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Abstract: A light attenuation sensor system (LASS) for measurements in waters is described in this paper. The LASS records irradiance at
multiple levels in the water column to provide a measure of the diffuse light attenuation coefficient which is strongly affected by suspended
sediment. Dimensional analysis and geometric optical theory are used to relate the irradiance attenuation to sediment properties through a
dimensionless product. The latter is termed as a light attenuation number for suspended sediment in waters. The LASS and dimensional
analysis results are validated in the laboratory using fluvial sediments collected from a third-order stream and monodisperse quartz sediment.
The attenuation coefficient estimated with LASS data varied nonlinearly with total suspended sediment concentration due to particle
shadowing and multiple scattering at large optical depths. The light attenuation coefficient for each sediment type is well described as
a function of total suspended sediment concentration by empirical power law relationships, which provides confidence in the functioning
of LASS. Light attenuation curves for different sediment types collapsed onto a single curve when replotted according to dimensionless
numbers arising from the dimensional analysis, which confers confidence in the analysis for future research and application. A successful
field demonstration of LASS in a small stream highlights its potential application in hydraulic and ecological research as well as future
avenues of research to improve the sensor. DOI: 10.1061/(ASCE)HY.1943-7900.0000887. © 2014 American Society of Civil Engineers.
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Introduction

It is well recognized that spatially distributed stream monitoring
will benefit from the use of inexpensive, wireless sensors and
sensor networks. Recent advancement in wireless electronic tech-
nology offers the potential for inexpensive measurements of
environmental parameters in space and time using miniaturized
electronic sensors and wireless communication characterized by
low cost, low power requirements, and fast installation (Glasgow
et al. 2004; Hart and Martinez 2006; Wang et al. 2006; Yick et al.
2008; Rundel et al. 2009; Horsburg et al. 2010; Larios et al. 2012;
Sunita et al. 2012). Application of the new sensor technology to
stream network monitoring is attractive because a sensed system
could be used to identify hot spots of high sediment and pollutant
flux, could be useful for calibrating numerical models, and gener-
ally provides a better understanding of stream network connectivity
and geomorphology under different flow regimes. Further, the use
of miniaturized, inexpensive sensors offers the practicality of de-
ployment within remote, dangerous, and high discharge settings
where the sensors could be destroyed. Application of these tech-
nologies offer several advantages over traditional monitoring
techniques by streamlining the data collection process, minimiz-
ing human errors and time delays, reducing overall cost of data

collection, and increasing the quantity and quality of data on tem-
poral and spatial scales (Glasgow et al. 2004).

Although the advancement of sensor networks and the poten-
tial usefulness of the technology in streams is well recognized,
few studies have been published with regards to inexpensive,
wireless sensors that will be useful for suspended sediment con-
centration measurements. Traditional methods for suspended
sediment monitoring in streams rely on manually or automated
sampling equipment, which requires substantial effort in the lab-
oratory to determine the sediment concentrations of the samples
and significant manpower in the field to assist with sampling,
equipment servicing, and maintenance (Walling et al. 2006). More
recently, turbidity sensors and beam transmissometers are increas-
ingly used as proxies of suspended sediment concentration to in-
crease the temporal resolution of traditional techniques and reduce
manpower (Walling et al. 2006; Davies-Colley and Nagels 2008).
The use of wireless communications technology and automatic
data processing further reduces the manpower resources to operate
large data-collection networks (Glasgow et al. 2004). Turbidity
sensors and beam transmissometers offer advantages over tradi-
tional concentration measurements but would be very expensive
to deploy in a highly distributed sensor network (Table 1).

In this paper, the light attenuation sensor system (LASS) for
measuring suspended sediment concentration in streams is intro-
duced and experimentally studied. The LASS consists of inexpen-
sive wireless optical sensors that measure diffuse light irradiance
that is strongly affected by suspended sediment concentration; and
thus, LASS along with estimates of velocity are potentially useful
for suspended sediment transport measurement in streams. Further,
LASS offers the potential for use by aquatic ecologists to estimate
natural light availability for photosynthesis by aquatic plants (Kirk
1994; Davies-Colley et al. 2003). The LASS is different from other
optical sensors primarily in the low cost of the device and the
miniature size and wireless communications that make it ideal
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for sensor networks. Table 1 shows that the price of LASS is a frac-
tion of other instruments that measure surrogates of total suspended
sediment concentration. Although it is recognized that the price of
some off-the-shelf instruments has risen due to product upgrades
from user feedback and the availability of additional measurements
(Table 1), the potential of the low-cost LASS for distributed stream
sensor networks is realized. Further, LASS can operate using an
artificial or natural external light source to reduce energy consump-
tion, making them well suited for deployment in remote stream lo-
cations. LASS can be sensed within a wireless network using a
hardware that automatically identifies and transmits data, allowing
the addition or removal of sensors to meet changing application
requirements without disrupting sensor network communication.

Prior to the application of LASS within inexpensive wireless
networks for sediment transport research and consulting, there is
a need to develop modeling methods that relate light attenuation
to the concentration and physical properties of suspended sediment
in streams. Models that relate suspended sediment properties to
light attenuation will be useful for calibrating sensors such as
LASS. Theory from optical physics provides arguments for esti-
mating the likelihood of photon interactions with opaque particles
(van de Hulst 1981; Bohren and Huffman 2008; Kirk 1994), and
previous light attenuation studies in water bodies provide an under-
standing of the probable factors impacting light attenuation in
streams (Davies-Colley and Nagels 2008; Julian et al. 2008b; Stavn
2012). However, there is only little published work available which
relates light attenuation to a set of sediment properties in low-order
streams. The authors seek to define dimensionless light, water, and
sediment-associated parameters that can be useful for calibrating
the LASS and other light attenuation sensors for sediment transport
measurements.

The present research is motivated by the need to develop
low-cost, wireless sensors that measure suspended sediment con-
centrations within highly sensed stream monitoring networks. Spe-
cifically, emphasis is placed upon the use of newly developed
wireless LASS to measure the concentration of fine sediments with
diameters ranging from approximately 1 to 100 μm and suspended
sediment concentrations on the order of 0–1 g L−1. The suspended
sediment diameter and concentration range represent fine sediment
transported by low-order stream systems. Based on the research
needs to develop inexpensive sensors for suspended sediment con-
centration measurements in streams and light attenuation prediction
methods, the objectives of this paper are (1) to describe the LASS,
their functioning, and their fabrication; (2) to perform dimensional
analysis to provide a model of light attenuation in streams based on
dimensionless water and sediment variables; (3) to measure the
sensitivity of LASS and test the results from dimensional analysis
using fluvial sediments collected from a third-order stream and

quartz grains; and (4) to show a field demonstration of LASS
and highlight its future application in hydraulic and ecological re-
search as well as future avenues of research to improve the sensor.

