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Sediment Characteristics of Northwestern 

Wisconsin’s Nemadji River, 1973-2016 

By Faith A. Fitzpatrick 

Abstract 

The Nemadji River is part of the U.S. Environmental Protection Agency’s St. Louis River 

Area of Concern (AOC). One of the goals of the AOC cleanup is to reduce sediment discharges 

from the Nemadji River into the estuary of the St. Louis River. Over the last 45 years, a variety 

of sediment samples have been collected and analyzed periodically using different field and 

analytical techniques by the U.S. Geological Survey (USGS), the Wisconsin Department of 

Natural Resources and the Minnesota Pollution Control Agency at the USGS streamgage on the 

Nemadji River near South Superior (USGS identification number 04024430). Most of the 

samples were of suspended sediment concentration. In 1973-86, the USGS collected suspended-

sediment concentration and a limited number of bedload samples, including two in 1978. 

Starting in 2006 and continuing through the present, the Wisconsin Department of Natural 

Resources and Minnesota Pollution Control Agency have been collecting total suspended solids 

data. In 2015-16, the U.S. Geological Survey, in cooperation with the Wisconsin Department of 

Natural Resources, conducted a comparison study of the USGS and state methods for collection 

and laboratory analyses of suspended sediment concentration. In addition to suspended sediment, 
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bedload and bed material samples were collected and the modified Einstein procedure was used 

to estimate total sediment discharge.  

Hydrologic conditions were variable over the two periods of historical suspended 

sediment data collection, and mean annual flows during 2006-15 were about 84 percent less than 

during 1973-86. In contrast, two extreme floods in 2011 and 2012 were over 2.5 times larger 

than any peak flow in the 1973-86 period.  

The 2009-16 annual total sediment discharges ranged from a low of 18,000 tons/year in 

2015 to almost 180,000 in 2012. Bedload discharges ranged from 20 percent of the total 

sediment discharge during low mean annual flow years to only 5 to 6 percent during high flow 

years. A sediment rating curve for suspended sediment concentration and water discharge for 

2006-15 had a similar slope but a lower intercept than its 1973-86 counterpart. Although not 

statistical significant, the negative offset resulted in a potential reduction of about 15 percent of 

the annual suspended sediment discharge for an example data set of annual discharges from 

2009-16. Altogether, these various data sets collected over different time periods and using 

different methods helped to describe present and past sediment characteristics as well as provide 

a calibration tool for future sediment data collection. 

Introduction 

The Nemadji River is part of the U.S. Environmental Protection Agency’s (EPA) St. 

Louis River Area of Concern (AOC). One of the Beneficial Use Impairments (BUI) is excessive 

loading of sediment and nutrients (St. Louis River Alliance, 2015). A major goal of the AOC 

cleanup is to reduce sediment loads in the Nemadji River, which is one of the largest contributors 

of sediment to Lake Superior (Robertson, 1996). The Nemadji Basin Plan (Natural Resources 
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Conservation Service, 1998) estimated the average annual suspended sediment discharge at the 

mouth of the Nemadji to be about 130,000 tons/year. 

A U.S. Geological Survey (USGS) streamgage has been operating on the Nemadji River 

near South Superior (USGS identification number 04024430) since 1970 (fig. 1). Over the last 

45 years, sediment samples were collected and analyzed with multiple methods by multiple 

agencies including suspended-sediment concentrations (SSC) by the USGS and total suspended 

solids by the Wisconsin Department of Natural Resources (WDNR) and Minnesota Pollution 

Control Agency (MPCA). Data gaps in the sediment record at the USGS streamgage combined 

with incompatible methods prevented a complete understanding of the Nemadji River basin’s 

history of potential changes or trends in sediment discharges. 

 

Figure 1. Location of the Nemadji River streamgage (U.S. Geological Survey identification number 
04024430). 

In 2015-16, the USGS, in cooperation with the WDNR, conducted a methods and 

laboratory comparison study for suspended sediment collected at the Nemadji River streamgage. 

In addition to suspended sediment, bedload and bed material samples also were collected. These 

data were used to help describe present sediment conditions as well as provide a calibration 

04024430 
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relation to be able to compare historical suspended sediment data sets. The results from the 

comparison will be used by the WDNR to identify if sediment loading is increasing, decreasing, 

or staying the same. This study was part of a larger assessment of the Excessive Loading of 

Sediment and Nutrients BUI in the Nemadji watershed, funded by the EPA in 2015, which also 

included evaluation of macroinvertebrate and fish communities in the Lower Nemadji River and 

modeling historic sediment loads (Minnesota Pollution Control Agency and Wisconsin 

Department of Natural Resources, 2015).   

Purpose and Scope 

This report describes results from three main study objectives related to sediment data 

collected at the USGS Nemadji River streamgage near Superior, Wisconsin (USGS identification 

number 04024430). The first objective was to develop a calibration curve between suspended 

sediment-concentration (SSC) and total suspended solids (TSS) data. The second objective was 

to compare SSC-based sediment rating curves from the 1973-86 with adjusted TSS-based curves 

from 2006-15 and determine if there has been a change in suspended sediment discharge. The 

third objective was to describe 2015-16 total sediment discharges, which were determined 

directly by measuring suspended sediment discharge and bedload discharge and indirectly by 

calculating total sediment discharge using the modified Einstein procedure.  

The USGS collected 12 sets of suspended, bedload, and bed material samples at the 

Nemadji River streamgage for 11 runoff events from July 2015 through July 2016. Two types of 

suspended sediment samples were collected and compared including a grab sample from the 

middle of the river and composite sample of equal-width-increment multiple depth integrated 

samples along a representative cross section of the river. The two types of suspended sediment 

samples were submitted for two comparative laboratory analyses for SSC and TSS. The resulting 
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four types of concentration data were used to compare log 10 based regression relations between 

SSC and TSS. Bedload samples were collected during the same events as well as bed material 

for particle size analyses. The modern suspended sediment concentrations relations were used to 

compare historical sediment curves and discharges. Lastly, a modern 6-yr total suspended solids 

(TSS) dataset collected by the Minnesota Pollution Control Agency (MPCA) was available for 

calculation of suspended and total sediment discharges.  

