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

Multiply By To obtain

Length

foot (ft) 0.3048 meter (m)

mile (mi) 1.609 kilometer (km)

Area

square mile (mi2) 2.590 square kilometer (km2)

Volume

cubic foot (ft3) 0.02832 cubic meter (m3)

Flow rate

cubic foot per second (ft3/s) 0.02832 cubic meter per second (m3/s)

cubic foot per second per square  
mile ([ft3/s]/mi2)

0.01093 cubic meter per second per square  
kilometer ([m3/s]/km2)

Mass

pound, avoirdupois (lb) 0.4536 kilogram (kg)

ton, short (2,000 lb) 0.9072 metric ton (t)

International System of Units to U.S. customary units

Multiply By To obtain

Length

meter (m) 3.281 foot (ft)

kilometer (km) 0.6214 mile (mi)

Area

square kilometer (km2) 0.3861 square mile (mi2)

Volume

liter (L) 0.2642 gallon (gal)

cubic meter (m3) 264.2 gallon (gal)

cubic meter (m3) 35.31 cubic foot (ft3)

Flow rate

cubic meter per second (m3/s) 35.31 cubic foot per second (ft3/s)

cubic meter per second per square  
kilometer ([m3/s]/km2)

91.49 cubic foot per second per square  
mile ([ft3/s]/mi2)

cubic meter per second (m3/s) 22.83 million gallons per day (Mgal/d)

cubic meter per day per square  
kilometer ([m3/d]/km2)

0.0006844 million gallons per day per square  
mile ([Mgal/d]/mi2)

Mass

kilogram (kg) 2.205 pound avoirdupois (lb)

metric ton (t) 1.102 ton, short [2,000 lb]

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:
 °F = (1.8 × °C) + 32.

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows: 
°C = (°F – 32) / 1.8.
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FWMC	 flow-weighted mean concentration
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TP	 total phosphorus
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Estimated Total Phosphorus Loads for Selected Sites on 
Great Lakes Tributaries, Water Years 2014–2018

By G.F. Koltun

Abstract
Monthly and annual total phosphorus loads were esti-

mated for water years 2014 through 2018 for 23 streamgaged 
(gaged) sites on tributaries to the Great Lakes. Processing and 
regression methods described by Robertson and others (2018) 
were used with discrete and continuous data collected during 
water years 2011 and 2018 to update regression models for 
estimating instantaneous flux with the same form of equa-
tions as published by Robertson and others (2018). Monthly 
and water year average fluxes for all but two of the 23 gage 
sites were estimated using a weighted combination of results 
from surrogate models (which have streamflow, turbidity, and 
seasonal indicators as explanatory variables) and unit-value 
(UV)-flow models which have only UV streamflow and sea-
sonal indicators as explanatory variables. Two of the gage sites 
had extensive periods of missing turbidity records, so average 
flux estimates for those stations were based solely on results 
from UV-flow models.

For most sites, estimated loads of total phosphorus 
were computed and summed for water years 2014–2018. 
The cumulative loads were used to compute yields and flow-
weighted mean concentrations for water years 2014–2018. 
The estimated cumulative total phosphorus loads for water 
years 2014–2018 ranged from 112 to 11,500 metric tons. 
The Maumee River site (U.S. Geological Survey gage 
number 04193500) had the largest estimated cumulative load 
for water years 2014–2018 and the third largest estimated 
flow-weighted mean concentration. In fact, the estimated 
cumulative load at the Maumee River site was more than 
three times larger than the second largest estimated cumula-
tive load.

Estimated average annual total phosphorus yields 
and flow-weighted mean concentrations for water years 
2014–2018 ranged from 0.016 metric tons per square 
kilometer to 0.771 metric tons per square kilometer and 
0.033 milligram per liter to 0.466 milligram per liter, respec-
tively. The Cattaraugus Creek gage site (U.S. Geological 
Survey gage number 04213500) had the highest estimated 
average annual total phosphorus yield and flow-weighted 
mean concentration. The average annual total phosphorus 
yield at the Cattaraugus Creek gage site was almost twice as 
large as the second largest estimated yield.

Introduction
Concern for environmental issues affecting the Great 

Lakes—such as eutrophication and harmful algal blooms—
and a desire to engage in proactive restoration led to the 
authorization (Title 33 U.S. Code § 1268) and 2010 publica-
tion of the first Great Lakes Restoration Initiative (GLRI) plan 
(GLRI, 2010). In response to the GLRI, the U.S. Geological 
Survey (USGS) began a program to monitor suspended sedi-
ment and nutrients at 30 streamgage (gage) locations, repre-
senting approximately 46 percent of the U.S. drainage to the 
Great Lakes (Robertson and others, 2018). The monitoring 
program included periodic collection of discrete stream-water 
samples that were analyzed for suspended sediment and nutri-
ents, and continuous measurement of streamflow and selected 
water-quality parameters (turbidity, water temperature, specific 
conductance, pH, and dissolved oxygen). Robertson and others 
(2018) described the data collection methods in detail.

