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Inland waters are known to be laden with high levels of suspended particulate matter (SPM). Remotely
sensed data have been shown to provide a true synoptic view of SPM over vast areas. However, as to date,
there is no universal technique that would be capable of retrieving SPM concentrations without a complete
reliance on time-consuming and costly ground measurements or a priori knowledge of inherent optical
properties of water-borne constituents. The goal of this paper is to present a novel approach making use of
the synergy found between the reflectance in the visual domain (~ 400-700 nm) with the near-infrared por-
tion of the spectrum (~ 700-900 nm). The paper begins with a brief discourse of how the shape and spectral
dependence of reflectance is determined by high concentrations of SPM. A modeled example is presented
to mimic real-world conditions in fluvial systems, with specific absorption and scattering coefficients of the
virtual optically active constituents taken from the literature. Using an optical model, we show that in the
visual spectral domain (~ 400-700 nm) the water-leaving radiance responds to increasing SPM (0~100 g m®)
in a non-linear manner. Contrarily to the visual spectra, reflectance in the near infrared domain (~ 700-900
nm) appears to be almost linearly related to a broad range of SPM concentrations. To reduce the number of
parameters, the reflectance function (optical model) was approximated with a previously experimentally
verified exponential equation (Schiebe et al., 1992: Remote sensing of suspended sediments: the Lake Chi-
cot, Arkansas project, Int. J. Remote Sensing, 13, 8, 1487-1509). The SPM term in Schiebe’s equation was
expressed as a linear function of top-of-atmosphere reflectance. This made it possible to calibrate the reflec-
tance in the visual domain by reflectance values from the near-IR portion of the spectrum. The possibility to
retrieve SPM concentrations from only remote sensing data without any auxiliary ground mea-surements is
tested on a Landsat ETM + scene acquired over a reservoir with moderately turbid water with SPM concen-
trations bet\éveen 15-70 g m™. The retrieved concentrations (on average) differ from in-situ measurement by
~10.5gm~.
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Milan Onderka, Marek Rodny, Yvetta Veliskova: STANOVENIE KONCENTRACIE SUSPENDOVA-
N\:{CH LATOK PROSTREDNICTVOM KALIBROVANEHO MULTISPEKTRALNEHO SATELIT-
NEHO ZOBRAZOVANIA. J. Hydrol. Hydromech., 59, 2011, 4; 64 lit., 4 obr. 1 tab.

Ciel'om prispevku je prezentovat’ alternativne spracovanie satelitnych snimok na odhad koncentracie
suspendovanych sedimentov vo vodnych Gtvaroch. Prva ¢ast’ ¢lanku sa venuje tedrii a fyzikéalnej podstate
reflektancie a vplyvu prirodzene sa vyskytujlcich opticky aktivnych prvkov vo vode (suspendované se-
dimenty, pigmenty a rozpustené latky) na reflektanciu snimanl prostriedkami dial’kového prieskumu
Zeme. Na modelovom priklade sme ukézali, ze so zvysovanim koncentracie suspendovanych latok
dochadza k saturacii signalu reflektancie.V druhej ¢asti prispevku sme opisali spdsob vyuzitia nelinear-
nosti vztahu medzi reflektanciu vo viditelnej ¢asti (~ 400-700), a kvazi-linearitov v infragervenej casti
(~ 700-900 nm) elektromegnetického spektra a koncentracie suspendovanych sedimentov. Optima-
liz&ciou tohto nelineédrneho vztahu sme odhadli koncentrdcie suspendovanych sedimentov pre zdrz
Hrusov pri Bratislave s RMSE 10.5 g m™.

KIUCOVE SLOVA: samokalibrécia, suspendované sedimenty, saturacia, optimalizacia.
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1. Introduction

