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ABSTRACT: Surrogate measures like turbidity, which can be observed with high frequency in situ, have poten-
tial for generating high frequency estimates of total suspended solids (TSS) and total phosphorus (TP) concen-
trations. In the semiarid, snowmelt-driven, and irrigation-regulated Little Bear River watershed of northern
Utah, high frequency in situ water quality measurements were recorded in conjunction with periodic chemistry
sampling. Site-specific relationships were developed using turbidity as a surrogate for TP and TSS at two moni-
toring locations. Methods are presented for employing censored data and for investigating categorical explana-
tory variables (e.g., hydrologic conditions). Turbidity was a significant explanatory variable for TP and TSS at
both sites, which differ in hydrologic and water quality characteristics. The relationship between turbidity and
TP was stronger at the upper watershed site where TP is predominantly particulate. At both sites, the relation-
ships between turbidity and TP varied between spring snowmelt and base flow conditions while the relation-
ships between TSS and turbidity were consistent across hydrological conditions. This approach enables the
calculation of high frequency time series of TP and TSS concentrations previously unavailable using traditional
monitoring approaches. These methods have broad application for situations that require accurate characteriza-
tion of fluxes of these constituents over a range of hydrologic conditions.
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INTRODUCTION

Traditional water quality monitoring programs
rely on the analysis of grab samples that are typically
collected at a frequency too low to fully characterize
water quality constituent concentrations and to calcu-
late loads of those constituents over time (de Vries

and Klavers, 1994; Scholefield et al., 2005). Addition-
ally, concentrations of solids and nutrients are often
greater during storm events because of nonpoint
source runoff (Nolan et al., 1995; Correll et al., 1999;
Houser et al., 2006; Jordan et al., 2007). Routine
monitoring programs often miss these important
events. High frequency monitoring with in situ sen-
sors offers a number of advantages to traditional
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monitoring methods. High frequency monitoring can
capture time periods and characterize seasonal trends
that may be omitted by traditional periodic grab sam-
pling (Christensen et al., 2002; Tomlinson and De
Carlo, 2003; Kirchner et al., 2004; Jordan et al.,
2007). Monitoring equipment that measures continu-
ously can simplify the logistics and personnel
required for grab sampling to be representative
(Grayson et al., 1997), can reduce errors in transcrip-
tion and delays in obtaining data (Vivoni and Camilli,
2003), and can be closely linked with water quality
models to help refine parameters and results (Vivoni
and Richards, 2005). Variables commonly measured
in situ include water level, pH, specific conductance,
dissolved oxygen, and turbidity. Additionally, UV-VIS
spectroscopy and ion-specific sensors can be used in
situ to quantify constituents such as nitrate, nitrite,
chlorophyll, and chemical oxygen demand, although
caution should be exercised because interfering sub-
stances (e.g., dissolved organic matter) can affect the
validity of in situ colorimetric measurements for
parameters such as nitrate.

Despite developments in sensor technology, there
are still important water quality constituents that
are either impossible or impractical to measure
in situ or in real time for extended periods. For
example, total phosphorus (TP) samples are most
often digested and analyzed in a lab. Some commonly
used, high frequency measurements have the power-
ful potential to be used as surrogates to estimate
other properties such as constituent concentrations.
A common surrogate used for this purpose is turbid-
ity, which is an optical measure of the scattering of
light passing through a sample of water because of
colloidal and suspended matter. In many situations,
turbidity can be used as a surrogate for suspended
solids as well as constituents such as phosphorus
that may be associated with suspended matter (Gray-
son et al., 1996; Kronvang et al., 1997; Stubblefield
et al., 2007).

The objective of this study is to develop a method
for estimating TP and total suspended solid (TSS)
concentrations with high frequency. This paper exam-
ines turbidity as a surrogate measure for TP and TSS
in the Little Bear River, Utah. As a result of concerns
with algal growth, aquatic habitat, and downstream
water quality impairments, TP and TSS are water
quality constituents of interest in the Little Bear
River (Utah DEQ, 2000, 2009). Water borne phospho-
rus occurs in both dissolved and particulate forms.
Particulate phosphorus is generally less bio-available
than dissolved phosphorus but more readily esti-
mated using turbidity as a surrogate. TP, which is
the sum of dissolved and particulate phosphorus, is
examined in this paper because it is regulated in the
Little Bear River. Moreover, phosphorus may cycle

between its various forms, and TP accounts for all
phosphorus loading (Utah DEQ, 2009). We use linear
relationships between turbidity and TSS and between
turbidity and TP to allow prediction of TP and TSS
concentrations as functions of turbidity, enabling the
generation of high frequency, long-term estimates of
their concentration.

Considerable research is available demonstrating
the potential for accurately relating suspended sedi-
ment concentrations to turbidity measurements
(Gippel, 1995; Kronvang et al., 1997; Brasington and
Richards, 2000; Christensen et al., 2000; Tomlinson
and De Carlo, 2003). There is also evidence that tur-
bidity can be used as a surrogate for phosphorus.
Grayson et al. (1996), Christensen et al. (2002),
Rasmussen et al. (2008), Ryberg (2006), and Stubble-
field et al. (2007) found statistically significant corre-
lations between turbidity and TP in watersheds of
differing characteristics exhibiting a range of turbid-
ity values. In these studies, turbidity was the princi-
pal explanatory variable for TP and TSS. As the
nature of turbidity depends greatly on the source of
sediment (Gippel, 1995), the surrogate relationships
are site-specific (Grayson et al., 1996; Christensen
et al., 2002; Tomlinson and De Carlo, 2003), limiting
the general applicability of previous studies to tar-
geted locations.