Robertson and others (2018) used data from the USGS 
GLRI monitoring program to estimate loads of suspended 
sediment and selected nutrients for water years 2011–2013 
(a water year is defined as the 12-month period beginning 
October 1 and continuing through September 30 of the fol-
lowing year and is designated by the calendar year in which 
it ends). Linear regression techniques were used to develop 
two forms of regression models, which in turn were used to 
estimate loads. Regression models, referred to by Robertson 
and others (2018) as “UV-flow models,” incorporated as 
explanatory variables unit-value (UV) streamflow data and 
time-based indicators of season. A second form of regression 
model, referred to as a “surrogate model,” incorporated UV 
streamflow data and indicators of season but also included 
measures of one or more continuous water-quality parameters 
that covary in a systematic way with suspended sediment 
and (or) nutrient concentrations.  Along with streamflow, the 
continuous water-quality measures function as surrogates for 
suspended sediment and (or) nutrient concentrations in regres-
sion models.

Since Robertson and others (2018) estimated loads of 
suspended sediment and selected nutrients for water years 
2011–2013, five additional water years of data (2014–2018) 
have been collected for many of the original 30 monitoring 
locations. This report describes the results of a study that 
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uses data collected during water years 2011–2018 to develop 
updated regression models for total phosphorus (TP) flux at 
monitoring locations where sufficient data exists and then use 
those models to estimate monthly and annual loads for water 
years 2014–2018. Loads of constituents other than TP may 
be computed in the future; however, TP was chosen to be 
addressed first because of its close association with ongoing 
issues of eutrophication and harmful algal blooms in the Great 
Lakes (Great Lakes Commission, 2020).

Study Methods
Methods described by Robertson and others (2018) were 

used to develop regression models for estimating instanta-
neous TP flux at 23 of the 30 sites discussed in Robertson 
and others (2018); table 1, fig. 1). Regression models were 
not developed for 7 of the original 30 sites because the data 
required to update the surrogate models and estimate annual 
loads were not collected because of changes in the GLRI mon-
itoring network. For consistency, the same explanatory vari-
ables used by Robertson and others (2018) for estimating TP 
flux were used in this analysis; however, an additional 5 years 
of data (from water years 2014 through 2018) were used for 
model calibration. All data used for model calibration were 
retrieved from the USGS National Water Information System: 
Web Interface (NWISWeb; U.S. Geological Survey, 2016). 
The data were processed using nearly the same R-language 
(R Core Team, 2018) code and libraries used by Robertson 
and others (2018). Minor changes were made to the code to 
facilitate more automated processing and to improve computa-
tional speed through use of parallel-processing techniques. In 
addition, the version of R used at the time of analysis (version 
3.6.1) required the use of more recent versions of some librar-
ies. R source code and selected model outputs are available as 
a USGS data release (Koltun, 2020).

The data processing steps are discussed in detail 
by Robertson and others (2018) and are briefly outlined 
as follows:

1.	Retrieve discrete TP data, unit- (subdaily) and daily 
value time series of streamflow, and UV time series of 
turbidity from NWISWeb.

2.	Merge discrete and time-series data by date/time into a 
single R data frame.

3.	Fill in days without UV streamflow data with daily value 
streamflow data and use time-based interpolation to fill 
in any partial-day gaps.

4.	Resample or interpolate all UV data to a 5-minute time 
interval.

5.	Fill in missing periods of turbidity data less than 2 hours 
in duration by time-based linear interpolation.

6.	Process streamflow data to convert negative flows to 
small positive flows while over time conserving the total 
volume of water transported downstream. This was done 
by replacing negative streamflow values with a value 
of 1 cubic foot per second and then using an iterative 
process to reduce bracketing positive flow values by an 
amount equal to the sum of the small positive values 
substituted for the intervening negative streamflow 
period plus the sum of the negative flow values that were 
replaced.

7.	Develop regression models for the natural logarithm of 
instantaneous TP flux with rloadest (Lorenz and others, 
2015) using (1) the natural log of streamflow and sine 
and cosine functions of date/time as explanatory vari-
ables (UV-flow model); and (2) the natural logarithms of 
streamflow and turbidity, and sine and cosine functions 
of date/time as explanatory variables (surrogate model). 
The sine and cosine functions of time serve as surro-
gates for seasonality and are computed using 2πT as the 
argument to the functions, where T is the date/time in 
decimal years.

8.	Review regression diagnostics to assess statistical sig-
nificance of the model and model parameters, model fit, 
and to look for evidence of heteroscedasticity, lack of 
normality, and (or) serial correlation of residuals.

9.	Split the UV data into two mutually exclusive datasets. 
The first dataset contains UV data for days when both 
flow and turbidity measures were available for the entire 
day, and the second contains data for days when only 
flow measures were available for the entire day.

