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   Conversion Factors
U.S. customary units to International System of Units

Multiply By To obtain

Length

inch (in.) 2.54 centimeter (cm)
inch (in.) 25.4 millimeter (mm)

Volume

ounce, fluid (fl. oz) 0.02957 liter (L)
Mass

ounce, avoirdupois (oz) 28.35 gram (g)

International System of Units to U.S. customary units

Multiply By To obtain

Length

centimeter (cm) 0.3937 inch (in.)
millimeter (mm) 0.03937 inch (in.)

Volume

liter (L) 33.81402 ounce, fluid (fl. oz)
Mass

gram (g) 0.03527 ounce, avoirdupois (oz)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F = (1.8 × °C) + 32.

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:

°C = (°F – 32) / 1.8.

Abbreviations
GSD	 grain-size distribution

MAPD	 mean absolute percent difference

MPD	 mean percent difference

RMSE	 root mean square error

Sequoia	 Sequoia Scientific, Inc.

SSC	 suspended-sediment concentration

USGS	 U.S. Geological Survey





Interim Guidance for Calibration Checks on a Submersible 
Acoustic Backscatter Sediment Sensor

By Jason S. Alexander, Jonathan P. O’Connell, and Jeb E. Brown

Abstract
Over the past two decades, the U.S. Geological Survey 

(USGS) and other agencies have pioneered the use of active 
acoustic sensors to monitor suspended-sediment concentra-
tions and particle sizes in rivers and streams at the subdaily 
time scale. The LISST-ABS submersible acoustic backscatter 
sediment sensor (or “ABS sensor”) was developed by Sequoia 
Scientific, Inc., as an alternative to turbidity sensors for moni-
toring suspended-sediment concentrations in surface waters. 
The ABS sensor is different than traditional active acoustic 
instruments because it is small, lower in cost, lightweight, 
and requires less power; and the sampling volume is within 
the first 15 centimeters of the transducer face. Initial testing 
by the USGS indicated the ABS sensor had utility as a novel, 
cost-effective, off-the-shelf tool for monitoring suspended-
sediment concentration in surface waters, and its use within 
the agency has increased in since its introduction around 2016. 
However, initial testing did not account for the potential of 
transducer calibration drift over longer deployments.

As part of its mission to unify and standardize research 
and development activities of Federal agencies involved in flu-
vial sediment studies, the Federal Interagency Sedimentation 
Project partnered with the USGS Wyoming-Montana and New 
Mexico Water Science Centers to examine the potential for 
use of standard, low-tech laboratory equipment to perform 
calibration checks on ABS sensors on long-term deployments. 
The experiments were intended to provide USGS scientists 
and the public with interim guidance to assist in operating and 
maintaining the ABS sensor.

Laboratory experiments and field applications of the 
experiments indicate that USGS personnel can accurately do 
calibration checks of the ABS sensor with standard laboratory 
equipment. Percent errors relative to the standard concentra-
tions were lowest for raw Ballontini glass bead particles and 
USGS-sieved particles combined with cross- or polygon-
shaped stir bars. Percent errors relative to the standard were 
generally less than 10 percent for standard concentrations 
greater than or equal to 100 milligrams per liter and were near 
10 percent for the 10.4 milligrams per liter standard concentra-
tion. Errors were generally greater than 10 percent at concen-
trations less than 10.4 milligrams per liter. Field applications 
of one of the experimental methods demonstrated accurate 
tracking of calibrations across a 5-month deployment period.

Introduction
Sediment transport in rivers and streams is a fundamen-

tal physical process shaping the Earth’s surface. Quantifying 
sediment transport is of longstanding public interest because 
of its direct effects on economic activity, water quality, and 
ecosystem health. Predicting sediment transport in streams is 
notoriously difficult because the mass of sediment in transport 
at a point in a river is a function of complex fluid and sediment 
grain forces, and the sizes and mass of sediment available 
to the fluid for transport (Topping and others, 2000a, 2000b; 
Wright and others, 2010). When the sizes and mass of sedi-
ment available for transport are strongly affected by unpredict-
able or unmeasured tributary contributions, the mass of sedi-
ment in transport is only a weak function of water discharge, 
and accurate prediction using physically based sediment 
transport equations is intractable (Landers and Sturm, 2013; 
Topping and Wright, 2016; Dean and others, 2022).

Over the past two decades, the U.S. Geological Survey 
(USGS) and other agencies have pioneered the use of active 
acoustic sensors to monitor suspended-sediment concentra-
tions (SSCs) and particle sizes in rivers and streams at the 
subdaily time scale (Moore and others, 2013; Landers and 
others, 2016; Topping and Wright, 2016). Acoustic sensors 
emit sound at various frequencies into the water column, 
most commonly to measure water velocity via the Doppler 
effect (Topping and Wright, 2016); however, acoustic sen-
sors also measure the amount of sound returning to the sensor 
(backscatter), and the magnitude of this backscatter strongly 
correlates to the SSC in the water column. When paired with 
physical samples of suspended sediment, acoustic backscatter 
can be used as a surrogate measure of SSC via statistical rela-
tions (Landers and others, 2016; Topping and Wright, 2016).

Traditional deployments of acoustic instruments to moni-
tor SSC in streams are commonly attached to a rigid frame 
that is secured to a stable body such as a bridge pier, abut-
ment, or bedrock. Such rigid deployments are less successful 
when alluvial banks are the primary stable body because the 
banks can erode during high-flow events. For such settings, it 
is ideal to have flexible deployments whereby instruments can 
be suspended in the water column via cable, chain, or both, 
allowing for rapid retrieval and depth adjustments. Flexible 
deployments are more typical for water-quality instruments 
such as turbidity sensors, which use optical backscatter as a 
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measure of water clarity and can also be used to monitor SSC 
(Rasmussen and others, 2009); however, turbidity sensors are 
also prone to biofouling, and their optical signals are strongly 
sensitive to grain size, which can be problematic for rivers 
with complex suspended-sediment mixtures (Landers and 
Sturm, 2013; Agrawal and others, 2019).

The LISST-ABS submersible acoustic backscatter sedi-
ment sensor (or “ABS sensor”) was developed as an alterna-
tive to turbidity sensors for monitoring SSCs in surface waters 
(Sequoia, 2016). The ABS sensor emits an 8-megahertz acous-
tic signal into the water column and measures the backscatter 
signal intensity returning to the instrument (Sequoia, 2016). 
The ABS sensor is different than traditional active acoustic 
instruments because it is small and lightweight, it requires less 
power, and the sample volume is within the first 15 centime-
ters (cm) of the transducer face (fig. 1). The acoustic backscat-
ter intensity measured by the ABS sensor is translated directly 
to a measure of SSC via statistical relation of the scattering 
intensity, which is nearly constant beyond the Raleigh limit at 
the 8 megahertz frequency for grain sizes greater than about 
60 micrometers (µm; Agrawal and others, 2019). Because of 
its smaller size, the ABS sensor can be deployed in the same 
fashion as a turbidity sensor (fig. 1) and can be less sensitive 
to biofouling (Sequoia, 2016). The ABS sensor can measure 
SSCs as much as 10,000 milligrams per liter (mg/L), and its 
lack of sensitivity to grain size has the potential to gener-
ate more stable statistical relations with SSC than turbidity 
sensors for complex suspended-sediment mixtures. The ABS 
signal can also be paired with the optical backscatter signal of 
a turbidity sensor to enhance sensitivity to finer grain sizes in 
suspension (Agrawal and others, 2019; Sequoia, 2020).

To meet the quality standards typically required for the 
USGS Water Mission Area records available on the National 
Water Information System, field personnel are advised to 
perform regular checks on deployed instruments to ensure 
adequate performance (Wagner and others, 2006). In the case 
of turbidity sensors, fouling and calibration checks are done 
on most site visits to track the effect of biofilms and transducer 
drift on the transmitted signal (Rasmussen and others, 2009); 
calibration checks are done using commercially available 
standards. Despite the ABS sensor’s lower sensitivity to bio-
fouling, uncertainty regarding the sensor’s drift from factory 
calibrations remains undocumented. This report summarizes 
laboratory experiments and field methods that tested the 
use of common materials and methods for checking calibra-
tion drift of the ABS sensor over the course of multimonth 
deployments and is intended to provide guidance for its use in 
surface waters.

