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SPACE SCIENCE CENTER

PROGIMSS REPORT

January, 1980

This report covers research at the University of 12innesota from

January 1, to December 31, 1979.

Section A is a final report by T. M. Lillesand and L. F. Werth

describing the use of LANDSAT data to classify wetlands in the Upper

Mississippi River Valley. As the benefits of wetlands are recognized,

accurate maps of the wetlands are needed to implement a number of fed-

eral, state and local programs. They used both LANDSA T MSS data and

digitized infrared aerial photographs to recognize wetlands and to

classify them. There were inaccuracies in distinguishing some types of

wetland cover from non-wetland areas. However, it is relatively easy to

distinguish wetland from non-wetland manually; once that is done, the

more tedious task of preparing an inventory of types of wetland cover

can be done automatically with 87% accuracy.

Section B reports initial efforts by Dr. Lillesand and Douglas

Meisner to develop data analysis techniques which separate those activ-

ities requiring extensive computing from those involving a great deal

of user interaction. This will allow the latter to be done in the

user's office or in the field. So far, some programs have been written

to process images at the University Computer Center. An initial study

has been made of user interaction with color prints (instead of expen-

sive graphics terminals). Preliminary analyses of wetlands and forests

2



2

have been made, with tho goal of studying the analysis techniques. Some

relatively inexpensive digital display equipment has been purchased and

is now operating. Several cooperative projects with both state and fed-

eral agencies have already grown out of this work.

Section C describes work by Drs. Joseph Goebel and Matt VIalton and

the staff of the Minnesota Geological Survey. They combine several

different kinds of remote sensing data in order to identify bedrock near

the surface. While no single set of data nor mathematical. combination

of the data was able to indicate areas of bedrock within 3-15 meters

of the surface, they were able to develop a recommended procedure for

locating areas of near-surface bedrock.

The efforts of Dr. R. H. Rust and P. Robert of the Department of

Soil Science to evaluate moisture stress in corn and soybean crops are

described in Section D. As in previous years, their efforts were ham-

pered by superb growing conditions during the rummer of 1979. A few

areas received too much moisture, and these could be identified in

LANDSAT pictures.

Laboratory measurements were made of plant leaf reflectance vs.

moisture, and of the water content of various soil samples. LANDSAT

data from the summer of 1977 were analyzed. One difficulty with using

LANDSAT data for crop management has been the delay of two months or

more before the LANDSAT data become available. A cooperative project

with local farmers using color infrared aerial photography was tried. 	 s.

Although hampered by cloud cover, the technique showed enough promise

s
so that the farmers wish to continue the project. They will, in fact,

help to finance it.
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In section 11, Dr. Michael Sydor and his colleagues at the Univer-

sity of Minnesota-Duluth report their success using satellite remote

sensing data to. measure particle concentrations in Lake Superior. They

have been able to measure red clay, taconite tailings and tannin. They

also describe checks of the data for internal consistency. These checks

can warn of problems with atmospheric turbidity or of light scattering

from the water's surface.

I am also 'rxappy to report that a technique described in last year's

annual report, the work of Professor 1:. Stefan on using TANDSAT :images

k	 for reconnaissance of ice cover on lakes and reservoirs, has been

adopted by the U. S. Army Corps of Engineers (R. K. Haugen, R. E. Bates

and R. L 1-dead, Ice Formation, Thickness and Breakup on Impoundments

F

within the Contiguous United States. U. S. Array Corps of I;ngirieers,

Cold Regions Research and Engineering Laboratory, Hanover, N. H.,

Draft, Oct. 1979) .
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Even with increased recognition since the 1960's of wetland impor-

tance, growing world population and food demand have resulted in exten-

sive wetland drainage. Since Vlorld War II nearly 25% oak the wetlands in

the Prairie Pothole Region of the Dakotas and. Minnesota has been drained.

Sound federal, state, a:id local management decisions on acquisition, pres-

ervation or drainage of wetlands must be based on sound inventory data.

Currently, the U.S. Fish and Wildlife Service is involved i.n a National.

Wetland Inventory to satisfy these data needs at the federal level. Like-

wise, various state and local agencies are undertaking, or have completed

weltand inventories for a range of purposes. For example, in Minnesota

wetland inventories serve as baseline: data to evaluate site modification

permits, non-point pollution sources, and generally to execute the public

water late.

t	 In short-, accurate classification:-nd mapping of wetland cover types

is considered es:;cntial to the implementation of a number of federal,

state, and local legislative mandates and resource management programs.

At the same: time, the task of mapping wetlands on a statewide basis is

challenging in terms of cost, time and manpower. On a national level,

the task is monumental.

The general objective of the federal wetland inventory is to clas-

sify aTld locate the nation's wetlands as accurately as possible on

1:100,000 (or in some cases 1:24,000) scale maps (Cowardin et al., 1977).

To ac=-.iplish this, two possible remote sensi.nr, data bases suggest them-

selves: (a) high altitude, small-scale aerial p1lotography and/or (b)

LANDSA:t'. Of the two, aerial photography appears to be the y favored choice

from the standpoint of :spatial resolution - but photography is not always

available and, when available, it not always adequate for the purpose.

9"
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Neither taclulique, LAND SAT in partloular,, had )seen :sufficiently tooted in

areas repro sentaU,vc of Minnesota 1>r.ior to this study. Vim;, this study

was proposed to te st the applicability of; automated procassing of T,ANDSAT

multispectral scanner (tdSS) in the Minnesota regional contoxt•..

STUDY ODUECTIVES

Initially, the sole objective of this study was to test, under local

conditions, the capability of Landsat data analysis; techniques o posi-

tion adequately and classify wetlands in support of the Nlatio;.;_ t,'etlands

Inventory. This involved a comparison of single-date vs. double-datc

sets as well as a comparison of data sets preprocessed with a c:oarza vs.

a precision geometric correction. The test area chosen for these compar-

isons consisted of five contiguous 7.5-minute quadrangles located within

the western part of the Twin City 7-County Pletropolitari Area (figure 1) .

The entire Metropolitan Area ha" ;)een mapped previously through airphoto

interpretation by the Remote Sensing Laboratory under contract with a con-

sortium of funding agencies.' (In addition, in-house funds had already

been used to perform the single-date Landsat analysis of the study area.)?

The large amount of existing data on this area provided a good test base

for the study. The test site contains one of the most concentrated areas

of wetland diversity in the west half of the Vet-ropolitan Area. It is a

The Mi_ruiesota Department of 2datural Resources,
Engineers, the U.S. Wish and Wildlife Service,
tion Service, and the Twin Cities t:etropolitan
1977; Owens and Meyer, 1973).

2The Univer!At_-y of Minnesota Agricultural i,;:per
Collego of Forestry.

tine U.S. Arty Corps of
the USDA Soil Conserva-
council. (Worth et al.,

invent Station and the

t	 r51
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complex, heterogeneous area of undulating glacial topography reprasenta-

time of a transition zone between tall grass prairie and northern hard-

wood forest. The landscape is interspersed with small farms, villages,

cities, subdivisions, parks and golf courses.

As -the tests of the various LPNDSAT data analysis techniques i,,ere

being applied to the a quadrangle test area, a parallel test of digitized

color infrared photographic data was undertaken in a limited sub-area (.see

Figure 1). The digitized photographic data virtually removed the spatial

resolution restrictions inherent in the LANDSAT data. These restrictions

were found to be acute due to the spatial. complexity of land cover in

this area. In this way, the photographic analysis permitted a more Ikasic

test of the spectral characteristics and separability of the wetland

types. This was deemed important for judging the potential applicability

r	 of Landsat data analysis procedures in areas which are less complex: spa-

tially than those in the Metropolitan study area. It also provided some

insight into the potential advantages to be realized with the improved

spatial resolution of the Thematic Mapper on LANDSAT-D. In addition, the

photographic research permitted an initial investigation into the poten-

tial utility of using digitized color infrared photography per se as a

data source for wetland mapping in spatially complex areas.

The methods and results of the IA14DSAT test and the test of the dig-

itized photography comprise, respectively, the ne`.t two sections of this

report.

Ic
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LANDSAT DATA ANALYSIS

As previously indicated, Y_oth single-date and double-date LANDSAT

data sets	 analyzed in this study. Both data sets were processed

at the Purdue University Laboratory for Applications of Remote Sensing

(LARS)., The single-date analysis was performed, on data acquired on

July 6, 1976. A coarse geometric correction (i.e., not using ground

control points) was applied to this data set. The correction resulted

in an average pixel positioning error of approximately 2 pixels N-S and

4.5 pixels E-W when image data were compared to a 1:24,000 map base.

This correction uses a transformation model based on nominal satellite

parameters and -the geographic position of the* test site, to rescale,

deskew and rotate the original data. Following the geometric correc-

tion, classification was performed using the LARS hybrid multi-block

cluster class ifi.cation procedure (Iioffer and Flemming, 1978). This pro-

cedure entails selecting blocks of training areas containing heterogen-

eous cover types, clustering these blocks individually (unsupervised),

identifying the informational identity of cluster classes, pooling train-

ing statistics from similar classes in various blocks, and using these

statistics to perform a maximum likelihood classification of the entire

area of interest. Following this procedure, thirty-five spectral clas-

ses were extracted from the single-date data to represent the following

information classes: Non-wetland, Forest, Shrub, EYiergent, Submergent

and Water. Overall classification accuracy as measured from 2555 ran-

domly selected pixels of verified identity was 72%,. (Thal- is, the total

number of pixels classified correctly,	 2555 = 0.72). However, the

individual classes had highly variable classification accuracies. For

l^ .1
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example, 96`L of the Water test pixels were classified correctly, whereas

only 10% of pixels known to be of the Shrub class were classified cor-

rectly. The average of all of the class accuracies was 41%, which ;.;as

deemed inadequ.ato for the application at hand.

The generally poor classification per,fornance and geometric correc-

tion results of the single-date analysis were improved upon in the double-

date analysis process. first, application of the LARS geometric crrrec-

tion, using ground control points, resulted in average additional pixel

positional corrections of approximately 0.5 pixels PI-S and 0.75 pixels

E-W. The geometrically corrected data for two dates were registered and

the multi-block cluster technique vas used for classification. (In this

case the July 5, 1976 data were merged with those of August 7, 1975).

The LARSYS feature selection process vias employed to judge which of the

eight available bands of data was optimum for subsequent classification.

Using this process, bands 5 and 6 from both dates were deemed best suited

for the classification. Given the poor performance of the Shrub class in

the single-date analysis, this class .,,,as eliminated from the double-date

classification. Also, it was hypothesized that separation between the

Ion-wetland class (basically corn) and L'mergents (cattail) would improve

with the introduction of the August data, since the corn had tasseled by

this date.

The test field accuracy of the double-date classification was eval--

uated in a manner similar to the single-date effort. This involved eval-

uation of some 450 randomly selected test fields that varied in size froms

`r one to mine homogeneous pixels.	 The cover type present in each field was

verified by ground site visits.	 Table 1 surnmarizes the results of com-

paring the LANDSAT and ground data. As can be seen from Table 1, the
Y

r>e
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Table 1. Tess Field Accuracy Assessment of Double-Date LANDSAT
Classification'!'

Known Cover Types	 % Classified As Indicated Cover Type

Cover Type
No. of

Test Pixels

rd
r.
m

4J
a,
	

4J
0
	

u^i	 0	 e^
N
	

4j0	
N
	

w
	

3

\"S

Nonwetland
	

1,706
	

75
	

8
	

17

Forest
	

120
	

34
	

56
	

10

Emergent
	

121
	

33
	

30
	

35
	

2

Plater
	

523
	

2
	

98

Overall Classification Accuracy: 77%

Average Accuracy Per Class: 66%

to detailed discussion of the classification and rnfapping accuracy of the

single and double-date LANDSAT analyses is given in Werth (1900).

r.
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overall classification accuracy for the double-date analysis was 779,:.

The accuracy for the various information classes ranged from a low of

35% for the F,mergent class to 98% for ?later. The per class average accu-

racy was 66%. The comparative levels of errors of omission and commis-

sion for each class are also sho^^n in 'i'a]Dle 1.

In short, the two-date results indicated an increase in overall

classification accuracy of approximately 5% (from 72 to 77%) and an

improvement in per class classification accuracy of about 25% (from 41

to 6G%). Additional classification accuracy appears to be precluded by

the spatial and spectral resolution limits of the LANDSAT MSS relative

to the complexity of the study area. This is not to say that LANDSAT

has limited application to wetland mapping in general. Rather, we have

simply concluded that one should expect poor success in single-date anal-

yses and only moderate success in double-date analyses of wetland areas

which are as complex as those in our study area.

ANALYSIS OF DIGITIZED PHOTOGRAPHY

As mentioned previously, digitized color infrared aerial photography

was also analyzed iii this study as an extension of the LANDSAT analysis

effort. Again, this source of digital data virtually removes the spatial

resolution restrictions limiting the L•%1VDSAT automated classification

process, thereby permitting more thorough study of the spectral proper-

ties of the wetland cover types under investigation. Constraints of time

and funding 'limited the photographic analysis to coverage of a single

study site located within the LAUMSAT test area (Figi:ire 1) . This site

N.,

1
/y
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contains a number of small wetland areas which generally characterize

those of the surrounding region.

Figure 2a is a (1.7x) enlargement of the original 70rnm position

transparency used in the photographic analysis. The original hiiage was

a 1:50,000 photograph (Kodak type 2443) taken with a Hasselblad 500 EL

(f=50mm) camera on July 21, 1977, in support of previous wetland research

efforts conducted by the Remote Sensing Laboratory. The image was digi-

tized using a modified F-1700 Optron ics drum scanner made available by

the University of Wisconsin Environmental Monitoring and Data Acquisition

Group (UW/EMDAG). Density readings from 0-3D were digitized into 256

levels and recorded on computer compatible tape. Broad band separation

filters were used to obtain the approximate image density record for each

of the three film layers. A measurement spot size of 501am was employed,

so that each pimel represented a ground area approximately 2.5m square.

The spectral and spatial quality of the resulting digital. data can be

seen in the color rendering of the digitized data shown in figure 2b.

