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4	 This report covers research at the University of Minnesota during

the twelve month interval from January 1, 1976 to December 31, 1978_

^c Section A by T. M. Lillesand and L. F. Werth summarizes progress

made during the first six months of a study of LANDSAT Applications to 	 !.'

	

S	 ;
Wetland Classification in the Upper Mississippi River valley_

The study aimed at assessing the applicability of multitemporal

s	 LANDSAT digital image processing to the task of classifying and mapping

	

^.	 surface cover types in freshwater wetlands. In an earlier investigation,

IJ

r ; ngle-data LZINDSAT data had been used to classify broad coves' types in

wetlands occurring on five contiguous 7.5-minute quadrangles in the IL s%Tin

City 7--County Metropolitan ,Area_ overall test field accuracy in the

single-date analysis was approximately 72% after a single iteration of

a supervised classification procedure. The average class accuracy was 	 i
i

only 41%_ In the current study, two-date data have been geometrically

registered and analyzed using a hybrid classification process. overall

i,:

test field accuracy of five broad cover types (dater, Aquatics, Emer-	
1

	

-	 gents, Forest, and Non-Wetland) has been improved to about 80% using

the multitemporal approach_ Average class accuracy has risen to 66 b.."Y

Under the spectrally and spatially complex site conditions characteriz-

r	 i_n.g the geographical. area of this study, additional accuracy improve-

	

.	 f;

meat appears to be precluded by the constraints of LA3DSAT T s spectral

and spatial. resolution. This has led to the prelim-.nary assessment of

i

S
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digitized color infrared aerial photography as an alternative data

source. The coarse spectral resolution of the photography continues to

limit the accurate differentiation of certain wetland and non--wetland

cover types when an entire image is analyzed. However, when classifi-

cation, with the photographic data is limited to wetland areas only, 	 J.

I	 r

spectral dif'fereatiation is achieved at high levels of specificity

(Duckweed, Lily, Cattail, Reed Canary Grass, Plater) with 87% accuracy.

In the remaining six months of the current grant it is expected

that the analysis of the LANDSAT classification results will be com-

pleted including summary statistics on a cover type basis for each of

the study quadrangles.

Section B is a report by Richard H. Rust and Pierre c. Robert-on the

continuation of the study "Evaluation of Soil. Moisture Stress in Western.

and Southwestern Minnesota." The preceding report on this study des-

cribed the steps undertaken to establish a ground truth network in the

area under study which would provide information on leaf and soil mois-

ture, precipitation events and crop signatures to be correlated with re-

mote sensing information. in addition to the field data, preliminary

greenhouse studies were undertaken to provide data on plant water stress

under controllable conditions.

The current report presents an evaluation of the utility of remote

i	 sensing data from color infrared photography, LANDSAT imagery and re-

flected spectral intensity in assessing the effects of soil water stress

j	 on corn and soybeans evidenced by the leaf water potential. Correla-

tions were sought between plant conditions in field studies and in a

controlled situation in a greenhouse. Significant differences in leaf
i

temperatures, measured radiometrically, between stressed and unstressed
•.i

yL
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plants . have been observed suggesting that thermal infrared can be a

valuable tool in assessing plant water status.

Section C is a report by ,Toseph .E. Geobel t. Matt Salton and Lawrence

G. Batten entitled "Synergistic Relationships Between Lineaments Located

on LANDSAT Imagery and Traditional Sources of Topographic Information."

This represents a continuation of their use of LANDSAT imaging as a syn-

optic tool in ::urrelating information derived over time from a variety

of sources to provide a more complete and detailed understanding of the

geology of the State of Minnesota than any one of the basic information

sources provides alone. As the authors point out in their report, they

have found remote sensing an increasingly important tool in the opera-

tions of the Minnesota Geological Survey.

Section D, a report by Michael Sydor entitled, "Determination of

Detectabili.ty Limits for Particulates in Lake Superic.: through the use

of LANDSAT Data", describes the program followed to determine the steady

state background levels of turbidity of Lake Superior requires? to set

the boundary conditions for the numerical modelling of the dispersion

of particulate matter in the lake. He also describes the development of

a quick, inexpensive method for analysis of the suspended solids in

`crater samples ("ground truth") .

From these findings he has determined the detestability limits for

particulates in Lake Superior using LANDSAT data. The conlusion is that

the detectability limits by LANDSAT are at the limit of usefulness for

particulate budget studies of western Lake Superior and not useful mid--

Jake where the steady state particulate concentrations are lots. How-

ever, he concludes that LAMSAT observations can provide the geometric

resolution and concentration level measurements necessary to establish

c
KI

(l
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the initial boundary conditions for the numerical modelling of the time

dependent particulate budget studies_ He concludes that these together

with NIMBUS G data, which provide higher accuracy at low signal levels,

will make possible the verification of the correctness of the model of

the dispersal prod ss _

Section E is a final, report of a study by Professor Stefan of the

use of LANDSAT imagery in assessing the validity of a model for predict-

ing the freeze over of Minnesota lakes.

LANDSAT observations confirmed that the model was an excellent pre-

diction. This is an important result in the management of lake iratex

quality arid fisheries.
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LANDSAT APPLICATIONS TO WETLANDS CLASSIFICATION

IN THE UPPER MISSISSIPPI RIVER VALLEY

Investigators: Dr. Thomas M. Lillesand
Lee F. Wirth
Institute of Agriculture
St. Paul, Minnesota

ABSTRACT

IO

i

This report, summarizes progress made during the first six months of

a study aimed at assessing the applicability of multitemporal LANDSAT

digital image processing to the task of classifying and mapping surface

cover types in freshwater wetlands. In an earlier investigation,

single-date (Uuly 5, 1976) LANDSAT data had been used to classify broad 	 I.'

cover types in wetlands occurring on five contiguous 7.5-minute quad-

rangles in the Twin City 7-County Metropolitan Area. Overall test field

accuracy (% of all test field pixels classified correctly) in the single-

date analysis was approximately 72% after a single iteration of a super-

vised (maximum likelihood) classification procedure. The average class 	 j

accuracy (sum of all classes accuracies/number of classes) was only 41%.
1

In the current study, two-date data (July 5, 1976 and August 7, 1975)
r:.
i

have been geometrically registered and analyzed using a hybrid classif-

ication process (LARS modified block clustering) . Overall_ test field	
I

accuracy of five broad cover types (Water, Aquatics, Emergents, Forest,	 1 '.

and Non-Wetland) has been improved to about 80o using the multitemporal

approach. Average class accuracy has risen to 66%. Additional accuracy

improvement appears to be precluded by the constraints of LANDSAT's

spectral, and spatial resolution. This has led to the preliminary ass-

essment of digitized color infrared high altitude photography as an
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alternative data, source. 	 The coarse spectral resolution of the photo-
.

graphy continued to limit the accurate differentiation of certain wet-

land and non-wetland cover types in "full scene" analyses. 	 However,

^. when classification with the photographic data.was limited to wetland

areas only, spectral differentiation was achieved at the dominance type

level of specificity (Duckweed, Lily, Cattail, Reed Canary Grass, Water).

. The overall classification accuracy was 87% in the photographic analysis.

BACKGROUND

1 Accurate classification and mapping of wetland. cover types is

essential to effective implemer ation of a number of Federal, State, and

local legislative mandates and resource management programs.	 The task

of mapping wetlands on a statewide basis is challenging (particularly in

Minnesota); that of mapping the wetlands of the U.S. is monumental.

Hence, automated processing of the timely, synoptic and machine-amenable

data from LANDSAT would appear to be an attractive approach to the class-

ification and mapping process.	 This was supported by the results of a

preliminary LAPIDSAT application study undertaken by the =HE Remote

Sensing Laboratory during 1978. 	 The test site for this study was within

the Train City 7-County Metropolitan Area. 	 This entire area had been

previously mapped by the Remote Sensing Laboratory under contract with a

consortium of funding agerfcies. 1	The pr.-Aisainary LANDSAT investigation

was supported by in-house funds.2

1 The Minnesota Department of Natural Resources, the U. S. Army Corps of
Engineers, the U. S. Fish and Wildlife Service, the USDA Soil Conservation
Service, and the Train Cities Metropolitan Council..

2 The University of Minnesota Agricultural Experiment Station and the College
of Forestry.

r.
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The preliminary LMTDSAT study involved analysis of digital data ac-

quired on a single date (July 5, 1976). The data were analyzed at the

Purdue University Laboratory for Application of Remote Sensing (LABS) .

A coarse geometric correction was applied to the data and a single

training iteration through a supervised, maximum likelihood, classifi-

cation process was performed over five contiguous 7.5--minute quadrangles.

Overall classification accuracy (% of all training area pixels classi-

fied correctly) was promising at 72%, but not at the desired, 85-90%.

In addition, residual positional errors of image pixels ranged from two

to .four pixels.

CURRENT LANDSAT EFFORT

Under the .current grant, LP,NDSAT data from two dates (July 5, 1976

and August 7, 1975) have been analyzed under subcontract to LAMS. A

precision. geometric correction has been applied to all data contained in

the five quadrangles used in the previous study. All data have been re--

sampled using both a nearest neighbor and cubic convolution resampling

procedure. Classification of the geometrically registered data has been

accomplished using a hybrid (modified block cluster) classification

process. This involved clustering training areas and merging appropriate

spectral gasses prior to implementation of a maximum likelihood classi-

fier. in this process, a total of 14 spectral classes were needed to

typify five information classes: Water, Aquatics, Emergent Weiland Veg-

,E -	 etati.on, Forest, and Non-Wetland. The LARSXS feature selection process

au	 was employed to judge which subsets of the eight bands of sensing would

be optimum for subsequent classification_ LANDSAT Band 5 and 6 for both

dates were .found Vi be best suited for the classification.

:oI

^-	 q
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At this juncture, all preprocessing, training, and classification

tasks have been performed. Likewise, a preliminary assessment of test

field accuracy has also been completed. This involved choosing some 450

test fields that varied in size from one to nine pixels. Then cover

types were verified using photointerpretation (and site visit in ambig-

uous cases)_ All errors of omission and commissions for each class are

being tabulated on a quadrangle by quadrangle basis. Fables are also

being prepared to express the comparative overall percentage area of

each cover type on each quadrangle as measured through photointerpreta-

tion, the single date LANDSAT analysis, and the two-date analysis. Pre-

liminary figures indicate that overall test field accuracy of approxi-

mately 80% has been obtained with the multitemporal approach. This rep-

resents about an 8% improvement over the results of the single-date anal-

ysis and the application of the precision geometric correction has re-

duced average residual positioning errors to less than 1 to 1.5 pixels.

Average class accuracy has risen, from 41% to 55%. Hence, work to date

has indicated a measurable increase in the accuracy and geometric integ-

rity of the classified LANDSAT data. However, additional, classification

accuracy appears to be precluded by the limiting spatial and spectral

resolution of the LANDSAT h1SS for the application at hand.

DIGITIZED PHOTOGRAPHY

Having realized improved, yet Unacceptable classification accuracy

with ,'he multitemporal LANDSAT data, an experimental digital analysis of

color infrared photography of a portion of the study area has been un-

dertaken. This effort was not envisioned in the original proposal for

this research, but it represents a logical extension of the LANDSAT in-
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vestigation in tcao respects. First, the digitized photography virtually

removes the spatial resolution restrictions from the automated classif-

ication process, thereby enabling more thorough study of the spectral

characteristics of the cover types of interest. On one hand, this is

important to judging the potential applicability of LANDSAT data analy-

sis its wetland areas which are less complex spatially than those in the

Twin Cities study area. In addition, the photographic research is pro-

viding a "first look" at the potential utility of using digitized color

infrared photography per se as a data source for wetland mapping in com-

plex areas.

For the purposes of this preliminary assessment, digital analysis

was limited to a single frame of e1iLti.ng 70mm, 1:50,000 color infrared

(Kodak type 2443) aerial photography. The photography had been taken

with a Hasselblad 500 EL (f=50mm) camera on July 21, 1977, in support of

other wetlands research efforts conducted by the Remote Sensing Labora-

tory. The image was digitized using a,modified P-1700 Optroni.cs drum

scanner nade available by the University of Wisconsin Environmental Mon-

itc..ci.ng and Data Acquisition Group (UW/EMDAG) _ Density readings from

(0--3) Density Units were digitized into 256 levels and recorded on com-

puter compatible tape. Spectral filters were used to scan each of the

three film layers. A measurement spot size of 50pm was employed such

that each pixel represented a ground area approximately 2.5m square.

Since a calibration step wedge image was not available for the analysis

film, all data analysis was done with the "raw" gray scale values, rather

than with calibrated film exposure values.

The image data set was analyzed using a supervised maximum likeli-

hood classification algorithm made available by UW/aIDAG. Initially,

^a
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all cover types in the entire scene were placed in the following 13

categories: Duckweed, Water Lily, Cattail, Read Canary Grass, Willow,

Pasture, Cropland, Bare Sail, Roof Top, Asphalt, Forest, Shadow, and

Water. A total of 35 training areas was used to develop the statistics

for the intended full-scene classification. However, an analysis of the

classification accuracy of the various training area pixels indicated

that, as with the LANDSAT data, many of the cover types present in the

scene were not spectrally separable.

Table 1 indicates the confusion matrix expressing the accuracy of

classification in the initial training areas. Note that for some classes,

the accuracy of classification in the training areas was excellent (e.g.,

Lily = 100%) . Other classes (e.g., Willow = 5%) were very poorly class-

ified. Of particular note is the fact that all wetland classes except

Willow were mutually separable. That is, errors of omission and commis-

sion in each wetland class (except Willow) were primarily attrihut9ble

to the spectral confusion between wetland and non--wetland cover types,

rather than between wetland cover types themselves.

Because of the spectral confusion between the wetland and non-wet-

landcover types, it was hypothesized that if the training and classif-

ication procedures were limited to only wetland areas and cover types,

the classification accuracy would improve greatly. Hence, the training

process was repeated in wetland areas only, using the following classes:

Duckweed, Water Lily, Cattail, Reed Canary Grass, and Water. Table 2

indicates the classification accuracy obtained for the "wetland only"

training areas. Mote the high accuracy of training area classification

which results when non-wetland classes (anal Willow) are eliminated from

the analysis.

r
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Table 1.	 Classification Performance for Training Fields U'cad in Full Scene Analysis.

tis Known Cover Types % Classified As Indicated Cover Type
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No. of	 No. of
Cover Type	 Training Sets	 Pixels

s

1	 I	 ..Duckweed	 4	 113 98 1

L3.ly 2 164 100

Cattail 9 426 86 2 4 8 !	 .

Reed Canary 5 821 2 96 2

Willow 1 21 62 5 5 28

Pasture 2 690 1 98 1

Crcp l.and 3 713 14 23 62 1

Bare Soil 1 162 1 9 83 4	 1	 2 i
Roof Top 1 96 1 5 93	 1

I
Asphalt 1 44 2 98

Forest 1 52 2	 19 10 3 10 6 4	 44	 2

Shadow 1 40 5	 95
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Table 2 . Classification Performance for Training Fields Used in Wetland
Areas Only.

