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Multiply By To obtain

Length
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Supplemental Information

A water year is the period from October 1 to September 30 and is designated by the year in
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Concentrations of chemical constituents in water are given in micrograms per liter (pg/L).
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Simulation of Hydrodynamics and Water Temperature in a
21-Mile Reach of the Upper lllinois River, lllinois, 202022

By Michael R. Ament and David C. Heimann

Abstract

This report describes the development of a CE-QUAL-
W2 river hydrodynamics and temperature model of a 21-mile
reach of the Illinois River including a 3-mile reach of a major
tributary, the Fox River. Model outputs consist of streamflow,
water velocity, water-surface elevation, and water-temperature
time series that can be used to simulate summer conditions
in years with and without extensive development of harmful
algal blooms (HABs). These analyses may provide a better
understanding of some complex factors contributing to HAB
development along the Illinois River. Such an understanding
may provide more accurate HAB timing and location predic-
tions and may help determine potential mitigating activities to
prevent or limit the size and duration of HABs.

Using the observed and simulated hydrodynamic condi-
tions in the Illinois River study reach, it was possible to com-
pare and contrast streamflow, velocity, and temperature condi-
tions in years with varying HAB distributions. Occurrences
of extensive HABs were documented in the study reach in
June 2020 and June 2021, but only a small HAB restricted to
the Marseilles Lock and Dam pool occurred in the summer of
2022. The objective then was to find similarities in site condi-
tions between 2020 and 2021 that may contrast with the condi-
tions in 2022. Among the 3 years included in the study, the
variability in simulated water temperature exceeded variability
in observed streamflow and simulated velocities. The longest
period of water temperatures greater than 27 degrees Celsius
(°C) in the selected locations in June of the three analysis
years was in the second half of June 2022, yet no study-area
wide HAB was documented in 2022. Simulations indicated
that after warm water temperatures were established in the
reach in June 2022, a cooling period broke up the warming
period. This period of cooling was greater in magnitude and
duration downstream from the location of a localized HAB
perhaps limiting the spread of the bloom.

Residence times differed substantially in segments
representing different channel features; values ranged from
0.28 to 17.3 (days per 500 meters of channel) between the
main stem and backwater areas, respectively. Variation in
average June residence times was also greater among differ-
ent channel features than among different years in the study

period. The HABs in 2020 and 2021 at Starved Rock Dam
were documented when water temperatures were about 26 °C.
River backwater areas at some locations did attain these tem-
peratures 2 to 3 days before the conditions in the main stem.
Residence times in the backwater areas, however, generally
exceeded 9 days, thus limiting the exchange of water carrying
algal biomass into the main channel.

Hydrodynamic model calibration involved adjusting
model parameters until observed and simulated daily water-
surface elevations, daily streamflows, discrete velocities, and
channel areas were similar. Temperature calibration was done
with near-surface continuous time-series data and discrete
vertical profile temperatures. Observed and simulated water
temperatures generally were within 1 °C at all monitoring
locations.

Introduction

The Illinois River serves as an important commercial
conduit and a means of recreation between its mouth at the
Mississippi River at Grafton, Illinois, and Lake Michigan
at Chicago, Ill. (fig. 1). Along its length are seven locks and
dams to maintain a navigable channel. The Illinois River Basin
is about 28,906 square miles (mi%; Healy, 1979), and nutrient
inputs to this waterway are substantial and diverse, with point-
source contributions from the large urban Chicago metropoli-
tan area and nonpoint runoff from the intensive agricultural
areas along its length (Terrio and others, 2015). In the past
decade, multiple instances of excess algal growth resulted in
a substantial amount of decomposing organic matter that low-
ered dissolved oxygen and could result in the production of
toxin-producing cyanobacteria blooms (Illinois Environmental
Protection Agency, 2023). Such harmful algal blooms
(HABs) have created poor water quality within reaches of
the upper Illinois River, posing health risks, use limitations,
and increased water treatment costs to adjacent communi-
ties. The U.S. Environmental protection Agency (EPA) health
advisory limits for microcystin are 0.3—1.6 micrograms per
liter (ng/L) for drinking water and 8 pg/L for recreation
(U.S. Environmental Protection Agency, 2022a); cyanotoxin
concentrations much greater than those limits have been
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detected in the Illinois River in recent years (2020, 2021)
and are known to occur regionally (Illinois Environmental

Protection Agency, 2023).

HABs have been documented along parts of the upper
Illinois River most recently in June 2018, June 2020, and
June 2021 (Illinois Environmental Protection Agency, 2023)
and in a localized area through much of the summer of
2022 (Steven Butler, Illinois Natural History Survey, writ-
ten commun., 2023). In response to reoccurring HABs,

the U.S. Geological Survey (USGS) and the Illinois
Environmental Protection Agency established several continu-
ous water-quality monitoring streamgages along the upper
Illinois River to serve as sentinel gages to warn of potential
HABSs and to provide water-quality data for characterizing
potentially harmful conditions (U.S. Geological Survey,
2021b). Monitoring, reporting, and documentation of HABs
in the State of Illinois are done by the Illinois Environmental
Protection Agency and Illinois Department of Public Health;

89°00'
I

North Utica

— 05553700
41°20'

Illinois River at
Starved Rock
Lock and Dam pool

41°10' =

41°00' —

Illinois River
at Ottawa at Marseilles

—-

88°50'
I

Illinois River

Lock and Dam
tailwater

LASALLE COUNTY

88°40 88°30"
I _ KENDALL COUNTY

Illinois River
at Marseilles
Lock and Dam

Marseilles GRUNDY COUNTY

LIVINGSTON COUNTY

MICHIGAN

- LAKE MICHIGAN ™%

“llinois

Base map from Esri and its licensors, copyright 2023
Web Mercator (Auxillary Sphere) projection, World Geodetic System of 1984
Horizontal coordinate information referenced to the North American Datum of 1983

EXPLANATION

05552500A
U.S. Geological Survey streamgage and identifier

A U.S. Army Corps of Engineers streamgage

Co9

Ott 4SW,
awa 43 A Global Historical Climatology Network station and identifier

0
Automated Surface Observing Systems station and identifier I T
0

Figure 1. The lllinois River Basin and study area.

River
Basin

Gra fto INDIANA

Mississippi 4
River

4 8 12 MILES
I

[ [
4 8 12 KILOMETERS



these entities promote awareness of HABs and disseminate
precautionary measures (Illinois Environmental Protection
Agency, 2023).

Numerous segments of the Fox River (fig. 1), a tribu-
tary to the Illinois River, also have a variety of water-quality
impairments including low dissolved oxygen, excessive algal
growth, and higher than recommended nutrient concentra-
tions. These impairments have led to sections of the Fox River
in Wisconsin and Illinois being listed on the EPA Section
303-(d) list of the 1972 Clean Water Act, which identifies
waters affected by low water quality and pollutants causing or
expected to cause water-quality violations within each State’s
waterways (U.S. Environmental Protection Agency, 2022b).

The specific physical, chemical, and ecological condi-
tions under which HABs form in the Illinois River are not
well understood. Although widespread HABs were observed
in the upper reaches of the Illinois River in June 2020 and
June 2021, only a localized algal bloom was reported in 2022.
The environmental conditions under which HABs form are
complex but commonly characterized by warm temperatures
and high nutrient concentrations (Summers and others, 2022).
An analysis of the streamflow and water-temperature condi-
tions during the years of widespread HAB occurrences and the
year of localized HAB development may provide insight into
understanding the subtle differences in the physical conditions
present in both cases. The development of a hydrodynamic
and water-temperature model (water temperature is a compo-
nent of the hydrodynamic model so it will hereafter be referred
to as a “hydrodynamic model”) of a selected reach of the
upper Illinois River, supported by extensive field data collec-
tion efforts, provides the opportunity to quantify and explore
the effects of subtle differences in hydrodynamic characteris-
tics on HABs.

In 2021, the USGS began a project to develop and cali-
brate a hydrodynamic model of a selected reach of the Illinois
River that includes the Fox River confluence. Streamgage
locations define the upstream end of the model reach at
Seneca, I11., (USGS station 05543010) and the downstream
end at Starved Rock Lock and Dam (USGS station 05553700;
fig. 1). The model inputs were obtained from existing
streamgages and meteorological stations along the reach.
Model outputs consist of streamflow, water velocity, water-
surface elevation, and water-temperature time series that can
be used to simulate summer periods in years with and without
extensive HAB development. These analyses may provide a
better understanding of how selected physical factors affect
the development and timing of HABs within the Illinois River.
Such an understanding may provide more accurate HAB tim-
ing and location predictions and may help determine potential
mitigating activities to prevent or limit the size and dura-
tion of HABs.