Surrogate relationships for estimating water qual-
ity constituent concentrations such as those pre-
sented in this paper allow for the generation of
concentration estimates at a much higher temporal
resolution than most traditional water quality moni-
toring programs have achieved. Although many
aspects of water quality monitoring have improved,
sampling frequency remains a limiting factor in
the estimation of water quality constituent loads
(de Vries and Klavers, 1994; Johnes, 2007). High
frequency estimates of concentration can overcome
some problems encountered when constituent loads
are calculated (e.g., complicated load estimation equa-
tions and situations where discharge and concentra-
tion are measured at different frequencies). Water
quality models also suffer from a general paucity of
water quality observations and would be improved by
high frequency estimates of concentration (Neilson
and Chapra, 2003; Kirchner et al., 2004; Johnes,
2007). The results of applying surrogate relationships
may also assist water quality regulators to target
locations and time periods of interest for water qual-
ity monitoring.

Surrogate measures can be an important compo-
nent of water quality monitoring programs and
environmental observatory design as a relatively inex-
pensive method for producing high frequency time
series of water quality constituent concentrations
over extended time periods. The Little Bear River is 1
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of 11 National Science Foundation environmental
observatory test bed projects tasked with developing
techniques and technologies for environmental obser-
vatory design. These applications range from innova-
tive implementation of environmental sensors to
publishing observations data in common formats and
making those data widely accessible (Montgomery
et al., 2007).

In this paper, we begin with a description of the
Little Bear River watershed. We then detail the data
collection and statistical procedures that were used to
obtain surrogate relationships at two monitoring loca-
tions in the Little Bear River, which differ with
regard to hydrology and water quality. Finally, we
describe the resulting surrogate equations and discuss
the explanatory variables, differences between the
two sites, the applicability of the surrogate approach,
and potential improvements to our approach.

STUDY AREA

The Little Bear River watershed is located in
northern Utah and is a major tributary of the Bear
River, which flows into the Great Salt Lake. The Lit-
tle Bear watershed encompasses an area of approxi-
mately 740 km2. The headwaters are in the Bear
River Mountain Range, and elevations range from

1,340 m to 2,700 m. The upper watershed drains
higher elevation forest and range land. Most of the
land adjacent to the river is agricultural, including
crops and livestock grazing, and there are a number
of irrigation diversions from the river. Near the town
of Hyrum, the river is stored behind Hyrum Dam,
which is operated to supply summer irrigation water.
Below Hyrum Dam, the river flows through lower
gradient agricultural land and a few towns before
draining into an arm of Cutler Reservoir, which
impounds the Bear River. The watershed and local
towns are shown in Figure 1. There are concerns
with low dissolved oxygen levels in Cutler Reservoir
resulting from algae growth attributed to high levels
of phosphorus in the reservoir (Utah DEQ, 2009).
Phosphorus may be contributed by fertilized fields,
animal waste, wastewater treatment plants, and
industries as well as natural sources such as phos-
phorus-rich soils.

The average annual precipitation is around
430 mm in the lower watershed and on the order of
1,000 mm in the upper watershed, demonstrating sig-
nificant variability with elevation. Most of the precip-
itation occurs as snow, and the flow regime in the
watershed is driven by snowmelt with hydrograph
peaks occurring in late spring. The magnitude, tim-
ing, and duration of the peaks are dictated by the
winter snowpack and spring weather conditions. In
the upper watershed, where an active U.S. Geological
Survey (USGS) gage is located, discharge ranges from

FIGURE 1. Little Bear River Watershed.
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0.50 to 12 m3 ⁄ s with an average annual discharge of
2.5 m3 ⁄ s.

Seven sites have been instrumented within the Lit-
tle Bear River for the collection of high frequency
water quality monitoring data. General characteristics
of the monitoring system and data collected at these
locations are described in detail by Horsburgh et al.
(2010). Two of these sites were chosen for analysis in
this paper and are indicated in Figure 1. The first site
is the Little Bear River at Paradise, located in the
upper watershed above Hyrum Reservoir. The second
site is the Little Bear River at Mendon, located in the
lower watershed near the river’s terminus at Cutler
Reservoir. The two sites were selected for their distinct
characteristics. Above Paradise, there are agricultural
diversions and the river passes through some agricul-
tural land, but relative to Mendon, the river is less reg-
ulated, is of higher gradient, and less impacted by
human activity. In contrast, above Mendon, the river
is controlled by Hyrum Reservoir releases and
influenced by agricultural return flows, a wastewater
treatment plant, and an increasingly agricultural
landscape. Approximately 4% of the land above Para-
dise is agricultural whereas between Paradise and
Mendon, about 50% of the land is used for agriculture.
Additionally, at Mendon, the river is lower gradient
and groundwater levels are closer to the surface than
at Paradise. Soil characteristics and instream sedi-
ment dynamics also differ between the two sites.
Mendon is located in a lacustrine valley with finer soils
that tend to remain in suspension while the suspended
matter at Paradise is coarser and more likely to
settle [Soil Survey Staff, National Resource Conserva-
tion Service (NRCS), United States Department of
Agriculture (USDA), 2008].