Description of LASS

The LASS consists of a vertical array of photo sensors that measure
down welling, diffuse light irradiance, E, using a voltage divider
circuit. To explain the functioning of LASS in a stream, Fig. 1 de-
picts the vertical distribution of light impacted by sediment absorp-
tion and scattering and numerous LASS measuring E at multiple
locations in the water column. Absorption by sediment directly re-
moves light from the water column by converting the absorbed light
into other forms of energy, whereas scattering by sediment either
removes light directly by backscattering or causes light to take a
tortuous path increasing the probability of absorption (Davies-
Colley and Smith 2001; Van Duin et al. 2001). The LASS measures
the resultant E using a voltage divider circuit and a cadmium sulfide
light-dependent resistor or photocell placed in series with a fixed
resistor. An off-the-shelf photocell manufactured by Jameco Value-
Pro in LASS was used, and the spectral response of the photocells
is right skewed and has a relative response of 10% at 350 and
780 nm as compared to the peak response at 530 nm. In LASS,
E is converted to a digital format with an analog to digital converter
(A/D) chip and transmitted from the sensor to a central data logger
via wireless nodes. E measured with LASS can then be used to
estimate the concentration of suspended sediment (TSS) that ab-
sorbs and scatters light in the water column. The light attenuation
coefficient, Kd, can be calculated from the measured E as

Kd ¼
−1
z
ln

�
E
E0

�
ð1Þ

where E is the light irradiance when the light has traveled a distance
z through water; and E0 is light irradiance when z is zero (Fig. 1).
Kd has been found to depend primarily upon TSS in flowing fresh
water bodies; and thus,Kd provides a surrogate for TSS, although it
is recognized that a number of secondary variables can also signifi-
cantly impact Kd (Kirk 1994; Davies-Colley and Smith 2001;
Squires and Lesack 2003; Mishra et al. 2005; Davies-Colley and
Nagels 2008; Julian et al. 2008a). The LASS’s measuring volume
can be approximated for clear water using Snell’s law of refraction.
The refractive indices of water and air limit the apex angle of a cone

Table 1. Measurements Comparing the Price of LASS with Other
Instruments

Sensor Cost ($) Manufacturer TSS surrogate
Other

measurement

Dual Li-Cor
LI-192

18,522 YSI/Li-Cor Light attenuation T, Cond

ECO-PAR 5,835 WETLabs Light attenuation N/A
LASS 225 Current study Light attenuation N/A
ECO-NTU 6,975 WETLabs Turbidity N/A
AQ703
multi-probe

6,595 ISCO Turbidity T, H, Cond,
pH, DO

2100Q 1,010 HACH Turbidity N/A

Note: T = temperature; Cond = conductivity; H = water depth; DO =
dissolved oxygen concentration.

(a) (b)

(c)

Fig. 1. (a) A vertical distribution of irradiance measured by LASS and
the calculation used to estimate Kd; (b) a photograph of a LASS photo-
cell; (c) the schematic of the LASS circuit diagram
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to an approximate maximum value of 97°, and the measuring vol-
ume of LASS can be estimated as the volume of the cone. For ex-
ample, for a 20-cm sensor spacing with z1 and z2 placed at flow
depths of 30 and 50 cm, respectively, the sampling volume would
be 6,275 cm3. For sediment laden flows with high light scattering,
the actual sampling volume will be larger than that estimated for
clear water due to the diffuse nature of the underwater light field.

The LASS has been designed and fabricated to meet the re-
searcher’s needs for high temporal and spatial data resolution
within stream networks. The LASS has a low hardware cost of ap-
proximately US$225 per sensor. The low cost of LASS allow de-
ployment in large numbers and reduce the cost associated with lost
or damaged sensors. The wireless communication capabilities pro-
vided by the wireless node enables multiple LASS to send data to a
localized data storage unit which makes data retrieval from a stream
network more time efficient (Glasgow et al. 2004; Harnett et al.
2011). The wireless signal can also be relayed to a long-range com-
munication device for remote data viewing and health monitoring
of the network. Fabrication of the LASS can be performed by pur-
chasing commercially available parts from home improvement
stores and an electronics supplier. Assembling the electronic com-
ponents requires some basic knowledge of circuits and soldering
capabilities following the circuit diagram in Fig. 1. The housing
for electronic components is constructed from polyvinyl chloride
to prevent the electronics from contacting water and provides a
means to deploy the sensors in the stream. Wires connect the sen-
sors to the wireless node and are contained within the polyvinyl
chloride housing.

Dimensional Analysis

Dimensional analysis can be performed to provide a semiempirical
model that relates Kd measured with optical sensors such as LASS
to properties of suspended sediment in streams. Light attenuation in
natural waters is attributed to water, chromophoric dissolved or-
ganic matter, inorganic suspended sediment, nonalgal particulate
organic matter, and phytoplankton (Kirk 1994; Davies-Colley
and Nagels 2008; Julian et al. 2008a; Stavn 2012) as

Kd ¼ fn½ðα; λÞ; ðKw; e;CDOM; POM; PHYTOÞ; ðISS; ρs; d; nÞ�
ð2Þ

The three sets of variables shown in Eq. (2) represent the proper-
ties of light, water, and sediment, respectively. The variables and λ
are the light angle to the fluid surface and wavelength of the inci-
dent light in free space; Kw is the light attenuation caused by clear
water; e is entrained air; CDOM is chromophoric dissolved organic
matter; POM is particulate organic matter; PHYTO is phytoplank-
ton; ISS is the total inorganic suspended sediment concentration; is
the suspended sediment density; d is the diameter of suspended
sediment, and n is the refractive index.

Water settings that have received the most Kd research include
estuaries and continental shelf, which are optically complex due to
large variability in concentration and composition of the particulate
and dissolved organic matter (Wozniak et al. 2010). Less published
work is available which relates light attenuation to sediment trans-
port in streams, but it is recognized that streams are typically less
optically complex due to low hydraulic retention time that reduces
suspended biologic activity (Vannote et al. 1980; Davies-Colley
and Nagels 2008; Julian et al. 2008a). Published research on light
attenuation in low-order streams due to suspended sediments is
likely less abundant because shading from riparian vegetation
largely limits light availability for photosynthesis (Julian et al.
2008b). The Eq. (2) can be reduced for the case of a diffuse light

source in low-order streams based on a number of considerations.
Whereas Kd is an apparent optical property of the medium and de-
pendent upon the light field, it has been shown that the apparent
optical properties of open water are impacted a little by the angle
of a diffuse light source (Kirk 1994; Davies-Colley and Smith
2001); thus, the functional dependence of Kd on can be relaxed.
Omitting flow regions of a stream with very high entrainment,
e.g., flow over partially submerged obstacles or spillways, allows
the dependence of Kd on e to be removed. Further, low-order
streams in watersheds generally have less connectivity to their
flood plains, lower retention times, and are not characterized by
an abundant growth of phytoplankton (Naiman and Bilby 1998;
Julian et al. 2008a). Thus, the dependence on PHYTO is removed.
If blackwater streams dominated by water draining from inundated
floodplains and wetlands are not considered, then the contribution
of CDOM to light attenuation will be negligible. Light attenuation
in streams is typically dominated by the inorganic, as opposed
to the organic fraction of particulate matter, which decreases the
importance of POM (Davies-Colley and Smith 2001; Julian et al.
2008a). Further, POM will generally be low, i.e., <5 g OM per
100 g sediment, for low-order stream systems, and the influence
of POM will be at least partially reflected in sediment density
(Williams et al. 2008). Reduction of variables in Eq. (2) provides

