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Multidate Landsat Lake
Quality Monitoring Program

A statewide program, involving a unified package of files and
programs, has been developed in Wisconsin.

BACKGROUND

iINce 1974, University of Wisconsin-

Madison researchers have been working
with Wisconsin Department of Natural Re-
sources (DNR) personnel to apply remote
sensing and, in particular, Landsat to help
monitor and classify water quality of about
3,000 inland lakes larger than 20 acres.
Fisher and Scarpace (1975), Scarpace et al.
(1974), Scarpace et al. (1978), and Scherz et

a production regimen. Scarpace et al. (1978)
discuss classification processes, approaches
to atmospheric correction, correlations with
ground data, and status of the overall project.

This paper is directed toward the techni-
cal question of operational measures to ob-
tain data for a large number of lakes at fre-
quent intervals over a large area.

Briefly, requirements imposed on the data
extraction process were—

Asstract: The University of Wisconsin-Madison and the Wisconsin
Department of Natural Resources have developed multidate proce-
dures using Landsat to operationally monitor water quality of about
3000 inland lakes throughout the state. With so large a collection of
lakes and with the need for analysis of multiple dates, the data
extraction process becomes very important. In order to cope with it,
a unified package of files and programs has been developed which
automates and systematizes procedure.

Each lake is delimited by a latitude-longitude based polygon
which is stored in a link listed filed whose structure allows consider-
able processing versatility. Another file allows storage of extracted
data; it is built up gradually as many Landsat scenes are processed.
A third file holds coordinates of control points distributed through-
out the state. Three large programs comprise the main data extrac-
tion software. One locates all control points covered by a scene so
that satellite coordinates can be measured for scene navigation. A
second produces the navigation constants. The last program locates
all lakes covered by a Landsat scene and extracts data from it, stor-
ing a statistical summary in the data file.

e A need for multidate analysis: Comparing
data for early summer, midsummer, and
early autumn gives more dependable clas-
sifications than single dates.

al. (1977) describe more of the background:
The work done with photographic den-
sitometry; early interactive computer
analysis; and extensions and modifications
which were required for a practical o
statewide monitoring program to be used in

Consistent data set size: The lakes range in
size from 20 acres to over 10,000 acres, but
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research indicated that, for our needs, mul-
tiband mean values and a variance-
covariance matrix formed from all pixels
within each lake would suffice.

e Automated techniques: The scale of the
project required enough computation to
warrant batch mode data processing with
as little human intervention as possible.
Since the procedure was to be delivered to
an operational agency and was to be used
by people whose background was not in
computer operation, programs needed to
be easy and simple to use.

e Existing hardware: The Madison Aca-
demic Computing Center’s Univac 1110
machine was available to the University
and the pNw, so programs were to be de-
signed around it, using available facilities.

An integrated system of programs and files
has been developed to meet these goals. Its
major components include

e A master lakes file, access, which stores
geographic information and other data for
all the lakes of interest, with a linked list
structure which allows its use in a variety
of modes.

® A control point file, providing latitudes
and longitudes of easily identifiable points
throughout the state, for scene navigation.

e A data file, linked to access, to pm\'idv a
storage place for extracted data. It is built
up gradually, scene-by-scene, until suffi-
cient data are present to run the classifica-
tion programs.

e Programs to generate, test, and edit these
files.

® A program, CONTROL, to estimate control
point locations and produce microfiche
character maps to allow manual determina-
tion of Landsat coordinates for scene navi-
gation.

® A navigation program, saTyav, to produce
coefficients to convert Landsat coordinates
to latitude-longitude, and vice versa.

® A data extraction program, EXTRACT, to lo-
cate and file data for all lakes covered by a
single Landsat tape file.

A novel approach was taken to solve the prob-
lem of restricting very large Landsat data
sets to much smaller subsets including only
the lakes of interest, while simultaneously
svstematizing identification and data extrac-
tion from multiple Landsat scenes.

Fires
ACCESS—THE PRIMARY LAKES FILE

A statewide random access file was gener-
ated, storing latitude-longitude coordinates
of polygons surrounding each lake. Other in-
formation includes lake identification num-
bers and name, size of the lake in Landsat
pixels, and a series of links to allow referenc-
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ing lakes in a variety of ways. The file, and
its associated calling subprograms, allows us
to operate in the following modes:

® The first or next lake in alphabetical se-
quence within a county can be obtained.
This is the way the file is physically or-
ganized, with counties also arranged in al-
phabetical order.

