Theinfluence of bottom mor phology on far field reflectance: theory and 2-D model.

J.Ronald V.Zaneveld and Emmanuel Boss
College of Oceanic and Atmospheric Sciences

Oregon State University

Corresponding author address:

Emmanuel Boss

College of Ocean and Atmospheric Sciences,
Oregon State University

Corvallis, Or, 97331

boss@oce.orst.edu



ABSTRACT

The reflectance of the bottom is of importance when interpreting optical datain shallow
water. Closure studies of radiative transfer, interpretation of laser line scanner data, lidar,
and remote sensing in shallow waters require understanding of the bottom reflectance. In
the Coastal Benthic Optical Properties experiment (CoBOP), extensive measurements of
the material reflectance (reflectance very close to the bottom) were made. In carrying out
closure of the radiative transfer model and observed radiometric and Inherent Optical
Properties, what will be needed however isthe far field reflectance. Thefar field
reflectance is the bottom reflectance that includes the effect of bottom morphology (such
as sand ripples) as well as the material reflectance. We present here afirst order
analytical model to derive the relationship between the material and far field reflectances.
We show that the effective reflectance of the bottom is proportional to the average cosine
of the bottom slope. Using a smple 2-dimensiona geometry without scattering and
absorption we show that errors in ignoring the bottom morphology can lead to

overestimations of the far field reflectance on the order of 30%.



INTRODUCTION

Shallow water optical signals are influenced by the bottom reflectivity. Closure of
radiative transfer calculations, determination of the contrast of objects with the bottom
such as measured by laser line scanners, inversion of remotely sensed radiance for
bathymetry, and diver visibility can al be improved with proper knowledge of the
bottom reflectance. Many bottoms are nearly Lambertian surfaces, surfaces for which the
detected radiance is independent of the viewing angle (Mobley,1994). The radiance
reflected from a bottom is not independent of the irradiance on the bottom, however.
Therefore, a bottom with topography has a reflectance that is different from a flat,
horizontal bottom. Bottom reflectances are usually measured on scales of cm (Voss,
1999). We call this the materia reflectance, although it includes small scale morphology
such asindividua grain size. Larger scale morphology is not included in direct
measurements of the bottom reflectance. Radiance and irradiance detectors at larger

distances from the bottom will thus see the effect of bottom morphology.

The reflectance of surfacesis afunction of both the incident light direction and the
emitted light direction. Thisis the bidirectional reflectance distribution function (BRDF,
Voss, 1999). For surfaces where the BRDF is strongly asymmetric it is obvious that
changing the relative incident and emitted light directions, by tilting the bottom, will have
astrong effect. Many bottoms, such as sand, are nearly Lambertian, however
(Mobley,1994). In that case the radiance L(q) emanating from the bottom in any direction

gisgivenby L(q) =r Ey,/p, wherer isthe material reflectance of the bottom and E; is



the irradiance at the bottom (measured parallel to the bottom). In the smplest case, the
incoming light is collimated and vertical and has adownwelling irradiance E. The
irradiance impinging on the bottom is then E, = E cos(qy), where Ep, is the irradiance at
the bottom and q is the angle of the bottom with the horizontal. Changing the angle of
incidence of the incoming light will also change the irradiance and hence the radiance
emanating from the bottom. Even in the simplest case it is then seen that the radiance
emanating from the bottom depends on all factors that determine the irradiance at the
bottom. These factors include the incoming radiance distribution (which in turnis
determined by the radiance distribution just above the sea surface, the sea surface, and the
|OP of the water column), the morphology of the bottom, and the geometries of the
radiance detector and light source. The theoretical model derived here shows that all

these factors are potentially important.

It isthe far field reflectance (or effective reflectance) that must be used in radiative
transfer calculations in the case of the detector footprint being larger than the bottom
roughness scale. For example, in its experimental design the closure studies of the
Coastal Benthic Optical Properties (CoBOP) program did not consider bottom
morphology. It isthus worthwhile evaluating the magnitude of the bottom morphology
on plane parald radiative transfer calculations such as used in CoBOP. Similarly, remote

sensing observations that are used to infer bathymetry must also take this into account.