Background

Active acoustic sensors such as acoustic Doppler profilers 
and acoustic Doppler current profilers of varying frequen-
cies have been used by the USGS over the past two decades 
to measure SSC in rivers and streams. These profilers are 
designed to measure water column velocity, and backscatter 

intensity is a parameter associated with the internal calcula-
tions. The ABS sensor differs from these profilers because 
acoustic backscatter intensity is the primary product output, 
and a transducer is used to convert the strength of the back-
scatter signal to a standardized measure of SSC. The trans-
ducer in the ABS sensor is factory calibrated for SSCs ranging 
from 0 to 10,000 mg/L using a proprietary sediment suspen-
sion tank (Sequoia, 2016). Factory calibration uses Ballontini 
glass impact beads (glass beads) sieved to a range of 75 to 
90 µm in calibration suspensions; thus, the standardized con-
centration is reported in units of milligrams per liter of 75- to 
90-µm glass beads.

Initial testing by the USGS indicates the ABS sensor 
has utility as a novel, cost-effective, off-the-shelf tool for 
monitoring SSC in surface waters (Snazelle, 2017; Manaster 
and others, 2020), and its use within the agency has increased 
since its introduction around 2016. However, initial testing 
did not account for the potential of transducer calibration 
drift over longer deployments. Comparison of factory calibra-
tion checks in ABS sensors recently deployed by the USGS 
Wyoming-Montana Water Science Center has indicated 

A

B

Transducer face

Tubular aluminum
housing containing

ABS sensor

Cable spanning
width of

river channel

Cable suspending
sensor housings

Figure 1.  The ABS submersible acoustic backscatter sediment 
sensor (Sequoia, 2016). A, closeup of the sensor. B, typical 
deployment of the sensor.



Introduction    3

average calibration drifts ranging from 5 to 61 percent per 
year; and maximum drifts from individual concentration bins 
have ranged from 10 to 92 percent (table 1). Of the four ABS 
sensors tested, only one stayed within 10 percent per year 
across all concentration bins (serial no. 6083).

These magnitudes of calibration drift suggest a need to 
develop methods for checking calibration drift in ABS sen-
sors deployed in the field. Currently (2023), the manufacturer 
recommends their lab perform calibrations, which requires 
ending the deployment and returning the sensor to the manu-
facturer (Sequoia, 2016). Returning the sensor thus requires 
the user to obtain a second sensor or accept data gaps of weeks 
to months, which is the approximate common range of time 
reported by USGS users for the manufacturer to calibrate and 
return the instrument. These issues could be avoided if the user 
could apply basic calibration checks in the field or remove the 
ABS sensor for short periods (less than 1 day) for checks in a 
laboratory.

As part of its mission to unify and standardize research 
and development activities of Federal agencies involved in flu-
vial sediment studies, the Federal Interagency Sedimentation 

Project partnered with USGS Wyoming-Montana and New 
Mexico Water Science Centers to examine if standard, low-
tech laboratory equipment could be used to perform calibra-
tion checks on ABS sensors under long-term deployment.

Purpose and Scope

The purpose of this report is to provide interim guidance 
for using the ABS sensor. This report summarizes the results 
of laboratory experiments that tested materials and methods to 
check calibration drift of the ABS sensor. Based on the criteria 
of Giesen (2015), the experiments tested the robustness, 
repeatability, and reliability of the materials and methods. The 
experiments did not test reproducibility of the materials and 
methods because the experiments were performed by the same 
operator, which is a common scenario for USGS continuous 
water-quality instrument deployments. An example applica-
tion of one of the methods at a current deployment site is also 
presented. All data collected for this report are available in a 
USGS data release (O’Connell and others, 2023).

Table 1.  Magnitude of calibration drift observed in four submersible acoustic backscatter (ABS) sediment sensors deployed at 
U.S. Geological Survey streamgages in Montana and Wyoming, 2019 to 2020.

[Calibration data are provided by the manufacturer of the ABS sensor, Sequoia Scientific Inc.; streamgage information is from the National Water Information 
System database (USGS, 2022)]

ABS sensor 
serial no.

Calibration drift1, in percent per year
USGS streamgage identifier and name

Average Maximum Minimum

6083 −5% −10% 4% 06284010—Shoshone Road below Willwood Dam 
near Ralston, Wyoming.

6122 −19% −40% 1% 12324400—Clark Fork above Little Blackfoot River 
near Garrison, Montana.

6127 −21% −34% −3% 12324200—Clark Fork near Deer Lodge, Montana.
6149 −61% −92% −33% 06283995—Shoshone River above Willwood Dam 

near Ralston, Wyoming.

1These drifts are percent deviations calculated from six concentrations of 75- to 90-micrometer Ballontini glass impact beads (1.0, 3.0, 10.1, 100, 1,000, and 
10,000 milligrams per liter).
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Methods
The apparatus components chosen for the laboratory 

experiments and field calibration checks consisted of a bench-
top stir plate, 2-liter (L) glass beaker, stir bar, and benchtop 
stand (fig. 2). These components are widely available in most 
USGS laboratories. Three ABS sensors were used in each step 
of the laboratory experiments, and a fourth was used for the 
field calibration check. The laboratory experiments consisted 
of two components:

1.	Different combinations of stir bar geometries were 
tested for efficacy and accuracy of suspending different 
standardized particles over a range of standard con-
centrations.

2.	The repeatability of one of the experimental procedures 
was tested using one of the combinations of stir bar and 
standardized particle materials deemed most accurate 
from the first set of experiments.

A fundamental assumption of the experiments is that, 
because the time frame between the experiments was hours to 
days, instrument calibrations did not drift before or during the 
experiments.

ABS Sensors

Four ABS sensors were used for the experiments 
described in this report. The manufacturer uses a unique four-
digit serial number to track its ABS sensors. Three sensors, 
serial numbers 6122, 6178, and 6211, were used for the labo-
ratory experiments; sensor 6223 was used for the field calibra-
tion check. The sensors used in the laboratory experiments 
were all calibrated by the manufacturer in February 2022 and 
were not field deployed before the experiments. The sen-
sor used for the field calibration check was calibrated by the 
manufacturer in September 2020 and then remained in the 
office until deployment in April 2022.

Experiment Apparatus

Each ABS sensor was suspended vertically with a bench-
top lab stand into a 2-L beaker with the sensor head submerged 
about 1 cm into the water column (fig. 2). The inside diameter 
of the beaker was 12.7 cm. Water agitation to suspend stan-
dardized particles in the beaker was achieved using a mag-
netic stir bar propelled by a Fisher Scientific 11–502–49SH 
magnetic stir plate. The sample volume of the ABS sensor is 
5.5 cm from the transducer head, but the total sample distance 
can extend to 15 cm (Sequoia, 2016). To avoid acoustic inter-
ference with the stir bar or sidewalls of the beaker, a minimum 
distance of 15 cm was maintained from the transducer face to 
the top of the stir bar.

Experiment Stir Bar Geometries

Magnetic stir bars are commonly used in laboratories 
to generate shear and turbulent forces to mix a liquid with 
dissolved or solid constituents. For dissolved constituents, 
stir bars are effective at maintaining consistent vertical and 
horizontal mixtures. However, for suspensions of solids, dif-
ferences in settling velocity between grains can create vertical 
differences in sediment concentration, and localized vortices 
can allow for coarser grains to settle in patches. The standard-
ized particles used by the manufacturer to calibrate the ABS 
sensor range from 75 to 90 µm and have settling velocities of 
about 0.1 to 1 centimeter per second (Dietrich, 1982). These 
settling velocities are fast enough to settle out of the mixture 
and cause a time-dependent trend in measured standard par-
ticle concentrations, thus requiring some investigation of the 
efficacy of different stir bar geometries.

