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EFFECTS OF A THIN LAYER ON REFLECTANCE AND
REMOTE-SENSING REFLECTANCE

OP’T]CAL REMOTE SENSING using satellites
holds the promise of determining biologi-
cal and optical properties globally. Much
research has been carried out on the inver-
sion of the spectral radiance signals de-
tected by satellite. However, almost all in-
version algorithms are based on the
assumption of a homogeneous ocean. How
do thin layers of particulate matter affect
the reflectance of the ocean? A thin layer
exhibits increases in absorption and scatter-
ing parameters (inherent optical properties,
IOPs) (Preisendorfer. 1961) compared with
surrounding waters. These increases are
due primarily to phytoplankton and in a
lesser degree to dissolved organic matter.

It is intuitive that the deeper a thin layer
is in the ocean. the smaller its influence on
the reflectance at the surface. It is also in-
tuitive that the thinner the layer, the less
change in reflectance. It is perhaps not as
obvious that, under certain circumstances,
the thin layer can have no overall effect on
the reflectance even it its absorption and
scattering coefficients are an order of mag-
nitude larger than the coefficients of the
surrounding water. In effect. the layer may
be invisible to remote sensing, even though
it has significantly higher inherent optical
properties than the surrounding water. This
paper will address these issues and provide
some examples of the effect of an idealized
thin layer on reflectance.

Algorithms have been developed to
derive the concentration of chlorophyll in
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the ocean from surface irradiance re-
flectance (R) or remote-sensing re-
flectance (Rrs). Such algorithms were
based on the assumption that reflectance
of a stratified ocean was equal to the re-
flectance of a homogeneous ocean with a
phytoplankton concentration equivalent
to the depth-weighted average of the real
phytoplankton concentration profile (Gor-
don and Clark, 1980). This was later
proved to be true only when the absorp-
tion coefficient (a). the scattering coeffi-
cient (b), and the chlorophyll concentra-
tion all covary with depth (Gordon,
1992). Thin layers could affect R and Rrs
if their IOPs do not covary with depth.
Elsewhere in this volume, Zaneveld
and Pegau (1998, this issue) have shown a
simple two-flow model for the reflectance
of a stratified ocean. Their equation (8) ex-
plains the phenomena mentioned above.
The ocean is assumed to consist of N lay-
ers. Each layer is characterized by its “in-
herent reflectance” defined as the re-
flectance it would have if the layer were
infinitely thick. The contribution of the
layer to the overall reflectance of the
ocean depends on the inherent reflectance
of the layer weighted by factors propor-
tional to the depth and thickness of the
layer. A deeper. thinner layer contributes
less to changes in R than a shallow, thick
layer. However, equation (8) in Zaneveld
and Pegau also shows that, if all layers
have the same inherent reflectance. the
reflectance of that stratified ocean is indis-
tinguishable from the reflectance of a
homogeneous ocean. The inherent re-
flectance does not necessarily change if
the 1OPs change in absolute value. The in-
herent reflectance is often expressed as
0.33 b,/a (Morel and Prieur. 1977). where
b, is the backscattering coetficient. If by/a
is constant, then even a layer with very
high 10P can have the same inherent re-

flectance as one with low 10P. It we were
to insert a thin layer in a homogeneous
ocean, the layer would influence the re-
flectance at the surface only if its inherent
reflectance was different than the re-
flectance of the water it replaced.

We will illustrate these effects with
some examples based on in siti measure-
ments. A thin layer, observed in East
Sound. Orcas Island, WA, was character-
ized by locally higher IOPs. The ob-
served thin layer had significant vertical
structure within it (Fig. 1). The 10Ps did
not covary with depth; the scattering to
absorption ratio fluctuated significantly
both in the thin layer compared with the
rest of the water column and within this
layer. To estimate how reflectances de-
pend on the depth and thickness of this
observed thin layer, it was decided to
model this feature with an idealized thin
layer. The inherent optical properties of
the idealized thin layer were chosen on
the basis of the optical properties mea-
sured in situ. R and Rrs were evaluated
using the Hydrolight numerical radiative
transfer model (Mobley, 1994). Changes
of R and Rrs in the presence of the thin
layer were compared with a homoge-
neous water column. The depth and
thickness of the idealized thin layer were
then varied in order to estimate their in-
fluence on R and Rrs.

