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INTRODUCTION 
 

The U.S. Geological Survey (USGS) has traditionally used depth-integrating samplers (Davis, 2005) to measure the 
velocity-weighted concentration and grain-size distribution of suspended sediment in river cross-sections (Edwards 
and Glysson, 1999).  The two methods used to make these measurements are the Equal Discharge Increment (EDI) 
and Equal Width Increment (EWI) methods (Edwards and Glysson, 1999; Nolan et al., 2005).  Isokinetic depth-
integrating suspended-sediment samplers are designed to continuously collect a sample of the water-sediment 
mixture at the ambient stream velocity at the location of the sampler nozzle while transiting a sampling vertical in 
either the EDI or EWI methods (Federal Interagency Sedimentation Project, 1952; Edwards and Glysson, 1999; 
Nolan et al., 2005; Gray et al., 2008).  Federal Interagency Sedimentation Project (FISP) designed suspended-
sediment samplers are calibrated in a flume over a narrow range of water temperature to ensure that the velocity of 
the water-sediment mixture entering the nozzle is within 10% of the local ambient stream velocity throughout the 
sampler’s operating range (Davis, 2001; Gray et al., 2008).  These suspended-sediment samplers are deemed to be 
isokinetic when they meet this criterion.  Isokinetic sampling is important because non-isokinetic operation of 
suspended-sediment samplers can result in either positive or negative biases in measured suspended-sediment 
concentration that are correlated with grain size (Edwards and Glysson, 1999; FISP, 1941).  The measure of 
isokinetic sampling, intake efficiency (IE), is defined as: 

IE = nV
V

,                  (1) 

where n  is the instantaneous velocity of the water-sediment mixture moving through the nozzle into the sample 
container and 

V
V is the instantaneous ambient stream velocity at the location of the sampler-nozzle intake. Because it 

is impossible to measure instantaneous values of nV when using depth-integrating samplers in the field, in this study  
n is averaged over the time a depth-integrating sampler moves at a constant transit rate through the water column at 

a vertical, and 
V

V  in this study is replaced by V , that is, the time- and depth-averaged ambient stream velocity at a 
vertical.  All velocities in this paper are reported in units of ft/sec.     
 
Adequate understanding of the sampling behavior of depth-integrating samplers in river settings is essential to 
obtaining accurate data with these samplers.  The inherent physical limitations that affect the adequacy of discharge-
weighted, sediment-concentration data collected with depth-integrating samplers are well documented (Office of 
Surface Water (OSW) Technical Memorandum 99.01).  Although extensive field testing of depth-integrating 
samplers in rivers occurred in the 1940s and 1950s to evaluate both intake efficiency and suspended-sediment 
concentration and grain size (FISP, 1944, 1951, 1954, 1957), few field tests have been conducted since then that 
include evaluation of suspended-sediment data (e.g., Allen and Petersen, 1981).  The majority of more-recent FISP 
sampler development and calibration has been conducted via flume and towing tests (e.g., Szalona, 1982; Davis, 
2001).  However, depth-integrating, suspended-sediment samplers are intended for use in rivers and streams where 
conditions are typically more turbulent and variable than those in flumes or those experienced by samplers towed 
behind boats in lakes.  Recognition of the influence of more complicated river settings on sampler behavior has led 
to recommendations that on-site field calibrations for intake efficiency be conducted for bag samplers before each 
set of samples is collected (OSW Technical Memorandum 99.01).  
 
This paper draws examples from a larger and more exhaustive study in which suspended-sediment data collected at 
six total cross-sections among three study sites on the Colorado River in Grand Canyon were examined to evaluate 
intake efficiencies and associated biases in suspended-sediment concentration and grain size.  In addition to stream-
velocity effects on intake efficiency, the effects of water temperature and nozzle orientation (angle of attack) on 
intake efficiency were included in these evaluations.  This study is intended not only to assess the intake efficiencies 
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and associated biases in suspended-sediment data during the field deployment of different types of depth-integrating, 
collapsible-bag, suspended-sediment samplers, but also to provide a framework for other workers to conduct similar 
studies in the future. The improved understanding of the sampling behavior of different depth-integrating 
suspended-sediment samplers under a range of conditions in real-river settings gained from this study highlights the 
need for more real-world river testing and analysis during future development of new suspended-sediment samplers 
and surrogate technologies for monitoring suspended sediment (Gray and Gartner, 2010). 