Kd ¼ fn½ðλÞ; ðKwÞ; ðTSS; ρs; d; nÞ� ð3Þ
The Eq. (3) represents the functional dependence of Kd upon

light, water, and sediment properties in low-order streams with
suspended sediments. ISS is replaced by TSS in Eq. (3), reflecting
that measurement of total suspended solids in low-order streams
during transport events will be comprised primarily of inorganic
suspended solids.

From Eq. (3), the light-dependent variable, λ, was selected as a
repeating variable due to the consideration that λ accounts for the
dependence of absorption and scattering by water and sediments
upon the energy of light (Kirk 1994; Babin and Stramski 2004;
Stramski et al. 2007; Doxaran et al. 2009; Wozniak et al. 2010).
A dimensional analysis was used to produce the following dimen-
sionless products:

Kdλ ¼ fn

�
ðKwλÞ; ðnÞ;

�
TSSλ
ρsd

��
ð4Þ

The result in Eq. (4) relates the dimensionless light attenuation
coefficient to dimensionless products including the dimensionless
light attenuation by water, the refraction index, and the dimension-
less number for light attenuation by sediment. This last term in
Eq. (4) represents the dimensionless sediment surface area avail-
able to interact with light. The semiempirical result from the di-
mensional analysis qualitatively agrees with numerous empirical
studies that show direct dependence of TSS upon Kd and inverse
dependence of and d upon Kd (Bunt et al. 1999; Neukermans
et al. 2012).

Data Collection

To measure the sensitivity of LASS and test the semiempirical re-
sult in Eq. (4), data collection was performed to estimate Kd with
the LASS. The experiments were conducted by placing LASS in
suspensions of known suspended sediment concentrations and col-
lecting measurements of E that are used to estimate Kd with Eq. (1).
Fig. 2 shows the experimental testing apparatus designed to test
diffuse optical sensors which was a modified version of the optical
sensor testing apparatus designed and published by Downing and
Beach (1989). The testing chamber was designed to produce
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uniform mixing of suspended sediments within a 45-cm test section
of the chamber. Water and sediment were circulated upward via a
propeller through the testing section. A baffle provided flow con-
ditioning downstream of the propeller to reduce large-scale secon-
dary currents and assist with sediment mixing. Lighting within the
tank was provided by three banks of light-emitting diode lights that
produced three different intensities (i.e., color 3,100 K at 2 lm each)
placed above the test section to provide even light distribution. The
LASS was placed within the test section during data collection
(Fig. 2). During measurements, a vacuum line was attached to the
LASS mounting rod to collect 500 ml water samples for TSS analy-
sis via filtration method using 0.7-μm glass filters. Estimates of Kd
and measurements of TSS at different depths within the test section
revealed no significant systematic bias, which provided confidence
in the apparatus functioning and uniform suspended sediment con-
ditions. In addition, uniform suspended sediment concentration in
the test section was verified using turbidity measurements with
a 90° near-infrared turbidity meter (e.g., the YSI 6136 turbidity
probe). The turbidity meter was positioned throughout the test sec-
tion and gave similar readings throughout; for example, the stan-
dard deviation was less than 1% of the mean readings for 250 NTU
(nephelometric turbidity units) readings.

The Kd data were collected in the experimental apparatus for a
range of sediment types with varying TSS, d, andparameters shown
in Table 2. Three different types of sediment were used, including
quartz grains with a median diameter equal to 27.2 μm, quartz
grains with a median diameter equal to 14.2 μm, and fluvial sedi-
ment with a median diameter equal to 10.5 μm (Fig. 3). The quartz
grains were primarily SiO2 and were termed ground silica by the
manufacturer, U.S. Silica Company. The fluvial sediments were
collected from the South Elkhorn Creek located in central Ken-
tucky, United States. South Elkhorn Creek is a low-order stream
with sediment impairment and represents the type of stream for
which sensor networks that use LASS will be useful. The fluvial
sediments were collected during three high flow discharge events
when the sediments were suspended and transported in the water
column.

A total of 102 experimental tests were performed to measure
E and calculate Kd using Eq. (1). The tests were grouped into
repetitions for the range of 25 test conditions described in Table 2.
Repetitions were performed by varying both the vertical location
of the LASS in the test section and by varying the lighting con-
ditions, i.e., z and E0 in Eq. (1). No significant bias of Kd due to z
or E0 was found. No systematic bias was observed for TSS mea-
surements before, during, or after testing, which verified that TSS
was uniform during testing. After completing measurements at a
fixed TSS, sediment slurry was added to the tank to provide a
successively higher TSS. The YSI 6136 turbidity probe was used
to monitor suspended sediment uniformity and once the turbidity
readings stabilized, the next set of E and TSS measurements were
collected.

Fig. 2. The LASS testing apparatus

Table 2. Tests Grouped into Repetitions for the Range of 25 Test
Conditions

Test d (μm)
TSS� 1 standard
deviation (mgL−1)

Kd � 1 standard
deviation (m−1) Repetitions

1 10.5 2� 1 0.10� 0.61 3
2 10.5 3� 1 0.30� 0.92 3
3 10.5 31� 13 0.83� 0.26 7
4 10.5 40� 2 2.45� 0.09 2
5 10.5 50� 10 2.26� 0.38 9
6 10.5 51� 3 1.75� 0.10 2
7 10.5 66� 3 3.74� 0.10 2
8 10.5 75� 13 2.53� 0.29 9
9 10.5 112� 8 3.63� 0.73 2
10 10.5 186� 4 5.60� 0.13 3
11 10.5 349� 10 7.11� 0.34 3
12 10.5 353� 15 8.61� 0.39 3
13 10.5 480� 25 9.74� 0.56 3
14 14.2 20� 9 0.15� 0.32 6
15 14.2 47� 11 0.69� 0.29 6
16 14.2 92� 12 1.12� 0.28 6
17 14.2 187� 9 2.54� 0.24 6
18 14.2 347� 11 3.37� 0.26 6
19 14.2 672� 54 4.48� 0.20 4
20 27.2 30� 14 0.11� 0.25 3
21 27.2 42� 2 0.44� 0.21 3
22 27.2 63� 5 0.92� 0.18 2
23 27.2 140� 9 1.63� 0.20 3
24 27.2 272� 21 2.28� 0.19 3
25 27.2 535� 26 3.09� 0.19 3

Note: ρs of 10.5-μm sediments is 1,800 kgm−3; ρs of 14.2- and 27.2-μm
sediments is 2,650 kgm−3.

