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Inversion of Chromophoric Dissolved Organic Matter
From EO-1 Hyperion Imagery for Turbid
Estuarine and Coastal Waters

Weining Zhu and Qian Yu

Abstract—The significant implication of chromophoric dis-
solved organic matter (CDOM) for water quality and biogeochem-
ical cycle leads to an increasing need of CDOM monitoring in
coastal regions. Current ocean-color algorithms are mostly limited
to open-sea water and have high uncertainty when directly applied
to turbid coastal waters. This paper presents a semianalytical al-
gorithm, quasi-analytical CDOM algorithm (QAA-CDOM), to in-
vert CDOM absorption from Earth Observing-1 (EO-1) Hyperion
satellite images. This algorithm was developed from a widely used
ocean-color algorithm QAA and our earlier extension of QAA.
The main goal is to improve the algorithm performance for a wide
range of water conditions, particularly turbid waters in estuarine
and coastal regions. The algorithm development, calibration, and
validation were based on our intensive high-resolution underwater
measurements, International Ocean Color Coordinating Group
synthetic data, and global National Aeronautics and Space Ad-
ministration Bio-Optical Marine Algorithm Data Set data. The
result shows that retrieved CDOM absorption achieved accuracy
(root mean square error (RMSE) = 0.115 m~! and R? = 0.73)
in the Atchafalaya River plume area. QAA-CDOM is also evalu-
ated for scenarios in three additional study sites, namely, the Mis-
sissippi River, Amazon River, and Moreton Bay, where a,(440)
was in the wide range of 0.01-15 m~1. It resulted in expected
CDOM distribution patterns along the river salinity gradient.
This study improves the high-resolution observation of CDOM
dynamics in river-dominated coastal margins and other coastal
environments for the study of land-ocean interactive processes.

Index Terms—Chromophoric dissolved organic matter
(CDOM), EO-1 Hyperion, ocean color, quasi-analytical algorithm
(QAA).

I. INTRODUCTION

HROMOPHORIC dissolved organic matter (CDOM) is
defined as an aquatic organic substance (size < 0.2 pm)
which absorbs ultraviolet and visible light [1]. Due to the tight
connection with dissolved organic carbon (DOC), CDOM is
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TABLE 1
LIST OF NOTATIONS

Notation Description

a(d) Absorption coefficient of water (at wavelengthA, the same
below), including the pure water

a; () Absorption coefficient of water, excluding the pure water

agA) Absorption coefficient of non-algal particles

agq(A) Absorption coefficient of non-algal particles and CDOM

ag(A) Absorption coefficient of CDOM

) Absorption coefficient of phytoplankton

b(A) Scattering coefficient of water

by (D) Backscattering coefficient of water

) Backscattering coefficient of particles

Ch Attenuation coefficient of water

R,s(2) Above-surface remote sensing reflectance

75 () Below-surface remote sensing reflectance

often used as a DOC tracer [2]-[6]. DOC and CDOM are
from allochthonous (surrounding terrestrial ecosystem) or au-
tochonous sources (phytoplankton degradation). In estuary, the
former direct inputs of dissolved organic matter from the litter,
and decaying of vegetation detritus is dominant; they are trans-
ported to estuarine and coastal waters through terrestrial runoff
and stream flow [7], [8]. DOC has significant implications on
our environment and climate change due to its important role in
the carbon cycle [6], [9]-[11]. Studying the concentration and
distribution of CDOM in aquatic ecosystems, particularly the
estuarine and coastal regions, will greatly improve our under-
standing of the dynamics of DOC, terrestrial-oceanic carbon
cycle, and the impact of anthropogenic activities on water
quality.

Remote sensing provides an effective approach to estimate
CDOM absorption a, (see Table I for the descriptions of
notations used in this paper) in a large spatial scope. CDOM,
together with chlorophyll and nonalgal particles, changes the
underwater light field and consequently influences the water-
leaving radiance received by satellite sensors [12]. In recent
decades, several inversion algorithms have been developed
to estimate CDOM absorption and implemented for a series
of in situ and satellite sensors, such as Coastal Zone Color
Scanner, Sea-viewing Wide Field-of-view Sensor, Moderate
Resolution Imaging Spectroradiometer (MODIS), and EO-1
Hyperion [13]-[17]. Some methods are empirical by establish-
ing quantitative relationships between the ratios or functions
of remote-sensing reflectance (R,s) and ag [18]-[22]. Empir-
ical algorithms have demonstrated success in the waters from
which data were obtained for algorithm development, but their
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performance can degrade substantially when applied to other
incompatible waters. This is because the coefficients used in
empirical algorithms are derived from data sets that do not
necessarily represent all natural variations [23]. On the other
hand, semianalytic algorithms, represented by Carder’s MODIS
[13], Garver—Siegel-Maritorena model [14], [24], linear matrix
model [23], [25], [26], and quasi-analytical algorithm (QAA)
[27], [28], derive aq,4(440), the combined absorption of CDOM
a4(440) and nonalgal particles a;(440), based on specific bio-
optical models. The difficulty in partitioning the two com-
ponents results from their similar absorption spectra. Thus,
lumping CDOM and nonalgal particles together limits accurate
quantification of CDOM and, consequently, the potentials of
establishing a relationship between CDOM and DOC concen-
trations [29], [30].