Methods

Absorption and scattering coefficients
were derived from in situy measurements
collected with an absorption and attenua-
tion meter at nine wavelengths (ac-9:
WETLabs, Inc). The measurements were
taken on | June 1996 in East Sound, a
fjord on Orcas Island. WA in Northern
Puget Sound (Hanson and Donaghay,
1998, this issue). Values of absorption
and scattering of the idealized thin layer
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Fig. 1: Vertical profiles of (A) tempera-
ture, (B) salinity, (C) absorption, and (D)
beam attenuation coefficients at 440 nm.
IOP 0 corresponds to the measurements
taken around 1 m, IOP | to those col-
lected in the shallower part of the thin
layer, and IOP 2 to those collected in the
deeper part of the feature.

were represented by the average values
obtained within the in situ thin layer.
Two extreme cases could be distin-
guished within the observed thin layer: 1)
a low ratio of scattering to absorption
(b/a=0.11) at 2.5 m (IOP 1) and 2) a
high ratio of scattering to absorption (b/a
=4.45) at 3.1 m (IOP 2; Figs. 1 and 2).
For the water column outside the thin
layer, the average values of the absorp-
tion and scattering coefficients around 1
m depth were used (IOP 0; Fig. 1). The
average measured spectral values of a
and b of these three cases (IOPs 0, 1, and
2) were splined over the visible spectra
every 10 nm. Basic boundary conditions
were applied to force the spline func-
tions; the a values were equal to the pure
water value at 700 nm, and the b values
were chosen at 400 and 700 nm by lin-
ear extrapolation (Fig. 2, A and B). A
Raleigh phase function was used for the
scattering due to the pure water, and an
average of three Petzold phase func-
tions (Petzold, 1972; Mobley et al.,
1993) was used for the particulate scat-
tering. The ratio of backscattering to
absorption (by/a), (i = 0, 1, and 2) was
calculated for the three basic IOP cases
using the b,/b ratios for the Petzold
volume scattering function. (b,/a), was
higher than (b,/a), and (b,/a), through-
out the visible spectrum; (b,/a), was
lower (higher) than (b,/a), for wave-
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lengths shorter (longer) than 600 nm
(Fig. 20).

R and Rrs were estimated with the
Hydrolight numerical radiative transfer
model (Mobley, 1994). We used the fol-
lowing set of assumptions in the model:
horizontally homogeneous ocean, real
sky radiance distribution, sun at 45° from
the zenith, plane air-water interface (no
wind), and no internal sources of light.
For this study, the model was run with
different permutations: varying the I0Ps
of the thin layer (IOPs 1 or 2), the thick-
ness of the thin layer (10 cm to 1 m), and
its position in the water column (surface
to 19-20 m depth). In all cases, the rest
of the water column was homogeneous
(IOP 0) and infinitely deep.

Results

When a thin layer of IOP 1 is added to
the homogeneous (IOP 0) water column,
the reflectance is referred to as ROI(i, j),
where i indicates the depth of the top of
the thin layer (in meters) and j indicates
the thickness of the thin layer (in meters).
R for the homogeneous water column of
IOP 0 is designated as RO.

Idealized Thin Layer of I-m Thickness
Spectral variability of R and Rrs.
We examined the influence of the b,/a
ratio on R and Rrs. When the thin layer
was located at the surface, RO1(0,1) (i.e.,
reflectance with a 1-m thick layer of IOP
| at the surface) and R02(0,1) were dis-
tinctly different from RO (Fig. 3). Large
changes in reflectances were due to the
presence of the thin layer. Spectrally,
RO1(0,1) ranged from 9 to 600% of RO.
R02(0,1) was higher than RO throughout
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Fig. 2: Spectra of (A) absorption coeffi-
cient, (B) scattering coefficient, and (C)
by/a. The color convention in the figures
is black for IOP 0, blue for IOP 1, and
red for IOP 2.
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Fig. 3: Spectra of (A) R, (B) Rrs in per-
cent. Solid lines are for RO (black),
R0O1(0,1) (blue), and RO2(0,1) (red):
dashdot lines for R01(0,0.5) (blue) and
R02(0,0.5) (red); and dotted lines for
ROI1(0,0.1) (blue) and R02(0,0.1) (red).

the visible spectrum (Fig. 3), ranging
from 290 to 800% of R0O. RO, RO1(0,1),
and R0O2(0,1) exhibited spectral shapes
similar to the shapes of their respective
by/a ratios (Figs. 2C and 3). The spectral
variability of Rrs was qualitatively identi-
cal to that of R in the three cases.