Three stir bar styles were chosen to compare relative 
effectiveness of suspending stable concentrations of standard-
ized particles: polygon, cross, and wedge (fig. 3). These stir 
bars are available from various vendors, and the stir bars used 
in our experiments ranged from about 6 to 8 cm in length 
(table 2). Vendors have different descriptions of the stirring 
characteristics and uses of each shape of stir bar (table 2). The 
stir bar descriptions shown in table 2 are summaries of vari-
ous vendor descriptions and were not verified by the USGS. 

Turbidity sensors
ABS sensor

Stand

Stir plate

2-liter 
glass

beaker

Figure 2.  Benchtop apparatus used during the laboratory 
experiments.
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C. Wedge-shaped stir barB. Cross-shaped stir barA. Polygon-shaped stir bar

Figure 3.  Three types of magnetic stir bars tested for suspended-sediment concentration accuracy during the laboratory experiments.

Table 2.  Magnetic stir bars tested for suspended-sediment concentration accuracy during the laboratory experiments.

Type/geometry
Length by diameter, 

in centimeters
Common vendor description of use

Polygon 7.5 × 1.2 General usage; mixing dissolved constituents.
Cross 6.0 × 2.0 High speed turbulence and less splashing.
Wedge 8.0 × 1.8 Low speed turbulence; bottom scraping.

Accuracy of SSCs produced by each stir bar was most impor-
tant across the range of typical higher calibration concentra-
tions (100, 1,000, and 10,000 mg/L) because these are the 
conditions when settling of grains was hypothesized to have 
the greatest effect on measured concentrations.

Experiment Standardized Particle Materials

The sensitivity of the ABS sensor signal is nearly con-
stant between particle sizes of about 60 to 100 μm in diameter 
(coarse silt to very fine sand; Agrawal and others, 2019). 
Because of the lack of sensitivity of the ABS sensor in this 
grain-size range, the manufacturer uses 40- to 90-μm glass 
beads, sieved to 75 to 90 μm, to calibrate the sensor across a 
range of concentrations. Typical calibration concentrations 
are 0, 1.1, 3.2, 10.4, 100, 1,000, and 10,000 mg/L. The term 
“standardized particles” is used in this report in reference to 
materials for which the distribution of nominal diameters of 
the b-axis are known with a reasonable level of precision. For 

the purposes of this report, standardized particles were used to 
create suspensions of known concentration (called “standard 
concentrations” in this report).

Three standardized particle sets were used to create 
standard concentrations with which to check ABS sensor 
measurements (table 3). The first set of standardized particles 
was the 75- to 90-μm glass beads sieved and furnished by the 
manufacturer (called “manufacturer standards” in this report). 
This set of particles was used to test the potential of the appa-
ratus to accurately reproduce the manufacturer’s calibration 
concentrations. The second set of standardized particles was 
raw (direct from glass bead manufacturer), 40- to 90-μm glass 
beads, which were used to test the accuracy of off-the-shelf 
standards (called “raw standards” in this report). The third set 
of standardized particles were the raw standards sieved by the 
USGS New Mexico Water Science Center to 75- to 90-μm 
(called “USGS standards” in this report). The USGS standards 
were used to provide some estimate of error between particles 
sieved by two operators.

Table 3.  Standardized particle materials used during the laboratory experiments.

Origin
Particle size range, 

in micrometers
Description

ABS manufacturer 75–90 Sieved by Sequoia Scientific, Inc.
Grainger 40–90 Raw material from the glass bead manufacturer.
Grainger/U.S. Geological Survey 75–90 Sieved by the U.S. Geological Survey New Mexico 

Water Science Center.
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Laboratory Experiments

Sediment standard concentration test intervals for 
particle standards were chosen to replicate the ABS manu-
facturer’s calibration intervals: 0, 1.1, 3.2, 10.4, 100, 1,000, 
and 10,000 mg/L. Standard concentrations were achieved by 
weighing particle mass using a Mettler AE160 digital analyti-
cal balance. Water volume was quantified by taring the balance 
with a dry beaker and incrementally adding room-temperature 
deionized water. After mass was determined, standards were 
added to the water column and allowed to mix for 2 minutes 
before submerging the sensor face. Live readings were made 
using the ABS sensor manufacturer’s software and were moni-
tored for stability before collecting 20 sequential measure-
ments (Sequoia, 2016). If a trend or instability was observed in 
the data, the cause was often bubble nucleation on the sensor 
face, or a beaker adjustment was needed to ensure the stir bar 
was rotating in the center of the beaker. If the stir bar was not 
precisely in the center of the beaker, sediment pockets often 
developed on the bottom of the beaker, and adjustments were 
needed to ensure suspension of all particles. Sediment pockets 
were most likely to develop at concentrations greater than or 
equal to 1,000 mg/L. Measurements at lower concentrations, 
even if inaccurate, did not seem to destabilize by minor mis-
alignment of the stir bar.

Error Measurements
Calibration checks are commonly reported in percent 

difference of the sensor measurement relative to a standard 
because the measurement range of water-quality sensors often 
spans several orders of magnitude. Thus, for the purposes of 
the experiments described in this report, the error of con-
centrations measured with the ABS sensor was quantified as 
the mean percent difference (MPD) relative to the standard 
(expected) concentration:

	​​  
_
 δ ​ ​ = ​ 100 _ n  ​ ​∑​ i=1​ n  ​ ​

​x​ i​​ − ​x​ s​​ _ ​x​ s​​  ​​,� (1)

where	

	​​  
_
 δ ​​	 is the MPD between a measured concentra-

tion and the expected concentration,
	 n	 is the number of sample measurements,
	 xi	 is the measured concentration, and
	 xs	 is the expected concentration.

The term “expected” is used here to indicate a standard 
concentration that can be repeated, even if inaccurate. This 
term is rooted in the notion that a check on instrument drift is 
still useful if it can be repeated because calibration drift should 
still be indicated by deviation from the expected value.

Standard USGS guidance for continuous water-quality 
instrumentation considers errors less than or equal to 5 percent 
to be within calibration tolerance, and errors beyond about 
10 percent to indicate a need for instrument recalibration 

(Wagner and others, 2006); thus, the primary measure of 
accuracy used herein is the mean absolute percent difference 
(MAPD), which uses a modified version of equation 1, where 
the absolute value of the difference in the numerator on the 
right side of the equation is used instead of the simple differ-
ence. The root-mean-square-error (RMSE) was calculated as 
a second measure of accuracy in the units of measurement 
(milligrams per liter):

	​ RMSE ​ =   ​ √ 

____________

  ​
​∑​ i=1​ n  ​ ​​(​x​ i​​ −   ​x​ s​​)​​​ 2​  ____________ n  ​ ​​,� (2)

where	
	 RMSE	 is the root mean square error.
The RMSE was most useful for quantifying instrument error 
in the native units of the instrument.

Experiment Repeatability
A crucial element of instrument calibration checks is that, 

under typical field or laboratory conditions, checks made by 
a user can be reliably repeated over time. After the first set 
of experiments, initial calculations were made to determine 
which combination of stir bar and standardized particles 
produced the most accurate measurements. This combination 
was then used in a second set of experiments in which two 
back-to-back sets of experiments were run to test for repeat-
ability of experimental methods under optimal conditions. 
Although measurement accuracy relative to a standard is ideal, 
if a standard (expected) concentration can be reliably repeated, 
it can still act as a baseline from which to measure instrument 
calibration drift. Thus, the MPD was calculated using the mea-
sured concentrations from the second set of experiments as xi 
and expected concentrations from the first set of experiments 
as xs in equation 1.

Field Application

One of the calibration checks developed using laboratory 
experiments was applied to an ABS sensor currently deployed 
in the field at the Animas River near Cedar Hill, New Mexico, 
streamgage (USGS streamgage 09363500 [not shown]; USGS, 
2023). The deployment includes the ABS sensor alongside 
turbidity sensors, which are used with SSC measurements to 
build statistical regression models for predicting SSC for a 
separate project. Predicted values of SSC are then compared 
with samples analyzed for suspended metals to understand 
metal transport in the Animas River. The ABS sensor and 
turbidity data are foundational for estimates of SSC and metal 
loads for that project. It was thus ideal to use a method for ver-
ifying calibration of the ABS over the term of the deployment.