Knoivn Cover Types 	 Classified As Indicated Cover Type

IMd
Va

N
M

PiW 0
PA

w

No. of	 No. of
Cover Type Trat -Li.ng Sets Pixels

Duckweed	 1	 20	 100

Lily	 1	 98	 98	 2
Cattail	 3	 116	 99	 1

Reed Canary	 3	 533	 2	 98

Water	 2	 348	 100

t.
i :`
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Test field accuracy for the "wetland only" classification process

``. was also evaluated.	 For this purpose, the boundaries of eight wetland

` test units were defined by polygons whose vertexes were expressed by

their pixel row and column number obtained from line printer output of

the image data_	 The accuracy of classification in each of the eight

test areas was obtained by comparing the computer-derived classification

to that obtained by photo interpretation.	 This was done for all pi.%els

E
i

in the eight areas (approximately 33,000).	 in those cases where the

photointerpretation was ambiguous, a field visit to the site was made to

be certain of the correct identification of the cover type present.

The results of the pixel--by-pixel accuracy assessment are given in

Table 3.	 A number of observations can be made from these results.

First, the test area results are generally lower than the training area

results_ This derives from the intxoduction of scene variability which

is not necessarily accommodated in the selection of training areas_ it

is felt that the classification accuracy of the Lily and Reed Canary

classes could be improved somewhat with additional training_ Most of

the Lily/Reed Canary confusion Occurred inn. an area of the scene which

was not used for training. This problem was not realized before-the-fact

because: (l) the subtle spectral variability in these classes could not

be detected on the original photograph through visual observation, and

(2) the line printer output of the original digital image data was very

difficult to interpret at a detailed level due to geometric uncertain-

ties and difficulty in detecting small areas of spectral differences
P

from the printer character rendering of the data.

Errors in th.e classification of Duckweed and eater are believed to

be caused by edge effects, in which a given pixel actually overlays two
ffr

CL
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Table 3.	 classification Performance in Eight Wetland Areas.

Known Cover Type Classified As indicated Cover Type

N
:	 a,	

1

C] Huh f^? ch

Pi

Cover Type	 Vest Pixels

Duckweed	 984 95 3 2 1	 .

Lily	 2,240 11 72 1	 16
'.i

Cattaa1	 13,586 81	 19

Reed. Canary	 9,920 1 5 2	 92

Water	 6,173 2 1 97

Ave. Class Accuracy = 87%

F
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	 cover types near a boundary between the two types. To some extent, this

effect enters into the accuracy problems for Lily as well.
I!	 4

The errors in classification of Cattail are believed to be due to

the presence of mixed Cattail/Willow in many areas. A sparse scattering

of Willow occurred in many areas of both the Cattail and the Reed Canary

cover types. Wherever present, Willow tenaed to cause misclassification

due to the highly variable spectral characteristics of this cover type.

These difficulties may be resolvable by the inclusion of a "texture"

variable in the analysis process.

SYNOPSIS

Progress made to date in this research has shown 'that.

1. Precision geometric correction, iterative training analysis, and

the use of multitemporal data has improved average wetland

classification accuracy in the test area by 25% (from 41% to

66%) .

2. Under the spectrally and spatially complex site conditions

characterizing the geographical area used in this study, fur-

ther improvement in wetland classification accuracy is appar-

ently precluded by the spectral and spatial resolution re-

strictions of the LANDSAT DISS.

3. Tull scene analysis of scanning densitometer data from color

infrared photography has failed to permit discrimination of

a	 many wetland and non-wetland cover types.

4. When classification of the photographic data was limited to
Fi

wetland areas only, detailed classifications were made with

average classification accuracy of 37°.

iii
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5. The integration of conventional image interpretation (to sim-

ply delineate wetland boundaries) and machine-assisted classi-

fication (to discriminate among cover types present within a

wetland area) appears to warrant further research. Though

both the delineation of wetland boundaries and the development

of valid training area statistics are labor--intensive tasks,

the results from the combined approach appear to be quite

accurate. Additional research is needed to study the feasi-

bility and cost of extending this methodology over a large

area using small scale photography.

CONTINUING, RESEARCH ACTIVITIES

In the remaining grant period s the following tasks will be under-

taken:

1_ Analysis of the LANDSAT classification results will be com--

pleted_ This will include summary statistics on a cover type

basis for each of the study quadrangles_

2. A final report describing the backgrounds methods, results,

and conclusions of both the WkNDSAT and the digitized photo-

hie a	

s

graphic approaches used in the study will be prepared.ra 
y
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A PROJECT TO EVALUATE MOISTURE STRESS

':	 s IN CORN AND SOYBEAN AREAS OF

'	 .•C'. WESTERN MM SOUTHS1ESTERN MINNESOTA
)^ L+Y

Y

Investigators:	 Dr. Richard H. Rust..
Pierre C. Robert

:. Department of Soil Science
University of Minnesota

y
St. Paul,. Minnesota

4	 " INTRODUCTION

1 in a previous report (Rust and Robert, 1978) it was noted that

southwestern and western Minnesota had been for several successive years

under soil water stress conditions resulting in variable but important

fY: crop yield losses. 	 Since this part of the state has a drought history,

E
the ability to detect water stressed areas using remote sensing tech-

niques, LANDSAT imagery or color infrared photography would be valuable-

In this past season, as may be observed in Table 1, amount and distri-

bution of precipitation was adequate and crop conditions were as good as

in the 1977 season. Current research, has included gathering ground data

information and crop spectral signature under controlled conditions

(greenhouse and experimental field).

PROCEDURES

Ground Data
^' 7

In addition to the twelve representative sites (figure l.) of various

fi southwestern -an 1977, the	 PlainMinnesota soil	 landscapes selected 	 Sand

r	 Farm (Becker) was included in the 1978 ground data network_	 This site,,

-located on a coarse sandy plain, is most susceptible to water stress on

ti	 `y
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Table 1. 1978 Growing Season Monthly Precipitation and Normals for Some i-leather
Stations of SW Minnesota.*

April May Llune duly August Sept. October 'dotal

Montevideo	 Normal 2..29 3.31 4.72 3.48 3.69 2_92 1_62 22.03

1978 3.95 4_46 3.17 1.62 2.67 6.05 .08
}

22.00

Marshall Normal 2.46 3.3 4.49 3.95 2.68 2.7 1_61 21.19

1978 3.58 3.44 1_4 3.99 1.7 3.96 _09 18.16

Pipestone Normal 2.22 3_6 4.62 3.35 2.96 3.2 1_73 21.68

1978 3.5 4.21 1.31 4.19 2.15 4.39 .43 20.18

Redwood
Falls	 Normal 2.22 3.25 3.92 3.86 3.24 2,42 1.74 20.65

1978 3.7 3.04 1_64 3.65 2.39 3.96 .27 18.65

Windom	 Normal 2.35 3.61 4.5 3.74 3.3 3.54 1.7 22.74

1978 3.39 2.81 3.51 5_10 2_25 1.41 .42 18.89
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Figure 1. LANDSAT coverage of Southwest Minnesota and

twelve ground data site locations.
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changes in droughty conditions.

The SW Minnesota sites are each composed of two homogenous areas

larger than 10 acres. They are representative of well drained (Udoll.s

and Ustol.ls) and poorly drained (Aquolls) soils. Iwo SW Minnesota sites

and the Becker Faun contrast irrigated and non-irrigated conditions. All

sites were planted in corn or soybeans.

Soil, water content was determined on all sites from the surface to

the rooting zone throughout the growing season in coincidence with the

LANDSAT overpass (Figure 2). The gravimetric method was used. The

sampling was accomplished by field soil scientists of the Soil Conserva-

tion Service located at Lakefield, Marshall., Montevideo, Pipestone, Red-

wood Falls and cooperators of the West-central and Southwest Experiment

Stations. (Samples were processed at the Soil Science Department).

Field information (Table 2) such as phenologic data, farming opera-

tions, crop treatments, precipitation events were recorded. Soil surveys

and field crop maps were gathered or prepared for all sites.

Crop condition, and particularly stress conditions were recorded for

all the soil sampling dates and measured using a pressure chamber (Figure

3). Since soil water conditions were generally favorable this year, only

two measurements (July 23--25 and August 8--10) were performed on most

sites. Crop yields were also measured for all cases; two rows 20 feet

Jong were sampled in triplicate at each site. S-Lielled corn yields are

expressed at 15.5% moisture content, and soybeans, as oven dry weight.

Aerial Color Infrared Photographs

Seventy-mm color infrared positive transparencies at a scale of

1:50,000 were obtained for the SW Minnesota sites on the following dates

Y

n.-



Table 2. Field record example

MOISTURE STRESS PROJECT Date. 1978
Field 12.a Holmberg

FIELD INFORMATION Soil: Ves
Date:	 May, June, July, August Soil Moisture Leaf Moisture	 Additional

Information
Month, day Crops Stage of Fieight Cover Leaves Treatment Rooting Surface
hour (1) (2) growth (3) (cm)	 (4) (%)	 (5) shape and color (7) Zone (8) (9) (10) (11)

(6)
a

5/16 Corn Planted 0 0 -- 10 lbs High-- Moderate -- Rainfall
12:00 May 1 Moderate April 3.05"

5/22 Corn Emergence 5,0 2-3 Light green 2,4-D Moderate Moderate -- Slide #20 Q
Turgid Broadcast

6/09 Corn Pre-tassel 35.0 20 Light green -- Moderate Moderate
10:00

;t

6/27 Corn Pre-tassel 85.0 35-40 Slight rolling -- Moderate Low -- Slide #14
grayish grera

7/05 Corn Starting to 150.0 65.0 Rolled upright - Moderate Moderate -- Slide #12
10:00 tassel grayish green

8/02 Corn Tasseling 187.0 90.0 Slight rolling -- Moderate Moderate -- Slide #17
9:30 cobs: 20 cm upright grayish to

green low f

8/21 Corn Cobs: 23- 225.0 90.0 Wind damage gray- °- Moderate Low -- Cob beginning
10:15 24.5 cm ish green to dry out

(leaves)

tad
to

W ;
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Figure 3. Pressure chamber and "remote sensing platform."

in 1978: May 18, July 11, September 8. A fourth flight was scheduled

in August but continuous cloud cover prevented its execution. in 1978,

70 mm film was used instead of 35 mm because it is larger scale and has

less image distortion. The following photographic specifications were

used: lens, 50 mm; film, Kodak 2443; filter, 15; shutter speed, 1/500;

f/no, 5.6.

The Sand Plain Research Farm (Becker) plots were flown between 9:00

and 10:30 a.m. on 4 dates in 1978: July 19, August 7, August 20 and Sep-

tember 4. Vertical 35 mm color infrared slides at a 1:10,000 scale were

processed.

s-M iGINAL PAGE IS
OF POOR QUALITY
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Greenhouse Experiment

Corn and soybean plants were grown to maturity from fall 1977 to

spring 1978. The corn variety was a hybrid especially adapted to green-

house culture. The soybean variety was Hodgson. Corn was grown in 12"

pots and soybeans in 6" pots, filled with the coarse sandy soil of the

surface horizon from the Becker Research Farm. The temperature was main-

tained at 250C. Fluorescent and incandescent Lights were used, respec-

tively, 14 and 15 hours a day_ Plants were watered with tap water. A

standard Hoagland solution was the main nutrient source. Different pes-

ticides were tried to control, with variable success, aphids, red spiders

t

1

}

4y

a

and thrips.

In the case of corn, three pots were always kept in similar soil

water condition. To simulate a drought cycle on three plants watering

was terminated whereas three others were normally watered. A similar

procedure was followed for soybeans with six plants instead of three kept

in similar condition.

Only one leaf of one plant was selected to initiate a series of

irradiance measurements whereas most of the leaves of the two other

plants were taken for leaf water potential, i.e., plant stress evaluation.

Measurements were performed after tasseling (corn) or early seed devel-

opment (soybeans).

The use of a pressure chamber or pressure bomb (Figure 3) was tested

to determine leaf or plant water status. Boyer (1966) and others demon-

strated that leaf water potential* can conveniently be evaluated from the

*	 ^Waterdemand and water potential are properties (or conditions) of the
plant at given stages in its development. Water demand is the amount of
water needed by the plants for all physiologic activity. Water potential
is the energy status of the contained water in the leaves (or other plant
parts) expressed in units of pressure (- bars).
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measurement of the sap pressure. Results indicate the pressure chamber

is suitable for estimating leaf water potential of corn (WeRoo, 1969) and

+

	

	 soybeans (Boyer, 1971). Principal advantages of the pressure bomb are

its ease of use and its field capability (and portability).

The pressure chamber is simple in operation. After a segment of the

leaf blade (corn) is cut from the plant a short length of the midvein

area is placed between the smooth surface of a halved silicon rubber

stopper previously coated with silicone stopcock grease. 'When, the

stopper is inserted into the cover that is screwed to the cylinder of

the bomb. Sufficient pressure is applied from a cylinder of compressed

nitrogen to return the meniscus of the xylem sap to the cut surface of

the leaf blade which is protruding a few millimeters from the split

stopper.

In the case of soybeans, the petiole is sealed in the chamber top

so that the cut end of the petiole projected a few millimeters to the

outside but most of the petiole and the leaf blade were subjected to the

pressure within the chamber. Care was used to reduce the tvo main

sources of errors: sample preparation and rate of pressure increase in

the chamber.

A spectreradiometer and thermoradiometer were used to measure indi-

vidual leaf (greenhouse) and field (Becker Research Farm) reflected

energy intensity (spectral intensity) in the visible, near infrared and

thermal infrared.

Some principal specifications of the ISCO spectro-radiometer are:

- wavelength range: visible, 380-750 mm

near infrared, 750-1050 mm

--- bandwidth:	 approximately 25 mm (380-750 min .range)

30 mm (750-1050 mm range)
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continuous scanning by a unique wedge-interference filter sys temy tem

fiber optic extension bead for closed or specie-.l measurements

bighly portable unit

units of energy rate intensity per bandwidth (microrvatts per sq

sensitivity:	 8 oranges from 0.3 to 1000 UW cm -2 nm -1

accuracy:	 7 to 10%

^. W Progranmed scanner and recorder available.

The fiber-optic extension head was always used and a cylinder 5 cm

long was added to focus the head exclusively on the leaf section. 	 In the

greenhouse, the opening 
of 

this extension was always kept 2 cm from the

leaf blade and perpendicular to its surface.

The thermoradiometer, a Barnes PRT -10L infrared field thermometer

has the following specifications:

Temperature scales.	 -10 
0 to +60'OC

Temperature sensitivity:	 + 0.20C at 20OC

Spot size:	 70 field of view

Spectral sensitivity:	 6.9 to 20 microns

The calibration of the instrument in the absolute mode is done by

setting up the absolute scale with a packet reference target. 	 indeed,

continuous calibration was required for accurate measurement.	 This is a

major inconvenience. 	 In the greenhouse, the PRT•1014 was held perpendic-

ular to the leaf, at a distance shorter than 2 cm.

it
Experiment at the Sand Plain Research Farm (Becker)

Corn and soybean field reflected energy intensity measurements were

conducted throughout the growing season using the spectroradiometer and
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thermoradiometer described in the. previous section. 	 Measurements were f

taken from a stepladder installed on a pick-up truck platform (Figure 3) .

The instrument was about 3 meters above the ground and was held in a

slightly oblique direction.	 All the measurements were done from the

same location,. at approximately the same hour, parallel to the rows, with

clear sky and with the sun at the back_

Soil water content was recorded by the gravimetric method and plant

water status, using the pressure chamber. 	 At least 3 leaves, at the ear

node, were sampled each time from corn and the uppermost fully mature

trifoliate (central leaflet) in the case of soybeans.

All four plats were located on a flat terrain with a slight micro

relief. The soil is a Hubbard sandy loam (Udorthentic Haploboroll).