Physical Setting 

The Nemadji River drains 430 square miles and empties into Lake Superior in Superior, 

Wisconsin (fig. 1). The watershed straddles eastern Minnesota and northwestern Wisconsin. The 

USGS streamgage (identification number 04024430) is 2 miles south of Superior, Wisconsin and 

the river has a drainage area of 420 square miles at the streamgage. The streamgage has operated 

continuously from 1973 to present.  

The mainly forested Nemadji River basin is known for problems with flashy runoff and 

large sediment discharges (Robertson, 1996; Natural Resources Conservation Service, 1998). 

The average slope of the river is 2 ft/mile but the thick clayey glacio-lacustrine deposits that 

cover much of the watershed promote rapid runoff during rainfall events (Natural Resources 

Conservation Service, 1998; Reidel and others, 2001; 2005). Mass wasting and channel incision 

along deeply incised stream valleys contribute a large portion of the load (Natural Resources 

Conservation Service, 1998; Reidel and others, 2001; 2005).  

Methods 

Methods first included gathering of published historical and ongoing sediment 

concentration, water discharge, and sediment discharge data collected by the USGS, Wisconsin 
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Department of Natural Resources, and the Minnesota Pollution Control Agency at the USGS 

streamgage on the Nemadji River (identification number 04024430).  Additional comparative 

measurements of suspended sediment, bedload, and bed material were collected by the USGS 

from July 2015 through July 2016 and analyzed by the USGS Kentucky Sediment Laboratory 

and Wisconsin State Laboratory of Hygiene (WSLH). Instantaneous total sediment discharges 

for 2015-16 samples were calculated from summing the measured suspended sediment discharge 

and bedload discharge. Estimations of total sediment discharge were calculated with the 

modified Einstein procedure. Sediment data processing followed four main steps – tabulation, 

evaluation, editing, and verification, following guidelines in Porterfield (1972), Guy (1969) and 

USGS Office of Surface Water memorandum 91.15. Lastly, analysis of covariance (ANCOVA) 

was used to for comparing sediment concentration-water discharge rating curves.  

Historical Suspended Sediment Data Mining and Sediment Rating Curves 

Historical sediment data at the Nemadji River streamgage (USGS ID 04024430) included 

SSC collected and analyzed by the USGS from 1973 to 1986 and TSS collected and analyzed by 

the Wisconsin Department of Natural Resources (WDNR) and Minnesota Pollution Control 

Agency (MPCA) from 2006 to 2015. Data were gathered from the USGS National Water 

Information System (NWIS) and the WDNR Surface Water Integrated Monitoring System 

(SWIMS) and included suspended sediment concentration, instantaneous water discharge, and 

suspended sediment discharge (informally sediment discharges are called loads).  The TSS data 

were collected by both the WDNR and MPCA with samples routinely collected monthly.  

The continuous-record streamgage on the Nemadji River has operated by the USGS since 

1973 with data for instantaneous, mean daily, mean annual, and annual instantaneous peak flows. 
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These data were retrieved, along with the historical sediment data, from the National Water 

Information System (https://waterdata.usgs.gov/nwis).   

TSS historical mean daily sediment discharge computations for 2009-15 were made using 

USGS methods and the Graphical Constituent Loading Analysis System (GCLAS) (Porterfield, 

1972; Koltun and others, 2006). TSS data from 2006-08 were too few to calculate annual 

discharges using this method. 

2015-16 Sediment Data Collection, Laboratory Analyses, and Discharge Calculations 

From July 2015 through July 2016, 12 sets of sediment samples were collected at the 

Nemadji River streamgage (USGS ID 04024430) along with ongoing water discharge 

measurements during 11 runoff events from July 2015 through September 2016 (fig. 2). Water 

discharge measurements are routinely collected as part of existing funding from WDNR and the 

USGS Cooperative Water Program to run the realtime continuous-record streamgage 

(http://waterdata.usgs.gov/usa/nwis/uv?site_no=04024430). A range of water discharges from 

300 to over 12,000 cubic feet per second (ft3/s) were sampled. The sampling was spread among 

seasons, except for the  winter months of December through March when the river was frozen.  

https://waterdata.usgs.gov/nwis
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Figure 2. Hydrograph of instantaneous discharge for the Nemadji River streamgage near South 
Superior, Wisconsin during the study period from July 2015 to July 2016 (U.S. Geological Survey 
identification number 04024430). Sediment sampling dates shown in gray circle symbols. Instantaneous 
discharge data are not available for winter months and for a short time during the July 2016 flood. Data 
from the National Water Information System. 

Table 1. Date and discharge associated with suspended sediment and bedload samples collected by the 

U.S. Geological Survey at the Nemadji River near Superior, Wis. (identification number 04024430) from 

July 2015 through July 2016. 

Date Time 
Discharge (cubic feet 

per second) Comments 
7/7/2015 10:29 2,960 None 
7/8/2015 10:23 1,540 None 

10/28/2015 09:15 385 None 
11/6/2015 9:25 300 None 

11/17/2015 10:59 654 None 
11/18/2015 10:43 1,870 None 
3/31/2016 10:16 2,090 None 
3/31/2016 15:58 1,950 None 
4/25/2016 12:09 4,790 None 
5/31/2016 12:08 250 None 
7/12/2016 20:29 12,800 Suspended sediment grab sample only 
7/15/2016 10:07 1,920 No bedload sample 
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Suspended Sediment 

Cross-sectional composite samples of suspended sediment were collected with a depth-

integrating model D-74 sampler using standard USGS methods, including the equal-width 

increment (EWI) equal transit rate (ETR) method (Edwards and Glysson, 1999; Gray and 

Landers, 2014). Stream water was collected at multiple verticals across the channel cross section 

with a distance between verticals of about 5 ft for about 15-20 total verticals. The resulting 

composite sample, abbreviated in the report as SSC EWI, integrates the horizontal and vertical 

variability in flowing water. These samples followed the same techniques used by the USGS to 

collect suspended sediment data at the streamgage in 1973-86. 