 
STUDY SITES AND METHODS 

 
Data used in this study were collected at six cross-section locations on the Colorado River in Grand Canyon within 
Grand Canyon National Park (GCNP) between 1999 and 2008 (Fig. 1). 
 
Suspended-Sediment Data Collection:  Velocity-weighted suspended-sediment data were collected with the US D-
77 bag-type (Szalona, 1982) and US D-96 type1 (Davis, 2001; FISP, 2003) depth-integrating, suspended-sediment, 
collapsible-bag samplers deployed using the EDI and EWI methods (Edwards and Glysson, 1999; Nolan et al., 
2005).  While using the EWI method, a US VTP-99 electronic metronome was used to assist in maintaining uniform 
transit rates during single-vertical sampling and ensure an accurate velocity-weighted sample (FISP, no date).  The 
US D-96 type deployment configurations followed FISP operating instructions.  Deployment configuration of the 
US D-77 bag-type was most similar to that described in figure 9 from FISP Report Y (Szalona, 1982) with the 
exception of the solenoid valve (only practical for flume tests), the flow deflector over the upper vent hole, and the 
thin mask covering the gap between the casting and the bottle.  Both samplers were deployed using 1/4-inch and 
5/16-inch diameter nozzles. 

 
Figure 1 Map of the Colorado River in Grand Canyon showing the location of the six cross-sections at the three 
study sites where suspended-sediment samplers were deployed.  These cross-sections were located at:  (1) taglines A 
and B at the 30-mile sediment station, (2) taglines A, B, and C at the 61-mile sediment station, and (3) the 
measurement cableway at the USGS Colorado River near Grand Canyon, Arizona, gaging station (09402500). 
 
At the Colorado River near Grand Canyon gaging station, samplers were deployed from a cableway using the EDI 
method.  At all other sampling cross-sections, samplers were deployed from a manned, motorized boat (held 
stationary by the boat operator under a Kevlar2 tagline) using the EWI method.  As part of the field-sampling 
protocol, a depth sounding was first taken at each sampling vertical prior to sample collection, a stopwatch was used 
                                                 
1 For the purpose of this study, data collected with either the US D-96 or the US D-96-A1 sampler (Davis, 2005) are 
herein referred to as US D-96 type. 
 
2 Use of brand and firm names in this report is for descriptive purposes only and does not constitute endorsement by 
the U.S. Geological Survey. 



to measure sampling time at each vertical, and the sample volume collected at each vertical was recorded.  Samples 
were analyzed for suspended-sediment concentration and grain-size distribution at the USGS-Grand Canyon 
Monitoring and Research Center sediment laboratory in Flagstaff, Arizona. 
 
During the period of data collection (1999 through 2008), the Office of Water Quality issued Technical 
Memorandum 2002.9, beginning the phase-out of the US D-77 bag-type sampler.  The development of the newer 
US D-96 type sampler and phase-out of the older US D-77 bag-type sampler was instituted because of the poor 
hydrodynamic field performance (i.e., reciprocating swimming behavior) of the US D-77 bag-type sampler (Davis, 
2001).   In order both to maintain continuity with long-term monitoring data and to conduct an in-depth comparative 
analysis between the two sampler types, we continued to use the US D-77 bag-type sampler past the target phase-out 
date recommended in OWQ 2002.09.  Beginning in 2003, paired US D-96 type – US D-77 bag-type, suspended-
sediment samples were therefore collected under a wide range of flow conditions at all cross-sections to evaluate 
potential biases in suspended-sediment concentration and grain size between the two types of bag samplers.  This 
comparative analysis was required to develop any bias-correction factors needed to make the older suspended-
sediment data collected using the US D-77 bag-type sampler equivalent to those collected using the newer, more 
hydrodynamic, US D-96 type sampler. 
 
