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Computation and Error Analysis of Discharge for the Lake 
Michigan Diversion Project in Illinois: 1997-99 Water 
Years 

By James J. Duncker, Thomas M. Over, and Juan A. Gonzalez

Abstract

Acoustic velocity meters (AVM’s) and acoustic Doppler current profilers (ADCP’s) were 
used to measure streamflow at four streamflow-gaging stations in the Chicago River system.  The 
streamflow data were used to compute discharge and to determine the uncertainty in the com-
puted annual mean discharge at each station for the Lake Michigan Diversion Project in Illinois.  
Descriptions of the instrumentation at each station, stage-area and index-velocity ratings, and 
methods utilized for computing discharge and estimating missing record are given.  Daily mean 
and annual mean discharges were computed for each station for 1997-99 water years (WY’s).  A 
water year is defined as the 12-month period from October 1 through September 30.  The water 
year is designated by the calender year in which it ends and which includes 9 of the 12 months.  
Thus, the year ending September 30, 1999, is called the 1999 water year.

A first-order error analysis was applied to acoustic velocity meter (AVM) data, stage-area, 
and index-velocity ratings at each streamflow-gaging station.  The error analysis results indicate 
that the uncertainty is sensitive to the value of uncertainty associated with acoustic Doppler cur-
rent profiler (ADCP) discharge measurement data.  At the Chicago River at Columbus Drive at 
Chicago, Illinois station for the 1997-99 WY’s, the uncertainty, expressed as a standard deviation 
of the average annual discharge, ranged from 13 to 18 cubic feet per second (ft3/s) when ADCP 
uncertainty was not included, whereas total uncertainty ranged from 55 to 69 ft3/s when ADCP 
uncertainty was included. At the Chicago Sanitary and Ship Canal at Romeoville, Illinois station 
for the 1997-99 WY’s, the uncertainty ranged from 18 to 20 ft3/s when ADCP uncertainty was not 
included, whereas it ranged from 64 to 68 ft3/s  when it was included. At the Calumet River below 
O’Brien Lock and Dam at Chicago, Illinois station for the 1997-99 WY’s, the uncertainty ranged 
from 13 to 22 ft3/s when ADCP uncertainty was not included, whereas it ranged from 35 to 53 ft3/s 
when it was included. At the North Shore Channel at Wilmette, Illinois station for the 1997-99 
WY’s, when the record was entirely estimated, the uncertainty ranged from 8 to 12 ft3/s when the 
ADCP uncertainty was not included, and from 16 to 17 ft3/s when it was included. For the 2000 
WY, the estimated uncertainty was 8.6 ft3/s when ADCP uncertainty is not included and 12.5 ft3/s 
when ADCP uncertainty was included.

Introduction

The State of Illinois directly diverts water from Lake Michigan into the Chicago River system 
at three locations in the Chicago vicinity.  Lake Michigan water is a shared natural resource among 
the Great Lakes States (Illinois Indiana, Michigan, Minnesota, New York, Ohio, Pennsylvania, and 
Wisconsin) and Canada.  According to a U.S. Supreme Court decree (Wisconsin v. Illinois 1980), 



the State of Illinois is limited in the amount of Lake Michigan water that it is allowed to divert (an 
annual mean discharge of 3,200 ft3/s).  The U.S. Geological Survey (USGS) collects streamflow 
data at four streamflow-gaging stations in the Chicago River system that are part of an overall Lake 
Michigan diversion accounting system.  These stations and their USGS identifiers are listed below 
and their locations are shown in figure 1:

(1)  Chicago Sanitary and Ship Canal at Romeoville, Illinois (05536995)
(2)  Chicago River at Columbus Drive at Chicago, Illinois (05536123)
(3)  Calumet River below O’Brien Lock and Dam at Chicago, Illinois (05536358)
(4)  North Shore Channel at Wilmette, Illinois (05536101)
The U.S. Army Corps of Engineers, Chicago District (Corps) is tasked with responsibility for 

the overall accounting of Lake Michigan diversions.  The Corps utilizes an accounting system that 
summarizes all of the withdrawals and reports an annual diversion.  The overall importance of the 
Lake Michigan diversion requires an estimate of the accuracy of the mean annual discharge.  The 
primary station used by the Corps for the Lake Michigan diversion accounting system is located at 
the Chicago Sanitary and Ship Canal at Romeoville, Illinois (fig. 1).  Streamflow data have been 
collected at the Romeoville station since October 1984.  

To measure direct diversions more accurately, the USGS, in cooperation with U.S. Army Corps 
of Engineers, Chicago District, established three additional streamflow-gaging stations in 1996 in 
the Chicago River system in close proximity to the Lake Michigan lakefront (fig. 1).  These sta-
tions are located at the Chicago River at Columbus Drive at Chicago, Illinois; at the Calumet River 
below O’Brien Lock and Dam at Chicago, Illinois; and on the North Shore Channel at Wilmette, 
Illinois.  These three stations, located in close proximity to lakefront-control structures, are collec-
tively referred to as the lakefront accounting system.  The U.S. Army Corps of Engineers, Chicago 
District was charged with the task of evaluating the accuracy of the lakefront accounting system 
against the traditional system of computing the Lake Michigan diversion using the station at the 
Chicago Sanitary and Ship Canal at Romeoville, Illinois.  To accomplish the above, the USGS and 
the Corps began a cooperative investigation in 1996.

Acoustic velocity meters (AVM’s) are utilized at all four stations to measure discharge.  AVM’s 
are required because of the complex site hydraulics characterized by unsteady-flow conditions, 
backwater, and low velocities.  AVM’s transmit sound waves across the channel at a known angle 
to the flow direction.  The difference between the upstream and downstream travel times for the 
sound wave is a function of the water velocity.  (For additional information on AVM’s and ADCP’s 
see the USGS Hydroacoustics Web page at http://hydroacoustics.usgs.gov/).  Index-velocity rat-
ings are developed to relate the AVM measured velocity to the mean channel velocity as calculated 
from acoustic Doppler current profiler (ADCP) discharge measurements.  Stage is measured at 
each site using either an AVM uplooker transducer, a float-driven shaft encoder within a stilling 
well, or a pressure transducer.  Bathymetric surveys relate stage to cross-sectional area of the chan-
nel.  Velocity and stage data are recorded using electronic dataloggers at 5-minute intervals at each 
station.  

Discharge is computed at each station utilizing a multistep process.  A stage-area rating is uti-
lized to convert the stage data to a cross-sectional area.  The velocity measured with the AVM then 
is converted to a mean channel velocity using the index-velocity rating.  Discharge is computed 
by multiplying the cross-sectional area by the mean channel velocity.  This process is repeated 
for each 5-minute gage-height and average velocity reading.  A daily mean discharge is computed 
by averaging the 5-minute unit values throughout the day.  Daily mean discharges are tabulated 
throughout the water year (WY); a water year is the 12-month period from October 1 through Sep-
tember 30.  The water year is designated by the calendar year in which it ends and which includes 
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Figure 1.  Location of U.S. Geological Survey (USGS) streamflow-gaging stations within the Lake Michigan Diversion Project study area, 
Illinois.
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9 of the 12 months of that calendar year.  For example, the year ending September 30, 1999, is 
called the 1999 water year.

This report describes the methods used to compute discharge at four streamflow-gaging sta-
tions in the Chicago River system that are used in the Lake Michigan Diversion Project in Illinois.  
The report also describes for each station (1) the AVM instrumentation, (2) stage-area and index-
velocity ratings, (3) the methods used to compute discharge, and (4) the methods used to estimate 
missing record.  A method is derived using first-order error analysis for computing the total uncer-
tainty of the discharge estimates at 5-minute to annual time scales and this method is applied to the 
discharges at the four stations.

Descriptions of Streamflow-Gaging Stations and Methods for Computing 
Discharge and Estimating Missing Record

The following sections describe the instrumentation utilized at each streamflow-gaging station 
and the methods used for computing discharge and estimating missing record.

Chicago Sanitary and Ship Canal at Romeoville, Illinois

The streamflow-gaging station (05536995) at the Chicago Sanitary and Ship Canal at Rome-
oville, Illinois (fig.1) was established on October 1, 1984.  The station consists of an electronic 
datalogger with a pressure transducer and an AVM housed within a concrete-block building on the 
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Figure 2.  (A) Plan view and (B) cross-sectional view of the U.S. Geological Survey acoustic velocity meter (AVM) streamflow-gaging 
station at the Chicago Sanitary and Ship Canal at Romeoville, Illinois.



east side of the Chicago Sanitary and Ship Canal and beneath the Romeoville Road bridge (fig. 2).  
Auxiliary stage and velocity meters provide back-up data in the case of instrument failures.

The AVM at the Romeoville streamflow-gaging station is configured to measure velocity on 
three paths that are set at fixed elevations (12.28 ft, 16.53 ft , and 19.54 ft referenced to the gage 
datum of 551.89 ft, NGVD 1929) in the channel (fig. 2).  The three path velocities are averaged to 
compute a mean channel velocity for the AVM for the last 5 minutes of each 15-minute interval.  
A regression between each of the velocity paths and the mean channel velocity was developed to 
allow for computation of  the mean channel velocity if one or two of the paths were not working.

Stage data are referenced to a datum of 551.89 ft above NGVD 1929.  Station levels were 
resurveyed in 1995, 1998, and 2000.  A bathymetric survey of the channel was completed in 1984 
to determine the stage-area rating (fig. 3) and resurveyed in 1997 to determine any changes in the 
channel bottom.

ADCP discharge measurements are made during the water year to define the index-velocity 
rating (fig. 4).  The discharge measured using the ADCP was divided by the rated cross-sectional 
area from the stage-area rating to determine the ADCP mean channel velocity.  The index-velocity 
rating was developed by regression of the AVM mean channel velocity and ADCP mean channel 
velocity assuming a zero intercept.  Flow in the Chicago Sanitary and Ship Canal is regulated by 
control structures owned and operated by the Metropolitan Water Reclamation District of Greater 
Chicago (MWRDGC) at the upper and lower reaches of the Chicago River system and flow is 
affected further by three large wastewater-treatment plant discharges.  During the period of record 
(1985-2003 WY’s) for the Romeoville streamflow-gaging station, the daily mean discharge has 
ranged from 915 to 19,466 ft3/s.  The USGS daily mean discharges for the Romeoville stream-
flow-gaging station for the 1997-99 WY’s are listed in tables B.1-B.3 (in appendix B).  The USGS 
daily mean discharges for the streamflow-gaging station at the Chicago Sanitary and Ship Canal at 
Romeoville and the MWRDGC flow records for Lockport are shown in shown in figures 5-7.