A field calibration check station for the ABS sensor was 
set up inside the gage house of USGS streamgage 09363500, 
which is an about 8- by 10-foot steel shed with shelving and 
a countertop (fig. 4). The check station was set up on the 
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Figure 4.  Benchtop apparatus used during the field application 
at the U.S. Geological Survey streamgage on the Animas River 
near Cedar Hill, New Mexico (09363500; USGS, 2023).

countertop and included the following: battery-powered Fisher 
Scientific stir plate, 1-L Pyrex beaker, polygon stir bars, deion-
ized water for rinsing and mixing calibration solutions, and 
a laboratory stand with flask clamps to hold the ABS sensor 
in the 1-L beaker in proper orientation to avoid interference 
with the sides and bottom of the beaker. Glass scintillation 
vials (20 milliliters) were used to hold pre-weighed glass 
beads to make standard concentrations of 10.4, 100, 1,000, 
and 10,000 mg/L. The standardized particles were weighed 
in the USGS New Mexico Water Science Center Sediment 
Laboratory and were added to a known volume of water in the 
field to arrive at the exact concentration. The 1.1 and 3.2 mg/L 
concentrations were omitted in field calibration checks 
because it was a range of instrument operation that was not 
critical to the project objectives, and preliminary results from 
laboratory experiments indicated substantial potential for error 
at those standard concentrations.

During each monthly site visit, field personnel removed 
the ABS sensor from the housing at the river’s edge, cleaned 
the instrument to avoid introducing sediment to the calibration 
check process, and brought the instrument to the gage house. 
The materials for calibration checks included the 7.5-cm poly-
gon stir bar and glass beads sieved by the USGS to nominal 
diameters of 75 to 90 µm; the primary measure of error was 
recorded as MPD between the expected concentration and 20 
to 60 measured concentrations.

Experiments and Field Applications 
to Support Interim Guidance for Doing 
Calibration Checks on a Submersible 
Acoustic Backscatter Sediment (ABS) 
Sensor

Laboratory experiments and field applications of the 
experiments indicate that accurate calibration checks of the 
ABS sensor can be made by USGS personnel with a standard 
laboratory apparatus of stand, beaker, and stir plate. MAPDs 
relative to the expected concentrations were lowest for raw 
glass beads and USGS-sieved glass beads combined with 
cross- or polygon-shaped stir bars (table 4). MAPDs relative 
to the standard were generally within the acceptable range 
of 10 percent for standardized concentrations greater than or 
equal to 100 mg/L and were near 10 percent for the 10.4 mg/L 
standard concentration. MAPDs were generally greater than 
10 percent at concentrations less than 10.4 mg/L. Field appli-
cations of one of the experimental methods indicated accurate 
tracking of calibrations across a 5-month deployment period.

Mixing Materials and Methods

The wedge stir bar had difficulty maintaining speed in 
the mixing chamber, creating erratic readings, and experi-
mentation with that stir bar was abandoned. The polygon 
and cross-shaped bars combined with the raw standardized 
particles provided the most consistent results; MAPDs for 
higher concentrations were generally less than 10 percent. The 
cross-shape bar had slightly smaller errors across the range of 
standard calibration concentrations, but these errors were not 
judged to be significant. Speed of the stir bar played a criti-
cal role in suspending the standardized particles. Low speed 
resulted in particles settling out; too high of a speed resulted 
in the formation of a vortex that would interfere with the ABS 
sensor backscatter signal. A moderately high speed of 8 on the 
stir plate produced consistent mixing results. Optimal mix-
ing speeds may vary by stir plate mode and manufacturer and 
should be adjusted as necessary.
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Table 4.  Summary of mean absolute percent differences relative to standard concentrations for the laboratory experiments (O’Connell 
and others, 2023).

[Data are summarized from O’Connell and others (2023). Manufacturer, standard Ballontini glass beads sieved to 75- to 90-micrometer diameters by Sequoia 
Scientific, Inc., and provided to the U.S. Geological Survey; Raw Ballontini, standard Ballontini glass beads of 40- to 90-micrometer diameters available from 
an outside vendor; USGS-sieved Ballontini, standard Ballontini glass beads sieved to 75- to 90-micrometer diameters by the U.S. Geological Survey, New 
Mexico Water Science Center; Polygon, polygon-shaped stir bar; Cross, cross-shaped stir bar; --, data not measured]

Range of concentrations, 
in milligrams per liter

Mean absolute percent difference1

Manufacturer Raw Ballontini USGS-sieved Ballontini

Polygon Cross Polygon Cross Polygon Cross

ABS sensor 6122

1.1, 3.2, 10.4, 100, 1,000, and 10,000 70 65 18 16 -- 14
100, 1,000, and 10,000 15 8 9 7 -- 6

ABS sensor 6178

1.1, 3.2, 10.4, 100, 1,000, and 10,000 58 62 8 11 -- 14
100, 1,000, and 10,000 11 6 7 6 -- 7

ABS sensor 6211

1.1, 3.2, 10.4, 100, 1,000, and 10,000 49 50 20 19 -- 21
100, 1,000, and 10,000 15 16 6 10 -- 8

1Average of absolute values of mean percent difference relative to standard across range of concentrations shown.

Experiments with Manufacturer Standardized 
Particles

MPD relative to the standard concentration using ABS 
manufacturer standardized particles varied by instrument and 
standard concentration, but a general pattern of the magnitude 
of MPD being inversely proportional to standard concentra-
tion was consistent across instruments (fig. 5). The MPDs 
of measured concentrations were all positive, indicating the 
instrument was consistently reading higher than the standard 
concentration. At the lowest standard concentrations of 1.1 
and 3.2 mg/L, MPDs varied from 58 to 219 percent (table 5) 
but decreased to between 6.4 and 29 percent at the highest 
standard concentrations of 1,000 and 10,000 mg/L. Behavior 
of RMSE was not consistent across instruments; instru-
ments 6178 and 6211 had smaller relative RMSE values at 
lower concentrations relative to instrument 6122, and RMSE 
values generally aligned at higher standard concentrations.

Experiments using the ABS manufacturer standardized 
particles and the cross-shaped stir bar showed accuracy and 
behaviors similar to those with the polygon-shaped stir bar in 
that the MPDs were consistently higher at lower concentra-
tions and improved with increasing standard concentration 
(fig. 5). Magnitudes of MPD were like those produced using 
the polygon-shaped stir bar except for measurements at the 
100-mg/L standard concentration, which were consistently 
lower than the expected concentration (table 6). Root-mean 
square errors were consistently close between instruments for 
concentrations as much as 1,000 mg/L but differed by as much 
as a factor of four between instruments at the 10,000-mg/L 
standard concentration (table 6).

Experiments with Raw Standardized Particles

MPD relative to the standard using raw standardized 
particles exhibited similar patterns as those for sensor manu-
facturer standardized particles whereby the largest percent 
differences were observed at low concentrations and the small-
est at higher concentrations (fig. 6), but maximum percent 
differences were mostly negative at low concentrations. The 
magnitude of percent differences relative to the standard also 
declined substantially relative to those observed for Sequoia 
standardized particles; maximum MAPD was 20 percent 
across the range of concentrations and 10 percent across 
concentrations greater than 10.4 mg/L (table 4). MPD did not 
change substantively among stir bar types over the range of 
standard concentrations and for high concentrations (greater 
than 10.4 mg/L).