10.	 Use the datasets created in step 9 with the UV-flow 
and surrogate regression models developed with rloadest 
to estimate bias-corrected monthly and annual average 
fluxes and their associated 95 percent confidence inter-
vals for water years 2014–2018.

11.	 Combine the results from the UV-flow and surrogate 
regression models by computing weighted averages of 
the monthly and annual average flux estimates where the 
weights were equal to the number of days in the month 
or year on which the average flux estimates were based. 
Weighted standard errors of estimate—which were used 
to compute confidence limits on the flux estimates—
were also determined as described in Roberts and 
other (2018).

Two of the gages (station numbers 04085427 and 
04165500) had extensive periods of missing turbidity records, 
so flux estimates for those two stations were based solely on 
the UV-flow models.
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Table 1.  Selected characteristics of U.S. Geological Survey streamgage sites on Great Lakes tributaries for which total phosphorus loads  
were estimated. 

[USGS, U.S. Geological Survey; mi2, square miles; km2, square kilometers; MN, Minnesota; WI, Wisconsin; MI, Michigan; IN, Indiana; OH, Ohio; NY, New York;  
ND, not determined]	

USGS station 
number

Station name
Decimal 
latitude

Decimal 
longitude

Drainage area 
(mi2)

Drainage area 
(km2)

04024000 St. Louis River at Scanlon, MN 46.7033 –92.4188 3,430 8,884
04027000 Bad River near Odanah, WI 46.4866 –90.6963 597 1,546
04040000 Ontonagon River near Rockland, MI 46.7208 –89.2071 1,340 3,471
04067500 Menominee River near Mc Allister, WI 45.3258 –87.6633 3,930 10,179
040851385 Fox River at Oil Tank Depot at Green Bay, WI 44.5286 –88.0100 6,330 16,395
04085427 Manitowoc River at Manitowoc, WI 44.1062 –87.7160 526 1,362
04087170 Milwaukee River at Mouth at Milwaukee, WI 43.0244 –87.8983 872 2,258
04092750 Indiana Harbor Canal at East Chicago, IN 41.6492 –87.4687 ND ND
04101500 St. Joseph River at Niles, MI 41.8292 –86.2597 3,666 9,495
04108660 Kalamazoo River at New Richmond, MI 42.6509 –86.1067 1,950 5,050
04119400 Grand River near Eastmanville, MI 43.0242 –86.0264 5,290 13,701
04142000 Rifle River near Sterling, MI 44.0725 –84.0200 320 829
04157005 Saginaw River at Holland Avenue at Saginaw, MI 43.4220 –83.9519 6,060 15,695
04165500 Clinton River at Moravian Drive at Mt. Clemens, MI 42.5959 –82.9088 734 1,901
04166500 River Rouge at Detroit, MI 42.3731 –83.2547 187 484
04176500 River Raisin near Monroe, MI 41.9606 –83.5310 1,042 2,699
04193500 Maumee River at Waterville, OH 41.5001 –83.7127 6,330 16,395
04199500 Vermilion River near Vermilion, OH 41.3820 –82.3168 262 679
04200500 Black River at Elyria, OH 41.3803 –82.1046 396 1,026
04208000 Cuyahoga River at Independence, OH 41.3953 –81.6298 707 1,831
04213500 Cattaraugus Creek at Gowanda, NY 42.4633 –78.9342 436 1,129
04231600 Genesee River at Ford Street Bridge, Rochester, NY 43.1417 –77.6163 2,474 6,408
04249000 Oswego River at Lock 7, Oswego, NY 43.4517 –76.5053 5,100 13,209
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Figure 1.  U.S. Geological Survey streamgage sites on Great Lakes tributaries for which total phosphorus loads were estimated.
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Regression Equations and Estimated 
Total Phosphorus Loads

The surrogate model equation for estimating the instan-
taneous flux of TP (FTP) in units of kilograms per day has the 
following form:

                   F =e ( b0 +b1 (ln(Q))+b 2 (sin(2πT))+b 3 (cos(2πT))+b 4 (ln(Turb)))
TP (1)

and the UV-flow model equation has the following form:

                       FTP=e(b 0 +b1 (ln(Q))+b 2 (sin(2πT))+b  3(cos(2πT))) (2)

where:
 Q    is instantaneous streamflow in cubic feet per  

second,
 T     is time in decimal calendar years, and 
 Turb    is the instantaneous turbidity in formazin  

nephelometric units.

​  ​​​ ​

​  ​​ ​ ​​�

The model forms were chosen to be consistent with those 
used by Robertson and others (2018). The model param-
eter estimates (b0–b4 in the surrogate model or b0–b3 in the 
UV-flow model) along with summary statistics associated with 
the models are listed in tables 2 and 3 for the surrogate and 
UV-flow models, respectively.

