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ABSTRACT

This report concludes a multiphase program to demonstrate the utllity of
remote sensing data analysis to water quality monitoring., This phase demonstrates
that data analysls and image processing techniques can be applied to Landsat
remote sensing data Lo produce an effective operational tool for lake water
quality surveying and monitoring., The major findings of this report are:

(1)

(2)

(3)

4)

Digital image processing and analysis techniques have been designed,
developed, tested and applied to Landsat Multispectral Scanner (MSS)
data and conventional surface acquired data. Utilization of these
techniques can facilitate the surveying and monitoring of large numbers
of lakes in an operationzl manner,

Supervised multispectral classification, when used in conjunction with
surface acquired water quality indicators, can be used to characterize
water body trophic status.

Unsupervised multispectral classification, when interpreted by lake
sclentists fendliar with a specific water body, can yield classifica-

tlons of equal valicdity with supervised methods and in a more cost-
effective manner,

Image dara base technology can be used to great advantage in character=
izing other contributing effects to water quality. These effects

include drainage basin configuration, terrain slope, soil, precipitation
and land cover characteristics,
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INTRODUCTION

This publication presents the resnlts of the final work completed through the
Joint fforts of JPL's Image Processing Laboratory (IPL) and U,S. Environmental
Projection Agency, Las Vegas (FPALV) on the Lake Classification Task. The report
has been divided into two major sections,

Section I, entitled Significant Technology, presents brief descriptions of
four digiral image processing software programs on systems (LAKELOC, STORET,
STATS2, and IBIS). LAKELOC, STORET and STATS2 were developed specifically for
use by the lake classification projects., The IBIS system was developed originally
for land usc planning activities but subsequently successfully applied to the lake
classification cffort., These four systems formed the technical core through
which all Landsat data and much control sensed data were analyzed,

Seccion II, entitled Technology Applications, presents detailed discussions
of three major lake classification studies which were conducted between 1977 and
1979. [Ihe studies are presented separately in chronological order beginning with
the Lake Mead Intensive Areca Study., This study was designed as a demonstration of
the application of Landsat data to water quality monitoring of a single, large
water body. Multispectral classification was performed and the results compared
with conventiconally acquired contact-sensed measurements gathered on corresponding
Landgat flyover datee, The Lake Tahoe Study was conducted as a demonstration of
the application of IBIS to a water quality monitoring situation. A data base was
congtructed consisting of data elements from Landsat, digital terrain data and
Tahoe Regional Planning Agency statistics, Data base manipulation and some pre-
liminary modelling was performed for demonstration purposes. The third study,
involving lakes in Montana, Ucvah and Michigan, was the final phasc of the Llake
Classification Propject designed as a demonstration of computer program capabilities,
Multispectral classification was performed on some lakes selected for this study.

RIGINAL PAGE 15
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SECTION 3

SIGNIFICANT TECHNOLUKY

Thrpe software systems were designed specifically to handle the task of lake
classification, LAKELOC and its associated follow-on programs PARINA and STATUS
were developed to ald the analyst with identification and isolation of lakes
gselected for study., Eilther Landrat or digital ajrveraft imagery could be uwed as
input to LAKELOC, The two follow=-on programs could be used to extract information
for each lake of intorest from each spectral band and present this inforration in
the form of a cowmputer listing,

The STORET system was designed to present contact-sensed water quality mea-
surements in the form of scatter diagrams., The information source for this
program was data from the Nationmal Hutrophieation Survey.

The computer program STATS2 was developed to be used interactively to locate
and identify sample site locations on lakes seleeted for study., Multispectral in-
formation pertaining to each sample site could be printed out, In addition, super=
vised classification could also be performed using STATS2 by using sarnle site
statisties as input to an automatic classifier.

The IBiS system was developed at JPL originally for land use studies requiring
the development of information data bases to be constructed from varied sources.
IBIS was used In the lake elassificatioa project to build a data base composed of
information from sources such as Tandsat, Defunse Mapping Agency digital terrain
data and maps provided by the Tahoe Regional Planning Ageney.

A. LAKELOG

As deseribed in previous project reports (Refs. I-1, 2, 3, 4), lake isolation
performed at the IPL relied solely upon batch processing techniques. Analysts
used only the IR2 band from Landsat imagery to define water by examining histograms
and setting an average threshold (Ref. 1-~5). This method, while fairly accurate.
for defining water boundaries and aiding the lake extraction process, was inherent-
ly slow. The analyst was required to wait for processing of hardeopy photo
produrts before continuing with wach phase of lake extraction. In addition, small
lakes were extremely difficult to separate, especially if these lakes were directly
associated with river systems or closely situated to other water bodics.

To streamline and increase the accuracy of lake extraction, analysts associ-
ated with this project developed an interactive system of lake isolation. The
system consisted of three interactive programs whith reduced the time neceded to
locate and isolate a lake, inereased the accuracy and sensitivity of the water
detection scheme and output a statistical and surface area listing for cach lake
to be surveyed. ‘the system was called LARELOC. The following section describes
the hardware configuration, program operation, water detection algorithm and
hardcopy output associated with the LAKELOC system,
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e Hardware

The host computer is currently an IBM 370/158. The display controller
used i a Ramtek GlOOB, a versatile video aisplay device that can be used to dis~
play gray level images and graphics data. The Ramtek is a solid state refresh
memory system with a display format of 512 lines by 640 elements. Readback from
the refresh memory is available under software control. It is possible to display
6-bit gray level images along with two graphics planes, and the user may selective-
ly write or erase the displays point by point, Manipulation ol the graphics data
can be accomplished with the aid of a trackball cursor. Figure I-1 illustrates
the configuration of the interactive hardware as it is arranged for the operati n
of the LAKELOC program,

2. Operation of LAKELOC

For the purposes of illustrat on, we will follow the operation of LAKELOC
as it would be applied to a scene in southern Illinois. Although any number of
lakes could be extracted fr m a scene, we will limit the operation to one lake,
in this case, Crab Orchard Lake.

For a given digital data scene, such as Landsat, the user may selectively
display 512 » 640 element subareas until he locates the water body of interest.
Automatic linear contrast stretching of the displayed scene can be performed
during this operation to aid in the location of the lake.

Figure I-1. User msole with video display device and track ball
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Once a lake has been located, the trackball cursor is then set on the desired
lake and a default 50 x 50 element box is drawn on the graphics plene about the
cursor position, Figure 1-2 illustrates the default box drawn about the cursor
poeition on Crab Orchard Lake. Since only the area within the box will be acted
on by the water detector, the user must correct the size and position of the box
relative to the lake sc that the lake is contained within the box boundaries. The
size is changed by a simple command to the pregram, which allows the manipuiation
of the trackball cursor to control the box dimensions. The position of the box
is also controlled in the same manner by the trackball. An automatic mode can
also be used in which the user places the cursor on the lake of interest and gives
the command "window". A box is automatically drawn about the lake boundaries
with no need for trackball manipulation. If a lake encompasses a major portion of
the video display, a command can also be given to the program to "window" the en-
tire screen in an automatic mode. This allows the user to forego manipulation of
the curscer if the entire screen dimension is desired. Figure I-3 illustrates
Crab Orchard Lake completely enclosed by the box after manipulation by the cursor.

Once the box has bheen satisfactor positioned about the lake boundaries the
water detector can be used to isolate tie 'ater body in a binary form. (4
detailed description of the water detector follows in the section entitled "Water
Detection Algorithm".) In the binary form, the water bodies appear as white and
non-water features as black., The user can also magnify the area within the box
houndaries by issuing a "2oom" command with the appropriate magnification factor.

Figure 1-2. Crab Orchard Lake with default 50 x 50

element box

W
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Figure 1-3. Crab Orchard Lake with correctly
sized and positioned box

The zoom command thus redisplays a magnified picture of the boxed area only,
directly over the existing image. At tn2 conclusion of the editing session the
magnitfied image i1s erased from the screen, leaving the original image. This
allows the user to continue uninterrupted with other lakes contained in the ex-
isting scene,

Magnification of the image allows the user to easily determine the exact
boundaries of the lake as opposed to any extraneous water information which may
also be displayed in the scene. The task of editing out extraneous pixels has
been in the past the most time-consuming che e in the water analysis project.
Aided only infrequently by a map, the user had to decide what constituted the
boundaries ot the lake in question. Previously the user relied on pixel listings
and hardcopy photographs to locate the lake boundaries. In the case of a large
lake, one was often hampered by cumbersome pixel listings which had to be care-
fully pieced together to recreate a lake image. With LAKELOC, the magnification
factor in conjunction with the easily manipulated trackball allowed the user to
perform the editing task in a matter of minutes as opposed to a duration of
several days. Figure I-4 illustrates Crab Orchard Lake in binary format. The
detached white areas represent extraneous water information which is not associated
with the lake.
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Figure 1-4. Crab Orchard lake in binary form with magnification factor

of 2, betore editing of extrancous water features

The removal of water bodies not associated with the lake of interest can be
performed in three ways. In the first method the trackball-controlled cursor is
set point-by-point on the areas to te removed. The default size of the area re-
moved is one pixel; however, the user can specify the number of surrounding pixeéls
to be removed for each erase operation. This method is most useful when working
in clese proximity to the boundaries ot the lake of interest, when it is most
imperative not to remove too large a section of pixels. The second method is
used for removing closely spaced extraneous pixels which are not in close prox-
imity to the lake. This method utilizes continuous erasures as the trackball
cursor is moved across the screen. The size of the area cbout the cursor position
to be erased can also be controlled by the user in this mode. The third method
allows the user to place the cursor on the lake of interest and isolate it auto-
mat ically. The user must first, if necessary, 'detach" the lake from any other
water bodies by one of the two previous methods. A command is then entered which
quickly erases all water information contained within the boxed area except for
the lake on which the cursor is situated. Figure 1-5 depicts Crab Orchard Lake
still in binary format after all extraneous information has been removed during
the editing phase.

Once the user is satisfied that he has isolated the lake of interest, he then
assigns the lake a name and commands the program to save the binary image of the
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Figure 1-5. Crab Orchard Lake in final edited form

lake on a disk data set. The lake's position in the disk data set is exactly

the same as it is in the original Landsat scene. LAKELOC returns to the user the
exact position and size of the extracted lake image as it appears on the disk
data set, and a parameter data set is also created which contains this positional
information. This information is necessary to the operation of the follow-on
programs for LAKELOC. At this time the user is able to continue processing any
number of lakes or, if finished, he can fetch the follow-on programs which will
process the statistical data.

3 Follow-on Programs

The output from LAKELOC consists of a binary mask disk data set con-
taining the extracted lakes and a parameter data set containing the positional
information and lake names. The output size of the binary disk data set is
exactly the same as the size of the original Landsat image used as input to
Lakeloc. In the next step, the binary data set is used by the program FARINA to
make out of each corresponding spectral channel in the original Landsat frame
each water feature which has been processed through LAKELOC. The output is four
data sets containing the original DN values tor each lake in each of the spectral
bands. This output can in turn be used as input to the program STATUS and as in-
put to follow-on MSS classification programs.

