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Absorption Coefficients of Marine Waters: Expanding
Multiband Information to Hyperspectral Data

Zhong Ping Lee, W. Joseph Rhea, Robert Arnone, and Wesley Goode

Abstract—For many oceanographic studies and applications, it
is desirable to know the spectrum of the attenuation coefficient.
For water of the vast ocean, an effective way to get information
about this property is through satellite measurements of ocean
color. Past and present satellite sensors designed for ocean-color
measurements, however, can only provide data in a few spectral
bands. A tool is needed to expand these multiband measurements
to hyperspectral information. The major contributors to the
attenuation coefficient are absorption and backscattering coeffi-
cients. The spectral backscattering coefficient can generally be
well described with a couple of parameters, but not so for the
spectral absorption coefficient. In this paper, based on available
hyperspectral absorption data, spectral-transfer coefficients are
developed to expand multiband absorption coefficients to hyper-
spectral (400–700 nm with a 10-nm step) absorption spectrum.
The derived transfer coefficients are further applied to data from
field measurements to test their performance, and it is found
that modeled absorption matches measured absorption very well
( 5% error). These results indicate that when absorption and
backscattering coefficients are available at multiple bands, a
hyperspectral attenuation-coefficient spectrum can now be well
constructed.

Index Terms—Absorption coefficient, hyperspectral, multispec-
tral, remote sensing.

I. INTRODUCTION

FOR STUDIES of heat budget [1], [2] and photosynthesis
[3]–[5] in the ocean and many other applications [6]–[8],

it is required to know light intensity at depth. Current methods
usually use photosynthetic available radiation (PAR) [9] at sur-
face and the diffuse attenuation coefficient of PAR for
its estimation [10], [11]. This approach cannot provide a mea-
sure of light quality (measured by the spectrum of PAR), which
is important for analyzing the effectiveness of light usage by
phytoplankton [9]. To better describe the light quality and in-
tensity at depth, it is required to know spectral PAR and spectral
attenuation coefficient [3], [12].

Currently, there are two approaches in ocean-color remote
sensing to get spectral of the world oceans. Approach 1
[ ] is empirically related to the chlorophyll concentrations

[13], with empirically derived from measurements of

Manuscript received April 12, 2004; revised September 16, 2004. This work
was supported in part by the Naval Research Laboratory’s Basic Research P.E.
06010115N “Hyperspectral Characterization of the Coastal Zone” and in part by
the National Aeronautics and Space Administration’s Biological Oceanography
Program “Evaluation of the EO-1 (Hyperion and ALI) for applications in the
Coastal Ocean.”

Z. P. Lee, R. Arnone, and W. Goode are with the Naval Research Laboratory,
Stennis Space Center, MS 39529 USA (e-mail: zplee@nrlssc.navy.mil).

W. J. Rhea is with the Naval Research Laboratory, Washington, DC 20375
USA.

Digital Object Identifier 10.1109/TGRS.2004.839815

ocean color [14]. Approach 2 [ ] is empirically related to
the values of ( at 490 nm), with empiri-
cally derived from measurements of ocean color [15]–[17]. For
the two approaches, there are some significant limitations. For
Approach 1, Mobley [18] has pointed out that, even for Case-1
waters [19], there is a factor of 2 error in that were
the empirically derived using known values [13]. This is
simply due to the fact that, in general, water’s attenuation co-
efficients are determined not only by pigment concentrations,
but also by other constituents that are dissolved or suspended
in waters. Wide deviations are not surprising when variation of

is empirically simplified to the variation of [13], [20].
Note that a 30% error in can result in a factor of 2 error in

where irradiance is 10% of its surface value. A
factor of 2 error in will certainly lead to significant errors in
derived values.

For Approach 2, the single-variant table was developed for
less than 0.16 m [16]. This range covers most of

the oceanic waters, but many coastal waters have
greater than this limit [21]. More importantly, the empirically
derived itself contains large uncertainties, especially
for coastal waters [22].

