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Remote sensing of bottom reflectance and water attenuation parameters
in shallow water using aircraft and Landsat data
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Abstract.  The reflectance of shallow water areas (o soiar illumination is a function
of the water depth. the water optical properties and the bottom reflectance. Assuming
the water optical properties to be uniform over a given scene area. the signals
recorded by a multispectral scanner svsiem may be combined to obtain information
on the water attenuation and bottom rzflectance parameters without knowledge of
the water depth. These techniques are described and evaluated for a test site near
North Cat Cav in the Bahamas.

1. Introduction

Conventional remote sensing techniques deal with the extraction of geological
and biological information from land surface reflectance patterns as recorded by
photographic or muitispectral scanner (MSS) svstems. The same kinds of inferences
can be made from bottom reflectance patternsin shallowwater. However. the botiom
refiectance is not directly observable since it is modified by the effects of absorption
and scattering in the overlving water column. In principle. these efiects couid be
caiculated if the water depth and water optical properties were known at sach point
in the scene. Frequently. the water optical properties may be considered uniform over
fairly large areas bscause of horizontal mixing. but the water depth is highlv variable
and is genevally not known throughout the scene. For this reason a echnique was
proposed (Lvzenga 1978) for combining the information in various spectrai bands to
produce a depth-invariant index of the bottom tvpe. The input parameters required
for this algorithm are the ratios of the water attenuation coefficients for the wave-
length bands used. In this paper a method for odtaining these parametersirom the MSS
data 1s described. an example of the application of the bottom-recognition algorithm
to atrcraft and Landsat MSS data is preseated. and the results of this application are
evaluated using field measurements and aerial photography over North Cat Cay in
the Bahamas. -

2. Data collection

The test site seiected for this evaluation 1s located on the western edge of the Great
Bahama Bank. about 90 km east of Miami. Florida. and 15 km south of Bimini. The
bottom In this area is composed largely of white carbonate sand with some rock and
coral formations. and heavy growths of vegetation (mainly Thalassia) in protected
areas. The water 1s very clear.-approximating Jerlov's oceanic type Il (Jeriov 1976).
and extensive shallow areas exist with depths ranging from | to 13 m. dropping off to
very zreat depths at the edge of the Bank.

Measurements of the irradiance attenuation coefficient of the water were made at
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several locations in the Great Bahama Bank in October 1977. using a Kahl subm
photometer with filters approximating the Landsat greent MSS4. 0-5-06 um) an
(MSS3. 0-6-0-7 um) bands. Two of these measurements were taken near the >
Cat Cay test site. on 4 and 5 October 1977. Reduction of this data is descrik
§6. Landsat data was aiso collected over the test site on 11 October 1977, The La-
MSS data was coilected in high gain mode and exhibits a large amount of str:
which was corrected prior to the processing described in this paper.

The test site was revisited in August 1978, at which time a set of observations ¢
bottom type and water depth were made at nine stations around North Cat
Underwater photographs were taken and were subsequently analysed, as desc-

in §6. in order to extract the bottom reflectance at each station. Aircraft MSSdar: ;-

also collected at this time using the ERIM M-8 multispectral scanner system (&
et al. 1977). This data was collected at an altitude of 3-3 km. with a spatial resol..
of approximately 8 m. as compared to the Landsat spatial resolution of 79 m.
spectral resolution of the aircraft scanner was also somewhat higher than the Lar
MSS. with bandwidths of the order of 0-05 um for the wavelength bands used.
aircraft data included some sun glint and path radiance effects. which were rem
during a preprocessing step.