8 ORIGINAL PAGE
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STATUS, utilizing the parameter data set from LAKELOC or punched parameter
cards, produces a statistical analysis in the form of a hardcopy printer listing of
lake statistics in all four spectral ~hannels. The lakes are listed by name and
ranked according to size, Two tables are printed, the first consisting of lake
statistics such as pixel count, surface area calculations and shoreline pzrimeter
calculations. The second table lists lake MSS statistics, such as the mc¢an DN
level for each lake in each spectral channel and the corresponding standard
deviations. Figure 1-6 is a reproduction of the lake statistics table, including
the statistics for Crab Orchard lake among other lakes processed from the same
Landsat frame. Figure I-7 reproduces the lake MSS statistics for the same lakes
listed in Figure 1-6.

oos L Gl STATISTICS eee

e LAKE NAME oo e TOTAL PIRELS o e SURPACE ARCA e SO ELINE o
fQuaRE FeeY acngs neCTARRS et wrees
PINCKNEYVILLE *9 LA “004491.0 .9 .. 118%0.1 19%0.0
oUUOt N % T 5097788.0 \MT.0 o7 AN, s297.0
wASMNG TN CO 12D 103 709%%s7.0 102.9 L1 31260.7 "2r..
JEVILS XITCwH 120 PP 23206412,0 W%, te.? 040102 2%009%.1
LETL GRAsSSY 1L o7 176822030 0. 190,14 101302.0 AT
cetoam )He [} 1) $090009%.0 1%2.2 1ar.2 L614%.4 49209.5
GYPY 113G uan T7224%09.0 Lrrz.e 1M7.6 260190.9 T196.9
KINKAlD &C 1267 [R2LTE TS P 2003.7 (1C.9 2397262 7308 4.4
CRAD ORCHARD 127 “027 27741000).0 63680 EiRARY ] 0 3040.0 1o i
Ao 29 L08% 7I64%09%60.0 we 2.2 )04, $047T20.1 177909.)

Figure I-6. Lake statistics table listing dimension calculations

®®e LAKL MSS STATISTICY eee

*® LAKE NANEL °o° os MEAN o L e STANOARD DEVIATION oo
GREEN rReo i IR2 = Gren neo LLEY n2

PINCANEYVILLE 99 5.0} .n .7 Ll.36 o 2.7 .29 9.00 6.09
DUUUIN 98 3%.04 10.20 19.22 %00 . 2.3) 2.0 s.92 604
WASHNGTN CO 12) 40.6) ar.78 5.5 13.82 . 5.9 a9 0.% T.01
DEVILS =1TCw 128 .12 16,12 17.38 AL 4 L.78 .06 6.80 T.09
LITL GRASSY L1 .0 18.00 Le.98 9.00 . 2.9 2.92 6. 78 T.00
CeEom Y Je. 00 1919 17.%0 %16 L 2.91 3.0¢ .00 V.56
EGYPT 132 ¥8.27 22.01 20,06 10.92 . J.60 3.5 7.0 %10
KINKAID &0 .00 L8, 17.%0 9.60 . 3.00 Y08 7.% .77
CRAD OMCHARD 127 30. 04 23.09 20.02 a1 * J.11 Joa7 0.7 600
REND 29 “0.%0 26.7) 19,87 T.03 . .40 6.51 T.69 6.l

Figure I-7. Lake statistics table listing MSS means and
standard deviations
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4. Water Detection Algorithm

In the past, the detectior of pixels whose instantaneous field of view (IFOV)
is that of water was acconplished by thresholding Landsat's infrared band 7 (0.8 -
1.1). The low reflectance of water in t)is spectral range conveniently produced
a bimodal distribution of DN's: one peak for water, another peak for non-water.
This technique was accurate except in the case where the IFOV of the scanner was
viewing a combination of water and non-water areas such as at the shoreline of a
lake, In this situation, the problem became one of trying to estimate the pro-
portion of each material in the IFOV,

Horowitz (Ref. I1-6) Work and Gilmer et al. (Ref. I-7) have investigated the
proportion estimation problem and have encouraging results. Work and Gilmer have
estimated the proportions of water, bare soils and green vegetation using Landsat
bands 5 and 7. This technique requires an estimate of the spectral signature for
pure water, pure bare soil, and pure vegetation. While the spectral signature of
water is fairly easy to estimate, that for soil and vegetation becomes more
difficult. The many variables involved, such as different soil types, vegetation
cover types and thickness of the vegetative cover cause considerable error when
estimation is attempted by a completely automatic processor.

An alternate approach, and the one chosen to implement in the LAKELOC system,
considers the mixture classes to be only water and non-water. Bands 5 and 7 are
used in the detection process, as it was found that bands 4 and 6 offer litcle in
additional information. The estimation of the spectral signature for water and
ron-water is made over a region within and immediately surrounding the water body.

The spectral signatures (mean DN values) were estimated by an iterative pro-
cedure. First the 2-dimensional space (band 5 vs. band 7) is partitioned into two
regions in which the populations of water and non- sater typically cluster and the
mean is then recomputed for those DN's which fall within a neighborhood of the

initial mean. This process is continued until a convergent mean has been found for

each region,

The proportion estimation implemented uses a technique proposed by McCloy
(Ref. I-8). In Figure 1-8, W is the mean for water, U is the mean for non-water
and P is the DN for any given pixel. P' is the projection of P onto the line
segment WU. If /WU/ is the length of the line segment WU and /WP'/ is the length
on line segment WP'", then the proportion estimate q for water is:

- - WP/
q /WU/

where 0 = q = 1. If P' does not fall between W and U, it is given the position
of the closest point W or U. A decision threshold is set for q at which the
pixel is defined to be water or non-water.

B. STORET

The STORET work was begun by JPL in late 1978 and left uncompleted due to
termination of the project. The work was attempting to develop experimental
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Figure 1-8. (Geometric interpretation of water
detection algorithm

models that could relate remotely sensed multispectral data to actual water
quality measurements,

EPA produced for JPL a set of STORET data that contained the chemical com-
position of water samples along with Secchi depths and turbidity measures for
many of the fresh water lakes in the U.S. for the years 1973, 1974 and 1975.
Most sample sites had samples taken during summer, fall and spring months.
Computer software was developed that would allow the analyst to extract from the
STORET files specitic water quality measurements for a given year and season.
Due to the high volume of data, an analyst would typically pick some subset of
the 21 possible water quality measures for analysis.

In order to find relationships between remotely sensed data and water quality
measurements, some basic software tools had to be developed. A data format
structure was defined that would allow both water quality measures and remotely
sensed data to be stored concurrently in one data tfile. Lach measure was con-
sidered as a separate variate., The name of each variate was stored in a header
record for the file. This scheme allows much flexibility in both the data format
and the software that manipulates the data.

1. Basic Software

Some basic sottware developed for analysis of this multivariate data is
now described.

(1) Plots. A program that could plot, on CRT graphics plane, scattergrams
of selected pairs of variates. For example, chlorophyl-A might be
plotted against total organic nitrogen; Secchi depth vs Landsat MSS-5,
etc. These plots could be made in linear or log domain, with manual
or automatic scaling of axes. A linear regression line could also be
plotted along with the correlation coefficient of the plotted points.
Provisions existed for easily producing hard copy priits of scatter-
grams after they were plotted on the CRT (see Figures I1-9, 10, 11, 12).
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Figure I-9. A scattergram of the log of total organic nitrogen (TON)
on the X-axis versus the log of chlorophyll a (CHLFA) on
the Y-axis. Data is from STORET for the summer of 1973,
The correlation coefficient is also given
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Figure 1-10. A scattergram of the log of total organic nitrogen (TON)
versus chlorophyll a (CHLFA). Included with the plot
are the linear regression line and the slope. Data is
for the summers of 1973, 1974, 1975
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(2) Thresholding. It was often desirable to disregard samples which had a
certain variate above or below some threshold value. Since turbid water
has greatly different reflectance characteristics than nonturbid water,
it was common practice to discard those samples with turbidity above
some level,

(3) Normalization. Most water quality measures are in different units, e.g.,
mg/l, meters, etc.; correlation between them is difficult to ascertain.
Normalization of each variate based upon its mean value and standard
deviation allowed relationships between variates to be observed more
readily.

(4) Ratioing. In many cases it is the ratio between water quality measures or
reflectances that is important. A program was developed that allowed new
variatee to be computed that were arithmetic functions of existing variates.
An example of a useful ratio would be the ratio between total organic ni-
trogen and total phosphorus,

(5) Principal Component Transformation., Correlation between many variates
could be analyzed by performing a principal component transformation on
selected sets of variates. This technique was also being investigated as
a possible method of removing noise in the multivariate data.

y Work Plan

At the time that the STORET work stopped, JPL had progressed to a point of
trying to understand the interrelationships of the water quality measurements
themselves. The aforementioned software had just been completed and an analyst
was being trained in its use. The work plan for the future was as follows:

(1) Develop a reliable trophic state index from the water quality measure-
ments. This implies the ability to compute a number whose value
describes the trophic state of the water body from which the sample
was taken. The STORET data gave us an excellent data base to work from
and it is imagined would allow development of a trophic state index that
could be applied over a larger regional area.

(2) Predict the trophic state index from rewmotely sensed data. Cnce the
trophic state index was computed, it could be placed into our data base
as an additional variate; then the existing software could be used to
correlate multispectral remotely sensed data to the trophic state index.

(3) 1If the trophic state index could be reliably predicted, the next step
was to predict the water quality measures from the remotely sensed data.
More realistically, ratios or other relationships of the water quality
measures are probably the best that could be done.

C. STATS2

During the course of the water quality task, it was frequently necessary to
compute training area statistics of the multispectral imagery at precise locations
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wvithin the scene. These locations were typically those at which EPA personnel
had taken water samples during the satellite or aircraft pass.

To facilitate the training area .ocation process, an interactive statistical
training area program was developed called STATS2. With STATS2, the analyst was
able to view the scene on a CRT, interactively choose the spectral channel that
gave the best rendition and contrast-enhance the scene. Through the use of a
trackball-controlled cursor, the analyst could then outline the precise location
for which multispectral statistics were desired. The program would then compute
the statistics and save them on a disk file.

STATS2 also contained capabilities for editing, updating and merging of
statistics, In addition, the analyst could perform a "firct-cut" multispectral
classiflcation so as to decide whether or not the training area was well chosen
and would perform well in a later classificact’on procedure,

D. IBIS

Although the Image Based Information System (1BIS) was not designed specif-
fcally for the water quality monitoring tasks, one of {ts major initial applica-
tions was directly connected with watershed monitoring in the lake Tahoe Basin.
The IBIS system was originally designed as a computer-based approach to the
analysis of geographical situations such as those ussociated with land use plan-
ning activities,

1, System Description

IBIS is composed of genecral purpose and specialized computer programs which
can be grouped into logical steps to build an information data base. Functicnal-
ly, IBIS represents a selection of programs which operate under the IPL's VICAR
Image Processing System., The IB1S system is raster (image) based. Most data
entered into th. system are Iin raster format. However, the system is also de-
sigired to allow integration of ,caphical and tabular data as well (Ref. I-13).

Logical and mathematical interfaces are provided in the system to link all
data files in an IBIS data ba~: superstructure. Figure I-13 is a configuratijon
dlagram depicting the 1BIS data base concept. By manipula’ing the interfaces,
informatfon can be derived from simple associations to or comparisons between two
or more data files stored in the data base. More complex pvocedures, such ao
polygon overlay and cross-tabulations can be performed to acquire other signifi-
cant data.

The image formuited data plane is the primary data type utilized In IBIS
processing. IBIS data planes are obtained directly in image forn, as from Land-
sat imagery, or the planes can be derived from data compiled by sources such as
the U.S. Department of Agriculture, U.S. Bureau of the Census and the Defense
Mapping Agency.

Most image data sets entered into the data base are derived from Landsat or
other multispectral scanner sources. Since image data planes can be derived from
different sources, often no common spatial alignment exists between thew. The
svstem thus provides a means of registering these data sets to obtain a unified
spatial surface.