Renewed interest in the dynamics of the DOC at the land—
ocean interface suggests the need of an improved CDOM
inversion method for a wide variety of water types. Most current
CDOM algorithms focus on the open-ocean waters or coastal
regions of low CDOM concentration with small variation. For
example, a,(440) is ~0.005-0.07 m~! in the Sargasso Sea
[71, [30] or ~0.05 m~' in Chesapeake Bay and Delaware
Bay [18]. There is a lack of full examination of these CDOM
algorithms on its feasibility in estuaries and river plume, the
transition zone between river and ocean environments. This
zone is subject to both marine influences (e.g., tides, waves, and
the influx of saline water) and riverine influences (e.g., flows
of freshwater and sediment). In many typical estuarine and
coastal regions, terrigenous CDOM is carried and imported by
terrestrial discharge, which could lead to CDOM concentrations
two orders of magnitude higher than that in open sea [31],
such as that in Atchafalaya Bay (a,(440) ~ 1.5 m™!). At
the same time, nonalgal particles contribute a much greater
portion to the total absorption compared to open-ocean wa-
ters [32]. Therefore, directly applying algorithms originally
designed for use over noncoastal waters to complex coastal
waters could generate large uncertainties. For instance, R? from
an empirical algorithm developed in the U.S. Middle Atlantic
Bight dropped from 0.91 to 0.53 when tested by the standard
NASA Bio-Optical Marine Algorithm Data Set (NOMAD)
[33]. A comparison study by Qin ef al. [34] also found that
the performance of QAA, the algorithm of the best accuracy
in retrieving the total absorption among the other seven algo-
rithms in SeaWiFS Data Analysis System, degraded rapidly
as water becomes increasingly complex with high CDOM and
sediment levels.

The importance of small rivers in the study of CDOM/DOC
delivery from landscapes to coasts urges CDOM retrieval at
finer spatial resolutions in estuarine and coastal regions com-
pared to current ocean-color products targeted at open oceans.
The 1-km resolution of popular ocean-color sensors is too
coarse to capture the CDOM details in small estuaries, bays,
or river plumes, where the width may only be a few kilometers
or even less. In addition, the low spatial resolution produces a
large portion of mixed pixels—water pixels are more likely to
be contaminated by the features adjacent to or floating on the
waters, such as river bank, coastal wetland, vegetation, or boats
with a size smaller than the image spatial resolution.
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Fig. 1. Cruise tracks and in situ measurements in Atchafalaya River estuarine
and plume region. The acquired EO-1 Hyperion image covers the same area
(Red Green Blue display of Hyperion image uses (R) band 40: 750 nm, (G)
band 30: 650 nm, and (B) band 20: 549 nm).

The objectives of this study are to present a new scheme
targeting the aforementioned problems and to meet the require-
ment of CDOM estimation in complex estuarine and coastal
regions. This scheme, called QAA-CDOM, is developed from
QAA [27], [35] and our recent extension of QAA (QAA-E)
to decompose a4, based on absorption—backscattering relation-
ships [36]. The latter was based on above-surface hyperspectral
data and is now extended to the EO-1 Hyperion images. Hype-
rion imagery has the advantages of continuous band coverage
with narrow bandwidth (10 nm) and 30-m spatial resolution.
It offers more details in terms of both spectral and spatial
domains than current ocean-color sensors. Our scheme has
been validated and tested by a number of data sets, including
International Ocean Color Coordinating Group (IOCCG) syn-
thetic data, global NOMAD data, and in situ high-resolution
measurement collected by previous cruises across a variety of
geographical sites. In the next sections, we will provide the
details of our data collection and processing, field observations,
algorithm development and validation, and results from satellite
image inversion.

II. STUDY AREA AND DATA
A. Study Site

Our main study site is the Atchafalaya River estuarine and
plume regions, which cover a transition area of freshwater,
fresh—salt-water mixing zone, and salinity water (Fig. 1). The
Atchafalaya River is a distributary of the Mississippi and Red
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rivers, approximately 270 km long, in south central Louisiana,
USA. At the Old River Junction, a man-made system controls
the flow of the Mississippi River to the Gulf of Mexico.
Seventy percent of the flow drains out of the Birdfoot region
through the lower Mississippi River, and 30% is diverted to
the Atchafalaya Basin to form the Atchafalaya River [37]. The
lower Atchafalaya River flows through wetland, salt marsh and
bayou, and the shallow Atchafalaya Bay with a large capacity
to trap sediment. It supports a highly productive ecosystem
interacting with riverine and estuarine waters, resulting in a sub-
stantial CDOM pool [38]-[40].

B. In Situ Data Acquisition

Our field data collection was conducted during August
24-30, 2007. The in situ CDOM concentration and spectral data
were measured on the vessel R/V Pelican over the Mississippi
and Atchafalaya River plumes, as well as the northern Gulf of
Mexico. The major cruise tracks were designed to follow the
potential CDOM gradient in the plumes, aiming at capturing the
CDOM variations as much as possible (see [36] for the whole
study site map and cruise tracks). The data acquisition activi-
ties include the following: 1) continuous above-surface hyper-
spectral measurements [apparent optical properties (AOPs)];
2) continuous underwater measurements of water attenuation
and absorption coefficients [inherent optical properties (IOPs)],
salinity, CDOM fluorescence, chlorophyll fluorescence, and
optical backscattering for suspended sediments; and 3) discrete
water sampling and analysis in laboratory for calibration. The
above-surface hyperspectral measurement was conducted by a
portable spectroradiometer [Analytical Spectral Devices (ASD)
FieldSpec]. The details of the estimation of CDOM using this
data set were presented in another paper [36], and this data set
was not used in this study.

The underwater measurements were conducted by the
ECOShuttle, a towed undulating vehicle based on the Nu-
Shuttle manufactured by Chelsea Instruments. The ECOShut-
tle carries multiple devices, including a SeaTech fluorometer
measuring the fluorescent dissolved organic matter. A WET-
Labs AC-9 multispectral absorption meter measures the total
attenuation and absorption coefficients at nine wavelengths.
The spatial resolution of our underwater measurements is very
high, and we consequently made a large data set containing
about 300000 samples. In addition, about 150 discrete water
samples supplied by ECOShuttle’s pumping system were also
collected and analyzed to calibrate the real-time underway
measurements. Complete details of the ECOShuttle system,
discrete sample analysis, field data calibration, and whole study
site map and tracks can be referenced from the earlier work
done by our team [36], [38], [41], [42].