Fig. 3. Particle size distributions of laboratory tested sediments
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Sensitivity of LASS

As a first step to investigating the sensitivity of LASS, statistical
distributions including the sample mean and variance of the sensor
readings were analyzed. The voltage values measured by LASS
were approximately normally distributed; thus, central tendency
was estimated as the mean of all sample readings. To estimate the
standard uncertainty on a function, f, of several variables, first-
order error propagation (Neukermans et al. 2012) was used as

σðfÞ ¼
�Xn
i¼1

Xn
j¼1

∂f
dxi

∂f
dxj

covðxi; xjÞ
�
1=2

ð5Þ

The uncertainty was estimated for relative irradiance,
TE ¼ EE−1

0 , as

σðKdÞ ¼ z
σðTEÞ
ðTEÞ

¼ z
TE

��σðEÞ
E

�2 þ �σðE0Þ
E0

�2�
ðTEÞ

ð6Þ

Eq. (6) is the upper bound on the uncertainty estimate because
the variables are positively correlated and the correlation coefficient
was omitted. The standard deviation of Kd relative to the mean Kd
generally decreased as TSS increased. The standard deviation as-
sociated with TSS was typically of the same order of magnitude as
that associated with Kd.

Fig. 4 shows Kd plotted against TSS for the three types of sedi-
ments tested. The variable Kd was closely related to TSS, and the
dependence of Kd on TSS was nonlinear. A nonlinear regression
was performed to fit power laws to each sediment type as

Kd ¼ Kw þ c1ðTSSÞc2 ð7Þ

Coefficients, Kw, c1, and c2, in Eq. (7) were found by minimiz-
ing the sum of squared error (RMSE) between the estimated and
predicted Kd and the regressed power law relationships described
the data well. The intercept was approximately the origin for these
data sets, indicating that light attenuation by water Kw was small
for the experiments. Empirical equations such as those shown in
Fig. 4 are commonly used when relating measured optical proper-
ties in waters to TSS (Van Duin et al. 2001; Liu et al. 2005; Chao
et al. 2009), and LASS shows the ability to meet this goal. How-
ever, such empirical sediment-specific relationships fail to account
for variability between sediment types, emphasizing the need to
theoretically account for the effects of secondary variables. To this
end, the distributions of light attenuation in Fig. 4 increase in Kd

magnitude as particle size and density decrease, which agree well
with the dimensional dependence in Eq. (4).

Dimensionless Model Evaluation

Fig. 5 shows the dimensionless light attenuation coefficient plotted
against the dimensionless number for light attenuation by sediment
for the experimental results. The results show that including the
secondary sediment variables to rescale the data into the dimen-
sionless product provides a collapse of Kdλ for the different sedi-
ment types used in this study. In this manner, light attenuation
appears to be more predictable when parameterized as a function
of the projected area of sediment particles rather than TSS alone, as
suggested by Eq. (4). The two-parameter power law (i.e., c1, c2) in
Fig. 5 was found to describe the relationship well. The power law
equation was fit to the data sets by minimizing the sum of squared
errors using k-fold cross validation to provide a stable estimate of
the coefficients and error (Kohavi 1995). The Kwλ term in Eq. (4)
was not present in the power law equations in Fig. 5, as was also the
case in Fig. 4. In general, Kwλ is reflective of light attenuation by
any dissolved constituents or water itself. An intercept (Kw) was
not found for either the fluvial or quartz grain sediments, indicating
no appreciable light attenuation by water or by dissolved constitu-
ents. Dissolved constituents were not present in the water used
during laboratory testing and thus did not contribute to light attenu-
ation. Water that is free of dissolved constituents is only a weak
attenuator of light for the wavelength range corresponding to the
peak sensitivity of LASS, i.e., Kd at 530 nm < 0.05 m−1 (Mobley
1994).

The nonlinear nature of the relationship in Fig. 5 requires some
discussion, with respect to the dimensionless number for light at-
tenuation by sediments. The dimensional analysis technique used
to arrive at Eq. (4) implies that a relationship exists between the
dimensionless products while making no assumption of the rela-
tionship’s form. A simple two-dimensional geometric arrangement
of light transfer through a single particle layer implies a linear re-
lationship between Kdλ and TSS λρ−1s d−1 (van de Hulst 1981). A
linear relationship arises from the assumption that each sediment
particle absorbs or scatters an incoming portion of the light field.
In this manner, each particle removes a small percentage of the light
field proportional to the particles’ projected area. However, as
the depth of the particle layer or the number particles in the layer
are increased, secondary processes of particle shadowing and
backscattering occur and cause light attenuation to be less than that
predicted by linear relationships (Clifford et al. 1995; Hill et al.

Fig. 4. Distribution of Kd versus TSS for laboratory experiments (data
shown with �1 standard deviation)

Fig. 5. Collapse of Kd due to the dimensionless scaling (depicts light
attenuation data presented in dimensionless form along with the power
law equation 8 fit using the k-fold cross validation with k equal to 5)
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2011). Some particles are shadowed by other particles in the layer
causing less absorption and less scattering out of the layer, and ul-
timately, less light is attenuated than would be predicted using a
linear relationship calibrated at low concentrations. Further, scat-
tered light that attempts to exit the particle layer can backscatter
after interacting with surrounding particles, which effectively re-
duces the amount of light lost from the layer. This idea is reflected
in the results of Fig. 5; the relationship behaves as linear for low
values of the light attenuation number, which reflects a relatively
small amount of particles in the sediment layer. As the light attenu-
ation number increases, so too does the number of particles and the
opportunity for shadowing and backscattering, and a nonlinear de-
cay in light attenuation results. This nonlinear dependence of Kd on
TSS has been noted to exist when λ, ρs, and d are held constant;
and thus, the first and fourth terms of Eq. (4) is expected to be re-
lated by a power law with an exponent between 0.5 and unity. This
concept is broadly consistent with the optical Monte Carlo stochas-
tic modelling of Kirk (1981). Kirk (1981, 1984) shows that Kd is
nearly linearly dependent on light absorption and the square root of
light scattering.

