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PREFACE

The general objective of this project was to detegmine the
improvement in the measurement of wéter depth from:space using the
Skylab Earth Resources Experiment Package nbtably the 5-192 multi-

’ speétral scanﬁer and the 5<190B camera system;. This work continuesfé

b’reSEarch program at ERIM conducted since 1969 as to the feasibility
of remote bathymetry from aircraft or spacecraft altitude while
felying on signal processing of féflected sunlight nbtained—in narrow
spectral bands in the blue~green portion of spectrum. Previous
research with multispectral s~ anners mounted in aireraft was cponsored
- by the National Oceanic and Atmospheric Agency's Spacecraft Oceano-
~graphy Group (formerly of the Naval_Oceanographig_Office) under.the
direction of John Sherman I1I. Sﬁbsequently, LANDSAT 1 data was used
to test the concept from spacecraft altitudes under Comtract
NAS5-21783, Task T. - V

This report is submitted in fulfillment of NASA Contract
NAS9-13278. The Pr1nc1pa1 Invesxlgator for the project was Fabian C.
Polcyn and tha work was carried out. by the Infrared and Optlcs :

Diwvision of ERIM under the direction of Mr. R;chard R. Legault.
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SKYLAB REMOTE BATHYMETRY EXPERIMENT
1

INTRODUCTION

_ The research reportéd here is an outgrowth and continuation of
previous research projects carried out at the Environmental Research
Institute of Michigan for the purpose of developing methods of
extracting water-depth information from multispectral scanner data
collected by aircraft and satellites [1-4]. 1In partidular, reference
[4] describes three such methods Wﬁich were successfully applied to
ERTS-1 data f£rom the Caribbean and Lake Michigan. The present report
deserib..; the application of these methods to data collected by the
Earth Resources Experiment Package (EREP) of the Skylab program. in
addition;'this report contains an examinatiqn of the accuracy of the
results as compared with ?ublishéd navigationai charts, and an analysis
of the types and magnitudes of errors inherenmt in each computational
method. " ) : ‘

The application potential of this téchnique can be seen from the

recent announcements of losses of valuable crude oil as a result of

.. collision of»superténkérs in different shipping lanes around the

- world. 1In general, world navigation charts are not current due to

length of time for ship collection of data and subsequent. map making

and the dynamlc processes for shlftlng sand bars and creatlng new |
vshoals after storms. Also charts contain notations of shoal areas that'
are not verified in their depth or their location is krown only
approximately. Space acquired data offers the potential for providing
more up-to-date 1nformat10n for nav1gat10n purposes thereby helplng to
reduce losses to life and‘property. ' ' -

The data used in this research ‘ineluded the S-192 (multispectral

 scanner) and 5-190° (photograph1c) products from all-three Skylab

missions. The 1ocat10ns and dates of the three prlnc1pal data sets were:;
7



ERIM |
L - FORMERLY WILLOW RUN LABORATQRIES, THE UNIVERETTY OF MICHIGAN

Skylab 2, Pass 6: Southwestern Puerto Rico - June ¢, 1973
Skylab 3, Pass 14: Central Lake Michigan - August 5, 1973
Skylab 4, Pass 54: Eastern Puerto Rico - November 30, 1973

Photographic products from several other passes were received, but were
considered to be too cloudy to be useful for analysis. Data ﬁere
received in the form of photographic transparencies (S~190 A and B),
magﬁetic tapes containing the S-192 scanner data, and screening films
made from these tapes.. Processing of the films included enlarging

and printing by ERIM's photographic laboratory, and in some cases
scanning portionsvof the films with a Jarrell-Ash densitometer.
»Magnetic tapes were first converted to ERIM format on the University

of Michigan's IBM 370 computer, and subsequently processed on ERIM's
IBM 7094 computer. ‘

The end-product of the digital processing is a computer-generated
map on which different symbols are printed corresponding to various
ranges of water depth. In this report two such maps are presented
for portions of the southern and western coasts of Puerto Rico. On
both maps, depths from 0 to 15 meters are indicated in 3 meter intervals
by means of Five symbals. A sixth syimbol indicates a depth from 15
to 20 meters, and a seventh indicates a depth greater than 20 meters.

"In the case of the Lake Michigan data set, the number of points at
which the depth could be computed was. too small to justify or require
such a display, and the results are presented in graphical form along
a transect perpendicular to the shorelime. The same is true of the
Eastern Puerto Rico data set, where a single tramsect through the
Escollo de Arenas is presented as a means of comparing. the 8-190B film
density with the §- 192 deta valuesnend the weter depfﬁ -

This report is organized Lhronologlcally, in the order in which’
'the data were collectéd, received, and processed ' The steps ‘taken in

~analyzing the data_are described and the results are presented and
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discussed for each tist site. GConclusions are stated in the last

section, and an error analysis is included in the Appendix,

w
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2
METHODS OF EXTRACTION OF DEPTH INFORMAT ION

The Bkylab multispectral scamner (5-192) receives energy in
13 spectral bands. The scanner operates in a linear mode, so the
signal recorded in each band is proportional to the radiance received

in the corresponding wavelength interval., That is,

V. =k, R o o , (1)

where R is the radiance in band i at the detector and k is the
sen51tiv1ty constant for the detector.

