subject
to limiting factors discussed in the report.

As an appendix to Section B a paper entitled "Use of Remote Sen-



sing in Determination of Chemical Loading of Lake Superior Due to Spring
Runoff" by G. J. Oman and M. Sydor is included. ‘This report's work was
supported under an E.P.A. gr;nt, but was dependent on techniques which
were developed under NASA Grant NGL‘24—005—263.

Section C is a Ffinal report on work carried on by M. R. Nasgh,
M., P. Meyer and D. W. French entitled "Detection of Dutch Elm Disease
Using Oblique 35mm Aerial Photography.” This_represents results ob~
tained with support from NASA Grant NGL 24-005-263 in the 1976-1977
funding period. In our report for the period January 1, 1976 to De-
cember 31, 1976 French and Meyer had reported earlier aeriallphoto—
graphic detection results on the identification of trees infected with
Dutch Elm Disease, Those data were obtained with vertical stereoscopic
color infrared. The results were disappointing with only 47-50% of the
diseased elms detected by any one of the interpreters. It was suspected
that a major problem arises from confusion of the tree crown with the
background below the tree when photographed vertically.

The present study ewployed oblique 35mm‘aerial photography. The
“econditions of the photograﬁh and the scene analysis are described. The
results are substantially better than those achieved in previous studies
by individual interpreters ranging up to 787 correct detection for the
most experienced observer depending on the scale and type of f£ilm.

Although the authors feel that evern with the 35mm oblique photo-
graphy the success in detecting Dutch Elm Disease‘is less than satis-
factory, the technique still can be a valuable tool in the speedy loca—

tion of diseased trees permitting prompt response in sanitation control.



An appendix to their report is a paper titled " Field Evolution
of Small Scale Forest Resource Aerial Photography which is a follow up
study funded by the McIntire - Stemnis Cooperative Forestry Research
Program and the University of Minnesota Agricultural Experimental Station.
Section D is a report by Joseph E. Goebel and Matt Walton entitled
"Ose of LANDSAT Imagery for the Stateéwide Mapping and Classification of

Peat Resources.”

As the authors point out, peat is an important resource
in the State of Minnesota as a possible source of energy. Approximately
50% of the peat of the contiguous United States is found in Minnesota,
three times as much as any other state. It is estimated at 13 billion
tons dry weight and equivalent in energy to 7 billion tons of bituminous
coal, Its extent and condition is not easilf determined from the ground
becéuse of its occurrence in bogs. It becomes a naturzl target for am
investigation of the utility of LANDSAT cobserxvations in determining its
location and character.

Goebel and Walton undertook an investigation of the information
in LANDSAT imagery., ¥For this purpose they made use of three seasonal
bands and three black and white film transparencies of bands 5, 6 and 7.
They examined the utility of each of these representations individually
and in various combinations to determiﬁe wiich provided the most acecurate
information on the drainageways and artificially disturbed areas rela-
tive to the total peatland. These resulits are reported. The aguthors
conclude that LANDSAT imagery used in accordance with optimum procedures
identified from this study, in conjunction ﬁith ground truth, provide

an e¢fficient, economical method for developing a regional iInventory.



Section E is a status report on a research project '"Assessment of
Ice Coverage of Selected Lakes and Streams in Minnesota and Relationship
to Meteorological, Hydraulic, and Man-Made Conditioms.” This project
was fimded for one year under NASA Gramt NGL~24-005-263. The purpose of
the investigation was to determine whether LANDSAT imagery could be used
to provide information on the times of freeze-over aand ice disappearance
on lakes and streams. Such daté would be used to test predictive rela-
tionships involving the factors controlling the heat budget'of the bodies
of water of interest. The LANDSAT iﬁagery was found to be useful in
providing the information desired and also revealed anomalies which ap-
pear to be related to thermal inputs from non atmospheric sources.

It appears that the ice disappearance is controlled primarily by
an ice surface—atmospheric heat exchange énd thermal input from streams
and essentizally independent of the mean depth of- the lake.

The studies reported have demonstrated that LANDSAT observations
can provide information of the type needed. Since a Minnesota State
agency is interested amd apparently willing to support a continuation
of the program, support from NGL-24-005-263 has heen discontinued.

Section F is a report entitled vaaluation of Soil Moisture Stress
in Western and Southwestern Minnesota' by R. H. Rust and Pierre Robert.
These agricultural areas of Miﬁnesota are unusually susceptible and
sensitive to drouth conditions. The purpose of the study was to deter—
mine the utility of LANDSAT and low altitude color infrared photographic
information in detecting moisture stress through crop signatures. Addi-
tional objectives include the detection of stress from other causes and

the location of droughty and poorly drained soils. The end objective



is the development of a forecasting ability for seasonal crop management.
The years 1975 and 1976 had been drouth years in the areas under study.
Fortunately for the farmers but unforturnately for this study the rain-
fall pattern for 1977 was such that soil water content was always
adequate or eventually in excess.

The report describes the steps undertaken to establish a‘ground
truth network in the area under study which would provide information
on leaf and soil moisture, precipitation events and crop signatures to
be correlated with remote sensing information. In addition to the field
data, greenhouse studies were undertaken to provide data on plant water
stress under controllable conditiong. Useful information has been ob—
tained and will be correlated with LANDSAT CCT information for summer

1977 wvhen this becomes available.



SECTION A

EVALUATION OF FOUR METHODS FOR USING LANDSAT DATA

TO ANALYZE LAKE CONDITION IN MINNESOTA

Robert A. Warwick
Drs. Dwight Brown and Richard Skagps-
Department of Geology
Minneapolis, Minnesota
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INTRODUCTION

About 15,000 ;akes larger than 10 acres are-located in Minnesota.
The creation and maintenance of an inventory of the state's water
resources is difficult because of the dynamic nature of lakes and
the effects of the cultural activities. The present methods of assessing
the condition of a lake require on site analysis, which cannot be ~
done on a regular basis for even a large minority of lakes in Minn-
esota. The synoptic scale and repetitive nature of LANDSAT coverage

‘make it useful in a continuous program of monitoring the status of

Minnesota'ls lakes.

LANDSAT (formerly the Earth Resources Technology Satellite, ERTS)
data have been employed successfully for both lake inventories and
investigétibns of their water conditions. The absorption of near
infrared light by water is the basis for LANDSAT lake inventories.
Visual interpretation of LANDSAT images have been used to monitor
Minnesota lakes (Brown, et al., 1974; 1977) and the extent of 1973
flooding in the Mississippi River Valley (Rango and Anderson, 1974
Deutsch and Ruggles, 1974). Automated procedures for lake indentifi-
cation and mapping from LANDSAT digital data have been developed and
achieve very high accuracy (the DAMS package, 1974; Boland, 1974;
Work and Gilmer, 1976).

Investigations of the condition rather than existence of natural
waters are based on the reflectance of light, rather than its absorp-—
tion. In river and reservoir systems, relationships between suspended
solids and reflectance have been examined (e.g., Yarger and McCauley,

1975;. Kritikos, Yorkins and Smith, 1974; Klemas, 1973).
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The relationships between reflectance and a variety of water
quality parameters have been investigated for lakes located in
northern states  (Boland, 1974; Scherz, and Van Domelen, 1975;
Scherz et al,, 1975; Rogers, et al., 1975; Seherz, 1977). -

Lakes inventories are relatively simple applications of LANDSAT
data. An_area either is ox is not water. Investigation of water
condition is more complex. Classification of lakes requires knowledge
of the ecological characteristics of lakes, the optical properties .
of natural water, and the non—water sources of reflection included

in the total signal which is recorded by the satellite scanmer.

This study reports an investigation of how LANDSAT data can be
used to evaluate the water conditions of Minnesota lakes. The first
section considers the nature of lakes and their "life cycle'", The
second covers the causes of the reflectidn of light from natural
waters. The final section outlines several techniques for employing
LANDSAT data in surveys of Minnesota lakes and provides the results
of a classification of a sample of 81 lakes in East Central Minnesota,
The development of the techmiques reported.here were applied to a
larger sample of lakes and the results of this classification are -

reported elsewhere (Brown, Warwick and Skaggs, 1977),
LAKF, SYSTEMS

In his Treatise on Limnology, G.E. Hutchinson remarked:

"Lakes seem, on the scale of years, or-human life spans, per-
manent features of landscapes, but they are geogolically trans-
itory, usually born of catastrophes, to mature and die quickly
and imperceptibly " (1957, p. 348).

Trophic state classification, based on the nutrient status and primary

productivity of lakes, reflects the 'state of }ife' view of lake
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systems evident in Hutchinson's remark. Young lakes have rugged
basins and low nutrient levels, especially phosphorus, These
oligotrophic (literally 'few foods') lakes are very transparent

- because they support only limited numbers of phytoplankton. Over

time sediment is deposited, changing basin morphology and supplying
nutrients to the water. Lakes become mesotrophic, or mature, and
support moderate plant life, Eutrophic lakes, with abundant nutrients
and high productivity, are smaller and shallower because of sedimenta-~
tion, This sucessional process comtinues as a lake becomes for example,
a marsh, meadow, and eventually a forest or a prairie. The rate of

a lake's progression through this cycle depends on the availability

of sunlight, nutrients, and the sedimentatiomn rate.

Two additional lake types exist which follow modified pathways
to terrestrial systems: bog dystrophic and hardwater marl lakes.
The first type Yeceives large quantities of "relatively resistant
humic substances of largely terrestrial plant origin" (Wetzel, 1975,
p. 648) from the lake's drainage basin, These compounds contain
nutrients which are not available to biota and which stain lake water
a yellow or brown color. The phytoplanktonic productivity of these
lakes is normally low to moderate, with the metabolism of the lakes

dominated by the littoral vegetation  (Wetzel, 1975, p. 648).

Hardwater marl lakes are characterized by low productivity because
of low nutrient availability under extremely buffered conditions.
High input of carbonates into these lakes result in the sedimentation,

and loss, of phosphorus.

Differences in lake types often are reflected by the rates of
supply of organic materials to the lake, Dystrophic lakes receive
large amounts of organic material from their drainage area (allochthonous
matter) and produce little internally (autochthonous matter). Autoch-

thonous organic materials dominate in eutrophic lakes (Figure 1).
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Source: Watzel, 1975.



Changes in lake water conditions, particularly the eutrophication
process, are often Giewed as resulting from man's disruptive activities.
Unfortunately this point is often well taken, as the cultural practices
of wan frequently cause an increased rate of lake succession by making
available nutrients without a corresponding increase in the rater of
sedimentation, Lakes with mesotrophic basin characteristics, for example,

then exhibit the high productivity of eutrophic lakes.

The succession or evolution of lakes depend on the cycling of the
inorganic and organic materials which regulate a lake's producti&ity.
An assessment of trophic state should incorporate a variety of measure-~
ments because of the variety of interactions which occur under different
conditions, Trophic state indicators include morphometric, chemical,
and blological parameters {Table 1). Single indicators used for the
sake of simplicity, have shortcomings, and a wultivariate method of
estimation is preferrable, Boland (1974, p. 47) suggested several
possible reasons for the lack of studies which employ multivariate
methods, viz., unfamiliarity with the necessary techniques, lack of
the necessary computer hard- and soft-ware, the lack of the comparable

data for many lakes.

The goal of a lake monitoring program should be to identify those
lakes which are undergoing relatively rapid eutrophication. If the
high nutrient inputs to these lakes zre stopped, the eutrophication

process can be reversed or at least slowed (Edmondson, 1969, p. 127).
OPTICAL. PROPERTIES OF NATURAL WATER

Solar radiation is a sigpificant factor for lakes, With the
partial exception of wind and stream generated currents, "probably all
the events within a lake are directly or indirectly determined by the

vadiation which that lake receives"  (Hucchinson, 1957, p. 366}, Even



TABLE 1

Trophic Indicators and Their Response to Increased Eutrophication

Physical ' Chemical Biological
Tranaparency (d) Nutrient concentrations (1) Algal bloom frequency (i)
(Secchi disk reading) (e.2., at spring maximum) _
Algal specles diversity (d)
Morphometry (d) Chlorophyll a (1)
(mean depth) - - Littoral vegetation (1)

Conductivity (1)
Zooplankton (1)
Dissolved Solids (1)
Fish (1)
Hypolimnetic oxygen deficit (1)
 Bottem fauna (1)
Epilimnetic oxygen supersaturation (i) _
’ , Bottom fauna diversity (d)
Sediment type
Primary production (i)

An (1) after an indicator signifies the value increases with eutrophication; a (d) signifies the
value decreases with eutrophication, The biclogical indicators all have assoclated qualitative

charges (i.e,, speciles changes occur as wFll as quantitative (blomass) changes as eutrophication
proceeds). : .

Source: Boland, 1974, p. 45

gv
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the currents "reflect the thermal structure and so the previous
optical history of a lake™ (Hutchinson, 1957, p. 366), The atten-
uation of solar radiation in lakes has been studied by limnologists
and ecologists because sunlight provides the energy that heats a

I1ake and that makes photosynthesis posssible.

) Investigations of lake water condition with satellite data,
however, is based on the energy reflected from a lake, LANDSAT
measures the reflected energy in four spectral bands: Green (Band 4),
0.5 - 0.6 um; Red (Band 5), 0.6 - 0.7 pm; IRL (Band 6), 0.7 - 0.8 um;
and IR2Z (Band 7), 0.8 — 1.1 pm. The Green and Red bands include
light visible to the human eye, while the near infrared bands do
not. Objects reflect differentially across the solar spectrum.
Photosynthetic plants, for example, reflect highly in the Green and
infrared bands, Sand or snow reflect highly in 211 four bands.
Applications of LANDSAT data are based on the identification of the
spectral signatures of different objects. )

‘LAHDSAT data are available either as images or digitai data on
computer cémpatable tapes (CCT).. The photographic images are easily
éxamined, but the information they con£ain has been compressed, relat-

ive to the digital data., The CCT's contain so much data that they are
difficult to amalyze..

Tonal variafions within and between lakes are evident on LANDSAT
images of Minnesota. The tones on an image result from different
amounts of reflected energy reaching the sensor system from the lake.
The total reflectance monitored by the satellite, however, has several
components, not all of which are due to the lake (Figure 2). The
total signal is a function of atmospheric scattering, which affects
both the energy incident on the lake and the energy reflected by the
lake; the surface conditijons of the lake; the lake itself (volume

reflectance); and the lake bottom.
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The wolume component of the reflectance signal-should indicate the

type and concentration of the material present in the water, and is the
most important bart of the total signal in determining lake conditions.
The other components modify the volume signal and are quantitatively
more importnat  (Scherz, et al., 1975, p. 15), The analysis of satellitie
data is based on the total sigmal, the interpretation is based on the

portiont of the signal due to material in the water,

" The Volume Component of Total Reflectance

The reduction of the intensity of a particular waveleﬁgth of light
with increasing water depth is due to the selective absorption and the
selective and non-selective scattering of that wavelength by the water,
suspended particles, and by dissolved organic matter (stain of color).

This can be expressed as:

I =I e "% )
where Iz = The intensity of depth z,
I0 = the intensity of depth o (usually one meter),
e = base of the mnatural log, .
n = the extinction coefficient for a particular

wavelength.
As the extinction coefficient increases, less light will be transmitted
through the water. The extinction coefficient (n) can be broken inte

the action of water, color, and suspended particles:

) T 1 St

n =mn_ + no +-~2;— (2) (Hutchinson, 1957, p.406)

t

where n, = Total extinction coefficient,
]
n, = the absorption-of light by water,
v
pe = the absorption of light by particulate matter
and color, '
5, = the total amount of 1light scattered,

The effects of each of these on light will be described.
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Water acts very selectively on light, approaching the qualities
of a black body, The slight deviation (4%) from a black body results
from surface reflection. The amount of light scattered by distilled
water is zero (#Hutchianson, 1957, p. 377), Light, then, is either
transmitted through or absorbed by pure water, The absorption of light
by water itself is highly selective. (Table 2) Long wavelengiths are
absorbed more than short wavelengths, which are transmitted through
the water. Over 90% of the light of wavelength greater tham 0.75 pm.
is absorbed by the first meter of water, and less than one per cent
remains at a depth of two meters  (Figure 3), Light at 0.48 um is
the most highly transmitted, i.e., the LANDSAT green band., In lakes,
the effect of water on reflectance iIs a constant factor, Variations

in the absorption and reflection of light are due to other factors.

It is difficult to separate the effects which stain and suspended
particles have on light because their effects vary with their concen-
tration, Stain in lakes results from the presence of dissolved organic
acids., While this type of material reflects little, if any, light,

it selectively absorbs shorter wavelengths. The amount of stain varies

between lakes, but within a single lake it is a fairly constant quantity
(Birgé and Juday, 1932, p. 526), The absorptive effects of stain is
negligible at very low concentrations. In colored, but not deeply
stained lakes, yellow light (approx. 0.58 Jum) is transmitted to the
greatest degree, with shorter wavelengths being absorbed, and longer
wavelengths are affected 1ittle. With increasing colér, yellow light is
also absorbed and red light (approx. 0,64 ym) becomes the most trans-—
missive (Birge and Juday, 1932, p.5535), In deeply stained lakes the
combined detion of color/stain and water results in a change in the
composition of the tramsmitted light as those wavelengths unaffected

by the stain are acted on by water itself. The total intensity of all
light present at a given depth decreases with increasing stain (Figure 4

The selective absorption of the shorter wavelengths by colox/stain can
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TABLE 2 Optical properties of water (room temperature)

Wave Length,

A,

8200 (infrared)

8000
7800
7600
7400
7200
7000
6800
6600
6400
6200
6000
5800
5600
5400
52060
5000
4800
4600
4400
4200
4000
3800

(red)

{(orange)

(ye}low)
(green)
(blue)

{(violet)

Extinction
Coefficient

2.42
2.24
2.31
2.45
2.16
1.04
0.598
0.455
0.370
0.310
0.273
0.210
0.078
0.040
0.030
0.016
0.0075
0.0050
0.0054%
0.0078
0.0088
0.0134
0.0255

Percentile

Absorption

1 meter depth
01.1
89.4
90.1
91.4
88.5
64 .5
45.0
36.6
31.0

o
(=)
.

[=)]

* [ ] [ - . -

MEROCOOOOHWLWNOVW
vt~ OO WVOo oW

Source: Hutchinson, 1957, p. 382
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LANDSAT 1 and 2 Bands
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Fig. 3

Spectral transmittance of pure water,
for different path lengths.

Source: Modified from Work and Gilmer, 1976.
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Fig. 4

Variation in spectral composition
of light with depth.

The outer curve, 0, gives an approximate standard spectral
energy distribution for sunlight; soiid lines (1, 5, and 10),
energy distribution at 1, 5, and 10 meters in the Lunzer
Untersee, Austria, calculated from § and the data of Sauberer;
1H (broken), the same at 1 meter in Helmet Lake, Wisconsin: 100C
(broken), the same at 100 meters in Crater Lake, Oregon. Crater
‘Lake is unstained, Lunzer Untersee contains low amounts of stain,
and Helnet Lake is highly stained. A1l are somewhat approximate.

Source: Hutchinson, 1957.
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interfere with photosynthesis, as the primary absorption bands of
chldrophyll is in the shorter wavelengths (Ghassemi and Christman,
1969, p. 383),

While both cclor and water act selectively and, for the most
part, uniformly within an individual lake, particulate matter generally
acts non-selectively on light and varies both temporally and spatially
within a lake  (Birge and Juday, 1929, p. 525; 1932, p. 526), All
sizes and colors of susPendéd particles can be found within lakes,
and these are the attributes which affect light, Particles scatter _
light either selectively or non-selectively. Selective scattering
results either from a correspondence between the wavelength of light
and the size of the particles (Rayleigh scattering) or from the mole-
cular structure of the particles (Mie scatteringj. Rayleigh scatter-
ing is important when particles are microscopic, while Mie scattering

is due to the absorption of most wavelengths.

Turbidity, the general term for suspended particles, includes

both orgamic and inorganic particles, .In Minnesota lakes turbidity

_ generally results from phytoplankton, Silt may be present, but its

effects on light will be less than that of algae, There are two
reasons for this state of affairs., First, the incidence of silt in
lakes is associated with the seasonality of vegetative land cover.

In both spring and fall, when cover is minimal, lakes undergo de-stra-
tification, or turm—over, and nutrients within the lake are cycled.
The inérease in available nutrients results in an increase in primary
production. Increases in the coocentrations of wind-blown silt will
generzlly be exceeded by concentrations of organic matter. When the
source of the silt is erosion, which also implies a lack of vegetation,
there will be a corresponding increase in the nutrient loading of the
lake from the rum-off, which will stimulate production, In both cases
the algae should have an effect greater than the silt, Exceptions will
exist, but in several cases where local residents have attributed the
turbidity to silt, subsequent limnological investigations showed algae

present in high concentrations and the primary cause of turbidity
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(Megard; personal communication). Effluent discharges could alter

this general conculsion but such cases are rare. The dominance of
algae over other causes of turbidity is particularly true for eutrophic
lakes, where the action of algae on light not only dominates the

effect of silt, but also the effect of stain, unless the stain is

present in very high comcentrations (Birge and Juday, 1929, p. 525),

Turbidity can be estimated with' a Secchi disk, a white disk
normally 20 cm (8 inches) in diameter, The average of the depths
of disappearance and subsequent reappearence of the disk upon being
lowered into the water and then raised again is the Secchi tramsparency.
Turbidity is dnversely related to the Secchi transparency, in the
absence of high concentrations of color/stain (Juday and Birge,
1933, p. 212), and measures the depth of light penetration. The
Secchi depth is equal to the depth of penetration of about five per-
cent of incident light (Odum, 1971, p. 297; Hutchinson, 1957, p. 403),
and can be used to estimate compensation point or the depth to which
one percent ¢f incident light penetrates. The compensation point,
where photosynthesis just balances respiration, is approximately 1.2

times the Secchi transparency  (Hutchinmson, 1957, p. 620),

The presence of color, however, decreases the transmission of
light to a degree greater than transparency decreases, A more stained,
less transmissive, less turbid lake will have a higher transparency
than a less stained, more transmissive and turbid lake  (Wetzel, 1975,
p. 64; Hutchinsoun, 1957, p. 402), Two lakes with equal concentrations
of algae, but unequal concentrations of stain, will have different
transparencies, and exhibit different reflective characteristics. The
general relationship between the trznsparency and turbidity breaks

dovn when lakes in an area vary greatly in color.

When there is little variation in the conceuntration of color,
however, the general correlation between Lransparency and turbidity
can be specified with respect to the dominant suspemnsoid. Thus, in

streams and reservoirs, transparency is generally correlated with total
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suspensoids, while in lakes, the relatjon is normally expressed as
a function of productivity, usually chlorophyll concentrations
(Table 3). These secondary correlations assume knowledge of the

specific conditions which dominate the lakes of an area,

Secchi tramsparency ranges from a few centimers im very eutrophic
lakes to over forty’meters in a few very clear lakes, e.g. Crater
Lake, Oregon. Seasonal variations in tramsparency occur ip most
lakes, and in Minvesota are generally related to varlations in the

lake's productivity . (Figures 5 and 6),-

When a Secchi disk is lowered into the water, the cglof of the
white disk will be modified by the action of the stain and particules
suspended in the water. This is the apparent color of the lake, which )
inclindes the effects of hoth the true color (i.e.a stain) and those
of suspensoids. Apparent color ranges from clear through blue, green,
yellow, and brown to black, in very highly stained lakes, By noting
the apparent color of the water, the cause of the turbidity, and thus
of the reflection of light, can be inferred. A green color usually
indicates algae, for example, and algae is identified easily. A red-
dish-brown color, however, can be caused by stain, suspended clay or
silt, or soluble iron compounds. When a combination of substances
are present, it is impossible to tell from the Secchi transparency how
much of the attenuvation or reflection of light is attributable to each
factor. For lakes with similar qualities, however, the reflective
characteristics will be similar (Hutchinson, 1957, p. 402). The relat-
jonships between light reflectance can be specified by examining

representative lakes.

While this description of the optical properties of lakes has
been necessarily biased toward the attenuation, rather than the reflec-
tion, of light, some generalized relationships between materials
found in lakes and the spectral bands monitored by LANDSAT can be
formulated. The addition of a single type of material to a very
clear lake will change the transparency of that lake, and also its

reflective characteristics. The concentration of the material preseant
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TABLE 3

Generalized Relationship between Transparency, Chlorophyll and Phosphorus

X
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Chlorophyll 3 100 80 60 40 20 10 0
(mg/m™)
Transparency 1;5 2 2.5 3 4,5 7 0
(£t.)
Total Phosphorus 165 - 135 105 75 45 30 ¢
(ug/1.} . .
-Q..——-——-—
Eutrophication.

Source: Baxr Engineering, 1976
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Secchi QOisc Tronsparency,

Fig. 5

Graph of Secchi disk measurements.

Source:_Lundquist, 1975.
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Fig. 6

Seasonal fluctuations of phytoplankton poputations.

o0 = diatoms This is an ideaiized record for
%x = green algae’ temperate climate lakes, but by
+ = blue-green algae no means does it apply to all of

them.

Source: Lundquist, 1975.
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will be best predicted by the LANDSAT spectral band which penetrates
clear water té the depth of that lake's transparency and no

deeper.

Oligotrophic lakes, characterized by high transparency and low
concentrations of suspended materials will traunsmit or absorb all
wavelengths of light. Low algal concentrations will generally be
distributed uniformly throughout the water column (Wetzel, 1975, p. 286).
Because light of the LANDSAT Green band penetrates the water most
deeply, it will encounter more particles and its reflection will show
an increase greater than the other bands. When medium algal concen-
trations are present in a lake, causing lower transparency, the Red
band will best indicate the water conditions. In hypereutrophic lakes,
the-very near surface concentrations of algae will cause the reflec-—
tance in the IRl and ¥YRZ bands, which is normally low due to absorption

by water, to increase.

Tntuitively it might be expected that the absorption of the 0.63 um
spectral region by chloroplasts would supress reflectance in the Red
band when high concentrations of algae are present. The photosynthetic
efficiency of aquatic plants, however, is considerably less than their
terestrial counterparts, because they utilize less than one percent of
incident light (Wetzel, 1975, p. 287). The combination of low efficiency
and the small portion of the Red band involved indicates that this effect
is negligible. However, more of the shorter wavelengths (i.e., Green
band energy) which are scattered in the water volume will reach the
water surface, and therefore the satellite scanner, because of differences
in the refractive patterns of the different wavelengths (Wetzel , 1975,
p. 50), The intemsity of reflectance in the Green band should exceed
that in the_Red band.

Non-Water Sources of Reflection

The signal recorded by the LANDSAT sensor includes reflection from
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"the gtmosphere, the water surface and, if visible, the lake bottom

(Figure 2). Reflection from these sources does not countribute to
the identification of the type of marerials ia a lake, and their
affects must be understood to use LANDSAT data for investigating

water conditions.

Atmospheric Effects

Light in the atmosphere, as in water, is either tfansmitted,
scattered, or absorbed, Ultraviolet light, 0.004 - 0.4 um, is absorbed,
while scattering primarily affects blue light, 0.4 - 0.5 um. Longer
wavelengths are transmitted through the atmosphere to a greater degree
than. are shorter wavelengths., Of the spec;ral bands monitored by
LANDSAT, the Green band is most affected by the atmosphere. Back-
scattering of iucidené light increases the signal recorded by the
satellite, and is noise, while the scattering of the light reflected
by a lake results in the loss of information, LANDSAT investigators
normally assume atmospheric effects to be constant across a scene

for analysis purposes, and such is the case for this study.

