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Abstract:

In situ turbidity meters are being increasingly used to generate continuous records of suspended sediment concentration in
rivers. However, the usefulness of the information obtained depends heavily on the existence of a close relationship between
fluctuations in suspended sediment concentration and turbidity and the calibration procedure that relates suspended sediment
concentration to the turbidity meter’s signal. This study assesses the relationship between suspended sediment concentration
and turbidity for a small (1Ð19 km2) rural catchment in southern Brazil and evaluates two calibration methods by comparing
the estimates of suspended sediment concentration obtained from the calibrated turbidity readings with direct measurements
obtained using a USDH 48 suspended sediment sampler. With the first calibration method, the calibration relationship is
derived by relating the turbidity readings to simultaneous measurements of concentration obtained from suspended sediment
samples collected from the vicinity of the turbidity probe during flood events. With the second method, the calibration is based
on the readings obtained from the turbidity meter when the probe immersed in samples of known concentration prepared using
soils collected from the catchment. Overall, there was a close link between fluctuations in suspended sediment concentration
and turbidity in the stream at the outlet of the catchment, and the estimates of sediment concentration obtained using the
first calibration method corresponded closely with the conventionally measured sediment concentrations. However, use of the
second calibration method introduced appreciable errors. When the estimated sediment concentrations were compared with
the measured values, the mean errors were š122 mg l�1 and C601 mg l�1 for the first and second calibration procedures
respectively. Copyright  2007 John Wiley & Sons, Ltd.
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INTRODUCTION

The context

Accurate determination of suspended sediment con-
centrations (SSCs) and associated suspended sediment
fluxes in rivers is of great importance for many aspects
of water resource development and river basin man-
agement, including estimation of the useful life of
reservoirs (Carvalho, 1994; Bordas and Semmelmann,
1997), evaluation of land use and management impacts
(Dunne, 1979; Morgan, 1995; Kasai et al. 2005; Kimoto
et al., 2002; Walling, 2006), and quantifying sediment-
associated nutrient and contaminant fluxes (Horowitz
and Elrick, 1987; Martin and McCulloch, 1999; Owens
and Walling, 2002; Walling et al., 2003). The traditional
approach to establishing the suspended load of a river
involves measuring the flow rate and the manual col-
lection of water samples, using an appropriate sampling
device, to determine the SSC (e.g. WMO, 2003). Ideally,
the sampling frequency should permit reliable interpo-
lation of the concentration record and should be linked
to the rate of water-level change, since sediment flux is
greatest during flood events (Walling and Webb, 1988;
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WMO, 2003). However, operational and economic con-
straints frequently limit sampling frequency and the col-
lection of samples during times of flood. In view of the
many problems associated with the use of sediment rating
curves to extrapolate the data provided by a small number
of samples, by establishing a relationship between sedi-
ment concentration and water discharge (e.g. Walling and
Webb, 1981, 1988), there is considerable interest in the
use of surrogate measurements to provide information
on the variation of sediment concentrations through time
and, thus, to generate a continuous record of sediment
concentration (e.g. Walling and Collins, 2000). Turbidity
has been widely used as a surrogate for SSC, since it is
easily monitored and recorded and turbidity probes can be
readily deployed in situ in the river channel (Glysson and
Gray, 2002; Lewis, 2002; Schoellhamer, 2002; Old et al.,
2003). In this case, turbidity is continuously recorded
and converted to a record of SSC using an empirically
derived calibration relationship relating SSC to turbid-
ity.

Since SSCs will frequently fluctuate rapidly during
storm events in small- and medium-sized catchments,
sampling frequency during flood events is commonly a
decisive factor in obtaining reliable estimates of sediment
flux (Williams, 1989; Lane et al., 1997). Continuous tur-
bidity monitoring can therefore offer important benefits
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in such catchments in terms of generating accurate sedi-
ment flux estimates, as well as providing detailed records
of storm-period fluctuations in sediment concentration,
which can in turn be used to develop an improved under-
standing of their suspended sediment dynamics.

The physical background

Continuous records of SSC can be obtained simply
and conveniently by monitoring the turbidity of the river
water, provided there is a close relationship between
fluctuations in sediment concentration and turbidity, and
the physical principles of turbidimetry or nephelometry
are respected when calibrating the equipment’s sensor
or probe (Lawler, 2005; Lawler et al., 2006; Davies-
Colley and Smith, 2005). Turbidity can be defined as
an optical property of a water sample, which measures
the degree to which a beam of light passing through
the water is absorbed or scattered. The International
Standards Organization (ISO) further defines turbidity as
the ‘reduction of transparency of a liquid caused by the
presence of undissolved matter’ (Lawler, 2005). Turbidity
can be measured by turbidimetry or nephelometry. The
former measures the attenuation or absorption of a ray of
light as it passes through a liquid medium and the latter
measures the degree of scattering that the light undergoes.
Scattering refers to the light that is reflected or refracted
by the surface of a particle, and absorption refers to light
that is transformed into other forms of energy (such as
heat) upon collision with a particle.

