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Computation of Bromide Concentrations at the Kansas
River at De Soto, Kansas, January 2021 through

October 2023

By Thomas J. Williams' and Greg S. Totzke?

Abstract

The Kansas River is an essential water resource that
provides drinking water to more than 950,000 people in
northeastern Kansas. Water suppliers that rely on the Kansas
River as a water-supply source use physical and chemical
water-treatment strategies to remove contaminants before
distribution. Water District No. 1 of Johnson County, Kansas
(WaterOne), is the largest water supplier in the State and uses
the Kansas and Missouri Rivers as water-supply sources to
provide drinking water to the Kansas City metropolitan area.
WaterOne has been using ozone disinfection as a primary
water-treatment strategy since the summer of 2020. Water
suppliers that rely on ozone disinfection have become increas-
ingly concerned with the presence of elevated dissolved
bromide (the negatively charged form of bromine; hereafter
referred to as “bromide”) concentrations in their water-
supply source. Ozone disinfection of source water containing
elevated concentrations of bromide can lead to the formation
of bromate, a regulated disinfection byproduct and probable
carcinogen. Real-time computations of bromide concentra-
tions upstream from the WaterOne source-water intake in the
Kansas River can be used to assist WaterOne with proactive
adjustment of water-treatment strategies. These computations
can also be used to advance understanding of hydrologic pro-
cesses affecting ozone disinfection and formation of bromate.

This report documents the development of the surrogate-
regression model that computes bromide concentrations in
real time at De Soto, Kansas, and characterizes daily and
monthly bromide concentrations at this location during the
study period. The U.S. Geological Survey (USGS), in coop-
eration with WaterOne, collected specific conductance and
discrete bromide sample data at the USGS streamgage Kansas
River at De Soto, Kans. (06892350; hereafter referred to as
“De Soto”), during January 2021 through October 2023 to
develop a surrogate-regression model using ordinary least-
squares regression that computes bromide concentrations at
De Soto, which is about 15 miles upstream from the WaterOne

U.S. Geological Survey.

2Water District No. 1 of Johnson County, Kansas.

source-water intake in the Kansas River. Specific conductance
explained about 85 percent of the variance in bromide con-
centrations at De Soto during the study period. The surrogate-
regression model documented in this report estimated that
bromide concentrations at De Soto were likely to exceed the
WaterOne water-treatment level of concern (150 micrograms
per liter [ug/L]) when specific conductance was greater than or
equal to about 930 microsiemens per centimeter at 25 degrees
Celsius. Surrogate-regression model computations of bro-
mide concentrations documented in this report are available
at the USGS National Real-Time Water-Quality website
(https://nrtwq.usgs.gov/).

Bromide concentrations in discrete samples ranged from
31.9 to 251 png/L and exceeded the water-treatment level
of concern in about 34 percent of the 41 samples collected
at De Soto during January 2021 through October 2023.
Computed daily bromide concentrations ranged from 38.2
to 277 pg/L and exceeded the water-treatment level of
concern about 46 percent of the time during January 2021
through October 2023. Generally, an inverse relation was
observed between bromide and streamflow during the study
period. Higher bromide concentrations were observed during
September through February, and lower bromide concentra-
tions were observed during March through August. Seasonal
median bromide concentrations were significantly different in
all pairwise seasonal combinations, except for summer versus
spring. Computed median bromide concentrations were high-
est during winter, followed by fall, then spring and summer.

Introduction

The Kansas River is an essential water resource for
eastern Kansas that provides recreational and industrial uses,
food procurement, groundwater recharge, irrigation, wildlife
habitat, livestock water use, and drinking water for more than
950,000 people in northeastern Kansas (Kansas Department
of Health and Environment, 2017; Josh Olson, Kansas Water
Office, written commun., July 21, 2022). Water suppliers that
rely on the Kansas River as a water-supply source use various
water-treatment strategies, depending on source-water-quality


https://nrtwq.usgs.gov/

2 Computation of Bromide Concentrations at the Kansas River at De Soto, Kansas, January 2021 through October 2023

characteristics, to remove contaminants before distribution.
An early-notification system of changes in source-water qual-
ity upstream from water-supply intakes has been previously
developed and maintained in the Kansas River (Rasmussen
and others, 2005; Foster and Graham, 2016; Williams, 2021,
2023) to assist water suppliers with proactive adjustment of
water-treatment strategies. Surrogate-regression models that
use in situ continuous real-time water-quality data to compute
concentrations of total dissolved solids, major ions, hardness
as calcium carbonate, nutrients, chlorophyll a, total suspended
solids, suspended sediment, and fecal indicator bacteria densi-
ties have recently been developed at three U.S. Geological
Survey (USGS) streamgages: the Kansas River at Wamego,
Kansas (06887500; Williams, 2021); the Kansas River above
Topeka Weir at Topeka, Kans. (06888990; Williams, 2023);
and the Kansas River at De Soto, Kans. (06892350; hereafter
referred to as “De Soto”; Williams, 2021). This previously
published early-notification system provides hourly computa-
tions of water-quality constituent concentrations or densities
that are not easily measured in real time. Model computations
can be compared to associated Federal and State water-quality
criteria and are useful to the public for cultural and recre-
ational purposes. Real-time computations of these concentra-
tions or densities are available at the USGS National Real-
Time Water-Quality website (U.S. Geological Survey, 2024a).
The water-quality data used to develop this early-notification
system have also been used to characterize water-quality
conditions in the Kansas River over time (Graham and others,
2018; Williams and others, 2024a, b).