Variability of R and Rrs due to the ver-
tical position of the thin layer. When the
thin layer was deeper, R was closer to R0
(Fig. 4). For all wavelengths (only shown
here for 410, 440, 520, and 550 nm), R
increased (decreased) exponentially to the
homogeneous case R0, the deeper the thin
layer of IOP 1 (IOP 2) was located (Fig.
4). Rrs followed the same trend as R (data
not plotted). The convergence of Rrs to
Rrs0 occurred when the thin layer was lo-
cated at a deeper depth than that for
which R converged to RO. This implies
that Rrs was more sensitive to the pres-
ence of deep thin layers than R.

Surface Thin Layer of Varying Thickness

While the thin layer was maintained at
the surface, its thickness was diminished
from 1 m to 50 and 10 ¢cm. The spectral
shapes of both R and Rrs for the 50-cm
layer were similar to those for the 1-m
thick layer (Fig. 3). R01(0,0.5) ranged
from 11 to 476% of RO. R0O1(0,0.5) was
lower than RO until 600 nm and higher
than RO at longer wavelengths. R02(0,0.5)
was higher than RO throughout the visible
spectrum (Fig. 3), with a range of
232-631% of RO. Both RO1(0,0.5) and
R02(0,0.5) still mirrored the shape of the
by/a relation of their respective thin layer
(Fig. 2C). For a 10-cm-thick layer, the R
spectra converged toward RO (Fig. 3).
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Fig. 4: Vertical profiles of R in percent, at
four wavelengths 401, 440, 520, and 550
nm, versus the depth at which the top of
the thin layer is located (solid black lines
for I0P 0, blue lines for IOP 1, and red
lines for IOP 2 results). RO results (black
lines) are constant with depth since the
thin layer is absent in these cases.

R0O1(0,0.1) was 43-214% of RO, and
R02(0,0.1) was 133-260% of R0O. We ob-
served the same pattern for Rrs.

Discussion

As discussed earlier in the paper, the
contribution of a thin layer to the overall re-
flectance depends on the contrast of its in-
herent reflectance with that of the surround-
ing water. Indeed, percent changes in R and
Rrs increased with increased absolute value
of (bb/a)lhm layer — (bh/a)surrounding water and de-
creased the thinner the layers were and/or
the deeper they were located. We can con-
clude that changes in reflectance depend to
the first order on the changes in b/a, the
optical thickness of the layer, and the depth
of the layer.

Our simplified approach to this analy-
sis did not include the effects of Raman
scattering or fluorescence on reflectance.
We chose the Petzold averaged phase
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function as a good approximation for the
coastal waters of East Sound. It is possi-
ble that other phase functions could im-
prove our estimates (see Mobley and
Stramski 1997; Stramski and Mobley
1997), but these phase functions require
detailed knowledge of species and size
distributions of the particulate matter. We
also ignored the effects of bubbles since
we were assuming no wind, and we did
not incorporate bottom effects or chang-
ing sun angle into our calculations. Any
of these factors could alter the details of
our modeling analysis, but would not alter
the general conclusions we have pre-
sented.

In all cases of thin layers reviewed
for this study, the shallower portion of
the feature had lower backscattering to
absorption ratio than the deeper part of
the thin layer for wavelengths shorter
than 550 nm. Our results indicate that
this type of thin layer will result in re-
duced reflectances and remote-sensing
reflectances at short wavelengths. The
presence of such thin layers will also
impact the interpretation of ocean color
algorithms based on reflectance ratios.
It was also found that Rrs was more
sensitive to the presence of a deep thin
layer than R. R and Rrs differ by their
numerator. This result indicates that the
numerator of Rrs, the water-leaving
zenith radiance just above the surface
(Mobley 1994), captures more up-
welling light for deep layers than the
numerator of R, the upwelling irradi-
ance. This depth sensitivity of remotely
sensed reflectance may result in an erro-
neous estimation of the chlorophyll con-
centration and the vertical structure of
the water column and will need to be
examined carefully in remote-sensing
applications.
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