The complex interaction between the energy of the
incident beam of light and the wide range of potential
suspended particles of varying origin and composition
(e.g. silt, clay, algae, plankton, micro-organisms and
organic matter), as well as possible problems of probe
fouling, frequently result in a weak association between
SSC and turbidity. Furthermore, many factors, including
the mineralogy and organic composition of the particles,
their size and shape, the refraction index of both the
particles and the medium, and the wavelength of the
incident light will influence the precise form of this
relationship (Lawler, 2005). As a result, it is important to
derive a site-specific calibration relating SSC to turbidity
when using turbidity as a surrogate for measurements
of SSC.

Calibration

There is no standard convention for calibrating a tur-
bidity meter to provide measurements of SSC. How-
ever, two basic steps are commonly involved. The first
involves using a standardized suspension to test equip-
ment function and to confirm sensor efficiency and sta-
bility. This step is important for documenting instrument
drift and other evidence of temporal variability in the
probe’s response to changes in concentration and, thus,
the concentration–turbidity relationship, as well as for
comparing the response of different sensors or instru-
ments and evaluating their sensitivity, linearity and repro-
ducibility (Vanous et al., 1982). According to Vanous

et al. (1982), the standardized suspension must be accu-
rate, stable and easy to use. Formazin has been widely
adopted as the primary standard for nephelometers, but
health and safety concerns (formazin is a known carcino-
gen) have prompted the use of other standards, including,
for example, powdered carbon, polymers and latex and
glass beads. The second step focuses on establishing the
precise relationship between SSC and the turbidity sig-
nal. Since this calibration relationship will depend on the
properties of both the sediment particles and the water, it
will be site-specific and should, therefore, be established
for every measuring site or catchment. This relationship
can be derived either in situ, by relating the turbidity sig-
nal to values of SSC obtained for samples collected from
the river in the vicinity of the probe over a range of flow
conditions and ambient concentrations, or in the labo-
ratory, by placing the probe in suspensions of known
concentration, representative of the suspended sediment
transported by the river, and covering a range of dif-
ferent sediment concentrations (e.g. Lawler and Brown
1992; Lewis, 2002; Old et al., 2003).

Data reliability and errors

Although turbidity meters are widely accepted as pro-
viding a viable means of obtaining continuous SSC data,
it is important to consider the possible errors arising from
their use (e.g. Landers, 2002). Assuming that there is a
close relationship between fluctuations in sediment con-
centration and turbidity in a stream and considering, first,
the reliability of the point measurements of SSC provided
by a turbidity probe installed at a particular point in the
river cross-section, errors may stem from several sources,
including (i) instrument errors associated with the equip-
ment used, (ii) systematic errors introduced by the cal-
ibration procedure employed, and (iii) methodological
errors caused by indirect measurement of the variable
under study. Instrument errors can be both systematic
and random, reflecting, for example, instrument drift and
instability in the signal caused by variations in the voltage
of the electrical supply and changes in ambient temper-
ature (e.g. Souza, 2005). Systematic errors can result
from the use of different calibration procedures, caus-
ing significant differences in sediment concentration esti-
mates for a given turbidity value. For example, Teixeira
and Caliari (2005) analysed errors associated with the
use of regression models incorporating independent vari-
ables other than turbidity TUR to estimate SSC. For the
simple regression model, SSC D f(TUR), the maximum
error was 28%, but when the model used colour and the
median grain size of the sediment D50 as additional vari-
ables, SSC D f�TUR, Colour, D50�, the maximum error
was reduced to 23Ð3%. However, when the data were
separated in to the two concentration classes 20–320 mg
l�1 and 320–640 mg l�1, the errors associated with the
regression model were 11% and 9% respectively. Simi-
larly, methodological errors can, for example, result from
scatter in the data used to derive the calibration rela-
tionship due to temporal variation in the properties of
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the suspended particles (e.g. size, shape and mineralogy)
and in water colour, which will affect the relationship
between the two variables (Vanous et al., 1982; Gippel,
1995).

Further uncertainties are introduced if the point mea-
surement of sediment concentration is assumed to be
representative of the cross-section, since it is well known
that SSCs will vary through the cross-section. A loca-
tion towards the edge of the channel may not be rep-
resentative of the cross-section and, if the position of
the probe is fixed, the precise relationship between the
concentration at the measuring point and the mean con-
centration in the cross-section may vary with chang-
ing stage and discharge. Based on the above and other
considerations, Schoellhamer (2002) identifies three key
considerations for minimizing errors when operating
sediment–turbidity monitoring stations: (i) the sensor
installation, and including location in the cross-section,
maintenance and cleaning; (ii) optimal sensor calibration;
(iii) effective and accurate data processing.