Data used to compute ambient stream velocities at each sampling vertical:  Acoustic Doppler current profilers 
(ADCP, RD Instruments Workhorse Rio Grande, 600 kHz; Workhorse Monitor, 600/1200 kHz) were used to collect 
velocity-profile data at the 30-mile and 61-mile taglines, and Price AA current meters were used to collect velocity-
profile data under the cableway at the Colorado River near Grand Canyon gaging station.  Extensive quality control 
and error analyses were conducted on these velocity data to ensure that curves fit to these data accurately reflected 
the time- and depth-averaged ambient stream velocity, V , encountered by the depth-integrating suspended-sediment 
samplers at each vertical.  In addition, the variation in depth-averaged velocity at a vertical was evaluated to 
determine the potential error in using curves of time- and depth-averaged velocity to characterize the minimally 
time-averaged ambient stream velocities encountered by the depth-integrating suspended-sediment samplers (twice 
at each elevation in each vertical, once on each downward and upward transits).  These analyses suggest strongly 
that the ambient stream velocities used to compute intake efficiencies in equation (1) are unbiased and accurate well 
within 5%.       
 
ADCPs were mounted on the side of motorized, aluminum, V-shaped-hull boats, with the transducers oriented 
downward and typically submerged 1.1 ft below the water surface.  Incomplete Global Positioning System coverage 
necessitated the local referencing of the ADCP position, relative to the location of the EWI verticals along the 
tagline cross-section at each study site, when moving-bed conditions rendered the bottom-track ping unreliable 
during the collection of stationary velocity data.  During the collection of stationary time- and depth-averaged 
velocity data, the position of the manned, motorized, and non-tethered boat was visually maintained underneath each 
EWI vertical along the tagline cross-section by a professional technical boat operator.  Previous work conducted at 
the 61-mile tagline C and 30-mile tagline B cross-sections demonstrated that this exact technique of maintaining 
fixed positions relative to the location of the EWI verticals along the tagline produces typically small variations in 
boat position, +/- 1 to 2 m, and is an unlikely source of bias in velocity measurements (Gartner and Ganju, 2007).  
Although streamflow conditions during ADCP data collection were commonly unsteady as a result of upstream 
dam-regulated fluctuations in discharge, the effect of unsteady flow on ADCP velocity data used in this study is 
minimal.  Analysis of ADCP data collected at 61-mile tagline C demonstrates that the average rate of change in 
time- and depth-averaged velocity is 0.002 ft/sec for each minute of data collection. 

 
At all 30-mile and 61-mile cross-sections, velocity data were collected with the ADCP using two methods that were 
compared to ensure internal consistency in the dataset.  At all cross-sections, stationary, time- and depth-averaged 
velocity data were collected at EWI sampling verticals with the ADCP, using methods described by Mueller and 
Wagner (2009) and Gartner and Ganju (2007).  Stationary velocity data were analyzed for moving-bed conditions 
and corrected to remove any low bias with the Stationary Moving-Bed Analysis software v4.2 
(http://hydroacoustics.usgs.gov/movingboat/SMBA1.shtml accessed 3/4/08).  The resulting time- and depth-averaged 
velocity data were used in the calculation of intake efficiency and velocity-discharge relations at each of the 
sampling locations. 
 
ADCP transect data from moving-boat discharge measurements at each cross-section were analyzed to develop 
estimates of surrogate time- and depth-averaged stationary velocity data from transient transect data at each 



sampling vertical.  During discharge measurements (Mueller and Wagner, 2009), direct comparisons between the 
position of the ADCP under the tagline relative to the EWI sampling locations, and the ensembles collected by the 
ADCP, were used to flag ensembles corresponding to the location of sampling verticals throughout each transient 
transect.  Percent difference comparisons performed between data from sequential back-to-back stationary velocity 
measurements and averaged moving-boat discharge-measurement transects determined that, during moving-boat 
discharge-measurement transects, an average of 5 ensembles around each EWI sampling vertical provided the best 
velocity surrogate (difference of only ±4%) for time-averaged, stationary-velocity data collected at the EWI vertical.  
Discharge during the sequential collection of data for the comparison between these two methodologies varied less 
than 1%.  Surrogate values of time- and depth-averaged velocity using this approach were determined only in the 
absence of moving bed conditions.  Using both of these methods resulted in a much larger dataset of ambient stream 
velocity to use in the sampler-intake analyses.  
 