C. Satellite Hyperspectral Images

The EO-1 Hyperion cloud-free image of the Atchafalaya
River plume regions was requested during fieldtrip date
September 4, 2007. We also acquired the image of the Missis-
sippi River plume on August 28, 2007, with 20% cloud cover
scattered in the image. Archived images for the Amazon River
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estuary (August 22, 2002) and the Moreton Bay in Australia
(July 7, 2001) were used as independent sites to test our
algorithms. Brando and Dekker have studied the water quality
of Moreton Bay and measured its in situ CDOM concentration
[16]. Their result is served as a reference to evaluate our
proposed algorithm.

D. Standard Data Set for Algorithm Testing

In this paper, the IOCCG synthetic data and NOMAD were
used for algorithm analysis and testing. The IOCCG synthetic
data consist of 500 water samples with most of the major IOPs
(absorption and backscattering coefficients for each ocean-
color components) and AOPs (R,s and r,.5) based on the
HydroLight simulation. NOMAD is an in situ data set, which
was collected and selected from 515 cruises during 1991-2007
and covering the global oceans. It provides 20 bands between
405 and 683 nm. Detailed descriptions of synthetic data and
NOMAD can be found in [23] and [43], as well as in the Web
sites of IOCCG and NASA.

III. METHOD
A. Image Preprocessing

The raw Level-1G (L1G) EO-1 Hyperion data were pre-
processed to retrieve water-leaving remote-sensing reflectance
[44], [45]. First, radiometric correction was performed, includ-
ing abnormal pixel corrections to minimize the problem of
periodic line dropouts, line striping, and random noise. Then,
atmospheric correction was conducted to compute total re-
flectance R,. Afterward, remote-sensing reflectance R, was
obtained from R; with the aid of HydroLight simulation. Fi-
nally, R, at four bands required by QAA-CDOM was derived
through interpolations.

1) Atmospheric Correction: Prior to atmospheric correc-
tion, the detector errors were corrected for the L1G Hy-
perion images, including fixing the random line dropouts,
destriping, and noise reduction [45]-[48]. Atmospheric cor-
rection was conducted using the Fast Line-of-sight Atmo-
spheric Analysis of Spectral Hypercubes module embedded
in ENVI. FLAASH is based on Moderate resolution atmo-
spheric Transmission and a spectral database. It has been fully
validated and widely used in hyperspectral remote sensing
[49]-[53]. In this paper, correction parameters, such as wind
speed (retrieved from National Climate Data Center), aerosol
type (maritime), atmospheric model (tropical), and initial vis-
ibility (40-60 km), either are from field measurement during
cruise [36] or set by the recommended values according to
the location and acquisition time of each individual image. In
addition, Hyperion’s all available bands (4262500 nm) are
used—this assures FLAASH to perform water and aerosol
retrievals more accurately. We tested different combinations of
these parameters within their reasonable ranges, and we ob-
served no apparent differences among the corrected images. Af-
ter the correction, the resulted spectra were compared with field
measured spectra by ASD. Image spectra exhibit typical water
spectral shape. The quality of atmospheric correction was tested
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by pairing up and comparing image-derived R; and in situ
above-surface spectra at the same locations. The discrepancy
becomes significant at 467 nm (band 12) and shorter. However,
the overall quality is good with a mean relative error of —1.4%
and an RMSE of 0.0063. At the four bands (436, 488, 559, and
641 nm) near those wavelengths used by QAA-CDOM, errors
are all below 10%. In addition, the F'-test ensured that field
spectra and image-derived spectra are not significantly different
for all visible bands (440-700 nm).

2) Retrieval of Remote-Sensing Reflectance: Surface re-
flectance, the reflectance at air—water surface, was removed
from the total reflectance to calculate R, (remote-sensing
reflectance), using [54]

Ry L, (0’ 90)

Rps(0,¢) = - 7, ey
where R, is the total reflectance at the zenith angle 6 and
azimuth angle ¢. R; can be obtained by either the direct mea-
surement of ASD [36] or the image output after atmospheric
correction. The second term L, (6, ¢)/Ey, the ratio of the
surface radiance (L,(6,¢)) to the downwelling irradiance
(Eq4), was simulated by the HydroLight radiative transfer nu-
merical model. The bottom effects were ignored since the water
in our study area was reasonably assumed to be optically deep.

3) Calculating R,s at Required Wavelengths: The required
bands for calculating R,s in QAA algorithm were interpolated
from the available bands in EO-1 images. The QAA requires
R, at 440, 490, 555, and 640 nm for the level-1 inversion and
R,s(410) at level 2 for separating a;(440) to apn(440) (ab-
sorption coefficient of phytoplankton pigments) and a4, (440).
However, the nominal wavelengths of Hyperion bands in the
corresponding range are 426, 436, 447, 488, 498, 549, 559,
and 641 nm. We determined ;s qaa in the following manner:
1) Ris_qaa(490) is linearly interpolated from its adjacent
available Hyperion bands at 488 and 498 nm; 2) R,s_qaa (555)
is linearly interpolated from the bands at 549 and 559 nm; 3)
Rys_qaa(640) is approximately equal to Ry myp(641); and
4) Ris_qaa(440) is determined by the average of its adjacent
bands R.s qaa(436) and R.s_qaa (447). We assigned a lower
weight to Ry typ(436) than a linear interpolation would do,
because the shorter wavelength bands of Hyperion have a lower
signal-to-noise ratio. As a result, R,.; required at four bands are
given by

Ris_qaa(490) =0.8Ruy 11yp(488) + 0.2Rys_p1yp(498)  (2)
Ris qana(555) =0.4Rus_p1yp(549) + 0.6Res_myp(559)  (3)
Rys_qaa(640) = Ry myp(641) 4)
Ris_qaA(440) = 0.5Rus_nyp(436) + 0.5 Res_pyp(447).  (5)

Note that, since R,;(410) is not required by our proposed
algorithm, we ignore it here.