This figure was generated with the University of Minnesota D-47 Dicomed

Color Image Recorder. The digital data from each image band were con-

trast enhanced by a histogram equilization algorithm prior to being

recorded. This algorithm alters the distribution of original image

values so that each display level comprises approximately an equal area

portion of the display image in each band of data. figure 2b represents

a digitally generated color composite of the three original bands

enhanced in this manner.

The photographic analysis effort tool: on two fO..MS: 1) a, full -

scene classificat ion, the intent of which was to classify all pixels

and cover types present in the scene, and 2) a sub-scene classification,

0
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Figure 2. Original color .infrared aerial photograph of test area (a)
and film recorder output of digital microdonsitometer data (b).
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to classify wetland area.,; and cover types only. In both cacc;;, a super.-

viseci classification approach was employed using the 'T,ppier optimiza-

tion" fc -m of the na y.Jmum likelihood classifier that is inte!grated into

the University of Minnesota Image Processinil Software (I1MIMS ) . n a S-

cript-.ion, of the: two cla:;sification procedures follows.

Full-scene Classification

Training for the photographic classifications wa:3 accomplished by

photo-interpreting training areas on prints produced from the enhanced

LicomeC image. The bounOary of each training area %ns then di.git:Lzed in

terns of x and y image coordinates. In turn, these coordinates were con-

verted to collu;n and row addresses in the scanning Itii.crodensitometer data

ur;ing a polynomial two-Cii.monsional coordinate trans forratiorl. This

tran:;forrvation too}, the corm

column no. = a-	 + a x + a y + a;: 2 + a y?
1	 2	 3	 ,,	 6

rocv no.	 := a + a x+ a y+ a xy + a	
+ a 

y 2
7	 S	 9	 10	 11	 12

A least square.; observation equation :,olution for coefficients a
1

a 
2 *  

 
12

a was perfornl^d by measuring both the image and line printer cut-

put coordinates of readily identifiable ground control points in the

scene. Using 10 point:; for this purpose, the root mean square error

(rms) of the tran.,;formatior► was found to be 0.89 pixels in the x and 0.74

pixels in the y is!a.ge direction.

Trailing stati.stic:. v,-ore developed for the 13 major cover types

api._ .ri.ng in the scene. ?:,ter, Duckweed (I,er.u,.a minor) , water Lily (Nym-

phaca spp.- IIuphar spr).) , Cattail (`I pha :..pp.) , Reed Canary Crass (Phal-

aril arundinacea), willow (Sal.ix spp.), Forest, Cropland, Pasture, Bare

0
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Soil, Kuad, P.00f, and :hatlow. Nultirle spectral	 (25) were de-

rived from 35 training areas to ad.-quatoiy train for the 13 crvc,r type.-;.

Table t is a confusion riatri}: ir.c;ica.tinq the training field clas s-

ification accuracy obtained in the full-::cone analysis. dote that for

Sor,ie types the accuracy of clao.-Aficaion in the trainir.y aru.:s was cxccl-

lent (e.g., Pasture = 97':.). Other types, r:ost: notably Willow, were very

l.00rly classified (25t). Figure 3 is a color-coded Dicomed Lmad(-^ shor,-

inci the results of applying the full-:;cone classification. As can Le

seen from Loth 'fable 2 and Figure 3, sir, ilar to the ca ge with the IdsND: AT

data, nany of the cover types present in the scene souls'. not be spect-

rally separated. However, of l-articular note is the fact that virtually

all i:.,etland types were mutually separable. T;,at is, errors of omis-,Aon

and comiisci_on in each wetland type .ere Primarily attributable to the

spectral confu:ion Letween %:etlancl and non-t. ,atland cover t17 c	 rather

than between wetland cover types thc.-,;elves.

Sub-Scene Classification

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

land cover types, it was hypothesized that if the training and clac;sifi-

cation Procedures were limited to wetland areas only, the classification

accuracy would improve greatly. hence, the training Frocuss was repeated

in wetland areas only, using thu follo •,.ing classes: nucl;weed, Water,

Water Lily, Cattail, Itoed Czuiary Grass, and Willow. Tne boundaries of

the wetland areas were delineated again using conventional image inter-

pretation. This Process requires muci. less: labor than. discriminating Z 11

covet type: bouz:dar.ies occurr. inc; within the o:etlamis. Tire purpose here was

siriply to sel)itratu wetland and ion-v.,;:t'_o.nd inane areas. Spectral pattrrr:

I^
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`i l ble 2. Caa:;;;ific.:tion Pexfori^iancu for Training F'ie3.ns Us;r:d ill full-;.cune
Analyt:i s

IJiown C,.wer 7yhu	 ", C1a8-1ficd ru; 1UC.icated cover 7,'IIe

>I
"r+ 1•I
'A r3 .i

V ••1 Vi ru •.1

V 0-7 W 9m: U 0
V •.1 u J 11 ri 1+ W .Y
:1 ► I ^I rJ U t9 r 1 ^3 0

No. of 1o V
+^

u
-P

aj
-P

b
a .̂4

c
N

n.
0

V
u>

v
^4

"1	 4
e.	 0

j
rJ

Cover Ty;I ^ Train .	 I'iXCrls ,4 P.) .1 0 1 rd r;
9
	 p c

Duckweed G7 87 2 4 1 6

Later 1,700 Eel 1 18

later Lily 240 89 10 1

Cattail 3.19 91 9

Reed Canary C64 74 10 16

killow 255 17 3 25 55

F wrest 48 2 4 73 17 4

C L	•::lane: 3,392 4 2 6 1 86 1

Pasture 815 1 2 97

bare soil 232 7 11 81 1

lzoad 400 2 1 3 1 93

l:oof 56 100

`	 S]Iaduw 86 7 93

Overall Classification Aucuracy: 849.

Average Accuracy Per Class: 82%
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Color Key

Duckweed - magenta	 Forest - black

Water - blue
	 Cropland - tin

Water Lily - magenta
	

Pasture - green

Cattail - orange
	 Baro Soil - brown

Reed Canary - red
	

Road/Roof - white

Willow - yellow
	

Shadow - black

Figuwe 3. Full-scene classifi cation of digital photographic data.

--^41
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TabiL• 3. Cla::sificatioiu Performancu for 'iraining I •'ield ,.; Used in

Knoml rover T?pe. Clat;sifie:d As Tndicatcd Cover '.^ype

7r
>1
H

.a
.-1 ri

Gl
7 .^

•^^ U S
;t 1 ^ ►^ r1 U

No. of 'ci
v

41 ^
.	 y

:-4i

Cover Type	 Train.	 Fix.'..s ° U C4

Uac pweod	 G7 all 4 8

Itiater	 1,700 100

V9ater Lily	 2A0 100

Cattail	 119 J 89 10

Revd Canary	 GG4 97 3

P7illu.r	 255 40 21 39

Overall Classificatior, Accuracy: 94

T.v , !rac1u Accuracy Per Class: 05.5`a

1,



,2,-2,

All

Table 4. classification Performanc(- in bight Wkfl-land Test Areas,

Known Cover Type	 ti Cldssified As Indicated Cover r2Yj)e

v
,a

ri

No. of 'v m N 0
Cover Type Test Pixels cd v

Duckweed 984 95 3 2

Water 6,173 2 97 1

Pater Lily 2,240 11 72 1 16
Cattail 13,586 81 19

Reed Canary 9,920 1 5 2 92

Overall Classification Accuracy: 87.
Average Accuracy Per Class: 87

0
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recognition was then used -to provide the more :subtle delineation of wet—

land species, a more time consuming process for the Photo-inLorpret`r.

Table 3 indicates the classification i.=uracy obtained An the "wotland
j*rt

only" training areas. Mote the impa:ovement in 'training field classifi-

cation accuracy which results whon non- watland classes are eliminated

front the arictlysi s. figure 4 shows the results of the sub-scene classi-

fication. ,,,pAs can be soon from Table 3 and Figure n,, the Willow type

introduced the largest errors in the suL-scene: classification.

r; a final classification effort, the Willow type was dropped and

the resulting statistics were again applied to -the "wetland only" :subset-

(with predominantly willow areas excluded) of the original image. ri'lie

accuracy of this classification was evaluated in cight test areas

located in the scene. The result of the classification in these areas

is shovni in Figure 5. The classification accuracy in, each of the: eight

test areas was obtained by comparing the computer-derived classification

Qj	 to that obtained by photointerpretation. This was done for all pixels in

the eight: areas . (approximately 33,000). In those cases where the photo-

interpretation 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 4. Errors in the classification of Duckweed and Prater are be-

lieved to be caused by edge effects, in which a given pixel actually

overlays two cover types rear a boundary between the two types. To

some extent, this effect enters into the accuracy problems for Prater

Lily as well. It is felt that the classification accuracy of the Water

Lily and Reed Canary classes could be improved somewhat with additional

training. Most of the Plater Lily/heed Canary confusion occurred in an

^S
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Color Key

Duckweed - magenta

Water - blue

Water Lily - magenta

Cattail - orange

Rped Canary - red

willow - yellow

pure 4. Sub-scene classification of photgraphic data in wetland areas only.

\J



Color Key

Duckweed - magenta

Water - blue

Writer Lily - magenta

Cattail - orange

F ?eel Canary - red

Fiyurc- 5. Seth-scene clasGification excluding the Willow cover. ty^)e.

A20
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area of the scene Which was I,ot used for trainirg. 'Mlle errors in c.Lass-

ification of Cattail arc believed to be duce to thr:! presence of inixc d

Cattail/V:illow in zany areas. T. sparse scattering of Willow occurrec:

in rr.any -Yeas of Loth the Cattail ai.d the Reed Canary cover tyFc:;.

Vherevcr pre:;c.nt, Willow, tended to cause• nircla ssification cue to the:

high:y variable spectral charactf_ristic:; of this cover tyre. These

,ifficulties may be resolvable: by the inclusion of a "texture" vc.riablc•

in future analysis procedures.

COt3CLU S ION S

Based on the results of this investigation, the following general

cone]usiwis have been reached:

1. If, with.ili Ulu accuracy lcwel" it i:; capable of p ovidilt„ LeaD:.*'T,i

data are judged to Le acceptable for wetlands classification, a

precision geometric correction should bs applied and multi--elate

data sets should be used. III this study a 25% improvement in aver-F
age classification accuracy was realized 1;y processing double-date

vs. single-date data (from 41 r. to 66%) . Under the spectrt lly and

k
spatially complex site conditions characterizing the geographical

f area used in t.;lis study, further ire;1;YOVeL:ent in wetland classifi-

cation accurac} is apparently rr.eclude"' by the spectral and spatial

ro-solution restrictions of the LFivDSAT VT;.

2. full-scene analy:;is of scanninc; densitorieter Oat-, extracted from

shall scale color infrared plictorraphy failed to 1:erni t discrir

,

 d-

natior, of many wetland z:,nd icon--wotlarid cover types. This wa i due

essentially to the sane spectral confusion betc•:c.erl cover types that

/ 10
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was realized in the LANDSAT analysis. When classificat ion of photo-

graphic dat. was limited to wetland areas only, much more detailed

and accurate classification could be made. The final subset class•-

ification made in this study yielded an average classification

accuracy of 37% with a 2.5m spatial resolution.

3.	 The integration of conventional image interpretation (to simply

delineate wetland boundaries) and machine-assisted classification

(to discriminate among cover types present within the wetland areas)

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 much more accurate and economical than those

obtained in conventional full-scene digital analysis. Additional

research is needed to study the feasibility and cost of extending

this methodology over a large area using LANDSAT and/or small scale

photography.
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DEVELOPMENT OF ALTERNATIVE DATA ANALYSIS TECIINIZ ES

FOR IMPROVING THE ACCURACY AND SPECIFICITY OF

NATURAL RESOURCE INVENTORIES MADE WITH DIGITAL

REMOTE SENSING DATA

Investigators: Dr. Thomas N. Lillesand
Douglas L. 1,9eisner
Remote Sensing Laboratory
Institute of Agriculture
University of Minnesota
St. Paul, Minnesota

INTRODUCTION

General application of digital remote sensing technology has gone

through considerable change in the recent pass:,. In spite of growing user

interest in applications of digital classification for thematic mapping,

the private sector has shifted its focus somewhat away from this activity.

Attentioi? is being concentrated more on hardware development and provi-

sion of digital image enhancement services, rather than on classification

per se. This shift is partly due to the increasing sophistication of end

users as the "gee whiz" allure of the technology wears off, a smaller

core of more serious users is emerging. This is a healthy development.

Another reason for the shift, however, is the difficulty and cost inher-

ent in performing digital classification services in a non-research envi-

ronment. The need for active involvement of field personnel, coupled

with the problems of training those personnel in the generally complex

procedures, has frustrated many analysis efforts. At the same time, as

accessible as remote job entry terminals have become, line printer out-

put simply does not afford the graphic interaction required for most

.3/
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sophisticated classification procedures. in this context, one can under-

stand the shift toward image enhancement procedures; these activities are

greatly simplified by the clear and convenient separation of digital pro-

cessing efforts from subsequent field analysis. Yet, as training courses

(e.g. at the three NASA regional centers and at the RROS Data Center)

continue to nurture interest in the use of digital classification tech-

niques, the need for serving those users will increase. This is par-

ticularly critical as applications spread to the state and regional level,

since these users are less able to obtain specialized equipment in-house.

The work begun under this grant is an investigation into the ways to

improve the involvement of state and local user personnel in the digital

image analysis process. The intent is to isolate those elements of the

analysis process which require extensive involvement bN7 field personnel

and to provide means for performing those activities apart from a com-

puter fac^.lity. In -this way, the analysis procedure can be converted

from a centralized activity focused on a computer facility to a distrib-

uted activity in which users can interact with the data at the field

office level (or indeed in the field itself). This concept is illustra-

ted in Figure 1. If successfully implemented, •t-he distributed approach

would offer these advantages:

1. Provide more efficient use of computer resources, by reducing the

digital image processing effort to a highly standardized procedure

which can be run in a batch mode.

2. Provide more economical use of field personnel, by eliminating the

expense of transporting them to the analysis facility and lodging

them while there. "Day to day" work could then be handled r,hile
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L	 A second preliminary analysis involved forest typing with LAND-

SAT data on a College of Forestry test site for which detailed 	 y
v

ground data and high altitude color infrared photography were avail-

able. in this case, training sets were delineated on high altitude

photography and digitally transformed into I,AND L.',AT scene coordinates.