Further discussion of the two assumptions of the derivation pre-
sented in this paper has been provided including (1) opaque and
(2) spherical particles. The authors’ analysis assumed opaque par-
ticles and made no use of the imaginary part of the refractive index,
which is the measure of light transmissivity through a particle. The
assumption of opaque particles is reasonable for sufficiently large
sediment particles and densely compacted sediment aggregates as
those found in low-order streams with large imaginary index; how-
ever, when this assumption is not valid, light attenuation would not
be expected to scale proportional to area of particle, and a more
complete description of this idea is explained by Bohren and
Huffman (2008). For most optically significant particles encoun-
tered in natural waters, these assumptions are reasonable, and
geometric optical theory explains light attenuation (Kirk 1994).
A potential example of where the opaque assumption may not fully
hold true is shown in Fig. 5 where the fluvial sediments plot slightly
higher than the 14.2-μm quartz grains, which may be due to the
sediment aggregate characteristics of the fluvial sediments. This
result suggests that further investigation of aggregate properties
and their relationship to the opaque assumption should be investi-
gated in future research, and the potential for error is cautioned
when using the power law equation in Fig. 5 beyond the sediments
for this study. Also, it cannot be assumed that natural sediment par-
ticles will be spherical in nature; however, this assumption likely
has little impact on the results. Pollack and Cuzzi (1980) and
Clavano et al. (2007) took the shape factor as a known constant
and implied that particles might behave like spherical particles
of equivalent volume, which they showed was a good approxima-
tion for a concentration of randomly oriented, nonabsorbing,
irregular particles. Suspended irregular sediment particles trans-
ported in turbulent streams should behave as spherical particles
of equivalent volume due to random particle orientation resulting
from high Reynolds number flows (Clifford et al. 1995).

Field Demonstration of LASS

The field location selected to demonstrate the LASS’s ability
to measure suspended sediment concentration and suspended
sediment load was the South Elkhorn Creek, a third-order stream
located in the central bluegrass region of Kentucky (Fox et al. 2010;
Ford and Fox 2014). The field measurements were collected using
three individual LASS as shown in Fig. 6(a), paired to provide three
combinations of two sensors for calculating Kd. The LASS sam-
pling frequency was set to collect two measurements per minute.

The topmost sensor accounted for ambient light conditions and was
compared with readings from the lower sensors using Eq. (1) to
estimate Kd. Fig. 6(b) shows the stream flow rate Q as measured
by the USGS gage station (03289000). Fig. 6(c) shows underwater
irradiance at the three vertical locations measured by LASS, and it
can visually be seen that the measurements covary over time. Irra-
diance measured by LASS lower in the water column (i.e., 10 and
25 cm above the bed) decreases dramatically from 5:00 p.m. to ap-
proximately 5:10 p.m., whereas irradiance closer to the free surface
(i.e., 45 cm above the bed) decreases only marginally during this
same time period. The change in irradiance corresponded with
transport of a plume of sediment that the graduate researchers could
see visually in the stream. Maximum turbidity was seen in the
stream at approximately 5:10 p.m. which coincided with an in-
crease in water discharge. The graduate researchers also observed
an increase in turbidity and debris for the time period from 5:35
p.m. to the end of sampling which coincided with an additional
increase in water discharge.

To further demonstrate the utility of LASS, the suspended sedi-
ment concentration and discharge (Qss) for the event shown in
Fig. 6 were calculated. The TSS was calculated using the labora-
tory-derived power relationship. Fig. 6(d) shows that TSS increased
significantly during the time period from 5:00 p.m. to 5:10 p.m. and
then increased slightly at the end of the sampling period, corre-
sponding to the decreases in irradiance measured by LASS. The
Qss was estimated for the sampling period via the Einstein ap-
proach (Chang 1988, pp. 150) by integrating a logarithmic velocity
distribution with the suspended sediment concentration profile es-
timated using the Rouse equation. The Rouse equation estimates
the nonuniform suspended sediment concentration profile for sedi-
ment with nonnegligible fall velocity in turbulent open channel
flow (Chang 1988, pp. 149). The Rouse equation was fitted at each
time step using least squared error minimization with the TSS
derived from LASS. In Fig. 6(e), Qss corresponds well with the
irradiance measurements and TSS estimates, and Qss increases
from 5:00 p.m. until 5:10 p.m. then decreases until approximately
5:35 p.m. and continues to increase until the end of the sampling
period.

Independent field measurements of TSS (i.e., grab samples) that
were collected during the field demonstration compared very well
with the power law in Fig. 5. One grab sample had TSS equal
to 38.5 mgL−1 and was collected simultaneously with the field-
deployed LASSmeasurements that estimatedKd equal to 1.53 m−1.
The power law scaling in Fig. 5 provided a Kd estimate equal to
1.51 (�0.9) m−1 when TSS is equal to 38.5 mgL−1, showing very
good agreement between the power law and the field-deployed
LASS. Similarly, a second grab sample had a TSS value equal
to 74 mgL−1 and was collected simultaneously with the field-
deployed LASS measurements that estimated Kd equal to 2.3 m−1.
The power law scaling in Fig. 5 provided a Kd estimate equal to 2.4
(�0.9) m−1 when TSS is equal to 74 mg l−1, again showing very
good agreement between the power law and the field-deployed
LASS. However, further validation of LASS for a wider range of
flow conditions as presented in the field demonstration will be im-
portant in futurework, and the results presented in this paper suggest
the efficacy of LASS for such conditions.

The field demonstration results show the utility of the LASS
method, but it is also pointed out that the demonstration allowed
the authors to see some potential limitations of LASS that should be
further considered in future applications. First, the rising limb of the
hydrograph was accompanied by a notable increase in debris in-
cluding limbs, leaves, and trash that fouled the sampling equipment
and sensors. In the future, better precautions including angling the
LASS mounts are necessary to prevent sensor fouling, especially in
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watersheds dominated by deciduous trees during autumn sampling
routines. Second, high flow events pose a threat to the equipment as
was evident by the loss of sensors during a subsequent event not
reported in this paper. That said, loss of instrumentation during

extreme events poses a problem to hydraulic field measurement
in general and the inexpensive cost of the LASS (Table 1) at least
partially alleviates the monetary losses. Future field deployment of
LASS offers the possibility to study a wide variety of hydraulic
engineering topics including suspended sediment transport in river
confluences, and it is the authors’ intent to pursue a research agenda
in this topic area.

Conclusions

The major findings of this study were as follows: (1) the light
attenuation coefficient measured by LASS shows utility for meas-
uring TSS in streams and is promising for future field application;
and (2) a dimensionless relationship for light attenuation by sedi-
ment is derived and verified for the experimental test conditions
studied. The result suggests that the diffuse light attenuation coef-
ficient can be estimated using the light attenuation number for
suspended sediment in waters in stream conditions when light
attenuation is dominated by suspended sediments.