Maximum MPDs observed using the raw standardized 
particles and the polygon-shaped stir bar were largest for 
low concentrations and diminished for concentrations greater 
than or equal to 10 mg/L (fig. 6). MPDs for each standard 
concentration ranged from −80 to 16 percent at low standard 
concentrations of 1.1 and 3.2 mg/L but decreased to a range of 
−2.5 to 14 percent for concentrations of 100 mg/L or greater 
(table 7). Instrument 6211 read consistently lower than the 
other instruments when the polygon-shaped stir bar was used, 
but no consistent bias was observed over the range of concen-
trations in the other instruments (fig. 6). Root-mean square 
errors were generally consistent across instruments in that 
values fell within a factor of two across instruments (table 7).

MPDs observed using the combination of raw standard-
ized particles and the cross-shaped stir bar exhibited the same 
behavior as those for polygon-shaped stir bar, whereby the 
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10 percent 
error region

5 percent 
error region

A. Measured versus standard concentration,
polygon-shaped stir bar

B. MPD versus standard concentration,
polygon-shaped stir bar

C. Measured versus standard concentration,
cross-shaped stir bar

D. MPD versus standard concentration,
cross-shaped stir bar
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Figure 5.  Relations between standard and measured sediment concentrations, or standard sediment concentrations and 
mean percent differences in measured sediment concentrations using ABS manufacturer standardized particles (O’Connell and 
others, 2023).
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Table 5.  Summary statistics of suspended-sediment concentrations measured in the laboratory using the ABS manufacturer 
standardized particles and a polygon-shaped stir bar.

[Data are summarized from O’Connell and others (2023); mg/L, milligram per liter; MPD, mean percent difference; RMSE, root mean square error]

Summary statistic
Standard concentration, in milligrams per liter

1.1 3.2 10.4 100 1,000 10,000

ABS sensor 6122

Mean measured concentration, mg/L 3.51 6.6 15 115 1,119 11,698
Median measured concentration, mg/L 3.50 6.6 15 115 1,121 11,650
MPD of measured concentration relative 

to standard concentration 219 113 46 15.2 11.9 17

RMSE of measured concentration relative 
to standard concentration, mg/L 2.41 3.51 4.7 15.5 119 1,706

ABS sensor 6178

Mean measured concentration, mg/L 3.06 6.3 13 126 1,064 10,179
Median measured concentration, mg/L 3.04 6.4 13.1 125.2 1,063 10,154
MPD of measured concentration relative 

to standard concentration 178 105 32.0 25.6 6.4 1.8

RMSE of measured concentration relative 
to standard concentration, mg/L

1.97 3.25 3.24 25.7 65 223

ABS sensor 6211

Mean measured concentration, mg/L 2.90 4.9 13 106 1,113 12,902
Median measured concentration, mg/L 2.88 4.9 13 106 1,110 12,890
MPD of measured concentration relative 

to standard concentration 164 58 28.7 5.8 11.3 29

RMSE of measured concentration relative 
to standard concentration, mg/L 1.81 1.82 2.89 6.0 113 2,909
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Table 6.  Summary statistics of suspended sediment measurements made in the laboratory using the ABS manufacturer standardized 
particles and a cross-shaped stir bar.

[Data are summarized from O’Connell and others (2023); mg/L, milligram per liter; MPD, mean percent difference; RMSE, root mean square error]

Summary statistic
Standard concentration, in milligrams per liter

1.1 3.2 10.4 100 1,000 10,000

ABS sensor 6122

Mean measured concentration, mg/L 3.29 6.7 15 94 1,059 11,264
Median measured concentration, mg/L 3.31 6.8 15 95 1,062 11,280
MPD of measured concentration relative 

to standard concentration
199 117 47 −5.7 5.9 13

RMSE of measured concentration relative 
to standard concentration, mg/L

2.20 3.63 4.8 6.7 62 1,278

ABS sensor 6178

Mean measured concentration, mg/L 3.42 6.0 15 95 1,062 10,554
Median measured concentration, mg/L 3.42 6.0 15.3 95.36 1,059 10,540
MPD of measured concentration relative 

to standard concentration
211 94 52.9 −5.3 6.2 5.5

RMSE of measured concentration relative 
to standard concentration, mg/L

2.33 2.92 5.30 6.5 64 592

ABS sensor 6211

Mean measured concentration, mg/L 2.23 6.5 14 83 1,049 12,632
Median measured concentration, mg/L 2.29 6.6 14 84 1,045 12,610
MPD of measured concentration relative 

to standard concentration
103 110 39.9 −16.6 4.9 26

RMSE of measured concentration relative to 
standard concentration, mg/L

1.15 3.42 4.02 16.6 54 2,646

Table 6.  Summary statistics of suspended sediment measurements made in the laboratory using the ABS manufacturer standardized 
particles and a cross-shaped stir bar.

[Data are summarized from O’Connell and others (2023); mg/L, milligram per liter; MPD, mean percent difference; RMSE, root mean square error]

Summary statistic
Standard concentration, in milligrams per liter

1.1 3.2 10.4 100 1,000 10,000

ABS sensor 6122

Mean measured concentration, mg/L 3.29 6.7 15 94 1,059 11,264
Median measured concentration, mg/L 3.31 6.8 15 95 1,062 11,280
MPD of measured concentration relative 

to standard concentration 199 117 47 −5.7 5.9 13

RMSE of measured concentration relative 
to standard concentration, mg/L 2.20 3.63 4.8 6.7 62 1,278

ABS sensor 6178

Mean measured concentration, mg/L 3.42 6.0 15 95 1,062 10,554
Median measured concentration, mg/L 3.42 6.0 15.3 95.36 1,059 10,540
MPD of measured concentration relative 

to standard concentration 211 94 52.9 −5.3 6.2 5.5

RMSE of measured concentration relative 
to standard concentration, mg/L 2.33 2.92 5.30 6.5 64 592

ABS sensor 6211

Mean measured concentration, mg/L 2.23 6.5 14 83 1,049 12,632
Median measured concentration, mg/L 2.29 6.6 14 84 1,045 12,610
MPD of measured concentration relative 

to standard concentration 103 110 39.9 −16.6 4.9 26

RMSE of measured concentration relative 
to standard concentration, mg/L 1.15 3.42 4.02 16.6 54 2,646
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Figure 6.  Relations between standard concentrations and measured concentrations, or standard concentrations and mean percent 
differences of measured concentrations using raw standardized particles (O’Connell and others, 2023).
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Table 7.  Summary statistics of suspended-sediment concentration measurements made in the laboratory using raw standardized 
particles and a polygon-shaped stir bar.

[Data are summarized from O’Connell and others (2023); mg/L, milligram per liter; MPD, mean percent difference; RMSE, root mean square error]

Summary statistic
Standard concentration, in milligrams per liter

1.1 3.2 10.4 100 1,000 10,000

ABS sensor 6122

Mean measured concentration, mg/L 0.57 3.6 12 106 1,077 11,431
Median measured concentration, mg/L 0.57 3.6 12 107 1,076 11,430
MPD of measured concentration relative 

to standard concentration
−48 16 17 6.5 7.7 14

RMSE of measured concentration relative 
to standard concentration, mg/L

0.53 0.56 1.8 7.0 77 1,434

ABS sensor 6178

Mean measured concentration, mg/L 0.95 3.4 10 107 1,069 10,865
Median measured concentration, mg/L 0.96 3.4 10.0 107 1,071 10,860
MPD of measured concentration relative 

to standard concentration
−14 11 1.1 7.0 6.9 8.7

RMSE of measured concentration relative to 
standard concentration, mg/L

0.18 0.37 0.42 7.2 70 870

ABS sensor 6211

Mean measured concentration, mg/L 0.22 2.7 11 97 1,035 11,310
Median measured concentration, mg/L 0.21 2.7 11 97 1,035 11,280
MPD of measured concentration relative to 

standard concentration
−80 −12 5.8 −2.5 3.5 13

RMSE of measured concentration relative to 
standard concentration, mg/L

0.89 0.42 0.64 2.7 38 1,326

Table 7.  Summary statistics of suspended-sediment concentration measurements made in the laboratory using raw standardized 
particles and a polygon-shaped stir bar.

