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Chapter 1 - INTRODUCTIO N 

The Chicago Waterway System (CWS) is composed of the Chicago Sanitary and Ship 

Canal (CSSC), Calumet-Sag Channel, North Shore Channel, lower portion of the North 

Branch Chicago River, South Branch Chicago River, Chicago River Main Stem. and 

Little Calumet River (North). In total, the CWS is a 76.3 mi branching network of 

navigable waterways controlled by hydraulic structures in which the majority of flow is 

treated sewage effluent. The dominant uses of the CWS are for commercial and 

recreztional navigation and for urban drainage, i.e. draining combined sewer over;rlows, 

stormwater runoff, and treated wastewater from the Chicago area away fiom Lake 

Michigan. The Calumet and Chicago River Systems are shown in Figure 1 . l .  

There have been several studies on the water quality in the CWS and the Upper Illinois 

River in the past. Major studies have included the study done in response to Section 208 

of the Federal Water Pollution Control Act Amendments of 1972 (PL 92-500) by 

Hydrocomp, Inc. (1979a and b) for the Northeastern Illinois Planning Commission (Hey 

et al., 1980) and a modeling study done by Camp, Dresser & McKee (CDM, 1992.1 for 

the Metropolitan Water Reclamation District of Greater Chicago (MWRDGC). CDM 

(1992) used QUAL2EU to simulate dissolved oxygen on the Chicago Waterway md 

Upper Illinois River. This QUAL2EU model has been used by the MWRDGC thro~xghout 

the 1990s for water-quality management in the CWS. 

The GC pill soon be faced with a number of difficult management issues 

including the impact of reduced discretionary diversions from Lake Michigan for water- 

1 



quality improvement in the summer, the outcome of a use attainability analysis for the 

CWS, and development total maximum daily load allocations. Because of the dynamic 

nature of the CWS the available QUAL2EU model was considered inadequate to evaluate 

these management issues and their impact on water quality in the CWS. A model capable 

of simulating hydraulics and water-quality processes under unsteady-flow conditions was 

needed to assist the MWRDGC in water-quality management and planning decision 

making processes. Therefore, the MWRDGC entered into an agreement with Marquette 

University to adapt the DUFLOW model developed in The Netherlands (DUFLOW, 

2000) for simulation of the hydraulics and water-quality processes of the CWS. This 

report describes the development, calibration, and application of the water-quality model 

for the period of April 1 to May 4,2002. 

Before the water-quality model was calibrated, the previously calibrated hydraulic model 

(Shrestha and Melching, 2003) was tested for the water-quality calibration study period. 

Hydraulic verification of the previously calibrated model for the time period of April 1 to 

May 4, 2002, is presented in Chapter 2. Model hydraulics were calibrated using howly 

stage data at three gages operated by the MWRDGC along the CSSC and at the 

downstream boundary at Romeoville, and daily flow data collected near the Chicago 

River Controlling Works (CRCW) and O'Brien Dam and Lock (O'Brien) upstream 

boundaries. Calibration of the water quality-model is described in Chapter 3. Data used in 

calibration, assumptions, and calibration results are explained in this chapter. 
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Figure 1.1. Schematic diagram of the Calumet and the Chicago River Systems 



The U.S. Army Corps of Engineers is evaluating the possibility of changing the Code of 

Federal Regulations (CFR) with respect to minimum navigational water levels in the 

CWS during storm periods. Currently, the CFR (Title 33 Part 207 Sections 425 and 450) 

requires that water levels at CRCW and O'Brien must be maintained at -2 ft  (-0.610 m) 

relative to the City of Chicago Datum (CCD, 579.48 ft = 176.626 m above mean sea 

level). In anticipation of storms the MWRDGC often draws down the CWS to provide 

storage space for runoff and increase the hydraulic gradient for moving flood water faster 

out of the CWS while maintaining water levels at or above -2 ft CCD at CRCW and 

O'Brien by taking water (called "navigation make up water") fiom Lake Michigan. If the 

storm does not materialize or it is smaller than expected the MWRDGC must also take 

navigation make up water to refill the CWS. It has been proposed that a water level as 

low as -3 ft CCD (-0.914 m) be allowed during storm periods to reduce diversions fiom 

Lake Michigan. During the April 1 to May 4, 2002, study period water levels were 

allowed to go below -2 ft CCD in order to evaluate the effects of lower water levels on 

the diversion, navigation, water quality, and other features of the CWS. The model was 

used to determine the diversion necessary to maintain water levels at or above -2 fi CCD 

and the effect of increased drawdown on water quality. For those periods when water 

levels went below -2 ft  CCD water levels were set to -2 ft CCD and the calibrated model 

was run under that condition to observe the effect of lake water diversion on dissolved 

oxygen. Results of the scenario in which water level boundaries were set to -2 ft CCD are 

given in Chapter 4. 



Chapter 2 - HYDRAULIC MODEL VERIFICATION 

The unsteady-flow model for the CWS was calibrated and verified by the Institute for 

Urban Environnlerltal Risk Management, Marquette University in 2003. The ability of 

the model to simulate unsteady flow conditions was demonstrated by comparing the 

simulation resufts to measured data for eight different periods between August 1, 1998 

and July 3 1, 1999 (Shrestha and Melching, 2003). The DUFLOW model developed in 

The Netherlands was selected for the calibration and simulations. The model was 

calibrated using hourly stage data at three gages operated by the MWRDGC dong the 

CSSC and at the downstream boundary at Romeoville operated by the U.S. Geological 

Survey (USCS), arid using daily flow data collected by the USGS near the CRCW and 

O'Brien upstream boundaries. 

In this study, data from the period between April 1 and May 4, 2002, were used to verify 

the previously calibrated hydraulic model (Shrestha and Melching, 2003). The model \was 

run at a 15-min. time step and measured and simulated stage values were compared for a 

60-min. t h e  interval. Assumptions, data used, and results are presented in the followring 

sections of this chapter. 



2.2 Hydraulic Data used for the Model Input 

Since all data needed for the model are not available, some assumptions were made to 

estimate missing data and flow from ungaged tributaries and ungaged watersheds. In the 

following subsections hydraulic data used in the model are explained. 

2.2.1 hkasured Inflows, Outflows, and Water-Surface Elevations 

The hydraulic and hydrologic data available for the CWS have been compiled from 

different agencies. The USGS has established discharge and stage gages at three primary 

locations where water is diverted &om Lake Michigan into the CWS. These locations are: 

i) The Chicago River Main Stem at Columbus Drive (near CRCW) 

ii) The Calumet River at the O'Brien Lock and Dam 

iii) The North Shore Channel at Maple Avenue (near the Wilmette Pumping Station) 

The data from these gages are used as the primary upstream elevation versus time 

(hourly) boundary conditions for the unsteady-flow water-quality model. Flow versus 

time data (on a 15-minutes basis) from the USGS gage on the CSSC at Romeoville are 

used as the downstream boundary condition for the model. The data from the USGS gage 

on the Little Calumet River (South) at South Holland provide a flow versus time 

upstream boundary condition for the water-quality model. Two tributaries to the 

Calumet-Sag Channel are gaged by the USGS, Tinley Creek near Palos Park and 

Midlothian Creek at Oak Forest. The USGS gage on the Grand Calumet River at Hohman 

Avenue at Harnmond, Ind. is considered as tributary flow to the Little Calumet River 



(Worth), Flow on the North Branch Chicago River is measured just upstream of its 

confluence with the North Shore Channel at the USGS gage at Albany Avenue. 

There also are inflows coming from MWRDGC facilities. Hourly flow data are available 

fiom the MWRDCiC for the treated effluent discharged to the CWS by each of &the four 

Water Reclamation Plants (WRPs)-North Side, Stickney, Calumet, and Lemont. In 

addition, flows discharged to the CWS at three combined sewer overflow (CSO) 

pumping stations--North Branch, Racine Avenue, and 1 2 5 ~  Street-were estimated fiom 

operating logs of these stations. The boundary conditions and tributary inflows for the 

DUFLOW model of the CWS are summarized in Section 2.2.3. 

2.2.2 Estimation of Flow for Ungaged Tributaries and Combined Sewer 
Overfl~ws 

It is necessary to estimate the inflows fiom ungaged-tributary watersheds. Tke same 

procedure was folliowed as applied in the original hydraulic calibration of the model 

(Shrestha and Melching, 2003). In the original hydraulic calibration, flows on 

Midlothian Creek were used to estimate flows on ungaged tributaries on an area-ratio 

basis. The drainage area ratios for the ungaged tributaries compared to the Midlothian 

Creek drainage area are listed in Table 2.1. The U.S. Army Corps of Engineers (2001) 

has estimated the land cover distribution in percent for the "ungagedYTalurnet-Sag 

(including Midlothian and Tinley Creeks) and lower Des Plaines watersheds as follows. 

1 Ungaged lower Des Plaines I 30.1 40.3 1 29.6-1 

Watershed 
Ungaged Calumet-Sag 

Impervious 
35.8 

Grassland 
58.7 

Forest 
5.5 



Because of the relatively small variation in the distribution of pervious and impervious 

land cover in the ungaged watersheds the area-ratio method results in estimates with 

sufficient accuracy for the purposes of this study. 

*The gaged 
the total Midlothian Creek drainage area of 20 mi2. The total flow for both Midlothian 
and Tinley Creeks was determined by area ratio of the total drainage area to the gaged 
drainage area, 12.6 mi2 and 1 1.2 mi2 for Midlothian and Tinley Creeks, respectively. 

All 3 CSO pumping stations discharged to the CWS during the storm of April sfh and 9". 

The Racine Avenue and North Branch Pumping Stations worked for a total of 10 hours 

on April 8" and 9" and the 125" Street Pumping Station worked for 12 hours on April 

gfh. Hourly flows from these stations were estimated fi-om pump operation records of on 

and off times and rated capacity of the various pumps and then input to the model. In the 

hydraulic calibration (Shrestha and Melching, 2003), the flows from the North Branch of 

the Chicago River at Albany Avenue and the North Branch Pumping Station were 

considered a combined input, but for the water-quality modeling these two inputs have 

now been separated. 

The flow from other CSO drainage areas during storms has a substantial effect on the 

CWS. There are more than 150 dropshafts fi-om the combined sewers to the Tunnel and 
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Reservoir Plan tunnels and nearly 200 CSOs in the CWS drainage area and 6 CSO 

locatioi~s were used to represent whole system in the original hydraulic calibration report 

(Shrestha and Melching, 2003). Since it is practically difficult to introduce sll CSO 

locations in the modeling, 28 representative CSO locations were identified and flow 

distribution was done on the basis of drainage area for each of these locations. By 

increasing the number of CSOs from 6 to 28, more appropriate CSO loads are provided, 

Figure 2.3 and 'Table 2.2 give the locations and drainage areas of the 28 representative 

CSO locations. The volume of CSO was determined from the system wide flow balance 

and water level measurements at Romeoville. The flow balance calculation is explained 

in Section 2.5. 

2.2.3 Summary of Boundary Conditions and Tributary Inflows 

Boundary and initial conditions for the water-quality calibration period were set by data 

collected by the USGS and the IvfWRDGC at the three lake front control structures ,md 

USGS data at Romeoville and for the tributary flows. Data collected by the M 

for the discharges from different water reclamation plants also were used. 

Boundmy Locations: 

a. Chicago River at Columbus Drive 

b. North Shore Channel at Wilmette 

c. Calumet River at O'Brien Lock and Dam 

d. Little Calumet River (South) at Cottage Grove Avenue (South Holland) 

e. CSSC at Romeoville (downstream boundary) 

The major flows into CWS have been identified as follows: 



a. North Side Water Reclamation Plant 

b. Stickney Water Reclamation Plant 

c. Calumet Water Reclamation Plant 

and the minor flows into the CWS are from: 

a. North Branch Chicago River at Albany Avenue 

b. Racine Avenue Pumping Station 

c. North Branch Pumping Station 

d. 1 2 5 ~  Street Pumping Station 

e. Lemont Water Reclamation Plant 

f. Citgo Petroleum 

g. Tinley Creek-kNavajo Creek (i.e. Navajo Creek estimated based on area ratio with 

Midlothian Creek and added with nearby Tinley Creek) 

h. Midlothian Creek 

i. Grand Calumet River 

j. Mill+Stony Creek (West)* 

k. Stony Creek (East)* 

1. Des Plaines River Basin* 

m. Calumet Union Ditch* 

n. Cal-Sag Watershed West* 

0. 28 CSO locations 

* These flows were estimated based on Midlothian Creek flows 



---I- 

~r Inflow locations 

Figure 2.1. Locations of the 28 representative combined sewer overflows (CSOs) usd  in 
this study (note: The location of the Citgo Petroleum plant is shown above, the inflow 
location in the model and in reality is downstream from the Lemont WW.) 



Table 2.2. Drainage areas of each of the 28 representative combined sewer overflow 
(CSO) locations 

CSO Number 

21 
22 
23 
24 
25 
26 
27 
28 

*River miles for the Chicago Waterway System often are described relative to the 
confluence of the Illinois River with the Mississippi River at Grafton, Ill., in this case the 
River Mile for Lockport is 291, and all of the values can have 291 added to them to give 
river mile values relative to the mouth of the Illinois River. 

28 
30 
3 1 
34 
35 
3 1 
32 
35 

10.70 
4.10 
3.58 
5.12 
5.64 
1.40 
6.17 
0.62 

Little Calumet River (North) 
Little Calumet River (North) 
Little Calumet River (North) 
Little Calumet River (North) 
Little Calumet River (North) 
Little Calumet River (South) 
Little Calumet River (South) 
Little Calumet River (South) 



In 1995, the IJSGS did an evaluation of direct groundwater inflows to the C'WS 

downstream from the USGS streamflow gages on the basis of test boring data and 

piezometric water levels near the waterways. The U.S. Army Corps of Engineers (1 996) 

summarized the USGS results and determined a total groundwater inflow of 4 cfs. 

Therefore, the effects of direct groundwater inflow to the CWS was not directly 

considered in tbe water balance for the DUFLOW model. However, for tributary area? 

draining directly to the CWS groundwater inflows are considered as part of the area ratio 

estimate of flows from these areas. 

In this model, the upstream boundary conditions are water-surface elevations at the first 3 

locations and flow at the fourth location and the downstream boundary condition is flow. 

By doing this, it is possible to compare computed discharge at the upstream bomdaaies 

and water-surface elevation computed at the downstream boundary to the measured 

values at these locations. 

2.3 Channel Geometry and Roughness Coefficient 

The c h e l  geometry is represented as a series of 193 measured cross sections in the 

calibrated hydraullzc model. The same channel geometry values were used for tbe 

verification simulations. The DUFLOW model uses Chezy's roughness coefficient, C, to 

calculate hydraulic resistance. For verification purposes, calibrated C values, wbicfi vary 

between 6 and 60 were used in this study, and the equivalent Manning's m values range 

fiom 0.022 to 0.165. Complete details on the calibrated values of Chezy's C the 

equivalent Manning's n value are given in Table 4.2 of Shrestha and Melching (20031" 



2.4 Model Verification Locations 

Although flow in the various branches of the CWS are not measured, water-surface 

elevation recorded at different locations was used for calibration and verification of the 

model. The water-surface elevation recorded at Western Avenue, Willow Springs, and 

Cal-Sag Junction by the MWRDGC and at Romeoville by the USGS was used for model 

calibration and verification by Shrestha and Melching (2003). For this study, in addition 

to these locations, data from two new stations, North Branch Chicago River at Lawrence 

Avenue and Calumet-Sag Channel at Southwest Highway, were also used for verification 

pwposes. 

2.5 Flow Balance 

The inflow to the CWS is comprised of flows fiom tributaries, water reclamation plants, 

pumping stations, CSOs, and from Lake Michigan at the controlling structures. All the 

inflows to the system are measured as outflow at Romeoville. Missing data from gaged 

sites, ungaged tributaries, and CSO flows have been estimated by various mathematical 

and statistical methods described in detail in Shrestha and Melching (2003). During the 

calculation of the flow balance, it is assumed that the difference in the water balance due 

to the travel time and change in storage are negligible (over the entire simulated period- 

more than one month). Comparison of the summation of all inflows (except CSOs) to the 

system and outflow at Romeoville is shown in Figure 2.2. All inflows to the system and 

flow at Romeoville for the 41112002-51412002 period is given in Table 2.3. Over the full 



study period the inflows (except CSOs) were 3.27 % lower than the outf307i~ at 

Romeoville. 

During the April 8* event the measured and estimated inflows were insufEcien1. to 

maintain simulated water-surface elevations at Romeoville near measured water-surface 

elevations, If  the simulated water-surface elevation is substantially below the observed 

value, the hydraulic model is artificially dewatering the CWS in order to match the 

observed flow at Romeoville indicating that the CWS is receiving insuEcient inflow. 

Thus, CSO volume was added until reasonable water-surface elevations were simdated 

at Rorneoville. This CSO volume is proportioned on the basis of CSO drainage areas 

listed in Table 2.2 divided by the total CSO drainage area (i.e. volume CSO 1 = [Area 

CSO li'Total CSO area] x Total CSO volume) and applied uniformly in time over the 

period of operation of Racine Avenue Pumping Station. For the April 8Yh event a total 

CSO volume of 140 m3/s for 10 hours was input to the CWS simulation. This trmslates 

to 1.72 m3/s over the entire period, which is more than half the discrepancy in Table 2.3. 

The remaining discrepancy results because of localized CSO flows between April 19 and 

27th (as discussed in Section 3.5.2.2), errors in the area-ratio based estimates of Bows 

from ungaged tributaries primarily due to rainfall areal variability, travel time issues 

between inflows and outflows, and errors in the various measurements of inflows and 

outflows, In the hydraulic model this imbalance is accounted for in the hydraulic model 

by increasing the flow fmm Lake Michigan primarily at Wilmette (see Section 2.6). 