Size of the soybean plots was about 1 acre. Similar farming operations

were used. One plot of each crop was irrigated as required, until matu-

ration. .Although the irrigated corn was replanted on June 9 (original

planting May 5) the amount of growth at the time of measurements, was

essentially equal on irrigated and non-irrigated plots.

Aerial color infrared photographs were taken 4 times at a 1:10,000

scale_

Precipitation Event Maps

The capability of producing computerized precipitation maps for any

region and any period of time has been developed. (J.w. Enz, Soil. Science

Dept.,, U of Minnesota; E.L. Kuehnast, Climatology Office, D_N_R.; D.G.

Baker, Soil Science Deily_, U of Minnesota; St. Paul Computing Center

Staff, U of Minnesota). when available for the 1978 growing season, pre-

cipitation maps corresponding to the time interval separating two avail-

able LANDSAT scenes will be generated.
^I
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PMV1OUS RESULTS
}ate

I 1977 Ground Data

Soil water content	 field record and crop condition	 n site mountr	 p	 r o

and distribution (computerized maps) of precipitation-were recorded for

r ' the SW Minnesota sites".

Precipitation was well.--distributed during the season and soil water

kit

content was always adequate or in excess. 	 Several poorly drained soils

- had excess moisture for some period of tithe. 	 This could be deduced by

^. tone variations on the color infrared photograph of July 18.	 Good grow-

ing conditions were reflected in the 1977 corn yields:	 75 to 150 bu/a,
i

Y „ compared to almost zero bu/a in 1976_ 	 As a result, no genera. "drought	 f

'
i

signature" was observed.	 Crop signatures on well drained and poorly

drained sites were very similar, as viewed from the color infrared photo-

graphs, particularly in case of corn.

Remote Sensing Tmagexy Acquired

Aerial color infrared 35 mm coverage of the SW Minnesota sites was

obtained in June, July ar_.d August 1977.

Black and white LANDSAT transparencies corresponding to the study

area were obtained for the following dates in 1977: June 23, July 11,

1- 11, 	July 16, July 29 and September 9 with the following specifications:
1:1,000,000 scaje, band 5 and 7r cloud free (less than 10%).

After the study of these products, three UUMSAT computer compatible

tapes (C.C.T.) corresponding to the best conditions were selected_ After

considerable delay the tapes for the 1977 growing season were obtained

in June 1978.

FLI'Ll"

f',
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Color slides were also taken at several sites and dates. Daily

color slides of the growing corn were taken at the Southwest Experiment

^..	 Station.

LANDSAT Spectral Band Evaluation

The 1:1,000,000 scale imagery, corresponding to the bands 5 (red)

and 7 (near infrared), available for the 1977 growing season, was eval-

uated. At this scale, band 7 was found better for our purpose.

Differentiation of Well and Poorly Drained Soils Using LANDSAT imagery

Analysis of 1976 and 1977 LANDSAT 1:1,000,000 scale, band 5 and 7

imagery was performed using a density slicer W.P. 8) and a supervised

approach (Frazee, et al., 1972). A section of the New Ulm Minnesota Soil

Atlas map was used as "ground truth". A very satisfactory location of

well vs. poorly drained soils was obtained when using the imagery cor-

responding to the period of maximum drought development (August, 1976).

Use Of Thermal infrared

A preliminary experiment conducted at the St. Paul experi.menra1

field (July-August 1977) using a Barnes P-RT--10L thermoradiometer indi-

cated that absolute temperature readings are affected by sky condition,

wind speed, crop height and measurement direction. it also gave prom-

ising results since a differential increase of as much as 7 0C was meas-

ured on a stressed corn field as compared to a non-stressed area_

i

I

T

RESULTS TO DATE

1978 Season On-Site Records

The analysis of the soil water content of the different sites show 	 --,

that conditions during the critical growing periods were generally ade-

quate.Some excess was recorded in some poorly drained soiI.s, but,
_s

E=
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again, as in 1977, no drought situations. were observed. The "field.

information records" (Table 2) confirmed good crop conditions reflected

in the high yields. Furthermore, leaf water potential measurements

(Fable 3) taken at different periods of time, and for example, in mid-

August, a period of maximum water demand, shoat sim,.lax water potential

values between well drained (WD) and poorly drained (PD) soils, i.e.,

there was no drought stress.

On-site and county information related to hail damage and soil

drainage were also collected.

Tmagery

The three 1:50,000 scale, 70 mm color infrared images obtained for

all the SW Minnesota sites are of very good duality. The three dates of

flight in 1978 represent bare soil (May l8), maximum "green , -lition"

(July 11) and mature plants (September 8). These photographs will be a

valuable reference when analyzing the LANDSAT computer tapes.

Since the time .lapse between LANDSAT 2 and 3 is nine days, twenty

different images were expected. But, as a result of the cloudy condi-

tions, only nine scenes present less than 10% cloud cover. The follow-

ing 1:1,000,000 scale, band 7, black and white LIUIDSAT transparencies

will be analyzed.: May 21, June 18, July 15, August 10, August 24, .:"ep-

tember 15 of 1978. Computer compatible tapes corresponding to two or

three scenes will be studied.

Since the L NDSAT 3 infrared sensor does not work properly, we will

not be able to use this waveband which, according to the ground experi-

ment, seems very promising in the study of water stress.

E
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Table 3. Leaf water potential of corn measured at some SW Minnesota sites.

Sites Date Time Cropi Leaf
WD3

water potential2
PD

-bars

02 Porter 8/09/78 1:30P S 14 13

03 Hanley Falls 8/09/78 3:30P C 12 12

06 Redwood Falls 8/10/78 11:30A S 14 13

10 Clara City 8/10/78 2:30P C 8.4 9.6

11 Pipestone 8/09/78 10:30A S 9.0 6.0

12 Vesta 8/10/78 9:30A C 7.4 4.5

1S - soybeans

C -- corm.

2Average of several measurements

3WD -- Well drained sites

PD - Poorly drained sites

Greenhouse Experiments

The purpose of the greenhouse experiment was to test some ground

data measurement techniques and to perform preliminary measurements use-

ful for the interpretation of the remote sensing products.

The pressure chamber was adapted to corn leaves; its sensitivity,

r	 (	 the repeatability of measurements and the sources of error in a control- 	
,.

led drying cycle were studied. Also, during the same cycle, the corn

.	 1
and soybean individual leaf variations in the visible, near infrared and

	

♦^^	 thermal ,infrared were recorded.
i.

•	 is

	

ov	 ;
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The pressure chamber used was originally designed for tree leaves

or needles and employed a plate type receptor. In order for the chamber

top to accept soybean petioles, a nets leaf holder was constructed to

accept soybean petioles and the broad midvein of corn leaves without gas

leak. The design iTas inspired by A. Blum, et al. (1973). A brass flange

accommodated a soft silicon rubber stopper on one side (sliced into two

halves), and a brass disc having a narrow slit on the other side to

allow the leaf sample to pass through. The flange and the disc were

held in place by a threaded brass cover (Figure 4). With this arrange-

mint, only very slight pressure on the leaf sample was observed.

The new cover has been tested by measuring soybean leaf water poten-

tials with both plate and silicon stopper systems. Table a shows that

the silicon rubber stopper gives results similar to the plate stopper

for various levels of leaf water potential.

The effect of leaf number upon leaf water potential was investi-

gated. Table 5 gives results of a soybean experiment performed at three

different water states. it shows that water potentials of the middle

medium leaves are fairly constant. A practical result is that as long

as there is no shading interference, cuddle leaves can be interchanged

without affecting the results.

A soybean leaf is composed of three leaflets. The central top leaf-

lets only were used for the measurements since it was found that water

potential varies greatly according to the leaflet utilized. in the case

of corn, the top 1/3 of the leaf was used. Identical results were

obtained when using whole leaf, 2/3 or 1/3 leaf segments. Since it is

more convenient to use a small leaf portion and a thin midvein, the 1/3

?	 top section was selected_
t

rcr
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Figure 4. Modification of the pressure chamber leaf holder to
accommodate corn and soybean leaves.

Leaf reflected energy intensity. The effect of droughty condi-

tions on crop signature, or more precisely, the effect of leaf water

status on corn and soybean leaf reflected energy inteilsity in the vis-

ible, near infrared, and thermal infrared parts of the spectrum were

investigated in a controlled environment. Figure 5 gives an example of

energy intensity variation from 400 to 1000 nm for a turgid and a stressed

soybean leaf. Table 6 gives the normalized differential energy inten-

sity between a progressively stressed soybean leaf and a turgid leaf at

575, 750 and 850 nm. To compensate for changes in incoming radiation

intensity, the energy intensity values measured were normalized by divid-

YrrY	
'•.ter	 ^ .

^y'̂^^
^ i
^ ;•	 ^^^ ' '^^ 

;^ y	 ^--.....ems-^	 _	 .
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Table 4. Comparisons of the leaf stater potential determinations for
soybean plants using two different pressure chamber sample
holders.

Leaf water potential ( -bars

Leaf number*	 5	 6	 7	 $	 9	 10	 Avg-

Pot 1	 Plant l

Plate -- 5.60 5.73 - - - 5.66
Silicon stopper	 - - - 5.73 5.46 4 .93 5.37

P1 ant 2

Plate - 5.73 5.60 5.73 - -- 5.69
Si.liuon stopper	 -- - - - 5.60 5.33 5.46

Pat 2	 Plant 1

Plate 14.8 -- 17.33 - 16.67 - 16.27
Silicon stopper	 - 16.27 - 17.2 - 16.4 16.62

Plant 2

Plate -- 15.73 - 15.67 -- - 15.80
Silicon stopper	 16.13 - 15.87 - 15.07 - .7.5.69

Pat 5	 Plant 1

Plate - - -- 13.2 - 12.53 12.86
Sil i con stopper	 -- - - - 13.06 - 13.06

Plant 2

Plate -- - - 12.53 - - 12.53
Silicon stopper	 -- -- - - 12.8 - 12.80

*Leaves numbered beginning at the bottom of a given plant. Leaves
selected are from mid-portion of the plant.

s f.:

a ` " .. y_.,	 k .	 _.^
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Table S. Leaf water potential variability with leaf number under
different water stress conditions

Plant Condition
No Stress	 Stress	 Extreme Stress

Date	 4/11/78	 4/12/78	 4/13/78

Plant 1 Plant 2	 Plant 1 Plant 2 Plant 1 Plant 2

Leaf n 4

5

G

Series 1 7

8

9

Leaf n 4

5

6

Series 2 7

8

9

2.00 5.33

8.00 5.33

8.67 12.70

6.67 8.67

7.33 9.33

- 8.00

6.67 6.67

5_53 6.67

8.67 8.00

8.00 8.00

8.00 6.67

- 6.67

(-bars)

- 16.67

16.67 14.00

16.67 13.33

16.67 14:.00

16.67 14.33

16.67

-	 15.33

	

16.67	 1G.67

	

15.33	 15.67

	

16.00	 -

20.00 -

21.33 19.87

21.33 19.07

21.33 21.20

21.47 20.93

18.00 -

16.67 19.33

20.00 18_93

20.00 --

20.00 --

21.20 -
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Figure 5. Reflected energy intensity of turgid and water stiessed soybean
leaves-
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Table 6. Tabulated results for Differential Leaf Water Potential
(DUIP), Visual Leaf Conditions (VLC) and Differential
Normalized Reflected Energy (DNRE)* from observations
made on leaves of turgid and progressively stressed
soybean plants.

Date	 4/23	 4/24	 4/26	 4j27

Tim,	 9:15	 9:30	 11:00 6:00	 9:00 4:30

DLWP	 0	 0	 10	 14	 22.14 23.33
(- bars)

VLC green	 green	 green green yellowish yellowish

DNRE
(x 100)

575 = -1.8	 --4.5	 -3.0 +5.8 +12.9 x-15.0

750 nm -1.8	 --6.2	 --6.5 x-2_9 +2.9 +3.0

850 nm ------	 -----	 -1.5 +0.7 f0.4 +1.5

_ Energy intensity of stressed Leaf
* DNRE Energy intensity of standard (600 nm) minus

Energy intensity of turgid Leaf
Energy intensity of standard (600 nm)

Example for 575 nm above (readings from Figure 5)

DNRE = 317	 317 = -l•8 x 10-2

Energy intensity of standard for this example was 17 Vw at 600 nm

o:^,ti
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ing the observed values by the energy intensity of a standard (magne-

sium oxide) at 600 run. During the drying of the leaves, differential

reflected energy intensity increases at all wavelengths. The absolute

increase is progressively greater mainly in the 550-575 but also in the

725-750 nm wavebands.*

Similar results were obtained with corn leaves.

sand Plain Research Farm Experiment

G	
^

Purposes  of this epexxment were to establish a link between the

artificial conditions of a greenhouse and the SW sites; to study crop

signatures and spectral reflectance of known plant and sail water status
i

and - i Lure droughty conditions. Spectral si atures of these irri-^' Y	 .p	 9n
I

i'	 gated and non-irrigated plots can can also be used as references for the

SW sites.

i.

	

	 Since amount and distribution of precipitation were also favorable

at Becker, non-irrigated corn and soybean plots, not only matured but had

significant yields (Table 7). Furthermore, except at the end of the

mowing season, non-irrigated plants dial not show stress symptoms - such

as rolling or tipping over leaves - much more frequently than irrigated

The leaf water potential is taken as a measure of the state of the
plant. A plant in the turgid state would show a lower leaf water poten-
tial than a plant under stress. It should be noted that for two plants
presumably in the same unstressed state there is a variation in the leaf
water potential. This has significance when determinations are made of
the differential reflected energy intensity between plants in various
states of stress and a plant in the turgid state which is taken as a
"standard". The state of the turgidity lies in a range and it should
not be surprising that negative values can appear in the differential
reflected energy intensity between a "standard" plant and another pre-
sumably in a turgid state; also variations may occur in this general
trend since plant material depends upon many other- factors than water
potential.

-3

i^



Yields

(bu/a )

Average
yield

(bu/a )

Table 7. sand Plain Research Farm (Becker) 1978 yields.
Irrigated and non-irrigated corn and soybean fields

Soybeans irrigated	 1 54.2
2 47.1
3 48.8

Soybeans non--irrigated	 1 22 '.8
2 26.3
3 28.0

Corn irrigated

Corn non--irrigated

:F.
uL

^a

1 s.

50.0

26.0

84.0

64.0

plants. However, leaf water potential (Table 8) of corn and soybeans on

non-irrigated plots were always higher.

Since the differences were much greater in the morning than in the

afternoon, the LANDSAT overpass between 10:00 and 11:00 a.m. appears to

be satisfactory for our purpose. In summer, afternoon plant stress may

be more a result of hot, windy condition than soil water availability. 	 s

Field reflected energy intensity of irrigated and non--irrigated corn

and soybean plots are shown in Tables 9 and 10. The 'values correspond

to the difference between the irrigated and non--irrigated reflected energy

intensity. As observed in the greenhouse experiment, best differentiation

occurs in the wavebands 550-575, 650-675, and 800--850 fun. But in the

field experiment, maximimt differentiation occurs in the near infrared band
•	 ,1

instead of the 575 nm (green) band. The result would recommend the use
_T

of LANDSAT band 7 or color infrared photographs to differentiate crop

water status in regard to soil water content. The two last measurements



Table S. Sand Plain Research Farm - Punt ,rater potential of irrigated and non-
irrigated plots.