® The first, next, or previous lake on any 15
minute quadrangle can be found by
specifying any latitude and longitude
within the quadrangle. “First” in this
sense means northwest-most, to facilitate
Landsat tape handling, since the tape rec
ords run generally north to south. Be-
cause many lakes eross quadrangle bound-
aries, dummy records are written into the
file to provide entrances for any quad-
rangle involved with a lake.

e Lakes can be accessed by 1o number or
TIATIIE:.

Each lake has its own record in access, plus
any needed dummy records. Table 1 shows
the logical organization of a record.
Latitudes and longitudes are in seconds
north of 40° N and west of 85° W, which
leaves all values in Wisconsin positive but
small enough to fit in an 18 bit half-word.
GENERATION OF THE FILE

Generation of access began with a
cooperative effort between pxr and the Uni-
versity to identify all lakes with sizes in ex-
cess of 20 acres (8.1 hectares) and depths of
at least 8 feet (2.4 metres). Lake polygons
were marked by hand on the largest-scale
topographic maps available, chosen so that
they had at most 10 apexes, and were located
a modest distance—several hundred feet—
from the lake itself, to allow reasonable er-
rors in Landsat navigation. Several typical
polygons are shown in Figure 1.

The maps were digitized by the Universi-
ty’s Cartographic Laboratory, which pro-
vided punched card data reduced to
latitude-longitude form.

DATA-FILE

This file serves as a repository for extracted
statistical data. A record is provided for each
lake, containing space for up to four data sets
from different scenes, together with Landsat
scene io numbers and number of scenes filed.
Itis designed to be filled piecemeal as differ-
ent scenes are processed, usually over a pe-
riod of several weeks. It can then present its
data to the classification programs.

CONTROL POINT FILE

Because lake information stored in access
is in latitude-longitude form, it is necessary
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Tasre 1. Structure oF ACCESS Fiie
Word Content Form
-4 NAME : 24 character alphanumeric
5 : COUNTY : LAKEID : two half-word integers
6-7 SCENE L.D. for : two integers
' first scene done g
8 :  PPTR NPTR : two halt-word integers
9 LKPTR DPTR e
10 NPTS NPIXEL '
11 : MIN LAT MIN LONG A
12 : MAX LAT MAX LONG *
13-22 LAT; LONG, i "

PPTR, NPTR:

Pointers to records for previous lake and next lake in quadrangle

Pointer to actual lake record if this is a dummy

LKPTR:

DPTR: Point to record number in DATA-FILE

NPTS: Number of polygon apexes

NPIXEL: Number of expected Landsat pixels in the lake

MIN LAT, MIN LONG, MAX LAT, MAX LONG: Minimum and maximum latitude and longitude of

the polygon
LAT,, LONG;:

Latitude and Longitude of the “i'th” polygon apex

Fic. 1.
(Hartland quadrangle).

to provide conversions to Landsat coordi-
nates. The opposite conversion is also
needed; for example, we must be able to ac-
curately predict latitude and longitude of the
extremes of a scene by using limiting rows
and columns,

Landsat’s geometry is relatively good and
generally stable, but there are non-
linearities and perturbations. Precise esti-
mates of attitude and position, if available at
all, are difficult to obtain from information
supplied to users. Other investigators
(Bernstein, 1976; Van Wie and Stein, 1977)

oL
15V

-1V

have concluded that accurate conver-
sion between satellite and ground coordi-
nates requires navigation using ground con-
trol points with regression pmcedur('s to
establish good-quality models.

Using this approach, we have digitized
latitudes and longitudes of 335 conspicuous
points throughout the state (Figure 2). These
are mostly peninsulas and islands in lakes,
which makes them easy to identify from
simple pictorial representations, An average
of one point per topographic map quad-
rangle has been chosen, except in areas with
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Distribution of points in file
CONTROL-PT.

Fic. 2.

no lakes of interest. These points, with de-
scriptive records giving name, position, and
quadrangle name and scale, are stored in a
small file named coxTrOL-PT. Figure 1
shows a representative control point in
Pewaukee Lake near Milwaukee, marked by
a circle and cross.

Dara ExTracTION PROGRAMS

Three steps, each with its own large pro-
gram, comprise the data extraction process
for a single Landsat scene. First, a dozen or
so well-distributed control points must be
located and their Landsat coordinates found.
Program coxTroL does this. Then navigation
parameters must be determined for scene-
to-ground and ground-to-scene coordinate
transformations; this is the role of program
saTNav, Finally, program extract does the
actual data extraction.