The procedures for estimating missing daily mean discharge in the Chicago Sanitary and Ship 
Canal at Romeoville are based upon methods developed by Melching and Oberg (1993) using the 
discharge estimates made by the MWRDGC at the Lockport powerhouse, lock, and controlling 

Figure 3.  Stage–area rating for the U.S. Geological Survey streamflow-gaging station at the Chicago Sanitary and Ship Canal at 
Romeoville, Illinois, as determined by bathymetric survey.
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Figure 5.  Daily mean discharges for the U.S. Geological Survey (USGS) streamflow-gaging station at the Chicago Sanitary and Ship 
Canal at Romeoville, Illinois and the Metropolitan Water Reclamation District of Greater Chicago (MWRDGC) Lockport record, October 
1, 1996, through September 30, 1997.

Figure 4.  Index-velocity rating for the U.S. Geological Survey streamflow-gaging station at the Chicago Sanitary and Ship Canal at 
Romeoville, Illinois, as determined from Price-AA current meter and acoustic Doppler current profiler (ADCP) discharge measurements.
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Figure 6.  Daily mean discharges for the U.S. Geological Survey (USGS) streamflow-gaging station (measured and estimated) at the 
Chicago Sanitary and Ship Canal at Romeoville, Illinois and at Lockport from Metropolitan Water Reclamation District of Greater 
Chicago (MWRDGC) record, October 1, 1997, through September 30, 1998.

Figure 7.  Daily mean discharges for the U.S. Geological Survey (USGS) streamflow-gaging station (measured and estimated) at the 
Chicago Sanitary and Ship Canal at Romeoville, Illinois and at Lockport from Metropolitan Water Reclamation District of Greater 
Chicago (MWRDGC) record, October 1, 1998, through September 30, 1999.
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works.  Melching and Oberg (1993) defined regression equations for the relation between daily 
flows from the various outlet components—turbines, lockage, leakage, powerhouse sluice gates, 
and controlling works at Lockport—and the USGS streamflow-gaging station at Romeoville.  The 
MWRDGC discharge estimates and these regression equations are used to estimate discharge at 
the Romeoville streamflow-gaging station when the AVM is not operational.  The regression equa-
tions defined by Melching and Oberg (1993) utilized turbine flows that the MWRDGC calculated 
based upon theoretical ratings for the turbines.  In 1994, the MWRDGC installed AVM’s in the 
turbine forebays and changed their method for computing turbine discharges from the theoretical 
turbine ratings to discharges calculated with turbine AVM data (James Vey, Metropolitan Water 
Reclamation District of Greater Chicago, oral commun., 2004).  The change in methodology for 
computing the turbine flows necessitated a change in the methods where the MWRDGC flow data 
are used to estimate missing USGS data at the Romeoville streamflow-gaging station, as the flows 
computed using the theoretical turbine ratings did not match the turbine AVM flows.  When the 
turbine flows reported by MWRDGC are measured using the turbine AVM’s, the reported flow 
through the turbines is used directly, with the regression equations applied to the other outlet com-
ponents (sluice gate and controlling works) where applicable.

Chicago River at Columbus Drive at Chicago, Illinois

The Chicago River at Columbus Drive at Chicago streamflow-gaging station (05536123)  
(fig. 1) was established on December 2, 1996.  The gage consists of an electronic datalogger with a 
pressure transducer and an AVM housed within the Columbus Avenue bridge on the south side of 
the Chicago River.  

The AVM gaging station at Columbus Drive is configured to measure velocity on four paths 
that are set at fixed elevations (referenced to Chicago City Datum, CCD) in the channel.  Stage 
data are referenced to the Chicago City Datum (CCD), which is an elevation of 579.48 ft NGVD 
1929, through a survey completed on October 24, 1996.  The gaging station initially was installed 
with two AVM’s with a duplicate set of two transducers at fixed elevations of –8.00 ft CCD 
(571.48 ft NGVD 29) and –15.00 ft CCD (554.48 ft NGVD 29) (fig. 8a).  This configuration was 
selected to provide a back-up set of AVM velocity data in case of AVM instrument failure.  Later 
ADCP discharge measurements at this site indicated complex flow hydraulics that required more 
detailed information on the vertical distribution of channel velocity.  In August 1998, the AVM 
transducer configuration was modified such that the duplicate set of transducers were relocated 
to provide more detailed information about the vertical velocity distribution (fig. 8b).   In the new 
configuration , the four transducers are set at fixed elevations of approximately –8.00 ft, –10.00 ft, 
–15.00 ft , and –17.00 ft CCD.  A bathymetric survey of the channel was completed on March 26, 
1997, to determine the stage-area rating (fig. 9).  

ADCP discharge measurements are made during the water year to define the index-velocity 
rating (fig. 10).  The index-velocity rating for path 3 of the AVM was used to compute discharge 
for the 1997 and 1998 water years.  Daily mean discharges for the 1999 WY were computed using 
the path 4 velocity data and the path 4 index-velocity rating.  The change in primary paths for the 
discharge computations was made because of an irregular shift in the velocity data for path 3 of 
the AVM in the 1999 WY.  The exact cause of the irregular shift in the velocity data is not known, 
but may have been the result of mixing water temperatures at the elevation of path 3.  Velocity data 
from the AVM path 4 during this period do not indicate the same irregular shift and were used in 
the discharge computations for the entire 1999 WY.  
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Figure 8a.  (A) Plan and (B) cross-sectional views of the of the U.S. Geological Survey acoustic velocity meter (AVM) streamflow-gaging 
station at the Chicago River at Columbus Drive at Chicago, Illinois, showing the AVM configuration used from December 1996 through 
August 1998.

Figure 8b.  (A) Plan and (B) cross-sectional views of the U.S. Geological Survey acoustic velocity meter (AVM) streamflow-gaging 
station at the Chicago River at Columbus Drive at Chicago, Illinois, and the reconfiguration of the AVM paths, August 1998-2005.



The procedure for estimating missing daily mean discharge at the Chicago River at Columbus 
Drive streamflow-gaging station for the 1997-99 WY’s was chosen based on the assessment of the 
following three approaches: 

(1)  A relation between discharge at Columbus Drive and stage difference between Lake Mich-
igan and the Chicago Harbor at the MWRDGC Chicago River Controlling Works (CRCW). 

(2)  Hydrologic univariate time-series modeling of the autoregressive, integrated, moving aver-
age (ARIMA), using the data record prior to each non-operating period for the AVM’s.   

(3)  Algebraic relations between the flow records independently collected by the MWRDGC at 
the CRCW and the USGS at the Chicago River at Columbus Drive at Chicago, Illinois streamflow-
gaging station.

According to the assessment of all these approaches, the third approach provides the most reli-
able and accurate estimates of missing discharge records at the Chicago River at Columbus Drive 
at Chicago streamflow-gaging station.  Period-wise regression equations that relate the discharge 
record reported by the MWRDGC for the CRCW to the State of Illinois (Illinois Department of 
Natural Resources form LMO-6) and the USGS discharge records for the Chicago River at Colum-
bus Drive at Chicago, Illinois streamflow-gaging station estimated from the AVM data are used in 
this approach. A brief description of the chosen approach is given in the following paragraphs.  

The daily mean discharge record collected by the USGS at the Chicago River at Columbus 
Drive at Chicago, Illinois streamflow-gaging station between December 2, 1996, and September 
30, 1997, and the MWRDGC discharge at the CRCW reported in LMO-6 for the 1997 WY are 
shown in figure 11.  During the 1997 WY, the AVM at the Columbus Drive streamflow-gaging 
station only failed to collect velocity data on July 18-19, 1997; however, because the AVM at this 
station started operating on December 2, 1996, in order to complete the discharge record of the 
1997 WY, the daily mean discharges from October 1 to December 1, 1996, had to be indirectly 
estimated.  

The trends of the discharge records for the CRCW and the Columbus Drive streamflow-gaging 
station are similar, particularly during high-flow periods (fig. 11).  The daily discharge data from 
the MWRDGC record for the CRCW are plotted with the corresponding USGS data collected at 

Figure 9.  Stage–area  rating for the U.S. Geological Survey streamflow-gaging station at the Chicago River at Columbus Drive at 
Chicago, Illinois, as determined by bathymetric survey.

10    Computation and Error Analysis of Discharge for the Lake Michigan Diversion Project in Illinois: 1997-99 Water Years



the Columbus Drive station for the 1997 WY in figure 12.  Whereas MWRDGC high-flow data 
(discharges greater than about 50 ft3/s) are well correlated with the USGS data, low-flow data are 
not correlated.  When low-flow data are removed (flows less than 50 and 200 ft3/s at the CRCW 
and Columbus Drive, respectively), the remaining high-flow data are well correlated (coefficient 
of determination, R2 = 0.91).  Furthermore, the data are equally scattered about the regression line 
throughout the WY (fig. 13), indicating that the best-fit curve can be used to estimate missing data 
during high-flow periods.  The equation used to estimate high-flow data missing from December 2, 
1996, to September 30, 1997, is

					     QUSGS = 1.24 QMWRDGC + 252.9 ,				    (1)

Figure 10.  Index-velocity ratings for the acoustic velocity meter (AVM) paths A) 3 and B) 4 of the U.S. Geological Survey streamflow-
gaging station at the Chicago River at Columbus Drive at Chicago, Illinois, as determined by acoustic Doppler current profiler (ADCP) 
discharge measurements.
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Figure 11.  Daily mean discharges at the U.S. Geological Survey (USGS) streamflow-gaging station at the Chicago River at Columbus 
Drive at Chicago, Illinois from December 2, 1996, to September 30, 1997, and discharges measured for the Chicago River Controlling 
Works (CRCW) as reported by the Metropolitan Water Reclamation District of Greater Chicago (MWRDGC).  Negative discharges 
indicate flow reversals during large storms.  Storms in February and August 1997 resulted in large negative discharges.

Figure 12.  Regression between daily mean discharges measured at the U.S. Geological Survey (USGS) streamflow-gaging station at 
the Chicago River at Columbus Drive at Chicago, Illinois from December 2, 1996, to September 30, 1997 and the daily mean discharges 
for the Chicago River Controlling Works (CRCW) as reported by the Metropolitan Water Reclamation District of Greater Chicago 
(MWRDGC).  Negative discharges indicate flow reversals during large storms.
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where QUSGS is the daily mean discharge computed by the USGS, QMWRDGC is the daily mean dis-
charge as reported by the MWRDGC, and the coefficient of determination, R2 , of equation 1 is 
0.91.  