[Data are summarized from O’Connell and others (2023); mg/L, milligram per liter; MPD, mean percent difference; RMSE, root mean square error]

Summary statistic
Standard concentration, in milligrams per liter

1.1 3.2 10.4 100 1,000 10,000

ABS sensor 6122

Mean measured concentration, mg/L 0.57 3.6 12 106 1,077 11,431
Median measured concentration, mg/L 0.57 3.6 12 107 1,076 11,430
MPD of measured concentration relative 

to standard concentration −48 16 17 6.5 7.7 14

RMSE of measured concentration relative 
to standard concentration, mg/L 0.53 0.56 1.8 7.0 77 1,434

ABS sensor 6178

Mean measured concentration, mg/L 0.95 3.4 10 107 1,069 10,865
Median measured concentration, mg/L 0.96 3.4 10.0 107 1,071 10,860
MPD of measured concentration relative 

to standard concentration −14 11 1.1 7.0 6.9 8.7

RMSE of measured concentration relative 
to standard concentration, mg/L 0.18 0.37 0.42 7.2 70 870

ABS sensor 6211

Mean measured concentration, mg/L 0.22 2.7 11 97 1,035 11,310
Median measured concentration, mg/L 0.21 2.7 11 97 1,035 11,280
MPD of measured concentration relative 

to standard concentration −80 −12 5.8 −2.5 3.5 13

RMSE of measured concentration relative 
to standard concentration, mg/L 0.89 0.42 0.64 2.7 38 1,326

largest errors were observed at low concentrations and dimin-
ished with increasing concentration (fig. 6). MPDs for each 
standard concentration ranged from −66 to 28 percent at low 
standard concentrations of 1.1 and 3.2 mg/L but decreased to a 
range of −5.9 to 23 percent for concentrations of 100 mg/L or 
greater (table 8). Instrument 6211 read consistently lower than 
the other instruments for concentrations of 10.4 mg/L or less, 
but no consistent bias was observed among other instruments 
or standard concentrations (fig. 6). Magnitude of RMSE was 
generally consistent across instruments and concentrations up 
to 1,000 mg/L but differed by as much as a factor of five for 
standard concentrations of 10,000 mg/L (table 8).

Experiments with USGS Standardized Particles

Experiments using USGS standardized particles were 
only done with the cross-shaped stir bar. The magnitude and 
pattern of MPDs relative to the standard concentrations were 
like those observed for the experiments with the raw standard-
ized particles because errors where largest and negative for 
low concentrations and lowest (positive or negative) at higher 
concentrations (fig. 7). Maximum MAPD values for USGS 
standardized particles were 21 percent across the range con-
centrations and 8 percent across concentrations greater than 

10.4 mg/L (table 4). MPDs for each standard concentration 
ranged from −70 to 17 percent for standard concentrations less 
than 10.4 mg/L and −10.1 to 17 percent for standard concen-
trations greater than 100 mg/L (table 9). Instrument 6211 had 
the largest errors on average, but MAPDs for that instrument 
were less than 10 percent for concentrations greater than 
10.4 mg/L.

Repeatability of Experiments

To test the precision of the methods described above, 
two sequential experiments were run within the same day. 
Raw standardized particles and a cross-shaped stir bar were 
chosen to create the conditions for quantifying repeatability of 
experiments. This combination was chosen because ideal stan-
dardized particles would be those that have the least cost and 
best accuracy. Raw standardized particles meet the criteria of 
low cost because they are readily available from commercial 
vendors and do not require additional processing. Likewise, 
the results of the experiments described above indicate that the 
raw standardized materials and cross-shaped stir bar produced 
results equal to or better than those observed using other com-
binations of stir bar and standardized particles.
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Table 8.  Summary statistics of suspended-sediment concentration measurements made in the laboratory using raw standardized 
particles and a cross-shaped stir bar.

[Data are summarized from O’Connell and others (2023);. mg/L, milligram per liter; MPD, mean percent difference; RMSE, root mean square error]

Summary statistic
Standard concentration, in milligrams per liter

1.1 3.2 10.4 100 1,000 10,000

ABS sensor 6122

Mean measured concentration, mg/L 0.84 3.9 12 107 980 11,194
Median measured concentration, mg/L 0.86 3.9 13 108 976 11,200
MPD of measured concentration relative 

to standard concentration −24 24 25 7.5 −2 12

RMSE of measured concentration relative 
to standard concentration, mg/L 0.29 0.77 2.5 8.0 30 1,201

ABS sensor 6178

Mean measured concentration, mg/L 1.07 3.5 13 94 1,085 10,409
Median measured concentration, mg/L 1.05 3.5 12.8 93.88 1,084 10,400
MPD of measured concentration relative 

to standard concentration −3 14 28 −5.9 8.5 4.1

RMSE of measured concentration relative 
to standard concentration, mg/L 0.11 0.48 2.83 6.2 86 425

ABS sensor 6211

Mean measured concentration, mg/L 0.37 2.8 11 101 1,052 12,263
Median measured concentration, mg/L 0.35 2.9 11 101 1,052 12,200
MPD of measured concentration relative 

to standard concentration −66 −9 9.3 1.1 5.2 23

RMSE of measured concentration relative 
to standard concentration, mg/L 0.73 0.37 1.01 1.8 52 2,290
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Figure 7.  Relations between standard concentrations and measured concentrations, or standard concentrations and mean percent 
differences of measured concentrations using U.S. Geological Survey standardized particles and a cross-shaped stir bar (O’Connell 
and others, 2023).
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Table 9.  Summary statistics of suspended-sediment measurements made in the laboratory using U.S. Geological Survey standardized 
particles and a cross-shaped stir bar.

[Data are summarized from O’Connell and others (2023);. mg/L, milligram per liter; MPD, mean percent difference; RMSE, root mean square error]

Summary statistic
Concentration of standard, in milligrams per liter

1.1 3.2 10.4 100 1,000 10,000

ABS sensor 6122

Mean measured concentration, mg/L 0.45 3.3 10 100 998 11,744
Median measured concentration, mg/L 0.46 3.3 10 100 1,006 11,770
MPD of measured concentration relative 

to standard concentration −59 5 3 0 −0.2 17

RMSE of measured concentration relative 
to standard concentration, mg/L 0.65 0.24 0.4 2.7 37 1,752

ABS sensor 6178

Mean measured concentration, mg/L 0.55 3.3 9 90 1,020 11,013
Median measured concentration, mg/L 0.53 3.3 9.5 90.47 1,023 10,970
MPD of measured concentration relative 

to standard concentration −50 6 −5.3 −10.1 2 10.1

RMSE of measured concentration relative 
to standard concentration, mg/L 0.55 0.26 0.62 10.3 25 1,022

ABS sensor 6211

Mean measured concentration, mg/L 0.33 2.6 8 92 918 9,357
Median measured concentration, mg/L 0.33 2.6 8 92 919 9,350
MPD of measured concentration relative 

to standard concentration −70 −17 −15.4 −8.0 −8.2 −6

RMSE of measured concentration relative 
to standard concentration, mg/L 0.77 0.57 1.59 8.1 86 666

For the purposes of testing repeatability of creating stan-
dardized conditions, standardized conditions were reproduced 
for concentrations of 1.1, 10.4, 100, 1,000, and 10,000 mg/L. 
Only 2 of the 15 MAPD values between first and second 
experiments exceeded 10 percent, and both were for concen-
trations of 10.4 mg/L or less, where previous experiments 
demonstrated large errors (fig. 8). For standardized concentra-
tions of 100 mg/L or greater, MAPD values were all less than 
10 percent, and eight out of nine measurements were less than 
7.5 percent (table 10), indicating conditions were reproducible 
within the maximum limits generally accepted by the USGS 
for requiring re-calibration.

Despite the relatively small errors between the repeated 
experiments, unpaired, nonparametric statistical hypoth-
esis tests indicate that the differences between experiments 
were significant at the 95-percent confidence level for 13 of 
15 experiments (table 10). These data suggest that the experi-
mental conditions produced by the experiments described here 
were not stable enough, or within-instrument precision was 

not high enough, to produce conditions that were statistically 
indistinguishable within the 10-percent error bounds accepted 
by the USGS.

