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[11 The transport of fine sediment, carried in suspension by water, is central to the
hydrology, geomorphology, and ecological functioning of river floodplains and deltas. An
extensive new field data set for the Peace-Athabasca Delta (PAD), Canada quantifies
robust positive relationships between in situ suspended sediment concentration (SSC) and
remotely sensed visible/near-infrared reflectance. These relationships are exploited using
SPOT and ASTER satellite images to map suspended sediment concentrations across
the PAD for four days in 2006 and 2007, revealing strong variations in water sources and

flow patterns, including flow reversals in major distributaries. Near-daily monitoring
with 276 MODIS satellite images tracks hydrologic recharge of floodplain lakes, as
revealed by episodic infusions of sediment-rich water from the Athabasca River. The
timing and magnitude of lake recharge are linked to springtime water level on the
Athabasca River, suggesting a system sensitive to changes in river flow regime. Moreover,
recharge timing differentiates lakes that are frequently and extensively recharged from
those recharged more rarely. Finally, we present a first estimation of river flow velocity
based on remotely sensed SSC, though saturation may occur at velocities >0.6 m/s.
Viewed collectively, the different remote sensing methodologies presented here suggest
strong value for visible/near-infrared remote sensing of suspended sediment to assess
hydrologic and sediment transport processes in complex flow environments. Field
observations including nephelometric turbidity, specific conductivity, water temperature,
Secchi disk depth, suspended sediment concentration, and water level are archived at the
Oak Ridge National Laboratory Distributed Active Archive Center for Biogeochemical
Dynamics (available at http://daac.ornl.gov/HYDROCLIMATOLOGY /guides/

PAD.html).

Citation: Pavelsky, T. M., and L. C. Smith (2009), Remote sensing of suspended sediment concentration, flow velocity, and lake
recharge in the Peace-Athabasca Delta, Canada, Water Resour. Res., 45, W11417, doi:10.1029/2008 WR007424.

1. Introduction

[2] The suspension, transport, and deposition of sediment
rank among the most important geomorphic processes in
shaping the physical landscape and regulating ecological
systems [Knighton, 1998]. They are particularly critical in
floodplain and deltaic environments, where most landscape
features are formed by the movement of sediment and water
[Gomez et al., 1995]. Therefore, observation of spatial and
temporal patterns in sediment transport is helpful in under-
standing the formation and function of these environments
and how they may respond to natural and anthropogenic
perturbations in the future.

[3] A common measure of sediment transport is sus-
pended sediment concentration (SSC), the mass of sediment
entrained within a unit volume of water. A variety of field-
based methods have been developed to measure SSC. Most
commonly, a water sample is collected in the field and
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filtered to extract suspended matter. The filtered material is
then dried, weighed and divided by the sample volume to
obtain SSC concentration (mg/L). Other methods exploit
changes in the optical or acoustic properties of water
associated with variations in SSC [Wren et al., 2000].
Field-based methods provide accurate, point-based mea-
surements of SSC, but spatial variations are rarely captured
and temporal resolution is often limited [Curran and Novo,
1988; Miller and McKee, 2004].

[4] Satellite remote sensing offers an alternative option
for tracking spatial and temporal variations in SSC. It is
especially useful in large, remote or complex hydrologic
environments where in situ monitoring is insufficient or
impractical. Most techniques for remote sensing of SSC
construct empirical relationships between reflectance and in
situ measurements collected simultaneously in the field
[Curran and Novo, 1988; Schmugge et al., 2002]. Sensitiv-
ity to SSC variations is generally highest in the red portion
of the spectrum (~620-740 nm) [Schiebe et al., 1992],
though a combination of several visible and near-infrared
bands often produces the most robust SSC-reflectance
relationships [Stumpf and Pennock, 1989]. Reflectance-
SSC regressions are generally highly effective (often R* >
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0.8) and have been successfully used to remotely estimate
SSC in a wide variety of fluvial and oceanic environments.

[5] Suspended sediment concentrations normally exhibit
a strong statistical relationship with such hydraulic flow
parameters as discharge and velocity [Maidment, 1993]. In
particular, a relationship between flow velocity and SSC has
been observed at least since the pioneering work of Leopold
and Maddock [1953]. Therefore, it would seem possible in
principle to infer flow velocities from satellite-derived SSC
values, at least in systems where the prime determinant of
suspended solids is flow capacity rather than sediment
supply.

[6] Rising pressure on water resources, coupled with a
poor global monitoring capability, have intensified efforts to
remotely measure river hydraulic properties using satellites
[Alsdorf et al., 2007a; Alsdorf and Lettenmaier, 2003]. Of
the three fundamental hydraulic determinants of river dis-
charge (width, depth, and velocity), substantial progress has
been made in remote sensing of variations in water level
[e.g., Smith, 1997; Kouraev et al., 2004; Coe and Birkett,
2004; Frappart et al., 2006; Raclot, 2006; Alsdorf et al.,
2000, 2007b] and width [e.g., Smith et al., 1995, 1996;
Townsend and Foster, 2002; Bjerklie et al., 2005; Temimi et
al., 2005; Ashmore and Sauks, 2006; Brakenridge et al.,
2005, 2007; Smith and Pavelsky, 2008; Pavelsky and Smith,
2008b]. However, there are currently few options for remote
sensing of flow velocity. Along-track synthetic aperture
radar interferometry (ATI) has been used to estimate surface
currents in rivers [Bjerklie et al., 2005] and coastal oceans
[Siegmund et al., 2004], but the technology is currently
unavailable from space and wind significantly contaminates
the derived velocity values. The time lag between remotely
sensed upstream and downstream width variations can be
used to establish a river’s average “flow propagation
speed” [Smith and Pavelsky, 2008] but not instantaneous
measurements of velocity.