Equation 1 was derived based on high-flow data collected from December 2, 1996, to Sep-
tember 30, 1997, only; therefore, equation 1 is not applicable for estimating the missing data for 
October and November 1996.  Instead, these missing data were estimated using monthly equa-
tions derived from the daily flow data reported by the MWRDGC and recorded by the USGS in  
October and November 1997.  These data together with the respective best-fit curves are shown in 
figures 14 and 15, respectively.  The corresponding equations are

                             					                           
0.491					     QUSGS = 41.7 QMWRDGC ,	 				    (2)

				    QUSGS = 369.4 Ln (QMWRDGC) – 1201 ,				    (3)

with R2 values of 0.92 and 0.71, respectively. 
Periods of missing data during the 1998-99 WY’s were estimated based upon regressions 

derived from the daily flow data reported by the MWRDGC for adjacent periods where both the 
USGS and MWRDGC stations were operating.  The corresponding equations are 

QUSGS = 1.176QLMO-6 + 138.24   ( for MWRDGC discretionary flow periods),		  (4)

QUSGS = 1.775QLMO-6 – 2.265   (for MWRDGC nondiscretionary flow periods),		  (5)

with R2 values of 0.90 and 0.24, respectively. 

Figure 13.  Daily mean discharges at the Chicago River at Columbus Drive at Chicago, Illinois streamflow-gaging station by the 
U.S. Geological Survey (USGS) in water year 1997 and for Chicago River Controlling Works  as reported by the Metropolitan Water 
Reclamation District of Greater Chicago (MWRDGC) (data points with MWRDGC flows greater than or equal to 50 cubic feet per second 
and USGS flows greater than or equal to 200 cubic feet per second only are shown).
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Figure 14.  Daily mean discharges at the U.S. Geological Survey streamflow-gaging station at the Chicago River at Columbus Drive at 
Chicago, Illinois in October 1997 and for the Chicago River Controlling Works as reported by the Metropolitan Water Reclamation District 
of Greater Chicago (MWRDGC).

Figure 15.  Daily mean discharges at the U.S. Geological Survey streamflow-gaging station at the Chicago River at Columbus Drive at 
Chicago, Illinois in November 1997 and for the Chicago River Controlling Works as reported by the Metropolitan Water Reclamation 
District of Greater Chicago (MWRDGC).
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The USGS daily mean discharge record for the Chicago River at Columbus Drive at Chicago, 
Illinois streamflow-gaging station for the 1997-99 WY’s, completed using equations 1, 2, and 
3, are listed in tables B.4-B.6 (appendix B).  Daily mean discharge hydrographs for the USGS 
streamflow-gaging station at the Chicago River at Columbus Drive at Chicago, Illinois and the 
MWRDGC flow record at the CRCW for the 1997-99 WY’s are shown in figures 16-18.

Calumet River below O’Brien Lock and Dam at Chicago, Illinois

The Calumet River below O’Brien Lock and Dam streamflow-gaging station (05536358) (fig. 
1) was established on October 1, 1996.  The station consists of an electronic datalogger with a 
shaft encoder operated over a float within the U.S. Army Corps of Engineers (Corps) stilling well, 
an AVM, and a cell-phone telemetry system within an aluminum instrument shelter.  A 10 ft mete-
orological tower supports an anemometer and a tipping-bucket raingage.  Electricity (110 volts 
AC) is available to run the equipment.  

The AVM at the Calumet River below O’Brien Lock and Dam is configured to measure veloc-
ity on two paths that are located approximately 800-1,000 ft downstream of the riverside lock gates 
(fig. 19).  The AVM velocity paths measure line velocities along paths between the riverside lock 
guidewall and a pile cluster near the left bank.  Using this configuration, the AVM computes veloc-
ity for an upstream velocity path (path 1) and a downstream velocity path (path 2).  At the initial 
gage installation, velocity was computed for each AVM path averaged at 15-minute intervals.  On 
July 13, 1998, the AVM was reprogrammed to compute velocity averaged at 5-minute intervals in 
order to provide more detailed information on the variability of flow over the shorter time interval.  
Daily mean discharges for each velocity path are averaged to determine the daily mean discharge 
for the gaging station. 

The stilling-well shaft encoder at the gaging station provided a satisfactory stage record for 
the 1997-99 WY period.  Stage data are referenced to Chicago City datum (579.48 ft NGVD 29) 

Figure 16.  Daily mean discharges (measured and estimated) at the U.S. Geological Survey (USGS) streamflow-gaging station  at the 
Chicago River at Columbus Drive at Chicago, Illinois, October 1, 1996, through September 30, 1997, and for the Chicago River Controlling 
Works as reported by the the Metropolitan Water Reclamation District of Greater Chicago (MWRDGC).  Negative discharges indicate 
flow reversals during large storms.  Storms in February and August 1997 resulted in large negative discharges.
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Figure 18.  Daily mean discharges (measured and estimated) at the U.S. Geological Survey (USGS) streamflow-gaging station at the 
Chicago River at Columbus Drive at Chicago, Illinois, October 1,1998, through September 30, 1999, and for the Chicago River Controlling 
Works as reported by the the Metropolitan Water Reclamation District of Greater Chicago (MWRDGC).  Negative discharges indicate 
flow reversals during large storms.

Figure 17.  Daily mean discharges (measured and estimated) at the U.S. Geological Survey (USGS) streamflow-gaging station at the 
Chicago River at Columbus Drive at Chicago, Illinois, October 1, 1997, through September 30, 1998, and for the Chicago River Controlling 
Works as reported by the the Metropolitan Water Reclamation District of Greater Chicago (MWRDGC).  Negative discharges indicate 
flow reversals during large storms.
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through a survey completed on October 24, 1996.  A bathymetric survey of the channel was com-
pleted on March 24, 1997, to determine the stage-area rating (fig. 20).

Satisfactory data were collected with the AVM throughout the 1997-99 WY period except as 
follows:  November 15-December 6, 1996, and January 14-July 17, 1997.  The extended period of 
missing record from January 14 to July 17 was the result of major damage to the piling supporting 
the AVM transducers because of  either barge traffic or ice.  Thirteen series of ADCP discharge 

Figure 20.  Stage–area rating for the U.S. Geological Survey streamflow-gaging station at the Calumet River below O’Brien Lock and 
Dam at Chicago, Illinois.
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Figure 19.  (A) Plan and (B) cross-sectional views of the U.S. Geological Survey acoustic velocity meter (AVM) streamflow-gaging 
station at the Calumet River below O’Brien Lock and Dam at Chicago, Illinois.



measurements (261 individual transects) were made during the 1997-99 WY period to define the 
index-velocity rating (fig. 21).  These measurements ranged from –3,180 to 2,881 ft3/s.  Measure-
ment numbers 64-67 were made during a reverse flow event, when the flow direction was reversed 
(towards Lake Michigan).

The daily mean discharge during the 1997-99 WY period ranged from –769 to 1,069 ft3/s.  The 
minimum daily mean discharge during the water year occurred during a storm on Feb. 21, 1997.  
The daily mean discharge during the 1997-99 WY period ranged from –769 to 1,069 ft3/s.  The 
minimum daily mean discharge during the water year was measured during a storm on Feb. 21, 
1997, when the Calumet River was allowed to backflow (reverse flow) into Lake Michigan.  A 
second storm-related backflow on Aug. 20, 1997, resulted in a daily mean discharge of –301 ft3/s.  
The maximum daily mean discharge of 1,069 ft3/s occurred on June 21, 1997.  The USGS daily 

Figure 21.  Index-velocity ratings for the U.S. Geological Survey acoustic velocity meter (AVM) paths A) 1 and B) 2 of the streamflow-
gaging station at the Calumet River below O’Brien Lock and Dam at  Chicago, Illinois.  Negative velocities indicate flow reversals during 
large storms.
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mean discharge record for the O’Brien Lock and Dam station for the 1997-99 WY’s is listed in 
tables 2.7-2.9 (appendix B).

The procedure used for estimating missing flows in the Calumet River below O’Brien Lock 
and Dam for days on which the AVM was inoperative was developed by postulating that, similar to 
what was observed at the Chicago River at Columbus Drive at Chicago, Illinois streamflow-gaging 
station, the daily mean flow records at the Calumet River below O’Brien Lock and Dam at Chi-
cago, Illinois streamflow-gaging station by MWRDGC and USGS are correlated.  Available data 
from 1997-99 WY’s appear to support this postulate, particularly the data points representing days 
with navigational make-up or discretionary flows (fig. 22).

Topography in this reach of river and the operational variability of the structures at the lock 
and dam result in different flow patterns.  These flow patterns also are affected by the magnitude 
of the total flow and the relative value of the flow components.  Because of these flow conditions, 
flows at Calumet River below O’Brien Lock and Dam at Chicago, Illinois streamflow-gaging sta-
tion cannot be estimated by indexing the mean flow with only one AVM path.  To better estimate 
flows at this station, the mean flow is indexed with the two AVM paths.  The layout of these AVM 
paths is congruent with both the observed flow patterns and the shape of the channel cross sec-
tion.  In estimating flows from the AVM data, it was necessary to assess whether the mean flow is 
more accurately indexed by a specific AVM path.  After careful comparison of different weighting 
factors for averaging the AVM data from the two paths, it was determined that the best correlation 
between the MWRDGC data and the USGS AVM data is obtained when each path is given the 
same weight.  The MWRDGC data from days with navigation and/or discretionary flows in 1997 
and 1998 WY’s and the USGS data estimated as the weighted average of the data from AVM path 
1 and AVM path 2 are shown in figure 22.  The MWRDGC data and the USGS data seem bet-
ter correlated when the USGS flows are estimated as the average of the flow estimates from each 
AVM, rather than when estimated giving different weight to the data from each AVM path.  In 
addition, giving the same weight to the data from each AVM path also makes the data from each 

Figure 22.  Daily mean discharge for the U.S. Geological Survey streamflow-gaging station at the Calumet River below O’Brien Lock and 
Dam at Chicago, Illinois, and flows reported by the Metropolitan Water Reclamation District of Greater Chicago for days with navigation 
or discretionary flows for the 1997-99 water years (WY’s).
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year more homogeneous, thus, reducing bias.  The equations for estimating missing record for the 
Calumet River below O’Brien Lock and Dam at Chicago, Illinois streamflow-gaging station were 
derived from these data based on linear regression (fig. 22).  The resulting equation is

					     QUSGS = 0.822 QMWRDGC + 149.2  ,			   	 (6)

with a coefficient of determination R2 = 0.49.
Equation 6 was used to estimate missing data for days with navigation and/or discretionary 

flows only at the streamflow-gaging station.  Navigation and/or discretionary flows are diversion 
flows through the control structures to maintain channel depths needed for navigation or flows 
used at the discretion of MWRDGC to maintain water quality in the Chicago River system.  For 
days with neither navigation nor discretionary flows, missing USGS data were assumed equal 
to those reported by MWRDGC.  The USGS daily mean discharge record for the Calumet River 
below O’Brien Lock and Dam at Chicago, Illinois streamflow-gaging station for the 1997-99 
WY’s are listed in tables B.7-B.9 (appendix B).  Daily mean discharge hydrographs for the USGS 
streamflow-gaging station at the Calumet River below O’Brien Lock and Dam at Chicago, Illinois 
and the MWRDGC flow record for the 1997-99 WY’s are shown in figures 23-25.