Intake efficiency is dependent on the ability to constrain instantaneous velocity both moving through the nozzle  
and at the locus of the sampler-nozzle intake

nV
V .  Since nV , as previously discussed, can not be measured during the 

field deployment of depth-integrating samplers, a time-based average of must be calculated using the inside 
diameter of the nozzle, the sample duration, and the sampled volume.  Therefore, it is appropriate to use time-
averaged data for the ambient-stream-velocity component of discharge.  Analysis of intake efficiency for depth-
integrating suspended-sediment samplers deployed at both EWI and EDI sampling sites requires an understanding of 
time- and depth-averaged ambient velocity across the range of discharges encountered at each sampling vertical.  
Velocity-discharge relations were developed for each EWI sampling vertical at the 30-mile and 61-mile taglines by 
regressing both the time- and depth-averaged ADCP velocity data and the surrogate time- and depth-averaged 
velocity data against 15-minute resolution stage-discharge data (R.E. Griffiths, USGS, written commun., 2009) 
specific to each of the study sites.  At the Colorado River near Grand Canyon gaging station, time- and depth-
averaged velocity data for each EDI centroid under the cableway were determined for a range of discharges from 64 
discharge measurements made with Price AA current meters deployed using the midsection method (Rantz et al., 
1982); these measurements were made by the USGS Arizona Water Science Center.  Time- and depth-averaged 
Price AA velocity data were regressed on the cumulative discharge recorded during the historical measurements to 
develop a velocity-discharge relation.  Statistically significant associations (at the 0.05 level of significance) 
between average velocity and discharge were established at all sampling verticals in this study.  At 61-mile tagline 
C, the primary example used in this brief paper, the average R2 for all velocity-discharge relations is 0.94 and the 
relative mean absolute error between the measured stationary velocity data and the velocity data represented by the 
regression line is less than 5% for each sampling vertical. 

nV

  
In this paper, the analysis of the field intake efficiency is dependent on the ability to accurately determine time- and 
depth-averaged velocity at a sampling vertical.  At the 61-mile tagline C cross-section, both the ADCP, and either 
the US D-77 bag-type or the US D-96 type sampler, were simultaneously deployed from the boat at EWI verticals to 
collect concurrent depth-integrated suspended-sediment data and stationary time- and depth-averaged velocity data; 
average horizontal offset between the ADCP and the sampler was approximately 5 ft during deployment.  This 
subsection of 97 observations provided a direct comparison between the intake efficiency of a sampler and the 
contemporary time- and depth-averaged ambient velocity for that exact EWI vertical.  Intake efficiency was 
calculated for each of the 97 suspended-sediment samples collected using both the time- and-depth averaged ADCP 
velocity data and the velocity data calculated from the velocity-discharge relation for the 61-mile tagline C cross-
section.  Analysis of variance (Griffiths, 1967, p. 453-455) shows that there is no difference in the intake efficiencies 
calculated for the US D-96 type sampler (F0.05,1,86=0.038, p=0.845) or for the US D-77 bag-type sampler (F 0.05, 

1,100=0.314, p=0.575) when either the time- and-depth averaged ADCP velocity data or the velocity data calculated 
from the velocity-discharge relation is used to determine V  in equation (1). These results indicate that the method 
used to determine the ambient velocity values for the velocity-discharge relations at each EWI sampling vertical are 
valid. Additionally, this evaluation shows that the method we use to calculate field intake efficiency with ambient 
stream velocity values obtained from the velocity-discharge relations developed during this study is reasonable and 
yields sound results. 

 



FIELD SUSPENDED-SEDIMENT SAMPLING EFFICIENCY 
 
Intake efficiency is the measure of suspended-sediment sampling behavior that correlates to biases in suspended-
sediment concentration (Federal Interagency Sedimentation Project, 1941).  Traditionally, flume and tow-tank 
testing (in tanks and lakes) of depth-integrating suspended-sediment samplers have been used to establish acceptable 
levels of sampler performance over a range of ambient stream velocities in highly controlled environments.  Intake-
efficiency analyses of the US D-77 bag-type and the US D-96 type samplers, during multiple flume tests, show that 
both samplers operate isokinetically when deployed within their published operating range of 3 to 8 ft/sec for the US 
D-77 bag-type and 2 to 15 ft/sec for the US D-96 type samplers (Fig. 2). 
 