The radiance observed over shallow water is the result of
sunlight reflecting from the bottom and the water surface, as well
as of the scattering of sunllght in the water and the atmosphere.
That part of the signal resulting from bottom reflection contains
information about the depth of the water ‘through which the light

has passed. In order to extract this information, one must first
l_separate the bottom-reflection signal from the.reét of'thé observed
s;gnal and then determlne how this 51gnal is related to the water
depth

Assuming the linear relationship (see Eq. 1) is correct, the

signal observed over shallow water may be expressed as follows:

5 1 -0, (sec 6 + sec ¢)z

Vs TR TRy TR T 0 o @

10
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~where R_, = atmospheric path radiance

A
(RN s

= atmospheric transmittance

= radiance resulting from (water) surface reflection

o 0

= solar irradiance incident on water surface.

bottom reflectance

©
B e
I

= index of refraction of water
o. = attenuation coefficient of water
= angle of observation (under water)

solar-zenith angle (under water)

N 5 @
1l

= water depth

This equation neglects volume scattering of sunlight from the water
itself, which is.usually small compared to the othéf components when
conditions are favorable (i.e., when the water is fairly clear).

The first term of this equation accounts for the scattering of
sunlight by the atmosphere; the second for the specular reflection
of diffuse‘sky radiatiGn by the water éurfacé. The reflection of
direct suniight‘frbm the water suyrface into the scamner, known as
sun glint, is avoided by restricting angles of observation to less
than the sclar-zenith angle. '

Since these two terms contain no informatidu about the Wafer
.depth, they are considered as the background signal which must be
removed before thefacﬁﬁél depth“prOQESSing is donme. This backgrbundx
signal, A

Vb = FiBpr TR TiRes | | 3
may be determined by scanning over deep water, where there is mo =
bottom-reflected signal. When this background signal is subtracteaj

from the data, the remainder represents the light which has been

1l
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reflected from the bottom and attenuated in the intervening water
layer. From Equation (2), this part of the signal may be expressed

as

H, 1 -0, (sec & 4+ sec Pz
AV, =V, -V = k.T."% o, G e * . . (4)

The depth dependence of this signal érises from the attenuation of
light in the water, expressed by the exponential factor in this
equation.

Three methods of extracting water depth from the multispectral
data have been used in the research reported, the 51ngle channel
method, the ratio method and the 0pt1mum—dec1s1on—boundary method.

The single channel method works best when uniform conditions prevails
in bottom reflectivity and water absorption characteristics. The
ratio method yields the smallest erfor due to changes iﬁ the bottom
reflectivity or water quality, but is susceptible to errors due to
" noise or changes in the surface-reflected signals. By using two
channels, quantitative measurement of'depth is obtained at the expense
 of calculatlng depths to the ‘maximum depth of the second channel
..whlch is less than the maximum depth from the best penetrating channel

The optimum-decision-boundary technique is not limited in this way
and gives the best results when two equally penetrating channels are
used, | The best method for any given application area depends on the
data quallty, channels avallable, and type of changes occurring in
the scene. ' '

For the single channel method, the depth z is

g
(5)

i2
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where L. = radiance at zero water depth

= water attenuation coefficient

= gsec 6 + sec ¢

scan angle (under water)

= golar zenith angle (under water)

L, = bottom reflected signal

T B D@ rh R O
1]

Calculation of errors with this method (see Appendix) shows that
the érror due to bdttom changes is independent of depth, the error
due to water attenuation changes in proportion to depth, and the error
due to noise or surface fluctuations increases exponentially with
depth. Therefore, at large depths, the latter type of error is
alyays predominant.

In the ratio method, the radiance is measured in two channels i
and j and the water depth is calculated using the following equation:

§ L, Lo

- i i _7J

T (a.-a ) E . L L . (6)
i i

zZ
o, b

i ki )
where symbols are defined as before but for different sPeétral channels.
The advantage of this method is that in some cases,/a pair of
channels can be found in which the ratio of the bottom reflectivities
remains constant throughout the scene, or that the changes due to
absorption differences are nearly the same for all wavelengths.
In the optimum~decision-boundary method the depth is calculated

by the following expression

L T S o -
e R na s e B @
(a,+0)E  © o, o,
i ] i i

13
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In some cases by choosing specfral channels where reflectivities
are negatively correlated, the error due to changes in bottom
reflectivity may be reduced.

In this method, the error due to noise or surface reflectance
changes is smallest if the two attenuation coefficients are equal
or nearly equal. |

A total error comparison was conducted for the three methods used

and the results are given in the Appendix.

u
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3
DISCUSSTON OF RESULTS

3.1 PASS 6: SOUTHWESTERN PUERTO RICO
© 3.1.1 SOUTHERN COAST

On June 9, 1973 at 15:16:30 GMT, Skylab-2 passed over the
southwest corner of Puerto Rico at a ground heading of 137.5°
(approximately southeast) at aﬁ altitude of 440 km. The.solar zenith
angle at this time was 17.5°. Most of the southern coast was under
clear skies, but a large bank of clouds covered the center of the
island and extended over parts of the west coast. Photographic
produrts and screening films werc received at ERIM in late 1973,

and a test tape cbntaining six dnannels of data over the southern
coast only was received early in 1974.