MATERIALS AND METHODS

Instrumentation and Monitoring

Each site was equipped with continuous monitoring
and telemetry instrumentation. The water quality
monitoring equipment includes a Forest Technology
Systems (Victoria, BC, Canada) DTS-12 SDI-12 Tur-
bidity Sensor. The turbidity sensor uses an infrared
light beam and optical backscatter with a detector at
90� to the emitted light to determine turbidity in
nephelometric turbidity units (NTU) (Forest Technol-
ogy Systems Ltd, 2007). The turbidity sensor also
measures water temperature. Turbidity and water
temperature measurements were recorded at half hour
intervals. At Paradise, there is an active USGS gage
(USGS 10105900 Little Bear River at Paradise, Utah)

adjacent to the real-time water quality sensors for
which records of 15 min instantaneous and daily aver-
age discharge were obtained. At Mendon, water level
is measured continuously by a KWK Technologies
(Spokane, Washington) SPXD-600 SDI-12 pressure
transducer. The water level measurements were
paired with manually measured discharges to develop
a stage-discharge relationship. Discharges were mea-
sured using either a Teledyne RD Instruments (Poway,
CA) Acoustic Doppler Current Profiler or a velocity
meter attached to a wading rod or a bridge cart. The
stage-discharge relationship was then used to generate
continuous, half-hourly estimates of discharge.

Water quality samples were collected at the two
sites either by grab sampling conducted by a field crew
or using automated samplers. All samples were
collected in the thalweg of the channel as near to the
in situ probes as possible. These methods are consis-
tent with those outlined by Eaton et al. (2005) and
Utah DEQ (2006). The automated samplers operate by
pumping water from the river through tubing into
sample bottles held within the main chamber, allowing
for the collection of multiple samples during an event
such as a storm or a period of snowmelt. In general,
samplers were deployed when precipitation was
expected. Each sample was split for TSS and TP analy-
sis, with a portion of the sample filtered using a
0.45 lm filter for the analysis of total dissolved phos-
phorus (TDP). Manually collected samples were split
in the field immediately upon collection, and automati-
cally collected samples were split after being returned
to the lab and agitated to insure homogeneity. Analy-
ses of duplicates of split samples indicate no significant
loss of homogeneity. TDP measurements were used to
obtain values of particulate phosphorus to understand
the speciation of phosphorus at each location.

Laboratory analyses were performed by labs affili-
ated with Utah State University and with the State
of Utah Division of Water Quality. This study also
used historic data, so labs and their associated meth-
ods changed over the time period examined. In princi-
ple, the results from the labs should produce
consistent results, and quality assurance ⁄ quality
control samples sent to multiple labs confirmed this
assumption. For TSS analyses, some samples were
analyzed under EPA Method 340.2, Total Suspended
Solids, Mass Balance, while the remaining samples
were analyzed according to EPA Method 160.2, Resi-
due Nonfilterable Total Suspended Solids. For TP
and TDP analyses, some samples were analyzed
according to EPA Method 200.8, Determination of
Trace Elements in Water and Waste by Inductively
Coupled Mass Spectroscopy, and the remaining
samples were analyzed as directed by EPA Method
365.2, Orthophosphate Ascorbic Acid Manual Single
Reagent, preceded by an acid digestion of the sample.
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Database Procedures

All of the referenced datasets were stored and
managed using a database at the Utah Water
Research Laboratory (http://littlebearriver.usu.edu/).
The turbidity, water temperature, and water level
data were transmitted via a spread spectrum radio
network from the monitoring sites and imported
directly to the database, the USGS discharge data
were obtained from the USGS National Water Infor-
mation System and incorporated into the database,
and the lab results were entered into the database by
hand. The time period under examination extended
from the installation of in situ sensors in August
2005 through April 2008 resulting in datasets of 145-
175 samples of TP, TDP, and TSS collected at each
site (Table 1). For each observation of TP and TSS,
associated continuous measurements of turbidity,
water temperature, and discharge were extracted
from the database and matched in time with the lab
results. When the timing of a manual sample did not
exactly correspond to the timing of continuous mea-
surements, the values of turbidity, water tempera-
ture, and discharge that bracketed the sample were
interpolated accordingly. The resulting datasets and
summary statistics for each site and each variable
are summarized in Table 1.

Statistical Methods

Our objective was to develop correlations to esti-
mate TP and TSS as functions of turbidity using

simple regression, following the general form given in
Equation (1).

yi ¼ a0 þ a1xi þ ei; i ¼ 1; 2; . . . n; ð1Þ

where yi represents the ith observation of the
response variable, a0 and a1 are parameters esti-
mated by regression, xi is the ith observation of an
explanatory variable, ei represents the error for the
ith observation, and n is the number of samples.
Using techniques described subsequently, regression
parameters unique to each response variable were
estimated based on the observation datasets. In eval-
uating the regressions, we examined the errors, or
residuals, to determine whether they demonstrated
constant variance, were independent, had a mean of
zero, and were normally distributed, all of which are
characteristics of a reasonable linear model (Draper
and Smith, 1998; Berthouex and Brown, 2002).