 
 

Figure 2 Intake efficiency for the US D-77 bag-type (A) and US D-96 type (B) samplers as a function of ambient 
stream velocity in flume tests (A) and flume-tow tests (B).  Data from FISP Report Y (Szalona, 1982; Davis, 2001; 
B.E. Davis, USGS, written commun., 2009).  Shaded area represents range in intake efficiency (IE) considered to be 
isokinetic, that is for IE = 1.0 +/- 0.10. 
 
Using the velocity-discharge relations to obtain the time- and depth-averaged ambient stream velocity at each 
sampling vertical and the sampler fill rate to obtain the time-averaged velocity of the water-sediment mixture 
moving through the nozzle into the sample container, intake efficiencies were calculated for the US D-77 bag-type 
and US D-96 type samplers at each cross-section at the three study sites (because of paper-length constraints, only 
examples of 61-mile tagline C are shown) (Fig. 3).  At all 6 cross-sections among all 3 study sites, the field-
determined intake efficiency of the US D-96 type sampler is much closer to isokinetic unity than it is for the US D-
77 bag type sampler, with overall performance of the US D-96 type sampler being much closer to the FISP-
acceptable range of isokinetic operation, especially when a 1/4-inch nozzle is used at ambient stream velocities in 
excess of about 3 ft/sec.  Unlike the flume tests shown in Figure 2, where mean intake efficiency is close to unity 
over most of the operating range, the mean intake efficiency of the US D-77 bag-type sampler in the real-river 
setting in Figure 3A is only about 0.4 over the entire range of ambient stream velocity (Fig. 4A).  In contrast to the 
US D-77 bag-type sampler, the observed differences in intake efficiency of the US D-96 type sampler between the 



flume tests in Davis (2001) and the field tests in Figure 3B are much less substantial (Fig. 4B), and (as described 
below) can be explained mainly on the basis of differences in water temperature between the flume/tow and river 
tests.  
 
 

 
 
Figure 3 Field-determined intake efficiency for all samples collected within the operating range of the US D-77 
bag-type (A) and the US D-96 type (B) depth-integrating suspended-sediment samplers at the tagline C cross-
section, 61-mile sediment-station study site.   This cross-section is at the former location of the measurement 
cableway at the now decommissioned USGS Colorado River above Little Colorado River near Desert View, 
Arizona, gaging station (09383100). Shaded area represents range in intake efficiency (IE) considered to be 
isokinetic, that is for IE = 1.0 +/- 0.10. 
 
 
Potential biases in sediment-concentration data:  Results from the broader investigation (from which only 
examples are provided herein) indicates that the isokinetic response of each sampler type varies somewhat between 
different cross-sections as a function of the different deployment depths, velocities, and turbulence encountered.  
These differences in intake efficiency between different sampler types at different cross-sections may result in 
substantial relative bias in measured suspended-sand concentration between the different sampler types or between 
the different cross-sections.  Therefore, when using multiple types of suspended-sediment samplers or changing 
from one sampler type to another, it is essential that the isokinetic response of each sampler type be understood at 
each river cross-section where these samplers are used.  The relation between intake efficiency and ambient stream 
velocity at individual verticals at all 6 cross-sections (e.g., Fig. 3) was used in conjunction with the data in Figures 
10 to 12 from FISP Report No. 5 (1941) to constrain the predicted potential biases in sediment concentration 
resulting from non-isokinetic, suspended-sediment sampling (Table 1).  The predicted potential errors in 0.15-mm 
sand concentration associated with the US D-77 bag-type sampler are on average much larger and cover a much 
broader range than those associated with the US D-96 type sampler.  The predicted small biases in 0.15-mm sand 
concentration associated with the US D-96 type sampler arise mainly from lower intake efficiency at lower ambient 
stream velocity.  Because EWI measurements are dominated by the larger volumes of water collected at verticals 
with higher ambient stream velocities (in the middle of the channel), the predicted bias in 0.15-mm sand 
concentration in an entire EWI measurement made with a US D-96 type sampler will be less than those in Table 1.  
 