40 ! 
30 

. - .A.. . Total - Rorneovik 

Figure 2.2. Comparison of the summation of all measured or estimated (except combined 
sewer overflows) inflows (Total) and the measured outflow at Romeoville 



bill Creek + Stoney Creek (W) 1 1.29 1 

Table 2.3. Balance of average daily flows for the Chicago Waterway System for the 
period of April 1 to May 4,2002 

b&ajo Creek + Calumet-Sag basin 
I 

0.30 

- Inflows 

I 

i halumet Union Ditch 0.92 

Flow (mJ/s) 

iizianey Creek (E) 
I 

0.38 

Lower Des Plaines basin 1 0.55 1 

I 

b m o n t  Water Reclamation Plant 
I 

0.13 1 

Calumet-Sag End Watershed 0.78 

I 

hacine Avenue Pump Station 
I 

0.38 

alurnet Water Reclamation Plant 
I 

Street Pump Station 
I 

0.08 1 

15.06 

d Calumet River 0.24 

pdlothian Creek 1 0.78 

I 
orth Branch Pump Station 

b-~hore Channel at Wilmette 
I 

0.13 1 

0.10 

Chicago River at Columbus Drive 

O'Brien Lock and Dam 

Finley Creek 1 1.10 1 

1.51 

P l e  Calumet River at South Holland 

b b ~  Branch Chicago River at Albany Avenue i 5.17 

bickney Water Reclamation Plant 
I 

37.54 1 
I 

orthside Water Reclamation Plant 12.78 1 
~ r n e o v i l l e  (Outflow) 

p ?  Difference 



2.6 Results of the Hydraulic Verification 

The comparison of measured and simulated water-surface elevations at the locations used 

in the original model calibration and verification is shown in Figure 2.3. Two new 

locations were used in this study, and the results at these locations are shown in Figure 

2.4. Although data from Lawrence Avenue on the North Branch Chicago River and 

Southwest Highway on the Calumet-Sag Channel were not used for calibration, 

verification resuIts showed that the model could estimate measured water-surface 

elevations at these locations with a high accuracy. Statistical analysis given in Table 2.4 

and 2.5 (note: the difference in the number of data in the table for the various locations 

results because of different amounts of missing or erroneous data at these locations) 

showed that difference between the measured and simulated stages are all below 7 % 

relative to the depth of the water (where depth is measured relative to the thalweg of the 

channel). Mean and median values of the absolute value of the difference between the 

measured and simulated stages are below 1% relative to the depth of the water at all 

locations. The simulated water-surface elevations were within 1 % of the measured 

values with respect to the depth for 70-95.7% of the values and within 2% for 89-99.8% 

of the values. These high percentages of small errors and the high correlation coefficients 

(0.8-0.94) indicate an excellent hydraulic verification of the model. Since the calibrated 

model can predict stages throughout the CWS with high accuracy, this model can be 

safely used for the water-quality calibration. 



Table 2.4. Percentage of the hourly water-surface elevations for which the error in 
simulated versus measured values relative to the depth of flow (measured from the 
thalweg of the channel) is less than the specified 



Table 2.5. Comparison of simulated and measured water-surface elevations relative to CCD, 
April 1-May 4,2002 [note: Elevation Error =simulated-measured; Abs Error =absolute value 
of simulated-measured; Percent Error =(simulated-measured)/measured x 100; Abs Percent 
Error =absolute value of (simulated-measured)/measured x 100; Percent Error wrt Depth = 
(simulated elevation-measured elevation)/measured depth x 100; Abs Percent Error wrt 
Depth =absolute value of (simulated elevation-measured elevation)/measured depth x 1001 

Percent Abs 
SimUbted Measured Elevation Abs Percent 

Elevation Elevation Water Error (m) Error Error Abs Error Percent 

(m) (m) Depth (m) Error 
wrt Error wrt 

Depth Depth 
Min. -0.75 -0.70 2.74 -0.21 0.00 -67.14 0.01 -6.95 0.00 
Max. -0.14 -0.18 3.39 0.19 0.21 36.54 67.14 6.21 6.95 

Lawrence Mean -0.46 -0.47 3.05 0.00 0.03 -2.17 6.57 0.12 0.89 
Avenue Med. -0.48 -0.48 3.04 0.00 0.02 -0.45 3.73 0.07 0.58 

STD 0.10 0.08 0.10 0.04 0.03 10.20 8.09 1.30 0.96 
#ofData=811 Correlation Coefficient, R = 0.91 

Min. -0.81 -0.84 6.62 -0.12 0.00 -33.95 0.01 -1.81 0.00 
Max. -0.41 -0.36 7.02 0.21 0.21 19.57 33.95 3.14 3.14 

Western Mean -0.58 -0.56 6.85 -0.02 0.03 4.10 4.90 -0.35 0.42 
Avenue Med. -0.57 -0.55 6.86 -0.02 0.03 4.04 4.34 -0.35 0.37 

STD 0.07 0.07 0.07 0.03 0.02 4.46 3.56 0.38 0.31 
#ofData=815 Correlation Coefficient, R = 0.93 

Min.= -0.87 -0.90 7.20 -0.22 0.00 -23.47 0.01 -2.95 0.00 
Max. -0.44 -0.40 7.63 0.11 0.22 34.01 34.01 1.45 2.95 

Willow Mean -0.61 -0.58 7.46 -0.03 0.04 5.55 6.67 -0.46 0.55 
Springs Med. -0.61 -0.57 7.46 -0.03 0.04 5.69 6.10 -0.46 0.49 

STD 0.07 0.08 0.07 0.04 0.03 5.80 4.48 0.48 0.38 
#of Data =814 Correlation Coefficient, R = 0.89 

Min. -0.95 -0.98 7.60 -0.29 0.00 -268.6 0.00 -3.65 0.00 
Max. -0.19 -0.36 8.37 0.52 0.52 44.40 268.67 6.17 6.17 

Cal-Sag Mean -0.64 -0.59 7.92 -0.05 0.06 7.50 9.93 -0.65 0.77 
Junction Med. -0.63 -0.58 7.93 -0.05 0.06 8.58 8.93 -0.68 0.71 

STD 0.08 0.09 0.08 0.05 0.04 13.45 11.77 0.68 0.53 
# of Data=787 Correlation Coefficient, R = 0.80 

Min. -1.38 -1.53 7.55 -0.21 0.00 -29.45 0.00 -2.60 0.00 
Max. -0.49 -0.42 8.43 0.22 0.22 32.89 32.89 2.73 2.73 

Romeoville Mean -0.66 -0.67 8.26 0.01 0.04 -0.67 6.10 0.08 0.50 
Med. -0.62 -0.62 8.30 0.00 0.03 -0.45 5.02 0.03 0.37 
STD 0.13 0.16 0.13 0.06 0.04 7.97 5.17 0.68 0.47 

#of  Data =815 Correlation Coefficient, R = 0.94 

Min. -0.83 -0.80 3.13 -0.40 0.0 -21.46 0.0 -1 1.84 0.0 
Max. -0.33 -0.19 3.64 0.10 0.4 67.69 67.69 2.91 11.84 

Southwest Mean -0.57 -0.56 3.40 -0.01 0.03 1.47 4.78 -0.28 0.80 
Highway Med. -0.57 -0.55 3.39 -0.01 0.02 1.45 4.02 -0.24 0.66 
(Cal-Sag) STD 0.07 -0.07 0.07 0.04 0.02 6.28 4.32 1.06 0.74 

#of Data -813 Correlation Coefficient, R = 0.87 
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Figure 2.3. Comparison of measured and simulated water-surface elevations relative to 
the City of Chicago Datum (CCD) at different locations in the Chicago Waterway System 
for April 1 - May 4,2002 
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Southwest Highway (CaCSag Channel), April 1 - May4,2002 
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Figure 2.4. Comparison of measured and simulated water-surface elevations relative: to 
the City of Chicago Datum (CCD) at new locations on the Chicago Waterway System for 
April 1 - 2May 4,2002 



The comparison of measured and simulated average daily flows at the boundaries is 

shown in Figure 2.5. Both the measured and simulated flows at these locations are very 

small compared to the total flow at Romeoville. For most of the simulation period the 

general trends of the simulated/measured values are similar, however, during storm 

periods some deviations are observed. Similar deviations were found in the original 

hydraulic calibration (Shrestha and Melching, 2003), and readers should review Shrestha 

and Melching (2003) to understand the causes of these deviations. Comparison of 

measured and simulated average monthly discharges at the boundaries is given in Table 

2.6. The simulated inflows at the boundaries is 3.32 m3/s greater than the measured 

inflows at the boundaries this is within 10 percent of difference (3.03 m3/s) between 

inflows and outflows to the CWS summarized in Table 2.3. 

Table 2.6 Comparison of average simulated and measured flow at the boundaries 
1 Measured 1 Simulated 1 

I Wilmette 1 0.13 1 1.38 I 
Columbus 

Since the system is dominated mainly by treatment plant and tributary flows, the effects 

of the overestimate of inflows at Wilmette and O'Brien and the underestimate of inflows 

at Columbus Drive on water-quality simulation accuracy decrease as the water gets 

farther from these boundaries. Detailed discussion of water-quality simulations at the 

boundaries is given in Section 3.5.2.4. 

(m3/s) 
0.47 

(m3/s) 
-0.67 



Chicago River at Columbus, Drive -April 1 - May 4.2002 
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North Shore Channel at Wilmette -April 1- May 4, 2002 
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Figure 2.5 The comparison of measured and simulated average daily flows at the 
boundaries 



Chapter 3 - CALIBRATION OF THE WATER QUALITY 
MODEL 

3.1 The DUFLO W Water-Quality Model 

The DUFLOW modeling system (DUFLOW, 2000) provides a water manager with a set 

of integrated tools, to quickly perform simple analyses. But the system is equally suitable 

for conducting expensive, integral studies. It enables water managers to calculate 

unsteady flows in networks of canals, rivers, and channels. It also is useful for simulating 

the transport of substances in free-surface flow. More complex waterquality processes 

can be simulated as well. 

The DUFLOW modeling system is designed for various categories of users. The model 

can be used by water authorities, designers, and educational institutions. DUFLOW runs 

on a personal computer with a graphical user interface. It can, therefore, be operated in 

most scientific or engineering environments. 

The DUFLOW modeling system allows for a number of processes affecting water quality 

to be simulated, such as algal blooms, contaminated silts, salt intrusions, etc., to describe 

the water quality and it is able to model the interactions between these constituents. Two 

water-quality models are included in the DUFLOW modeling system as EUTROFl and 

EUTROF2. EUTROFl calculates the cycling of nitrogen, phosphorus, and oxygen using 

the same formulations as applied in the U.S. Environmental Protection Agency WASP 

version 4 (Ambrose et al., 1988). EUTROFl is particularly suitable to study the short- 
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term behavior of systems. If the long-term functioning of a system is of interest the other 

eutrophication model, EUTROF2, is more appropriate (DUFLOW, 2000). In addition t~ 

these two built-in water-quality models, there are an abundance of formulations proposed 

in the literature. DUFLOW gives geat freedom to the user in formulating the production 

or destruction of biological or chemical constituents because users may write their own 

water-quality simulation routines and easily incorporate them DUFLOW (DUFLOW, 

2000). 

In this study, EUTROF2 was selected as the appropriate unsteady-flow water-qrjrality 

model for the CWS. In EUTROF2, three algal species can be defined, and the model also 

describes the interaction between the sediment and the overlying water colum, which 

was considered a very important issue for the CWS. An important topic in water-quality 

problems is the interaction between the bottom layer and the mass above. EU?RI)F2 

distinguishes among transported material that flows with water, bottom materials that are 

not transported material that flow with water, and bottom materials that are not 

transported but that can be subject to similar interactions to those for the water calm. 

The following state variables which are represented as both water and sediment 

components are included in the EUTROF2 model: algal biomass species, suspended 

solids concentration, total inorganic phosphorus, total organic phosphorus, total organic 

nitrogen, ammonia nitrogen, nitrate nitrogen, DO, and biochemical oxygen demand 

(BOD). The complete EUTROF2 model is given in Appendix A. The model given in 

Appendix A includes a correction to the estimation of the reaeration-sate coefficient via 

the OYConnor-Dobbins (1958) formula. In the original EUTROF2 model, the reaeration- 
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rate coefficient was inversely proportional to the square root of the depth when in fact it 

is inversely proportional to depth to the 3/2 power. 

3.2 Water-Qualify lnput Data 

The water quality in the modeled portion of the CWS is affected by the operation of four 

Sidestream Elevated Pool Aeration (SEPA) stations and two instream aeration stations. 

The CWS also receives pollutant loads fiom four water reclamation plants, nearly 200 

CSOs (condensed to 28 representative locations to facilitate the modeling), direct 

diversions from Lake Michigan, and eleven tributary streams or drainage areas. 

Assumptions used to consider the effects of the aeration stations on water quality and to 

determine the various pollutant loadings are discussed in this section as are the 

constituent concentrations for the various inflows to the CWS. 

3.2.1 SEPA stations 

As a result of substantial pollutant loading and low in-stream velocities, dissolved oxygen 

P O )  concentrations in the CWS historically have been low. In 1984 the MWRDGC 

issued a feasibiIity report on a new concept of artificial aeration referred to as Sidestream 

Elevated Pool Aeration (SEPA). The SEPA concept involves pumping a portion of the 

water from the stream into an elevated pool. Water is then aerated by flowing over a 

cascade or waterfall, and the aerated water is returned to the stream. There are five SEPA 

stations along the Calurnet-Sag Channel, Little Calumet River (North), and Calumet 

River. Four of these SEPA stations are within the water-quality model study area. 



Finally, even though SEPA station #2 is downstream from the Calumet WRP, the 

distance is too small (0.1 mi) for the Calumet WRP to have much effect in reducing :DO 

concentrations. Thus, at SEPA station #2 upstream DO concentrations were very close to 

saturation during the study period, and the DO load input by SEPA station #2 was felt to 

be minimal and thas load was not included in the modeling. The locations of the SEPA 

stations are Iisted in Table 3.1. 

Table 3.11 Locations of Sidestream Elevated Pool Aeration (SEPA) stations 
r-- - 
1 SEPA STATION # 
I Location I I 

River Mile from Lockport 1 

Two previously conducted studies (Butts et al., 1999 and 2000) were used to examine the 

efficiency of and calculate oxygen load from the SEPA stations. Efficiencies of the 

stations at different working conditions are summarized in Table 3.2-3.4. 

Table 3-2 Mean of Manually Measured Dissolved Oxygen (DO) and Temperature Values 
for Ve~~ically Averaged Intake and Outfall Values for Different Pump Operations at the 

Sidestream Elevated Pool Aeration Stations (after Butts et al., 1999) 



Table 3.3 Mean of Manually Measured Dissolved Oxygen (DO) and Temperature Values 
for Vertically Averaged Intake and Outfall Values for Different Seasons at the 
Sidestream Elevated Pool Aeration (SEPA) stations (after Butts et al., 1999) 



Table 3.4 Mean Dissolved Oxygen (DO) Values and Percent Saturation at the Sidestream 
Elevated Pool Aeration (SEPA) stations 3, 4, and 5 for Different Seasons and Pump 
Operations (after Butts et al., 1999) --- 

Dissolved Oxvgen 

r - Percent Saturation 

I I I I 

Concentration (mg/L) 

Event 

Intake 1 5.23 5.8 6.86 5.46 
4 - 

Outfill I 8.07 10.08 9.82 8.69 

Fall 

In the water-quality modeling, the oxygen load from the SEPA stations was calculated 

I 

1 Total # 
]readings 

Number of Pumps 

using the fallowing formula: 

OXYGEN LOAD = Qp X a X ( C S ~ ~  - C ~ ~ ~ ~ ~ ~ ~ ~ ) / 1 0 0 0  in kg/s 

1 Spring 

where: 

Early 

QP = Flow through SEPA station, m3/s 

2 

= Number of Pumps Operating x Pump Capacity 

- - Saturation concentration of dissolved oxygen, mg/L, 

(determined from continuous in-stream temperature data) 

3 4 



- CUPSTREAM - Dissolved oxygen concentration (mg/L) upstream of SEPA station 

fi-om continuous in-stream monitoring data 

a - - Fraction of saturation achieved = f(number of pumps in operation), 

from Butts et al. (1 999) 

These oxygen loads were directly input to the CWS as a point source in the DUFLOW 

water-quality simulation. Daily DO loads from SEPA stations are given in Appendix B. 

The fraction of saturation achieved is listed in Table 3.5, which was determined from 

Table 3.2-3.4. 

Table 3.5 Fraction of dissolved oxygen saturation achieved by the Sidestream Elevated 
Pool Aeration (SEPA) stations with different pump operations (afler Butts et al., 2000) 

Flow through the SEPA station was calculated using the pump operation schedule and 

pump capacities. The pump operation schedule was provided by the MWRDGC. During 

the study period (April 1- May 4,2002), most of the time SEPA stations were in use and 

just one pump was operating. Design features of SEPA stations are given in Table 3.6. 

SEPA Station 
3 
4 
5 

Table 3.6 Engineering Design Features of the Sidestream Elevated Pool Aeration (SEPA) 
stations (after Butts et al., 2000) 

Weirs 1 

Number of Pumps 
1 

1.01 
1.01 
0.93 

Station No 

3 
4 
5 

2 
1.01 
1.05 
0.98 

Pumps 

3 
0.99 
1.02 
1.02 

No 

3 
3 
4 

Type 

Screw 
Screw 
Screw 

4 

1.02 

No 

4 
4 
5 

Design Maximum 
flow (cfs) 

479 
479 
577 

Size (in.) 

120 
120 
120 

Height (A) 

Per Weir 

5 
5 
3 

Total 

15 
15 
12 



The DO saturation concentration is a h c t i o n  of elevation and temperature. The DO 

saturasion concentration for various water temperatures was computed using the 

Committee on Sanitary Engineering Research (1960) DO saturation formula: 

ST = 14 652-0.4 I 022xT+0.00799 1 xT2-0.000077774~~~ 

where: 

ST = DO saturation concentration, at sea level, mgL 

T = Water temperature, OC. The temperature at the upstream continuous monitoring 

station was used, 

?his formula represents saturation levels at sea level. The sea level concentrations 

calculated by the formula must be corrected for differences in air pressure caused by air 

temperature changes and for elevations above sea level. Butts et al. (1999) developed the 

follouing formula: 

f =  (21 16.8-((0.08~~0.000115*~)*E))/'2116.8 

where: 

f = correction factor above sea level 

s = air temperature, OC 

E = Site Elevation, feet above mean sea level (ft-msl) 

A mean elevation of 578.6 ft-msl was used for all SEPA stations. Ambient water 

temperatures were used to approximate "s" in this equation. 



3.2.2 In-Stream Aeration Stations 

Because of problems with low DO in the past, two diffused aeration stations were built. 