Monitoring of soil erosion and the subsequent
transport of suspended sediments in fluvial systems
is important for our understanding of the Earth’s
crust evolution (Chakrapani, 2005; Syvitski et al.,
1998), siltage of waterways (Sanjay and Pratap,
2002), biogeochemical cycling of pollutants and
nutrients (Viers et al.,, 2009; Chakrapani, 2005;
Klaver et al., 2007; Karbassi and Moattar, 2006),
and modeling of photosynthetically available light
for submerged aquatic vegetation (Gallegos, 2001;
Kelbe et al., 2005; Christian & Sheng, 2003). At
present, impacts of suspended matter carried by
rivers are still poorly monitored, especially in large
or remote areas. The transport of suspended matter
in inland waters and estuaries is conventionally
assessed from field sampling campaigns that are
carried out only in sparse locations and in limited
sampling intervals. The problem of poor spatial
representativeness of such point measurements,
inaccessibility of remote sites, and logistic issues
encountered with field work, can be relieved by
remote sensing. Numerous investigators report that
earth-observing satellites and air-borne sensors can
be used for retrieving and possibly also monitoring
suspended sediments over vast areas (e.g. Doxaran
et al., 2009; Wang et al., 2007; Warrick et al., 2004;
Kloiber et al., 2002; Giardino et al., 2001; to cite
only a few). Suspended particulate matter (SPM) in
surface waters can therefore be envisioned as a
natural tracer detectable by remote sensing plat-
forms.

The scientific literature refers to two approaches
that are commonly adopted in the retrieving of sus-
pended particulate matter from remotely sensed
data: (i) empirical techniques based on relating
image-derived quantities (e.g. reflectance or radi-
ance) against field measurements of SPM conduct-
ed coincidently with a satellite’s overpass; and (ii)
physical models based on radiation transfer model-
ing, also known as the “bio-optical” models (e.g.
Bukata et al., 2004; Mishra 2004; Doxaran et al.,
2002a, b; Dekker et al., 2001). Although empirical-
ly derived relationships between reflectance and
ground-truth data are attractive in terms of their
computational simplicity, a serious constraint of
this approach is that field measurements of SPM
are not always available with sufficient quantity
and quality. A considerable amount of optical di-
versity has been observed among different geo-

graphical regions with their intrinsic geology and
land-use practices (Mélin et al., 2009; Bukata et al.,
2004; Bukata et al., 1997; Decho et al., 2003).
Therefore, the main limitation of all empirical
models is that variations in atmospheric conditions
and optical properties of water preclude their use at
locations other than the site for which they were
proposed. On the other hand, bio-optical models are
capable of relating inherent optical properties of
water coloring constituents (IOPs, i.e. absorption
and backscattering coefficients) to remote sensing
reflectance. These models generally require
knowledge of the IOPs; which is the constraint
common to all bio-optical models, since IOPs may
not be a priori known (I0CCG Report, 2000; Liu et
al., 2003; Ouillon et al., 2008). Regardless which
method (empirical or bio-optical) is used, both are
site-specific, time-dependent, in other words:
“unique to each body of water” (Liu et al., 2003).
The fundamental question that needs to be ad-
dressed is: “How can we tackle the problem of un-
available ground-truth data for direct image calibra-
tion or in-situ (or laboratory) measurements of in-
herent optical properties required by bio-optical
models”? The fact that, so far, there is no generic
algorithm for quantifying suspended particulates
from remotely sensed data, new and innovative
approaches are needed. The aim of this paper is to
introduce a simplistic technique by which concen-
trations of suspended matter would be retrieved
from multispectral sensors without ground mea-
surements — i.e. using only image-derived infor-
mation. This is achieved by making use of the non-
linearity between reflectance and SPM in the visi-
ble spectral domain (~ 400-700 nm), and linearity
in the near-infrared domain (~ 700-900 nm). The
paper begins with a brief discourse on how reflec-
tance (remote sensing reflectance and top-of-
atmosphere reflectance) is modulated by the pres-
ence of various water-borne substances (colored
dissolved organic matter —-CDOM; suspended par-
ticulate matter — SPM; and chlorphyll-a), and water
itself. This relationship is then approximated with a
simplified function introduced by Schiebe et al.
(1992) to reduce the number of parameters. The
principles of the technique and the effect of signal
saturation in the visible domain are explained first
with an example using a Landsat ETM+ scene ac-
quired over a moderately sediment-laden reservoir.
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2. Data and methodology

The signal recorded by a remote spectral sensor
(a satellite sensor) is recorded at discrete levels
referred to as “digital numbers” — DNs. To obtain
physically meaningful quantities, digital numbers
have to be converted into top-of-atmosphere radi-
ance Lyoa(4). A typical equation (indicated for
Landsat platform; NASA Landsat handbook) used
for this procedure is:

Lroa(24)=DN;xGain + Offset, (1)

where Lroa(A) is the total radiance recorded by the
satellite sensor in a given spectral band [mW cm™
sr't um™], DN(A) - the digital number in the given
spectral band (dimensionless); Gain and Offset are
constants specific for the used sensor. To account
for the variability in exo-atmopheric irradiance,
Ltoa(A) is converted to the top of atmosphere re-
flectance Rroa(4) as:

_ 7lron(4)
Eoyodcos6

Rroa(2) ()

where Eeo is the exoatmospheric solar irradiance
[mMW cm? um™], d — the Sun-Earth distance (in
astronomical units) calculated for the data of image,
and 6 is the solar zenith angle. The top-of-
atmosphere reflectance Rroa(4) can be partitioned

into its individual components (Gordon and Wang,
1994) as:

Rroa(2)=Rr(%4)+ Ry (A)+ Reen (1) +
R*(2) , (3)

A(2)Ry(2)

where Rroa(4) is the top-of-atmosphere reflec-
tance (dimensionless) for a given wavelength (or
i-th spectral band of a satellite sensor); the collec-
tive term [Rr(2) + Rm(A) + Rren(2)] is the reflectance
produced by the atmosphere resulting from Ray-
leigh and Mie scattering on gas molecules and aero-
sols and reflection from the air-water interface [col-
lectively denoted as R™(2)]; and Ry(4) — the remote
sensing reflectance; and t(A) is the diffuse transmit-
tance of the atmosphere.

Optical theory shows (Morel and Gentili, 1993;
Gordon et al., 1988) that Ry is directly related to
irradiance reflectance R(0-) through a corrective

term accounting for the refraction and reflection
phenomena of the air-water interface:

o _ 1-p)(1-P) RE-) @
" n2@-rm-) Q

where n is the refractive index of water (= 1.34); p

— the internal Fresnel reflectance (= 0.021); p -
the air-water Fresnel reflection at the interface (~

0.04). r — the water-air reflection (= 0.48); Q (s r)
— a geometric parameter accounting for bidirection-
al effects (Morel and Gentili, 1996) defined as the
ratio of the upwelling irradiance to downwelling
radiance, and takes values between 3.1 and 5.6. The
irradiance reflectance R(0-) is a function of the total
absorption coefficient a(4) and backscattering coef-
ficient by(1) for a given wavelength (Gordon et al.,
1988):

f M (5)
a+by(2)’

where f is a coefficient primarily depending on

illumination geometry (~ 0.33 for the Sun at zenith

and for various types of waters, Morel and Prieur,

1977).

R(0-)=

Inherent optical properties

Total inherent optical properties of a water body
(I0OPs) can be expressed as a linear combination of
I0Ps characterizing each of the optically active
constituents:

a(1)=a,(4)+ayap(%)+acpom (4)+ ph (2).
(6)

bb(’l)zbbw(}”)'i'bbNAP(’l)"'bbph(l)v (7)

where subscripts w, CDOM, ph, and NAP, denote
water, yellow substances (colored dissolved organic
matter), phytoplankton, and non-algal particles,
respectively.

Absorption by chemically pure water (ay) in-
creases with wavelength (for tabulated continuous
Vis-NIR spectra see e.g. Pope and Fry, 1997; Smith
and Baker, 1981; Morel, 1974). Absorption by col-
ored dissolved organic matter (CDOM) exponen-
tially decreases with wavelength. Bricaurd et al.,
(1981) investigated several rivers differing in the
content and origin of CDOM. Their study revealed
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that absorption by dissolved substances can be real-
istically expressed as:

acpom (/l) = Ccpom (440)
eXp(_SCDOM (A- 440))'

where acpom(440) is absorption [m™] by CDOM at
the reference wavelength of 440 nm, and Scpom iS
the spectral slope coefficient [nm™]. Experimental
work has revealed that the slope scpom Varies be-
tween 0.01-0.03 nm™, and a mean value of 0.015
nm™ can be taken representative of a variety of
waters (Binding et al., 2005; Jerlov, 1968; Kirk,
1976; Bricaurd et al., 1981). For illustration, in
oceanic waters and oligotrophic waters acpom(440)
may be well below 0.15 m™: while in coastal and
inland waters acpom(440) usually exerts higher
values.

Absorption by suspended non-algal particles
(NAP) decreases with increasing wavelength.
Bowers and Binding (2006) proposed the following
relationship for calculation of the absorption by
NAP:

aynp (1) = aap (440)exp(~syyup (1-440)),  (9)

where swa is the slope coefficient [nm™],
a nap(440) is the specific absorption coefficient
measured at the reference wavelength of 440 nm,
mean values of syap are around 0.012 nm™.