Introduction 3

Site Description

The study area is a 21-mile (mi) reach of the Illinois
River between the Starved Rock Lock and Dam operated by
the U.S. Army Corps of Engineers (USACE) (U.S. Army
Corps of Engineers, 2022; river mile 231) at the downstream
extent and the USGS streamgage at Seneca, I1l. (USGS sta-
tion 05543010; U.S. Geological Survey, 2022c; river mile 252;
see fig. 1) at the upstream extent. The drainage area at Starved
Rock Lock and Dam is 11,056 mi? whereas the drainage
area at Seneca is 8,215 mi2. The confluence of the Illinois
River and a major tributary, the Fox River (drainage area of
2,660 mi?), is within the study reach. The Illinois municipali-
ties of Seneca, Marseilles, Ottawa, and North Utica are along
the banks of the Illinois River within this reach (fig. 1). The
study reach contains two locks and dams, which are oper-
ated by the USACE. The Marseilles Lock and Dam, near
Marseilles, is about 5 mi downstream from the upstream end
of the study reach. The Starved Rock Lock and Dam near
North Utica is at the downstream boundary of the study reach
(fig. 1).

The upper reach of the Illinois River receives inputs from
two contrasting drainage areas: the greater Chicago area, with
highly urbanized metropolitan and industrial areas, and the
rural, row-crop agricultural area in northeastern Illinois and
northwestern Indiana. Upstream from North Utica, Ill., land
cover of the Illinois River Basin is 55.6 percent agriculture,
29.5 percent developed, 8.2 percent forest, 4.8 percent wet-
lands, and 1.8 percent open water (Dewitz and U.S. Geological
Survey, 2021).

Purpose and Scope

This report describes the development, calibration, and
sensitivity analysis of a hydrodynamic model of a 21-mi
reach of the Illinois River. The model domain also includes a
3-mi reach of a major tributary, the Fox River. The model is
two dimensional, is laterally averaged, and provides output
information in the longitudinal (streamwise) and vertical
(water column) axes. The model was calibrated to observed
water-surface elevation, streamflow, velocity, channel area,
and water-temperature data for January 1, 2021, through
December 31, 2022, and model performance was validated
for January 1, 2020, through December 31, 2020. As part of
the sensitivity analyses, the model was used to determine
changes from base condition water temperature resulting from
changes in streamflow, projected changes in air temperature,
and selected water-temperature calibration parameters. Model
results allow for location-specific comparisons of hydrau-
lic and vertical water-temperature characteristics within the
study reach during multiple documented periods of HAB
occurrences.
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Model Development and Calibration

The upper Illinois River hydrodynamic model was
developed using CE-QUAL-W?2 (version 4.5; Wells, 2023),
a two-dimensional (simulates in the longitudinal and vertical
dimensions), laterally averaged hydrodynamic and water-
quality model for rivers, lakes, and estuaries. The hydro-
dynamic computations of the model can be used to predict
water-surface elevation, streamflow, velocity, channel area,
and water temperature. In addition, the model can simulate
numerous water- and sediment-quality constituents including
nutrients, organic matter, dissolved oxygen, bacteria, phyto-
plankton, and macrophytes. Model data preparation for this
study included development of channel geometry and compu-
tational grid; development of hydrologic, meteorologic, and
air- and water-temperature time series; specification of initial
conditions including boundary conditions, hydraulic param-
eters, and kinetic parameters; and simulation of hydraulic and
water-temperature characteristics with depth at multiple loca-
tions within the study reach.

Topographic and Bathymetric Data

Model geometry for the Illinois River model was devel-
oped using a digital elevation model (DEM) incorporating
[llinois River bathymetry and surrounding terrain. The base
DEM used in this study was developed from a quality level 2+
survey with light detection and ranging (known as lidar) flown
in April 2018 by GRW Aerial Surveys Incorporated and is
available through the USGS 3D Elevation Program website
(U.S. Geological Survey, 2021a). The USACE Rock Island
District Operations Division maintains bathymetric depth
grids for each of the navigation pools along the Illinois River.
These depth grids cover almost all of the navigation chan-
nel and many of the side channels along the Illinois River.
The depth grids consist of the latest surveys for each part of
the river, dating between 1999 and 2017. The base DEM was
supplemented with the USACE bathymetric survey data of
the Illinois River (John Burant, USACE, written commun.,
2021) and the compiled terrain data within the study site are
available in Ament and Heimann (2024). Vector polylines
were drawn to depict model segment boundaries and polygons
of segment extents of wetted channel areas determined from
satellite imagery. The DEM and vector spatial files were used
in a QGIS version 3.18 (QGIS Development Team, 2021) with
an associated plug in (Bernstein, 2019) to develop a required
model input table of segment areas and associated 0.5-meter
(m) depth intervals.

Model Input Datasets

Model input included hydrologic (water-surface
elevations and streamflow), meteorologic (air temperature,
dew-point temperature, cloud cover, wind speed, and wind

direction), and water-temperature datasets. The time interval
of the datasets varied depending on availability and ranged
from 15-minute to hourly data.

Hydrologic Data

Hydrologic data used as boundary condition inputs and
for calibrating the hydrodynamic model included water-
surface elevation and streamflow time series at selected
streamgage locations (table 1; fig. 1) within the study reach.
Time series at the USGS streamgages were at 15-minute
collection intervals (U.S. Geological Survey, 2022a, b, c).
Water-surface elevation time-series collection intervals at the
USACE streamgages at the Illinois River at Marseilles and
Starved Rock were 30 minutes, whereas the time series at
the Illinois River at Ottawa were daily (U.S. Army Corps of
Engineers, 2022). In addition to streamflow and water-surface
elevation data, the USGS streamgages at Marseilles (sta-
tion 05543500) and Fox River at Dayton (station 05552500)
included velocity and channel area data associated with dis-
crete streamflow measurements that also were used for model
calibration.

The timing and magnitude of peak flows are important
in HAB analyses because they are highly correlated with
sediment and nutrient delivery and transport. For example, an
exceptionally dry spring period may limit runoff and nutrient
transport after crop fertilization ultimately limiting instream
nutrient availability for the formation of HABs; however,
extended dry periods after intense storms may increase the
potential for the development of HABs (U.S. Environmental
Protection Agency, 2013). Annual mean streamflows dur-
ing the analysis period at the Illinois River at Marseilles
streamgage indicated that 2020 had the highest annual mean
streamflow (13,700 cubic feet per second [{t3/s]; based on
water year of October 1 to September 30) of the three analysis
years (2020-22) and exceeded the long-term (1920-2022)
mean of 10,900 ft3/s. The annual mean streamflow for 2021
(8,022 ft3/s) was less than the long-term mean and 2022
(10,900 ft3/s) was near the long-term mean. In addition, the
daily mean streamflow data for the study period generally
varied little from the long-term daily median values (fig. 2).
Large and notable exceptions existed in the winter and spring
0f 2020, dispersed moderate short-term (generally less than
2 weeks) high flows in each season of 2021, and moderate late
winter and early spring high flows in 2022 at the Marseilles
and Fox River at Dayton streamgages.

Meteorologic Data

Meteorologic data used in the hydrodynamic model
included air-temperature, dew-point temperature, cloud-cover,
wind-speed, and wind-direction time series that were obtained
from the Automated Surface Observing Site station C09 at
Morris Municipal Airport, Morris, I11., (fig. 1; lowa State
University, 2023) and were available at 20-minute intervals



Table 1.
Engineers (2022).
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Description of streamgages used in study. Site information from U.S. Geological Survey (2021b) and U.S. Army Corps of

[Station locations are shown in figure 1. Latitude and longitude are given in degrees (°), minutes ('), and seconds ("”). Present refers to the time of publication
(2024). USGS, U.S. Geological Survey; NAD 83, North American Datum of 1983; Ill., Illinois; NA, not applicable]

Station name USGS station Latitude Longitude Period of record Hydrologic
number (NAD 83) (NAD 83) (water year?) data type

Illinois River at Seneca, I11. 05543010 41°17'59" 88°36'51" 2013—present Stage

Illinois River at Marseilles, I11. 05543500 41°19'37" 88°43'03" 1920—present Flow, stage
[llinois River at Marseilles, I11., Lock and NA 41°19'30" 88°42'25" 1933—present Stage

Dam pool

[llinois River at Marseilles Lock and Dam NA 41°19'42" 88°45'03" 2013—present Flow®, stage
Fox River at Dayton, I11. 05552500 41°23'04" 88°4721" 1915—present Flow, stage
[llinois River at Ottawa, Il1. NA 41°20'40" 88°5021" 2008—present Stage

[llinois River at Starved Rock pool NA 41°1929" 88°59'02" 1933—present Flows, stage

2A water year is the 12-month period from October 1 through September 30 of the following year and is designated by the calendar year in which it ends.

A daily streamflow is estimated for the lock by the USGS based on operation information provided by the U.S. Army Corps of Engineers.

For the purposes of this study, the streamflows at Starved Rock Dam pool were calculated by summing inputs from the cumulative flows at Marseilles Lock

and Dam and those of the Fox River at Dayton.

throughout the 202022 analysis period. The qualitative
Automated Surface Observing Site cloud-cover parameters
of “clear,” “scattered,” “broken,” “overcast,” and “vertical
visibility” were converted to numerical values for use in CE-
QUAL-W?2 using values of 0 for clear, 3 for scattered, 6 for
broken, 8§ for overcast, and 10 for vertical visibility. Hourly
short wave solar radiation data were computed by CE-QUAL-
W2 using the numerical values for ASOS cloud cover parame-
ters. Daily air-temperature data used in determining water tem-
perature time series for the Fox River at Dayton were obtained
from the Global Historical Climatology Network daily data
for station Ottawa 4SW (National Centers for Environmental
Information, 2023a). Projections of future changes in monthly
mean temperatures at Ottawa, I11., used in the model sensitiv-
ity analyses were obtained from the U.S. Climate Resilience
Toolkit Climate Explorer (U.S. Federal Government, 2023).
These projections used the representative concentration
pathway with 4.5 megawatts per square meter (RCP 4.5; van-
Vuuren and others, 2011) for the year 2075.

