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Documentation of Linear Regression Models for 
Computing Water-Quality Constituent Concentrations 
using Continuous Real-Time Water-Quality Data for 
the North Fork Ninnescah River and Cheney Reservoir, 
Kansas, 2014–21

By Ariele R. Kramer and Kyle A. Puls

Abstract

Cheney Reservoir, in south-central Kansas, was con-
structed to provide a reliable municipal water supply for the 
city of Wichita, Kansas, and to provide downstream flood 
control, wildlife habitat, and recreation. Cheney Reservoir 
will continue to be important for municipal water supply use 
as needs increase with ongoing population growth and urban 
development. Advanced notification of changing water-quality 
conditions near water-treatment facility intakes and in source 
waters allows water-treatment facilities and resource plan-
ning officials to proactively monitor changing conditions. 
The U.S. Geological Survey (USGS), in cooperation with 
the City of Wichita, collected water-quality data at the North 
Fork Ninnescah River above Cheney Reservoir (USGS sta-
tion 07144780) and Cheney Reservoir near Cheney, Kans. 
(USGS station 07144790), monitoring sites to update and 
develop regression models relating continuous water-quality 
constituents, streamflow, reservoir storage, and seasonal com-
ponents to discretely sampled water-quality constituent con-
centrations of interest. Linear regression analysis was used to 
update and develop models for alkalinity, major ions, nutrients 
(nitrogen and phosphorus species), total and dissolved organic 
carbon, total suspended solids, suspended sediment, fecal indi-
cator bacteria, and atrazine at the North Fork Ninnescah River 
site and total dissolved solids, major ions, hardness as calcium 
carbonate, nutrients (nitrogen and phosphorus species), chloro-
phyll a, and suspended sediment at the Cheney Reservoir site. 
New and updated models for both sites are applicable to the 
period of YSI EXO water-quality monitor and sensor deploy-
ment (November 14, 2015, through September 30, 2021, at the 
North Fork Ninnescah River site; October 1, 2014, through 
September 30, 2021, at the Cheney Reservoir site). Models 
and resulting water-quality information included in this report 
can be used in real time, potentially as guidance for water-
treatment processes, and can be used to characterize changes 

in water-quality conditions over time in Cheney Reservoir 
and its contributing drainage basin provided that the deployed 
equipment, sensors, and location do not change.

Introduction
The Bureau of Reclamation constructed Cheney 

Reservoir (fig. 1), in south-central Kansas, between 1962 and 
1965. Cheney Reservoir was constructed to provide a reliable 
municipal water supply for the city of Wichita, Kansas, and 
to provide downstream flood control, wildlife habitat, and 
recreation (Bureau of Reclamation, 2016). Cheney Reservoir 
will continue to be important for municipal water supply use 
as needs increase with ongoing population growth and urban 
development. To ensure safe and reliable drinking-water sup-
plies in the future, protecting source waters and preserving 
water quality are important.

Cheney Reservoir has had persistent cyanobacterial 
blooms since 1990, resulting in increased treatment costs and 
decreased recreational use (Christensen and others, 2006; 
Kansas Department of Health and Environment, 2022a). 
Cyanobacterial blooms can result in toxins and taste-and-odor 
compounds, which are a public health concern and may cause 
substantial economic effects, especially in reservoirs and rivers 
used for drinking-water supply and recreation (Graham and 
others, 2008). A task force established in 1992 in response to 
a severe taste-and-odor event in Cheney Reservoir identified 
nutrients and sediment as primary pollutants of concern in the 
Cheney Reservoir drainage basin because of their effects on 
water quality and quantity and their relation to cyanobacterial 
blooms (Cheney Reservoir Task Force, 1994).

The Kansas Department of Health and Environment 
defined designated uses for several streams within the Cheney 
Reservoir drainage basin: domestic water supply, food pro-
curement (obtaining edible aquatic life for human consump-
tion), groundwater recharge, industrial water supply, irrigation, 
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Figure 1.  Location of continuous real-time water-quality monitoring sites and land use in the Cheney Reservoir drainage basin, 
south-central Kansas.

and livestock watering (Kansas Department of Health and 
Environment, 2022b). The Kansas Department of Health and 
Environment has listed Cheney Reservoir as an impaired 
waterbody under section 303(d) of the 1972 Clean Water Act 
(Kansas Department of Health and Environment, 2022b). 
Siltation is listed as an impairment to water supply, and eutro-
phication and pH are listed as impairments to aquatic life for 
Cheney Reservoir.

The U.S. Geological Survey (USGS), in cooperation 
with the City of Wichita, has collected continuous and dis-
crete water-quality data in the North Fork Ninnescah River 
above Cheney Reservoir (USGS station 07144780; fig. 1) 
since November 1998 and in Cheney Reservoir near Cheney, 
Kans. (USGS station 07144790; fig. 1), since May 2001. 

The objective of this study was to quantify and character-
ize water-quality conditions and allow for comparison with 
water-quality criteria using updated and new linear regression 
models for selected constituents of interest.

The models and resulting water-quality information 
included in this report can be used in real time, potentially as 
guidance for water-treatment processes, and can be used to 
characterize changes in water-quality conditions over time in 
Cheney Reservoir and the drainage basin provided that the 
deployed equipment, sensors, and location do not change. The 
resulting information from this report could also be useful for 
comparison to State and Federal water-quality criteria and for 
computation of loads and yields to evaluate constituent trans-
port into Cheney Reservoir.
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Purpose and Scope

The purpose of this report is to provide documentation 
for updated and new site-specific regression models that pro-
vide continuous real-time estimates of selected water-quality 
constituent concentrations using statistical relations between 
continuous YSI EXO and discrete water-quality data collected 
from the North Fork Ninnescah River above Cheney Reservoir 
(USGS station 07144780; fig. 1) and from Cheney Reservoir 
near Cheney, Kans. (USGS station 07144790; fig. 1). Updated 
and new linear regression models for 18 water-quality 
constituents were developed for both sites (10 models at the 
North Fork Ninnescah River site and 8 models at the Cheney 
Reservoir site). This report updates previously published 
models using continuous water-quality data collected with 
the YSI EXO water-quality monitor. Previously published 
models used continuous water-quality data collected with the 
YSI 6600 Extended Deployment System water-quality moni-
tor (Christensen and others, 2006; Stone and others, 2013a, b; 
Kramer and others, 2021). The site-specific regression models 
published in this report are only applicable when used with 
USGS data collected with a YSI EXO water-quality monitor 
over the range of conditions represented by the model dataset. 
Additionally, the techniques and methods in this study can be 
applied to other sites regionally, nationally, and globally.

Description of Study Area

The Cheney Reservoir drainage basin, in south-central 
Kansas (fig. 1), has a contributing drainage area of about 
933 square miles (mi2). The North Fork Ninnescah River is 
the largest tributary to Cheney Reservoir and contributes about 
70 percent of the inflow (Christensen and others, 2006). The 
Cheney Reservoir drainage basin land use is predominantly 
rural, consisting of about 53 percent cropland, 38 percent 
grassland, 4 percent urban land use, 2 percent woodland, 
and 4 percent water (fig. 1; Dewitz and U.S. Geological 
Survey, 2021). The North Fork Ninnescah River streamgage 
(USGS station 07144780) has a contributing drainage area of 
about 744 mi2.

Cheney Reservoir has a maximum depth of 41 feet (ft), 
a mean depth of 16.8 ft, and a surface area of about 15.5 mi2 
at a pool elevation of 1,421 ft above the North American 
Vertical Datum of 1988 (Kansas Biological Survey, 2012). 
Cheney Reservoir is eutrophic, and algal growth is predomi-
nantly light limited because of sediment resuspension (Smith 
and others, 2002; Christensen and others, 2006; Graham and 
others, 2017). Cheney Reservoir nutrient ratios also indicate 
the reservoir has been either nitrogen limited or colimited by 
phosphorus and nitrogen (Kansas Department of Health and 
Environment, 2015).