 
The predicted potential errors in 0.15-mm sand concentration associated with the US-96 type sampler are effectively 
zero (over much of its operating range) when water-temperature differences are accounted for between the warmer 
flume studies where the sampler nozzles were calibrated by the FISP and the much colder Colorado River.  These 
water-temperature differences cannot correct for the large predicted biases in 0.15-mm sand concentration 
associated with the US D-77 bag-type sampler. 
 

 
 

Figure 4 Relation between the flume-tow test data for the US D-77 bag-type (A) and US D-96 type (B) samplers 
(Fig. 2) and the field-determined intake efficiency for all samples collected within the operating range of the US D-
77 bag-type (A) and the US D-96 type (B) depth-integrating suspended-sediment samplers at the tagline C cross-
section, 61-mile sediment-station study site (Fig. 3). Shaded area represents range in intake efficiency (IE) 
considered to be isokinetic, that is for IE = 1.0 +/- 0.10. 
 

 
 

Table 1 Predicted potential error among all individual verticals in 0.15-mm sand concentrations resulting from non-
isokinetic, suspended-sediment sampling at each cross-section at each study site.  Table 1 shows the associated error 
in concentration for the mean ± one standard deviation, 1σ, of intake efficiencies from data collected with each 
sampler type for a composite of all nozzle diameters.  Associated predicted errors in 0.15-mm sand concentration 
estimated using FISP Report No. 5 (1941).  



 
EFFECT OF OTHER PHYSICAL FACTORS ON INTAKE EFFICIENCY 

 
External physical factors driven by the sampling environment can affect the intake efficiency of suspended-sediment 
samplers.  We analyzed each sampler’s response to water temperature to determine its potential effect on the field-
determined intake efficiencies in our dataset.  This investigation indicates that:  (1) the discrepancies between flume- 
and field-determined intake efficiencies for the US D-96 type sampler largely arise from water-temperature effects, 
and (2) temperature effects alone cannot explain the large discrepancies between the flume- and field-determined 
intake efficiencies for the US D-77 bag-type sampler.  The large discrepancies between the flume- and field-
determined intake efficiencies for the US D-77 bag-type sampler are most likely the result of substantial flow 
through the sampler cavity preventing the bag from filling at the proper rate (i.e., bad sampler design).  The flume 
studies of Szalona (1982) compensated for this problem through use of the "flow deflector" and "mask."  We also 
conducted angle-of-attack experiments in the Colorado River, and confirmed earlier results in FISP Reports 6 (1952) 
and H (1954) that angle-of-attack induced effects on intake efficiency are negligible under proper transit rates.    
 
Temperature:  Previous authors have concluded that the relation between ambient stream velocity and intake 
efficiency is temperature dependent (FISP, 1952; Beverage and Futrell, 1986).  The effect of water temperature on 
intake efficiency “shows up markedly at lower velocities, but seems to decrease rapidly as velocities increase” 
(FISP, 1952; Davis, 2001).  These observations were based on laboratory tests conducted over discrete intervals of 
ambient stream velocity (FISP, 1952; Davis, 2001).  Understanding the relation between temperature and intake 
efficiency allows for the theoretical correction of intake-efficiency data.  This correction is possible since it is 
known that US D-96 type samplers and nozzles are calibrated to an intake efficiency of 1.0 at a velocity of 3.7 ft/sec 
at an average water temperature of 26.7 degrees Celsius (Davis, 2001; B.D. Davis, USGS, written commun., 2009.) 
 
To remove temperature effects on field-determined intake efficiencies, we developed an equation to correct in 
equation (1) using the data from figures 40 and 41 in FISP Report No. 6 (1952) and the intake-efficiency 
measurements of Davis (2001; written commun., 2009) made at different water temperatures.  To correct for 
differences in water temperature between the field measurements of intake efficiency (made in water temperatures 
between 7 and 17 degrees C)  and Davis' (2001) measurements of intake efficiency (made in water temperatures 
between 24 and 29 degrees C), in equation (1) must be multiplied by:   

nV

nV
0.62 + 0.97V

0.23+ 0.013T + 0.91V ,            (2) 
where T is the water temperature in degrees Celsius during the field measurements.  Because Davis (2001) 
concluded that decreases in intake efficiency at low temperature are not dependent on bag flexibility, the correction 
factor in equation (2) can be applied to any sampler.  Equation (2) was therefore used to correct the US D-96 type 
and US D-77 bag-type sampler field intake-efficiency data for water-temperature effects (Fig. 5).  