Surface Reflection

It was noted above that the optical properties of water approached
the characteristics of a black body, differing slightly because of
surface reflection, which is a function of the angle of incidence, for
both sunlight and diffuse skylight. Under windless conditions, with
a sun angle less than 400, the total amount of reflected sunlight is

small  (Figure 7).
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ANCLE OF IMCIDENCE MEASURED FACH hGEMAL

Percent reflectance of the air-water interface as a function of the

angle of incidence {(measured from the normal dlrectlon) These wvalues
are for unpolarlzed light only.

Source; Piech and Walker, 1972

The LANDSAT scanner will not view the resultant reflectance because

the field of vie% of the sensor system Mis limited to near vertical
observations”  (Work and Gilmer, 1976, p. 686), In order that light
reflected by the water surface reach the sensor, it must originate

near the zenith location, While this is true for diffuse skylight,

the angle of incidence is then close to zero, so the surface reflection
of -skylight will also be low. Surface reflection, on calm lakes, can

therefore be considered constant.

Wind, however, can cause an increase in reflection that does not
allow simplifying assumptions to be made. The primary effect of the
wind is the creation of waves, but several secondary processes also
affect the reflective properties of water., Wind driven water forms
waves, whose size varies with wind speed, fetch, and water depth.
Unless large portions of an individual lake are very shallow (less
than 1 meter) and exposed to the wind, water depth is of minimal
fportance. If the wind speed and direction are constant across a

LANDSAT scene, the size of the waves depends upon the orientation of

ORIGTNAL PAGE I8
r POOR QUALITY
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individual lake basins to the wind. The surface presented to incident
light is no longer uniform, as under calw conditions, Strumpf and
Strong (1974, p. 87) found that diffuse glirter from ocean waves con-
taminated LANDSAT lmagery when the sun elevations are greater than
55°, Work and Gilmer (1976) found no evidence of sun glitter in their
study of North Dakota praire lakes, They pointed out that the surface
conditions of inland lakes are calm relative to those of the oceans,
and that the critical sun elevation angle is exceeded for only Ma
limited period of time centered on 22 June¥, (p. 686) However, Work
and Gilmer were not examining the water comdition of the North Dakota
lakes, but doing an inventory primarily using the LANDSAT IR2 spectral
band, whici may not be as sensitive to sun glitter as the other bands

because of the absorption of infrared light by water.

Wetzel (1875, p. 48) has suggested that the presence of waves
would decrease reflection, as a more nearly perpendicular surface is
presented to incident light. This decfease is probﬁbiy important only
when the sun elevation angle is low because of the naturally low
reflective characteristics of water. A systematic evaluvation of the
effects of wayes themselves must include not only the effects of
sun angle, but also wind speed and direction with respect to the sun
angle, These factors have not been adequately examined to isolate
their effect on the satellite sigmal, either here or elsewhere. In
addition to causing waves, the wind dlso moves the material in and
on the water. Algae and surface debris will be found in higher con-
centrations to the windward. The volume reflectance will also increase,
indicating the more turbid conditions, Care must be taken in inter-

preting a down wind increase in refleectiom as due solely to turbidity.

‘Reflection may also increase because of bubbles and surface foam

caused by breaking waves, As concentrations of both suspended materials .
and surface foam would increase down wind, their effects are additive

and Qifficult to separate.
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Unlike atmoépheric scattering, Surface reflection cannot be
assumed to be constaﬁt across a LANDSAT scene when winds are present.
The effect of the wind will vary with the size, shape and orientation
of a lake basin to the wind. Variations within a lake will also
exist between areas exposed to and protected from the wind. Sim-—
plifying assumptions ‘concerning the effects of wind on the reflection

of light will not indicate the complexities exhibited in weal situ-

ations.

Bottom Reflection

When a.lake's transparency exceeds the water depth, the lake
bottom will alter the sigpal recorded by the satellite. A light
colored bottom, e;g., sand or marl, will increase the signal. A
dark colored bottom will decrease reflecticn because the transmitted
light will be absorbed. In either case the bottom effect will vary
with water depth, decreasing in deeper water and increasing in shal-
lower water. The composition of the signal will also change with
depth. The effect of the bottom will be greatest on the Green band
because the light of the shorter wavelengths are transmitted to a
greater degree than the other bands. Conversely, the minimum effect
will occur on the IR2 band because that light is absorbed near the
surface. The effect of bottom is mot entirely noise, but indicates

the morphology of the lake basin.
SUMMARY

The signal recorded by the LANDSAT scanner system is.composed
of reflectance from the water volume of a lake, the surface of the
lake, the atmosphere, and possibly the lake bottom. Assessments-
of lake water conditions are based on the portion of the signal which .
results from the water volume. Because pure, or distilled, water
reflects little light, the addition of stain, algae, or other suspended

particles will alter the volume reflectance of a lake. The intensity
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of the change will indicate the concentration of the material present
while the relative strengths on the four LANDSAT bands will indicate

the type of material.

Atmospheric scattering and surface reflection cause the signal
monitored by the satellite to increase. The effects of both the
atmosphere and the water surface can vary acrosé a LANDSAT scene,
but in the absence of ground information, have been assumed to be

constant.

The effects of bottom reflection on the satellite signal vary
from lake to lake, and where present, contain information on the
depth of the lake. Because the intensity of bottom reflection depends
on water depth, the presence of bottom reflection in the signal may

not be idemtifiable.
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ANALYSTS

Water qulaity investigations usiné LANDSAT data ipncluded multi-
variate analysis of water transparency relatiomships with both LANDSAT
image gensity measurements and digital data IZrom CCTs. Two methods
of image density evaluation were explored, density-slicing techniques
and microdensitometry; but neither method yielded consistent results.

The analysis of the digital data appears useful for classification
of . lakes.

Image Density Evaluation

The znalysis of LANDSAT imagery was undertaken because of the
low technological and cost requirements relative to the use of digi-
tal data (CCTs).. The four transparencies (Green, Red, IR1l, and IR2)
necessary to analyze a scene cost $20 while a CCT costs $200. The
development cost of requisite software for analysis of the CCTs is

also high compared to the relatively simple procedures mnecessary

for analysis of imagery.

Tonal differences are visible to the unaided eye both within
and between lakes on LAWDSAT imagery of Minnesota. Since these gross
variations existed, further analysis of LANDSAT imagery appeared
to be potentially rewarding. Although the data contained on LANDSAT
imagery are compressed relative to those contalned on the CCTs, éig—
nificant results have been obtained by other investigators (e.g.,

Yarger and McCauley, 1975):

The image densities for several scenes of East Central Mimnesota
were analyzed using a VP-8 density slicer, coupled with.a Sony Video
camera. Transmission voltage readings for selected lakes with areas
greater than 100 acres were taken om each of the four TANDSAT black

and white 9-inch positive transparencies. The readings were standaxrdize
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to the fifteen step calibration scale on the transparencies. Because
variation of lake quality between scenes was not being examined, a
standard calibration wedge, as suggested by Ashley and Rea (1975, p- 714)

was not used.

Secchi transparency readings were available for all the lakes
analyzed. Step-wise regression analysis was used to examine the
relationship betwsen the image densities and the transparency readings.
Multiple correlation coefficdients (R) obtained ranged from 0.38
to 0.89, with the Red band generally being the best single predictor
of transparency. The results of an amnalysis of a July 3, 1973
scene of east Central Minnesota (Scene number 1579-16275) are summarized
in Table 4.

TABLE &
SUMMARY OF LAKE WATER QUALITY MULTIPLE REGRESSION ANALYSIS
Step Variable entered B coefficient Std. error B Multiple r .EE

1. - Band 5 -0.08785 0.02035 .566 .32
2. Band 6 0.02975 0.01286 658 - -433
{constant) 2.30432 0.387

Dependent variable: Secchi Disk Transparency  N=29

Source: calculated by author

These findings, although consistent with those reported by
other researchers with regard to both the range of the correlation
coefficients and the imporﬁance of the Red band (Boland, 1974;
Yarger and McCauley, 1975), were not replicable. The primary cause
of variation in the correlation coefficients was variation in the-

response of the VP-8 and video camera.

As it was equipment which caused the inconeclusive results,

further investigations of the image density-water transparency
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relationship seemed warranted. A microdensitometer, made available by
the Space Science Center of the University of Mimnesota, was to cbn—
tinue this research. The ERTS Data User's Handbook suggests that

only macrodensitometry work be done with the 9 inch transparencies.
The recommended 3mm ape?ture encompasses an area of approximately

700 acres on a 2 inch transparency. Few Minnesota lakes have size.
and shape such that 700 acres of water could be examined with so large
an aperture. A 0.4mm aperture, corresponding to an area of approxi-
mately 20 acres was used because Ashley and Rea (1975), in examining
vegetation'ccver, found that such an aperture size provided excellent

correspondence with the suggested 3mm size.

Yarger and McCauley (1975) reported good correspondence between
the reflectence values found on the CCIs and image density values
calibrated to the grey wedge, as the grey wedge is linearly related
to the digital radiance values (DN counts). They did not, however,
report the aperture size of the densitometer employed, although'

they mentioned that it was macrodensitometric work.

In this study several LANDSAT scenes of East Central Minnesota
were analyzed, yielding multiple coefficients of determinatioﬁ (r?)
ranéing from 0.45 to 0.72. 1In addition to the calibrated density
values, band ratics were used to control for unequal scene illumi-
nation and to eliminate the common brightness component of the reflec—
tance, as suggested by Vincent (1972), and employed by Yarger and
McCauley (1975) and Boland (1974).

The major portion of the wvariation in the correlation coefficients
resulted form machine variation. Comparison of two sets of readings
for 34 lakes on an August 20, 1974 scene (1758-16171) shows that
the data were not replicated with high accuracy (Table 5). Further

investigations using the equipment were halted.
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TABLE 5

Comparison of Two Sets of Densitometric Readings

Lake . ID NR. BAND 7 BAND 6 BAND 5 BAND 4

Set I Set 2 Set 1 Setk 2 Set 1 Set 2 Set 1 Set |
Otter 02-003 82.0 86.5 83,0 76.0 92,0 89.5 73.5 75.%
Crystal jg-026 77.0 83.5 73.5 71.0 85.0 91,0 64,0 59.5
Silver 62~-001L 710 77.5 69.5 72.5 89.5 8L.0 67.5 59.C
Bald Eagle 62-002 91.0 88.5 90.5 94.35 94,0 96,5 71.5 81,0
Kohiman 62-006 69.5 74.5 66.0 61.0 87.0 81L.0 66.0 69.5
Gervais 62-007 81L.0. 72.0 79.0 83.5 90.5 93.0 65.0 63.0
Keller 62-010 67.0 61.0 63.5 51.0 8.5 90.0 5356.0 62.0
Wakefield 62-011 58.5 53.5 46.0 S54.5 8L.5 74,5 47.0 41.0
Phalen 62-013 80.0 84.5 76.0 67.0 92,0 80.5 69.0 58.0
Birch 62-024 72,5 67,0 74.0 79.0 92,0 8L.0 70.0 78.0
Gillfillan 62--027 67.0 69.5 68.0 60.5 94.5 96.5 66.0 58,5
MeCarron 62-054 70.0 75.0 68,0 75.0 883.0 92,0 53.5 65.5
Como 62055 68.5 64.0 62.5 68.5 83.5 88.5 50.5 55.0
Owasso 62-056 84.0 88.0 79.5 82.0 89.0 89.5 60.0 52.0
Josephine 62-057 72.0 70,5 67.5 73.0 82.5. 8,0 550 62.5
Turtle 62061 87.0 83.0 85.5 89.5 92.5 87.0 69.0 81L.0
Round 62-070 54.0 58,0 47.5 42,0 59.0 66,0 27.0 41.5
Snail 62-073 72,5 81,5 78.0 78.0 1.0 83,0 72.0 65.0
Johanna 62--078 75.5 71,5 72.0 75.0 85.5 81,5 60.0 56.0
Wabasso - 62-082 72,0 64.0 69.0 71.5 88.0 90,5 64.0 71.0
Cannon 66-003 91.0 94.0 86.5 88.0 91.5 87.5 77.0 75.0
Dudley 66-014 48.0 56.0 55.0 50.5 91.5 88.0 66.0 70.5
Kelly 66-015 52.5 63.0 65,0 68.5 95,0 83.5 68.0 61.5
Roberds 66-018 78.0 4.0 78,5 82.5 94.5 96,0 67.5 72.5
Circle 66-027 75.0 71.0 75.0 82.5 91.0 89.0 70.5 63.5
Fox 66-029 72,0 79,0 77.0 B83.0 93.0 84.0 70.0 73.0
French 66-038 86,5 76,5 82,5 78.0 89.5 92,0 64,0 56.0
Mazaska 66-039 82.5 78.5 76.0 72.0 91..0 85.5 65.0 72.0
Cedar 66-052 81,0 85.5 79.5 75.0 88,0 92,0 63.5 71.5
St. Croix 82-00X 92,0 88.5 90.0 94.0 93.5 9.0 72,5 81.5
Square 82-046 77.0 8.0 85.0 87.0 98,0 91,0 76.0 70.5
Big Marine 82-052 97.0 98.5 98.5 95.0 96.5 99.0 75.0 86.0
Jane 82-104 77.5 73.0 78.0 65.0 92,5 84.0 69.0 57.0
White Bear 82-167 98.5 96.5 97.0 99.0 97.0 9.0 78.0 83.0

T .87 .905 .664 764

12 757 819 A4l .581
mean 75.9 76.2 74.8 74,9 89.6 87.7 65.1 65.9
s.d, 11.8 11.5 12,0 13.4 6.7 6.8 10.1 11.4

LANDSAT scene: August 20, 1974, 1758-16171

Source: Calculated by author
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Problems encountered im the analysis of image densities result
from scale compression, variations in the equipment used and chemical’
adjacency effects. The low reflection of water targets means that
small actual density variations exist between lakes, and these become
smaller when the scale is compressed. Much of the wvariation in the
readings appears to have been due to the equipment. Subsequent
comparison of the readings obtained by microdensitometry with the
digital data recorded on CCTs showed a low correspondence. The den—
sitometer readings also exhibit variations which correlate with lake
size. When examining small lakes with an Instrvment with a relatively
Jarge aperture the area surrounding the lake will influence the
density of the image, especially in high contrast situations. This
problem stems from photographic technology and is inherent in the
use of film imagery, and cannot be overcome by. including a measure
of lake size in the analysis, because transparency generally shows
a positive correlation with lake size. The effects of chemical adja-
cency and actual differences in lake quality cannot be statistically
separated. This still allows for the analysis of large lakes, the
number and importance of small (less than 300 acres) lakes in Minnesota

makes the technique incompatible with the goals of our investigation.

Image density analysis proved not feasible given the equipment
available. This does not prove that other methods and equipment would
not yield adequate results, particularly in light of the work of
Yarger and McCauley (1974). Results here support Boland's conclusion
that the evaluation of image density im water quality studies is of

limited applicibility (1974, p. 76),

Computer Compatible Tapes Analysis

The use of CCT's for the study 6f water quality, while more
expensive than image data extraction, has several significant ad-

vantages. The data on the tapes are the actual picture element (pixel)



reflectance values recorded by the satellite. The data 'analyzed are
from a first generation product, as opposed to the image, a fourth
generation product. As Boland (1974, p. 79) pointed out, "Investigators
can avoid the numerous uncertainties introduced when the original MSS
data are coded by an electron beam recorder (EBR) into photographic

forms and then re-quantified through microdensitometry."”

With relatively sophisticated programming methods, and hardware,
the CCT's can be used to produce enhanced photographic products.
The use of CCT's, however, necessitates computing facilities and
relatively large amounts of computer time. The type of programs and
analysis used will determine the cost. The analysis methods used
by Boland (1974), Scherz énd his associates (1974, 1975, 1976), Rogers,
et al. (1975) are quite sophisticated. Our efforts are more modest,
attempting to show the applicability of the LAWDSAT data to water
guality studies, rather than develop an integrated package of both
computer programs and the associated program of ground information

collection.

Our method was influenced by the previous work on northern latitude
lakes by Boland (1974) and by Scherz and his associates (1977). Their
vork differs in a number of ways. Boland used the mean reflectance
value of an entire lake to prediet that lake's trophic state. He
first isolated lakes using a binary masking technique on the IRZ
band and then calculated descriptive statistics for each LANDSAT
band. The trophic state classification was based on a multivariate
analysis of data collected on the individual lakes by the National
Eutrophication Survey (NES) of the EPA, in 1972. The use of the
mean reflectance value of the entire lake in the prediction of the
lake's trophic state follows from Boland's method of identification
and isolation of the individual lakes. Because an entire lake is
the unit of management, or study, this appears sound. However the
mean reflectance values of an individual lake may not represent the

variety of .conditions present in the basin, especially when the



basin is complex.

Scherz and his associates have attempted to overcome this problem

by classifying lakes on a pixel by pixel basis; that is, each pixel

is ddentified and classified by its similarity to predefined classes
which encompass the entire range of water conditions encountered

in a scene. In order to define the types and range of conditions,
they employed both low level aerial surveys of the study area and

a heuristic device for eliminating the effects of atmosphere and surface.
While Boland used band ratioing to eliminate common scene brightuness,
thus leaving the water volume information, Scherz employed a method

he termed residual signal analysis. A very deep clear lake is first
identified by ground analysis. The reflective properties of this

lake should approximate those of very pure water, i.e., the volume
reflectance should approach zero and the LANDSAT signal will be composed
of reflection common to gll lakes in the area. Using the signal of

this lake as a base for all other lakes on the scene yields satellite
residual signals for those lakes. These then represent not only the
volume component of the lake, but form families of characteristie
signals or curves, which correspond to the various types and concen-
trations of materials in the waters of lakes (Figs. 8-11), When the
nature of a selected group of 'pure' types is knmown through ground
'analysis, and verified by the characteristic curve, they can be used

to define the groups for the computer classification of lakes by their
pixels. Thus, lakes which would be classified by Boland's mean reflec-
tance value as some mean trophic state, are represented im their

variety when classified on a pixel by pixel basis.

The ideal type of method would be similar to that employed by
Scherz, but including the number of pixels of each water type found
in individual lake basins. A pixel by pixel cliassification scheme,
however, requires specialized software that was not available. A
more simplistic method incorporating elements found in the methods

of both Boland and Scherz was used for this analysis. The CCT of
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an August 7, 1975 scene (2197-16201) was reformatted into the Environ—
mental Planoing Programming Language (EPPL4) and a grid system imposed
on the reformatted tapes. The area surrounding a lake larger than 100
acres was printed. The prints showad the actual reflactance valuas
recorded by the satellite. Individual lakes were identified from

the IR2 band printouts by comparing them with Bull. 25, An Inventory

of Minnesota Lakes. The lakes were identified both by number and nawe,

which may not be consistent with those found on USGS ‘topographic maps.
From each individual lake a sample site was selected. Usually a twenty
pixel (22 acres) area was sampled, a site four elements by five scan
lines. The primary orientation of the sites was normal to the satel-
lite ground track, and the sample sites were located to minimize any
effects of the sixth scan line degradation noticable on some imagery.
The IRZ print, with the sample site(s) located was traced onto the
other three printouts. The mean reflectance value of each LANDSAT
band was calculated for each sample site. In.large lakes, or those

with complex basins, multiple sites were sampled.

Statistical Analysis

The effective application of a statistical technique depends, in

a non-statistical sense, on the required imput data, the desired output,
and the theory, or causal linkages, which mediate between them.
Statistically the data must fulfill certain assumptions and the re-
quisite computer hard- and software must be available. Three techniques
which meet these requirements are regression, cluster amalysis, and
discriminant analysis. Each has differemt types of theoretical and
statistical assumptions, which result in different types of classi-

fication and prediction.

Each of these techniques classify, or predict the conditioms, or
quality, of a lake according to the reflective characteristics of the

water. The reflectance values, or input data, are constant for each
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type of analysis. The type and use of ground truth information in

the creation or calibration of each statistical model wvaries from

one to another. Regression analysis requires interval level ground
truth information, .while both cluster and discriminant analyses are
less stringent requiring drdinal level data. While discriminant
analysis was used "in the final cléssification of lakes in the study
area, both regression and cluster analysis might provide useful insights
for other investigators. The usefulness of these.techniques rests on
the ‘type of watexr conditions present and the amount and type of infor-

mation available on them.

The ground truth data requirements for each type of analysis
become more important when consideration is given to the cost and
effectiveness of their collection. A variety of chemical, biological,
and morphological parameters normally are measured when examining an
individual lake basin. WNot all of these are directly related to the
reflective properties of water; however, they are necessary to evaluate
water conditions. In oxder that LANDSAT data be used corxrectly, the
full range of lake types must be included in the ground monitoring.
Complete analysis of a large number of lakes is both expensive' and
difficult to accomplish in conjunction with LANDSAT overflight. The
nature of lakes is such that extreme changes may occur over short
time periods, so the collection of ground truth and image acquisition
must be coordinated. This increases the cost of ground truth collec—

tion, as multiple teams are necessary.

This requirement can be circumvented in two ways. First, if a
complete assay of individual lakes is desired, the monitoring of the
more stable lakes can be temporally divergent from over pass. A
hypereutrophic lake, for example, will exhibif little change from late

June to mid Septembexr. The same is true of oligotrophic lakes.

The second method is to forgo a complete analysis of lake con-

ditions and examine tramsparency. This can be done by untrained,
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but interested citizens thereby decentralizing data acquisition.

This is the method used by the Limnological Research Center (LRC)

in their tramsparency study of Minnesota lakes. From a theoretical
point of view, transpavency has severzl advantages over other quality
parzmeters. Because Secchi transparency measures the attenuation of
light, it indicates the amount of light reflected, which is in turn -
monitored by LANDSAT. Additionally, most chemicdal and bioclogical
assays are done on water samples from the surface or near surface of
a lake's ("grab samples"). ' The surface conditions may not adequately
represént the conditions throughout the entire illuminated zone aad
errors will result when the results of such analysis are manipulated
statistically with the reflectance values which are indicative of the

entire zone of- illumination.

In order that complete chemical and biological surveys do indicate
conditions throughout the entire water column, multiple samples from-
a site must be taken at various depths, as was done by the NES, which

data were employed by Boland (1974).

During the summer months of 1975, approximately 120 lakes in the
study were surveyed. Only transparency data were available for about
60 of these lazkes, while chemical and biological. data existed on the
others. The use of the ground information for gbout 20 lakes was limited

because of the date of data collection.

Regression Analysis

The primary attractiveness of regrgssiOn analysis for examining
the relationship between reflectance and a quality parameter, in this
case transparency, is that the resulting predictions of that parameter
will be interval level. Lakes are not easily classified into discrete
types, particularly on-the basis of a single measure of their quality.
They represent a variety of distinct types and gradations between -

these types. This coutinuum of lake types or water conditions can be
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seen for lakes which fall between oligotrophic and hypereutrophic.

In the absence of high concentrations of silt or stain, transparency
is linearly related to primary productivity, and available nutrients.
The use of reflectance data for prediction of transﬁarency of lakes

of unknown quality would be useful.

In areas where dystrophic lakes occur, regression analysis cannot
be used to predict the transparency of lakes when the amount of stain/colox
present in them is unknown. The model can be used to explore the
relatlonship hetween reflectance and both the transparency and color
of known lakes, through analysis of covariation. But the extension

of the model to lakes which have unknown quzlities is not possible.

Cluster Analysis

Cluster analysis groups observations (lakes) onm the basis of their
reflective characteristics alone, and assumes that there is good cor-
respondence between the reflectance of lakes and tﬁé water conditions-
Goodness of fit dis defined by the data and inferred from analysis of
the resulting groups or clusters. The ground truth information is
used to verify the goodness of the groups, not to define them. The
coordinatién of ground truth information collection with satellite
overpass is not required for cluster analysis. The general state
of lakes throughout the season is a guide to the intexpretation of
the resulting groups. Greound truth collected earlier or later in the
summer is & good indication of the general conditions which prevail
in a given lake and can be used to interpret the clusters. The rech-
nique is attractive because its use lowers the cost of ground truth

information collection.

An average linkage clustering algorithim was used to group the
lakes according to their standardized reflectance values (z-scores).
The routine calculates a similarity coefficient for each pair of lakes

which is the Euclidean distance separating them, i.e.,
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- w32 w32 Y 2 172
si:.I ((Wi wj) -1-(Xi Xj) +(3Li Yj) +(Zi~zj) )

where W, ¥, Y, and Z are the standardized reflectance values of the
four LANDSAT bands, and Sij is the similarity coefficient for observa-
tions i and j. The routine identifies the two points with the smallest.
similarity coefficient (i.e., the closest points in four dimension
Euclidean space) and groups them. These two observations become a
single observation, or group, with two members and a location equal

to the mean values of the two observations. 8Similarity coefficients
are once again calculated, with n—1 observations, and the two closest
points grouped. The clustering procedure continues until all obser-
vations are grouped together. The routine begins with complete indivi-
duality {(n groups, each with one member) and ends with coﬁplete

generalization {one group, with n members).

Ninety-nine observations on eighty lakes for which éransgarency
were available, were clustered and the results analyzed. The process
of generalization is summarized by a dendrogram (Fig. 12). Two major
groups aud seven to twelve smaller groups can be readily discerned in
the dendrogram. The major groups are lakes with relatively high
transparency and quality, and those with lower transparency and quality.
There are, in addition, several lakes which are dissimilar to these

two large groups and join groups only when forced.

The smaller groups were identified subjectively. Analysis of
variance is commonly used to analytically differentiate groups with
cluster analysig. Statistical rigor was considered less important
than the identification of the range of water conditions, as deduced
from an analysis of the satellite residual signal and ground truth
information available on the clustered lakes. The smaller classes
are also indicated on the dendrogrzm. Comparisen of the mean reflec—
tance values and transparency reading for each of these classes (Table 6)
shows that lakes with similar transparencies have different reflectance
values and vice varsa.' The interpretation of the classes reflect

these differences.
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TABLE 6.

DESCRIPTIVE STATISTICS FOR GROUPS IDENTIFIED THROUGH CLUSTER ANALYSIS

Class Nr. a IRL . oIR2 Green . Red Tra%;giz§n°y
. mean s.d, mean g.d, mean 5.d. mean s.d, mean g.d,
1 17 2.168 0.153 9.07  0.516 11.518 0.742 14,288 0.742 9.476  3.44
3 5 3,021 0,192 10.99  0.366 11.37  0.749 13.47  0.417 10,2 3.91
4 11 2.377  0.243 11.391 1.562 12,518 0.661 18.386 0,317 4,15  1.36
5 5 1.83  0.148 8.97  0.431 12,27  0.189 17.03  0.462 7.62  2.78
6 15 2.347  0.245 10.75  0.667 14.037 0.496 16.7 0.349 3.82  1.98
7 8 2.725 0.225 12.58  0.686 14.006 0,601 15.738 0.524 3.41  1.06
8 8 2.644 0,268 12.406 .41 15,1 0.384 16,912 0:38 2,06  0.495
9 10 3.046 0,172 13.99 767 14.965 0.707 16,93 0,752 2.5 1.472
10 5 2.6 0.194 12.34 .345 16.94  0.698 19.63  0.74 2,96 1,01

Unclassified 15 3.82 1.748 15.94 . 4.384 16.473 2,702 17.597 2,084 2,02 1.826

Total 99 2.687 0,893 11.93 2.885 14.127 2,121 16,587 1,809 4.773 4.04

Degeription of Water Conditions

1,
3.
5.
4.
6.
7.
.8.
9.
10.