3. Algorithm description

The technique previously described (Lyzenga 19783) {or extracting bottom-
information from MSS data depends upon the fact that the bottom-reflected radi.
is_approximately a linear function of the bottom redeciance and an expone:
function ‘of the water depth. Thus. when the measured radiances are transfor.
according to the following equation

X.=In(L,~L,

where L, is the measured radiance in band i and L., is the deep-water radiance.
resulting variables are linear functions of the water depth and are linearly relare.
each other, for a given bottom reflectance. That is. if X is plotted versus X ; and

water depth is varied. the data points will fall along a straight line whose slor -
K/K;, where K, is the irradiance attenuation coefiicient of the water in band i. I’
bottom reflectance is changed, the data points will fall along a parallel line whic_
displaced from the first. Thus. by measuring the amount of this displacement. a ¢kt -
in the bottom reflectance can be detected even if the water depth is not known. .

amount of this displacement is given by
K,In{L,-L,)—K,In (L,~L,)

Y=
’ VIKI+K3)

by simple geometric reasoning. Under the assumption that the bottom-refle..
radiance (L;~L,) is proportional to the bottom reflectance and exponent:.:
dependent on the water depth, the variable Y, is independent of the water depth ar. ..

related to the bottom reflectance as follows:
K, Inr,—K;In r,
v(Ki=K})
where r, is the bottom reflectance in band i and Y, is a constant for fixed illuminat

and atmospheric conditions.
This procedure can be implemented as an MSS darta processing algorithm

Yi=Y,+
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calculating the variable Y at each pointin the scene. and using this variable asa depth-
invariant index of the bottom type. If only two wavelength bands are involved. this
variable would represent the end-point of the processing and could be used. for
example. to generate a film image on which the density is proportional to the Y, value.
This image could then be interpreted as a map of the bottom reflectance, in which the
effects of water depth variations have been removed. Alternatively. this index could be
calculated for a number of band pairs and the resulting set of ¥, values could be used
as inputs to a multispectral pattern recognition or classification routine in order 10
categorize the bottom into a set of discrete classes. In that case. the aigorithm could
be viewed as a preprocessing step to remove the effects of water depth variations.
analogous 1o existing routines for removing atmospheric effects or scan angle
variations.

In any case. the parameters required for operating this algorithm are the water
attenuation coefficients. or actually only the ratios of the water attenuation coefficients
in the wavelength bands used. These could conceivably be obtained by in situ measure-
ments. but obviously it would be desirable to extract the required parameters from an
analvsis of the MSS data itself. A supervised procedure for obtaining the attenuation
parameters. which requires some judgement and therefore cannot vet be completely
automated. 1s described below.

A procedure for obtaining water alienuation parameters from shallow-water MSS
data is suggested by the linear dependence of the Y, variables on the water depth. Ifa
set of radiance measurements is made over an area of variable depth but uniiorm
hottom reflectance. a linear correlation would be expected between any two of the
variables X, and X . An analysis of this correlation would then vield the ratio of the
attenuation coefficients in the two wavelength bands used. This procedure does not
vield the correct results. however. if the bottom reflectance varies with depth within
the area selected. Thus. the problem is to select an area of uniform bottom reflectance
for the analysis. This seiection process is directly analogous to the process of tramning
set selection in conventional supervised classification techniques used in remote
sensing. The selection may be done on the basis of field observauons and.or photo-
graphic interpretation using colour aeriai photography. Alternatively. an analysis of
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Figure 1. Scatter plot of X-vaiues for aircraft bands C5 and C7: (a) mixed bottom (sand and

vegetation): () sand botiom (line indicates least-squares fit to data).

e

o e e T 71T T A VT ARG AL W G

n

P



T4 D R. Lizenaa

the seif-consistency of the data cun be done to determine the uniformity of the trainir
set. In this case. a uniform bottom is indicated by a high correlation among the .
variables. and this condition can usually be identified by an inspection of scatter oic
of the daia. Figure | a1 shows a scatter plot of X values over an area containing
mixture of bottom types. while igure | th)shows the distribution of the same vaniab.
over a uniform sand bottom.

Having selected a tramnmg set. 4 conventional leust-squares regression anaiv.
mayv be done to determine the ratio of attenuation coetficients. The disadvantage
this procedure. however. is that the results depend upon which variable is chosen
be the dependent variable. since the meuan square deviation from the regression line
calculated in the direction of this variable. A better procedure 1s to determine the it:
for which the mean square deviation measured perpendicular to the line is minimiz:
This procedure results in the equation

N K sa— (=1

where

and

(l.e. 7, i3 the variance of the Y, measurements. 7 13 the vartance of the X measur
ments. and ., is the covariance of .Y, and X ;. Thisequation vields a result which d¢
not depend on the order in which the variabies are selected.