Unfortunately, the second order least squares polynominal fit used

in the transformation was inadequate for relating the photographic

base to the LAI4DSAT data. Due to the spatial complexity of the

study area, even the slight displacements resulting from the trans-

formation process affected the training statistics excessively. An

interesting sidelight: was the fact that the RMS errors computed in

the polynomial fitting process were very low, suggesting a higher

accuracy than was actually realized on a training area by area basis.

Subsequently, the training process was performed by visually

relating the high altitude images and the hard copy LANDSAT enlarge-

ment in a Zoom Transfer Scope. This approach enabled features in

the LANDSAT enlargement to be identified with much more certainty

and led to successful training. TCt.is  process was found to be impos-

sible using line printer output.

3. Procurement of digital d isplay equipment. In-house funds have been

used to acquire a stand-alone microcomputer-based image display sys-

tam which will be used on this project. Installation of this equip-

ment was completed in November. The system consists of a Spatial

Data Eye-Com video digitizer and display, a DEC LSI-11 microcomputer

with Fortran compiler, a DeAnza Visacom color display system, color

C
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vs. Dicomcd output, log vs. linear recording, varioii:, contrast:
^F

stretch techniques, and different film and I)rint paper types.

The use :if film recorder images as a base for supervised train-

ing war, tested in several pilot studies. rohi4 began with several

student projects in which the color data were used for visual anal-

ysis but actual training set delineation was performed on line

printer image output. The availability of the color data for inter-

pretation of spectral characteristics enhanced the analysis process

greatly, but the training set delineation was still a cumbersome

task.

Two othor preli.mirary analyses have been performed. The first

involved clasL.tfication of wetland types on a photograph which had

been digitized using a scanning densit-ometer. I Training sites verc

located on the color image base and digitally transformed (using a

polynomial transformation model) into scene coordinates. Because

the encoding was done by hand, the process i^as shill cumbersome.

However, this was seen as a simulation of a coordinate digitizer-

based procedure to be developed in the near future.
4

The polygon processing software was also used in this study to

mask the image data set, in order to restrict the classification to

selected sub-scenes (in this case, wetland areas). This permitted

successful classification of within--wetland species, a task which had

been previously impossible because of spectral confusion between

some wetland and non-wetland classes.

------------
See Section A of -this report.
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PROGRESS TO DATE

in the past six months of Fork on this project, the following four

general areas of activity have been pursued:

1. Development of general image recessing softwaro on the Univorsity

of Minnesota computer system (Control Data Cyber models 172 and 74).

This software enables us to read CCTI s in several formats, includ-

ing the old and new 1'ANDSA IX tape formats, scanning mierodensitometer

tapes obtained from the University of Wisconsin, and tapes generated

by the Data Analysis Laboratory of the EROS Data Center. Programs

to Support supervised training and optimized maximum likelihood

classification have been written and used in this and other research

projects. interfaces to the U cf 14 Dicomed color image recorder have

been developed, both to display contrast enhanced original image data

and to record classification output results.

2. Initial inyewti.gation into the use of color hardcopy image data as

a primary medium in supervised training procedures. The procedure

we employ is to generate digitally enlarged and contrast enhanced

hard copy color prints of image data within study areas. These

prints are then used to analyze visually (rather than statistically)

the spectral properties of the data before supervised training sites

are selected on the hard copy print. This technique of supervised

training on hard copy images is perceived as a "first look" at a dis-

tributed analysis approach.

The investigation began with a basic examination of image

recording tecluiiques, including comparisons of video displays
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working on the classification project. State employees in P-tinne-

sota have stressed the importance of this point. By making agency

involvement more economical in various ways, a larger number of

personnel may participate for longer periods of time.

3. reduce the difficulties of vorking with untrained personnel by

eliminating their direct involvement with a computer system and

somewhat standardizing the analysis procedure they employ. This

would remove the user's exposure to the computer operating system

and the inevitable system downtime, which are generally frustrat-

ing to the new user.

4. Reduce the time pressure on the user frequently caused by the need

to tightly schedule his or her time and to schedule the expensive

interactive analysis equipment. Taking sufficient time to analyze

` s

	

	computer output during the classification process is a critical ale-

ment 'too frequently missed in digital analyses. In addition, the dis-

tributed approach would give the user the option of suspending the

analysis if it is deemed necessary to revisit the field or obtain

other reference data.

S. Eliminate the need to invest in specialized computer equipment, and 	 I
to handle the staffing and maintenance requirements of such equip-

ment.

Thus, our effort is.oriented not towards developing new quantita-

tive classification techniques, but rather toward finding ways to imple-

ment current techniques in a way better suited to non-research applica-

tions.	 t

0
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(Centralized Analysis/Procc ssa,ng)	 (User Input)
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RAINING ANALYSI
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(a) Centralized Data Analysis Process.

(Ceti tralifed Processing) 	 (user Analysis)

(b) Distributed Data Analysis Process
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monitor, and flexible disk drive. The system can communicate over

a high speed phone link to the Universtiy computer system.

In addition to being used as a development tool for the hard-

cosy based analysis techniques, this equipment will be explored as

an additional tool for decentralized data analyses where modest

equipment investment is feasible. Microcomputer-based systems like

the Visacom have considerable potential for enabling equipment to

be more widely distributed, particularly as their cost continues

to decline. we will evaluate the pros and cons of this approach as

the research continues.

	

4.	 Procurement of coordinate digitizer. Again using in-house funds,

a digitizing tablet has been obtained which will be connected to the

microcomputer system. Software will be developed to enable super.-

vised training site entry, interactive masking of image data to

restrict classification to subscene areas, and test site entry for

detailed accuracy assessment. The first and last of these activi-

ties are currently being explored using an IDIMS system in a coop-

erative project with the EROS Data Center. This work is described

on page B9 report.

In addition to the progress described above, we have been fortu-

nate in the past sip: months to have been involved in several Federal-

State cooperative projects which have had input to this research.

Agencies involved include:

	

1.	 NASA Eastern Regional Applications Center (ERRSAC). In the past

year, ERPSAC began a program of remote sensing technology transfer to

state and local governments. Minnesota was one of the first states

3^
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selected to be involved, and the Remote Sensing Laboratory has par-

ticipated in the activities in a technical assistance role. This

involvement has included giving a seminar on image processing to

state employees, participating in a week-long training course at

Goddard, and attending a conference organized by ERRSAC. The ERRSAC

training course and conference have provided attitional exposure to

the problems involved i.n training new users. They have further con-

firmed the potential utility of a decentralized approach to digital

classification.

2. Earth Resources Laboratory, NASA Space Technology Laboratory. As an

outgrowth of the ERRSAC activity, we have provided consultation to

the Land Management Information Center of the Minnesota State Plan-

ning Agency. This group has operated a digital geo-based resource

information system for the state for ten years. They have recently

obtained funds to purchase specialized computer hardware to further

support and enhance tiiat activity. Part of that equipment will be

for remote sensing image processing, on which we have provida- tech-

nical advice. As part of th-it activity, a t-i* was arrangid for a

demonstration of the ELAS image analysis system at ERL in Missis-

sippi. This demonstration provided an interesting comparison to the

IDIMS system used at Goddard. In particular, the effective use of

an unsupervised classification technique was impressive. Applica-

tions staff at ERL reported almost exclusive use of this classifi-

cation technique. We hope to integrate such an option in our decen-

tralized processing approach.

3. Data Analysis Laboratory, EROS Data Center. We are currently par-

ticipating in a cooperative project with EROS and 14illncsota State

0
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Planning. The project is intended to investigate the incorporation

of LANDSAT.-derived data into the statewide land information system.

A wide range of analysis techniques was proposed, and vie were able

to expand this to include the techniques which we have been explor-

ing under this grant, particularly the use of a coordinate digitizer

to-enter supervised training set polygons and test areas for accur-

acy assessment. Subsequent computer work will be performed on -the

IDIMS image processing system at EROS. This should prove very advan-

tageous to us, since it will permit the various analysis strategies

to be tested without the time consuming task of software develop-

ment. The results of the comparisons will then allow us to concen-

trate our future efforts on those techniques which look most prom-

isina.

The demonstration project is being performed on a study site

located north of the city of St. Paul, The area under analysis

covers part of four 7.5 minute quadrangle~ containing a range of

urban fringe land uses, from medium density suburban residential

to large scale agricultural. Image data for the area have been

extracted from an April, 1979, Lardsat 3 scene. The system correc-

tions to this image by the new NTASA Piaster Data Processing Facility

include a geometric resampling to the Hotine Mercator Projection.

The data analysis and processing techniques which are being compared

in the study are:

'.Graining techniques:

a. Supervised txaining using CRT display and joystick to enter

polygons
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b. Supervised training using color hard copy and a digitized

tablet to enter polygons

c. Unsupervised classification

d. Supervised -training using dig.tal land cover data currently

in the Minnesota Land Management Information System.

Classification techniques

a. Minimum distance to mean

b. Maximum likelihood with threshold

C. Canonical transformation with minimum distance to mean

d. Post-classification smoothing algorithms

Geometric correction techniques

a. Use of NASA corrected data resampled to Hotine Mercator

Projection

I
	 b. Resampling to convert from Hotine to UTDI projection prior to

classification

C. Same as (b) but resampled after classification

Data resulting from combinations of the above techniques will

be compared to a photo-interpreted .reference data set prepared by

the Remote Sensing Lab. The reference data consist of six randomly

selected photographs cowering approximately one quarter of the study

area. The interpreted reference data are being geocoded at EROS

to enable automatic, full pixel comparisons to the test data sets.

Currently, about half of the above work has been completed.

a
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rUTURE ACTIVITIES

Assuming continued funding under this program, the following areas

will be pursued in the coming year:

1. Basic software development on the microcomputer/display system.

This will involve programs to transfer data from the University

Computer Center, provide optimized disk data storage, and display

the data. Down-loading of image processing programs will be at-

tempted. Interface software will. be developed to operate the dig-

itizer tablet.

2. Completion of the EROS cooperative project. As has been mentioned,

these results will be used to define the direction of our develop-

ment efforts. At present, it appears likely that this will involve

additional attention to unsupervised analysis.

3. Implementation of software based on the results in (2) but designed

for decentralized operation.

4. Sample projects to test the decentralized approach using field per-

sonnel with limited digital image analysis background. Several

prospects for sample projects are available within Minnesota, but

attempts will be made to arrange additional demonstrations through

NASA EF:RSAC and/or EROS.

Use feel that the activities of the past six mnn •ths have put us in a

good position to develop the proposed alternative analysis approach. Our

involvement with the technology transfer groups at NASA and EROS have

further emphasised tdie needs which formed the basis for our proposal last

year. In addition, these contacts should improve our ability to publi-

cize and acquire feedback on the alternative techniques we develop. The

N=
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exposure to analysis systems at NASA ERRSAC and T;I'.L and the hands-on

experience at EMS have brought us up to data on the state of the art.

This is critical to avoid "reinventing the wheel." Finally, the avail-

ability of the microcozrpLter and color display system. will permit the

investigation of a potentially important alternative approach to decen-

tralized analysis.

In short, we feel we are making substantial progress toward defining

the technological components of an alternative approach to digital class-

ification which will improve the accuracy and specificity of natural

resource inventories invade with digital image data. During the noxt year

we will begin testing, this system in the "real ^,;orld" .

1/3
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C. SYNERGISTIC RELATIONSHIPS AMONG REMOTE-SENSING AND GEOPHYSICAL MEDIA:

GEOLOGICAL AND HYDROLOGICAL APPLICATIONS

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

STATUS OF REMOTE SENSING AT THE MINNESOTA GEOLOGICAL SURVEY, 1979

The Minnesota Geological Survey continues to expand the use of re-

mote sensing to understand better and interpret the geology of Minne-

sota. Space imagery was employed in 1979 to identify and locate bed-

rock outcrops. A low-level, high-resolution aeromagnetic survey of the

state, which began in the fall of 1979, will ultimately provide the best

coverage of this sort in the country. Gravity mapping was completed in

the St. Cloud and New Ulm sheets at a compilation scale of 1:250,000.

Geochemical methods of remote sensing employed during the past

year entailed the measurement of radon in well water in three areas of

the state, as well. as measurement of gamma radiation taken manually on

the ground.

1. Photo Interpretation of Surficial Quaternary Geology

Mapping the Quaternary geology proceeds in various parts of the

state. Dr. Saul Aronow mapped the glacial deposits of Dakota County

with the assistance of aerial photographs. Dr,. Mary Savina used aerial

photography to identify and delineate glaciofluvial deposits in Dakota

County.

S
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2. Statewide Aeromagnetic Survey

A low-altitude, high-density aeromagnetic survey of the entire

state is a major new project for the Minnesota Geological Survey. The

current stage involves acquisition of data over Cook, Lalte, St. Louis,

Carlton and Pine Counties with a 400-meter flight interval at an aver-

age terrain clearance of 150 meters. This work is being supervised by

Dr. Val Chandler who is interpreting the results as they become avail-

able.	 As will be demonstrated later in this report, aeromagnetic data

can be used successfully in combination with other remotely sensed data

and traditional geological data sources to make geologic interpretations

which none of these sources of data can achieve alone.

3. Radon Survey

r

In geochemical surveying, given elements may be found to vary in

concentration in samples taken systematically over a selected region.

When variations in radon activity in ground water are plotted geograph-

ically, as contour maps, the resulting image may reveal environmental

influences on radon concentration in addition to primary variations in

radion emissions from geologic sources. The interpretation of the

image depends on consideration of bedrock type and structure, drift

thickness, and hydrologic parameters. 	 Richard Lively has demonstrated

a relationship between contour maps of radon concentration, kinds of

till, and bedrock structure.

x
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4. Ground Survey of Gamma Radiation

A similar imaging technique has been applied to gamma radiation

data taken by hand on the ground. This study was initially intended

for locating uranium, but the resultant contour map of gamma radiation

intensity shows a weak correlation w1th the distribution of tills and

outwash and may separate some till units.