Clear Water.

Stained, alpgae free water, or clear, small lakes with littoral vegetation Included in the sample site,
Clear surface water with macrophytes or algae}deep in the euphotic .zone.

Same as class 5, with more algae. ‘

Light to-medium algal concentrations.

Stained water with medium algal concentrations. Includes some shallow lakes with visible bottoms,.
Medium algal concentrations.

Same as class 7, with higher algal concentrations,

Modium to heavy algae.

Unclassiiled lakes are primarily characterized by heavy to very heavy algal concentrations,

-Source: calculated by author

oyv
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The dissimilarities which exist between groups (in their reflectance
and transparency values)_again points out the problems which can be

expected if regression analysis is used to predict the traansparency

of lakes.

Care must be taken when the classes are interpreted on the basis
of the transparency readingé. As mentioned above, the time of collection
of the ground truth may not be temporally concordant with satellire
overpass, and the individual lakes may be undergoing rapid phytoplank-
tonic growth. Weekly transparency readings for several lakes, e.g.,
Peltier (OZwOOA); Cedar (27-039), and Tetonka {(40-031) indicate that
rapid growth occurred between August 1 and August 14. 1In addition
to the temporal aspect of ground truth acquisition, and-satellite
overpass, there can be spatial variations in the distribution of mater-
ial, especially algse, within a single lake. For most lakes with
available ground information the exact location of the ground sampling
point was not known. Thus any correspondence between the site sampled
from the LANDSAT tapes and that monitored on the ground is coincidental.
This problem then is related to basin size and complexity and is com-
pounded by the sampling method, Because those lakes which are.large
or complex were expected to exhibit greater variations in algal concen—
trations, multiple sites were extracted from the LANDSAT tapes. When
only a single transparency reading was available, and its location
unknown, it was used as a gulde to conditions for all sample sites
on that lake, and may not be indicative of conditions for any of these

sites.

Examination of the results of the cluster procedurs showed that
few deeply stained, clear lakes were present im the study area. The
lakes which do contain appreciable amounts of stain also support algal
populations (Classes 9 and 7, Table 6) and exhibit reflective charac-
teristics similar to those of shallow lakes with muck bottoms. Scherz
has also noted this problem in regard to rice lakes in Wisconsin

{personal communication).
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€luster analysis appeared to yield groups'and to indicate the
relative differences between them rather well. The procedure has
several faults however. When average linkage Fuclidean distance algor-—
ithim is used to cluster the lakes (or any set of data), the location
of a group is given as the mean of that group's members. The location
of the entire group 'moves' as members are added. Because of this
there is no assurance that, given three points such that "a" is cleser
to "b" than it is to "¢, that "a" will become a member of the same group
as "b", rather than "e" - (A discussion of this problem, termed chaining
and a mathematical desecription of cluster analysis can be found in
Cooley and Lohnes (1962).). The second problem with the cluster routine
is that once an observation has joined a2 group, it cannot be removed.

No optimal clusters can be formed because of this.

A second problem with cluster analysis is that a single lake;
or observation, can be bqt slightly closer to one group than another.
It can join only one of these (i.e., the closer of the two). Knowledge
that a lake is similar to more than a single class may be as important
as the class to which it is most similar. A classification scheme
for lakes should reflect the continuous mature of lake and water condi~
tions. While this continuum can be inferred from the results of the

cluster algorithim, discriminant analysis accomplishes this explicirtly.

A third problem stems from the use of equally weighted variables,
such as the standardized reflectance values used here, to cluster the
lakes. A single LANDSAT band may be relatively more important than
the other bands for the differentiation of two types of water condi-
tions. The similarity coefficient does not indicate the contributions
of fhe individual bands to the total distance between observations.
The-reflective characteristies of Groups & and 5 (Table 8) are similar
to the clear water group on the IRl and TR2Z bands and similar to lakes
containing medium to heavy algae (Groups 6 and 10) on the visible
bands. Lakes of Groups 4 and 5 have relatively high transparencies,

but were clustered together with the groups of poorer quality. It
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is not mecassary that cluster analysis yeild coherent groups, although

it appears that in this analysis it has.

Discriminant Analysis

Discriminant analysis, like cluster amalysis, classifies, or groups,
lakes on the basis of their reflective charactéristics. Unlike clus—
tering, it cannot identify the inherent grouping tendencies that exist
for a set of data, so.the groups, or classes, between which discrimi-
nation is desired must be prespecified., 1In this, the use of discriminant
analysis for estimating water conditions is similar to the use of
regression analysis, for the I1iklihood:of correct classification is

determined by the correct specification of a sample of lakes into classes.

Discrimination between prespecified groups- is based on linear
combinations of the reflectance wvalues., These combinations, or linear
discriminant functions, are independent of each.other (orthogonal)
and maximize the difference between the groups. :These funections are
expressed as

Di = éilxl + diZXZ + diBXB + di4X4 +a _
where Di is the score on discriminant function I, .the d's are weighting
coefficients, a is a constant, and the X's are the values of the
discriminating variables used in the analysis {Nie, et al., 1970,

p. 435). The maximum number of discriminant functions which can be
derived is either one less than the number of groups specified, or
equal to the number of discriminating variables, Using LANDSAYT reflec-—
tance bands as discriminating variables limits the number of functions
to four. The number of groups which can be discriminated between

1s in this case limited by the number of functions which can be derived.
The maximum number of groups is ZP, where p is the number of discri-
minating variables. Thus using LANDSAT data, with four spectral bands,
a maximum of 16 groups can be used with four functions, 8 groups with

three functions, and 4 groups with two functions.
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While a full mathematical description of the derivation of the
functions is beyond the scope of this paper, it should be mentioned
that the solution required solving the eigenvector problem WA = ABa,
and that the discriminant functions can be interpreted in the same
manner as principle -:ompounents {(For a mathematical deseription,

see either King, 1969, or Cooley and Lohnes, 19731).

Identification and Specification of Criginal Group Membership

Discriminant analysis classifies lakes by comparing their
scores on the discriminant functions to those of the prespecified
groups. The analysis assumes that any given lake is a member of one
of the prespecified groups, that is, that all lakes are from the same
population. The resulting classification is only as good as the speci-
fication of the members of the original groups. The results of the
cluster analysis, ground truth and subjective estimation of the condition
of selected lakes in the study area were used to specify the original
groups, Tﬁe greatest weight was placed on the results of the cluster
procedure, as this showed the range and inherent grouping tendencies

of the reflectance data.

Ideally the ground truth informatiom should be given the greatest
emphasis. Without doing so, it can be argued, the methodology is
Circular. Because the lakes group or cluster according to their re-
flective characteristics, they can be further klassified according
to those characteristics. The model is calibrated according to the
hypothesis that there is a good correspondence between reflectance
and water conditions, rather than showing that such correspondence
exists by calibrating the model with ground collected information.
Such argumentation is correct. However, adequate ground truth coin~
cidental with the date of LANDSAT data acquisition dces not exist
for the entire range of lakes within the study area. Second, the
work of Scherz and his associates in the field and the laboratory
has shown excellent correspondence with the LANDSAT data. Finally,

the results of the classification can be evaluated independently

ORIGINAL PAGE IS
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of the satellite data by studyving the lakes. If the classification

appears good, the hypothesis is confirmed, at .least pragmatically.

From the results of the cluster analysis and examination of the
residual signals of the lakes of known transparency, ten types of water
conditions representative of those in the entire study area were
identified. The use of residual signal analysis, in addition to the
cluster results, insuved that the specified groups were spectrally
uniform. While the ground truth information was used as a guide in
groups specification, it does not provide information on the depth,
bottom conditions and concentrations of stain present in lakes adequate

for complete group identification.

The range of water conditions of the lakes of known transparency
fall dominantly aleng an algal continuum. Few lakes show satellite
signals characteristic of clear lakes with high cencentrations of stain,
but a large number show reflectance curves which indicate the presence
of stain or bottom effects in addition to algae. Ignoring those lakes
where the depth is less than the transparency, the lakes of the area
can be classified according to their combination of stain and algae
(Fig. 13). Because the effect of muck (i.e., dark colored bottom
sediments) bottoms on light of the visible bands (Green and Red) is
similar to the effects of stain on those same bands, the vertical axis.
actually represents both stain and an inverse measure of lake depth.

Both bottom effects and stain may be present in the same lake.

Thirty-seven lakes were used to statistically describe these ten
classes. The discriminant fupctions derived to differentiate between
the training lakes were then used to classify the remainder of the
Jakes for which transparency readings were available. This included
the ninety-nine observations clustered, plus five observations for
Lake Minnetonka (27-133) which were not included in the cluster analysis.
The classes are those nine identified from the clustering routine,

with the clear water class (Class 1) subdivided into a very clear
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Fig.13. Trophic State Relationships Between Classes
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(Class 1) and clear {Class 2) classes.  Class descriptions and the
classification results are found in Fig. 16 and the Iisting din

Appendix I.

A comparison of the discriminant classification and the results
of the clustering procedure can be found in the dendrogram (Fig. 12},
which includes the elass number from both techniques. The inadequacy
of the ground truth information precludes a more detailed comparison
of the two techniques, but because of the problems which can occur
when using the tlustering method, the result of the discriminant analysis
should be the more reliable of the two.

Two types of exrors exist in the classification based on the
discriminant analysis, those which are a result of the sampling method
and those due to the classification procedure. While both types of
error may be present in some cases, they can be described as if they

are mutually execlusive.

The lakes were classified on the basis on the mean reflectance

. walues of a twenty pixel site. If this sample site is mnot representative
of the lake, it will be misclassified. Spatial variations in depth,
algal concentrations, submergent and emergent macrophytes and composition
of bottom sediments are common in lakes, and will be present in the
LANDSAT data. The variations in the reflectance values for individual
lakes were, therefore, examined prior to the sample site selection.

This procedure, admittedly subjectives, was intended to minimize misclas-
sification,érrorsﬁ Multiple samples were extracted for lakes which
showed considerable variations, or when a basin was large or of complex
shape. 1In small lakes, sampling error can also result because the sample
size can be large for the size of the lake, thus including shallow water
pixels in an étherwise clear water lake. Inclusion of several non-rep-
resentative pixels alters the mean reflectance values, especially on the
IRl band. Several small, very transparent lakes were misclassified
because of this type of error. Wabasso (62-082), for example, had a
transparency of 17.5 feet, but was classified with stained and shallow

lakes containing algae, with transparency of 3 to 5 feet.
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There are two types of errors which can result from the classification
procedure. First, the original groups can be specified incorrectly,
and the subsequent classification will be biased. Second, the corres-—
pondence between the reflectance of lakes of unknown conditions and
the specified groups will not be good for every unknown lake, but these
lakes will be classified. Specification error is a greater problem
than the second type, which is expected when attempting to create
discrete classes from observations of a continuous nature. In either
case an exror will mean that the group description is not appropriate

for an individual lake.

Specification error results from including lakes in the training
groups which contain combinations of materials which alter the reflec—
tance values subtly from those of the material(s) expected or desired.
The existence or extent of this type of error is impossible to evaluate

because of the lack of ground information.

There are three ways in which a lake of unknown conditions can
differ from the description of its assigned class: 1) an individual
lake's reflectance values can fall within the decision space botween
two or more groups; 2) an individual lake's reflectance values can .
fall outside of the decision space of all groups; and 3) different
combinations of matexrials can yield similar reflectance values.

Each of these classification problems yields an inaccurate descrip-
tion of the lake; but the first and second types effectively define
new classes which indicate the continuous nature of both the reflec—
tance data and the water conditrions found in lakes. These can be
identified from the statistics which accompany the classification
results in Appendix I. The thirxd type is true error and is impos-
sible to identify from the statistics. These problems are not
mutually exclusive. The interpretation of the statistics is an addié—
fonal guide to the classification results. The best device for exami-

ping the conditions of an individual lake is residual signal analysis.

()RIGINALD PAGE 19
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Because the combinations and concentrations of materials in lakes
are found in continuous, rather than discrete, gquantities, the refleec-
tance values of some lakes will be similar to more than one of the
specified classes. The statistics associated with the classifying
functions indicate this by identifying both the most similar class
and the likelihood of membership in a second class. Twenty-two of the
sites classified have a probability greater than 10% of multiple group
membership (Table 7). Twelve of these have a probability greater than
30% (Table 8). Individual lakes which fall between two groups usually
have water conditions similar to each of the two. The extent of these
combinations of conditions can be found by examining pairs of cross~-
over classes. The major transition zones occur between classes 1 and 2,
and 6 and 8. These two boundaries account for about 57% of the total
nunber of cases which have greater than a 307 probability of multiple
group membership. The water conditions of each of the classes can be
expected to grade into the ome other, and the statistics identify

thesa intergrades.

lLakes characterized by extreme types of water conditions (e.g.,
very heavy algae or weeds) will fall outside of the decision_space
of all the specified groups. Errors of this type can be identified
by examining the distance vwhich separates the observation from the

centroid of the nearest group (D2 in Appendix I) and the probability that
a number of that group would be found in that distance (P{X/G) in

Appendix TI). Most lakes which are dissimilar to the specified groups

have been classified as containing heavy algae in stained water (Class 9).

Generally, these lakes are hypereutrophic, and are themselves a new,

distinct group.

Errors resulting from an individual lake falling between or outside of

the decision space of the specified groups cannot be avoided. Although
new groups could be specified, the effect would be a lowering of the
di;tance necessary for a lake to become a marginal member of one or
more of those specified. Specification of a large wumber of groups

-

ORIGINAL PAGE I3
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TABLE 7

Number -0of Cases with Probability Greater than 10%

of Multiple Group Membership, by Class -

Most Likely Class

1 2 3 4 5 6 7 8 9 10

o 1 (1) 3 06-0 0 6 ©6 0 0 0

[47]
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Total 4. 3 1 1 0 6 4 2 1 0

Proportion of cases
with greater than

10% probablility of S7% 33% 17% 10%Z 0% 38% 367 17% 6% OZX
multiple group

membership

Class n 7 9 6 10 5 16 11 12 18 10

Total

[0 ]

(S o )

22

217%

104 -

{¥umbers on the diagonal indicate the number of cases which fall outside of the

decision space for the class indicated.)

Source: Calculated by author
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TABLE 8-

Number of Cases With Probability Greater Than 30%
of Multiple Group Membership, by Class

Most Likely Class

1 2 3 4 5 6 7 8 9 10 Total

& i - 1°- 0 ©0 G 0 © © o© o0 1

o

g 2 2 - 0 0 0 i 0 0 0 0 3

O

§ 3 0 6 .- 0 0 0 © 0o 0 o o
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v B}

=
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16 © ©0 © © 6 1 ¢ 0 0 - 1

Total 2 1° 1 ©0 o0 6 1 1 0 0 12

Proportion of cases

with greater than

30% probabilivy . 29%2 11Z 17Z 0% 0% 387 9% 8% 0% 0% 12%
of multiple group :

membership

Class n 7 9 6 10 5 16 1L 12 18 10 104

Source: Calculated by author
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would significantly lower the number of marginal members of the groups.
However the pumber of groups is limited by the number of input variables,
and there are only sixteen groups possible using LANDSAT data. These
two types of errors will exist for most any classification of obser—

vations of a continuous nature.

The third type of error in the classification occurs as a rasult
of different combinations of materials reflecting light similarly.
The reflectance signal of stained water is similar to that of shallow
water with a dark bottom and macrophytes. Red clay can be confused
with a combination of stain and algae. Scherz has suggested using
late May and late August images together in order to identify stained
and shallow lakes (persomal communication), Aquatic macrophytes and
algal concentrations are usually very low in late May and peak in late
August. The transparency of an individual lake will be at meximum
in late May, and the reflectance signal meonitored by LANDSAT will
indicate the presence of stain, silt or bottom in the euphotic zomne.
Because these materials can then be assumed present in late August,

special classes can be identified, minimizing classification error.

Another method of decreasing this type error would be to include
ground collected information on hasin shape, depth and the presence
and concentration of stain in lakes deing examined in addition to the
analysis of LANDSAT data. It would not be necessary to monitor these
parameters annually as they change little over periods of years.
Either ordinal or dinterval level measurement of these variables would

identify errors in the classification of lakes based on the reflec-—

tance of light.
WIND EFFECTS
On August 7, 1975 an 18 mph wind from the south-south-east was

measured at the Minneapolis-Saint Paul International Airport., The

effect of this relatively strong wind on the reflection of light from
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lakes was examined for several lakes in Anoka, Ramsey, Hennepin and
Washington Counties. Because wave formation is a function of wind
speed and fetch, its effects cannot be constant across the scene for
lakes of different sizes and orientations to the wind. The examinatiom
of a large clear lake should show the extent of increased reflection
caused by surface foam and near surface air bubbles. The raw LANDSAT
data for White Bear Lake (82-167) were visually studied, and also
analyzed statistically. Statistical analysis was done with the Bendix
Multispectral Data Analysis System (M-DAS), which classifies LANDSAT
data in a pixel by pixel fashion, The variations within a single lake
can be visually examined. No increase in the reflection was found
within the open water zone of the lake (Fig. 14). On the north-north-
west shore area, however, a considerable increase was noted. It seems
reasonable to assume that this shore area was washed by high waves,

and that debris from the land-water boundary was suspended in the water.
The increase in reflection then indicates these more turbid conditions.
A similar examination and analysis of Lake Minnetonka (27-144), which
has higher algal concentrations than White Bear, showed a pattern of
increasing reflection downwind (Fig. 15). This was interpreted as an
indication of increased concentrations of algae. While a more.rigorous
examination of the effects of wind is necessary prior to making definite
assertions on wind effects, from this analysis it appears that wind

and waves add little noise to the LANDSAT data, and that down wind

increases in reflectance are due to increased turbidity.
SUMMARY

The purpose of this research was to show the usefulness of LANDSAT
data to surveys of the water conditions of Minnesota Jakes. The use
of both LANDSAT imagery and digital data were investigated. Initial
consideration was given to analysis of LANDSAT image densities because
of the low technologic and cost requirements. The techniques employed,
however, yielded inconsistent and unreplicable results and further

research halted.
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Fig. 14
White Bear Lake
82-167

Fig. 15

Lake Minnetonka

27-133

Legend for Figs. 14 and 15

Dark blue
Blue
Light blue

Light green
Ocher
Dark green
Black
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Very clear water

Clear water

Light algal concentrations
Light to medium algal concentrations
Medium to heavy algal concentrations
Heavy algal concentrations
Unclassified (i.e., non-water pixels)
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LANDSAT digital data for a sample of 81 lakes in East'Central
Minnesota were used to develeop techniques for the classification of
lakes. Regression analysis could not be used effectively because
the ground truth data available were not necessarily syncronous with

LANDSAT data acquisition and stain is present in some of the sample
lakes.

Cluster analysis and discriminant analysis were both used to
group the sample lakes. The ground truth requirements for these tech-
niques are not as stringent as those for regression analysis. An average
"linkage algorithim was used to cluster the mean reflectance values of
a 20 pixel sample from each of the lakes. The results provided useful
groupings and pointed out the clustering tendencies inherent in the

reflectance data.

While the clustering technique was a useful exploratory methed,
discriminant znalysis allowed the reflectaznce data to be better repre-
sented by indicating the probability of group membership. Using dis-
criminant analysis a- ten group classification scheme of lake types

was developed, and 104 observations on 81 lakes were classified.

An evaluation of the classificarion results should be included
~ here, but because of the lack of uniform ground collected information,
a rigorous evaluation is not possible. However several suggestions

for future investigations can be nmade.

In order that classification of lake conditions be fully evaluated,
ground collected information must be available for a large number of
lakes. Lakes of known qualities were used to specify the original
groups and cannot provide an independent assessment of the results.
There is also a problem with the. synchronity and uniformity of the
data. Evaluvation and specification require that the ground.information
be collected near the time of image acquisition, and this is not the

case for a majority of the available data.
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Variations in the data for individual lakes from different sources
are also evident. The transpareuncy of Wabasso (62-882) in early July,
1975, for example, was reported as 15.5' by a participant in the LRC
transparency study, 8' by a consulting firm (Hickok, 1975, p. ?8),
and 10’ by the DNR (unpublished data}. The Sécchi transparency measure

is perhaps' the gimplest procedure required by any guality parameter.

Another method of evaluation would be a comparison of the results
with a previous investigation based on different data. No other studies

of this type have been done for the study area.

Future investigations‘of water conditions using LANDSAT data can
incréase the accuracy of classification by integrating analysis with
a program of ground surveys. Lakes in the study area should be strati-
fied according to depth and, if possible, concentration of stain.
Ground surveys of lakes representative of the various combinations of
depth, and stain should be accomplished synchronously with LANDSAT
overpass. Finally the method of sampling should reflect the
intended use of the resulting classification. A pixel by pixel classi-
fication qf lakes shows variations in algal concentrations and would
be useful for location sources of nutrieat inputs {(Scherz, 1977).
The type of sampling method used for this study‘is useful in studies

concerned with the dominant conditions in the open water zone.
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Appendix 1

QIassification of lakes

. The 104 observations were classified according to their statis-
tical similarity to ten specified groups. The resulting classification

follows the residual signals of these groups (Fig. 16), where

D2 is the distance betweern the observation and the most probable

group's centroid,

(P(X/G)) is the érobability that the observation would be located

at distance D2 from that group's centroid, and

{P(G/X)) is the probability that the observation is a member of
that group.

Notice that Bunker Lake (02-090) is unclassified, with a probability
of zero for group membership, Pixels which ineluded heavy emergent veget—
ation were included in the sample and the reflectance on the infrared bands

is wvery high.
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Fig. 16

Satellite Residual Signals for Training Groups
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TRANSPARENCY ="' FMDST PROBABLE GROUP  SECOND GROUP 444
LAKE NAME DNRID [ D°  (PX/G)) (P(G/X)) (P(G/X))
OTTER 02-003 4.57  2.601 4627 754 & e 24

PELTIER 02-004 3.57 ,993 «511 1,000
GEQRGE WATCH 02-005 1.0 9 €2.245 - 4000 1+000
FORSHAM : 02-007 3.0 7 B7,236 « 000 571 3 . 128
RICE 02-008 2.5 7 2705 »951 1000
RESHANAU 02-009 1.5 9 14.065 «007 «9p9 7 + 0590
BALDWIN 02-013 2.0 9 2.677 613 1.000
L INWOOD p2-026 1.5 8 2596 « 627 0967 7 »033
MARTIN © by 02-034 2.0 7 12,673 »013 60" b .378
FAUN . S 02-035 10.51 2,668 4615 #Y78 2 e 022
COON (NW) %’g 02-042 1.5 8 ,261  .992  .996 9 003
COON {SW) E:b 02-042 2.09 39.547 +000 le0p0
NETTA g 02-052 6.0 3 4,668 «323 2999 7 « 001
HAM g 02-053 7.06 14,235,007  ,603 & ,375
COOPER & 02-070 6.51 4.394 »355 o778 2 214
LADDIE FJE 02-072 3.0 6 44,470 346  ¢99€ 8 «00%
MOORE o 02-075 2.0 9 130,355 0 1.000
CROOKED 3 02-084 3.0 6 .,682  .953 1,000
BUNKER S 02-090 5.51 * 0 0
GEORGE S5 02001 7.02 . 5.330 ,255 927 6 L0712
SANDSHORE = 02-102 7.0 3 3,284,511 4999
SUNFISH 02-113 2.5 7 36044 +»000 + 730 3 265
WEST TWIN 02-133 12.5 3 3.02% «553 1.000
EAST TWIN 02-133 6.0 2 1,780 776 #5865 1 2035
NO. LINDSTROM 13~035 3.0 10 10,178 «038 1,000
ALIMAGNET i9-021 2.0 9 16.094% «03 958 & o010
CRYSTAL 19-027 3.0 4 11,651 D20 874 in . «128
CEDAR 27-039 6.5 4 2lh?Z «655 «998 5 002
BUSH 27-047 13.0 1 1,330 .B56 805 2 0195
WEAVER . 27-117 8.0 6 9,117 « (158 «873 2 «324
DIAMOND (NO.) 27-125 1.5 7 +529 L0971 +999 8 .001
DIAMOND (S0.) 27-125 1.5 7 14 ,91¢ «005 1.000
MINNETONKA: 27-133
LOMER LAKE 404 6,754 e 149 «999 5 »001
WAYZATA BAY 4.3 4 7,242 124 . 999 10 w001
ECHO BAY 3.7 4 6,007 »199 909 5 » 091
WEST ARM 2.1 10 20,274 LG00 1,000
CRANE ISLAND 2.94 16,535 002 994 10 «00E
TYPO 30-009 0.5 9. -470,606 ] 000
TETONKA (EAST) . 40-031 6.06 6,421 «170 #9595
TETONKA (WEST) 40-031 2.5 ¢ 4,757 ,313 +999 8 »001
FRANCIS {NE.) 47-002 5.0 6 8.630 071 +935 2 064
FRANCIS (SW.) 47-002 5.06 2.043 .728 1.000
SILVER 62-001 5.0 2 2.722 « 805 872 1 »128
BALD EAGLE (NO.) 62-002 2.5 8 1.510 2 £25 .596 9 °001
8ALD EAGLE (S0.) 62-002 2.5 8 5,276  ,260  ,952 & .038
GERVAIS 62-007 3.1 6 3,055 549 1,000
KELLER 62-010 1.5 9 EB.724 «000 14000
WAKEFIELD 62-~011 0.8 3 30,876 .000 534 7 Y
PHALEN (NO.) 62-013 3.0 10 B.28¢ «08B2 14000
PHALEN ({SD.) . 62-013 3.2 10 5.887 «206 1.000
BEAVER 62-016 2.5 10 12.764 012 1.000
BIRCH 6£2-324 5.6 6 3,091 543 1,000
PLEASANT (EAST) 62-046 2.5 B 1,472 032 » 939 9 « 061
PLEASANT (WEST) 62-046 2.5 8 42349 4361 992 7 <005
MCCARRON 42-054 3.6 5 3.149 +533 +996 4 « 004
OWASSO §2-056 4.7 6 19,355 04 R-1.1- 5 d1%E
JOSEPHINE 62-057 2.1 10 64604 «321 1+000
TURTLE 62-061 6.0 4 LH93 .926 1,000
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LONG (NO.) 62-067 3.0 7 1.137 +888 1.009

LONG (S0.) .62-067 2.4 8 6,675 2154 o504 & -1
SNATL 62-073 7.5 1 4415 *346 D40 2 v 460
JOHANNA 62-078 3.6 4 3.922 417 1,000

WABASSO ] 62-082 17.5 3 2.08E + 7206 1.000

STLVER ) 62-083 2.56 16,567 £ 002 v 364 10 .320
CANNON (NO.) 66-008 0.5 9 35.043 v 000 1000

CANNON (NO. CENTER) 66-008 0.5 9 12,772 012 1,00¢

CANNON {SO. CENTER) 66-008 0.5 9 23.995 «000 . 987 7 e01l1
CANNON (S0.) 66-008 0.5 7 13,250 «010 « 994 9 L0008
DUDLEY 66-014 10.0 3 1,900 754 1,000

KELLY 66-015 8.5 1 4,720 s317 «546 2 «453
ROBERDS {EAST) 66-018 4.5 6 16,694 062 .588 b 397
ROBERDS (WEST) 66-018 4.59 10.173 2038 1e000

CIRCLE 66-027 4.5 9 16,4506 SUu2 261 8 L43¢E
FOX 66-029 7.5 6 7.166 0127 «980 8 «020
FRENCH 66~038 5.0 10 5.955 202 0997 8 003
MAZSAKA (SO.) 66-039 1.56 4.148  .386. 999 8 L001
MAZSAKA (NO.) 66-039 1.5 8 5,591 - ,232 v 956 - & T a034
HUNT. 66-047 1.5 8 2+418 «5659 « 994 7 +00€
CEDAR (SE) 66-052 4.5 9 2,461 652 947 8 L0532
CEDAR (W. ARM) 66-052 4.5 9 «867 «929 +990 Y 2010
CEDAR (NE) 66-052 4.5 10 10,112 . 139 0 99¢ -] « 004
SHIELDS 66-057 3.5 8 T.t96 0112 2716 7 .28z
ANN ' 71-069 8.0 2 10,892 028 «752 1 o 24E
JULIA 71-145 2.5 7 272.817 - & 000

BRIG(.S 71-146 2.5 6 13,611 ~ ,009 « 5867 8 + %33
RUSH 71-147 2.5 8 15.589 » 004 + 995 7 « 008
LOON 81-015 1.0 9 1?8.272) 0 «000

SQUARE 82-046 29.0 1 1.338 o555 «987 2 e013
DEMONTREVILLE 82-101 2.0 6 8.193 e 185 e9G1 B « 005
OLSON 82-103 2.08 16,871 . 002 «%99 9 .001
JANE 82-104 10.0 2 163 ° ,967 371 1 « 025
WHITE BEAR (NO.) 82-167 9.7 2 4e401 354 «9582 1 s01E
WHITE BEAR (SE) 82-167 9.2 2 7,027 «134 L6672 1 + 338
WHITE BEAR (SW) 82-167 8.2 2 4,257 372 « 994 6 +00€
DEAN 86-041 1.5 9 10.366 « {135 «8p7 ] 2193
PULASKI 86-053 6.5 4 25,840 +000 1,000

IDA 86-146 6.0 5 4,261 .372 .99¢ 6 004
EMBER 86-171 10.0 2 6755 149 942 1 » 053
ROCK 86-182 4.5 10 9.390 SN52 1,000

CEDAR (SE) 86-227 4.5 10 l12.202 sl o761 H v164
CEDAR {NW) 86-227 4.5 4 5.501 e 240 964 5 036
SUGAR (NO.) 86-233 10.0 5 1055 eS01 e 995G A 001
SUGAR (S0.) 86-233 10.0 5 2,099 . 718 «930 4 . 066
SYLVIA 85-289 ‘8.5 5 bett 12 « 346 » 995 4 . 005 -
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CONDITION OF SELECTED
EAST--CENTRAL, MINNESOTA LAKES

Investigators: Dr. Dwight Brown
Dr. Richard Skaggs
Center for Urban and
Reglonal Affairs
State Planning Agency
Minneapolis, Minnesota

ABSTRACT

The condition of East Central Minnesota Lakes is examined using
LANDSAT digital data on lake reflectance for August 7, 1975. Lakes are
grouped into condition classes by multiple discrimanant function
analysis, which groups lakes of wmkown condition around lakes of Imown
condition, according to the satellite measured reflectance. The
centroids of these classes are selected to maximize differences in
condition, The data extraction methods are described and the classi-
fication is discussed and presented in map form. Problémsfoffcell size
of analysis and wind effects are described along with the limitations
imposed by single time period analysis.