The monthly mean air temperatures during the
January 2020 to December 2022 study period were similar
to the long-term (1980-2010) monthly mean temperatures
at the Morris, I11., monitoring location (National Centers
for Environmental Information, 2023b; fig. 3). The greatest
deviations from the long-term normals were in the months of
January (2020 and 2022) and February (2021) and outside of
the expected HAB development period. Monthly precipita-
tion was more variable during the study period compared to
the long-term monthly mean precipitation (1980-2010), with
several spring months of each year having substantially greater
precipitation than the long-term monthly average (fig. 3).

99 <

Water-Temperature Data

Continuous and discrete water-temperature data were
used for model development, calibration, and validation.
Continuous data were collected in 15-minute intervals at
Seneca (U.S. Geological Survey, 2022¢) and Starved Rock
(U.S. Geological Survey, 2022d) stations and every 30 min-
utes at the Marseilles Lock and Dam pool (John Brammier,
USACE, written commun., 2022; fig. 1; table 1). The Seneca
time-series data were used as the upstream model boundary
condition, whereas the Starved Rock time series were used
for model calibration and validation at a fixed near-surface
(0.5 m) depth. Additional discrete temperature profile data
were collected by USGS personnel near Seneca and Ottawa,
I11., and used for model calibration with depth. The discrete
profile data were collected at multiple locations within the
study reach between May 22, 2022, and July 15, 2022. Water-
temperature time-series data were unavailable for the Fox
River and, therefore, water temperatures were developed using
a regression model with observed air temperature, daily mean
streamflow, water temperature, and day of year normalized to
0-2m (fig. 4) as variables. This relation was developed using
97 observed air and water-temperature data pairs collected
at the Fox River at Dayton, I1l. (USGS station 05552500)
streamgage between 1986 and 1997, daily mean flow at the
Fox River at Dayton streamgage, and daily air-temperature
time-series data from the Ottawa 4SW weather station
(National Centers for Environmental Information, 2023a). The
resulting predicted input water-temperature time series for the
Fox River and the observed time series for the Illinois River at
Seneca were similar (fig. 5).
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Figure 2. Daily mean streamflow during the study period at the lllinois River at Marseilles, lllinois (U.S. Geological Survey
station 05543500), and Fox River at Dayton, lllinois (U.S. Geological Survey station 05552500), streamgages. Data from U.S. Geological
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long-term (1980-2010) monthly mean values. Data from Data lowa State University (2023).

Table 2. Description of temperature stations used in study. Site information from U.S. Geological Survey (2021b) and U.S. Army Corps

of Engineers (2022).

[Station location is shown in figure 1. Latitude and longitude are given in degrees (°), minutes ('), and seconds ("). Present refers to the time of publication
(2024); USGS, U.S. Geological Survey; NAD 83, North American Datum of 1983; IlL., Illinois; NA, not applicable]

Station name USGS station Latitude Longitude Period of record
number (NAD 83) (NAD 83) (water year?)
Illinois River at Seneca, I11. 05543010 41°17'59" 88°36'51" 2013—present
[llinois River at Marseilles, I11. Lock and Dam (Pool) NA 41°19'30" 88°4225" 1999—present
Illinois River at Starved Rock, IlL. 05553700 41°1929” 88°59'02" 2018—present

aA water year is the 12-month period from October 1 through September 30 of the following year and is designated by the calendar year in which it ends.
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Figure 4. Relation between air temperature and water temperature at the Fox River at Dayton, Illinois (U.S. Geological Survey

station 05552500). Data from U.S. Geological Survey (2022a).

Hydrodynamic Modeling

The CE-QUAL-W2 model geometry represents a 21-mi
reach of the Illinois River and a 3-mi reach of the Fox River
in the study area (fig. 6). Geometry components in the model
include waterbodies, branches, segments, and layers. A
waterbody includes one or more branches or river sections of
homogenous characteristics. The Illinois River study reach
is “stair stepped” in that the reach slope is controlled by the
Marseilles and Starved Rock Lock and Dam structures and the
river upstream from each of these primary structures is repre-
sented as a separate waterbody in the model (fig. 6). The Fox
River reach, the numerous side channels and backwater areas,
and the main stem reaches of the waterbody are designated
as separate branches within the model. A branch was further
divided into a series of longitudinal model segments oriented
in the direction of river flow. The Marseilles dam-controlled
waterbody has 4 branches, and the Starved Rock waterbody
has 17 branches including the Fox River and numerous side
channels and backwater areas in addition to the main stem.
Segment lengths generally were 500 m except those in small
branches that needed to conform to the requirement of a mini-
mum of three segments. The final model geometry consisted
of 2 waterbodies, 21 branches, and 164 segments (fig. 6), with
segments having as many as 72 active 0.5-m vertical layers.

The length of longitudinal segments (generally 500 m)
and depth/thickness of segment layers (0.5 m) were selected
to provide a sufficient representation of channel geometry
while providing reasonable run times. Run times for a 3-year

simulation period, using an Intel Core 19 3.0 gigahertz,
18-core processor with 128 gigabytes of memory, were about
45 minutes.

The CE-QUAL-W2 model runtime interval varied from 1
to 100 seconds with higher run times used during numerically
stable conditions and finer run time increments automatically
assigned during otherwise numerically unstable conditions.
Simulated 15-minute data were used in the calibration of
instantaneous observed streamflow, velocity, channel area, and
temperature profile data. Simulated daily mean time-series
results were used in the calibration and validation of observed
continuous water-surface elevation, streamflow, and tempera-
ture time series.

Hydrodynamic Model Parameters

In addition to the required model geometry files, many
required initial conditions, boundary condition time series, and
model parameters were specified to simulate water-surface
elevation, streamflow, velocity, and temperatures in each
model segment. Initial estimates for water-surface elevation,
slope, and water temperature at each segment were specified.
Boundary condition time series at the upstream model seg-
ments of the Fox River and Illinois River included streamflow
and water temperature. Time series for simulating system wide
analyses included air temperature, solar radiation, wind speed,
wind direction, and cloud cover. Additional specified model
parameters used in determining heat exchange and hydrau-
lic characteristics included longitudinal and vertical eddy
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Figure 5. Daily mean water temperatures during the study period. A, Observed water temperatures at the lllinois River at Seneca,
lllinois (U.S. Geological Survey station 05543010). B, Estimated daily mean water temperatures at the Fox River at Dayton, lllinois
(U.S. Geological Survey station 05552500). Data from U.S. Geological Survey (20223, c).

viscosity, longitudinal eddy diffusivity, and bottom friction. Streamflows through the Marseilles and Starved Rock
Recommended or default values were used for most starting Dam structures were simulated in the model by specifying the
parameters. Any parameters modified for this specific applica-  dynamic weir formula option of gate simulation at the corre-
tion are discussed in the “Hydrodynamic Model Calibration” sponding model segment locations. The dynamic weir formula

section of this report. used in the model is:
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Qsim, = alAhﬂlﬂ (1)

where

is simulated dam outflow at time ¢;

Qstmx

a, is an empirical parameter;
I is an empirical parameter;

Ah 1S Zu—Z

> 10 Meters;

Zu is the simulated pool water-surface elevation,
in meters; and

Z is the theoretical spillway crest elevation of
dynamic weir.

Z,, initially was set to Z,,, but was modified during cali-
bration using the following equation:

Zsp:Zabst_((Qtobs/thax)x_y)7 (2)
where

is the observed water-surface elevation from
the USACE stage gage at the Marseilles
Dam pool at time ¢,

obst

is the observed total streamflow from the
USGS streamgage below the dam and
lockage flows at time #;

Qt obs

Ol

is the maximum observed streamflow during
the 2021 through 2022 calibration period,;

X is an adjustment coefficient initially set
to 1 and adjusted iteratively during
calibration; and

y  isa constant initially set to 0 and adjusted
iteratively during the 2021 through 2022
calibration period.

Although equation 1 calculations were done within the
CE-QUAL-W2 model for both dynamic weir locations, the
equation 2 calculations were done outside of the model and
the resulting input time series were used in the dynamic weir
equations for Marseilles and Starved Rock in subsequent
model runs.

The complex lock operation at the Marseilles Lock and
Dam is represented by a streamflow time series in the CE-
QUAL-W2 model. The gate structure in the Marseilles Lock
is depicted in the model at the downstream face of segment 30
(fig. 6, inset 2). Gate operations in the model are simplified
by using a discretized daily mean computed flow time series
to regulate flow between segment 30 and the downstream
segment. The daily mean lock flow is calculated by the USGS

Model Development and Calibration 1"

using a USACE-supplied number of lock operations per day
and a developed rating table between number of lockages and
streamflow to compute a time series of daily mean lockage
flows. In this way, the gate is continuously open in the model,
but the flow is highly regulated as a result of lock operations
and the representative flow time series. The resulting com-
puted water-surface elevation at the segment downstream from
the lock gate was compared to the observed water-surface time
series at the USACE stage gage at this location (fig. 6, inset 2)
during model calibration.