In 1979, the Devon Avenue station was completed on The North Shore Channel. A 

second aeration station was constructed at Webster Street on the North Branch of the 

Chicago River and became operational in 1980. Results from a previous study (Polls et 

al., 1982) on the oxygen input efficiency of the Devon Avenue facility were used to 

determine oxygen loads from the in-stream aeration stations. Figure 3.1-3 -3 graphically 

show the relation observed between oxygen absorption and upstream DO saturation 

levels for one, two, and three-blower operation at the Devon Avenue facility. 

WATER TEMP. = 9-24.C 

PERCENT DO SATURATION 0.12 MtLES UPWREAY OF 
AERATOR &T DDVON AVENUE 

Figure 3.1 Effect of upstream Dissolved Oxygen (DO) saturation on downstream DO 
absorption with one blower in operation at Devon Avenue (after Polls et al., 1982) 



WATER TEMP. = 6-26.3-c 

PERCENT DO SATURATfON 0.12 MILES UPSTREAM QP 
AERATOR AT DEVON AVENUE 

Figure 3.2 Effect of upstream Dissolved Oxygen (DO) saturation on downstream DO 
absorption witb two blowers in operation at Devon Avenue (after Polls et al., 1982) 
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PERCENT b O  SATURATION 0.12 MILES UPSTREAM OF 
AERATOR AT DEVON AVENUE 

Figure 3.3 Effect of upstream Dissolved Oxygen (DO) saturation on downstream DO 
absorption with three blowers in operation at Devon Avenue (after Polls et al., 1982) 



The data plotted in Figure 3.1-3.3 reflect percent increases in DO concentrations recorded 

0.30 miles downstream of the diffusers. Each of the data points was averaged for two 

percent increments in DO saturation levels measured at Devon Avenue, 0.12 miles 

upstream of the aeration station. The correlation coefficients of the linear relations shown 

on the figures were -0.77, -0.89, and -0.76, respectively, thus, indicating that a relation 

existed between the percentage of DO saturation upstream of the aerator and the 

percentage increase in DO concentration downstream of the aerator. 

Equations describing the effects of upstream DO saturation on downstream DO 

absorption with different numbers of blowers in operation are given below (Polls et al., 

1982): 

DOincre, = 0.455* Dosaturation + 61.75 (3 blowers in operation) 

DOincrease = 1.048* Dosaturation + 96.42 (2 blowers in operation) 

DO,,,,,, = -0.5 16* DOsatUration + 45.57 (1 blowers in operation) 

where: 

DOincRwe = Percent DO increase - 0.30 miles downstream of aeration station at Lincoln 

Avenue 

DOsatUratIm =Percent DO saturation - 0.12 miles upstream of aeration station at Devon 

Avenue 

Although these regression equations were developed for the Devon Avenue aeration 

station, it was assumed that they also are valid for the Webster Street aeration station. 

Therefore, the same equations were used for both of the stations in the water-quality 



modeling. Blower operation hours were provided by the MWRDGC. Unfortunately only 

the total number of operating hours per day was provided. Since blower start and stop 

times are unknown, blower operation hours were carefully determined using rime 

intervals where ancreases and decreases in DO concentrations were observed downstream 

of the aeration stations. Addison and Division Street continuous DO station observations 

were used for downstream of Devon Avenue and Webster Street aeration stations, 

respectively. The following equation is used to calculate DO load for input to the model: 

Load = %DOi",,,*DOup,~~,* 411 00 

where: 

Load = DO load from in-stream aeration station (gls) 

%DO,,,,,,, = Percent DO increase downstream of the aeration station 

DOU,,,,, = Measured DO concentration upstream of the aeration station (mg/L) 

Q = Discharge at the aeration station (m3/s) 

Discharge and DO concentration upstream of Devon Avenue were calculated using a 

mass balance approach. The North Side WRP and North Shore Channel at Main Stxeet 

continuous D@ concentration and discharges were used to calculate DO and discharge 

upstream of Devon Avenue aeration station. The Fullerton Avenue continuous DO 

monitoring site measurements were used for the Webster Street aeration station 

calculations. Daily DO load fiom in-stream aeration stations are given in Appendix B, 



3.2.3 Water Reclamation Plants 

Five point sources of flow potentially affect the water quality in the CWS: the North Side 

WRP, Stickney WRP, Calumet WRP, Lemont WRP, and the Citgo Petroleum 

Corporation outfall. Measured daily concentrations were used in the model for the four 

WRPs. The summation of the discharges from the North Side, Stickney, and Calumet 

WRPs has the greatest contribution of loads to the CWS. Daily measured concentration 

from these 3 WRPs are given in Figure 3.4-3.6, respectively. In these figures and 

throughout the report the constituent abbreviations are as follows: DO = dissolved 

oxygen, BOD5 = 5-day biochemical oxygen demand, TSS = total suspended solids, TKN 

= total Kjeldahl nitrogen as nitrogen, NH4-N = ammonia as nitrogen, Org-N = organic 

nitrogen as nitrogen, NO3 = nitrate as nitrogen, and P-tot = total phosphorus. The load 

from the Citgo Petroleum outfall was not considered in this study because of lack of 

water-quality data on this discharge and the insignificant amount of flow contributed by 

this discharger. 



Figure 3.4. Stickney Water Reclamation Plant daily effluent concentrations for April 1-May ti, 2002 
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Figure 3.5. North Side Water Reclamation Plant daily effluent concentrations for April I-May 5,2002 
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Figure 3.6. Calumet Water Reclamation Plant daily effluent concentrations for April 1-May 5,2@32 
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3.2.4 Tributaries 

There are two data categories related to the tributaries: 

i) Dry weather long-term average concentrations 

ii) Wet weather event mean concentrations 

Values for each of these categories are discussed in the following subsections. 

3.2.4.1 Dry Weather Concentrations 

Long-term average values are used for the dry-weather concentrations. All water-quality 

data used for dry-weather concentrations were collected as a part of the MWRDGC 

monthly waterway sampling program. 

Average concentrations for 2001-2002 for the Little Calumet River at South Holland 

were calculated using a mass balance approach and data from the Little Calumet River at 

Wentworth Avenue (upstream of the South Holland gage) and at Ashland Avenue 

(downstream of the South Holland gage) and Thorn Creek at 1 7oth Street (upstream of the 

South Holland gage). Results are listed in Table 3.7, where N02+N03-N represents 

nitrite plus nitrate as nitrogen and P-Sol represents soluble phosphorus. 

Table 3.7. Little Calumet River at South Holland dry-weather concentrations 
BOD5 TSS DO TKN NH4-N Org-N P-Tot N02+N03- P-Sol 

Concentrations measured between 1990-2002 at the Grand Calumet River at Bumham 

Avenue were used for the concentrations at the Grand Calumet River at Hohrnan Avenue 

gage. Results are listed in Table 3.8. 



Table 3.8. Grmd Calumet River at Hohman Avenue dry-weather concentrations -- 
BOD5 TSS DO TKN NH4-N Org-N P-Tot N02+N03- P-Sol - 

(mg/L) (mgL) (mgL) (mg/L) (mgL) N(mgL)  (mgI&L 
6.69 37.63 *** 4.48 2.09 2.41 0.76 8.04 0-22 

*** F O ~ D O  measured hourly concentrations on the Grand Calumet River at xtoncrE 
Avenue were assigned to the inflows on the Grand Calumet River at Hohman Avenue 

Average concentrations (2000-2002) for the North Branch Chicago River at Albany 

Avenue sore given in Table 3.9. 

Table 3.9. North Branch Chicago River at Albany Avenue dry-weather concentrations - 
BOD5 TSS DO TKN NH4-N Org-N P-Tot N02+N03- PSoI 
(m&) (mg/L) (mglL) (mg/L) ( m a )  (mg/L) (mg/L) N(mgJL) (mg.&) 

Since the date collected by the MWRDGC during 2001 -2004 show that the chlorophyll-a 

concentratio11 varies drastically from month to month, average April and May 

chlorophyll-a concentrations calculated for the Little Calumet at South Holland 

North Branch Chicago River at Albany Avenue. The chlorophyll-a concentration far the 

Little Cstlument River at South Holland was computed using the same mass balance 

approach applied for the other constituents. Results are listed in Table 3.10. 

Table 3.10 North Branch Chicago River at Albany Avenue and Little Calumet at South 
Holland eNo 

Dry-weat.!er concevltrations for other tributaries are based on Little Calumet River 

concentrations because all of the other gaged and ungaged tributaries are on sautfiem 

portion of the Chicago metropolitan area and were assumed to be similar to the tittle 

Calumet drainage basin. 



3.2.4.2 Wet Weather Concentrations 

Event mean concentrations were calculated using water-quality data collected during 

storm events by the MWRDGC. In most cases, the total load resulting from the runoff 

event is more iniportant than the individual concentrations within the event due to the fact 

that runoff events are relatively short, the receiving water body provides some mixing, 

and the concentration in the receiving water body is a response to the total load rather 

than the concentration variability within the event OIJovotny and Olem, 1994, p. 484). 

Hence, event mean concentrations were used to characterize all storms in this study. 

Concentrations for the Little Calumet River at South Holland were calculated using storm 

data on the Little Calumet River at Ashland Avenue. Results are given in Table 3.1 1. 

Table 3.11. Event mean concentrations measured at the Little Calumet River at Ashland 
Avenue 

BOD5 P-Tot TKN NH4-N N02-N N03-N TSS 
Date (mg;/L) ( m f i )  ( m a )  (mg/L) ( m a )  (mg/L) (mi&) 
April 7-9,2002 4.92 0.79 2.17 0.34 0.07 1.74 131.95 
April 18-21,2002 3.44 1.22 1.72 0.28 0.09 1.99 55.76 
May 1-2,2002 3.00 1.15 1.42 0.13 0.06 2.07 41.17 

Event mean concentrations for the North Branch Chicago River at Albany Avenue are 

given in Table 3.12. 

Table 3.12. Event mean concentrations measured at the North Branch Chicago River at 
Albany Avenue 

BOD5 P-Tot TKN NH4-N N02-N N03-N TSS 
Date (mn/L) ( m a )  ( m f i )  (mdL) (m&) (mgk) (mg/L) 
April 7-9,2002 6.34 0.72 2.04 0.20 0.05 2.51 65.50 
~ $ 1  18-21,2002 2.18 0.63 1.28 0.06 0.06 2.97 14.94 
May 1-2,2002 4.00 0.61 2.01 0.03 0.05 3.08 31.44 

Other tributaries are based on Little Calumet River event mean concentrations. 



3.2.5 Combined Sewer Overflows 

There are nearly 200 CSO locations discharging to the modeled portion of the CFVS and 

they are represented by 28 CSO locations in the model (Figure 2.1 and Table 2.2). In 

addition to CSO locations there are 3 CSO pumping stations. Water-quality parameters 

were measured by the MWRDGC at the pumping stations during the April 7-9 storm 

period. On April 9, 2002 a single DO concentration of 2.5 mg/L was measured at the 

Racine Avenue Pump Station and a single DO concentration of 4.3 mg/L was measured 

at the 125" Street Pumping Station. Because of the substantial variability ln DO 

concentrations during an overflow event, it was decided to determine the event mean DO 

concentration for all CSOs as part of the DO calibration for entire CWS. X DO 

concentration of 6.5 mg/L was selected by iteration such that reasonable agreement 

between. measured and simulated DO concentrations was obtained during the period 

affected by the (:SO event. This value is reasonable compared to monthly samples of DO 

concentration for the Racine Avenue Pump Station for March 2002-November 2003, 

which range from 0-9.3 mg/L with a mean of 4.5 mg& and standard deviation of 2.9 

mg/L. Also DO concentrations of inflows entering the TAW drop shafts collcc%ed in 

1997 and 1999 had a mean of 6.3 mg/L and a standard deviation of 2.1 mg/L. During the 

storm period all three Street Pumping Stations were in use. 

North Branch Ptlmlping Station measurements were used for North Shore Channel and 

North Braflch CSOs. Results are given in Table 13. 



Table 3.13. Concentrations measured at the North Branch Pumping Station in April 2002 
BOD5 P-Tot TKN NH4-N N02-N N03-N TSS 

The Chicago River Main Stem, South Branch, and CSSC CSO water-quality parameters 

were determined using concentrations measured at the Racine Avenue Pumping Station. 

Results are given in Table 3.14. 

Table 3.14. Concentrations measured at the Racine Avenue Pumping Station in April 
2002 

BOD5 P-Tot TKN NH4-N N02-N N03-N TSS 
(m&) (m*) (m&) ( m i m  (mgW (ma) (m&) 

3 8 1.66 9.32 2.52 0.099 0.346 182 

The Calumet-Sag Channel and Little Calumet River CSO water-quality parameters were 

determined using concentrations measured at the 1 2 5 ~  Street Pumping Station. Results 

are given in Table 3.1 5. 

Table 3.15. Concentrations measured at the 1 2 5 ~  Street Pumping Station in April 2002 
BOD5 P-Tot TKN NH4-N N02-N N03-N TSS 
(mgh) (mg/L) (mg/L) (mg/L) (mfTIL) (mgn;) (mg/L) 

24 4.05 6.11 1.55 0.107 2.215 30 

3.2.6 Boundaries 

There are 3 upstream boundaries in the water-quality model: near the Chicago River 

Controlling Works at the Chicago River at Columbus Drive, near the Wilmette Pumping 

Station at the North Shore Channel at Maple Avenue, and O'Brien Lock and Dam. 

Historic plots of data (1990-2002) show that there are seasonal and monthly variations at 

these locations and nitrogen compound concentrations for the Chicago River at 



Columbus Drive changed after 1997. Chlorophyll-a concentration also shows ~~orazhly 

variations according to the measurements done between 2001 and 2004. 

The BOD and ammonia concentrations measured near the lake front in April and h-Iay are 

higher than those measured in summer months because of the mixing of Nonh Shore 

Channel and Lake Michigan flows at Wilmette and North Branch Chicago &ver and 

Lake Michigan flows at Columbus Drive in April and May. In the summer, the flaw near 

the lake front primarily is Lake Michigan water because of the discretionary diversion 

from the lake. The inflow at the lake front boundaries should reflect the qudity of Lake 

Michigan water rather than the mixed flows measured in April and May. Thus, the 

concentrations of BOD, ammonia, nitrate, etc. at Wilmette and Columbus Drive were set 

equal to the mean measured concentration during periods with discretionary diversion. 

Daily water temperature data near the lake shore was obtained from the Chicago 

Department af  Water Management. These data were used to compute the saturation 

concentration of DO for Lake Michigan water for the April 1 to May 4 period, 

Comparison of DO saturation concentrations for summer months with daily average 

monitoring data near the lake front during discretionary flow periods indicate that the 

Lake Michigan water is a little less than saturated. Nevertheless saturation was ilssumed 

for convenience. 

April and May average concentrations were used in the water-quality model for the 

Calumet River at O'Brien Lock and Dam since its concentrations were based on 

a measurements at 130" Street upstream from the dam. Results are given in Figures 3.7-3.9 

and Table 3.16. 



Table 3.16. Mean concentrations at the water-quality model boundaries for 1990-2002 

Location 

Columbus~ummer 
Drive 

Wilmette 

TSS 
(mg/~)  

9.80 

2.96 Summer 

O'Brien 

Date 

. * Mean concentrations for nitrogen compounds were calculated for the period of 1997-2002 
** Saturation DO concentrations calculated using daily water temperature data near the lake shore 
*** Continuous hourly DO measurements 

3.50 

5.33 

April 

May 

BOD5 
(m&) 

1.63 

DO 
(mga) 

** 

11.33 

TKN* 
( m g l ~ )  

0.42 

** 

14.65 

12.94 

0.37 

0.25 

NH4-N* 
(mgh) 

0.04 

0.49 

*** 
*** 

1.26 

0.81 

0.97 

0.60 

Org N* 
( m e )  

0.38 

0.09 

0.26 

0.33 

P-Tot. 
(m&) 

0.09 

0.41 

1.09 

1.01 

N02+N03 
(mg/L) 

0.26 

0.09 

0.22 

0.31 

P. 

0.04 

0.22 

8.8 

6.5 

Chll-a 
( u g ~ )  

1.4 

0.04 1.5 
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3.3 Initial Conditions 

To start the computations, initial values for water-surface elevation and discharge, and d l  

state variables (cancentrations) are required by the DUFLOW model. Initial conditions 

are introduced for each DUFLOW point, i.e. each node (water quality and DO monitoring 

sites), or schematization points (discharge points). As stated in DUFLOW manual 

(DUFLOW, 2000), the values can be based on historical measurements, obtained fiom 

former computations, or from a first reasonable guess. 

Starting from upstream boundaries, initial conditions for discharge (1'' measurement of 

the simulation period) were introduced at each node by adding the cumulative flow as 

tributaries or treatment facilities discharge to the CWS. Water-surface elevation data 

provided by the MWRDGC (Lawrence Avenue, Southwest Highway, Western Avenue, 

Willow Springs, and Cal-Sag Junction) and the USGS (boundary conditions) were used 

to set initial conditions for water-surface elevation at each node by linear interpolation. 

The effect of the initial conditions can be seen in the various figures of results. For water- 

surface elevation (Figures 2.3 and 2.4) it can be seen that the errors resulting fiom the 

assumed initial flows and water-surface elevations are eliminated within a few hours on 

April 1. Initial conditions for the water-quality constituents were introduced based on the 

water-quality measurements provided by MWRDGC at several sampling locations. For 

DO concentrations, the fust measurement of the simulation period was selected as the 

initial condition. For DO concentrations (Figures 3.22-3.34) it also can be seen that the 

errors resulting fiom the assumed initial conditions are eliminated with a few hours on 



April 1, Default DUFLOW EUTROF2 sediment concentrations were used as initial 

conditions. Initial conditions, calculation nodes, and sections are given in Appendix C. 