Field Application Results

Monthly field calibration checks were completed at 
USGS streamgage 09363500 (USGS, 2023) from July through 
November of 2022 (table 11). All concentrations measured 
during the calibration checks were higher than the standard 
concentration; however, all MAPDs except one were within 
10 percent, and 12 of the 20 checks were 5 percent or less. As 
expected, errors were highest for the smallest concentration of 
10.1 mg/L, but only one of the checks exceeded the 10 percent 
threshold at that concentration. Across the 5 months, none of 
the calibration check values indicated a consistent increasing 
or decreasing trend, suggesting that the sensor calibration was 
not drifting.
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Figure 8.  Relations among concentrations and mean percent differences from a replicated experiment using raw standardized 
particles and a cross-shaped stir bar (O’Connell and others, 2023).
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Table 10.  Statistics of suspended-sediment concentration measurements made during a replicate experiment in the laboratory using 
raw standardized particles and a cross-shaped stir bar.

[Data are summarized from O’Connell and others (2023); mg/L, milligram per liter; MPD, mean percent difference; RMSE, root mean square error; p-value, 
probability of declaring there is a signal in the data when one does not exist. In this case, the signal is a true difference between the mean concentrations from the 
first and replicate experiments]

Summary statistic
Standard concentration, in milligrams per liter

1.1 10.4 100 1,000 10,000

ABS sensor 6122

Mean measured concentration— 
First experiment, mg/L 0.90 14 119 1,176 11,581

Mean measured concentration— 
Replicate experiment, mg/L 0.94 12 121 1,203 12,116

MPD of replicate experiment  
relative to first experiment 4.5 −13.1 1.7 2.2 4.6

Wilcoxen Rank-Sum Test statistic 140 400 100 31 15
p-value 1.0E−01 6.7E−08 6.7E−03 4.7E−06 5.9E−07

ABS sensor 6178

Mean measured concentration— 
First experiment, mg/L 0.90 13 100 1,188 10,927

Mean measured concentration— 
Replicate experiment, mg/L 0.86 12 110 1,099 10,989

MPD of replicate experiment  
relative to first experiment −4.0 −7.2 9.3 −7.5 0.6

Wilcoxen Rank-Sum Test statistic 279 383 0 400 163
p-value 3.4E−02 8.4E−07 6.8E−08 6.6E−08 3.2E−01

ABS sensor 6211

Mean measured concentration— 
First experiment, mg/L 0.41 12 104 1,154 13,386

Mean measured concentration— 
Replicate experiment, mg/L 0.28 11 110 1,070 14,177

MPD of replicate experiment  
relative to first experiment −32 −5.2 6.2 −7.2 5.9

Wilcoxen Rank-Sum Test statistic 375 341 5 400 27
p-value 2.3E−06 1.4E−04 1.4E−07 6.6E−08 2.8E−06
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Table 11.  Summary of field calibration checks at the U.S. Geological Survey streamgage, Animas River near Cedar Hill, New Mexico 
(09363500).

[Data are summarized from O’Connell and others (2023); mg/L, milligram per liter; MPD, mean percent difference]

Summary statistic
Standard concentration, in milligrams per liter

10.1 100 1,000 10,000

July 6, 2022

Mean measured concentration, mg/L 11.3 109 1,050 10,200
MPD of measured concentration relative  

to standard concentration 11.9 9.0 5.0 2.0

August 16, 2022

Mean measured concentration, mg/L 10.7 102 1,050 10,400
MPD of measured concentration relative  

to standard concentration 5.9 2.0 5.0 4.0

September 14, 2022

Mean measured concentration, mg/L 10.8 103 1,050 10,400
MPD of measured concentration relative  

to standard concentration 6.9 3.0 5.0 4.0

October 20, 2022

Mean measured concentration, mg/L 10.8 103 1,060 10,500
MPD of measured concentration relative  

to standard concentration 6.9 3.0 6.0 5.0

November 9, 2022

Mean measured concentration, mg/L 10.8 105 1,070 10,400
MPD of measured concentration relative  

to standard concentration 6.9 5.0 7.0 4.0

Discussion

The laboratory experiments and field application 
described in this report demonstrate that standard laboratory 
equipment can be used to perform accurate calibration checks 
on the ABS sensor for long-term deployments. That said, 
standard laboratory equipment, such as stir plates, can substan-
tially differ between makes and models, and any user should 
expect to spend some time establishing equilibrium standard 
conditions for their specific combinations of equipment. Of 
particular note, we found substantial differences in the stability 
of standard conditions depending on the speed of the stir bar; 
low speeds caused a time-dependent trend in concentration 
for higher standard concentrations, and high speeds created 
instabilities in standard concentrations.

After stable standard conditions were established, 
the largest source of variability in standard concentrations 
observed in our experiments was choice of standardized 
particles. It is unclear why the standardized particles provided 
by the sensor manufacturer produced larger errors than those 
of the raw and USGS standardized particles; it is also unclear 
why the sensor manufacturer standardized particles produced 
positive errors for low concentrations, whereas those of the 
raw and USGS standardized particles were negative at low 

concentrations. Positive errors at low concentrations might be 
expected for mixtures with finer tails in the grain-size distribu-
tion (GSD), but the details of the GSD were not investigated 
for any of the standard particle mixtures beyond knowing the 
range of nominal diameters present. It is possible that, despite 
being sieved to between 75 and 90 µm, the sensor manu-
facturer and USGS standardized particles differed in GSD 
because of differences in the mixtures used during sieving. For 
example, a more-even GSD might be expected if one of the 
mixtures was created from a large, well-mixed batch, whereas 
a smaller, poorly mixed batch might create uneven GSD dur-
ing sieving.

Additional sources of variability were between instru-
ments and differences between the stability of the standard 
concentrations in field application relative to those observed 
in the laboratory experiments. Slight differences between 
instruments are expected, and errors from within-instrument 
accuracy and precision can be accounted for by repeat experi-
ments before deployment. The apparent greater stability of 
the standard concentrations in the field application may be 
a consequence of slight differences in the benchtop setup. 
For the laboratory experiments, three turbidity sensors were 
submerged in the Pyrex beaker next to the ABS sensor (fig. 1). 
This setup was used to run two experiments simultaneously, 
of which only one is reported herein. The presence of the three 
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turbidity sensors could have introduced additional turbulence 
to the mixture and caused the apparent lower stability of 
standard concentrations relative to those observed in the field 
application where the ABS was the only instrument submerged 
in the beaker. Additionally, the field application used a 1-L 
beaker, whereas the laboratory experiments used a 2-L beaker.

Interim Guidance for Calibration 
Checks on the Acoustic Backscatter 
Sediment (ABS) Sensor

The results of the laboratory experiments and field appli-
cation described herein can be summarized into the following 
interim guidance for calibration checks of the ABS sensor over 
longer term deployments:

1.	Choose standard particles.

a.	 Raw glass beads had acceptable ranges of error and 
are available direct from the bead manufacturer, 
whereas sieving particles requires additional steps.

b.	No substantive difference in error was observed 
between the two standard particles, so either is suf-
ficient if sieving equipment is unavailable.

c.	 If choosing to sieve raw glass beads to create stan-
dard particles with nominal diameters between 75 
and 90 µm, do so in large batches to ensure the GSD 
of the mixture represents the intended frequency of 
nominal particle diameters.

2.	Before deployment, establish accuracy of stable condi-
tions for standard concentrations using laboratory equip-
ment available including benchtop stand, stir plate, stir 
bar, and standard particles.

a.	 Stable conditions can be defined as those wherein 
measured concentrations are unchanging within a 
10-percent tolerance over periods of tens of seconds 
to minutes.

b.	Establishing stable conditions with a particular stir 
bar and stir speed will be beneficial for replicating 
those conditions on future checks. Here, the cross- 
and polygon-shaped stir bars performed adequately. 
It is recommended to record the speed setting for 
each stir plate if multiple stir plates are used.