A grab sample of suspended sediment was collected during cross-sectional sampling 

using a weighted open-bottle sampler, replicating sampling methods typically used by WDNR 

and MPCA for the TSS sampling. The grab sample was collected from approximately 0.3 to 1 m 

below the water surface in the centroid of flow. 

The EWI and the grab sample were each split into two samples using a churn splitter. 

One set of samples were analyzed for SSC and particle-size determinations at the Kentucky 

Water Science Center Sediment Laboratory using standard filtration methods (Guy, 1969) and 

under a quality assurance plan (Shreve and Downs, 2005). The exact particle size determination 

used depended on the concentration of the sediment and the minimum amount needed for 

analyses. The second set of samples were analyzed for TSS at the Wisconsin State Laboratory of 

Hygiene using standard method for the examination of water and waste water method 2540D 

(American Water Works Association, 2012). 
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The instantaneous water discharge at the time of sampling was used with the results from 

the concentration analyses to compute an instantaneous suspended sediment discharge using the 

equation:  

Qs = Qw × Cs × K 

where Qs is the suspended sediment discharge, in tons (English short tons) per day 

(tons/day), Qw is the instantaneous streamflow (water discharge), in cubic feet per second (ft3/s), 

Cs is suspended sediment concentration (SSC or TSS), in milligrams per liter (mg/L), and K is a 

coefficient (0.0027) to convert the units of measurement of water discharge and SSC or TSS into 

discharge of tons/day and assumes a specific gravity of 2.65 (Porterfield, 1972). Sometimes the 

water discharge for the EWI samples was different than the grab sample if the flow conditions 

were changing between the two types of sampling. The EWI samples generally took about 45 

minutes to collect, whereas the grab sample represents more or less a minute of time.  

Bedload and Bed Material 

Bedload samples were collected with a BL-84 sampler using the single equal-width-

increment (SEWI) method (Edwards and Glysson, 1999). Bedload samples were collected at the 

same verticals as the suspended sediment samples. A sample bag mesh size of 0.125 mm was 

employed for all events. Two traverses of the channel cross section were completed. The sampler 

was held on the bottom for usually 30 seconds at each vertical. Historical data likely used a 

sample bag mesh size of 0.25 mm and thus for the first event a comparison bedload sample was 

done with a 0.25 mm and 0.125 mm mesh sample bag.  

The composited bedload samples were dried at 105 deg C, weighed, and sieved for sand 

and gravel sizes at the preparatory laboratory at the Wisconsin Water Science Center to obtain 

bedload mass and sand and larger particle sizes. 
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For computing bedload discharge, the “total cross-section method” was used (Edwards 

and Glysson, 1999). This method requires that (1) the sample times at each vertical are equal, (2) 

the verticals were evenly spaced across the cross section, and (3) the first sample was collected at 

half the sample width from the starting bank or edge with active bedload transport. The bedload 

discharge was calculated as: 

Qb = K × (W/t) × M 

where Qb = bedload discharge, in tons per day; K is a conversion factor of 0.381 for the type of 

sampler (the BL-84 has a 3-inch wide opening); W = total width of the channel from where the 

bedload samples were collected, in feet; t = total time the sampler was on the bed, in seconds; 

and M = total mass of sample collected from all verticals sampled in the cross section, in grams. 

The measured bedload discharge (Qb) and suspended-sediment discharge (Qs) were 

summed to get measured total sediment discharge (QMts):  

QMts = Qb + Qs 

This simple addition of the two loads assumes 100 percent efficiency of the BL-84 

bedload samples and that the bedload sampler is sampling the approximately 3-inch unsampled 

zone near the bed not reached by the suspended sediment sampler (Edwards and Glysson, 1999).  

Bed material samples were collected at each of the verticals using methods described in 

Edwards and Glysson (1999). Particle size determinations were done using standard sieve 

methods at the Kentucky Water Science Center Sediment Laboratory using standard sieving 

methods (Guy, 1969). 

Modified Einstein Procedure 

 The USGS program MODEIN for the modified Einstein procedure was used to estimate 

a total sediment load (Einstein, 1950; Colby and Hembree, 1955; Colby and Hubbell, 1961; 
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Stephens, 1985). This procedure is appropriate for alluvial channels that have mixed sand and 

gravel beds finer than 16 mm. Additional field data needed for the procedure was collected 

during each sampling and included water discharge, average water depth, top width of channel, 

water temperature, particle size of suspended sediment, particle size of bed material, and 

suspended sediment concentration. Bedload discharge (Qb) was estimated by subtracting the 

calculated suspended sediment discharge (Qs) from the calculated total sediment discharge 

(QCts): 

Qb = QCts - Qs 

The Einstein procedure for calculated estimates of total sediment discharge and bedload 

discharge were compared to measured discharges. 

Suspended Sediment Rating Curves 

Sediment rating curves for SSC and TSS data were constructed by use of standard 

procedures in Glysson (1987). The graphical based curves represent the fit of the relation 

between water discharge (Qw) and sediment concentration (Cs) and were used for both SSC and 

TSS. Ordinary least squares regression analyses were applied in Excel to the base-10 logarithm 

transformed concentration and discharge data following methods used in Gray and others (2000) 

and Warrick (2014). The rating curves used in this study are of the power-law form 

Cs = a × Qw
b 

where a and b are fitted values for the intercept and slope, respectively, of the least squares 

regression line. This technique was also used for comparison of base-10 logarithm pairs of SSC 

and TSS data collected in 2015-16. 

Historical data sets of log-transformed SSC and TSS (adjusted by the paired data) data 

were compared for statistically significant differences using analysis of covariance (ANCOVA) 
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(Clausen and Spooner, 1993). This technique was used in the R Data Analysis and Graphics 

Program (R Core Team, 2016) to determine if there was a statistical difference in the log-

transformed suspended sediment rating curves from 1973-86 compared to the 2006-2015 data. 