PRESENT STUDY -- SYNERGISTIC RELATXONSHIPS BETWEEN RFMOTE-SENSING MEDIA IN

IDENTIFYING AREAS OF NEAR-SURFACE BEDROCK

1. Introduction

Although the original intention of this investigation was to

locate specific areas in which bedrock is at or very near the surface,

bedrock exposures vary too much in character and site, and most are too

small to be identified individually by remote sensing. The best ex-

ample of the problem is the extensive exposures along the Mississippi

River which were an important part of this study. Although this bed-

rock is well exposed in vertical sectiot,:, it is covered with about. 100

feet of glacial drift behind the river cut. Because all of the media

collect data vertically, the outcrop itself is less than the resolution

of most remote-sensing media. This investigation therefore reports the

identification of areas where bedrock is near the surface and outcrops

are likely to occur.

Synergism, as understood here, is the combination of two or more

data sources to recognize a geologic characteristic which is not ident-

a
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ifiable on any single image. This study was directed toward quantita-

tive evaluation of the usefulness of the data sources and toward

developing a procedure to use them for locating bedrock outcrop areas,

rather than toward systematic mapping of outcrops.

2. Materials

The following sources of geological. data were used in this study:

(1) Topographic maps, for elevation control and geomorphic infor-

mation.

(2) The aeromagnetic map of Minnesota, at scale 1:1,000,000 as

published by the U.S. Geological Survey.

(3) The Aouguer gravity map of Minnesota. Although the primary

gravity anomaly sources are within the Precambrian bedrock, the gravity

field may locally reflect changes in thickness of the surf:icial

deposits.

(4) Skylab photographs. It was expected that the broad coverage

would reveal local changes related to near-surface bedrock that would

be more difficult to ascertain on aerial photographs. Also the Skylab

photos were made with different filters which might enhance moisture

content variations or other factors in areas of thin surficial cover.

Skylab coverage included photographs in visual color, color infrared,

visual black and white in the red and green range, and black and white

infrared in the 0.7-0.8 }im range.

1
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(5) Seven seasons of L ANDSAT images, including all four MSS bands

for a dry and a wet summer-spring-fall and one winter scene.

(6) Aerial photographs, for .information on geomorphology.

(7) A contour map of regional thickness of unconsolidated sedi-

ments, supplemented by the Minnesota Geological Survey data base of

wager-well drillers' logs, was used to reduce the search area to the

one-third of the state which has less than 100 feet of glacial drift.

(8) The set of maps of lineaments previously prepared for this

study (Goebel and others, 1978).	 Glacial., fluvial and tectonic pro-

cesses are responsible for many of the lineaments. We felt that

outcrops would occur near these linear features.

(9) A map of glaciofluvial features. Because melt water eroded

the soft new glacial drift, outcrops predominantly occur in glacioflu-

vial deposits.

(10) Side Looking Radar (SLAR) images, reviewed for indications

of textural changes of the soils regardless of moisture content.

(11) Blue-line print orthophotos for 7.5-minute topographic

quadrangles in Minnesota, at the quadrangle scale. Although the reso-

lution and gray-scale change in density are not very good on these

prints, their registration to the topographic sheets permits comparison

of patterns on other imagery with topographic features, and allowed us

to assure ourselves o.f leature locations on all remote-sensing madia.
a
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(12) Airborne gamma radiation maps. We expected that the outwash

should at least- be distinguishable from the till because of the differ-

ing mineral content in the two sediment types.

(13) The SMS-GOES imagery wz,s considered because it recorded a dif-

ferent spectrum, but we could not locate cloud-free images of Minnesota

without browsing through all of the images. No record is kept, that we

could find, of cloud-free periods. Imagery from these satellites seems

to be considered temporal and is used only for weather observation.

3. Methods

This study was organized to determine which of the remote-sensing

media contributed most to the identification and location of areas with

shallow bedrock, and to evaluate them quantitatively.

After all of the remote-sensing or imaging media over Minnesota

were located and collected, eight sites were chosen which had all of

the kinds of image coverage listed above. 	 USGS 7.5-minute topographic

maps were used for locating outcrops in the eight sites and for com-

piling the results of the study.

Four of the eight sites were designated as training sites. The

other four sites (referred to hereafter as test sites) were retained

to test the procedure developed in the study of the first four sites.

All. four training sites were first investigated in the field, and

bedrock outcrops, near-surface topographic features and stream con-

ditions were plotted on the USGS topographic maps. Two of the training

4	 ^
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sites had no outcrops, but the Twin Cities and St. Cloud sites had

ample outcrops (see site maps in appendix). The rock outcrop location:;

were then transferred to a 1:250,000 and a 1:1,000,000 scale USGS

topographic map to facilitate location of these features on the various

remote-sensing imagery.

We then tabulated the responses of each of the remote-sensing

media to areas of observed bedrock outcrop (areas where bedrock was

within 12 feet of the land surface) to determine which media seemed to

distinguish the bedrock areas. Next we determined correlations be-

tween media for outcrop are..s. This was particularly important in

sorting through all of the bands of LANDSAT used in this study.

The Bausch & Lomb Stereo Zoom Transferscope was used to transfer

and locate features from different media and different scales onto the

same scale. This transferscope also proved useful in transposing two

different images onto each other.

We constructed our own densitometer using a sensitive light meter

to register multiseasonal LANDSAT imagery to a base map. We did not

have, nor could we find, a densitometer which met our specifications.

This densitometer is not an exact instrument. Its only function was to

select those images which seem to respond consistently in areas of

outcrop.

The test sites were field checked after examination of the

foregoing media had indicated specific sites to be checked.

v
o
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We att•.empted to confirm near-surface (within 10 to 50 feet)

bedrock with a portable power drill, but the drill was not successful,

especially in saturated sands. Because no other drill was available,

we checked they remaining areas to a depth of 20 feet with a hand auger.

A. . Resul is

Near-surface bedrock areas as identified in this study were areas

covered with less than 100 feet of glacial drift. Areas where the bed-

rock is less than 12 feet below the surface are defined for this study

as outcrops. When appropriate remote-sensing data were used, bedrock

was located about half of the time predicted.

The synergistic relationships among LANDSAT imagery, Skylab

photographs, and aerial photographs were useful for establishing a ns

of near-surface bedrock. Lineaments were located on LANDSAT imagery

and aerial photographs during 1978, and near-surface water tables will

be .located during 1980. Both of these subjects can be identified by

remote-sensing methods more reliably than individual outcrops, which

are small and occur in a wide variety of environments with a wide range

of responses. Bedrock outcrops themselves could not be resolved by any

of the data source; used, nor did any combination of data sources spe-

cifically identify rock at the ground surface. The data sources could

not simply be combined mathemetically to produce a visual image of

probable areas of near-surface bedrock. Outcrops and near-surface

bedrock had to be verified visually at the site. 	 Despite these draw-

backs, the study resulted in a procedure for locating areas of near-

surface bedrock within which actual surface outcrops may occur.

j	 d

9



C9

Field Criteria Indicative of Near-surface Bedrock

1. Surface rock rubble on the oboulder of hills can cover either

bedrock or till.

2. Bluffs, especially along major streams, are often the result

of a bedrock resistant to erosion.

3. Trees are somewhat shorter and sparser., but surprisingly

stouter, in areas of near-surface bedrock., and they appear darker on

photographs. Juniper was observed in some areas where bedrock is less

than 40 feet deep, but we made no attempt to validate this observation

statistically.

4. Constrictions in the width of floodplai.ns and steepened stream

gradients may be caused by near-surface bedrock.

5. Swamps at elevations well above local streams or the regional

water table may indicate bedrock control of the flow of the ground

water. Constriction at swamp outlets and broad backwater flats indi-

cate possible bedrock influence on surficial morphology.

...

Sequence of Image Examination

Anomalies specifically related to areas of near-surface bedrock

could not be identified in any of the data sources. A stepwise method

of restricting the evidence of one source by the evidence of the next

source was the most useful procedure for determining outcrop areas.

The following procedure evolved in this study:

^r
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Step One: A map of the regional thickness of the unconsolidated

surficial sediments was used to reduce the search area to the one-third

of the state which is known to have less than 100 feet of cover.

Step Two: Broad regional imagery, such as Skylab photographs or

leaf-off, early spring LANDSAT images, multispectral bands 4, 5 and 6

was studied to further distinguish candidate sites for near surface

bedrock.

Step Three: Potential outcrop areas identified from step two were

examined on the aeromagnetic map. We noted a correlation between spec-

trally-identified areas of potential outcrop and aeromagnetic anomaly

levels (relative to arbitrary datum) of 11,000 to 11,500 gammas, but

this relationship requires further study.

Step Four: Some statistical correspondence between gravi':y values

within the range of -30 to + 35 milligals and bedrock outcrop areas was

observed, but half of the state is within this range. Areas within

these limits were considered only if the conditions in the first three

stages had been met.

Step Five: After large areas of potential outcrop have been

identified, more site-specific methods can be used. Conventional

aerial photography is especially useful at this stage. Numerous cri-

teria for outcrop recognition on aerial photographs have been developed
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Step Six: The areas selected on the basis of the previous steps

were located on 7.5-minute topographic maps. Areas less than 50 feet.

above the elevation of the nearest stream and within 2,500 feet of it

were searched for.

Step Seven: The final step was to verify the outcrop on the land.

Comments and Recommendations on Image Types

Of the methods employed in this study, LANDSAT images were anal-

yzed the most thoroughly. We had four MSS bands with seven scenes for

each scene center. These seven scenes included a wet and dry spring, a
F

wet and dry summer, a wet and dry fall and a winter image. Of the 28

possible combinations of MSS hands, the bands which had the most uni-

form intensity of .response, as measured on the photographic negatives,

and also as deduced from comparing two different scene centers, were:

A dry spring - bands 4, 5 and 6

A wet spring - bands 4 and 5

A dry summer - band 4

Combinations of two or three of the above were best for identifying

areas of probable outcrops.

An objective of this study was to establish a method for selecting

other bands as possible sources of information about bedrock outcrops.

It will require another phase of investigation to acquire: these CCT's,

develop the training sets, and then predict all of the outcrop areas in

each scene.



C12

^rr
I .

'i	The areas of shallow bedrock appeared very dark on radar (SLAR)

images, as they did on aerial photographs, but because the detail and

resolution were better on the aerial photographs we did not pursue the

radar imagery as an indication of bedrock outcrop. Skylab photos,

visual and infrared, color and black and white, also showed shallow

bedrock as very dark or intense colors.

The map of natural gamma radiation intensities, which vary accord-

ing to surficial conditions, indicated the location of sand, gravel and

organic material, but the resolution was not sufficient to identify

bedrock near the surface. There was radioactivity coverage over only

the study training areas so we could not project this information on the

test areas. With better resolution, and with actual flight-line data

if they were available, natural gamma radiation data possibly would be

a useful indicator of surface or near-surface bedrock.

When aeromagnetic data with higher resolution are available, it

will be useful to investigate areas characterized by concurrence of

magnetic anomalies and topographic, lineaments, and by localized, sharp

magnetic anomalies with high gradients and intensity values. This was

not practical with the resolution of the available map.

The new, more detailed gravity map now partly completed for

Minnesota will be potentially more useful in future studies. The grav-

ity anomaly characteristics at known outcrops for an area would be use-

ful criteria in evaluating gravity data for other areas of possible

outcrops,
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Relations of Outcrop to Lineaments, Drainage, and Elevation

We looked at lineaments interpreted from many sources (see Goebel

and others, 1978) and counted the number of outcrops located within 1

mile and within 2 miles of a lineament. We found that of the

lineaments, those interpreted from winter LANDSAT imagery occurred most

frequently near outcrops. Although there were many lineaments in the

two training areas that had outcrops, there were few in the teat areas.

Therefore, we could not assess the usefulness of lineaments in pre-

dicting outcrops. It would be advisable to review the lineaments in

application of this study to other areas.

We tested the hypothesis that bedrock outcrop elevations should be

near the base levels of the closest streams, and that they should be

fairly close to the nearest stream beds. Topographic maps provided

information on elevations above sea level. Two-thirds of the outcrops

in the St. Cloud site have elevations less than 50 feet above the ele-

vation of the nearest stream and two-thirds of the outcrops in the Twin

Cities site are within 124 feet of nearest-stream elevations.

It was further determined that outcrop is likely to be higher in

elevation the farther it occurs from the stream. Most outcrops located

were at distances between 1,400 and 5,000 foot from streams, although

we found outcrops in streambeds and as far as 8,000 feet away. Except

where other evidence is available, it would be useful to concentrate

the search in areas less than 50 feet higher than a streambed but no

farther than 2,500 feet, or at most 5,000 feet from a stream.

0
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Outcrops occurred dominantly in or very near glaciofluvial and

alluvial areas shown on Quaternary Geologic Map of Minnesota. Glacio-

fluvial excavation of bedrock is consistent with the relationship be-

tween stream erosion and outcrops.

CONCLUSIONS

Systematic application of procedures developed in this study can

narrow the search area to reasonable limits, and can help define areas

where bedrock is near the surface. Some media should be further in-

vestigated to understand their contribution to recognizing outcrop

areas. More specific attention could be given to quantifying the use-

fulness and constraints of the recommended procedure for locating bed-

rock near the surface.

D
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Table 1. Mean and standard deviation of the response values derivecl for
selected remote-sensing media used in this study.

Remote-sensing Medium

Aeromagnetic map ( in gammas mag. .rad. )
Bouguer gravity map (in mil.ligals)
Aerial photos (light to dark scale 1-5)
Thickness unconsolidated sediments (ft.)
Bedrock outcrop elevation (feet)
Streambed elevation (:feet)
Distance from outcrop to streambed (ft.)
SLAB radar (light to dark scale 1-5)
Natural gamma radiation (counts/second)

Twin Cities St	 Cloud
^M	 :SD

11,200	 180

M

11, 300

SD

246

3
_

33 -16
-3

4 . 5
_
^2.1 4.4 .9

94
_	

54 53 36

8 52 86 1,072 42
_7 59_ 29 1,038 3 5

5,180 7,800 1	 1,421 1 , 484
4.7 .5 _ 4.6 6
2. 9 3?..8 -15.7 Z. 5

Twin Cities	 St. Cloud

Percentage of outcrop, occurring in
fluvial deposits
	

79
	

77

Table 2. Mean and standard deviation for the density values recorded for
outcrops in the training sites on LANDSA`i' Imagery. (Measured on photo-
graphic negatives, low numbers are greater film densities.)