Absorption by phytoplankton ayn(4) cannot be
expressed analytically for the entire vis-NIR region;
but its spectral dependency can be inferred from
either tabulated values or from graphical presenta-
tions. For the subsequent simulations, we used the
absorption and backscattering spectra for phyto-
plankton reported by Lahet et al. (2000). apn(4) and
bopn(4) were calculated for chlorophyll-a concentra-
tions of 10 mg m>.

Scattering by particulate matter (non-algal -
NAP) can be conveniently expressed as scattering
per unit concentration — b'yap(4) [Mm? '], which is
known as the mass specific scattering coefficient.
The spectral dependency of particulate scattering
can be written as:

©)

n
buap (1) = NAP X by ap (555)[5—25] , (10)

where the exponent may vary between 1 and 2
(Gallegos et al., 2005), and depends on the particle
size distribution, density and refractive index of
suspended particulates. The mass specific scattering

coefficient of NAP varies geographically; e.g. in
the Thames estuary b yap(4) = 0.22 m?g™, and 0.56
m? g along the Alaskan coast (Babin, 2003). The
value of b'yap is determined by the granulometric
composition, particle density, refractive index and
the ratio of the mineral and non-mineral compo-
nents (Bowers et al., 2009). For the subsequent
simulations, we used a mean value of 0.5 m? g'l to
represent a realistic situation in in-land Case-lII
waters. Because Eq. (7) requires knowledge on the
backscattering coefficients rather then scattering
coefficients, the scattering coefficients must be
corrected by the Petzold (1972) scattering phase
function, which was experimentally defined as the
ratio of b(A)/by(A) = 0.019 in turbid waters of San
Diego Harbor, CA, USA. Since scattering on water
molecules is isotropic, the backscattering coeffi-
cient of water by, (4) is assumed to be equal to one-
half of the total scattering coefficient b, () of pure
water. Values of b,(2) were taken from Smith and
Baker (1981).

The shape of remote sensing reflectance

The foregoing simulation of remote sensing re-
flectance Rys is intended only to illustrate its shape
across the visible and near-infrared spectral do-
mains. An example generated from synthetic data is
simulated for 500-900 nm. The absorption and
scattering coefficients of the individual coloring
components were adopted from the literature. SPM
is allowed to increase from 0 to 100 g m™. Magni-
tudes of the absorption and scattering coefficients
were chosen to mimic a realistic situation in inland
mesotrophic waters, i.e. acpom(440) was set to 0.5
m™ and b'yae = 0.5 m?g™. Eq. (4) and Eq. (5) was
used to calculate Ry, with total backscattering and
absorption coefficients calculated according Eqg. (6)
through Eq. (10). The Sun is assumed to be at ze-
nith, and the geometric and illumination parameters
in Eq. (4) are set as follows: Q = 3.1; f = 0.33;

(1-p)(1-p)

n2

As concentrations of SPM increase, R, increases
non-linearly in the visual domain (Fig. 1; 500 and
600 nm). At longer wavelengths (850 nm is
shown), Ry responds to increasing SPM in almost a
perfectly linear manner. The wavelength dependen-
cy of Rs appears to be pronounced in shorter wave-
lengths, where Ry tends to flatten out at elevated
concentrations of SPM. This effect has been report-
ed in a number of studies, and is often referred to as

~ 0.54, (Doxaran et al., 2002a, b).
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asymptotic “saturation” (Dekker et al., 2011; Doxa-
ran et al., 2002a, b; Doxaran et al., 2004; Han et
al., 1996; Schiebe et al., 1992). Therefore, in highly
turbid waters the recorded signal may be relatively
insensitive to small changes in SPM above a certain
limit (depending on the backscattering coefficient
of suspended matter). By contrast, longer wave-
lengths (> 700 nm) appear to be almost linear as
shown in Fig. 1b). The near-infrared region of
wavelengths (~ 700-900 nm) is therefore deemed
as the most suitable option for remote sensing over
turbid waters due to its almost linear response to
SPM and minimum reflectance produced from wa-
ter and CDOM (Mishra, 2004; Dekker et al., 2001;
Shalles et al., 2001; Talk et al., 2000; Han et al.
1996).