B. QAA

Given either R, or r,4 as the input, QAA is able to retrieve
a, by, (backscattering coefficient of suspended particles), apn,
and agq, at any wavelength. Lee er al. [27] proposed this QAA,
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which mixes a set of well-known empirical, semianalytical, and
analytical models which have been fully studied and validated.
Later, Lee et al. [35] improved QAA’s empirical estimation
of a(555) (the total absorption coefficient), making it more
accurate and seamless, and then applied this algorithm to derive
euphotic zone depth. QAA does not require prior knowledge of
spectral shape of phytoplankton absorption coefficients, and it
has already been widely used in ocean-color inversions [23],
[55]-[57].

QAA includes three levels, namely, levels 0, 1, and 2; it
consists of ten steps. QAA’s initial inputs are either R, or r,.¢ at
five bands (410, 440, 490, 555, and 640 nm). The outputs at low
levels serve as the inputs at high levels. The major products of
level 1 are a(\) and by (\). At level 2, a(A) is further separated
into apn(A) and agqg(A). To derive a(440) from R,s(A), QAA
(Version 4) executes the following six steps.
Step 0) Estimating .5 ()

R,s(\)
T +~QR,s(\)
where 7' = 0.52 and v(@) = 1.7. For CDOM inversion, we

need to calculate 7,.4(440) and r,.5(555).
Step 1) Calculating u(\)

Trs ()\) - (6)

—g0 + [(g3 + 4glrrs(A)]0'5

291

u(N) = (7

where go = 0.0895, g1 = 0.1247, and u(\) is defined by

by(A)

“N = T T by

)
For CDOM inversion, we need to calculate % (440) and
u(555).
Step 2) Estimating a(555)

a(555) = @y (555) + 100 Fhx+hax® 9)
with
R,5(440) + R,-5(490
x = log ( )Rm(&m)( ) (10)
Ry5(555) + 27 7ag) Lirs (640)
where hg = —1.226, hy = —1.214, and hy = —0.35.
Step 3) Calculating by, (555)
u(555)a(555)
bpp(555) = ———————= — bpw(5H). 11
wl59) = TN 5. an
Step 4) Calculating by,,(440)
555
440) = 12
by (440) = by (555) <440> (12)
with
7rr5(440)
Y = 1-— — 13
Yo ( Y1 exp <y2 7 (555) )> (13)

where yg = 2.2, y; = 1.2, and yo = —0.9.
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Step 5) Calculating a(440)

(1 — w(440)) (byus (440) + by, (440))
1(440) '

a(440) = (14)

QAA also takes further steps to decompose a(440) into
apn(440) and ag4,(440). Those steps are not included here
because they are not used in QAA-CDOM.

C. QAA-CDOM Algorithm

QAA-CDOM is developed to modify several steps of QAA
and QAA-E to improve the algorithm compatibility for complex
riverine and estuarine waters. In our earlier study, the QAA-E
was developed to retrieve a,4(440) based on the relationship
between a,(440) and by, (555) or a,(440) and by, (555) [36],
[58], [59]. QAA-E includes two schemes. The a4-based scheme
decomposes a4, (440) into aq(440) and a4(440) using the rela-
tionship between by, (555) and aq(440). The a,-based scheme
decomposes a;(440) into a,(440) and a,4(440) using the rela-
tionship between by, (555) and a,(440). The two schemes were
compared and validated with two data sets: IOCCG synthetic
and our in situ spectral data. The results showed that the a,-
based scheme is slightly better for the in situ spectral data and
the a4-based scheme is slightly better for the IOCCG synthetic
data. We choose the a,-based scheme for the inversion of satel-
lite images for two reasons. First, ag-based QAA-E requires
R,s(410) as input, but this band of Hyperion is not calibrated
due to low detector response [60] and also not available for most
sensors of similar resolution (~30 m). Second, the a,-based
scheme can directly return a,(440) from the QAA-derived
a(440), while the ay4-based scheme needs an intermediate step
to decompose a(440) into apn(440) and ag4e(440) and then
further partitions ag4,(440) into a4(440) and a,4(440). In the
extra step, some empirical relationships and preset parameters
are used, such as CDOM’s spectral slope, which inevitably
introduces more uncertainties to the final result. Therefore, in
this study, we only test the a,-based QAA-E.

This new a,-based QAA-E algorithm with optimized pa-
rameters and functions of QAA is now called QAA-CDOM
algorithm. A significant contribution of QAA-CDOM is that
some of the equations and coefficients are modified to improve
QAA’s performance in complex waters using large data sets.
We will discuss the details in the next section.

Following QAA’s Step 5), to retrieve a,(440), QAA-CDOM
continues with the two steps as follows.

Step 6) Estimating a,(440)

a,,(440) = j1byy(555)72 (15)

where j; = 0.63 and j; = 0.88. The detail of evaluating

the two coefficients is presented in Section IV-C.
Step 7) Calculating a4 (440)

a4(440) = a(440) — a,,(440) — a,(440). (16)

Note that, in the aforementioned equations, the absorption

and backscattering coefficients of pure water can be set
according to QAA [27].
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IV. RESULTS AND DISCUSSION
A. In Situ IOPs, Ocean-Color Components, and Retrieved R,

The in situ IOPs, namely, a;(440), a;(555), by,(440), and
byp(555), along our track in the Atchafalaya estuary and plume
(latitude of 29.1° N-29.55° N) are shown in Fig. 2. a;(440) and
a(555) were directly measured; by, (440) and by, (555) were
calculated as 2% of the b(440) and b(555) [61]; and b(440)
and b(555) were calculated by b(440) = ¢(440) — a(440) and
b(555) = ¢(555) — a(555), respectively. The measured absorp-
tion coefficients show two facts.

1) The total absorption in freshwater and salinity-water
mixing area is much higher than that in open-sea water
and even higher than that in most of other estuarine
and coastal waters presented in the literature. The mean
a¢(555) in the Atchafalaya estuary is around 0.7 m~1,
which is higher than the maximum a;(555) in NOMAD
(0.6 m~! observed by only two samples). The measured
a;(440) is much larger than a,(555) [Fig. 2(b)], caused
by high CDOM absorptions at short wavelength. The
observed by, (440) and by, (555) are fairly close, indi-
cating suspended sediment-rich water, which has a slow
exponential decay of backscattering coefficients toward
longer wavelength.