Upon receipt of the magnetic tape, the data was read and copied
onto a new.tape in a format compatible with the programs.developed at
ERIM for prbcessing multispectral scanner data. An initial digital
map'was then made in order to lqéaﬁe line and point numbers of recog-.
nizable features on the map. Some analysis was also made of data
quality, and band 3 (.50-.55 um) was identified as the most useful
channel from the point of view of water penétratidn.and noise.

Some of the photographic and scanner imagEry in this site are shown
‘in Figurés 1 and 2. Figdre‘Zé shows good WAter'peﬁefratibn.while 2b°
in the pear infrared region shows only land/cloud and surface water
boundary., Flgure Zc glves the thermal 1mage for the same area. No
correlatlons were seen in thlS 1mage between off—shore currents and 
shallow coastal zones either because no temperature gradlents
existing or the diﬁferencecin temperature sensitivity of 5-192 was =
too large for subtle differences to be detected. ~ Color coding to
improve contrast also did not show any detectable gradients._

Worklng on the assumptlon that the bottom reflect1v1ty and

wvater quallty were fairly uniform throughout the scene, (also
: 15
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FIGURE 1. S-190B PHOTOGRAPH OF SOUTHWESTERN PUERTO RICO
(PASS 6 - JUNE 9, 1973)

16
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FIGURE 2a. PROCESSED $-192 IMAGERY FOR SOUTHWESTERN PUERTO RICO
(PASS 6 - JUNE 9, 1973) BAND 3: 0.50-0.55 tm

17
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FIGURE 2b. PROCESSED S-192 IMAGERY FOR SOUTHWESTERN PUERTO RICO
(PASS 6 - JUNE 9,1973) BAND 11: 1.55-1.73 um

18
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FIGURE 2c. PROCESSED S-192 IMAGERY FOR SOUTHWESTERN PUERTO RICO
(PASS 6 - JUNE 9,1973) BAND 13: 10.2-12.5 ym

19
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confirmed .by.inspection of 5-190B photography) an attempt was then
made to associate data values in the visible band 5 with depths
indicated on Coast and Geodetic Sutvey Chart 90L. (A tide table
was also consulted, and it was found that tidal variations were

on the crder of one foot in this area and cnuld thus be neglected )
Tﬁe dlgital 51gnal observed over deep Water was found to be approx1—
mately 68 counts. Subtracting this value from the shallow-water
signals and-plotting_them’vefsus depth on semi-log paper, the
attenuation coefficient of the water was foﬁnd to be about .OBm—l.
This value corresponds with published values [1] for mean oceanic
atar. - . S . | |

The relatiomship thus established between data values and water
depth was used to generate a water depth map (Figure 3) for the
southern coast of Puerto Rico.from,Cabc Rojo to Punta Meontalva.
Figure 4 shows a correspondlng portion of Coast and Geodetic Survey
Chart 901. ' ' o

Severai‘feetures of this depth map deserve comment. First,,the
curved streaks rumning through the data are caused by low-frequency
noise.. In an attempt to reduce this noise, the data was smodthed 2
lines x 2 p01nts, so that each pixel in Flgure 3 actually represents
-the average of four orlglnal pixels. However, a 51gn1f1cant amount

~of low~£requenCy noise remains, and camnot be removed without Ffurther
-degradatlon of spatlal resolution.

Second, although there appears to be fairly good general
agreement between the digital depth map and the Coast and Geodetic
Survey.Charts there are a number of enomeleﬁs-areas-Whefe the water
depth is overestimated, notably to the east of Cabo Rojo and Arrecife

_ Margarlta._ It was at flrst assumed that these were due to. the presence
of dark bottom materlals, and an attempt Was made to remove the

anomalies using the ratio method described in the Appendix, This

20
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D ERIM

FIGURE 3. BATHYMETRIC CHART FOR SOUTHERN COAST OF

PUERTO RICO, MADE FROM S-192 BAND 3

21
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WEST INDIES
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SHOWING SOU‘I‘HERN COAST OF. PUERTO RICO
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attempt was unsuccessful, and it was finally coneiuded thet_the anomalies
were caused by ringing in the processed §-192 data. This ringing is
clearly present in the prncessed §-192 imagery shown in Figure 2a and is
not present in the S-190 photography. ‘The anomalies always occur in the
data 1mmed1ately behind bright areas, such as Cabo Rojo and Arrecife
'Margarlta, (scen lines run £rom lower 1eft to upper rlght in the portion
of the data shown in Flgure 3).

Because of these data problems, no detailed amalysis. of ‘the-
accuracy of the depth map (Figure 3) was attempted. However, the
8 fathom (15 meter) ledge southwest of Cabo Rojo can be seen on the
depth map, 1nd1cat1ng a substantial” 1mprovement over the 9 meter:

penetration depth reported for LANDSAT data [4].