The regression equations with the parameter estimates 
listed in tables 2 and 3 were used within rloadest to estimate 
monthly and water-year average fluxes (in kilograms per day; 
appendixes 1 and 2, respectively). Loads were computed 
by multiplying average fluxes by the number of days in the 
applicable accounting period (month or water year). When the 
calibration dataset was entirely uncensored, a bias correction 
factor referred to by Likeš (1980) as phi was used to correct 
for retransformation bias. When using adjusted maximum 
likelihood estimation (Cohn, 1988; Cohn and others, 1992) 
with censored calibration datasets, first-order bias in the 

model coefficients was corrected for using methods described 
by Shenton and Bowman (1977). Even after bias correction 
methods are applied, regression models can produce biased 
estimates (Stenback and others, 2011). Consequently, the 
total of the loads predicted by the regression model for each 
site was compared to the total of the observed loads (both 
computed only for times when concentrations were mea-
sured). The ratio of the total of predicted loads to the total of 
observed loads expressed as a percentage (Bp) was computed 
and reported as an indicator of the residual potential bias in the 
regression-based loading estimates.

Because of the complexity of computing and applying the 
bias correction factors described by Likeš (1980) and Shenton 
and Bowman (1977) outside of rloadest, a third bias correc-
tion factor (frequently referred to as a “smearing estimator”) 
was computed using methods described by Duan (1983) and 
reported for potential future use. The smearing estimator has 
been determined to perform nearly as well as some unbiased 
estimators (Helsel and Hirsch, 2002) and it only requires the 
assumption that the regression residuals are independent and 
homoscedastic.

Estimated monthly and water-year loads of TP and their 
95 percent confidence limits were computed for water years 
2014–2018 (appendices 1 and 2). With the exceptions of the 
Clinton River (04165500) and Manitowoc River (04085427) 
gage sites, all load estimates were based on a weighted 
combination of surrogate model (table 2) and UV-flow 
model (table 3) estimates. The load estimates for the Clinton 
and Manitowoc Rivers were based solely on results from 
the UV-flow models because there were lengthy periods of 
missing turbidity data. In addition, load estimates were not 
computed for water year 2017 for the Indiana Harbor Canal 
site (04092750) because the streamflow record was incomplete 
for that year. Estimated loads of TP were summed for water 
years 2014–2018 and used to compute average annual yields 
(mass per unit area) and flow-weighted mean concentrations 
(FWMCs; mass per total flow volume).

​​ ​ ​​ ​​ ​​ ​​ ​​​

​​ ​ ​​ ​​ ​​
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Table 2.  Model parameter estimates and summary statistics of surrogate-model regression equations for instantaneous total phosphorus flux.

[USGS, U.S. Geological Survey; b0—b4  are coefficients in the equation 1 for regressor variables listed in parentheses; PRESS, prediction residual error sum of squares; R2, coefficient of multiple determination 
in percent; SEPap, approximate standard error of prediction; N, number of observations; Bp, potential load bias in percent; BCF, bias correction factor (smearing estimator); MN, Minnesota; WI, Wisconsin; MI, 
Michigan; IN, Indiana; OH, Ohio; NY, New York; ND, not determined; bolded coefficient values were not different from zero at alpha=0.05]

USGS  
station 
number

Station name
b0 

(intercept)

b1 
(ln(Q))

b2 
(sin(2πT))

b3 
(cos(2πT))

b4 
(Turb)

Residual 
variance

PRESS R2 N
N  

uncen-
sored

SEPap Bp BCF Period of record

04024000 St. Louis River at 
Scanlon, MN

−3.4280 1.0382 0.0082 −0.1628 0.4903 0.0565 8.88 97.74 152 152 0.246 1.03 1.033 2011-05-01 to 2018-09-10

04027000 Bad River near 
Odanah, WI

−4.5231 1.0347 −0.0859 0.0106 0.7630 0.2196 ND 96.38 157 153 0.489 −2.95 1.183 2011-03-20 to 2018-09-04

04040000 Ontonagon River near 
Rockland, MI

−5.3384 1.0680 −0.0597 −0.0034 0.7837 0.0568 3.22 96.70 39 39 0.308 −9.17 1.026 2011-07-14 to 2018-09-10

04067500 Menominee River  
near Mc Allister, WI

−1.7452 0.8460 0.0718 -0.1787 0.4835 0.1388 18.63 85.80 129 129 0.388 −4.09 1.083 2011-04-28 to 2018-09-11

040851385 Fox River at Oil  
Tank Depot at 
Green Bay, WI

−2.5446 1.0134 −0.1514 −0.1747 0.4155 0.0692 12.54 94.27 176 176 0.270 −1.82 1.035 2011-03-28 to 2018-09-12

04085427 Manitowoc River at 
Manitowoc, WI

−2.3275 1.0430 −0.0751 −0.1664 0.4459 0.1445 ND 94.89 153 153 0.397 8.73 1.068 2011-03-19 to 2018-07-31

04087170 Milwaukee River 
at Mouth at 
Milwaukee, WI

−2.1438 0.9861 −0.0138 0.1700 0.3606 0.1726 20.25 87.08 112 112 0.433 0.16 1.090 2011-03-24 to 2018-09-11