3.4 Cafibration of fbe Water-Quality Model 

As a part of the calibration process, the QUAL2EU model developed by the Camp 

Dresser & McKee (CDM, 1992) was used as a starting point. The study area was divided 

into 17 reaches for water-quality simulation (CDM, 1992). The CDM reaches are shown 

in Figure 3.10. In this study, the CWS also was divided into 17 reaches. Fifteen of the 

reaches wed in this study are identical to those used by CDM. CDM Reach GXO is 

outside the boundaries of this study, and only about half of reach C16 is included in this 

study &om river mile 8 to river mile 5.1 (the USGS Romeoville gage) where the river 

miles are fiom L,ockport. Reach C17 (not shown in Figure 3.10) is the reach on the Little 

Calumet River (South) fiom the USGS South Holland gage to the confluence with the 

Calumet-Sag Channel. The river miles bounding the reaches used in this study g e  listed 

in Table 3.17. Within these reaches computational nodes have been placed at 

approxjmately 1,640 ft (500 m) intervals. 



Figure 3.10. Chicago Waterway System reaches (after CDM, 1992). The numbers in 
boxes are the river miles from the mouth of the Illinois River at Grafton, Ill., by 
subtracting 291 from these numbers the river miles from Lockport, Ill., used in this study 
are obtained. 

The following parameters were set as space and time dependent: Temperature, diffusive 

exchange rate constant for sediment, nitrification rate constant, BOD decay rate, and 

dispersion. Since the reaeration-rate coefficient is automatically calculated by the model 

using the O'Connor-Dobbins (1958) formula, it was not used as a calibration variable. 

Constant algal maximum growth, die-off, settling, and respiration rates were used 

throughout the simulation period at all locations. 



In-Stream Water-Qualitv Data 

The water-quality model was calibrated using monthly grab sample data at 18 locations 

and hourly DO data at 24 locations all collected by the MWRDGC. The locations of 

water quality and DO sampling stations are given in Table 3.17. The model was run with 

a 15-min. time step for the period of April 1 to May 4,2002. 

Tem~erature PC) 

Temperature is one of the key variables because it affects reaction kinetics and the DO 

saturation concentration. The rate constant at a reference temperature of 20 "C is 

nlultiplied with a coefficient, determining the change per "C difference from the 

reference temperature. The plots of the average temperature values (for the period of 

April 1 to May 4,2002) show that the average temperature varies from 9 to 18 'C dong 

the North Shore Channel, North Branch Chicago River, South Branch Chicago River, and 

the CSSC (Figure 3.1 1); and 10 to 14°C along the Calumet River System (Calumet River, 

Little Calumet River (north), and Calumet-Sag Channel) (Figure 3.12). 

In order to eliminate the bias that might result from constant temperature usage, hourly 

measured temperature values were introduced at each continuous monitoring location 

(node in the model). Therefore, temperature varies spatially and temporally in the water- 

quality model. 



Table 3.17. Locations of the continuous monitoring and ambient water-quality sampling 
stations of the Metropolitan Water Reclamation District of Greater Chicago in the 

*DO =Continuous (hourly) dissolved oxygen and temperature data; 

**WQ = Monthly grab sample water quality measurements 



Location 

Figure 3.1 1. Temperature variation on the North Shore Channel, North Branch Chicago 
River, South Branch Chicago River, and Chicago Sanitary and Ship Canal 

Locations 

Figure 3.12. Temperature variation on the Calumet River, Little Calumet River @4ctrth), 
and Cdtlmet-Sag Channel 



Diffusive exchange rate constant (m2/day) 

Oxygen demand by benthic sediments and organisms has historically represented a large 

fraction of oxygen consumption in the CWS (CDM, 1992). Sediment Oxygen Demand 

(SOD) is the total result of all biological and chemical processes in sediment that utilize 

oxygen. The SOD in the EUTROF2 model is described by: 

SOD = Edif/IIB *(02,-02~) 

where: 

SOD = Sediment Oxygen Demand &/(day*m2) 

Edif = Diffusive exchange rate constant (m2/day) 

HB = Depth of sediment top layer (m) 

02, = Water column dissolved oxygen concentration (mg/L) 

0 Z B  = Dissolved oxygen concentration in the pore water in the sediment bed (mg/L) 

In November 2001, the MWRDGC did a survey of sediment depth and composition at 20 

locations in the CWS. The sediment survey results were used during the calibration 

processes to set Edlf values to nearly zero or zero where little bed sediment was found, 

essentially, setting SOD to zero at these locations. Values of Edlf for other reaches were 

determined by calibration. The sediment survey indicated ranges of sediment depth, such 

as "sediment approximately one to two feet thick was collected near the southeast bank of 

the channel, 250 feet upstream from Simpson Street", however, in the modeling the 

default value of 20 cm was used for the depth of the top (active) sediment layer. 



BOD water column oxidation rate and nitrification rate constant (day-') 

BOD decay and nitrification constants (kBOD and k,,S play important roles in wat.er- 

quality models. Different values were determined for different reaches by calibratlorr. For 

reaches 6 1 -C4 it was necessary to use different values of knit for different time periods It 

was observed that NH4-N concentration along the North Shore Channel downstream 

from the North Side WRP and North Branch Chicago River are higher than dill other 

locations in the system (Figure 3.17). As can be seen from temperature plot sf  Sorth 

Branch Chicago River at Division Street (Figure 3.13), temperature increases Qrwtically 

after the second week of April. Average temperatures are 11 and 14.3 "C between April 

1-15 and April 16-May 4, respectively. Although it is possible to see that kind s f  

temperature trend at other locations, the combined effect of higher NH4-N 

concentrations, relativeiy lower flowrates, and temperature variation makes it necessary 

to use different k,,t values for different time periods for reaches C1-C4. 

NBCR at Division S t r e e t  

Date 

Figure 3.13 Temperature profile at Division Street on North Branch Chicago 'River 



Since the values of k ~ o ~  and knit were determined in model calibration, it should be noted 

that the calibrated values have limited physical significance. That is, the rate constants 

were adjusted to fit measured bulk water quality data, and, thus, account for multiple 

processes that may afYect the concentration of the individual water-quality constituents. 

Thus, one cannot automatically assume that a reach with a higher rate constant has more 

biological activity. 

Dis~ersion (m2/s) 

The model requires entering dispersion coefficients at each node. The value of the 

dispersion coefficient, D, either can be defined by the user or can be calculated using the 

properties of the flow. During the calibration procedure, it was found that the dispersion 

coefficient plays an important role at some locations. For these sites different dispersion 

coefficients were used for high flow and low flow periods. 

For most flow conditions in the majority of the CWS the amount of nonuniformity in the 

velocity distribution is fairly low. Thus, dispersion plays a minor role in the majority of 

the CWS and relatively low values of D result in reasonable simulations of DO 

concentrations. However, during storms reaches C2.2 and C7 (see Figure 3.10) receive 

large lateral inflows fiom the North Branch of the Chicago River and the North Branch 

Pumping Station for C2.2 and from the Racine Avenue Pumping Station (through the 

South Branch of the Chicago River) and the Stickney WRP for C7. These large lateral 

inflows greatly increase the turbulence and, thus, the dispersion in these reaches. The 

increased dispersion in reach C7 carries over to reach C8. Thus, higher values of D were 



used in these reaches during storms (April 9-13 for Reach C2.2, April 9-23 and Aprif 26- 

27 for Reach C7, and April 9-14 and April 26-May 2 for Reach C8) as indicated in Table 

3.18. Because only two periods required the use of a higher dispersion coefficient it was 

not possible to determine a cutoff value that separates high flow from low flow periods. 

As more periods are studied in the final calibration and verification of the model, rules 

for appiying higher dispersion values will be developed. 

Algal Simulation Pararneters 

Algal maximum growth rate, die-off rate, setting rate, and respiration rate are the dgal 

rate parameters used in EUTROF2 model. Algal growth is limited by the availaf;riliQr of 

nutrients and light, and also is affected by temperature. Light intensity is related to 

incoming solar radiation, and, thus, hourly solar radiation data fi-om Argonne National 

1,aboratoi-y was used as an input for the simulation. As previously explained temperature 

also varies spatiall:! and temporally in the water-quality model. 

Calibrated Model Parameters 

The values of the diffuse exchange rate coefficient, Edld BOD water column oxihtion 

rate Ilkbod), nitrification rate constant @*id, and high flow and low flow dispersion 

coefficients, D, determined by calibration are listed in Table 3.18 for each reach 'The 

calibrated values of 2.0 day-', 0.4 daye1, 0.001 d d a y ,  0.2 daym1 were used for algal 

maximum growth rate, die-off rate, settling rate, and respiration rate, respectively at d l  

locations. For all other model coefficients and parameters, default values given in 

EUTROF2 were used (Appendix A). The calibrated BOD decay rate, rate coefficient for 



NH4-N to N02-N, and rate coefficient for N02-N to N03-N used by CDM (1992) in the 

QUAL2EU water-quality model for the October 1990 event are given Table 3.19 for 

comparison purposes. These values were the starting point for this study. Since 

calibration periods (April-May 2002 in this study and October 1990 in CDM (1992)) and 

water-quality models (DUFLOW and QUAL2EU) are not same, the calibration process 

ended up with different parameter values. 

Table 3.18 Reach calibration parameters used in the DUFLOW water-quality model for 

(April 1 to April 15; April 16 to May 4) 
** Numbers in the brackets indicate that different dispersion coefficients were used for high flow and low 
flow periods 



Table 3.19 Reach calibration parameters used in the QUAL2EU water-quality model 

*k(NH4-?rI to N02-N): Rate coefficient for NH4-N to N02-N; 
** k(NO2-N to N03-N): Rate coefficient for N02-N to N03-N 



3.5 Calibration Results 

In the following subsections calibration results are presented. First, the simulated BOD, 

ammonia, nitrate, and chlorophyll-a concentrations are compared with historic 

measurements. Then, simulated and measured hourly DO concentrations are compared at 

the 26 DO measurement locations. 

3.5.1 Biochemical Oxygen Demand, Ammonia, Nitrate and Chlorophyll-a 

When calculating the processes that affect DO in a stream system, DUFLOW also 

computes the concentration changes in space and time of BOD, organic nitrogen, 

ammonia nitrogen, nitrite nitrogen, nitrate nitrogen, total inorganic phosphorus, total 

organic phosphorus, suspended solids, and algal biomass species. The MWRDGC 

collects monthly samples of BOD (at the request of this project), total Kjeldahl nitrogen, 

organic nitrogen, ammonia nitrogen, nitrite plus nitrate nitrogen, chlorophyll-a, total 

phosphorus, soluble phosphorus, and total suspended solids among many other 

constituents (see for example, Abedin et al., 1999) at 18 locations in the simulated 

portion of the CWS (Table 3.17). This means that only one measured value of the other 

constituents simulated with DUFLOW was available for the study period, which is 

insufficient to evaluate the simulation accuracy of the model. Thus, historical data were 

evaluated at each of the 18 locations to try to identify periods for which water-quality 

loading conditions at each location were similar to that of the study period. For most 

constituents at most locations the monthly sample data from 1990 through 2002 indicated 

no trends (substantial changes in the mean concentration) over time although seasonal 



variations were observed at the lake boundaries because of changes in discretionary 

diversion throughout the year. However, ammonia nitrogen concentrations downs~ream 

from the Calumet and Stickney WWs showed a marked decrease beginning in 1996 and 

corresponding nitrite plus nitrate nitrogen concentrations increased at this time. Tfiese 

changes in water quality resulted from a change in blower operations at these WRPs, This 

effect also extended upstream of the Calumet WRP to Indiana Avenue and upstream of 

the Stickney W W  to Cicero Avenue indicating the presence of bi-directional flows in the 

Little Calumet River (North) and the CSSC. The MWRDGC has been collecting monthly 

samples of chlorophyll-a since September 2001 and time series plots of chlorophylJ-a 

(200 1-2004) indicated monthly variations over time throughout the C WS. 

Once the periods of consistent data were determined, the mean, median, standard 

deviation, maximum, and minimum were determined for each constituent at each 

location. Ca1ibra.tion of the simulation for BOD, ammonia nitrogen, and nitrate nittogen 

concentrations proceeded by examining the agreement between the mean of simulated 

concentrations with mean of long-term in-stream measurements of BOD, nia 

nitrogen, and nitrate nitrogen. Because of limited data, simulated chlorophyll-a 

concentrations were compared only with April 2002 concentrations. 

Adjustments were made to the BOD decay rate (kbod), and nitrification rate (kngt), such 

that the simulated BOD, ammonia nitrogen, and nitrate nitrogen concentrations had 

similar spatial distributions throughout the CWS as for the long-term historic data. In this 

process. the simulated values of each constituent at each location were compared to the 



mean and one standard deviation confidence bounds determined from the measured 

values. The comparison was done graphically as shown, for example, in Figure 3.14 and 

3.15 for ammonia nitrogen and BOD, respectively, to try to determine if the model was 

yielding unusually high or low concentrations, and if so, to determine a cause for these 

concentrations. April 2002 measurements also are presented in these figures. It should be 

noted that for ammonia at some locations shown in Figure 3.14 the mean minus one 

standard deviation confidence bound results in a negative concentration. Figure 3.14 and 

3.15 show that simulated hourly BOD and ammonia nitrogen concentrations are inside 

the one standard deviation confidence bounds for most of the simulation period except 

for storm periods. During storm periods BOD and ammonia nitrogen concentrations 

increase and can reach values higher than the upper confidence bound. The monthly 

samples are predominantly composed of samples taken during low flow, and, thus, 

concentrations above the upper confidence bound were expected because of high 

pollution loads coming from CSOs during storms. Thus, the calibrated simulation resuIts 

do not yield any unusually high or low constituent concentrations. The values of kbod and 

knit then were slightly modified in the calibration for the hourly DO concentrations. 

Figure 3.1 6-3.1 8 compare the mean of the simulated concentrations with the mean and 

one standard deviation confidence bounds of the measured historic data and with the 

concentrations measured in April 2002 for BOD, ammonia nitrogen, and nitrate nitrogen, 

respectively. The comparison is done as trajectories along the (a) North Shore Channel, 

North Branch Chicago River, South Branch Chicago River, and CSSC, and (b) the 

Calumet River, Little Calumet River (North), and Calumet-Sag Channel. 
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Figure 3.14. Comparison of long term measured mean plus or minus one stmdard 
deviation, and simulated hourly ammonia nitrogen (NH4-N) concentrations at diff'erent 
locations in the Chicago Waterway System 
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Figure 3.15. Comparison of long term measured mean plus or minus one standard 
deviation, and simulated hourly biochemical oxygen demand (BODS) concentrations at 
different locations in the Chicago Waterway System 



At 7 locations the mean of the simulated BOD concentration is outside the one standard 

deviation confidence bounds (Figwe 3.16). Three measured values (April 2002) were 

outside the one standard deviation bounds (Figure 3.16). This may have resulted because 

the number of measured BOD concentrations is relatively small because the M 

only recently (2001-2002) started collecting in-stream BOD data. BOD concenrrations 

measured in April 2002 are greater than both simulated and long-term average 

concentrations in ahe upper portion of the North Branch Chicago River and the r\.'orth 

Shore Channel. All simulated mean BOD concentrations (Figure 3.16) are witbin .t 1 

standard deviation of the measured concentrations in the Calurnet-Sag Waterway System. 

Carbonaceous BOD decay occurs very slowly in most of the CWS. BOD decay rate tends 

to increase downstream from the WRPs. 
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Figure 3.16. Comparison of long-term measured mean (plus or minus one standard 
deviation), simulated mean, and measured biochemical oxygen demand (BOD) 
concentrations in the Chicago Waterway System for April 1-May 4,2002 

Three forms of nitrogen: organic, ammonia, and nitrate all as nitrogen were calibrated 

using DUFLOW. Calibrated ammonia nitrogen and nitrate nitrogen results are shown in 

Figure 3.1 7 and 3.1 8, respectively. Although the mean of the simulated ammonia 

nitrogen concentrations are lower than the mean of the measured ammonia nitrogen 

concentrations, they are still within the 1 standard deviation confidence bounds at all 

locations. Nitrate nitrogen concentrations increase just after the W a s .  The simulated 

and measured nitrate nitrogen concentrations have very good agreement in the Calumet- 



Sag Waterway System. Although the simulated nitrate nitrogen concentrations are higher 

than long-term measured mean concentrations along the North Shore Channel, North 

Branch, South Branch, and CSSC, the rest of the simulated mean concentrations are very 

close $0 the measured mean concentrations. 
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Figure 3.17 Comparison of long-term measured mean (plus or minus one standard 
deviation), simulated mean, and measured ammonia nitrogen (NH4-N) concentrations in 
the Chicago Waterway System for April 1-May 4,2002 
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Figure 3.18. Comparison of long-term measured mean (plus or minus one standard 
deviation), simulated mean, and measured nitrate nitrogen (N03-N) concentrations in the 
Chicago Waterway System for April 1-May 4,2002 

Calibrated chlorophyll-a results are shown in Figure 3.19. Simulated values were 

compared with a single measurement (made on April 8 for the North Shore Channel and 

North Branch Chicago River, April 15 for the South Branch Chicago River and CSSC, 

and April 22 for the Calumet River System) at each location. The limited number of data 

makes it difficult to calibrate and test the power of model for this constituent. But it is 



still possible to make some comments based on Figure 3.1 9. The simulated and measured 

chlorophyll-a concentrations have good agreement in the Chicago River System except 

for the North Shore Channel. The model gives lower concentrations along the Sc;ortb 

Shore Channel until North Shore Water Reclamation Plant. Similar trends were obsefved 

in NH4-N and ROD5 simulations (Figures 3.16-3.17). As can be seen from Figure 3.19, 

the simulated chlorophyll-a concentration along Calumet River System is always lower 

than measured concentrations. Many variations of the previously discussed algal rate 

parameters were tried in order to match the observed data but these trials did not give 

success~l  results. The temperature and incoming radiation during the study period were 

insufficient to cause an algal community to grow in the main waterways. Tbus, it was 

speculated that the algae was growing in the SEPA pools and then entering the 

waterways. Large growth of aquatic vegetation has been observed in the SEPrZ pools, 

thus, the conditions for algal growth appear good in the SEPA pools. The SEPA stations 

were made a source of chlorophyll and reasonable agreement was obtained in the 

simulation of memured chlorophyll-a concentrations (Figure 3.20). Future studim on 

SEPA stations aninti simulations of different periods will help to better understand the 

effect of SEPA stations on chlorophyll-a concentration in the Calumet River System, 

In summary, the comparisons of the simulated constituent concentrations with long-term 

mean measured concentrations, one standard deviation confidence bounds, and 

concentrations measured in April 2002 did not indicate anything unusual. Thus, the 

DUFLOW simulation of these constituents was considered acceptable. 
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Figure 3.19 Comparison of simulated mean and measured chlorophyll-a concentrations 
in the Chicago Waterway System for April I -May 4,2002 
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Figure 3.20 Comparison of simulated mean and measured chlorophyll-a concentrations 
in the Calumet River System with the SEPA stations providing chlorophyll-a loads for 
April 1 -May 4,2002 



3.5.2 Dissofved Oxygen Concentration 

Simulated DO concentrations were compared with hourly measured DO concentrations at 

26 locations for the period of April 1 to May 4,2002 (the 24 locations listed in Table 3 17 

plus the North Shore Channel at Linden Street and the Calumet River at 130' Street. 