3.1.2 WESTERN COAST

In September 1974, a set of data tapes was. rece1ved for the
same pass over Puerto Rlco after undergoing revised slgnal processing
procedures at Johnson Space Center. This set contained all 22 channels,
and the noise in some of the channels (notably band 2) was less than
 that oa the first tape received, The new tapes also contalned data
from about 10 seconds earller, thus including. parts of the western
coast of Puerto Rice. Thls was 1mportant because the data collected
just before the large could bank over Puerto Rico contains much less
lOWmfrequency noise then the subsequent data (apparently the noise Was
caused by the high signal received over the clouds) _

. After examining various parts of the data set it was decided
'to process the area off the West Coast of Puerto Rico. This area
lncludes shallow wvater features (1nd1cated as Escollo.Negro on the
" Coast - and Geodetlc Survey Chart) and appears to have. less noise than
the southern coast data. A large part of the west coast 1siobscured
by eclouds and by a large dark'plume,extendingJoutward_from}Mayaguezf,

: 23 S e
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This plume has been tentatively identified as industriel waste
prodects (possibiy including fish oil and/or molasses) from plants

- near Mayaguez. Within the designated area, the plume follows the deep
water boundary quite closely and, therefore, does not greatly affect
the depth chart.

Processing of this area began by selecting a set of points
where depths were indicated on Coast and Geodetic Chart 901. Data
values in bands 2 and 3 at these points were then extracted.from the
tape. The deep water signal Vg was subtracted from each data value
and the results pletted versus depth on semi-log paper (Figure 5).

A linear regression analysis of this data yielded an attenuation
coefflclent of approxlmately 0.05 w1 for both bands, in agreement
w1th minimum oceanic values published in the Smithsonian Physical
tables. o _

A digit-el'depth chart was then produced for this area, using
the‘optimumrdecisionrboundary techniques (Section 4 and Appendix) with
the input parameters generated by the foregoing analysis, - This chart
is shown in-Figure 6, where the symbols correspond to the depth rangee
in Flgure 3. The wh1te area in the upper rlght—hand corney is the tlp
‘of Punta Guanajlbo. A portlon of Coast and Geodetlc Survey Chart 901

" covering the same area is reproduced as Figure 7.

' Next, an accuracy check was made by comparlng depth values

calculated by the optlmum-declslonrboundary technlque with values read

 from the Coast and Geodetlc Survey Chart. Both sets of values are
'plotted in Flgure 8" along line 1450 taken from the dlgltal depth map
The,root~mean—square difference between the caleulated and chart values
along this line is approxlmately 2.4 meters._ Subsequently, a depth
transect correspondlno to line 1440 Was also received from J.V.A.
Trumbull [5] of the U.S. Geologlcal Survey. A portion of this transeet

is plotted, .along with the caleulated ﬁalﬁes, in Figure 9. The r.m.s.
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difference between the calculated and observed values along this
line is approximately 3.8 meters.

The greatest dlfference between calculated and observed depths
oceurs in the narrow chanﬁel_running through the Escollo Negro (at
approximately point 384 in Figures 8 and 9). Neglecting the possibility
that this channel hasracﬁually filled in since the depth measurements
were made, the error here is probably due to slow time-respomnse
characteristics of the 5-192 sensor. Calculated depths in the Canal de
Guanajibo are also smaller than the measured values. This difference
is perhaps due to an increased sﬁrfeceereflected signal due to nearby
clouds., Other sources of error include changes in the surface-
refleeﬁed‘signal due to sea-state conditions, and changes in water
quality or bottom reflectance.

Errors due to changes in water quallty or bottom reflectance
can be mlnlmlzed by the use of the ratio method [4], but only at the
expense of increased error due to changes in the surface-reflected
signal, For the present case, the minimum overall error was obtained
by the use of the optimum-decision-houndary technique, chiefly because
of the relatively poor data quality in'the red band (band 5) which is
used in the'fatid method. A more complete dieeﬁsSion of the.errors
‘inherent in each depth calculation technique is included in the
Appendix. -

The calculation of depth accuracy is hampered by lack of precise
knowledge of the location of the depth transects. In addition, some
diécfepaney iszeipected due to the difference between the area resoluéioe
of Skylab data and that of the sonar data which was used in compiling the
Coast and Geqdetic48urvey chart.  Furthermore, Coast and Geodetic Survey -
data were taken at a different time than Skylab overbase end'eoﬁe bettoﬁ ‘
changes due to currents, wave action, and growth of sand bars may have

occurred.
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There is need for a well conducted experiment where depths are
obtained simultanecusly with the overpass of the satellite and the
. position accuracy of the depths measured can be accurately related
to the plxel elements of the MSS 1mage as stored in the CCT's for the

scene.

3.2  PASS 14: CENTRAL LAKE MICHIGAN SHORELINE

In order to test the technlque under a variety of water
transparency condltlons, a second test site was chosen where the .
attenuation was greater than that encountered near Puerto Rice,

Data tapes from Skylab-3 pass 14 over Lake Mlchlgan were
received at ERIM in October 1974._ Data was taken over the eastern
shore of‘iake Michigan during this pass at 15:01:30 GMT on 5 August
1973. Skiee'were cleareover the Michigan shoreline and the solar
zenith angle was approximately 45°., The 8-190B photography and
screening films for this area are shown in Figures 10 and 1la and b.