4. Aircraft data analysis

The aircraft MSS records a digital signal which 1s proportional to the radiance
each point in the scene. The radiance within each of the spectral bunds indicated
table | is recorded separately. and with a different proportionality constant dependi
on the gain settings selected by the operator. The proportonality constants refat:
the digital signals to the radiances in each band could be determined by an anai:
ofthe calibrationdata recorded by the MSS. butsince the bottom recognitionaigorit!
does not require absolute radiances this calibration was not attempted.

The first step in the analysis procedure 1s to determine the deep-water signais. T
is accomplished by averaging the signals over a portion of the scene within wihich
contribution due to bottom refiectance is negiigibie. For the scene under considerat:

Tuable |. Spectral bands recorded by the V-3 scanner system.

Band designation Wavelength (1am)
cy 0b8-0)-52. 61
C8 N-30-0-34
cm o NS 05220579
Cé 0-55-0-60
Cs - 0-58-0-64 5
cs & T2 0-62-0-70
c: .67 )94
Al Thermai R
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such un area was easily located off the edee of the Bank where the water depths are of
the order of several hundred metres. Having determined the deep-water signals the
Y, vanables were computed and scatter plots similar to those shown in fgure | were
generatzd for each band pair. Scatter plots were generated for several areas in an
attempt to locate an area of homogeneous bottom. as indicated by the hinear distri-
bution shown in figure | {(h). which was obtained from an area Just west of North Cat
Cay. Rauos of the water attenuation coefficients were then calculated as outlined in
the preceding section. The results are shown in table 2. Unfortunately. no in siru
water optical measurements were made at the time of the overflight. but the ratios
shown in table 2 are within the range expected for oceanic water.

Table 2. Rauos of water attenuation coefficients determined from aircraft MSS data.

Band pair Ratio of attenuation coefficients
C9C4 0-28 .
C8 C4 0-29
Cc7 ¢4 33
C6 C4 0-37
C:C4 0-64

Thechoice of wavelength bands to be used in the bottom-recognition processing s
determined by a trade-off between depth of penetration and sensitvity to reflectance
changes. For a small changetAr) in the bottom reflectance (r). assuming the fractional
change 1o be the same in both bands. the change in the bottom index is
AY = K_’_._K’ _f . 17}
RENIT I '
Thus. the sensitivity 10 changes in bottom reflectance is largest for bands having the
greatest difference in attenuation coefficiants. On the other hand. this difference
cannot be indefinitely increased without simultaneousiy decreasing the depth of
penetrauon (approximately 1 K. if K is the larger of the attenuation coefficients).
Obviousiy one band should be chosen to minimize KN;. but the other band must be
chosen to achieve a compromise betwesn sensitivity and penetration depth. In the
data set under consideration. data qualitv is also a consideration. since the gain
settings of some bands were either higher or iower than opumal. For thisreason. band
C7 was chosen instead of C8 ¢r C9 on the basis of data quality. although these bands
had a slightly smaller attenuation. and band C3 was chosen to balance sensiuviy
against penetration depth.

Having selected the wavelength bands and determined the ratio of water attenua-
tion coefficients for these bands (K -, KN =0-32). the bottom-type index was calculated
point-by-point for the scene. and an oulput image was generated from this index.
This image is shown in figure 2. along with the single-band images for bands C7 and
C3. Exposed land areas were edited out using the thermal band. and appear as white in
these images. The image brightness in figure 2 (c)may be interpreted as being approxi-
mately proportional to the bottom reflectance tneglecting spectral variations in the
reflectance). whereas figures 2 (a) and (b are influenced by water depth as well as
pottom reflectance. Thus. the darker areas on the left-hand side of the singie-band
images appear as a brighter tone on the bottom image. since these areas are character-
ized by a large water depth but a fairlv highly reflecting bottom. The dark areas near




n ihe other hand. appear dark on all the images since they correspond to
(,; Jr‘sas in shallow water. A further evaluation of these results is presented in