17 ORIGINAL PAGE IS

— A MALIA' ITY



S

TABULAR
FUNCTION
GENERATOR

-

TABULAR DATA

L VECTOR DATA

IMAGE DATA

| GEOMETRIC
CORRECTIONS
I -
CONVERSION
T0 IMAGE_J

I

REGION
IDENTIFICATION

L

GEOMETRIC
CORRECTIONS

INTERFACE

1815 SUPERSTRUCTURE

IMAGE
DATA
BASE

TABULAR MULTIPLE IMAGE

DATA

DATA PLANES

3dAL
1NdNI
viva

NOILV¥VdI¥d Viva

IMAGE
FUNCTION
GENERATOR

Figure 1-13,

REPORT
GENERATOR

L

MAP
GENERATOR

ORIGINAL PAGE [g
18 OF POOR QUALITY

A configuration diagram (from Ref.

1-9)

NOLVINJINYW 3SVE viva

NOUVYWYOSNI
1ndine




-
-

Graphical or vector data can also be entered into the IBIS data base. Graph-
ical data, such as those obteined from conventional maps, are electronically
digitized on a coordinate digitizer. As with image data, the graphical data files
must be in registry with the primary data base. Geometric corrections are per-
formed before the graphical files are transformed inco image space uving a two-
step process. First, a general surface fit is achieved through the use of a
least squares affine transformation. Then an exact ygeometric correspondence to
the primary data base is obtained through a "rubber sheeting" procedure., Defor-
mation of the original surface is controlled by selection of tiepoints which link
geographical features identifiable on both the graphical data file and the
primary data base.

Tabular data can be entered into IBIS through computer cards or digital tape,
These data are stored in a tabular file which {s linked to the data base through
a logical interface.

The most important element of the IBIS concept is the geuicference plane,
The georeference plane is a map-based graphical representation of areas ot
interest, such as drainage basins in a watershed area. The georeference plane
is construc”ed in the form of a polygon file which is registered to the primary
data base and used in data aggregation and map generation procedures.

Once the georeference plane is transformed into image space, each polygon or
region of interest (s fdentified by assigning a unique data number (DN) tc each
region, After region identification, the gecreference plane {s used in higher
order IBIS procedures such as polygon overlay or modeling. Each image plane
is refercnced to one or more georeference planes. All tabular files are also
linked to at least one georeference plane. By its unique construction, the IBIS
data base provides the user the ability to manipulate data from several sources,
which despite their original disparity, are all referenced to a common base,
Figure 1-14 provides a conceptualization of the registered data plane format of
the IBIS system,

2. Application ot 18IS to Water Quality Studies

Major emphasis in past water quality studies conducted &t the TPL had been
placed on assessing the viability of Landsat as a monitoring device. A useable
system for lake extraction and classification was developed as a result of these
tasks. However, lakes were only examined through the comparison of certain water
quality measurements with multispectral scanner data analysis. As a result, not
much emphasis was placed on locating and defining any contributing factors, such
as the impact of non=-point source pollutants from the surrounding land mass.
Possible sources for pollutjon were suggested only for the purposes of discussion
in the analysis of classification results,

In order to conduct a more comprehensive study which attempted to define the
causes and dynamics of lake pollution using remotely sensed data, the resources
of IBIS were essential. Remotely sensed data, such as lLandsat imagery, required
augmentation by conventionally acquired data, such as hand-drawn maps, runoff
measurements and precipitation data, if an accurate data base were to be produced.

Similarly, conventionally acquired data were greatly enhanced when integrated with

spectral information provided by satellite. The task of combining these data,
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however, was enormous unless a system were available which could tie all data
elements to a common base., Rather than viewing a precipitation map side by side
with a Landsat scene, it was more desirable to examine the mep as it appeared
"overlayed" on the Landsat image. This technique could be easily accomplished
using the IBIS resources.

Tremendous amounts of environmental data have been gathered for the water-
sheds of our nation's larger lakes. In the case of the Lake Tahoe Basin, the U.S.
Department of Agriculture had conducted an intensive study of the basin's water-
shed in an effort to define controls on future land use. These data provided an
excellent source of material which could be integrated with Landsat MSS and digital
topographic data to not only test the IPIS concept but to add a new dimension to
the water quality management projects.
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SECTION 11
TECHNOLOGY APPLICATIONS

This section details the techniques used and significant results of three
demonstration projects conducted during the period of 1977 through 1979. The
Lake Mead Intensive Area Study was completed in 1978. This study applied
digital image processing techniques to Landsat data acquired over the Lake Mead
area. Multispectral classification was performed and the results were compared
with contact-sensed water quality measurements gathered by EPA personnel.

The lake Tahoe study applied digital image processing techniques of the
IBIS system to build an information data base for the Lake Tahoe watershed area.
The data base was used to demonstrate the capabilities of the IBIS system and its
applicability to a watershed monitoring situation. Landsat based imiges were
created which combined conventional maps with Landsat data. Additionally some
preliminary modelling of terrain data was attempted.

The study of selected lakes in Montana, Utah and Michigan was undertaken as
a final demonstration of digital lake isolation and classification techniques
using Landsat data. Multispectral classification was performed on some lakes
selected for this study. Results are presented only in terms of digital image
processing products as no analysis has yet been made by EPA personnel,.

A. LAKE MEAD INTENSIVE AREA STUDY
1. Purpose of the Lake Mead Study

The study of lLake Mead was performed in order to establish the feasibility of
monitoring the trophic condition of a water body over a specific period of time.
This project was based upon the application of Landsat MSS data and airborne sensor-
acquired data. These remotely sensed data were supported by ground truth measure-
ments gatheved by EPA limnologists. The period of lLandsat coverage for the study
was from June through September 1976 on Lake Mead, Nevada.

Trophic classification of Lake Mead proved to be most successful when performed
by an unsupervised clustering routine. The results of unsupervised classification
and a comparison with ground truth measurements are presented within this section.

The promising results obtained from the Colorado Lakes Study (Ref. I-2) and the
Illinois Lakes Task (Ref. 1-3) led to the definition of a project in which a single
water body of considerable size would be more ciosely monitored. The intent of the
project was to apply the skills and techniques which had been developed by the IPL
during prior lake classification investigations to a new and unique situation. In
the past the lakes surveyed had been extremely small, sometimes limited to only 30
pixels in a landsat frame. Much effort had been expended in the development of the
image processing skills necessary to perform the task of lake identification, extrac-
tion and analysis in a timely manner (Ref. I1I-5). The lake Mead Intensive Area Study
offered a test of the techniques which had evolved from the previous work. In ad-
dition, the study was oriented as a temporal investigation in which one relatively
large lake would be characterized through the correlation of ground truth measure-
ments and Landsat MSS analysis, and classified as to both trophic classes and tur-
bidity levels on a space-time basis.
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2. The Lake Mead Study Area

Lake Mead is the largest man-made lake in the United States. It was created
by the interstate impoundment of the Colorado River by Hoover Dam in 1935. Lake
Mead, the reservoir formed by this dam, was completely filled in by 1941 (Ref.
11-1,2). located in the Mojave Desert, as seen in Fig. II-1, the lake bed con-
sists mainly of sand, silt and clay joined with some expansive areas of soluble
beds of gypsum and rcck salt (Ref. I1-2)., The multiple use of water from Lake
Mead results in widely fluctuating water levels, which generally follow a pattern
of slow drawdown from midsummer to the foliowing spring when a rapid rise occurs
(Refs., 1I-3,4). The water is hard, with total dissolved solids of about 800 ppm.
The arnual temperature cycle of Lake Mead can be classified as warm monomictic.
This is characteristic of lakes of he warmer latitudes in which the temperature
of the water never falls below 4°C at any depth, one circulation occurs each year
in winter and the lake is directly str .ified in summer (Ref. I1-5). The
reservoir provides municipal and industrial water, water for irrigation, hydro-
electric power and a recreational area visited by over one million people each
year (Ref. 11-6).

Due to the proximity of Lake Mead to the USEPA's Environmental Monitoring
and Support Laboratory at las Vegas (EPA/LV), sampling surveys could be convenient-
ly and cost-effectively conducted. Further, Lake Mead was relatively large when
compared with lakes previously studied and meteorological conditions of the
Lake Mead area seemed favorable in terms of cloud cover and ice conditions, which
can severely limit the extent of Landsat scene availability. One of the mest
important factors determining the selection of Lake Mead was that the reservoir
is situated within the 14% image overlap of the Landsat sensor scan path., This
allows coverage on suczessive days, thereby providing not only more images to
select from, but also an opportunity to test the validity of trophic classifica-
tion from one day to the next.

I Sampling Procedures

Following the selection of Lake Mead as the study site, the USEPA provided
sampling crews to measure water quality parameters on the lake from early June
through September 1976, Samples were collected by Bell-Huey pontoon-equipped
helicopters, shown in Fig. 11-2, which landed on the water at sampling stations
ranging throughout the reservoir. Care was taken that the sampling crews con-
ducted their surveys to coincide with the overpass of the Landsat satellites so as
to insure the validity of the data comparison. Each sample site was identified
and marked on maps by sighting on prominent land features so that the exact
location could be resampled on the rext Landsat flyover date. Samples were
analyzed after acquisition at the Environmental Monitoring and Support Laboratory
at Las Vegas and data recorded by the STORET system., However, due to weather
conditions which restricted helicopter use and mechanical problems with the
helicopters, sampling was severely restricted, as shown in TabLie II-1.
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Map of Lake Mead and surrounding area

Figure II-1.
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Table 11~1,

June
June
June
June
June
June
July
July
July
Augu
Augu
Augu
Augu
Augu
Augu
Sept
Sept
Sept
Sept
Sept

27
st 4
st
st
st 2
st 2
st 3
ember |1
ember 18
ember 19
ember 27
ember 28

~

—

Landll Pl S S

Landsat acquisition dates and corresponding
ground truth sampling

Sampled
Frame No. by EPA

5419-16584
5420-17042
2515-17254
2516-17312
5437-16572
5438-17030
2533-17251
2534-17305 X
2552-17302
5473-16542 X
547417000 X
2596-17241
5491-16525
5492-16583 A
2587-17234
2588-17292
2005-17231
2606-172065
5527-16495 X
5528-165513 X

The lack of ground truth data tor all but 6 tlyover dates limited accurate corre-
lation of classification results vs trophic indicators to only 6 Landsat
cenes, four were cloud-tree over the lake surtace area while
obscured by cloud cover, as indicated in Table 11-2,

Of the six s

lable 1

Dat

July

1-2. lLandsat frame number, date, and approximate cloud
cover tor sample acquisition periods

e, 1970

9

August 4
August 5

Augu
Sept
Sept

st 23
ember 7
ember 28

Cloud

Frame No. Cover

2534=17305 Clear

5473-16542 Clear

5474<17000 Clear
5492-16583 Obscured

5527-16495 Clear
5528-16553 Obscured
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4, Image Processing Methodology

The IPL has established a set of standard procedures to be applied to Landsat
imagery before any follow-on processing is attempted., Figure 11-3 depicts the
processing sequence used on Lake Mead images. The preprocessing proceiures
consist mainly of cosmetic and geometric corrections., In terms of cosmelic pro-
cessing, Landsat images are corrected for MSS line dropouts, such as slipped or
missing !ines and otlier obvious visual defects in the MSS imagery. In addition,
Landsat-1 MSS images have been plagued by a striping problem which is the con-
sequence of an imbalance in the sensor detectors. If this phenomenon occurs in
a selected image, the frame is preprocessed to reduce the effect of the striping,
also known as sixth-line banding.