LANDSAT measured lszke reflectance seems to provide a valuable
neans of extending secchi disc transparency measurements, which provide
the necessary basis for reconnaissance analysis of lake condition using

LANDSAT data.

INTRODUCTION

This paper attemps a reconnaissance analysis of lake conditions

in East Central Mimmesota based on the interaction between incident light
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and the materials contained in lakes, which results in selective absorptign,
transmission, reflection, and scattering of the.spectral components of
incident light. The reflectance spectra resulting from dncident solar
energy ~ lake material Interactions, as collected by the LANDSAT satellite,
are employed to evaluate lake condition.

This report will briefly describe the bésis for using reflectance
of solar energy to monitor the condition of lakes, weview the study
area, and provide the background of LANDSAT data applications to problems
of lake condition. The analytical procedures will then be outlined, the
results evaluated, and finally conclusions drawn about, lake con&itions
and the problems and prospects éf performing reconnaissance analyéis of
Minnesota Lake conditions with LANDSAT data, The term "recomnaissance
analysis' Implies that the results should be a first look at lake condi-
tions to guide detajiled ground based analysis and mot as the final woxrd
on condition. It is hoPea that the map will give water resource planners, -
managers, policy formulators, and limnologists some idea about the

locations and numbers of lakes in general condition classes.

BACKGROUND.

The interaction of solar radiation with the water, the material it
contains, and lake bottom materials are fundamental to the application
of satellite collected data to a recommaissance analysis of lake
conditions (Figure 1), The LANDSAT scanner system detects the intensities
of refleéted egreen light (.5-.6 m, band &), red light (,6-.7 m, band 5)

and two spectral bands of reflected near infrared radiation (.7-.8 m,
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A — Skylite —
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Lake
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A = Atmospheric reflectance C = Yolume reflectance

B = Surface reflactance D = Bottom reflectance

FIGURE 1. Reflected solar energy flows for a lake.
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band 6; and .8-1.1 m, band 7). Unlike true or thermal infrared, bands
6 and 7 do not detect thermaljdifferences but do respond much like thé
visible bands to wet, black plowed fields and to bright white snow or
clouds, The important difference comes in the way the near infrared
bands respond to growing plants and to water. While plants are aétively
.photosgynthesizing they reflect very high.portions of the near infrared
radiation., When plants die or becéme dormant the infrared reflectance
falls off dramatically, even though they remain green. Most of the near
infrared radiation is absorbed by the first meter of pure water wﬁile
over 957 of green and almost 807 of the red spectral baands penetrate the
top meter of water (Figure 2). ihe differential water transmittance of
gréen and near infrared radiation can be used to infer that aquatic vegeta-—
tion is at or near the surface if both the green and the near infrared bands
show strong signals, if only the green reflectaﬁce is higﬁ,"the aquatic
vegetation is probably a meter or more below the surface.

Bottom conditions of shallow lakes create considerable difficulty
fér i;terpretation of lake condition. Shallow, clean lakes with muck
. bottoms produce 2 reflectance spectrum that is very similar to that for
a deep, clear lake with heavily tannin stained water. Further complications
arise where lake bottoms are visible only to green light. Under these
conditions a 50% cover of bottom vegetation over muck would appear as a
much lower reflectance than over a light colored bottem. When the lake
is shallow enough for red light to be reflected from the bottom, it can
show a response only to the light colored sediments, and bottom sediments

can be differentiated from vegetation.
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LANDSAT 1 and 2 Bands
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FIGURE 2, Spectral transmittance of pure water for different path lengths

(Adapted from Work and Gilmer, 1976).
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Where algae produced a high green reflecéanca the relative depths
of algal concentrations may sometimes be inferred from the differences
betﬁeen the amount of reflection detected by band 6 apd band 7. Band 7
refiectance increases-with algae in the first half meter of the water
column. The response to suspended mineral sediments élso can be detected;
‘but, the spectral response depends on sediment color. In some instances
it may be necessary to use spatial patterns to éeparate the signal of

suspended mineral sediments from algal concentrationms.

STUDY AREA

Thﬁ area included in this applications study inéorporates a variety
of lakes, mostl§ natural and of late Wisconsin glacial origin., The lakes
are water filled depressions oﬁ glacial till and cutwash with a few
reservoirs on major streams. Three major groups of lakes lying northeast,
northwest, and south-southwest of the Mississippi and Mimmescta Rivers
junction are included. The surrounding land cover grades-from urban
metropolitan, surrounding the rivers' junction, to forest, marsh, grass,
and modest agrilcultural crops to the northeast, to agricultural crops,
marsh, and some forest to the nmorthwest. Agricultural crops
dominate to the south-southwest. Over 1000 lakes larger than 20 hectares
(50 acres) are included in the area that covers all or parts of 18 east
central Minnesota counties.

The area was selected because it contaimed the highest concentration
of lakes with existing current information én lake transparency and

because of the recreational importance of lakes in the most populous
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region of the state, LANDSAT reflectance data from 81 lakes with known
transparency formed the basis for classifying and describing lakes of
unknown condition. From this Jake inventory 421 of the larger lakes

wake selected for study.

METHODOLOGY

A number of studies have developed a variety of methodoiogies aﬁd
procedures that use LANDSAT data and the soiar energy fluﬁ for lakes to
interpret lake conditions (Boland, 1974; Scherz, 1975; Rogers 5545;,,
1975; and Warwick, 1977). The techniques have been further applied to
specific problems or axeas by Scherz (19775 and by Brown et al., (1977).
Most of these researchers used LANDSAT digital tape daﬁa and differ
primarily in the ways that data are extracted, éize of the study umnit,
method of classifications, and degree of automation. Warwick (1977),
who studied the use of both digital tape data and less éxpensive
black-and-white film transparencies, found the latter produced dif-
ferent results on several data extraction trials with both a density
slicer and a micro-densitometer. Scherz (1977) used a Bendix inter-
active system to classify individual ground resolution cells
(pixels). Warwick also used the system in a brief experiment. Al-
though such a system has time and certain other advantages, it was =not
employed in this study.

Non—-automated data extraction from digital tapes was selected
over the Bendix or similar interactive systemé ﬁécause it was consid-

ered more important to classify whole lakes or bays rather than pixels



A73

because the former are normally the management wmits. Additionally,
variations among the LANDSAT 1 detector elements were considered to
create problems; especially in band 7, where small wvariations created
important classification changes in sample studies by Warwick (1977).
Brown et al. (1977) attempted to minimize the effect of detector ele-
ment differences on classification by averaging multiple pixel data
for polygons including data from sevexral detectors.

Although multiple date clagssification is not attempted in this
classification it was used by Brown et al. (1977) and could be done,
given adequate LANDSAT data, with the methods employed in this study.
The cost of using multiple dates in an automated system that classifies
individual pixels would multiply rapidly because of the need to pre~
register multiple date scenes, making data input costs climb from

approximately $200 per ground scene to about $2000.

DATA EXTRACTION

The data for lake classification in this study were extracted fron
LANDSAT 1 digital tapes for August 7, 1975. The tapes were reformatted
‘using programs developed by Minnesota Land Management Information
Systems personnel. These programs produced reformatted tapes in the
Environwental Plamnning Programming Language (EPPL4) and imposed a grid
system on the reformatted tapes. Other programs were used to print the
reflectance data for the area surrounding each Iake or group of lakes
included in the study at a 1:31,000 scale. The study was limited to

major lakes, Including most lakes over 40 hectares (100 acres). Some
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smaller lakes were included to help define the lake classes if ground
based information was available,

A computer printout map was produced for the reflectance values of
each of the four LANDSAT mnltispeétral scapner (MSS) bands. The pre-
viously mentioned need to classify whole lakes or bays and the need éo
avoid the bias of a single detector made ‘it desirable to extract an
average response taken from several scan lines in a polygoﬁ that, if
possible, avoided edge and shallow water effects.’ These polygons ofn
generally 20 pixels (9 hectares or 22 acres) were identified and out-
lined on band 7 computer printout. The band 7 printout was then succes-
gsively registered on the other three bands on a Light table, the poly-
gons outlined, and the values recorded and averaged by hand. In some
larger lakes multiple samples were taken; e.g;, 22 sites in Lake
Minnetonka were sampled. In 2il a totai of 619 observations for 421
lakes were classified with LANDSAT data. Ground collected data for 81

lakes were used to define and describe the classes of lake-condition.

CLASSIFICATION

The classification procedure employed multivariate discriminant
analysis to assign each of the 619 observatlons to one of 10 classes, A
discriminant function routine was selected as opposed to the clﬁster
analysis used by Brown et al. (1977) because the large number of samples
to be classified would be much more costly with cluster routines and
would qecessitate modifying available programs. The ground data for

81 lakes was used to identify the classes necessary for discriminant
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analysis, which groups the lakes of unknown condition according to their
reflective similarities to the pre-defined groups. Forty-four lakes
with ground data were used to specify 10 groups, and the remainder of
the lakes with ground data were grouped in the same manner as those with
no ground data. These lakes of known condition were used in developing
class desriptions, Use of cluster analysis would not identify the pro-
bability that a lake is similar to more than a single class of water
condition, which is useful information because of the intergrades that
exist between the artificially discrete classes.

Table 1 shows the number of observations which were statistically
similar to more than one class, with .30 - .49 and .10 - .49 probabil--
ities of being members of a second class. 8ix classes were aggregated
from the original ten classes  to simplify the map. Table 1 illustrates
the near border relationships between the water condition of a number of
cbaervations iIn each class. The percentage of observations In each
class with a less than .10 and less than .30 probability of being in a
second class gives an idea about the clustering of cobservations around

the class cores. It also provides Insight into the degree of confusion
among the classes,

The lakes were mapped according to the dominant class identifie&
from the discriminant amalysis (Map inside back cover). Most lakes have
been classified as a2 unit although multiple observations from some of
the larger lakes were treated independently in the discriminant analy-

sis. Where the classification of the multiple observations differed



TABLE 1. -— NUMBER OF OBSERVATIONS WITH MODERATE OR HIGH PROBABILITY OF A SECOND CLASS
MEMBERSHIP BY FIRST AND SECOND MOST PROBABLE CLASS OF MEMBERSHIP

Second Most Probable Class

«30~.49 Probability of

«10~,49 Probability of

% with Probability

Second Class Assignment Second Class Assignument of Second Class Total

Class Sub~ Sub- Assignment of: in
Assignment 2 1314 |5} 6 |Total 12| 31 4| 5 6 {Total .10 .30 Class

1 0l12}13(04}0 5 -{1|8| 6| 010 15 83 94 88

2 - 1301 }O 4 0l -112{ 0 210 14 75 93 55

3 IL{~-{3,)01}0 5 55t ~-110] 9]0 29 68 94 90

4 06 |~ 13 j1] 18 121 01151 - 113 | 4 44 78 9l 204

5 1 {311 |~j0 5 0j2/6(8; -10 16 79 93 76

6 00 (3]0}~ 3 b0}y 0] 7107~ 7 93 97 106

9Iv
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within a lake, possible bottom effect classes were ignored and the
resulting glassification represents the best conditions found in the
lake except where relatively discrete bgys are cla;sified differently.
Lake Minnetonka, because of its many distinct bays, was treated dif-
ferently. Samples of 22 areas were used to assign various parts of the
lake to different classes.

The descriptions of the six mapped classes were interpreted from
the 81l ground based transparency observations that were included in this
study. The range in conditions of the ground data sub-set is not as
great as for the entire group of study lakes. This ié to be e%pected
because ground data are collected from lakes of greater public impdr—
tance, which is selective and biased toward larger, deeper, better
quality lakes. This bias created problems for separation of shallow
lakes with visible dark bottoms.

Differences in the reflectance spectra for the different lake
classes can be seen more easily when the reflectaﬁce from a very cléar
lake, in this instance the average of Square and Christmas lakes, is
subtracted from the mean spectra of the centroid around which lakes of
unknown condition are assigned. These residual curves are shown in
Figure 3.

Where two residual curves are showm in Figure 3, two different
groups of lakes were used in the statistical classification procedure
and later combined for mapping purposes. The general characteristics of
these combined classes are similar,‘but they differ in the concentra-
tions of material in the water. The within c¢lass variations are con—

trolled by the degree to which the training setf incorporates the full



Residual reflectance
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. FIGURE 3. Residual reflectance for centroids of classes around which lakes of unknown condition
were assigned by discriminant analysis. Residual values are the difference between
the reflectance of lakes and the reflectance of a c¢clear deep lake, The average for
Christmas and Square Lakes was used here as the clear lake base, Class 7 is an extreme
example of the clear, shallow lakes separated from class 1 because they were known to
be shallower than the minimum transparency of 240 cm for class 1,
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range of lake conditlions. Class' 7.is the prime- illustratlon of this
problem. In‘the digeriminant analysis these shallow lakes were grouped
in elass 1. 8Sixty percent of these lzkes are transitional between
classes 1 and 3 or 1 and 4. The reméining 40% have generally lower
residuals on bands 4 and 5 and slightly higher residuals on band 6 than
the class 1 centroid. If a clear shallow lake with a visible dark
colored bottom had been included in the training set along with similaxr
lakes with some algae and weeds, the post classification separation of
class 7 might not have been necessary.

Lakes in class 1 as mapped generally have clear water and are
tightly clustered. Class 2 lakes are relatively clear in the top meter,
with weeds or algal concentrations ia the lower iliuminated zone. Class
3 lakes have higher algal concentrations and lower transparencies than
class 2 lakes, Lakes in class 4 are either shallow witﬁ dark bottom
sediments or have tannin stains. In either case, algae and possible
bottom weeds are present in sufficient quantity to produce a transpar-
ency range of 70-170 cm.

Conditions in.class 5 lakes are similar to class 4 but algal con-
centrations are higher, resulting in lower transparency. GClass 6 lakes
are dominated by medium to heavy populations of algae, and have trans-
parencies of 15-100 cm. Class 7 lakes are shaliow, with some algae and
weeds, but transparency generally exceeds depth.

The degree to which the classes intergrade into one another can be
seen by analyzing the relative frequency of high probability of secon-

dary class membership (Table 1). About 227 of the class 2 members have
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a probability of .10 or greater of class 3 membership. TFew lakes im other
classes have strong secoundary probabilities of a class 2 assignment.

Class 3 has considerable transitional problems with 4 and 5 and
to a lesser degree with 1 and 2. Class 4 is modestly confused with
clagsses 3 and 5. The complex combination of conditions that are found
in this group indicate how numerous possible combinations of condition
can produce similar reflectance spectra. Class 5 shows modest confusion
with class 3 while class 6 shows very little confusion with any other
clagses.

The spatial pattern of the classes shown on the map (inside back
cover) is difficult to analyze in terms of other resource information
such as general land cover, soils, or geomorphology. About all that
could be said is that there Is a higher probability of a lake being in
the better condition classes (1L, 2, or 3) in the northeastern part of
the study area where somewhat more land remains in forest cover and less
under cultivation or pasture. The most obvious conclusion that can be
dravm from the map is that lake condition is strongly related to local

morphologic, drainage, and land cover conditions.

EVATUATTONS AND CONCLUSIONS

The only true evaluation of this reconnaissance analysis can come
from scientists who study lakes and those with lake resource responsib-
ilities. If it aids their work by guiding their ground based detailed
studies effectively, it is successful; if not, it has failed to meet its

objective. However, several technical evaluations related to problems
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of analysis and classification can be pointed out.

Alleviation of three problems encountered in this study might
jmprove the results. First is the size of sample area of reflectance
taken from each lake. The efforts to average reflectance over too large
an area resulted iIn reduced homogeneity. This means that some sample
pixels of deep, clear water may be averaged with pixels covering shallow
areas or ones with emergent vegetation. The classification that results
may be unsatisfying if compared with ground observations. Lake Wabasso
(82) in Ramsey County illustrates this case. It was classified as Class
4 when 20 pixels were included. By subtracting 7 pixels around the edge
showing shallow-emergent vegetation, classification was changed to class
1 with reflectance values almost as low as the two clear lakes used as
a base. The lake had several recorded tramnsparency cbservations from
late summer ranging from 3.5 te 5.5 meters, suggesting éhat the original
classification was misleading.

The second problem is wind effect. On the morning of the LANEIJSAT
overpass of August 30, 1975 the wind at Minneapolis - St. Paul Airport
was southeast at 29 K4/hour (18 mph). This had some impact on the
classification of pixels for some larger lakes. Lake M:i.nnetonka and
Bald Eagle both showed remarkably good conditions very near the Wtindwarci
shore of the lake and considerably higher concentration of algae on the
down wind side (Warwick, 1977). Wind may be a partial factor in the
dual classification of lLakes Waconia and Mimmetonka. Either image dates
should be selected to minimize wind or researchers should be aware of

wind effects and sample lakes in a way that avoids a wind induced bias
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to the classification.

The third problem that should be avoided, if possible, is the
limitation imposed by uSibg only one date.of LANDSAT coverage. Seasonal
changes provide some insight into the-biological calendar of lakes.’
Defining these seasonal trends éﬁould allow separation of lake condition
problems by degree of severity. Differences in the seasonal dynamlcs of
lakes that display similar spectral reflectance in August have been
observed in western Mimnesota Lakes (Brown et al., 1977), and may indie-
ate variations in the thermal and nutrient regime.‘ However, the val-
idity of these inferences must still be substantiated by ground
observations.

Cursory investigation of the results of reflectance spectral
analysis without thoroughly knowing what on~-the-ground observations
might yield may lead to the conclusion that the procedures used here
could substitute for on site studies. That is not the case. While
LANDSAT reflectance data may extend the vusefulness of secchi disc trans-
parency data, it is also absolutely dependent on an abundance of ground-
based transparency information to yield believable results. It should
be kept in mind that this technique, which seems to the authors to be
successful, extends a reconnaissance analysils and draws no conclusions

about detailed lake water quality.

ACKNOWLEDGEMENTS

This work was partially supported by NASA contract #20985 to the

Minnesota State Planning Agency and carried out under a contract with



A83

the Center for Urban and Regional Affairs, the University of Minmesotz.
The University of Minnesota Coméﬁter Center also péovided grants for
partial subvention of computing costs.. The methods of analysis used
ware developed umder NASA grant N&L 24—005—263 to the Sgace Science
Center, University of Minnesota.

Thanks are due to Jeannie Hamann, Mismesota Land Management In-
formation System; Les Maki, Minnesota State Planning Agency; Margaret
Rasmussen and Sandra Haas,. Geography Department, University of
Minnesota; the Printing Department, University of Minnesota; and Dwight
Wilcox, Martin Roller, Letitia Cavalier for their assistance in
production.

Special thanks are also due professors Joseph Shapiro and Robert
Megard, Limnological Research Center, University‘of Minnesota and james
Scherz, University of Wisconsin for ground based data used to interpret
satellite reflectance signals and the guidance they have freely given

the authors.



AB4

LITERATURE CITED

Boland, D.H.P., An evaluation of the Earth Resources Technology
Satelllte (ERTS-1) Multispectral scanner as a tool for the
determination of lacustyine trophic state: Ph.D. Thesis, Oregon
State University: Corvallis, QOregon, 1974, -

Brown, D.A., Warwick, R., Cavalier, L., and Roller, M., The Pergis-
tence and Condition of Douglas County, Minnesota Lakes: Minne—
sota Land Management Information System Report #5021, Center
for Urban Regional Affairs, University of Minnesota, Minne-
apolis, Minmesota, 1977. -

Rogers, R.H., Shah, N.J., McKeon, J.B., Wilson, C., and Reed, L.,
Applications of LANDSAT to the Surveillance and Control of
Eutrophication in Saginaw Bay: a paper presented at the Tenth
International Symposium on Remote Sensing of Emrlronment, Ann
Arbor, Michigan, October, 1975. .

Scherz, J.P., Lake Water Quality Mapping from LANDSAT: presented
-at the Eleventh International Symposium on Remcte Sensing of
Environment, Ann Arbor, Michigan, April, 1977.

Scherz, J.P., Crane, D.R., And Rogers, R., Classifying and Monitoring
Water Quality By Use of Satellite Imagery: Proceedings of the
American Society of Photogrammetry - American Congress of Sur—
veying and Mapping, Fall convention, pp. 320-43, 1975.

Work, E.A., and Gilmer, D.S., Utilization of Satellite Data for
Inventorving Prajrie Ponds and Lakes: FPhotogrammetric Engineer-
ing and Remote Sensing, V42, pp. 685-94, 1976.

Warwick, R., Evaluation of Four Methods for Using LANDSAT Data To
Analyze Lake Condition in Minnesota, a report submitted to the
Space Science Center, University of Minnesota, Mlnneapolls,
Minnesota, June, 1977




AB5

MAP

CONDITION OF SELECTED
EAST-CENTRAL MINNESOTA LAKES



A86

ABDUT THE RAP
. GURDITION OF SELECTED EAST-CENTRAL MINNESOTA LAKES

‘Purpose and Limitations

The map was made as an experiment to see if an analysis of reflected sunlight
as measured by the Landsat satellite, could be used to allow us to take information
from a group of well-known lakes and apply it to find out about a much larger number
of lakes. Specifically, we would Tike to find out if the satellite can tell us about
several different lake characteristics: the kind and amount of vegetation -- micro-
scopic algae, floating or submerged plants -- in the water., the presence or absence
of organic staining or suspended mud and other materials, the approximate depth of
the water and the type of bottom if the bottom is visible.

The map is intended to assist people who are studying lekes by providing informa-
tion on the distribution of Takes that appear similar. The classification scheme is
a comparative one and is based on comparisons with Christmas Lake in Hennepin County
and Square Lake in Washington County, two very clear and deep lakes.

The map is based on only one time period, August 7, 1975, and the conditions at”
that time should not be assumed to be the same at other seasons or in other years at
the same season. On that date a strong southeast wind was blowing, and it appears to
have moved some of the plants and suspended material in some larger lakes, and this
may be responsible for the fact that scme large lakes appear to have different char-
acteristics in different parts of their basin areas.

How It Was Made .
Lakes were classified according to the way green, red, and two bands of near

infrared energy were reflected by the Takes, as measured the Landsat satellite.
Different kinds of material in the water of a lake will ref{ect these four kinds of

energy in different ways, and these apparent differences can be detected by the

satellite, which measures the amount of reflected sunlight for each of the four
types of 1ight 1t monitors. ) ;

The classification was based around lakes whose copdition was known when the
satellite went over them; other lakes were included in a particular condition class
if their reflectance pattern is close enough to the one for the “known" lakes that
vere used to define the class. The description of condition for each class was also
aided By additional information about the transparency for same of the Takes that
make up the class. Class 7 lakes are an exception. They were grouped by supple-
mental ground information on depth. It is possible that some members of class 1
belong in class 7 but could not be so assigned because of lack of depth information.

For additional technical information refer to Minnesota Land Management Informa-
tion Report 5022 or contact Dwight Brown, Department of Geography, University of
Minnesota, Minneapolis, MN 55455; phone, (612) 373-5372.
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ANALYSIS OF SUSPENDED SOLIDS IN LAKES
USING LANDSAT MULTISPECTRAL DATA

Investigator: Drx. Michae. _, .-
Department of Physiecs
University Of Minnesota, Duluth
Duluth, Minnesota

ABSTRACT

A set of criteria are given for using LANDSAT data in identifi&a~
tion of three categories of particulate contaminants in Lake Superior.
-ﬁ.linear transfofmation giving the relationship between the residual
LANDSAT intensities and concentrations of the three contaminants was
obtained from correlation of remote sensing data with insitu measurements.
The inverse transformation gives the concentration of particulates in
terms of the multispectral signal intensities. The paper discusses the
dependence of the volume reflectance on the contaminant concentrations
and presents the rudiments for selection of the optical signatures for

identification of suspended solids in lakes.

INTRODUGTION

To use multispectral satellite data for contaminant identification
and determination of contaminant concentrations in lakes, it is necessary
to pick out broad spectral characteristics (McNeil and Thompson!) of
contaminants by using lake reflectance measurements in a few spectral -
regions. LANDSAT data provides reflectance measurements over four
broad bands: .5 - .6 um, .6 - .7 um, .7 - .8 ﬁm, and .8 ~ L.1 um,

Only the first three bands are directly useful in water quality work.