CONTROL

conTROL uses nominal Landsat scene ge-

ometry to estimate Landsat coordinates of

control points, and produces single page
character maps of areas 55 rows long and 119
columns wide centered at these positions so
that actual satellite coordinates can be mea-
sured,

In its normal or default mode, it operates
file-by-file on all four files of a Landsat
scene. (Landsat tapes supplied by the eros
Data Center divide scenes into four 25 nau-
tical mile (NM) wide and 100 NM long strips,
each forming a file on tape and following one
another from west to east.) Scene-center
coordinates provided by Nasa to a precision
of one minute are decoded from the Landsat
tape annotation record, as is the actual scan-
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ner line length (usually 3240 pixels per scan
for Landsat 1, or 3264 for Landsat 2). Nomi-
nal scene width and length of 100 NM each
are assumed, and there are 2340 scan lines
per scene. From these values, a number of
constants can be found:

Distance down track

per scan line: 79.1974 metres (m)
Distance across track

per pixel: 57.1981 m (for 3240 pixels)

56.7775 m (for 3264 pixels)
Distance per second of
latitude: 30.8807 m
Distance per second of
longitude: (30.8807)- cos(latitude) m

Distances north (N) and west (W) of
center are related to distances up track
(U) and left of track (L) by the following

linear transtormations:
U
I.J
cos(A)  —sin(A)

N|_ cos(A+B)
W | | —sin(fA+B)
| N
—sin(A+B) cos(A+B) w

cos(A)

sinA) } I

and

[0 ). 1
L | cos(B)
where

Ais the angle of a line normal to the
scan line with respect to north, and
Bis the angle between that normal line
and the ground track; thus, the Earth’s

rotation skew angle.

From Heiber et al (1973),

A =sin'[0.1583933/Cos(latitude)]
B = tan '[0.01135886/Tan(A)].

If we were to plot the limits of a scene on a
Mercator projection, the resulting shape
would not be a true parallelepiped, but it can
be closely approximated by one. With this
assumption, define the four comers of the
scene by the vectors

{pigii=0,.., 3} p

q

which can be found by application of the
linear transformation and scale factors

above. The line joining point [p.q;] to point
[Pi+nsis1] can be expressed as the set

{xy] |y - [wiwe]™ =t} (n

latitude and
longitude

1]

where

Wiy =Pi = Pin

Wiz =i —

L =qiPiaa Gicpr (The cross
product of two consecutive lat/
long vectors)



MULTIDATE LANDSAT LAKE QUALITY MONITORING PROGRAM

In these expressions, all subseript additions
are modulo 4.

Points anvwhere in 2-space can be consid-
ered above or below the line in Equation 1 if
“="is replaced with “>"" or “<”, but negat-
ing the w's and {; changes the sense of above
and below. If we do such negation whenever

[Pisnstinl « [wiwip]" < ¢,

then a point of latitude-longitude [r.s] is
interior to the scene if and only if

[rs] - [whwpl* =t fori =0,..,3

With this process, each control point can
be quickly tested to see if its predicted posi-
tion is covered by the scene and file in ques-
tion.

Figure 3 shows a typical control point
character map for the Pewaukee Lake con-
trol point shown in Figure 1. Blanks are
shown for pixels with low Band 7 values.
Other characters from the set { . , @ # = x
+ } are assigned using a histogram equaliza-
tion procedure: A histogram of all Band 5
values is calculated, exempting those points
with low Band 7 values. Characters are as-
signed to ranges of Band 5 values so as to
approximately equalize their frequency of
occurrence. Finally, “0’s” are inserted for
pixels with high Band 5 radiances, to attempt
to highlight clouds.

Blanks and less-dense characters are gen-
erally water, wetlands, or cloud shadow;
clouds themselves are so bright that they
produce distinctive patterns of “0’s”. Other
characters help interpretation by showing
wetlands, rivers, and roads.

Usually, character maps produced by de-
fault position estimates actually show the
control points about 75 percent of the time.
An additional run, with specific row and col-
umn offsets, usually shows the others. Nor-
mally, interpreters have reasonable clues
about which way and how much to introduce
offsets. Subsequent runs to search for missed
points are less expensive because only
specified points are processed.

Precise control point interpretation is
facilitated by 35 mm transparencies of all
control points, photographed from the maps
used to digitize them.