Water temperature is an important model variable and is
included in all CE-QUAL-W?2 hydrodynamic model applica-
tions because of its effects on water density and hydraulic
characteristics. The hydrodynamic role of water temperature,
while important, is secondary in this study to the objective of
assessing the specific role of water temperature as a physico-
chemical characteristic in the development of HABs.

Hydrodynamic Model Calibration

Model calibration involves the adjustment of model
parameters until simulated and observed data are within
an acceptable threshold. Hydrodynamic model calibration
involved adjusting model parameters until observed and simu-
lated daily water-surface elevations, daily streamflows, and the
observed and simulated streamflows, velocities, and channel
areas associated with discrete streamflow measurements were
similar. The period of January 1, 2021, through December 31,
2022, was used for model calibration, and the model output
parameters were validated using an independent dataset for the
period of January 1, 2020, through December 31, 2020. The
2021-22 period was selected for calibration because of addi-
tional temperature profiles and algal community data collected
in the reach during this period. Calibration of time-series data
including streamflow, water-surface elevation, and temperature
was assessed using three goodness of fit metrics, including
the mean absolute error (MAE), the root mean square error
(RMSE), and the Nash-Sutcliffe model efficiency (NSE). The
MAE is the arithmetic average of the absolute error between
simulated and observed values (Moriasi and others, 2015), has
a range of 0 to infinity (o), and the units are the same as the
time-series data. The MAE was determined by the following
equation:

" ©
where

n is the number of observations;

i is the specific observation,

y is the simulated value; and

X is the observed value.
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The RMSE also has a range of 0 to oo and has the same
units as the time series evaluated. RMSE was determined
using the following equation:

X~ y)?
o G2 ()

RMSE =
which is the statistical measure of the standard devia-
tion of the residuals between observed and simulated values.
Lastly, NSE (Nash and Sutcliffe, 1970), which has a range of
—oo to 1 was calculated as follows:

Z;‘:l >~ yi)2
NSE = ———. 5
er‘l:l X; = x)z ©)

Discrete observed streamflow, velocity, and channel
area data pairs from instantanecous streamflow measurements
were compared to the nearest corresponding model segment
face value using the absolute percentage difference calculated
as follows:

Xy

Absolute percentage difference =W

x 100. (6)

At the Marseilles Lock and Dam, the model calibration
process involved matching simulated and observed dam pool
water-surface elevations, simulated and observed dam out-
flows, and simulated and observed lock tailwater water-surface
elevations. The calibration steps of the Marseilles Dam pool
water-surface elevation time series and dam outflows were:

1. running an initial model simulation using the USACE
observed pool water-surface elevation time series for
Z . in equation 1 and an x value of 1 and y value of 0 in
equation 2;

2. comparing simulated pool water-surface elevations to
the observed values at the USACE streamgage at the
Marseilles pool;

3. modifying the x and y parameters in equation 6 to
recompute the Z, time series and rerunning the model
until the simulated pool water-surface elevation hydro-
graph approximated the observed values;

4. adjusting o, and 8, parameters in equation 1 until the
simulated streamflow time series matched the observed
streamflow time series;

5. iteratively checking simulated and observed pool water-
surface elevations and making minor adjustments to y in
equation 2; and

6. checking simulated and observed streamflows and mak-
ing minor adjustments to a; and f,; to confirm agreement
with both sets of streamflow and water-surface elevation
time series.

Calibrating simulated water-surface elevations to
observed water-surface elevations at the USACE tailwater
streamgage at the Marseilles Lock involved the modification
of bed friction and branch slope to match simulated water-
surface elevation values to observed values.

The 2021 through 2022 calibration results of simulated
water-surface elevation and streamflow time series at the
Marseilles Lock and Dam indicated that the simulated and
observed values were similar (fig. 74, C). The MAE and
RMSE values from the calibration of the Marseilles pool
water-surface elevations were 0.03 foot (ft) and 0.04 ft,
respectively, indicating close agreement (table 3). Similarly,
the simulated and observed water-surface elevations at the
Marseilles Lock tailwater were similar (fig. 85), with an
MAE of 0.18 ft and an RMSE of 0.23 ft (table 3). The NSE
value of 0.99 for the calibration of the simulated Marseilles
Dam outflows with the observed streamflows at the USGS
Marseilles streamgage also indicated close agreement. The
2020 validation period was dominated by the May 19, 2020,
event for which water-surface elevations and streamflows
were underpredicted by the model at the Marseilles Lock and
Dam (fig. 74, B), but this can be attributed to the O, value
in the dynamic weir equation (eq. 1) being maintained at the
maximum flow value during the calibration period. The MAE
for Marseilles Lock and Dam pool and lock tailwater water-
surface elevations during the validation period were 0.04 and
0.36, respectively, and similar to corresponding values during
calibration, whereas the NSE for the Marseilles Dam outflows
during the model validation period was 0.99 (table 3).

Calibration of pool water-surface elevations and total
releases at the Starved Rock Lock and Dam only involved
comparing simulated and observed combined dam and lock
outflows and simulated and observed pool water-surface
elevations. Calibration of the simulated and observed lock
tailwater elevations was not done because the downstream
model boundary is the Starved Rock Dam pool. The simu-
lated Starved Rock Dam pool water-surface elevations were
compared to observed elevation time series at the USACE
streamgage at Starved Rock. The simulated total outflows
were compared to the sum of the daily flows for Fox River at
Dayton and Illinois River at Marseilles. The calibration steps
for the Starved Rock total outflows and pool water-surface
elevation were the same as those described previously for the
Marseilles Lock and Dam except the Q,;,, parameter in equa-
tion | for the Starved Rock application referred to total simu-
lated dam and lock flows rather than just the dam outflows.

The calibration results of simulated water-surface eleva-
tion and streamflow time series at the Starved Rock Lock
and Dam also indicated that the observed and simulated
values were similar (fig. 7B, D). The calibrated Starved Rock
pool water-surface elevations resulted in an MAE of 0.06 ft
and RMSE of 0.08 ft and the NSE value of calibrated total
outflows was 0.99 (table 3). Comparison of observed and
simulated values during the 2020 validation period also indi-
cated close agreement in the time series because the MAE and
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Table 3. Summary of model calibration and validation of water-surface elevation and streamflow results at selected streamgage locations.

[Station locations are shown in figure 1. IlL., Illinois; ft, foot; NAVD 88, North American Vertical Datum of 1988; USGS, U.S. Geological Survey; ft?/s, cubic foot per second]

/]!

. . Mean Root mean Nash Sutcliffe
Station location . Data type
absolute error  square error model efficiency

Calibration (January 1, 2021, through December 31, 2022)

[llinois River at Marseilles, Ill. (pool upstream from dam) 0.03 0.04 0.92 Water-surface elevation (ft, NAVD 88)
Ilinois River at Marseilles, I1l. (USGS streamgage downstream from dam) 0.34 0.45 0.92 Water-surface elevation (ft, NAVD 88)
[llinois River at Marseilles, I11. (lock tailwater) 0.18 0.23 0.97 Water-surface elevation (ft, NAVD 88)
Illinois River at Ottawa, I11., streamgage 0.20 0.26 0.88 Water-surface elevation (ft, NAVD 88)
Fox River at Dayton, I11., streamgage 0.21 0.28 0.94 Water-surface elevation (ft, NAVD 88)
[llinois River at Starved Rock, Ill. (pool upstream from dam) 0.06 0.08 0.59 Water-surface elevation (ft, NAVD 88)
Illinois River at Marseilles, Ill. (USGS streamgage downstream from dam) 317 461 0.99 Streamflow (ft¥/s)

Illinois River at Starved Rock, Ill. (pool upstream from dam) 253 385 0.99 Streamflow (ft3/s)

Validation (January 2, 2020, through December 31, 2020)

Illinois River at Marseilles, Ill. (pool upstream from dam) 0.04 0.08 0.84 Water-surface elevation (ft, NAVD 88)
[llinois River at Marseilles, I11. (USGS streamgage downstream from dam) 0.47 0.58 0.93 Water-surface elevation (ft, NAVD 88)
[llinois River at Marseilles, I11. (lock tailwater) 0.36 0.65 0.87 Water-surface elevation (ft, NAVD 88)
Illinois River at Ottawa, Il1., gage 0.26 0.43 0.92 Water-surface elevation (ft, NAVD 88)
Fox River at Dayton, I11., streamgage 0.20 0.25 0.98 Water-surface elevation (ft, NAVD 88)
[llinois River at Starved Rock, Ill. (pool upstream from dam) 0.10 0.13 0.95 Water-surface elevation (ft, NAVD 88)
Illinois River at Marseilles, Ill. (USGS streamgage downstream from dam) 274 400 0.99 Streamflow (ft¥/s)

Illinois River at Starved Rock, Ill. (pool upstream from dam) 394 777 0.99 Streamflow (ft3/s)
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Figure 8. Calibration and validation of continuous water-surface elevations at nonlock and dam streamgages.