Band 4 Band 5 Band 6 Band 7
M SD^ M SD M SD M SD

FF
1.0 2.1 .8 2.1 .9 3.0 1.4

..8 .2 .7 .1 .7 .1 .9 .2

3.9 .6 4.5 1.0 4.4 1.4 4.9 1.8
3.2 .2 3.8 .3 3.1 1.4 3.3 .5

7.0 1.0 5.5 .1 5.1 .8 6.2 1.6
6.2 .6 5.3 .5 3.6 .5 4.2 .7

7.4 1.3 6.8 1.4 3.5 1.3 3.8 2.0
6.9 .8 5.7 1.1 2.8 .6 2.8 .6

4.9 .8 4.2 1.0 3.2 1.1 4.3 1.7
3.4 .4 2.7 .6 1.1 .3 1.6 .6

7.3 1.1 6.8 1.3 5.6 1.2 6.2 2.2
(NO COVERAGE)

8.0 1.6 7.4 1.5 6.9 1.5 8.0 1.8
6.1 .5 4.6 .6 3.8 .6 4.5 .8

Site and Season
Winter

Twin Cities
St. Cloud

Wet Spring
Twin Cities
St. Cloud

Dry Spring
Twin Cities
St. Cloud

Wet Summer
Twin Cities
St. Cloud

Dry Summer
Twin Cities
St. Cloud

Wet Fall
Twin Cities
St. Cloud

Dry Fall
Twin Cities
St. Cloud

x
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Site Remote-sensing media

St. Cloud Gravity vs. aeromagnetics
Twin Cities Gravity vs. aeromagnetics
St. Cloud Aeromagnetics vs. natural gamma radiation
Twin Cities Aeromagnetics vs. natural gamma radiation
St. Cloud Gravity vs. natural gamma radiation
Twin Cities Gravity vs. natural gamma radiation
St. Cloud Aerial. photograph vs. radar imagery
Twin Cities Aerial photograph vs. radar imagery
ql'. Cloud Radar imagery vs. visible color
St. Cloud Outcrop elevation vs. stream bed elevation
Twin Cities Outcrop elevation vs. stream bed elevation
St. Cloud Outcrop elevation vs. distance to elevation
Twin Cities Outcrop elevation vs. distance to elevation
St. Cloud Outcrop elevation vs. sediment thickness
Twin Cities Outcrop elevation vs. sediment thickness

Pearson's r

-.14
-.01
.00
.14
.34

-.29
.12
.30

-.21
.83
.62
.29
.32

-.57
-.29

Cl8

Table 5. Mean and standard deviation of the color density values on
Skylab ,photographs with a scale of 1-5 from light to dark.
The Twin Cities site was not included on any of the Skylab
photographs and these data apply to the St. Cloud site only.

Ty e of photography M . SD

Infra-red, color 4.3 1.3
Infra-red, black and white (.7 -	 .8 urn) 4.9 .7
Infra-red, black and white (.8 - .9 um) 4.5 .8
Visible, color 4.1 .9
Visible, black and white (.6 - .7um) 1.7 .8
Visible, black and white (.5 - .6 um) 3.8 .7

Table 6. Correlation between the responses of the remote-sensing
media used in this study to near surface bedrock.

Skylab Photography (Twin Cities without coverage)

St. Cloud Visible color vs.	 I.R. color .15
St. Cloud I.R. color vs. black and white . 6-.7 um -.09
St. Cloud Black and white . 6-.7 um vs. black and white .5-.6 um .11
St. Cloud Black and white .5-.6 um vs. black and white .8-.9um .00
St. Cloud Black and white . 8-.9 um vs. black and white . 7-.8 um .41
St. Cloud visible color vs. black and white .8-.9 um .07

LANDSAT Image negatives

St. Cloud Wet summer band 4 vs. dry summer band 6 .04
St. Cloud Dry summer band 6 vs. day fall band 4 .53
St. Cloud Dry spring band 4 vs. dry summer. band 6 .62
St. Cloud Dry spring band 4 vs. dry fall band 4 .72
St. Cloud Wet summer, band 7 vs. dry summer. band 6 .91
St. Cloud Dry spring band 4 vs. wet summer band 7 .66
St. Cloud Winter band 4 vs. dry spring band 4 .09
St. Cloud Winter band 6 vs. dry spring band 4 .11

1-1
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DATA SOURCES

Aerial, Photographs

Study Area A - Marshall and Pennington Counties, 1966, U.S. Department

of Agriculture, Agricultural Stabilization and Conservation Service,

Aerial Survey, Inc., Louisville, KY, 1:20,000.

BXY - 1GG-(65-76), (142-154), (182-189)

BXY - 2GG-(107-114), (161-172), (192-203), (267-278)

BXY - 3GG-(44-48), (68-81), (146-159), (181-194), (264-276)

BXY - 4GG-(79-84), (167-169)

BYC - 1GG-(46-55), (88-97), (163-171)

BYC - 2GG-(56-65), (11G-124), (132-141), (206-215)

Study Area B 1 - Lake of the Woods County, 1941, Abrams Aerial Survey

Corp. - Mark Hurd Aerial Mapping Corp., 1:20,000.

C1Q-1-(38-145)

C1Q-3-(23-31)

C1Q-5-(119-125), (156-162), (165-171)

Study Area B2 - Roseau County, 1966, U.S. Dept. of Agriculture,

Agricultural Stabilization and Conservation Service, , Park Aerial

Surveys, 1:20,000.

BYG-2GG-(113-138)

BYG-3GG-(36-48), (50-55)

BYG-4GG-(1-13), (120 -132)

Study Area C - Beltrami County, 1939, U.S. Dept. of Agriculture,
-x

Agricultural Adjustment Administration, Abrams Aerial Survey Corp. -
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Mark Hurd Aerial Mapping Corp., 1:20,000.

CIN-1-(60-77), (83-91), (102-114), (124-133), (140-159)

CIN-2-(36-45), (65-80)

CIN-4-(182-197), (205-217)

CIN-5-(62-83), (122-128)

CIN-6-(4-21), (88•-106), (111-116), (124-128)

CIN-7-(33-35)

CIN-10-(79-82)

Study Area U - St. Louis County, 1953, Arrowhead Aerial Surveys,

Hibbing, MN.

CIR-1G-(140-156), (163-179), (191-207)

Study Area E - Crow Wing County, 1940, U.S. Department of Agriculture,

Agricultural Adjustment Administration, Abrams Aerial Survey Corp. -

Mark Hurd Aerial Mapping Corp., 1:20,000.

BXT-1-(55-60), (94-108), (113-128), (161-175)

BXT-4-(106-117), (123-142)

Sturdy Area F - Crow Wing County, 1939, U.S. Dept. o^ Agriculture,

Agricultural Adjustment Administration, Abrams Aerial Survey Corp. -

Mark Hurd Aerial Mapping Corp., 1:20,000.

BXT-2-17-(49-59), 72-79), (101-110), (144-154)

BXT-3-(41-52), (95-104), (122-133), (171-181)

BXT-5-(2-15), (27-38), (69-86), (101-113)

Study Area G - Benton, Sherburne, Stearns, and Wright- Counties, 1963,

U.S. Dept. of Agricult.urc, Agricultural Stabilization ^tnd Con;arvation

i

A.	 °
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Service, Mark Hurd Aerial Surveys, Inc., 1:20,000.

BIN-1DD-(75-82), (92-93), (142-143)

BIN-2DD-(19-20), (58-63), (100-101), (133-134), (171-172), (228-229)

(266-267)

BJL- 1DD-(38-39), (84-91), (143-154), (156-176), (181-201), (204-268)

BJL-2DD-(21-39), (40-57), (101-118), (124-132), (210-227), (267-279)

BJL-3DD-(5-11)

Study Area H 1 - Hennepin County, 1951, Mark Hurd Aerial Surveys, Inc.

Wide Angle, 1:9,600.

BF-2-(1-8), (76-93)

BF-3-(35-43), (64-70)

BF-6-(60-65)

Study Area H 2 - Hennepin and Ramsey Counties, 1957, U.S. Dept. of

Agriculture, Commodity Stabilization Service, Mark Hurd Aerial Surveys,

^.	 Inc., 1:20,000.

BIM-2T-1

WO-2T-(52-72), (128-135). (201-209)

WO-3T-(2-10)

WO-9T-(65-71)

Studv Area H3 - Dakota and Washington Counties, 1964, U.S. Dept. of

Agriculture, Agricultural Stabilization and Conservation Service, Mark

Hurd Aerial Surveys, Inc., 1:20,000.

CZ-2EE-(22-38), (107•-125)

CZ-3EE-(1-27), (83-107)

1
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CZ-4EE-(53-63), (190-216)

CZ-5EE-(45-62)

LANDSAT IMAGES

EROS Data Center, LANDSAT Imagery, U.S. Dept. of the Interior,

Geological Survey, EROS Data Center, Sioux Falls, S.D., 1:1,000,000

31ack & White Negatives:

8-2359-16173-4,5,6,7

8-5353-15515-4,5,6,7

8-2197-16201-4,5,6,7

8-2269-16192-4,5,6,7

8-2791-16043-4,5,6,7

8-2593-16121-4,5,6,7

8-2665-16094-4,5,6,7

8-2018-16236-4,5,6,7

8-5354-15571-4-4x,5,6,7

8-2198-16253-4,5,6,7,

8-2828-16075-4,5,6,7

8-2594-16172-4,5,6,7

8-2648-16154-4,5,6,7
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SKYLAB Images

EROS Data Center, SKYLAB Images S190A, U.S. Dept. of the Interior,

Geological Survey, EROS Data Center, Sioux Palls, S.D., 1:2,822,434.

C2,3

G30A043216000 Infrared

Positive

G30A044216000	 IR

030A047216000

G30A048216000

G30A045216000
	

IR

G30A046216000
	

Normal

G30A043217000
	

IR

G30A044217000
	

IR

G30A047217000

G30A048217000

G30A045217000
	

IR

G30A046217000

G30A043218000
	

IR

G30A044218000
	

IR

G30A047218000

G30A048218000

G30A045218000
	

IR

G20A013134000
	

IR

G20A014134000
	

IR

G20A017134000

Black & White

Positive

BW

BW

BW

Color

Color

BW

BW

Bid

BW

Color

Color

BW

BW

BW

BW

Color

BW

BW

BW

6- 1



C24

G20AO18134000 BW

G20nO15142000 IR Color

, G208U25008000 Color

'
G30&U25008000 IR BW

G30&O26008000 I8 BW

^ Q30AU29008000 BW

Q30AU30008000 '	 BW
|

G30&O27008000 ID Color

^ G308828008000 Color

SLAR Images

Goodyear Aerospace Corp., Side Looking Airborne Radar Imagery (GLAD):

Goodyear Aerospace Corp., Litchfield Park, Arizona, 1:200,000.

B0I	 FN	 1068X	 poso#03	 Pos. Paper and Film

B03792	 FN	 129X	 goao#07	 Pos. Paper and Film

Oz'tboghntographo

Blue-line orthophotugraDba, mark Hurd aerial

Surveys, Inc., 345 Pennsylvania Ave. So., Mpls., MN. 55426, 1:24,000.

Sucker Creek 392-2 1977

Nebieb 361-2 1977

Bedby N.E. 361-1 1977

Borden Lake 360-2 1977

O'Brien Lookout Tower 360-3 1977

^^
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Saum 360-4 1977

Saum N.E. 360-1 1977

Shotley 391-3 '077

Shot-ley Brook 391-2 1977

South Long Lake 213-2 1977

Merrifield 213-4 1977

Riverton 213-1 1977

Brainerd 213-2 1977

Prescott 103-2 1977

St. Paul Park 103-3 1977

Lake Elmo 104-4 1977

Hudson 103-1 1977

St. Paul West 104-4 1977

St. Paul East 104-1 1977

St. Paul S.W. 101-3 1977

Inver Grove Heights 104-2 1977

Viking S.W 399-3 1969

Viking S.E. 399-2 1969

Warroad S.E. 446-2 1969

Roosevelt 445-2 1969

Winter Road Lake N.W. 434-4 1969

Winter Road Lake 434-1 1969

Milligan Lake N.E. 435-1 1969

Monticello 139-2 1977

3	
Silver Creek 139-3 1977

c



Clear Lake 139-4 1977

Elk River 138-2 1977

Big Lake 138-3 1977

Urrock 138-4 1977

Lake Fremont 138-1 1977

Becker 139-1 1977

Boulder Lk- Reservoir 269-3 1969

Boulder Lk. Reserv. N.E. 269-1 1969

Comstock Lake 269-4 1969

Thompson Lake 269-2 1969

Arnold 246-1 1969

Fredenberg 246-4 1969

Shaw 270=2 1969

Trommald 233-2 1977

Pelican Lake 233-3 1977

Stewart Lake 254-3 1977

Mitchell Lake 254-2 1977

Roosevelt Lake 253-3 1977

Edna Lake 253-2 1977

Twig 247-1 1969

St. Cloud 158-3 1977

Cable 158-2 1977

St. Augusta 140-4 1977

Clearwater 140-1 1977

Minneapolis North 121-2 1977

C2G
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Minneapolis South

Stillwater

1OS-1	 1977

119-3	 1977
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Maps

Aeromagnetic

Zietz, Isidore and Kirby, John R., 1970, Ac:romagne tic Map of Minnesota,

U.S. Geological Survey, Geophysical Investigations Map GP-725.

Gravity

Craddock, Campbell, Mooney, H.M. and Kolehmainen, Victoria, 1970, Simple

Bouguer Gravity Map of Minnesota and Northwestern Wisconsin, Minnesota

Geological Survey, University of Minnesota, Miscellaneous Map Series Map

M-10, 1:1,000,000.

Geologic

'	 Goebel, J.E., and Walton, M., 1979, Geologic Map of Minnesota, Quat-

ernary Geology: Minnesota Ceological Survey State Map Series Map S-4,

1:3,168,000.

Radioactivi

Neuschel, S.K., 1969, Natural Gamma Aeroradioactivity Map of

Minneapolis-St. Paul Area, Minnesota-Wisconsin: U.S. Geological

Survey, Geophysical Investigations Map GP 658, 1:250,000.