0.05
O 500 nm
o 600 nm
O 850 nm
0.04 A

—— Fitto Eq.11(500 nm)
—— Fitto Eq.11 (600 nm)
—— Linear (850 nm)

0.00 = T T T
0 25 50 75 100

SPM (g m®)

Fig. 1. Response of remote sensing reflectance R to increasing
concentrations of SPM (g m™) for three wavelengths: 500 nm
(blue circles), 600 nm (yellow rectangles), and 850 nm (black
rectangles), calculated from Eq. (4). Inherent optical properties
were set as: acpom(440) = 0.5 m™; b'yap = 0.5 m? g*; absorp-
tion and backscattering coefficients of phytoplankton were
taken from Lahet (2000). Approximation of the R, was done
by Eq. (11).

(2)+B(2)x RTOA(NIR))

Approximation of the remote sensing reflectance —
RI’S(A‘)

It is obvious that the determination of the spec-
tral shape would require knowledge on the inherent
optical properties of water; which are a priori un-
known. For this reason Eg. (3)-(4) can not be in-
versely solved to retrieve SPM from remotely
sensed reflectance. To achieve a reduction in the
number of parameters, in the subsequent analyses
we will use a simplified empirical model devised
by Schiebe et al. (1992) to approximate Eqg. (4):

Ris(2)= B(ﬂ,)ll—exp(—z?—%ﬂ,

where Rys(1) is the remote sensing reflectance, B(4)
— the asymptotic value of Rs(1), SPM — the concen-
tration of suspended sediments [g m™], S(1) — the
saturation concentration of SPM for a given wave-
length [g m™].

The asymptotic value B(2) is the reflectance that
would be theoretically produced under conditions
of extremely high levels of SPM. The “saturation
concentration” — S(A) can be understood as a con-
centration at which the produced reflectance is ap-
proximately 1-e* or approximately 63 % of the
asymptotic value — B(4).

From the above discourse and the simulation of
Ris(2) for the near-IR domain (Fig. 1) we can con-
sider the relationship between R.(1) and SPM as
linear. It should be noted here that our simulation of
remote sensing reflectance Rys(4) presented in Fig. 1
was made for “known” concentrations of SPM and
I0Ps of all constituents. Nevertheless, the fact that
Rroa(1) can replace Ry(4) is obvious from Eqg. (3)
according to which Rroa(4) increases with Ry(A)
linearly, and hence for the near-IR domain SPM
can be expressed as a function of Rroa(4):

SPM = 0(1)+ B(A)% Rroa(4),

(11)

(12)

where Rroa(4) is the top-of-atmosphere reflectance
in the near-IR portion of the spectrum; a(4), (1)
are optimized parameters (see the text below).

Then, combing Eg. (3) with Eq. (11) and Eq.
(12) we obtain Rroa(4) in the following form:

CroalA) =R (4)1(2)8() -0

5()

, (13)
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where Rroa(4) is top-of-atmosphere reflectance (in
the visual domain), R™ (1) involves the contribution
of the atmosphere to the top-of-atmosphere reflec-
tance (in the visual domain) and reflection of sky
light off the water surface (see Eq. (3)); Rroa(NIR)
is top-of-atmosphere in the near-IR domain, a(4),
S(1) — optimized parameters, B(1) — the asymptotic
value of Rroa(4), t(1) — diffuse transmittance of the
atmosphere, SPM - the concentration of suspended
sediments [g m®], S(1) - the saturation concentra-
tion of SPM for a given wavelength [g m™].

Eqg. (13) is mathematically over-determined due
to the five unknown parameters involved. It is ob-
vious that this problem cannot be solved analytical-
ly. A range of optimization algorithms, such as the
quasi-Newton technique, Downhill Simplex, or
Levenberg-Marquardt may be deployed to obtain
the optimal model parameters by minimizing a
predefined “objective function” (Motulsky and
Christopulos, 2003; Nash and Sofer, 1996; Nelder
and Mead, 1965). In this paper, the Monte Carlo
technique was used. The objective function is cal-
culated as a weighted error (WE) to eliminate the
possible influence of scatter:

\ 2

WE = ¥ [w] , (14)
i=1 £

where ¢ is the observed variable, ¢g1 — the corre-

sponding fitted value, and N denotes the number of

points.

The Monte Carlo optimization technique is based
on assigning, or “shooting”, random numbers to the
unknown parameters from a pre-defined interval
(constrained boundaries), by which the risk of fall-
ing into a local minimum of the objective function
is suppressed. As such, the technique requires some
educated guessing in assigning initial values of the
sought parameters, i.e. the procedure has to be done
repeatedly several times until a physically plausible
solution is reached and the objective function
(weighted error in our case) is minimized.