To assess the potential of the surrogate approach,
we initially examined plots of turbidity against the
response variables. This allowed for the visual identifi-
cation and subsequent removal of a few extreme data
points (no more than 3.5% of a single dataset). These
points were unusually high turbidity measurements
corresponding to low TP or TSS measurements and
low turbidity corresponding to high TP or TSS, rela-
tive to the majority of observation pairs. It is assumed
that these observations are a consequence of inconsis-
tency between grab samples and the water that
passes in the range of the turbidity sensor. Although
efforts were made to collect samples near the turbidity

TABLE 1. Summary Statistics for Observed Variables. Total phosphorus (TP) and total suspended solid (TSS) values are the results of water
quality grab samples whereas turbidity, discharge, and temperature are values extracted from continuous datasets corresponding in time to
the TSS or TP sample. At Paradise, the discharge values are obtained from the U.S. Geological Survey. At Mendon, discharge was derived
from stage measured simultaneously with the TP and TSS samples. Note that the maximum likelihood estimation mean and standard
deviation are reported for TP because of the censored values (Helsel, 2005).

Site Variable Count Mean Standard Deviation Range Count Censored

Paradise TP (mg ⁄ l) 172 0.256 1.23 <0.01-0.954 55
Turbidity (NTU) 172 151 217 1.99-861
Discharge (m3 ⁄ s) 172 5.09 5.19 0.736-26.2
Temperature (�C) 172 7.00 2.96 0.30-16.9
TSS (mg ⁄ l) 175 240 390 0.86-2,280
Turbidity (NTU) 175 180 284 1.99-1,670
Discharge (m3 ⁄ s) 175 5.36 5.48 0.736-26.2
Temperature (�C) 175 6.96 2.86 0.30-15.8

Mendon TP (mg ⁄ l) 152 0.0791 0.0742 <0.01-0.20 21
Turbidity (NTU) 152 21.1 11.1 4.33-55.1
Discharge (m3 ⁄ s) 152 3.81 3.05 0.232-10.4
Temperature (�C) 152 9.16 3.97 0.10-21.1
TSS (mg ⁄ l) 148 30.4 19.6 3.33-92.0
Turbidity (NTU) 148 21.3 11.6 4.33-55.1
Discharge (m3 ⁄ s) 148 3.94 2.92 0.655-10.4
Temperature (�C) 148 8.83 3.77 0.10-21.1
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sensors, there could still be discrepancies between the
collected sample and the water measured by the tur-
bidity sensor. The potential of these points to unduly
influence the regressions was verified using a jack-
knife procedure, and our results were consistent with
the findings of Christensen et al. (2000) and Tomlin-
son and De Carlo (2003) that removal of outliers may
be justified in the development of surrogate relation-
ships.

While turbidity was the target explanatory vari-
able, other variables (e.g., discharge, water tempera-
ture, day of year, and hour of day) were considered
for inclusion in the regression equations and were
tested for significance in describing some of the vari-
ability in the response variables. Categorical vari-
ables associated with the hydrological conditions at
the time of sample collection were also examined, as
seasonal differences in surrogate relationships have
been suggested by Grayson et al. (1996), Christensen
et al. (2002), and Ryberg (2006). Categorical variables
are qualitative descriptors of data that can be used in
regression models (Berthouex and Brown, 2002). For
each observation, a categorical variable is assigned a
value to designate whether or not the observation
falls into a particular category (e.g., seasons, labora-
tory methods). Equation (2) shows the general form
of a regression equation with the inclusion of two cat-
egorical variables, Z1 and Z2.

yi ¼ a0 þ a1xi þ Z1ðb0 þ b1xiÞ þ Z2ðc0 þ c1xiÞ þ ei;

i ¼ 1; 2; . . . n; ð2Þ

where b0, b1, c1, and c2 are parameters estimated by
regression, and yi, a0, a1, xi, ei, and n are as defined
in Equation (1). The categorical variables, Z1 and Z2,
are set as 0 or 1 to indicate the occurrence of the
associated category.

We investigated two categorical variables associated
with hydrological conditions: one to represent spring
snowmelt vs. base flow conditions and one to represent
the occurrence of a storm. Because the flow regime of
the Little Bear is primarily snowmelt-driven, we
hypothesized that the relationships between TP or
TSS and turbidity might be significantly different dur-
ing spring snowmelt vs. groundwater-dominated base
flow conditions. Observations identified to occur dur-
ing the period of spring snowmelt were assigned a
value of 1 for this variable while the remaining obser-
vations were assigned a value of 0. As runoff resulting
from precipitation events also has the potential to
carry significant amounts of sediment and associated
phosphorus into the river, the other categorical vari-
able that was hypothesized to be significant was
whether a sample was collected during a storm event.

Storm events were identified by examining a number
of factors including the incidence of precipitation and
hydrograph response. Observations identified as
occurring during a storm event were assigned a value
of 1 for this variable, while observations collected dur-
ing interstorm periods were assigned a value of 0.

A significant portion of the TP concentrations was
censored, or reported as below detection limit (30%
at Paradise and 13% at Mendon; see Table 1). We
needed a regression method with the capability to
properly include censored data. Historically, censored
data have either been omitted from analyses or
substituted with some value at or below the detec-
tion limit. These methods are known to introduce
bias and variability into descriptive statistics that
are calculated from datasets with censored values
(Helsel, 2005). To preserve the censored values in
the dataset without using substitution, regression
with maximum likelihood estimation (MLE) was
used on the matched datasets within the framework
of the R statistical computing environment (http://
www.r-project.org/) using techniques developed and
described by Helsel and Lee (2006). MLE estimates a
mean and a standard deviation for the response vari-
able that is most likely to result in the values above
the detection limit and the proportion of values
below the detection limit. The mean and standard
deviation are then used to produce values for the
regression parameters that account for censored
data. The TSS datasets do not include a large num-
ber of censored data, so associated regressions were
developed using standard least squares regression
within the R framework.