Allen's (1982) monumental review contains ample information on bottom morphology

and the associated slopes. The stegpest bed forms are associated with wave ripples and



underwater dunes which, on average, have ratios of wavelength to height of about 5.
Bottom ripples occur anytime a current moves over a bed of sand, silt, or clay. The
specific morphology produced depends on the nature of the bottom and the strength,
direction, and duration of the water movement. Wave ripples were the characteristic
bedform in the sand flats adjacent to the fringe reefs on the Exuma side of LSI. In
contrast, Adderley Cut and Rainbow South were characterized by large shallow
underwater dunes. In the former case aradiance sensor's field of view would cover many
ripples, whereas in the latter case, the sensor would likely cover one side of an

underwater dune only. Both these cases will be analyzed in this paper.

THEORY

We will briefly review the definition of radiance in order to set the stage for the
subsequent development of the dependence of the far field reflectance on the morphology
of the ocean bottom. Figure 1 shows the general geometry of a source and detector
system. Itiswell known (for example Jerlov, 1976) that the radiance is reciprocal, i.e.
the radiance from the source to the detector is the same as the radiance from the detector

to the source.

We derive here the reflectance observed by a finite radiance detector due to a multi-
faceted bottom. Secondary reflections of the light by the bottom are ignored. Light
attenuation is also ignored in order to isolate the effect of bottom morphology and hence

to derive an effective reflectance that can be used in modelsin lieu of the usual



Lambertian reflectance. Light absorption and scattering can be added in radiative transfer
models that can include the sea surface by using the MTF approach asin Zaneveld et al.

(2001).

In the following discussion the bottom is considered to be the light source as daylight is
reflected from it. The radiant flux between a source and a detector isgiven by F . Units
are W. The angles gqq and gs are relative to the line connecting the centers of the source
and detection areas. Thisline need not be perpendicular to the sea surface, as both the
detector and the bottom may be tilted relative to the vertical. (See aso Jerlov, 1976, for a

good description of the fundamental relationships of radiance.)

The source radiance L is defined by the radiant flux per unit solid angle per unit projected

area of surface. Units are W/m? ster .

The solid angle of the detector is defined as:

Wy = Accosgdr?. 1

The projected area of the detector perpendicular to the line joining the centers of the

source and the detector is A4cosgq

The radiance of the source is thus;

L= Fr?
~ A4CoSy ALOSOs

for AqD; A (0, (2



Note the symmetry in the expression for the radiance. |f we interchange the source and

detector the expression is the same.

If the source is Lambertian, the radiance in any direction is:
L =r EdJp, wherer isthe reflectance of the source (bottom) and Es is the irradiance at the

source (bottom).

We assume that the incoming light is collimated and just below the surface has a solar
zenith angle of q.. If the collimated irradiance measured perpendicular to the direction

of propagation of the photonsis E, the irradiance at the bottom, Es, is:

Es= E cos|g; - 0, (39

where qp is the angle of the bottom with the horizon in the plane of the incoming light.

Note that g, need not be equal to gs as the line connecting source and detector need not be
perpendicular to the sea surface. The absolute value of the difference of the zenith angle

and the bottom angle is required as the irradiance is ways positive.

The genera case requires knowledge of the radiance distribution at the bottom.

Theirradiance parallel to the bottom in the general caseis given by:



2p p/2
Es(xy.b)=8 8 L(af.xy,b)coslg- as(x,y)| sinq dq df . (30)

0 0
The irradiance at some point (X,y,b) on the bottom thus depends on the local radiance
L(q,f ,x,y,b), aswell asthe local angle of the bottom with the horizon, gu(x,y). For clarity,

we will continue our discussion for the collimated radiance case only, athough the above

expression for Es for the general case may aways be substituted in the equations.