Leaf Water Potential l	i

(-bars)	 r
irr--	 Non-

Date	 Crop	 Time	 igated	 irri-
gated

8/11/78 Clear slay Soybeans 9:00 7 no stress2 17.3 stress
1:30 13 18_8 stress

Corn 9:30 4.8 13.2
2:00 7.2 18.4 stress

8/25/78 Overcast, Soybeans 9:15 3.9 no stress 5.9 no stress
foggy 1:00 10.7 12.8 no stress

Corn. 10:00 2.1 4.3 no stress
1:45 5.3 -- no stress

8/30/78 Clear sky Soybeans 9:50 6.8 no stress 13.3 no stress
3:30 12.8 14.9 some stress

Corn 10:30 7.2 --- dried out
4:00 7.4 -- dried out

9/7/78 Clear slay Soybeans 9:45 9.1 no stress 10.0 no stress
2:30 12.3 14.2 slight stress

Corn 10:15 7.1 --- dried out
3:30 10.8 -- dried out

IAverage of several measurements.

2Visually estimated.

',r	 r
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Table 9. Differential reflected energy intensity and temperature between
irrigated and non-irrigated soybeans. Sand. Plain Research Farm.

Date
Time (a.m.)

8/7
10:00

8/11
11:00

8/13
10:15

6/17
10:15

8/30
10:45

9/7
10:45

9/11
9:45

Differential reflected energy (10 -1 uw)

Wavelength (nm)

Visible 500 + .5 +1.3 + .2* + .4 0 + _9 +1.4
25 + .6 +2.2 + .1 +1.1 + ,7 + .9 +1_2
50 + - 8 +2.7 + _5 +1.7 +1.3 +2_3 +1.2
75 + .7 +2.8 t	 .3 +1.7 +1.2 +2.8 +1.9

600 + .7 +2.5 - .1 +1.4 +1,1 +3.9 +2.5
25 + _8 +2.6 0 +1.1 +1.0 +4,5 +2_9
50 + .6 +2.3 - _1 +. 9 + .7 +4.7 +3.2
75 + .4 +1.8 0 + .5 + .4 +3.4 -33.2

700 + .2 +1 _8 + . 1 +1.0 + .9 +3.7 +2.1
25 - .2 +1.2 --1.0 + .5 + .5 --1.0 0
50 -1.3 + .8 --2.1 -1.0 -1.1 -2.6 --	 .8

760 --1.4 +1.6 -1. 5 -1_2 -1.0 -2.3 --Lear
Infrared 760 -1.6 +2.7 -3.6 -2.1 -1.5 -2.7 --1.3

800 °-2.8 +2.1 --4.3 -3.2 -2.1 -3.7 -1.0
50 --2.2 +2.2 74.2 --3.2 --2.0 --3.5 - _6

900 -1.8 +1.6 -3.3 --2.5 -1.4 -2.5 +1.0
50 --1.1 +1.8 -1.4 --	 .7 -	 .6 --1.1 0

1000 --	 .9 +1.0 --1.3 -	 .7 - .7 -1.1 + .2

Differential, temperature (°C)

Thermal

Infrared	 5*	 7	 0	 0	 0	 -

Dif=ferential Deaf
Water Potential	 -	 10	 _	 _	 -	 _	 W
(- bars)

1/2	 mostLeaf Condition	 Slight	 No	 No	 Yellow-
(non-irrigated)	 Stress	 Stress 	 t	 s(r:	 g	 }	 S re sStress	 Stress	 ^.nc1 v	 leavesleaves	 le	 ._.,

lost	 1C)st

*Plus values indicate higher re£lec:tr:.d ert^-rc;y intensity on non-irrigated
plots; minus values, higher on irrigated plots-

s{

E

A

F
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Table 10. Differential reflected energy intensity and temperature between

irrigated and non-irrigated corn. Sand Plain Research. Farm.

Date	 8/3	 8/7	 8/11	 8/17	 8/30	 9/11

Time (a.m.)	 9:45	 9:45	 11:45	 10:45	 11:15	 11:15

Differential reflected energy (10-1 
u1q)

Wavelength (nm)

Visible	 500 +1.2* + .5 + .2 +1.0 +2.2 +2.6
25 +1.6 + .8 0 +1.4 +2.3 +2.3
50 +2.6 +1.2 --	 .1 +2.1 +2.5 +2.5
75 +3.3 +1.4 + .2 +2.8 +3.4 +3.2

600 +2.9 +1.5 + .6 +3.1 +4.4 +4.1
25 +2.7 +1.4 + .6 +3.0 +4.9 +4.8
50 +2.6 +1.3 +1.2 +3.3 +5.0 +5.3
75 +1.9 +1.1 +1.1 +3.0 +4.9 +4.4

700 +2.3 +1.2 + .6 +2.8 +3.9 +4.1
25 +2.1 +1.0 -1.9 +1.3 --	 .5 + .2
50 + .9 0 +2.6 -1.1	 ' -4.0 +2.8

760 - .3 - .2 +3.1 -1.3 -3.9 --

Near
.infrared	 760 + .7 - .8 -8.9 -2.3 -5.5 -5.0

800 + .6 -1.3 -8.7 -3.9 -7.1 -6.0
50 +1.0 --1.1 --10.4 73.5 -7.2 -6.0
900 + .5 -	 .6 -7.2 -1.6 -5.4 -4.3
50 -	 .3 -	 .2 -2.4 -	 .9 -2.7 -1.6

1000 + .4 --	 .5 -2.3 - .4 -1.7 - .2

Differential temperature (°C)

Thermal Infrared 1* 2 5 3 -- --

Differential Leaf
Water Potential	 -	 6	 -	 -	 -
(- bars)

Leaf Condition	 170	 No	 Slight No	 Drying Drying
(non-irrigated)	 Stress Stress Stress Stress

Plus values indicate higher reflected energy intensity on non-
irrigated plots: minus values, higher on irrigated plots.

`z

^?^_ + r^ : ,	 ..... .-. :.	 .. _ v.'	 .- - .. ^-- ^	 . -.-.	 .. wa 'ir ^ i^,+'_^,	 -	 r+z".'-`5.4_r` ^:-i^Ĵ[M11`JH^ei^i►%^'.+.i-^	 - , _ _	 fw :. .. ..	 .. .... ..	 -	 . ^ ... ..



B28

(August and September) correspond to mature conditions in the case of 	 >.

non-irrigated plots. At this stage, plants are drying out and water
F

potential is no longer a good indicator of leaf water status but reflec-

tedenergy intensity is representative of plants under droughty conditions. 	
T4

Thermal infrared, according to the data in Tables 9 and 10, seems

to be a valuable tool in assessing plant water status. Values seem to 	 aF

be correlated with plant water potential measurements. Morning differ-	 r

ential values of 0 0 to 7°C were recorded. Morning observations semi more

appropriate than afternoon for the reason noted.

Color infrared photographs. Figures 6a-6d are color infrared pro-

ducts. It is well to nc-te the color shift from ordinary color to color

infrared images. For example, a dark green color becomes brownish red,

green becomes red, light green becomes bright red or pink; thus a bare

soil becomes dark green to light blue-green depending upon its darkness,

surface water content, and texture.

^t

% The analysis of the photographs shows that crop signature varies

significantly with plant water ,status.. Soil moisture stress related to

excess or drought condition can be detected.

Hail damage was mapped and dated by soil surveyors from information

given by district conservationists and Federal Crop Insurance officers.

These observations will be correlated with the LAN]SAT imagery when the

1978 tape imagery is available.

Yield forecasting. Yield values of the well drained and poorly

drained sites confirm the generally favorable conditions of the 1978

season (fable 11). If lower yields are related to soil water, it was not

drought conditions but some excess of water in 1978 since the lower yields

are observed on non--tiled, poorly drained, soils.
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a. July 19; non-irrigated, irrigated soybeans
tC)R ^{;ALtTY

b. August 7;...... non-irrigated,....irrigated

Figure 6. Sand Plain Research Farm (Becker). Color infrared photographs
illustrating changing spectral reflectance on irrigated and
non--irrigated plots during the 1973 growing season.
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C. August 20; ........ non-irrigated, irrigated soybeans

d. September 4 ........ non-irrigated, irrigated soybeans
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Table 11. Corn and soybean yields obtained in 1978 on sites in SW
Kinnesota selected for LANDSAT and other inagery studies.

Sites	 Soils	 Crop Yield soils	 Crop Yield Tiling

well	 (bu/a) poorly	 (bu/a)
drained	 drained

Porter Ves S 43.1 Canisteo S 29.7 No

Bergen Clarion C 140.5 Webt-ter C 125.5 No

Tracy Everly C 130.0 Eetri. C 157.0 Yes

Redwood Everly C 130.0 Okoboji C 154.0 Yes
Falls

Clara City Tara C 121.8 Colvin C 121.2 Yes

Pipestone Kransburg C 135.6 Hidewood C 113.2 No

Vesta Everly C 129.0 Canisteo C 140.0 Yes

sail	 Non-Irrigated	 irrigated

Hanley Falls Seaforth	 C	 106.0	 C	 136.0	 No

IS - soybeans, C -- corn

^l

r_

la

^+ r
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CONCLUSIONS AND FUTURE RESEARCH

Ground data, basic to remote sensing interpretation, were gathered

during the 1977 and 1978 growing seasons. Soil water content, field

information such as phenologic data, farming operations, precipitation

events, crop stress status were recorded.

Greenhouse experiments have shown that a pressure chamber equipped

with an original leaf holden gives satisfactory measurements of corn and

soybean water stress and that water stressed Leaves have a significantly

different spectral signature. This was confirmed in a controlled field

experiment (Becker Research Farm) when analyzing spectral intensity in

the visible, near infrared, thermal infrared and with color infrared

photographs. It was found that corm and soybean stressed plots can be

best differentiated in the near infrared and thermal infrared wavebands_

Future research will analyze ?C mn and 35 M color infrared positive

film by densitometry techniques to Study site variability in spectral

signatures. Computer processing using a digitizer and desk-top computer

system will be tested to compare :low altitude color infrared digitized

imagery and LZL9DSAT digital. tapes. Their capability to differentiate

corn and soybean fields, evaluate crop condition, localize well and

poorly drained soils, map hail damage, and assess drainage efficiency

will be evaluated.

Since a general drought condition has not occurred in the study

area during the past two seasons, a third ground data collection, on a

limited number of sites, should be continued.

^t1
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SYNERGISTIC RELATIONSHIP BETWEEN LINEAMENTS LOCATED ON
L

LANDSAT IMAGERY AND TRADITIONAL SOURCES OF TOPOGRAPHIC INFORMATION

L^

Investigators: Dr. Joseph E. Goebel
Dr. Matt Walton
Mr. Laurence G. Batten
Minnesota Geological Survey

I

.`	 INTRODUCTION

Status of Remote Sensing at the Minnesota Geological Survey.

Remote sensing now serves a more important function at the Minnesota

i
Geological Survey than it had previously. Minnesota Geological Survey

applies remote sensing in a variety of ways. One of the applications is

the identification of surficial geology, both at the state-wide level and

at the more detailed county level. Also we are using it for the location

of faults and fractures in northeastern and southeastern Minnesota.

Further, it is used to locate such mineral resources as iron, copper,

nickel, and gravel. Remote sensing helps us evaluate sites for waste

disposal and road and building locations. It is also useful in field

research projects. It helps us study geological processes involved in

karst formation, subsurface hydrology, geoteetonics, glaciology, and

geomorphology. One of its more significant cantributions is the accurate

identification and location of geological features.

Growth of Remote Sensing at the Minnesota Geological Survey

For a long time • geological base information was quite restricted.

Sources of data were limited to drill hole logs, well drilling cuttings,

cores, rock outcrops, and a limited number of topograp hic maps.

The situation has improved. The current sources of interpretable
4.,

information have expanded to include all of the things listed above, as

LD '-
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well as aerial, photographs, LANDSAT imagery, natural seismology, geomagne-

tics, and geogravity. in the near future, the Minnesota Geological Survey

expects to be able to use all of the available sources of.information as

well as some new sources. We anticipate the use of radar imagery, high

resolution gravity data, induced seismology, GEOSAT imagery and airborne

electrical resistivity data to clarify our geological perspectives. With

this improved perspective we are better able to understand the surficiai

unconsolidated glacial drift and the underlying rock strata.
t

3

REVIEW OF SPECIFIC APPLICATIONS OF REMOTE SENSING
BY THE MINNESOTA GEOLOGICAL SURVEY IN 1978

During the last year many kinds of remote sensing have been applied to

the following five geologic studies. The first of these is the study of

some interesting relationships among geologic and remote sensing data

sources for lineaments of the state. The second is the collection of data

for further synergistic studies. Third, we assisted in evaluating the

peat resources of Aitkin County_ Fourth is the interpretation of.

lineaments an aerial photographs in northeastern and southeastern

Minnestota. Fifth is the investigation of karst processes in southeastern

Minnesota.

Interpretation of Lineaments on _Aerial Photographs in Northeastern and
Southeastern Minnesota.

Dr. G.B. Morey is engaged in an extended project to log the linea-

ments on the Hibbing Geologic Sheet as an outgrowth of Dr. Roger

Cooper's work in the same area.

Ramesh Venkatakrishnan mapped lineaments from aerial photographs for
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thL St. Paul Geologic Sheet in southeastern Minnesota as part of karst

E

	

	 investigations. This study has increased our understanding of the frac-

ture patterns and cave locations buried by glacial drift, loess, and

bedrock.

The Investigation of Karst Processe s in Southeastern Minnesota.

Dr. E. Calvin Alexander and Dr. George Shaw used remote sensing to

r study karst in southeastern Minnesota. They used aerial photographs

to locate sinkholes, limestone fracture patterns, and the inlets and

outlets for cave water.

PRESENT STUDY--INVENTORY OF LINEAMENTS OF MINNESOTA

Introduction

The purpose of this study was to compare remote sensing data with

traditional sources of geologic information. 	 Specifically we idea-

tified and classified lineaments that appear on both satellite imagery

and topographic maps.	 We were particularly interested in lineaments

that appeared to relate to geologic conditions.

We define a lineament as a real landscape feature, such as slopes and

channels, approximately 10 km long or longer, that appears as a smooth

narrow line or edge an imagery or on snaps. 	 For this study we assumed that
t

certain topographic contour lines indicated lineaments.	 We assume that

lineaments occur in nonrandom patterns that are related to geologic causes.

Although some strong lineaments appear on topographic maps, they are dif-

?	 4U ficult to recognise on the ground and their significance is not.readily

apparent on these maps. 	 We are beginning to suspect that lineaments mayi
provide us with a sort of window through the thick cover of glacial drift

1•L

s^
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that hampers investigation of subsurface geology in Minnesota. They seem
	 1

to reflect subsurface control even when they occur within thick drift.

Thus, we decided to assemble an inventory of Minnesota lineaments and exa-

mine their relationship to geology.

Materials
	 r

As we collected the materials we kept in mind that the inventory
	 I

of lineaments should record all the lineaments under the defined con-

ditions. It should group them into logical categories and evaluate
	 7

their significance. The lineaments fell into two natural groups; rec--

tilinears and curvilinears. Rectilinears are relatively straight lines

with less than 10 0 arc. iurvilinears are smooth curves with more than 100

arc. We divided each group of lineaments into those associated with

rivers, lakes, physiographic areas, tonal stripes from LANDSAT imagery, and

50--foot contour lines.