North Shore Channel at Wilmette, Illinois

The North Shore Channel at Wilmette streamflow-gaging station (05536101) was established 
on September 7, 1999.  The station consists of an electronic datalogger with an AVM, acoustic 
stage transducer, and telephone telemetry system within an aluminum instrument shelter.  Electric 
power (110 volts AC) is available to run the equipment.  

Figure 23.  Daily mean discharges for the U.S. Geological Survey (USGS) streamflow-gaging station at the Calumet River below O’Brien 
Lock and Dam at Chicago, Illinois and from the Metropolitan Water Reclamation District of Greater Chicago (MWRDGC) record for the 
1997 water year.  Negative discharges indicate flow reversals during large storms.  A storm in March 1997 resulted in large negative 
discharges.
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Figure 24.  Daily mean discharges for the U.S. Geological Survey (USGS) streamflow-gaging station at the Calumet River below O’Brien 
Lock and Dam at Chicago, Illinois and from the Metropolitan Water Reclamation District of Greater Chicago (MWRDGC) record for the 
1998 water year.

Figure 25.  Daily mean discharges for the U.S. Geological Survey (USGS) streamflow-gaging station at the Calumet River below O’Brien 
Lock and Dam at Chicago, Illinois and from the Metropolitan Water Reclamation District of Greater Chicago (MWRDGC) record for the 
1999 water year.
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The AVM at the North Shore Channel at Wilmette is configured to measure velocity on a 
single path.  Stage data that is set at a fixed elevation of approximately –4.00 ft (CCD 571.48 ft 
NGVD 29) in the channel (fig. 26).

Because the USGS station was established after the 1999 WY, discharge records for the entire 
1997-99 WY’s were estimated based upon a correlation between USGS and MWRDGC daily dis-
charge data for the 2000 WY (fig. 27) as 

					     QUSGS = 0.9596 QMWRDGC + 0.5914  .	 		  (7)

The acoustic stage transducer at the gaging station provided a satisfactory stage record for the 
period from September 7, 1999, to September 30, 2000, except as follows: October 14, October 
27-November 17, 1999, March 29, April 1-4, and April 12-17, 2000.  Stage data are referenced to 
Chicago City datum (579.48 ft NGVD 29) through a survey completed on September 6, 2000.  A 
bathymetric survey of the channel was completed on December 7, 1999, to determine the stage-
area rating (fig. 28).

The AVM provided satisfactory record throughout the water year except during April 12-17, 
2000.  Ten series of ADCP discharge measurements (241 individual transects) were made during 
the 2000 WY to define the index-velocity rating (fig. 29).  These measurements ranged from -22.5 
to 179 ft3/s.

The estimated daily mean discharge during the 1997-99 WY’s ranged from 0.59 to 245 ft3/s 
and is listed in tables B.10-B.12 (appendix B).  The minimum daily mean discharge during the 
1997-99 WY period was measured on many days during the period.  The maximum daily mean 
discharge of 245 ft3/s was measured on September 10, 1997.

Figure 26.  (A) Plan and (B) cross-sectional views of the U.S. Geological Survey acoustic velocity meter (AVM) streamflow-gaging 
station on the North Shore Channel at Wilmette, Illinois.
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Figure 27.  Correlation between the U.S. Geological Survey and Metropolitan Water Reclamation District of Greater Chicago daily mean 
discharge at the North Shore Channel at Wilmette, Illinois acoustic velocity meter (AVM) streamflow-gaging station for the 2000 water 
year.

Figure 28.  Stage-area rating for the U.S. Geological Survey streamflow-gaging station on the North Shore Channel at Wilmette, Illinois, 
as determined by bathymetric survey.
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Figure 30.  Daily mean discharges for the U.S. Geological Survey (USGS) streamflow-gaging station on the North Shore Channel at 
Wilmette, Illinois and from the Metropolitan Water Reclamation District of Greater Chicago (MWRDGC) record for the 1997 water year.
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Figure 29.  Index-velocity rating for the U.S. Geological Survey streamflow-gaging station on the North Shore channel at Wilmette, 
Illinois.



Figure 31.  Daily mean discharges for the U.S. Geological Survey (USGS) streamflow-gaging station on the North Shore Channel at 
Wilmette, Illinois and from the Metropolitan Water Reclamation District of Greater Chicago (MWRDGC) record for the 1998 water year.

Figure 32.  Daily mean discharges for the U.S. Geological Survey (USGS) streamflow-gaging station on the North Shore Channel at 
Wilmette, Illinois and from the Metropolitan Water Reclamation District of Greater Chicago (MWRDGC) record for the 1999 water year.
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Error Analysis of Discharge Computations from Acoustic Velocity Meter 
Measurements

In this section, a method for computing the total error of the discharge estimates at 5-min-
ute to annual time scales is derived and applied to the discharges at the four streamflow-gaging 
stations on the Chicago River system (fig. 1). An introduction to the method, called first-order 
error analysis, in the context of its application to streamflow discharge uncertainty estimation is 
presented first. Uncertainty estimates for velocity and cross-sectional area are required for the 
first-order error analysis. A method for computing the uncertainty of the cross-sectional area is 
presented next;  then a method for computing the uncertainty of the velocity is presented using 
the statistical properties of the index-velocity rating (IVR) between a single AVM path and ADCP 
measurements. This rating completes the development of the basic method for error analysis of 
unit discharge measurements when the AVM is operational. Extension to uncertainty estimation 
for discharge averaged over time intervals longer than the measurement period, such as a year,  is 
required for Lake Michigan Diversion Accounting and is presented next. The method for computa-
tion of velocity uncertainty then is extended to the case of velocity computed as the average of the 
velocities computed from two AVM paths with separate index-velocity ratings, as at the Calumet 
River below O’Brien Lock and Dam at Chicago, Illinois streamflow-gaging station. This section 
is followed by the final section of the presentation of the methods. This section contains a descrip-
tion of the method for computing uncertainty on days when AVM measurements are completely or 
mostly missing and the discharges are estimated from other data sources. The presentation of the 
method is followed by application of the method to the four streamflow-gaging stations. The pre-
sentation of the application of the method begins with computation of the stage-area, index-veloc-
ity, and uncertainty parameters used for each station. Finally, the resulting discharge uncertainty 
estimates are presented and described.

First-Order Error Analysis of Discharge

The total uncertainty of flow measurements traditionally has been estimated as the square root 
of the summation of the squares of the total uncertainties from different sources (for example, 
Carter and Anderson, 1963; Simpson and Oltman, 1993). The International Organization for Stan-
dardization (1992) recommends estimating the total uncertainty of measurements from AVM’s 
with a method based on a different approach.  In this method, the total uncertainty of AVM mea-
surements is estimated as the square root of the sums of the squares of the uncertainties of the con-
tributing sources weighted with prescribed factors; however, the values of these factors prescribed 
in the standard are not clearly justified. More advanced methods for estimating total uncertainty 
gradually are being incorporated into present-day (2005) engineering practice. One such method is 
the first-order-variance method (also known as the first-order error analysis) (Ang and Tang, 1984; 
Tung and Yen, 1993; ANSI/ASME, 1998; Muste and Stern, 2000). 

The first-order variance method has two fundamental components: (1) the measured or esti-
mated value of some quantity X is considered to be the sum of a fixed and true but unknown value 

¢X  and an independent, mean zero error term eX ; that is, X X X= ¢ + e ; and (2) the estimation 
error of a quantity Y that is a function of one or more measured or estimated quantities arises 
because of the error of estimation of the variables from which it is computed, and is computed 
according to a first-order approximation to the complete variance formula. Formally, for a quantity 
Y X X Xn= ( )g 1 2, , , , in the first-order variance method, the uncertainty of Y is the first-order 
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approximation to the variance of Y,

					            					     (8)

(see, for example, Benjamin and Cornell (1970, p. 184)), where 
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Taylor series expansion (Shenk, 1979) of Y X X Xn= ( )g 1 2, , , . In the case that the variables 
X X Xn1 2, , ,  are mutually statistically independent, equation 8 reduces to the form in which the 
first-order variance method usually is expressed, as
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In the case of the discharge measurements considered here, the dependent variable is the discharge 
Q, and the independent variables are the velocity V and the cross-sectional area A. As separate 
measurement instruments are used to obtain velocity and area, V and A usually can be taken to be 
independent. Therefore, the simpler (as compared to equation 8) equation 9 may be used, and the 
basis of the analysis here is the expression
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In order to evaluate equation 10, estimates of sA
2  and sV

2  clearly are needed. 