Description of the study site

The study site is located in Gabéikovo Im-
poundment (48°00'N 17°25'E), Slovakia, a river-fed
reservoir located on the Danube River. Fig. 2 de-
picts the geographical setting of the study area

17°10'E 17°20'E 17°30'E 17°40'E
§§ Bratislava
A Sampling site .
\ Water A

48°N
/
/

Direction of flow

N.8Y

IMPOUNDMENT
(detail view)

)N\
S
\\1 N . Gabcikovo
S _:_7\%.
\{ N\
N N
e \\\ f“,
)—,\ -.-.\\ g
A z
Medvedov-a.
N
0o 28 5
I=B=E. km
17°30'E 17°40'E

Fig. 2. Study area and the locations of sampling sites. For clarity, the impoundment is shown in an enlarged area in the lower left

corner.
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along with the locations of the sampling sites. The
drainage area upstream from the study site is
~ 131, 338 km®. The retention volume of the reser-
voir is 110.8 x 10° m’. The long-term average dis-
charge at the gauging station located at Bratislava
(Fig. 2) is 2058 m® s (Pekarova et al., 2008). On
the date of the satellite image acquisition (May 14,
2000), the discharge was 3763 m’ s. The cross-
sectional width of the main channel is approximate-
ly 300 meters, with over 2500 meters across the
impoundment. Suspended particulate matter in the
impoundment are delivered from the upper water-
shed, including the Alps regions and a smaller trib-
utary — the Morava River joining the Danube a few

kilometers upstream from the study area. Between
1994 and 2003, the average annual sediment dis-
charge was 3.2 x10° metric tons per year, with an
average concentration of 38.4 g m™. At the entrance
of the impoundment, the median grain-size is ~ 7—
11 pm, the particle size fraction < 4 pm accounts
for 6-16%, the fraction between 4 — 62 pm ac-
counts for 70-90%, and the sand fraction (> 62 pum)
is represented by 4-14% (Holubova et al., 1998;
Lukéc, 2002). Long-term monitoring in this area
shows that water column transparency rarely ex-
ceeds 1 meter. The depth in the impoundment var-
ies between ~ 2 meters near the shoreline, and ~ 8
meters in the central section (thalweg) which is

A) o2 B) o2
May 14, 2000 May 14, 2000
Landsat TM1 Landsat TM2
0.19 1 0.19 1
0.18
~ 0.18 { O %
¥ E017- %%%% %%TE}*
5l gl : %
T 0.17 - o %
A=0.1106 016 1 A=0.1083
B =0.0689 ' B =0.0657
0.16 - S=15gm? s=20gm*®
’ a=-40.8 0.15 - a=-82.8
B=936.6 B=1640.9
0.15 +—/—m—m—m—m———————— 0.14 +———m—m——m—————————
0.06 0.09 0.12 0.06 0.09 0.12
R nr () R _nr (-)
(C) 0.30
May 14, 2000
Landsat TM3
0.28
0.25 7
@l 0.23 1
[a'd
0.20 A=0.1212
B =0.1631
S=45gm>
0.18 - a=-50.01
B=1090.9
0.15 ——— —
0.06 0.09 0.12
R_NIR (')

Fig. 3. Response of the total at-sensor radiance in three spectral bands of Landsat ETM+ to increasing SPM. (A) blue band; (B)
green band, and (C) red band. Values of the image-extracted top-of-atmosphere reflectance are shown as mean +/— standard devia-
tions for reflectance values from the TM4 band (near-IR). All fitted to Eq. (12) using the weighted error (Eq. (14)) as the objective

function.
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Fig. 4. Comparison of simulated (retrieved) and ground-truth
measurements of SPM [g m™] for the date of the satellite image
acquisition (May 14, 2000). The near-IR band was calibrated
by Eg. (18), using o (increment) and B (slope) obtained from
optimization of Eq. (13) for the three visual domains (Tab. 2).
In the case of the blue band, the mean error between measured
and retrieved SPM = 10.5 g m® (17.3 and 12.6 g m™ for the
green and red bands, respectively).

used for navigation. Fig. 2 shows the location of the
sampling sites that have been carefully chosen to
represent a variety of hydraulic conditions in the
feeding channel and the impoundment itself (N =
= 11). SPM concentrations were measured in com-
pliance with the official measuring national sam-
pling protocols, i.e. depth-integrated samples of
water are collected by gradually lowering a sampler
with a 1-liter polyethylene bottle attached. The
filtration of water samples was performed on pre-
weighted 0.45-micron membrane filters. The con-
centration of SPM was determined gravimetrically
after combustion at 105 °C.