The radiance of the source to the detector in the collimated radiance caseis:

L =r Ecoslg;- qu /p, (49)

which by definition is the same as the radiance due to the source perceived at the
detector. It is clear that the radiance of the source (bottom) depends on the cosine of the
angle of the bottom with the vertical. Note that the radiance does not depend on the solid
angle or area of the detector. Eq.4 isthe radiance that would be detected in the case of a
simple sloping bottom, such as the side of alarge underwater sand dune. We then have an

effective reflectance equal to :

Fet = COS|Gz - Opl- (4b)

The radiant flux received by the detector as obtained from Eq.2 and substituting Eq.4 is:



_ L Adcosqg AL£00s _T E cos|g; - gs] AdCOSTy ALOSTs

F r pr2

(5)

In practice a radiance detector is not infinitely small. It therefore has a finite detector
areaand afinite solid angle of detection. This resultsin the radiance detector averaging
the radiance from an area of the bottom, where the bottom may not be flat. What isthis

average radiance?

Such aredlistic radiance detector's detection solid angle might well simultaneously see
severa source areas with different dopes gs. We approximate the bottom as consisting of
anumber of facets each with a constant slope angle. Properties such as described in the
previous section, but for an individual facet, have the added subscript i. The radiant flux

from one small source areai within the larger detected area to the detector would then be:

Fi= LWy AdCOSZ]di (6)

Each individual area would have aradiance L; and a detection solid angle Wy , and a

normal detection area Aqcosgq. Thelocal radiance would be:

Li=r E cosld, - 0w /p. (7)



Only fluxes from the facets to the detector can be added linearly. Radiance cannot be
added linearly, since the solid angles subtended by the facets need not be the same in the
general case. The solid angle of detection for the small areai, Wy , is given by:

Wi = AgC0s(s / I’i2. (8)

The radiant flux (Watts) received at the detector from the small areai is then:

r E codlq; - gn] AsC0SQs AdCOSgi
2 .
pri

Fi= 9)

Note the parallel between Egs. 9 and 5. The total flux received by the detector is then:

2 r E coglq; - un] AsC0SQs A4COSgi

D1 (10)

F total =
i

The radiance perceived by the finite detector is the total radiant flux divided by the solid
angle and detector surface area perpendicular to the line connecting the center of the

detector with the center of the total detected area. Substitution of Eqg.10 into Eq.2 gives:

meas —

g ! r*E cos|g; - 0| AsCOSOs COSgi

P 1i? coSClq ALOSTs (1).

1°As
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The detector area canceled, but other smplifications are only possible by assuming
simple geometries. The fact that all facets within the bottom area viewed by the radiance
detector must be counted is symbolized by i © Asin the sum. We remind the reader that
parameters with subscriptsi refer to individua facets, whereas parameters without that
subscript refer to the entire source or detector area parameters. The above expression is
only valid for a collimated light field with solar zenith angle g,. More complex
expressions using the entire light field can be written, but they do not illustrate as well

how the various parameters influence the far field reflectance.

We thus conclude that the radiance measured by afinite detector depends on above water
lighting conditions and the sea surface through E, the bottom morphology through all
parameters with subscript i , and the detector geometry through al parameters with
subscript d. When attenuation of the radiance is taken into account, the measured

radiance will also depend on the IOP.

APPLICATION TO REAL SENSORS

The definition of radiance (Jerlov, 1976, Mobley, 1994) implies that both detector and
source areas be vanishingly small. Real radiance detectors have finite detector areas and
field of views. The Satlantic TSRB was widely used during CoBOP for the measurement
of downwelling irradiance and upwelling radiance. The radiance detector has afield of
view half angle of 5°. The upwelling radiance detector thus sees an area of the bottom

that depends on its height above the bottom and may include many small scale

11



topographic features. Again, we will only consider a collimated incoming radiance field.
We conceptually divide the area of the bottom viewed by the radiance detector into a
number of equal small areas DA;. These areas are paralel to the surface . Each of these
areas DA, is the horizontal projection of a bottom area Ag, with aslope qui ,relative to the
horizontal. Radiance detectors should be designed so that their field of view, Wy, issmall.
If that isthe case, the individual areas A4, within the larger area viewed by the detector
have very nearly the same angle qgq , between the center of the detector and the center of

the small areas. In Eg.11 we may then set cosqg [Los qq, So that these parameters cancel.