The inexpensive light attenuation sensor system (LASS) shows
the ability to estimate suspended sediment concentration and trans-
mit measurements wirelessly. The inexpensive wireless LASS are
well suited for use within highly instrumented stream monitoring
networks. The inexpensive sensor allows LASS to monitor at finer
spatial resolution than is possible with traditional monitoring tech-
niques, and monitoring could be conducted from the smallest tribu-
tary catchments within the watershed allowing quantification of
sediment sources. The inexpensive nature of LASS is an obvious
advantage of the sensors, and other commercially available sensors
that provide a surrogate of suspended sediment concentration are
one to two orders of magnitude more expensive than the LASS. The
wireless capabilities of LASS are another possible advantage and
make it easier to integrate data collected at fine spatial scales across
different levels of resolution to meet the goals of watershed mon-
itoring efforts. Another potential advantage of LASS is related to its
relatively large sampling volume. The small measuring volume of
turbidity probes and optical backscatter sensors enables these sen-
sors to provide at-a-point surrogate measurement to TSS, which
may not be representative of the mean cross-sectional TSS (Gray
and Gartner 2009). The larger measuring volume of LASS provides
a potential alternative and a more representative measurement for
estimating suspended sediment flux.

One limitation of LASS is its dependence on an ambient light
source to measure the attenuation of diffuse light. Practically speak-
ing, this problem could be alleviated by adding an artificial light
source located above the free surface for nighttime measurements.
That said, hydraulic sampling networks will likely be coupled with
numerical modeling, so highly distributed daytime measurements
may provide ample amounts of data for model calibration and
validation. Another limitation of LASS is the potential damage
or fouling by debris during sampling; however, certain site-specific
characteristics may tend to embody this problem. To circumvent
these limitations, the field deployment of LASS should consider
site selection and sensor arrangement within the flow to avoid
impact with debris.

The results of Fig. 5 suggest that a more general formulation
for the light attenuation coefficient may be possible when calibrat-
ing to the light attenuation number for suspended sediment
in waters, which accounts for sediment area concentration. The
relationship appears applicable in low-order streams characterized
by highly turbulent flows that transport primarily tightly bound
aggregates with low organic matter or disaggregated inorganic par-
ticles. It is pointed out that the dimensional analysis and subsequent

(a)

(b)

(c)

(d)

(e)

Fig. 6. Field demonstration of LASS: (a) graduate researchers conduct-
ing field measurements and schematic of the field-deployed LASS
(an offset was used for the field-deployed LASS to reduce potential
shadowing at very low TSS); (b) stream flow rate; (c) LASS output
at specified distance above the bed; (d) TSS calculated from LASS
measurements using the laboratory calibration curve; (e) calculated
suspended sediment load using LASS measurements
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experiments were conducted, assuming a negligible contribution to
light attenuation by CDOM and PHYTO, and extrapolation of the
results presented in this paper to waters with high CDOM and
PHYTO is not applicable without further validation. For example,
streams dominated by water draining from inundated floodplains
and wetlands may have high concentrations of CDOM requiring
further investigation of the relationship between light attenuation,
water, and sediments; researchers have found CDOM to account for
most of the attenuated light in large blackwater rivers (Phlips et al.
2000). Further, POM in lakes may be the dominant light attenuating
constituent where large phytoplankton populations exist and inor-
ganic particulates have mostly settled out of the water column
(Phlips et al. 1995a, b; Christian and Sheng 2003). To this end,
the refractive index in Eq. (4) might be used to provide a set of
curves or nomograph for varying levels of organic constituents.
Organic-dominated sediment particles and flocs are expected to
have lower density and lower refractive index causing them to in-
teract with light primarily through absorption. Inorganic-dominated
sediment particles and aggregates are expected to be denser, have
higher refractive index, and scatter more light than biologic
particles. For example, recent research on beam attenuation and
scattering by particles conducted by Neukermans et al. (2012)
found that inorganic particles have approximately three times
greater scattering efficiency than organic particles. It is hoped that
the dimensional analysis provided in this paper can lead to further
investigations of such scenarios.

The inexpensive LASS presented in this paper offer the possibil-
ity for high-density measurements for estimating light attenuation,
which will be useful to engineers for modeling suspended sediment
transport and to aquatic ecologists for modeling light availability
for photosynthesis in streams. As the understanding of light attenu-
ation principles continue to improve, LASS may fulfill the growing
need for inexpensive high-frequency measurements within densely
sensed stream monitoring efforts.
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Notation

The following symbols are used in this paper:
CDOM = chromophoric dissolved organic matter;

c1 = first coefficient of the power law;
c2 = exponent coefficient in the power law;
d = sediment diameter;
E = irradiance;
E0 = irradiance when the light path length is zero;
e = entrained air;

ISS = total inorganic suspended sediment concentration;
Kd = downward vertical diffuse light attenuation coefficient;
Kw = the light attenuation coefficient due to water and

dissolved substances;
LASS = light attenuation sensor system;

n = refractive index of sediment particles relative to water;
PHYTO = the concentration of phytoplankton;

POM = particulate organic matter;

Q = stream flow rate;
Qss = suspended sediment flux;
TE = relative irradiance EE−1

0 ;
TSS = total suspended sediment concentration;

z = vertical coordinate;
α = angle of incident light relative to the free surface;
λ = wavelength of the incident light in free space;
ρs = suspended sediment density; and
σ = standard deviation.

References

Babin, M., and Stramski, D. (2004). “Variations in the mass-specific ab-
sorption coefficient of mineral particles suspended in water.” Limnol.
Oceanogr., 49(3), 756–767.

Bohren, C. F., and Huffman, D. R. (2008). Absorption and scattering of
light by small particles, Wiley, New York.

Bunt, J. A., Larcombe, P., and Jago, C. F. (1999). “Quantifying the response
of optical backscatter devices and transmissometers to variations in
suspended particulate matter.” Cont. Shelf Res., 19(9), 1199–1220.

Chang, H. H. (1988). Fluvial processes in river engineering, Wiley,
New York.

Chao, X., Jia, Y., Shields, D. F., Wang, S. S., and Cooper, C. M. (2009).
“Numerical simulation of sediment-associated water quality processes
for a Mississippi delta lake.” Ecohydrology, 2(3), 350–359.

Christian, D., and Sheng, Y. P. (2003). “Relative influence of various water
quality parameters on light attenuation in Indian River Lagoon.” Estuar.
Coast. Shelf Sci., 57(5), 961–971.

Clavano, W. R., Boss, E., and Karp-Boss, L. (2007). “Inherent optical
properties of nonspherical marine-like particles—From theory to obser-
vation.” Oceanogr. Mar. Biol. Annu. Rev., 45, 1–38.

Clifford, N. J., Richards, K. S., Brown, R. A., and Lane, S. N. (1995).
“Laboratory and field assessment of an infrared turbidity probe and
its response to particle size and variation in suspended sediment con-
centration.” Hydrol. Sci. J., 40(6), 771–791.