3. Results and discussion

A high resolution multispectral image (Landsat
ETM+) was used to demonstrate the applicability of
the presented technique. The choice to use Landsat
ETM+ was based on making a tradeoff between the
spatial and spectral resolution of commercially
available satellite sensors. Considering the dimen-
sions of the impoundment (2500 meters, Fig. 2) and
the average cross-sectional width of the river chan-
nel (~ 300 meters), Landsat ETM+ provides a suffi-
cient spatial-resolution (30 by 30 meters per pixel).
Because the width of the river channel in this
section is about ten times the Landsat spatial reso-

lution; collecting pixels close to the channel center-
line was considered sufficient to prevent contami-
nation of the extracted pixels by the adjacent land-
scape. The image used in this study was acquired
on May, 14, 2000 (a cloud-free scene). Field in-
spections in the study area revealed that various
species of vascular aquatic plants grow near the
shoreline. In order to avoid an accidental contami-
nation of the extracted pixels by the macrophytes, a
buffer zone (based on available bathymetric mea-
surements) was created to exclude such potentially
contaminated pixels. Water-masked images were
used to extract some 2000 pixels from four spectral
bands (blue TM1, green TM2, red TM3, and near-
IR TM4) which were recalculated to top-of atmos-
phere reflectances Rroa(2) according to Eq. (1) and
Eq. (2). X

Eg. (13) was optimized for its parameters (R (1),
t(A)B(2), a(4), and B(1)) by means of the quasi-
Newton technique. Weighted error (Eq. (14)) was
used as the objective function. In order to start an
optimizing procedure, it is useful to set constraints
and the initial values of the unknown parameters to
make sure that the optimized parameters will con-
verge to physically plausible values. A minimum
SPM concentration of 5 g m™ was used as a con-
straint to the model. Shiebie et al. (1992) concluded
a study in Chicot Lake, Arkansas, USA, to test Eq.
(13) in field conditions using data from Landsat
TM. The authors concluded that in the spectral
domain of ~ 400-500 nm the saturation concentra-
tion was 26.3 g m>; whereas at longer wavelengths
the saturation effect shifted toward higher concen-
trations: 56.5 g m™ for 500-600 nm; and 88.8 g m™
for 600700 nm, respectively. It can be argued that
these values are not transferable between different
bodies of water; nevertheless, these values provide
a good starting point for our optimization problem
(initial values for optimization). The optimized
parameters of Eq. (13) are listed in Tab. 1. The
lowest weighted error was achieved for the green
Landsat band (Tab. 1).

To gain a sense of how well the simulated con-
centrations of suspended sediments correspond to
in-situ measurements, a comparison was made be-
tween image-derived (5-by-5 pixel windows) and
ground measurements (Fig. 4). The average devia-
tion of the retrieved concentrations of SPM from in
situ measurements was ~ 10.5 g m3, which is with-
in the commonly reported error obtained by other
investigators. For example Doxaran et al. (2002a)
investigated a highly turbid estuary with SPM con-
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centrations up to 2000 g m™ for which they esti-
mated the accuracy of their model as + 35%. Con-
sidering the range of the measured range of SPM
concentrations in our study, the accuracy of our
approach is optimistic. It would be an interesting

avenue for future research to apply the presented
technique to multiple multispectral images, possi-
bly covering a broader range of SPM concentra-
tions and different water bodies.

Table 1. Parameters obtained from optimization of Eq. (13) [A(%), t(1)B(%), S(1), a(4), and B(1)]. Weighted error was calculated

according to Eq. (14).

Spectral band Ratm(4) t(A)B(4) S(1) a(h) B) Weighted
error
Blue (450-520 nm) 0.1106 0.0689 15 -40.8 936.6 0.000423
Green (560-610 nm) 0.1083 0.0656 20 -82.8 1641.2 0.000287
Red (630-690 nm) 0.1212 0.1631 45 -50.0 1090.9 0.01325
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a novel approach in terms of how remotely sensed
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