In the case of a TSRB at the surface the distance to the bottom is usually much larger
than the bottom morphology features. In that caser; [t . If the average bottom is parallel

to the sea surface, we may set cosgs= 1. EQ.9 then reduces to:

° r E - . A i i
Ltsre= a COS|ds - G| AsCOSGs (12)
p As

Note that Agcosgs = DA . The small surface areas parallel to the surface add up to the

total surface area viewed by the detector:

As= & AgCoSs (13)
i

If we divide the total surface area parallel to the sea surface, As, into N equal areas, DA,

where DA = A4C0sQs, as before, we can further reduce Eq.12 to:

12



_ o r'Ecoslg;-qs| _ r E<coslg, - go>
Ltsre= @ Np = D

(14a)

The radiance detected by the TSRB thus does not depend on the angle of the sensor
relative to the bottom (or surface), but does depend on the average value of the cosine of
the angle of the bottom with respect to the zenith angle of the irradiance, <cos|q; - qu]>.
We remind the reader that the conclusion is only correct if the irradiance E is collimated.

In the general case a more complicated expression involving Eq.3b can be written.

Since the radiance from a Lambertian source isgiven by L =r E/ p, we see that the

effective reflectance for a bottom with morphology is:

et =r <COS|0; - Qpl> (14b)

It is now also clear that the effect of the IOP did not need to be considered separately for
the simple geometry of collimated radiance. We can simply user « inplaceof r. The
effect of the IOP in radiative transfer calculationsis precisely the same ( provided the
morphology is small enough to ignore changed path lengths), only the bottom reflectance
has changed. We can thus use standard radiative transfer models, but with the adjusted

reflectance.
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ANALYTICAL 2-D MODEL FOR SAW TOOTH SHAPED BOTTOMS

Real bottom morphology requires numerical modeling. By using a smple geometric
shape for the bottom it will be possible to derive analytical expressions for the
dependence of the measured reflectance on bottom morphology and viewing angle of the
detector. A reasonable approximation is the saw toothed bottom in which the bottom is
piecewise linear with lopes adternately equal to g, and -qp,. For a saw tooth shaped
bottom with amplitude A and wavelength | , g, = atan( 4A/l ). This bottom has the
advantage that all bottom facets have the same absolute slope relative to the horizontal.
The far field reflectance (r ¢) relative to the reflectance of aflat bottom for collimated
incident light with a zenith angle of g, and for a saw tooth shaped bottom can be obtained

from EQ.12:

rg/r = 0.5 cos[g, + atan( 4A/l )] + 0.5cog[q; - atan( 4A/l )]. (15)

A similar expression for a sinusoidal bottom with amplitude A and wavelength | is:

2p
rlr = (1/2p) 8 cos{q,+ atan[(2pA/l ) sin(2px/l )]} dx (16)
0
For a saw tooth wave and zenith sun, we can thus readily calculate the effective
reflectance. The average cosine of the bottom slope is simply the cosine of the saw tooth
with the horizontal. An approximate angle of repose for sand is 34°, but can be much

higher if the organic content is high (R. Whesatcroft, persona communication). Use of

such avalue is aso supported by Allen (1984). We can thus approximate the ratio of the

14



far field reflectances of a saw tooth shaped bottom at a 34° angle and aflat bottom as
being cos(34) = .829. The reflectance of the saw toothed bottom is about 17% smaller.
The decrease in reflectance is 23% if the bottom angle increases to 40°. If the zenith
angle of the irradiance striking the bottom is 20°, Eqg.15 shows that the ratio of the
reflectances would be about 22% for a 34° bottom slope and 28% for a 40° bottom slope.
These values give arough indication of the range of errors to be expected, when bottom
morphology isignored. Numerical results for sinusoidal bottoms with the same
amplitudes and wavelength as a saw tooth are within a few percent. Eq.15 is thus useful
for estimating potentia errorsin agiven location, if the bottom morphology is known.
Note that the presence of morphology always resultsin lower far field reflectances and
hence a"darker" looking bottom. Far field implies that the sensor sees alarge number of
facets. In the next section we will consider the resultant reflection when the sensor views

only alimited number of bottom facets.