To overcome the limitations of these empirical approaches
and to improve the accuracy of estimating values of , it is nec-
essary to apply analytical approaches to the remotely measured
data. For such an objective, Lee et al. [23] have recently devel-
oped a quasi-analytical algorithm to derive water’s absorption
and backscattering coefficients from remote sensing reflectance.
Incorporating these values into the model of Gordon [24],

can be calculated semianalytically from measurements of
ocean color.

Past and current satellite sensors, however, have only a few
spectral bands designed for ocean-color measurements. Such a
configuration limits the spectral that can be semianalytically
derived. This limited spectral is insufficient for character-
izing the light spectra at depth, and insufficient for determining
the optimal spectral window for light penetration [25], [26]. To
know detailed spectral information of or to get at wave-
lengths that do not exist in the current suite of bands, a tool is
needed for accurate spectral interpolation or extrapolation from

of existing bands. It is noticed that the major contributors
to are absorption and backscattering coefficients [24], [27].
Since spectrum of backscattering coefficient can be well de-
scribed with a couple of parameters [28], [29], what needed
is a system or tool to transfer absorption values derived at the
satellite bands to a spectrum of absorption coefficient. For this
purpose, in an approach similar to Austin and Petzold’s [16],
spectral transfer coefficients (STCs) are developed to expand
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Fig. 1. (a) Examples of absorption spectrum of the dataset (from IOCCG).
(b) Ranges and variations of a(420) and a(490) of the dataset.

multiband absorption coefficients to hyperspectral absorption
spectrum.

After the development of the transfer coefficients, the ap-
proach and the STC are applied to absorption data obtained from
field measurements to test its performance. This testing dataset
has no relation to the development of the STC, and promising
results are obtained.

II. DATA AND APPROACH

In order to expand multiband values to hyperspectral data,
absorption coefficient is expressed as

(1)

where is the wavelength at the th band. Values of are the
spectral transfer coefficients (STC) that need to be derived, and

is the absorption coefficient at the th band and assumed
known from measurements. is the absorption coefficient of
pure water and is taken from Pope and Fry [30].

With an aim to apply the results to data collected by the
Coastal Zone Color Scanner (CZCS) or the Moderate Resolu-
tion Imaging Spectrometer (MODIS), two sets of STC are de-
veloped to expand CZCS or MODIS absorption coefficients to
hyperspectral spectrum. For CZCS, is 3 as only 440, 520, and
550 nm exist for ocean studies; therefore, are 440, 520, and
550 nm, respectively. For MODIS, is 5 and are 410, 440,
490, 530, and 550, respectively. Wavelengths longer than 550

TABLE I
SPECTRAL TRANSFER COEFFICIENTS FOR CZCS BANDS

nm exist for both CZCS and MODIS sensors. Those bands are
excluded in the STC derivation, simply because the absorption
coefficients at those bands are in general dominated by the con-
tribution of pure water and quite insensitive to the variation of
constituents in the water. Note that an algorithm has already
been developed to analytically derive from remote sensing
reflectance [23]. So, in this study, the focus is on expanding
multiband data to hyperspectral spectrum.

To derive the values of hyperspectral , a large dataset
that covering wide range of absorption spectra is required.
Due to instrument and measurement limitations, however,
such a dataset constructed from field does not yet exist. To
overcome this limitation, we utilized the absorption dataset [31]
adopted by the International Ocean Color Coordinating Group
(IOCCG). The dataset has 500 synthesized spectra cov-
ering a wavelength range of 400–700 nm with a step of 10 nm,
and the absorption at 440 nm has a range of 0.016–3.17 m .

This dataset was synthesized and provided by a working
group under the IOCCG. The synthesis of the spectra
[31] was based on ocean-optics theory [18], [32]–[34] and
extensive field measurements [35]–[38]. Briefly, absorption
coefficients were determined by

(2)

with values of taken from Pope and Fry [30], and
values of synthesized by a set of wide-range
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TABLE II
SPECTRAL TRANSFER COEFFICIENTS FOR MODIS BANDS

optical properties [31]. Here, subscripts ph, g, and dm are for
phytoplankton, gelbstoff [or colored dissolved organic matter
(CDOM)], and detritus/minerals, respectively. In the synthesis
of the dataset, varied from 0.0056–0.42 m ,
while the spectral shapes of were randomly chosen
from field measurements. Further, the magnitude and spectral
shape for both and were varied randomly
in accordance with field measurements. Therefore, the syn-
thesized dataset covers a wide range of magnitudes
and spectral curvatures, representing a majority of possible
absorption spectra that could be encountered in the field. As
examples, Fig. 1(a) presents a few selected absorption spectra
from the dataset, with Fig. 1(b) showing the values of
versus for the 500 points.