Mean annual precipitation at the North Fork Ninnescah 
River above Cheney Reservoir streamgage (USGS sta-
tion 07144780) is 31.6 inches (in.); most precipitation 
(22.1 in., 70 percent) falls during the spring and summer 

months (April through September; for years 1991–2020; 
PRISM Climate Group, 2022). Mean annual precipitation 
at the Cheney Reservoir site is 32.6 in., and most precipita-
tion (22.73 in., 70 percent) falls during the spring and sum-
mer months (April through September; for years 1991–2020; 
PRISM Climate Group, 2022). The mean annual air tempera-
ture for the North Fork Ninnescah River site is 56.8 degrees 
Fahrenheit (°F), and minimum and maximum annual monthly 
temperatures range from 22.6 to 91.2 °F in January and July, 
respectively (for years 1991–2020; PRISM Climate Group, 
2022). The mean annual air temperature for the Cheney 
Reservoir site is 56.9 °F, and minimum and maximum annual 
monthly temperatures range from 22.5 to 91.5 °F in January 
and July, respectively (for years 1991–2020; PRISM Climate 
Group, 2022).

Methods
Continuous and discrete water-quality data were collected 

at the North Fork Ninnescah River above Cheney Reservoir 
(USGS station 07144780, fig. 1) site during November 1998 
through September 2021 and at the Cheney Reservoir site 
(USGS station 07144790, fig. 1) during May 2001 through 
September 2021 over a range of conditions (U.S. Geological 
Survey, 2022b). Concomitant discrete water-quality sample 
data and continuous water-quality data collected with Xylem 
YSI EXO water-quality monitors were used to develop and 
update site-specific linear regression models for water-quality 
constituents of interest during the period of YSI EXO monitor 
deployment (2015 through 2021 for USGS station 07144780; 
2014 through 2021 for USGS station 07144790) using USGS 
methods and procedures (U.S. Geological Survey, 2016; 
Helsel and others, 2020).

Continuous Streamflow and Water-Quality 
Monitoring

Streamflow, reservoir elevation, and reservoir storage 
were measured using standard USGS methods and proce-
dures (U.S. Geological Survey, 2008; Sauer and Turnipseed, 
2010; Turnipseed and Sauer, 2010; Painter and Loving, 2015). 
Continuous water-quality monitors were operated and main-
tained using standard USGS procedures (Wagner and others, 
2006; Wilde, 2008; Bennett and others, 2014; Rasmussen 
and others, 2014). Continuous streamflow and water-quality 
data are available from the USGS National Water Information 
System database at https://doi.org/​10.5066/​F7P55KJN 
(U.S. Geological Survey, 2022b) by using station numbers 
07144780 and 07144790.

https://doi.org/10.5066/F7P55KJN
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North Fork Ninnescah River above Cheney 
Reservoir, Kansas

Continuous (1-hour maximum interval) water-quality and 
streamflow data were collected at the North Fork Ninnescah 
River site (USGS station 07144780; fig. 1). Streamflow 
has been measured since July 1965. The continuous water-
quality monitor was installed in November 1998 and was 
suspended from the downstream side of the bridge deck 
near the centroid of the stream cross section to best repre-
sent conditions across the width of the stream. Water-quality 
monitors continuously measured water temperature, specific 
conductance, pH, dissolved oxygen, and turbidity. Since 1998, 
water-quality sensors deployed at the North Fork Ninnescah 
River site have changed with advancements in sensor technol-
ogy. During November 1998 through November 2015, this 
site was equipped with a YSI 6600 Extended Deployment 
System water-quality monitor measuring the previously 
listed parameters. Additionally, two dissolved-oxygen sen-
sors (YSI Clark cell [November 1998 through March 2008] 
or optical dissolved-oxygen sensors [March 2008 through 
November 2015]) and two turbidity sensors (YSI model 6026 
[November 1998 through November 2010] or 6136 optical 
turbidity sensors [October 2009 through November 2015]) 
were deployed on this monitor (YSI, Inc., 2007, 2017). A 
Xylem YSI EXO water-quality monitor replaced the YSI 6600 
water-quality monitor in November 2015 and measured the 
same constituents (YSI, Inc., 2019). Only the data collected by 
the YSI EXO water-quality monitor were used for the mod-
els documented in this report (November 14, 2015, through 
September 30, 2021).

Cheney Reservoir near Cheney, Kansas

Continuous (1-hour maximum interval) water-quality 
data were collected in Cheney Reservoir (USGS sta-
tion 07144790; fig. 1). Reservoir elevation has been measured 
since May 1985 at daily to hourly intervals. The continuous 
water-quality monitor was installed in April 2001 and was 
suspended from the tower walkway near the City of Wichita 
water intake structure near the dam. Monitor depth typically 
fluctuates between 3 and 6 ft below the surface. Water-quality 
monitors continuously measured water temperature, specific 
conductance, pH, dissolved oxygen, turbidity, chlorophyll 
fluorescence, and phycocyanin fluorescence.

Since 2001, water-quality sensors deployed at Cheney 
Reservoir have changed with advancements in sensor tech-
nology. During April 2001 through September 2014, this 
site was equipped with a YSI 6600 Extended Deployment 
System water-quality monitor that measured water tempera-
ture, specific conductance, pH, dissolved oxygen, turbidity, 
and chlorophyll fluorescence. Two dissolved-oxygen sen-
sors (YSI Clark cell [April 2001 through January 2007] or 
optical dissolved-oxygen sensors [February 2007 through 
September 2014]) and two turbidity sensors (YSI model 6026 

[April 2001 through December 2010] or 6136 optical turbid-
ity sensors [September 2006 through September 2014]) were 
deployed on this monitor (YSI, Inc., 2007, 2017). A Xylem 
YSI EXO water-quality monitor replaced the YSI 6600 water-
quality monitor beginning in October 2014 and measured all 
the previously listed constituents for the YSI 6600 in addi-
tion to phycocyanin fluorescence. Only the data collected 
by the YSI EXO water-quality monitor were used for the 
models documented in this report (October 1, 2014, through 
September 30, 2021).

Discrete Water-Quality Sampling

Discrete water-quality samples used for model develop-
ment were collected over a range of streamflow and reservoir 
elevation conditions. Discrete samples were collected at 
the North Fork Ninnescah River site from November 2015 
through August 2021. Discrete samples were collected at 
the Cheney Reservoir site from February 2016 through 
August 2021.

North Fork Ninnescah River above Cheney 
Reservoir, Kansas

Discrete water-quality samples were collected over a 
range of hydrologic conditions primarily using a combination 
of equal depth- and width-integrated and multiple-vertical 
sample collection techniques (fig. 2; U.S. Geological Survey, 
2006). Equal-width-increment (number of samples [n]=13) 
and multiple-vertical (n=23) sample cross sections included 
5–12 sampling points, and more than 85 percent of samples 
included 10 or more sampling points. Samples were collected 
either instream as a wading sample within 300 ft of the bridge 
or from the downstream side of the bridge using a Federal 
Interagency Sedimentation Project depth-integrated sampler 
with a polytetrafluoroethylene bottle, cap, and nozzle. All 
fecal indicator bacteria samples were collected at the centroid 
of flow using a weighted basket (U.S. Geological Survey, 
2006). Additional grab or single vertical samples (n=20) were 
collected to analyze for nitrate plus nitrite as nitrogen during 
the analysis period for separate nitrate sensor testing; these 
data were included in the model calibration dataset for nitrate 
plus nitrite as nitrogen in this report (fig. 2; U.S. Geological 
Survey, 2006). Not all discretely collected water-quality 
samples had an associated streamflow value and thus were not 
included in figure 2. Discrete water-quality data are available 
from the USGS National Water Information System database 
at https://doi.org/​10.5066/​F7P55KJN (U.S. Geological Survey, 
2022b) by using station number 07144780.

Models developed using samples collected with differ-
ent methods have some limitations. Discrete water-quality 
sampling method differences may affect the applicability of 
these models to estimate constituent discharge, particularly for 
suspended constituents, because of uneven particle distribution 
(U.S. Geological Survey, 2006). Isokinetic, depth-integrated 

https://doi.org/10.5066/F7P55KJN
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Figure 2.  Streamflow duration curve and discrete water-quality samples by sampling method 
collected at the North Fork Ninnescah River above Cheney Reservoir streamgage (U.S. Geological 
Survey station 07144780) during November 2015 through September 2021.

methods (equal-width-increment samples) are designed to 
produce a discharge-weighted sample, meaning each unit 
of stream discharge is represented in the sample, whereas 
nonisokinetic sampling methods (multiple-vertical samples) 
do not result in a discharge-weighted sample unless the stream 
is completely mixed laterally and vertically (U.S. Geological 
Survey, 2006).