Hotable features on the 1ake include.a White streak along'the
shoreline on the lower half of the frame. This streak bears a
striking resemblance to clouds on the S-190B photography, but 1t5
absence on the thermal imagery (Figure 1lb reveals it to be a

sediment plume in the water.

Very little shallow water is visible in the scene because of
the rapid drop-ofi in water depth along the shoreline.v However, an
enlargement of 5-190B photography (Figure 12) of the shorellne near
Pentwater, ‘at the center of the frame shows & series of two or three
sand bars parallel to the shore. The water seems to be fairly clean in -
this area because of its protected position between Big Sable Point

(to the north) and Little Sable Point (to the scutn).
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FIGURE 10. S-190B PHOTOGRAPH OF EASTERN LAKE MICHIGAN (PASS 14 - AUGUST 9, 1973)
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FIGURE 11a. PROCESSED IMAGERY FOR S8-192 EASTERN LAKE MICHIGAN
(PASS 14 - AUGUST 5,1973) BAND 3: 0.50-0.55 um
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FIGURE 11b. PROCESSED IMAGERY FOR 8$-192 EASTERN LAKE MICHIGAN
(PASS 14 - AUGUST 5, 1973) BAND 13: 10.2-12.5 um
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FIGURE 12. ENLARGEMENT OF S-190B PHOTOGRAPH SHOWING MULTIPLE SAND BAR
STRUCTURE ALONG THE MICHIGAN COASTLINE
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These sand bars have dlmen51ons only sllghtly larger tban
the S—192 pixel size (determined as 70 meters by a comparison of line
'egland point numbers with a topographic map), so they are not resolved
consisfently in the scanner data. At certain locations, however,
evidence of the sand bars can be seen in the scanner data by averaging
se&gfal pikéls together parallel to the shoreline. This was done
for a transect approximately 1 mile south of Pentwater, Michigén,.
where the scan lines happened to be exactly parallel to the shoreline.
Scene points 535 through 538'were averaged togethetr 6n a liﬁe—by—line
ba51s for llnes 3577 through 3590 in bands 3 and 4 of the 5—192 data.
The results, plotted in Flgure 13, show a peak 31gna1 at lines 3579,
3582, ‘and 3584, These are at distances of approximately 560, 350,
and 210 meters, respectively, from the shoreline (line 3587).

In ordér to confirm these distances, the S—lQOB photographic
transparency was examined using a Jarrell-Ash Scannlng densmtometer.
The instrument was set to.scan along the same transect south of .
Pentwater, at a vate of 1 millimeter per minute. The aperture was set
at a size equivalent to 015 mm by -125 mm on the film, the longer
dimension being perpendlcular to the scan dlrectlon. This corresponds
to a spot size of approximately 14.5 by 120 meters on the ground (the |
.scale of the transparency was found to be 1:967,000 by direct measurein
ment and comparison with the topogfaphic map) . The output from the .
densitometer, 1n unlts proportlonal to the fllm transm15510n, was
recorded on a strip chart mov1ng at 3 1nches per mlnute. Each half-
inch division on the chart thus corresponds to a ground distance of
about 160'metérs'(same horizontaliécale as Figure 13). | 3

 The densitometer scan (Figure 14) shows three peaks. at locatlons
vcorraspondlng very closely to the peaks in the S-192 data. Assumlng
these are sandbars the water depth cadn be calculated at’ each sand blr

if the water attenuation ¢oefficient is known. Unfortumately, no
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ground truth data was collected at this time of the overflight,
However, an estimate can be made by using the attenuation coefficient
o = 055 ft_; reported by Brown et al. [3] for Lake Michigan water at
" the waveiangths cbrresponding to band 3. The equation relating signal
to depth is:

veyv +v eof2
s o]

where V = signal at depth z in band 3

g = signal over deep water (z = =)

V_ = bottom-reflected signal at shoreline (z

1

0
= water attenuation coefficient
sec @ + sec ¢

= gcan angle (under water)

© @D H R0
1l

= solar zenith angle (under water)

2.42 from the 8-192-
data, the depths calculated for each sand bar are 13.4 ft., 10.0 ft., and

Using the observed values Vs = 55, v, = 15, and f

8.3 ft., respectively. ' |
No direct depth measurements were made in this area at the time
of the overflight. However, sand bars are common iﬁ this area, and
Lake Survey Chart 77 shows two sand bars south of Pentwater (Figure 15),
at distances; of about 210 and 360 meters from shore. The depths are
indicated as about éland 10 ft., respectively, in fair agreement with
the calculatedAdepthé. Nd third éand.bar is shown.on the Lake Survey
Chart, but its existence is possible since the& are known to form ahd

‘disappear quite rapidly due to wave actiom. -
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FIGURE 15, PORTION OF LAKE SURVEY CHART 77, SHOWING LAKE
MICHIGAN SHORELINE NEAR PENTWATER, MICHIGAN -
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3.3 .PASS. 54: EASTERN PUERTO RICO
3.3.1. ESCOLLO de ARENAS

In the Lake Michigan data set, the high-resolution
§-190B photography was used to confirm the presence of very small
features just marginally within the resolution capability of the 5-192
scanne¥. An opportunity to attempt to use the photography in a more
quantitative fashion was provided By a second data set collected over
Eastern Puerto Rico during Skylab Pass 54.