2) The IOPs in the Atchafalaya River mouth have large
variability and complicated spatial distribution. For ex-
ample, a;(555) between 29.3° N and 29.5° N is in the
range of 0.4-1.5 m~! [Fig. 2(a)]. The broad range of
the absorption coefficients is consistent with other visible
bands, for example, a;(440) shown in Fig. 2(c4). This
high variability corresponded to the gradient of the ratio
of freshwater to salinity water.

The field measurement reveals that three major ocean-color
components, namely, nonalgal particles (represented by tur-
bidity in unit of Formazin Turbidity Unit (FTU)], chlorophyll
(mg/m?®), and CDOM (m~'), vary independently from one
another along Atchafalaya plume [Fig. 2(c)]. Overall, CDOM
shows a smooth decrease along the salinity ascending gradi-
ent. This monotonic change confirms that CDOM distribution
is terrestrial driven. Freshwater input from surrounding wa-
tersheds contributes dominantly over new CDOM production
from in situ biologic activity. Unlike CDOM, chlorophyll has
several local maxima and minima, which indicates that local
phytoplankton biomass production contributes to the level of
chlorophyll. The influence of local environmental conditions
to the level of nonalgal particles represented by turbidity
is even more abrupt, due to coastal and river morphology,
tributaries converging, even boat traffics, etc. In the region
29.20° N-29.26° N, CDOM and a;(440) both steadily rise,
whereas nonalgal particles and chlorophyll show more fluc-
tuation. This indicates that CDOM is the main contributor to
a;(440). However, closer to the river channel, the impact of
nonalgal particles on the total absorption coefficient increases,
according to the covariation of turbidity and a(440).

The scattering and absorption of the three optically signif-
icant in-water components determined the water-leaving radi-
ance. Fig. 2(d) plots the R, retrieved from Hyperion image
at four bands (440, 490, 555, and 640 nm) along the cruise
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Fig. 2. In situ measured and remotely sensed data along the Atchafalaya estuary and plume. (a) Original data of a¢(555). (b) at(440), at(555), by (440),
and by, (555), smoothed by median for each 0.001 latitude degree (~90 m). (c) Concentrations of ocean-color components (original without smoothing):
(c1) a(440) (m~1); (c2) sediments (FTU); (c3) chlorophyll (mg/m?3); (c4) CDOM (m~1). (d) Remote-sensing reflectance (four bands, namely, 440, 490,
555, and 640 nm, used by QAA-CDOM) retrieved from the EO-1 Hyperion image.

line in Atchafalaya River estuary and plume. The trend of
each band, low in the plume and high in the river, is similar
to the observations of IOPs and ocean-color components. The
crossing of R,s(555) and R,s(640) at the river mouth could
be caused by various reasons, for instance, the chlorophyll or
nonalgal particle maximum occurred. In fact, the chlorophyll
maximum was observed in Fig. 2(c). The chlorophyll and
nonalgal particles of high concentrations and spatial variation in
turbid estuarine regions make accurate CDOM inversion from
water-leaving radiance difficult.

B. Optimization of QAA for Coastal Waters

We evaluated QAA presented in (6)—(14) step by step and
modified some of the steps to minimize the CDOM estimation
uncertainty for coastal waters.

1) Evaluation of r,.s: At Step 0) of QAA, r, is estimated
from (6) with two parameters. One is T =t _t, /n?, and the
other is 7@, where ¢_ is the radiance transmittance from below
to above the surface, ¢, is the irradiance transmittance from
above to below the surface, n is the refractive index of water,
~ is the water-to-air internal reflection coefficient, and @ is the
ratio of upwelling irradiance to upwelling radiance evaluated
below the surface. QAA suggests 7'~ 0.52 and 7Q ~ 1.7
based on HydroLight simulation. In this paper, we refit R,.s and
s using [IOCCG synthetic data (7, is not available in our field
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Fig. 3. Adjustment of vQ used for predicting r,s from R,.s, using IOCCG
synthetic data. (a) RMSE between true and derived r,.s with different yQ) from
1.2 to 2.4. (b) RMSE averaged over 400-800 nm for each vQ). (c) Best vQ for
each wavelength.
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and NOMAD data sets. The new polynomial coefficients are hg = —1.169, h1 =

—1.468, and he = 0.273 with R2 = 0.94. (c) Adjustment of the relationship

between 7,5 and u. New equation is suggested by (18), by fitting all three data sets, with R? = 0.92. The three QAA’s curves are generated by using different
parameters: go = 0.0949 and g1 = 0.0794 for case 1 water, go = 0.084 and g; = 0.17 for coastal water, and go = 0.0895 and g1 = 0.1274 for the tradeoff.
(d) Adjustment of power decay between backscattering coefficients by, (440) and by, (555).

data and NOMAD), and we found that 1" = 0.52 does return the
lowest RMSE, but a better value for v() is 2.1. Fig. 3(a) shows
the RMSE of predicted 7,5 across the wavelength varies with
~v@Q (from 1.2 to 2.4). When (@ is as low as 1.2, RMSE at the
range of 450-650 nm is much higher than those at shorter wave-
length (< 450 nm) and longer wavelength (>650 nm), indicat-
ing that a given (@ gives rise to different errors at different
wavelengths. If we use the average RMSE of all wavelengths
(400-800 nm) to evaluate v, then Q) = 2.1 has the lowest
mean RMSE [Fig. 3(b)], i.e., the estimated r, is closest to true
r-s. Therefore, for converting R,s to 7,5, we suggest keeping
the value of 7" as in QAA but adjusting v@ to 2.1 to guarantee
the least error for r,.; across 400-800 nm. More accurately, the
best v can be identified for each individual wavelength as
shown in Fig. 3(c). Specifically, for the four bands (440, 490,
555, and 640 nm) used in QAA-CDOM, the best vQ values are
1.8, 2.0, 2.1, and 2.2, respectively.