04092750 Indiana Harbor  
Canal at East 
Chicago, IN

−2.2783 0.9832 −0.2463 −0.1965 0.4557 0.0883 6.13 89.77 62 62 0.328 −0.28 1.044 2011-05-12 to 2018-09-04

04101500 St. Joseph River at  
Niles, MI

−2.2262 0.9559 −0.1880 −0.1158 0.4988 0.1085 13.06 91.59 112 112 0.349 −12.86 1.058 2011-04-07 to 2018-09-11

04108660 Kalamazoo River at 
New Richmond, MI

−4.9861 1.3080 -0.1209 −0.3192 0.3091 0.0521 6.74 89.89 123 123 0.239 −1.75 1.027 2011-04-18 to 2018-09-13

04119400 Grand River near 
Eastmanville, MI

−3.7211 1.1800 −0.1378 −0.1977 0.2923 0.0538 6.75 94.47 119 119 0.243 −0.43 1.027 2011-04-18 to 2018-09-12

04142000 Rifle River near  
Sterling, MI

−4.2126 1.0073 0.1247 0.0461 0.7473 0.0891 10.99 96.60 118 118 0.312 3.61 1.049 2011-07-12 to 2018-09-05

04157005 Saginaw River at 
Holland Avenue at 
Saginaw, MI

−2.9090 0.9675 −0.0214 0.0096 0.5729 0.0918 10.39 95.71 108 108 0.318 -0.86 1.048 2011-11-29 to 2018-09-04

04165500 Clinton River at 
Moravian Drive at 
Mt. Clemens, MI

−2.0691 0.9331 −0.1305 −0.0528 0.5225 0.1838 30.80 91.26 159 159 0.447 −7.90 1.117 2011-11-16 to 2018-06-05
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Table 2.  Model parameter estimates and summary statistics of surrogate-model regression equations for instantaneous total phosphorus flux.—Continued

[USGS, U.S. Geological Survey; b0—b4  are coefficients in the equation 1 for regressor variables listed in parentheses; PRESS, prediction residual error sum of squares; R2, coefficient of multiple determination 
in percent; SEPap, approximate standard error of prediction; N, number of observations; Bp, potential load bias in percent; BCF, bias correction factor (smearing estimator); MN, Minnesota; WI, Wisconsin; MI, 
Michigan; IN, Indiana; OH, Ohio; NY, New York; ND, not determined; bolded coefficient values were not different from zero at alpha=0.05]

USGS  
station 
number

Station name
b0 

(intercept)

b1 
(ln(Q))

b2 
(sin(2πT))

b3 
(cos(2πT))

b4 
(Turb)

Residual 
variance

PRESS R2 N
N  

uncen-
sored

SEPap Bp BCF Period of record

04166500 River Rouge at 
Detroit, MI

−3.3125 0.8853 −0.0077 −0.0866 0.7772 0.1295 28.09 95.36 211 211 0.369 1.46 1.077 2011-05-16 to 2018-09-04

04176500 River Raisin near  
Monroe, MI

−3.5277 1.1595 −0.1296 −0.0306 0.4050 0.2501 ND 92.98 141 140 0.522 10.31 1.120 2011-05-25 to 2018-07-18

04193500 Maumee River at 
Waterville, OH

−3.3384 1.1113 −0.1304 0.1009 0.4442 0.0401 6.78 98.98 163 163 0.207 1.48 1.020 2011-04-19 to 2018-09-26

04199500 Vermilion River near 
Vermilion, OH

−3.4551 1.1150 −0.0745 −0.1547 0.5062 0.0777 9.75 99.04 120 120 0.291 1.04 1.038 2011-06-29 to 2018-09-04

04200500 Black River at  
Elyria, OH

−3.0509 1.0564 −0.1696 −0.0714 0.4833 0.0653 9.51 99.05 135 135 0.270 −4.20 1.028 2011-06-29 to 2018-09-04

04208000 Cuyahoga River at 
Independence, OH

−1.6458 0.8863 −0.0181 0.0052 0.4560 0.1498 17.52 93.27 109 109 0.410 −14.46 1.077 2011-08-17 to 2018-09-05

04213500 Cattaraugus Creek at 
Gowanda, NY

−7.5490 1.4095 −0.2417 −0.2495 0.7838 0.3185 ND 97.07 346 345 0.589 6.92 1.392 2011-07-06 to 2018-09-19

04231600 Genesee River at 
Ford Street Bridge, 
Rochester, NY

−4.6376 1.1263 −0.0201 −0.1706 0.5947 0.1890 35.44 93.81 179 179 0.451 −9.57 1.109 2011-04-05 to 2018-09-11

04249000 Oswego River at  
Lock 7,Oswego, NY

−3.7904 1.1530 −0.2636 −0.2191 0.1753 0.1151 ND 88.69 121 120 0.354 0.10 1.045 2011-03-09 to 2018-08-07
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Table 3.  Model parameter estimates and summary statistics of UV-flow-model regression equations for instantaneous total phosphorus flux.—Continued