Water District No. 1 of Johnson County, Kansas
(WaterOne), is the largest water supplier in Kansas and uses
the Kansas and Missouri Rivers as water-supply sources to
provide drinking water to the Kansas City metropolitan area
(Water District No. 1 of Johnson County, 2024b). WaterOne
began using ozone as a primary disinfection-treatment strat-
egy in the summer of 2020 (Water District No. 1 of Johnson
County, 2024a). Water suppliers that rely on ozone disinfec-
tion have become increasingly concerned with the presence of
elevated dissolved bromide (the negatively charged form of
bromine; hereafter referred to as “bromide”) concentrations
in their water-supply source. The sources of bromide in the
Kansas River basin are likely from natural saline water intru-
sion from underlying bedrock, oil-field brine contamination
during the 1910s to 1940s, and the dissolution of deicing and
water-softener salts (Whittemore, 2007; Donald Whittemore,
Kansas Geological Survey, written commun., March 4, 2024).
Bromide itself does not pose a risk to human health (World
Health Organization, 2009). However, ozone disinfection of
source water containing elevated concentrations of bromide
can lead to the formation of bromate (Agus and others, 2009),
a regulated disinfection byproduct and probable carcinogen
(U.S. Environmental Protection Agency, 2009). The forma-
tion of bromate during ozone disinfection can be affected
by the bromide concentration and pH of the water-supply
source (New York State Department of Health, 2006). The

U.S. Environmental Protection Agency has established a
National Primary Drinking Water Regulation for bromate,
setting the maximum contaminant level (MCL) and public
health goal for finished drinking water at 10 micrograms per
liter (ug/L) and 0 pg/L, respectively (U.S. Environmental
Protection Agency, 2009). WaterOne uses a threshold of

150 pg/L for bromide in the Kansas River as a water-treatment
level of concern (Greg Totzke, WaterOne, written commun.,
April 1, 2023).

No surrogate models for bromide concentration in the
Kansas River have been previously published. However,
Baldys and others (2010) developed and published surrogate
models that compute bromide concentration for three USGS
streamgages along the Red River in Texas, and Stone and
Klager (2023) developed similar models for three USGS
streamgages along the Little Arkansas River in Kansas.
Real-time computations of bromide concentrations upstream
from the WaterOne source-water intake in the Kansas River
can be used to enhance the existing early-notification system
of changes in source-water quality (Williams, 2021, 2023)
by assisting WaterOne with proactive adjustment of water-
treatment strategies. These computations can also be used
to advance understanding of hydrologic processes affecting
ozone disinfection and formation of bromate.

The USGS, in cooperation with WaterOne, collected
continuous (15-minute interval) and discrete water-quality
data at De Soto during January 2021 through October 2023 to
develop a surrogate-regression model that computes bromide
concentrations at De Soto. Bromide concentrations computed
from the surrogate-regression model documented in this report
are available at the USGS National Real-Time Water-Quality
website (U.S. Geological Survey, 2024a).

Purpose and Scope

The purpose of this report is to document a surrogate-
regression model that computes bromide concentrations in real
time at De Soto and to characterize daily and monthly bro-
mide concentrations at this location during the study period.
The surrogate-regression model was developed using in situ
specific conductance and bromide sample data collected by the
USGS at De Soto during January 2021 through October 2023.
The surrogate-regression model documented in this report pro-
vides computations of bromide concentrations that are not eas-
ily measured in real time. Historical bromide concentrations
were computed during January 2021 through October 2023
and summarized in relation to the WaterOne water-treatment
level of concern, streamflow, and seasonality. The model-
development data and model computations documented in this
report can be used to characterize water-quality conditions that
affect drinking-water treatment at WaterOne, provide early
notification of changing conditions that can be used to proac-
tively adjust water treatment, and evaluate potential changes in
bromide concentrations in the Kansas River over time.