A, Daily mean water-surface elevations at lllinois River at Marseilles Lock and Dam, dam tailwater at U.S. Geological
Survey Marseilles streamgage. B, Daily mean water-surface elevations at lllinois River at Marseilles Lock and Dam,
lock tailwater. C, Daily mean water-surface elevations at Fox River at Dayton, lllinois streamgage. D, Daily mean
water-surface elevations at lllinois River at Ottawa, lllinois, streamgage. Data from U.S. Geological Survey (2022a, b)

and U.S. Army Corps of Engineers (2022).
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RMSE values of pool water-surface elevations were 0.10 ft
and 0.13 ft, respectively, and the NSE metric of observed and
simulated total streamflows was 0.99 (table 3).

The calibration of the water-surface elevations at
remaining nonlock and dam locations including the USGS
streamgage at Marseilles, the USACE streamgage Illinois
River at Ottawa, and the USGS streamgage on the Fox River
at Dayton (fig. 1) involved modifying the channel friction
parameter (Manning’s n) and branch slopes to match the
simulated to observed time series. The calibration and vali-
dation results at these locations also indicated close agree-
ment between observed and simulated values (fig 8). Model
performance metrics for the calibration of water-surface
elevation indicated MAE ranged from 0.20 ft at the Illinois
River at Ottawa to 0.34 ft at the USGS Marseilles streamgage
(table 3). The RMSE values ranged from 0.26 ft at the Illinois
River at Ottawa to 0.45 ft at the USGS Marseilles streamgage.
Performance metrics during the validation period at the three
sites were similar to the metrics measured during the calibra-
tion period, with a maximum mean difference in water-surface
elevations of 0.58 ft (RMSE) at the USGS streamgage at
Marseilles (table 3).

Calibration of Instantaneous Streamflow
Measurement Data

Streamflow measurement data collected near the USGS
streamgages at Marseilles and Dayton provided the opportu-
nity to compare observed point-location streamflow, velocities,
and channel areas at the measurement locations to simulated
values. Seventeen streamflow measurements were made near
each of the Marseilles and Dayton streamgages during the
January 1, 2020, through December 31, 2022, calibration
and validation periods. Corresponding simulated streamflow,
velocities, and model channel area at the nearest segment face
at the time of the streamflow measurements were used for
comparison.

Streamflow

Calibration results from the comparisons of observed data
from 13 streamflow measurements made between January 1,
2021, and December 31, 2022, at the USGS Marseilles
streamgage indicated simulated values of streamflow were
about 9.22 percent of observed values (table 4). Similar com-
parisons from four measurements during the 2020 validation
period indicated average streamflow differences of 2.41 per-
cent. It is of note that the exact location of streamflow mea-
surement transects can vary and the comparisons were made
between the location of most measurements and the simulated
conditions at the nearest model segment face.

Similar comparisons of 12 streamflow measure-
ments at the Fox River at Dayton also indicated reasonable
point-specific model performance. The mean of the differ-
ences between simulated and observed streamflows was
about 6.36 percent (table 5). Similar comparisons for five

measurements during the 2020 validation period indicated the
average difference between simulated and observed stream-
flows was 4.82 percent.

Velocities

Mean observed velocities at streamflow measurement
locations at the USGS streamgages at the Illinois River at
Marseilles and the Fox River at Dayton were compared
to simulated flow-weighted mean velocities at the nearest
segment face. Adjustments made to minimize differences
included modifying channel slope and channel Manning’s n
values. Calibration results from 13 comparisons of observed
and simulated discrete streamflow measurements at the USGS
Marseilles streamgage indicated a mean difference of about
16.1 percent between simulated values and observed values
(table 4). Similar comparisons from four measurements during
the 2020 validation period indicated average differences in
velocity of 8.28 percent.

Similar comparisons of 12 streamflow measurements
with simulated conditions during the calibration and valida-
tion periods at the Fox River at Dayton also indicated reason-
able model performance—with a mean difference of about
7.87 percent of observed values (table 5). Similar comparisons
for five measurements during the 2020 validation period indi-
cated average velocity differences of 8.63 percent.

Wetted Channel Area

The calculated wetted-channel from the discrete stream-
flow measurements at the Marseilles and Dayton streamgages
were compared to model simulated wetted channel areas at
the measurement location and date. Calibration of the chan-
nel area involved making small changes to the width of the
original comparison model segment or dividing the segment
and making modifications to a part of the original segment.
Results from 13 streamflow measurements at the USGS
Marseilles streamgage indicated channel areas had a mean
difference of about 6.64 percent of observed values (table 4).
Similar comparisons from four streamflow measurements at
higher streamflows during the 2020 validation period indicated
channel area differences of 10.8 percent.

Comparisons from 12 streamflow measurements at the
Fox River at Dayton in 2021-22 also indicated reasonable
site-specific model performance—with a mean difference of
about 6.23 percent of observed values (table 5). Comparisons
for five measurements during the 2020 validation period indi-
cated average channel area differences of 17.1 percent. Much
of the differences in channel area during the validation period
can be attributed to the May 20, 2020, flood measurement in
which area was underpredicted. The streamflow conditions
during the validation period fell outside the upper range of
those during the calibration period. Again, some differences
between observed and simulated values can be expected
because of differences between the measurement and model
comparison locations. Overall, the calibration and valida-
tion results indicate that the model is capable of accurately



Table 4. Summary of calibration and validation of simulated and measured streamflow, velocities, and channel areas at the lllinois River at Marseilles, lllinois (U.S. Geological

Survey station 05543500), streamgage.

[ft¥/s, cubic foot per second; ft/s, foot per second; ft2, square foot]

Observed Simulated Absolute Observed Simulated Absolute Observed Simulated Absolute
Date streamflow streamflow pgrcentage velocity velocity pe:rcenlage channel area channel area pe:rcentage
(F/s) (F/s) _ difference (ft/s) (ft/s) _dlﬂerenf:e (f2) (f2) ) difference
in streamflow in velocity in channel area
Calibration

March 23, 2021 12,600 13,600 7.57 3.88 434 11.2 3,250 3,300 1.62
May 11, 2021 28,700 30,700 6.75 6.54 7.00 6.84 4,390 4,720 7.24
June 29, 2021 45,600 48,600 6.34 7.78 8.05 3.45 5,870 8,300 343

August 31,2021 5,930 6,640 11.2 2.44 2.85 15.6 2,430 2,460 1.60
October 25, 2021 36,800 30,900 17.6 7.84 5.98 26.9 4,700 4,760 1.48
December 13, 2021 14,700 14,600 0.54 4.19 4.74 12.3 3,500 3,190 9.36
March 2, 2022 14,600 13,900 4.70 4.44 4.56 2.60 3,300 3,250 1.57
March 28, 2022 16,500 15,700 5.09 4.94 4.19 16.4 3,350 3,450 3.02
May 18, 2022 9,270 9,700 4.56 3.21 3.90 19.5 2,390 2,360 1.04
July 6, 2022 7,540 9,790 259 2.81 3.60 24.6 2,690 2,380 6.98
August 30, 2022 2,410 2,700 11.4 0.95 1.33 33.1 2,550 2,350 8.48
October 25, 2022 5,080 5,120 0.83 1.97 2.40 19.6 2,570 2,360 8.51
December 12, 2022 3,690 4,390 17.3 1.54 1.83 17.1 2,400 2,370 1.08
Average 9.22 16.1 6.64

Validation

January 6, 2020 10,200 10,800 5.08 3.26 3.51 7.47 3,150 2,590 19.4

March 11, 2020 18,200 18,500 1.39 5.22 5.08 2.64 3,490 3,110 11.5

July 21, 2020 13,300 13,300 0.0 432 3.90 10.2 3,090 3,070 0.58
November 17, 2020 2,820 2,300 0.77 1.12 1.27 12.8 2,520 2,230 11.8

Average 241 8.28 10.8
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Table 5. Summary of calibration and validation of simulated and measured streamflow, velocities, and channel areas at the Fox River at Dayton, lllinois (U.S. Geological Survey

station 05552500), streamgage.