The selection of the awvailable bands limits the usefulness of the
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satellite data to identification of a maximum of only three majox
contaminants for any given area of a lake. Furthermore, because the
reflectivity for particulates in water is generally low the noise to
signal ratio limits the usefulness of the satellite data to the areas

of the lake where relatively high concentrations of particulates are
present. The limiting concentration for identifying particulate con-
taminants in Lake Superior was 5 mg/f in poor qua}ity water characterized
by secchi transparency on the order of 1 m, and 2 mg/% in clear lake
water. For very clean lakes such as Lake Baikal, and the central p;rtiog
of Lake Superior, a single category of particulates or mixtures of two
particulate contaminants can be detected and identified down to 1 mg/ 8
concentration, provided the atmospheric scattering is low and wmiform.

To examine how LANDSAT data can be used to develop a set of
criteria for identification of suspended solids in lakes and how the
reflected light measurements can be ;sed to determine the concentratioms
of particulates, we examine some properties of the volume reflectance
of suspended solids. Volune reflecténce from suspended particulates
oriented over all angles can be approximated by an expression derived by
Kortiim?. TFor isotropic scatterers and infinitely thick medium the

reflectance R is given by:

1) R = 5
S+RA-/E (R+28)

8 = two times the reflectivity coefficient

=
I

two times the absorption coefficient
The reflectance is a single valued funcition of the photon scattexr—

ing length and the photon absorption lepngth. TFor suspended solids in
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lakes, the scattered signal is generally limited by the absorption of

- the carrying medium. For a single type of particulate contaminant, the
reflected light intensity in any spegtral band can be correlated
directly with the particulate concentration. The reflected signal is a
reasonably linear function of the particulate concentrations provided
the concentrations are low emough to meglect cross—section overiap. :
This condition is generally satisfied for the range of suspended soli&s

normally encountered outside of the immediate offshore areas of lakes.

An example of the behavior of reflectance as a function of absorption
‘and scattering length for Lake Superior is shown in Figure 1. An
example of the printout format and the range of reflected signal for
a large high density turbidity plume with a single coataminant type. is
shown for Lake Superior in Figure 2. The plume in Figure 2 is typical of
red clay plumes resﬁlting from erosion and resuspension in western Lake
Superior. The concentration of suspended solids in the plume ranged
from .5 - 25 mg/2. Figure 2 was obtained from LANDSAT digital data in
‘Band 5 (.6 - .7 ym). Since one type of particulate contaminant pre—
dominated in the plume it is possible to correlate the reflected signal
in Band 5 directly to the red clay concentrations. Often, however,
‘turbidity plumes arise from a mixture of sources, each contributing a
separate category of particulate matter. For a mixture of particulate
types, the reflected sigpnal in one band cannot be directly related to
the suspended solids concentrations, thus the spectral character of the
reflectance must be considered.

Lake Superior has three major particulate contaminants, the red
clay from erosion and resuspension occurring along the Wisconsin shore,

an iron ore tailings discharge at Silver Bay, Minresota, and a highly



organic tannin water originating from rumoff of the St. Louis River .
(including Duluth-Superior Harbor), the Nemadji River, and the Amnicon
River. The locations of the major contaminant sources are shown in
Figure 3. When more than one contaminant is present in any given area
of the Lake, as is usually the case during spring runoff, the reflected
signal in any band will depend on the ratio of the contaminant
concen%rations as well as the spectral dependence of the reflectivity
of each contaminant. The dependence of volume reflectance of thé Lake

on suspended solids composition can be found by considering first the

dependence of the muitispectral signals on the volume reflectance for
individual contaminants pear their sources of origin. $ﬁbseduently a
linear transformation approximating the relationship between, the sus—
pended load composition and the multispectral signal intensities can be
developed from a linear superposition of the reséonses due to iﬁdividual
contaminants. To be able to separat; the coﬁtributions to the reflected
signal due to each category of particulate, the spéctral distribution

of the reflectance for each category of particulates must be distinet
and reasonably repeatable.

The spectral dependence of reflectivities for the three particu-
late contaminants in Lake Superior are shown in Figure 4. Also shown
is the transmission of tannin water for 2 10 cm cell.

The differential seattering for the two major particulates is
shown in Figure 5. The data shown in this figure arve the resglt of
laser illumination of samples where the incident beam is either wverti-—
cally or horizontally polarized and the detector is arranged to detect
scattered light polarized in the incident direction. The detector

angle is the angle between the direction of the incident beam the the
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direction from which the detector recelves the scattered radiation; The
insolation from the sun is unpolarized so that the scattering for each
of the two particulates will be represented by the sum of the two
compenents. The insolation, of course, consists of a continuum ;f
wavelengths and the differential scattering is a function of wavelength.
Laser data were obtained for both red and green light and fortunately
the combination of the data in the neighborhood 6f the scattering ;ngle
arcund 6 = 130° approximates well to éhe solar illumination. The
.differential scattering for suspended solids found in the Lake,look;
much like light scattering from particulates in the micron sizé range
Kerker3. In the case of satellite observaﬁiﬁns.of particulates In
lakes the contribution teo the observed reflected .signal comes largely
from the scattering region around 6 = 1307. Sincé this region is not
flat, the observed signal is a weak function of seasonal variation in
the sun angle, Figure 4 shows that the reflectivities for the three
categories of contaminants in Lake Superior hﬁve_substantially different
spectrél shapes; thus the corresponding behaviox ;f the satellite signal
for each contaminant in pur; form, say near the contaminant source,'éan
be readily determined, and‘the satellite identification criteria for a
singie contaminant can be devised on the basis of spectral shape
independently of particulate concentration. The spectrai'shape of the
reflectivity for a single contaminate cén bé obtained from the ratios
of signals in the three LANDSAT bands, provided the multispectral
signals are above the threshold levels. For an individual contaminant
the ratios of multispectral signals would be‘independent of concentra-
tion if the reflected signal intensity sbove background behaved linearly

with the concentration. This is not the case, but the nonlinearity can
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be compensated somewhat by taking for any point on an image the reéidual
signal in a given band in reference to the signal in an adjacent band;
that is, by considering the ratio of the differences of signals in
various bands. An example of this behavior is shown in Figure 6, where
it can be seen that the red clay plume whose intensity levels ranged
over 11 digital steps above background, (Figure 2) shows up mainly in
the compensated signal ratio range ~1.00 * .25, Similar relationships
exist for other band combinations and other'contaminants. The distinct
character of spectral reflectance provided by relative LANDSAT éignal
intensities and signal ratios can be used to establish a set of
selection criteria for identification of particulates in the Lake.
Laboratory measurements of the spectral distribution of the total
reflectivity for each contaminant provide the. information

necessary for selection of the initial set of band combinations used in
development of the identification criteria, The Initial combinations
picked on the basis of total reflectance measuréments are first tested
by statistical correlations of the combinations with coﬁtaminant
identity at sampling stations. The criteria are further refined by
narrowing the cutoff limits on each band ratio combination for the
respective contaminant types. The band combinations, and the vﬁlues of
signal ratio cutoff limits, serve as the final LANDSAT signatures for
identifica?ion of the particulates in the Lake. The optical signatures
produced in this manmer do not, however, provide information on the
concentration of the individual contaminants since only the information
on the relative reflected signal intensities is used in the development

of the signatures. However, the concentration of contaminants in any
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area can be estimated separately from a linear combination of the
direct relationships between the individual contaminant concentration
and the multispectral signal intensity levels.

In using LANDSAT data in the above procedure for apalysis of lake
turbidity, it is necessary to extract the signal intensities above the
background for any area of the 1;ke, and to account for atmospheric
conditions such as haze and fog. The background signal level for the
three bands used directly in water quality measurements can be gener-
ally establisked f?om the baseline digital reading over the central’
portions of the Lake well away from the turbidity plumes. Band 7,
ranging from .8 m to 1.1 ym, is a high absorption region for water;
thus, its use in water quality measurements is limited. However, Band 7
can be used as an indicator of sgattering by haze and fog. Intensity
structures over lakes with readings in excess of 1 above the background
in Band 7 were regarded as atmospheric éhonomena due to fog or heavy
haze; such sections of the Lake were not considéred in the contaminant
identification. An additional criterjom on light haze, demanding that
+ By < 6 and By > 1, was also imposed in determination of the contaminant
concentrations to exclude areas of light haze. Light haze may not
obscure contaminant identity, but it does affect the calculation of
contaminant concentration. Band 7 was alse uvseful in distinguishing

land from the highly turbid water near the erosion bank.

RESULILS
Lake Superior, having clear waters and three physically separated
turbidity sources with distinct optical properties, is an ideal study area

for the use of remote gensing in contaminant identification. Using the
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spectral properties of particulates, Figure 4, and the Landsat data in

correlation with sampling measurements for 6 overflights, a set of criter~

_dia was obtained for the identification of particulates in the western

Lake Superior. The signatures are given in Table I. The criteria list~
ed in Table I work well for identifying the individual particulate con-
taminants in the Lake. The criteria also work in identifying a combina-
tion of contaminarnts for the regions where high concentration of two or

three contaminants are present. For instance, Allouez Bay, (Figure 3)

-

always shows a mixture of red clay and tannin water with the respective

signatures in Table I appearing together in Allouez Bay on all images.

Table I.

Contaminant . Band Combinations

Red Clay (LANDSAT 1) ®B,-B5) < 0 (35-36') > 1
(BIE_BG)/(BSHBG) <1
(LANBSAT 2) (B,B) <1 BBy >1

(B,Bg)/ (Bg-Bg) < 1.2

Tailings . (34—35) >0 (BQIBS) > 1.5

BB5)/ ByBg) 2 1.5

Tannin (Bé~§5) <=2 (B, Bg) < -2

The bay normally has a concentration of red clay and tannin particulates
well in excess of the threshold detectability levels. Similarly, in the
relatively opaque tannin water of the Duluth-Superilor Harbor and the St.

Louis River, the signatures for red clay show up for concentratioms of
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red clay in excess of 5 mgf?. Thus, during the spring runoff,

sources of red clay are identifiable in the St. Louis River. Figure

7 shows an example of the results of applying the above signatures

to LANDSAT 2 data for June 14, 1975, The image shows a turbidity

plume caused by rain runoff from the Nemadji River. A band of

turbidity due to erosion from the red clay bank is evident along

the Wisconsin shore, and an upwelling patch of tailings appears

along the Minnesota shore, and the periphery of a deep trough where the
tailings are deposited. A region of mixed contaminants appears Whefé‘
the zones affected by runoff and ercesion overlap along the Wisconsin
shore and near the mouth of the Nemadji River. The Allovez Bay, as men—
tioned before, also shows a mixture of tannin and red clay. A tongue of
haze north of Allouez Bay (shown symbolically same as the land) is evi-
dent from excessive Band 7 readings over parts of‘Superior Bay and the
Lake area east of the Minmesota Point. The more stringent crirerion on
haze will show later that light haze actually obscures a more extensive
area east of the Duluth harbor and a large area of the Lake northeast

of Silver Bay. Light haze does not interfere with contaminant identifi-
cation; however, it will produce false éstiﬁates for the concentration
of tannin,

To consider the use of remote sensiﬁg data in measurement of con-—
taminant concentrations, we examine the relationship between the LAWDSAT
signal ahbove background and a median concentration of contaminant about
which other contaminant concentration values can be approximated from a
linear fit, The median econcentration for each category of particulates
was based on the average concentration of the contaminant determined

from samples taken in the observed plumes. For red clay this concentra-
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tion was 4 mg/f while for the tailings the reference concentration was
1 mg/f%. Such levels of particulates are detectable in the satellite data
ané represent concentrations of fime particulates found generally over
wide regions of the Lake. For tapnin, characterized by high absorption,
the total dissolved solids concentration rather than the suspended solids
is used as the reference concentration parameter. The concentra£ion of
dissolved solids in.fhe harbor averages at 130 mg/% and is gemerally
associated with an averége suspended concentration of undissolved partic-
lates, other than red clay, of 4 mg/f%. Thus, in our discussion of éhe !
composition of turbidity in.Lake Superior, the contribution to the sus-
pended solids from tannin is given in terms of the nominal 4 mg/f refer-
ence value.

-~

For an iﬁdividual contamig?nt it was possible to develop, over a
reasonable range in suspended solids concentrations, a linear approxima-
tion between the contaminant concentration and the LANDSAT intensities.
When more than one major contaminnat was present the relationship took on
a linear transformation form. If we denote the residual band inténsities
by 34, BS’ and 36’ and the concentrations of red clay, tailings, and tan-
nin partiuclates as o, §, y respectively, we obtain a relationship giving

the residual (LANDSAT 1 and 2 respectively) band intensities in terms of

the reference concentrations of particulates.

B, 2.4 3 0 o B, 3.4 5  0Off|a
2) BEgi=13.5 1.7 1.5/|8 B =|3.3 1.7 2ile
B 1.3 1 3 Y Be 1.3 1 3y

The coefficients in the transformation were obtained from least-sguare

fits to sampling data. When B and y are zero, relationship 2) yields
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LANDSAT intensities as a function of the red clay concentration
expressed as a multiple of the 4 mg/! reference value. ¥From the inverse
relationship we obtain:

4.4 -.21 -53 "'026 le. a _‘112 o6 "'04 B4
3) B = -5 _.42 026 B_S B = 028 "".[l' 027 BS
Y ~.08 ~.09 .38 |B, ¥ 04 -2 Ls2||B,

Relationship 3) gives the concentration of each contaminant for any
area of the lake in terms of the LANDSAT signal levels above backgro;nd.
The results for June 14, 1975, and April 6, 1976, are shown in Figures 8
and 9. The columns of three pumbers printed over_tha 1ake give the
concentr%iions of red clay, tailings, and tannin particulates in mg/%
for each section of the lake. Notice that the harbor and parts of the
lake north of Silver Bay in Figure 8 now show additional areas affected
by haze marked by (E). The April 6 image, Figure 9, taken at the time
of spring runcff, shows concentrations of red clay in the harbor and the
St. Louis River. A more detailed printout-of the Apxril 6 image pinpoints
the red clay sources in the S5t. Louis River. The concentration§ of par-
ticulate shown in Figures 8 and 9§ agree well with the experimental re-
sults (Sydor and Oman 1978%). Equation 3) could also be used for con-
taminant identification work, however, the criteria in Table T are bet—
ter for this purpose since the criteria are independent of the assump-
tion of limearity, linear superposition, and are not susceptible errors
due to light haze. The digital nature of the multispectral scanmer sig—
nal, low Band 6 intensity levels, and the fossible time dependent char—
acter of tannin particulates, do not allow for detection of low concen—

trations of tapnin. The lowest detectable concentration of tanpin in the
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lake is 20%Z of the average concentration of tannin particulates in the
harbor. The lowest detectable concentrations of red clay and tailings
is 1 mg/% for Lake water with secchi transparency exceeding 3 m. For
the harbor water where secchi transparency averages 0.5 m, the detectable
threshold for red clay is 5 mg/%. The detectability threshold for any
individual day also depends on the atmospheric and surface affects and
is theoretically limited by the concentration of contaminant necessary
to produce a signal level a half a digital step above background over
an array of pixzels constituting the lowest resolution area in the p;:int—
out format for the scene. Generally it was found that LANDSAT data
could be used in identification of majoxr particulate contaminants for
suspended loads above 1 mg/f. The technique is particularly t}seful in

separation of runoff plumes from the usually accompanying turbidity

background arising from erosion and resuspension.
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FIGURE CAPTIONS

Reflectance as a function of absorption and reflectivity
coefficients in .5 - .6 um region.

Red clay turbidity plume.April 11, 1975, produced from
computer printout of LANDSAT Band 5 intensity above back—
ground averaged over 50 pixels. The intemnsity levels range
bver 11 digital steps.

Location of the major turbidity sources for western Lake
Superior.

Spectral dependence of total reflectivities for particulates
in western Lake Superior. Curve 1 - transmission of tannin
water for 10 cm cell, Curve 2 - red clay, Curve 3 - tamnin,
and Curve 4 — tailings.

Laboratory determined optical reflectivity for two particu—

lates as a function of the scattering angle 0 relative to

the incident direction for a horizontally and vertically .
polarized beam and with the detector arranged to receive
light of that polarization.
Printout of the ratioc of LANDSAT intensities referenced to
adjacént bands (for April 11, .1975). Notice the red clay
plume ranging in intensity levels over 11 digital steps,
falls distinctly in the -1.00 %.25 ratio, and is separated
from the clear water where the ratio is 0.25.

Identification of particulates in Lake Superior using LANDSAT
2 data (June 14, 1975). The mixtures of red clay and tamnin

are shown as crosses. Red Clay (.), Tailings (/), Tanmin (-).
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Figure 8.

Figure 9.

Concentration of particulates in Lake Superior using LANDSAT

2 data for June 14, 1975. The columms give red clay,
tailings, and tannin in mg/%. Haze criterion is shown by
letter H, Notice even though the harbor waters were identi-
fied in Figure 7 as tannin, the concentrations of particulates
can not be determined in the St. Louis River becausge of

1ight haze.

Concentration of particulates in Lake Superior using LANDSAT
1 data for April 6, 1976. (Red clay, tailings, tapmin) in

mg/ L.
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Appendix A

USE OF REMOTE SENSING IN DETERMINATION OF CHEMICAL LOADING

OF LAKE SUPERIOR DUE TO SPRING RUNOFF

G. J. Oman and M. Sydor
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Abstract

Use of remote sensing data in identification of various
sections of a complex spring runoff plume in Lake Superior allowed
for a grouping of sampling stations according to particulate
contaminant type. The grouping provided for a good'cross—correla~
tion of the optically detectable parameters with the chemical
parameters. The results were used in determination of the total
phosphorous and total organic nitrogen loading of the lake due to
spring runoff. The results were also helpful in pumerical simula-

tion of the long term dispersion of runoff pollutants.
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Introduction

In environmental studies of chemical loading of lakes it is necessary
to determine the concentrations of pollutants over large areas. This is
often cost prohibitive from the standpoint of samplinO. However, multi-~
spectral remote sensing data provide information useful in extending the
sampling data taken at few points to wide areas of the lzke p;ovided the
optically senéitive parameters can be correlated with chemical parameters
over a period of several days. The remote sensing data are also useful in
testing of numerical models for simulation o? contaminant dispersion in lakes.
The aerial multispectral data provide sequential instantaneous information on
the large scale phenomena which reflect both the tramsport and the dispersion
processes taking place in the lake. In a sense the remote sensing data
provide a good substitute for current measurements, at least for the surface
layer of the lake.

To consider how Landsat data can be used in studies of contaminant
dispersion and in determination of chemical loading of lakes we will consider
as an example the results from an investigation of the effects of 1976 spring

runoff from the Nemadji River on western Lake Superior.
Results

During the spring runoff one observes typically a large red clay plume.
in the extreme western Lake Superior. The plume consists primarily of micron
$ized particles of red clay from Nemadji River runoff and from erosion of a
Lacustrine red clay bank along the Wisconsin shore, Figure 1. A typical red
clay plume due to runoff, erosion, and resuspension is shown in Figure 2.

To determine the chemical loading of the lake due to runoff for any given



B30

plume, it is first necessary to identify the areas of the observed turbidity
which are attributable to runoff. This can be dome using the optical signa-

tures for particulates characteristic of erosion and runoff, Table I. The

Table T.

Contaminant; Band Combinations

'(34—35) <0 (BS_BG) > 1
Red Cla
7 (B4_B6)/(BS_BG) <1

(8,~Bs) < -2 (8,-B,) < -2

Tannin /
(B4 BS)_g 0-6

signatures in Table I were developed from the correlation of the spectral
characteristics of the volume reflectance for various particulates in Lake
Superior with Landsat 1 multispectral data. It was poésible to differentiate
the runoff sections of the plume from the turbidity &ue to erosion because
the river runoff contains humic or tannin water rich in organic particulates
as well as the red clay particulates which predominate the suspended solids
in erosion plumes. Application of the tzonin criterion to the Landsat computer
tape data for the 1976 spring runoff in western Lake Superior yields the
results shown in Figure 3. TFigure 3 shows the demse portions of the Nemadji —
runoff plume. A check on the results in Figure 3 can be obtained from the
insitu measurements of the specific conductance. The conductance is two
times higher for the tannin water than it is for the lake water. The insditu
values for specific conductance in micro mhos/cm are shown by the numbers in

Figure 3 at the station locatiomns where samples for chemical analysis were
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taken. It can be seen that the high conductance values correspond to the
runoff section of the turbidity plume. By grouping the sampling, stations
according to signatures listed in Table I we were able to correlate some
chemical parazmeters with Landsat multispectral data. The correlation of the’
optically sensitive parameters, turbidity, transmission coefficient, and the
suspended solids with all the measured chemical parameters is shown in Table
IT.

Sufficient statistical data were available In our measyrements for
cross—correlation of turbidity with total phosphorus, total organic nitrogen,
SiOz, and 504: The data £rom high altitude mamned overflights provided b§
NASA Lewis Research Center (R. Gedney and J. Salzman) shdwed comparable
results. Using the relationship in Figure 4 between the total phosphorus,
turbidity, and Landsat Band 5 intensity,we obtain the aistribution of total
phosphorus in Figure 5 for the spring runoff in western Lake Superior.

Table IXI shows the estimated total phosphorus and total organic nitrogen
loading of Lake Superior due to various turbidity sources. Substantial
amount of the total phosphorus is directly attributable to the red clay
particulates either as a leachate or adsorbed material.

Although the major chemical burden in the Nemadji rumoff and the St.
Louis River runoff is due to natural turbidity and dissolved material typi-
fied by the red clay and the tannin water, the runoff from the two rivers is
also associated with man~made contaminants entering the rivers from municipal
and industrizl discharges of the cities of Duluth, Superior, and Cloquet. It
is thus interesting to examine how the runoff plumes disperse in the lake
under various wind conditions in relation to .the location of the municipal

water intakes to assess how the overflow of municipal sewer systems apnd snow
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Parsmeter Definition for Table IT.

SEC = Secchi Disk Transparency in Meters CPH

It

Ortho Phosphate in pg/L

CON = Specific Conductance in pmhos/cm N03 = Nitrate Nitrogen mg/%

TMP = Temperature in Degrees Celcius NH3 = Ammonia Nitrogen in mg/%

TB = Turbidity im NIU PON = Particulate Organic Nitrogen

S8S = Suspended Solids in mg/e in mg/L

#VL = Percent Volatiles TON = Total Orgamic Nitrogen in
DO = Dissolved Oxygen in mg/% mg/L

CLA =

PH = PH Chlorophyll A in ug/l
CA = Calcium in mg/2 CLB = Chlorophyll B in ug/¢
MG = Magnesium in mg/?% CLC = Chlorophyll C in ug/%

ATK = Alkalinity as mg/% CACO3 CAR = Carotenoids in pg/%

CL = Chloride in mg/% PPG = Phaeophytin Pigments in
S04 = Sulphate in mg/% ug/L
81l = Silicate in mg/% ODR = Optical Density
TPH = Total Phosphorus in pg/%
Table TII.
Estimates of Chemical Loads from Various Sources
Total P Metric Tons Total Organic W Metric Tons
Douglas . Douglas .
- Erosion . Erosion
Nemadji | County . Nemadji | County .
Resuspension Resuspension
Streams Streams
April 5 12 6 12 102 70 30
April 6 15 5 10 120 68 v 25
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melt runoff may affect the drinking water. Basically one would be interested
in determining the dispersion of the runoff water to low concentrations,
commensurate with the diluﬁion of pollutants in lake to the levels which
would still result in hazardous concentrations of toxic materials at thé water
intakes. Remote sensing data are available only for a few days. Furthermore,
the data are useful in identifying only the relatively high concentration of
tracer contaﬁinants. To determine'how toxic contaminants from the harbor
_Could disperse with runoff to low concentrations, it is necessary tovéxamiﬁé
the trénsports and dispersion of the plumes as a function of winds.over long
duration. This can be done through use of numerical modeling. - To test
whether the numerical model results are realistic the simulated high concen~
trati;n plumes can be compared to the remote sensing data over times long
enough-to assure credibility. The dissipation of thé_Nemadji runoff for 1976
was simulated with the aid of a depth integrated model of Lake Superior
(Diehl et al.l). The transports were calculated usiﬁg the actual wind condi~
tions over the entire lake from March 31, 1976.to April 7, 1976. The disper-
sion of the runoff plume was calculated using a pgrtiple in cell technique
based on Lagrangian formulation of dispe?sion pracesses. Since Landsat data
were available for April 5 and April 6, and the observed turbidity plumes -
showed identifiable structures\for both days, it was possible to comparze the
average currents at three points of the lake for the comsecutive overflights ..
and to determine the spreading rate of plumes. The details of the numerical
model are discussed elgewhere by Oman and Sydorz. The Lagrangian marker
technique followed the numericalschemesﬁresented in technical reports by
Sklarew3 and Spauldingé. The model for plume deveiopment produced results

quite comparable to the observed runoff plume from the Nemadji River and the
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Amnicon River in terms of the distribution of suspended solids and the total
suspended load in the lake, Figure 5. The soﬁrce functions for suspended
solids weré based on the ;easured suspended loéd cutput from the rivers.
Effects of resuspension were included for a period of high turbulence on
April 3. The modeled results agreed well with the observed plume -dynamics
and showed many of-the structural features diéplayed in the observed plume.
Since .the model results we?e realistie for the runoff period from March 30 -
April 6, calcﬁlation of dispersion was extended over a period of one month
for two types of winds.

rirst, variable wind conditions were simulated for a month by recycling
the transport'patterns'produced b§ the variable Winds dﬁring the peak Namadji
runoff from March 31 to Aprillé, 1976. The result for the dispersion of
runoff for variable winds is shown in Figure 7. The runoff is entrapped in
the arm of Lake Superior west of Bruie River, ﬁisqonsin.and appears to remain
in the proximity of the water intakes for proionged tiﬁes as long as the
variable winds persist. Simulation of.runoff disPersion for-the westerly
winds showé in Figure 7 that the water intake é;eas‘wculd be purged free of
the contaminants aﬁd_that the runoff materidl would be ;ransported along the
Wisconsin shore towards the'Apéstle Islands.-. The ?esults for variable winds
and the westerly winds are confirmed by nuperous Landsat images. Similarly,
biological experiments, Rushmeyer et al-S, show increased abundance of
aquatic organisms west of Brule River,-apparently due to chemical loading of -
the lake during runoff and the-subsequent entrapment of contaminants for
variable wind conditions.

¥n summary it can be said that the multispectral Qata-for lakes taken

over broad spectral bands provides information sufficient for differentiation
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of broad categories of lake contaminants. The data.is useful in studies of
the dispersion processes, and in sawmpling site categorization necessé#y for
'cross—correlation of optical and chemical parameters, and the determination
of chemical loading of the lake. Projected numerical results verified by
remote sensing data indicate that contaminant concentration of 1 mg/% in the
harbor would produce a concentration of contaminang in excess of loﬂs_gll at
the Cloquet wéter intake. Similarly the Duluth water intéke could show for
variable wind conditions on the order of 10-9_g/£ concentration of the

contaminant if the contaminant was conservative.
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Figure Captions

Fig. L.

Fig.'2.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Western Lake Superior'— study area.

. Turbidity plume in western Lake Superior at the peak of the 1976

spring rqnoff. The plume consists primarily of red clay ﬁarticulates.
Portions of the turbidity plume attributaﬁle to spring runoff. The
numbers printed.on the plume represent insitu-condugtivity measure—
ments in umhos/cm.