The ANCOVA (α = 0.05) determines if there is a significant difference between the slopes and 

the intercepts of the regressions for the two time periods. 

Hydrologic Conditions 1973-2016 

The amount of sediment transported is highly related to water discharge in most streams, 

making it commonly difficult to separate upstream changes in sediment supply from year-to-year 

hydrologic variability (Warrick, 2014). For the Nemadji River, mean annual flow from 2006-15 

during the TSS sampling was on average 84 percent of mean annual flow from 1973-86 during 

SSC sampling (fig. 3). During the SSC sampling mean annual flows were highly variable, 

including the highest mean annul flow in 1986. In contrast, the lowest mean annual flow on 

record was in 2007 during the TSS sampling, with the flows beginning to climb from about 2010 

to present.  
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Figure 3. Mean annual flow for Nemadji River streamgage near South Superior, Wisconsin, 1973-2016 
(U.S. Geological Survey identification number 04024430). Data from the National Water Information 
System. The dotted line represents the 10-year moving average. Suspended-sediment concentration (SSC) 
data were collected 1973-86 and total suspended solids (TSS) were collected 2006-2015.  

Instaneous peak flows are also helpful for distinguishing years with large floods, even 

when annual mean flows may be lower than usual (fig. 4). Peak flows during the TSS data 

collection were higher compared to the SSC data collection. Two large floods in 2011 and 2012 

were more than double any previous flood from 1980 onward. The July 2016 flood of 15,600 

ft3/s also had a probability of less than 0.2 percent (Fitzpatrick and others, 2017). 
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Figure 4. Instantaneous peak flows for the Nemadji River streamgage near South Superior, Wisconsin 
during the study period from 1973-2016 (U.S. Geological Survey identification number 04024430). Data 
from the National Water Information System. The dotted line represents the 10-year moving average. 
Suspended-sediment concentration (SSC) data were collected 1973-86 and total suspended solids (TSS) 
were collected 2006-2015.  

Flood-frequency characteristics, calculated using the USGS PEAKFQ program (Flynn 

and others, 2006; Interagency Committee on Water Data, 1982) for three consecutive 30-year 

periods of streamgage record, indicate a potential decrease in the size of low magnitude frequent 

floods (95 percent probability of occurring in any given year) and an increase in high magnitude 

floods (1 percent probability of occurring in any given year) during the data collection period for 

TSS (fig. 5). The decrease in the size of small frequent floods for 1980-1999 and 1985-2014 

periods compared to previous periods is complimentary to the decrease in mean annual flows 

over a similar time period (fig. 3), reflective of the region-wide decade-long drought. The 

increase in the size of floods with a 1 percent probability for the same period is in part affected 
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by the large floods in 2011 and 2012 (Czuba et al., 2012). The nonstationarity in mean annual 

flows and instantaneous peak flows over the same period with differing collection methods for 

suspended sediment preclude any direct interpretations from increasing or decreasing annual 

sediment loads without taking into account flow variability. 

 

 

Figure 5. Trends in 30-year moving averages of flood frequency characteristics for Nemadji River near 
South Superior, WI USGS ID 04024430 for frequent small floods (95-percent probability) and infrequent 
large floods (1-percent probability). Peak flow data from the National Water Information System. Flood 
frequency statistics calculated using the PEAKFQ program (Flynn and others, 2006). 
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Sediment Characteristics 2015-16 

The 2015-16 sediment sampling at the Nemadji River streamgage was mainly done to 

compare field and laboratory methods for suspended sediment concentration and to development 

a calibration curve that could be used for comparing the historical suspended sediment data sets. 

In addition, bedload and bed material sampling was done to better characterize the proportion of 

bedload to suspended sediment discharge and ultimately the total amount of sediment discharged 

to the St. Louis estuary. The relations established with the 2015-16 data were then applied to the 

historical data sets. 

Suspended Sediment 

Paired samples for both SSC and TSS analyses for EWI ETR cross-sectional composites 

(abbreviated as EWI samples) and grab samples in 2015-16 covered a wide range of flow 

conditions, from a low flow of 250 cfs to flood flows of 12,800 cfs. Sediment concentrations 

covered three orders of magnitude from less than 20 to greater than 1,000 mg/L (table 2, fig. 7). 

Concentrations of TSS were lower than SSC in all except four pairs (table 2). Concentrations in 

TSS samples were on average 84 percent of concentrations in SSC samples. In another study 

comparing TSS and SSC data across the U.S., TSS also was almost always lower than SSC for 

1993-94 data sets from three tributaries to Lake Michigan (Gray and others, 2000) The Gray and 

others (2000) study compared side-by-side SSC EWI samples to TSS grab samples. 
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Table 2. Suspended sediment concentration (SSC) and total suspended solids (TSS) data collected in 

2015-16 at the Nemadji River near South Superior, Wisconsin using two field sampling methods. A 

composite sample from an equal width increment equal depth interval was collected as well as a grab 

sample from the centroid of flow.  

[EWI, Equal-width-increment; SSC, suspended sediment concentration; TSS, total suspended solids; ns, no sample] 