‘Skylab-4 passed over the southeast corner of Puerto Rico at
16:43:30 GMT on 30 November 1973. The solar zenith angle was
approximately 42° and skies were partly cloudy. Some shallow water
features are visible on the photography (Figure 16) and screenirg rilm
(Figure 17), the most prominent being a long narrow shoal extending
upward from the west end of Isle de Vieques, This shoal, tht Escollo de
Arenas, is indicated on Coast and Geodetic Survey Chart 904 (Figure 18),
although with a slightly different shape. The minimum depth indicated

on the chartiiS'approxiﬁately 2.5 meters.

In order to compare water‘depths with 5-192 data values and
§-190B film density, a transect was drawn through the center of
Escollo de Arenas and depths were read along this transect from the

‘Coast and Geodetic Survey Chart. The results are plotted in Figure 19
(tdp-curve) at a scale of approximately 1.6 km per inch. Data values
along lines 2184 and 2185 of the scan line-straightened 5-192 data
(band 3) were then read from the magnetlc tape on ERIM’S PDP-8
computer. These two llnes were averaged together on a p01nt—by—p01nt
basis from points 900 to 1030 and plotted in Figure 19 (center curve)
at a scale of 25 points per inch.

Finally, the $-190B photographic transparency was placed in the
Jarrell-Ash densitometer and the same transect was scanned at 5 mm/mln

with the aperture set at .025 x .125 mm. In order to make the best
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FIGURE 17. PROCESEED S-192 IMAGERY FOR EASTERN PUERTO RICO
(PASS 54 - NOVEMBER 30, 1973 BAND 2, 45-50 um)
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THROUGH THE ESCOLLO de ARENAS. (PASS 54 - NOVEMBER 30, 1973)
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" comparison with band 3 of the S-192 data, a standard green filter (#58)
was placed over the light source in the densitometer. The output from
the den51tometer, expressed as percent transmission,was recorded on

a strip chart moving at 3 inches/min. The resultlng trace, reproduced
in Figure 19 (lower curve), therefore, has approximately the same

- scale as the depth transect. ‘

Most features appear to be correlated in all three curves,'
although the densitometer scan shows a banded structure in51de the
shoal which is not resolved in the scanner data and is not 1nd1cated
on the depth chart. An approximate relationship among water depth,
band 3 data values, and filtered film transmission obtained from this

comparison is shown in Table 1.

3.3:2 AVES (BIRD) ISLAND |
Although the S5-192 scanner was turned off shortly after

passing Isle de_Vieques, 5-190 coverage extended several hundred.
kilometers further southeast. Aves (Birdj Islénd, which is 1oéated
~ approximately 330 km southéast of Puerto Rico in the Caribbean, was
.covered on 5-190B frame 90-066.  An enlargement of this frame is
shown in Figuie 20. A portion of Naval Oceanographic Chart 25161,
compiled from British surveys between_1840_and 1850, is shown in
Figure 21 for comparison. ‘ | A

A densitometer scan was also made across Aves Island at 1.5 mm/min
with the green filter in place. The results of this scan are shown in
Figure 22. A shelf (light blue tone) is observed to extend néarly one

, kllometer to the southwest of the island (to the left on Figures 20 and

':'22). The film transmission at the edge of this shelf is about 10 per~ :

cent, corresponding to a depth of about 6 meters according to Table 1.
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TABLE 1

WATER DEPTH VERSUS BAND 3 DIGITAL
DATA VALUES AND FILM TRANSMISSION

R e - PERCENT
DEPTH (m) BAND '3 TRANSMISSION
3 80 20
5 - 65 . 12
7 B 55
10 | 48
® ' 40
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Water depths can be extracted in this way from photographic
transparencies, althﬁugh with more difficulty and less reliability
then from scanner data. The primary function of photography in this
'épplication is as an aid to the location of underwater features. .
However, water depths can be estimated from photography in the
absence of scanner data, given the necessary controls on exposure,

development and extrapolations.
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4 .
CONCLUSIONS

The examples discussed in this report indicate that space
acquired imagery can be an aid to the location of shallow water features
and under certain conditions, bathymetry can be estimated. The S-190B
photographs ptovide’greater spatial resolution than either $-192 or
LANDSAT MSS, but multispectral scanmer data is more useful in dis-
tinguishing underwater features from surface phenomena and in
providing estimates of water depth.

.Significant improvement in de?th penetration and spatial
resolution over LANDSAT-1 data has been noted in Skylab scapner and
photographic data. S8kylab sensors have better band “scation, band-
width, and gain characteristics than LANDSAT-1, However, the Skylab
scanner has been plagued with noise and poor response characteristics,
‘which ha#e in some cases rendered- the data less useful than LANDSAT-1
data. Attempts to use ratio depth processing have been less
successful with Skylab than with LANDSAT data because of the npise in
band 5, Methods of reducing noise Eylemoothing.are less successful
beceuse of the conical scan configuration. However, the striping
_ problem in LANDSAT due to differences. in caliﬁration of the six sensors

is not present in Skylab

The Llonger 11ne length of Skylab data (1038 points as compared
with 810 points in LANDSAT) and the larger'number of data chamnels can
cause some problems in data processing due to the limited storage
capacity of some commonly available computer systems.