Geometric corrections are achieved through the routine application of the
VICAR program VERTSLOG. Data contained in the Landsat CCT's, as supplied by the
EROS Data Center, are in a four spectral band interleaved format which is not
compatible with the processing approaches established at the IPL, The [PL soft-
ware program VERTSLOG unravels these interleaved data, producing a separate image
for each spectral band. A history label is also produced which supplies the user
with pertinent information about the image, such as latitude, longitude, scene
fdentification and any processing history. The program also applies geometric
correcuvions to the data, including corrections for mirror scan velocity, panorama
correction and resampling of the data to create an approximately 80-meter in-
stantaneous field of view (1FOV),

> Registration of Extracted Lake Mead Subscenes

Due to the large number of Landsat images of Lake Mead which were to be used
in che study, the resources of the IPL's library of over 300 documented image
processing programs were used to aid in the development of a more easily wielded
data base. The decision was made to extract subscenes of the Lake Mead image area
from each frame and to register these subscenes to one reference image so that all
pixel coordinates would be identical from scene to scene,

Frame 5473-16542 (August 4), depicted in Fig. 11-4, was chosen to serve as
the reference image to which all other Landsat trames would be registered. The
frame appeared to be free from cloud cover and the entire lake surface was con-
tained within the scene. The program PICREG was used to collect tiepoints which
correlated the images to be registered. Figure 11-5 schematically represents
the operation of this program. PICREG is an interactive VICAR applications pro-
gram designed to aid in the registration of two images. PICREG will display two
pictures on a split-screen video display, with each picture window 512 lines by
320 samples. The user positions trackball-controlled cursors over identical
features in each image and enters these tiepoints by keying in a predefined char-
acter. Several modes are available to improve the input tiepoint position, and
the user has the capability of recursoring any bad points or of restarting at any
position.

The correlation mode in PICREG was used, which attempts optimization of a
tiepoint position using two areas of linear dimension 2N, The default value N = 5
was used; thus the size of the correlation region was 32 pixels. PICREG requires
that the user must choose at least five tiepoints. For the purposes of this
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Figure I1-3. A reproduction of a poster board used to describe the image process-
ing methodology used at JPL for lake water quality monitoring
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Figure 11-4. Landsat frame 5473-16542, August 4, 1976, of the lake Mead Study
area. This image has been contrast-enhanced prior to false color
production
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Figure I1-5. A graphic interpretation of how the various lLake Mead images were
registered to each other

project, governed by the size of the subscenes, at least 24 tiepoints were used,
depending upon the amount of lake surface area which was contained in a particular
subscene,

Tiepoints were located on geologic formations for the most part, as these
formations were highly visible and relatively unchanging. The tiepoints were
located within close proximity to the lake shoreline, but not on the actual shore-
line. This procedure alleviated confusion associated with fluctuating water
levels and shadows at the shoreline. The attempt was made to use the same geo-
logic formations from frame to frame, if the formations appeared in the scene and
were not obscured by cloud cover or shadow.

After the tiepoints were located and before the geometric transformation was
performed, PICREG was allowed to reorganize the tiepoints through the "fit" option.
The fit parameter allows PICREG to fit a surface, where (x,y) are the reference
picture and (x',y') are the input picture,
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v' = ax ¢+ by ¢+ cxy + d

x' = ex + fy + gxy + th

to all of the tiepoints and reinterpolate new tiepoints from this expression into
a 5 x 5 matrix within the area encompassed by the originally specified tiepoints

on the reference picture, At this point, the useér could also check the accuracy

of the "fit" and either try a new approach or accept the fit as computed.

If the fit was deemed acceptable, within | pixel accuracy, the geometric
transformat ion was then performed. Following the transformation, the accuracy
of the registration was checked visually by creating a difference p.cture using
the reference image and the transtformed image. All 20 lLandsat scenes were reg-
fstered to the control scene using PICREG, This created a data base in which
the coordinates for each sample site would be Identical for each Landsat imaze.

6. Sample Site Location

The NES handled the problem of accurately locating sample sites on the lake's
surface by sighting the location c¢f the helicopter as samples were gathered. The
position was located by sighting on prominent land or cultural features with the
helicopter compass and then calculating {ts distance from the shore and/or
features., Locational Jata wvere then recorded in the field notes and later entered
into the STORET systen along with the trophic indicator data.

Color aerial transparencies of Lake Mead, taken at altitudes ranging from
23,200 feet to 25,900 feet using a Zeiss camera equipped with a 152.4 mm lens,
were supplied by JPL to EPA/LV. EPA/LV, using the locational data from STORET,
marked the location of each water sample statfon with a pinpoint and the cor-
recponding STORET identification number and returned the photographs to JPL.
Using these as a gulde, the sample sites were then located on the reference (mage,
frame 5473-16542 (August 4), with the aid of a bendix Datagrid Digitizer. Figure
[1-6 shows the reference frame with sample sites outlined,

The mat..» size of pixels to be used for the spectral analysis was 5 x 5 for
all but four of the 49 total sample sites. Sites VRO4, LVO8, LVO9 and 1COl were
located in areas of Lake Mead in which the shoreline configuration necessitated
that the site boundaries be adjusted to fit within the lake's confines. Table
I11-3 gives the dimensions of the pixel matrices for these four sites.

The Landsat imagery used by IPL is, in most cases, resampled to produce
pixels measuring approximately 80 meters by 80 meters. More specifically, the
resampling has produced square landsat piiels which represent an earth surface
distance of 79.98 meters per pixel edge. This resampled pixel represents an
area of 6,396.8 meters? (68,854.6 feet?) or 0.6396 hectares (1.58 acres). There-
fore, the selected 5 x 5 pixel matrix represents 15.9% hectares or 39.54 acres on
the lake's surface. Figure I1-7 illustrates both one pixel and the 5 x 5 pixel
matrix in relation to a standard U.S. one-mile-square section.
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Figure 11-6. Lake Mead with the water sample site locations marked by small
white squares
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Table 11-3. Sample sites not conforming to the standard 5 x 5 matrix size

Sample site Matrix size

VRO4 5 x 2
LVO8 2 x 2
LV09 1 x5
1CO1 5 x 2

The original intent of the project was to classify Lake Mead solely using
supervised classification routines which were developed for the previous lake
tasks (Refs. II1-1,3,4). One limitation of this approach is that these programs
depend heavily upon statistics gathered from sample sites. Man$ times sampling
data for a lake are either out of date, simply too expensive to gather or not
available. This necessitated the development of unsupervised routines which did

STANDARD U.S. SECTION | SQUARE MILE | 330" —

i f—— 262.4' -—
. o 2
1/4 SECTION ; 'W :
160 ACRES |
| 4 /// '
: 1 PIXEL :
o o wne - — - - - t——z—\-—'——- (BOXBOMETERS) |
I |
| 7 Z R
| |
; ///////// -J
| 10 ACRES | piXEL= 1.58 ACRES
: v - 0.44 HECTARES
| 5X5 PIXEL MATRIX - 39.54 ACRES
o 540 e = 15.99 HECTARES
—o{ 1320' |-
fa—— 2640’ ——o{
a————— 5280" -

Figure 11-7. A graphic representation showing the area of Landsat pixel(s)
in relation to a standard U.S. section
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not rely on training sites. During the course of the project, the IPL hid become
increasingly involved in the development of unsupervised clustering routines. An
unsupervised program, USTATS, was applied to the August 4 scene 5473-16542. The
results from the unsupervised routine were encouraging for this particular image,
in terms of a comparison with the sample site measurements provided by EPA/LV.
The unsupervised program had attractive benefits which enhanced its continued use
by the project. For example, the routine did not require the somewhat timely
gathering of MSS statistics and ranking of classcs associated with the supervised
rout ines used previously. A test of the supervised classification routine yielded
classification maps which indicated confusion in class discrimination as indi-
cated in Fig. I1-8. It was felt that i{f the unsupervised classifier could prove
to be as accurate as or more accurate than the supervised techniques, more em-
phasis would be placed upon its development and application to the Lake Mead
study.

7. St. tistical Gathering from Sample Sites

Although interest in unsupervised classification increased, it was decided
to continue with procedures developed in earlier projects until the unsupervised
cechnique could be refined and further investigated. To this end, sample sites
which had been lccated and identified on the reference image were then located on
all of the registered images through the application of the interactive program
STATS2.

Follow-on supervised multispectral classification programs develcped and
used previously at IPL required the creation of MSS statistical data sets. The
data sets contained pixel values for each "training" (or sample) site to be used
in an MSS classification routine., The introduction of an interactive image
processing system at IPL enabled programmers associated with this project to
develop a fast routine for accurately locating training sites, computing the
associated statistics and storing the information in a usable form. The program,
STATS2, detailed in Section I-C, enabled the user to display a subject image of
variable size on a video screen. The image was input in MSS format (interleaved
and contained up to four spectral channels. The image could be displayed in any
one of the input channels and was viewed through a movable "window" of 512 lines
by 640 elements. The program also offered a magrification option which enabled
the user to accurately locate a training area and vary its size to remain within
the boundaries of the subject area, such as a lake shoreline, The user could
select training sites by either keying in predetermined coordinates or by locating
a site visually and defining it through manipulation of a trackball controlled
cursor.

Coordinates for this project were keyed in for the preregistered Landsat
images and assigned a 5 x 5 matrix pixel density. The matrix size was chan jed
from 5 x 5 only if the sample site overlapped the lake boundaries, as in ti.e case
of sites located in a few narrow arcas. After a site was located and drawn, a
command would be given to the program to display the statistical information for
the site. Statistics were returned for all input channels in the form of X and
sigma and the size of the pixel matrix was also displayed. A unique name was
assigned by the user to the site at the time it was saved, which served as iden-
tification in future reference. The NES STORET number was used to identify Lake
Mead water sample sites. Once a site was saved, the user returned to the proces-
sor to continue with the selection of the next site.
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Figure II-8. A supervised classification image of Lake Mead using a principal
component transformation of 10 trophic indicatcrs as a basis to
effect classification
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Although eventually the sample site statistics were not heavily relied upon
for classification, the statistics did provide a most important factor in the
discovery and resolution of data discrepancies which plagued the project.

8. Data Discrepancies

As the MSS statistical data sets were being created by STATS2, compariscns
were made with day-to-day spectral signatures to check the reliability of the MS3
data. When spectral signatures from sample sites in the June 11 frame 5419-16584
were compared with signatures from the following day's coverage (5420-17042), the
presence of serious inconsistencies became obvious, as {llustrated in Table 3.

As the operation of STATS2 continued on subsequent images, further comparisons
were made and the problem was found to be occurring to some degree in all consecu-
tive day coverage. In the case of a comparison between signature. on August 22
frame 5491-16525 and August 23 frame 5492-16583, the discrepancy ranged up to

10 DN, as seen in Table 11-4,

Several possible causes for the inconsistencies were considered and rejected.
Examination of the EPA water quality measurements, for conflicting sample sites on
consecutive days, did not support a theory that the water quality had changed
enough to seriously atfect the MSS spectral response. Atmospheric ghanges were
also considered. The effects of clouds and atmospheric haze on the spectral
response of landsat sensors has been documented (Refs. 11-7,8). However, a
comparison of images which contained cloud cover with cloudless scenes did not
entirely support the atmospheric disturbance theory. Further, as suggested by
Everett, Leonhart and Lepley in their investigation (Ref. II-1), the remoteness
of the Lake Mead area serves to minimize the probability of atmospheric dis-
turbances related at least to human activities., This was precisely a governing
reason for selecting the area, both in their study and in this project, Had the
data been accuired by both landsat-1 and Landsat-2, a theory regarding the possible
difference between the spectral response of the two spacecraft sensors would have
been investigated. However, all consecutive day coverage was provided by the 14%
overlap in scan paths from Landsat-2.