Topographic

U.S. Army Map Service (BEAM), Western United States, 1:250,000

Topographic Map SEtries, U.S. Army Corps of Engineers, Wash., D.C., for

sale by U.S. Dept.. of the Interior Geological Survey.
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Bemidji, Minnesota Sheet, 1954 (Limi.ted Rovisi.on 1965)

Brainerd, Minnesota Sheet, 1953 (Limited Revision 1965)

Duluth, Minnesota-Wisconsin Sheet, 1953 (Limited Rovision 1963)

Hibbing, Minnesota Sheet, 1954 (Limited Revision 1965)

Roseau, Minnesota, U.S.-Ontar:i.o, Can. Sheet, 1954 (Limited Revision

1966)

U.S. Dept. of the Interior Geological Survey, 19G5, State of Minnesota

(Base Map), U.S Dept. of the Interior Geological. Survey, 1:1,000,000.

U.S. Dept. of the Interior Geological Survey, 'topographic Quadrangles,

U.S. Dept. of the Interior. Geological Survey, Wash., D.C.

Arnold	 MN
u

7.5'

Becker, MN 7.5'

Big Lake, MN 7.5'

Borden Lake, MN 7.5'

BoulderLk.Reservoir, MN 7.5'

BoulderLk.Reservoir N.E.,MN 7.5'

Brainerd, MN 7.5'

Cable, MN 7.5'

Clear Lake, MN 7.5'

Clearwater, MN 7.5'

Comstock Lake, MN 7.5'

Edna Lake, MN 7.5'

Elk River, MN 7.5'

Fredenberg, MN 7.5'

1953

1961

1961

1972

1953 photorevised 1969

1957

1973

1974

1961

1974

1957

1970

1961

1953 photore vised 1972
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Hudson, MN--WI 7.5' 1967 photorevised 1972

Inver Grove Heights, MN 7.5' 1967 photorevi-rid 1972

Lake Elmo, MN 7.5' 1967 photorevised 1972

Lake Freemont, MN 7.5' 1961

Merrifield, MN 7.5' 1973

Minneapolis North, MN 7.5' 1967 photorevised 1972
a

Minneapolis South, MN 7.5' 1967 photorevised 1972

Mitchell Lake, MN 7.5' 1970

Monticello, MN 7.5' 1961

i'

Mulligan Lake N.E., MN 7.5' 1968

Nebish, MN 7.5' 1972

Newfolden, MN 15	 ' 1957

k
O'Brien Lookout '.Cower, MN 7.5' 1972

Orrock, MCI 7.5' 1961

i

Pelican Lake, MN 7.5' 1959

Prescott, MN 7.51 1967 photorevised 1972

Redby N.E., MN 7.5' 1972

s	 Riverton, MN 7.5' 1973

Roosevelt, MN 7.5' 1967
a

^a

Roosevelt Lake, MN 7.5' 1970

Rosewood, MN 7.5' 1959

St. Augusta, MN 7.5' 1974

St. cloud, MN 7.5' '1974

St. Paul East, MCI 7.5' 1967 photorevised 1972

St. Paul Park, MN 7.5' 1967 photorevised 1972

1q.



St. Paul S.W., MN 7.5' 1967 photorevised 1972

St. Paul West, MN 7.5' 1967 photorevised 1972
i

Sawn, MN 7.5' 1972

Sawn, N.E.,	 MN 7.5 1972

f'
Shaw, MN 7.5' 1953

Shotley, MN 7.5' 1973

Shotley Brook, MN 7.5' 1974

Silver Creek, MN 7.5' 1961

Ev South Long Lake, MN 7.5' 1973

Stewart Lake, MN 7.5' 1971

Stillwater, MN-WI 7.5' 1951 photorevised 1972

Sucker Creek, MN 7.5' 1973

t Swift, MN 7.5' 1967

Thompson Lake, MN 7.5' 1954 photorevised 1969

Trommald, MN 7.5' 1959

Twig, MN 7.5' 1953 photorevised 1969

and 1972

Viking, MN 7.5' 1959 photorevised 1976

Viking S.E., MN 7.5' 1959

Viking S.W., MN 7.5' 1959

Warroad S.E., MN 7.5' 1967

f

y

Whiteface, MN 7.5' 056

Winter Road Lake, MN 7.5' 1958

+ Winter Road Lake N.W., MN 7.5' 1968
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Other

Goebel, J.R., 1980, Isopach map of thickness of unconsolidated sediments

in Minnesota: Minnesota Geological. Survey file map, 1:500,000.

Goebel, J.R., in preparation, Areas in Minnesota where the bedrock is

inferred to he within 50 feet of the present land surface: Minnesota

Geological Survey file map, 1:3,168,000.
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Figure 1. Index map of topographic maps and orthophotos coverage
used in this study. For -the list of each map or ortho-
photo see Data Sources.

2



^	 C34

ST. CLOUD

.	 '	 ^

of	
t

Rh	 AS

`~`.... C 1 .T .E°

J' .

i	 '	 ~
/	 ~^~ ^	 U

Figure 2, Bedrock outcrops located in the St ' Cloud and Twin Cities
training oitea'

^	
PAG2 IS

~1^
\.



C35

sw

^	 f	 •

1 ,	 '	 `•	 f	
4	

Test

4•
r	

1\

^, •Ter__ s
—t s^j.. ...^•
	 ..	 ^,	 ^'

J CASS

r	 '^

Y

	

WING. ,A
♦ ^ 	 :/ ^ • s

Figure 3. Bedrock outcrops located in the Crow Winy trainin, site
and the Cass and Duluth test sites.

/> /



r
WARROAD

ft

T^.
r
a

n

n 
. PENNINGTON	

RED
9	 LAKE

-*A
	 Test

IL

Figure 4. Bedrock outcrol-,3 located in the Red Lake, and WarroA test
sites. No outcrops were located in the Pennington traininq
site.

c.s6

I

1

1

I

I

^C



Multi-seasonal LAND`,

Scene Cent

t

I8/4t.1J 6 96/20W

47/30N 8 97/40W

40100N 6 94 40W

44 /3ON 6 93/30W

47/20N I 92/30W

DES I OUR SEASON

AGE IN BOTH WET

VU URY YEARS

(J

figure 5. index map for multineasonal L,A IIF).;A'C	 im-w ry scant-
center,.	 Fach scene center hne: imak;,sry r. I.I; . d to a
wet and dry year for spring, Summer and fall while
winter h., , , single coverage. For the 1 i:,L of all of the

images u::ed in this study, see Data : ourcvss.
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Figure 9. Reduced map of the thickness unconsolida`od pediment ,; . 11

Minnesota.
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AREAS IN MINNESOTA WHERE
THE BEDROCK iS INFE.RF;ED
TO BE WITHIN 50 FEET OF
PRESENT LAND SURFACE

• Precambrian Outcrop

0 Precombrlon Rotk rlthln 5 iNl
A Precambrian Rock •ithln 50 f.et

. Mesozoic Outcrop
O Mesozoic Rock within 5 feet

O Mesozoic Rock within 50 feet

e Poteozoic Outcrop
O Poleozo^c Rock wilhln 5 leer
C3Poleazoic Rock rlthln SO feet

(rr^ Arens r k ere bedrock lies within
5 feet of land surface

Arens where BedroCk Ices between
5 and 50 feet o} land surface

Areas where Fiedrock I l es more
than 50 f eet of land surface
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Figure 10. Reduced map of areas where the bedrock is expo.4ed or thinly
covered with uncon3olidated deposit::.
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A PROJECT TO L:VALUATL NOIS'1'UI'.1.: STRL.SS IN CORD AND SOY13EAN

T,FEAS OF W-•STEP. AND SOUTIMESTf RN MIt1*:ESOTA

Investigators: Dr. R. Ti. P.itst.
Pierre RoLert
Department of Soil Science
St. Paul, Minnesota

INTRODUCTION

This report sunmiarizus a continuing effort to as:cess soil moi:tore

Ltress through crop signatur is in southwestern Minnesota using remote:

sunsiny techniques and particularly L.ANDSAT data (Rust utd Robert, 1977,

78). Related objectives are: localization of drou ghty, well drained,

and poorly drained soils; detection of stress from Hail., wind, and dis-

ease daragu; and the use of remote sensing data for a( r icultural ranage-

ment.

The 1979 ;round data collection network was similar to that used in

1976, bu y site UO in Chippewa County eras cropped Lecau:3e the roil sur-

vey torminated. Generally similar procedures were used for ground data

collection, greenhouse experiments, and. remote sensing data types. The

1978 procjress report gives the site locations (figure 1: See Volume XII,

1978) and surn,,arizes equipment characteristics and procedures.

Since the amount and distribution of precipitation were adequate

curing the 1977 quid 1976 growing seasons, no :Agnificant stress occurred.

Crc.F) ccnlciLions were very favorable. F.s a result, crop signatures were

too wii.form to reflect soilscape variations, and crop condition changes.

In 1979 precipitation ons again adequate to excess, particularly ir, June

I

and P,uqust- (Table 1)	 I1, some cases, poorly drained sites especially,
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Table 1. 1979 growing t;ea:;on ninthly  precipitation and normal:; for [one weather
stations of SV9 Min-esota

Precipitation	 (inches)

Luctition April Eay June July August 5apt Oct Total

tiontevideo formal 2.29 3.31 4.72 3.48 3.69 2.92 1.62 22.03

1979 3.2G 3.98 8.32 2.17 G.87 0.40 3.60 28.60

Marshall Normal 2.46 3.30 4.49 3.95 2.68 2.70 1.61 21.10

1979 3.90 4.13 7.12 4.13 6.32 0.97 3.27 29.84

Pipestone Normal 2.22 3.60 4.62 3.35 2.96 3.20 1.73 21.68

1979 3.13 2.82 3.84 3.44 G.38 2.13 4.31 26 .05

dwood Falls Normal 2.22 3.25 3.92 3.86 3.24 2.42 1.74 20.65

1979 1.56 5.48 4.71 6.70 b.30 1.41 3.24 31 .43

Windom Normal 2.35 3.61 4.50 3.74 3.30 3.54 1.70 22.74

1979 1.11 6.02 5.13 3.76 7.82 2.43 4.68 30.95

r	 _rage Normal 2.3n 3.49 4.42 3.09 2.99 3.07 1.70 21.66

1379 2.59 4.78 4.98 4.04 7.14 1.47 3.0.2 20. 82
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stress conditions developed as a result of excess of water and oould U-

identified on color infrared Pkiu graphs.

CORN LEAF REFLECTANCE IN GREENHOUSE EXPERIMENTS

Field reflectance' is the result of interactions between a variety

of factors such as crop oondition, soil tyre, and farming tcch,iiques.

The relationship between water availability and plant reflectance can be

cost adequately iaolated in a greenhouse experiment.

Five experiments measuring earn leaf reflectance were conducted

from fall 78 to spring 79 using equipment and techniques previously de-

scribed (1976 progress report). Figure I sumriarizes the main. results of

one e:rperinent. We observe a general trend toward increased r,?flectancr

in response to increased plant uater potential ? , a result also found in

1978 on soybean pla.lts. however, the detailed relationship is much more

variable, for example, as in the last measurement. Furthermore, corre-

lations may be smaller in some other ex.Deriments, particularly in the

near infrared waveband. Additional experiments will be conducted during

the 1979--80 fall to spring period.

'Reflectance is use for "reflected enercy intensity". The differential
normalized reflected energy (DNPY..) is defined as

DNIZE = U.I. of stressed lei'. _ E.I. of turgid leaf
E.Z. of standard	 E.I. of standard

where
E.I.	 Energy Intensity of the reflected light. The standard is
magnesiur-. oxide at 600 iun.

%ater potential is the energy status of the contained water in leaves
•	 (or other plant parts) expressed in units of pressure (bars).

 Q,
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ASSESSING CROP HAIL DAMAGE

Ground data on hail damage were collected and mapped by the field

collaborators using local informaian.

The main hail. damage in 1978 occurred on July 6 in Chippewa, Jack-

D5

m

son, Pipestone, and

infrared B & W, 1:1

aged areas. Figure

damaged areas. A b,

the July 17 to June

This will be tested

Redwood counties. The July 15 LP.NDSAT imagery (near

.000,000 scale) gives the best signature of the dam-

2 shows the characteristic; signature change of the

-atter identification could result from the ratio of

23 data. The ratio might reduce background noise.

on the IMAGE 100 system during our next session at

the Eros Data Center.

LANDSAT DIGITAL DATA ANALYSIS

Data from t-e three related scenes of 1977 (June 23, July 29, and

September 9) were analyzed at the ERAS Data Center, Sioux Falls, durinq

i.
	

a three-day session. most of the ir%age processing was performed using

the: IMAGE 100 system (General Electric Co.). one information extraction

was donna using the more powerful IDIMS (interactive image processing)

9	 3vstem (Electromagnetic System T.aboratores, Inc.).

From the original computer compatible tape, overviews of the three

scenes (3% sampling) were computed by sampling every sixth column and

every fifth line. Windows (256 columns by 165 lines) corresponding to

six sites were extracted from the three tapes and stored on a "working"

tape.

1
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Figure 2. July 15, LANDSAT imagery over so-.ithwestern Minnesota (Band 7,
1:1,000,000 scale, path 31, row 24). Arrows indicate hail
damaUe.
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Site i ►unber 5 (Tracy) was selected for a detailed study nn both

image analysis systems.

On the IIIAGE 100 system the following operations were performed:

(1) durping j)irel values; (2) establishing video levels between 0 and

255 for each pixel within the cursored area, which are then printed so

that a 1:1 map is obtained; (3) alphanumeric plotting of the training

sections using 8 different themes corresponding to 8 equal soups of

pixel values; (4) clustering the June (Figure 3) scene and displaying

the result on the electrostatic plotter using a 1:1 and 9:1 ratio; (5)

temporal overlaying of bands 5 and 7 for the June and July scenes with

classification of the resulting image.

On the IDIMS system, alphanumeric maps with 64 classes for the June

and July scenes were produced after clustering using the "Isoclass

method" (nearest neighbor algorithm) on the 4 channels.