Problem definition and objectives

This paper focuses on the problems and uncertainties
associated with the use of turbidity as a surrogate mea-
sure for SSC and the calibration of turbidity monitoring
equipment and, more particularly, the derivation of the
calibration relationship required to derive a continuous
time-series of sediment concentration from the turbid-
ity record. As noted above, these calibration problems
involve both systematic errors associated with the cal-
ibration procedure employed and methodological errors
linked to the lack of a unique relationship between sed-
iment concentration and turbidity. It directs particular
attention to the practice of using the finer fraction of
soil samples collected from a catchment to prepare sus-
pensions of known concentration, which are then used to
calibrate the turbidity probe either in the laboratory or
at the monitoring location (with the probe removed from
the river). This practice is being increasingly employed in
Brazil, where it is recommended by the manufacturer of
the turbidity monitoring equipment and where it is seen
to offer both a viable alternative to in situ calibration
and several operational and cost advantages. It avoids the
requirement to collect suspended sediment samples from
the river and the need to visit the river during a range
of flow conditions to collect these samples. Furthermore,
it permits the calibration relationship to be established
rapidly in a single exercise, thereby avoiding the need to
wait until the full range of ambient concentrations has
been sampled, and it provides sediment concentration
data immediately the turbidity recording equipment is
installed. Although it may seem reasonable to assume that
the fine (e.g. <63 µm) fraction of soil samples collected
from a catchment can be used to produce suspensions that
will be reasonably representative of the sediment trans-
ported by the river or stream draining that catchment,
since they will have a similar mineralogical composition,
there is a need to recognize that the transported sedi-
ment will generally be characterized by a different (i.e.

finer) grain size distribution to the parent soil (e.g. Peart
and Walling, 1982). Since grain size exerts a key control
over mineralogy and organic matter content, contrasts in
grain size composition between the soil and sediment may
result in contrasts in mineralogy and organic matter con-
tent. Furthermore, the transported sediment may include
autochthonous organic material, which will introduce fur-
ther contrasts between the soil and the sediment. Since
grain size, mineralogy and organic content are known to
exert an important influence on the precise form of the
sediment concentration–turbidity relationship (e.g. Fos-
ter et al., 1992), it is clear that use of sediment samples
synthesized from catchment soils to calibrate a turbidity
probe could introduce significant errors in the resulting
sediment concentration data. In addition, further uncer-
tainty in the calibration relationship could be introduced
by the effects of in-stream flocculation and aggregation
processes (see Droppo et al. (2005)) in influencing the
in situ or effective grain size distribution of the natural
suspended sediment relative to that of the soil compris-
ing the synthesized samples and by the use of water that
is unrepresentative of the natural river in terms of dis-
solved organic matter and colour. Even if the soil used
to produce the synthetic suspended sediment had essen-
tially identical properties to the suspended sediment, one
should not expect an identical concentration–turbidity
relationship for both, since in-stream aggregation and
flocculation processes could increase the effective grain
size of the suspended sediment in the river and reduce
the turbidity associated with a particular sediment con-
centration.

Although the above discussion has emphasized the
various problems and uncertainties associated with the
use of synthetic suspended sediment samples produced
using soil samples collected from the catchment to
calibrate a turbidity probe, there is little information
on the potential magnitude of the errors that could
be introduced into the resulting record of SSC by the
calibration procedure. This paper reports the results of an
investigation undertaken in a small catchment in southern
Brazil aimed at establishing the magnitude of these
errors, by comparing the SSC estimates obtained when
calibration was performed both in the laboratory, using
soils collected from the study catchment, and in situ,
using suspended sediment samples collected from the
river during flood events of different magnitude.

METHODS

The study catchment and the monitoring site

The study was undertaken in a small experimental
catchment located on the upper northeast slope of the Rio
Grandense plateau, in the municipality of Arvorezinha,
Rio Grande do Sul, Brazil. The catchment has an area
of 1Ð19 km2 and is a headwater of the Guaporé River in
southern Brazil (Figure 1). The underlying geology of the
catchment is predominantly basalt, and the topography
is characterized by rolling terrain in the upper part of
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Figure 1. The Arvorezinha experimental catchment, its location and the flow and sediment monitoring installations

the catchment (7% average slope) and by steeply rolling
terrain (17% average slope) with short slopes and box
canyons in the lower two-thirds of the catchment. The
altitude varies between 560 and 740 m. The predominant
soils are Hapludults and Dystrudepts, based on the USDA
soil taxonomy system (USDA, 1975), with an average
depth of 0Ð5 m. According to the Köppen classification,
the region’s climate is Cfb subtropical super-humid meso-
thermic, with cool temperatures in the summer and
severe frosts in the winter. The mean annual precipitation
of 1605 mm is evenly distributed throughout the year
(Minella, 2003).

The catchment’s physiographic characteristics are
responsible for its ecological fragility. The cropping sys-
tem is very intense and generates problems for sus-
tainable use of the soil resource. Tobacco is the pre-
dominant crop in this catchment, occupying 55% of the
land area, and surface runoff and soil erosion occur fre-
quently. The mean annual sediment yield is estimated to
be ¾145 t km�2, with transport varying through the year
in response to seasonal changes in plant cover and rainfall
erosivity (Merten and Minella, 2005).