We identified lineaments from the following sources. winter scenes

band 7 LANDSAT imagery; spring scenes false colow composite LANDSAT

imagery; the lakes and rivers plate of the U.S.G.S. 1:500,000 topographic

map of Minnesota and the 50-foot contours plates of the U.S.G.S. 7:2`_"0,000

topographic map series, which we reduced to 1;500,000. Lineaments iden-

tified were superimposed on: the Geologic Map of Minnesota - Quaternary

geology, State Map S--4; the generalized geologic map of Minnesota -

bedrock geology; the simple Bouguer gravity map of Minnesota, the

aeromagnetic map of Minnesota, isopach map of the thickness of the uncon-

solidated sediments of Minnesota, a map of faults and buried valleys in

Minnesota, and the map of bedrock topography of Minnesota.
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Methods

Usixig spring and winter LANDSAT imagery, the lakes and rivers plate

and the 50-foot contour lines, we derived a group of preliminary maps of

rectilinear and curvilinear lineaments. Rivers, lakes, topographic con-

tour lines, tonal stripes, and contacts between physiographic areas may

all 'appear as lineaments. We combined the preliminary lineament maps to

identify the lineaments that coincided from one map to another for at

least two of the data sources. We then combined all of the preliminary

lineaments that had this coincidence to generate a map of lineaments that

are most likely to provide information about the geology of Minnesota. We

have called these lineaments indicative lineaments. Finally, the map of

indicative lineaments was superimposed on various maps of gravity, magne-

tic and geologic conditions which could have caused the lineaments.

Separate identification of rectilinear and curvilinear lineaments was

critical throughout the inventory. We drafted lines of the winter LANDSAT

scenes where rivers appeared to meet the definition of rectilinear

lineaments (for scene locations see Figure 1). We placed this LANDSAT

imagery under a sheet oir mylar which had been punch registered to and

placed under the base map of rivers and lakes, thereby registering the

imagery to the base map. We removed the base map and interpreted the

LANDSAT image without it to avoid biasing the study. 	 We repeated the pro- P4

cedure for curvilinear lineaments associated with rivers revealed on

winter imagery.

Evaluation of the spring imagery for rivers was conducted in the same

way (for scene location see Figure 2).	 We repeated this procedure for

lineaments associated with contacts between physiographic areas expressed
k^

e

3
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Figure 2: LANDS.AT imagery index map of spring false color composites
imagery of Minnesota.
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as color changes on the imagery. 	 in the case of lineaments associated

` if
with lakes and tonal stripes the procedure was the same, except we noted

both the rectilinears and curvilinears at the same time on the same mylar

sheet.	 in all cases we assessed the base maps of lakes, rivers and

topographic contours for the lineaments without the assistance of the ima-

gery to avoid biasing the study. With this procedure we generated the

following maps of the preliminary lineaments. 	

l9
Preliminary lineaments of rectilinear rivers on the rivers and lakes

base, Figure 3.

Preliminary lineaments of rectilinear contours on the 50-foot
topographic contours, Figure 4.

Preliminary lineaments of rectilinear rivers on winter LANDSAT
imagery, Figure 5.

Preliminary lineaments of rectilinear rivers on spring LANDSAT
imagery, Figure 6.

Preliminary lineaments of rectilinear contacts between physio-
graphic areas on winter LANDSAT imagery, Figure 7.

Preliminary lineaments of rectilinear contacts between physio-
graphic areas on spring LANDSAT imagery, Figure S.

Preliminary lineaments of tonal stripes on winter LANDSAT imag-
ery, Figure 9.

Preliminary lineaments of tonal stripes on spring LANDSAT imag-
ery, Figure 10.

Preliminary lineaments on lake base, Figure 11.

Preliminary lineaments along lakes on winter LANDSAT imagery,
Figure 12.

Preliminary lineaments along lakes on spring LANDSAT imagery,
Figure 13.

Preliminary lineaments of curvilinear rivers on the river base,
Figure 14.

Preliminary lineaments of curvilinear contours on the 50-foot
topographic contours, Figure 15.
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Preliminary lineaments of curvilinear rivers on winter LANDSAT
imagery, Figure 16.

Preliminary lineaments of curvilinear rivers on spring LANDSAT

	

i.	 imagery, Figure 17.

Preliminary curvilinear contacts between physiographic areas on
winter LANDSAT, imagery, Figure 18.

	

T	 Preliminary curvilinear contacts between physiographic areas on

	

f	

spring LANDSAT imagery, Figure 19.
x

We began, to select lineaments with supporting evidence from more than

one source. Lineaments that were essentially suparimposed or closely

parallel were classed as coincident. Abutting lineaments, one of which

terminated at the point of contact with the other, were included in this

class. We looked first for any rectilinear lineaments from winter and

spring LANDSAT imagery that coincided with or abutted lineaments from the

base map of rivers and lakes. We used solid lines to indicate them, with

one exception: we drafted dashed lines where rivers shown on the imagery

but not on the rivers base map indicated lineaments that had supporting

evidence from another source. Curvilinear lineaments associated with

rivers received the same treatment.

We compared the rectilinear lineaments indicated on winter or spring

imagery by sharp color contacts between physiographic areas with those

indicated by the 50-,foot contour lines. Lineaments indicated by both

sources were drafted as solid lines, and the same procedure was followed

for curvilinear lineaments.

We compared the tonal stripe lineaments of the winter and spring im&-

gery to the 50--foot contours lines. Since the curvilinear and rectilinear

lineaments had been drafted )n the same overlay sheet for each season, an

occasional curvilinear lineament appeared on the map of coincident rec--

4 ».

is



Preliminary Lineaments Maps

The maps in Figures 3 through 19 show the lineaments identified on

the original sources, i.e., 50--foot topographic contours; rivers and

lakes base map; LANDSAT band 7 winter imagery and false color composites

of spring imagery.
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tilinears from tonal stripes and vice versa.

We had to map the curvilinear and rectilinear lineaments from lakes

together on the same sheet. Both classes of lineaments occur on the same

map of coincident lineaments derived from the lakes on the winter or

spring imagery, and from the base map of rivers and lakes.

We then generated a map of all lineaments, both curvilinear and rec-

tilinear, that coincided with any others from the rivers and lakes base

and the 50 fo-t topographic contour map. We designated this map as the	 U

ease map for the selection of all significant lineaments derived from

LANDSAT imagery.

The following is a list of maps showing coincident lineaments.

Coincident rectilinear and curvilinear lineaments from the rivers and
lakes base map and the 50-foot topographic contours, Figure 20.

Coincident rectilinear river lineaments from LANDSAT Imagery and
the rivers and lakes base, Figure 21.

Coincident rectilinear contacts between physiographic areas from
LANDSAT imaged- and the 50-foot topographic contours Figure 22,

i

Coincident rectilinear and curvilinear lineaments from lakes on
LANDSAT imagery and the rivers and .lakes base, Figure 23. 	

jt
Coincident curvilinear lineamcm:s from rivers on LANDSAT imagery	 i

and the rivers and lakes rase:, Figure 24.

Coincident curvilinear contacts between physiographic areas on
LANDSAT imagery and the 50-foot topographic contours, Figure 25.

1
After we generated the maps showing this first lev y.:: of coincidence,

wa combined them. to identify and draft the significant coincident 	 U
lineaments. Two maps, were prepared--the coincident significant rec-

tilijiear lineament map, Figure 26; and the cc,incident significant cur-

vilinear lineament map, Figure 27.

Next we compared these two maps of significant coincident lineaments
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Coincident Lineaments Maps

The maps in Figures 20 through 25 are composed from the preliminary

lineaments maps and depict those lineaments which coincided on two or more

of the independent sources of lineaments.
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9

Significant Coincident Lineaments Maps

These maps, Figures 26 and 27, were generated to show that coin-

cident relationships between lineaments from the various sources of

lineaments. These maps are considered to have more significance than the

preliminary or simple coincident lineaments because they are supported

by more data sources.

.:Argo r rs..-'W#,:,y..y..
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to derive a map of lineaments that should be indicative of geologic con-

ditions. These are the lineaments that either occurred independently on

more than one preliminary map or were substantiated by abutment or

parallelism with another lineament from another preliminary map. We gave

this map the title of Indicative Lineaments, Figure 28.

we placed the map of indicative lineaments on each of the following

maps: Quaternary geology, bedrock geology, Houguer gravity, aeromagnetic,

thickness of unconsolidated sediments, bedrock topography and faults with

buried valleys. The combined maps will become more useful as geologists

who are familiar with each subject evaluate the relationships between the

lineaments shown and geologic conditions.

Results

This study resulted in an inventory of lineaments of Minnesota from

several data sources. lie recorded the lineaments on maps which sequen-

tially displayed synergistic relationships between lineaments from each of

the data sets. We isolated those lineaments with the most support based

on the comparison of various data bases. We then displayed those

lineaments which were probably the most indicative of geologic conditions

in Minnesota on geologic maps of the conditions that may be causally

related to the lineaments.

Ti  '__4 __

F

The lineaments identified in this study are real features, such as

slopes and channels, but their geologic significance remains to be eva-

luated in light of drilling data, outcrops and investigative geologic

techniques. The Minnesota Geological Survey will find all of the

U

t ^,
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Indicative Lineaments Map

i

'	 Figure 28 shows both the curvilinear and rectilinear lineaments

that were supported by lineaments identified on all other independent

lineament sources. It is a composite of Figures 26 and 27.
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Maps of Indicative Lineaments and

E Geologic conditions

Figures 29 through 35 show Figure 28 superimposed on geologic, aera-

magnetic and gravity maps of Minnesota.	 The maps have been 	 laced in^	 5r	 Y	 P	 p	 p ``'	 ^,:

order from highest to lowest probability for association between .

lineaments and geologic conditions.

11

r

5.
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;.:... i^^^	 --'.':; i-	 ,:., - 3'	 ẁLCM(^_.^_r... ,st. 	 ,*^+Y'	 ^.^'	 fie'' :..J. . ::	 /.r:,



1 I

C44 .... .
. . i	 >•f4xlsaota t3ltobdc31 SCtYOy	 .

Wtt WO-Ohe[x

J	 ----too,
OPaeh Mot of the fhicknoos Ot unaonnolldatud n Iorlala`-.,	 4 JfY	 /+	 [=om ground surfuev to W10— of had hadreck

.	 ^	 ^	 _	

^'

	 r•	 .3fD
LMA11 n r! Mlt hulas 0t11 MPIh la aii 4v ck in fo 4

Kiloniolottt

-.	 A.	 t X} 	 44^

s

	

ktrtwso	
SPPCa AdmWStrallon	 I

	

and tho Spaeo BelOnep Coxp. lk^rorJry e!	 to 	 I

Figure 30: Indicative lineaments superimposed on the Minnesota
isopach map of the thickness of unconsolidated sediments.



0	 R11tos	
60

0

Kffamao...

C45

`i L

"WaWa anclamcal army

UrgVewly W A-Macta
"Ati W.1- Ok.u.

—F

.. ^ te
r— ^ ^ y ''}1 ((, _ s ^

	 `_	 _	 _.,

,
t3

J.

N4

C1 1" ,	 1 0

..	 07

W'b—,T,

ft

L rte:

mpwaa Win appal from an Natlor-J Aomaullaa and Space A&mbitrw-
and "* space Seknce ,enter. LkMrslW W Mmewto

Figure 31: Indicative lineaments superimposed on the Bouguer Gravity
map of Minnesota.

f.

4^T
	

A



C46	 Lj

.,	 ..	 AilfaliatA 6aNaatasl ^rveY	 -
t!lYraoaily o! ASIYlayetp 	 -	 -	 ^... ^ .

1

v	 I

nePWM V 111 6tWW dmo No NatICTW AMMU1ba and CoateAdnilistratlon
and t110 B I., :a Science Cecile?, Oinnay at 6Ynwsota 	 I.

__' 	 Figire 32: Indicative .lineaments superimposed on the Aercmagnetic map .	f
of Minnesota. z

.i,

wi-



C47

Vi 

I.9WO50ta GOC1001CW GUMV

WhImMy of hinwwta
W11 W.Am DVW"

^ ^	 1

Op GC111AP to	 AGet P
	 I'S

-QUALrry
-7

.

A

MIIOB

o

PIOD.Od with %CPO" trom aw Hatiored AM^andWCD a SD46D Adffftftlrafkmw 

th. Smeo 60o COM01. Lh"ditV 01 Mamwin

Figure 33: Indicative lineaments superimposed on the Minnesota map of
bedrock topography.

...... . — --------------



d

C48

j i	 1,91111es61a [ieelepltel- Sway	 -	 - -	 -	 -	 -	 -

f

.^	 ^	
alt	 ^._	 ,^

a
1

` `.	
.{`,^ 

•	 •••••• Buried VnlleY

Fauli

	

x	

o	
Moos.	

so

KILamajorn

1

- j	-	 Prepared wdth a*port hem Itw NatlorW AorenwlYs aM Spew Admlrtstrollm

i	 - -	 -	 -	 and the Space 8tl Im Cuter, U*ffallY of MiMOnla

Figure 34: Indicative lineaments superimposed on the map of	 ^l
recognized faults and buried valleys in Minnesota.	 oL'



of

C49

hYinea¢!a 6aabplcel SvYQY

	

Ik^verptY Of himoa¢ta 	 ..
Wtl WL'19S LFactor	 -

9°.

®F
ORIGINAL STAGE IS

C ^ y r i" hr_^^j`T^	
^	

h^ c r V 7 rX^^a	 ^.

v 
n

+ 	 +	 ° 	 CRETACEOUS

+ +	 <

+ ++ ++ t , ++ 	 JURASSIC

++ +	 + + +	 'DEVONIAN

+ 	 ORDOVICIAN

16 0

	

' 	^ -}' i
	

t t	 ^ s r ^^ 7JrI`-
4	 •F	 E

t +	 CAMBRIAN

+
11	 \	 1+t+	

UPPER PROTEROZOIC	

i

+ +++:

+	 ++
1

MIDDLE PROTEROZOIC

UPPER ARCHEAN
fT^f^C^i

MIDDLE ARCHEAN

	

7 S w	 Ly

	

f n .:'.	 v.. 7	 ry	 hRloa

li	 r L r	
^ 	 0	 UO

fSllom arof 0

n
y. .

960
	940	 92	 1.

Craparod w4h VZOW from tho NAVOr.Y Acm ufica ¢R) Spaco Adr"Ilratron	 }
and ft 5pa¢¢ SCJCMQ COMM UrgwfrJIY o! hirll Wa	 41

Figure 35: Indicative lineaments superim posed on the Bedrock Geologic
map of Minnesota.

i^



lineaments useful in gathering and interpreting data about the geology of 	 ^.

the state. When the pattern of interdependence between geologic parameters

and the "indicative" lineaments is established, it would be useful to review 	 ,.

the preliminary lineaments for similar patterns.

f
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DETERMINATION OF DETECTziBILITY LIMITS

IN LAKE SUPERIOR THROUGH THE USE OF

LANDSAT DATA

Investigator: Dr. Michael Sydor
Physics Department
University of Minnesota, Duluth

BUDGET OF PARTICULATE MATTER IN LAKE SUPERIOR

Our investigations over the last two summers have been generally

directed at a determination of threshold detectibility levels for sus-

pended solids in lakes and the establishment of turbidity reference

zones for Lake Superior. The studies were meant to provide preliminary

information necessary for the use of L41MSAT data in a determination of

the lakewide long term particulate budget.

The need for understanding long term dissipation and budget of par-

ticulates in lakes is quite critical. Bierman and Swain (1978) point

out that the actual retention tines in the Great Lakes for DDT are far

shorter than the tunes previously determined on the basis of the com-

pound's half life. The chief reason for the rapid removal of DDT in the

Great Lakes appears to be associated with particulate settling rates.