Date and Time 

Sampling 
method,  
10 = EWI 
and 60 = 

grab 

Discharge, 
instantaneous, 
cubic feet per 

second 

SSC, 
milligrams per 

liter 

TSS, water, 
unfiltered, 

milligrams per 
liter TSS/SSC 

Percent 
greater 

than 0.063 
mm in SSC 

sample 
7/07/2015 18:33 10 2590 297 271 0.91 7 
07/07/2015 18:54 60 2560 269 344 1.28 ns 
07/08/2015 15:45 10 1350 135 150 1.11 3 
07/08/2015 16:20 60 1330 128 161 1.26 ns 
10/28/2015 11:10 60 385 34 27 0.79 ns 
10/28/2015 13:30 10 388 61 13 * 0.21 15 
11/06/2015 11:40 60 298 25 23 0.92 16 
11/06/2015 12:54 10 298 33 27 0.82 ns 
11/17/2015 14:22 10 698 139 11 * 0.08 14 
11/17/2015 14:50 60 704 121 111 0.92 ns 
11/18/2015 12:12 60 1980 482 298 0.62 ns 
11/18/2015 13:26 10 1990 419 282 0.67 6 
03/31/2016 14:21 60 2010 286 262 0.92 ns 
03/31/2016 14:41 10 1990 298 270 0.91 8 
04/25/2016 15:15 60 4750 2000 1790 0.90 ns 
04/25/2016 17:02 10 4820 1550 1320 0.85 6 
04/25/2016 17:03 10 4820 1450 1240 0.86 4 
04/26/2016 13:25 10 4830 461 372 0.81 12 
05/31/2016 15:31 60 248 32 33 1.03 ns 
05/31/2016 15:58 10 247 33 29 0.88 2 
07/12/2016 17:10 60 15300 1970 1840 0.93 ns 
07/13/2016 16:10 10 5930 510 458 0.90 4 
*Outliers 

The proportion of sand in the SSC samples ranged from 2 to 16 percent, with most of the 

sand in very fine to medium sand categories (0.063 to 0.500 mm). The proportion of sand greater 

than 10 percent generally happened during low water discharges, except for a sample on 
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04/26/2016 that had relatively high discharge and low suspended sediment concentration (table 

2). This sample was taken on the receding limb of a spring rainfall event.  

The 22 paired samples of SSC and TSS collected from July 2015 through July 2016 were 

plotted in four ways to illustrate how the sampling method affected the relations between TSS 

and SSC (fig. 6). All pairs of SSC and TSS are shown in figure 6A for all EWI and grab samples. 

The comparison of SSC EWI with TSS grab has the most variability for potentially multiple 

reasons (fig. 6B), including differences between getting a full cross section compared to a grab 

sample and a time offset between the EWI, which takes about 45 minutes, compared to the 

instantaneous grab. The plot with EWI based samples had particularly low TSS compared to 

SSC from two pairs (fig. 6C) with percentages of TSS compared to SSC of 21 and 8 percent 

(table 2). The complimentary grab sample on 11/15/2017 did not show the same large difference 

(table 2, fig. 6D). These two outlier samples had relatively high percentages of sand above 10 

percent compared to the other samples (fig. 7). The most likely explanation for the large 

difference is either from splitting using the churn sampler or the aliquot sampling during the TSS 

laboratory analyses. The grab only plot (fig. 6D) had an almost 1:1 relation between SSC and 

TSS and very little variability, indicating that the EWI sampling, more so than the laboratory 

analytical methods, resulted in higher concentrations for SSC than TSS, especially for 

concentrations below of about 600 mg/L.  
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Figure 6. Comparison of paired suspended-sediment concentration (SSC) and total suspended solids 
(TSS) data from 2015-16 for the Nemadji River near South Superior, WI USGS ID 04024430. Lines are 
power functions fit through log-10 normalized data. A) All SSC and TSS pairs for both equal-width-
increment equal-transit-rate cross sectional composite (EWI) and grab samples. B) SSC EWI and TSS grab 
samples only. C) SSC EWI and TSS EWI samples only. D) SSC GRAB AND TSS GRAB samples only.  
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Figure 7. Proportion of total suspended solids (TSS) compared to suspended-sediment concentration 
(SSC) compared with percentage of sand in the SSC samples for Nemadji River near South Superior, WI 
USGS ID 04024430, 2015-16. 

Bedload 

During the 2015-16 sampling sediment sampling activities, only 9 of the 12 suspended 

sediment sampling events had bedload and bed material samples. Total sediment discharge was 

computed for the nine events with measured data and with the modified Einstein procedure (table 

3). Over the nine events sampled the measured bedload ranged from 5 to 62 tons/day. The lowest 

proportions of suspended sediment discharge compared to total sediment discharge were from 

samples collected during low water discharges (fig. 8). 
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Table 3. Results from 2015-16 sediment load measurements and modified Einstein calculations for 

Nemadji River near South Superior, WI USGS ID 04024430. 

 

Date of sediment sampling 7/7/15 7/8/16 10/28/15 11/6/15 11/17/15 11/18/15 3/31/16 4/25/16 5/31/16

 Channel wetted width (ft 2̂) 110.0   98.8     70.6     75.4     79.4     88.6     68.0     203.0   71.4     

 Average water depth (ft) 10.0     7.6       3.4       3.3       4.7       8.1       7.2       9.3       3.1       

 Channel wetted area (ft 2̂) 1,100.0 746.9   240.0   245.1   373.2   720.3   488.9   1,889.9 222.1   

 Average velocity (ft/s) 2.7       2.1       1.6       1.2       1.8       2.6       4.0       2.5       1.1       
 Average discharge for suspended 
sediment (ft 3̂/s) 2,960   1,540   385      300      654      1,870   1,950   4,790   250      

 Average discharge for bedload (ft 3̂/s) 2,750   1,490   385      300      689      1,970   2,030   4,755   248      
 Suspended sediment concentration 
(mg/L) 297      135      61        33        139      419      298      1,550   33        

 Suspended sediment load (t/d) 2,374   561      63        27        245      2,116   1,569   20,046  22        

 Bedload (t/d) 62        25        42        24        58        28        32        41        5          

 Measured total sediment load (t/d) 2,436   586      105      50        303      2,143   1,601   20,087  28        
 Percent of measured suspended 
sediment to total sediment load 97        96        60        53        81        99        98        100      80        

 0.0020 - 0.0625 mm size range 2,159   529      50        21        202      1,942   1,400   19,008  20        

 0.0625 - 0.1250 mm size range 77        6          4          2          14        62        76        396      0          

 0.1250 - 0.2500 mm size range 53        6          3          1          12        41        30        198      0          

 0.2500 - 0.5000 mm size range 28        6          1          1          5          21        15        198      -       

 0.5000 - 1.0000 mm size range 5          -       1          0          2          -       -       -       -       