Uncertainty in Cross-Sectional Area

In much of the Chicago River system, because the channels have nearly vertical straight walls 
in the range of observed stages, the stage-area rating is well-described by the linear equation

						      A h a bh( ) = + .					     (11)

In general, the uncertainty in cross-sectional area would include the effects of uncertainty in 
the parameters describing the stage-area rating (a and b) because of surveying errors and variation 
in the cross section over the channel reach covered by the acoustic path of the AVM. However, for 
this study, these errors are eliminated because the mean channel velocity used in the IVR originally 
is measured as a discharge and is converted to a velocity by dividing by the estimated A. Therefore, 
when the IVR is used to compute the mean channel velocity from the AVM velocity, followed by 
multiplication by A to obtain Q, any systematic error in A is accounted for. Biases in Q may remain 
but result because of biases in mean channel velocity, which is accounted for separately.
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The only remaining error in A is in the actual measurement of the stage, h. Applying first-order 
error analysis to the expression for area (equation 11) under the assumption that a and b are non-
random results in the relation

						      s sA hb2 2 2= .						      (12)
	

Uncertainty in Velocity

The uncertainty in estimating the mean velocity in a stream from AVM line-velocity measure-
ments is the most difficult to assess of all the contributing uncertainties in estimating discharge. 
This difficulty particularly is true at streamflow-gaging stations where the flow structure has char-
acteristics that depend highly upon the mean flow, or where the mean flow is affected by the opera-
tion of nearby hydraulic structures.  Patino and Ockerman (1997) discussed the various factors 
affecting the flow structure in open channels and how they affect the relation between the acoustic 
AVM line velocity and the mean streamwise velocity. In particular, they discussed the relevance 
of three important sources of uncertainty in estimating mean velocity from AVM line velocity, 
namely: (a) the vertical distribution of the streamwise velocity; (b) temperature and density gradi-
ents; and (c) the variability of flow patterns in the channel.  All these sources potentially can affect 
the flow structure in the channel independently or combined. It is apparent that calibrating the rela-
tion between mean velocity and AVM line velocity at sites with complex and variable flow struc-
tures based on theoretical velocity distributions as suggested by Laenen (1985) is a crude approxi-
mation. Thus, the IVR often is established from concurrent AVM line-velocity measurements and 
reference mean flow measured with current meters or ADCP’s.  Moreover, at sites where the range 
of stage varies appreciably over time, more accurate IVR’s are developed as a function of the stage 
(Laenen, 1985).  At more complex sites, such as those with tide-affected flows, ratings include the 
backwater effects because of ebb, flood, and slack tide conditions.  These kinds of ratings typically 
include a loop and some attempts have been made to represent them mathematically through a 
Gaussian function (Simpson and Bland, 2000).

At the gaging stations in the Chicago River system considered here, it is observed, as discussed 
previously, that the IVR’s are linear and do not obviously depend on variables other than the AVM 
line velocity. Letting V tADCP ( ) denote the ADCP velocity at time t and V tL ( )  the AVM line veloc-
ity at time t, the IVR then is given byV t V tADCP L( ) = + ( )a b . When relating AVM line velocity 
to the true mean velocity, additional slope and intercept terms are added to simulate the effect of 
unknown ADCP biases, that is,V t V tbias L( ) = + ( )g d . Combining these assumptions and observa-
tions, the velocity equation becomes

	 V V t V t V t t V t tt t V ADCP bias V L V= ¢+ ( ) = ( )+ ( )+ ( ) = + + +( ) ( )+ ( )e e a g b d e .        (13)

The parameters of equation 13 (α, β, γ, and δ) are, in general, random variables. How their distribu-
tions may be estimated is discussed later in this report.

Using the standard formula for the variance of a sum (see Benjamin and Cornell, (1970, p. 
168)), the variance of V

t   
is, therefore, given as
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Var V Cov V t Covt L( ) = + + ( )+ ( ) + + ( )é

ë
ù
û +s s a g s s b da g b d

2 2 2 2 22 2, ,
				  

	 2 2V t Cov Cov Cov CovL V
( ) ( )+ ( )+ ( )+ ( )[ ]+a b a d b g d g se, , , , ,			   (14)

using the independence of the error term eV t( ) from the other terms in the equation. These terms 
are not necessarily independent in time, however.  Notice that AVM line velocity in equation 14 is 
taken as a fixed (non-random) observation, whereas, in reality, AVM measurements are subject to 
measurement error. This result is appropriate because the same statistical population of AVM val-
ues is used in the development of the IVR and in the prediction of velocity where the IVR is used. 
An alternative method to the one taken here is to estimate the AVM measurement error indepen-
dently (by a first-order error analysis of the AVM measurement process) and incorporate this result 
into the computation of velocity uncertainty with a more complex regression method where mea-
surement error is accounted for (see, for example, Fuller, 1987). This type of method is required 
when the true relation between the explanatory and predicted variables is needed. In the present 
case, all that is required is the prediction, so the more complex method is not needed. However, a 
method for first-order error analysis of AVM measurements is presented and was applied to two of 
the gaging stations (Chicago River at Columbus Drive at Chicago, Illinois and Chicago Sanitary 
and Ship Canal at Romeoville, Illinois) described in appendix A as a first step to this more com-
plete analysis.  

Some of the covariance terms in equation 14 may be determined as follows and the equation 
simplified. It may be shown using the so-called “normal equations” for the parameters of a linear 
regression (see Benjamin and Cornell (1970, p. 430)) that if a random constant γ is added to each 
y-value, the regression intercept (here given as α) will be increased by the same amount. There-
fore, γ and α have unit correlation and Cov a g s sa g,( ) = . Similarly, it may be shown that γ and β 
are uncorrelated and, therefore,Cov b g,( ) = 0 . The application of a random constant factor δ  to 
each y-value multiplies each linear regression parameter by the same factor; therefore, both δ and 
α, and δ and β have unit correlation, and Cov a d s sa d,( ) =  and Cov b d s sb d,( ) = . Further, δ and 
γ are taken to be uncorrelated by assumption. The coefficients α and β are not independent because 
the coefficients are computed together from the same data by linear regression; their covariance 
may be estimated from the input data to the IVR regression by applying the standard formula (see 
Mood and Graybill (1963, p. 333)).

Therefore, equation 14 may be simplified as

		
Var V V tt L( ) = + + + ( ) + +é

ë
ù
û +s s s s s s s sa g a g b d b d

2 2 2 2 22 2
	

		
2 2V t CovL V

( ) ( )+[ ]+a b s s sa d e, .							       (15)

The uncertainty of the unit discharge at a given time t, sQ Q
t

Var t
2 = ( ); thus, the uncertainty can be 

computed using equations 10, 12, and 15.

Uncertainty in Time-Averaged Discharge

The real quantity of interest here is not the uncertainty in the unit flow at a given time, 

sQ Q
t

Var t
2 = ( ), but the uncertainty of the total or average flow over some time period such as a  
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The first term on the right-hand side of equation 16 is the sum of the unit discharge uncertain-
ties, sQt

2 , at each time t. The expression for sQt

2  is given above (equation 10), allowing computa-
tion of this term. The second term consists of the sum of the covariance between the unit discharge 
at each pair of times t and s, and includes contributions from any uncertainty that is in common 
between the discharges at those times.  The dominant common uncertainties between discharges at 
different times are the uncertainties in the index-velocity regression and the ADCP bias errors. A 
derivation of an expression for the discharge covariance is given below.

The covariance of flows at times t and s, Cov t sQ Q,( ), may be computed as

				    Cov E E Et s t s t sQ Q Q Q Q Q,( ) = [ ]- [ ] [ ].				    (17)

To compute the second term in equation 17, it may be shown that

		
E E AV E A t V t E AV At t t t A t V t tQ[ ] = [ ] = ¢ + ( )( ) ¢+ ( )( )é

ëê
ù
ûú = ¢ ¢éë ùû = ¢e e tt tV ¢

,		 (18)

because eA t( )  and eV t( ) for all t are independent and have zero mean. An analogous  

expression holds for E sQ[ ]. Therefore, E Et sQ Q[ ] [ ] is given by E E AV AVt s t t s sQ Q[ ] [ ] = ¢ ¢ ¢ .

For the first term in equation 17, E [QtQs] may be derived as

		
			 
		
											           		  (19)

where the last three terms on the right-hand side are retained because of possible serial correlation 
in eA t( )  andeV t( ). A model for this serial correlation will be discussed later. All the other terms 
drop out because eA t( )  and eV t( ) have zero mean and are independent of each other.

To simplify algebraic terms, the next step in the analysis is to assume that the area A varies 
little, as is generally true here, particularly for the lakefront AVM streamflow-gaging stations. 
Therefore, E AAt s

¢ ¢éë ùû  and AAt s  may be approximated as A( )2 , where A  is the average area. Then, it 
follows that 
			 

							                   .				        	 (20)

Error Analysis of Discharge Computations from Acoustic Velocity Meter Measurements  3  1

E E A t V t A s V st s t A t V s A s VQ Q[ ] = ¢ + ( )( ) ¢+ ( )( ) ¢ + ( )( ) ¢+ ( )( )é
ëê

ù
ûe e e e úú =

E AV AV E V V E t s E AA Et t s s t s A A t s
¢ ¢ ¢ ¢éë ùû + ¢ ¢é

ëê
ù
ûú

( ) ( )[ ]+ ¢ ¢éë ùûe e eVV V

A A V V

t s

E t s E t s

( ) ( )[ ]+

( ) ( )[ ] ( ) ( )[ ]

e

e e e e ,
E[eA(t)eA(s)] E [eV(t)eV(s)] ,

E[eA(t)eA(s)] E [eV(t)eV(s)] 

Cov A E V V E V V E t s At s t s t s A AQ Q,( ) @ ( ) ¢ ¢é
ëê

ù
ûú +

¢ ¢é
ëê

ù
ûú

( ) ( )[ ]+(2
e e )) ( ) ( )[ ]+ ( ) ( )[ ] ( ) ( )[ ]

2
E t s E t s E t sV V A A V Ve e e e e e

-( ) ¢ ¢A V Vt s

2



Using the same assumptions used to obtain equation 15, the first and last terms on the right-
hand side of equation 20 can be combined into

	

A V s V t Cov V s V tL L L L( ) + + + ( )+ ( )( ) ( )+( )+ ( ) ( )
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													             (21)

Thus, the covariance can be written as
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The contribution to the discharge covariance of the autocorrelation of the area errors is assumed to 
be negligible. This assumption allows simplification of equation 22 to

Cov t sQ Q,( ) @
A V s V t Cov V s V tL L L L( ) + + + ( )+ ( )( ) ( )+( )+ ( ) ( )

2 2 22s s s s a b s s sa a g g a d, bb b d ds s s2 22+ +( )é
ëê

ù
ûú

+( ) ( ) ( )[ ]A E t sV V

2
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Once a serial correlation model for the error term is assumed and values of the statistical prop-
erties of the rating curve coefficients and the ADCP uncertainty parameters are estimated, the 
variance of the total flow V  can be computed using equations 10, 12, 15, 16, and 23. A further, 
computationally convenient, approximation to the covariance is provided by assuming the veloci-
ties are constant and equal to the mean AVM line velocity VL , which results in

Cov t sQ Q,( ) @

A V Cov VL L( ) + + + ( )+( )+( ) + +( )é2 2 2 2 2 22 2 2s s s s a b s s s s s sa a g g a d b b d d,
ëëê

ù
ûú

+( ) ( ) ( )[ ]A E t sV V

2
e e .										          (24)

Uncertainty of Discharge Using Two Averaged Acoustic Velocity Meter Paths

As described earlier in the section “Description of Streamflow-Gaging Stations and Methods 
for Computing Discharge and Estimating Missing Record”, the method of discharge calculation at 
the Calumet River below O’Brien Lock and Dam at Chicago, Illinois streamflow-gaging station is 
different than the generic single-path method that forms the basis of the uncertainty computation 
described above. Because of the difficulty of measurement at this site, when both AVM paths are 
operating, each path is used to compute a separate discharge estimate. These two estimates then 
are averaged to obtain a final discharge value. During periods when only one AVM path is oper-
ating, the uncertainty estimation at this site reduces to the single-path method described above. 
Multiple AVM paths also are used at the Chicago Sanitary and Ship Canal at Romeoville, Illinois 
streamflow-gaging station (fig. 1), but separate discharge values are not computed from each path; 
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rather, a weighted-average AVM velocity is computed from the multiple paths, which reduces to 
the single-path method.