This is not surprising since the association of particulates with contam-

inant and nutrient concentrations in lakes was ,reported in studies of

the red clay in the extreme western Lake Superior where it has been found

that the red clay particles have the ability to scavenge pollutants out

of the water column (Bahnick, 1975).

U2ie determination of the concentration levels of organic and inor-

ganic particulates is in general important in the assessment of water

i

J. :.. _., ...r. 3 *^r	 .'^"r	 e. - i .^-..'"'-c,t.^'i^5	 .t.f~.yJ,f:^ i	 t..,	 r r.	 - -
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quality and productivity of lakes. It is thus constructive, for resource

management purposes, to devise accurate ways for determining the long

term balance of particulate matter for the lakes. Numerical modeling of	 )

the lakes, backed by remote sensing data to ensure realistic results, is

really the only feasible means of addressing the problem in large scale

systems such as the Great Lakes and the seacoast. However, before remote

sensing data can be utilized effectively, it is necessary to calibrate

and interpret the remote sensing data properly. We have shown previously

that determinations of suspended loads in clean lakes or in oceans re-

quire the establishment of the true background turbidity for an entire

system so that the intensity levels above the background in satellite

data for any area can be properly correlated with the concentration of

the suspended solids above the general background (Sydor, 1978). Small

discrepancies in background can produce'substantial. changes in the esti-

mated contaminant loads. on the other hand, subtle changes in background

may provide significant information on the particulate budget balance.

This can be seen from our results for the past two summers.	
i

During the Lake Superior cruises (summers of 1977, 1978), turbidity

levels for the lake were determined and are shown in Figure 1. The high

values near the shores are a consequence of turbidity sources in these

areas. The midl.ake values represent the results of repeated sampling

obtained during successive summer cruises and are, therefore, believed

to represent true background turbidity levels. it can be seen that this

background turbidity decreases from west to east. The difference betcaeen

the turbidity backgrounds of the western and eastern halves of the lake

appears to be persistent and is significant, since it is related to the

residual annual input of fine particulates into sake Superior by the

r^
L



Figure	 Lake Superior Turbidity (NTU).
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turbidity sources in the western half of the lake. The background sus-

pended load in sake Superior thus appearsto have a steady state gradi-

ent directed frost west to east_ The relationship of this background to

the residence time for particulates in the lake is a crucial question in

studies of particulate budget.

In addition to the determination of the background turbidity levels

in the Lake, the study'of the long term approach to a particulate balance

requires the establishment of turbidity reference levels at various points

around the lake which can be used to check turbidity calibration curves.

Areas useful in establishing these reference levels are found in certain

embayments which have broad, reasonably stable suspended loads near the

threshold levels. Jackfish Bay, Huron Bay, and Batchawan. Bay usually

provide good reference areas for sake Superior. The average suspended

loads for several Lake Superior embayments, together with some typical

water quality parameters, are shown in Table 1.
t

Although we have begun addressing some of the basic problems in the

threshold for the detectability of suspended solids from lab)DSAT obser-

vatiol= t, much further work is needed before 'these observations can be

applied to an entire lake. our previous studies have, in general, dealt

with problems concerning specific meteorological events. Such investi-

gations examined the onset of turbidity and the transport of turbidity

as a function of winds and precipitation. We have shown, for instance

(Sydor 1976), that a statistical analysis of LANDSAT data provides the

1 most accurate determination of fine particulate input into large bodies

)f water, and that remote sensing of the near shore turbidity provides 	 ^(
z	 z	 #

I	 an accurate method for the determination of bank erosion. (The method

hinges on the -treatment of the shoreline as an ensemble of sources, 	 },

V
3



which under action, of waves and currents contribute to-the general tur-

bidity of the near shore zone) .

Our present endeavor, the discussion of a long term budget for par-

ticulate matter in large water bodies, deals with the dispersal of tur-

bidity as the steady state is approached; that is, the dispersal of tur-

bidity at times long after the effect of an individual meteorological

event is discernible. The steady state problem requires, as ground truth

information, the back-scattering of light by particulates in low concen-

trations where the origin of the particulates can no longer be traced to

specific plumes. Also required is a much more detailed knowledge of the

composition of samples in terms of their optical properties, so that

threshold detectibility levels from remote sensing can be related to the

steady state concentration levels of veri.ous species of particulates in

the lake. Such detailed information was not needed when working with

plumes, where easily measureable parameters such as conductivity and per-

cent volatiles could give a reasonable estimate of the contribution to

turbidity due to a particular source or effluent. The methods used for

plume studies are not suitable for lakewide studies because of consid-

erations for Logistics and cost, since the steady state problem relates

to the overall lake conditions, it is generally necessary to examine a

large number of samples. The usual low concentrations of suspended

solids in open Lake azeas also require that the samples be large enough

-	 to ensure sufficient quantities for analysis. The usual chemical and

3	 Y
electron microscopy methods required for sample analysis are expensive,

making costs prohibitive for lakewide studies. Furthermore, chemical

analysis is not really appropriate at these low concentrations since the

relationship of chemical parameters to the scattered light is statis-
E	

, ;
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Lak Superior mitbayments L'

r

Sulfate Chloride Silica Total Phos" suspended
'.1

.. -
tiLocation mg/a mg/k mg/^ pharous-3ig/9 Solids "m9/k

Batchawana
.2.9...	 .. 2.4 1.9 9.0 0.8

3..0 1.0 1.9 5.8

7 - 0

1.3

; .1.72.9 1.1 .2 .0 "

2,8 0.9 1.-7 4-;8 

3.2 1.3 1.9

.

S.D ., 1.2

. Ontonagoxx E4.8 1.8 7. 5 126 .

s 2.9 2.1 3.2 38.2

3,0 1.8 2.5 14.5 2.8

2.8 2.0 2.1 10.0 1.3

a 2.E: 1.8 2..4 9.5 .. 1.6
,. 2.7 .8 2.0 6:0 0.9

it Jackfish Bay 2.9 2.7 6.5` Q.7
i

-.. 3.0 . 2.5 , 2 . , ^.. 3.3 . 0.5 . jj

3..8 2.4 6..5 0.9
1.8

{I
Whitefish Bay 2.8	 - 1_ 3 2.. 4 2.6 0.6 1

` 2_7 5.3 2.1 4.0

3.0 2.5 2.2 3.4 0.5

h s 24.0 3.5 2.3 20.5 1.7
L e

! 5 , g 2.9 8.0 1.4
t

E Huxon Bay 3.0 1.5
, , 2.4, 7.2 1.0

' 2.6 1.5- 2.4 6.1 0.7

1. 0
J 0.6

0. 7

2.8 2.1 1.4 6.5 0.7

,a t{
x,

i

-

t'^-
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Table 1. .(continued)

Sulfate Chloride	 Silica Total Phos-- SuspendedLocation xn9/Q mg/Q	 mg/p. ph-,)rous--fig/!z
3Solids mg/P.

2.4
1

<0.5
X0.5

2.4 2.5 e
2.4 2.6 3

Michipicoten X0.5

Thunder Bay 2.6 0.5
2.6 0.7
2.6 0.8
2.6 0.7
2.6 0.7
2.7 0.9
2.6 0.7
2.6 0.7
2.6 0.4
2.6 0.5
2.6 0.5
2.6 0.6
2.7 0.6
2.6 0.6
2.6 0.8
2.6 0.9
2.7 0.51
2.8 0.9
2.8 3.3
2.6 0.8
2.7 0.8
2.6 0.6
2.7 0.6
2.6
2.8.
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Table 1. (continued)
s

Location	
Sulfate	 Chloride	 Silica	 Total Rhos-- Suspended
mg/R	 mg/k	 mg/.0	 phoxous-ug/£ Solids mg/.t

f

Black Bay*	 2.9 2.7
a

2.8 2_7
I

3.2 2.5 ..

3.1 1.8

2.9 3.1
.

2.8 3.6

3.1 4.0
'.

^

3-1 4.3
-

1

*Black say is susceptible to xesuspension and as such coxzstitues together
with western Take Superior an interesting system for satellite studies of
resuspension due to waves versus resuspension due to currents. This problem
is of paramount importance in Lake Erie_	 But Lake Erie does not have places

I^where the effects can be clearly separated. j

'	 tically uncertain and time dependent. 	 Electron microscopy, on the other

hand, suffers from statistical uncertaint-Aes because of sample pre par-

ation and the time required to count statistically meaningful numbers of
3

particles for a determination of the concentrations of various species

of particulates.

	

in order to overcome these difficulties, we have developed a quick, 	 1

inexpensive optical method for analysis of ground truth data on sus-

pended solids.. The method consists of an optical categorization of tur-

bidity samples particle by particle. in this method, particulates are

^i

	

	 identified by their light scattering pattern. A particle illuminated by

a beam of light scatters photons in various directions with intensities

which depend an the size of a particle, its shape, its relative index of

k 4

a
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xefract^,onr and its orientation ire the beam'. 	 The scattered light enve-

lope is thus characteristic of the physical properties of the particle.
E
^

UJ In our apparatus individual particles drifting through a tiny volume of

space are viewed simultaneously'by several detectors.	 The set of.sig-%

`- nals from the detectors are fed into a microprocessor-computer which

i' automatically indentifies the set of simultaneous pulses as those belong-

ing to , a specific scattering envelope characteristic of a certain species

..:,; of particulates.	 Thusr.by counting the abundance of various species of

particulates, we can determine the composition of the suspended solids
e
r on a statistical basis in terms of broad optical characteristics which

r

relate to categories such as red clay, taconite tailings, and organic

jfibers associated with tannin hater. 	 The apparatus is calibrated-.using
r

Gthe .scattering by samples containing individual, species and electro n

microscope data on the shape of the particulates wthin that species_
t

'
The advantage of the :optical characterisation of samples by this

means lies in the fact that the satellite data itself consists of the

i information which is equivalent to the data observed in the scattering

apparatus at one angle (integrated over many particles). 	 Thus the opti-

cal scattering apparatus can be arranged to have a detector at an angle

relative to the incident beam which corresponds to the angle between the-

incident sunlight and the light scattered to the satellite. 	 Then the

information from the detector can be directly correlated with the satel-

lite data (i.e., the apparatus can predict for any band what fraction of

the satellite signal is due to various species of background particu-

lates).	 The details of the method are given in our paper entitled "Ana-
i:

1 sis of Suspended Aids 	 Single Particle Scattering".y	 p	 Y	 "rJ	 g	 This paper,

R

I

- r-
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which has been accepted for publication in the Journal of Applied Optics,

January 1979, is appended to this report.

The method described has far reaching consequences for the remote

sensing of suspended material in lakes. Thus fax, we are just beginning

to apply the technique to the overall study of the budget for particu-

lates in Lake superior.

Using laboratory results on backscatteri.ng and the. infor=ation on

background intensity levels over Fake Superior determined from LANDSAT

observations, we were al)le to determine threshold detecti.bility levels

for some species of particulates in the lake. The results for red clay

are shown in Figure 2. The results indicate that the limit on detect-

ibility of red clay by LANDSAT is 0.5 mg/l_* Thus LANDSAT observations

are at the limit of usefulness for particulate budget studies of western

Sake Superior, and not useful for midlake studies. LANDSAT observations

can, however, provide the geometric resolution and concentration measure-

ments necessary to establish the ?nitial boundary conditions in studies

of particulate budgets. Nimbus G data, which provide higher accuracy at

low signal levels, can then be used to supply the information needed for

numerical simulation of particulate dispersal as steady state conditions

are approached. The essential feature of the mathematical treatment of

---	 ----	 _ f	 f
*The turbidity in NTU has been found empirically, to be linearly related
to the suspended solids (s-s) for low concentrations of red clay particu-
lates(Sydor NGL 24--005-263). That linear relation will be expected
to be approximately tree for other types of suspended solids in the con-
centrations with which we are concerned. We use the emperical. relationship

.,t	 SS _ (mg/liter) - 0.9 x NTE7	 0.4
which has been found to be valid for concentrations of red clay particu-
lates in the range (0 c NTU < 10) as an approximation for judging the
limits of detectability for the suspended solids corresponding to the

(	 values in NTIT shown in Figure 1. We thus find values for SS ranging

I	
from .528 mg/l to 1.12 mg/l.

s
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the dispersal hinges an the ability to crosscheck the results of numer- 	 u{i

ical models at the intermediate concentration levels. LANDSAT data can

provide such a check over western Lake superior where valid comparison

of the LANDSAT and Nimbus G data can be made for common overflight days.

This will be the subject of a continuing investigation. If successful,

this will give a method and model which will be applicable lakewide at

reasonable costs.

LITERATURE CITED

1. Bierman,, V.U. and W.R. Stain 1978. DDT Loss in Low Lipid Fishes in
Great Lakes, 21st Conference on Great Lakes Research, Windsor, Canada.

2. Bahnick, D.A. 1975_ Chemical Effects of Red Clay on Western Lake
Superior, Final Report CLSES Contract Publication 35, Univ. of Wis-
consin, Superior; superior, Wisconsin 54880.

3. Sydow M 1978. .Analysis of Suspended Solids in Lakes Using LANDSAT
Multispectral Data, Canadian J. of Spectroscopy, v. 23, 3, 91.

4. Sydor, M. 1976. Red Clay Turbidity and its Transport in Western
Lake Superior, Final Report B.P.A. Grant R-005175--01, Dept. of
Physics, Univ. of Duluth.

1

;d

} fa



r	 Light scattering by. individual particulates is used -in a mul.tiple-

detector system to categorize the composition-of suspended solids in
j

terms of broad . particulate categories. The scattering signatures of

red clay,-and taconite tailings, the two primary particulate contaminants

in western :Lake Superior, along with two types of asbestiforsn fibers,

'amphibole and chrysotile, were studied in detail. A method was developed 	 i
..to:predict the concentration of asbestifoxn, fibers in filtration plant	 a

samples for which electron microscope analysis was done concurrently.

i

i

^
T

s

Fiber. . levels as lots as 5 . x .104 fibers/liter Caere optically detectable.

The method has application in optical. categorization of samples for

remote sensing purposes and offers a fast, inexpensive means for analyz-

ing water samples for specific particulate contaminants.

INTRODUCTION

Single particle light scattering has received much attention as a

s

	

	 means of sizing, sorting, and identifying microscopic particulates. Tech-

niques have been developed, for example, to identify and size bacterial

1.	 •cells in both flow. through systems and . suspensions. 2 Scattering as a
4i	

....

function of particle size and indexof refraction has been extensively

studies for spheres, 3 f 4 circular cylinders, 5 r and ellipsoids. Recent 	 ^.

i--- - -
*Work supported by E.P.A. Contract No. R804361-02--0 XASA Grant 	 1,
NGL 24-005-263..	 C:'
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work has dealt with the dependence upon particle shape and orientation

to the illuminating beam. 6 , 10 	Although the theory is complex for par-

ticles of widely varying shape and size, the problem can be approached

experimentally.

lie prP °.,ent here the apparatus and method for determining the con-

centration of various particulates in an aqueous suspension. The par-

ticulates studied are of a type commonly found in bake Superior and in

filtration plant outflow which uses the lake as an intake reservoir. The

particulates consist mainly of fine red clav, taconite tailings, asbesti--

form fibers, and organic debris. The particles are identified on a statis-

tical basis using the relative distribution of light scattered by indi-

vidual particles drifting through a narrow light beam. The use of two

or more simultaneous detectors provides particle shape information which

can be utilized to determine the concentration of a specific particulate

in a sample of suspended solids.

f

I	 APPARATUS

{

	

	 A diagram of the apparatus is shown in Figure 1. A laser beam which

is focused to a diameter of .1 r= passes through a water sample contain--

ing suspended particles. Six photodiode detectors are mounted around
r

the sample at the angles -+- 45 13 , + 90 0 , and -+- 135 0 to the indident beam.