2) Calibrating a;(555), u(555), and by,(440): At QAA’s
third step, a(555), which is empirically derived from (9), is a
critical variable. It is the basis for deriving other IOPs. Given
that a; = a — a,, (9) turns to

ay(555) = 10Mothixthax® (17)

Substituting hg = —1.226, hy = —1.214, and hy = —0.35 as
suggested by QAA, it is easy to find that (17) reaches its
maximum 0.67 as x approaches —1.734 [Fig. 4(a)]. That is
to say, the maximum a;(555) that can be derived from QAA
is 0.67 m~!. In practice, even 0.67 is unlikely to be reached,
because a value of y = —1.734 is almost impossible in real
natural waters. The range of  based on IOCCG synthetic data
is from —1.2 to 1.2 [line-filled area in Fig. 4(a)]. To obtain
x = —1.734 in (10), the required combinations of the four R,
are beyond the observed spectral range of natural waters. The
range of x based on NOMAD and our in situ data set together
(referred to as field data hereafter) is —0.8—1.2. In this range,
the maximum a,(555) returned by QAA is only about 0.3. This
value is much less than the field measured a;(555) in our study
site, particularly for extremely complex water in estuarine and
coastal regions. For instance, in the Atchafalaya mouth and
plumes, a;(555) has an average of 1.0 m~! and sometimes even
reaches values greater than 2.0 m~1.

The three coefficients used by QAAs (17) were derived
from synthetic data only. Three data sets, namely, the [IOCCG
synthetic data, NOMAD, and our in situ data, are aggregated
in Fig. 4(b). The sample dots illustrate the discrepancy between
synthetic data and field measurement data with respect to the
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a;(555)—x relationship. Based on those results, we recalibrated
the a;(555)— relationship using all three data sets. The coef-
ficients are adjusted to hg = —1.169, hy = —1.468, and hy =
0.274, plotted as a black line. The original QAA function fits
IOCCG synthetic data well (plotted as an orange line) where
x is in the middle of the range at around zero, but it underes-
timates a;(555) when Y is either small (in NOMAD) or large
(in in situ data). Using the three new coefficients, there is no
limit for the maximum a,;(555) retrieved from (17), but in the
field-observed range of y between —0.8 and 1.2, the maximum
a¢(555) is about 1.5 m~! [Fig. 4(a)]. Although we could not
validate the cases with y < —0.8, currently, our new coefficient
set is the best for the known field data of a reasonably large
range.

Next, we evaluate how well u(555) is predicted from
rr5(555) by (7) in QAA. QAA uses a second-degree polyno-
mial function, 7., = gou + g1u2, to describe the relationship
between u and 7,s. This function was originally obtained by
least squares regression of Monte Carlo simulated data [62]
and works generally well for modest water cases. However, we
found that it only fits the simulated data (IOCCG synthetic) well
but poorly if we aggregate all three data sets together, particu-
larly for those measured data sets (NOMAD and our in situ),
so a new finer function is proposed to describe all data sets

_ k1
kOTrs()\) ) (18)

ud) =1 - exp <0.31 — (V)

where 0.31 ~ 1/7 is the idealized maximum of r,, in the
extreme case that almost all incident irradiance is reflected [63],
and ko and k; are two new coefficients to replace gy and g,
respectively. We can imagine water in this case as very shallow
with bottom albedo close to one. For deep and extremely turbid
water, we can imagine two ideal cases. First, water is extremely
turbid containing perfect “white” particles with b, being much
greater than a, and hence, w = b,/(a + by) approaches one
resulting in r.s = 1/m. Second, water is extremely turbid con-
taining perfect “black” particles with a being very high and
much greater than by, and u = by/(a + by) approaches zero
resulting in 7.4 = 0. Equation (18) guarantees the aforemen-
tioned two boundary cases, so it is more robust than the QAA.
In QAA, when r, is close to 0.31, QAA’s function generates an
invalid u, greater than one. Fitting (18) with the three entire data
sets (synthetic, NOMAD, and our field data) gives ky = 6.807
and k; = 1.186 with R? = 0.92 [Fig. 4(c)]. Note that gy and g,
used by QAA actually are the tradeoff between oceanic case 1
water and coastal water. Their values are from the average
of Gordon’s values for case 1 water (go = 0.0949 and ¢g; =
0.0794) and Lee’s values for coastal water (go = 0.084 and
g1 = 0.17) [27]. We also tested the two original parameter sets.
The relationships between u(555) and r,5(555) described by
all three parameter sets are similar. They only fit the IOCCG
synthetic data well but do not fit the in siru data (NOMAD and
our in situ) as well as our proposed (18).

We then assessed the accuracy of the inverted by, (440) va-
lues, which are calculated from the power function of backscat-
tering coefficients as expressed in (12). Based on the measured
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by (440) and by, (555), the relationship between the measured
Y, calculated by Y =log(bs,(440) /by, (555))/ log(555/440),
and r,5(440)/7,5(555) is plotted in Fig. 4(d). As 7,5(440)/
rrs(555) increases, Y trends toward 1.9, instead of 2.2, as
QAAs predicted. However, for turbid waters such as that in the
Atchafalaya River, the range of measured r,.4(440) /7,5 (555) is
quite narrow within 0.2-0.4, and the results are not sensitive
to the parameter Y. Given that Y is a power of the base
(555/440 = 1.26), Y will not lead to a big difference in the
calculation of by, (440). Moreover, Y is listed as the second-
order importance in QAA [27], and we decided to keep QAA’s
(13) and its coefficients unchanged in QAA-CDOM.