The most significant result came from the temporal signature of the

June and July scenes. Corn, soybean, and small grain fields were readily

identified. Because of the homogeneity of the signature within crops

(the result of favorable weather conditions), it was not possible to make

further differentiations, particularly in soil drainage classes.

ANALYSIS OF SOIL WATER

Soil water content is one of the principal parameters correlated to

+	 the crop signatures. Its value is monitored throughout the growing season

l•
on each site.

1
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:oil water content was previously expressed water per unit mass of

soil because most of the soil bulk densities were not available. A pre-

ferred expression is water per unit volume of soil. This is a better

evaluation of the soil water content since it takes account of soil tex-

ture and structure. Hawever its computation requires a correct measure

of the soil bulk density, which introduces some error due to soil vari-

ability and requires a lengthy laboratory analysis. Table 2 gives the

oven dry and 0.3 bar soil bulk densities for most of the ground data soil

sites. Values in parenthesis seem questionable.

Another expression of the soil moisture is the available water,

which is the moisture retained in the soil between the field capacity

(a pressure of 0.3 bar) and the Permanent wilting coefficient (15 bars).

Values are usually expressed on disturbed (crushed, artifica l ly packed)

samples because it is easier and faster to do so. However, such measure-

ments eliriii:ate the soil structure effect and have to be applied with

caution to field situations, particularly for low natric potential (wet

end of soil noisture range).

A method was developed to measure soil water retention or) undis-

turbed soil cores. Soil cores are sampled using a hydraulic probe, sat-

urated with water, frozen, installed in a special holder (Figure 4),

mounted on a diamond saw, and cut to the thickness of the rubber ring

used in the pressure chamber.

If the sawing_ prodoces a "polish" on the faces, the sample surface

is roughened on a grinder covered with a medium sand Raper to reopen all

thc: . ores..

W,
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Figtire 4. Cut soil core in the special petrographic saw holder.

Table 3 gives a sutomary of differential water content (disturbed

less undisturbed samples) at 0.3 and 15 bars for on site roils. The

differential values are statistically highly significant (p < .001) at

0.3 bar, but they are riot significant at the .05 level for the 3.5 bars

samples (.05 < p value < .10). Therefore, water retention at 0.3 bar

should always be measured on undisturbed samples.

11TTENiPT TO UEVFLOP REAL TIME AGRICULTURAL VA IAGEMENT

The development of timely recommendations for crop and roil manage-

r-tont was an initial objective of the project. It appears that this Jb-

jective cannot presently be acconnlished using Landsat data. The acqui-

sition of imagery requires a long delay of at least two months. Uowever,
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since improvements in processing time znd in data resolution are expected

in the near future, a cooperative project Litween the Waseca and Lumber-

ton experimental stations, and twelve farmers located in southcentral

and southwestern Minnesota (see Figure a) was started in Spring 1979 to

test the practical use of remote sensing techniques for "on time" corn

and soybean field management.

The objective was to give the cooperators, throughout the growing

season, a color infrared print within ten dayo of flight date at approx-

imately 1:10,000 scale and contain interpretation of soils - and crop-

conditions on an rie.rlay (Figure 6). Information which can be extracted

from aerial photographs includes germination success (equipment failure,

disease, herb'Lcide effectiveness), a check on stand growth and develop-Mani- 

fsslnnf- ri^rnaae^_ rr1 Gannl iratior3 of chemicals), dr3itttaae effectiveness,

soil moisture s'_ess, harvesting problems (lodging, weed infestation,

variable ripening), regrowth pattern, and hail, wind and flood damages.

Unfortunately, the cloudy conditions encountered during most of the

1979 growing season allowed only two flights, July 15 and September 16.

Table 4 gives the features we were able to distinguish on the September

photographs. An important practical result was to show a precise spatial

distribution of drainage effectivness.

Interest in continuing the project was expressed at the evaluation

meeting held in St. James on November 14 by the farmers, county agents

and extension agents.

/t)/
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Figure 6. Color infrared print with interpretation of soils and crop
conditions (at 1:10,000 scale).
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Figure 6. Color infrared print with interpretation of soils and crop
conditions (at 1:10,000 scale).
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Table 4. Interpretative legend for the September ].6 }.photographs.

1 : slight- reduction in growth or crop stand by excess of moisture;

2 : significant reduction in growth or crop :stand by excess of moisture;

3 : plant loss or damage by high excess of moisture;

5 : reduced growth by soil erosion.

Sl: (greenish color) soybeans, reduced stand, delayed maturity,

S2: (brownish color) soybeans, good stand;

Cl: (darker brown) corn, reduced stand, delayed maturity;

C2: (lighter brown) corn, good stand;

Bl: (darker green) bare field, poorly drained soil type;

B2: (lighter green) bare field, well drained soil type;

T1: (light gone) thin surface horizon, sandy;

T2: (light tone) thin surface horizon, high lime;

'	 Df: differential maturity related to planting date or seed variety;

W : (reddish color) significant weed problem;

? : unknown problem.

1^
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SUMMARY AND CONCLUSIONS

The 1979 growing season received significantly above average pre-

cipitation in the study area. As a result, the poorly drained soils

had some moisture excess which probably will be reflected in the LANDSAT

data.

As a result of the wet season, the percentage of cloud cover was

also higher than usual. This greatly reduced the availability of LANDSAT

scenes. There are only 3 scenes available with less than 10% cloud cover

for the study area. There is no usable scene available from June 6 to

September 20, 1979.

Corn leaf reflectance does not show a strong relationship witL>, plant

stress or plant water potential as measured with the technique used for

soybeans in the 1978 greenhouse experiment. Additional measurements will

be made in 1980.

Hail-damaged areas show a characteristic signature on the LANDSAT

black and white infrared product. Further identificaion will be tested

using the digital data.

Information extraction from the 1977 digital tapes was performed at

the Eros Data Center using the IMAGE 100 and the IDIMS systems. The

study of one site showed that crop identification is feasible using tem-

poral signatures. But because of uniformly excellent crop conditions,

reflected in nearly homogeneous signatures, it was not possible to make

further differentiations, e.g., soil drainage classes.

To evaluate more accurately the soil water content of the ground

data sites, their soil bulk densities and soil water retentions at 0.3

Jr ^hw.•3.;..^,^...,-..._..__WiJSin... l.+.A:s....o .^i.a. .tv.. ^^ e. ^^n.......t-...a. ...z.. .4^. 	
..	 .a

•
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and 15 bars were measured. A method to prepare undisturbed soil samples

was developed. A highly significant difference in water retention was

found between disturbed and undisturbed samples at 0.3 bar. Undisturbed

samples should be used.

A cooperative project between the Waseca and Lamberton Experiment

Stations and 12 farmers tested the feasibility of using remote sensing

techniques for real time agricultural management. The objective was to

produce, within 10 days of the flight date, color infrared prints and

interpretation of soils and crop conditions related to plant growth,

equipment failure, chemical efficiency, drainage effectiveness, and

stress as a result of moisture extrerr.es , hail, and diseases. Cloud cover

and -the processing time of color infrared films were the two main prob-

lems. Positive results were obtained such as indication of a need of

drainage, weed control, and the management of eroded fields. Interest

in continuing the project was expressed by the coope.ators.

Rust, R. H. and P. Robert. 1977. Evaluation of soil moisture stress in

W. and S1V. Minnesota. Section F in NASA Progress Report (NGL 24-

005-263, Vol. XI).

Rust, R. H. and P. Robert-. 1978. A project to evaluate moisture stress

and weather modification procedures in Corn and Soybean areas of

11. and S.V. Minnesota. Section B in NASA Progress Report (NGL 24-

£	 005-263, Vol. XII).
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MEASUREMENT OF SUSPENDED SOLIDS IN LAKES AND OCEANS

USING SATELLITE REMOTE SENSING DATA
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MEASUREMENT OF SUSPENDED SOLIDS IN LAKES AND OCEANS

USING SATELLITE REMOTE SENSING DATA

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

ABSTRACT

Using satellite remote sensing data to measure low concentrations of

r	 '

1
a.

^a

suspended solids in lakes and ocep.ns requires careful evaluation of back-

ground signals from the atmosphere and the water surface. We present here

typical background corrections for Lake Superior and determine the spect-

ral distribution of the residual radiance from three major categories of

turbidity in the lake. The results indicate that for large bodies of

water, some general information on atmospheric scattering, water clarity,

and the optical properties of suspended solids allows estimates of con-

centrations of suspended solids to within ± 0.5 mg/^. without using real

time around truth data. Under calibrated conditions the threshold detec-

tion level is 0.3 mg/Q for the fine particulates dispersed throughout the

lake and 1 mg/Q for the highly light absorbing effluent from rivers. Com-

parisons of the minimum reflectance over the open lake areas with reflec-

tion from the highly absorbing tannin water from rivers, provides a check

on the clarity of the atmosphere and the excessive background scatter from

the water surface.

....	 _.. ±. a xv a,.t .a^: Y ....	 ,.,. .,<_	 a . ^. _ 4 ^ ♦ _ +...._.. t:.: v : ry	 .. 	 r,	 : , .A .	 . .... .7 .,^ ..^..	 ...	 ..	 _
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METI-(OD AND RESULTS

The spectral and the angular distributions of radiance from Lake

Superior were measured with an optical probe which has a flat response

from 400 to 900 nm. The detector had an acceptance cone of 5.65 x 102

steradian; and an area of 1 cm 2 . The spectral distributions of radiance

were measured using a set of filters spanning -the 380 to 1050 nm range.

The filters had nominal band pass values of 10 nm. Measurements of the

direct solar intensity were made with the probe and with an auxiliary

narrow-angle NASA radiometer designed to measure the optical thickness of

atmosphere.

The direct solar radiation per unit area normal to the incident

solar ray is shown in Figure 1. The time of the measurements coincided

with the LANDSAT 2 overpass. The sun elevation was 57 0 . The measure-

ments represent average radiation for June 24, 2G, 27, and 29, 1979.

Curve 1 in Figure 1 is based on solar radiation values at the top of the

atmosphere. The values are based on measurements by Thekaekara (1971)

and are accepted as standard by NASA (Coulson 1975). Curve 2 shows the

radiation at lake level.

The angular dependence of the radiation from Lake Superior was mea-

sured at several angles in the incidence plane (the plane containing the

solar incidence ray and the normal to the water surface). The measure-

ments were made looking towards the sun (forward angles), away from the

sun (backscattered), and at right angles to the plane of incidence (side-

scattered). Forward scatter is susceptible to glare and is not generally 	 „.

used in remote sensing of suspended solids. For light emerging at angles



► r

	
E3

near the Zenith, the baukscattered and sidescattered radiances were sim-

ilar when the sea conditions were calm. 	 The radiances at the Zenith were

devoid of the excessive specular reflection. 	 However, at angles approach-

ing 45° from the Zenith, the specular reflection of sky light overwhelmed

the backscattered signal due to volume reflectance, as shown in Figure 2.

r The intensity and the spectral distribution of the overhead sky light,

measured at 90° to the solar incidence along a line in the plane of inci-

dence, are shorn in Figure 3.	 The overhead sky intensity provides a mea-

sure of the specular reflection by the water surface.	 The specular reflec-

tion must be subtracted from radiance measurements to determine the resid-

ual radiance from the particulates.	 Figure 4 shows the spectral distri-

t bution of radiance for calm water containing less than 0.2 mg/2 of sus-

pended solids.	 The radiances are measured near the nadir unless other-

` wise specified.	 The radiance in Figure 4 is broken down into the spec-

ular component, taken as 6% of the overhead sky intensity, and the remain-

`	 I
der of the signal which is attributed to the volume scattering from the

0.2 mg/2 concentration of suspended solids. 	 This remaining signal is

s
assumed to be the volume reflectance by the carrying medium.

In analysis of remote sensing data for turbid water where concentra-

tions exceed 	 mg/Q, the scatter from the carrying medium wa y diminished

expoi-catially according to the ratio of secchi_ transparencies. 	 The cor-

rection term is small, so the use of secchi transparencies is justified.

Although the secchi trans p arenc i es are not precisely measureable, the

R	 parameter is a convenient and commonly available measure of the transpar-

ency of lakes and oceans. The decrease in the scatter from the carrying

medium is important hx cause it implies that for highly turbid or highly

11	
absorbing water, the background is due mainly to atmospheric scattering

//C
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and specular reflection by the grater surface. This provides an impor-

tant check on the clarity of the atmosphere and the clarity of water in

the reference area when real time ground truth data are not available.

For instance, when the minimum signal in the image is high because the

reference area, assumed to be clear water, actually has turbidity on the

order of 1 mg/k, the corresponding residual radiance from the known areas

of highly absorbing tannin water will be unuRually low or negative in

band 4 of the Landsat data. In a known system this will serve as a test

of the assumption that the minimum reflectance area contains clear water.

On the other hand, if the subtraction of the minimum radiance in the

image yields residual radiances which are high in band 4 over the nor-

mally clear open lake areas and the areas with highly absorbing water,

then the excessive background for the day is due to a turbid atmosphere.

The dependence of volume reflectance on angle is shown in Figure 5.

The scatter is quite flat over the angles encompassing the range of LFND-

SAT observation angles and the acceptance angles for the probe, when mea-

surements were made at or near nadir.

To obtain residual radiance due to turbidity, the measurements were

corrected for surface and volume scattering according to Figure 4. Its

previously stated, the volume reflectance from the carrying medium was

reduced exponentially according to the average secchi transparencies.

Figures 6, 7 and S show the spectral distribution of the residual radi-

ance for red clay, taconite tailings, and tannin. These are the dominant

^^1
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v	 types of suspended solids in Lake Superior. 	 The fine red clay particu-

lates shown in Figure 6 originate from extensive erosion along the Wis-

consin shore of Lake Superior. 	 Banks of clay are also present near Onto-

nagon, !Michigan. 	 Erosion of clay is the dominant natural source of inor-

ganic particulates in the lake. The reflected sunlight peaks at 630 rim

for the red clay. Red clay concentrations from 1 -15 mg/R cover large

sections of the lake, especially in extreme western Lake Superior.

Taconite tailings give a residual reflectance peak at 560 rim. The

tailings are discharged from a point source at Silver Bay, Minnesota.