Davies-Colley, R. J., and Nagels, J. W. (2008). “Predicting light pen-
etration into river waters.” J. Geophys. Res. Biogeosci., 113(G3),
G03028.

Davies-Colley, R. J., and Smith, D. G. (2001). “Turbidity, suspended
sediment, and water clarity: A review.” JAWRA J. Am. Water Resour.
Assoc., 37(5), 1085–1101.

Davies-Colley, R. J., Vant, W. N., and Smith, D. G. (2003). Colour and
clarity of natural waters: Science and management of optical water
quality, Blackburn Press, New Jersey, 310p.

Downing, J. P., and Beach, R. A. (1989). “Laboratory apparatus for
calibrating optical suspended solids sensors.” Mar. Geol., 86(2–3),
243–249.

Doxaran, D., et al. (2009). “Spectral variations of light scattering by marine
particles in coastal waters, from visible to near infrared.” Limnol.
Oceanogr., 54(4), 1257–1271.

Fox, J. F., Davis, C. M., and Martin, D. K. (2010). “Sediment source assess-
ment in a lowland watershed using nitrogen stable isotopes.” J. Am.
Water Resour. Assoc., 46(6), 1192–1204.

Ford, W. I., and Fox, J. F. (2014). “Model of particulate organic carbon
transport in an agriculturally impacted stream.” Hydrol. Process.,
28(3), 662–675.

Glasgow, H. B., Burkholder, J. M., Reed, R. E., Lewitus, A. J., and
Kleinman, J. E. (2004). “Real-time remote monitoring of water quality:
A review of current applications, and advancements in sensor, telem-
etry, and computing technologies.” J. Exp. Mar. Biol. Ecol., 300(1–2),
409–448.

Gray, J. R., and Gartner, J. W. (2009). “Technological advances in
suspended-sediment surrogate monitoring.” Water Resour. Res., 45(4),
W00D29.

Harnett, C. K., Schueler, M. T., Blumenthal, N. R., Hopf, K. L., Fox, J. F.,
and Pulugurtha, S. (2011). “Calibration and field deployment of
low-cost fluid flow-rate sensors using a wireless network.” IEEE Trans.
Instrum. Meas., 60(2), 633–641.

© ASCE 04014033-8 J. Hydraul. Eng.

J. Hydraul. Eng. 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
ou

is
vi

lle
, U

ni
ve

rs
ity

 O
f 

on
 0

5/
07

/1
4.

 C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.

http://dx.doi.org/10.4319/lo.2004.49.3.0756
http://dx.doi.org/10.4319/lo.2004.49.3.0756
http://dx.doi.org/10.1016/S0278-4343(99)00018-7
http://dx.doi.org/10.1002/eco.v2:3
http://dx.doi.org/10.1016/S0272-7714(03)00002-7
http://dx.doi.org/10.1016/S0272-7714(03)00002-7
http://dx.doi.org/10.1080/02626669509491464
http://dx.doi.org/10.1029/2008JG000722
http://dx.doi.org/10.1029/2008JG000722
http://dx.doi.org/10.1016/0025-3227(89)90053-4
http://dx.doi.org/10.1016/0025-3227(89)90053-4
http://dx.doi.org/10.4319/lo.2009.54.4.1257
http://dx.doi.org/10.4319/lo.2009.54.4.1257
http://dx.doi.org/10.1111 D j.1752-1688.2010.00485.x
http://dx.doi.org/10.1111 D j.1752-1688.2010.00485.x
http://dx.doi.org/10.1002/hyp.9569
http://dx.doi.org/10.1002/hyp.9569
http://dx.doi.org/10.1016/j.jembe.2004.02.022
http://dx.doi.org/10.1016/j.jembe.2004.02.022
http://dx.doi.org/10.1029/2008WR007063
http://dx.doi.org/10.1029/2008WR007063
http://dx.doi.org/10.1109/TIM.2010.2051625
http://dx.doi.org/10.1109/TIM.2010.2051625


Hart, J. K., and Martinez, K. (2006). “Environmental sensor networks:
A revolution in the earth system science?” Earth-Sci. Rev., 78(3–4),
177–191.

Hill, P. S., Boss, E., Newgard, J. P., Law, B. A., and Milligan, T. G. (2011).
“Observations of the sensitivity of beam attenuation to particle size in a
coastal bottom boundary layer.” J. Geophys. Res. Oceans, 116(C2),
C02023.

Horsburgh, J. S., Spackman Jones, A., Stevens, D. K., Tarboton, D. G., and
Mesner, N. O. (2010). “A sensor network for high frequency estimation
of water quality constituent fluxes using surrogates.” Environ. Modell.
Software, 25(9), 1031–1044.

Julian, J. P., Doyle, M. W., Powers, S. M., Stanley, E. H., and Riggsbee,
J. A. (2008a). “Optical water quality in rivers.” Water Resour. Res.,
44(10), W10411.

Julian, J. P., Doyle, M.W., and Stanley, E. H. (2008b). “Empirical modeling
of light availability in rivers.” J. Geophys. Res., 113(G3), G03022.

Kirk, J. T. O. (1981). “AMonte Carlo study of the nature of the underwater
light field in, and the relationships between optical properties of, turbid
yellow waters.” Aust. J. Mar. Freshwater Res., 32(4), 533–539.

Kirk, J. T. O. (1984). “Dependence of relationship between inherent
and apparent optical properties of water on solar altitude.” Limnol.
Oceanogr., 29(2), 350–356.

Kirk, J. T. O. (1994). Light and photosynthesis in aquatic ecosystems,
Cambridge University Press, Cambridge, U.K.

Kohavi, R. (1995). “A study of cross-validation and bootstrap for accuracy
estimation and model selection.” Int. Joint Conf. on Artificial
Intelligence, Computer Science Dept., Stanford Univ., Stanford, CA,
14(2), 1137–1145.

Larios, D. F., Barbancho, J., Sevillano, J. L., Molina, F. J., and Leon, C.
(2012). “Energy efficient wireless sensor network communications
based on computational intelligent data fusion for environmental
monitoring.” Commun. IET, 6(14), 2189–2197.

Liu, W.-C., Hsu, M.-H., Chen, S.-Y., Wu, C.-R., and Albert, Y. K. (2005).
“Water column light attenuation in Danshuei river estuary, Taiwan.”
J. Am. Water Resour. Assoc., 41(2), 425–435.

Mishra, D. R., Narumalani, S., Rundquist, D., and Lawson, M. (2005).
“Characterizing the vertical diffuse attenuation coefficient for downw-
elling irradiance in coastal waters: Implications for water penetration by
high resolution satellite data.” J. Photogramm. Remote Sens., 60(1),
48–64.