 

 
 

Figure 5 Plot of temperature-corrected field-determined intake efficiency for all samples collected within the 
operating range of the US D-96 type and US D-77 bag-type depth-integrating suspended-sediment samplers at the 



tagline C cross-section, 61-mile sediment-station study site (Fig. 3). Shaded area represents range in intake 
efficiency (IE) considered to be isokinetic, that is for IE = 1.0 +/- 0.10. 

 
Applying a temperature-velocity based correction to the field intake efficiencies does not change the actual intake 
efficiency associated with each sample or the percent error in suspended-sediment concentration resulting from non-
isokinetic sampling.  However, for a given water temperature and velocity, it allows us to quantify how much 
variation in intake efficiency occurs between colder real-river settings and the warmer laboratory conditions in 
which the US D-96 type sampler and nozzles are calibrated.  In almost all cases, a large component of the sub-
isokinetic quality of our field data can be explained by the water-temperature effect (Fig. 5 and 6).  Because of the 
limited availability of laboratory data required to better constrain the effect of both water-temperature and velocity 
on intake efficiency and the associated errors in sediment concentration, our analysis was limited to estimating 
potential theoretical bias in suspended-sediment concentration.  Future laboratory analysis and further investigation 
into the interaction between water temperature and intake efficiency across a broader range of flume velocities 
would allow investigators to report on how much, if any, of the non-isokinetic component observed in their field-
determined sampler intake efficiencies arose from potential temperature effects.  An alternative approach might be 
to calibrate different sampler nozzles to be isokinetic over different discrete ranges in water temperature.  

 

 
 

Figure 6 Comparison of US D-96 intake efficiencies obtained during river tests at three sites on the Mississippi 
River near Vicksburg, MS, from Davis (2001), and the temperature-corrected field-determined intake efficiencies 
for all samples collected within the operating range of the US D-96 type depth-integrating suspended-sediment 
samplers at the tagline C cross-section, 61-mile sediment station study site (Fig. 5). Shaded area represents range in 
intake efficiency (IE) considered to be isokinetic, that is for IE = 1.0 +/- 0.10. 

 
RELATIVE BIAS IN MEASURED SUSPENDED-SEDIMENT CONCENTRATION  

BETWEEN THE TWO SAMPLER TYPES 
 

Five-hundred paired US D-96 type – US D-77 bag-type, suspended-sediment samples were collected under a wide 
range of flow and sediment conditions to evaluate the size class by size class biases in suspended-sediment 
concentration measured using the US D-77 bag-type sampler relative to that measured using the US D-96 sampler.  
Each paired sample consists of either sequential EWI cross-section data or sequential data from single–vertical 
transits of each sampler at the same location. These data were collected at all 6 cross-sections among the 3 study 
sites.  Data collected at the tagline C cross-section at the 61-mile sediment station study site using both the 1/4-inch 
and 5/16-inch nozzles were combined to construct a curve of the field intake efficiency of the US D-77 bag-type 
sampler relative to the field intake efficiency of the US D-96 type sampler over the full range of flow conditions in 
which the paired samples were collected (Fig. 7). 
 
The relative field intake efficiencies in Figure 7 allow laboratory experiments from FISP Report No. 5 (1941) to be 
used in the estimation of likely biases in suspended-sand concentration for any grain-size range.  Among all paired 
suspended-sediment samples, observed intake efficiencies for the US D-77 bag-type sampler are much lower than 
those for the US D-96 type sampler (Fig. 3).  This lower relative intake efficiency leads to large biases in suspended-
sand concentrations, which are positively correlated with grain size.  Laboratory data and intake-efficiency-based 



estimates of error in concentration (Fig. 8) show the same positive correlation between grain size and sediment 
concentration bias, with the field-determined bias in sediment concentration in any size class slightly exceeding the 
laboratory-determined bias in sediment concentration.  The biases in the US D-77-bag-type-measured suspended-
sand concentrations in Figure 8 can be removed through the application of log-transformed ratios between the US D-
96-type-measured and US D-77-bag-type-measured concentrations in each sediment size class (D.J. Topping, 
unpublished analysis).  This approach reduces sand concentrations measured using data collected with the biased US 
D-77 bag-type sampler to be equivalent to sand concentrations measured using data collected with the more-accurate 
US D-96 type sampler. 
 