Results are presented in 4 categories: North Branch Chicago River, South Branch 

Chicago River and Chicago Sanitary and Ship Canal, Calumet-Sag Channel, and 

boundary conditions (this includes DO monitoring sites on the North Shore Charnel, 

Chicago River main stem, Little Calumet (South) and Little Calumet River wafi) 

upstream of the Calumet WRP). 

3.5.2.1 North Branch Chicago River 

Dissolved oxygen concentrations on the North Branch Chicago River were calibrated 

starting tkom upstream to downstream locations. This section of the CWS is divided into 

3 reaches and the following continuous DO stations represent in each reach: i) Addison 

Street md Fullerton Avenue, ii) Division Street, and iii) Kinzie Street 

Statistical comparison between daily average simulated and measured dissolved oxygen 

concentrations we listed in Table 3.20. 



Table 3.20 Comparison of daily average simulated and measured dissolved oxygen 
concentrations on North Branch Chicago River, April 1-May 4, 2002 [note: Error = 
average of simulated-measured in mg/L; % Error = Average of (simulated- 
measured)/average measured x 100, Abs. Error = Average absolute value of simulated- 
measured; Abs. % Error = Average absolute value of (simulated-measured)/average - 
measur 

The Addison Street DO monitoring site is the fvst station at which the combined effects 

of the North Branch Chicago River flow, North Side WRP flow, and Devon Avenue 

aeration station are obsenred. Significant DO fluctuations within very short time intervals 

are the main characteristics of this location (Figure 3.22). After introducing the Devon 

Avenue aeration station to the water-quality model, it was clearly observed that almost all 

fluctuations were as a result of operation of the Devon Avenue aeration station. Average 

DO concentrations at Addison Street, North Branch Chicago River at Albany Avenue, 

and the North Shore WRP are around 7, 7.5, and 7.4 mg/L, respectively. As can be seen 

from Figure 3.21, flow at Addison Street is dominated by North Shore Channel flow (i.e. 

North Side WRP flow) during dry weather periods. Whereas, during storm periods (April 

8-13 and May 2-4), flow on the North Branch Chicago River at Albany Avenue has a 

significant effect on Addison Street flow. For this reason, instead of using long-term 

average DO concentrations, wet weather DO concentrations were calculated using a mass 

balance for the North Branch Chicago River at Albany Avenue just for April 10- 1 1 and 

May 3,2002. Since the Devon Avenue aeration station was in operation less than 2 hrs on 

April 10-1 1 and on May 3, the effect of the aeration station on DO concentrations is 



insignificant and mass balance results are reliable enough to use as input to the water- 

qualit?? model. For the other days (dry weather period), long-term average I40 vdues 

were used for the North Branch at Albany Avenue. 

. . . . . . . ~or th  Branch @Albany A=. -Addison St --Upstream of NB-NS Junctrm 

Date 

Figure 3.21. Flow comparison: North Branch Chicago River at Albany Avenue mci at 

Addison Street and Upstream of the North Branch-North Shore Channel Junction for the 

period of April I - May 4; 2002 

The comparison of simulated and measured DO concentrations at Addison Street and 

Fullerton Avenue is shown in Figure 3.22 
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Figure 3.22. Comparison of measured and simulated dissolved oxygen (DO) 
concentrations at Addison Street and Fullerton Avenue on the North Branch Chicago 
River 

Figure 3.22 shows good agreement between the simulated and measured DO 

concentrations especially at Addison Street. The average absolute percent error in the 

simulated daily average DO concentrations is just 6.41% at Addison Street. Although 

average absolute percent error in the simulated daily average DO concentrations is 20.5% 

at Fullerton Avenue, general trend of dissolved oxygen fluctuations throughout the 

simulations period (especially for April 8-14 storm period) is well captured. Further as 

indicated in Table 3.20 the overestimation in DO concentrations at Fullerton Avenue and 



Divisim Street is completely eliminated by the time flow reaches Division Street, 

indicating reasonable system wide model performance. Since no point source or tribut;ucy 

enters the CWS between these two locations, a similar DO trend is observed at both. 

stations, The successfully simulated storm period (April 8-14) DO concentrations show 

that accurate wet weather DO concentrations were used. A dispersion coefficient o f  15 

rn2/s was used for most of the calibration period and just for April 9-13 storm event a 

higher dispersion coefficient (1,000 m2/s) was used to improve the s tam period 

simulation results. Adjustments were made to the carbonaceous BOD decay rate 

and the nitrification rate (knit) to calibrate the model. A constant kbod value af 0.2 day-' 

was used throughout the simulation period. After several trial runs it was obsewed that 

the nitrification rate (knit) tended to be higher after April 15 for the related reaches. So 

two different reaction rate constants were used for the periods of April 1-15 (kni, -- 0.40 

day-') and April 16 - May 4,2002: (knit.= 1.3 day") as discussed in Section 3.4. 

Division Street is the first DO monitoring station downstream from the Webster Sveet 

aeration station. The Webster Street aeration facility causes significant DO flucmtions 

within the day depending on the operation schedule. The Division Street DO 

concentration pattern was carefully examined to determine blower operation hours md 

the number af blowers in operation and then the Devon Avenue aeration station DO 

efficiency regression results were used to calculate the DO load from the Webster Street 

aeration station. Comparison of simulated and measured DO values at Division Street mare: 

given in Figure 3.23. 
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Figure 3.23. Comparison of measured and simulated dissolved oxygen (DO) 
concentrations at Division Street on the North Branch Chicago River 

Measured and simulated DO concentrations at Division Street (Figure 3.23) are in very 

close agreement for most of the simulation period. The average simulated and measured 

dissolved oxygen concentrations are 6.1 1 m g 5  and 6.74 mg/L, respectively, an overall 

error less than 10 %. The average absolute error in the average daily DO concentrations 

is 11.9 %. Storm period DO concentrations were successfully simulated. A constant 

dispersion coefficient (15 m21s) was used for the entire simulation period. Like the 

previous case, two different values were used for knit for the periods April 1-1 5 and April 

16 - May 4: 0.4 and 1.3 day". A constant kbod value of 0.2 day" was used throughout the 

simulation period. 

Kinzie Street is the last DO station on the North Branch Chicago River. It is located 0.2 

mi upstream fiom North Branch Chicago River junction with the Chicago River main 

stem and South Branch. Like the other North Branch DO stations, significant DO 

fluctuations are observed at this station (Figure 3.24). The DO concentration never goes 



under 4 mg/L and the average DO concentration is around 6 mg/L for the simulation 

period, 'The measured and simulated DO concentrations have good agreement (Figure 

3.24). A.hhough there are some differences, since the average absolute percent earor is 

less than 10%, it can be said that the general trends of measured DO concentrations were 

successfully simulated. Dispersion, knit, and kbod constants are 15 m2/s, 0.15 day-" and 

0.20 day-' respectively, f i r  this reach. 
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Figure 3.24. Comparison of measured and simulated dissolved oxygen (DO) 
concentrations at Kinzie Street on the North Branch Chicago River 

3.5.2.2 South Branch Chicago River and Chicago Sanitary and Ship Channel 

Since all locations are linked to each other, the approach of first calibrating ups@eam 

locations did not work in the South Branch and CSSC section of the river system. This 

section is divided into 5 reaches and the following DO stations represent each reach: i) 

Jackson Boulevard, ii) Cicero Avenue, iii) Baltimore and Ohio Railroad, iv) Route 83, 

and v) River Mile 1 1.6 and Romeoville. 



Statistical comparison between daily average simulated and measured dissolved oxygen 

concentrations are listed in Table 3.21 

Table 3.21 Comparison of daily average simulated and measured dissolved oxygen 
concentrations on South Branch Chicago River and Chicago Sanitary and Ship Channel, 
April 1-May 4, 2002 [note: Error = average of simulated-measured in mg/L; % Error = 
Average of (simulated-measured)/average measured x 100, Abs. Error = Average 
absolute value of simulated-measured; Abs. % Error = Average absolute value of 

Jackson Boulevard is located just downstream of the junction of the Chicago River North 

Branch, South Branch, and main stem. Although DO concentrations of the North Branch 

Chicago River at Kinzie Street and the Chicago River at Clark Street are always higher 

than 4 mg/L, low DO concentrations (<4 mg/L) are observed for some periods at Jackson 

Boulevard (Figure 3.25). This finding suggests that DO concentrations at Jackson 

Boulevard are affected by both upstream and downstream locations. Simulated and 

measured DO concentrations are shown in Figure 3.25. The simulated DO concentrations 

follow the general trend of the measured DO concentrations very well, but the measured 

concentrations include many short term fluctuations that could not be reproduced with the 

model. The water-quality model is primarily driven by daily mean concentrations at the 

WRPs, and, thus, cannot match short-term fluctuations. Simulated DO concentrations are 

2 mgL higher than measured values between April 10 and 12. Monthly average values of 

measured and simulated dissolved oxygen concentrations are 5.42 mg/L and 6.02 mg/L, 

82 



respectively, a little more than 10 % overall error, and the average absolute error in &&ly 

average DO concentrations is 16.0 %. Very small kbod and knit values (0.0001 were 

used for this reach. 
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Figure 3.25. Comparison of measured and simulated dissolved oxygen (DO) 
concentrations at Jackson Boulevard on the South Branch Chicago River 

Cicero Avenue is located between the Racine Avenue Pump Station and the Stick~ey 

W and it is possible to see the effect of both of these point sources on DO 

concentrations at this station. Most of the time flow from the Stickney WRP is geater 

than the flows from upstream of the plant. The hydraulic simulation results have famd 

that because of the generally low flow gradient throughout the CWS, the flow leaving the 

Stickney WRP often flows both ways (upstream and downstream) when leaving the 

plant. Until the first storm, simulated DO concentrations are very close to the measured 

concentrations ('Figure 3.26). The complexity of the hydraulic behavior of the GWS 

makes this station one of the most difficult locations to calibrate. The average absolute 

error in daily average DO concentrations is 15.8 %. Although the difference between 

simulated and measured values goes up to 2.5 m& on April 17, the overall trend of the 

measured DO concentrations at this station was well simulated by the model. Two 



different dispersion coefficient values were used in this reach for high and low flow 

periods: 1,000 m21s and 15 m21s (for the majority of days in the calibration period), 

respectively. Values of 0.1 day" and 0.09 day-' were used for both kbbd and knit, 

respectively. 

8 Cicero Avenue 

Figure 3.26. Comparison of measured and simulated dissolved oxygen (DO) 
concentrations at Cicero Avenue on the Chicago Sanitary and Ship Canal 

2. 

1 - 

The Baltimore and Ohio Railroad (B&O RR) is located downstream of the Stickney 

WRP. Therefore, the effect of the Stickney WRP is very obvious at this location. The DO 

- Measured . - . . - . . Simulated 

concentration is relatively higher than that at Cicero Avenue until April 15 (Figure 3.27). 

The DO concentrations go down to 4 mg/L from 7 mg/L from April 21 -25. The simulated 

DO concentrations agree well with measured DO concentrations for all periods except 

this April 21 -25 period. The average absolute error in daily average DO concentrations is 

14 %. There are four significakt DO drops between April 21 and 25 that the model could 

not simulate. The flow balance (Figure 2.2) indicates storm runoff beginning on April 19 

and continuing through April 23, thus, the low DO concentrations occurring between 



April 21 and 25 could be the result of localized CSOs. Similar results were not seen on 

the North Shore Channel during this period because rainfall data collected by the.Ellinois 

State Water Survey (Westcott, 2003) indicated heavier rainfall in southern Cook County 

than in northern Cook County. The model could not match the low DO concentsations 

during this period because CSO inputs were not applied during this period. The simulated 

and measured water-surface elevation at Romeoville showed good agreement during this 

storm period, thus, no independent means of estimating CSO volume was possible. 

For locations downstream from the Stickney WRP, values of 0.1 and 0.,09 dad' were 

used for kbod and L,t, respectively. Dispersion coefficients of 1,000 m2/s and 60 niqs 

were used for higher (storm periods) and lower flows, respectively. 
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Figure 3.27. Comparison of measured and simulated dissolved oxygen (DO) 
concentrations at the Baltimore and Ohio Railroad on the Chicago Sanitary Ship Canal 

The last DO location on the CSSC upstream fiom the junction with the Cal-Sag Channel 

is Route 83. The comparison of simulated and measured DO concentrations is shoun in 



Figure 3.28. The measured DO concentrations are missing from April 3 to 11. Since DO 

concentrations pattern is very similar to B&O RR, it is still possible to make comments 

on the time interval where data are missing. Like B&O RR, simulated and measured 

values are very close until April 2 1. The model could not simulate sudden DO drop from 

6.8 to 3 mg/L and the jump from 3 to 6.2 mgL between April 21 and 23. After April 23, 

simulated values tend to be a little higher than measured values. Again as for B&O RR 

localized unmodeled CSOs may be the cause of the discrepancy between simulated and 

observed DO concentrations. Despite the large overestimation beginning April 21, the 

overall average DO concentration is only oversimulated by 10.7 %, and the average 

absolute error in daily average DO concentrations is 12.9 %. Values of 0.01 and 0.1 day" 

were used for kbod and knit respectively. A constant value of 60 m2/s was used for the 

dispersion coefficient. 

Figure 3.28. Comparison of measured and simulated dissolved oxygen (DO) 
concentrations at Route 83 on the Chicago Sanitary and Ship Canal 
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River Mile 1 1.6 is located 0.8 mi downstream from Calumet-Sag Channel Junction with 

the CSSC. The comparison between the measured and simulated DO concentrations 

shows good agreement (Figure 3.29) with a 9.4 % average absolute error in the daily 

average DO concentrations. Simulated concentrations are lower than measured 

concentrations from April 8 to 1 1 (storm period). Although DO concentration decreases 

to nearlj 4 mg/L on April 23, the model could not capture this drop. This resuit may 

again result from  modeled CSOs in the southern portion of the CSSC during this time 

period. 
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Figure 3.29. Comparison of measured and simulated dissolved oxygen (DO) 
concentrations at Ever Mile 11.6 on the Chicago Sanitary and Ship Canal 

Romeoville is the downstream boundary condition for the water-quality model. As can be 

seen from Figure 3.30, the simulated and measured DO concentrations are generally in 

good agreement. The average absolute error in the daily average DO concentridtiom is 8.8 

% and the difference between the overall average simulated and measured dissolved 

oxygen concentrations is just 0.28 mg/L. From the B&O RR to Romeoville the sharp 



decrease in DO concentrations on April 23 was observed with the simulated DO 

concentrations higher than the measured concentrations. As discussed earlier, this 

probably resulted from CSO loads resulting fi-om a storm event, which was not 

considered as input to the modeled system. If more detailed CSO loading data were 

available, the model could have predicted DO concentrations for each CSO event more 

correctly. From the Calumet-Sag Channel Junction with the CSSC to Romeoville, the 

same values of calibration parameters were used: 50 m2/s, 0.01 day-', and 0.1 day-' for 

the dispersion coefficient, kbod and knit, respectively. 
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Figure 330. Comparison of measured and simulated dissolved oxygen (DO) 
concentrations at Romeoville on the Chicago Sanitary and Ship Canal 
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3.5.2.3 Calumet-Sag Channel 

In this section simulation results for locations between the Calumet WRP and the 

Calurnet-Sag Channel Junction with the CSSC are presented. This section is divided into 

3 reaches and the following DO stations represent each reach: i) Halsted Street, ii) 



Division Street, Kedzie Avenue, Cicero Avenue, Harlem Avenue, and Somhwest 

Highway, and nii) Route 83. Very similar calibrated parameter values were used 

throughout the Calumet-Sag Channel. The dispersion coefficient varies between 10 and 

15 m2/s. Values of kbod and knit are both 0.005 day-'. Higher values of reaction constants 

were used between the Calumet WRP and the junction of the Little Calumet River and 

the Calumet-Sag Channel (Halsted Street reach). Values of 0.05 and 0.1 day-' were used 

for kbod and knit? respectively, for the Halsted Street reach. Statistical comparison between 

daily average simulated and measured dissolved oxygen concentrations are listed in 

Table 3.22. 

Table 3.22 Comparison of daily average simulated and measured dissolved oxygen 
concentrations on Calumet-Sag and Little Calumet (North, downstream from Calumet 
WRP), April I-May 4, 2002 [note: Error = average of simulated-measured in m a ;  % 
Error = Average of (simulated-measured)/average measured x 100, Abs. Error = Average 
absolute value sf simulated-measured; Abs. % Error = Average absolute value of 
(simulated-measured)/average measured x 1001 

r- - 
Average Average 

Measured Simulated 

Halsted Street is located downstream of the Calumet WRP. Although fluctuations irn DO 

are observed, measured DO concentration is fairly constant throughout the simulation 

period (Figure 3.31). The simulated DO concentrations follow the general trend of the 

measured DO concentrations very well, but the measured concentrations include many 

short term fluctuations that could not be reproduced with the model. The water-quality 



model is primarily driven by daily mean concentrations at the WRPs, and, thus, cannot 

match short-term fluctuations. Simulated DO concentrations are higher than measured 

concentrations until April 1 1. After April 11, simulated and measured DO concentrations 

show a similar trend and good agreement. Since the model could not successfully 

simulate the first 10 days of the simulation period, overall absolute error in the daily 

average DO concentrations (18%) is larger than that of other Calumet-Sag locations. 
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Figure 3.31. Comparison of measured and simulated dissolved oxygen (DO) 
concentrations at Halsted Street on the Little Calumet River (North) 

The comparisons of simulated and measured DO concentrations have very good 

agreement between Division Street and Southwest Highway. The results are shown in 

Figure 3.32 and 3.33. The average absolute errors in the daily average DO 

concentrations vary between 8 % and 11 %. Measured DO concentrations are always 

higher than 4 mg/L at all stations. After April 11, average daily DO concentration 

decreases 2 mg/L. The simulated DO concentrations at Kedzie Avenue are slightly lower 

than measured values. 