The monitoring section at the catchment outlet was
selected because it is characterized by flow parallel to
the straight channel margin, has good bank stability, and
is easily accessible. The channel section has a rectangu-
lar cross-section 2Ð0 m wide and 0Ð6 m high. Flow in the
channel is turbulent, producing a relatively uniform distri-
bution of SSC within the cross-section. A Parshall flume
equipped with a pressure-sensing limnograph was used
to measure the flow. The distance between the sediment

sampling section (upstream), the turbidity meter, and
the Parshall flume (downstream) is sufficient to avoid
any interference, without permitting any increase in flow
(Figure 1).

Flow rate Q and turbidity were recorded every 10 min
using a data logger with a 20-day storage capacity. The
sensor windows of the turbidity probe were cleaned
weekly, to limit fouling. The turbidity monitoring equip-
ment was manufactured in Brazil (Solar Instrumentação
Monitoração e Controle Ltda). The sensor (SL 2000-TS)
functioned in the backscattering mode and possessed the
following characteristics: (a) infrared wavelength 0Ð7 to
300 µm; (b) daylight filter; (c) 0 to 5000 mg l�1 concen-
tration range.

Sensor calibration

As indicated above, there are two important aspects
to consider when using turbidity meters to estimate sed-
iment concentration (Finlayson, 1985). The first is to
confirm that the equipment is stable and functioning con-
sistently; the second is to calibrate the instrument, in
order to convert the turbidity record to an estimate of
in-stream SSC. For the first, the literature recommends
calibration using a standardized suspension, e.g. formazin
(Vanous et al., 1982). For the second, a specific calibra-
tion curve is established for the sampling site, relating
SSC (mg l�1) to turbidity expressed in formazin turbid-
ity units (FTU) (e.g. Wass and Leeks, 1999; Old et al.,
2003; Lawler, 2005). In this study, the emphasis was on
the second aspect. The first step was omitted and cal-
ibration of the turbidity sensor was conducted directly
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with suspended sediment, rather than via FTU. The man-
ufacturer had previously undertaken tests to confirm the
stability and consistency of the instrument.

To standardize units, the millivolt output obtained from
the turbidity meter was converted to a value representing
the percentage of the light scattered by the sample,
based on the instrument’s scale (0–2500 mV). The
maximum reading (2500 mV) was deemed equivalent to
100% of light scattered. The percentage scale facilitates
the physical interpretation of the process and permits
comparison between data from different locations. The
relationship between SSC (mg l�1) and the turbidity
meter reading (%) can be expected to be non-linear.
The turbidity meter was calibrated to provide values of
SSC using the two different approaches. The first was
undertaken in situ and involved linking the measured
turbidity values to the equivalent measurements of SSC
obtained for suspended sediment samples collected from
the vicinity of the turbidity probe, over a range of
flows. The second was undertaken in the laboratory
and involved using synthetic suspensions representing a
range of sediment concentrations produced using the fine
fraction of soil samples collected from the catchment, to
establish a relationship between SSC and turbidity.

In situ calibration based on sampled events

In the study catchment, significant SSCs occur only
during events of intermediate or high magnitude. The
baseflow discharge is typically 50 l s�1 and this is asso-
ciated with SSCs of approximately 20 mg l�1. Thus,
sediment sampling was always conducted during flood
events. Suspended sediment samples were collected man-
ually from the vicinity of the turbidity probe using a
USDH 48 depth-integrating suspended sediment sam-
pler. The sampling interval during storm events ranged
between 5 and 60 min, depending on the rate of change
of discharge on the rising and falling limbs of the hydro-
graph.

The samples collected were transported to the Sedi-
ment Laboratory of the Institute of Hydraulic Research
of the UFRGS in Porto Alegre, where the SSCs were
determined by evaporation. Evaporation was used in pref-
erence to filtration, in view of problems of filter clogging

associated with the relatively high SSCs in the samples
and the fine nature of the sediment. When determining
SSC by evaporation, an adjustment must be made to take
account of the dissolved solids in the sample. Therefore,
a subsample of known volume was taken from the main
sample and filtered. The filtrate was then evaporated to
dryness, to determine the dissolved solids concentration.
The concentration of dissolved solids is then subtracted
from the total concentration obtained by the evapora-
tion method (WMO, 2003). According to our results, the
dissolved solids content of the samples collected from
the study catchment was typically less than 20 mg l�1.
In addition to the SSC, the particle size distribution of
the suspended sediment was determined by the pipette
method (Guy, 1969), when sufficient sediment was recov-
ered from the sample.

The values of SSC for each sample were paired with
their corresponding turbidity meter readings to establish
the calibration relationship by least-squares regression.
The calibration period extended from July 2004 until May
2005, and included eight storm events, which covered a
representative range of the annual variation in catchment
condition/land use and weather conditions (Table I).

Laboratory calibration based on suspensions of known
concentration produced using the fine fraction of soil
samples collected from the study catchment

In this case, the sediment concentrations of the suspen-
sions produced using the soil samples collected from the
catchment were regressed against the equivalent values
of turbidity associated with the laboratory measurements.
The soils used to make up the standard concentrations
were collected from different locations in the study catch-
ment in order to provide a representative coverage of
different sediment sources and soil types. According to
Minella et al. (2004), the main sediment sources in the
Arvorezinha catchment are unpaved roads (35%) and
crop fields (65%).