Of the discrete samples collected, 62 percent were 
horizontally well mixed given that pH, specific conductance, 
water temperature, and dissolved oxygen differed by less than 
5 percent across the measured section (Wilde, 2008). A total 
of 54 percent of the equal-width-increment and 65 percent of 
the multiple-vertical samples were horizontally well mixed. 
Data were insufficient to determine if the cross sections were 
vertically well mixed. Samples collected during lower flow 
conditions (less than 100 cubic feet per second) that were 
not well mixed (greater than 5-percent differences across 
the measured section) were because of water temperature or 
dissolved oxygen differences in the shallower stream depths. 
Samples collected during runoff or higher flow events that 
had greater than 5-percent differences across the stream cross 

section were typically attributed to higher fluctuations in 
specific conductance across the stream. In these cases, specific 
conductance fluctuations could be partially attributed to back-
water. Standard USGS collection protocols recommend avoid-
ing side-channel eddies and adjusting sampling locations to 
avoid areas where flow is affected by piers, sandbars, or other 
obstructions (U.S. Geological Survey, 2006). However, some 
samples in this dataset may include areas where flow was 
affected, resulting in cross sections that were not well mixed.

Water-quality samples were analyzed for alkalinity, 
chloride, total and dissolved organic carbon, Escherichia coli 
(E. coli) bacteria, total nitrogen species, total and dissolved 
phosphorus species, and total suspended solids at the Wichita 
Municipal Water and Wastewater Laboratory (WMWWL) in 
Wichita, Kans., according to standard methods (Eaton and oth-
ers, 1995). Selected nutrient and major ion replicate samples 
were sent to the USGS National Water Quality Laboratory 
(NWQL) in Lakewood, Colorado, and analyzed accord-
ing to methods presented in Fishman and Friedman (1989). 
Suspended-sediment concentration was analyzed at the USGS 
Iowa Sediment Laboratory in Iowa City, Iowa, using methods 
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described in Guy (1969). Atrazine analysis used a direct injec-
tion ultraperformance liquid chromatography/tandem mass 
spectrometry research method developed at the Kansas Water 
Science Center, Organic Geochemistry Research Laboratory 
(Rachael Lane, U.S. Geological Survey, written commun., 
September 27, 2022). A more detailed description of the atra-
zine analysis methodology is described in appendix 10.

Cheney Reservoir near Cheney, Kansas

Discrete water-quality samples were collected over a 
range of reservoir storage conditions by depth integrating 
through the photic zone (depth at which light is about 1 per-
cent of that at the surface) using a double check-valve bailer 
(fig. 3; Lane and others, 2003). Vertical water-quality profiles 
collected during sampling indicated that thermal stratification 
was rare, and water-quality conditions were typically uniform 

throughout the water column. All samples (n=45) were col-
lected between 9:15 a.m. and 12:20 p.m. Two of the discretely 
collected water-quality samples did not have an associated res-
ervoir storage and thus were not included in figure 3. Discrete 
water-quality data are available from the USGS National 
Water Information System database at https://doi.org/​10.5066/​
F7P55KJN (U.S. Geological Survey, 2022b) by using station 
number 07144790.

Water-quality samples were analyzed for total and dis-
solved nitrogen and phosphorus species, major ions, hard-
ness, bromide, and total dissolved solids at the WMWWL in 
Wichita, Kans., according to standard methods (Eaton and 
others, 1995). Chlorophyll a (an indicator of algal bio-
mass) samples were analyzed by the USGS NWQL using 
U.S. Environmental Protection Agency Method 445.0 (Arar 
and Collins, 1997). Suspended-sediment concentration was 
analyzed at the USGS Iowa Sediment Laboratory in Iowa City, 
Iowa, using methods described in Guy (1969).
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Figure 3.  Reservoir storage duration curve and discrete water-quality samples collected at the 
Cheney Reservoir near Cheney, Kansas, station (U.S. Geological Survey station 07144790) during 
October 2014 through September 2021.

https://doi.org/10.5066/F7P55KJN
https://doi.org/10.5066/F7P55KJN
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Quality Assurance and Quality Control of 
Continuous and Discrete Water-Quality Data

Continuously measured water-quality data are routinely 
reviewed and approved according to standard USGS methods 
(Wagner and others, 2006; Wilde, 2008; Bennett and others, 
2014; Rasmussen and others, 2014). Sensor maxima were not 
exceeded for any of the physicochemical properties measured 
during the analysis period at either monitoring location. In 
situ water-quality measurements were occasionally missing 
or deleted from the dataset because of equipment malfunc-
tion, excessive fouling caused by environmental conditions, 
extreme low- or no-flow conditions, or temporary removal 
of equipment because of ice (Wagner and others, 2006; 
Bennett and others, 2014; U.S. Geological Survey, 2022b). 
At the North Fork Ninnescah River monitoring site during 
November 14, 2015, through September 30, 2021, about 6 per-
cent of the water temperature record, 7 percent of the specific 
conductance record, 6 percent of the dissolved-oxygen record, 
8 percent of the pH record, and 9 percent of the turbidity 
record were missing or deleted. At the Cheney Reservoir mon-
itoring site during October 1, 2014, through September 30, 
2021, about 1–2 percent of all records (water temperature, spe-
cific conductance, pH, dissolved oxygen, turbidity, chlorophyll 
fluorescence, and phycocyanin fluorescence) were missing 
or deleted. Missing continuous water-quality data were not 
estimated to fill in resultant data gaps.

Quality-control samples were routinely collected to iden-
tify, quantify, and document bias and variability in data that 
resulted from collecting, processing, and analyzing discrete 
samples (U.S. Geological Survey, 2006; Bennett and others, 
2014). Quality-control samples included replicate (concurrent 
and split) samples, field and equipment blanks, and standard 
reference samples. Relative percentage difference (RPD) was 
used to evaluate analyte concentration differences between 
replicates. The RPD was calculated by dividing the absolute 
difference between replicate pairs by the mean and multiplying 
that value by 100. RPDs were not calculated for replicate pairs 
that had consistent nondetections (both values in the replicate 
pair were censored) or inconsistent detections (one value in 
the replicate pair was a detected value and the other value was 
censored; Mueller and others, 2015).

About 10–20 percent of all discrete samples collected 
were quality-control samples. Sequential, split, and concur-
rent replicate water-quality samples were collected during the 
analysis period over a range of conditions. Replicate compari-
sons included intra- and interlaboratory comparisons for both 
sites (tables 1–2).

Most intralaboratory replicate median RPDs for each site 
were within 0–18.2 percent (tables 1–2). Suspended-sediment 
concentration samples analyzed at the Iowa Sediment 
Laboratory had a few cases of replicate RPDs larger than 
10 percent; however, most of these detections were during 

extreme conditions (high and low suspended-sediment concen-
trations). Interlaboratory replicate comparisons (between the 
WMWWL and NWQL) had larger RPD variability. Nutrients 
and organic carbon had RPDs that exceeded 20 percent, and 
a few major ion RPDs (chloride, sodium, and magnesium) 
exceeded 5 percent, although they typically were within 
the expected range. Median replicate RPDs were within an 
acceptable range for all constituents except for interlabora-
tory replicates for dissolved organic carbon at the North 
Fork Ninnescah River site. Interlaboratory replicates were 
reviewed for total and dissolved organic carbon, but greater 
variance is expected because of differing analytical methods 
between laboratories; analytical method SM5310B is used by 
the NWQL and SM5310C is used by the WMWWL. More 
information on potential differences between the analytical 
methods is available in the standard methods documentation 
(Standard Methods Committee of the American Public Health 
Association and others, 2018).

Blank samples were collected to measure the magnitude 
of contaminant concentration that may have been introduced 
to samples because of sampling, processing, or analytical 
procedures (U.S. Geological Survey, 2006). Blank samples 
used deionized water, inorganic blank water, or organic blank 
water depending on the analysis. During the analysis period, 
21 blanks were collected between the two sites. Chloride 
was detected in one blank sample but was near the analytical 
minimum reporting level. Total organic carbon was detected 
in 8 blank samples, and dissolved organic carbon was detected 
in 17 blank samples. The mean value of the blank sample 
detections was 0.40 milligram per liter (mg/L) for total organic 
carbon and 0.38 mg/L for dissolved organic carbon. The mini-
mum reporting level for total and dissolved organic carbon 
is 0.30 mg/L. Although the sample detections were near the 
analytical minimum reporting level, with the higher frequency 
of blank sample detections for total and dissolved organic 
carbon, a positive bias is possibly present in the environmental 
datasets because of analytical methods.