Landsat data analysis

Anulvsis of the Landsat data set for frame 2993-{4383 proceeded in a similar
manner to the wircraft data set. Deep water signals were caiculated for an area off the
edge of the Bank west of North Cat Cay. and scatter piots of A, EMSS 4) versus Y,
(MSS 31 were generated for several areas. Owing 10 the coarser spatial resolution.
areas of uniform bottom type are somewhat more difficuit to find. and the set of usable
data points is smaller. Figure 3 shows a scatter plot for an area south of North Cat
Cuy which appears to be relatively homogeneous. The ratio of attenuation coefficients
obtained from this set of points is 0-24.

Using the desp-water signals and the ratio of attenuation coefficients determined
from the above analysis. the bottom-type index (1,1 was generuted point-by-point for
the portion of the frame covering the North Cat Cay test site. The image generated
from this index 1s shown in figure 4. along with the ruw darta images for MSS 4 and
MSS 2. Land was edited out from these images using the signal in MSS 710-8- 11 um)
to discriminate between land and water. A small geometric correction was also
appiizd to this data to correct for image skew due 10 earth rotation effects.

Making ullowances for the difference in spatial resoiution. the Landsat bottom
mapingure 4icis similar to the arreraft bottom map (figure 2 (¢)) in the shallow-water
areas near the 1siands. In deeper water. on the left-hand side of the scene. the Landsat
image s generally noisier and has a higher proporuion of dark bottom classifications.
This 1s probabiy due to the relatively higher water attenuation in MSS 3 than in band
C3 of the awrcraft scanner. and the lower signal-to-noise ratio of the Landsat scanner.
There 1s also a dark spot in the Landsat image south of North Cat Cay. which s
caused by the shadow of a small cloud appearing in the ower right corner of the image.

A

6. Evaluation of results
The resuits of the bottom refiectance mapoing algorithm were evaluated by direct
observations of the botlom conditions at nine stauons within the test site. The
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Figure 3. Scatter plot of \-values for Landsat bands MSS 4 and MSS 3 over sand bottom near
North Cat Cav. Line indicates least-squares fit to data.
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locations of the stations are shown in figure 3. and a summary of the observations 1s
contained in table 3. The bottom reflectances indicated in table 3 were obtained by
analysing underwater photographs of the bottom. examples of which are shown in
figure 6. Each photograph included a calibrated grev scale having reflectances of 1-&.
$-6 and 287 per cent for each panel. The photographs were scanned with a micro-
densitometer to determine the film density for each grey panel and for the botiom.
The grey panel readings were used to obtain a relationship between film density and
panel reflectance. which was then used to infer the bottom reflectance. Adequate
sampling of the bottom refiectance is a problem. since the field of view of the under-
water camera is much smaller than the resolution of the remote sensing data. In order
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Figure 3. Map of test site showing locations of measurement stations and 15 m test location.
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Table 3. Summary of bottom observations ut res; locations.
Station Depth (m) {per cent) Descripuion
—_—
Al 3 16-0 Boundary or vegetated areqs
A2 3 34 Thalussia bed
Al 3 329 White carbonate sand
Bl 3 t6-35 Hard. non-vegetated botrom
B> 4 304) White carbonare sand
B3 3 123 Boundary of vegetated area
B4 4 30 Thalussia bed
Cl 3 RAY)} White carbonate sand
c? 1 34 Thalassia bed
N 1 qtfﬁq s Qma = .
i
¥ S T ‘;, 3y
(a) (b (¢}

Figure 6. Underwater photographs taken near North Cag Cay: ) Staton 81 thard. non-
vegetated bottom) : 14) Stanion B2 iwhite carbonage sand):(¢) Station C2 Thalussiu bed).

to alleviate this problem. dltempts were made 1o locate the stations in refatvely
homogeneous yreys. with the sXcepuion of stations Al und B3 which weTe [ocated at
the boundaries of vegerated areqs,