Having virtually ruled out all suggested considerations, it was concluded
that 1) the discrepancies could have been caused by variations in the sensor
response which were not detected and theretore not corrected in the ground cali-
bration procedure or that 2) atmospheric changes had occurred which were unknown
and undetectable,

9. Resolution of Data Discrepancies

Regardless of the cause, the discrepancies had to be corrected so that the
project could continue. In deriving a solution to the problem, twc considerations
were of primary concern: 1) the proposed correction should not degrade the data
quality; 2) due to time considerations and cost constraints, the correction hau
to be efficient and simple enough not to require large amounts of computer
processing time.
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Table 11-4, Examples of discrepancies

Date, 1976 Site Band channel DN
June 1! 0A02 4 45.1
June 12 0A02 4 40,1
June 29 BBOS 4 50,2
June 30 BBOS 4 44 .9
June 29 0A02 4 57.8
June 30 0A02 4 23l
August 22 BBOS 4 46.7

August 23 BBOS 4 36.6

Three ideas were proposed and judged on the basis of these two concerns.
The first suggestion, to attempt to recalibrate the data using the calibration
wedge which is provided with the lLandsat imagery, did not sati: 'y criterion #1.
Previous attempts to use the calibration wedge at IPL for similar purposes had
proven ineffective. The calibration wedge provided with the Landsat CCT's con-
tains only six sample points, of which two are typically saturated. The remain-
ing four points do not provide enough information to properly recalibrate the
data. Jt was felt that further data quality degradation was highly probable with
this method.

The generation of an atmospheric model, wnich could account for some of the
error, was also considered. Work has been performed in this area by other in-
stitutions with a degree of success (Ref. 11-9). However, it was feit that this
approach did not satisfy the time constraints of criterion #2. The procedure
would have to be applied tc 20 separate landsat scenes. The computer processing
time would have been costly in both hours and money.

The third alternative was to devise a normalization procedure which could
operate on the MSS (interleaved) data in its present form, correcting all four
spectral bands in a single operation. This hopefully would satisfy the time
constraints. It was thought that by selecting a "control area'" from one Landsat
scene which was of relatively unchanging spectral response, it could be used to
essentially normalize or conform the identical area in the remaining Landsat
images. Similarly, all pixels comprising each Landsat frame would then be
normalized, based upon the differences between the standard frame's control area
and the same area in the subsequent frames. By constraining the spectral signa-
tures to be constant in the control area, it was believed that a correction would
be made for both the sensing system and any atmospheric effects simultaneously.
Initial tests indicated that this procedure should be selected due to the ease of
implementation and the results it could produce.

The control area, as seen in Fig. [1-9, was selected in the Virgin Basin area
ot Lake Mead. A comparison of several test sites ranging throughout the lake indi-
cated the Virgin Basin's spectral response to be the most stable in all the Landsat
scenes. The spectral signature for the Virgin Basin Control area was calculated
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Figure 11-9. A false color image of Lake Mead showing the unproximate location in
the Virgin Basin where MSS data for 13 days were ccapared
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for each of the Landsat scenes. "The August 4 image 5473-16542 was selected as the
standard control area to which all other scenes would be normalized. The August 4
scene was cloud-free and did not exhibit any haze. The DN differences between the
standard control area and a given frame were then added to or subtracted from each
picture element in the given frame. This procedure proved to be effective, inex-

pensive and easily implemented into the project plan.

The effect oi the normaliration procedure performed on the Lake Mead scenes
was analyzed in two ways: 1) the statistical effect on the data was analyzed, and
2) the effect on clarsification performance was examined.

In the first case, the standard deviation of selected sample sites from all
the scenes was computed for each spectral channel using STATS2., The standard
deviations dropped significantly after the normalization was performed. As an
example, the standard deviation for the Overton Arm sample site (0A02) dropped
from 9.8 to 1.7 in band 4. Line plots (Fig. II-10) of the sample site DN's vs.
scene (date) illustrate the effect the normalization had on stabilizing DN
variation from scene to scene. Figure I1-10 depicts line plots comparing Landsat
data before and after normalization was applied.

To test the effect on classification performance, an unsupervised classifica-
tion was performed on both June 11 (5419-16584) and June 12 (5420-17042) scenes.
Using an unsupervised routine, clustering of the water signatures was performed
on the June 12 frame before normalization was applied. The statistics for these
clusters were applied to both the June 11 and the June 12 data. The same pro-
cedure was then followed for the normalized output of the same frames. The
results indicated that the normalization had caused the June 11 scene to classify
more closely to the June 12 scene, as shown in Table 11-5.

10. Final Data Preparation for Classification

The data discrepancies having been resolved, the project moved into the final
phase of data preparation prior to classification. At this point, each image sub-
scene contained spectral information for the water surface area of Lake Mead as
well as the surrounding land features. Since only the water data was of interest,
the land surface area information was ''removed'" from the image before classifica-
tion. This allowed the clustering routine to operate most efficiently, by avoiding
confusion and unnecessary computer time in water/land discrimination. The resources
of the LAKELOC program were used to isolate Lake Mead from the surrounding land
mass. Figure 1I-11 depicts a Lake Mead subscene in the final binary mask form as
output from LAKELOC.

11. Lake Mead Classification Summary

The thematic maps illustrated in this section were all derived from the appli-
cation of USTATS. USTATS is an unsupervised routine which accumulates statistical
information about a scene using local clustering. Results from unsupervised
classifications using USTATS were more satisfactory than those obtained from super-
vised techniques used in the past. The algorithm implemented in USTATS was orig-
inally developed at Pennsylvania State University under the name CLUS, and has
undergone extensive modification to run in the VICAR system. After USTATS has
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Table 11-5. Effects of normalization on classification performance

Percentage distribution by class

Class June 11 June 11
No. June 12 (Original) (Normalized)

1 65.2 16,2 55.0

2 16.7 37.3 16.2

3 1.5 14.0 3.1

4 1:3 4,.8% 0.6%*

5 6.9 17.6 10.6

6 1.1 3.3 2.6

7 B 0.5 3.6

*Classification affected by clouds.

completed the cluster process, it passes statistics to the VICAR program BAYES, a
Bayesian maximum likelihood classifier. Bayes performs the actual classification
using a non-Euclidean distance function to decide which cluster signature is most
similar to that of a given pixel., Figures 11-12, 13, 14, and 15 are thematic
photomaps of Landsat scenes for August 4, August 5, July 9 and September 27 re-
spectively. These four scenes are the only ones which have supporting ground
truth measurements which can be used to compare classification ¢ _curacy.

Visual examination of these maps indicated they provide limnologists with an
excellent synoptic view of Lake Mead. 1In addition, the areal extent of river plumes,
as seen in the Overton Arm and Pearce Ferry areas, was successfully mapped. Epec-
tral classes were corzelated most effectively with Secchi depth mesasurements, one
percent light level and nephelometric turbidity. These indicators were expected to
correlate well due to their direct correspondence with visual phenomena prcduced by
turbidity and thus affect the spectral response. Chlorophyll content was also fairly
successfully correiated with spectral classes. Complete analvsis of the classifi-
cation results is presented within the following section,.

Two deficiencies evidenced by previous lake classification projects, conducted
by the IPL, were encountered again by this project. Visual correlations between
spectral classes with total phosphorous and total organic nitrogen measurements were
difficult to construct. The sixth-line banding problem which has plagued Landsat
data, and the data uvsers, continued to degrade the resulting classification pro-
ducts, despite attempts to minimize its effect,.
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Figure I1I-11. A binary mask of Lake Mead

Despite these deficiencies, landsat demonstrated great potent ial for use in
the monitoring of changes in Lake Mead. lhis is evidenced by an examination ot
fable 11-6, which correlated the results trom the unsupervised ¢ .assification of
four Landsat scenes with corresponding water quality measurements made f.om sur-

face samples on the same lLandsat flyover dates.
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Figure II-13.
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Unsupervised classification of Lake Mead for August 5, 1976
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Figure 1I-14.

Unsupervised classification of Lake Mead for July 9, 1976
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Table 11-6,

N

Correlation of four Landsat scenes with corresponding
water gquality measurements
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12. Analysis of Classification Results

Reference is made in the following text to limnological measurements and
conditions which may be unfamiliar. Briefly, the productivity of an ecosystem,
such as a lake, connotes a quality whereby living substance is manufactured tnrough
interactions of community and environment (Ref. I1-6). The productivity or
fertility 5f a lake depends on nutrients received from regional drainage, on the
geologicul age, and on the depth of the water body (Ref. I1-10). “Tu-bidity is
the degree of opaqueness produced by suspended particulate matter (Ref. 11-6).
Secchi Disc transparency (SDT), one percent light level (1% level), nephelometric
turbidity (NT) and chlorophyll-a (CHLA) are measurements which are indicaturs of
productivity and turbidity.

The statistics, illustrated in Table 11-6, were derived from the correlation
of the thematic maps with contact-sensed data in the following manner. An image
polygon output from STATS2, containing the 5 x 5 pixel sample site matrices, was
overlayed on each thematic map. Each sample site matrix was then examined for
its homogeneity as evidenced by the color or c¢nlors represented within it., Sites
located within highly heterogeneous matrices were dropped from the analysis. Al-
though it is recognized that a pixel measures 80 x 80 meters as processed by the
IPL and that a sampling site is readily contained within a pixel, a degree of
uncertainty exists as to which pixel within the matrix is the one containing the
sampling point. Thus it was decided to drop all highly heterogeneous sites. All
remaining sites which were identified as falling within a particular color-coded
spectral class were then pooled and descriptive statistics generated for eacn
ground truth parameter illustrated. The mean measurement is listed first, [ollowed
by the range of ground truth measurements for that class. The last statistic, N,
equals the number of sampling sites used to calculate the mean. The statistics
generated were then used to characterize the spectial class in terms of water
quality.

Spectral classes from the thematic maps can be pooled into three general
categories. The first category, PRODUCTIVITY, is represented in the thematic maps
by dark blue, light blue and green. Areas color-coded dark blue can be described
as oligotrophic, as evidenced by the SDT, low CHLA and deep 17 Lev. measurements.,
‘e light-blue-coded class can be considered to be a borderline between oligo-
trophic and mesotrophic, based upon supportive contact-sensed measurements. The
third productivity-related class does not appear in all thematic maps. It is a
relatively small class with little supportive ground truth. However, based upon
SDT and 1% Lev. measurements and the geographic locations of the class, it appears
to be more productive than either the dark blue or light blue class.

The second category has been designated MIXED EFFECTS and is represented by
a gray class occurring in some thematic maps and a black class appearing in all
the images. It is suspected that the gray class does not relate to water quality
but is evidence of residual sixth-line banding which was not successfully removed.
The black coded class has no correspondirg water quality measurements. However,
an erxamination of the lake in terms of where the black pixels occur, coupled with
a knowledge of the lake, strongly suggeste that the class consists of the inter-
mingled effects of nearshore areas. These areas typically exhibit effects caused
by visible lake bottom, submerged plant cover and shadows.
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The color coded areas of yellow, brown and orange represent the third cate-
gory, TURBIDITY. The yellow coded areas are characterized by a lowering SDT and
increased NT. The brown coded areas can be readily identified as river water
which has entered the lake and is still in the process of dropping its suspended
sediments., The most turbid class of water found in Lake Mead is represented in
the orange coded areas. These areas consist of the heavily sediment laden
plume of the Colorado River where it enters Pierce Basin and a small portion of
the Muddy River branch of the Overton Arm. These areas signal the influx of a
substantial quantity of inorganic materials into the lake which effectively reduce
the zone in which photosynthesis occurs, thereby limiting productivity.