The last DO station on the Calumet-Sag Channel is at Route 83. Just like other C d m e t -  

Sag Channel locations, measured values were successfully simulated with the model 

(Figure 3.34). The average absolute error in the daily average DO concentrations is just 

7.3 O/o at this location. Although reaction constants were kept as low as possible to 

increase simulated DO concentrations, simulated DO concentrations are still sfightiy 

lower than measured concentrations. During the April 7-9 storm period the digerence 

between measured and the simulated DO concentrations is about 1 mg/L. 

3.5.2.4 Boundaries (North Shore Channel, Chicago River Main Stem, Little Callamet 
River (North and South)) 

Although the model simulated and measured DO concentrations agreed well most 

locations throughout the CWS downstream from the WRPs, the same success was not 

archived at locations close to the boundary conditions andlor upstream from the WESs 

The comparison of simulated and measured DO concentrations on the North_ Shore 

Charnel at Linden, Simpson, and Main Streets is shown in Figure 3.35. The flows at 

these sites are redly low and because of the imbalance between inflows and outflows to 

the CWS in the modeling and the hydraulic complexities of the CWS the simdated 

inflow to the North Shore Channel from Lake Michigan is greater than the measxed 

inflow from Lake Michigan (Table 2.6 and Figure 2.5). With the higher amount of Lake 

Miclhigm inflow in the simulation, the simulated DO concentrations tended to be higher 

than the measwed DO concentrations on the North Shore Channel. The quality of th DO 



simulation on the North Shore Channel upstream of the North Side W W  can only be 

improved by having much more accurate information on inflows to and water-surface 

elevations on the North Shore Channel. 
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Figure 3.32. Comparison of measured and simulated dissolved oxygen (DO) 
concentrations at Division Street, Kedzie Avenue, and Cicero Avenue on the Calmnet- 
Sag Channel 
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Figure 3.33. Comparison of measured and simulated dissolved oxygen (DO) 
concentrations at Harlem Avenue and Southwest Highway on the Calumet-Sag Channel 
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Figure 3.34. Comparison 'of measured and simulated dissolved oxygen (DO) 
concentrations at Route 83 on the Calumet-Sag Channel 
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Figure 3.35. Comparison of simulated and measured dissolved oxygen (DO) 
concentrations at Linden, Simpson, and Main Streets on the North Shore Channel 



The Chicago River main stem results are shown in Figure 3.36. Figure 3.37 shows the 

measured DO concentrations on the Chicago River at the CRCW and Clark Street and on 

the North Branch Chicago River at Kinzie Street. From this figure it is clear that at times 

the flow at Clark Street primarily is water from Lake Michigan (DO concentrations 

similar to CRCW), at other times the flow at Clark Street primarily is from the North 

Branch Chicago River (DO concentrations similar to Kinzie Street), and for the majority 

of the time the flow is a mixture of Lake Michigan and North Branch water (DO 

concentrations between those of CRCW and Kinzie Street). Thus, in order to simulate 

the DO concentrations in the Chicago River main stem the hydraulics of the main stem 

must be very accurately simulated. Because a water-surface elevation boundary 

condition is applied at Columbus Drive, flow is calculated by the model at Columbus 

Drive. Because of the imbalance between inflows and outflows to the CWS in the 

modeling and the hydraulic complexities of the CWS the simulated inflows to the 

Chicago River main stem tend to be underestimated (Table 2.6 and Figure 2.5). 

Therefore, the simulated flows at Clark Street and Michigan Avenue have less Lake 

Michigan water than in the actual river, and DO concentrations often are substantially 

underestimated. Without a substantial improvement in the flow balance for the CWS, DO 

concentrations will be poorly simulated on the Chicago River main stem. 
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Figure 3.36. Comparison of measured and simulated dissolved oxygen (DO) 
concentrations at Clark Street and Michigan Avenue on the Chicago River Main Stem 
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Figure 3.37, Comparison of measured dissolved oxygen (DO) concentrations on the 
Chicago a v e r  txt the Chicago River Controlling Works (CRCW) and Clark Street and on 
the North Branch Chicago River at Kinzie Street 



Comparison of measured and simulated dissolved oxygen concentrations on the Little 

Calumet River (South) at Ashland Avenue is given in Figure 3.38. Since there is no 

continuous dissolved oxygen station on South Holland at Little Calumet River (South), 

long-term average dissolved oxygen concentration was used at the South Holland 

boundary. Because a constant DO concentration was used at the South Holland, it was 

impossible to capture hourly variations at Ashland Avenue. Measured and simulated 

average DO concentrations at Ashland Avenue are 7.5 and 6.7 mg/L, respectively. Since 

the data between April 1 and April 11 are missing at the Ashland Avenue station, the 

average value of measured DO concentrations (7.5 mg/L) does not reflect the possible 

low dissolved oxygen concentrations that could occur during April 8-9 storm period. 

Thus, it is possible that the value of 7.5 mg/L is higher than actual average dissolved 

oxygen concentration. Since Calumet-Sag Channel flows are mainly dominated by Little 

Calumet River (North) flows, the effect of underestimated DO concentrations along Little 

Calumet River (South) on Calumet-Sag Channel and downstream from Calumet-Sag 

Channel and CSSC junction is not significant. 
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Figure 3.38 Comparison of measured and simulated dissolved oxygen (DO) 
concentrations at Ashland Avenue on the Little Calumet River (South) 



Little Calumet River (Nor1.h) and Calumet River boundary condition results are showx~ in 

Figure 3.39. In the case of the O'Brien Lock and Dam boundary condition measured DO 

concentrations at. 1.30" Street upstream of O'Brien were taken as representative 13f Lake 

Michigan water for the simulation comparison. All simulated DO concentrations are 

lower than measured DO concentrations. The differences between simulated a d  

measured DO concentrations reach their maximum values in the first week April. 
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Figure 3.39. Comparison of measured and simulated dissolved oxygen (DO) concentrzttions 
at O'Brien Lock and Dam on the Calumet River (with the measured concentrations at ?30th 
Street used for comparison with the simulation results), and Conrail Railroad and the Central 
and Wisconsin Railroad both on the Little Calumet River (North) 



Saturation DO concentrations calculated using hourly water temperature are shown in 

Figure 3.40 with the measured DO concentrations for the Little Calumet River (North) 

and Calumet River boundary condition. The results are surprising because all measured 

DO concentrations are higher than saturation DO concentrations during the first week of 

April. The mechanism or process resulting in supersaturated DO concentrations in the 

Calumet River and Little Calumet River (North) during this time period is unknown, and, 

thus, cannot be simulated resulting in the discrepancy between simulated and measured 

DO concentrations in early April shown in Figure 3.39. The undersimulated DO 

con~entrations throughout the rest of the study period shown in Figure 3.39 result fiom 

the flow imbalance previously described for the Chicago River main stem. 
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Figure 3.40. Comparison of measured and saturation dissolved oxygen (DO) 
concentrations on the Calumet River at 130th Street, on the Little Calumet River (North) 
at Conrail Railroad and at the Central and Wisconsin Railroad 



Chapter 4 - SCENARIO RES U LTS 

The current Code of Federal Regulations (CFR) requires that the water-surface elevation 

at the two lake front control structures (O'Brien Lock and Dam and CRCW) must be kept 

greater than or equal to -2 ft (-0.610 m) relative to the City of Chicago Datum (CCD, 

579.48 ft = 176.626 m above mean sea level). In anticipation of storms the MWRDGC 

often draws down the CWS to provide storage space for runoff and increase the hydraulic 

gradient for moving flood water faster out of the CWS while maintaining water levels at 

or above -2 ft CCD at CRCW and O'Brien by taking water (called "navigation make up 

water") from Lake Michigan. If the storm does not materialize or it is smaller than 

expected the MWRDGC must also take navigation make up water to refill the CWS. 

Because diversion of water fkom Lake Michigan is carefully regulated, the State of 

Illinois requested that the U.S. Army Corps of Engineers evaluate the effects of allowing 

water-surface elevations to go as low as -3 fi CCD during or after expected storm 

periods. The goal of the study would be to see if the benefits of the reduction of 

navigation make up water would outweigh any adverse impacts to water quality, 

navigation, and other uses/interests. If the adverse effects of reducing the minimum 

water-surface elevation to -3 ft CCD only during and immediately after storms or 

anticipated storms were found to be minimal, then a change in the CFR might be 

recommended. This water-quality evaluation is just a part of larger study being done by 

the U.S. Army Corps of Engineers to evaluate the possible changes in the CFR and in 

navigation make-up water. Other issues being evaluated by the Corps include effects on 

navigation through a survey of barge operators, an economic analysis, and other potential 

effects of the change. 
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In order to shdy the effects of the allowing water-surface elevations to be less than -2 ft 

CCD, the M W G C  was allowed to drain the canal below -2 fi CCD for two storms 

during the April 1 to May 4, 2002, study period. The measured water-surface elevations 

at the lake front boundaries during the study period are shown in Figure 4.1. 
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Figure 4.1. Water-surface elevations relative to the City of Chicago Datum at the 
upstream boundades to the DUFLOW model of the Chicago Waterway System 
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To simulate the effects of maintaining water-surface elevations at or greater than -2 ft 

CCD, the DUFLOW model was run setting the water-surface elevation to -2 ft CCD for 

those periods when actual water-surface elevations went below -2 ft CCD. The water- 

quality and hydraulic results of the two scenarios-(1) actual water-surface elevations at 

the boundaries and (2) water-surface elevations at the boundaries held to -2 ft CCD- 

then were compared to get an idea of the effect on flow and water quality of allowing 

water-surface elevations to be less than -2 ft CCD. 

There are two significant limitations to this comparison. First, if the upstream boundary 

conditions were changed relative to the observed case, the observed downstream 

boundary condition also would change. Therefore, using the observed downstream 

boundary condition with the hypothetical upstream boundary conditions is incorrect. It 

was felt that downstream water-surface elevation would be less effected by the changed 

upstream conditions than would be the downstream flow. The flow must increase because 

of the increased system-wide slope resulting from higher water-surface elevations at the 

boundaries. However, the downstream water-surface elevation is more affected by the 

sluice gate and controlling works settings at Lockport than upstream conditions. Review 

of 8 large floods on the CWS from 1990 to 2001 showed a very similar pattern in water- 

surface elevation at Romeoville indicating the dominant effect of the sluice gate and 

controlling works settings at Lockport. Thus, in the comparison both simulations were 

done with identical downstream water-surface elevation boundary conditions. 



Second, in the simulations the sluice gates would be open at both Lockport and CRCW 

and O'Brien Lock and Dam. In real operations, if a storm failed to occur or was snraIIer 

than expected, the MWRDGC would close the sluice gates and controlling warla at 

Lockport, and if this was not sufficient to maintain adequate water levels at the lake front, 

the lake fiont gates would be opened to bring in navigation make up water. Therefore, 

the scermrio where -2 fi CCD is maintained by diversion at the lake while the gates at 

Loekport are fully open greatly overstates the amount of navigation make up water that 

woulci be withdrawn from the lake under similar actual operating conditions because in 

the actual operating conditions the amount of time that the gates would be fully open at 

the lake front and at Lockport would be much shorter than the full period of navigation 

make up water withdrawal. Because the amount of water withdrawn is overstated the 

increase in DO concentration resulting from applying the -2 ft CCD limit also will be 

overstated. Thus, the results of the comparison presented in the following paragraphs are 

an upper bound on the positive effect on water quality of maintaining the -2 fi CCD 

regulation because the overstated amount of high quality water diverted from Lake 

Michigan dilutes the effects of CSO loads into the CWS. 

The changes in flow at the lake front controlling structures resulting from r n a i ~ t d i n g  

water-surface elevations at or above -2 ft CCD are listed in Table 4.1 for the April 7-9 

and May 1-3 periods. The changes in flows for these periods also are shown in Figure 4.2 

and 4.3. 



Table 4.1. Comparison of flows at the lake front controlling structures simulated with the 
measured water-surface elevations (calibrated model) and the water-surface elevations 

O'Brien Lock and Darn 

held at -2 ft City of Chicago Datum (scenario = -2ft) 
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Figure 4.2 Comparison of flows at the lake fiont controlling structures simulated with the 
measured water-surface elevations (calibrated model) and the water-surface elevations 
held at -2 ft City of Chicago Datum (scenario = -2ft) for April 7-9,2002 
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Figure 4.3. Comparison of flows at the lake front controlling structures sirnulaxed with 
the measured water-surface elevations (calibrated model) and the water-surface 
elevations held at -2 ft City of Chicago Datum (scenario = -2ft) for May 1-3,2002 



The negative flows at Columbus Drive and Wilmette in Table 4.1 and at all lake front 

boundaries at various times in Figures 4.2 and 4.3 require some explanation. At O'Brien 

Lock and Dam during storm periods negative flows computed by the model actually 

represent flows moving upstream on the Grand Calumet River as discussed in detail by 

Shrestha and Melching (2003). Negative flows (i.e. out of the system, towards Lake 

Michigan) computed for Columbus Drive and Wihette and at O'Brien Lock and Dam in 

non-storm periods have no physical explanation. They basically result from the 

imbalance between inflows to the CWS and outflows from the CWS at Romeoville. That 

is, if the inflows to the CWS in a particular period are greater than the measured outflows 

at Romeoville during this period, the flow at the lake fiont boundaries is reduced relative 

to measured values and may become negative to preserve conservation of mass in the 

hydraulic computations done by DUFLOW. Within DUFLOW the comparison between 

inflows and outflows accounts for the travel time between the various inflow points and 

Romeoville. 

For the April 7-9 storm, the flow increased 24.3 m3/s at Columbus Drive and 1.6 m3/s at 

O'Brien Lock and Dam, and decreased 1.7 m3/s at the Wilmette Pumping Station for a 

total increase of 24.2 m3/s (855 cfs) because of maintaining the -2 ft CCD water-surface 

elevation. The duration of the increase is only 63 hrs, and, thus, the total volume of 

increase is 5,488,000 m3. For the May 1-3 storm, the flow increased 23.2 m3/s at 

Columbus Drive and decreased 1.1 and 0.6 m3/s at the Wilmette Pumping Station and 

O'Brien Lock and Dam, respectively, for a total increase of 21.5 m3/s (759 cfs) because 

of maintaining the -2 fi CCD water-surface elevation. The duration of the increase is 



only 28 'hrs, and, thus, the total volume of increase is 2,167,000 m3. The decrease in Row 

at O'Brien Lock and D m  for the May 1-3 period when the water depth is maintained at 

-2 ft CCD probably results from an increase in water-surface elevation at Sag Junction 

that limits/slows the flow coming through the Calumet-Sag Channel. The low navigation 

make up flow at O'Brien 1,ock and Dam relative to CRCW probably results because flow 

from the Little Calumet River (south) more quickly refills the Calumet-Sag Channd and 

Little Calumet River (north) than local inflows refill the Chicago River main stem. 

The increase in water-surface elevation at the lake front also increases the water-sus'face 

elevations throughout the CWS. Figure 4.4 and 4.5 show the increase in water-sslrface 

elevation resulting from holding the water-surface elevation at the lake front b o w d ~ e s  

at or above -2 ft  CCD for the CSSC and the North Branch and Calumet-Sag Chmel,  

respectively. Most notable are the increases in water-surface elevation on the North 

Branch Chicago River at Lawrence Avenue (Figure 4.5). This increase indicates the 

cause of reduced flows at the Wilmette Pumping Station and the backflow of water into 

the North Shore Channel. 
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Figure 4.4 Comparison of water-surface elevations on the Chicago Sanitary and Ship 
Canal simulated with the measured water-surface elevations (calibrated model) and the 
water surface elevations held at -2 ft City of Chicago Datum (Scenario = -2ft) 



L a w n n n  Avenue, North Bnnch Chicago Rlwr 

Southwest Higway, CalumetSag Channel 

- . - . . - . Sc@narb=2ft - Csbbrated Wei 

I 
I 

Date 

Figure 4.5 Comparison of the water-surface elevations of the North Branch Chicago 
River and Cal~unet-Sag Channel simulated with measured water-surface elevations 
(calibrated model) and the water-surface elevations held at -2 ft City of Chicago D a m  
(scenario = -2fi) 



Figures showing the difference between DO concentrations simulated with water-surface 

elevations held at -2 ft CCD and with the measured water-surface elevations over the full 

study period for each continuous DO monitoring location are shown in Appendix D. 

These time series of differences yield three interesting results. 

1) On the CSSC from the Baltimore and Ohio Railroad to Romeoville, the increased 

water-surface elevation scenario initially results in lower DO concentrations at the 

beginning of the April 7-9 and May 1-3 storms. This results because the increased 

gradient from the lake fkont to Romeoville causes the poorer quality water 

discharged fkom the Stickney WRP and CSOs during the storm to move 

downstream more quickly initially depressing the DO concentration. After this 

initial period the higher quality Lake Michigan water reaches these locations and 

the DO concentration increases relative to the simulation with the measured 

water-surface elevations at the lake front. 

2) For most locations, the difference in DO concentrations between the two 

scenarios is nearly zero except during and immediately after the storms for which 

the upstream boundary conditions were changed. 

3) For the downstream reaches of the CSSC &om the Baltimore and Ohio Railroad 

to Romeoville the positive effect on DO concentrations because of increased 

diversion lasted around one week after the event for the April 7-9 storm. Thus, for 

these locations, in order to compute the full effect of the increased diversion on 

DO concentrations for the May 1-3 storm, the simulation period was extended to 

May 10. 
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Table 4.2 lists the average change in DO concentration resulting for the April 7-9. 2092, 

and May 1-3, 2002, storms comparing the simulation holding water-surface elevations at 

the lake front at or above -2 ft CCD with the simulation using the observed water-surface 

elevations. The sequence of DO concentration increases moving down the South Branch 

to the CSSC and Romeoville was completely expected. The highest increase in inflows 

from Lake Michigan is at the CRCW and this inflow makes up a substantial porlian of 

the flow at Jackson Boulevard. Thus, Jackson Boulevard has the largest increase in 130 

concentration. The increase in DO is reduced at Cicero Avenue because of the dilution 

effects on the Racine Avenue Pumping Station flows, and the DO increase Is f i e r  

reduced downstream from the Stickney WRP (Baltimore and Ohio Railroad to Route 83) 

because of dilution. Finally, the DO increase is reduced even more downstream from 

Sag-Junction because of the dilution effects fiom the Calumet-Sag Channel. The change 

in DO concentration is much smaller for the May 1-3 storm compared to the April 7-3 

storm because its increase in Lake Michigan water withdrawal was 40% of the increase 

for the April 7-9 storm. 