[ft}/s, cubic foot per second; ft/s, foot per second; ft2, square foot]

Simulated Absolute Observed Simulated Absolute Observed Simulated Absolute
Date Observed streamflow pe_rcenlage velocity velocity pe:rcenlage channel area  channel area pP:rcentage
streamflow (f¥s) _ difference (ft/s) (ft/s) _dlﬂerenf:e (f2) (f2) _ difference
in streamflow in velocity in channel area
Calibration

January 13, 2021 1,290 1,370 6.09 0.60 0.61 1.09 2,150 2,030 5.50
March 23, 2021 4,220 4,130 2.10 1.67 1.58 5.77 2,520 2,480 1.95
April 13,2021 2,140 2,230 448 0.92 0.98 5.89 2,320 2,140 8.38
June 23, 2021 1,410 1,640 15.3 0.72 0.73 1.60 2,250 2,110 6.08
September 1, 2021 793 777 2.10 0.37 0.37 0.0 2,170 2,050 5.59
October 25, 2021 5,300 4,580 14.6 1.78 1.73 2.61 2,980 2,490 17.9

December 13, 2021 1,910 1,770 7.49 0.83 0.79 5.50 2,300 2,180 5.57
February 15, 2022 954 907 5.02 0.45 0.42 7.92 2,120 2,170 2.20
March 28, 2022 3,980 3,990 0.22 1.74 1.62 7.34 2,370 2,300 2.96
July 6, 2022 1,860 1,640 12.4 0.90 0.73 21.3 2,060 2,180 5.55
August 30, 2022 1,830 1,820 0.40 1.00 0.80 22.5 1,830 2,050 11.7

December 12, 2022 1,100 1,040 6.08 0.55 0.48 12.8 2,000 2,030 1.32
Average 6.36 7.87 6.23

Validation

February 3, 2020 5,150 5,140 0.22 2.14 2.01 6.16 2,410 2,200 8.92
May 18, 2020 24,300 22,600 7.31 3.74 4.68 222 6,510 3,660 55.9

July 16, 2020 2,120 2,240 5.30 1.07 0.98 8.98 1,980 2,140 7.82
September 2, 2020 906 975 7.36 0.43 0.45 5.19 2,120 2,040 3.79
November 6, 2020 1,640 1,700 3.90 0.75 0.75 0.59 2,170 1,980 9.06
Average 4.82 8.63 17.1
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(generally within 10 percent) simulating selected hydrody-
namic characteristics at specific locations within the study
reach and at discrete points in time.

Water-Temperature Calibration

Model parameters used in the calibration of water
temperature included coefficients used in the computation of
surface heat exchange and evaporation (primarily coefficient
AFW), a wind sheltering coefficient (WSC), hydraulic coef-
ficients controlling the temperature of sediments, a sediment
heat absorbance coefficient, and eddy viscosity and eddy diffu-
sivity coefficients. Output parameters included 15-minute time
series of water temperature for each vertical layer of a segment
at the downstream segment boundary.

Temperature calibration was done using observed near-
surface continuous time-series data at the Marseilles Lock
and Dam pool and at the Starved Rock Lock and Dam pool.
Discrete vertical profile temperatures also were collected
in the summer of 2022 at several Illinois River main-stem
locations within the study reach. A comparison of daily mean
temperature values at the Marseilles and Starved Rock Lock
and Dam pool locations during the 2021-22 calibration period
indicated close agreement spatially and temporally within
the study reach (fig. 94, B). A comparison of simulated and
observed near-surface-water temperatures at the Marseilles
Lock and Dam pool indicated a MAE and RMSE of less than
0.22 °Celsius (°C) with an NSE of 0.99 (table 6) indicating
excellent model performance. The model performance during
the 2020 validation period indicated MAE and RMSE values
of less than 0.24 °C and an NSE of 0.99. Similarly, the simu-
lated water temperatures at the Starved Rock Lock and Dam
pool during the calibration and validation period had MAE
and RMSE values of less than or equal to 0.61 °C and NSE
values of 0.99 (table 6).

Discrete water temperature vertical profiles were col-
lected at three locations from May 22, 2022, through July 15,
2022 (fig. 10). The overall MAE and RMSE values of
the profile comparisons were less than 1 °C (0.59 °C and
0.70 °C, respectively), indicating that the model also closely
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represented temperature conditions with depth. A minor ther-
mal gradient was present in the observed profiles and captured
in the simulated time series at the downstream main-stem
sampling locations near the Starved Rock Lock and Dam pool
(segments 71 and 90; refer to fig. 6 for location) in late June
and July profiles.

Sensitivity Analyses of Temperature Simulations

To determine the relative effects of changes in input time
series and selected model parameters on simulated water tem-
peratures, eight additional model scenarios were run and the
resulting changes in water temperature were quantified. The
sensitivity analysis runs were done for the period of January 1,
2021, through December 31, 2021, and results are presented
for the Starved Rock Lock and Dam pool at the end of the
study reach. The base model input time series was changed
as follows:

1. Flows at the upstream model boundaries (Illinois River
at Seneca and Fox River at Dayton) were increased by
15 percent;

2. Flows at the upstream model boundaries (Illinois River
at Seneca and Fox River at Dayton) were decreased by
15 percent;

3. Monthly mean air temperatures were increased by the
projected change in monthly air temperatures under
RCP 4.5 2075 future conditions (table 7), which resulted
in a nearly 15-percent change in temperature during
summer months;

4. Monthly air temperatures were decreased by the pro-
jected change in monthly air temperatures under RCP 4.5
2075 future conditions (table 7), which resulted in a
nearly 15-percent change in temperature during sum-
mer months;

5. Model parameter AFW controlling heat exchange at the
surface was increased by 15 percent;

Table 6. Summary of model calibration and validation of continuous surface-water-temperature results at selected streamgage

monitoring locations.

[Station location is shown in figure 1. °C, degree Celsius; Il1., Illinois]

Mean absolute error

Station location

Root mean square error  Nash Sutcliffe model

(°C) (°C) efficiency
Calibration (January 1, 2021, through December 31, 2022)
[llinois River at Marseilles, I11. (pool upstream from dam) 0.17 0.22 0.99
Illinois River at Starved Rock, Ill. (pool upstream from dam) 0.46 0.60 0.99
Validation (January 2, 2020, through December 31, 2020)
[llinois River at Marseilles, I11. (pool upstream from dam) 0.18 0.24 0.99
Illinois River at Starved Rock, Ill. (pool upstream from dam) 0.47 0.61 0.99
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A Illinois River at Marseilles Lock and Dam pool

2020 va!idation period | 2021-22 calibl:ation period

B lllinois River at Starved Rock Lock and Dam pool
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Daily mean surface-water temperature, in degrees Celsius
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Figure 9. Comparison of observed and simulated continuous water temperatures in the lllinois River study reach for
2020-22. A, Water temperature at the lllinois River at Marseilles Lock and Dam pool; B, Water temperature at the lllinois
River at Starved Rock Lock and Dam pool. Data from U.S. Army Corps of Engineers (2022) and U.S. Geological Survey
(2022d).
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Figure 10. Comparison of observed and simulated water-temperature profiles in the lllinois River study reach for 2022. Data from

Ament and Heimann (2024).

6. Model parameter AFW controlling heat exchange at the
surface was decreased by 15 percent;

7. Model parameter WSC controlling wind sheltering was
increased by a target of 15 percent; and

8. Model parameter WSC controlling wind sheltering was
decreased by a target of 15 percent.

Results indicated that the model was most sensitive
(greatest quantitative effect on simulated water temperature)
to the defined increases and decreases in air temperature fol-
lowed by increases and decreases in streamflow, parameter
AFW, and parameter WSC (table 8). Although the monthly
change in air temperature in nonsummer months may exceed
15 percent, the temperature changes in the summer months
were about 15 percent. This 15-percent change was then
used as the basis for the comparable 15-percent change in

the other time series and parameters included in the sensitiv-
ity analyses. The month with the greatest effects from the
simulated changes in projected air temperature, wind shelter-
ing, and surface heat exchange parameters was September,
with a simulated increase of 2.38 °C under future RCP 4.5
2075 conditions, a decline of 0.30 °C with the 15-percent
increase in parameter AFW, and a decline of 0.12 °C with

the 12-percent increase in WSC (the model became unstable
with a 15-percent target increase in WSC and a 12-percent
increase was used). The months with the greatest effects from
a 15-percent change in streamflows were June and December.
A 15-percent increase in streamflow resulted in a decline in
water temperature of 0.10 °C in June and an increase in water
temperature of 0.09 °C in December. A 15-percent reduction
in streamflow resulted in a 0.12 °C increase in water tempera-
ture in June and a 0.12 °C decline in December. The months
that responded the least to the change in air temperature,
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Table 7.

Long-term monthly mean and projected monthly change in air temperatures for Ottawa, lllinois, under representative

concentration pathway of 4.5 megawatts per square meter in year 2075.

[°C, degree Celsius]

Monthly mean air temperature

Change in monthly air temperature

Month (°C) (°C)
January —4.89 3.53
February —2.44 3.58
March 3.67 2.46
April 10.1 2.44
May 15.8 2.58
June 21.0 3.05
July 233 3.47
August 224 3.30
September 18.4 3.39
October 11.6 322
November 4.78 2.72
December -2.56 3.53

streamflows, and the parameters WSC and AFW were
February and March with resulting absolute changes in water
temperature of 0.01 to 0.50 °C, respectively.

Simulation of lllinois River Hydrodynamics and
Temperatures

Using the observed and simulated hydrodynamic con-
ditions in the Illinois River study reach made it possible to
compare streamflow, velocity, and temperature conditions in
years with varying distributions of HABs. Extensive HABs in
the study reach were documented in June 2020 and June 2021,
but a small HAB was restricted to the Marseilles Lock and
Dam pool in the summer of 2022. The objective was to find
similarities in site conditions between 2020 and 2021 that may
contrast with the conditions in 2022.