To determine which variables were important pre-
dictors, regression was performed several times for
each response variable by adding and removing poten-
tial explanatory variables. A number of techniques
were employed to address the appropriateness of each
resulting regression model and to compare between
them. For each explanatory variable in the regression,
a p-value was calculated, which indicates the proba-
bility that the value of the regression parameter is
not different from 0. A p-value greater than a speci-
fied threshold (commonly 0.05) indicates that the rela-
tionship between the explanatory variable and
response variable is not statistically significant. If a p-
value was less than 0.05, the associated variable was
considered significant. For MLE regression, overall
log-likelihood tests assist in determining whether the
regression is better than no regression at all, and the
parallel partial log-likelihood test was used to discern
whether the addition of a variable improved the
regression as compared with the equation without
that variable (Helsel, 2005). The partial log-likelihood
was compared with a chi-square distribution with
the associated degrees of freedom to determine the
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p-value, which represents the probability that the
regression with the additional variable was different
than without it. Again, 0.05 was used as the criterion
for significance. Finally, residuals were examined to
assess the error in each regression model. The root
mean square error (RMSE) given by Equation (3) was
used to compare regressions. A lower RMSE indicates
a reduction in overall error.

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiP

e2

t

r
; ð3Þ

where RMSE is the root mean square error, e repre-
sents each residual value, and t corresponds to the
degrees of freedom. A variable was included in the
final regression equation if it provided a reduction in
the RMSE, had a p-value less than 0.05, and was sig-
nificant according to the partial log-likelihood test
(Helsel, 2005). Plots of the residuals were also exam-
ined to verify randomness and independence from

other factors as well as to assess whether the residu-
als exhibited constant variance and approached a
normal distribution. Log transformations of the data
were examined, but did not provide significant
improvement in the prediction of any of the response
variables or in the behavior of the residuals, so un-
transformed datasets were used in all cases.

RESULTS

Correlations

The relationships between TP and TSS and poten-
tial explanatory variables are shown as matrices of
correlation plots in Figure 2. At Paradise, there is
a strong correlation between turbidity and both TP
and TSS (Pearson’s correlation coefficient, r, of 0.95).
Both response variables exhibit some correlation with
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FIGURE 2. Correlation Matrices for Paradise Total Phosphorus (TP) (a) and Total Suspended Solids (TSS) (b) and Mendon TP
(c) and TSS (d). Stars indicate the significance of the Pearson’s correlation coefficient (***, 0.001; **, 0.01; *, 0.05).
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discharge (TP: r = 0.80; TSS: r = 0.70) and water tem-
perature (TP: r = 0.48; TSS: r = 0.70). At Mendon,
the correlation between TP and turbidity is signifi-
cant (r = 0.70), though not as strong as that at Para-
dise nor as strong as the correlation between
turbidity and TSS at Mendon (r = 0.84). TSS at Men-
don is also correlated with discharge (r = 0.41). Dis-
charge can influence TP and TSS concentrations, so
correlation is expected between discharge and the
response variables. Correlation with temperature
could reflect cyclical, seasonal variations in TP or
TSS as suggested by Christensen et al. (2002). Dis-
charge at Mendon is highly regulated by releases
from Hyrum Reservoir and includes considerable
groundwater contribution, factors that may explain
the stronger correlations with discharge and tempera-
ture at Paradise than at Mendon. Although Porcu-
pine Reservoir is located upstream of Paradise, its
releases are diverted into agricultural canals for most
of the year. Because turbidity is hypothesized to be a
significant surrogate for TP and TSS, Figure 3 shows
an enlarged view of the plots of turbidity related to
TP and TSS at both sites, highlighting the strength
of these relationships.

Regression Results

Turbidity, discharge, temperature, day of year,
hour of day, and the two hydrologic categorical
variables (spring snowmelt and storm event) were

considered as explanatory variables for TSS and TP
at each location. A variable was only retained if it
was found to be significant according to the criteria
described in the ‘‘Materials and Methods.’’ The result-
ing equations are found in Table 2. Table 2 also gives
the p-values for all the explanatory variables and the
RMSE values for the regressions. The RMSE for the
TP regression at Paradise is 0.069 mg ⁄ l TP, and the
RMSE for the TP regression at Mendon is 0.027 mg ⁄ l
TP. These values are within the range of RMSE val-
ues resulting from the turbidity and TP correlations
reported by Christensen et al. (2002) over a similar
turbidity range. For the TSS regressions, the RMSE
for Paradise is 117 mg ⁄ l TSS and the Mendon RMSE
is 10.8 mg ⁄ l TSS. The Paradise RMSE is relatively
high because of the influence of a few large residuals;
2% of the residuals account for 38% of the variance,
and another 3% of the residuals are responsible for
an additional 32% of the variance. Removal of these
anomalous values would reduce the RMSE to 64 mg ⁄ l
TSS.