B. THE LAKE TAHOE STUDY

In order to investigate the possibilities of a comprehensive data base sys-
tem which took into account the contributing factors as well as the effects of
lake eutrophication, the IPL chose to construct an IBIS data base for the Lake
Tahoe Basin. Due to increasing environmental pressures and rampant land develop-
ment, this region has been the subject of intensive study by the U.S. Department
of Agriculture and the Tahoe Regional Planning Agency (TRPA). In 1977 TRPA made
available a volume entitled, Water Quality Problems and Management Program, which
detailed present knowledge of the Lake Tahoe Basin Watershed. Using data compiled
in this volume as a source, analysts at IPL proceeded to integrate these data
with Landsat and digital 1. rain data produced by the Defense Mapping Agency
(DMA). The IBIS data base method allowed cross correlation of Landsat imagery
and topographic data with USDA environmental data relating to such parameters
as drainage basin acreage, surface runoff and terrain configuration. Data base
construction led to the production of integrated images created by "overlaying'
conventional maps and digital maps on Landsat. Preliminary work was also per-
formed which attempted to depict the terrain configuration for each drainage
basin based on DMA topographic data.

1ls The Lake Tahoe Basin

The Tahoe Basin occupies over 500 square miles (1295 km?) situated in a
graben straddling the boundary between California and Nevada. Figure 1I-16 re-
produces a map of the Lake Tahoe Basin and its environs. Lake Tahoe contains 126
million acre feet (155.4 km3) of water in a 190-square-mile (492.1 kmz) surface
area receiving inflow from 63 tributaries with only one outlet at the Truckee
River. The Tahoe Basin has traditionally attracted recreational activity due
to its clear deep water and pine-forested shorelands coupled with its proximity
to major metropolitan areas in northern California. Since the 1950's the basin
has experienced escalating demands for land development at the expense of the
natural watershed. Discharge of sediments to the lake has greatly increased due
to accelerated human interference, and alterations to the natural drainage patterns
are evident in some areas. According to the Water Quality Plan published by the
Tahoe Regional Planning Agency, although most development has occurred in areas of
mixed-pine and pine-fir vegetation types, the greatest impact of urbanization upon
vegetation and hence the watershed environment has occurred on several marshes
and meadows within the Basin.
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Figure 11-16. Map showing the geographic locatien of Lake Tahoe

The problems which the Lake Tahoe baisin is presently confronting are certain-
ly not unique to this area. The consequences of man's alteration of the natural
environment are symptomatic of the pressures which can be brought to bear by
the activities of an increasingly mobile populace seeking new recreation and

living space.

2 Construction of the Lake Tahoe Basin Data Base

a. Landsat Data. IPL chose to construct the Lake Tahoe Basin data base
from data sources which were readily available and familiar to its analysts.
Landsat imagery, which has formed the basis for the majority of IPL's water qual-
ity assessment efforts, was chosen as the planimetric base to which all other data
would be registered. A subsection of a Landsat 2 scene from August 27, 1976,
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was extracted and transformed into a Lambert conformal conic projection to serve
as the planimetric base as depicted in Fig. 11-17. To this scene two other Land-
sat scenes were registered, one from Landsat 2, July 21, 1978, and one from Land-
sat 3, July 30, 1978, Summer scenes were chosen to reduce the chance of snow
cover interference. Registration was achieved through the aid of a viecewise
surface fitting algorithm. The surface transformation was defined through a
series of tiepoints selected during the use of an interactive spatial pattern
recognition routine (PICREG) in which the analyst selected common geographical
features (Refs, I1-11, 12). (Details of the PICREG program can be found in the
technical application section on lLake Mead). After all images were registered,
color reconstruction was also performed on each scene using a color enhancement
technique which approximates a gaussian distribution using the principal com-
ponents of each Landsat image separately (Ref. 11-13). This type of enhancement
was designed to attempt even distribution for all regions within an image to
avoid the saturating effects of conventional linear enhancements.

b. DMA Digital Topographic Data. Terrain data produced by the Defense
Mapping Agency (DMA) was next integrated into the data base. Digital terrain
tapes were acquired for the Lake Tahoe region from the Nationa! Cartographic
Information Center. The tapes were prepared from U.S. Geological Survey 1:250,000
scale topographic quadrangle map series. Map contour lines falling within a
l-degree block of latitude and longitude were digitized and a matrix of elevations
generated with one elevation for every .01 inch on the map (200 feet/60.96
reters on the ground). The terrain data were reformatted for use in IPL's
VICAR operating system., In reformatting, halfword integer elevation values were
converted to single byte integers and scaled to the terrain variation within the
area (Ref. 11-14).

After reformatting, the terrain data sets were rotated 90 degrees counter-
clockwise to orient the north-to-south values vertically in the sample direction,
placing north at the top of the images. This compensated for data format as
produced by the National Cartographic Institute. For the Lake Tahoe Basin, four
separate terrain quadrangles were required to construct a complete image compris-
ing the Tahoe Basin area. This necessitated the mosaicking of the four quadrangles
before final registration to the data base. Figure 11-18 reproduces the four
digital terrain quadrangles required to completely encompass the Lake Tahoe Basin
and the final mosaic image. The relief-like effects portrayed in the images were
produced by digitally shading between contour intervals.

Registration of the terrain mosaic with the Landsat planimetric base was
achieved through the application of a resampling algorithm which applied a two-
dimensional correction grid derived from selected control points (Refs. I1-11, 12).
Tiepoint selection was achieved interactively (PICREG) relating surface features
through comparison of the Landsat planimetric base image and a relief-like version
of the terrain image.

c. Graphical Data. Graphical data for the lLake Tahoe Basin data base were
acquired from conventional maps produced for the Tahoe Regional Planning Agency
by the U.S. Department of Agriculture Forest Service. These maps presented hydro-
logic and climatologic data pertaining to the Lake Tahoe Basin. Before integration
into the IBIS data base, graphical data must be transformed into image format.

ORIGINAL PAGE |s
62 OF POOR QUALITY

.



;‘ b | \{“v
_ ‘FQ«, &8

"510 vy,

4 ”"'. \QhA

/'ﬂ -y

-

‘/’l»'

.

, .

\\ ‘

¢ e Ll Ted
SN (L4) AZ1LIe PeOLP

Figure II-17. False color composite image of Lake Tahoe from Landsat frame 5496-
17202, August 27, 1976,
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Figure 11-18. Four digital terrain quadrangles were mosaicked to produce a ter-
rain map which contained the Lake Tahoe Basin

ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

PRECEDING PAGE BLANK NOT FILMED 65



This was achieved by first digitizing the graphical data onto magnetic tape.
Next, a least squares affine transformation was applied which created a general
surface fit, Corresponding line and sample coordinates, in terms of the Landsat
planimetric base, were calculated from latitude and longitude coordinates taken
from the graphical map data for geographical features common to both data sets.
Registration was once again achieved through the interactive (PICREG) selection
of control points which linked geographical features from the graphical data file
and the planimetric data base. In Fig. II-19, the transformation of a convention-
al map to a graphical data plane is illustrated. Step A represents the digitizing
procedure in which the drainage basin map is converted to graphical image format.

d. Georeference Plane. A georeference image plane which provided an inter-
face between all dataplanes for the Lake Tahoe Basin data base was created from
the drainage basin map provided by the Tahoe Regional Planning Agency. As seen
in Fig. 1I-19, this map identified the location and outlined the boundaries for
the 63 drainage basins identified as providing watershed inflow to Lake Tahoe.
The map was digitized and subsequently registered to the planimetric base. Each
separate drainage basin was then assigned a unique data number for all picture
elements comprising that basin. Step B, in Fig. II-19, represents the process of
encoding each drainage basin, a procedure known as "painting." The final product,
the georeference plane, is reproduced at the right in Fig. II-19. All tabular
data corresponding to the drainage basins were then entered into the data base by
referencing the unique number assigned to each basin. The georeference plane is
an integral element within the data base, for it is through this plane that all
tabular and most image data are interfaced. Figure II-20 is a conceptualization
of the georeference plane for the Tahoe region. The magnified portion of the
figure indicates the coded picture elements which comprise each basin. In this
figure a most basic application is illustrated, in which the picture elements for
each basin are summed and transferred to an interface file in which the sums are
stored according to basin code number. This interface file can be accessed at a
later date to produce statistical output such as acreage estimates for each
drainage basin.

Figure II-21 illustrates the Lake Tahoe Basin data base as completed, forming
a series of registered data planes. Once all data planes are in registration and
at least one georeference plane is registered, the data base can be used to develop
additional products through manipulation and integration of the planes.

3. Application of the IBIS Concept to the lLake Tahoe Basin

a. Integrated Images. Manipulation and integration of data planes compris-
ing the data base is achieved through the implementation of VICAR and IBIS programs
developed at IPL. Stanuard products output from IBIS integration consist of over-
lay images. Figure 11-22 reproduces a precipitation map produced by the Tahoe
Regional Planning Agency. Using IBIS resources, this map was electronically digi-
tized and registered to the planimetric base Image. By adding the digitized map
to the color version of the landsat scene for August 27, 1976, an integrated image
is created. As seen in Fig. 11-23, this type of product can represent more clearly
the relationship between mean precipitation and the Tahce environment as depicted
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INTERFACE FILE

DRAINAGE NO OF IMAGE

BASIN IMAGE GRAY

NUMBE R ELEMENTS VALUE

1 11656 1

2 3027 2

3 403 3

4 110 4

5 763 S

6 4639 6

7 5102 7

8 1708 8 5 T2,
51816\
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GEOREFERENCE PLANE
DRAINAGE BASINS
Figure 11-20. Conceptual drawing of the georeference plane and tabular interface

file
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Figure 11-21. A conceptual diagram illustrating the development of the Lake Tahoe
data base from digital terrain data, conventional data and lLandsat

imagery
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Figure 11-22, Conventional map showing mean annual precip-
itation contours over the lLake Tahoe Basin
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Figure 11-23. Image showing the registration of precipitation data from
a conventional map with Landsat imagery.
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by lundsat. In future applications the mean 'nnual precipitation isohyets could be
converted to a continuous surface image. This process is similar to the conversion
of USGS topographic maps to terrain relief images as depicted previously in Fig.
I11-19. The precipitation surface image could then be cross-tabulated with indi-
vidual drainage basins, using the georcference plane, to produce estimates of
runoff coefficients.

Similarily, another integrated image was produced by combining digical ter-
rain data with Landsat imagery. The Defense Mapping Agency (DMA) mosaic was
transformed to display 600-ft. contour intervals as illustrated in Fig. II1-24.
The digital terrain image was then integrated with the August 27, 1976, Landsat
scene to produce the image shown in Fig. I1-25. Integrated imagery of this type
can be used to facilitate interpretation of terrain elevation in terms of a Land-
sat scene., DMA data were also used to calculate estimates of azimuth and slop2
for each drainage basin. Details of this procedure are described in the
following section.

The georeference plane was integrated with each Landsat scene to depict the
boundaries of each drainage basin mapped by the TRPA. Figure II-26 shows each of
three Landsat scenes contained in the data base as it appears integrated with the
drainage basin map. While imagery of this type is useful for cursory interpreta-
tion and display purposes, the ability to extract additional information from
data plane manipulation is the key to the application of the IBIS concept.

b. Data Plane Manipulation. Manipulation of the georeference plane, in
this case the drainage basin map, provides the opportunity for the analyst to
more closely examine the unique characteristics of each drainage basin as revealed
by the Landsat sensors. By referencing each uniquely coded drainage basin in the
georeference plane separately, the analyst can extract and display any or all
basins as individual images. This application is illustrated in Fig. 11-27, in
which the georeference plane was used to extract the Trout Creek Basin and the
Upper Truckee Basin, which are displayed in color as separate images. If a multi-
spectral classification is performed on the data, information can be similarly
reproduced in a basin-by-basin format. Tabulations of land cover type can then
be expressed for all basins collective'y or each basin individually.