After processing the aircrart ang Landsat data. the coordinates of each siation
were determined bv overlaving a map tfigure 3) on the Processed image. The bottom-
tvpe indices (the Y-vajues) were then extracted from the digital data at each statjon,
These values are plotted versus the measured bottom reflectances in figure 7. The Y-
values are Proporuonal to the log of the bottom reflectance as predicted by equation
(3). For the aircraft data. the r-vajye predicts the bottom reflectance with a standard
error of 1-8 reflectance unis. Forthe Landsat dara the standard error is 3-6 reflectance
units for the nine measurements. It mayv be noted that over the range of depths for
which bottom reflectance measurements were made. (he single-band radiances are
fairly good predicrors of the botrom redectance. This is not expected to de true over a
wider range of depths. however. since waler dttenuation effects would cause a larger
variance than borttom reflectance caanges. To test this eXpectation. an area further
otfshore was selected (see box in figure 5) which has a depth of approximately |3.m
and a bottom composed of white cora and sand. according to DMA churt No. 26324
Colour aerja} photography seems 1o indicate 4 botrom similar to that at station BI.
although the difference in depth makes the bottom t¥pe somewhat difficuit to judge.
Singie-band data values and Y-vajues were extracted from both the aircraft and
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Figure 7. Bottom-type indices calculated from aircraft and Landsat data versus measured
botiom reflectances at nine stations. Lines indicate least-squares fit to data points.

Landsat data sets for this area and used to caiculate the bottom reflectance. Using a
regression fit between the single-band data values and the botiom refiectances at the
nine stations. the bottom refiectances predicted by C5 and C7 are 2-8 and 6-7 per cent
respectively. both of which are much too low. The bottom reflectance predicted by the
Y-value for the aircraft data is 21-8 per cent. which is probably quite close to the correct
value judging from the reflectance at Bl. For the Landsat data the MSS 3 radiance is
not significantly above the deep-water radiance. so the bottom reflectance cannot be
reliably calculated : if this calculation is attempted. one obtains a reflectance of 7-4 per
cent. which is in fact much too low.

The results of the water optical parameter determination may be evaluated by a
comparison with field measurements of the irradiance attenuation coefficient. Un-
fortunately, no exactly simultaneous field data are available. However, as mentioned
earlier. two measurements were made near the test site within a week of the Landsat
overpass. which indicate at least the range of attenuation coefficients occurring there.
The first measurement was made on 4 October 1977 just south of North Cat Cay
(Statton C-5, 25° 32-2'N, 79° 16:9°W) while the second measurement was made on the
following day west of Bimini (Station D-7. 257 43-9'N, 79° 18-2'W). The attenuation
coefficients measured at station C-5 were 0080 m™' for MSS 4 and 0-352 m™! for
MSS 3. The corresponding values measured at D-7 were 0-133.mm ! and 0408 m~!
respectively. The higher attenuation at D-7 is thought to be due to resuspension of
sediments during high wind conditions occurring on 4 and 5 October. Winds were
caim prior to the Landsat overpass and the attenuation coefficients probably returned
to the values measured at C-3. The ratio of attenuation coetficients extracted from the
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Landsat data was 0-24. which is within [0 per cent of the measured value at C-5. The
ratio of attenuation coefficients obtained from the aircrait data for a similar pair of
wavelength bands (C7 and C4) was 0-33. which is closer to the vaiue measured at
Station D-7. Since the aircraft data was collected some 10 months later. not too much
significance can be placed on this comparison. but the attenuation parameters
obtained from the aircraft data analysis are apparently within reasonable limits.

7. Conclusions

Multispectral scanner data collected from aircraft or satellite piatforms can be
used to infer relative water attenuation coefficients in shallow water. provided that
the water is well mixed and a relatively homogeneous bottom exists over a range of
water depths. The scanner data can also be used. in conjunction with the processing
algorithm described in this paper. to map bottom reflectance variations without know-
ledge of the water depth. The performance of this algorithm depends upon the system
characternistics and the wavelength bands used. but can give apparently accurate
results to a depth of 15 m in clear ocean water with the proper choice of wavelength
bands. Landsat is not optimally suited in this regard. since oniv one of its bands can
penetrate to depths larger than about 5 m. However. within this range fairly accurate
results can also be obtained from Landsat data.
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