Band 5 intensity vs. turbidity and total phosphorus for the Nemadji
River runoff plume.

Comparison of the observed and simulated suspended solids plumes at
10 mg/% concentration contour. The cbserved plume contained a ioad
of 32,000 metric tons. A settling rate.of 6% was assumed, based on
the observed settling rate for identifiable-sectidns of the plﬁﬁer
in consecutive Landsat images.

Distribution of total phosphorus iﬁ western Lake Superior for April
5, 1976 based on Band 5 intensity.

Simulated distribution ofvrunoff showing‘contamiﬁant accumulation
in the extreme western Lake superior after 30 days of wvariable winds.

The long fetch westerly winds purge the area of contaminants.
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DETECTION OF DUTCH ELM DISEASE
USING OBLIQUE 35MM AERTAL PHOTOGRAPHY

Investigators: Michael R. Nash, Research Assistant |
Dr. Merle P. Meyer, Professor of Foresiry
Dr. D. W. ¥rench, Professor of Plant Pathology
Institute of Agriculture
University of Minnesota
8t. Paul, Minmmesota

INTRODUCTION

A major difficulty ian managing a Dutch Elm Disease control program
has been the lack of an efficient low cost system ¢f detecting diseased
elms. To date, ground reconnaissance systems are the primary means of
locating disecased elms and such systems are slow,.costly aﬁd often miss
trees in an advanced stage of the disease. FElms affected by DED usually
start to wilt at or near the toﬁ of the tree and early infections are
sometimes missed because wilting branches are out of sight of the observer
on the ground.

A number of previous trials in Minnesota (Meyer and French 1967,
Mayer and French 1968, French 1974) suggested the possibility of vertical
stereoscopic colox inf?ared as a reliable disease detectlion tool. The
basic technique; developed by these (and other) studles were evaluated
using a major portioﬁ of the .city of Mimmeapolis in 1975 by Falrweather,
French and Meyer (1976). The entire city wa; photographed on August 3,
1975, at a scale of 1:9,600 in color infrared with a 9x9-inch format metric

camera, A portior cf the city also was flown at a scale of 1:6,000. Data
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obtained on the ground were suffieiently accurate to provide a highly
reliable test base.

Interpretation results, using the best available equipment and
three qualified interpreters, were disappointing with 47-50% of the
diseased elms detected by any one of the interpreters. The percentage
of the diseased elms detected was some improvement over the 42% success
ratio achieved in a previous study. Detecting only half of the trees is
not, however, acceptable for a comtrol program.

Part of the problem in detecting diseased elms has been the confusion
of tree crown detail and its condition with the background when photo-
graphed vertically (i.e., street surfaces, sidewalks, shrubs, grasses,
etc., appearing in the gaps in the tree crowns masked critical details
of the crown). The background problems, therefore, could be resolved by
photography of the trees at an oblique angle. The infected trees would
then be more distinct against a background.of healthy trees.

The project reported here was designed to evaluate oblique photog—
raphy. Because of the cost and difficulty of using a large-format mapping
camera at an oblique angle, a small~format (35mm) camera system was
selected. The specific objectives of the project were to determine the
cblique camera angle which maxinizes the amount of tree crown visible to
the camera, determine the smallest usable photo scale, determine the
optimum time of day (sun angle) for photography, ascertain the camera
focal length providing maximum average photo scale without hindering the
pilot's ability to navigate accurately, evaluate the relative merits of
color infrared (CIR) f£ilm photography, and evaluate the time/cost—

effectiveness of the system.
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EQUIPMENT AND METHODS

The 35mm photography was exposed with the. long axis of the frame
parallel to the horizon $0 as to provide the widest possible swath of
coverage. As a consequence of the oblique camera angle, the scale of
the photographs varied across the narrow width of the format (largest
scale on the lower edge ne;rest the airceraft, smallest scale in the upper
édge of view). The average scalg of the obligque photograph occurred
acroés the center of each frame parallel te the horizon. For a given
scale of photography, the variation in séale across the short axis of the
frame varied inversely with the focal length of the lens employed - i.e.,
the shorter the focal length, the greater the variation in the scale
across the frame.

Since it was desirable to maintain the most constant possible scale
over the frame, a relatively long focal length was deterﬁined to be the
most useful. An additional feature of a long focél length was the ability
to obtain relatively large photo scales at-a safe flying aléitude.
Conséqueﬁtly, a 135mm focal length was selected as the most desirable.
Exposures with this focal length lems at an oblique angle of 45% from
a vertical flight altitude of 2,260" produced a photograph with an
average scale of 1:7,200 whose scale varied from 1:6,020 at the lower
edge, to 1:7,920 at the upper edge. By comparison, employing a 50mm
lens to obtain the same average photo scale of 1:7,200, a prohibitively
low flight altitude above ground of 835f would be reguired, and the
resulting photo scale range would vary from 1:5,840 on the lower edge to

1:9,880 on the upper edge.
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To photograph the sun sidé of the tree crown for best possible
color rendition, the film was exposed with the sun as much behind
the camera as{possible. Also, the film was exposed with the sun angle
greater than the oblique angle of photography (i.e., over 45°) to reduce
shadows on the tree crowns as much as possible. During the summer months,
these conditions will normally occur between 9:00 A.M. and 3:00 P.M. local
sun time for the Minneapolis-St. Paul Area (Table 1).

The photography was accompiished with systematic (pre-planned)
parallel flight lines spaced to assure some overlap in coverage between
adjacent limes., Also, each exposure in the line of f£light was made at
an interval which provided some overlap between previous and subsehuent
exposures (Figure 1). Since a 1:7,200 average scale exposure with a 135mm
lens at a 45° angle produces an area of coverage approximately 550 feet
parallel to the line of flight by 710 feet across the line of flight, the

in~1line exposure interval was calculated on the basis of the center of

each frame being less than 550' from the preceding,and following, photo
centers, Further, initial exposure on a planned line was made {(circa)
2,000" before the aircraft was vertically over the line coverage starting
point.

A sequence of photographic interval and line spacing to give an over-
lap of about 15% on all sides of each frame was considered desirable.
With a scale of 1:7,200, for example, a line spacing of about 600" (85%
of 710") would be required — the number of per-line exposures being

calculated on the basis of: Line Length/470' = No. Exposures.
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Table 1. Approximate solar altitudes at 45° N. Latitude @'Ipls;—St. Paul)

Time
8:30AM| 9:00AM { 9:30AM|10:00AM|{10:30AM {11 :00AM|11:30AM |12:00PM
&3:30PM |&3:00AM | &2:30PM|&2: 00PM|&1:30PM &1 00PM | &12:30PM! noon
June 6 42° 46,5° 51.5° | 56.6° | 60.5° | 64° 66° 67.5%
June 21| 43° 47.5° 52.5° | 57.5° | 61.5° | 65° 67° - 68.5°
July 6 42° £6.5° | 51.5° | 56.6° | 60.5° | 64° 66° 67.5°
1 July 21' 40° 45,5° 50° 55° 58.5° | 62.5° 63.5° 65°
Aug. 5 37.5°% | 43° 47.5° | 52° 55° 58.5° 60.5° 62°
Aug. 20| 34.5°] 39.5° | 44° 48° 51° 54.4° | 56° | 57“




Figure 1, Cross—-sectional diagram of camera

coverage scheme in the line of flight.:

9D



Table 2,

Overflight Descriptions

Date Location Camera Type A/C Film/Filter Lens Average Angle Purpose
Scale
6/30/76 | N.W, Mpls, | Nikon F2 Fixed-wing | Ektachrome~X/HF2 |50mm & | 1:7,200 & | 25°,40°
Motordrive Aerochrome IR 13 5mm 1:9,600 and 55°
35mm Type 2443/W.12
TRAINING &
7/12/76 Lauderdale | Nikon F2 Fixed-wing | Ektachrome~X/HF2 | 135mm 1:7,200 45°
Motordrive Aerochrome IR TECENIQUE
3 5mm Type 2443/W/12
. DEVELOPMENT
7/22/76 Lauderdale | Nikon F2 Fixed-wing | Ektachrome~X/HF2 | 135mm 1:7,200 45°
Motordrive Aerochrome IR FLIGHTS
35mm Type 2443/W.12
8/11/76 E, Mpls.& Nikon F2 Fixed-wing | Ektachrome~X/HF2 | 135mm 1:7,200 45°
Lauderdale | Motordrive Aerochrome IR
35mm Type 2443/W.12
8/3/76 St. Anthony | Nikon ¥2 Fixed-wing |Ektachrome-X/HF2 | 135mm 1:7,200 & | 45°
Motordrive Aerochrome IR 1:8,400 APPLICATIONS
35mm Type 2443/W,12
. TEST
8/24/76 Como Park Nikon F2 Helicopter | Ektachrome—X/HF2 | 28mm 1:4,200 45°
Motordrive FLIGHTS
35mm

£D
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AERTAT, PHOTOGRAPHY

Four' flights starting June 30, 1976, served for developing techﬁiqueé
and two flights in August, 1976, were for evaluating the system (Table 2).
The fixed~wing aireraft involved was equipped with a2 conventional 1l6-inch
diameter camera port in the bottom of the fuselage...A camera tripod
mount was devised which placed the camera at the rear edge of the port.
The camera could be locked at the selected oblique angle and exposed onm

a time interval which took aircraft ground speed into account.

GROUND DATA COLLECTION

Ground data were collected by trained, experienced teams directed by
the junior author, Locations and descriptions of infected trees were.
provided in the following form for each area photographed:

Lauderdale - data in narrative form, infected trees identified

by address, street, and location in the lot:; later transferred

to a medium scale photo mosaic overlay.

Minneapolis ~ data in parrative form as with Lauderdale; later

transferred to a medium scale photo mosaic overlay.

Noxrth St. Anthony Park section of St. Paul — infected trees located

on a large scale, very detailed, city map; later transferred to a
photo mosaic overlay.

Como Park in St. Paul -~ infected trees located on a medium scale

photo mosaic overlay.

PﬁOTO INTERPRETATION SYSTEMS, INTERPRETERS

Three photo interpretation systems were used. The first utilized a
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14X binocular microscope to read the individeual 35mm slides over a good
quality light table. With this viewing umit, the average scale of 1:7,200
was magnified to an approximate scale of 1:500., The 2x2 slides were
placed and viewed in the sequence flown along the £iight Iline and match
lines between frames in line were easily identified visually and noted
from slide~to-slide. A recent photo mosalc (in preference to a planimetric
map) was placed alonggide the viewing table and suspected trees were noted
o1 an acetate overlay over the m;saic. Mo particular difficulty was
encountered in matching the locations on the 2x2 slides with their
ldcations on the mosaic.

The second viewing system utilized an EX Carousel projector. The
2x2 slides were arranged in the sequence flown and projected onto a
16x24~-inch white matte screen in a darkened room. Slide match lines were
identified by alternate advance and reversal of adjacentlslides. The
projected image scale on the screen was approximately 1:400. The inter-
preter viewing the scene at a comfortable distance viewed the projected
image at a somewhat smaller scale than 1:400. The wosaic (with overlay)
of the area being surveyed was in a lighéed, shielded, position in front
of the interpreter where suggested trees could be accuratelyrand
conveniently located. 1In most cases, however, the reflected light from
the projection screen was adequate for amnotation of the mosalce overlay.

The third viewing system employed a special 6X monocular magnifying
viewer — which could be used either with a light table or with skylight
“illumination (via a special mirror system). It was only used in the
analysis of the 1:4,200 scale coverage flown by helicopter on August 24,

1977 of Como Park. As with the other methods, possible diseased elms
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noted on the individual slides were located in their respective position
on the photo mosaic overlay.

Final evaluation of the accuracy of interpretation was acccomplished
by comparing the trees detected in the phétograﬁhy with those found on
the ground in St. Anthony Park and Como Park.

ATl fou? interpreters (one of whom was senior author) were Forestry
students (three graduates, one undergraduate) wheo had had formgl training
courses in photo interpretation. Iq_addition, all were provided
specialized instruction in the three photo interpretation éechniques
tested in this study., Previously selected and verified cases of DED
from portions of the wvarious areas not used in Ehe test were uséd as aids
in DED identification.

In terms of comparative levels of practical photo interpretafion'
experience, the four intepreters were ranked as foilows:

Most experienced — Interpreter II (senior author)
~ Interpreter I .
~ Interpreter TII
Least experiencad - Interp;eter v

In no case were any of the drnterpreters, including the senior author
{(Interpreter II), exposed to the ground data prior to,*or during, the
interpretation.process.. Every attempt was made, therefore, to assﬁre that
the interpretation Waé as mmbiased as possible.

The total area in the study and the number of infected trees in
the St. Amthony Park test area were sufficlently large to reduce the
interpreter's ability to utilize hi; memory when involved with more

than one interpretation method.
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When comparing the color and CIR photography some of the same
infected trees were used as test trees. Even so, the chances of recall-
ing individual trees on the color photographs which were previously seen
on CIR (or vice-versa) were negligible for the following reasons:

(a) although flown on the same day, the color and CIR varied tremendously
due to the totally different color rendition, different aspect and frame
locations, and variation in sun angle and shadows; and (b) the fact that

the interpretation process took place over a considerable period of time.
RESULTS

The percentage of correctly identified cases of Dutch elm disease
in the St. Anthony Park test area (scale of 1:7,200) using the binocular
microscope system and interpreted by I, II and IIT ranged from 26-647%
with color and from 34-71% with CIR film (Table 3). As expected, the
interpreter with the most experience (II) found the highest percentage
of diseased trees on both kinds of film. Errors of omission ranged from
36 to 747 with color and from 29 to 667 with CIR fiilm. Errors of
commission in relation to total number of deseased trees ranged from
18 to 477 with color and from 16 to 98% on CIR film.

Using the same binocular microscope system and the 1:8,400 scale
photography of St. Anthony Park, Interpreter II correctly identified
67% (color) and 74% (CIR) for the total diseased elms known to be present
(Table 4). The diseased trees involved here are not the same as those
used in the above study (Table 3).

When the 2x2 slides of 1:7,200 scale photography of St. Anthony Park

were projected and interpreted by II and IIL, the most experienced
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Figure 2. CIR 45° oblique showing diseased trees along street
in center of frame. Tree removal crews and equipment are in
the location. Flown at a scale of 1:7,200 in August, 1976;
flown east-to-west (sun is behine the camera).

Figure 3. Color view of same scene as Figure 2 (above).

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR

1



Table 3.
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Number and percentages of diseased elms correctly identified

in relation to totals of diseased trees using the Binocular Microsocpe

System on 1:7,200 scale St. Anthony Park photography.

Interpreter
i T2/
CIR Colox CIR Colox CIR Color

No. diseased 120 190 - 296 273 244 170
trees -

No. correctly 65 105 210 176 83 45
identified

Ho. omitted 55 85 86 97 101 125
(erroxrs of
ommision) )

No. incorrect 177 82 175 127 38 30
(exrors of -
Commission)

Correctly 547 56% 717 647 347 267%
identified

Errors of Omission 56% 442 20% - 467 66% 74%

Errors of 98% 437 59% i477% 16Z 18%
Commission:

ljﬁbst experienced interpreter

g-/Least experienced interpreter
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Table 4, Number and percentages of diseased elms correctly identified
in relation to totals of diseased trees using the Binocular Microscove
System on 1:8,400 scale St. Anthony Park photography.

Interpreter II-:!'-/

CIR Color
No, diseased trees 42 96
No. correcil:}.y identified 31 - 64
No. omitted 11 32
No. incorrect 24 B 36
Correctly iéentified 747 ) 677
Exrrors of Omission 26% 3372
Errors of Commission 57% 38%Z

1/

~'The senior author.
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interpreter (I1) was only slightly more successful than the less
experienced person (Table 5). The percentage of correctly identified
diseased trees ranged from 54 to 61%Z with color and from 57 to 64% for
CIR -~ the CIR having provided the best results as was the case when the
‘binocular microscope‘was used.
With the 6X monccular system, the percentage of correctly identified

diseased elms in Como Park (scale of 1:4,200) ranged from 68 to 78%

{(Table 6). Errors of commission were similar to what had been obtained
with the projected 2x2 slide and the binocular microscope. In this study,
the most experienced interpreter found the largest number of diseased

trees, but the difference between interpreters was not great.

GONCLUSTIONS

Although not all of the diseased elms were detected, it was possible
with a somewhat experienced photo interpreter to locate up to 78% of
diseased elms using color photography at a scale of 1:4,200. The success
ratio was 74Z with CIR photography at a scale 1:8,%400., The errors of
* copmission of 45 and 57%, respectively, in these two studies is not a
serious problem -~ although it would be desirable to reduce these errors
so as to eliminate unnecessary ground checking. Experience has shown,
however, that some of these so-called errors of commission are actually
positive cases of Dutch elm disease and are simply trees which bave symptoms
only in the very top of their crowns.

Less experienced interpreters had somewhat lower success ratios than
experienced interpreters, but even éhe experienced interpreter with more
time with Dutch elm disease would increase his efficiency. With some

systens of interpretation, the difference in interpreters was not great.
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Table 5. Number and percentages of diseased elms correctly identified
in relation to totals of diseased trees using the Projection System on
1:7,200 scale St. Anthony Park photography.

Interpreter
1t/ 1112/
CIR Color CIR Color
No. diseased trees 180 195 179 205
No. correctly identified 115 121 102 110
No. omitted 65 74 77 95
No. incorrect 82 S 72 70 85
Correctly identified 647 617 57% 547
Errors of Omission 36% 39% 437 467
Errors of 467 37% 39Z 417
Commission )
i/

—'Most experienced
gjLeast experienced



Table 6., Number and percentages of diseased elms correctly identified
in relation to totals of diseased trees using the Monocular Viewing

System on 1:4,200 scale Como Park color photography.

C17

Interpreter

! IV
No. diseased trees 56 56
No. correctly identified 42 38
No. omitted 1z i8
No. iancorrect 25 29
Correctly identified 787 68%
Errors of omission 22% 327
Errors of commission 45% 52%

1/

~'The senior author.
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On the basis of this study, it is difficult to suggest that one
system of interpreting the photography is any better than amother and the
best results will be obtained by experience with any one system. The
false color film (CIR) resulted in higher percentages of success than
the true color film. At the larger scale of 1:4,200, the success ratio
was high but CIR was not involved and, therefore, not compared. Certainly
at the smaller scales the CIR film is superior.

Comparing oblique 35mm.pho£ography and large scale vertical stereo-
scopic photography indicates that the 35mm oblique system compares very
favorably. With larger scales the oblique photography may provide even
higher success ratios than obtained here.- As the scale is increased, the
cost increases and thus there is a limit to what is a reasonable scale
to use. for DED detection.

Normally, a new method requires experience an& with experience comes
éefinement and, ultimately, a far better system emerges. In spite of the
less than satisfactory success in detecting DED using aefigiiphotoéraphy
and, in particular, oblique 35mm photography, it does offer promise of
a speedy, reasonably efficient technique for locating diseased trees so
that they can be dealt with in a prompt manner. This promptness especially
early in the season is the essential key to the success of any control

program for this and similar diseases.
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Field Evaluation of Smali-Scale

Forest Resource
Photography”

Aerial

Expefienced professional field forest resource managers |
considered scales smaller than 1:24,000 unacceptable for

standard data collection.

InTRODUCTION
A GROWING PROBLEM in aerial photography
applications to forest management in
many parts of the U.S. is the lack of funds for

" quently suggested approach to reduced

forest photo procurement cost is the use of
smaller photo secales (Latham and McCarty, |
1972; Lauer and Benson, 1973; Ulliman,

AnsTrRacT: Economic considerations precent most forest land man-
egers from obtaining conventional black-and-white medium-scale
{circa 1:15,000-1:20,000) forest aerial photography at adequate in-
tervals. Were smaller-scale photos comparably useful, the savings in
procurement and interpretation costs could be used for more fre-
guent overflights.

Forested portions of Minnesota were flown with black-and-white
infrared at scales of 1:15,840; 1:24,000; and 1:31,680 and with color
infrared at scales of 1:31,680 and 1:80,000. Trained cooperators who
analyzed the photographs under field-use conditions with high qual-
ity viewing equipment considered black-and-white forest photog-
raphy at a scale of 1:24,000 marginally acceptable at best, and
judged scales smaller than 1:24,000 unacceptable for the resource
management applications involved. Querall, good quality summer
black-end-white infrared 1:15,840 scale photography was preferred,
but many user-cooperators were enthused about the potential of
small-scale coverage as a supplemént to, net a replacement for, con-

" centional medium-scale photography. .

Color infrared transparencies provided more information than
Black-and-white prints of equivalent scale, but were considered
overly cumbersome for day-to-day use under existing field office
conditions. .

obtaming the proper type(s) of photo cover-
ate at adequate intervals in time, A fre-

* Presented at the Annual Convention, Amer:-
tant Society of Photogrammetry, March 1977,
Washimgtan, D.C. Authorized for publication as
el Jour. Series Article 9780 by the Univ. of Minn.
Aur. Expt Sta., St Paul.

19735). As a case in point, 1:31,680 scale
photo coverage in lieu 0f1:13,840 scale over
a given area would require about 75 percent
fewer prints. Such a print number reduction
would be reflected in substantially lower
costs of acquisition, purchase, storage, han-
dling, and interpretation. However, this
would not be a logical substitution if it were

ORIGINAL, pag
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accompanied by any significant reduction in
interpretable information quantity and qual-
ity (Nash, 1963). A preliminaty study by Ul-
liman and Meyer (1971) under laboratory
conditions suggested the possibility of using
smaller scales of summer infrared black-
and-white forest photography without seri-
ous information loss. This investigation sub-
jected their idea to a field test by experi-
enced cooperators.

Stubpy Area LocaTIONS

In order to provide results useful to a large
number of forest photography users in the
Lake States, a study area with a wide diver-
sity of typical vegetation types—Itasca
County, Minnesota—was selected (Figure
1}. Secondary sites were chosen in Becker
and Mahnomen counties in order to sample
slightly different types of areas. Whereas
Itasca County typifies the sub-boreal forest
of northeastern Minnesota, Becker and
Mahnomen are representative of the drier
western prairie border counties.

1:35,8%,122%,000,1.3E,580
BZW lnfrared - 1974

iy
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AERIAL PHOTOGRAPHY

The principle objective of this study was
to determine the degree of acceptability, to
field practitioners, of summer infrared
black-and-white infrared photography at a
scale, or scales, smaller than the conven-
tional 1:15,840. As Figure 1 and Table 1 in-
dicate, recent 1:15,840; 1:24,000; and
1:31,680 scale coverage was obtained over
the study areas. Although all of the 1:24,000
and 1:31,680 scale black-and-white photog- .
raphy was flown in the period 1972-74, only
the 1:15,840 over Becker and Mahnomen
counties was flown during the same period.
In Itasca County, due to problems of}
weather and flight scheduling, the 1:15,840
scale was not flown in the 1972-74 period
and existing 1966-69 coverage had to be
utilized as a basis for comparison. This
posed no problem insofar as the field
cooperators were concemned because of their;
familiarity with the are2 and their ability to
select representative locations and cover
types which had undergone negligible
change since photography.

1:24,000
BsW IR = 1573
oy

Aerial photography emploved in the study.

OTHGTAL PAGE IS
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TasLE 1. CHARACTERISTICS OF PHOTOGRAPHY TESTER

Contracting Field Cooperators
County Dates Film & Filter? Seale Agency Agency Individual
BECKER Sept 1974 Aero IR 2424 1:15840 MinnDNR MinnDNR—Baumgartner & Rupert

Wratten 12

1:24,000 UMinnCollFor
131,680 UMinnCollFor
1:15840 MinnDNR

1:24,000 UMinnCollFor

MinnDNR—--Rodewz‘t!d & Kresien

1:31,680 UMinnColiFor

MAHNOMEN Sept 1974 Aero IR 2424
Wratten 12
ITASCA
- Entire Jul-Aug-Sept 1966 Aero IR 2424
County July 1869 Wratten 12
- North Aug-Sept 1972 Aero IR 2424
Central Jul-Aug 1973 Wratten 12
+ North Aug-Sept 1973 Aero IR 2424
Central Wratten 12
and
Northeast
- North Sept 1974
Central IR, Wratten 12
- Entire Aug-Sept 1975
County IR, Wratten 12

1:15,840 ItascaCy
1:15,840 USFS

USFor Serv—Coldie & Goltz?

MinnDNR—Tarbell, Licke, Nixon,
Tornes, Mooty, Pierce,
& Stenlund®

1:31,680 UMinnCollFor| }{tascaCy—Mlarshall

[RRRB—Kobs, Lauber, Johnson &

1 Olson .

BlandinPapCo—~Peterson, Momow
& Hanson -

1:24,000 UMinnCollFor} [RajalatimbCo—Ringold

BoiseCascadeCorp—Hubbard,
Olson & Cutler
SoilConsServ—Nyberg & Sharp

Aero Ektachrome 1:31,680 UMinnCollFor] [USForServ—Goldie & Johnson

MinnDNR—Tarbell, Cass, Nixon &

Tornes
—11tascaCy-—Marshall
IRRRB—Lauber

Aero Ektachrome 1-60,000 UMinnCollFor} [BlandinPapCo-—Peterson, Morrow

J Hanson

1 Viratten 12 equinalent used
3 Bath forest management and forest soils specialists invelved.
2 Both forest and wildlife management specialist involved

A secondary purpose of the study was to
expose as many cooperators as possible to
training and applications experience in the
use of color infrared phatography and, sub-
sequently, solicit their reactions to it. To this
end, a sizable porticn of Itasca County was
flown with color infrared at a scale of
1:31,680 in 1974 and the entire county was
flown at a scale of 1:80,000 (i.e., “quad-
centered”) in 1975,

STupy DEsicy, PROCEDURES

USER-COOPERATOR SELECTION AND TRAINING

Because of the intense interest and degree
of use of forest aerial photography, a large
number of capable cooperators volunteered
their services, including users in forestry,
wildlite management, and soil science in
both public and private sectois of forest land
management.

Despite their experience in photo in-
terpretation, additional training in prepara-
tion, handling, and viewing and use of the
various types of photography was essential.
This was accomplished at each cooperator’s
home station on an individual basis to the

degree necessary. Additionally, periodic vis-
its to cooperators served to answer questions
and maintain the quality and scope of the
evaluations.

PHOTO INTERPRETATION EQUIPMENT,
INTERPRETATION AIDS

Although most of the cooperators use ae-
rial photography on 4 near-daily basis, view-
ing equipment usually consists of a pocket
stereoscope and marginal office working
conditions {Figure 2). In order to assure the
best possible viewing conditious and consis-
tency, each cooperator was provided with
suitable viewing equipment and lighting
{Figure 3). For the cooperators involved in
viewing the 9x9-inch CIR transpaiencies, a
specially equipped light table was also pro-
vided. .

In addition to vegetation cover type and
condition class delineation, most users fre-
quently perform distance measmements and
calculate areas. To provide comparative tests
of these Pinctions between photo scales,
atea dot grids and aerial photo rulers de-
signed for all scales to be tested were fur-
nished.
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in
the feld offices of proiect cooperators—often
crowded, noisy, and poerly lit.

FORMS OF AERIAL PHOTOGRAPHY TESTED

The 9x9%inch prints were printed to the
same contrast level on double weight
semi-matte paper. Glossy prints also were
provided but rejected as unsuitable, primar-
ily because penecil annotations could not be
made on the glossy surface.

The color infrared 9x9-inch transparen-
cies were cut, sleeved, and labelled before
delivery to the cooperators. All cooperators
involved in this portion of the study were
given thorough instruction and assistance in
handling, viewing, and detail delineation.