Description of Study Area

The Kansas River Basin covers about 60,100 square
miles (mi?) of northern Kansas, southern Nebraska, and north-
eastern Colorado (fig. 1). The Kansas River is about 174 miles
long and flows east from the confluence of the Republican and
Smoky Hill Rivers near Junction City, Kans., to its conflu-
ence with the Missouri River (not shown) in Kansas City,
Kans. (fig. 1). The study area, or lower Kansas River Basin,
covers about a 5,450-mi? area east of Junction City, Kans.,
which includes four reservoirs (Milford Lake, Tuttle Creek
Lake, Perry Lake, and Clinton Lake; fig. 1). These reservoirs
regulate streamflow in the Kansas River and were constructed
during the 1960s through 1970s for flood control, public water
supply, and recreation (U.S. Army Corps of Engineers, 2017).
The study area is primarily used for agricultural purposes
(cropland [primarily corn, soybeans, and wheat; Kansas
Department of Agriculture, 2023] and grassland). The rest

Description of Study Area 3

of the study area consists of four major urban areas that are
along the Kansas River: Manhattan, Topeka, Lawrence, and
the Kansas City metropolitan area (fig. 1). These cities, along
with several smaller municipalities, use the Kansas River or its
associated alluvial aquifer as a water-supply source.

A surrogate-regression model that computes bromide
concentrations was developed at De Soto, which has a drain-
age area of about 59,800 mi? (Graham and others, 2018). De
Soto is about 15 miles upstream from the WaterOne source-
water intake in the Kansas River. The instream travel time
from De Soto to the WaterOne source-water intake in the
Kansas River during low-flow conditions (near 1,500 cubic
feet per second) was estimated to range from about 12 hours
(Chantelle Davis, U.S. Geological Survey, written com-
mun., July 8, 2024) to about 20 hours (Jobson, 1996;

U.S. Geological Survey, 2022). The study area is described
in additional detail by Rasmussen and Christensen (2005),
Rasmussen and others (2005), and Graham and others (2012).
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Methods

The USGS collected continuous and discrete water-
quality data at De Soto over a range of streamflow and
specific-conductance conditions observed during January 2021
through October 2023 (figs. 2 and 3). These data were used to
develop a surrogate-regression model that computes bromide
concentrations at De Soto.

Continuous Streamflow and Water-Quality
Monitoring

Continuous (15-minute interval) streamflow data
have been collected at De Soto since October 1990
(U.S. Geological Survey, 2024b). Continuous streamflow
data during January 2021 through October 2023 were col-
lected using standard USGS methods (Sauer and Turnipseed,
2010; Turnipseed and Sauer, 2010). These data are available
in near real time (hourly) from the USGS National Water
Information System database at https://doi.org/10.5066/
F7P55KIJN (U.S. Geological Survey, 2024b) using station
identifier 06892350.

Kansas River at De Soto streamflow, January 2021-October
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The USGS began collecting continuous (15-minute inter-
val) water-quality data at De Soto during July 1999 through
September 2004 and resumed in July 2012 (U.S. Geological
Survey, 2024b). A YSI EXO2 water-quality monitor (YSI,
Inc., 2017), equipped with sensors for water temperature, spe-
cific conductance, dissolved oxygen, pH, turbidity, and chloro-
phyll and phycocyanin fluorescence, was deployed by suspen-
sion from a bridge about 1 to 3 feet below the water surface
near the area of deepest and fastest streamflow at De Soto dur-
ing January 2021 through October 2023 (fig. 4). Continuous
water-quality data were collected and quality assured using
standard USGS methods (Wagner and others, 2006; Bennett
and others, 2014). A nitrate sensor (Hach Nitratax plus sc),
equipped with a 5-millimeter path length (Hach, 2022),
was installed alongside the water-quality monitor during
January 2021 through October 2023. Continuous nitrate
data were collected and quality assured using the methods
described by Pellerin and others (2013). All continuous water-
quality data at De Soto are available in near-real time (hourly)
from the USGS National Water Information System database
at https://doi.org/10.5066/F7P55KJN (U.S. Geological Survey,
2024b) using station identifier 06892350.
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Figure 2. Streamflow duration curve and discrete water-quality samples at the U.S. Geological Survey
streamgage Kansas River at De Soto, Kansas (06892350), during January 2021 through October 2023. Data from

U.S. Geological Survey (2024b).
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Kansas River at De Soto specific conductance, January 2021-October 2023
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Figure 3. Specific-conductance duration curve and discrete water-quality samples at the U.S. Geological
Survey streamgage Kansas River at De Soto, Kansas (06892350), during January 2021 through October 2023. Data

from U.S. Geological Survey (2024b).