Coordination of.data products and determination of orbi£a1 and.
sensor parameters has been more difficult with Skylab than with LANDSAT
data. Despite these problems, however, Skylab has generated a large '

 amount of useful data which could be exploited by the techniques

- reported here. They can contribute to the general store of hydro-
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graphic information and solve specific problems where an up-to-date
kndwledge of shallow water bottom topography over a large area is

needed.
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5
RECOMMENDATIONS

Since the potential for remote bathymetry with the use of passive
multigpectral scanner from aircraft [1-3] and spacecraft has been
demonstrated, further development and work should be aimed at
improvements of the technique and in optimizing system parameters
for best penetration and most accurate depth determinations.

Skylab data'supporté the use of blue/green wavelengths for water

- penetration. The success of narrower band channels is also demon-
strated in the improvement in water penetration of Skylab band 5
(0.50~0,55 pum) over that of band 4 of LANDSAT 0.5-0.6 um).

Experience with low-altitude data [1-3] has indicated the optimum
channels to be used ﬁith the ratio method for determining water depth
as 0.55 - 0.58 um and 0.58 - 0.63 pym. These wavelengths are probably
not optimum for space platforms, because of the larger atmospheric
effects and the lﬁwer gignal-to-noise ratios obtainabie with satéllité
systems, Nevertheless, the use of two or more bands for determining
depths should be incorporated in future satellite systems because of
the increased information available and also because of the increased
‘potential for signal processing with two or more bands, e.g., ratio,
subtraétion,'dorrelations, and averaging. |

The use of to or more control points (where the depth is known)
in a given scene for aiding in calculating water parameters such as
water attenuation and bottom refleétance could be incorporated in

future satellite operations. ZEither ship data taken in the day of an
ovérﬁass'dr transmitting beacons from moored areas could provide the
necessary ground control information. As a minimum, such information
~would congist of the water depth at the time of overpass. Additional
measurements of the water attenuation and solar irradiance would also

be useful.
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Further theoretical formulations would be helpful on the effects
of atmospheric attenuation, surface reflection, light scattering in
water due to suspension, and changes in bottom reflectivity. These
theoretical formulations would help in defining more precisely the
optimum spectral intervals and band location for future MS8S. Particular
attention should be afforded to sensors with adequate signal to
noise ratios and proper dynamic rénge of the transmitted signal for

best measurements use.
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APPENDIX

ERROR ANALYSIS

Three methods of extracting water depth from multispectral dats
have been mentioned in this report: the single-channel method, the
ratio method, and the optimum~declsion-boundary method. All three
methods are subject to errors when the characteristics of the bottom,
the water, transmission, or the surface reflection properties
changé. The magnitude of these errors are calculated for each of
the three methods in this appendix. The ratio metheod yields the
smallest error due to changes in the bottom and the water quality,
but the largest error due to noise or changes in the surface-
reflected signal. In addition, the ratioc method requires the use of
two chamnels which are relatively widely separated in wavelength,
such as a green channel and a red channel [3}. Thus the maximum
depth is limited by the penetration depth of the least penetrating
channel. The optimum-decision-boundary technique has no such
limitations on chamnel selection, and in fact gives the best results
when two equally penetrating channels are used, The best method
for any given application area then depends on the data quality, the
channels availahle, and the type of changes occurring in the scene.

In this section, analytical expressions are given for the error
(AZ) in the calculated depth due to changes in bottom reflectance
_(Apb) and water attenuatlon coefficient (Aa), and to errors in the

_ estlmatlon of the bottomrreflected 31gnal (AL ) The latter errors
may be cansed by system;nolse ot by fluctuatlons in the surface-

“sféflécEEd:radiance (ﬁ')‘or”thé'atmospheric path radiance (LP) - These
'expr2551ons are. then evaluated for an arbltrary set of condltlons and
the total error is plotted versus depth for all three methods. This

r:plot 15 not 1ntended to 1nd1cate the ‘sctual error in any of the
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sitvuations described in this report, but is included only to illus-
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trate the relative errors given by the three methods.

AL SINGLE CHANNEL METHOD
In our analysis, the total radiance observed over water is

assumed to be the sum of three comp.nents.
L = L, + L+ L : 3 (A-1)

. where the first two components, Lys the atmospheric path radiance,
and Lg, the surface-reflected radiance, are assumed to be constant
throughout the scene. The third component, L, , the bottom~reflected

radiaﬁce;‘has the following dependence on water'depth Z:

-0 fZ
‘ Lb = Loe (A—Z)
where L0 = radiance at zero water depth,
o = water attenuation coefficient,
f = sec 8 + sec ¢,
8 = scan angle (under water)
¢ = solar zenith angle (under water)
Inverting equation (A-2), the water depth using a single
channel is given by:
. { L
Z=—=in L : - (A=3)

' The radiance at zero'wafer'dEPth,'Lo, is directly proportionalg-
to the bottom reflectivity Pp- A change Ap, in the bottom reflecti~ .

vity, therefore, leads to am error in the calculated depth of
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< L[ B) ' -
bey, = oF h (4-4)

Likewise, a change in the attenuation coefficient ¢ will yield
an error
L - bo

B by = % S
bz, = —— o\l == & (4-5)

% a2f

If there is system noise or if there are fluctuations in the
first two components of equation (A-1), the bottom-reflected signal
Lb will be incorrectly measured. This erroﬁ may be estimated by
calculating the standard deviation of the radiances measured over

deep water. For an error L, the corresponding error in the calculated

S
depth is
P M S (a-6)
n af L, af L.