 
 

Figure 7 Plot of relative intake efficiency (IE) between US D-77 bag-type and US D-96 type depth-integrating 
suspended-sediment samplers at the tagline C cross-section at the 61-mile sediment station study site. 

 

 
 

Figure 8 Relative US D-77 bag-type to US D-96 type sampler bias in measured suspended-sediment concentration 
at the 61-mile tagline C cross-section highlighted in this study (error bars are one standard error).  Green boxes 
display the predicted range in bias in concentration at this site—for 0.06mm, 0.15mm, and 0.45mm sediment—
based on the results from lab experiments in FISP Report No. 5 (1941).  The paired sampler comparisons at this 
location indicate slightly greater concentration bias in each size class of sediment than that expected based on the 
laboratory experiments conducted under more-controlled and more-uniform flow conditions in flumes. 

 
 
 
 
 
 



SUMMARY AND CONCLUSIONS 
 

Previous studies have addressed the inherent physical limitations that affect the adequacy of velocity-weighted 
sediment-concentration data collected with depth-integrating samplers in controlled laboratory environments.  Such 
studies have resulted in recommendations that on-site field calibrations for intake efficiency be conducted before 
each set of samples is collected (OSW 99.01).  This paper draws examples from an exhaustive study that examines 
the intake efficiency of samplers based on data collected in the field at multiple cross-sections in the Colorado River, 
evaluates the resultant errors in suspended-sediment concentration as a function of grain size, and determines both 
the potential sources and the magnitudes of errors in suspended-sediment concentration as a function of grain size 
arising from non-isokinetic, suspended-sediment sampling. 
 
This study indicates that when water-temperature effects are included, the laboratory and temperature-corrected 
field-determined intake efficiencies are similar for the US D-96 type depth-integrating suspended-sediment sampler.  
When water-temperature effects are not included, the overall intake effiency of data collected with the US D-96 type 
samplers can fall below the acceptable isokinetic range.  The intake efficiency of the US D-96 type sampler is much 
closer to isokinetic unity at high velocities than at low.  Given that the water-temperature range in the dam-regulated 
Colorado River at our study sites is 7 to 17 degrees Celsius, it is plausible that up to 0.15 of the non-isokinetic 
component of intake efficiency at low velocities may arise from the effect of these low temperatures on velocity 
through the nozzle.  A solution to this problem might be to calibrate different sampler nozzles to be isokinetic over 
different discrete ranges in water temperature.  Then, the nozzle calibrated for the correct water temperature 
measured can be used when collecting data in the field.  
 
The large discrepancy in intake efficiency of the US D-77-bag-type sampler between flume and river settings 
illustrates the importance of extensive river testing in addition to flume tests in the development of new isokinetic 
suspended-sediment samplers.  Flume tests show that both the US D-96 type and US D-77 bag-type samplers 
operate isokinetically when deployed within their published operating range.  Analysis of field data, however, shows 
that data collected with the US D-96 type sampler tend to be closer to isokinetic unity than data collected using the 
US D-77 bag-type sampler. Although this study did not definitively isolate the physical explanation for the large 
discrepancies between the field- and laboratory-determined intake efficiencies of the US D-77 bag-type depth-
integrating suspended-sediment sampler, we believe these discrepancies most likely arise from flow through the 
sampler cavity preventing the bag from filling at the proper rate in our field tests.  Analysis of suspended-sediment 
data collected using both the US D-96 type and US D-77 bag-type samplers indicate that suspended-sand 
concentrations and grain sizes measured using the US D-77 bag-type sampler are positively biased as a result of this 
relative difference in intake efficiency between the US D-77 bag-type and US D-96 type depth-integrating 
suspended-sediment samplers.  
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