Discrete Water-Quality Sampling

Water-quality samples were collected by the USGS at De
Soto on a biweekly to bimonthly basis during January 2021
through October 2023 and analyzed for bromide concentra-
tions. A fixed-schedule sampling approach, affected by the
seasonal streamflow characteristics, allowed for 41 water-
quality samples to be collected over a range of streamflow
and specific-conductance conditions observed at De Soto
during the study period (figs. 2 and 3). All water-quality
samples were collected using the equal-width increment
method, which is a depth-integrated, isokinetic sampling
technique (U.S. Geological Survey, variously dated) that is
representative of the average chemical composition of the
sampled stream cross section. All water-quality samples
collected by the USGS at De Soto during January 2021
through October 2023 were analyzed for bromide concentra-
tions by the WaterOne Laboratory in Kansas City, Kans.,
using U.S. Environmental Protection Agency Method 300.1
(U.S. Environmental Protection Agency, 1997). Results of bro-
mide concentrations from water-quality samples collected by
the USGS at De Soto are available from the USGS National
Water Information System database at https://doi.org/10.5066/
F7P55KIJN (U.S. Geological Survey, 2024b) using station
identifier 06892350.

Quality Assurance and Quality Control of
Continuous and Discrete Water-Quality Data

All continuous specific conductance and discrete bromide
data collected during January 2021 through October 2023
were reviewed and approved quarterly, following USGS
guidance (U.S. Geological Survey, 2012, 2017; Rasmussen
and others, 2014). Continuous specific-conductance data
occasionally were corrected, missing, or deleted because of
excessive fouling, sensor calibration drift (Wagner and others,
2006; Bennett and others, 2014), equipment malfunction,
or temporary removal of equipment to prevent loss or dam-
age during icy conditions. About 6 percent of the continuous
specific-conductance data at De Soto were missing or deleted
during January 2021 through October 2023 (U.S. Geological
Survey, 2024b).

Concurrent replicate samples were collected for about
10 percent of all discrete water-quality samples for quality-
control purposes. Concurrent replicate samples were used to
characterize variability in bromide concentrations that could
have been potentially introduced by sample collection, pro-
cessing, or analytical methods (Rasmussen and others, 2014;
Mueller and others, 2015). Relative percentage difference
was used to quantify the variability in concurrent replicate
pairs of sampled bromide concentrations and was calculated
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Figure 4. Continuous water-quality monitor deployment at the U.S. Geological
Survey streamgage Kansas River at De Soto, Kansas (06892350), during

January 2021 through October 2023. Photograph by Ryan Waters, U.S. Geological
Survey.
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by dividing the absolute difference of the paired samples by
their mean value and multiplying by 100 (Zar, 1999). Three
concurrent replicate pairs of sampled bromide concentra-
tions were collected at De Soto during January 2021 through
October 2023, with median and mean relative percentage dif-
ferences equaling about 4 and 11 percent, respectively.

Field- and equipment-blank samples also were collected
for about 10 percent of all discrete water-quality samples
for quality-control purposes to characterize bias in bromide
concentrations that could have been potentially introduced by
sampling and analytical methods (Mueller and others, 2015).
During January 2021 through October 2023, three field-blank
samples were collected at De Soto, and two equipment-blank
samples were collected at the USGS Kansas Water Science
Center water-quality sample-processing laboratory and ana-
lyzed for bromide concentrations by the WaterOne Laboratory;
all results were less than the laboratory minimum reporting
limit of 25 pg/L.

Development of Bromide Regression Model

A surrogate-regression model that relates continuous
in situ specific-conductance sensor measurements to dis-
crete sample bromide concentrations was developed for De
Soto using data collected by the USGS during January 2021
through October 2023. The model was developed using ordi-
nary least-squares regression (Helsel and others, 2020) and
R programming language (R Core Team, 2024). No bromide
data collected during the study period were reported as esti-
mated or less than the laboratory minimum reporting limit.

Continuous (15-minute interval) streamflow data, water-
quality data (water temperature, specific conductance, pH,
dissolved oxygen, turbidity, chlorophyll and phycocyanin
fluorescence, and nitrate), and seasonal components were
considered as potential explanatory variables for bromide
concentrations at De Soto. Potential explanatory variables
were interpolated by discrete water-quality sample time within
the 15-minute continuous time series record. For example, if
the water-quality sample time was 12:20, then the explana-
tory variable value was interpolated between values recorded
at 12:15 and 12:30 in the continuous time series record. No
discrete water-quality sample times coincided with a gap in
the continuous record exceeding 1 hour (because of exces-
sive fouling, equipment malfunction, or equipment removal).
Potential explanatory variables were evaluated individually
and in combination.