With this dataset, values of were derived by minimizing
the difference between known and (1)-derived . Ta-
bles I and II present the values for configurations of CZCS
and MODIS sensors. Similarly, values of could be derived
for other sensors, such as the SeaWiFS.

III. RESULTS OF THE MULTIVARIANT EXPANSION

As examples to show the performance of derived from
multivariant expansion, Fig. 2 presents (1)-derived
versus known , while Fig. 3 presents examples of multi-
variant expanded versus true . The modeled
in Fig. 2 was derived using , i.e., based on the

CZCS bands. Clearly, these results indicate that hyperspectral
total absorption could be well and effectively derived if values
of are available. Especially, for a sensor with a band
around 410 nm, the expanded matches the true
excellently [Fig. 3(b)] for the 400–700-nm range. With this

spectrum and spectrum of backscattering coefficient
from remote sensing [23], a hyperspectral can then be
semianalytically derived [24], and accurate spectrum at
depth can be calculated.

To demonstrate increased accuracy in estimated with
extra inputs, Fig. 4 presents the average and maximum errors for
each wavelength, with Fig. 4(a) for averaged error and Fig. 4(b)
for maximum error. Error for each is simply calculated as

error (3)

and the average error is a simple arithmetic mean for each .
Clearly, if is simply expanded using as that

of Austin and Petzold [16], errors can reach as high as 50%
at 400 nm, though errors are smaller for wavelengths around
490 nm. This is due to that alone cannot well represent
the contributions of phytoplankton and CDOM in the shorter
wavelengths. Change the derivation from single input to mul-
tiple inputs, significant improvements were achieved in deriving

, as both average and maximum errors are reduced. Espe-
cially, with the MODIS configuration, the errors are greatly re-
duced for wavelengths from 400–650 nm.
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Fig. 2. Values of a(420) modeled using a(440; 520;550) compared with
known values of a(420). 440&520&550 is the spectral configuration of the
CZCS.

Fig. 3. (a) Examples of a(�j) modeled using a(440;520;550) compared
with known values of a(�j). Vertical bars indicate the location of the CZCS
bands. (b) Examples of a(�j) modeled using a(410;440;490;530;550)
compared with known values of a(�j). Vertical bars indicate the location of
the MODIS bands.

The slightly larger errors ( 3% average error and 15%
maximum error) around 670 nm are due to the fact that, in
this multivariant expansion, the longest wavelength used for

is 550 nm, which is imperfect to refer the chlorophyll
contribution at 670 nm (the red peak). Though contains
information of chlorophyll contribution, also contains
independent contributions from CDOM and detritus, and the
chlorophyll contributions at 440 and 670 nm do not follow a
fixed relationship. This imperfection is not serious for oceanic
and most coastal waters as larger error ( 15%) happens only

Fig. 4. (a) Average error between modeled a(�j) and known a(�j) for three
different configurations of inputs. (b) Maximum model error between modeled
a(�j) and known a(�j) for three different configurations of inputs.

to very high absorbing waters m where the
contribution from chlorophyll is quite pronounced at 670 nm
( 40% of the total absorption coefficient is from chlorophyll).
For oceanic and most coastal waters, this contribution is small
at 670 nm.