 1.0000 - 2.0000 mm size range -       -       -       -       -       -       -       -       -       

 2.0000 - 4.0000 mm size range -       -       -       -       -       -       -       

 Calculated suspended sediment load (t/d) 2,322   545      59        24        234      2,066   1,522   19,800  21        

 0.0020 - 0.0625 mm size range 2,230   546      55        26        216      2,057   1,532   19,258  22        

 0.0625 - 0.1250 mm size range 93        6          5          3          18        90        146      411      0          

 0.1250 - 0.2500 mm size range 101      10        5          3          18        103      169      234      0          

 0.2500 - 0.5000 mm size range 140      38        5          4          18        149      304      440      0          

 0.5000 - 1.0000 mm size range 84        7          5          1          13        55        127      111      -       

 1.0000 - 2.0000 mm size range 5          0          -       -       -       2          34        4          -       

 2.0000 - 4.0000 mm size range 0          -       -       -       4          -       -       

 Calculated total sediment load (t/d) 2,653   607      75        36        282      2,456   2,316   20,459  23        

 Difference betwteen calculated and 
measurement for total sediment load (t/d) 217      21        -30 -14 -21 313 715 371 -5
 Percent difference between calculated 
and measured 109      104      71        71        93        115      145      102      82        

 Modified Einstein calculated total sediment load (t/d) 

 Modified Einstein calculated suspended sediment load (t/d) 

Measurements

 Comparison of calculated and measured results  
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Figure 8. Comparison of the proportion of measured suspended sediment discharge to total sediment 
discharge with water discharge for nine events sampled in 2015-16 and two events in 1978 with measured 
bedload at the Nemadji River streamgage near South Superior, Wisconsin, 1973-2016 (U.S. Geological 
Survey identification number 04024430). The fitted linear regression (solid line) extends to a water 
discharge of about 1,800 cubic feet per second. Above 1,800 cubic feet per second the percentage of 
suspended sediment discharge was assumed to be 98 percent (dashed line). Data from 1978 from Rose 
(1980). 

Total Sediment Discharge 

Total sediment discharge for the 2015-16 event samples was computed from summing 

the measured suspended sediment and bedload and calculated from the modified Einstein 

procedure (table 3). Most of the calculated suspended sediment discharge was less than 0.0625. 

Bedload carried up to 2-4 mm sizes but for most of the events the largest sand size in the bedload 

samples was less than 1 mm. Total sediment discharge calculated from the Einstein procedure 

varied from being less than the measured total sediment discharge for water discharges below 
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about 1,500 ft3/s to more than the measured total sediment discharge for water discharges above 

1,500 ft3/s (table 3, fig. 9). Data for two events sampled in 1978 by Rose (1980) were similar. 

 

Figure 9. Comparison of percentage of calculated and measured total sediment discharge with water 
discharge for 2015-16 and 1978 at the Nemadji River streamgage near South Superior, Wisconsin, 1973-
2016 (U.S. Geological Survey identification number 04024430). The 1978 data are from Rose (1980). 

Annual Total Sediment Discharge 2009-16 

There were enough samples of TSS starting in 2009 to calculate annual suspended 

sediment discharge using the USGS GCLAS method (Porterfield, 1972; Koltun and others, 

2006). These data covered a wide range of water and sediment discharges, with the lowest TSS-

based annual suspended sediment discharge of just over 18,000 tons in 2015 in contrast with the 

almost order of magnitude higher 180,000 tons in 2012 (table 4).  
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Table 4. Annual suspended and total sediment discharge for 2009-16 based on TSS, adjTSS, and 

%QsQts relation developed with 2015-16 data. Mean daily values computed with GCLAS.  

[TSS, total suspended solids; adjTSS, adjusted total suspended solids; % percent; Qs, suspended sediment discharge; 
Qts, total sediment discharge; cfs, cubic feet per second] 

Year 

Water 
discharge 
(cfs-days) 

TSS annual 
suspended 
sediment 
discharge 

(tons) 

AdjTSS 
annual 

suspended 
sediment 
discharge 

(tons) 

%QsQts-
based 

annual total 
sediment 
discharge 

(tons) 

Suspended sediment 
discharge as a 
percentage of total 
sediment discharge 

2009          96,168              19,886            26,715            32,566  82 
2010        127,869              32,942            42,509            48,484  88 
2011        213,770           142,015         153,084         163,018  94 
2012        173,792           177,484         180,990         190,233  95 
2013        109,599              27,579            36,366            40,379  90 
2014        177,284           158,380         166,137         175,048  95 
2015          89,125              18,682            24,422            30,354  80 
2016        192,926           130,515         134,853         143,308  94 

 

The TSS-based mean daily suspended sediment concentration was updated with the 

power-function established between the 2015-16 SSC EWI and TSS grab concentration data (fig. 

6B): 

AdjTSS = 3.0802 × TSS0.8238 

Likewise the mean daily suspended sediment discharges were updated using AdjTSS 

concentrations. The resulting annual suspended sediment discharges based on AdjTSS 

concentrations are slightly larger than their TSS counterparts (table 3; fig. 9).  
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Figure 10. Annual water discharge, suspended sediment discharge and total sediment discharge for 
Nemadji River streamgage near South Superior, Wisconsin, 2009-2016 (U.S. Geological Survey (USGS) 
identification number 04024430). Suspended sediment discharge calculated for total suspended solids 
(TSS) and adjusted total suspended solids (AdjTSS). Total sediment discharge calculated from AdjTSS 
discharge and relation of the percentage of suspended sediment with water discharge.  

Rough estimates of annual total sediment discharges for 2009-16 were calculated by 

applying the 2015-16 regression relation for suspended sediment discharge as a percentage of 

total sediment discharge (%QsQts) compared to water discharge (Qw) (fig. 8) to the mean daily 

data: 

%QsQts = 17.55ln(Qw) - 34.548 

This log-normal regression relation was used for the 2009-16 mean daily water discharges of less 

than or equal to 1,800 ft3/s. For mean daily water discharges over 1,800 ft3/s the suspended 

sediment discharge was assumed to be 98 percent of the total sediment discharge. Using this 

rough estimate indicated that during dry years the annual bedload discharge is probably about 20 



Technical Review Version 1.0 6/11/17 
 

 36 

percent of the total sediment discharge whereas in years with large floods the bedload discharge 

is only 5-6 percent (table 4). 