SATNAV

Program satTyav accepts interpreted Land-
sat coordinates of control points and uses
these, together with latitude-longitude coor-
dinates of the points from conTrOL-PT, tO per-
form a regression producing constants relat-
ing row and column to latitude and longitude.
A simple affine model is used, providing
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coefficients of a 2 x 2 matrix T and a 2 x 1
vector § in the expression

L=TR+S8§ (orR=T7'[L —8))
where
P r
L = and R =
q - ¢

pand g are latitude and longitude in
seconds north of 40° N and west of
857 W

rand ¢ are Landsat row and column

After performing the regression, saTnav
uses measured rows and columns to predict
latitude and longitude, and measured
latitude and longitude (from conTROL-FT) to
predict row and column. Resulting residuals
are tabulated and plotted as in Figure 4, and
the navigation parameters from matrix T and
vector § are filed for reference by the data
extraction program.

Usually, several runs of satNav are needed
before all recording errors and poorly inter-
preted control points are corrected or elimi-
nated. If residuals are high, the most suc-
cessful strategy seems to be to discard the
point with the highest residual, as long as
this does not too severely limit control point
distribution. Residuals can usually be
brought down to acceptable levels while re-
taining adequate control after two or three
such iterations.

Table 2 shows root mean square (RMS) row
and column residuals for several typical
scenes. Errors such as those of Table 2 are
quite tolerable for data extraction, since the
lake polygons in access usually are far
enough from the actual lake edges to allow
several rows or columns of navigation error.

Experience indicates that residuals are
adequately low if there are control points
within 5 to 10 kilometres of each lake. Since
the control points themselves are in lakes,
this needed proximity to lakes tends to occur
without trouble.

EXTRACT

EXTRACT performs the actual data extrac-
tion process, working quadrangle-by-
quadrangle to find all lake polygons covered
by a single Landsat file, looking inside the
polvgons to find water-like pixels, extracting
them, and finally calculating and filing
statistics. Ordinarily, all four files of a scene
are processed in a single run,

EXTRACT s operation is generally keved to
Figure 5. First, the navigation parameters
are searched for the scene and file number of
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Tasre 2. Row anp Corvax RMS Resinvars FroM AFFINE MODEL FOR SEVERAL
Laxpsat Scexes axp Fiies
No. of
Control RMS Residuals

Scene File Points Row Col
2644-15534 | 7 0.5 3.6
2 7 0.4 1.9

3 10 0.5 1.7

B 9 0.9 0.9

5512-15230 1 8 1.6 0.9
2 7 0.8 0.5

3 T (1.6 0.8

4 10 0.4 1.2

2482-15582 1 5 1.6 0.9
2 7 0.7 3.2

3 14 0.7 1.5

4 T 0.9 1.5

2482-15573 1 14 0.7 1.0
2 15 1.0 1.6

4 7 0.0 (.2

3476-15251 2 13 0.6 0.4
3 12 0.5 0.9

4 4 0.7 1.3

interest, which is read from the tape annota-
tion record. If this file were not navigated,
processing moves to the next file. Otherwise,
the navigation parameters are used to caleu-
late latitudes and longitudes of the four cor-

Aow Aﬂ
+ ‘rg-ﬁ-ﬁ'\.
; -
& : .f::._' .
c / E%X e

‘.MQ-L‘_— ‘t’lE ,

’f\m‘\' Frg
oR] E2
a5
e 44°
a0® 89°

Fic. 5. Operation of program exTract.
Symbols are keyed to text.

ners of the file from which extremes of
latitude and longitude are found. If neces-
sary, a cloud-free portion of a scene may be
selected by specitving any convex polygonal
subset of a scene. With this option, the inter-
section of the total Landsat file and the
specitied polyvgon is used as the scene poly-
gon. Then, starting at the northwest extrem-
ity, corner coordinates of 15 minute quad-
rangles are tested for intersection with the
scene polygon. Quadrangles which do not
intersect the scene or which are completely
outside Wisconsin are skipped; in Figure 5
these are shaded. Processing continues with
the next quadrangle east until the eastern ex-
treme is reached; then the next row south is
done. This strategy minimizes the amount of
tape movement needed since it best follows
the organization of the tape.

If a quadrangle and the scene do intersect,
then access is instructed to return the lake
polvgon for the first lake on the quadrangle,
and its apexes are converted to Landsat
coordinates. This converted polvgon is
tested for intersection with the scene (work-
ing only in Landsat coordinates). If there is
no intersection (such as A in Figure 5), then
the next lake on the quadrangle is called out
of access, with processing passing to the
next quadrangle when the last lake is
finished.