Mobley, C. D. (1994). Light and water: Radiative transfer in natural
waters, Academic Press, San Diego.

Naiman, R. J., and Bilby, R. E., eds. (1998). River ecology and manage-
ment: Lessons from the Pacific coastal ecoregion, Springer, New York.

Neukermans, G., Loisel, H., Mériaux, X., Astoreca, R., and McKee, D.
(2012). “In situ variability of mass-specific beam attenuation and back-
scattering of marine particles with respect to particle size, density, and
composition.” Limnol. Oceanogr., 57(1), 124–144.

Phlips, E. J., Aldridge, F. J., Schelske, C. L., and Crisman, T. L. (1995b).
“Relationships between light availability, chlorophyll a, and tripton in a
large, shallow subtropical lake.” Limnol. Oceanogr., 40(2), 416–421.

Phlips, E. J., Cichra, M., Aldridge, F. J., Jembeck, J., Hendrickson, J., and
Brody, R. (2000). “Light availability and variations in phytoplankton
standing crops in a nutrient-rich blackwater river.” Limnol. Oceanogr.,
45(4), 916–929.

Phlips, E. J., Lynch, T. C., and Badylak, S. (1995a). “Chlorophyll a, tripton,
color, and light availability in a shallow tropical inner-shelf lagoon,
Florida Bay.” Mar. Ecol. Prog. Ser., 127(1), 223–234.

Pollack, J. B., and Cuzzi, J. N. (1980). “Scattering by nonspherical particles
of size comparable to a wavelength: A new semi-empirical theory and
its application to tropospheric aerosols.” J. Atmos. Sci., 37(4), 868–881.

Rundel, P. W., Graham, E. A., Allen, M. F., Fisher, J. C., and Harmon, T. C.
(2009). “Environmental sensor networks in ecological research.” New
Phytol., 182(3), 589–607.

Squires, M. M., and Lesack, L. F. (2003). “Spatial and temporal patterns of
light attenuation among lakes of the Mackenzie Delta.” Freshwater
Biol., 48(1), 1–20.

Stavn, R. H. (2012). “Mass-specific scattering cross sections of suspended
sediments and aggregates: Theoretical limits and applications.” Opt.
Express, 20(1), 201–219.

Stramski, D., Babin, M., and Wozniak, S. B. (2007). “Variations in the op-
tical properties of terrigenous mineral-rich particulate matter suspended
in seawater.” Limnol. Oceanogr., 52(6), 2418–2433.

Sunita, M., Malik, J., and Mor, S. (2012). “Comprehensive study of appli-
cations of wireless sensor network.” Int. J. Adv. Res. Comput. Sci. Soft-
ware Eng., 2(11), 56–60.

van de Hulst, H. C. (1981). Light scattering: By small particles, Dover,
New York.

Van Duin, E. H. S., et al. (2001). “Modeling underwater light climate in
relation to sedimentation, resuspension, water quality and autotrophic
growth.” Hydrobiologia, 444(1–3), 25–42.

Vannote, R. L., Minshall, G. W., Cummins, K. W., Sedell, J. R., and
Cushing, C. E. (1980). “The river continuum concept.” Can. J. Fish.
Aquat. Sci., 37(1), 130–137.

Walling, D. E., Collins, A. L., Jones, P. A., Leeks, G. J. L., and Old, G.
(2006). “Establishing fine-grained sediment budgets for the Pang
and Lambourn LOCAR catchments, U.K.” J. Hydrol., 330(1–2),
126–141.

Wang, N., Zhang, N., and Wang, M. (2006). “Wireless sensors in agricul-
ture and food industry—Recent development and future perspective.”
Comput. Electron. Agric., 50(1), 1–14.

Williams, N. D., Walling, D. E., and Leeks, G. J. L. (2008). “An analysis of
the factors contributing to the settling potential of fine fluvial sediment.”
Hydrol. Processes, 22(20), 4153–4162.

Wozniak, S. B., et al. (2010). “Optical variability of seawater in relation to
particle concentration, composition, and size distribution in the near-
shore marine environment at Imperial Beach, California.” J. Geophys.
Res. Oceans, 115(C8), C08027.

Yick, J., Mukherjee, B., and Ghosal, D. (2008). “Wireless sensor network
survey.” Comput. Netw., 52(12), 2292–2330.

© ASCE 04014033-9 J. Hydraul. Eng.

J. Hydraul. Eng. 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
ou

is
vi

lle
, U

ni
ve

rs
ity

 O
f 

on
 0

5/
07

/1
4.

 C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.

http://dx.doi.org/10.1016/j.earscirev.2006.05.001
http://dx.doi.org/10.1016/j.earscirev.2006.05.001
http://dx.doi.org/10.1029/2010JC006539
http://dx.doi.org/10.1029/2010JC006539
http://dx.doi.org/10.1016/j.envsoft.2009.10.012
http://dx.doi.org/10.1016/j.envsoft.2009.10.012
http://dx.doi.org/10.1029/2007WR006457
http://dx.doi.org/10.1029/2007WR006457
http://dx.doi.org/10.1029/2007JG000601
http://dx.doi.org/10.1071/MF9810533
http://dx.doi.org/10.4319/lo.1984.29.2.0350
http://dx.doi.org/10.4319/lo.1984.29.2.0350
http://dx.doi.org/10.1049/iet-com.2011.0809
http://dx.doi.org/10.1111/jawr.2005.41.issue-2
http://dx.doi.org/10.4319/lo.2012.57.1.0124
http://dx.doi.org/10.4319/lo.1995.40.2.0416
http://dx.doi.org/10.4319/lo.2000.45.4.0916
http://dx.doi.org/10.4319/lo.2000.45.4.0916
http://dx.doi.org/10.3354/meps127223
http://dx.doi.org/10.1175/1520-0469(1980)037&lt;0868:SBNPOS&gt;2.0.CO;2
http://dx.doi.org/10.1046/j.1365-2427.2003.00960.x
http://dx.doi.org/10.1046/j.1365-2427.2003.00960.x
http://dx.doi.org/10.1364/OE.20.000201
http://dx.doi.org/10.1364/OE.20.000201
http://dx.doi.org/10.4319/lo.2007.52.6.2418
http://dx.doi.org/10.1023/A:1017512614680
http://dx.doi.org/10.1139/f80-017
http://dx.doi.org/10.1139/f80-017
http://dx.doi.org/10.1016/j.jhydrol.2006.04.015
http://dx.doi.org/10.1016/j.jhydrol.2006.04.015
http://dx.doi.org/10.1016/j.compag.2005.09.003
http://dx.doi.org/10.1002/hyp.v22:20
http://dx.doi.org/10.1029/2009JC005554
http://dx.doi.org/10.1029/2009JC005554
http://dx.doi.org/10.1016/j.comnet.2008.04.002