As individual particles drift through the beam, the resulting scattered

Light produces a signal at each detector output which appears as a series

^	 of pulses of various sizes and shapes with an average width of .2 -- .3

it
i	 seconds.

;i
A lens in conjunction with a narrow aperture increases the light

gathering ability of each photodiode yet limits the length of the beam

t4 _'	 , ,,
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viewed by the detectors to 1 sera. This, together with the narrow beam

diameter, ensures that usually only single-particle events are viewed by

the detectors at any time. In addition, since each lens subtends an

angle of about I0 0 , all the light scattered in a cone toward the lens is

detected by the photodiode, producing an integrated signal which smooths

out the narrow angular variation in the scattered pattern

initially, an analog to digital converter was designed tc simulta--

eously sample any two of the six detectors at a 15 Hz rate (by integra-

ting for 1/15 sec), and transmit the data by telephone directly to a

computer where it is stored for analysis. Subsequently, the data record-

ing was extended to three simultaneous detectors and a 60 Hz sampling

rate.

ANALYSIS METHOD

In considering the scattered signal by examining simultaneous pulse

heights for the six detector's many sampling schemes were possible. T-ni-

ti.ally, we chose to limit most of our research to the four pairs of view-

ing angles: + 45 0 , 90 0 , + 45 0 with - 135°, and + 45° with + 135 0 . The

polarization plane of the laser beam was always held perpendicular (ver-

tices!) to the plane of the detectors. The parallel case was also examined

but will not be discussed here.

Once data files were created for a sample, all the advantages and

options of the computer were available for data anlysis. A program was

written to search each digitized detector output for a repetitive base-

line to use for the detector zeros. The program then searched the data

i	 for peaks. Once a peak was located, its height and the level of the

signal in the accompanying detectors were stoned in memory_ However,
1

r	 .,
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only events which exceeded a predefined cutoff set sufficiently above

the noise level were stored. if the accompanying detectors also pro-

duced a peal-, i. e., if the peaks occurred si mill ta- .aeously, the zero-

corrected peak heights were stored together and labeled as "coincident."

Otherwise, the event for a given detector was labeled as non-coincident.

In order to reduce the uncertainty between the measured and actual peak

heights due to the finite sampling rate, the stor,.d value for the peak

height was averaged over the adjacent digital sampling times.

Computer files containing the peak heights and corresponding co ^i--

cidence information were created from the original digitized data for a

variety of different particle types. Red clay and taconite tailings, the

two chief particulate contaminants in western Take Superior, along with

two types of asbestiform fibers, amphibole and chrystotile, were investi-

gated in detail. The average lengths and diameters were respectively

1.7 T= and .2 gm for the amphibole fibers and 2.6 iim and .04 gQn for the

chrystoti.l,e fibers. However, the lengths of both types of fibers were

not normally distributed and most of the fibers were under 1 ltm in length_

Although the tailings consist of roughly 10 - 20 percent asbestiform

fibers which are primarily amphibole, most of the tailings particles are

blocky irregularly-shaped debris_ The reC clay and tailings were both,

roughly sized using centrifuge techniques to less than 2 lim in average

dimension. (Particles in the micron size range are of special interest

as lake-wide contaminants of drinking water.)

Peak--height frequency distributions for the + 45 0 detector pair can

be seen in Figures 2 and 3 for rep clay and the chrysotile fibers. The

plots were generated by sorting the scattering events into a 21 x 26

element array with maximum peak--height along the vertical axis and peak

,P
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ratio along the horizontal axis. 'or coincident events and symmetrically

located detectors the peak ratio teas defined as' the ratio of the smaller

t, F	 to the larger of the peaks round at th,.^ two detectors, resulting in ratios 	 i

always less than one. ror the non-coincident events the ratio values

were taken as the level of the detector at which no peak occurred divided

by the peak height found at the opposite detector. "Off-scale" events

Were summed into appropriate locations at the array boundaries. To ease

comparison between particle types, the arrays were normalized by dividing

the number of events in each element by the total number of events. Thus

each contour line in Agures 2 and 3 represents a line of equal event

probability given in percent.

The fact that the general shape of the distribution plots of rigures

2 and 3 are similar for the two particle types is not surprising when one

considers the irregularity of particle shapes and the character of the

scattering distribution for Mie-sized particles. 4112r13 For instance,

under the electron microscope the red clay particles appear as izxegularly--

shaped globules and platelets which can for some orientations scatter

light in a fashion similar to that of the fibers. The wide variation in

particle size and shape tenets to wash out any pronounced characteristic

features of the scattered light unique to each individual category of

particles. In addition, the general shape of the plots is in part the

result of.the apparatus and Method of analysis.

However, significant differences do exist between the particle types.

As seen in Figure 2, the red clay produced over twice as many coincident

events with ratios near 1.0 as did the chrystotile fibers, or either of

the other two particle types. This by and large reflects the more

spherically-symmetric nature of the red clay particles. in contrast, a
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comparison of the non-coincident distributions of Figure 3 reveals a shift

toward low ratios for the chrysotile fibers with a concentration of events

at the ratios of .2 and .5. The amphibole fibers behaved in a similar
i

but less pronounced manner to that of the chrystotile fibers, yet yielded

a few identifying characteristics of their own.

Large differences between the particle types Caere also observed for

N.`. : t

	

	 each of the other three detector pairs. Peak-height frequency distri-

butionsfor the + 45 0 and - 135 0 detector pair can be seen in Figure a

1	 for the red clay and chrysotile fibers. (Only plots for the non-coincident

events which occurred at the - 135 1 detector are shown..) The magnitude

of the peaks detected at - 135 0 were plotted against the simultaneous

output of the + 45 11 detector. The large concentration of events at low

peak-heights on the fiber plot is over four tunes greater than that of

the same area on the red clay plot.

A comparison between each of the four particle types is shown in

Table 1 for the 4 45 0 and - 135 1 detector pair. The three values listed

for each particle type represent the percentage of events located in the

high-frequency area of each of the three distribution plots. Thus, for

example, the differences seen in Fide d between the red clay and chryso-

I^

	 tile fibers are evident in the table under the non--coincident at -- 135

z:	 column where the percentage cf chrysotile fibers is over t;sice that of

red clay. As expected, the largest percentage of coincident events

belongs to red clay. Actually, the peak-height distributions could be

further divided and refined to yield even more pronounced differences

!J	 between the particle types. Furthermore, the individual constituents of

a mixture of these particle types could be identified on a statistical

basis using the event rates in the various pulse height regions.
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Coincident	 Non-Coincident
>:	 j--,,	 Fes.

	

Events	 Events at + 45

ii	 Red Clay	 21.3%	 43.1%
9a

is

j	 Tailings	 17.3%	 48.0%

Amosite

	

11.5%	 57.1%
Fibers

Chrysotile	
10.1-0 23.9 %

Fibers 

°q '!	 QUANTITATIVE FIBER IDENTIFICATION

Non-Coincident
Everts at - 135 0

17.1%

10.8ro

12.9

a2.Oro

l; Consider subdividing the distribution plots into n regions for a

sample containing unknourn concentrations of n distinct particle types.

Assume the distributions were not normalized and that the regions were

chosen so that they behave in a linearly independent Fashion when the

concentrations of the various particle types are independently varied.

Within the accuxacy of the event--rate statistics, it can be shown that

j'
the concentration of any one of the particle types is given by a linear

sum of the n even rates, i.e., the total number of events per unit time

obtained in each of the n regions:

l)	 C = aNI + bN2 + cN3	. + dNn

where C is the concentration of interest, and N , 	 , N	 are the.	 ^,. I	 n

event rates of the n regions.

The necessary coefficients, a, 	 , d, could be obtained by test-

`' i3n.g each individual particle type present in the unknown sample, and then
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L,

E_J .

be impractical, hoxmver, especially if one. is only interested in the

level.of a . specific .. contaminant. Another. approach is to test samples

which contain various hmmm amunts of the particle type that one desires

to identify and which also contain independently varying amounts of the

r 4	 other background particulates. Isolation of the optical characteristics

for. .a givm particle category is then possible, provided the number of

calibration samples exceeds the number of particle species. Linear-
=.E

regression analysis can then. be used to fired the set of coefficients in

equation l) which gives a least-square fit to the measured concentrations

of the known particle type. The number and the manner of subdivi.s' )n of

the pulse height regions chosen can be refined until a satisfactory fit

lr is obtained. it should be pointed out that if one uses az many variables,

i.e., regions, as there are test, samples, the linear regression will produce

an exact fit independent of the actual number of particle types. There--

fore, to obtain a statistically valid fit, the number of test samples

should be at least several times larger than the final number of variables.

One may also increase the number of simultaneous signal combinations

by using three or faux detectors to establish a region . in pulse-height

space which is highly selective of one category of contaminant_ Increas-

ing the number of detectors is considered later and does produce more

accurate identification. However, the advantages of using a minimum of

two. simultaneous detectors is quite. sufficient. .

To test the system's ability to measure the concentrations of a

specific category of particulate contaminant in samples with varying con-

VA

e^

i

j

1

it
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samples were filter effluent from either the main plant which supplies

the Duluth drinking water or from an adjoining pilot plant operation.

The primary fiber of interest in the water was amphibole, although

chrysotile fibers were also present in smaller amounts. The ENF data' for

the samples included the counting of all amphibole and chrysotile fibers

which could be positively identified using selected--area diffraction (SAS).

Other fibers were also counted provided they had the correct morphology,

such as nearly parallel sides, even though no SAD patterns were observed

or the patterns were ambiguous. (The usual 3:1 aspect ratio was used to

define the cutoff between fibers and non-fibers.) The total number of

fibers that were recorded per sample was usually less than 20, of which

only a fete were positively identified as amphibole or chrysotile. As

pointed out by Lei.nweber, 14 the statistical uncertainty for such low

numbers of fibers is extremely high, and the resulting spread in the data

makes it difficult to evaluate the quality of the mathematical fits. To

improve the situation, the lower concentration samples were. grouped and

averaged according to the number of observed fibers. The total. number

of recorded fibers was used in the calibration procedure_

Trial fits were first computed for each detector combination using

all of the coincident and non-coincident pulse height regions. Regions

of low significance were eliminated, regions which showed similar coeffi-

cient, were combined, and the fit was subsequently recomputed. This

iterative process was continued until a satisfactory fit was achieved

based on as few region combinations as necessary.

The + 45 1 detector pair produced the best attainable least--square

fit using only six variables. A plot of the fiber concentrations cal-

culated using the fitting equation versus the actual EF fiber data can 	 !

i'

e
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{
be seen in Figure 5. 	 With a standard deviation of only .42 million fibers/

liter, the duality of the fit is quite good, and suggests that the optical

i' scattering method, once calibrated with a sufficient amount of EM data,

is act-dally more accurate than the EM fiber analysis. 	 when the number of

region combinations is red^;ced still further, the quality of the fit
F 4	 i detQrorates somewhat. .	 for instance, a four variable fit was obtained

with a standard deviation of .61 million fibers/liter. 	 Even after averag--

9	 e
ing the samples each data point usually represented fewer than 50 fibers.

Assuming that the EM data fluctuations, are random and can be described

i
a

by the usual Poisson statistics, a best-case error of about + 15% is

implied.	 A similar source of error results from the statistical uncer-

tainty associated with the number of counts in each pulse height region.

-' Although for a typical sample as Many as 1000 events may .have been detected,

j once these are split into their respective regions and inserted into the

fitting equation, the possible accumulative error can become appreciable.

To improve the accuracy of the apparatus, the number of simultaneous

monitored detectors was increased.	 A microcomputer with its own multi-

channel A/D converter was added, and programs were written to simultan-

eously sample three of the six detectors at a 60 Hz rate instead of only

t -ro at 15 Hz as done previously. 	 The subsequent peak-height and coiaici--

u deuce information were used to form three-dimensional. event. distributions

'. which were then subdivided into regions for use as variables in the linear

r; regression analysis..

A second series of Duluth filter-effluent samples with improved EM

data became available and was subsequently tested.	 Figure 6 shows a

fit to the+_ six--variable least--square	 total fiber concentrations for the

second series of samples.	 For each sample 30 minutes of scattering data

r. u
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Figure 6_	 Comparison of predicted fiber concentrations versus electron
microscope counts for the 3-detector technique.
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was accumulated using the three detectors located at + 45° and + 1350.

Si.hce the samples Caere not averaged, about 30 90 of the data points each

represent less than 20 FM counted fibers, which accounts for much of the

point dispersion. Fo -r comparison, a plot of the total fiber concentra-

tions versus total particle concentrations is shown in Figure 7. The

total particle counts were obtained using a Hiac, Model PC 320, particle

counter operating on forward scattering principle. The minimum particle-

size detection limit of the instrument was 1.0 } gym (average particle dimen-

sion) The results in Figure 7 point out the uncertainty encountered by

using a single-detector counter for fiber level measurements and by assum-

ing a fixed ratio between the total particle count and fiber concentration.

For exampler an Figure 7 two of the points (marked by triangle) which had

nearly the same fiber concentrations differed in their total particle

count by over a factor of 200. In contrast, the fiber concentrations

of these same two samples were predicted accurately using the three-

detector fit.

The results show that suspended solids can be characterized optically

into broad category types using differential scattering by individual

particles. These characteristics can be subsequently used to dete=aine,

on a statistical, basis, the composition of samples of suspended solids.

'the results have far reaching- applications in the monitoring of filtra-

tion plants for specific particulate contaminants and in the optical

classification of samples used as ground truth in the remote sensing of

suspended solids in Lakes. 15 r 7.5 Possibil.iti.es for the optical analysis

of biological contaminants may also be practical..
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Figure 7_ Total particle counts by single--detector forward scattering 	 ; }';
method versus electron microscope fiber counts.
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Ll FIGURE CAPTIONS

Fig. I. Block diagram of . apparatus.

Fig. 2. Frequency distribution of coincident events at + 45 0 detectors

for chrysotile fibers and red clay.

Fig. 3. Frequency distribution of non-coincident events at + 45 0 detec-

tors for chrysoti.le. fibers and red clay.

Fig. 4. Frequency distributions of events at the + 45 0 and - 135 0 deter-
'

for pair for red clay and chrysotile fibers,

Fig. 5• Comparison Of fiber concentrations predicted by scattering
JJJ

k. versus actual electron mil aroscope measurements.

s ' Fig. 6. Comparison of predicted fiber concentrations versus actual elec-

tron..mi.croscope counts for the 3-detector technique.

Fig. 7. Total particle counts by single-detector forward scattering

method versus actual electron microscope fiber counts.
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ASSESSMENT OF FPMZE--OVER FROM

LANDSAT IMAGEFY AND WEATHER	 i
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Mineral Engineering
it_ Anthony Falls Hydraulic Laboratory
University of Minnesota
Minneapolis, Minnesota j

INFORMATION FROM LANDSAT D AGERY ON FREEZE-OVER

LANDSAT 1 and 2 images have been used to determine onset of ice

coverage of lakes in northern, central and southern, Minnesota. The

scenes are identified in Figure 1. They carry the identification numbers

Path 29, Row 27 (North), 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., from November 11, 1972 through January 17, 1976,

are shown in Table 1, (a) through (d).
a

Although the percentage cloud cover identified in Table 1 has been

appreciable, much information could be extracted from LANDSAT  scenes.