[USGS, U.S. Geological Survey; b0—b3  are coefficients in the equation 2 for regressor variables listed in parentheses; PRESS, prediction residual error sum of squares; R2, coefficient of multiple 
determination in percent; SEPap, approximate standard error of prediction; N, number of observations; Bp, potential load bias in percent; BCF, bias correction factor (smearing estimator);  
MN, Minnesota; WI, Wisconsin; MI, Michigan; IN, Indiana; OH, Ohio; NY, New York; ND, not determined; bolded coefficient values were not significantly different from zero at alpha=0.05]

USGS 
station 
number

Station name
b0 

(intercept)

b1 
(ln(Q))

b2 
(sin(2πT))

b3 
(cos(2πT))

Residual 
variance

PRESS R2 N
N  

uncen-
sored

SEPap Bp BCF Period of record

04024000 St. Louis River at 
Scanlon, MN

−5.5017 1.4123 −0.0956 −0.1756 0.1028 17.48 95.71 166 166 0.328 −19.42 1.055 2011-05-01 to 2018-09-10

04027000 Bad River near 
Odanah, WI

−6.5875 1.7255 0.0289 −0.4058 0.4777 ND 92.44 187 183 0.708 3.21 1.032 2011-03-20 to 2018-09-04

04040000 Ontonagon River  
near Rockland, MI

−7.0963 1.7485 0.0156 −0.1561 0.2606 22.55 89.84 83 83 0.534 20.35 1.219 2011-07-14 to 2018-09-10

04067500 Menominee River  
near Mc Allister, WI

−4.2246 1.1899 0.0363 −0.3076 0.1883 29.63 80.35 154 154 0.444 −3.82 1.123 2011-03-15 to 2018-09-11

040851385 Fox River at Oil  
Tank Depot at  
Green Bay, WI

−1.3092 1.0118 −0.3853 −0.4536 0.1641 38.34 98.84 230 230 0.412 −9.52 1.091 2011-03-17 to 2018-09-12

04085427 Manitowoc River at 
Manitowoc, WI

−2.4664 1.3015 −0.2898 −0.4556 0.2651 53.77 90.17 199 199 0.525 7.08 1.145 2011-03-19 to 2018-09-11

04087170 Milwaukee River 
at Mouth at 
Milwaukee, WI

−1.5928 1.0128 0.1003 −0.1175 0.2104 72.93 98.61 342 342 0.465 −2.55 1.110 2011-03-24 to 2018-09-11

04092750 Indiana Harbor Canal 
at East Chicago, IN

−1.4025 1.0087 −0.1679 −0.1371 0.1638 23.92 98.65 142 142 0.416 −6.19 1.083 2011-03-31 to 2018-09-04

04101500 St. Joseph River at 
Niles, MI

−8.0945 1.7619 −0.1068 −0.2234 0.2257 31.78 82.05 137 137 0.489 −12.84 1.124 2011-04-07 to 2018-09-11

04108660 Kalamazoo River at 
New Richmond, MI

−4.5250 1.3393 −0.0968 −0.4581 0.0795 14.16 86.11 174 174 0.289 0.23 1.041 2011-04-18 to 2018-09-13

04119400 Grand River near 
Eastmanville, MI

−4.3563 1.3311 −0.1487 −0.3466 0.0849 12.74 91.93 146 146 0.300 −0.70 1.045 2011-04-18 to 2018-09-12

04142000 Rifle River near 
Sterling, MI

−8.5946 2.0437 0.0584 −0.0261 0.2650 41.38 91.89 153 153 0.527 7.86 1.154 2011-07-12 to 2018-09-05

04157005 Saginaw River at 
Holland Avenue at 
Saginaw, MI

−2.0446 1.0565 0.2200 −0.1447 0.2695 47.32 96.05 171 171 0.532 −11.50 1.149 2011-11-29 to 2018-09-04

04165500 Clinton River at 
Moravian Drive at 
Mt. Clemens, MI

−3.6492 1.4270 −0.2537 −0.2676 0.2922 61.35 85.72 210 210 0.546 −0.85 1.185 2011-07-19 to 2018-09-04
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Table 3.  Model parameter estimates and summary statistics of UV-flow-model regression equations for instantaneous total phosphorus flux.—Continued

[USGS, U.S. Geological Survey; b0—b3  are coefficients in the equation 2 for regressor variables listed in parentheses; PRESS, prediction residual error sum of squares; R2, coefficient of multiple 
determination in percent; SEPap, approximate standard error of prediction; N, number of observations; Bp, potential load bias in percent; BCF, bias correction factor (smearing estimator);  
MN, Minnesota; WI, Wisconsin; MI, Michigan; IN, Indiana; OH, Ohio; NY, New York; ND, not determined; bolded coefficient values were not significantly different from zero at alpha=0.05]