The georeference plane can alsc be interfaced with tabular files to produce
a statistical output such as that reproduced in Table II-7., In this table, the
area of each uniquely coded drainage basin comprising the georeference plane was
determined by summing picture elements and converting the sum to total acres,
producing a Landsat acreage estimate. These data were then cross-referenced to
tabular files which contain acreage estimates produced by the TRPA. All estimates
were then ranked and output in the form of a computer listing which provided a
comparison of Landsat vs conventionally acquired acreage estimates.

The inclusion of DMA digital terrain data provided an opportunity to attempt
integration of an important element of ancillary, ground-based information with
remote sensing data. The DMA developed these data by interpolating existing USGS
1:250,000 scale topographic mrops to produce ultrafine mesh digitized latitude,
longitude and elevation contour data. As described earlier, four DMA quadrangles
were digitally mosaicked to form a unified, continuous surface elevation image.
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Figure 11-24. Digital e¢levation contours produced by processing
} B } I ¥

digital terrain data
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Figure I11-25. 1Image showing the registration
of elevation contours with
Landsat {.aagery.
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YRAINAGE BASIN MAP

Figure I1-26. Integration of data planes produces overlay images
creat ing new visual tools which combine data from
various sources and for different dates.
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Figure 1I-27. Interfacing the georeference plane with Landsat imagery allows ac-
cess to each basin separately and the generation of tabular reports:
(a) = Trout Creek Basin
(b) = Upper Truckee Bacin

This image was then jeometrically registered with the Landsat imagery to permit
future cross-tabulations of elevation information with other information data
planes within the data base. In an effort to quantify and process the digital
terrain data, the elevation image was processed with VICAR software to producc a
component representing slope magnitude. To develop this component {t was necessar,
to compute the vector crossproduct between the horizontal (east-west) {image
elements and the vertical (north-couth) picture elements. This vector product

then provided an estimate of the slope between adjacent east-west and north-south
elevation image elements. The outputs of this process were then coded to reflect
slopes between 0° (no slope) and 90° (vertical slope). The angles in degrees were
further coded for image output by rescaling 0° to be ecual to O digital number (DN)
or black and 90° to be equal to 255 DN or white. Figure 11-28 {llustrates an
application of these concepts. First, the slopr magnitude was cross-tabulated with
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Table 11-7. Lake Tahoe drainage nasins acreage tabulation
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GEOREFERENCE DIGITAL TERRAIN

PLANE GRADIENT MAGNITUDE
IMAGE
DIGITAL 0
TERRAIN
INTERFACE

GRADIENT MAGNITUDE IMAGES BY DRAINAGE BASIN

Figure 1I1-28. Using the drainage basin map as the georeference image, the
slope and gradient magnitude for each drainage basin may be
displayed and tabular information produced
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Lake Tahoe drainage basins azimuth (aspect) and
slope magnitude statistical summary report.

Table 11-8 reproduces an IBIS table generated from the digital terrain
Table 11-8.

mﬁ‘rn

L

individual DMA map quadrangles, especially 2loag map edges, which have precluded

present, however, difficulties have been encountered with discrepancies between
the development of accurate models,

being investigated with the hope of integrating more reliable data into the lake

tabulation permitted the computation of a mean slope estimate by averaging the
Tahoe Basin data base.

slope magnitude image elements for each drainage basin,
hoped to develop a model for drainage basin terrain based on digital imagery.

imagery which lists azimuth and slope for each drainage basin.

ated with the individual drainage basins was then extracted.

the d-ainage basin georeference plane.
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A data base, no matter how easily constructed and manipulated, is only as re-
liable as the elements of which it is made up. Therefore, as new data are acquired
it i{s essential that these be tested and implemented into the data base to insure
its viability. Although existing digital terrain imagery has proved difficult to
adapt, lLandsat data continues to work well within the data base concept. However,
in terms of water quality, the subject lake and watershed area must be of such
dimensions as to accommodate the resolution of the Landsat sensors.

Accurate correlation of changes in Lake Tahoe with various data elements con-
tained within the data base will require study « ver several years. It is hoped
that such a system over time can be used to monitor and evaluate causes for
changes which affect the lacustrine environment. This will require the development
of precipitation modelling, surface runoff models and classification of drainage
basin cover types. These elements must {n turn be Integrated and evaluated for
accuracy before the system can be considered usable. Such a system is feasible
given the continued improvement of the remote sensing tools used to construct the
data base and the data integrated into fit,

c. STUDY OF SELECTED LAKES IN MONTANA, UTAH AND MICHICGAN

Four areas were chosen for study as a final demonstration of lake classifica-
tion technology developed at JPL. In Montana, Flathead lake, located in the
northwest area of the state, and several lakes within the Footenai National Fores:
nearby were selected. The Flaming Gorge Reservoir astride the northern border of
Utah and southern Wyoming was alsu chiccen. The Illinois State EPA also cxpressed
a desire to be included in the final demonstration, agreeing to coordinate sampling
efforts, on the same lakes studied previously (Ref. I-3), with Landsat flyover
dates during the summer of 1978. The U.S. Forest Service, Ottawa National Forest,
also expressed an interest in surveying several lakes within their area in the
northern part of Michigan. Therefore, in April and May of 1978 the IPL attempted
to coordinate ground sampling of selected lakes in these areas with the USEPA
Western Energy Office in Denver, Colorado (Kootenai National Forest and Flathead
lake and Flaming Gorge Reservoir), Illinois State EPA in Springfield, Illinois
(selected I1llinois lakes) and the U.S. Forest Service, Ottawa National Forest, in
Ironwood, Michigar (selected Michigan lakes). The intent was to once more test
and refine the techniques for lake isolation and classification which had been
under development since 1974,

1. Data Acquisition

One of the most significant problems associated with any study using Landsat
data is with data acquisition. The problem is basically twofold, with each part
independent of the other. Landsat scene availability is always dependent upon
favorable weather conditions; cloud cover can virtually rule out the use of any
number of Landsat scenes. The other problem, assuming weather conditions to be
fair, is scene availability from the data source, such as Goddard Space Flight
Center or the EROS Data Center. Although the Landsat sateliites theoretically
make coverage of a particular area available every 9 days, the combination of the
preceding two factors can easily limit availability to zero scenes. In the case
of the Illinois lakes selected, although the Illinois EPA was interested in cover-
age from June until September 1978, due to weather conditions, the periodic
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shutdown of the landsat sensors and presumably data loss during retrieval and
recording, only two scenes were available over the selected lakes during this
period. Of these scenes, neither was acceptable for processing as both had thin
streams of small cumulus clouds running diagonally across the images rendering
them essentially useless. Owing to these problems, cooperation with the Illinois
State EPA wa. necessarily halted.

Scene availability for the other areas of interest was somewhat better. How-
ever, coordination of ground sampling teams on selected flvover dates was plagued
by weather, finances and lack of personnel available to sample. Table 11-9 pre-
sents a list of Landsat scenes which were acquired for the study areas and indi-
cates the dates when ground truth sampling was performed on these lakes.

The Ottawa-Nicolet Forest Lakes

The U.S. Forest Service, Ottawa National Forest, had been monitoring the
trophic status of lakes within the boundaries of their jurisdiction. Interest in
a Landsat overview of their lakes was expressed in correspondence with USEPA per-
sonnel at the Las Vegas Monitoring lLaboratory. Two scenes were acquired which

Table 11-9. Landsat scenes acquired and sampling dates

Date of
% Cloud Lake(s) ground
Area Scene 1.D, Date, 1978 cover obscured? truth
Kootenai National 30146-17515 7/29 10% no 8/07, 8/08
Forest and Flathead 8/25
Lake (upper section)
Flathead lake 30146-17521 7./29 10% no 8/07
(lower section) 8/08
Flathead Lake 21293-17320 8/07 10% no 8/07
(lower section)
Nicolet National 21292-15432 8/06 10% no 8/04
Forest
Ottawa National 21293-15491 8/07 307% yes 8/05
Forest
Flaming Gorge Reservoir 21288-17044 8/02 10% no 8/02
Flaming Gurge Reservoir 21287-16590 8/01 10% Partially 8/02
(upper section)
Flaming Gorge Reservoir 21287-16592 8/01 20% Partially 8/02

(lower section)
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covered the lakes of {n’ i ost in the Ottawa and Nicolet National Forest areas.
landsat 2 scene 21293-1547]1 contained 30% cloud cover which obscured most of the
lakes selected for study. No further proceassing was performed on this area.

landsat 2 scene 21292-15432 contained no cloud cover over the area of in-
terest. Processing was limited to color reconstruction of the Nicolet National
Forest area. Figure 11-29 depicts the Nicolet National Forest subsection from
landsat scene 21292-15432, Two oinary masks were created using the program LAKELOC
to separate all the water bodi~s in this subsection from the surrounding land mass.
Figure 11-30 and 11-3]1 are mask images, in which the threshold for distinguishing
water pixels was set at two different levels. As can be seen in these images, the
subject lakes were of such small size that further processing using only Landsat
data would be of little use. Six bench mark lakes which the Forest Service had
been monitoring were processed through LAKELOC in preparation for classification
and the results sent to USEPA in Las Veygas. It was determined that due to the
relatively small size of these lakes, unsupervised classification would not yield
much useful information. No further processing was performed in this area.

L Flathead lLake and the Kootenai National Forest

USEPA personnel from the Western Energy office in Denver, Colorado, were
planning to monitor Flathead lLake in northern Montana during the summer of 1978.
In addition the U.S. Forest Service, Kootenai National Forest, expressed interest
in a Landsat overview of lakes located within their jurisdiction. Accordingly
efforts were made to coordinate sampling of these lakes with Landsat flyover
dates. As can be seen in Table 11-9, Flathead lLake was sampled on August 7 and 8.
The closest lLandsat scenes, covering the entire lake area, available for this time
frame were acquired on July 29. As Flathead lake fell between Landsat scanner
positions it was necessary to acquire two consecutive scenes to reconstruct the
entire lake surface area. A scene of the southern portion of Flathead lLake was
also acquired which coincided with the August 7 sampling. However, the August 7
lLandsat scene containing the northern portion of Flathead lake was liste’ as un-
available at the Goddard Space Flight Center. It is unknown whether thi. was due
to shutdown of the scanner or loss of data during processing by the center.

Sixty-three lakes were identified by the Forest Service as being of interest
in the Kootenai National Forest region. Of these, nine were selected to serve as
bench mark lakes for the study by agreement of EPALV and Forest Service personnel.
The bench mark lakes were sampled by Forest Service personnel on August 25. Again
the closest lLandsat scene available covering these lakes was (he scene acquired
on July 29. All other scenes were listed as unavailable by the Coddard Space
Flight Center.

a. Processing Kootenal National Forest lLakes. Figure 11-32 shows a color
reconstruction of the Landsat 3 scene 30146-17515 for July 29, 1978. Flathead
lake appears almost in irs entirety in the lower-right-hand section of the image.
The Kootena! National Forest area under study lies within the boundaries marked to
the left of center within the image. Figure II1-33 shows the same area enlarged.
Using LAKELOC, analysts at JPL located and isolated the 63 lakes of interest.
Figure I1-34 is a binary mask of these lakes positioned exactly as they appear in
the original Landsat scene. IPL supplied EPALV with this image and the statistical
output from the program STATUS for interpretation and comparison with ground
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Figure 11-29.