Table 4.2Average change in DO concentration in milligrams per liter over the period 
affected by the April 7-9 and May 1-3 storms comparing the simulation holding water- 
surface elevations at the lake front at or above -2 fi City of Chicago Datum with the - 
simulation using observed water-surface elevations at the lake front 

( Average Change in I 
DO (mgiL) 

1 I April 7-9- 1 May 1-3 1 River [ 1 

The results of the scenario holding water-surface elevation at or above -2 ft CCD on the 

Location 
Linden Street 
Simpson Street 
Main Street 
Addison Street 

Calumet River-Little Calumet River (North)-Calumet-Sag Channel also were expected. 

Because the inflow at O'Brien Lock and Dam was virtually unchanged the DO 

Storm 
-1.8 
- 1 
-0.8 

-0.1 

concentrations throughout the Calumet-Sag Waterway experienced only minor changes. 

Since less lake water is withdrawn from Wilmette for the scenario holding water-surface 

Storm 
-0.5 
-0.6 
-1.0 
-0.1 

elevation at or above -2 ft CCD, locations on the North Shore Channel showed 

Mile 
49.8 
48.5 
46.5 
40.3 

Water Course 
North Shore Channel 
North Shore Channel 
North Shore Channel 

North Branch Chicago River 



substantial decrease in the DO concentration for the scenario. The DO concentrations in 

the upper portion of the North Branch Chicago River were slightly decreased for the 

scenario holding water-surface elevation at or above -2 ft CCD. However, DO 

concentrations at Kinzie Street substantially decreased for the scenario holding water- 

surface elevation at or above -2 Et CCD. This resulted because the higher water-surface 

elevations on the Chicago River main stem effectively formed a hydraulic block to flows 

from the North Branch holding poor quality water in the downstream reaches of the 

North Branch for a longer time than when the water-surface elevations were allowed to 

go below -2 ft CCD. 



Chapter 5 - CONCLUSIONS AND RECOMMENDATIONS 

An unsteady water-quality model for the Chicago Waterway System (CWS) has been 

calibrated to assist water-quality management and planning decision making. An 

extensive set of flow, stage, and water-quality data have been used for verification of the 

previously calibrated hydraulic model and for calibration of the unsteady-flow water- 

quality model for the CWS for the period of April 1 to May 4,2002. 

First, hydraulic verification of the previously calibrated hydraulic model (Shrestha and 

Melching, 2003) was done. Water-surface elevation data at two new stations were used to 

test the power of the model, and it was observed that model could predict water levels at 

all locations with a high accuracy (one to two percent error relative to depth). 

Boundary conditions, water reclamation plants, SEPA stations, in-stream aeration 

stations, tributaries, CSOs, and pumping stations input constituents to the CWS. The 

water-quality model was calibrated using monthly grab sample data at 18 locations and 

hourly dissolved oxygen (DO) and temperature data at 24 locations all collected by the 

MWRDGC. The model was run at a 15-min. time step for the period of April 1 to May 4, 

2002. Primarily hourly measured and simulated DO concentrations were compared. 

Except for locations close to the boundaries (i.e. upstream of WRPs), the simulated DO 

concentrations agreed well with the observed concentrations. The calibration results 

showed that reaction rate constants are low during the simulation period and the most of 
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the variations in DO result from hydraulic behavior of the system. This result is similar to 

previous experience with QUAL2EU applied to the CWS (CDM, 1992). 

Simulated concentrations of other constituents such as BOD, ammonia nitrogen, nitrate 

nitrogen, among others were compared to the mean and one standard deviation 

confidence bounds of historic data in order to detect and correct any unusual simulated 

concentrations. The simulated mean BOD, ammonia nitrogen, and nitrate nitrogen 

concentrations are close to the measured mean concentrations and most of the simulated 

val~~eles are wirhiri k 1 standard deviation of the mean of the long-term measured values 

The model then was applied to evaluate the effect of a change in navigational water 

levels on the water quality in the CWS. In anticipation of a significant rainfdl-moff 

event, the MWRDGC draws down the Chicago Sanitary and Ship Canal (CSSC) at 

Lockport. Drawing down the canal allows more storage within the canal and increases 

water vefocities ro more quickly move flood water out of the canal system. The Code of 

Federal Regdatlons requires that the water-surface elevation at the lake k ~ n t  be 

maintained at or above -2 fr CCD at all times. If a storm fails to occur or is smalier than 

anticipated, the MWRDGC must divert water from Lake Michigan ("navigation m&e up 

water"). In order to reduce diversions from Lake Michigan allowing water swfa~e 

elevations at the lake front down to -3 ft CCD during or after storms is being evaluated. 

On April 7-9 and May 1-2, 2002, the MWRDGC was allowed to draw the water-surface 

elevation at the lake front below -2 ft CCD to determine effects on navigation, vrrater 

quality, md other features. In order to examine the effect of navigation makeup water at 



the lake front structures on water-quality in the CWS, water-surface elevations below -2 

ft CCD at the boundaries were set to -2 ft and then DO concentrations were simulated 

and compared to the results of simulation using measured water-surface elevations at the 

lake front. The results showed that for the April 7-9 and May 1-3 storms navigation make 

up water savings of 5,488,000 and 2,167,000 m3, respectively, could occur by allowing 

water levels less than -2 ft CCD. These volumes translate to 8.57 cfs over an entire year. 

The results also showed that dissolved oxygen concentrations increased on average by 

0.3 mg/L and 0.0 mgPt at Romeoville because of navigation make up water at Columbus 

Drive in the April 7-9 and May 1-3 storm events, respectively. Because of higher 

temperatures that reduce DO saturation concentrations and increase biological activity, 

the effects of the proposed change in regulations related to water-surface elevations in the 

CWS and the resulting decrease navigation make-up flows on water quality in the 

summer might be higher than for the April 7-9 storm event. 

For future studies, the calibrated model should be verified with new data sets collected 

during summer and fall periods. Since April is a relatively cold month, all reaction 

constants are low and bio-chemical activities are at a minimum level. Therefore, in order 

to use the model for possible summer month scenarios, it has to be verified (and/or 

recalibrated) with a summer time data set. Combined sewer overflow and wet weather 

concentrations are very important during storm events. Volumetric CSO loads were 

distributed based on the contributing area and DO concentration was assumed to be 6.5 

mgL for CSOs in the calibrated model. Detailed CSO volume and water-quality analysis 

would improve the power of the model. 
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APPENDIX-A Eutrophication Model EUTROF2 
DUE'LOW v2.0 

/ * * / 
/*  Hans Aalderink / 
/ * * / 
/ * Waglngen Agr~cultural Unlverslty * / 
/ *  Department of Nature Conservation * / 
/ * Water Quality Managment Sectlon * / 
/I* P.O. BOX 8080 * /  
/ * 6700 DD Wageningen * / 
/ * The Netherlands * /  
/*  * / 
/'* Novemer 1992 / 
/ *  * / 
/*  EUTROF2L.MOD: llnear equations for the estimation of the * / 
/ *  sect% depth and the extlnctlon coefficient * / 
/ *  * / 
/*  G. Elom en 3. Icke, July 1997 * / 
/ * * / 

water 
water 
water 
water 
water 
water 
water 
water 
water 
water 
water 
water 

bottom 
bottom 
bottoa 
b0ttOrr. 
bottom 
bottom 
bot torn 
bottom 

parm 
parm 
parrn 
parm 
parm 

parm 
parm 
parm 
parrn 
parm 
parm 
parm 
parm 
parm 
parm 
parm 
P a m  
parm 
parm 
parm 
Farm 
pa==' 
parm 
parm 
parm 
parm 

SSW 
TLPW 
TQPW 
TONW 
NH4W 
02 W 
BQDW 
A1 
A2 
A3 
N03W 
DET 

TLPB 
TOPB 
TONB 
NH4E 
029 
BODB 
AB 
N03B 

IS1 
Is2 
Is3 
achlc; 
achlc2 
achlc3 
umaxl 
urnax2 
umax3 
kresi 
kres2 
kres3 
kdse l 
kdie2 
kdie3 
tral 
tra2 
tra3 
Tcsl 
Tcs2 
T C S ~  
Tosl 
TosZ 
T0s3 
knl 
kn2 
kn3 

;Suspended solids concentration water co!ma 
;Inorganic P water column 
;Organic P water column 
;Organic N water column 
;Ammonia N water column 
;Oxygen water column 
;BOD water column 
;Algal biomass species 1 
;Algal biomass species 2 
;Algal biomass species 3 
;Nitrate N water column 
;Detritus concentration 

;Inorganic P sediment 
;Organic P sediment 
;Organic N sediment 
;Ammonia N sediment 
;Oxygen sediment 
;BOD sediment 
;Total algal biomass sediment 
:Nitrate N sediment 

W/m2 ;Optimal light intensity species 1 
W/m2 ;Optimal light intensity species 2 
W/m2 ;Optimal light intensity species 3 

ug Chl/mg C ;Chlorophyll to Carbon ratio species 1 
ug Chl/mg C ;Chlorophyll to Carbon ratio species 2 
ug Chl/mg C ;Chlorophyll to Carbon ratio specles 3 

l/day ;Maximum growth rate species 1 
l/day ;Maximum growth rate species 2 
l/day ;Maximum growth rate species 3 
l/day ;Respitation rate species 1 
l/day ;Respitation rate species 2 
l/day ;Respitation rate species 3 
l/day ;Die-off rate species 1 
l/day ;Die-off rate species 2 
l/day ;Die-off rate species 3 - ;Temperature coefficient die-off species 1 
- ;Temperature coefficient dle-off species 2 
- ;Temperature coeffic~ent die-off species 3 
OC ;Critical temperature species 1 
OC ;Critical temperature species 2 
oC ;Critical temperature specses 3 
OC ;Optimal temperature species 1 
OC :Optimal temperature species 2 
OC ;Optimal temperature species 3 
g-N/m3 ;Nitrogen monod constant species 1 
g-N/m3 ;Nitrogen monod constant species 2 
g-N/m3 ;Nitrogen monod constant species 3 



parm kP 1 
parm kP2 
parm kP3 
parm vsal 
parm Vsa2 
p a m  vsa3 

parm Vss 
parm POR 
parm RHO 
parm HB 

p a m  KpipW 
Pa- KpipB 
parm fdpoW 
P a m  f dpoB 
parm TIPLB 
p a m  TOPLB 
parm fporg 
parm aPc 

parm f dnoW 
parm f dnoB 
parm TONLB 
parm fnorg 
parm anc 

P a m  NH4LB 
parm ~ m n  
parm tnit 
parm Kno 

parm NO3 LB 
p a m  Kden 
parm tden 
column 
parm Kdno 
parm KdenB 
P a m  tdenB 
sediment 

p a m  0 2 ~ ~  
parm Krmin 
parm trea 
p a m  aoc 

P a m  BODLB 
Pa- tbod 
parm f dbodW 
P-l" f dbodB 
p a m  mod0 
P a m  KbodB 
parm tbodB 
decomposition 

P a m  KdaB 
p a m  tdaB 

Pa=-"' KminB 
parm tminB 
parm Kmin 
parm t m ~ n  

p a m  ma 
parm EO 
parm Eads 
parm Ealg 
parm Ede t 
parm Ess 

[ 0.0051 g-P/m3 ;Phosphorus monod constant species 1 
[ 0.0051 g-P/m3 ;Phosphorus monod constant species 2 
[ 0.0051 g-~/m3 ;phosphorus monod constant species 3 
[ 0.0011 m/day ;Settling velocity species 1 
[ 0.0011 m/day ;Settling velocity species 2 
[ 0.0011 m/day ;Settling velocity species 3 

[ 1.001 m/day ;Fall velocity suspended solids 
[ 0.901 - ;Sediment porosity 
[1200.01 kg/m3 ;Density suspended solids 
[ 0.021 m ;Depth of sediment top layer 

m3/g SS ;Partition constant P water column 
m3/g SS ;Partition constant P sediment - ;Fraction DOP water coloumn 
- ;Fraction DOP sediment 
g/m3 ;Inorganic P lower sediment layer 
g/m3 ;Organic P lower sediment layer 
- ;Fraction organic P released by respiration 
mgP/mgC ;Phosphorus to Carbon ratio 

[ 0.001 - ;Fraction dissolved organic N water column 
[ 0.001 - :Fraction dissolved organic N sediment 
I 1.001 g-N/m3 ;Organic N lower sediment layer 
[ 0.801 - ;Fraction organic N released by respiration 
[ 0.251 mgN/mgC ;Nitrogen to Carbon ratio 

[ 1.001 g-N/m3 :Ammcnia N lower sediment layer 
1 0.0251 g-N/m3 ;Ammonia preference constant 
[1.0801 - ;Temperature coefficient nitrification 
1 0.1001 mg-02/m3 ;Oxygen half sat. constant nitr. 

[ 3.0001 g-N/m3 ;Nitrate lower sediment layer 
[ 0.1001 l/day ;Denitrification rate constant water column 

[ 1.0401 - ;Temperature coefficient denetrification water 

[ 0.5001 g-N/m3 ;Oxygen half sat. constant denitrification 
[ 0.0501 l/day ;Denitrification rate constant sediment 

[ 1.0401 - ;Temperature ceoefficient denitrification 

[ 0.01 g/m3 ;Oxygen lower sediment layer 
[ 0.11 m/day ;Minimurn oxygen mass transfer coefficient 
[ 1.0241 - ;Temperature coefficient reaeration 
[ 2.671 g-02/g-C ;Oxygen to Carbon ratio 

[ 20.001 g/m3 ;BOD lower sed~ment layer 
[ 1.041 - ;Temperature coefficient oxidation water column 
[ 1.001 - ;Fraction dissolved BOD water column 
[ 0.001 - ;Fraction dissolved BOD sediment 
[ 2.001 g/m3 ;Oxygen half sat constant oxidation 
[ 0.051 l/day ;Anaerobic decomposition rate BOD sediment 

I 1.041 - ;Temperature coefficient anaerobic BOD 

[ 0.011 l/day ;Anaerobic decay algae sediment 
[ 1.0401 - ;Temperature coefficient algal decay sediment 

[0.0004] l/day ;Anearobic decomposition rate 
[1.080] - ;Temperature coefficient anaerobic decomposition 
[0.10001 l/day ;Decomposition rate organic matter water column' 
[1.0400] - ;Temperature coefficient decomposition 

[ 1.8841 g alg/g C ;Biomass to Carbon ratio algae 
[0.6271 m-1 ;Background extinction 
[0.04981 - ;Contribution of yellow substance to extinction 
[0.0209] m-lmg-lm3 :Contribution of algae to extinction 
[0.0490] m-lg-lm3 ;Contribution of detritus to extinction 
[0.02531 m-lg-lm3 ;Contribution of suspended solids to extinction 



parm Sd0 13.311 m ;Background secchi depth 
parm Sdads [0.01071 - ;Contribution of gelbstoff to inverse sec-chi 
depth 
parm Sdalg [0.0111] m-lmg-lm3 ;Contriution of algae to inverse secchi dept?, 
parm Sdde t [0.06361 m-lg-lm3 ;Contribution of detritus to inverse sec:ch; 
depth 
parm Sdss [0. 06061 m-lg-lm3 ;Contribution of suspended solids to ;zonrst 
seccha depch 

Fres 
m 

I a 
L 
Ads 
Ed1 f 
Kb0d 
Knit 

1 5.001 g/mZ,day 
[ O  I oc 
1187.901 W/m2 
[ 13.941 hour 
[ 8.51 m- 1 
10.00021 mZ/day 
[ 0.151 l/day 
[0.10001 l/day 

; Resuspension flux 
;Temperature 
;Average light intensity 
;Day length 
;Adsorption at 380 nm 
;Diffusive exchange 
;Oxidation rate constant BOD water colum 
;Nitrification rate constant 

flow Z [ 8.001 m ;Depth 
flow As [375.001 m2 ;Flow area 
flow Q [ 75.001 m3/s ;Flow 

alfaOl=IaiIsl; 
alfall~aifaOliex~ I-.L*etot*z) ; 
alfa02=Ia/Is2; 
alfal2~alfa02*ex~~-l*et~t*z); 
alfa03=Xa/Is3; 
alfal3-alfa03*expf-I*etot*z); 
f=L/24; 
fll=2.718if* (exp(-1*alfa11)-e~p(-1~a1faOl) ) /(etotiz) ; 
f12=2.~18+f*~exp(-1*alfa12)-exp(-1*a1faO2))/(etot*z); 
f13=2.718*f* (exp(-1*alfal3)-exp(-l*alfa03) ) /(etot*z); 
if (T>Tcsl) 

i 
ftl=3.; 
} 

else 
t 
berai=(Tcs1-T)/iTcsl-Tosl); 
ft i-betal*exp (1-betall ; 
1 

if (T>Tts2I 

ftZ-G. ; 
) 

else 
i 
betaZ=iTcsZ-T!/(TcsZ-Tos2); 



if (T>Tcs3) 

ft3=0.; 
) 

else 
I 
beta3=(Tcs3-T)/(Tcs3-Tos3); 
ft3=beta3*exp(l-beta3); 
1 

DINW=NO3W+NH4W; 
fdpW=l/(l+KpipW*SSW); 
DIPW=fdpWf TIPW; 
fnl=min(DIPW/(DIPW+kpl),DINW/(DINW+knl)); 
fn2=min(DIPW/(DIPW+kp2),DINW/(DINW+knZ)); 
fn3=min(DIPW/(DIPW+kp3),DINW/(DINW+kn3) ) ;  
Grl-umaxl*fllfftl*fnl; 
Gr2=umax2*f12* ft2*fn2; 
Gr3=umax3*f13*ft3*fn3; 
GrT=Gr l*Al+Gr2*A2+Gr3%3;  
Respl=kdiel+kresl*tralfi(T-20); 
Re~pZ=kdie2+kres2*tra2~(T-20); 
Resp3=kdie3+kres3*tra3^(T-20); 
RespT=Respl*Al+Resp2*A2+Resp3*A3; 
kl(Al)=Grl-Respl-Vsal/Z; 
kl(A2)=Gr2-Resp2-Vsa2/2; 
kl(A3)=Gr3-Resp3-Vsa3/2; 

fdpB=l/ (l+KpipB*SSB) ; 
DIPB=fdpB*TIPB/POR; 
PIPW= ( 1-fdpW) *TIPW/SSW; 
PIPB=(l-fdpB)*TIPB/SSB; 
FipD=Kdif (DIPB-DIPW) ; 
FipS-Fsed*PIPW+Vs*PORtDIPW; 
FipR=Fres*PIPB+VrfPOR*DIPB; 
FipB=-Vsd*TIPB; 
If (V~dC0.0) 