IV. TEST WITH IN SITU DATA

To ensure its applicability of the approach and the STC to
the real world, it is certainly desirable to know how it performs
with data from field measurements. For this purpose, we applied
the three-band expansion (CZCS configuration) to a dataset
collected in the field. The data came from two field cruises:
Gulf of Mexico in June of 1993 and California coast in April
of 2003. Both cruises covered oceanic and coastal waters. For
the Gulf of Mexico, absorption coefficients were derived from
downwelling diffuse coefficients as presented by Lee et al. [39].
In this dataset (total number of data points ), there were
no measurements at 410 nm. For the 2003-California dataset

, the absorption coefficients were obtained with the
AC-9 instrument (WetLabs, Inc.). For this measurement, the
instrument was regularly calibrated before, during, and after the
cruise, with all procedures performed following the protocols
suggested by WetLabs, Inc.

Fig. 5 compares the measured results versus those modeled
using , with Fig. 5(a) for and Fig. 5(b)
for . replaced as input simply because
band location, and no change made to the STC values. Also,
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Fig. 5. (a) Values of a(410) modeled using a(440; 520;555) compared
with measured values of a(410). (b) Values of a(490) modeled using
a(440;520;555) compared with measured values of a(490).

as there were no measurements at 520 nm, was taken
as an average of and that were measured by
AC-9. For ranging from 0.1–0.5 m , the
average error is 5.3% (maximum error is 15.4%). For the ab-
sorption coefficient at 490 nm (a band that does not exist on
CZCS), the average error is 4.5% ( , maximum error
is 28.4%) for a range of 0.03–0.9 m . Note that most of the
data points are with m , where the
average error is 4.1%. The average error is 10.2% for the five
points with m . To visualize the spectral de-
tails of hyperspectral , Fig. 6 presents a few examples of

constructed using , along with multiband
. Clearly, for the AC-9 bands, values of match those

from measurements very well. However, it is the hyperspectral
that provides a detailed description of the absorption spec-

trum, not the multiband data.
These results indicate that the multivariant expansion works

well in deriving absorption coefficients at other wavelengths.
Also, the close agreements between measured and modeled

support the conclusion [40] that for most applications
of ocean-color remote sensing, it is not a first-order priority
to have a satellite sensor with hyperspectral bands. For high
quality observations of the environments, it is more important
to have sensors with high signal-to-noise ratio and high spatial
resolution.

With the spectral transfer tool and the semianalytical algo-
rithm for remote sensing [23], it is now straightforward to con-

Fig. 6. Examples of constructed hyperspectral a(�j) (open symbol, dotted
line) using measured values at three wavelengths (the vertical bar, CZCS
configuration). The hyperspectral a(�j) is compared with multiband data
(solid symbol, solid line) from AC-9 (Wetlabs, Inc.) measurements.

struct hyperspectral spectrum from data derived at the CZCS
and/or SeaWiFS/MODIS bands. Such hyperspectral data can be
used to analyze its decadal trend and can be used in numer-
ical models to better study the heat budget as well as primary
production [41]. It is recognized, however, from satellite
sensors will contain errors associated with any satellite system.
So derived from satellite data will not be as good as that
shown above. To improve this accuracy, it requires well-cali-
brated sensors, advanced algorithms for atmosphere correction,
and robust algorithms for derivation, objectives the com-
munity is striving for.

V. SUMMARY

In order to get hyperspectral absorption spectrum from multi-
band absorption coefficients that are available from CZCS or
MODIS measurements, spectral transfer coefficients were em-
pirically derived from a hyperspectral dataset adopted by the
IOCCG. The STC were further tested with data from field mea-
surements. For wide dynamic range of absorption coefficients,
it is found that the derived absorption coefficients match the
measured values very well ( 5% average error). These results
suggest that hyperspectral absorption can be well constructed
from multiband values. As the diffuse attenuation coefficient
for downwelling irradiance is made of absorption and backscat-
tering coefficients [24], [27], and spectrum of backscattering co-
efficient can be well retrieved from remote sensing [23], [42],
the spectrum of attenuation coefficient can now be quickly con-
structed from multiband satellite data. Such information will
help the estimation of light quality and intensity at a depth in
the ocean, and improve the estimation of heat budget and pri-
mary production. Due to the empirical nature of the approach,
however, testing the STC with extensive field data is necessary
and further improvement is envisioned.
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