Note that the error due to bottom changes is independént of
depth, the error due to water attenuation changes is proportiomnal
to dépth, and the error due to noise or surface fluctuations increases
exponentially with depth. At large depths, therefore, the latter type

of error is always predominant.

A.2 ~ RATIO METHOD
' In the ratio method, the radiance is measured in two chaonels,
i and j, and the water depth is calculated using the following

equation:
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1 Lbi Loi
Z= (0,0, )E in L . L. (A-7)
A A | ol "bj

If the bottom reflectivity in channel i changes by Apbi’ and

that in channel j changes by Apbj, the error in the calculated depth
is :

1 Appy  Bey

Az =
b (egma)E | ppy Py

(A-8)

The advantage of this method is that in some cases a pair of
channels can be found in which the ratio of the bottom reflectivities
remains constant throughout the scene, evén though the reflectivities
themselves may change. In such cases the error given by equation

(A-8) reduces to zero.

The error due to changes in water attenuation is given by:

Aai - Ao, _ .
AZ = —————d z ' C(a-9)
o @, = o, _

where Aai and Aa, are the changes in the attenuation coefficient in
channels i and j. If these changes are due to variations in con-
centration of a substance in suspension which does not exhibit
significant spectral variatiom (e.g., sand), the changes in the
attenuation coefficient are neatiy the same for all wavelengths.

In this case, the error from equation (A-9) again reduces to zero.
 Finally, the error due to system noise or surface fluctuations

is

2
1 an. \ 2 24, £z fan \Z 2%5%2 1/2
T | L UL bi) e . (a-10)
AZ = = e + - : B
n (a.— @)f L, .
i ] oi. oj
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which is larger than the corresponding error using the single-

channel method.

A.3  OPTIMUM DECISION BOUNDARY METHOD

In this method, the water depth is calculated as follows.

1 L Lps
= ) LEY . P23 o A
A CRERAL: o in L + aJ n T (A~11)
i ki ol _ oj

The error due to changes in bottom reflectivity is giveh'by:

Ap, . Ao, .
1 bi bj

Z, = =mwr—orr | e, + oo, (A-12)
b (ai +aj VEA i pbi J-Dbj

This~efror may be reduced by choosing two. channels where the bettom
reflectivities are negatively correlated, This is not possible for
all bottom types, but may be possible for some types, such as green
vegetetion aﬁd sand.

The error due to changes in water attenuation is given by:

H

aiAai + o Ao,

4z, = ——— 11 g o _ . (A-13)
u_.& +D£_2 o : : _ :
i ]

It is not possible to reduce this error to zero, because changes
in the attenuation coefficient in two ehannels are always positively
correlated. If the attenuation coefficient changes are the same in
both channels, this error is 1ntermed1ate between the correspondlng
errors using the single-channel method on each chamnel,

.- The erro;_;n this method due to noise or surface reflectance

changes is
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) ' 2 2 1/2
o 1 : ) ALbi Zaifz ) ALb'_ Zajfg (A-14)
AL = e ui I e o, ET*JL e . .
B (a§+ ajz)f oi d oj

This error is smaller than that for the single-channel or ratio method

if the two attenuation coefficients are equal or nearly equal.

A.4 TOTAL ERROR COMPARISON

These expressions were evaluated and the total error galeculated

usxng the equation
z)? = (Azb)z + (Azo)? + f..&zn.)2 ' ' (A-15)

for clear aceanic water at 0.35 um (channel i) and 0.60 um (channel i),
with a 20 percent change in bottom reflectance and attenuation
coefficient. A noise figure of 2 percent was used, which is less than
the noise observed in our $-192 data, but is approximately equal to-
the noise we have seen in LANDSAT data (i.e., signals over deep water
vary across 4 digital counts). o

. The smallest error at very éhalldw-depths is obtained by the
ratio method, However, the errors using this method inerease very

~ rapidly with depth. At large depths the least error is obtained_qSing.
the.single channel with the lowest attenuation coefficient. The
opt1mum—declslon—boundary method reduces the error when two channels
with nearly equal attenuatlon ‘coefficients are used However, when
the two channels are widely separated, as in this example, only a

marginal improvement over the lzast penetrating channel is obtained.
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Channel

3 Optimum
Decision Channel
Ratio Boundary 1

10

TOTAL ERROR Az (meters)

z (meters)

FIGURE 23. COMPARISON OF TOTAL ERROR FOR THREE DEPTH ALGORITHMS
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