Standard reference samples were analyzed by the 
WMWWL and submitted to the USGS Branch of Quality 
Systems at least annually and oftentimes biannually for 
laboratory-performance evaluation. Although the results for all 
constituents included in this report were considered accept-
able, alkalinity results indicated a potential positive bias in 
WMWWL results compared to the reference sample most 
probable values, and chloride, magnesium, nitrate, orthophos-
phate, and total organic carbon indicated a potential negative 
bias in WMWWL results compared to the reference sample 
most probable values. This information warrants consideration 
when using the model output for these constituents. Standard 
reference sample data and WMWWL results are publicly 
available online (WMWWL Laboratory 234, h​ttps://bqs​
.usgs.gov/​srs_​study/​reports/​index.php; U.S. Geological 
Survey, 2022a).

https://bqs.usgs.gov/srs_study/reports/index.php
https://bqs.usgs.gov/srs_study/reports/index.php
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Table 1.  Summary of quality-control replicate results for discretely collected data at the North Fork Ninnescah River above Cheney Reservoir, Kansas (U.S. Geological Survey 
station 07144780), 2016 through 2021.

[QC, quality control; RPD, relative percentage difference; mg/L, milligram per liter; USGS, U.S. Geological Survey; pcode, parameter code; WMWWL, Wichita Municipal Water and Wastewater Laboratory; 
NWQL, National Water Quality Laboratory; ISL, Iowa Sediment Laboratory; µg/L, microgram per liter; OGRL, Organic Geochemistry Research Laboratory]

Water-quality constituent

QC summary statistics

Laboratory replicate 
comparison1

Total number 
of replicate 

pairs

Number of inconsistent 
nondetect replicate 

pairs2

Number of consistent 
nondetect replicate 

pairs2

Number of replicate 
pairs used for RPD 

statistics

Maximum 
RPD

Mean 
RPD

Median 
RPD

Alkalinity, water, filtered, mg/L 
as calcium carbonate (USGS 
pcode 39087)

WMWWL 5 0 0 5 3.2 1.3 1.1

Chloride, water, filtered, mg/L 
(USGS pcode 00940)

WMWWL 5 0 0 5 4.3 1.1 0
WMWWL/NWQL 10 0 0 10 9 3.1 3.1

Dissolved organic carbon, water, 
filtered, mg/L (USGS pcode 
00681)

WMWWL 5 0 0 5 6.7 3.8 3.6
WMWWL/NWQL 10 0 0 10 46.8 24.3 23.4

Escherichia coli, water, most 
probable number per 100 mil-
liliters (USGS pcode 50468)

WMWWL 3 0 0 3 41.8 25.1 18.2

Nitrate plus nitrite, filtered, mg/L 
as nitrogen (USGS pcode 
00631)

WMWWL 5 0 0 5 1.9 0.4 0
WMWWL/NWQL 10 0 0 10 20.2 9.9 8.4

Suspended-sediment concen-
tration, mg/L (USGS pcode 
80154)

ISL 4 0 0 4 10.4 6.2 6.2

Total organic carbon, water, 
unfiltered, mg/L (USGS pcode 
00680)

WMWWL 5 0 0 5 9.8 4.8 3.2
WMWWL/NWQL 10 0 0 10 95 30.5 10.4

Total suspended solids, water, 
unfiltered, mg/L (USGS pcode 
00530)

WMWWL 5 0 0 5 9.5 4 3.6

Orthophosphate, water, filtered, 
mg/L as phosphorus (USGS 
pcode 00671)

WMWWL 5 0 2 3 20 11.2 7.4
WMWWL/NWQL 10 3 0 7 21.4 11.9 12.3

Atrazine, water, filtered, µg/L 
(USGS pcode 39632)

OGRL 3 0 1 2 0 0 0

1Intralaboratory replicate comparisons if only one laboratory is denoted; if two laboratories are denoted (that is, WMWWL/NWQL), it is an interlaboratory replicate comparison.
2Consistent replicate pairs (both values in the replicate pair were censored) and inconsistent replicate pairs (one value in the replicate pair was a detected value and the other value was censored) were not 

used for RPD statistics.
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Table 2.  Summary of quality-control replicate results for discretely collected data at Cheney Reservoir near Cheney, Kansas (U.S. Geological Survey station 07144790), 2016 
through 2021.

[QC, quality control; RPD, relative percentage difference; mg/L, milligram per liter; USGS, U.S. Geological Survey; pcode, parameter code; WMWWL, Wichita Municipal Water and Wastewater Laboratory; 
NWQL, National Water Quality Laboratory; µg/L, microgram per liter; ISL, Iowa Sediment Laboratory]

Water-quality constituent

QC summary statistics

Laboratory replicate 
comparison1

Total number 
of replicate 

pairs

Number of inconsistent 
nondetect replicate 

pairs2

Number of consistent 
nondetect replicate 

pairs2

Number of replicate 
pairs used for RPD 

statistics

Maximum 
RPD

Mean 
RPD

Median 
RPD

Hardness, water, unfiltered, 
mg/L as calcium carbonate 
(USGS pcode 00901)

WMWWL 5 0 0 5 4.7 0.9 0

Magnesium, water, filtered, 
mg/L (USGS pcode 00925)

WMWWL 5 0 0 5 2 1 0.7
WMWWL/NWQL 9 0 0 9 8.2 4.2 4.7

Sodium, water, filtered, mg/L 
(USGS pcode 00930)

WMWWL 5 0 0 5 4.2 2.2 1.8
WMWWL/NWQL 9 0 0 9 7.4 3.2 3.5

Chlorophyll a, µg/L (USGS 
pcode 70953)

NWQL 6 0 0 6 29.1 13.1 10

Nitrate plus nitrite, filtered, 
mg/L as nitrogen (USGS 
pcode 00631)

WMWWL 5 0 2 3 0 0 0
WMWWL/NWQL 9 1 1 7 51.4 18.1 11.3

Suspended-sediment concen-
tration, mg/L (USGS pcode 
80154)

ISL 4 0 0 4 26.7 12.8 10.4

Total dissolved solids, water, 
filtered, mg/L (USGS pcode 
70300)

WMWWL 5 0 0 5 0.6 0.4 0.4

Total phosphorus, water, unfil-
tered, mg/L as phosphorus 
(USGS pcode 00665)

WMWWL 5 0 0 5 18.2 6.3 0
WMWWL/NWQL 9 0 0 9 35.3 11.6 10.5

1Intralaboratory replicate comparisons if only one laboratory is denoted; if two laboratories are denoted (that is, WMWWL/NWQL) it is an interlaboratory replicate comparison.
2Consistent replicate pairs (both values in the replicate pair were censored) and inconsistent replicate pairs (one value in the replicate pair was a detected value and the other value was censored) were not 

used for RPD statistics.
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Development of Regression Models

Ordinary least squares (OLS) linear regression was used 
to develop surrogate regression models that relate discretely 
sampled constituent concentrations to continuous water-
quality conditions for datasets without censored data (that is, 
results less than the analytical minimum reporting level). All 
OLS linear regressions were developed using the R software 
environment and statistical package (R Core Team, 2020). 
Potential explanatory variables evaluated individually and in 
combination were water temperature, specific conductance, 
pH, dissolved oxygen, turbidity, seasonality, streamflow 
(North Fork Ninnescah River site only), reservoir stor-
age (Cheney Reservoir site only), chlorophyll fluorescence 
(Cheney Reservoir site only), and phycocyanin fluorescence 
(Cheney Reservoir site only). Potential explanatory variables 
were time interpolated between the two nearest continuous 
readings (maximum 4-hour time span between readings) based 
on the discrete sample collection time.

The data and resultant regression equations generally 
conform with the five assumptions for OLS regression: the 
dependent variable was linearly related to the explanatory 
variables, data used to fit the model were representative of 
the data of interest, the variance of the residuals was constant 
(homoscedastic), the residuals were independent of the explan-
atory variables, and the residuals were normally distributed 
(Helsel and others, 2020). Stepwise regression analysis was 
done using R software environment and statistical package 
(R Core Team, 2020) for constituents with censored data to 
compare with potential explanatory variables. Tobit regression 
methods were used for fitting linear models for constituents 
that had one or more censored results in the model calibra-
tion dataset using the adjusted maximum likelihood estima-
tion approach using the smwrQW (ver. 0.7.9) package in 
R programming language (Hald, 1949; Cohen, 1950; Tobin, 
1958; Helsel and others, 2020; R Core Team, 2020; Lorenz, 
in press).