Potential surrogate-regression models for bromide con-
centrations were evaluated based on the range and distribution
of model-calibration data, patterns in residual plots, adjusted
coefficient of determination (R?), and root mean square error
(RMSE; Rasmussen and others, 2009; Helsel and others,
2020). Potential outliers in the model-calibration dataset were
initially identified in bivariate plots of the explanatory and
response variables (Rasmussen and others, 2009). Model-
computed studentized residual values greater than three or less

than negative three (Pardoe, 2020) also were used to identify
potential outliers in the dataset. Computations of leverage,
Cook’s distance, and difference in fits statistics were used

to estimate outlier effect on a potential surrogate-regression
model (Cook, 1977; Helsel and others, 2020). After identifi-
cation, outliers were investigated for possible removal from
the model-calibration dataset by confirming correct database
entry, evaluating relevant laboratory quality-control and
quality-assurance data, and reviewing sample-field notes for
abnormalities that could have affected the result (Rasmussen
and others, 2009). Using this approach, no outliers were
determined to have errors associated with sample collec-
tion, processing, or analysis and were retained in the model-
calibration dataset.

The best surrogate-regression model was selected when
the amount of variance in bromide concentrations explained
by the explanatory variable (as indicated by adjusted R?)
was maximized, the probability (p) value of the explana-
tory variable was less than 0.05, uncertainty in the model
computations was minimized (as indicated by RMSE), and
heteroscedasticity (irregular scatter) in residual plots was
minimized (Rasmussen and others, 2009; Helsel and others,
2020). A logarithmic transformation (logarithm with base 10
[log] transformation) was considered if it reduced heterosce-
dasticity in residual plots. However, log transformations can
introduce negative bias in model computations (Helsel and
others, 2020). Therefore, if a log transformation was used, a
bias correction factor was needed for the retransformation of
log-transformed model computations back into their original
unit (Duan, 1983). A multiple linear regression model (con-
taining more than one explanatory variable) was not selected
because there was no combination of explanatory variables
in which the extra variable increased the adjusted R? by more
than 5 percent and minimized the RMSE and residual het-
eroscedasticity. Model-development methodology is described
in additional detail in appendix 1.

Computation of Historical Bromide
Concentrations

Daily bromide concentrations at De Soto were com-
puted during January 2021 through October 2023 using the
surrogate-regression model documented in this report and
daily mean specific-conductance data. Occasionally, daily
mean specific-conductance data were missing or deleted
because of excessive fouling, equipment malfunction, or
temporary removal of the continuous water-quality monitor
to avoid damage or loss during subfreezing surface-water
temperatures. About 10 percent of daily mean specific-
conductance data were missing or deleted during the study
period. During these periods, daily bromide concentra-
tions were computed using the Weighted Regressions on
Time, Discharge, and Season method with Kalman filtering
(WRTDS-K; Kalman, 1960; Hirsch and others, 2010; Hirsch
and De Cicco, 2015; Zhang and Hirsch, 2019). Daily bromide



concentrations computed using the WRTDS—K method can

be recomputed using the Exploration and Graphics for RivER
Trends (or EGRET) R package (Hirsch and De Cicco, 2015),
daily mean streamflow, and the results of bromide concentra-
tions from water-quality samples collected at De Soto during
January 2021 through October 2023 (U.S. Geological Survey,
2024b). The WRTDS—K method has been determined to be
more accurate compared to other regression-based methods
using streamflow as the explanatory variable (Lee and others,
2019). However, the WRTDS—K method is a retrospective
approach intended to be used for the computation of daily con-
centration and cannot be used to compute hourly bromide con-
centrations in real time. The Wilcoxon signed rank (Wilcoxon,
1945) and Mann-Whitney rank sum (Mann and Whitney,
1947) tests were used to determine if there were statistical
differences between daily bromide concentrations computed
using the specific-conductance based surrogate regression and
WRTDS-K methods during days when computations from
both methods were available.

Historical daily bromide computations were used to
characterize bromide concentrations during the study period
relative to the WaterOne water-treatment level of concern of
150 pg/L (Greg Totzke, WaterOne, written commun., April 1,
2023). This threshold is specific to WaterOne’s Kansas River
treatment facility and is based on their ozone disinfection
strategies. It was estimated that when bromide concentrations
in the Kansas River exceed the WaterOne water-treatment
level of concern (150 pg/L), the formation of bromate concen-
trations greater than the MCL of 10 pg/L (U.S. Environmental
Protection Agency, 2009) during ozonation is likely. When
bromide concentrations in the Kansas River approached or
exceeded the water-treatment level of concern, WaterOne
adjusted their water-treatment strategies to ensure the bromate
MCL was not exceeded.

Monthly and seasonal patterns in computed bromide
concentrations were also investigated during the study
period. Monthly median bromide concentrations were cal-
culated using the daily bromide concentrations computed
from the specific-conductance based surrogate-regression
and WRTDS-K methods during January 2021 through
October 2023. Monthly median bromide concentrations were
then compared to monthly median streamflow (computed
using daily mean streamflow data). To investigate seasonal
patterns in computed bromide concentrations, seasonal median
values were computed and compared using a Kruskal-Wallis
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one-way analysis-of-variance on ranks test (Helsel and oth-
ers, 2020). For the purposes of this test, seasons were defined
as follows: winter consisted of December through February,
spring consisted of March through May, summer consisted
of June through August, and fall consisted of September
through November. If differences in seasonal median values
were determined to be significantly different (p-value less
than [<] 0.05), then a Dunn’s test was used to test all pairwise
differences among each season and identify which season(s)
differed (Dunn, 1964; Helsel and others, 2020).