The soil samples were collected from a depth of
0–10 cm and air dried in the shade. The fine fraction
(silt and clay i.e. <63 µm) used to produce the suspen-
sions used as concentration standards was separated using
a sieve. A known weight of this sediment was placed in a

Table I. Flood events in the Arvorezinha catchment between July 2004 and May 2005 used for turbidity meter calibration

Date Vegetationcovera Peak flow (l s�1) Total precipitation (mm) SSC (mg l�1)

Average Maximum

15 Jul 2004 High 97Ð16 26Ð4 370 1312
20 Sep 2004 Low (1) 174Ð49 35 808 1445
22 Sep 2004 Low (1) 495Ð19 45Ð9 504 951
23 Oct 2004 Low (1) 153Ð58 32Ð7 616 1484
1 Apr 2005 Low (2) 97Ð06 53Ð9 705 1300

11 May 2005 Medium 153Ð58 23Ð7 670 1452
18 May 2005 Medium 1495Ð88 62 442 1881
20 May 2005 Medium 771Ð03 35 235 596

a In the crop fields. High: the soil has a high fraction (>80%) covered by vegetation. Low (1): a few weeks after the soil has been ploughed (crop
residues cover <10% of the soil). Low (2): after harvesting the tobacco (crop residues cover 20–30% of the soil). Medium: an intermediate fraction
of the soil surface (50–70%) is covered by vegetation.
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beaker and mixed with 1 l of river water to produce a sus-
pension of known concentration. Using this procedure, 15
suspensions were prepared, with concentrations ranging
between 25 and 2171 mg l�1. The individual suspensions
were homogenized with an electromagnetic agitator prior
to taking the turbidity readings.

Determination of calibration errors

To facilitate assessment of the errors associated with
the two different calibration methods, Type 1 (e1) and
Type 2 (e2) errors were distinguished. Type 1 error
was associated with the use of the in situ calibration
method and largely reflects the scatter in the relationship
between SSC and turbidity introduced by variability in
the physical properties of the sediment through time
and, more particularly, by variability in the grain size
composition and organic matter content of the sediment,
as well as by variations in the dissolved organic matter
content of the stream water.

To calculate the Type 1 error, the data for the samples
from the eight rainfall events, totalling 458 samples, were
used. The pairs of concentration and turbidity values were
listed in increasing order, based on their concentration
values, and the list was divided into two sets representing
the odd and even values from the ranked list, i.e. n odd
(SSCodd and TURodd) and n even (SSCev and TURev)
values. The dataset comprising the odd values was used
to derive the regression equation and the set of even
values was used to determine the error associated with
the calibration relationship. For the latter, the TURev

values were substituted into the calibration equation to
calculate the corresponding suspended sediment values
(SSCcalc). The error was determined by comparing the
SSCcalc values with the measured concentration values
(SSCmeas) for the n samples in the even set. The root-
mean-square error was then calculated:

e1 D

√√√√
∑

�SSCcalc � SSCmeas�
2

n � 1
�1�

Type 2 error refers to the errors introduced when
calibrating the turbidity meter in the laboratory using
suspensions produced using the fine fraction of soils
collected in the catchment. To determine this error, the
458 pairs of samples (SSCmeas and TUR) were again used.
The turbidity values were substituted into the regression
equation and a set of concentration values was obtained
(SSCsoil). The average error in SSC associated with the
soil method calibration was again established, using

e2 D

√√√√
∑

�SSCsoil � SSCmeas�
2

n � 1
�2�

where SSCmeas (mg l�1) refers to the in situ SSC and
SSCsoil refers to the sediment concentration estimated
using the laboratory-derived calibration equation based
on the synthetic sediment samples produced from the soil
samples collected from the catchment.

RESULTS

The variation of turbidity and suspended sediment
concentration during individual rainfall events

The variation of the turbidity signal (TUR) and the
SSCmeas values during the eight events used in this
study are presented in Figure 2. These plots demonstrate
that the two variables are closely related. Even during
the more complex events, with many individual peaks
and troughs of different magnitude, the turbidity meter
was sensitive to the changes in sediment concentration,
as shown, for example, by the events of 15 July,
22 September and 18 May. The relationships between
SSCmeas and TUR for the eight individual events shown
in Figure 2 are plotted in Figure 3. These plots further
confirm the existence of a close relationship between
SSC and turbidity in the study catchment, although the
scatter in the relationship evident in some of the plots, the
existence of hysteresis in several of the plots (such as that
for the event that occurred on 23 June 2004) and some
differences between the precise form of the relationship
for the individual events emphasizes that turbidity cannot
provide a perfect surrogate for SSC.

Based on the data sets presented in Figure 3, different
forms of fitted curve were tested to relate the measured
sediment concentrations to the turbidity readings. Three
families of equations were found to fit the data plots;
namely, quadratic polynomial and power equations with
three parameters, and power equations with two param-
eters. The best levels of fit, as measured by the correla-
tion coefficient, were, however, obtained with the latter
equations (Table II). The standard error refers to the aver-
age error per event in milligrams per litre.