Occasionally, discrete water-quality sample results were 
qualified as estimated or right censored (result greater than 
the reported value) for analytical purposes. Two results were 
qualified as “estimated” for chlorophyll a at the Cheney 
Reservoir site. Both estimated results were included in the 
model calibration dataset and investigated as potential outli-
ers. There was no evidence to remove either of the qualified 
results based on the outlier identification method used for this 
analysis as described by Rasmussen and others (2009). One 
result in the E. coli dataset for the North Fork Ninnescah River 
site was reported as a right censored value (value is greater 
than reported), likely because of dilution limitations during the 
analysis. This result was removed from the dataset for model 
development.

During model development, residual comparisons for the 
differing collection methods were evaluated to identify and 
document any potential bias resulting from collection method 

and documented in the model archive summaries (appen-
dixes 1–18). Additionally, the linear calibration models are 
not intended to be used to extrapolate (defined as computation 
beyond the range of the model calibration dataset) more than 
10 percent outside the range of the calibration data used to fit 
the model. The extrapolation limit for each model is defined in 
the associated model archive summary (appendixes 1–18).

Regression Models Developed for Computing 
Constituents of Interest

Linear regression models that estimate concentrations or 
densities for alkalinity, chloride, total and dissolved organic 
carbon, nitrate plus nitrite, orthophosphate, total suspended 
solids, suspended sediment, E. coli, and atrazine were devel-
oped for the North Fork Ninnescah River site using data 
collected during November 14, 2015, through September 30, 
2021. Linear regression models that estimate concentrations 
for hardness as calcium carbonate, magnesium, sodium, 
total dissolved solids, total phosphorus, nitrate plus nitrite, 
chlorophyll a, and suspended sediment were developed 
for the Cheney Reservoir site using data collected during 
October 1, 2014, through September 30, 2021. A single model 
was selected for each constituent, and models and summary 
statistics are provided in tables 3–4. The logarithm base 10- 
(log10-) transformed models may be retransformed to original 
units so that the concentrations can be calculated directly. The 
retransformation introduces a negative bias that may be cor-
rected using Duan’s bias correction factor (Duan, 1983; Helsel 
and others, 2020). Retransformation equations for log10-
transformed models are provided in their corresponding model 
archive summary. Model archive summaries containing model 
development information, statistical model output, and model 
datasets for each model are provided in appendixes 1–18.

Other regression models were considered for constitu-
ents of interest including dissolved nitrate at the North Fork 
Ninnescah River site and total organic carbon, dissolved 
organic carbon, and orthophosphate at the Cheney Reservoir 
site. Statistical relations with all possible explanatory vari-
ables for these constituents were not significant (R2 less than 
0.4) or the sample size was too small for multiple explanatory 
variables that resulted in overfitting of the model (Helsel and 
others, 2020). These constituents could be reevaluated in the 
future provided that additional discrete and continuous data 
become available. The regression models are described in the 
next subsections and grouped by like constituents: dissolved 
analytes (alkalinity, total dissolved solids, major ions, and 
hardness), nutrient related analytes (nitrate plus nitrite, total 
phosphorus, orthophosphate, and chlorophyll a), organic ana-
lytes (total and dissolved organic carbon), suspended particle 
analytes (total suspended solids and suspended sediment), 
fecal indicator bacteria, and atrazine.
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Table 3.  Updated and new regression models and summary statistics for continuous concentration computations for the North Fork Ninnescah River above Cheney Reservoir 
(U.S. Geological Survey station 07144780), south-central Kansas, during November 14, 2015, through September 30, 2021.

[R 2, coefficient of determination; MSE, mean square error; RMSE, root mean square error; RSE, standard residual error; BCF, bias correction factor; n, number of discrete samples; USGS, U.S. Geological 
Survey; mg/L, milligram per liter; SPC, specific conductance, in microsiemens per centimeter at 25 degrees Celsius; OLS, ordinary least squares; App., appendix; --, not applicable; log10, logarithm base 10; 
Q, streamflow, in cubic feet per second; TEMP, water temperature, in degrees Celsius; AMLE, adjusted maximum likelihood estimation; <, less than; TBY, turbidity from YSI EXO, in formazin nephelometric 
units; mL, milliliter; µg/L, microgram per liter; sin, sine; cos, cosine; D, decimal day of year]

Regression model
Regression- 
estimation 

method

Appendix 
number

Adjusted 
R 2

1Pseudo-
R 2

MSE RMSE
Estimated 

RSE  
(unbiased)

BCF  
(Duan, 1983)

Discrete data

n
Percentage 

censored

Range of values  
in variable  

measurements
Mean Median

USGS  
parameter 

code

Alkalinity (ALK), mg/L as calcium carbonate (CaCO3)

ALK=0.112(SPC)+54.5 OLS App. 1 0.700 -- 772.84 27.8 27.8 -- 33 0 ALK: 64–246 154 160 39087

SPC: 207–1,430 891 1,010 00095

Chloride, dissolved, mg/L

Chloride=0.219(SPC)−36.3 OLS App. 2 0.964 -- 262.44 16.2 16.2 -- 33 0 Chloride: 16–280 159 170 00940

SPC: 207–1,430 891 1,010 00095

Nitrate plus nitrite (NO3NO2), dissolved, mg/L as nitrogen

NO3NO2=−0.388log10(Q)−0.0554(TEMP)+2.58 OLS App. 3 0.794 -- 0.0660 0.257 0.257 -- 44 0 NO3NO2: 0.08–2.34 0.754 0.61 00631

Q: 16–8,290 673 94.4 00060

TEMP: 0.373–33.6 17.7 17.9 00010

Orthophosphate (OrthoP), dissolved, mg/L as phosphorus

log10(OrthoP)=−0.00095(SPC)−0.321 AMLE App. 4 -- 0.7299 -- -- 0.2247 1.116237 33 42.4 OrthoP: <0.04–0.33 0.07 0.07 00671

SPC: 207–1,433 892 1,013 00095

Total organic carbon (TOC), mg/L

TOC=7.01log10(TBY)+2.43log10(Q)−8.51 OLS App. 5 0.685 -- 8.5849 2.93 2.93 -- 30 0 TOC: 1.72–19.5 8.58 9.32 00680

TBY: 7.03–201 65.4 47.4 63680

Q: 16–8,290 911 160 00060

Dissolved organic carbon (DOC), mg/L

DOC=6.08log10(TBY)+1.98log10(Q)−7.15 OLS App. 6 0.607 -- 8.6436 2.94 2.94 -- 30 0 DOC: 1.7–18.8 7.37 6.2 00681

TBY: 7.03–201 65.4 47.4 63680

Q: 16–8,290 911 160 00060

Total suspended solids (TSS), mg/L

log10(TSS)=0.000393(SPC)+1.19log10(TBY)−0.4 OLS App.7 0.926 -- 0.0139 0.118 0.118 1.03 30 0 TSS: 15–327 119 99 00530

SPC: 207–1,430 904 1,080 00095

TBY: 7.03–201 65.4 47.4 63680

Suspended-sediment concentration (SSC), mg/L

log10(SSC)=1.07log10(TBY)+0.399 OLS App. 8 0.843 -- 0.0380 0.195 0.195 1.1 31 0 SSC: 23–553 264 278 80154

TBY: 7.03–201 74.9 72.3 63680
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Table 3.  Updated and new regression models and summary statistics for continuous concentration computations for the North Fork Ninnescah River above Cheney Reservoir 
(U.S. Geological Survey station 07144780), south-central Kansas, during November 14, 2015, through September 30, 2021—Continued.