Bromide Regression Model Results

A surrogate-regression model that computes bromide
concentrations was developed for De Soto using data col-
lected during January 2021 through October 2023. Specific
conductance was selected as the single explanatory variable,
which explained about 85 percent of the variance (as indicated
by R?) in bromide concentrations at De Soto (table 1; app. 1).
Specific conductance is a measure of the electrical conduc-
tivity of water and is positively correlated with bromide and
other charged ionic species (Hem, 1985). Using the surrogate-
regression model documented in this report (table 1; app. 1),
bromide concentrations at De Soto were likely to exceed
the WaterOne water-treatment level of concern (150 pg/L)
when specific conductance was greater than or equal to about
930 microsiemens per centimeter at 25 degrees Celsius.
Specific conductance was also the single explanatory vari-
able for bromide concentration in surrogate-regression models
developed by Baldys and others (2010) for three USGS
streamgages along the Red River in Texas (explained about
92-97 percent of the variance in bromide concentrations),
and by Stone and Klager (2023) for three USGS streamgages
along the Little Arkansas River in Kansas (explained about
72-89 percent of the variance in bromide concentrations). The
final selected surrogate-regression model for bromide concen-
trations at De Soto, associated model-diagnostic statistics, and
summary statistics of the model-calibration dataset are listed
in table 1. A model archival summary that documents model-
development information, statistical output (R Core Team,
2024), and the model-calibration dataset is provided in appen-
dix 1. Surrogate-regression model computations of bromide
concentrations are available at the USGS National Real-Time
Water-Quality website (U.S. Geological Survey, 2024a).



Table 1. Surrogate-regression model and summary statistics for computing bromide concentrations at the U.S. Geological Survey streamgage Kansas River at De Soto, Kansas
(06892350), using data collected during January 2021 through October 2023.

[R?, coefficient of determination; MSE, mean square error; RMSE, root mean square error; MSPE, model standard percentage error; n, number of discrete samples used in model-development dataset; pg/L,
microgram per liter; log, logarithm with base 10; Br, bromide, in micrograms per liter; SC, sensor-measured specific conductance, in microsiemens per centimeter at 25 degrees Celsius; NA, not applicable]

Discrete data used in model-development dataset

Bias

. Mo(_iel Adjusted Upper Lower correction Percentage Range 9f . . Percentage of
Regression model archival B MSE RMSE MSPE  MSPE factor n of vall_les in Flrs_t Mean Median Thnrfl data greater
summary (Duan, 1983) censored variable quartile quartile than 150 pg/L'
data measurements
Bromide (Br), dissolved, pg/L
log(Br)=1.224log(SC)—1.460  Appendix 0.854 0.00457 0.0676  16.9 14.4 1.012 41 0 Br: 31.9-251 943 131 136 166 342
1 SC: 359-1,240 656 823 830 975 NA

"Water-treatment level of concern.
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Historical Bromide Concentrations

Bromide concentrations in discrete samples ranged from
31.9 to 251 pg/L (mean=131 pg/L; median=136 pug/L) and
exceeded the water-treatment level of concern (150 pg/L)
in about 34 percent of the 41 samples collected at De Soto
during January 2021 through October 2023 (table 1). Daily
bromide concentrations were computed at De Soto using daily
mean specific-conductance data and the surrogate-regression
model documented in this report during January 2021 through
October 2023. When daily mean specific-conductance data
were missing at De Soto during this time, daily bromide
concentrations were computed using the WRTDS-K method
(Kalman, 1960; Hirsch and others, 2010; Hirsch and De Cicco,
2015; Zhang and Hirsch, 2019). The Wilcoxon signed rank
(Wilcoxon, 1945) and Mann-Whitney rank sum (Mann and
Whitney, 1947) tests did not indicate significant differences
(p-value<0.05) between pairs of daily bromide concentrations
(Wilcoxon signed rank test p-value=0.218; table 2) or daily
bromide concentration datasets (Mann-Whitney rank sum
test p-value=0.177; table 2) computed using either method.
Therefore, the use of WRTDS—K computed daily bromide con-
centrations during days when daily mean specific-conductance
data were missing or deleted was a suitable approach for
computing a complete daily record of bromide concentra-
tions during January 2021 through October 2023. Computed
daily bromide concentrations ranged from 38.2 to 277 ng/L
(mean=142 pg/L; median=145 pg/L; table 2) and exceeded the
water-treatment level of concern about 46 percent of the time
during January 2021 through October 2023 (fig. 5). Summary
statistics and results of statistical difference tests for bromide
concentrations computed using the specific-conductance
based surrogate-regression and WRTDS—K methods during
January 2021 through October 2023 are listed in table 2.