Figures 4 and 5 contain plots of observed and esti-
mated TP and TSS at Paradise and Mendon, respec-
tively. Estimated values were generated using the
equations in Table 2. In these figures, panels (a) and
(c) show time series of estimated TP or TSS along
with points of observed TP or TSS for the entire
period used to generate the regression equations.
However, the time-series plots are dense and do not
permit direct comparison between each point as do
panels (b) and (d), which contain only corresponding
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FIGURE 3. Correlation Plots for Turbidity and Total Phosphorus (TP) at Paradise (a),
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estimated and observed values connected by vertical
lines.

The vertical lines in Figures 4b, 4d, 5b, and 5d rep-
resent the residuals of the regressions. More detailed
plots of the residuals can be found in Spackman
Jones (2008). For TP and TSS at both locations, no
significant relationships between the residuals and
any measured properties were observed, and the
residuals did not show any correlation with temporal
variables such as day of year or hour of day. For the
Mendon TP regression, the residuals exhibited con-
stant variance and were approximately normally dis-
tributed (Figure 5b). For TP at Paradise, Figure 4b
suggests that some residuals may be greater at
greater values of TP, but there are also small residu-
als at high TP levels. Although transformations can
sometimes correct this pattern, transforming data did
not improve TP estimations nor did it provide con-
stant variance in the residuals.

As mentioned before, the Paradise TSS regression
resulted in several large residual values (Figure 4d).
Transformations were considered in an attempt to
account for the large range of TSS residual values,
but neither the TSS estimates nor the retransformed
RMSE were improved. For the Mendon TSS regres-
sion, Figure 5d shows a greater difference in esti-
mated and observed values at higher values of TSS,
though there are exceptions to this generalization,
and the residuals were approximately normally
distributed. Again, transformations were examined,
but did not improve TSS estimates. For all cases,
untransformed data were used to simplify interpreta-
tion of results and to maintain consistency between
the regressions.

DISCUSSION

Explanatory Variables

Although turbidity, discharge, temperature, day of
year, hour of day, and hydrologic categorical vari-
ables were considered, turbidity was the only explan-
atory variable that was a significant predictor of TSS
at both sites, suggesting that turbidity alone is suffi-
cient to estimate TSS across hydrologic conditions at
these locations. Though there is correlation between
TSS and discharge at both Paradise and Mendon
and between TSS and water temperature at Para-
dise, including discharge or water temperature did
not explain a significant proportion of the variance,
so neither variable was retained. This is likely
because of colinearity with turbidity as shown in Fig-
ures 2b and d. The relationships between TSS and
discharge and between TSS and water temperature
are very similar to the relationships between turbid-
ity and discharge and between turbidity and water
temperature.

For TP at both sites, only turbidity and the spring
snowmelt ⁄ base flow categorical variable were signifi-
cant. Although TP was correlated with both discharge
and water temperature at Paradise, turbidity was
correlated with these variables to a similar degree
(see Figure 2a). The presence of turbidity in the final
regression equation accounts for the information pro-
vided by discharge and water temperature, making
their inclusion unnecessary. The categorical variable
indicating whether observations were collected during
a storm event was not significant at either site,

TABLE 2. Final Surrogate Equations.

Site Constituent Equation RMSE (mg ⁄ l) p-value Standard Error

Paradise Total phosphorus TP = 0.0209 + 0.000798 ·
Turb + 0.0386 · Z

0.069 Turb: <10)6

Z: 8.71 · 10)4
Turb: 2.67 · 10)5

Z: 1.16 · 10)2

Total suspended solids TSS = 3.58 + 1.31 · Turb 117 Turb: <10)6 Turb: 3.12 · 10)2

Mendon Total phosphorus TP = )0.0341 + 0.0053 ·
Turb + 0.0949 · Z ) 0.00404 ·
Turb · Z + 0.0832 ·
Y )0.000871 · Turb · Y

0.027 Turb: <10)6

Z: <10)6

Turb · Z: <10)6

Y: 1.38 · 10)3

Turb · Y: 5.24 · 10)3

Turb: 4.39 · 10)4

Z: 1.13 · 10)2

Turb · Z: 4.86 · 10)4

Y: 2.60 · 10)2

Turb · Y: 3.12 · 10)3

Total suspended solids TSS = 0.341 + 1.41 · Turb 10.8 Turb: <10)6 Turb: 7.70 · 10)2

Variable Description

TP Total phosphorus (mg ⁄ l)
TSS Total suspended solids (mg ⁄ l)
Turb Turbidity (NTU)
Z Categorical variable for spring snowmelt (Z = 1) vs. base flow (Z = 0)
Y Categorical variable for Turb < 10 NTU (Y = 1) vs. Turb > 10 NTU (Y = 0)

RMSE, root mean square error.
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implying that the relationships between turbidity and
TP are consistent throughout storm events. There is
a distinction between periods of spring snowmelt and
periods of base flow at both Paradise and Mendon.
This observed correlation with season or hydrologic
regime is consistent with the results of Christensen
et al. (2002) and Ryberg (2006).

For the TP regression at Mendon, the interaction
between turbidity and the spring snowmelt ⁄ base
flow variable was found to improve the regression
significantly, indicating that the combined effect of
the two variables is different from the sum of
their individual contributions. In this case, TP is
decreased during spring snowmelt periods by a factor
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of 0.00404 · turbidity. The negative term in the equa-
tion, however, resulted in some negative predicted
concentrations, so an additional categorical variable,
Y, was added to distinguish the relationship at low
vs. high levels of turbidity. The categorical variable
differentiating low from high turbidity levels (Y) was
found to be significant and improved the regression
results. The regression parameters reported in
Table 2 for Mendon TP have been adjusted to account
for Y. The inclusion of this variable implies that the
relationship between turbidity and TP is different at

low values of turbidity, corresponding to low TP mea-
surements. Distinctions in surrogate relationships at
low turbidity levels have been suggested by Grayson
et al. (1996) and Stubblefield et al. (2007).