[R 2, coefficient of determination; MSE, mean square error; RMSE, root mean square error; RSE, standard residual error; BCF, bias correction factor; n, number of discrete samples; USGS, U.S. Geological 
Survey; mg/L, milligram per liter; SPC, specific conductance, in microsiemens per centimeter at 25 degrees Celsius; OLS, ordinary least squares; App., appendix; --, not applicable; log10, logarithm base 10; 
Q, streamflow, in cubic feet per second; TEMP, water temperature, in degrees Celsius; AMLE, adjusted maximum likelihood estimation; <, less than; TBY, turbidity from YSI EXO, in formazin nephelometric 
units; mL, milliliter; µg/L, microgram per liter; sin, sine; cos, cosine; D, decimal day of year]

Regression model
Regression- 
estimation 

method

Appendix 
number

Adjusted 
R 2

1Pseudo-
R 2

MSE RMSE
Estimated 

RSE  
(unbiased)

BCF  
(Duan, 1983)

Discrete data

n
Percentage 

censored

Range of values  
in variable  

measurements
Mean Median

USGS  
parameter 

code

Escherichia coli bacteria (ecoli), colonies/100 mL

log10(ecoli)=1.09log10(TBY)+0.619log10
(Q)−0.348

OLS App. 9 0.746 -- 0.2401 0.49 0.49 1.63 25 0 ecoli: 12–46,000 5,030 440 50468

TBY: 7.03–201 66.4 68.7 63680

Q: 16–8,290 1,040 155 00060

Atrazine, µg/L

log10(Atrazine)=−0.0011(SPC)+0.1864sin(2πD) 
−0.6006cos(2πD)−0.4756

AMLE App. 10 -- 0.6809 -- -- 0.5484 1.495246 22 50 Atrazine: <0.1–3.5 0.28 0.07 69362

SPC: 207–1,402 887 1,081 00095

1Pseudo-R 2 is computed using the McKelvey-Zavoina method (McKelvey and Zavoina, 1975). For uncensored data, pseudo-R 2 is equal to the R 2 value for ordinary least squares.
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Table 4.  Updated and new regression models and summary statistics for continuous concentration computations for Cheney Reservoir near Cheney (U.S. Geological Survey 
station 07144790), south-central Kansas, during October 1, 2014, through September 30, 2021.

[R 2, coefficient of determination; MSE, mean square error; RMSE, root mean square error; RSE, standard residual error; BCF, bias correction factor; n, number of discrete samples; USGS, U.S. Geological 
Survey; mg/L, milligram per liter; SPC, specific conductance, in microsiemens per centimeter at 25 degrees Celsius; OLS, ordinary least squares; App., appendix; --, not applicable; TEMP, water temperature,  
in degrees Celsius; AMLE, adjusted maximum likelihood estimation; <, less than; log10, logarithm base 10; TBY, turbidity from YSI EXO, in formazin nephelometric units; µg/L, microgram per liter; 
RESSTOR, reservoir storage, in acre-feet; DO, dissolved oxygen, in milligrams per liter; CHL_RFU, chlorophyll fluorescence, in relative fluorescence units]

Regression model

Regression-

estimation 

method

Appendix 

number
Adjusted 

R 2
1Pseudo-R 2 MSE RMSE

Estimated 

RSE  

(unbiased)

BCF 

(Duan, 

1983)

Discrete data

n
Percentage 

censored

Range of values  

in variable  

measurements

Mean Median

USGS 

parameter 

code

Magnesium (Mg), dissolved, mg/L

Mg=0.165(SPC)+0.728 OLS App. 11 0.809 -- 0.5314 0.729 0.729 -- 44 0 Mg: 10.5–17 14 14.1 00925

SPC: 568–988 805 810 00095

Sodium (Na), dissolved, mg/L

Na=0.178(SPC)−48.9 OLS App. 12 0.845 -- 47.8864 6.92 6.92 -- 44 0 Na: 54.8–127 94.2 96.9 00930

SPC: 568–988 805 810 00095

Total dissolved solids (TDS), mg/L

TDS=0.527(SPC)+18.1 OLS App. 13 0.942 -- 141.61 11.9 11.9 -- 44 0 TDS: 325–554 443 450 70300

SPC: 568–988 805 810 00095

Hardness, mg/L as calcium carbonate

Hardness=0.161(SPC)+43.4 OLS App. 14 0.401 -- 313.29 17.7 17.7 -- 44 0 Hardness: 130–220 173 170 00901

SPC: 568–988 805 810 00095

Nitrate plus nitrite (NO3NO2), dissolved, mg/L as nitrogen

NO3NO2=−0.004(SPC)−0.043(TEMP)+2.936 AMLE App. 15 -- 0.5697 -- -- 0.4449 -- 45 33.3 NO3NO2: <0.02–0.77 0.09 0.08 00631

SPC: 568–988 807 813 00095

TEMP: 0.38–28.07 19.07 24.18 00010

Total phosphorus (TP), mg/L as phosphorus

log10(TP)=0.00517(TEMP)+0.196(TBY)−1.45 OLS App. 16 0.522 -- 0.0132 0.115 0.115 1.03 45 0 TP: 0.04–0.2 0.0871 0.09 00665

TEMP: 0.36–28.3 19.1 24.4 00010

TBY: 2.99–28.4 13.5 13.3 63680

Chlorophyll a (Chla), µg/L

log10(Chla)=0.89(pH)−9.09×10−6(RESSTOR) 
−0.0928(DO)+0.843log10(CHL_RFU)−4.29

OLS App.17 0.813 -- 0.0328 0.181 0.181 1.08 41 0 Chla: 1.3–107 20.1 15.9 70953

pH: 7.99–9.00 8.46 8.45 00400

RESSTOR: 
153,000–229,000

169,000 169,000 00054

DO: 4.48–14.2 8.68 7.65 00300

Suspended-sediment concentration (SSC), mg/L

log10(SSC)=1.03log10(TBY)−0.0121 OLS App. 18 0.845 -- 0.0091 0.0952 0.0952 1.02 42 0 SSC: 2–27 14.4 14 80154

TBY: 2.84–28.3 13.4 12.5 63680

1Pseudo-R 2 is computed using the McKelvey-Zavoina method (McKelvey and Zavoina, 1975). For uncensored data, pseudo-R 2 is equal to the R 2 value for ordinary least squares.
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Alkalinity, Total Dissolved Solids, Major Ions, and 
Hardness

Specific conductance was the single explanatory variable 
for alkalinity, total dissolved solids, major ions, and hardness 
(as calcium carbonate) models at the North Fork Ninnescah 
River and Cheney Reservoir sites (tables 3 and 4, respec-
tively). Specific conductance makes physical sense because 
it is the measure of the charge carried by the charged ionic 
species (Hem, 1985). Specific conductance explained about 
40–96 percent of the variance (as indicated by the adjusted 
coefficient of determination [R2]) in alkalinity, total dissolved 
solids, major ions, and hardness. Specific conductance also 
was the single explanatory variable for alkalinity, total dis-
solved solids, and major ions for models previously published 
at these sites (Stone and others, 2013a, b). No models were 
previously published for hardness at Cheney Reservoir.

Nitrate Plus Nitrite, Total Phosphorus, 
Orthophosphate, and Chlorophyll a

A variety of explanatory variables were used in mod-
els for nutrient species (tables 3 and 4). At the North Fork 
Ninnescah River site, the selected explanatory variables for 
nitrate plus nitrite were streamflow and temperature, which 
explained about 79 percent of the variance (as indicated by the 
adjusted R2). Previous models used turbidity and specific con-
ductance (Stone and others, 2013b). At the Cheney Reservoir 
site, the selected explanatory variables for nitrate plus nitrite 
were specific conductance and temperature, which explained 
about 57 percent of the variance. Previously published models 
selected pH and specific conductance as the explanatory vari-
ables (Stone and others, 2013a). Specific conductance, which 
explained about 73 percent of the variance, was selected as the 
single explanatory variable for orthophosphate at the North 
Fork Ninnescah River site. Stone and others (2013b) also 
chose specific conductance as the single explanatory variable 
for previously published models at this site.

Total phosphorus can be associated with suspended sedi-
ment and runoff containing organic matter and is prevalent 
in the study area; turbidity is commonly used as a surrogate 
for computing total phosphorus concentrations (Juracek 
and Rasmussen, 2008; Rasmussen and others, 2016). At the 
Cheney Reservoir site, temperature and turbidity were the 
selected explanatory variables and explained about 52 percent 
of the variance (as indicated by the adjusted R2) in total phos-
phorus. Temperature possibly explains a seasonal component 
not captured by simply including seasonality, but further 
investigation into the relation of temperature to seasonality is 
outside the scope of this report. In previously published mod-
els, temperature and turbidity also were the selected explana-
tory variables (Stone and others, 2013a).

Reservoir storage, pH, dissolved oxygen, and chlorophyll 
fluorescence were selected as the explanatory variables for 
chlorophyll a at the Cheney Reservoir site, and they explained 

about 81 percent of the variance (as indicated by the adjusted 
R2). Chlorophyll a pigments fluoresce when targeted with 
certain wavelengths emitted by the chlorophyll fluorescence 
sensor. Changes in pH and dissolved oxygen are typical in 
response to in-lake biological productivity. Previously pub-
lished models selected reservoir elevation, water temperature, 
and chlorophyll fluorescence as explanatory variables (Stone 
and others, 2013a).