Historical Bromide Concentrations 1"

Computations of monthly median bromide concentrations
were compared to monthly median streamflow at De Soto dur-
ing January 2021 through October 2023. Generally, an inverse
relation was observed between bromide and streamflow during
the study period. Higher bromide concentrations were observed
during September through February, and lower bromide
concentrations were observed during March through August
(fig. 6). The opposite was observed for streamflow; higher
streamflow was observed during May through July (fig. 6).
Computations of seasonal median bromide concentrations
were compared using the Kruskal-Wallis one-way analysis-of-
variance on ranks (Helsel and others, 2020) and Dunn’s tests
(Dunn, 1964; Helsel and others, 2020) to investigate seasonal
patterns further. Seasonal median bromide concentrations were
significantly different (p-value<0.05) in all pairwise seasonal
combinations (p-values<0.001), except for summer versus
spring (p-value=0.518). Computed median bromide concentra-
tions were highest during winter, followed by fall, followed by
spring and summer.

Patterns in historical computed bromide concentrations in
the Kansas River relative to streamflow and seasonality can be
helpful to water suppliers using ozone disinfection. Increases
in specific conductance and decreases in streamflow are likely
to correspond to increases in bromide concentrations at De
Soto. The real-time computations of bromide concentrations
using the model documented in this report and the observed
historical patterns in bromide at De Soto can aid water suppli-
ers in proactively adjusting water-treatment strategies to reduce
the risk of bromate formation during ozone disinfection and
evaluating potential changes in bromide concentrations in the
Kansas River over time. These computations can also be used
to advance understanding of hydrologic processes affecting
ozone disinfection and formation of bromate.

Table2. Summary statistics for bromide concentrations computed using the specific-conductance based surrogate-regression and
the Weighted Regressions on Time, Discharge, and Season with Kalman filtering methods at the U.S. Geological Survey streamgage
Kansas River at De Soto, Kansas (06892350), during January 2021 through October 2023.

[WRTDS-K, Weighted Regressions on Time, Discharge, and Season with Kalman filtering; p, probability; NA, not applicable]

Computed using specific-

Computed using Computed using specific-

Statistic conductance bas_ed surrogate WRTDS—K' conductance surrogate regression
regression’ and WRTDS-K?
Number of computations 931 931 1,028
Minimum 38.2 25.0 38.2
Mean 140 141 142
Median 141 145 145
Maximum 240 256 277
Wilcoxon signed rank test p-value 0.218 0.218 NA
Mann-Whitney rank sum test p-value 0.177 0.177 NA

'Summary statistics were computed using daily data when bromide concentrations from both computation methods were available.

2Computations of bromide concentrations using the WRTDS-K method (Kalman, 1960; Hirsch and others, 2010; Hirsch and De Cicco, 2015; Zhang and
Hirsch, 2019) were included only when daily mean specific-conductance data were unavailable.
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200 Kansas River at De Soto computed bromide concentration, January 2021-0October 2023
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Figure 5. Computed bromide duration curve for the U.S. Geological Survey streamgage Kansas River at
De Soto, Kansas (06892350), during January 2021 through October 2023.
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Kansas River at De Soto computed monthly bromide concentration and streamflow,
January 2021-October 2023
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Figure 6. Monthly median computed bromide and streamflow at the U.S. Geological Survey streamgage Kansas
River at De Soto, Kansas (06892350), during January 2021 through October 2023.

summ ary a regulated disinfection byproduct and probable carcinogen.
Real-time computations of bromide concentrations upstream
from the WaterOne source-water intake in the Kansas River
can be used to assist WaterOne with proactive adjustment of
water-treatment strategies. These computations can also be
used to advance understanding of hydrologic processes affect-

The Kansas River is an essential water resource for
eastern Kansas that provides recreational and industrial uses,
food procurement, groundwater recharge, irrigation, wildlife
habitat, livestock water use, and drinking water for more than

950,000 people in northeastern Kansas. Water suppliers that ing ozone disinfection and formation of bromate.