LANDSAT imagery was acquired in the form of 9 x 9 black and white prints 	 a

(Band No. 6) and for cloud covers up to 90 percent. Examination of the

images under a magnifying glass shows ice covers quite clearly_

From 10 to 30 lakes were selected an each LANDSAT scene. The Minne-

sota Sake Inventory provided the name, the range, township and section,

and an identification number for each selected lake. This information 	 '.

was subsequently used to find the median lake depth and the lake surface
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TABLE 1 {a}.	 Available LANOSAT Scenes, Fall 1972 TABLE 1.(b). Available EANOSAT Scenes, Fal1 1973

Borth north

Rate Quality Claud Cover M Date Quality Cloud Cover (n)

11/11172 Excellent 90 10/19/73 Excellent. 50

li/2'"/72 Excellent 10 11/06/73 Excellent 30
100" 12/17/72 Excellent 90 11124/73 Unavailable

1104/73 Excellent 30 12/12/73 Excellent 90
12/30/73 Excellent 10

1
Average 55

Average 55

` . Central

Central

Date Quality Cloud.Cover (a}

Date Quality Claud Cover 10120/73 Unsatisfactory 10
71/07/73 Unavailable IOU

1 ^' 11/30/72 Excellent 60 11/25/73 Unsatisfactory 90

12112 172 Excellent 50 12113/73. Excellent. 20

1/05/73 Excellent 0 12/31/73 Unsatisfactory 20
1/18/74 Unsatisfactory 70

Average 37
,

Average . 52

`

South

k	 i South

Rate Quality Cloud Cover (e)

if Gate Quality Cloud Cover {A) 10/19/73 Excellent 10
1	 ., 71/06/73 Excellent 20

11111/72 Excellent 90 11/24/73 Unsatisfactory 90i
r 11/29/72 Excellent 10 12/12/73 Excellent .. 50

12/17172 Excellent 20 1/17/74 Excellent:fi0

1/04/73 Excellent 20 Average 45

Average 35
1 ^

H

a^^
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Y
THE 1 (c). Available LANDSAT Scenes, Fall 1974. TABLE l	 (d): Availabl e. LAUD5AT Scenes, Fall 1975 --

!forth
North

Date Quality Cloud Carer {^

10127/75 Fair:. 90

Date Quality Claud Cover (Z) 17!05175 Fair 9Q
31/14/75 Fair _	 10

11/19/74 Fair. 90 11123/75 Fair'' 60

12/07/74 Excellent BD 12/02/75 Unavailable 7C0

1124/75 Fair 90 12111/75 Unsatisfactory 70
12/20/75 Unavailable'' ICU

Average 87 12/29/75	 ;. Fair `90
1107/76 Fair: 20

Average 70

Central

Central

r
Y Rate Quality Cloud Cover (5)

Date Quality Cloud Cover (^)
10/28/75 Excellent E3

71102114 Excellent 40 11/06/75 Excellent 90

17/20!74 Fair 90 11/15/75 Fair - 9D

s	 y ;,'
12/38/74
12/26/74

Unavailable
Unavailable

100
100

11/24/75
12/03/75

Fair
Unavailable

30
100

1/13/75 Unavailable 100 12/12/75 Excellent 20

1/31/75 Excellent 40 12/21/75 Excellent 20
12/30/75 Excellent 40

Average B7 1/08/75 Unavailable 100
1/17176 Unavailable 90

Average 66

South

South

Date Quality Cloud Cover ,w)
Date Quality Claud Cover {X),

10/27/75 Excellent 0

11/01/74 Excellent 50 11/05/75 Fair 10

11/19/74 Fair 90 11/11/75 Excellent 30

12107174 Excellent 30 11/23/75 Fair 70

1/24/75 Excellent 8D 12/02/75 Unavailable ICU
12/11173 Unsatisfactory 90

Average 63 12/20/75 Unavailable 100
12/29/75 Fair 80'
1/07176 Faire 20
1116/76 Excellent 1Q

Average 49

d
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(a).' .	halt' open

.: (d)	 nearly closed

i s(e)	 . clo sea

^`	 I observations on ice coverage were tabulated.
E
€ Under 'clear sky, no difficulty was encountered in the interpretation.

Water appeared black and ice greyish white or whits on the images.	 In	 J

cases when light to heavy cloud cover prevailed, it was often difficult

to distinguish ice and snow from overlying cloud cover in images_ 	 In

such circumstances, no interpretation was made_

A.O. Lind (1973) in an early study already indicated the presence of

various .ice tones, patterns and arrangements of ice as well as open water

. in a LANDSAT image of Lake Champlain taken on January 8, 1973, 	 in Lind's

opinion, mss band 5 imagery provided the most useful data. 	 Lind states:

"I;tile it was notpossible to differentiate open water from one - two day

I_

old ice, it was possible to interpret the total signatures of the frozen

portion in terms of freezing history or age. 	 The dark gray tones of new
rf	 ^

I...

smooth ice were found to contrast with the medium gray tones of older ic,•
i

r

t and the rough texture. of wind- ;amotiici bat'.

'. During the study of the Minnesota lakes, the presence or absence of

ice covers was generally x-7-11 identified and fete instances of 4 ..joignity

were encountered.

f

I



Occasionally, a lake remained open even after all the surrounding 	
u

Lakes were closed in winter and thawed in early spring before all the other

lakes did. These lakes were receiving artificial thermal input and must

be treated separately in any analysis. A separate list of such water

u
bodies was prepared_

In addition, three weather stations in each LMDSAT frame were iden-

tified. They are also shown in Figure l.. Since the objective was to relate

weather to ice coverage, results on ice coverage were plotted separately 	 _.

for lakes located in the vicinity of each weather station.

Figures 2a, through 2e give examples of ice coverage for different

locations and lakes of different depths. Theoretical predictions for

dates of freeze-over are also plotted. The theoretical analysis is dis-

cussed in Theory on Freeze-Over. The effect of lake depth on the delay

in freeze-over is quite apparent. That delay was also determined theo-

retically. Not expected was the dependence on lake surface area. A

sample graph showing the dependence of ice conditions on lake surface

area was given in an earlier report. Sometimes lake depths and lake

surface 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 area). ice movement by wind is readily observed in large

lakes and has been described e.g., by Tsang (1974). A graph in which the

lake volume instead of the lake depth is plotted, was also found to be

useful.

^G
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Figure 2a.	 Theoretically predicted dates of freeze-over for laces as a ,{
{ function of their depth in the vicinity of Plinneapolis/St. Paul

in the Fall of 1972 (plotted lanes) and the observed condition
' of.a number.of lakes determined from LANDSAT imagery on the

indicated date.
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Figure 2b. Theoretically predicted dates of freeze--over for lakes as
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Figure 2d. Theoretically predicted dates of freeze--over for lakes as a	 ?^
function of their depth in the vicinity of Winton Power Plant
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of a .number of lakes determined from LANDSAT imagery on the-
indicated date.
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THEORY ON FREEZE-OVER

A mean seasonal.water temperature cycle of a lake can be approxi-

mated by the relationship 	 -

-1/2
T - Em +	 ^b AE 1	

2	 sin (wt - $)

Equation (1) is valid only for temperatures T 32 °F (O°C)	 (1}

The foregoing equation is derived from the mean annual equilibrium

temperature cycle

	

^^	 s

	

^^	 E = m + AE sia (wt)	 (2)

Equations (1) and (2) have been plotted in Figure 3. Equilibrium  temper-

	

-	 ature E is by definition that water temperature at tohich the net heat

transfer througA the water surface is zero. Equilibrium temperature can

	

F.: , 	) s
,.	

1

	_?.	 be computr.d from weather data, specifically air temperature, solar radia-

tion,dew point temperature, wind velocity and cloudiness ratio. some

actual data from an Environmental Protection Agency report (1971) are

given in Figure 4.

In Equation (1) t = time in days, w = 2w/365, m = K/pch, where K =

annual bu]J;i surface conductance, pc = specific heat per unit vol-

ume, h = mean depth of water body, I = the daily rate of artificial heat

input, if any and d = arctan ( ), Typical values for central Minnesota

conditions are Em = 49 °F, AE = 28°F, K = 80 BTU ft_
2
 day

_1 
°F-1,

pc = 62.4 ft-3 °F-1 and I = 0.

A lake will-freeze over, when T = 32 0 is reached during the cycle of

decreasing water temperature (3rd quadrant of the sinusoidal temperature
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r ^r
L_

it

Ely

32-E	 I
lag = w are tar_ 63 + I are sin m m

AE

_ a:

1	 3 
2 .. 

m marc sin
L!E

l ^-
w 2 1/2
m

(5)

cycle). If Equation (1) is solved for t at T = 32°F, the result is

L

32 -- E	 1/2
t=	 arc sin	

m m	
I±	 2	 + S	

(3)

AE	 m.

The right-hand side of Equation (3) depends on Lake depth h. A lake of

vdepth h = Q freezes over when equilibrium temperature teaches 32 °F or when

j	 I	 32 Em 
in

t _ -- arc sin	 14)

F  
Lake depth produces a lag in the freeze-over date. The lag isJ

Et

r
Function (5) has been plotted in Figure 5

The relationship shown in Figure 5 is for specified values of

E = 49'F, AE = 28'F, K = 80 BTU ft-2 day-] °F-1 and I = 0, which inm

essence describe mean climatological conditions in central Minnesota.

For other regions and specific years other numerical values would be

r	 obtained. Figure 5 does specify an order of magnitude for the lag time.

Since it reflects a nearly linear relationship it may be interpreted to

mean that for every foot of median depth the freeze-over date will be 	 4'

w	 delayed by approximately one day. obviously, the total lag between lakes
dJ

I

fx of different depths can add up to considerable lengths of time in terms

of days and weeks. Information from satellite imagery given in Figures

2a through 2e corroborates this information.

I;.
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Lam- = y	
Ell

The theory also indicates that
If.

a ' .lake will ` not freeze over at all if

e its depth exceeds a value which can be derived from the relationship

-1/2
2

Em 	E	 Z	 --	 32°F - !	 7.	 +
(6}:.

mt. s

The critical depth is
F t

1/2
K	 AE

hof	 -
-1	 {7)

WPc	 E	 +	 1	 -	 32
1

m
m

^t

I3INI7CASTSNG OF FREEZE-OVER DATES AND VERIFICATION USING DIAGERY

LANDSAT imagery provided the only means to verify the relationships

i _ 	 derived for forecasting freeze-over dates. Satellite imagery does not

provide a continuous freeze--over history of a lake. it rather provides
^'	 t

an occasional glimpse at ice conditions in an entire region. Typically

}	 lakes of many different sizes and depths are found in a region, and those
if	 l

which have open water can be distinguished from those which are ice-

b.	 covered. This information can be presented in the form already shoran in

Figures 2 (a--e) and can be superimposed and compared with the theory

' presented.
:Z

The forecasting of ice-covers would be made sometime in fall., when

the annual weather cycle is still incomplete. Estimates of the param-

eters; Em, AE and K would be based on weather data available at the time

r

of forecasting. Details on the relationships used to compute values

of the parameters E , AE and K from the individual weather station data+	 m

n ;	 can be found in A. Fu's M.S. Thesis (1979)_

l r '



erally satisfactory. The affect of lake depth on freeze-over-described

by the theory was also found in the satellite observations.

MEAN FIREEZE-OVER DATES FOR MINNESOTA LAKES

The forecasting procedure verified by using information from the

LikNDSAT scenes (Figure 1) for four years of observations was subse-

quently applied to all of Minnesota. The number of weather stations was

expanded from 9 to 19 to cover all of the state. The results of the

weather data analysis applied to the freeze-over theory are shown in

Figure 6 and Figures 7 (a-e). Figure 6 gives an approximate minimum depth

i.e., minimum mean depth of a lake which is unlikely to freeze over

completely in an average year. The value is an average of those found

for the years from 1972 through 1977 and reflects . the weather conditions

during that time. Figures 7 (a-e) give the average freeze-over dates for

,h

j

The effect of weather data limitations on. the forecasting is shown.

. in . Figures 2 (a-e) where forecasts (hindcasts) at the .end of four dif-

ferent months are compared with information from satellite imagery. It

can be '.seen that the forecastEreeze-over date shifts generally by one

to seven days as the season progresses.

The agreement between hindcasts and satellite.observations was gen-
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Figure 7b.	 Average freeze-over dates of lakes having mean or median ^3

depths less than or equal-to 10: feet-
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May 1976 have been used to extract information on ice conditions in

spring.	 Average cloud cover in spring of 1976 was less than in the fall «

of 1975.	 This is typical also for other years. 	 The procedure for LAND-

SAT image interpretation was similar to that described earlier for the

fall of 1975.	 Results showing ice conditions as a function of lake depth

and date similar to those given in Figure 2 were plotted. 	 They showed a

very poor correlation of ice cover with depth.	 The reason is that thep

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 shorelines 	 and inflow of water from manor

} tributaries and overland flow are muchmore im ortant.	 Radiation andp

G_
overland flow, if at all related to lake morphology, would depend on

lake surface area.	 observations on ice coverage were therefore plotted

versoo, lake surface area.	 It appears that the spring ice melting is

very uniform in time and pretty much independent of lake size. 	 A theory

~.'. very different from that used for the freeze-over prediction is needed.

CONCLUSIONS	 f

a) LANDSAT imagery is the only easily accessible and extensive source

of information on ice coverage of Minnesota lakes.

b) Ice coverage affects water quality of lakes e.g., through oxygen

depletion, enhancement of sedimentation and interaction with ground-

water. It is a potential factor in toxic material transport. Cer-

tain .lake surveys require an ice cover. Removal of rough fish from

Lakes is often done just prior to ice formation.

c) Cloud coverage hinders the use of LANDSAT imagery. Usefulness of

satellite imagery in the falls of 1972, 73, 74 and 75 is summarized
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in Table 1.	 Average cloud coverage during the	 of lake iceperiod

formation in those four years was 59 per cent. 	 Nevertheless,

enough information was available to verify a theoretical model

for the prediction of freeze-over dates of Minnesota lakes.

The model is based on a seasonal heat budget and takes Into con- -

sideration lake depth. It was found that as a rule 
of 

thumb freeze-

over date was delayed by three days for every additional meter of

mean depth. A lake of 40 ft. mean depth would -therefore freeze

about 27 days later than a lake of 10 ft. depth.

e) The predictive model was applied to different regions of Minnesota.

The results are summarized in Figures 6 and 7 (a-e) . Lakes in the

northeastern part of Minnesota are predicted to freeze over first,

those in the Metropolitan-St Cloud area last. The lag for lakes

of equal mean depth but located in those two extreme regions was

[ I

predicted to be about 18 days.

f) The lag-times due to depth and due to latitude are cumulative. A

very shallow northwestern Minnesota lake would therefore freeze

26 days before a 20 ft- (mean) deep lake in the Metropolitan area.

g) The prediction of freeze-over dates at the end of the summer or in

fall may miss the real date by as much as a week due to the uncer-

tainty of the weather between the date of the forecasting and the

freeze-over date.

h) spring melting 
of 

icecovers observed on MNDSAT imagery bears little

relationship to lake morphology. A separate theory needs to be

considered.
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