USGS 
station 
number

Station name
b0 

(intercept)

b1 
(ln(Q))

b2 
(sin(2πT))

b3 
(cos(2πT))

Residual 
variance

PRESS R2 N
N  

uncen-
sored

SEPap Bp BCF Period of record

04166500 River Rouge at 
Detroit, MI

−3.4075 1.4072 −0.3438 −0.7036 0.3395 78.52 87.76 227 227 0.593 40.38 1.227 2011-05-16 to 2018-09-04

04176500 River Raisin near 
Monroe, MI

−4.6362 1.5267 −0.1777 −0.1886 0.3262 ND 90.98 172 171 0.585 12.68 1.162 2011-05-25 to 2018-09-05

04193500 Maumee River at 
Waterville, OH

−3.8737 1.3917 −0.1522 0.0736 0.1242 24.35 96.81 191 191 0.361 −3.30 1.062 2011-03-08 to 2018-09-26

04199500 Vermilion River near 
Vermilion, OH

−3.9169 1.5443 −0.2050 −0.3477 0.2761 41.00 96.71 144 144 0.541 36.44 1.142 2011-06-29 to 2018-09-04

04200500 Black River at  
Elyria, OH

−2.9360 1.3607 −0.1635 −0.2113 0.1381 21.63 98.00 152 152 0.382 5.05 1.070 2011-06-29 to 2018-09-04

04208000 Cuyahoga River at 
Independence, OH

−4.3691 1.5104 −0.1690 −0.2377 0.2989 47.49 87.77 154 154 0.563 −7.19 1.162 2011-04-0 to 2018-09-05

04213500 Cattaraugus Creek at 
Gowanda, NY

−11.9827 2.5249 −0.3289 −0.3080 0.5606 ND 94.92 353 352 0.767 64.94 1.814 2011-07-06 to 2018-09-19

04231600 Genesee River at 
Ford Street Bridge, 
Rochester, NY

−7.9542 1.8332 −0.3075 −0.3537 0.3776 74.10 87.96 191 191 0.629 −16.57 1.231 2011-04-05 to 2018-09-11

04249000 Oswego River at  
Lock 7, Oswego, NY

−3.8974 1.1950 −0.2161 −0.2578 0.1202 ND 87.71 154 153 0.355 −1.74 1.051 2011-03-09 to 2018-09-05
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The estimated cumulative TP loads for water years 
2014–2018 ranged from 112 metric tons (t) at the Rifle River 
gage near Sterling, Michigan (04142000), to about 11,500 t 
at the Maumee River gage at Waterville, Ohio (04193500) 
(table 4, fig. 2). Even though the Maumee River gage has a 
drainage area that is equal to the Fox River gage (040851385), 
the estimated water year 2014–2018 cumulative load at the 
Maumee River gage was more than three times larger and also 
was more than five times larger than the third largest estimated 
cumulative load (at the Genesee River gage at Rochester, 
New York [04231600]). The water year 2014–2018 volume 
of flow at the Maumee River gage was only about 12 percent 
larger than at the Fox River gage, so neither drainage-area size 
nor flow volume account for the large difference in cumula-
tive load.

Loads vary as a function of both flow and concentra-
tion. Large drainage basins tend to contribute larger loads 
than small drainage basins because large drainage basins 
also tend to contribute larger volumes of water. Because of 
the drainage-area-size effects on loads, yields and FWMCs 
frequently are used when comparing nutrient contributions 
from drainage basins of varying size. Similarly, because of 
flow-related effects on loads, FWMCs frequently are used to 
help account for year-to-year variations in flow when assess-
ing trends in nutrient delivery over time.

Estimated average annual TP yields for water years 
2014–2018 ranged from 0.016 metric tons per square kilome-
ter (t/km2) at the St. Louis River gage at Scanlon, Minnesota 
(04024000), to 0.771 t/km2 at the Cattaraugus Creek gage at 
Gowanda, New York (04213500; table 4). TP yields were not 

Table 4.  Estimated cumulative and average annual total phosphorus loads, average streamflows, flow-weighted mean  
concentrations, average annual yields, and cumulative flow volumes at selected streamgage sites on Great Lakes tributaries,  
water years 2014–2018. 