Streamflow Characteristics

Notable streamflow characteristics leading up to and
associated with the occurrence of HABs could be substantial
spring runoff events that can transport nutrients into the system
from agriculture and urban sources followed by a dry period
and declining flows that allow nutrients to be retained in the
system. In addition to the role of nutrient delivery and trans-
port, streamflows also are a key component of heat transfer
and a conveyer of phytoplankton communities. Of the 3 years
of analysis, the streamflow characteristics of May to July of
2021 and May to July of 2022 were the most similar and con-
trasted with the higher flow conditions of May to July of 2020.
Agricultural field preparation and fertilizer application in the

study area generally occurs in spring (April-May generally are
peak months; Illinois Department of Agriculture, 2023; fig. 11)
and fall (October—December). Fertilizer application quantity
and timing were similar among study years (fig. 11), but the
quantity of post application precipitation was less in June 2022
than in 2020 and 2021. Although the timing and rates of
fertilizer application may vary along with timing and magni-
tude of precipitation and resulting runoff (fig. 12), there also
were consistent sources of nutrients into the study reach from
upstream urban areas (Peake and Hodson, 2022). Streamflows
in late June for all 3 analysis years were relatively stable and
less than 10,000 ft3/s on the Illinois River in the Marseilles
reach and less than 2,000 ft3/s on the lower Fox River (fig. 12).

Water Velocities

Simulated flow-weighted velocities were compared at
segments representing selected geomorphic channel features
of the Illinois River study reach at different longitudinal
locations along the reach; the channel features were the main
stem, side channel (segments fed by main stem that feed back
into a main stem segment), and backwater areas (segments
fed by main stem or side-channel segments but “dead end”
and do not feed back into the main stem or side channel).
The results of simulated water velocities were compared
from each of five longitudinal groupings of segments repre-
senting the three geomorphic channel features (figs. 13—15).
As expected, simulated velocities decreased substantially
between the main channel, side channel, and backwater
features, but there were no substantial differences between
velocities in common areas between years. Mean velocities
in the main channel segments in each year generally were



Table 8. Summary of model sensitivity analyses.

[AFW+15, scenario in which the heat exchange parameter (AFW) was increased by 15 percent; WSC+12, scenario in which the wind shelter coefficient (WSC) was increased by 12 percent; RCP 4.5, 2075,
scenario representing monthly change in monthly air temperature resulting from projected representative of concentration pathway 4.5 megawatts per square meter in year 2075; AFW—15, scenario in which the
AFW was decreased by 15 percent; WSC—15, scenario in which the WSC was decreased by 15 percent]

Average monthly change in water temperature from base calibration condition, in degrees Celsius (standard deviation)

Wonth AFW+15 percent  *WSC+12 percent Al;{éepm::’r:(t)l;gﬂ S,:?::;g::? AFW-15 percent WSC-15 percent A';Eel:“ :;r;(t;;e_ S:;e:::f(::m_
January —0.02 (0.05) 0.01 (0.08) 0.60 (0.54) 0.05 (0.06) 0.03 (0.04) —0.03 (0.13) —0.25 (0.25) —0.07 (0.09)
February 0.03 (0.11) 0.02 (0.07) 0.50 (0.57) 0.02 (0.10) —0.01 (0.07) —0.03 (0.10) —0.10 (0.32) 0.02 (0.17)
March —0.03 (0.03) -0.03 (0.06) 0.54 (0.20) 0.01 (0.07) 0.03 (0.03) 0.03 (0.06) —0.47 (0.18) -0.02 (0.09)
April —0.05 (0.06) —0.05 (0.07) 0.71 (0.30) —0.08 (0.13) 0.06 (0.06) 0.05 (0.08) —0.63 (0.27) 0.08 (0.20)
May —0.05 (0.06) —0.04 (0.06) 0.69 (0.39) —0.09 (0.12) 0.06 (0.06) 0.04 (0.06) —0.60 (0.35) 0.12 (0.14)
June —0.16 (0.10) —0.08 (0.07) 1.29 (0.40) —0.10 (0.14) 0.16 (0.10) 0.09 (0.07) —1.11 (0.35) 0.12 (0.18)
July —0.16 (0.08) —0.04 (0.06) 1.53 (0.55) —0.07 (0.13) 0.16 (0.08) 0.05 (0.05) —1.29 (0.48) 0.09 (0.14)
August —0.26 (0.06) —0.05 (0.04) 2.09 (0.37) 0.03 (0.13) 0.28 (0.06) 0.06 (0.04) —1.81(0.34) —0.06 (0.11)
September —0.30 (0.09) —0.12 (0.09) 2.38(0.54) 0.06 (0.14) 0.32 (0.10) 0.13 (0.09) —2.08 (0.51) —0.07 (0.12)
October —0.19 (0.11) —0.09 (0.10) 1.90 (0.72) 0.05 (0.10) 0.20 (0.11) 0.10 (0.11) —1.64 (0.64) —0.05 (0.12)
November —0.08 (0.05) —0.09 (0.11) 1.32 (0.51) 0.06 (0.11) 0.08 (0.06) 0.09 (0.12) —1.11 (0.47) —0.09 (0.14)
December —0.06 (0.04) —0.04 (0.09) 1.25 (0.57) 0.09 (0.08) 0.05 (0.05) 0.05 (0.11) —0.95 (0.48) —0.12 (0.10)

aIncreases in WSC by 15 percent led to model instability. The maximum increase in WSC while maintaining model stability was 12 percent.
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Figure 11. Monthly fertilizer application (lllinois Department of Agriculture, 2023) and precipitation (National Centers for

Environmental Information, 2023b) in LaSalle County, lllinois, during January 2020 through December 2022.

between 1 and 2 feet per second (ft/s). Side-channel velocities
generally were between 0 and 1 ft/s, whereas velocities in the
backwater areas generally were within +0.1 and —0.1 ft/s and
never exceeded 1 ft/s.

Residence Times

The model-computed residence times during the
June 2020, June 2021, and June 2022 analysis periods at
the selected comparison segments reflect the differences in
velocity and segment water volume exchange character-
istics (figs. 13—15). Residence times were normalized to a
500-m common segment length. Two gradients in residence
times were apparent from the simulation results. There was
a substantial lateral difference in residence time in segments
between channel features as values ranged from 0.28 to
17.3 days per 500 m of channel. Residence times also gener-
ally increased longitudinally from upstream to downstream
within common channel features; for example, residence times
within the selected main stem segments increased 330 percent
in 2021 (fig. 14) from upstream from the Marseilles Lock
and Dam to the upper Starved Rock Lock and Dam pool.
These gradients in residence time reflect the effects of dif-
ferences in velocities, segment volumes, water temperature,
and the operation of the lock and dams. The relatively high
residence times of segment 26 (refer to fig. 6 for locations)
among side-channel segments, for example, are a result of
its location within the Marseilles Lock. Variation in average
June residence times also was greater among channel fea-
tures than among years in the study period (fig. 16). Average
simulated residence times in June 2022 were 5-38 percent
higher than in June 2020 and June 2021—periods of extensive

HABs—depending on the channel feature and year of com-
parison. The results quantify the substantial differences and
complexities of water movement among channel features in
the study reach.

Water Temperatures

Simulated daily water temperature profiles also were
compared at the five selected longitudinal locations along the
Illinois River for June 2020, June 2021, and June 2022, and
variability among years was greatest for this physical charac-
teristic (figs. 17-19). For all years, there was a sharp contrast
in water temperatures between the beginning of June and the
mid- to late-June periods with increases in water temperature
from about 20 to 28 °C or higher. This contrast was most evi-
dent in June 2021 in which water temperatures of near 20 °C
transitioned into an extended period of water temperatures of
greater than 26 °C in under a week (fig. 18), corresponding
to the formation of the HAB that year. The weakest con-
trast in temperatures was in the June 2022 simulated period
(fig. 19). The period of water temperatures greater than 27 °C
in June 2020 was relatively short compared to similar periods
in 2021 and 2022 (fig. 17), but this relatively short period of
warm water temperatures coincided with the HAB that year
(Illinois Environmental Protection Agency, 2023). The longest
period of temperatures greater than 27 °C in the selected seg-
ments in the 3-year analysis period was in the second half of
June 2022, yet only a localized HAB was documented that
year. There were multiple short cooling periods (near 20 °C) in
the first half of June 2022, and shortly after water temperatures
approached 26-28 °C; at midmonth another cooling period
broke up the possible extended warm water-temperature
period. This cooling period varied in duration and intensity
depending on channel feature and longitudinal location but
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Figure 13. Simulated daily mean velocities and residence times for June 2020 in selected model segments representing different
Illinois River channel features (refer to figure 6 for segment locations).
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Figure 14. Simulated daily mean velocities and residence times for June 2021 in selected model segments representing different
Illinois River channel features (refer to figure 6 for segment locations).
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Figure 15. Simulated daily mean velocities and residence times for June 2022 in selected model segments representing different
lllinois River channel features (refer to figure 6 for segment locations).
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Figure 16. Simulated mean residence times by lllinois River channel feature June 2020, 2021, and 2022.

was most prevalent in the segments downstream from seg-
ments 51, 28, and 120 (fig. 19) and the Marseilles Dam (refer
to fig. 6 for locations). This could account, in part, for the lack
of an extensive HAB in 2022 as the cooling water tempera-
tures were most pronounced downstream from the Marseilles
Lock and Dam pool where a HAB was documented that year.
It is possible that the cooling period altered the development
of and composition of the algal community and limited the
spread of the bloom. Warm water temperatures exceeding

27 °C, however, were again present throughout the main
stem and side-channel areas from June 21, 2022, through the
remainder of the month.