Site Comparison

Paradise and Mendon were selected as sampling
sites for analyses in this work because of their differing
characteristics, which are reflected in the differences
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in the resulting surrogate relationships. The RMSE
values for both TP and TSS are greater at Paradise
than Mendon, which is a result of the larger range of
observed values at that site (Paradise: 0.01-0.95 mg ⁄ l
TP and 0.86-2,280 mg ⁄ l TSS; Mendon: 0.01-0.20 mg ⁄ l
TP and 3.33-92 mg ⁄ l TSS). Figures 2 and 3 indicate
stronger correlations at Paradise than Mendon
between turbidity and both TP and TSS, and the final
TP equation at Paradise appears to better track trends
through a greater range than does the Mendon rela-
tionship. Moreover, the Mendon TP regression is more
complex as it includes the interaction between turbid-
ity and the spring snowmelt ⁄ base flow categorical vari-
able and requires an additional variable to account for
different behaviors between turbidity and TP at low
concentrations.

We surmise that these differences are a result of
the varying composition of TP between the two sites.
At Mendon, an overall average of 60% of the TP was
dissolved, leaving 40% as particulate. The average
composition of TP measured at Paradise was the oppo-
site, 40% dissolved and 60% particulate. These ratios
are comparable with those reported by Johnes (2007)
for sites with higher base flow and more groundwater
influence (65-75% dissolved) vs. those with lower base
flow (40-50% dissolved). As dissolved phosphorus is
not associated with particles, the correlation between
TP and turbidity at Mendon would not be as strong as
the correlation at Paradise where the TP is primarily
comprised of particulate phosphorus. Indeed, in this
study, TDP and turbidity were not significantly corre-
lated at either site. This is corroborated by Stubble-
field et al. (2007) who found no relationship between
soluble reactive phosphorus and turbidity.

Patterns of dissolved phosphorus were further
examined to address the possibility of relating the
portion of TP that was dissolved to the results of the
regression model. No trends in the fraction of dis-
solved phosphorus were found with respect to season,
and there was no relationship with the regression
residuals at either site. During periods of spring
snowmelt at both sites, the fraction of dissolved phos-
phorus was slightly higher than during base flow
periods, but the difference was not significant at the
95% confidence level. This potential difference will be
investigated more thoroughly as more data are
obtained. The TP relationships do not explicitly
include the speciation of phosphorus, but we suspect
that stronger TP-turbidity relationships result when
the TP is predominantly particulate. Although there
is generally more of dissolved phosphorus than par-
ticulate phosphorus at Mendon, the TP-turbidity rela-
tionship is still useful for comparing between sites
and between time periods.

Variations in the speciation of phosphorus at the
two sites reflect differing sources of phosphorus and

differing stream dynamics. Factors that may increase
the amount of TDP at Mendon include more concen-
trated agricultural activity than above Paradise,
impact from wastewater treatment lagoons, and man-
ure or fertilizer that is transported to canals and into
the river before being incorporated by plants or
adsorbed to the soil. In contrast, the phosphorus
entering the river above Paradise is primarily related
to soil erosion and particulate matter. Additionally,
between the two sites is Hyrum Reservoir. Phospho-
rus (primarily particulate) enters the reservoir from
the upper watershed and accumulates in the sedi-
ment. Over time, the phosphorus can be released
from the sediment and carried out of the reservoir in
its dissolved form through reservoir releases (Utah
DEQ, 2000, 2009), which might also carry algae that
contain phosphorus. Other than releases from Hyrum
Reservoir, the sources of discharge at Mendon include
agricultural return flows, which have the potential to
contribute dissolved phosphorus from crop runoff,
and some groundwater influence. It is possible that
dissolved phosphorus enters the river via the ground-
water (Burkart et al., 2004), however, we have no
specific evidence that this is occurring in the Little
Bear River.

Despite the differing characteristics of the two
sites, some aspects of the surrogate relationships are
consistent between Paradise and Mendon. Both TSS
surrogate relationships are functions only of turbidity
with similar slopes (1.31 mg ⁄ l TSS ⁄ NTU at Paradise
and 1.41 mg ⁄ l TSS ⁄ NTU at Mendon), although the
suspended matter varied between the two locations.
The intercepts of the TSS regressions differ between
the two sites (3.58 mg ⁄ l TSS at Paradise and
0.341 mg ⁄ l TSS at Mendon), but the difference is
comparable with variations in duplicate TSS samples.
For both sites, the TP relationships include a variable
to account for base flow vs. spring snowmelt. This is
similar to the differences between the suspended sed-
iment and TP surrogate relationships determined by
Ryberg (2006). Another similarity is the lack of signif-
icance of the storm event term in all the regressions.
Although storms can be important periods for TSS
and TP transport, in this watershed the relationships
between turbidity and TP and between turbidity and
TSS did not vary during storms.