[USGS, U.S. Geological Survey; cfs, cubic feet per second; mg/L, milligrams per liter; km2, square kilometers; m3, cubic meters; ND, not determined]

USGS  
station 
number

Estimated  
cumulative load 

(metric tons)

Estimated  
average annual 

load 
(metric tons)

Average  
streamflow  

(cfs)

Estimated  
flow-weighted 

mean concentra-
tion (mg/L)

Average  
annual yield  

(metric tons/km2)

Total volume  
of flow  

(m3 x 10-6)

04024000 707 141 2,810 0.056 0.016 12,600
04027000 1,030 206 852 0.270 0.344 3,810
04040000 1,060 212 1,480 0.160 0.158 6,630
04067500 585 117 3,930 0.033 0.030 17,600
040851385 3,400 680 5,840 0.130 0.107 26,088
04085427 631 126 446 0.317 0.240 1,990
04087170 427 85.4 899 0.106 0.098 4,015
04092750a 183 45.8 494 0.104 ND 1,767
04101500 1,510 302 3,920 0.086 0.082 17,500
04108660 726 145 2,360 0.069 0.074 10,500
04119400 2,140 428 5,240 0.092 0.081 23,400
04142000 112 22.4 364 0.069 0.070 1,630
04157005 2,260 452 4,830 0.105 0.075 21,600
04165500 705 141 667 0.237 0.192 2,980
04166500 113 22.6 163 0.155 0.121 729
04176500 780 156 802 0.218 0.150 3,580
04193500 11,500 2,300 6,530 0.393 0.362 29,200
04199500 509 102 271 0.420 0.389 1,210
04200500 609 122 415 0.328 0.307 1,860
04208000 1,230 246 1,110 0.249 0.349 4,960
04213500 1,680 336 807 0.466 0.771 3,600
04231600 2,400 480 2,880 0.187 0.194 12,800
04249000 1,730 346 7,820 0.050 0.068 34,900

aValues reported for this station are based only on data for water years 2014–2016 and 2018
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Figure 2.  Estimated cumulative total phosphorus loads for water years 2014–2018 at selected U.S. Geological Survey streamgage 
sites on Great Lakes tributaries.

determined for the Indiana Harbor Canal at East Chicago, 
Indiana (04092750), because the drainage area is indeter-
minate. The estimated yield at the Cattaraugus Creek gage 
was almost twice as large as the second largest yield (at the 
Vermilion River gage near Vermilion, Ohio [04199500]). 
In spite of its large estimated yield, six other gage sites 
(04119400, 040851385, 04157005, 04193500, 04231600, and 
04249000) had larger estimated cumulative loads for water 
years 2014–2018 than Cattaraugus Creek, due in part to the 
relatively small volume of water passing the Cattaraugus 
Creek gage site.

Estimated FWMCs of TP for water years 2014–2018 
ranged from 0.033 milligrams per liter (mg/L) at the 
Menominee River gage near McAllister, Wisconsin 
(04067500), to 0.466 mg/L at the Cattaraugus Creek gage 
(04213500; table 4, fig. 3). Estimated FWMCs of TP exceeded 
0.4 mg/L at only one other gage site (Vermilion River 
gage [04199500]). In spite of the high FWMC of TP at the 
Vermilion River gage, its cumulative load for water years 
2014–2018 is less than all but three of the other 21 gages 
(04092750, 04142000, and 04166500) due in part to its rela-
tively small drainage area and volume of flow.
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Figure 3.  Estimated flow-weighted mean concentrations of total phosphorus for water years 2014–2018 at selected U.S. Geological 
Survey gage sites on Great Lakes tributaries.

Summary
Regression and processing methods described by 

Robertson and others (2018) were used with discrete total 
phosphorus concentration data and continuous water-quality 
and streamflow data collected during water years 2011 through 
2018 to update regression models for estimating instantaneous 
total phosphorus flux at 23 streamgaged (gaged) sites on 
tributaries to the Great Lakes. Monthly and water-year average 
fluxes for all but 2 of the 23 gage sites were estimated using 
a weighted combination of results from surrogate models, 
which have streamflow, turbidity, and seasonal indicators as 

explanatory variables, and unit-value (UV)-flow models which 
have only UV streamflow and seasonal indicators as explana-
tory variables. Average fluxes for two sites were estimated 
with only UV-flow models because of extensive periods of 
missing turbidity data. Loads were computed by multiply-
ing average fluxes by the number of days in the applicable 
accounting period (month or water year).

For all the gage sites (except the Indiana Harbor Canal 
that had missing streamflow data in 2017), estimated loads 
of total phosphorus were computed from flux estimates 
and summed for water years 2014–2018. The cumula-
tive loads were used to compute average annual yields 
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and flow-weighted mean concentrations for water years 
2014–2018. The estimated cumulative total phosphorus loads 
for water years 2014–2018 ranged from 112 to 11,500 metric 
tons. Estimated average annual total phosphorus yields and 
estimated flow-weighted mean concentrations for water years 
2014–2018 ranged from 0.016 metric tons per square kilo-
meter to 0.771 metric tons per square kilometer and 0.033 
milligrams per liter to 0.466 milligrams per liter, respectively. 
The Maumee River gage at Waterville, Ohio (U.S. Geological 
Survey gage number 04193500), had the largest estimated 
cumulative load for water years 2014–2018, more than 3 times 
larger than the site with the second largest cumulative load. 
The Cattaraugus Creek gage at Gowanda, New York 
(U.S. Geological Survey gage number 04213500), had the 
highest estimated average annual total phosphorus yield and 
flow-weighted mean concentration.
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