The timing of the water-temperature changes among the
lateral transect segments generally was consistent between
geomorphic channel areas and between years, but side chan-
nels and particularly backwater areas did exhibit greater
variability in timing compared to corresponding main-stem
segments. Examples of greater variability include the tempera-
ture increases in the side-channel segments 40 and 26 between
June 6-11, 2020, and similar temperature increases in backwa-
ter segments 140, 207, and 200 from June 5 through June 10,
2020, compared to the corresponding homogenous main chan-
nel segments. Simulated temperatures generally were uniform
with depth in this relatively shallow system, with exceptions at
some side-channel and backwater segments (for example refer
to segments 40 and 26 in mid-June 2020, 2021, and 2022 in
figs. 17-19). The results also demonstrate that some consistent
spatial and longitudinal patterns in temperature magnitude are
likely within and among years. There generally is a consistent
lateral increase in temperature magnitude from main stem to
backwater areas for a specified day; however, the longitudinal
gradients vary by geomorphic channel feature. The selected
side channels indicate a gradient in water temperature from
downstream (lower) to upstream (higher) whereas the selected
backwater segments indicate the opposite with an upstream

(lower) to downstream (higher) gradient. The lateral and
longitudinal temperature gradients can be attributed, in part, to
differences in water depths and residence times.

The earlier warm water temperatures in backwater areas
compared to the main stem could provide the opportunity for
these areas to serve as algal community “nurseries” for the
main stem, but the residence times in these backwater areas
likely exceed the temperature lag times between the backwa-
ter and main stem. The documented HABs in 2020 and 2021
at Starved Rock Dam occurred during temperatures of about
26 °C and backwater areas at some locations did attain these
temperatures 2—3 days before the conditions in the main stem.
Residence times in the backwater areas, however, gener-
ally exceeded 9 days, thus limiting the exchange of water
with potentially higher algal biomass into the main chan-
nel. Overall, the model results indicated that CE-QUAL-W2
captures the variability in water temperatures along with the
highly variable hydrodynamics that provide a complex array
of habitat conditions associated with algal community dynam-
ics and the formation of HABs.

Model Uncertainty and Limitations

A primary factor contributing to CE-QUAL-W2 model
uncertainty and limitations is that the discretized model
geometry, using a series of segments and layers to represent
the Illinois River system does not completely capture all
water and temperature dynamics in this complex system. The
[llinois River, for example, has a nonuniform channel geom-
etry characterized by a deeper main navigation channel, and
a wide, shallower side channel in places that could be com-
bined within some segments. This nonuniformity in geometry
is challenging to capture in the model. The assumed lateral
averaging of the model, therefore, may have limitations in
some model segments. In addition, channel bathymetry sur-
veys from 1999 to 2017 were used to represent current (2020
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through 2022) conditions, and some changes in channel geom-
etry could be expected. Temperature and velocity calibration
data were limited in space and time, and although comparisons
of observed and simulated values indicated close agreement,
there is some uncertainty with simulated values outside of

the observed locations and times. Although the availability

of required model time-series data for this reach is plentiful
and exceeds that of most river systems, there were some time
series were estimated (Fox River boundary condition tempera-
tures) that can result in added uncertainty.

Despite the given model limitations and uncertainties,
the calibration and validation process objective is to confirm
model performance and representation of observed conditions.
In this way, confidence can be established in terms of rela-
tive changes and absolute values generated from the model-
ing effort.

A limitation of this study was that the focus was on the
development and application of the CE-QUAL-W2 model
on system hydrodynamics and the potential correlation of
selected simulated physical factors and the occurrence of
HABs. Many other contributing factors were not included
and considered, including nutrients dynamics, that may better
explain the location, timing, and magnitude of HABs in the
upper Illinois River.

Summary

This report describes the development of a CE-QUAL-
W2 river hydrodynamics and temperature model of a 21-mile
(mi) reach of the Illinois River including a 3-mi reach of
the Fox River, a major tributary. The model was developed
using CE-QUAL-W2, a two-dimensional laterally averaged
hydrodynamic and water-quality model for rivers, lakes, and
estuaries. The model was calibrated to observed water-surface
elevation, streamflow, velocity, channel area, and temperature
data for the period January 1, 2021, through December 31,
2022, and model performance was validated for January 1
through December 31, 2020.

Hydrodynamic model calibration involved adjusting
model parameters until observed and simulated daily water-
surface elevations, daily streamflows, discrete velocities, and
channel area were similar. Temperature calibration was done
with near-surface continuous time-series data and discrete
vertical profile temperatures. Observed and simulated water
temperatures generally were within 1 degree Celsius (°C).

To determine the sensitivity of the modeled water tem-
peratures to changes in input time series and selected model
parameters, additional model scenarios were run modify-
ing streamflows, projected changes in air temperatures, and
selected model parameters. Results indicated that the model
was most sensitive to increases and decreases in air tem-
perature followed by changes in streamflow, a heat exchange
parameter, and a wind sheltering parameter. The month with
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the greatest effects from the simulated changes in projected
air temperature was September with a simulated increase of
2.38 °C under future (2075) conditions. The months with

the greatest effects from a 15-percent change in streamflow
were June and December, but changes were minor and within
0.12 °C. The months with the least change in water tempera-
tures in response to the changes in air temperature, stream-
flows, and the wind sheltering and heat exchange parameters
were February and March, with resulting changes in water
temperature of 0.01 to 0.50 °C.

Using the observed and simulated hydrodynamic condi-
tions in the study reach, it was possible to compare stream-
flow, velocity, and temperature conditions in years with widely
distributed (2020, 2021) and only localized (2022) occur-
rences of harmful algal blooms (HABs). Streamflows in late
June (month of recent HAB occurrences) for all three analysis
years were relatively stable in the study reach and less than
10,000 cubic feet per second on the Illinois River and less than
2,000 cubic feet per second on the lower Fox River.

Simulated flow-weighted velocities were compared at
segments representing selected geomorphic channel features—
the main stem, side channel, and backwater areas—of the
[llinois River study reach at different longitudinal locations
along the reach. As expected, simulated velocities decreased
substantially between the main channel, side channel, and
backwater features, but differences between velocities were
not substantial in common areas between years. Mean veloci-
ties in the main channel segments in each year generally were
between 1 and 2 feet per second (ft/s). Side-channel velocities
generally were between 0 and 1 ft/s, whereas velocities in the
backwater areas generally were within +0.1 and —0.1 ft/s and
never exceeded 1 ft/s.

The model-computed residence times during the
June 2020-22 analysis periods at the selected comparison
segments reflect the differences in velocity and segment
water volume exchange characteristics. There was a substan-
tial lateral difference in residence time in segments between
channel features; values ranged from 0.28 to 17.3 days per
500 meters of channel between the main stem and backwater
areas. Residence times also generally increased longitudi-
nally from upstream to downstream within common channel
features. These gradients in resident time reflect the effects
of differences in velocities, segment volumes, and the likely
effects of the operation of the Starved Rock Lock and Dam at
the downstream end of the study reach. Variation in average
June residence times was greater among channel features than
among years.

Simulated daily water-temperature profiles also were
compared at the five selected transect locations along the
Illinois River for June 2020, June 2021, and June 2022, and
variability among years was greatest for this physical charac-
teristic. The period of water temperatures greater than 27 °C
in June 2020 was relatively short in comparison to similar
periods in 2021 and 2022, but this relatively short period of
warm water temperatures coincided with the HAB that year.
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The longest period of temperatures greater than 27 °C in the
selected segments in the 3-year analysis period was in the
second half of June 2022, yet no study-area wide HAB was
documented that year. After warm water temperatures were
established in the reach in June 2022, a cooling period broke
up the extended warming period, particularly in some of

the backwater segments. The cooling period was greater in
magnitude and duration downstream from the Marseilles Lock
and Dam pool where a localized HAB was documented that
year, perhaps limiting the spread of the HAB. The timing of
the temperature changes among the lateral transect segments
generally was consistent between geomorphic channel areas
and between years, but side channels and particularly backwa-
ter areas did demonstrate greater dynamics in timing compared
to corresponding main stem segments.

The documented HABs in 2020 and 2021 at Starved
Rock Dam occurred during a period of water temperatures of
about 26 °C, and backwater areas at some locations did attain
these temperatures 2—3 days before the conditions in the main
stem. Residence times in the backwater areas, however, gener-
ally exceeded 9 days, thus limiting the exchange of water car-
rying algal biomass into the main channel. Overall, the model
results indicated that CE-QUAL-W?2 captures the variability
in water temperatures along with the highly variable hydrody-
namics that provide a complex array of habitat conditions for
the development of algal communities and HABs.
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