As shown by the regression equations listed in Table II,
the coefficients associated with the fitted curves differed
between the individual events. The variability of these
coefficients demonstrates the need to calibrate the turbid-
ity meter over a range of events, in order to take account
of the various factors influencing the relationship between
SSC and turbidity and thus generate a calibration relation-
ship which is generally applicable to the turbidity record
obtained from a catchment.

Table II. Regression equations for relationships between SSC
and TUR for individual monitored events in the Arvorezinha

catchment between July 2004 and May 2005

Date Regression equation r2 Standard error
(mg l�1)

15 Jul 2004 SSC D 0Ð132 ð TUR2Ð204 0Ð960 76
20 Sep 2004 SSC D 0Ð017 ð TUR2Ð750 0Ð984 71
22 Sep 2004 SSC D 0Ð058 ð TUR2Ð446 0Ð941 52
23 Oct 2004 SSC D 0Ð668 ð TUR1Ð831 0Ð809 185
1 Apr 2005 SSC D 0Ð451 ð TUR1Ð908 0Ð887 117

11 May 2005 SSC D 0Ð304 ð TUR2Ð010 0Ð927 129
18 May 2005 SSC D 0Ð308 ð TUR2Ð069 0Ð820 208
20 May 2005 SSC D 0Ð448 ð TUR1Ð885 0Ð931 33
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Figure 2. The variation of suspended sediment concentration (SSCmeas) and turbidity (TUR) during the eight monitored events

A comparison of the results obtained using the two
different calibration methods

Considering first the in situ calibration, Figure 4
presents a plot of all the data pairs (SSCmeas and TUR)
assembled for the eight rainfall events. These data were
used to generate a calibration relationship in order to
establish the most appropriate form. Two different curve
models produced a satisfactory fit: (i) a quadratic polyno-
mial of the form y D y0 C bx C ax2 with r2 D 0Ð87 and

(ii) a power equation with two parameters of the form
y D axb with r2 D 0Ð86. Although the goodness of fit
provided by the polynomial equation is similar to that
provided by the power equation, the former is of more
limited value. The quadratic polynomial function has its
minimum point at (TUR D 13Ð71; SSC D 113Ð32) and,
therefore, assumes that sediment concentrations increase
when the turbidity signal falls below 13Ð71% and pro-
vides a minimum SSC value of 113 mg l�1. The power
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Figure 3. The relationships between the measured sediment concentrations (SSCmeas) and the turbidity signal (TUR) for the eight events monitored
in the Arvorezinha catchment between July 2004 and May 2005

equation (Equation (3)) avoids these inconsistencies and
was selected as providing the best representation of the
calibration relationship:

SSCcalc D 0Ð098 ð TUR2Ð313 �3�

where SSCcalc (mg l�1) is the estimated sediment con-
centration and TUR (%) is the turbidity value.

Applying the procedure for assessing the Type 1 error
outlined above and using half the dataset to derive the cal-
ibration relationship and half to assess the errors associ-
ated with its application, the average error associated with
the in situ calibration was estimated to be š122 mg l�1.
This is an estimate of the average error associated with
the calibration method based on event sampling, which
was considered the standard methodology for this study.
Figure 5 presents a plot of the predicted or SSCcalc val-
ues versus the measured values for the validation dataset.
This emphasizes that the predicted values scatter around

Figure 4. The dataset obtained from eight rainfall events in the Arvorez-
inha catchment between July 2004 and May 2005 used to assess the

validity of the two calibration procedures

the 1 : 1 line for low and medium values of SSCmeas,
although there is evidence for systematic underprediction
for higher values of SSCmeas. Furthermore, the general
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scatter around the relationship emphasizes the sensitiv-
ity of the relationship between sediment concentration
and turbidity to a range of influencing factors that vary
through time.

The calibration relationship derived using the soil
samples was significantly different from that based on
the in situ event sampling. Figure 6 presents a plot
of the relationship between sediment concentration and
turbidity based on the laboratory calibration, using soil
samples collected from the catchment to produce samples
covering a representative range of concentrations. The
power function fitted to the data plot in Figure 6, which
takes the form

SSCsoil D 0Ð569 ð TUR2Ð039 �4�

provides quite a good fit to the data plot (r2 D 0Ð807).
The errors associated with using Equation (4) to con-
vert the turbidity record obtained for the stream to a
record of SSC were assessed using the set of 458 sam-
ples collected from the study catchment and comparing
the measured values of sediment concentration obtained
for these samples with the values estimated from the

Figure 5. The relationship between predicted and observed values of SSC
obtained for the in situ calibration procedure using the split dataset