Total and Dissolved Organic Carbon
Turbidity and streamflow were the explanatory variables 

selected for total and dissolved organic carbon models at 
the North Fork Ninnescah River site (table 3). Turbidity and 
streamflow explained about 69 and 61 percent of the vari-
ance (as indicated by the adjusted R2) in total organic carbon 
and dissolved organic carbon, respectively. Organic mat-
ter, including organic carbon, is a major component of total 
suspended solids (Hem, 1985; Juracek and Rasmussen, 2008); 
therefore, turbidity was a suitable surrogate for total organic 
carbon. Changes in dissolved organic carbon are likely driven 
by changes in runoff conditions, and therefore streamflow is 
a suitable surrogate for dissolved organic carbon. The previ-
ously published model for total organic carbon used turbidity 
as the sole explanatory variable (Stone and others, 2013b). No 
model was previously published for dissolved organic carbon 
at the North Fork Ninnescah River site.

Total Suspended Solids and Suspended 
Sediment

Turbidity and specific conductance were the explana-
tory variables for the total suspended solids model at the 
North Fork Ninnescah River site, and turbidity was the single 
explanatory variable for the suspended-sediment concentra-
tion models at the North Fork Ninnescah River and Cheney 
Reservoir sites (tables 3 and 4, respectively). Turbidity and 
specific conductance explained about 93 percent of the vari-
ance (as indicated by the adjusted R2) in total suspended solids 
at the North Fork Ninnescah River site. Turbidity explained 
about 84–85 percent of the variance in suspended-sediment 
concentration at both sites. Turbidity is an indicator of sedi-
ment and other suspended materials in streams and lakes and 
therefore is a logical explanatory variable for total suspended 
solids and suspended sediment. Turbidity was the single 
explanatory variable for suspended-sediment concentration at 
both sites for previously published models (Stone and others, 
2013a, b).

Fecal Indicator Bacteria
The explanatory variables for E. coli were turbidity 

and streamflow, which explained about 75 percent of the 
variance (as indicated by the adjusted R2) at the North Fork 
Ninnescah River site (table 3). Fecal indicator bacteria, such 



Summary    15

as E. coli, can sorb to suspended particles; therefore, turbidity 
can be a good indicator of fecal indicator bacteria. Including 
streamflow as an explanatory variable made sense statistically 
and intuitively because sources of E. coli likely come from 
agricultural nonpoint sources in the North Fork Ninnescah 
River Basin. Previously published models used turbidity and 
specific conductance as explanatory variables (Stone and oth-
ers, 2013b).

Atrazine
Previous studies by Christensen and Ziegler (1998), 

Ziegler and others (1999), and Rasmussen and others (2016) 
observed inverse relations between atrazine and chloride, 
indicating an inverse relation to specific conductance. 
Additionally, the largest concentrations of atrazine were 
observed in the spring and summer when atrazine is most 
likely applied to crops and when higher rainfall amounts 
are common, indicating a seasonal pattern. The North Fork 
Ninnescah River atrazine model included a seasonal compo-
nent (periodic function including the day of year) in addition 
to specific conductance as explanatory variables (table 3; 
Helsel and others, 2020). Specific conductance and seasonality 
explain about 68 percent of the variance (as indicated by the 
adjusted R2) in atrazine concentrations. No atrazine models 
have been published previously at this site.

Summary
Cheney Reservoir, in south-central Kansas, was con-

structed to provide a reliable municipal water supply for the 
city of Wichita, Kansas, and to provide downstream flood 
control, wildlife habitat, and recreation. Cheney Reservoir 
will continue to be important for municipal water supply use 
as needs increase with ongoing population growth and urban 
development. Advanced notification of changing water-quality 
conditions near water-treatment facility intakes and in source 
waters allows water-treatment facilities and resource planning 
officials to proactively monitor changing conditions. Ensuring 
safe and reliable drinking-water supplies and preserving water 
quality in the future with source-water protection strategies are 
important.

The U.S. Geological Survey (USGS), in cooperation 
with the City of Wichita, has collected continuous and dis-
crete water-quality data at the North Fork Ninnescah River 
above Cheney Reservoir (USGS station 07144780) since 
November 1998 and in Cheney Reservoir near Cheney, Kans. 
(USGS station 07144790), since May 2001. Cheney Reservoir 
has had persistent cyanobacterial blooms since 1990, resulting 
in increased treatment costs and decreased recreational use. 
Cyanobacterial blooms can result in toxins and taste-and-odor 
compounds, which are a public health concern and may cause 
substantial economic effects, especially in reservoirs and rivers 
used for drinking-water supply and recreation.

Updated and new linear regression models for 18 dis-
cretely sampled water-quality constituents were developed 
for both sites relating to continuous water-quality constitu-
ents, streamflow, reservoir storage, and seasonal components 
(10 models at the North Fork Ninnescah River site and 8 mod-
els at the Cheney Reservoir site). Ordinary least squares linear 
regression was used to develop surrogate regression models 
that relate continuous water-quality conditions to discretely 
sampled constituent concentrations for datasets without cen-
sored data (results less than the analytical minimum report-
ing level). Tobit regression methods were used for fitting 
linear models for constituents that had one or more censored 
results in the model calibration dataset using the adjusted 
maximum likelihood estimation approach. This report updates 
previously published models for the period associated with 
continuous water-quality data collected with the YSI EXO 
water-quality monitor, and the updated or new models are 
only applicable when used with USGS data collected with a 
YSI EXO water-quality monitor (November 14, 2015, through 
September 30, 2021, at the North Fork Ninnescah River site; 
October 1, 2014, through September 30, 2021, at the Cheney 
Reservoir site).

Linear regression analysis was used to update and 
develop models for alkalinity, major ions, nutrients (nitrogen 
and phosphorus species), total and dissolved organic carbon, 
total suspended solids, suspended sediment, fecal indicator 
bacteria, and atrazine at the North Fork Ninnescah River site 
and total dissolved solids, major ions, hardness as calcium 
carbonate, nutrients (nitrogen and phosphorus species), chloro-
phyll a, and suspended sediment at the Cheney Reservoir site. 
A single model was selected for each constituent.

Specific conductance explained about 40–96 percent of 
the variance (as indicated by the adjusted coefficient of deter-
mination) in alkalinity, total dissolved solids, major ions, and 
hardness. At the North Fork Ninnescah River site, the selected 
explanatory variables for nitrate plus nitrite were streamflow 
and temperature, which explained about 79 percent of the vari-
ance. At the Cheney Reservoir site, the selected explanatory 
variables for nitrate plus nitrite were specific conductance and 
temperature, which explained about 57 percent of the vari-
ance. Specific conductance, which explained about 73 percent 
of the variance, was selected as the single explanatory vari-
able for orthophosphate at the North Fork Ninnescah River 
site. At the Cheney Reservoir site, temperature and turbidity 
were the selected explanatory variables and explained about 
52 percent of the variance in total phosphorus. Reservoir 
storage, pH, dissolved oxygen, and chlorophyll fluorescence 
explained about 81 percent of the variance in chlorophyll a at 
the Cheney Reservoir site. Turbidity and streamflow explained 
about 69 and 61 percent of the variance in total organic carbon 
and dissolved organic carbon, respectively, at the North Fork 
Ninnescah River site. Turbidity and specific conductance 
explained 93 percent of the variance in total suspended solids 
at the North Fork Ninnescah River site. Turbidity explained 
about 84–85 percent of the variance in suspended-sediment 
concentration at both sites. The explanatory variables for 
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Escherichia coli were turbidity and streamflow, which 
explained about 75 percent of the variance at the North Fork 
Ninnescah River site. Specific conductance and seasonality 
explained about 68 percent of the variance in atrazine concen-
trations at the North Fork Ninnescah River site.