If the lake does intersect the scene (e.g.. B
in Figure 3), its minimum and maximum
Landsat rows are found and the tape is posi-
tioned to the beginning row. Then, row by
row, the tape is read and data for all columns
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which are inside the converted lake polygon
are extracted and tested, If Band 7 values are
below a certain threshold (presently 10), pic-
ture elements are assumed to be water-like
and data for Bands 4, 5, and 6 are extracted
and stored in main memory. Cloud shadows
can defraud this test, so careful selection of
cloud-free scenes or omission of cloudy
areas is required.

When all data for a lake have been ex-
tracted, the total number of water-like pixels
is compared to the number expected. This

ralue, from access, is optionally loaded into

the file as extracT is executed, provided
more water-like pixels were found than had
previously been stored. If at least half as
many pixels are found now as were ex-
pected, statistics are calculated and stored in
pATA-FILE: these include mean values and a
variance- covariance matrix for Bands 4, 5,
and 6 for all water-like pixels.

If too few pixels are found, there could be
several causes. First, a lake may be only par-
tially covered by a scene (C in Figure 5). If
s0, it can best be neglected now and pro-
cessed later in another scene. Second, it may
lie on the boundary between two files, asin D
in Figure 5. All data for the lake are present
on the tape, but it is inconvenient to mosaic
the two files together. Instead, data are taken
only from the file which contains the most
pixels. Third, the navigation parameters may
have been so far in error that the converted
polvgon missed the lake. We can either rerun
the program later, introducing an appropriate
offset for specific missed lakes, or we can

e
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choose an option to expand the lake polygon
to the rectangle bounded by minimum and
maximum rows and columns and repeat the
extraction. This runs the risk of expanding a
polygon into a neighboring lake, but this can
be checked and corrected later.

Lakes may appear on more than one quad-
rangle (E on Figure 5). access will return
this lake for any of the quadrangles, so a flag
is set as each lake is processed. If the lake is
encountered again it is skipped.

A character map is printed for each lake,
usually on microfiche, showing pixels within
the polygon. Water-like points are marked
by “0’s”, edge pixels by “x’s”, and non-
water like points by “+’s.” Figure 6 shows
such pictures for several lakes included in
Figure 1. If necessary, only every second or
third row and column is shown to fit avail-
able space.

Two polyvgon processing subprograms
made construction of ExTrACT easier. One,
INTSCT, tests an arbitrary polygon for intersec-
tion with a convex polygon. It returns logi-
cal variables indicating whether the two
intersect and whether one is a subset of the
other. If they do intersect, it also returns a
new apex list describing the intersection
polygon. The second, BpyHIT, is called row
by row for an arbitrary polygon and returns
columns at which the row crosses the poly-
gon,

Cost FacTORs

Preparation of lake polygons from nearly
350 map sheets required about six man-

—arean T e
Fras pear peas guv

Fic. 6. Representative performance of program extract, Lakes shown appear also on Figure 1.
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weeks. Digitization of 3,000 polygons and
335 control points cost $1,500. Creation and
editing of access required perhaps $350 in
computer charges.

Development of research computer pro-
rams is hard to cost account. They required
somewhere around one man-year; replicat-
ing them for another area would be much
faster.

Files and programs have been evaluated
by the pNr in a large-scale test project in-
volving three dates each for two scenes in
southern Wisconsin and one in the north
central part of the state. Typical time re-
quirements and charges will be about as fol-
lows for each Landsat scene:

® To extract and interpret about 50 control
points:
One to two man-days
Computer charges—$30.00
® Scene navigation including error correc-
tion (three to four runs of saTNav):
One man-day
Computer charges—$15.00
® Data extraction (two runs of ExTracr, plus
detailed examination of resulting output):
Two man-days
Computer charges: $120.00

Operational costs, and performance of the
classification procedures described by Scar-
pace et al. (1978), appear quite promising.
To classify all 3000 lakes in the system
would require analysis of about 40 scenes to
obtain the needed three lates per lake. We
estimate that this would require a computer
budget of about $5000, data costs of $8000 (at
$200 per tape), and about 40 man-weeks.

CoNcLUSIONS

An unusual approach to Landsat data ex-
traction has been evolved and demonstrated.
Use of ground coordinate systems to identify
irregularly shaped areas which can be re-
peatedly accessed is a practical and econom-
ical method of restricting data set size. The
method allows exploitation of Landsat’s re-
peated coverage.
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Inexpensive batch processing and simple
geometric models can be used to navigate
scenes without huge processing tasks to re-
sample and remap data. For applications re-
quiring statistical or aggregated information
about areas, rather than precisely navigated
pixel-by-pixel data, this approach should be
considered.
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