C. Inversion of a,(440) With QAA-CDOM

The key step of the a(440) decomposition is to examine
the relationship of a,(440) versus by,(555) and determine the
two coefficients j; and jo. The suggested values based on
synthetic and our in sifu data were given in (15) [36]. Here,
we added the NOMAD to the previous data set to verify these
relationships and refit their coefficients. Fig. 5 shows that all
a,(440) and by, (555) are well correlated—they have similar
slopes 71, but the interception js shifted (R? = 0.88). Since we
have shown that j; and j, are not of primary importance, we
made an approximate fitting with respect to the three data sets
and then established the a,—by, relationship in QAA-CDOM
as (15). The equation satisfies our previous conclusion that j;
and jo are not sensitive to the final a,(440) prediction when
0.5 < j1 <8.5and 0.8 < 73 < 2.0 [36].

a4(440) was inverted from EO-1 Hyperion image by (16)
using the aforementioned calibrated intermediate variables. The
inversion result clearly shows the expected distribution and
gradient of CDOM from the lower Atchafalaya River channels
(latitude of 29.48° N) to Atchafalaya estuarine and plume
regions (latitude of 29.1° N) [Fig. 6(a)]. CDOM is high, close
to inland Morgan City, LA. The high CDOM maintains through
the estuarine wetland and then started decreasing toward the
bay. The lowest CDOM occurs at the end of the plume. The
image captured broadly ranged CDOM concentrations from
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Fig. 6. Spatial distribution of a4(440) in Atchafalaya estuary and plume
regions. (a) Whole scene. (b) River mouth. (c) Morgan City and Flat Lake.
Note that the results are smoothed by a 3 X 3 mean window.

0.01 m~! (at the far end of the plume) to 8.2 m~* (in inland
river water).

Fig. 6(b) and (c) shows the same image zoomed in the chan-
nel at the river mouth and near Morgan City to show detailed
gradients. In the mouth region, a,(440) varies from 0.05 to
3.5 m~!. An apparent decrease of a,(440) across the plume
direction is due to the seawater of low CDOM concentration
from Fourleague Bay (in the west of the river mouth) intruding
into the CDOM-rich freshwater from the river. The CDOM
inversion around Morgan City is also consistent with the mea-
surements [Fig. 6(c)]. At upper Morgan City, the six-mile lake
through Stouts Pass and the Flat Lake through the Drews Pass
merge into the lower Atchafalaya River, carrying a large amount
of CDOM originated from nearby wetland ecosystem. As a
result, a4(440) in the main channel below the merging point
was relatively higher than those in waters at either the upper
river or the lake. When the river passed by Morgan City, the
a4(440) decreased slightly due to the low CDOM production
in urban area and degradation of the existing CDOM loading.
The CDOM absorption in Flat Lake shows an irregular pattern
which might be caused by autochthonous sources, such as
floating or subsurface algal there. The image was acquired in
summer, when the algal is productive in lentic water (lakes or
impoundments).
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D. Validation and Uncertainties

Fig. 7(a) plots the inversion-derived a,(440) versus the
measured one. The accuracy is evaluated by RMSE and error
calculated from the following two equations:

RMSE
1 n 0.5
= | 55 22 Mg (a5 (440):) — Tog (a2 (440), )
=1
(19)
error
1 n ’ag (440)?erived —ay (440)%\/Ieasured|
- E Z a (440)Measured x 100%.
i=1 g 7
(20)

In (19), a4 and a,o are derived a,(440) and measured
a4(440), respectively. Within an image pixel (30 m x 30 m),
there were approximately 10-50 in situ data points measured,
depending on the instrument setting and vessel speed at that
time. All in situ measures within this pixel are averaged as
the ground truth corresponding to the pixel. We then derived
RMSE = 0.115 and error = 25.8% for n = 362 samples. To
observe the association of estimation discrepancy and location,
Fig. 7(b) plots measured and retrieved CDOMs along our cruise
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Fig. 8. Spatial distributions of a4 (440) in three sites: (a) Mississippi River
plume, (b) Amazon estuary, and (c) Moreton Bay. Note that black areas
are nonwater features—being either land or cloud. (d)—(f) Their respective
Hyperion pseudocolor images.

TABLE 1I
COMPARISON OF DERIVED AND MEASURED a4 (440)
(IN PER METER) IN FOUR SITES

Site Derived Measured
Min Mean Max Min Mean Max
Atchafalaya 0.6 1.4 4 0.8 1.62 3.6
Mississippi 0.04 0.08 0.4 0.07 0.11 0.6
Amazon 1.8 4.2 8.6 N/A ~3.8 N/A
Moreton Bay 0.15 0.45 0.8 0.13 N/A 0.75

track in the Atchafalaya River and plume, decreasing from 4 to
0.6 m~! toward downstream. The inversion result shows the
same general trend as in situ measurement. Compare with the
ground truth, the derived CDOM was slightly underestimated
in estuarine area (~29.3° N-29.4° N). This is likely due to
the complex mixture with chlorophyll and nonalgal particle
mixture in this region [see Fig. 2(c)]. The spatially dramatic
change of in-water optical constituents and the lack of covari-
ation between them lead to uncertainty in CDOM estimation.
Other uncertainties may come from bottom effect and QAA
algorithm itself [64], and therefore, we need to carefully treat
the water that is very close to banks or coasts.