The number of bottom facets included in the reflectance influences the effective
reflectance. Let us again consider the saw tooth bottom as a ssimple example that lends
itself readily to analysis. If the IOP are ignored, distance from the bottom can be used to
estimate the effect of including more bottom features in the field of view of the sensor.
Consider incoming light irradiating the bottom from one side. Eq.14 shows that very near
the bottom one would either be looking at a facet towards the incoming irradiance, or
away from it. The reflectance thus would be

cog[q, + atan( 4A/l )] or cos[q; - atan( 4A/l )].

15



As one backed away from the bottom more and more facets would come into view, with
the reflectance eventually reaching the far field value of Eq.14. The reflectance as a
function of distance from the bottom would thus be an oscillatory saw tooth function. A
two dimensional analysis of this can be carried out analytically for a saw tooth bottom. A
2-D saw tooth bottom in the plane of the irradiance has facets towards the sun and facets
away from the sun. If the footprint of the sensor on the bottom is given by P when the
sensor is a distance r above the bottom, and the wavelength of the saw tooth bottomiis|
the sensors would view 2P/l facets. If the number of facetsin view towards the sunis
given by Nt and those away from the sun by Na, then Nt + Na =2P/l . The bottom

reflectance will then be;

r(r) /r = (I Nt/2P) cogq. + atan( 4A/l )] + (I Na /2P)cod[q; - atan( 4A/l )]. a7

At most, for any given distance from the bottom, the sensor can see one more facet of one

kind than the other, hence the maximum reflectance is measured when Nt= Na + 1, and

the minimum when Na = Nt + 1. At adistance r from the bottom, the maximum

reflectance that could be observed would then be

[r (D/F lmax = rslr + (1 /4P) cog[q, + atan( 4A/l )] - (I /4P)cod[q, - atan( 4A/l )]. (18)

The minimum reflectance that could be observed would be:

[r () Jmin =t - (1 14P) cogq, + atan( 4AN )] + (I 14P)cos[q, - atan( 4A/1 )]. (19)

16



The maximum and minimum errors thus change proportionately to | /4P. If the half angle
of the detector is given by g, P = 2r tang, so that the maximum error is proportional to | /r
and hence the measured reflectances approach the far field reflectance for larger. The
error also depends on the placement of the sensor relative to the crests and troughs of the
bottom. If initially the sensor is placed at the top of the crest, and is backed away, the
observed reflectance would aways be the far field reflectance, because an equal
proportion of facets towards and away from the irradiance would aways be seen. If,
however, the sensor isinitially placed facing the center of afacet, asit is backed away
from the bottom, the maximum and minimum reflectances as per Egs.18 and 19 will be
encountered aternatively. This phase error is proportional to the distance of the vertical
projection of the center of the sensor and the center of afacet. This showsthat in the near
field placement of the sensor relative to the bottom morphology has a mgor influence on
the measured reflectance. Returning to the earlier example of a 20° zenith angle for the
irradiance and a 34° bottom s ope, the maximum reflectance would be r cos(14) = 0.97r
encountered just above the facets facing the irradiance. The minimum reflectance would
ber cos(54) =0.59r for the facets away from the incoming irradiance. As the sensor is
backed away eventually the far field reflectance of 0.78r isreached. The amplitude of the
oscillation of the reflectance as the sensors is backed away from the bottom therefore
depends on the placement of the detector relative to the crest. Thisis also an example of
the range of reflectances that may be encountered when measurements are carried out
above a sand dune. A difference of up to 40% in reflectance or radiance could be

measured depending on the orientation of the dune slope relative to the irradiance.
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DISCUSSION AND CONCLUSIONS

We have shown that the effect of bottom morphology on the far field or effective
reflectance can be substantial and cannot be ignored. We examined simple casesin

which the radiance field was collimated and could be described by a single parameter, the
zenith angle g, . Smilarly we examined a ssimple bottom form, the saw tooth, whose
dope could be described by the single angle q,. Depending on wavelength and amplitude
this can be an approximation for both sand ripples and much larger underwater sand
dunes. Thisresulted in the simple expression Eq.14 for the far field reflectance. We
showed that for aflat sea surface and a saw tooth bottom with a slope around the angle of
repose for loose sand, the far field reflectance can be approximately 20% smaller than the
materia reflectance. If there are organics in the bottom sediment, the angle of repose can
be much larger (R. Wheatcroft, personal communication) and the far field reflectance can
decrease much more. We showed that if the angle of incidence of the radiance changes
away from the vertical, the far field reflectance is reduced further. In general we can thus
conclude that the larger the average cosine of the light field and the larger the average
dlope of the bottom, the larger the deviation of the far field reflectance from the materia
reflectance. This would thus be a guide for where to carry out closure experiments

without the influence of bottom morphology.