[7] In complex floodplain and delta environments, the
hydrologic recharge of lakes and wetlands is critical to
ecological function. However, our capability for observing
such recharge remains limited. Remote sensing offers strong
promise [e.g., Smith and Alsdorf, 1998; Mertes, 2000;
Alsdorf, 2003; Frazier et al., 2003; Alsdorf et al., 2007b;
Pavelsky and Smith, 2008a] but is often limited by a low
temporal sampling rate or requires correlating long time
series of satellite images with ground data. Where flood-
plain lakes are replenished by sediment-rich rivers, however,
the presence of high SSC in lakes is a sure indicator of
hydrologic recharge from river water. Therefore, using a
high temporal resolution sensor (e.g., MODIS), it may be
possible to monitor the timing and duration of high-
sediment incursions and, thus, lake recharge.

[8] In this study, we examine applications of remote
sensing to the study of suspended sediment transport and
flow velocity in the Peace-Athabasca Delta (PAD), Canada,
a large complex wetland at the confluence of the Peace and
Athabasca Rivers with Lake Athabasca. Following a brief
review of the published literature on remote sensing of SSC,
we describe the PAD study site and our field and remote
sensing sampling campaigns. Results include (1) robust
relationships between SSCs and remotely sensed reflec-
tance; (2) spatial maps of SSC from four high-resolution
ASTER satellite images, based on these relationships;
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(3) detection of hydrologic recharge events in floodplain
lakes using daily MODIS images; and (4) a first estimation
of river flow velocity from remotely sensed reflectance.

2. Remote Sensing of Suspended Sediment
Concentration in Freshwater and Estuarine
Environments: A Review

[v] Remote sensing of suspended sediment concentration
is dependent upon how SSC variations alter the optical
properties of the water column. Assessment of SSC and
nephelometric turbidity in freshwater and estuarine environ-
ments was among the earliest hydrologic applications of
satellite remote sensing [e.g., Ritchie et al., 1976; Holyer,
1978]. Turbidity, a measure of optical clarity, can be
quantified directly using a light turbidimeter, or visually
using Secchi disc depth. Because sediment concentration is
often the primary control on turbidity, the two quantities are
frequently treated similarly with respect to remote sensing
[Ritchie et al., 2003]. Methods used to assess SSC and/or
turbidity have different variants, but nearly all construct
empirical relationships between in situ water quality data
and remotely sensed reflectance values. These relationships
generally take the form of a linear or exponential regression
equation [Curran and Novo, 1988; Schmugge et al., 2002;
Topliss et al., 1990], though recent work suggests that a
neural network approach can improve on these basic statis-
tical relationships [Keiner and Yah, 1998; Wang et al.,
2008]. In addition, spectral mixture analysis has been
successfully used to map SSC [Mertes et al., 1993; Mertes,
2002; Gomez et al., 1995; Matsuhisa and Fukushima,
2008].

[10] The principal methodological difference among such
studies is the choice of spectral band(s) from which to
extract reflectance measurements. The simplest approach
utilizes reflectance from a single band in the red portion of
the spectrum, e.g., Landsat TM band 3 or MODIS band 1
[Shi and Wang, 2009; Miller and McKee, 2004; Islam et al.,
2001; Hellweger et al., 2006; Nellis et al., 1998; Woodruff et
al., 1999]. However, laboratory studies suggest robust
reflectance-SSC relationships throughout the visible portion
of the spectrum [Novo et al., 1991; Liedeke et al., 1995;
Schiebe et al., 1992], and many studies combine red
reflectance with reflectance in one or more other visible
bands in order to increase robustness when sediment color
varies [Wu et al., 2007; Dekker et al., 2001; Han et al.,
2006; Tassan, 1997; Lathrop et al., 1991; Aranuvachapun
and Walling, 1988; Lathrop et al., 1991].

[11] While the high sensitivity of the visible portion of
the spectrum, especially red, to variations in SSC is well
documented, portions of the near-infrared spectrum are
also sensitive to SSC and have the advantage of being
less influenced by bottom reflectance in shallow water
environments than do shorter wavelengths [Tolk et al.,
2000]. As a result, several studies have successfully
utilized near-infrared reflectance alone to assess variations
in turbidity or SSC [Wass et al., 1997; Sterckx et al., 2007].
More commonly, however, near infrared reflectance is used
in combination with red reflectance [Doxaran et al., 2002,
2003; Holyer, 1978; Ruhl et al., 2001; Wang et al., 2008;
Xia, 1993] or reflectance in multiple visible bands [Cozar et
al., 2005; Ekercin, 2007; Fraser, 1998; Ritchie and Cooper,
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