rely on the Kansas River as a water-supply source use various This report documents the development of the surrogate-
water-treatment strategies, depending on source-water-quality regression model that computes bromide concentrations in
characteristics, to remove contaminants before distribution. real time at De Soto, Kansas, and characterizes daily and
Water District No. 1 of Johnson County, Kansas (WaterOne), monthly bromide concentrations at this location during the

is the largest water supplier in Kansas and uses the Kansas and ~ study period. The U.S. Geological Survey (USGS), in coop-
Missouri Rivers as water-supply sources to provide drink- eration with WaterOne, collected continuous and discrete

ing water to the Kansas City metropolitan area. WaterOne water-quality data at the USGS streamgage Kansas River

has been using ozone as a primary disinfection-treatment at De Soto, Kans. (06892350; hereafter referred to as “De
strategy since the summer of 2020. However, water suppli- Soto”), during January 2021 through October 2023 to develop
ers that rely on ozone disinfection have become increasingly a surrogate-regression model that computes bromide concen-
concerned with the presence of elevated dissolved bromide trations at De Soto, which is about 15 miles upstream from the
(the negatively charged form of bromine; hereafter referred WaterOne source-water intake in the Kansas River. Model-

to as “bromide”) concentrations in their water-supply source. development data and model computations documented in this
Ozone disinfection of source water containing elevated con- report can be used to characterize water-quality conditions

centrations of bromide can lead to the formation of bromate, that affect drinking-water treatment at WaterOne, provide
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early notification of changing conditions that can be used to
proactively adjust water-treatment strategies, and evaluate
potential changes in bromide concentrations in the Kansas
River over time.

Continuous (15-minute interval) streamflow and water-
quality (water temperature, specific conductance, pH, dis-
solved oxygen, turbidity, chlorophyll and phycocyanin
fluorescence, and nitrate) data were collected at De Soto
during January 2021 through October 2023. Water-quality
samples were collected on a biweekly to bimonthly basis at
De Soto during this time and analyzed for bromide concentra-
tions. These data were used to develop a surrogate-regression
model that computes bromide concentrations at De Soto. This
model was developed using ordinary least-squares regression.
Daily bromide concentrations at De Soto were computed dur-
ing January 2021 through October 2023 using the surrogate-
regression model documented in this report and daily mean
specific-conductance data. During periods when daily mean
specific-conductance data were missing (because of excessive
fouling, equipment malfunction, or temporary removal of the
continuous water-quality monitor), daily bromide concen-
trations were computed using the Weighted Regressions on
Time, Discharge, and Season method with Kalman filtering.
Historical daily bromide computations were used to character-
ize bromide concentrations during the study period relative to
the WaterOne water-treatment level of concern of 150 micro-
grams per liter (ug/L).

A surrogate-regression model that computes bromide
concentrations was developed for De Soto using data collected
during January 2021 through October 2023. Specific con-
ductance was selected as the single explanatory variable and
explained about 85 percent of the variance in bromide concen-
trations at De Soto. The surrogate-regression model docu-
mented in this report estimated that bromide concentrations at
De Soto were likely to exceed the WaterOne water-treatment
level of concern when specific conductance was greater
than or equal to about 930 microsiemens per centimeter at
25 degrees Celsius. Surrogate-regression model computations
of bromide concentrations are available at the USGS National
Real-Time Water-Quality website (https://nrtwq.usgs.gov).

Bromide concentrations in discrete samples ranged from
31.9 to 251 pg/L (mean=131 pg/L; median=136 pg/L) and
exceeded the water-treatment level of concern (150 pg/L)
in about 34 percent of the 41 samples collected at De Soto
during January 2021 through October 2023. Computed
daily bromide concentrations ranged from 38.2 to 277 ug/L
(mean=142 pg/L; median=145 pg/L) and exceeded the water-
treatment level of concern (150 pg/L) about 46 percent of the
time during January 2021 through October 2023. Generally, an
inverse relation was observed between bromide and stream-
flow during the study period. Higher bromide concentrations
were observed during September through February, and lower
bromide concentrations were observed during March through
August. The opposite was observed for streamflow; higher
streamflow was observed during May through July. Seasonal
median bromide concentrations were significantly different

in all pairwise seasonal combinations (probability values less
than 0.001), except for summer versus spring (probability
value=0.518). Computed median bromide concentrations were
highest during winter, followed by fall, followed by spring
and summer.

Patterns in historical computed bromide concentrations in
the Kansas River relative to streamflow and seasonality can be
helpful to water suppliers using ozone disinfection. Increases
in specific conductance and decreases in streamflow are likely
to correspond to increases in bromide concentrations at De
Soto. Real-time computations of bromide concentrations and
observed historical patterns in bromide at De Soto can aid
water suppliers in proactively adjusting water-treatment strate-
gies to reduce the risk of bromate formation during ozone
disinfection and for evaluating potential changes in bromide
concentrations in the Kansas River over time.
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Appendix1. Model Archival Summary for Bromide Concentration at U.S.
Geological Survey Streamgage 06892350, Kansas River at De Soto, Kansas,
during January 2021 through October 2023

This appendix contains a model archival summary of the  through October 2023. The model archival summary docu-
surrogate-regression model that computes bromide concen- ments model-development information, statistical output, and
trations at the Kansas River at De Soto, Kansas using data the model-calibration dataset. The model archival summary is
collected by the U.S. Geological Survey during January 2021 available for download at https://doi.org/10.3133/sir20245078.
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