The models and resulting water-quality information 
included in this report can be used in real time, potentially as 
guidance for water-treatment processes, and can be used to 
characterize changes in water-quality conditions over time in 
Cheney Reservoir and the drainage basin provided that the 
deployed equipment, sensors, and location do not change. The 
resulting information from this report could also be useful for 
comparison to State and Federal water-quality criteria and for 
computation of loads and yields to evaluate constituent trans-
port into Cheney Reservoir.
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Appendixes 1–18.  Model Archive Summaries for Regression Models
Model archive summaries for the regression models that 

were updated or developed for the North Fork Ninnescah 
River above Cheney Reservoir (U.S. Geological Survey 
station 07144780) and the Cheney Reservoir near Cheney, 
Kansas (U.S. Geological Survey station 07144790), sites are 
included in appendixes 1–18. Each model archive summary 
documents model-specific information including, but not 
limited to, site location, methodology, regression-estimation 
method, percentage of censored data, data identified as outli-
ers, model form, previously published regression models, 
model diagnostic statistics and plots, and the model calibra-
tion dataset. Model information for the North Fork Ninnescah 
River site is provided in appendixes 1–10, and model infor-
mation for the Cheney Reservoir site is provided in appen-
dixes 11–18. All appendixes are available for download at 
https://doi.org/​10.3133/​sir20235037. A list of the appendix 
titles is provided for the convenience of the reader:

•	 Appendix 1. Model Archive Summary for Alkalinity at 
U.S. Geological Survey Station 07144780, North Fork 
Ninnescah River above Cheney Reservoir, Kansas, 
during November 14, 2015, through September 30, 
2021

•	 Appendix 2. Model Archive Summary for Chlo-
ride Concentration at U.S. Geological Survey Sta-
tion 07144780, North Fork Ninnescah River above 
Cheney Reservoir, Kansas, during November 14, 2015, 
through September 30, 2021

•	 Appendix 3. Model Archive Summary for Nitrate 
plus Nitrite Concentration at U.S. Geological Survey 
Station 07144780, North Fork Ninnescah River above 
Cheney Reservoir, Kansas, during November 14, 2015, 
through September 30, 2021

•	 Appendix 4. Model Archive Summary for Ortho-
phosphate Concentration at U.S. Geological Survey 
Station 07144780, North Fork Ninnescah River above 
Cheney Reservoir, Kansas, during November 14, 2015, 
through September 30, 2021

•	 Appendix 5. Model Archive Summary for Total 
Organic Carbon Concentration at U.S. Geological 
Survey Station 07144780, North Fork Ninnescah River 
above Cheney Reservoir, Kansas, during Novem-
ber 14, 2015, through September 30, 2021

•	 Appendix 6. Model Archive Summary for Dissolved 
Organic Carbon Concentration at U.S. Geological 
Survey Station 07144780, North Fork Ninnescah River 
above Cheney Reservoir, Kansas, during Novem-
ber 14, 2015, through September 30, 2021

•	 Appendix 7. Model Archive Summary for Total 
Suspended Solids Concentration at U.S. Geological 
Survey Station 07144780, North Fork Ninnescah River 
above Cheney Reservoir, Kansas, during Novem-
ber 14, 2015, through September 30, 2021

•	 Appendix 8. Model Archive Summary for Suspended-
Sediment Concentration at U.S. Geological Survey 
Station 07144780, North Fork Ninnescah River above 
Cheney Reservoir, Kansas, during November 14, 2015, 
through September 30, 2021

•	 Appendix 9. Model Archive Summary for Esche-
richia coli Density at U.S. Geological Survey Sta-
tion 07144780, North Fork Ninnescah River above 
Cheney Reservoir, Kansas, during November 14, 2015, 
through September 30, 2021

•	 Appendix 10. Model Archive Summary for Atra-
zine Concentration at U.S. Geological Survey Sta-
tion 07144780, North Fork Ninnescah River above 
Cheney Reservoir, Kansas, during November 14, 2015, 
through September 30, 2021

•	 Appendix 11. Model Archive Summary for Magne-
sium Concentration at U.S. Geological Survey Sta-
tion 07144790, Cheney Reservoir near Cheney, Kan-
sas, during October 1, 2014, through September 30, 
2021

•	 Appendix 12. Model Archive Summary for Sodium 
Concentration at U.S. Geological Survey Sta-
tion 07144790, Cheney Reservoir near Cheney, Kan-
sas, during October 1, 2014, through September 30, 
2021

•	 Appendix 13. Model Archive Summary for Total Dis-
solved Solids Concentration at U.S. Geological Survey 
Station 07144790, Cheney Reservoir near Cheney, 
Kansas, during October 1, 2014, through Septem-
ber 30, 2021

•	 Appendix 14. Model Archive Summary for Hard-
ness Concentration at U.S. Geological Survey Sta-
tion 07144790, Cheney Reservoir near Cheney, Kan-
sas, during October 1, 2014, through September 30, 
2021

•	 Appendix 15. Model Archive Summary for Nitrate Plus 
Nitrite Concentration at U.S. Geological Survey Sta-
tion 07144790, Cheney Reservoir near Cheney, Kan-
sas, during October 1, 2014, through September 30, 
2021
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•	 Appendix 16. Model Archive Summary for Total 
Phosphorus Concentration at U.S. Geological Survey 
Station 07144790, Cheney Reservoir near Cheney, 
Kansas, during October 1, 2014, through Septem-
ber 30, 2021

•	 Appendix 17. Model Archive Summary for Chlo-
rophyll a Concentration at U.S. Geological Survey 
Station 07144790, Cheney Reservoir near Cheney, 
Kansas, during October 1, 2014, through Septem-
ber 30, 2021

•	 Appendix 18. Model Archive Summary for Suspended-
Sediment Concentration at U.S. Geological Survey 
Station 07144790, Cheney Reservoir near Cheney, 
Kansas, during October 1, 2014, through Septem-
ber 30, 2021



For more information about this publication, contact:
Director, USGS Kansas Water Science Center
1217 Biltmore Drive
Lawrence, KS 66049
785–842–9909

For additional information, visit: h​ttps://www​.usgs.gov/​centers/​kswsc

Publishing support provided by the
Rolla Publishing Service Center

https://www.usgs.gov/centers/kswsc


Kram
er and Puls—

Linear Regression M
odels for Com

puting W
ater-Q

uality Constituent Concentrations, Kansas, 2014–21—
SIR 2023–5037

ISSN 2328-0328 (online)
https://doi.org/​10.3133/​sir20235037

https://doi.org/10.3133/sir20235037

	Acknowledgments
	Contents
	Figures
	Figure 1. Map showing location of continuous real-time water-quality monitoring sites and land use in the Cheney Reservoir drainage basin, south-central Kansas.
	Figure 2. Graph showing streamflow duration curve and discrete water-quality samples by sampling method collected at the North Fork Ninnescah River above Cheney Reservoir streamgage during November 2015 through September 2021.
	Figure 3. Graph showing reservoir elevation duration curve and discrete water-quality samples collected at the Cheney Reservoir near Cheney, Kansas, station during October 2014 through September 2021.

	Tables
	Table 1. Summary of quality-control replicate results for discretely collected data at the North Fork Ninnescah River above Cheney Reservoir, Kansas, 2016 through 2021.
	Table 2. Summary of quality-control replicate results for discretely collected data at Cheney Reservoir near Cheney, Kansas, 2016 through 2021.
	Table 3. Updated and new regression models and summary statistics for continuous concentration computations for the North Fork Ninnescah River above Cheney Reservoir, south-central Kansas, during November 14, 2015, through September 30, 2021.
	Table 4. Updated and new regression models and summary statistics for continuous concentration computations for Cheney Reservoir near Cheney, south-central Kansas, during October 1, 2014, through September 30, 2021.


	Abstract
	Introduction
	Purpose and Scope
	Description of Study Area

	Methods
	Continuous Streamflow and Water-Quality Monitoring
	North Fork Ninnescah River above Cheney Reservoir, Kansas_0
	Cheney Reservoir near Cheney, Kansas_0

	Discrete Water-Quality Sampling
	North Fork Ninnescah River above Cheney Reservoir, Kansas
	Cheney Reservoir near Cheney, Kansas

	Quality Assurance and Quality Control of Continuous and Discrete Water-Quality Data
	Development of Regression Models
	Regression Models Developed for Computing Constituents of Interest
	Alkalinity, Total Dissolved Solids, Major Ions, and Hardness
	Nitrate Plus Nitrite, Total Phosphorus, Orthophosphate, and Chlorophyll
	Total and Dissolved Organic Carbon
	Total Suspended Solids and Suspended Sediment
	Fecal Indicator Bacteria
	Atrazine


	Summary
	References Cited
	Appendixes 1. –18. Model Archive Summaries for Regression Models