To the extent appropriate to their particu-
lar work, each cooperator performed specific
tasks on the different scales of photo cover-
age:

# Vegetation cover type and condition class
mapping.

¢+ Area measurement

o Distance measurement.

» Planning {e.g., road layout, timber sale de-
sign, fire planning).

DESIGN OF TEST QUESTIONNAIRE

All too often, photo interpretation tests are
conducted under laboratory or pseudo-field

Fic 3 Equipment provided each cooperator for
photo evaluation: mirror stereoscope with 3x
binoculas, railtype viewmg table, metal viewing
board with magnets, and individually adjustable
lamps.

conditions with interpreters who lack the
experience and on-the-ground management
applications knowledge, typical of the aver-
age professional Held user. Although such
tests lend themselves to various experimen-
tal designs capable of producing quantitative
results bearing a high degree of statistical
credibility, the final results often may not be
meaningful in real world terms.

Because of the diverse biological nature of
the scene subjects under analysis by the skill-
ed forest resource photo iaterpreter, indi-
vidual subjective judgment based upon ex-
perience is his (the interpreter’s) most pow-
erful tool in the information extraction and
management decision process. As a con-
sequence, this study was designed from the
outset to ascribe ratings to the various photo
types under evaluation on the-basis of the

. professional judgment of experienced, skill-

ed forest cooperators. A highly structured,
quantitatively based assessment was a logis-
tic impossibility under the circumstances
and, even if it were, there was no known
reliable way in which it could adequately
reflect the most useful photo quality
evaluator (i.e., individual experience). Con-
sequently, completion of a narrative evalua-
tion based upon the following items was re-
quested from each cooperatoer at the termina-
tion of his work:

Background information.

& Agency/fizm, location, management objec-
tives.

o Types, source, and adequacy of photog-
raphy used.

e Interpretation cquipment and facilities.

* Interpreter background. -

Test photography evaluation.

& Attitude toward test photography——before
and after.

@ Compartson of tonal contrmast and image
qualities.

e Effect of viewing equipment and light
quality.

» Sunmmary of reaction to black-and-white
photography scale variations.

e Irapact of mandatory small-scale photog-
raphy use.

e Color infrared transparencies.

Resvirs

USER-COOPERATOR PROFILE

On the average, the cooperators use
1:15,840 scale summer black-and-white in-
frared photography primarily for the purpose
of forest resource inventory and manage-
ment planning. -

The typical user has a professional re-

REPRODUCIBIIITY OF THE
ORIGINATY, PAGE TS PR
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source management background, including
two college-level courses in aerial photo in-
terpretation and eight to ten years of on-the-
job interpretation experience.

All cooperators felt the need for more fre-
quent photo covemge, and considered the
tonal contrast and image detail quality of
black-and-white forest aerial photography to
have declined significantly in recent years.
Additional research in aerial photography
and photo interpretation was deemed desir-
able, along with additional training sessions,
in order to improve the interpreter’s ability
to identify and classify forest vegetation.

TEST PHOTO EVALUATIONS

It was intended that each cooperator per-
form sufficient operations with the test
photography to arrive at a sound judgment of
preference supported by specific reasons. A
summary of average cooperator reactions fol-
lows: -

(1) Attitude toward smaller scales of
black-and-white photography. Quite nega-
tive at first, but became more positive as
they grew accustomed to it and began to vis-
valize possible applications.

(2) Tonal contrast and image quality of
smaller-scale black-and-white photogrephy.
Considered much superior to the 1:15,840
scale control photography. Apparently, al-
though the test photography was acquired
under typical commercial job conditions and
standard contract specifications, the close
supervision afforded its procurement appar-
ently resulted in better quality photography
than had been accomplished on, the previ-
ously flown control photography.

(3) Stereo perception, vegetation and
scils classification, and measurement tasks.
(a) although the cooperators generally found
more vegetation andfor soil detail visible on
the smaller scales than anticipated, there
were problems in delineating and labelling
small features; (b) distance and area mea-
surement accuracy declined with scale de-
crease; (¢} useful, relative relief perception
was attainable with all scales, some feeling
they could visualize relief better with the
smaller scales; (&) adequate navigation and
location accuracy could be accomplished
down to a scale of 1:31,680, but at 1:80,000 it
became difficult or impossible to achieve;
{e) timber volume estimate accuracy de-
clined significantly with photo-scale de-
crease; (f) timber sale boundaries could be
cutlined fairly well but area estimates of
adequate accuracy were impossible with
scales smaller than 1:24,000; and (g) fire
planning operations and preliminary road

and trail location favored small-seale photo-
graphy because minute detail was unneces-
sary and it was helpful to view large areas.

(4) Time required. An average of three to
four mandays per cooperator. In general, for
equivalent tasks, interpretation time in-
creased as the scale decreased.

{3) Improved viewing equipment and
lighting systems. Readily accepted by all
users, who agreed that a mirror stereo-
scope was essential for viewing smaller-
scale photography (greater magnification,
wider field of view), It was also agreed that
proper lighting was more important than had
been generally realized.

{6) Reaction to smaller scales of black-
end-white photography. Favorable. (2) the
larger ground area covered by fewer photo-
graphs resulted in better large-area perspec-
tive and fewer photos to prepare, view, and
carry; (b) less problem in matching detail
from photo-to-photo; especially good for
road and trail layout; {c) less expensive to
procure; (d} broad cover types were more
easily and quickly delineated; (e} general
patterns of relief were more evident over
large areas; and {f) broad soil patterns often
were easier to discern. Unfavorable. (a) field
use limited by inability to study small {im-
poriant) features without sophisticated view-
ing equipment; (b) sufficiently accurate
measurements not achievable; {¢) adequate
resource detail often lacking, even with
great magnification; (d) necessary detail
sometimes visible, but could not be de-
lineated due to space limitations; and {e) one
out of four experienced more eyestrain.

(7) Impact of mandatory use of smell-
scale photography. Availability of a sophis-
ticated viewing and lighting system would
be an absolute requirement. Additionally,
the following undesirable adjustments in in-
terpretation methods and procedures would
be necessary: {a) the current minimum type
area of 1-2 acres would have to increase to
5-10 acres for 1:24,000-1:31,680 scale photo-
graphs, and to 10-30 acres for 1:80,000, de-
pending upon the cover type; (b) minimum
linear measurements would increase from
the current 0.5 chain on 1:15,840 scale
photographs to 1 chain for 1:24,000-1:31,680
scale photographs, and to 5 chains for
1:80,000 secale; (c) ability to discriminate
cover type species mixtures, size classes,
and stocking would decrease significantly
with scale decrease; (d) ground navigation,
spot location, and area- measurement ac-
curacies would decrease significantly with
scale decrease; (e) some system of enlarging
the small-scale-generated cover type maps ;
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would be required for fie%[{é'gf‘[g% {f) the
amount of field checking would increase as
the photo scale decreased, at least for the
important vegetation and/or habitat types.

{8) Color infrared transparencies vs.
black-and-white prints. Color infrared
transparencies at scales of 1:31,680 and
1:80,000 subjected to various applications
tests by a number of cooperators resulted in
the following reactions: {a) initially, some
found the unnautral colors an obstacle to in-
terpretation, but less a problem as they
worked with the film; (b} although, to them,
a surprising amount of information was
available even on the smaller-scale color
infrared, it was difficult to capitalize upon
it due to problems of delineation and field
ehecking; {¢) eyestrain was not greater than
normal, except for one interpreter; (d) men-
tal fatigue was a serious problem for several
users; {e) considerable effort with undis-
turbed concentration was necessary to'inter-
pret the smallest scale, a condition hard to
achieve int many field offices; and (f) in lien
of matte acetate and pencils used with
black-and-white contact prints, clear film
overlays and inking pens are necessary for
interpretation of film transparencies, a situa-
tion found to be difficult and inconvenient
and which produced a product difficult to
transfer with available mapping equipment
and facilities.

In summary, most of the cooperators unre-
servedly preferred conventional black-
and-white photography. Although they
could clearly see more detail with color in-
frared transparencies of eguivalent scales,
they indicated color infrared would be more
palatable if available in the form of color
prints which retained the high imformation
level noted on the color infrared transparen-
cies. The substantially higher cost of pro-
curement of the color infrared also posed a
deterrent to its favorable consideration.

* SUMMARY

The overwhelming preference for a
photography typefscale combination was
1:15,840 scale summer black-and-white in-
frared. A scale of 1:24,000 was determined to
be less desirable than 1:15,840, but might be
substituted as a matter of necessity provid-
ing the overall quality was exceptionally
good. A few photo interpretation tasks can be
accomplished equally well (or better) with a
scale 0f 1:31,680 as with 1:15,840, but a scale
of 1:80,000 is much too small for the majority
of required resource management applica-
tions.

Color infrared transparencies had the ad-
vantage of greater clarity and increased in-

formation than was noted on equivalent
scales of summer infrared black-and-white
photography. However, since aerial photo
use is essentially a day-to-day operational
function for most field resource management
personnel, color infiared transparencies
were considered difficult to employ due to
the need for specialized facilities and
eguipment in viewing, inteipretation, detail
delineation and mapping, and related dif-
ficulties in field checking. To this must be
added the cost differentials in procurement
and use of color infrared photography.
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USE OF LANDSAT IMAGERY FOR THE STATEWIDE
MAPPING AND CLASSTFICATTON OF PEAT RESGURCES

Investigators: Dr., Joseph E. Goebel
Dr. Matt Waltom
Minnesota Geological Survey

CURRENT USES OF LANDSAT IMAGERY

LANDSAT imagery is bECominé an increasingly useful tool for
investigating the geology of Minnesota. The Minnesota Geological Survey
is currently applying LANDSAT imagery to the problem of evaluating
peat resources,

Peat is Minnesota;s newest mineral resource, both in terms of
current interest and geologic age. Over wide areas it is still growing
and may, to some degree, be a renewable resource, bridgiﬁg the'gap
between fossil fuels and living biomass. Most of the peat in the
contiguous United States is in Minnesota, covering zbout 7 million.

"acres or about 13% of the area of the state.- This area is estimated

to contain about 13 billion tons, dry weight, of peat, eguivalent in
heat to about 7 billion tons of bituminous coal (Soper, 1919). Peat is
very low in sulfur and readily gasified. It is now exploited on a large
scale in northern Europe for conversion to electrical power. In 1975,
Minnegasce (Minnesota Gas Company) applied to the Minnegota Depariment
of Natural Resources for a lease on 200,000 azcres of peatlands north
of'the Red Lakes with a view toward development for gasification.

The attractions of peat are obvious in a state otherwise lacking

energy resources. Peat is valuable as an organic soil conditionmer.
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Peatlands can be highly productive for protein-rich plants, as well as
for that distinctive gourmet delicacy of the state, wild rice. The
ecology of peat is fragile and it plays an important role in the
hydrology of large areas. The great blanket bog north of Red Lakes and
other bogs are of unique scientifiec interest and value. .

The envirommental consequences of mining peat of various kinds
and the problems of either restoring mined peatlands or reclaiming
them for alterpative uses need study. European experience is not
entirely applicable because our Eontinental climate is significantly
different from the more maritime climéteiof northern Eurépe. There are
many questions that cannot be answered until our peétlands are adequately
mapped, classified and.studied. The question of the proper use of peat
resources 1s bound to be contro%ersial. Further research on peat is
essential.

Three related studies are discussed in this report. Briefly,
these are: (1) 1:1,000,000 scale map identifying peat in its
geologic eavirons, (2) a study of tecﬁniqugs for selecting sultable
LANDSAT products for identification of artificial drainagewayg in peat;
lands and (3) a study of techniques for selectiﬁg suitable LANDSAT
products for identification of artifically disturbed areas In peatlands.

The single most dmportant objective of all the studies was to
determine the optimum synergistic combinéfions of LANDSAT products for

monitoring artificial disturbances of all kinds in peatlands.
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PROJECTED -USES OF LANDSAT IMAGERY

Pending are- two other studies involving LANDSAT products. The
first of these involves determination of the synergistic relatilionships
between LANDSAT imﬁgery products and'other.remgte_sensing materials
useful in geologic investigations. We hope that by systematically
studying combinations of‘remote sensing data we can identify geologic
‘information not readily apparent from examination of each type of datum
separately. Hence the use of the term "s}ﬁergistié" to describe the
étudy. ‘ ,

The other study is an inventory stuéy of the quality and gquantity
of peatlands, We plan to acquire analytic ground truth from reported
field studies, including data such as thickness, bulk dehsity and type
of peat as well as.pH and water table c0nditipns. By performing a
stepwise multiple regression analysis, we hope to clarify the relation-~
ships between these peatland characteristicé and the environment
surrounding the deposits. Our ultimate goal is to identify the quantity

and quality of peatlands in Minmesota.

PEAT ENVIRONS OF MINNESOTA

Thomas Malterer's 1976 map, General Map of Peat Deposits of
Minnesota, was. registered to LANDSAT imagery which confirmed the location
of peat as shown on the map. Therefore, Ealgerér’s identificati;n of
the extent of peatlands was used as a basis for distinguishing peatlands
in our studies.

The following classification scheme which indicates the relationship
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of peat to its geologic enviromment was used to prepare a map

of peat environs of Minnesota (FPlate 1). We first divided peatlands
into bogs and fens. Bogs consist dominantly of sphagnum moss and

woody peat underlain by decomposed reed sedge peat. There are two

types of fens, those located in basins or topographic lows and those
restricted to valleys or chamnels. Fens in basins consist dominantly

of woody or reed sedge peat and may overlie gyttja. TFens along channels
consist dominantly of reed sedge peat. We drew boundaries to indicate
peatlands that occur on glacial lake plains. Boundaries also indicate
peatlands associated with glacial outwash as well as those associated

with the Des Moines lobe, a shaly, calcareous, clayey till.

ARTIFICIAL DRAINAGEWAYS AND DISTURBANCES

The primary focus of these two studies was to develop a method
for identifying artificial drainageways and disturbances in peatlands
using LANDSAT dimagery. Since the materials and the methods used in the
study of drainageways were the same as for the study on artificial
disturbances, the procedures discussed below apply to both studies.

We selected a region near the Red Lakes and subdivided this into
six smaller subregions. Figure 1 shows the location of the study
region., We defined areas as artificially disturbed gf they were of
sufficient size, tonal contrast and shape to indicate modern intervention

by man for purposes of agriculture, livestock or forestry. Artificial

) drainageways were defined to be agriculiural and forestry drainage

canals, road ditches and railroad ditches.
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The images used were standard LANDSAT composite products at a
scale of 1:1,000,000, measuring 7.5 inches on a side with the following
characteristics:

Spring: snow off, leaf off, standard TANDSAT product, false color

composite, f£ilm transparency.

‘Summer: leaf on, late season, standard LANDSAT product, false
color composite, film transparency.

Winter: snow covered, band 7, black and white film transparency.
Band 5: summer, black and white film transparency.
Band 6: summer, black and white film traﬁsparency.

Band ?: summer, black and white film transparency.

_ The term "scene” refers to the specific study region. The term
"image" refers to the LANDSAT produéts.- We used six images to study
each scene. We looked at LAWDSAT images for ;ummer, winter and spring.
We also looked at bands 5, 6 and % for summer imégery. Areas of
artificial drainage and/or artificial disturbances‘were identified and
recorded on overlays. We considered features visible on each seaso;'s
imagery, each band of summer imagery and om pairs ;f images, {(i.e.,
season to seasomn, band to band and band to season combinations). We
noted whether the features were common on both images in each pair or
unique to only one image, Characteristics common to a pair of Jmages
were assessed as a single occurrence in tabulating the data.

We determined the total area for each of the six subregions of
the study and the total peatland in each and computed the ratio of

peatland to total area of the subregions and the entire region. We
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measured the extent of disturbed areas and artificial drainage in each
subregion and computed the ratios of artificially drained or disturbed
peatland to peatland of each subregion.

We used the ratioé from the six subregions to coﬁpute the
standard deviation, the mean and the standard scoxe for the entire
study region for each season, band and combination of image pair.

These data are summarized in Tables 1 through 1i. Finally we
evaluated all the combinations of image pairs in terms of their utility
as peat use indicators and determined which combinations provided the
most useful dnformation.

The following section summarizes a general LANDSAT product
selection procedure which we found useful. The procedure was designed
to enable users to identify any particular feature in question and
prepare efficient training sets for a wide variety'of inventory purposes.
It permits regional and temporal control of features and can be applied

to other problems beside peatland monitoring.

1. Select a test site.

2. TIsolate the areal extent of the environment or conditions
where the feature under study is most likely to be found, i.e.,
identify peatlands before attempting to monitor theixr use.

3. Using a standard light table and standard LANDSAT photographic
products, compare bands within seasons and seasons with each
other for one scene to determine the most useful combinations.
Images from years with drastically different conditions may
also be compared.

4, Systematically identify the feature under study on each image
independently to maintain objectivity.

5. Galculate the frequency of occurrence of the feature being
investigated. Establish the reliability of its occurence
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Table 1 Sample Sizes

For this study an area of 24,200 sq. Km. containing 4330 sq.
Km of peatland was subdivided into six sample areas which have the

following surface areas of which the indicated part is peatland:

2

Sample Area No. Surface Area Km Peatland sz Proportion as Peatland

1 4700 880 .187
1T 3800 1230, .324
111 4000 1440 .360
w 3900 100 .026

v 4200 190 .045
VI 3600 490 .136

Whole Area 24200 4330 .179



Table 2 Ratios in Km/l{m2 of artificial drainageways to peatland for each image and for
the entire regilon.
SUBREGIONS MEAN sh Z

Entire

Season I CIL III v v Vi Region

Summer Bands 4~5-7 .016 015 .009 010 011 - .004 .012 .011 .004 2.4

Winter Band 7 018 .013 .009 .020 . 005 e .011 .011 006 4.6

Summer Band 5 .007 .006 .002 ,010 .005 .002 .004 .005 .003 2.5

Summeyr Band 6 .006 .007 .00l ———— e .004 004 005 ,003 3.8

01a



Table 3 Sum in Km/Km? of the ratlo of the total artificlal drainageways to peatland observed on
pairs of images. If the drainageways ratios are common to both images, they are counted

only once. (Net ratios)

SUBREGIONS MEAN sD b

Entire

Season I IT ITT v v VI Region

Spring & Winter ,024 021 015 012 017 012 010 5.7

Spring & Summer .022 .028 014 .010 .011 .008 .019 014 .008 5.3

Winter & Summer .019 .020 .017 .010 011 .006 .0L7 014 .008 3.2

Summey Bands 5 & 6 011 011 .001 .010 .005 .006 . 007 007 . 004 3.1

Summer Bands 5 & 7 .016 014 .007 e 005 . 004 .010 .008 006 4.1

Summer Bands 6 & 7 . 015 .013‘ .007 ‘ 004 .009 007 .0086 5.0

T



Table 4 Sum of Ratiocs in Km/Km2 of artificial drainageways to peatland common to two images.
SUBREGION MEAN gD Z

Entire

Season I II TIL v v VI Region

Spring & Winter .003 .010 005 ——- — 004 .006  ..007 .006 3.0

Spring & Summer .008 .004 .008 i e .004 .006 .006 .005 3.3

Winter & Summer .009 . 009 .006 ——— —————— .006 .007 .006 .005 3.3

Summer Bands 5 & 6 .001 .002 001 e ) —— .001 .001 001 2.0

Summer Bands 5 & 7 | .003 004 .001 —— e —— .002 001 .001 2.8

Sunmer Bands 6 & 7 | »005 .007 .001 —— e .002 .003 .003 .003 2.8

¢1a



Table 5 Sum of Ratios in'Km/sz of artificial drainage to peatland for drainagewaye not common to

a pair of images.

SUBREGION ,  MEAN  SD z
| | Entire |

Season I II . TIY v v VI Region

Spring & Winter . 020 0Ll 010 ‘ .008 .012 008 .007 4.7
Spring & Summer - .014 024 .006 010 .011 004 013 012 | .007 2.3
Winter & Summer .010 .01z  ,01L === 011  =—=  ,010  .007  .006 3.3
Summexr Bands 5 & 6 .010 .008 .001 —— .003 .006 .006 .005 " .004 1.5
Summer Baﬁds 5 & 7 .013 .010 - .006 i ‘.005 ;004 .008 .006 ” .605 '3.2
Summer Bands 6 & 7 010 .007 ‘ 006 ;002 006 004 f004 4,2

e1iq



Comparison of image pairs with respect to the ratio in Kui/Ra of

Table 6

Artificial drainageways to peatland to determine data not common

to both Images.

" Ratio for this image by subregion

Image Entire
Comparison I IL IIT v v VI Region
Spring to Winter .010 .006 .001 ———— e .002 004
Winter to Spring 010 .005 011 ——— ——— .005 « 007
Summer to Winter .005 004 .003 —— 011 . .001 004
Winter to Spring .005 .008 .010 —— e .007 007
Summer to Winter ,008 ".003 .005 o 011 .001 »005
“Band 5 to Winter .003 +001 .003 »002 001
Band 7 to Spring .010 .008 ettt  —— e .003 +007
Band 7 to Winter . 009 .005 —— .001, ,005
Band 6 to Spring . 001 .001 ,002 e ———— 001 001
Band 6 to Winter ..005 1005 E——— '0004 0003‘
Band 5 to Spring .005 .003 001 ——— .003 .002 003

7Td



Table 7 Ratios in Km2/Km2 of artificlally disturbed peatland to peatland for each image.

SUBREGION MEAN -« SD Z
Entire ’

Season I II IIX v v VI Region
Spring Bands 4~5-~7  .075 045 .026 .202 116 076 ,035 ..090 063 10.7
Summer Bands 4-5-7  .067 .013  .010 .212 .063 .016 .030 .063 077 10.3
Winter Band 7 .024 016 011 .030 011 o ,014 015 . 011 1.0
Summer Band 5 .032 .005 .003 .061 .016 .002 .009 .018 022 4.7
Summer Band 6 .028 .011 .003 010 011 004 011 L011.  ,009 2.1
Summer Band 7 .049 . 021 .dll ———— 005 010 021 .OJ:G ,018 6,7

qia



Table 8 The ratios in szleZ of the sum of the total artifieially disturbed peatland observed on
superimposed pairs of images to peatland observed for each image.

SUBREGION 3 MEAN ) z
Entire

Seasons I IT ITI v \'L VI Region

Spring & Winter .089 .039 . ,031 .172 116 071 .056 .086 101 8.8

Spring & Summer ©.098 043 .026 243 116 071 .060 .100 ,078 10.8

Winter & Summer .077 .022 .017 .192 .063 016 .036 065 .068 7.9

Summer Bands 5 & 6  .038 011 .006 051,021 004 . 015 ,022 019 - 1.8

Summer Bands 5 & 7 .050 ° .023 .012 051 021 .008 024 .027 019 0.4

Summer Bands 6 & 7 ..056 022 .009 °© 010 ° ,016 | .010 .023. 021 ,018 4.7

91d



Table 9 Ratios in szll(mz of artificially disturbed peatland common to both images to total peatland
common to both images.
SUBREGION MEAN SD Z

. : Entire
Season I IT III v v - VL Region
Spring & Winter .028 .022 .007 .051 011 . 006 017 .021 .0i7 1.0
Spring & Summer . 044 .015 .010 172 .063 .020 .026 .054 061 10.3
Winter & Summer 013 - .007 .006 .040 011 ——— ,008 .013 014 2.8
Summer Bands 5 & 6 .013 .005 .00L .010 .005 e .005 .006 ©,005 0.5
Summer Bands 5 & 7 .020 .003 .002 e 005 _;002 | .006 005 .007 3.2
Summer’ Bands 6 & 7 .020 .01l .00,5_. ——— s e .002 .009 .006 . 008

5.5

L1



Table 10 Ratlo in szlez of the sum of the artificially disturbed peatland areas which are not
common for the two images to the peatland for each regilon.
SUBREGION MEAN sD Z
- Entire
Season I IT 11X v v VI Region
Spring & Winter .060 017 024 121 »105 .065 + 040 .065 +042 9.6
Spring & Summer .052 .028 .017 071 .053 .051 034 045 020 4.7
Winter & Summer .065 015 .011 .152 033 .016 .029 052 054 7.4
Summer Bands 5 & 6 .025 .007 .005 . 040 .016 . 004 011 016 014 2.3
Summer Bande 5 & 7 .030 .020 010 051 016 .006 017 .022 .016 1.1
Summer Bands 6 & 7 .036 .011 . «005 016 .008 014 014 .011 1.9

.010

81d



Comparison of image palrs with respect the ratio in KmZ/Km2 of

Table 11

artificially disturbed peatland to peatland for each region for

determining data not common to both Images.

Ratio for this image by SUBREGION
Entire

Season I IE ITL v v Vi Region
Spring to Winter .042 014 .016 B .096 .064 .032
Winter to Spring 017 .003 .008 .008 .005 .001 007
Summer to Winter .050 .008 .006 150 051 01T .022
Winter to Spring .015 008 .005 .002 003 .001 .007
Summer to Winter ,009 . 005 . 005 010 011 .009 .008
Spring to Spring 044 024’ 011 014 040 .010 .026
Band 5 to Winter .009 004 .002 046 010 .001 .005
Band 7 to Spring .020 016 . 009 ——— .003 .005 012
Band 7 to Winter .038 007 004 .002 .005 .005 .010
Band 6 to Winter 015 .006 .003 .005 .001 .002 - .006
Band 5 to Spring 011 .001 .002 .030 L017 .002 .005

6Td
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with suitable statistical methods. For our study a portable
‘hand calculator sufficed. ’

6. Deduce the "contributors," i.e., the best kinds of images

and combinations for identifying and/or monitoring the feature
under study.

RESULTS

PEAT ENVIRONS OF MINNESOTA

The following information about peat and its geologic and
geographic settings was deduced from the map, "Peat Environs of Minnesota™
(Plate I).

1) Peat is found more often in the ‘cool, poorly drzined portions
of Minnesota. As a result, peat is concentréted in the
northern two—-thirds of the state.

2) Most peat is éssociatgﬁ with the calcareous, shaly,_clayey
glacial drift deposited by the ice of the Des Moines lobe.

3) Large peat bogs are associated With'major glacial lake plains,
such as Glacial Lake Agassiz. On the other hand, peat fens
are associated predominantly with outwash and smaller glacial
lake plains. ,The Anoka Sand Pla&n‘is one tyﬁical example,
Peat associated with t;ll tends to cecur in regions vhere till
from a glacial event was deposited om top of stagnant iée from
an eariier glacial event. The eventual melting of the stag-
nant ice resulted in a coliapse of the overlying till to form
the basin for the bog.

4) Peat develops an integral part of the post—glacial drainage

most commonly occurring as fens in basins or topographic lows



B21

associated with the upper reaches of streams. Other fen

deposits are commonly found in glacial meliwater channels.

Peatlands comprise about 13 percent of Minnesota's total surface area.

Our study region arcund the Red Lakes is 18 percent peatland ané inéludes
part of the largest peat bog in the country. It represents a reasonable
sanpling of the types and amounts of peat. The six subregions of the
study region contained pexrcentages of peat rénging fromr 3 to 36 percent.
This indicates some geologic and environmental comtrol on the distribution

of peat.

TDENTIFICATION OF ARTIFICIAL'DRAINAGEWAXS

. We attempted to identify the combinations of bands and/or seasons
that would maximize the lengtﬁ of drainageways recoguized in the stu&y
region.