False color composite showing major
portion of Nicolet National Forest.
Frame 21292-15432, August 8, 1978.
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Figure 11-30. Binary mask of Landsat NSS
Channel 7. First threshold.
Landsat frame 21292-15432
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Figure 11-31. Binary mask of Landsat MSS
Channel 7. Second threshold.
Landsat frame 21292-15432
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Figure 11-32. False color reconstruction of Landsat frame
3J0146-17515. Flathead Lake is seen in the
lover right corner.

sampling measurements. Since ground measurements were acquired one month after
the Landsat flyover, analysis and comparison of these data were limited. Again
due to the small size of the study lakes, no classifications were performed.

b. The Flathead Lake Study Area. Flathead Lake {s the largest natural bhod,
of fresh water to be found west of the Mississippl River. The lake is located |In
the northern portion of a large glacial valley near Glacier National Park in
northwestern Montana, flathead Lake is 56.4 by 25.8 kilometers in ‘ts extremes of
length and width, and it has a maximum depth of 112 meters. (1) The lake shore-
line is 185 kilometers, more than half of which {s composed of rock and gri 'o:
which extends lakeward to a depth of approximately 30 meters. (2) Approni- . iy
50% of the shoreline is composed of rocky cliffs. The steepness of much ( (he
drainage area and {its clcse proximity to the lake greatly limits the amount of
drainage into the lake.
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Figure 1I-33. A portion of Landsat frame 30146-17515 showing
the Kootenai M'iLional Forest study area.
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Figure I1-34. A binary mask of the 63 lakes of interest in
the Kootenai National Forest

PRECEDING PAGE BLANK NOT FILMED

95 >
S



The Montana Water Pollution Control Authority has classified Flathead lake
as an A-open D] lake (Ref. I1-15). This classification stipulates that the lake's
water may be used for drinking, culinary and food processing purposes suitable for
use after simple disinfection treatment and removal of natural impurities. The
water quality must also be maintained suitable for swimming and recreation.

In terms of a temperature profile, Flathead lake has been classified as a
cold dimictic lake which exhibits submerged depression individuality. This clas-
sification indicates that '"there are various bays and depressions in the lake each
of which may have its own thermocline that differs in position and thickness in
tne different depressions, and each depression may have its own individual sea-
sonal history. Furthermore, while much of the lake stratifies thermally, there
are several extensive shallow bays which do not do so'" (Ref. 1I-15).

¢. Processing Flarhead lake. As a response to a request by the EPA Western
Energy Office for a demonstration of the capabilities of IPL's lake classification
programs, a scene covering the northern half of Flathead lake was acquired for
trial processing. The scene, 2879-17303, was recorded by Landsat on June 19, 1977.
This scene was logged into VICAR format using batch processing techniques which
required approximately 25 minutes of computer run~time. On the following day the
scene was processed through LAKELOC and classified with the programs USTATS and
BAYES using interactive VICAR processing, The steps required 1.1 hours of computer
run-time. The end product was a classification map reproduced in Fig. 1I-35.
Processing of this scene proved to the IPL's satisfaction that the lake classifi-
cation programs could be used to produce digital classifications in a timely
manner. However, this accomplishment acknowledged significant conditions which
are listed as follows:

(1) The subject lake should be of such dimensions as to warrant using
digital classification techniques.

(2) The time lapse between acquisition of data by Landsat and avail-
ability to the user is such as to preclude any notion of '"real-time"
processing.

(3) Such a classification is subject to interpretation based only on
what can be discerned fiom the classification map in comparison
with what is generally known about the lake's trophic status.

There was no supportive ground truth available for Flathead Lake on June 19, 1977,
Therefore this classification map represented an eix-ellent overview of the lake,
but the thematic classes represented are subject to interpretation without the
benefit of supportive ground truth.

Efforts were subsequently made to include Flathead Lake as a study area in
the final demonstration phase of the Lake Classification projects. EPA pe¢rsonnel
at the Western Energy Office in Denver agreed to provide sample data coinziding
with Landsat flyover dates. As indicated previously, Landsat data was limited to
1 scene recorded on August 7, for which ground truth directly corresponded.

Figure [1-36 shows a map of Fiathead Lake with ground sampling sites as marked by
EPA personnel. Two other scenes were also acquired which were recorded by Landsat
9 davs prior to the ground sampling.
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THEMRTIC MAP OF FLATHEARD LQKE

Figure I1-35. An unsupervised classification map of Flathead Lake. Landsat frame
30146-17515.
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Figure 1I-36.

A conventional map of Flathead Lake. Water
truth sites are marked on this map
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Since Flathead lake lies within two consecutive Landsat scenes, it was neces-
sery to digitally connect two scenes to create one image of the total lake surface
area. Figure I11-37 i{s a color composite image constructed from the two Landsat
scenes of Flathead lLake acquired on July 29, 1978. The VICAR program STATS2 was
used to gather multispe-tral statistics for each sampling site to be used in con-
junction with analysis of classification statistics and ground measurements taken
nine days prior to the Landsat flyover. Table II-10 lists the Landsat statistics
from STATS2. These products, accompanied by classification scatistics, were sent
to EPALV for analysis. As of this writing these data are still under interpreta-
tion by EPA laboratory personnel.

Landsat scene 21293-17320 acquired on August 7, 1978, was also processed.
As mentioned previously this scene contained only the lower half of the lake due
to the landsat scanner position. Since corresponding ground truth measurements
were available for this scene, it was classified using the unsupervised routine
in USTATS. Three spectral classes were readily identified using USTATS. These
multispectral statistics for each class were sent to EPALV for analysis. These
data remain under study by EPA personnel,

4, The Flaming Gorge Study Area

The Flaming Gorge Reservoir is a long body of water located in Sweetwater
County, Wyoming, to the north and Doggett County, Utah, as its southern extreme.
Flaming Gorge is approximately 146 kilometers long with a surface area of 137.67
km?. The mean depth of the reservoir is 33.9 meters with a maximum depth of
153.0 meters (Ref. I11-16).

EPA observation conducted at Flaming Gorge Reservoir indicate the following
conclusions regarding its trophic condition.

Flaming Gorge Reservoir ranked third in overall trophic quality
among the 14 Wyoming lakes and reservoirs sampled in 197C when com-
pared using a combination of »ix water quality parameters.

5 1 Processing Flaming Gorge Reservoir

Coordination of ground truth sampling and Landsat flyover was most success-
ful tor the Flaming Gorge Reservoir. Located on the border of Utah and Wyoming
the reservoir is a significant site to warrant the use of Landsat data. Three
Landsat scenes were acquired covering Flaming Gorge on August 1 and 2, 1978. The
scenes were acquired or consecutive days due to the 147 overlap in Landsat
scanner paths making available a "second look'" on August 2.

Two scenes were required to entirely cover the reservoir surface on August 1
due once again to the Landsat scanner position. Figure 11-38 reproduces a com-
posite image which was created from the two consecutive scenes acquired on August
L. Cloud cover obscur:d a portion of the reservoir surface. It was determined
that the presence of clouds and cloud shadow would affect the <lassification
results. However, the decisjon was made to attempt an unsupervised classification
despite the interference. rfigure 11-39 presents a thematic map produced through
USTATS and BAYES for the August 1 composite scene. As can be discerned, there
was ccnsiderable confusion in class discrimianation, which caused classes to
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Figure II-37. A color composite image of Flathead lake
using two Landsat scenes (30146-17515
and 30146-17521).
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Table 11-10. Landsat MSS statistics from training sites on Flathead Lake mo-
saic (frames 30146-17515 and 30146-17521).

Mean DN Sigma
Training site Matrix size (Creen Red IR1 IR2 Green  Red IR1 1R2

MLN B 1% 5 29.3 13.3 3.2 3.4 2.1 1.8 1.1 2.0
ML 5 x5 24,1 10.8 . P § 3.0 1.6 .3 1.3 1.7
YB 5 x5 23.8 12.1 6.8 5.8 1.4 2.3 0.9 3.1

BAB 5x 8 25.8 14.4 7.5 6.1 1.6 1.5 1.3 2.0

MLS - 3 - 23.0 10.3 3.0 2.3 1.3 1.0 1.8 1.6
PB 5 5

28.3 13.1 6.6 4.7 2.6 1.1 1.2 1.2

become fragmented or speckled. This was probably due to atmospheric interference
from shadows cast by clouds. The effects are most pronounced in areas of cloud
concentration.

More reliable resnlts were obtained when scene 21288-17044, acquired on
August 2, was processed. As shown in Fig. I11-40, this scene was not affected by
cloud cover. As a result the multispectral classification for this scene, re-
produced in Fig. 1I-41, does not exhibit the same confusion in classes. Class
color distribution is fairly uniform throughout the reservoir. Corresponding
ground truth measurements were available for this scene from EPA's Western Energy
Office. In addition, the locations for sample sites indicated by EPA personnel
were identified. Multispectral statistics for each sample site were also
acquired using STATS2. These staistics are reproduced in Table 1I-11. This in-
formation was sent to EPALV for comment and anaiysis. As of this writing it
remains undzr EPA study.

The products presented in this section are examples of the results of digital’
image processing techniques which can be performed on water quality data supplied
by lLandsat. No attempt has been made to analyze the accuracy of the multispectral
classifications without expert input from EPA laboratory personnel. Until EPA
analysis is complete no significant conclusions can be drawn regarding the pro-
cessing performed during this study.
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Figure 11-38. A color composite image of Flaming Gorge

Reservoir developed by mosaicking two Landsat

scenes together (21787-16590 and 21287-16592),
Augast 1, 1978,
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An unsupervised classification map of Flaming Corge Reservoir for
August 1, 1978.
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Figure 11-40. A color composite image of Flaming Gorge
Reservoir, Landsat scene 21288-17044,
August 2, 1978.
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Figure I1-41. A supervised classifi-
cation map of Flaming
Gorge Reservolir for
August 2, 1978,
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Tavle 11-11. lLandsat MSS statistics from training sites on Flaming Gorge Reser-
voir (Frame 21288-17044)

Mean DN Sigma
Training site Matrix size Green Red IRl IR2 Green Red IRl IR2

- —— - - ——— - -— e —

39.2  37.2 13.5 3.0

Site 1 ax 2 .8 .8 .8 0
Site 2 b x &4 31.0  25.1 10.1 3.0 1.0 1.2 1.8 0
Site 3 1 x 4 45,0 40,0 15.0 5.0 1.8 1.2 1.2 0
Site 4 4 x 4 25.3 20.5 8.4 2.0 1.1 1.1 1.6 0
Site 5 4 x 4 26,2 21,1 8.8 2.0 1.0 .8 1.8 G
Site 6 5 x5 21,0 15.6 5.8 1.0 9 1.2 1.2 0
Site 7 xS 20,6 15.9 6.5 1.0 1.3 1.2 .8 0
Site 8 5 x5 22,2 16,4 7.0 2.0 .6 8 1.9 0
Site 9 5 xS 19.8 13.3 4.3 1.0 o9 1.0 1.0 0
Site 10 5 x 5 22.3 15.3 5.8 2.0 .8 .8 1.2 0
Site 11 S x 3 21,0 14,6 16,2 1.0 .9 9 X7 0
Site 12 5 x5

Sive 13 5 x5 21,7 14,4 6.9 1.7 1.4 3.3 5.7 4.8
Site 14 5 x 5 22,5 1l4.4 4.8 2.0 1.3 i.2 1.4 1.0
Site 15 5% 5 21,9 14,3 7:1 2.1 1.2 2.6 5,7 6.1
Site 5x 5 21,7 1.4.5 5.3 1.0 .8 2 1.2 0
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