Comparison of Suspended Sediment Rating Curves 1973-86 and 2006-15 

Trend analyses usually requires continuous data sets. Having historical data grouped into 

two data sets with different collection and analytical methods and a gap of 20 years in between 

required an alternative approach. Another technique can be used that involves suspended 

sediment concentration and water discharge rating curves. This technique has been used in other 

studies to determine if there has been a difference in sediment loading in a watershed from land 

use changes. The assumption for this method is that the sediment relations are supply limited and 

not transport limited (Warrick, 2014). Using the side-by-side sampling procedures and paired 

sample linear regression analyses, a calibration coefficient was established between SSC and 

TSS data using 2015-16 data (previous section). The sediment rating curve for the adjusted TSS 

was compared to SSC data for the final determination if there was a change in sediment 

discharge in the Nemadji River from 1973-86 to 2006-15.  

The WDNR and MPCA both collected TSS samples at the Nemadji River gaging station 

from 2006-2015 through coordinated efforts. Both agencies used the weighted bottle grab 

technique. A check on suspended sediment rating curves with data grouped by state agency 

indicates the relation between suspended sediment concentration and water discharge for the two 

state agencies are virtually the same, indicating no difference in their sampling or analytical 

methods (fig. 11). The MPCA data cover a higher range of water discharges and also have about 

double the number of samples.  The similarity of the data sets confirm that it is appropriate to 

combine the data sets into one for comparison with the historical 1973-86 SSC data. 
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Figure 11. Total suspended solids (TSS) concentrations collected by the Wisconsin Department of 
Natural Resources (WI) and the Minnesota Pollution Control Agency (MN) from 2006-2016 for Nemadji 
River near South Superior, WI USGS ID 04024430. Lines are power functions fit through log-10 normalized 
data from each state agency.   

Determination of the presence of a difference in the 1973-86 SSC and 2006-15 TSS data 

required adjusting the TSS data to SSC equivalent data before any comparison technique could 

be performed. Sediment concentration and water discharge rating curves for 1973-86 SSC and 

2006-15 TSS data illustrate how the rating between suspended-sediment concentration and 

discharge appear lower (less suspended sediment) for the later period covered by TSS grab 

sampling compared to the earlier period covered by the SSC EWI sampling (fig. 12A). There 

were more samples for SSC (330) than TSS (230), but the two data sets covered a similar range 

of water discharges and sediment concentrations. Water discharges ranged from about 50 to 

almost 10,000 cubic feet per second. Sediment concentrations ranged from less than 10 mg/L to 

over 1,000 mg/L. Power law functions for sediment rating curves fit to each data set in relation 

to water discharge indicate that the TSS samples had lower concentrations than SSC samples, 



Technical Review Version 1.0 6/11/17 
 

 38 

especially at lower water discharges (fig. 12A). This relation is similar to the relation between 

SSC and TSS concentrations in the 2015-16 paired comparison sampling (fig. 6A-C). 

    

Figure 12. Suspended sediment rating curves for base-10 logarithms of suspended-sediment 
concentration (SSC) from 1973-86 and (A) total suspended solids (TSS) from 2006-15, and (B) adjusted 
total suspended solids (Adj1TSS) from 2006-15 for Nemadji River near South Superior, WI USGS ID 
04024430. 

After the 2006-15 TSS concentrations were adjusted to SSC concentrations (AdjTSS), 

the offset of the rating curves for the two time periods disappeared (fig. 9B). The 2006-15 

adjusted TSS (Adj1TSS) rating curve had similar slope but a small negative offset of the intercept 

compared to the 1973-86 SSC rating curve. Results from the ANCOVA analyses indicate that 

the negative offset between the two regressions is not statistically significant (table 3).  
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Table 5. Analysis of covariance results for suspended sediment rating curves from 1973-86 and 2006-15, 

using adjusted total suspended solids data for Nemadji River near South Superior, WI USGS ID 04024430. 

Coefficients Estimate Standard error t value Probability 
(greater than 

absolute value of 
t) 

Intercept -0.131 0.060 -2.177 0.030* 
Log10(Q) 0.795 0.026 30.951 <2e-16*** 
Group -0.111 0.102 -1.086 0.278 
Log10(Q) 0.015 0.040 0.382 0.702 
Residual standard error 0.3038 
F-statistic 585.2 on 3 and 571 degrees of freedom 
Degrees of freedom 3 and 571 
p-value <2.2e-16 
Multiple R-squared 0.755 
Adjusted R-squared 0.753 
 

Although statistical significance remains elusive, annual total sediment loads calculated 

in GCLAS were compared to the two sediment rating curves for an example time period of 2009-

16. Using the same set of mean daily water discharges over the 8-year period, the negative offset 

between the two curves resulted in the 2006-15 annual total sediment discharges being 86 

percent of the 1973-85 sediment discharges. This decrease of 14 percent is not statistically 

significant, yet it does however give an indication that perhaps sediment discharges are heading 

toward decreasing. The 2006-15 sediment rating curve derived discharges were higher compared 

to the GCLAS calculated in six out of eight years, with the highest year in 2013 which had up to 

almost 170 percent of the GCLAS derived discharge (table 6). The GCLAS method takes into 

account seasonal and runoff hydrograph (hysteresis) variations that are not possible for with the 

sediment rating curve method.  
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Table 6. Comparison of 2009-16 annual total sediment discharges for 2009-2016 using multiple 

methods. 