From Table 2 we see that summer band 7 was the single best band
for identifying the drainagewgys. Winter was the single best season.
The comparison of band 5 with band 7 pro&ided the highest ratio of
drainageways common to peatlands on both images, with statistically
significant results. However the most successfﬁl interpretation re-
sulted from a comparison of spring with winter images as indicated on
Table 3.

Many drainageways were identified on qnly‘cne of a pair of images
especially on seascnal caméarisons. This indicates that seasonal
comparisons or at least standard false coler composites, presented the

largest number of canals most effectively.
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A customized false color composite can be generated with colors
chosen to optimize the contribution of each band to the coﬁposite imzage.
It appears from this study that a false color-c;mposité of bands 5 and
7 for spring and band 7 for winter should produce ?eliable and extensive
identification of artificial drainage ways. _One alternative would be
to combine band 7 from spring, summer and winter images., A ﬁore
elaborate option would be a compgrison of a combination of bands 5 and
7 for spring with a combination of bands 5 and 7 for summer plus band 7

for winter.

IDENTIFICATION OF ARTIFICIAL DISTURBANCES

From table 7 we see that spring standard false-color composites
were the most useful for identifying the  greatest amount of artifically
disturbed areas in peatlands. Summer standard false co%ér gomposites
were also helpful. 3Band 5 and band 7 were the most useful individual
bands.

The spring-summer comparison on Taeble 8§ was ocutstanding when

" gseeking artificially disturbed areas common to both images of a pair.
Bands 5 and 7 of the summer imagery identified the same artificially
disturbed areas most frequently of band to band compaiisons.

By reviewing the significance of the derived data in Table 10 we
determined that the greatest interpretational diserepancies occurred
with the spring-winter seasonal comparison and with individual band
comparisons between bands 5 and 6 (Table 10). That is areas on one

image were not recognized on the other image.
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In order to distinguish as many different aspects of peatland
use as possible, spring, summer and winter images should be combined
into a custom false color composite. Band 7 from spring and winter plus
band 5 from summer should provide the most successful identification.
Another option which may maximize interpretive capability is to
combine one band fr;m 3 different seasons on a single custom false
color composite or generate two false color composites using asny com—
bination of the following bands: bands 5 and 7 from spring , bands 5

and 7 for summer or band 7 of winter.

CONCIUSIONS

1. LANDSAT imagery ﬁas useful in placing peat bogs and fens in
their respective geologic settings.

2. Artificial disturbances and drainageways in peatlands can be
recognized and classified with the help of LANDSAT imagery
and supplemental ground truth,

3. The procedure outlined in this report permits evaluation of
LANDSAT or other remote sensing products with respect to
combinations which optimize interpretation of the desired
conditions or feature, It is an efficient, rapid, economical
method for evaluvating the utility of remote sensing products

for regional inventory.
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ASSESSMENT OF TICE COVERAGE OF SELECTED LAXES
AND STREAMS IN MINNESOTA AND RELATIONSHIP TG
METEOROLOGICAL, HYDRAULIC, AND MAN-MADE CONDITIONS

Investigators: Dr. H. Stefan .
Alec Fu
Addison Wood
St. Anthony Falls Hydraulic Taboratory
University of Minnesota
Minneapolis, Minnesota

INFORMATION FROM LANDSAT IMAGERY ON FREEZE-OVER

LANbSAI 1 and 2 images have been used to determine onset of
ice coverage of lakes in northern, central and southern Minnesota
in November and December 1975, The scenes are identified in Fig. 1. .
They carry the identificatiomn ﬁumbers Path 29, Row 27 (Worth), Path
30, Row 28 (Central), and Path 29, Row 29 (South). Dates of
available LANDSAT scenes and cloud coverage during the period of
interest, i.e. fxom October 20, 1975 through January 15, 1976, are
showvn in Taeble 1. Similar information for the fzlls of 1972, 1973
and 1974 has been obtained and imagery for those years has been _
ordered.

Although the percentage cloud cover identified in Table 1 has
been ﬁigh, much information could be extracted form LANDSAT scenes.
LANDSAT imagery was acquired in the form of 2 x 9 black and white
prints (Band No. 6) and for cloud covers up to 90 percent.
Examination of the images under a magnifying glass shows ice covers

quite clearly.
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TABLE 1.

Date

10/27/75
11/05/75
11/14/75
11/23/75
12/02/75
12/11/75
12/20/75
12/29/75

1/07/76

Date

10/28/75
11/96/75
11/15/75
11/2L/75
12/03/75
12/12/15
12/21/75
12/30/75

1/08/76

1/17/76

Date

- 10/27/15
11/05/75
11/14/75
11/23/75
12/02/75
12/11/75
12/20/15
12/29/75
. 1/07/76

1/16/76

Available TANDSAT Scenes, Fall 1975

North
Quality

Fair
¥Fair
Fair
Fair
Unavailable

Unsatisfactory

Unavailable
Fair
Fair

Central
Quality

Excellent
Bxcellent
Fair
Fair
TUnavailable
Excellent
Excellent
BExcellent
Unavailable

. Uhavailable_

South
Quality

Bxcellent
Fair
Excellent
Faixr
Tnavailable

Unsatisfactory

Unavailable
Fair
Fair

Excellent

Cloud Cover (%)

90
S0
10
60
100
T0
100
S0
20

Average 7O

Cloud Cover (%) -

80
90
90
30
100
20
20
Lo
100
20

Average 66

Cloud Cover (%)

0
10
10
70

100
90
100
80
20
10

—

Average L9

E3
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From 10 to 30 lakes were selected on each LANDSAT scene.
The Minnesota Lake Inventory provided the name, the range, town-
.ship and section, .and an identificatiom number for each selected
lzke. This information was su?sequeﬁtly used to find the median
lake depth and the lake surface area from the Clean Lakes Inventory
File (CLIF) of the Minnesota Follution Centrol Agency.

Ice.hoverage was classified in 5 categories according to
which portion of the lake was ice-covered.

(a) open water

.(b) nearly fully open

@ © 4

(¢c) half open

(d) nearly closed
(e) closed AN

Observations on ice coverage were tabulated.

Under clear sky, no difficulty was encountered %n the
interpretation, Water appeared black and ice greyish ﬁhié;_;;
white on the images. In cases when light to heavy cloud cover
prevailed, it was often difficult to distinéuish ice and snow from
overlying cloud cover on images., In such circumstances, no
interpretation was made.

A. 0. Lind (1973) im an earlier study already indicated the
presence of various ice tones, patterns and a%rangements of ice as
well as open water in a LANDSAT image of Lake Champlain taken on
January 8, 1973. -Tn Lind's opinion, MSS band 5 imagery provided

the most useful data. Lind states: "While it was not possible to

differentiate open water f£rom one—-two day old ice, it was possible

ORIGINAL, pacm <
a
OF PooR QUAL?TI;



to interpret the total signatures of the frozen portion in terms
of freezing history or age. The dark gray tomes of new smooth ice
were‘found to contrast with the medium gray tones of older ice and
the rough texture of wind-jammed bay ice.”

During the study of the Minnesota lakes; the ﬁresence or -
absence of ice covers was generally well ideatified and féw
instances of ambiguity were encountered.

Occasionally, a lake remained open even after all the
surrounding lakes were closed in winter and thawed in early spring
befofe all the other lakes did. These lakes were réceiving
argificial thérmal Input and must be treated separately -in future
analysis, A separate list of such water dodies is attached in the
Appendix.

'In addition, three weather stations im each iANDSAi frame
were identified. They are also shown in Fig. 1. Since the
objective is to relate weather to ice coverage, results on ice
coverage were plofted separately for lakes located in the vicinity
of each weather station. ‘

Figures 2a, 2b, 2c and 2d give examples of ice coveragé for
four different locations and lakes of different depths. The effect
of lake depth on the delay in freeze-over is quite apparent. That
delay was also détermined theoretically. Not expected was the
dependence on lake surface area. A sample graph showing the deéen—
dence of ice conditions on lake surface area is given in Fig. 3.

The correlation is quite good. Sometimes lake depths and lake sur-

E5
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FIG. 2a - Lake ice coverage in fall 1975 as determined from LANDSAT
images as a function of lake depth. Lakes near Minton
Power Station.
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FIG. 2b - Lake ice coverage in fall 1975 as determined from LANDSAT
images as a function of lake depth. Lakes near Duluth
Airport Weather Station.
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FIG. 2c - Lake ice coverage in fall 1975 as determined from LAMDSAT
tmages as a function of lake depth. Lakes near Brainard
Weather Station.
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FIG. 2d - Lake ice coverage in fall 1975 as determined from LANDSAT
images as a function of lake depth. Lakes near St. Cloud
Weather Station.
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face areas are related to each other in the sense that larger lakes
are also deeper. This is, however, not generally true. It may be
that wind effects also have an important role. Wind can prevent
formation of a coherent ice cover and wind effects are stronger on
lakes with larger fetch (surface aréa). Ice movement by wind is
readily observed in large lakes and has been described e.g. by
Tsang (1974). )

A graph in which the produé£ of lake median depth and surface
area has been used is given in Fig. 4. This may turn out to be

the most appropriate representation.

THEORY ON FREEZE-OVER
A mean seasonal water temperature cycle of a lake can be

approximated by the relationship

- I wy2|-1/2 - .
T Em + = + AE |1 + (m) sin(wt - &)

Egquation (1) is valid only for water temperéﬁures T 2_32°F = 0°C.
The foregoing equation is derived from the mean annual

equilibrium temperature cycle
E = Em.+ AE sin(wt)

Equations (1) and (2) have been plotted in Fig. 5. Equilibfium
temperature E is by definition that water témperature at which the
nét heat transfer through thé water surface is zero., Equilibrium
temperature can be computed from weather data, specifically air
temperature, solar radiation, dew point temperature, wind velocity

and cloudiness ratio. Some actual data from an Envirommental

Eil

(1)

(2)
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Protection Agency report (1971) are given in Fig. 6.

In Eq. (1) t = time in days, w = 21/365, m = K/pch, where
K = an annual bulk surface conductance, pc = specific heat per
unit volumwe, h = mean depth of water body, I is the daily rate 6f
artificial heat input, if any and § = arctan (g?. Typical wvaluesg
for central Minnesota conditions are F = 49°F, AR = ?SJF,

K = 80 BIU ££ 2 day—l"F , pc = 62.4 ETU £t

°F"l and T = 8,
A lake will freeze over, when T = 32° is reached during the
cycle of decreasing water temperature {(3rd quadrant of the

sinusoidal temperature cycle). If Eq. (1) is solved for t at

T = 32° F, the result is

32 -E -~ T
m
AR

1/2 ‘
1+ (3)2 + 8 (3)

1 .
t =~ arc 8in
W

The right-hand side of Eq. (3) depends on lake depth h., A lake
of depth h=0 freezes over when equilibrium temperature reaches zero

or when

1 32 ~ Em - IU;}
t = = arc sin AE | ) (&)

Lzke depth produces a2 lag in the freeze-over date. The lag is

W 32 - Em B 1-"m Wy 2 /2 |
lag = arc tan (ﬁ) + = |arc sin AE 1+ )

32 - E -1,
o} ™
AE

=

(5)

arc sin

i
=

Function (5) has been plotted in Fig. 7.

The relationship shown in ¥ig., 7 is for specified values of
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i — —
Em = 49°F,AE = 28°F and K = 80 BTU ft ~ day'l°F 1’&&& 1=0,

which in essence describe mean climatological conditions in central
Minnesota. For other regions and specific‘years other numerical'
values would be obtained. Figure 7 does specify an order of
magnitude for the lag time., Since it reflects a neaxrly linear
relationship it may be interpreted to mean that for every foot of
median depth the freeze-over date will be delayed by approximately
one day. Obviously, the total lag between lakes of different
depths can add up to considerable lengths of time in terms of days
and weeks. Information from satellite imagery given in Fig. 2
corroborates this information. To make the comparison easier, Fig.
8 has been prepared from Fig. 7. More precise theoretical curves
for each year and location are being developed.

The theory indicates that a lake will not freeze over at all
if its depth exceeds a value which can be derived from the

relationship
_ anow w2 {—1/2
Em + Im 32°F AE {1 + (m) - (6)
The critical depth is

. _ K E 2 » 1/2
cr we Em + Im - 32 ’ (7

For the before-given numerical values b, = 97.5 £t. A lake with

a larger depth than 97.5 ft would, on an anpnual mean basis, not

reach freezing temperature.
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INFORMATION FROM LANDSAT TMAGERY ON

SPRING MELTING OF LAKE ICE—COVER

The melting of ice covers on Minnesota lakes in the spring
occurs typlcally between March and May. LANDSAT images for March,
April and May 1976 have been used to extract information-on ice
conditions in spring. Average cloud cover in spring was less than
in £all as shown in Table 2. The procedure was similar to that'
described earlier for fall 1975. Results showing ice conditions
as a function of lake depth and date similaxr to those given in
Fig. 2 were plotted. They showed a very poor correlation of ice
cover with depth. The reason, of course, is that the melting of
the ice cover is only to a minor degree related to the heat budget
of the lake water beneath the ice. The radiation balance on the
ice as well as along the shoreline;, and inflow of water from minor
tributaries and overland flow are much more Important. Radlation
and overland flow, if at all related to lake morphology, would
depend on lake surface area. Observations or ice coverage were
therefore plotted versus lake surface area in Fig. %a through 9f.
It appears that the spring ice melting is very umiform in time and

pretty much independent of lake size.
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TABLE 2., Available LANDSAT Scenes, Spring 1976

* North

Date Quality Cloud Cover (%)
3/01/76 Unavailable 100
3/10/76 Excellent 10
3/19/76 Fair 10
3/28/16 Fair 60
)1 /06/76 Excellent 20
L/15/76 Fair 70
L/2L/16 Tnavailable 100
5/03/76 Excellent - 10
5/12/76 . Bxcellent 10
5/21/76 Excellent 10
5/30/76 Excellent 60
Average N2

Central

Date Quality Cloud Cover (%)
3/02/76 TUnavailable 100
3/11/76 Fair 90
3/20/76 Unaveilable : 100
3/29/76 Excellent 90
L/07/76 Excellent 0
L/16/76 Fair 70
L/25/76 Excellent 10
5/0L/76 Excellent 0
5/13/76 Unavailable 100
5/22/76 Unavailable 10
Average 57

South

Date Quality Cloud Cover (%)
3/01/76 Tnavailable 100
3/10/76 Excellent 10
3/19/76 . Unavailable 100
3/28/76 Fair 20
L/06/76 Excellent ) 0
L/15/76 Fair 90
L/2L /76 Unavailable 100
5/03/76 Excellent 30
5/12/76 Fair 80
5/21/76 Excellent 30
5/30/76 Excellent 90

Average 59
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FUTURE RESEARCH
Several objectives are identified{
Facilitate the method for predictian of freeze-over dates by
consideration of air temperature cycles instead of equili-
brium temperatures.
Refine the method for prediction of freeze~over dates by
consideration of air temperature data in each specific yéar
and up to the time (e.g. October 15) at which a prediction
is 'to be made. This can be done e.g. bf comnparison of the
average year with the ;pecific yearl LANDSAT imagery for
£al1 1972, 1973 and 1974 and 1976 will be used for verifica-
tiom,

Daily air temperatures and degree dayé above or below
freezing temperature will be used. Plots of cumulative
degree days below freezing in fall and above freezing in
spring are given in the Appendix.

Work on a theoretiecal analysis of spring ice melting ro
provide a more rational approach to the prediction of the
melting date.

Explore the usefulness of LANDSAT imagery for a northern .
location to make predictions for a more southern latitude by
introducing a time lag based on latitude in addition to depth.
Simultaneous use of air temperature data will be made depend-
ing on latitude. A weak dependence of freeze—over om latitude

can already be detected in Figs. 2a, Zb, and 2c.
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Plant

Fox Lake

Aurora

Clay Boswell
Hibbard

Black Dog

High Birdge

A.S. King
Minnesota Valley
Monticello

Prairie Island

Riverside

Hoot Lake

Ortonville
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MAJOR SOURCES OF HEATED DISCHARGES

IN MINNESOTA

Owner

INED

MNPL

MNPL
MNPL

NEP

N8P
NSP
NSP
N5

N5®

NSP

- OTTP

orTe

Receiving Water

Fox Lake near Fairmont

Colby Lake and Partridge River
near Hoyt Lakes

Mississippi River near Grand Rapids
St. Louis, Duluth

Black Dog Lake and Minnesota River
neay Bloomington

Migsissippi River in St. Paul
Lake St. Croix near Stillwater
Minnesota River near Granite Falls
Mississippi® River near Monticello

Mississippi River Pool Wo. 3 near
Red Wing

Mississippi River in Minneapolis

Ottertail River and Resevoir near
Fergus Falls

Cooling Pond near Ortonville and
Big Stone Lake
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EVALUATION OF SOIL MOISTURE STRESS IN
WESTERN AND SOUTHWESTERN MINNESOTA

Investigators: Dr. Richard H. Rust
’ Dr. Pierre Robert
Department: of Soil Science
University of Minmesota
5t. Paul, Minmesota

INTRODUCTION

Some areas of Minnesota, particularly in the southwestern and

western parts of the state, have been for several successive years

PR . -

under soil'ﬁoistqre stress conditions resulting  in variable but

important crop yield 1oéées. The ability to follow the spatial

distribution or éeveloﬁmént of molsture stressed areas through crop

v
3

spectral sigpafurg would be valuable for the detection of soil

landscapes particularly sensitive to soil moisture.stress ahd’alsO'ig

developing é_forecﬁsf capability for séaéonal’CroE'management.
- OBJECTIVES:

; Principal objectives of. the moisture stréss project aré:’

.o -

the detection of moisture stress, through crop signature from LANDSAT

data and low altitude color infrared photographs;
1 . * ’ A

T

!

the detection of stress as a result of hail, wind; und disease damage;

the localization ‘of.droughty and poorly drained:soils;

- .

theAdeveloéméﬁf of forecast ability for seasondl crop mandgement on

prinéipal soil 1andécapes of the.region.
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LANDSAT COVERAGE OF SOUTHWESTERN MINNESOTA
AND TWELVE GROUND TRUTH SITE LOCATIONS,
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PROCEDURES

Twelve siteg (figdre 1) distributed in varicus ‘s0il hndsqape‘

3

situations were selected in southwestern Minmesota. Each site is

1 .

comprised of 2 homogenou; areas, 1arg’:er than 10 ac.:es, aud ré-.presenta:-
tive of well~drained (Udolls a:ad Ustolls) an'd'.-pobrly rli?ai‘ned (&q{mlls}

‘ "soilséapes._'.‘ 'They were mostly plla;ltéc-l'- in cor'ﬂ_.’wii:h a fe:{r:‘:in soybeans.
Am:ong them, 2 sites féaiéﬁre'-i.i'ri_gated and non-irrigated “érounci truth"
in a same soii landscape situation. éoil moisture Wésl determined- from -
the- surface to the depth of rooting' zone (figt;a;'é_ 2} and the isaf water
contexii: at the top and the midheight of the plant.

ffhe sampling was carried out coﬁcidmt with the LANDSAT overnass
(6 and 12 day intervals).

The "ground trath" observations and sampiing wére Provided by

field soil scilentists of the Soil Comservation Service and cooperééors

of the West-Central and Southirest Experimesnt Statfens :.‘ ?recipitai:ibn .
events, fér:_ning opérations, ;nd crop history were ‘recc“réedl-thi:ough the
season (table 1). Moreover,’ soil‘ surveys and f:?.elctv ;:::tf:@ maps of
corresponding sites were gathered‘or prepared (figuze 3}.,

Aerial color infrared photographs at a 1:72,000 scaie were tsken

over each site in June, July, Aug{xét, and one flight ds scheduled wnder
bare soil surface conditions,

Thermal measurements of. fields and leaves were recorded using-a

Barnes PRT-10L radiometer under various conditions of crop height,

r -

field orientation and slope, alr temperature, sky and wind velocity.

A greenhouse experiment is underway to determine which stage of

-

plant growth of coxn, soybeans, and wheat is more “spectral signature”
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the rooting zone that the soil retains against gravity. The 15-bar
water content is the water remaining in the rooting zone at the
wilting point of most crops. Water content in excess of 1/3 bar

indicates a saturated condition.
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Table 1. Example of a field record.

MOISTURE STRzSS PROJECT

Rate:1977
Fleld. #: 12a, Holmberg
FIELD 1HFORMATION Soil: Ves =
Date May-gune-gu]y-Augugt_ Soil Moisture Leaf Hfolsture (Additional
- . Information
Month, day|Crops Stage of = |Height Cover Leaves Treaiment] Rooting |Surface J
haur (1) (2) growth (3) | {cm) (4) | (%) (5)| shape and color n Zone (8} (9)’ - (10} (11}
{56}
5/6 corn | P1anting : .
10:00 - 4/29 0 0 - “RH, adequate | good - slide #1251
5/24 normal V, : very - \ slide #12,,
10:15 Corn | Emergence 18 5 - turgid, - adequate | good. -
5G 5/2 .
' . . lide #12_, -
6/10 , s1ight rolling . - B a3
12:00 Corn | Emergence 51 .22 56 5/2 - adequate { good .
6/29 "o - _ normal V, . 51ide #12,,
11:00 Corn [ Pretassel - | 145 69 turgid - adequate | good -sample #1
7/18 Tasseled - some Stress, : o . : -
. . curling . - good fair sample #2 slide #12_, -
11:00 Corn Cfbs 15 em .| 200 88 same color ' ab
7/29 _ }winaﬂ damage, )
- leurling - - fair = | fair sample #3 -
10:15 . Corn | cobs 22 cm .235 a0 |moderate stress oo
8/4 *| cobs 22 cm . damage
10:00 Corn | some denting | 240 . 9 moderate stress - fair fair, sample #4 . -

{I-(11): Seg Explanations.

.9&
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sensitive in relation to water stress; the level of moisture stress
detected by plant signature changes; the feasibility of detecting plant
moisture stress in the thermal band; and a technique of leaf stress

measurement suited to corn and soybeans.

REPRODUCIRL ITY OF T
L OF THR
ORIGINAL PAGE I8 POO;:L

LEGEND
Soil type map Crop distribution map
Kr, Br, Sy, Ts: well drained soils c: corn
Hd, Tr : poorly drained soils s: small grain

+: soil sampling sites

Figure 3. Aerial CIR photograph, soil survey and field crop map of the
"Pipestone site (July 18, 1977; 1:72,000 scale).
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RESULTS TO DATE

Soil water content

The water-content distribution profile (figure 2, e.g.) of all
sites, poorly drained or well drained soils, indicate that the soil

water content was always adequate or eventually in excess. There is

no evidence of soil water deficiency throughout the 1977 growing season.
On the other hand, several poorly drained soils had excess moisture.
This can be detected by the tone differences on the color infrared
photography of July 18 (figure 3).

When all laboratory results of bulk densities and water retention
are completed, a more precise characterization of the available soil
water throughout the season will be computed as illustrated in figure
2. A new method of soil water retention measurement on undisturbed
soil cores using frozen soil and a special holder mounted on a diamond
saw was developed. This arrangement was used to prepare a known volume
of soil for density measurement.

Precipitation event records

Nature and amount of precipitation have been recorded at each
site and show that precipitation was well-distributed throughout the
season. Several sites recorded some hailstorms.

A computerized precipitation map (figure 4) was developed in
order to display, for any period of time, cumulative precipitation.
The purpose is to study signatures in relation to areas of precipita-
tion, and to delineate well watered or poorly watered areas.

Crop signature

"Ground truth" crop conditions were recorded at the time of

sampling for soil moisture (table 1). Color slides were also taken at
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several sites and dates depicting stage of growth (figures 5a, 5b).
At Lamberton, a camera was positioned for a daily color image, a kind
of time-lapse photography of the growing and maturing corn plant. A
general evaluation of the photography indicates that the crops were
growing normally, with a few exceptions resulting from hail and/or
wind damage. This is reflected in the 1977 yields: 75 to 150 bu/ac

compared to almost 0 bu/ac in 1976. As a result, no general "drought

signature" was observed. Under these circumstances well drained and
poorly drained crop signatures are very similar, as viewed from the
color infrared photography, particularly in case of corn fields. An
exception can be noted in figure 3 which illustrates a "signature" of
damaged corn from excess water.

Use of thermal infrared

Since LANDSAT 3 will be equipped with a thermal radiometer, the
capability of detecting water stress using the thermal band may be
possible. A preliminary experiment conducted at the St. Paul Campus
experimental field (July-August 1977) indicated that sky condition,
wind speed, crop height and measurement direction may affect the

absolute temperature readings. But a 7°C temperature increase was

measured one afternoon (July, 1977) in an area where corn plants were
under water stress. This experiment is being continued under green-
house conditions.

LANDSAT spectral band selection

The 1:1,000,000 scale, bands 5 and 7, less than 10 percent cloud
cover imagery available for the 1977 growing season has been acquired.

A comparison of band 5 and 7 showed that band 7 is definitely better

for our purpose when using the 1:1,000,000 scale imagery.




Figure 5.

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR

Corn on the well-drained soils of site (12), Redwood Co.
Upper photo taken June 10; lower photo, August 22.

Fl1



F12

Mapping of well/poorly drained soils using LANDSAT imagery

The capability of differentiating well and poorly drained soils
at a broad scale level was investigated. The "Minnesota Soil Atlas"
classes were used. The well drained soils will normally have water
table below the rooting zone. The poorly drained soils will commonly
have a water table within the rooting zone, unless artificially lowered.

A section of the "New Ulm, Minnesota Soil Atlas™ map was used as
"eround truth" (figure 6). The ;nalysis of 1976 and 1977 LANDSAT
1:1,000,000 scale, band 5 and 7, imagery was performed with a density
slicer (V.P. 8) and a supervised approach (Frazee et al., 1972). As it

appears on figure 7, a very satisfactory location of well and poorly

drained soils is obtained when using the imagery corresponding to the

period of maximum drought development (August 1976).

First greenhouse experiment results

The study of crop signature requires a knowledge of plant water
status. Leaf water potential is actually the best evaluation of plant

water stress (Kozlowski, 1968). Among several methods, the pressure

chamber or pressure bomb seems to be the best field technique (Blum
et al., 1972; Boyer, 1970; Frank, 1972; Ritchie and Hinckley, 1975).
Since the pressure bombs available were designed for tree leaves, we
modified the apparatus to accept corn leaves. Preliminary results
suggest that we can measure leaf water potential of corn with repro-
ducibility.

When the computer compatible tapes of summer 1977 will be

available, the analysis of the data will include:
- the processing of the LANDSAT CCT using the "Image 100 System" (EROS
Data Center) to develop specific spectral signatures corresponding

to crop conditions and particularly moisture stress conditions;
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Figure 6.

map scale 1:125,000. Section lines are shown. Higher
elevations occur in the western and southwestern portioms.
Areas of poorly drained soils are shown in red. Black areas
are lakes. Uncolored areas are mostly well drained soils.
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— the use of the EPPL 4 System (Environmental Planning Programming
Language, Minnesota Land Management Information System) and the RECOG
program (Pattern Recognition Routines for the Automatic Analysis of
Remote Sensing Imagery) for the development of an automatic mapping
capability through the University Computer Center facilities.

The analysis will include the study of the potentialities of

developing drought probability maps during the growing season.




Figure 7.
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Density sliced photograph of LANDSAT scene, band 7, August
1976 of Figure 6. Black areas are lakes. Yellow areas of
poorly drained soils generally correspond to areas outlined
in red in Figure 6.
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