QAA-CDOM was also tested for low-CDOM waters
(ay(440) < 1 m™') by using IOCCG synthetic and NOMAD
data. The results (RMSE = 0.38 and R? = 0.72) indicate that
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it works well for those low-CDOM waters which usually occur
in open sea. The QAA-CDOM algorithm was further applied
to three other regions, namely, the Mississippi River plume, the
Amazon River estuary, and Moreton Bay. The inverted a,(440)
was evaluated by the distribution pattern and value ranges, see
Fig. 8 and Table II. In the area from the far end of river mouth
to the open sea, which coincides with our cruise track, the
measured CDOM varies from 0.07 to 0.6 m~!, while the image-
derived a,(440) is about 0.04-0.4 m~*. These values are quite
close. The inverted a,(440) in the Amazon River estuary is in
the range of 2-8 m~!, and some extremes may reach 13 m~*.
We did not collect in situ data in this site, and the result was
compared with published field measurements in the Amazon
area [65], [66] in Table II and satellite products of the Coast-
Colour Project (http://www.coastcolour.org/site_21.html). The
mean of inverted CDOM is close to the field measurement, and
the gradient and range are coincident with published Medium
Resolution Imaging Spectrometer (MERIS) inversion. The re-
gion of the Amazon River estuary is near the equator and flows
mostly through tropical rainforests. The vegetation coverage of
its watershed is greater and denser than that of the Atchafalaya
River, and consequently, CDOM concentrations in the Amazon
are expected to be greater than those in the Atchafalaya in the
same season (both EO-1 images are collected in summer). The
results of inverted ay(440) concurred with this expectation.
The results in Moreton Bay also fall within a sensible range.
According to published field measurements [16], CDOM in this
bay ranges from 0.13 to 0.75 m~'. CDOM that was retrieved
by QAA-CDOM ranges from 0.15 to 0.8 m~!. The measured
CDOM in January and that derived in July are from different
seasons, which can lead to the discrepancy on field CDOM.
However, because Moreton Bay is very close to tropic with
only 10 °C dropping from January to July, vegetation there is
almost subtropical evergreen. In addition, the river discharge
around this bay is low and also varies little due to steady
precipitation. It is reasonable to assume that CDOM in this bay
area would not vary significantly. Moreover, our results reveal
a wider variation of ag(440) in this larger area. For example, at
the image upper right corner, CDOM in seawater is as low as
0.07 m~!, while at the lower left corner in the mouth of North
Pine River, CDOM is apparently higher than that in the bay. The
previous CDOM inversion by Brando and Dekker (2003) used
matrix inversion method (MIM) algorithm and encountered
some negative a,(440) in the resultant images. This implies
that the MIM method, or some of its coefficients, may not be
suitable for retrieving CDOM in relatively deep clear water,
while QAA-CDOM overcome this problem and resulted in
all positive a,(440) values. Due to a calibration based on a
wide range of CDOM absorption, QAA-CDOM is reasonably
robust with both CDOM-rich and CDOM-poor water.

V. SUMMARY AND CONCLUSION

Our in situ measurements, satellite images, and algorithm de-
velopment have been focused on estuaries and river-dominated
coastal margins where bio-optical and biogeochemical proper-
ties are more complex than those in other coastal regions and
open-sea waters. The complexity is due to large freshwater
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input and freshwater/salinity-water interaction. We conclude
our findings in four major aspects: 1) complexity of CDOM
distribution pattern in estuarine water; 2) challenges to current
ocean-color algorithms; 3) highlights of QAA-CDOM inver-
sion algorithm; and 4) advantages and concerns of using Hyper-
ion satellite images for studying river ecology.

First, high-resolution in sifu measurements are necessary
to map and to understand the spatial variations of the major
ocean-color components CDOM, phytoplankton, and nonalgal
particles in estuarine water and river plume areas. The CDOM
spatial distribution changes according to complex hydrodynam-
ics in lotic river systems and various sources controlled by the
drainage watershed characteristics, such as wetland areas and
vegetation type and density, and tidal interactions. The range
of CDOM concentrations could be two orders of magnitude
broader than that in open seas. The dramatic changes of CDOM
from freshwater to salinity water along rivers and river plumes
convinced the advantages of using the high-resolution in situ
measurements over stationary IOP observation, particularly for
the purpose of developing or validating new ocean-color inver-
sion algorithms.

Second, the decomposition of ag44 so as to derive CDOM
absorption (ay) is a critical procedure for estuary water which
has a high level of spectral interferences from chlorophyll and
sediments. The proposed QAA-CDOM algorithm partitions
a; to ay and a, using a semianalytical absorption—scattering
relationship. The algorithm development relied on our intensive
high-resolution in situ bio-optical measurement in river plume
area and extensive global ocean-color validation data sets. In
the Atchafalaya river region, the CDOM inversion with an EO-1
Hyperion image achieved the accuracy of R? = 0.73 and
RMSE = 0.115. This advancement over the conventional
ocean-color algorithms is particularly significant for river-
dominated coastal margins.

Third, compared with other CDOM inversion algorithms,
the advantages of QAA-CDOM are as follows: 1) It does not
require presetting prior parameters, such as specific chlorophyll
absorption, and spectral slopes of CDOM and nonalgal parti-
cles; 2) it does not use the short wavelength band at 410 nm,
which often has low signal-to-noise ratio; and 3) it is robust
and fast and, hence, feasible for the inversion of a large amount
of satellite images. In addition, all intermediate variables be-
tween R, and a,4(440) are examined in this study. Therefore,
QAA-CDOM can be used to retrieve intermediate variables
accurately, such as a;(555), by (440), and a,(440). The derived
a,(440) can be further used to retrieve the optical properties of
chlorophyll and nonalgal particles, ap,(440) and a4(440), for
example, using QAA’s steps 7-10 [27].

Finally, the availability of hyperspectral and high-resolution
satellite images opens a potential research area of using remote
sensing to monitor the land—water dynamics associated with
hydrological connectivity and estuarine processes. The advan-
tages of using EO-1 Hyperion images (the best available space-
borne imaging spectrometer at 30-m resolution) are its narrow
bands and spatial resolution. The narrow contiguous bands
allow accurately locating the absorption or scattering wave-
lengths that are the most significant to the ocean-color compo-
nents in coastal regions. Spatial resolution made it possible to
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observe riverine CDOM distribution. However, it does require
special attention for the facts that Hyperion short wavelength
(440 nm) leads to some artifacts and uncertainties in the resul-
tant a,4(440) images. We expect to test other hyperspectral sen-
sors, which were reported to have better spectral quality at short
wavelength, for example, the MERIS or Compact High Resolu-
tion Imaging Spectrometer—Project for On-Board Autonomy.
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