The discharge, in excess of 6 x 10 4 tons/day, causes extensive plumes

ranging in concentration from 1 to 4 mg/Q. Some of the fine tailings

and the red clay particulates spread throughout the lake and form the

main background of suspended solids in western Lake Superior.

Tannin is a term applied to the brown colored river water common

around Lake Superior. Tannin ' is Highly organic (ti 35%). It has low

transparency, with secchi lengths ranging from .5 - 2 m in comparison

with 3 - 5 m for western Lake Superior containing 'L 1 mg/9 of red clay

or tailingo > The background clear water exceeds 10 m secchi transparency.
i

Figure 9 shows the spectral distribution of radiance from rough seas.

It was obtained from the difference between radiance measured by looking

into the wind (corresponding in this case to the sidescatter angles) and
z

the backscattered radiance at right angles to the wind.

The spectral distribution of the residual radiances allow us to

identify particulates in the lake (Sydor, Stortz, and Swain 1978). Using

^a
»e

z
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the data in Figures 5 and 6 we can estimate the reflectance for each par-

ticulate type and concentration. We can also treat mixtures of particu-

lates, since the reflectances are reasonably linear with the concentra-

tions as shown for red clay in Figure 6. However, to be able to use the

data in conjunction with the remote sensing information from the satel-

lites, one needs to be able to predict the radiances at the satellite

altitude. Furthermore, one needs to account for the seasonal changes in

solar radiation at lake level and the attenuation of the residual radi-

ance by the atmosphere. The attenuation by atmosphere can be obtained

from Figure 1 by taking the ratio of the solar radiation at the lake and

at the top of the atmosphere. The seasonal variation of the minimum

background radiance from clear water and the atmosphere is shown by curve

1 in Figure 10. This variation arises mainly from the effects of solar

elevation and changes of atmospheric attenuation at various solar angles

(Coulson 1975). The broken line in Figure 10 approximates the effect of

solar elevation and is given by

R = o(cosR + aseco)e-Useco

where R is the radiance for clear water and clear atmosphere, a is the

Zenith angle of the sun, a is the scattering coefficient for one atmos-

phere, and U is the absorption coefficient for one atmosphere, which can

be evaluated from Figure 1. The limits of fluctuation for background

radiance are shown by curve 2 in Figure 10. The shape of curve 2 departs

from the seasonal behavior during the winter. This departure can be

attributed to rescattering. During the summer and fall the albedo over

the late is low. Thus correction for atmospheric rescattering of the

light reflected from waters adjacent to the observation area can Le

M
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ignored. In the winter a high albedo from snow and ice packs surround-

ing the observed watur area accounts for a substantial increase in the

sky light intensity. In the summer and fall curve 2 also corresponds to

the reflectance for .5 mg/k of suspended solids and minimum atmospheric

and surface background. In a sense curve 2, for May - 11ovember consti-

tutes the average background radiance for the western Lake Superior. The

.5 mg/Z concentration is an equilibrium concentration of particulates in

extreme western Lake Superior. The open lake waters in western Lake

Superior stay within the .2 - .8 mg/Z limits 97% of the time. Curve 2 is

the upper limit on the acceptable backgrounrl signal level for routine

analysis of remote sensing data in '-.ILe absence of the real time ground

truth data. The atmospheric effects are most pronounced in band 4.

For bands 5 and 6 only the best fit to minimum background values is given

in Figure 10. Figure 11 shows the direct and diffuse components of solar

radiation. The curves were obtained by fitting equation (1) to the mini-

mum values of background radiation for clear atmosphere in bands 4, 5,

and 6. This determined a, V, and R 0 . By scaling R 0 to the value of

solar radiation at the 
;^ 
op of the atmosphere, we obtain solar radiation

at lake level. The first term gives the direct component, while the

second one approximates the diffuse component. The diffuse component is

not the same as the total sky light.

PROCEDURE FOR REMOTE SENSING DATA ANALYSIS

When real tiiite sampling data are available, the background signal

can be calculated and subtracted from the image to produce residual radi-
I

ances for the suspended solids. However in analysing satellite data
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without ground truth, we first examine the image to locate the open lake

area with the minimum signal. If the lowest intensity on the image for

the open lake areas lies within the 0.2 mg/k - .5 mg/k limits shown in

Figure 10, an assumption of .2 mg/k suspended solids and clear atmos-

pheric conditions is made. The residual radiance at satellite altitude

is then obtained by subtracting from the image intensities the minimum

background intensity given by curve 1 in Figure 10. The resulting data

can subsequently be used to identify suspended solids to determine their

concentrations according to Figures 6, 7, and B. However, if the mini-

mum signal in the image is substantially above the .2 - .5 mg/k limits

shown in Figure 10, a determination must be made of whether the back-

ground is high because of high overall turbidity of the water or because

of excessive atmospheric scattering. Visual examination for extensive

plumes, thin clouds or haze can be ruide. Normally, only tapes with clear

images of the lake are purchased. However, a test of excessive back-

ground signal levels can be made by first subtracting from the image the

minimum background according to cuxi re 1. Figure 10, and then examining

whether the excess in the background has the spectral character attrib-

utable to the atmosphere (according to Figure 11), rough seas (Fig,.re 9),

or suspended solids, (according to Figures 6, 7, and 8). If the spectral

dependence of the excess in background indicates that the atmosphere is

turbid, the satellite data may still be usable provided the atmospheric

turbidity is uniform. However, the resulting error for the estimates of

concentration of suspended solids can be as high as 1 mg/R and the ident-

ification of the suspended solids at low concentrations will be hampered

because of the unpredictable spectral behavior of the turbid atmosphere.

WD
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The unambiguous identification of the suspended solids relies on

identifying the spectral shape of the residual radiance, and it requires

a signal at least two or three digital steps above background. This in

turn requires that the horizontal concentration gradients in suspended

solids be large enough to provide a change of 1 mg/k for red clay and

tailings and of 3 .ig/.0 for tannin, over the entire area of the lake

covered by the image. Such .•radient-s are readily available for most

images containing near shore areas and are usually satisfied in the

images of Great Lakes. However, this condition dues impose some bother-

some restrictions. in Lake Superior, for example, tannin concentrations

in the lake must be usually compared with those in the Duluth harbor, or

a compar^Lble tannin area large enough to be well resolved in the image.

Although unambiguous identification of particulates from LANDSAT

I
	

data cannot be made for concentrations lower than 1 mg/k in absence of

ground truth data, estimates of suspended solids concentration can be

made to within .5 mg/k above background. Furthermore, some decisions on

the identity of particulates can also be made at those concentration

levels. When no ground truth is available, but the lowest reflectance

over the lake is within the clearly acceptable background limits, the

assumption of .2 mg/k concentratic , for the lowest intensity area intro-
;

duces a probable error of ± .3 ing/k in the estimates of concentration of

+	 red clay and the tailings. The identity of the low concentration of

suspended solids can also be dedu::ed from spectral dependence based on

t

r agnitude of signals in two bands. For western Lake Superior, for

p	 instance, the background is usually red clay or tailings, so the decision

on the identi ty of the low concentration of particulates in the lake can

r	
be made by exemining the relative magnitude of the signal in bands 4 and

i 11 6,
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5. For the tannin water, which usually has higher intensity in band G

than band 4, the identity can be based on the relative signal in bands

b and 4. Unfortunately, concentrations of tannin lower than 1 mg/R, can-

not be detected in LANDSAT data. At high concentrations, various algo-

rithms can be devised to automatically extract from the residual radi-

ances the identity and concentrations of the suspended solids. Figures

12, 13, and 14 show application of previously published algorithms (Sydor,

Stortz, and Swain 1978) to the data for June 29, 1979. The identity

of suspended solids in the image agrees closely with the sampling data

all along the transects of our 1979 cruise of the western Lake Superior.

COMPARISON OF CALCULATED AND MEASURED RADIANCE AT SATELLITE ALTITUDE

To examine how well the results in the previous sections can be used

to analyse remote sensing data, we calculate the radiances at the sat-

ellite altitude and compare them with th- satellite data for specific

sampling sites on Lake Superior. The sampling points are shown in Figure

15. These points correspond to some of the stations for our 1979 exper-

imental cruise of Lake Superior using research vessel Crockett.

The predicted radiance values shown in Table 1 are close to the

observed satellite values. The corrections for atmospheric attenuation

were taken into consideration according to Figure 1. The satellite data

were obtained from the Canada Centre for Remotu Sensing. The Canadian

data for LANDSFT 2 provides a signal resolution level of 1/255.

Some results discussed in previous sections are evident from Figure

15 and Table 1. Notice, for instance, that the signal level in band 4

a	 for the Duluth harbor tannin water is lower than the signal in the open
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lake areas. This indicates excessive background. Thus in absence of

real time ground truth data, a check on the lowest background signal

could have been made to ascertain the clarity of the atmosphere or the

clarity of the open lake water. In this case it would have shown that

the overall turbidity of the lake «as high. The spectral character of

the residual signal for low intensity open lake areas indicates, accord-

ing to Table 1, approximately a 1 mg/Q background of tailings. Actually

the open lake was more turbid than normal, having a background suspended

solids of level of .7 ng/2 of tailings. Thus it is realistic to assume

that for background conditions falling within the accepted values shown

in Figure 10, an estimate of the suspended solids could be made to within

± .5 mg/R in absence of the ground truth data. Nimbus G data promise to

provide an even better sensitivity for Fake Superior work. However, the

angular dependence for the volume and surface scattering may be more dif-

ficult to handle in the Nimbus G data. In anticipation of Nimbus G data,

it is interesting to compare the spectral shape for the difference in

volume reflectances observed at a 40 0 Zenith angle, for 8 mg/k and 14 mg/Q

red clay concentrations. This difference is shown in Figure 16. We

notice that measurements at Zenith for the 5.6 mg/" concentration yield a

similar spectral response. We might thus expect that for Zenith angles

smaller than ^'0 0 (figure 2), we might still be able to use remote sensing

data from the Nimbus Coastal Zone Scarper to identify the particulates

in plumes, without resorting to elaborate models for angular scattering

by small particulates. 	 ;
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FIGURE CAPTIONS

Figure 1.	 Direct so l ar radiation at lake level. 	 The experimental values

represent 4 day averages.	 Measurements were made in .01 pm bands spaced

at	 05 - .08 pm intervals.	 Curve 1 shows the reference radiation at the

top of the atmosphere, which is based on standard N.A.S.A. values derived

from measurements by Thekaekara (1971).

Figure 2.	 Angular distribution of 0.4 - 0.9 pm light backscattered and

specularly reflected from clear lake water (.2 - .5 mg/k suspended solids).

Measurements were made in the plane of incidence with the instrument

pointing away from the sun. 	 Specular reflection of sky light becomes

dominant at Zenith angles exceeding 40'.

Figure 3.	 Diffuse overhead solar radiation measured in the plane of incidence,

along a line perpendicular to the incident sun ray. 	 Tha sun was at 230
ti

Zenith angle.

Figure 4.	 Curve 1 shows the spectral distribution at nadir of the radiance

from clearest lake water (less than .2 mg/k suspended solids). 	 Curve 2

shows the fraction of this radiance attributable to specular reflection

of the overhead sky li• 	 t by the calm water surface.

Figure 5.	 Laboratory determination of the angular distribution of .646 Pm

light scattered by fine red clay particulates and fine mining waste

particulates.	 These particulates are the prevalent constituent of suspended

solids in western Lake Superior.

Figure 6.	 Spectral distribution at nadir of light reflected from red clay

turbidity in Lake Superior.	 The residual radiance from particulates is

linear for concentrations of suspended solids lower than 10 mg/k.



E14

Figure 7. Spectral distribution at nadir of light reflected from mining

tailings. Tailings often upwell from a broad deposit of discharge slurry

at the bottom of the lake.

Figure B. Spectral distribution at nadir of light reflected from highly

organic, opaque river water commonly referred to as tannin. The above

turbidity contained .5 mg/L of red clay particulates.

Figure 9. Spectral distribution at nadir of light scattered from rough seas

(white caps). The reflectivity has a flat spectral dependence. Rough

seas can be easily identified in remote sensing data because of their

high reflectance at long wavelengths (.8 - 1.1 um) and unstructured

geometric patterns.

Figure 10. Seasonal behavior of the background radiance due to light

scattered by the atmosphere, the water surface, and the low concentration

of particulates in clear water (.2 mg/Q suspended solids). The volume

scatter by the clear water is taken as the intrinsic scatter by the carry-

ing medium. Curve 1 represents LANDSAT derived measurements of radiance

in band 4 (.5 - .6 um) for the clearest atmospheric conditions. Curve 2

corresponds to the maximum value of acceptable radiance from clear water

and uniform atmosphere - defining the clear viewing conditions when

straightforward analysis for suspended solids may be made in absence of

real time ground truth data. The broken line in band 4 corresponds to the

seasonal dependence of radiance as a function of sun elevation. The

curves for band 5 (.6 - .7 um) and band 6 (.7 - .8 um) show average radiance

for clear viewing conditions. The minimum cutoff radiance in bands 5 and

6 for LANDSAT 2 and 3 is indicated by the dotted lines.
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^-	 Figure 11. Curves 1, 2, and 3 show the calculated values of direct solar

radiation at lake level for bands 4, 5, and 6 respectively. Curves A, B,

a-
and C give the respective total solar radiations in bands 4, 5, and 6,

including the diffuse component from the overhead sky. The experimental

points represent measurements of the direct solar radiation plus the

fraction of forward scattered sunlight included within the acceptance

angle of the instrument.

Figure 12. Distribution of red clay particulate (in excess of .5 mg/Q)

in western Lake Superior. The identifications for suspended solids are based

on the relative magnitudes of the residual LANDSAT intensity readings in

bands 4, 5, and 6 and the ratios of the residual intensities.

Figure 13. Distribution of mining waste tailings in the 1 - 1.5 mg/t

range.

Figure 14. Distribution of output from the St. Louis River (lower left

corner) into western Lake Superior. The output from smaller rivers in

Wisconsin can also be seen along lower shoreline.

Figure 15. Band 4, LANDSAT 2 digital output averaged over 90 pixels.

Note the low readings in the lower left coiner of the image showing the

St. Louis River estuary and the Duluth harbor. The overall turbidity

in the lake is higher than average, thus opaque river water shows lower

apparent background than the open lake areas.
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