In the near field the reflectance depends on the horizontal and vertical placement of the

sensor. This leads to the important conclusion that at least in the near field, the bottom
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morphology cannot be dealt with in a statistical manner. It isimportant whether or not
the field of view of the radiance sensor primarily sees facets towards the illumination or
away fromit. This effect is obviously more important the larger the wavelengths of the

bottom features.

In the general case the radiance is not collimated and the bottom is not simply described.
The general case solution for a Lambertian bottom is obtained by substituting

E cos|g; - gu| in Eq. 11 by Es (X,y,b) as obtained from Eq.3b. The genera caseis clearly
much more complicated and can only be solved by means of numerical calculations. In

addition, if the bottom is not Lambertian one must use the BRDF.

When dealing with shallow waters one has the additional complication of surface waves.
In shallow waters with waves the light field is clearly not homogeneous horizontally and
the plane parallel assumption does not hold (Zaneveld et a., 2001). This manifests itself
through the light and dark patterns seen on the bottom in shallow waters (the swimming
pool bottom effect). Thereisanon linear interaction between these patterns and the
bottom. Fig.2 shows aray diagram for awavy surface and a sinusoidal bottom. Clearly,
the radiance signal would depend on placement of the sensor relative to the surface waves
with their focal points, as well as the bottom features. Eq.3b shows that one could
average over time and obtain along term average far field reflectance. The non-linearity
of the problem shows that one cannot simply separate the average characteristics of the
light field and the average characteristics of the bottom. Analysis of the general case by

means of numerical models will be the subject of future study.
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In this paper we have ignored the effects of absorption and scattering. The reflectance or
BRDF of a bottom does not involve the IOP of the water column. It thus was of interest
to derive an equivalent expression for the far field reflectance of a bottom with
morphology. Thiswas possible only for parallel radiance. Light scattering redirects
radiance. Eq.3b shows that light scattering which is symmetric about the original
direction will result in decreased radiance reflected from the bottom. On the other hand,
light absorption tends to decrease the zenith angle of the radiance. This can increase or

decrease the reflected radiance depending on |g; - Q-

A closure experiment was carried out during the CoBOP experiment at the Rainbow
South site. This site is 2-3m deep and was characterized by a sand bottom with large
scale features. Thisisthus acase where even at the surface the far field reflectance does
not apply and the measured reflectance or radiance is afunction of placement of the
sensor relative to the bottom features and their placement relative to the irradiance. The
total scattering coefficient at 440 nm measured at this site was between 0.14 and 0.25 m™.
The bottom is thus well within one scattering depth of the surface. The range of the total
absorption coefficient was 0.045 to 0.115 m™. The absorption depth was thus larger than
9m. Consequently at that wavelength little scattering and absorption modified the
radiance impinging on the bottom, so that results in this paper would apply with little
error. The same would be true in the red, where the measured total scattering coefficient

was less than in the blue. Thetotal absorption coefficient at 660 nm was 0.35 to 0.37 m™.

20



There would thus be some redirection of the radiance to the vertical. The influence of

this on measured radiance would depend on the bottom slope and orientation.
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FIGURE CAPTIONS

Figure 1. The definition of radiance.

Figure 2. The non-linearity of the interaction of the light field and the bottom. Shown is
aray diagram for paralel light at an angle of 10° to the vertical above the sea surface, a
surface wave of wavelength 1m and amplitude of 0.04m, a bottom wave of wavelength
0.4m and amplitude of 0.1m, and a radiance detector with a half angle of 3° located 0.7 m

beneath the sea surface. Horizontal and vertical scales are different.
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