3.	Before deployment, establish precision of stable condi-
tions for your instrument and apparatus using a replicate 
experiment.

a.	 Choose a range of standard concentrations appropri-
ate for the project. If the range is expected to span 0 
to 100 mg/L, for example, standard concentrations of 
0, 10, and 100 mg/L may be adequate.

b.	Measurements at standard concentrations (even if 
inaccurate), should be within 10 percent of those 
from the first experiment.

4.	 If more than one operator is planned for the calibration 
checks, steps 2 and 3 should be repeated for each opera-
tor to establish between-operator precision.

5.	 If more than one instrument is planned for deployment 
over the course of the study, steps 2 and 3 should be 
repeated for both instruments to establish between-
instrument precision.

6.	 If instrument drift is observed, a replicate check is 
recommended to ensure the drift is within precision of 
conditions of the visit.

Ideally, steps 2 and 3 would be performed after a fac-
tory calibration by the manufacturer such that the accuracy of 
the instrument calibration is ensured to be optimal. However, 
stable conditions can still be established even if the sensor 
readings are inaccurate. For example, a stable reading of 
15 mg/L for standard concentrations of 10 mg/L can still pro-
vide information on instrument drift on subsequent calibration 
checks allowing for multipoint adjustments to be made in the 
time series.

Summary
Over the past two decades, the U.S. Geological Survey 

(USGS) and other agencies have pioneered the use of active 
acoustic sensors to monitor suspended-sediment concentra-
tions (SSCs) and particle sizes in rivers and streams at the 
subdaily time scale. Traditional deployments of acoustic 
instrumentation to monitor SSC in streams are commonly 
attached to a rigid frame, which is secured to a stable body 
such as a bridge pier, abutment, or bedrock. Such rigid deploy-
ments are less successful when alluvial banks are the primary 
stable body because the banks can erode during high-flow 
events. The Sequoia Scientific, Inc. (Sequoia), LISST-ABS 
submersible acoustic backscatter sediment sensor (or “ABS 
sensor”) was developed as an alternative to turbidity sensors 
for monitoring SSCs in surface waters. The ABS sensor is dif-
ferent than traditional acoustic instruments because it is small, 
lightweight, and requires less power; and the sampling volume 
is within the first 15 centimeters of the transducer face.

Initial testing by the USGS indicates the ABS sensor has 
utility as a novel, cost-effective, off-the-shelf tool for moni-
toring SSC in surface waters, and its use within the agency 
has increased in recent years. However, initial testing did 
not account for the potential of transducer calibration drift 
over longer deployments. As part of its mission to unify and 
standardize research and development activities of Federal 
agencies involved in fluvial sediment studies, the Federal 
Interagency Sedimentation Project partnered with the USGS 
Wyoming-Montana and New Mexico Water Science Centers 
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to examine the potential for use of standard, low-tech labora-
tory equipment to perform calibration checks on ABS sensors 
under long-term deployment. The experiments were intended 
to provide interim guidance to help operate and maintain the 
ABS sensor. This report summarizes the results of laboratory 
experiments that tested materials and methods to check cali-
bration drift of the ABS sensor, and a field application of the 
calibration check approach described herein.

The apparatus components chosen for the experiments 
and field calibration checks consisted of a benchtop stir plate, 
glass beaker (2 liters for the lab and 1 liter for the field), stir 
bar, and benchtop stand. These components are widely avail-
able in most USGS laboratories. Three Sequoia ABS sensors 
were used in each step of the laboratory experiments, and a 
fourth was used for the field deployment. Each ABS sensor 
was suspended vertically with a benchtop lab stand into the 
beaker with the sensor head submerged about 1 centimeter 
into the water column. Water agitation to suspend standard-
ized particles in the beaker was achieved using a magnetic stir 
bar propelled by a magnetic stir plate. Three styles of stir bar 
were chosen to compare relative effectiveness of suspending 
stable concentrations of standardized particles: polygon, cross, 
and wedge. Three standardized particle sets were used to cre-
ate standard concentrations for which to check ABS sensor 
measurements. The first set of standardized particles was the 
75- to 90-μm Ballontini glass beads sieved and furnished by 
the sensor manufacturer (or “sensor manufacturer standards”). 
The second set of standardized particles was raw, 40- to 
90-micrometer Ballontini glass beads, which were used to test 
the accuracy of off-the-shelf standards (or “raw standards”). 
The third set of standardized particles was 75- to 90-μm 
Ballontini glass beads sieved by the USGS New Mexico Water 
Science Center (or “USGS standards”).

The experiments consisted of three steps. First, different 
combinations of stir-bar geometries were tested for efficacy 
and accuracy of suspending different standardized particles 
over a range of standard concentrations. Next, the repeatability 
of one of the experimental procedures was tested using one of 
the combinations of stir bar and standardized particle materi-
als deemed most accurate from the first set of experiments. 
Finally, a method was applied to a USGS field site to test for 
practical efficacy. Sediment standard concentration test inter-
vals for particle standards were chosen to replicate the sensor 
manufacturer’s calibration intervals: 0, 1.1, 3.2, 10.4, 100, 
1,000, 10,000 milligrams per liter (mg/L). Errors were com-
puted as the mean percent difference of measurements relative 
to the standard concentration and the root-mean square error 
(RMSE) relative to the standard concentration, in milligrams 
per liter.

Laboratory experiments and field application of the 
experiments indicate that accurate calibration checks of the 
ABS sensor can be made by USGS personnel with a stan-
dard laboratory apparatus of stand, beaker, and stir plate. 
Mean absolute percent differences relative to the standard 
concentrations were lowest for raw standardized particles 
and USGS standardized particles combined with cross- or 
polygon-shaped stir bars. Mean absolute percent differences 

relative to the standard concentrations were generally within 
the acceptable range of 10 percent for standard concentrations 
greater than or equal to 100 mg/L and were near 10 percent for 
the 10.4 mg/L standard concentration. Mean absolute percent 
differences were generally greater than 10 percent at concen-
trations less than 10.4 mg/L. Field applications of one of the 
experimental methods indicated accurate tracking of calibra-
tions across a 5-month deployment period.

The laboratory experiments and field application 
described in this report demonstrate that standard laboratory 
equipment can be used to do accurate calibration checks on 
the ABS sensor for long-term deployments. Substantial vari-
ability was observed in the stability of standard conditions 
depending on the speed of the stir bar; low speeds caused a 
time-dependent trend in concentration for higher standard con-
centrations, and high speeds created instabilities in standard 
concentrations. Any user should expect to spend some time 
establishing equilibrium standard conditions for their specific 
combinations of equipment. After stable standard conditions 
were established, the largest source of variability in standard 
concentrations observed in our experiments was choice of 
standardized particles. Additional sources of variability were 
between instruments and differences between the stability 
of the standard concentrations in field application relative to 
those observed in the laboratory experiments.

The results of the laboratory experiments and field appli-
cation described herein can be summarized into the following 
interim guidance for calibration checks of the ABS sensor over 
longer term deployments:

1.	Choose standard particles. Raw and USGS standardized 
particles performed best under the experimental condi-
tions described in this report.

2.	Before deployment, establish accuracy of stable condi-
tions for standard concentrations using available labora-
tory equipment including benchtop stand, stir plate, stir 
bar, and standard particles.

3.	Before deployment, establish precision of stable condi-
tions for your instrument and apparatus using a replicate 
experiment.

4.	 If more than one operator is planned for the calibration 
checks, steps 2 and 3 should be repeated for each opera-
tor to establish between-operator precision.

5.	 If more than one instrument is planned for deployment 
over the course of the study, steps 2 and 3 should be 
repeated for both instruments to establish between-
instrument precision.

6.	 If instrument drift is observed, a replicate check is 
recommended to ensure the drift is within precision of 
conditions of the visit.

Ideally steps 2 and 3 would be performed after a factory 
calibration by the sensor manufacturer such that the accuracy 
of the instrument calibration is ensured to be optimal.
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