I 
FlpB=+Vsd*TIPLB; 
I 

kO(TIPW)~no*TOPW-GrT*apc+RespT*apc*(l-fporg)+(Fip~-~ip~+Fip~)/~; 
kO (TIPB) =inoB*TOPB+ (-FipD+Fip~-~ipR+FipB) /HB; 

I 

else 
( 
pnh4=NH4WfN03W/( (kmn+NHIW)*(kmn+N03W))+NH4W*b/( (NH4W+N03W)*(kmn+N03W)); 
1 

Nitr=Knit*tnitA(T-20)*02W/{02W+Kno); 
kl (NH4W)=-Nitr; 
kO(NH4W)dno*TONW-anc*Pnh4*GrT+(1-fnorg)*anc*RespT+(~h4D-Fnh4S+Fnh4R)/Z; 
kl (NH4B)-0; 



DOPW=fdpoW*TOPW; 
DOPB=fd?oB*TOPB/pOR; 
POPW=(l-f?poW)*TOPW/SSW; 
P O P B = ~ I - ~ ~ ~ O B J * T O P B / S S B ;  
FopD-Kdrf { DOPB-DOPW) ; 
FopS=Fsed+POPW+Vsf POR* 30FI; 
FopR=FresXPOPB+Vr*POR*D0PB; 
FopB=-Vsd*TOPB; 
If (VsdCO.0) 

kl (TOFW1t =-mino; 
kO(TOEW!=fporg*RespT*apc+(FopD-FopS+opR)/Z; 
kl (TOPB) =-minoB; 
k0 (TOPB) =apc*minaB*AB+ i-~opD+~ops-FOPR+FOPB) /HB; 





APPENDIX-B Daily DO loads from SEPA and Aeration 
Staticsns 

Table B.l Daily DO loads from SEPA and Aeration Stations (g/s) 

Date 
04 101 I2002 
04/02/2002 
04/03!2002 
04/04/2002 
04/05/2002 
04/06/2002 
04/09/2002 
04/08/2002 
94/09/2002 
041 10/2002 
4x1 1 112002 
041 1212002 
0411 3/2002 
04/14/2002 
04/ 1512002 
0411 6i2007, 
0411 712002 
04/18/2002 
0411 912002 
04/20/2002 
04/2 1 /2002 
04/22/2002 
M/23/2002 
94/24/2002 
04/25/2002 
04/26/2002 
04/27/2002 
04/28/2002 
04/29/2002 
04/30/2002 
05/0 112002 
05/02/2002 
05/03/2002 
05/04/2002 

SEPA3 SEPA4 SEPAJ Webster Avenue Devon Avenue 
12.67 10.73 0.00 0.00 0.00 
10.95 9.83 0.00 29.13 7.29 
11.68 8.45 0.00 0.00 1.39 
11.94 9.63 0.00 5.93 3.88 
12.20 9.57 0.00 0.00 0.00 
12.68 8.94 0.00 13.46 3.71 
12.30 9.12 0.00 11.06 0.00 
12.38 9.27 0.00 10.30 6.88 
13.17 11.22 0.00 27.30 21.21 
13.47 13.09 0.00 0.00 1.41 
13.67 12.83 0.00 0.00 0.66 
14.88 12.64 0.00 0.00 0.00 
16.46 13.38 3.46 22.16 0.00 
11.10 14.05 8.71 12.91 4.33 
15.31 13.65 9.60 24.84 7.91 
14.76 12.65 9.34 19.37 17.07 
16.43 12.00 9.10 27.00 2 1.23 
18.74 12.54 8.19 30.98 17.91 
14.76 12.26 7.65 25.67 17.79 
16.90 12.88 6.93 25.36 25.88 
17.15 16.48 9.97 36.61 23.54 
16.52 15.30 12.21 15.41 9.35 
17.06 13.16 10.08 24.98 8.18 
15.70 12.72 7.55 6.93 22.89 
14.89 11.69 6.84 30.02 20.05 
16.28 11.56 7.08 8.14 14.01 
14.79 13.40 7.87 36.56 32.17 
12.69 12.42 9.40 33.38 27.29 
14.41 11.81 8.50 14.25 24.09 
14.57 12.66 7.92 17.04 15.15 
16.06 13.32 9.58 20.68 19.78 
16.43 12.37 9.48 22.24 28.17 
15.53 11.70 8.79 0.00 5.86 
15.97 10.07 8.26 0.00 20.54 



APPENDIX-C Initial Conditions 

Initial conditions are given in Table C. 1. Starting from upstream boundaries, initial 

conditions for discharge (lSt measurement of the simulation period) were introduced at 

the each node by adding the cumulative flow as tributaries or treatment facilities enter to 

the system. Water level data provided by the MWRDGC (Lawrence Avenue, Southwest 

Highway, Western Avenue, Willow Spring, Cal-Sag Junction) and USGS (boundary 

conditions) were used to set initial conditions for water level at the each node by doing 

interpolation. Calculation nodes and sections are given in Figure C.l It was observed that 

effect of hydraulic initial conditions are negligible since it takes just a few a hours to 

converge. Initial conditions for the water quality variables were introduced based on the 

water quality measurements provided by MWRDGC at several sampling locations. 

Default DUFLOW EUTROF2 sediment concentrations were used as initial conditions. 



fW =WlmEe p Z  
ND3 = m S t r e e t  
MZ=SirrpsonSFeet 
W = W r n A e m e  
haS=To rhyAw 
NOG=DevM- 
N 0 7 = f f i r n r e ~  
N I B = W m A w  
M9-=AddmStrset 
N I O = D ~ ~  
N11= Fullectw, A m  
N12 = Civism Sired 

Nt7aWsonStreet 
M8 = ltalstead Street 
NzD=WrnA\~nue  
Wf =OcaoAv%lue 
W=tfarlemAverue 
N 2 3 = B & O r n ~  
%24=Raae#83 
U?5=Route#83 
W=Fwfe&k NZB=WEMenL&D 
N 4 9 = V U i l ~ m  199 = lndm Avenue 

MO=HalsleadStreet 
MI = Astlancl Avenue 
W=AstlanjAvenue 
N 3 3 = a c e r o A ~  
M4=LitueCdm 
N35=ucuh?#S? 

Figure 42.1 Calculation nodes sections for the Chicago Waterway System 
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Table C,1 Initial conditions used in DUFLOW model 

SEC00000 - begin 
SEC00000 - end 
SEC00001- begin 
SEC00001- end 
SEC00002 - begin 
SEC00002 - end 
SEC00005 - begin 
SEC00005 - end 
SEC00014 - begin 
SEC00014 - end 
SEC00009 - begin 
SEC00009 - end 
SEC00010 - begin 
SEC00010 - end 
SEC00011- begin 
SEC00011- end 
SECOOOI6 - begin 
SEC00016 - end 
SEC00019 - begin 
SEC00019 - end 
SEC00033 - begin 
SEC00033 - end 
SEC00034 - begin 
SEC00034 - end 
SECOOOO8 - begin 
SEC00008 - end 
SEC00021- begin 
SECOOO21 - end 
SEC00022 - begin 
SEC00022 - end 
SEC00029 - begin 
SEC00029 - end 
SEC00007 - begin 
SEC00007 - end 

Discharge 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
12.57 
12.57 
15.03 
15.03 
15.03 
15.03 
15.03 
15.03 
15.03 
15.03 
21.09 
2 1.09 
21.09 
2 1.09 
53.73 
53.73 
53.73 
53.73 
6.06 
2 1.09 
3.89 
4.05 
4.05 

23.93 
19.88 
23.93 
23.93 
23.93 

Level a1 a2 a3 ab bods 
-0.367 3 0.15 0.15 0 20 
-0.3825 3 0.15 0.15 0 20 
-0.3825 3 0.15 0.15 0 20 
-0.3961 3 0.15 0.15 0 20 
-0.3961 2 0.15 0.15 0 20 
-0.4349 2 0.15 0.15 0 20 
-0.4601 2.3 0.15 0.15 0 20 
-0.4794 2.3 0.15 0.15 0 20 
-0.5227 0.3 0.15 0.15 0 20 
-0.5294 0.3 0.15 0.15 0 20 
-0.5294 0.3 0.15 0.15 0 20 
-0.5351 0.3 0.15 0.15 0 20 
-0.5351 0.3 0.15 0.15 0 20 
-0.5387 0.3 0.15 0.15 0 20 
-0.5387 0.3 0.15 0.15 0 20 
-0.5495 0.3 0.15 0.15 0 20 
-0.5604 0.3 0.15 0.15 0 20 

-0.57 0.3 0.15 0.15 0 20 
-0.5851 0.3 0.15 0.15 0 20 
-0.6021 0.3 0.15 0.15 0 20 
-0.6186 0.3 0.15 0.15 0 20 
-0.6273 0.3 0.15 0.15 0 20 
-0.6505 0.3 0.15 0.15 0 20 
-0.6505 0.3 0.15 0.15 0 20 
-0.5689 0.3 0.15 0.15 0 20 
-0.5602 0.3 0.15 0.15 0 20 
0.3261 0.3 0.15 0.15 0 20 
-0.3251 0.3 0.15 0.15 0 20 
-0.3251 0.3 0.15 0.15 0 20 
-0.5432 0.3 0.15 0.15 0 20 
-0.5449 2 0.15 0.15 0 20 
-0.5432 2 0.15 0.15 0 20 
-0.5432 0.3 0.15 0.15 0 20 
-0.5414 0.3 0.15 0.15 0 20 

bods det nh4s nh4w no3s no3w 
4 1 1 0.4 3 0.5 
4 1 1 0.4 3 0.5 
5 1 1 0.6 3 0.5 
5 1 1 0.6 3 0.5 
5 1 1  0.6 3 2 
5 1 1  0.6 3 2 
7 1 1 1 . 4 3  6 
4 1 1 0 . 6 3  6 
4 1 1  0.6 3 5 
4 1 1  0.6 3 5 
4 1 1  0.6 3 5 
4 1 1  0.6 3 5 
4 1 1 0 . 6 3  5 
4 1 1  0.6 3 5 
4 1 1  0.6 3 5 
4 1 1  0.6 3 5 
4 I 1 0.6 3 3.5 
4 1 1 0.6 3 3.5 
4 1 1 0.6 3 ' 3.5 
4 1 1 0.6 3 3.5 
4 1 1 0 . 6 3  6 
4 1 1 0 . 6  3 6 
4 1 1  0.6 3 6 
4 1 1  0.6 3 6 
4 1 1  0.6 3 3 
4 1 1  0.6 3 3 
4 1 1  0.6 3 3 
4 1 1  0.6 3 3 
4 1 1  0.6 3 3 
4 1 1  0.6 3 3 
4 1 1 0.6 3 4.5 
4 1 1 0.6 3 4.5 
4 1 1  0.6 3 3 
4 1 1 0 . 6 3  3 

02s o2w ssw tips tipw tons tonw tops topw 
0 2 15 0.1 0.1 1 0.6 0.1 0.05 
0 2 15 0.1 0.1 1 0.6 0.1 0.05 
0 2 15 0.1 0.05 1 1.2 0.1 0.05 
0 0 15 0.1 0.05 1 1.2 0.1 0.05 
0 0 15 0.1 0.05 1 1.2 0.1 0.05 
0 1 15 0.1 0.05 1 1.2 0.1 0.05 
0 4 15 0.1 0.05 1 1.6 0.1 0.2 
0 4 15 0.1 0.05 1 1.6 0.1 0.2 
0 6.5 15 0.1 0.05 1 1.2 0.1 0.2 
0 6.5 15 0.1 0.05 1 1.2 0.1 0.2 
0 6.5 15 0.1 0.05 1 1.2 0.1 0.2 
0 6.5 15 0.1 0.05 1 1.2 0.1 0.2 
0 6.5 15 0.1 0.05 1 1.2 0.1 0.2 
0 6.5 15 0.1 0.05 1 1.2 0.1 0.2 
0 6.5 15 0.1 0.05 1 1.2 0.1 0.2 
0 6.5 15 0.1 0.05 1 1.2 0.1 0.2 
0 5.3 15 0.1 0.05 1 1.2 0.1 0.2 
0 6 15 0.1 0.05 1 1.2 0.1 0.2 
0 6 15 0.1 0.6 1 1.2 0.1 0.2 
0 6 15 0.1 0.6 1 1.2 0.1 0.2 
0 6.7 15 0.1 0.6 1 1.2 0.1 0.2 
0 5.5 15 0.1 0.6 1 1.2 0.1 0.2 
0 5.5 15 0.1 0.6 1 1.2 0.1 0.2 
0 5.5 15 0.1 0.05 1 1.2 0.1 0.2 
0 11.9 15 0.1 0.05 1 1.2 0.1 0.2 
0 8 15 0.1 0.05 1 1.2 0.1 0.2 
0 8 15 0.1 0.05 1 1.2 0.1 0.2 
0 8 15 0.1 0.05 1 1.2 0.1 0.2 
0 8 15 0.1 0.05 1 1.2 0.1 0.2 
0 7 15 0.1 0.05 1 1.2 0.1 0.2 
0 7 15 0.1 0.05 1 1.2 0.1 0.2 
0 7 15 0.1 0.05 1 1.2 0.1 0.2 
0 8 15 0.1 0.05 1 1.2 0.1 0.2 
0 8 15 0.1 0.05 1 1.2 0.1 0.2 



SEC00032 - begin 
SEC00032 - end 
SEC00025 - begin 
SEC00025 - end 
SECOOD41- begin 
SEC00041- end 
SEC00042 - begin 
SEC00042 - end 
SEC'00044 - begin 
SECO0044 - end 
SEC00003 - begin 
SEC00003 - end 
SEC00004 - begin 
SEC00004 - end 
SEC00015 - begin 
SEC00015 - end 
SEC00017 - begin 
SEC00017 - end 
SEC00018 - begin 
SEC00018 - end 
SEC00020 - begin 
SEC00020 - end 
SEC00024 - begin 
SEC00024 - end 
SEC00026 - begin 
SEC00026 - end 
SEC00027 - begin 
SEC00027 - end 
SEC00023 - begin 
SEC00023 - end 
SEC00028 - begin 
SEC00028 - end 
* w = water; s = 

24.6 
78.57 
6.06 
6.23 
53.73 
53.73 
53.73 
53.73 
53.73 
78.57 
1.27 
12.57 
12.57 
15.03 
6.06 
21.09 
2 1.09 
2 1.09 
2 1.09 
53.73 
78.57 
78.88 
6.23 
19.88 
23.93 
24.14 
24.14 
24.6 
15.03 
15.03 
15.03 
21.09 

sediment 



APPENDIX-D Difference dissolved oxygen concentration 
between the scenario where water-surface elevations are 
held at or above -2ft City of Chicago Datum at the lakefront 
and the scenario where measured water surface elevations 
at the lakefront are used 
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Figure D.l Difference in dissolved oxygen concentrations resulting when water-surface 
elevations at the lakefront are held at or above -2 ft  City of Chicago Datum (scenario=-2 
ft) relative to those resulting when measured water-surface elevations (calibrated model) 
are used in the simulation for locations on the North Shore Channel 
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Figure D.2 DiEerence in dissolved oxygen concentrations resulting when water-s-mface 
elevations at the lakefront are held at or above -2 ft City of Chicago Datum (scenario=-2 
ft) relative to those resulting when measured water-surface elevations (calibrated model) 
are used in the simulation for locations on the North Branch Chicago River 
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Figure D.3 Difference in dissolved oxygen concentrations resulting when water-surface 
elevations at the lakefront are held at or above -2 ft City of Chicago Datum (scenario=-2 
ft) relative to those resulting when measured water-surface elevations (calibrated model) 
are used in the simulation for locations on the South Branch Chicago River and the 
Chicago Sanitary and Ship Canal 
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Figure D.3 (eont.) Difference in dissolved oxygen concentrations resulting when water- 
surface elevations at the lakefiont are held at or above -2 ft City of Chicago Datum 
(scenario==-2 f3) relative to those resulting when measured water-surface elevations 
(calibrated model) are used in the simulation for locations on the South Branch Chicago 
River md the Chicago Sanitary and Ship Canal 



O'Brirn Look and Darn 
2 0  

Conrail Railroad 
0.0 

o., I ::: 
-0.0 J 

Datm 

0  6 
Central and Wisconsin Railroad 

-0.3 

-0 4 J 

Date 

0 5  

0 4  

0 3 

0 7  -. 
a s  - 
0.5 - 
0.4 - 
0 3  - 
0.2 - 
0 1 

0.0 - 

Figure D.4 Difference in dissolved oxygen concentrations resulting when water-surface 
elevations at the lakefront are held at or above -2 ft City of Chicago Datum (scenario=-2 
ft) relative to those resulting when measured water-surface elevations (calibrated model) 
are used in the simulation for locations on the Little Calumet (North) 
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Figure D.5 Difference in dissolved oxygen concentrations resulting when water-surface 
elevations at the lakefront are held at or above -2 ft City of Chicago Datum (scenario=-2 
ft) relative to those resulting when measured water-surface elevations (calibrated model) 
are used in the simulation for locations on the Calurnet-Sag Channel 
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Figure D.5 (eont.) Difference in dissolved oxygen concentrations resulting when water- 
surface elevations at the lakefront are held at or above -2 ft City of Chicago Datum 
(scenario=-2 ft) relative to those resulting when measured water-surface elevations 
(calibrated model) are used in the simulation for locations on the Calumet-Sag Channel 