In the case of the Calumet River below O’Brien Lock and Dam at Chicago, Illinois stream-
flow-gaging station (fig. 1), the error model becomes

				    Q = ( ) ¢ +( ) ¢+ + ¢+( )1
2 1 21 2

A V VA V Ve e e ,			   (25)

where Q, ¢A  , and eA  are defined as before (with the time subscript suppressed for simplicity 
because all time-varying quantities are contemporaneous), ¢V1  and ¢V2  are the velocities for AVM 
paths 1 and 2, respectively (where ¢= + + +( )V Vi i i Li

a g b d , for i = 1 2, ), and eV1
 and eV2

 are the 
velocity errors in AVM paths 1 and 2, respectively. Equation 16 still may be used to compute the 
variance of the total discharge. The variance and covariance terms to be used in equation 16 are
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and

Var A¢( ) = 0 ,

where again the time subscripts are suppressed because all quantities are contemporaneous.  Under 
the constant area approximation used above, neglecting the autocorrelation of eV1

, eV2
, and eA , and 

assuming, as above, the independence of δ and γ, the covariance is
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The average velocity approximation (analogous to equation 24) to this covariance relation is
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Uncertainty of Discharge on Days with Estimated Flows

In most cases, on days when the AVM record at a given site was missing, the flows were 
estimated by a regression performed at the daily time scale between daily flows computed at 
the streamflow-gaging station when it was operational and the flow estimates provided by the 
MWRDGC.  Often, these regressions were stratified by flow condition, such as at the Chicago 
Sanitary and Ship Canal at Romeoville, Illinois which has separate regressions for flows at Lock-
port only from turbine, lockage, and leakage as opposed to when there also is sluice-gate or con-
trolling-works flows (Melching and Oberg, 1993).

When regression between the daily measured discharge and the MWRDGC-reported discharge 
was used to predict the daily average discharge, the uncertainty of that discharge consists of a sum 
of two components. One component accounts for the uncertainty of the prediction of the measured 
daily average flow and is computed from the statistical properties of the regression by a method 
similar to how the velocity uncertainty is obtained from the AVM measurements using the uncer-
tainty parameters of the IVR (equations 13-15 without ADCP uncertainty parameters). The other 
component consists of an estimate of the uncertainty of the daily measured discharge predicted by 
the daily regression.

For the first uncertainty component, the uncertainty arising from the daily regressions, the error 
model is the standard linear regression model given as

					     ¢ = ¢ + ¢ + ( )Q Q Qt ta b te ,					     (29)

where ¢Qt  is the USGS mean daily discharge (known when performing the regression and to be 
estimated, otherwise) on day t, and Qt  is the MWRDGC flow, also on day t, which is used as the 
estimator. The contribution of this component to the variance of the total period being estimated 
in this way again is computed using equation 16. The quantities in this application of equation 16 
may be shown to be

			   Var Cov a bt a b t t
¢( ) = + + ¢ ¢( ) +¢ ¢Q Q Q

Q
s s se

2 2 2 22 , 				    (30)

and
			   Cov Cov a bt s a t s t s b

¢ ¢( ) = + +( ) ¢ ¢( )+¢ ¢Q Q Q Q Q Q, ,s s2 2 .			   (31)
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At the Columbus Drive streamflow-gaging station (fig. 1), there are periods when non-lin-
ear functions of discharge were found to provide more satisfactory relations between USGS and 
MWRDGC daily discharges.  These relations required slight modifications of the above methodol-
ogy. The two non-linear functions used are the log-log (power-law) model

					     ln ln ln
¢ = ¢ + ¢ +Q Q Qt ta b e 	,				    (32)

and the log-linear (exponential) model

					     ¢ = ¢ + ¢ +Q Q Qt ta b ln e .					     (33)

In the log-linear model, the random variables are in the same functional relation as in the linear 
formula, so the variance and covariance formulas from the linear case may be used after substitut-
ing lnQt  for Qt .  Therefore,
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and
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In the power-law model, the variance and covariance terms of the USGS daily discharge 
needed for equation 16 may be computed according to first-order approximations. For the vari-
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For the covariance, the first-order approximation is 

                                                                               , where                                         and       

                                        (see Benjamin and Cornell (1970, p. 185)). Applying this approximation 
in the present case yields
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The second component of the discharge uncertainty during periods when flows are estimated 
using regressions between measured and MWRDGC-reported discharges is computed by apply-
ing equation 16 (using equations 10, 12, and 15 to compute the variance of the daily discharge and 
equation 23, without serial correlation in velocity errors, to compute its covariance) at the daily 
time scale to sum up the estimated discharge uncertainty for the period. To implement this method, 
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it is necessary to make assumptions on the cross-sectional area and AVM velocity. The cross-sec-
tional area is assumed to be given by its annual average A . The AVM velocity V tL ( )  is obtained 
by solving the equation ¢ = + ( )( )Q A V tLa b  for V tL ( ) , obtaining V t AL ( ) = ¢ -( )Q a b , where 
¢Q  is the estimated daily average discharge, A  is again the annual average cross-sectional area, 

and α and β are the appropriate IVR regression parameters.
There are two other methods also used to estimate mean daily discharges, which are applied 

when regressions between measurements and reported MWRDGC values are unavailable. One 
method is to use the MWRDGC-reported values without modification. In this method, some uncer-
tainty on the MWRDGC discharges must be assumed. The method used here in this case is to 
assume some regression uncertainty parameters (see table 3) and to compute the uncertainty as if 
there had been a regression between measured and MWRDGC-reported values that resulted in a 
slope of one and an intercept of zero, except that because there is no measured discharge involved, 
the second component of the uncertainty is not included.

The other method for estimating discharges other than daily regressions is applied only at the 
Chicago River at Columbus Drive at Chicago, Illinois streamflow-gaging station (fig. 1).  During 
some periods at this station, missing daily discharges were estimated by linear interpolation of the 
daily discharges immediately preceding and following the missing period. Therefore,  
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-( )+ , where Qt  is the estimated daily flow on day t, Qa  and Qb  are the  
 
measured flows immediately preceding and following the missing period, respectively, and ta  and 
tb  are the days immediately preceding and following the missing period, respectively. The method 
used here to compute the variance of this interpolated period is a sum of the linearly interpolated 
standard deviation of the values before and after the missing period, sQa

 and sQb
, denoted here as  
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where t[ ] denotes the greatest integer not exceeding t and
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The total discharge variance of the interpolated period then is given by

	
Var tt t

t t

t t
a

b Q
= +

= +å å å( ) = +
1

1 2 2s ŝ .
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Combining Uncertainty Results at Different Time Scales

An equation for computing the total variance of the average discharge using discharges 
recorded at different time scales is required in order to combine the computed discharges at the 
unit value time scale that are obtained when the streamflow-gaging stations are operating normally 
with the estimates of daily discharge that are required during periods with missing record. Such an 
equation may be derived as follows. For two time scales Dt( )1  and Dt( )2 , the combined average 
discharge Q  may be computed as

		  Q
Q Q
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where ¢Qi  and ¢¢Qi  are the ith discharges at time scales 1 and 2, respectively, and I1  and I2  are the 
number of discharges at time scales 1 and 2, respectively. Therefore, the variance of the combined 
average discharge may be computed as
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where the variance of the summed discharges at the diferent time scales (Var ii

I ¢( )=å Q
1

1  and  
 
Var ii

I ¢¢( )=å Q
1

2 ) may be obtained according to the methods described previously (see equation 16).

Application of First-Order Error Analysis

In this section, the analysis methodology described in previous section, “First-Order Error 
Analysis of Discharge”, is applied to data from the four stations analyzed in this report. This sec-
tion has two subsections. In the first subsection, the parameters required for the analysis are pre-
sented and discussed. In the second subsection, the resulting estimates of uncertainty of average 
annual discharge are presented and discussed.

Uncertainty Parameters

The stage-area ratings and the associated uncertainty parameters at each streamflow-gaging 
station are listed in table 1. The uncertainty parameters are based on a statistical analysis of the 
parameters from three stage-area ratings obtained from three surveyed cross sections at differ-
ent locations along the AVM paths at each streamflow-gaging station. The area error is computed 
using equation 12, where σ

h
 is obtained by assuming a round-off error in stage measurements that 

is uniform over the range ±0 005. ft, giving sh = 0 00289.  ft.
The IVR’s and associated uncertainty parameters are listed in table 2. These ratings and param-

eters all were obtained, as explained earlier, from least-squares linear regressions of mean channel 
velocity measurements (the y-values) against concurrent AVM velocity measurements (the x-val-
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ues).  The mean channel velocities were obtained by dividing ADCP discharge measurements by 
the area obtained by applying the stage-area rating to the concurrent stage measurement.

As discussed previously, at the Chicago Sanitary and Ship Canal at Romeoville streamflow-
gaging station, where four AVM paths are used, the IVR was developed using an average of all 
four paths weighted according to the path depth (table 2). The IVR’s of subsets of the four paths 
were not substantially different, so the same IVR and uncertainty parameters were used regardless 
of the number of AVM paths operating at a given time.