Applicability

Surrogate relationships like those described in this
paper can be used to provide high frequency esti-
mates of TP and TSS concentrations. Until robust
in situ sensors for TP and TSS are developed, surro-
gate measures allow for the characterization of fluxes
at varying time scales (e.g., from individual events to

SPACKMAN JONES, STEVENS, HORSBURGH, AND MESNER

JAWRA 250 JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION



entire seasons or years) and also provide a better
means for comparison between monitoring sites. The
use of surrogate measures for estimating water qual-
ity constituents has widespread implications for
water quality monitoring programs and the design of
environmental observatories. For water quality mod-
els, improved quantification of constituent concentra-
tions will facilitate the refinement of model
parameters that represent pollutant loading drivers
such as land use, management practices, and hydro-
logic characteristics. It will also support the testing of
underlying model assumptions. For large-scale envi-
ronmental observatories, the use of surrogate measures
will be necessary as a logistically and economically
feasible means to characterize the variability in constit-
uent fluxes on high temporal and spatial resolutions
over extended time periods.

Although surrogate relationships may be appropri-
ate to address scientific questions (e.g., how and
when constituents move through a watershed), the
adequacy of surrogate methods for regulatory pur-
poses will be determined by policy makers. The
uncertainty in surrogate relationships may be consid-
ered by regulators to be too great for determining
compliance with a concentration or load threshold.
However, because high frequency concentrations can
provide an improved perspective of the spatial and
temporal behavior of constituents, surrogate methods
could assist regulators in targeting locations and time
periods of interest for additional monitoring and to
determine what sampling frequency is optimal. Fur-
thermore, knowledge of the spatial and temporal dis-
tributions of constituent loading could assist in
targeting specific sources or source areas for water
quality management projects.

Improving Surrogate Relationships

The surrogate relationships described in this paper
provide improved understanding of TP and TSS
transport in the Little Bear watershed, but steps may
be taken in the future to improve these relationships.
We anticipate that just as there are differences in the
relationships during different times of the year (as
represented by the categorical variable in the TP-
turbidity relationships), there may also be changes in
the relationships as the watershed changes over time
(e.g., as land use changes or with changes in water
management, etc.). Just as the USGS periodically
updates its stage-discharge relationships at stream-
flow gages (Wahl et al., 1995), the TP and TSS surro-
gate relationships should be reviewed as new data
are collected. Although this study included adequate
data to develop regression equations, the equations
may be revised or adjusted to improve the fit with

additional observations as conditions in the watershed
change.

In this paper, we have shown that turbidity can be
used as a surrogate for TSS and TP. However, turbid-
ity is an optical measure, whereas TSS and TP are
based on the mass of particulate matter in a sample
volume and the total mass of phosphorus in a sample,
respectively. Turbidity can be affected by the size and
characteristics of the particulate matter (Gippel,
1995), as can the distribution of phosphorus between
dissolved and particulate forms, which may contrib-
ute to the site specificity of the surrogate relation-
ships. Examination of particle size distributions of
suspended sediment at different sites and over time
may provide additional information that could be
used to determine why surrogate relationships are
site-specific and why these relationships are seasonal
(e.g., spring snowmelt vs. base flow conditions)
(Pfannkuche and Schmidt, 2003).

The surrogate relationships might be improved by
the inclusion of water quality variables in addition to
turbidity. As mentioned previously, a significant frac-
tion of the TP is in dissolved form at Mendon. Part
way into this study, in situ sensors were installed to
measure pH, specific conductance, and dissolved oxy-
gen. Although TDP likely makes up a very small frac-
tion of the total dissolved constituents (as reflected in
specific conductance), changes in specific conductance
may be the result of changes in discharge sources
(Covino and McGlynn, 2007; Stewart et al., 2007)
that may indicate resulting changes in TDP. Thus, a
correlation with specific conductance may help to
refine the regression where the majority of TP is
dissolved, similar to relationships developed by
Christensen et al. (2000) and Rasmussen et al. (2008)
for other dissolved constituents. A method for using
surrogate measures to estimate dissolved phosphorus
would be valuable because, although TP is the form
of phosphorus that is generally regulated, dissolved
phosphorus is the form that is actually available for
biological uptake.

SUMMARY AND CONCLUSIONS

Regression equations incorporating censored obser-
vations were developed for TP and TSS as functions
of turbidity at two sites in the Little Bear River.
For TSS, the relationships with turbidity were consis-
tent across hydrological conditions while for TP,
there was a distinction in the relationships between
spring snowmelt and base flow periods. The overall
RMSE in the regression models was optimized, and
visual examinations of the observed and estimated
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concentrations indicate that the equations track
observed trends. The surrogate relationships between
turbidity and TSS at both sites were similar. The dif-
ferences in the surrogate relationships between tur-
bidity and TP at the upper and lower watershed sites
are a result of the predominant form of phosphorus
at each site. The fraction of phosphorus in dissolved
and particulate forms at each site reflects the differ-
ences in the sources of phosphorus within the upper
and lower watershed.

Coupled with high frequency measurements of
explanatory variables, surrogate relationships can be
used to calculate high frequency estimates of concen-
tration for extended time periods. Loads derived from
high frequency, continuous concentration records
provide a number of advantages to loads calculated
from traditionally sampled concentration. Increased
loading during events such as storms or spring snow-
melt, which are often missed by routine sampling
programs, is considered without skewing load esti-
mates high as collecting samples disproportionately
during storm events can do. Also, there is no need to
use complicated load estimation equations that
account for long periods between concentration mea-
surements or discharge measured more frequently
than concentration.
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