Figure 6. A plot of the data obtained from the laboratory-based cali-
bration procedure. This was based on 15 samples covering a range of
different concentrations prepared using the <63 µm fraction of represen-

tative soil samples collected from the Arvorezinha catchment

turbidity value recorded at the time the sample was
collected. The root-mean-square error associated with
using Equation (4) to estimate the SSC from the turbidity
recorded in the stream was calculated using Equation (2).
The error based on the 458 samples was C601 mg l�1.
This value is about five times greater than the value
obtained for the calibration relationship based on in situ
calibration using samples collected during storm events.
The positive value indicates that the estimates of SSC
obtained using Equation (4) consistently overestimate the
measured sediment concentrations. The magnitude and
nature of the errors associated with using the laboratory
calibration procedure, based on soil samples, is explored
further in Figure 7, which presents a plot of the sediment
concentrations predicted using the calibration relationship
(SSCsoil) versus the measured sediment concentrations
(SSCmeas). This plot emphasizes the general overestima-
tion associated with this calibration procedure and the
tendency for the degree of overestimation to increase for
higher concentration values. For concentration values in
the range 100 to 1800 mg l�1, the error or overestimation
is typically ¾80%, which must be seen as high.

Figure 8 further assesses the accuracy of the esti-
mates of SSC obtained from the recorded turbidity val-
ues using the in situ or field calibration (Equation (3))
and the laboratory calibration based on the soil samples
(Equation (4)), by comparing both values. The difference
between the estimates of SSC provided by the two cal-
ibration relationships can be seen to vary according to
the magnitude of the turbidity value. For turbidity values
< 35%, the values of SSC estimated using the laboratory
calibration (Equation (4)) are more than 100% greater
than those estimated using the field-based calibration
(Equation (3)). For turbidity values >35%, the estimates
of SSC provided by Equation (4) are 80–100% greater

Figure 7. The relationship between predicted and observed values of SSC
obtained using the laboratory-derived calibration relationship applied to

the full set of turbidity and sediment concentration measurements
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than those provided by Equation (3) are. The overesti-
mation associated with Equation (4) and the laboratory-
based calibration reflects contrasts in grain size compo-
sition between the fine soil fractions used for the labora-
tory calibration and the suspended sediment transported
by the stream. The nature of this contrast is shown in
Table III, which compares average values of percentage
silt and percentage clay for the suspended sediment used
for the in situ calibration with those for the fine fraction
of the soil used for the laboratory calibration. Table III
indicates that the proportion of clay-sized particles is sig-
nificantly higher in the river sediment. Since turbidity
values are highly sensitive to the grain size composition
of the sediment, with finer sediment generating a much
higher turbidity for a given concentration (e.g. Lawler,
2005), a given concentration of suspended sediment will
be associated with a much higher turbidity than the same
concentration of soil.

DISCUSSION

The calibration methods compared

The results presented above demonstrate that, in the
study catchment, turbidity provides an effective surrogate
for SSC, since the two variables show similar trends dur-
ing storm runoff events (Figure 2) and Figure 3 demon-
strates a clear positive relationship between the measured
sediment concentrations and the equivalent turbidity val-
ues. However, the data used in the in situ field calibration
were clearly far more representative of suspended sedi-
ment transport in the study catchment and, thus, provided
a more meaningful and reliable calibration relationship

Figure 8. Differences between the SSC estimates obtained for the same
turbidity value, using the two calibration procedures (Equations (3) and

(4)), for a range of turbidity levels

Table III. The grain size composition of the sediment used for
calibration

Sediment type Silt (%) Clay (%)

Fluvial sediment 55Ð3a 44Ð7a

Soil fine fraction 73Ð3 22Ð7
a Mean values for calibration samples.

than the laboratory calibration based on soil samples.
The magnitude of the errors associated with use of the
laboratory calibration is such as to make the resulting
concentration record unrepresentative of the true record
and, thus, of limited value. Three key features of the field
calibration procedure served to optimize the resulting cal-
ibration relationship. The first was the inclusion of mea-
surements spanning a wide range of concentration values
(i.e. 20–2400 mg l�1). This avoided the need to extrap-
olate the fitted calibration relationship, since this range
includes almost all the concentrations sampled since mon-
itoring began in 2002. The second is that, for six of the
eight events that were sampled, the sampling spanned the
full duration of the event and, therefore, the data used to
establish the calibration relationship included information
relating to both rising and falling limb conditions. It is
well known that the sediment dynamics of a catchment
may exhibit significant contrasts between the rising and
falling limbs of a storm hydrograph. The third was the
substantial number of samples used to establish the cali-
bration relationship, since this ensured that the regression
relationship provided a meaningful representation of the
average conditions in the catchment.