The parameters of the methods used to estimate flows on days with missing record are given 
in table 3.  As mentioned in the subsection “Uncertainty of Discharge on Days with Estimated 
Flows”, most were derived from regressions of daily discharges when the streamflow-gaging 
station was operating normally (QUSGS ) and the daily discharge estimated by the MWRDGC and 
reported on the LMO-6 form (QLMO6). The uncertainty of the regression parameters then could be 
obtained under standard regression results.  At the Chicago Sanitary and Ship Canal at Romeoville 
streamflow-gaging station, during periods when MWRDGC data were used without modification, 
the uncertainty parameters were assumed to be the same as those associated with the regression at 
that station.  At the Calumet River below O’Brien Lock & Dam at Chicago, Illinois streamflow-
gaging station, during periods when MWRDGC data were used without modification, the uncer-
tainty parameters were chosen by judgment based on the methods used to compute the MWRDGC 
and their day-to-day variation.

Table 1.  Stage-area ratings and uncertainty parameters for U.S. Geological Survey streamflow-gaging stations on the Chicago River 
system used in the application of first-order error analysis for the Lake Michigan Diversion Project in Illinois.

[ft2, square feet; ft, feet; A, area; εA, area error]

Streamflow-Gaging Station (fig. 1) Intercept a  (ft2) Slope b  (ft) Area Error  σA = σεA    
(ft2)

Columbus Drive (05536123) 5,061 208.3 0.602

Romeoville (05536995) 251 162.0 .468

Wilmette (05536101) 640 91.2 .264

O’Brien (05536358) 5,548 400.5 1.157

Table 2.  Index-velocity ratings and uncertainty parameters for the U.S. Geological Survey streamflow-gaging stations on the Chicago 
River system used in the application of first-order error analysis for the Lake Michigan Diversion Project in Illinois.

[ft/s, feet per second; S.E., standard error of estimate; Corr, correlation; IVR, index-velocity rating; εV, velocity error; R2, coefficient of determination; WY, 
water year; ----, no data]

Station and Date of Record
Intercept 
α (ft/s) Slope β

Intercept
S.E.

σα (ft/s)
Slope

S.E. σβ Corr(α , β)
IVR S.E.
σεV

 (ft/s) R 2

Number of 
Observations

Columbus Dr./ WY 97-98 (Path 3) 0.0096 0.894 0.00363 0.00836 -0.695 0.0383 0.982 215

Columbus Dr./ WY 99 (Path 4)  .00138  .547  .00652  .0382 - .857  .0215  .841   41

Romeoville     ----  .90     ----  .00506    ----  .0672  .993   82

Wilmette / 10-1-99 to 7-14-00  .0152  .556  .0255  .175 - .998  .00478  .591     9

Wilmette / 7-14-00 to 9-30-00  .0452  .632  .0110  .0465 - .837  .0381  .829   40

O’Brien / Path 1  .0074  .553  .0157  .0612 - .926  .0487  .881   13

O’Brien / Path 2  .0268  .127  .0219  .0537 - .850  .0304  .527     7
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Autocorrelation of errors eV t( ) and eA t( ) , and the choice of the ADCP uncertainty param-
eters (δ and γ) are two additional parameter choices.  With respect to autocorrelation in area errors, 
eA t( ) , because area fluctuations were a small part of the error budget, it was assumed that the 
effect of autocorrelation in area errors is negligible. With respect to autocorrelation in velocity 
errors eV t( ), an analysis of the sequences of concurrent ADCP-AVM measurements at Colum-
bus Drive was performed.  Overall, the analysis was inconclusive with respect to the presence of 
autocorrelation in the velocity errors, defined here as V t V tADCP L( )- ( ). However, some of the 
measurement sets show a substantial serial correlation with an approximately exponential decay as 
a function of time (indicating an autoregressive lag-one (AR(1)) model) with the lag-one autocor-
relation coefficient r 1( ) of about 0.5. Therefore, to be conservative in the calculations, this error 
term initially was included.  However, the results of uncertainty computations with and without 
this term were found to be negligibly different.

Table 3.  Methods and parameters of estimated discharge for the U.S. Geological Survey streamflow-gaging stations on the Chicago 
River system used in the application of first-order error analysis for the Lake Michigan Diversion Project in Illinois.

[AVM, acoustic velocity meter; S.E., standard error; ft3/s, cubic feet per second; ----, not applicable; QUSGS, U.S. Geological Survey estimate of mean daily 
discharge; QLMO6, Metropolitan Water Reclamation District of Greater Chicago Form LMO-6 estimate of mean daily discharge; QTLL–AVM , turbine, lockage, and 
leakage discharge measured by acoustic velocity meter; QSG , sluice-gate discharge; QCW , controlling works discharge]

Station and date of record Equation (Discharge, Q ,in ft3/s) Intercept S.E. Slope S.E. 

Slope-
Intercept 

Correlation S.E.

Columbus Dr., Oct. 1-31, 1996 lnQUSGS = 0.491 lnQLM06 + 3.73 0.139 ln(ft3/s) 0.0278 -0.986 0.121  
ln(ft3/s)

Columbus Dr., Nov. 1 -Dec. 1, 1996 QUSGS = 369.4 lnQLM06 – 1,201 177 ft3/s 46.2 ft3/s/ln(ft3/s) -.998 59.1 ft3/s

Columbus Dr., Jul. 18-19, 1997 QUSGS = 1.186QLM06 + 277.02 16.05 ft3/s .0380 -.903 82.8 ft3/s

Columbus Dr., Dec. 19-27, 1997 QUSGS = 0.9128QLM06 + 54.06 10.90 ft3/s .0958 -.574 98.6 ft3/s

Columbus Dr., Aug. 29-30, 1998 QUSGS = 1.176QLM06 + 138.24 11.52 ft3/s .0297 -.842 83.5 ft3/s

Columbus Dr., Feb. 16 to Mar. 24,  
1999

QUSGS = 1.775QLM06 – 2.265 6.40 ft3/s .0283 -.530 61.4 ft3/s

Romeoville / TLL only; before 
Lockport turbine AVMs  
(Melching and Oberg, 1993, 
Table 6)

QUSGS = 1.127QLM06 + 75.48 15.59 ft3/s .00523 -.962 155 ft3/s

Romeoville / Straight LMO6 QUSGS = QLM06 15.59 ft3/s .00523 -.962 155 ft3/s

Romeoville / TLL-AVM + SG 
(Melching and Oberg, 1993,  
equation 11, modified)

QUSGS = QTLL–AVM + .6842QSG + 
219.7

72 ft3/s .0204 (TLL-AVM) 
    .0187 (SG)

.0 295.9 ft3/s

Romeoville / TLL-AVM +  
SG + CW (Melching and  
Oberg, 1993, equation 12,  
modified)

QUSGS = QTLL–AVM  + .4361QSG + 
.3228QCW + 1086

342 ft3/s .314 (TLL-AVM) 
    .0467 (SG)  
    .0763 (CW)

.0 1,245 ft3/s

Wilmette QUSGS = 0.9596QLM06 + 0.59 .703 ft3/s .0141 -.579 9.91 ft3/s

O’Brien / days with navigation 
makeup or discretionary flow

QUSGS = 0.822QLM06 + 149.2 21.34 ft3/s .0561 -.941 107.45 ft3/s

O’Brien / other missing days QUSGS = QLM06 10.0 ft3/s .0 ---- 10.0 ft3/s
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The results of the uncertainty analysis are sensitive to the value of the parameters δ and γ being 
used to simulate the ADCP uncertainty. Unfortunately, it is difficult to determine values for these 
parameters.  Field tests using similar procedures and instrumentation as used here, but work on 
free-flowing rivers and streams by Morlock (1996) and Mueller (2003), show differences in dis-
charge between ADCP and Price AA current-meter measurements and discharges obtained from 
the station rating curves of 1-7 percent.  This result should imply similar differences in velocity.  
However, such comparisons do not identify whether measurements made with the ADCP or Price 
AA current meter are in error, and the comparisons do not characterize the differences over a range 
of flows or velocities at a given site, as is needed here.  Preliminary computations (Blair Brumley 
and Joel Gast, RD Instruments, written commun., 2003) of expected discharge and velocity errors 
also have been provided by RD Instruments, the manufacturer of the ADCP instruments typically 
used at the streamflow-gaging stations on the Chicago River system.  These computations predict 
errors of about 0.4 percent of velocity plus 0.0016 ft/s on a bin-by-bin basis.  These estimates do 
not include errors arising from estimating discharge in unmeasured portions of the channel, which 
would indicate that they are low.  Also, these estimates do not address how consistent these errors 
would be between bins in a given cross section or between transects.  Many of these predicted 
errors could average out when multiple measurements across the whole cross section are consid-
ered.  In light of these uncertainties, values of sd = 0 01. (a 1-percent error when the index velocity 
slope is 1.0) and sg = 0 01.  ft/s were considered reasonable and conservative.  These values can 
give an indication of the effect of ADCP uncertainties on the complete error budget.

Annual Average Discharge and Uncertainty

Annual average discharge and uncertainty of annual average discharge estimates for each 
gaging station computed with the methods described previously are presented in tables 4-11. The 
annual average discharge results are given in tables 4, 6, 8, and 10, and the uncertainty in annual 
average discharge results in tables 5, 7, 9, and 11. Except for Wilmette (tables 8 and 9), all results 
cover WY’s 1997-99. At Wilmette, WY 2000 is added because WY’s 1997-99 are completely esti-
mated. The uncertainty results are presented as standard deviations of the average discharge; that 
is, A1/2, where, as previously described, A is the variance of the average discharge, the variance is 
computed as A = V / n2, where V is the variance of the summed unit discharges and n is the num-
ber of unit discharges. V is computed using equation 16. If Q is used to denote the annual average 
discharge, then the one standard-deviation range around the annual average discharge would be 
Q +/- A1/2. Note that the annual average discharge values in tables 4, 6, 8, and 10 may not agree 
exactly with the values in appendix B, which were computed using ADAPS. These differences 
occur because of differences with respect to rounding and interpolating missing periods shorter 
than a day between ADAPS and the computer programs used to perform the error analysis compu-
tations. 

The first point that may be observed about these results is that the uncertainty arising from the 
sum of covariance terms, given by
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dominates the total uncertainty at the annual time scale.  As mentioned previously, this result is not 
because of autocorrelation in the velocity or area errors but because of the uncertainty of the index 
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velocity regression parameters, and, when present, the ADCP uncertainty parameters δ and γ.  This 
uncertainty can be understood as follows.  If the IVR between the mean channel and AVM veloci-
ties is inaccurate and it is applied as a kind of calibration procedure to the AVM velocities, the 
velocity at every time step will be inaccurate, and in the same direction.  The sum of variance com-
ponent, on the other hand, may dominate at short time scales (days and weeks), but these errors are 
“random” errors that average out over a long period such as a year.  A practical lesson that follows 
from this observation is that reducing the uncertainty of the IVR by making more ADCP measure-
ments is the best way to reduce the uncertainty of the annual average discharge.