[TSS, total suspended solids; adjTSS, adjusted total suspended solids; % percent; Qs, suspended sediment discharge; 
Qts, total sediment discharge; cfs, cubic feet per second] 

Year 

Water 
discharge 
(cfs-days) 

Annual total 
sediment 
discharge 

from GCLAS 
(tons) 

Annual total 
sediment 
discharge 

using 2006-15 
sediment 

rating curve 
(tons) 

Annual total 
sediment 
discharge 

using 1973-
85 sediment 
rating curve 

(tons) 

Annual total 
sediment 
discharge  
from the 
2006-15 

rating curve 
as a 

percentage 
of discharge 

from the 
1973-85 

rating curve 

Annual total 
sediment 
discharge 

from 2006-15 
rating curve  

as a 
percentage of 

discharge 
from GCLAS 

2009          96,168            32,566            32,378            37,741  86 116 
2010        127,869            48,484            57,925            67,489  86 139 
2011        213,770         163,018         196,812         229,022  86 140 
2012        173,792         190,233         230,069         267,613  86 141 
2013        109,599            40,379            58,176            67,773  86 168 
2014        177,284         175,048         133,692         155,681  86 89 
2015          89,125            30,354            22,848            26,644  86 88 
2016        192,926         143,308         135,430         157,686  86 110 

 

Summary and Conclusions 

A variety of sediment characteristics were examined at the USGS Nemadji River 

streamgage in northwestern Wisconsin (USGS 04024430), which has water discharge and 

sediment data starting in 1973 and continuing through the present. Even though the available 

sediment data was collected sporadically with different methods and analytical techniques by the 

USGS and state agencies, some innovative techniques were used to describe differences in 

suspended sediment collection methods as well as compare historical data sets.  

Before any comparisons of historical sediment data sets were done, the hydrologic 

context was examined in terms of mean annual discharges and annual peak floods. A range of 
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mean annual discharges were covered in an earlier historical data set collected by the USGS in 

1973-86 as well as a later data set collected by the Wisconsin DNR and MPCA in 2006-15. 

However mean annual flows in 2006-15 were about 84 percent of 1973-86 mean annual flows 

and extreme floods in 2011 and 2012 punctuated the latter period. 

From 2009-16 annual total sediment discharges ranges from a low of about 18,000 tons 

per day in 2015 to a high of almost 180,000 tons in 2012. The percentage of bedload depended 

on water discharge, with about 20 percent in years with relatively low annual water discharge 

compared to only 5-6 percent in years with extreme floods.  

The sediment rating curve approach was employed to determine if there was a change in 

annual suspended sediment loads from 1973-86 and 2006-15. An ANCOVA analyses indicated 

that the suspended sediment rating curves for the two periods were not statistically significantly 

different after the TSS data were adjusted to be equivalent to SSC data. However, a very rough, 

although not statistically significant offset in the curves resulted in a reduction of possibly 15 

percent when the two curves were applied to 2009-16 annual sediment discharges. This value is 

not statistically sound, it should be used with caution.  

The hydrologic context with what is seeming to have more year-to-year variability will 

likely become more important than the overall value of annual loading at face value. It is 

unknown if the extreme floods will become more or less frequent over the coming years. The 10-

fold increase in the size of sediment discharges during extreme floods compared to more average 

flood condition suggest that restoration done at the mouth of the Nemadji River needs to be 

resilient to large floods and sporadic, highly variable sediment deposition, even though overall 

the amount of suspended sediment per unit of water discharge may have been reduced.  
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Glossary 

The following definitions, except where otherwise noted, are from Colby (1963), 

Edwards and Glysson (1999), and are repeated from Rose (1980) and Czuba and others (2012). 

 
Annual exceedance probability The probability that a given event magnitude will be exceeded 

or equaled in any given year. The annual exceedance probability is directly related to the 

recurrence interval. For example, the chance that the 100-year peak flow will be exceeded or 

equaled in any given year is 1 percent. A flood probability of 0.01 has a recurrence interval of 

100 years. The recurrence interval corresponding to a particular flood probability is equal to 1 

divided by the flood probability (Holmes and Dinicola, 2010). 

Bedload discharge The sediment that moves by rolling, sliding, and bouncing along the 

streambed.  
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Bed material Material that constitutes the streambed. 

Bed-material discharge Part of the total sediment discharge having particle sizes in the same 

range as the bed material. In an alluvial stream, bed-material discharge is related to the hydraulic 

properties of the flow. 

Continuous-record streamgage A site where stage, discharge, and other hydrologic data are 

collected with sufficient frequency to define daily mean values and variations within a day (U.S. 

Geological Survey, 2011). 

Flood peak The highest value of the stage or discharge attained by a flood; thus, peak stage or 

peak discharge. “Flood crest” has nearly the same meaning, but because it connotes the top of the 

flood wave, flood crest is properly used only in referring to stage—thus, “crest stage,” but not 

“crest discharge.” 

Recurrence interval (return period) The average interval of time within which the given flood 

will be equaled or exceeded once. The recurrence interval is directly related to the flood 

probability. The recurrence interval corresponding to a particular flood probability is equal to 1 

divided by the flood probability. For example, a 100-year recurrence interval has a flood 

probability of 0.01. 

Sediment concentration Ration of dry weight of sediment to the total weight of the water-

sediment mixture. 

Streamflow The discharge of water in a natural channel. Although the term “discharge” can be 

applied to the flow of a canal, the word “streamflow” uniquely describes the discharge in a 

surface stream course. 

Streamgage A site on a stream, canal, lake, or reservoir where systematic observations of stage, 

discharge, or other hydrologic data are obtained (U.S. Geological Survey, 2011). 
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Suspended-sediment discharge Sediment that is supported by upward components of turbulent 

currents. 

Total sediment discharge All sediment moving downstream, bedload discharge plus suspended-

sediment discharge. 

Wash-load discharge Part of the total sediment load that is comprised of the particle sizes finer 

than those in the bed material. Unlike bed-material discharge, there is not a functional relation 

between wash-load discharge and the hydraulic properties of the flow. Wash load is normally 

delivered to the stream by overland flow or bank sloughing and is transported at the rate that is 

made available to the stream. 

Water discharge The discharge of water in a natural channel or canal.  
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