The laboratory calibration method, which uses soil
samples collected from the catchment, potentially offers
several important advantages over the in situ calibration
procedure, including speed, ease of application, the pos-
sibility of generating as many concentrations as desired
(thus avoiding dependence on natural events to cover the
range of concentration required) and, finally, avoiding
delays in obtaining sufficient data to establish the cali-
bration relationship and, therefore, processing the turbid-
ity record. However, the results presented above clearly
demonstrate that the laboratory-based calibration proce-
dure has major limitations that can give rise to significant
errors in the concentration values derived from the tur-
bidity record. These limitations reflect, first, the fact that
the physical and geochemical characteristics of the fine
fraction of the soil samples collected from the catchment
may not be representative of those of the suspended sedi-
ment transported by the river. Contrasts between the two
may reflect the failure of the soil samples to include the
full range of sediment source materials within the catch-
ment and to take account of the relative importance of
those sources. Equally, differences in grain size compo-
sition and organic matter content between the soil and
suspended sediment samples will be reflected by different
concentration–turbidity relationships. As indicated pre-
viously, the size and shape of the particles affects the
refraction angle of the light rays and, thus, the turbidity
reading. Similarly, the amount of particulate and soluble
organic matter in the soil samples may not be the same as
that associated with suspended sediment collected during
storm events. Second, the samples of varying sediment
concentration made up in the laboratory cannot reflect
the considerable temporal variability in the properties of
the suspended sediment transported by the stream, or the
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variability in the geochemistry of the stream water car-
rying the suspended sediment. Both will influence the
concentration–turbidity relationship.

Although it is clear that the field-based in situ cal-
ibration procedure provides more accurate and reliable
estimates of SSC than the laboratory-based procedure
using soil samples and that the laboratory-based pro-
cedure cannot be seen as a viable alternative to in situ
field calibration, it must be recognized that the former
approach necessarily involves several limitations, as indi-
cated above. More particularly, it may be difficult to
visit a remote site during infrequent storm events, in
order to undertake the calibration measurements and to
cover a representative range of concentration values. Fur-
thermore, there may be a significant delay between the
installation of turbidity monitoring equipment and the
establishment of a reliable calibration relationship that
can be used to convert the turbidity record to a reliable
record of SSC.

Using turbidity measurements in sediment monitoring
programmes in Brazil

One of the main problems facing fluvial sediment
monitoring programmes in Brazil has been the lack of
reliable methods for obtaining a detailed time series of
SSC to combine with the continuous discharge record.
In Brazil, estimates of sediment flux in the major rivers
have commonly been obtained by using sediment rating
curves, which provide a general relationship between
SSC and water discharge, and which can in turn be
used to estimate values of sediment concentration from
the discharge record for use in estimating the suspended
sediment load. However, it is increasingly recognized
that such rating curves are unlikely to provide reliable
estimates of the annual sediment load of a river (e.g.
Walling and Webb, 1988), and the errors associated with
estimates of shorter-term loads may be even greater.
The lack of synchronization between the hydrograph
and the sediment graph and the progressive exhaustion
of the sediment supply that frequently occurs during a
sequence of events represent important constraints when
attempting to use a sediment rating curve to estimate
the sediment concentration from the discharge record.
Furthermore, in Brazil, sediment rating curves are often
based on as few as four random samples per year
and these samples may not coincide with flood events.
Equally, use of samples collected over an extended period
may introduce problems where the sediment response
of a river cannot be assumed to be stationary, because
of land-use change or reservoir construction. Recent
work reported by Merten et al. (2006) suggests that the
estimates of sediment flux obtained for the major rivers of
Brazil using the rating curve approach may underestimate
the loads by as much as 60%.

Against this background, the possibility of using
automated technologies for continuously recording SSC
potentially represents an important advance towards the
goal of obtaining accurate sediment data in Brazil. Tur-
bidity meters, in particular, would appear to have a

promising future in Brazil, especially since they are
already being produced domestically. However, these
instruments are still not widely used in Brazil. There are
few studies that have compared turbidity data with infor-
mation obtained using traditional sampling methods, and
there are currently no accepted protocols to guide the
installation and calibration of turbidity recording equip-
ment. To date, this information has been provided primar-
ily by the manufacturers, with little consideration of the
possible problems involved. For this reason, laboratory
calibration using soils has been used in some cases in
Brazil due to the ease of use and low cost. Nonetheless,
the uncertainties involved in this calibration method may
result in SSC data that have little in common with the
actual values, thus eliminating the advantages potentially
offered by continuous SSC measurement.

CONCLUSIONS

Evaluation of two methods for generating a calibration
relationship relating SSC and turbidity showed that
calibration using traditional field sampling during a
sequence of flood events was much more effective than
calibration in the laboratory using the fine (<63 µm)
fraction of soil samples collected from the catchment area
upstream of a measuring site. The calibration method
using field data gave a mean error of š122 mg l�1,
whereas the laboratory calibration procedure resulted in
a mean error of C601 mg l�1. Estimates of SSC based
on equations obtained using the laboratory calibration
method consistently overestimated the values based on
traditional sampling techniques. This overestimation can
be attributed to the coarser size distribution of the
soil material used for the laboratory calibration method,
relative to suspended sediment.

The results obtained from this study emphasize that
the laboratory calibration method generates inferior and
unreliable results, when compared with those provided by
field-based calibration. Considering the complex nature
of the relationship between SSC and turbidity, reflecting
the influence of factors such as particle size and shape and
water colour, it is important that the calibration method
should adequately represent these naturally occurring
variations, which are difficult to replicate in a laboratory
setting.
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