The second point that may be observed is the sensitivity of the uncertainty to the presence 
of ADCP uncertainty. At all streamflow-gaging stations, when sd  and sg  are both given their 
assumed non-zero values (0.01 and 0.01 ft/s, respectively), the estimated uncertainty is from about 
1.5 to more than 4.0 times as great as when both sd  and sg  are zero. Except at the Chicago Sani-
tary and Ship Canal at Romeoville, Illinois streamflow-gaging station, the sensitivity is greater, for 

Table 4.  Annual average discharges at the U.S. Geological Survey acoustic velocity meter streamflow-gaging station on the Chicago 
River at Columbus Drive at Chicago, Illinois.

[ft3/s, cubic feet per second]

Water Year
Average Discharge on

Non-Estimated Days (ft3/s)
Average Discharge on
Estimated Days (ft3/s) Number of Estimated Days

Average Discharge on 
All Days Combined (ft3/s)

1997 495.9 304.4 64 462.3

1998 363.8 462.8 11 366.8

1999 220.5   66.3 37 204.9

Table 5.  Uncertainties in annual average discharge for the U.S. Geological Survey acoustic velocity meter (AVM) streamflow-gaging 
station on the Chicago River at Columbus Drive at Chicago, Illinois.

[σδ , the standard deviation of the slope of the hypothetical line relating acoustic Doppler current profiler velocity bias and the AVM line velocity; σγ , the stan-
dard deviation of the intercept of the hypothetical line relating acoustic Doppler current profiler velocity bias and the AVM line velocity; ft/s, feet per second; 
ft3/s, cubic feet per second]

Water 
Year σδ 

σγ 
(ft/s)

Uncertainty Arising 
from Sum of Vari-
ance on Non-Esti-
mated Days (ft3/s)

Uncertainty Arising 
from Covariance on 
Non-Estimated Days 

(ft3/s)

Total Uncertainty on 
Non-Estimated Days 

(ft3/s)

Total Uncertainty 
on Estimated Days 

(ft3/s)

Total Uncertainty on 
All Days Combined 

(ft3/s)
1997 0.0 0.0 0.61 14.49 14.50 29.65 13.04

.01  .0 .62 21.25 21.26 30.61 18.34

.0  .01 .65 63.43 63.44 68.50 53.67

.01  .01 .65 65.31 65.31 68.92 55.20

1998 .0  .0 .57 15.20 15.21 65.31 14.88
.01  .0 .57 19.67 19.67 65.44 19.18
.0  .01 .60 63.65 63.65 89.92 61.79
.01  .01 .60 64.86 64.87 90.02 62.97

1999 .0  .0 .34 19.48 19.48 35.84 17.88
.01  .0 .35 27.41 27.41 36.37 24.91
.0  .01 .41 74.05 74.05 79.93 67.04
.01  .01 .42 76.52 76.52 80.17 69.24
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the values of sd  and sg  chosen, to the intercept uncertainty sg . The Romeoville streamflow-gag-
ing station is an exception to this pattern; presumably this occurs because velocities measured at 
this station are, on average, much larger than at the other stations, making the uncertainty in the 
slope relatively more important than uncertainty in the intercept.

The range of discharge uncertainties for each streamflow-gaging station are combined in table 
12. The minimum (maximum) uncertainty value is the minimum (maximum) over all WY’s and all 
choices of values of the ADCP bias parameters (δ and γ), including zero. The minimum value in all 
cases arises when the ADCP bias parameters are taken to be zero, and the maximum value when 
the bias parameters are given their maximum assumed values (δ = 0.01 and γ = 0.01 ft/s). The 
range of uncertainty values given in table 12 is large. This range arises because of the large uncer-
tainty in the accuracy of ADCP measurements, which is reflected in the uncertainty in the values 
of the ADCP bias parameters. 

Table 7.  Uncertainties in annual average discharge for the U.S. Geological Survey acoustic velocity meter (AVM) streamflow-gaging 
station on the Chicago Sanitary and Ship Canal at Romeoville, Illinois.

[σδ , the standard deviation of the slope of the hypothetical line relating acoustic Doppler current profiler velocity bias and the AVM line velocity; σγ , the stan-
dard deviation of the intercept of the hypothetical line relating acoustic Doppler current profiler velocity bias and the AVM line velocity; ft/s, feet per second; 
ft3/s, cubic feet per second]

Water
Year σδ 

σγ 
(ft/s)

Uncertainty Arising 
from Sum of Vari-
ance on Non-Esti-
mated Days (ft3/s)

Uncertainty Arising 
from Covariance on 
Non-Estimated Days 

(ft3/s)

Total Uncertainty on 
Non-Estimated Days 

(ft3/s)

Total Uncertainty 
on Estimated Days 

(ft3/s)

Total Uncertainty on 
All Days Combined 

(ft3/s)
1997 0.0 0.0 1.60 18.44 18.51 71.04 17.95

.01  .0 1.63 54.53 54.55 71.37 52.95

.0  .01 1.61 47.39 47.41 72.99 46.04

.01  .01 1.64 69.85 69.87 73.12 67.80

1998 .0  .0 1.60 17.88 17.91 46.93 17.33
.01  .0 1.63 52.84 52.86 46.93 51.29
.0  .01 1.62 47.24 47.26 46.93 45.86
.01  .01 1.64 68.58 68.60 46.93 66.55

1999 .0  .0 1.61 16.82 16.90 271.6 20.48
.01  .0 1.64 49.66 49.69 271.8 49.03
.0  .01 1.63 46.81 46.84 272.0 46.42
.01  .01 1.65 66.14 66.16 272.2 64.34

42    Computation and Error Analysis of Discharge for the Lake Michigan Diversion Project in Illinois: 1997-99 Water Years

Table 6.  Annual average discharges at the U.S. Geological Survey acoustic velocity meter streamflow-gaging station on the Chicago 
Sanitary and Ship Canal at Romeoville, Illinois.

[ft3/s, cubic feet per second]

Water Year
Average Discharge on 

Non-Estimated Days (ft3/s) 
Average Discharge on 
Estimated Days (ft3/s) Number of Estimated Days

Average Discharge on 
All Days Combined (ft3/s) 

1997 3,227 2,698 11 3,211

1998 3,125 3,012 11 3,121

1999 2,926 2,922 17 2,926



Table 8.  Annual average discharges at the U.S. Geological Survey acoustic velocity meter streamflow-gaging station on the North 
Shore Channel at Wilmette, Illinois.

[ft3/s, cubic feet per second; LMO-6, Illinois Department of Natural Resources monthly report form for Lake Michigan diversion flows; ----, no data]

Water
Year

Average Discharge 
on Non-Estimated 

Days (ft3/s) 

Average Discharge 
on Estimated Days 

(ft3/s)
Number of 

Estimated Days

Average Discharge 
on All Days 

Combined (ft3/s) 

Average Discharge 
when All Days 
are Treated as 

Estimated (ft3/s)

Average of LMO-6 
Discharge on All 
Days Combined 

(ft3/s) 

1997 ---- 47.7 365 47.7 47.7 49.1

1998 ---- 50.0 365 50.0 50.0 51.5

1999 ---- 38.0 365 38.0 38.0 39.0

2000 27.85 14.2   43 26.3 28.7 29.3

Table 9.  Uncertainties in annual average discharge for the U.S. Geological Survey acoustic velocity meter (AVM) streamflow-gaging 
station on the North Shore Channel at Wilmette, Illinois.

[σδ , the standard deviation of the slope of the hypothetical line relating acoustic Doppler current profiler velocity bias and the AVM line velocity; σγ , the stan-
dard deviation of the intercept of the hypothetical line relating acoustic Doppler current profiler velocity bias and the AVM line velocity; ft/s, feet per second; 
ft3/s, cubic feet per second; ----, no data]

Water 
Year σδ 

σγ 
(ft/s)

Uncertainty Arising 
from Sum of Vari-
ance on Non-Esti-
mated Days (ft3/s)

Uncertainty Arising 
from Covariance on 
Non-Estimated Days 

(ft3/s)

Total Uncertainty on 
Non-Estimated Days 

(ft3/s)

Total Uncertainty 
on Estimated Days 

(ft3/s)

Total Uncertainty on 
All Days Combined 

(ft3/s)
1997 0.0 0.0 ---- ---- ---- 11.71 11.71

.01  .0 ---- ---- ---- 11.83 11.83

.0  .01 ---- ---- ---- 17.51 17.51

.01  .01 ---- ---- ---- 17.59 17.59

1998 .0  .0 ---- ---- ---- 8.24 8.24
.01  .0 ---- ---- ---- 8.64 8.64
.0  .01 ---- ---- ---- 15.40 15.40
.01  .01 ---- ---- ---- 15.62 15.62

1999 .0  .0 ---- ---- ---- 11.31 11.31
.01  .0 ---- ---- ---- 11.45 11.45
.0  .01 ---- ---- ---- 17.24 17.24
.01  .01 ---- ---- ---- 17.33 17.33

2000 .0   .0 0.054 9.65 9.65 11.17 8.62
.01   .0 .055 9.74 9.74 11.32 8.70
.0   .01 .067 13.89 13.89 17.15 12.42
.01  .01 .068 13.95 13.95 17.25 12.47
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Table 11.  Uncertainties in annual average discharge for the U.S. Geological Survey acoustic velocity meter (AVM) streamflow-gaging 
station on the Calumet River below O’Brien Lock and Dam at Chicago, Illinois.

[σδ , the standard deviation of the slope of the hypothetical line relating acoustic Doppler current profiler velocity bias and the AVM line velocity; σγ , the stan-
dard deviation of the intercept of the hypothetical line relating acoustic Doppler current profiler velocity bias and the AVM line velocity; ft/s, feet per second; 
ft3/s, cubic feet per second]

Water
Year σδ 

σγ 
(ft/s)

Uncertainty Arising 
from Sum of Vari-
ance on Non-Esti-
mated Days (ft3/s)

Uncertainty Arising 
from Covariance on 
Non-Estimated Days 

(ft3/s)

Total Uncertainty on 
Non-Estimated Days 

(ft3/s)

Total Uncertainty 
on Estimated Days 

(ft3/s)

Total Uncertainty on 
All Days Combined 

(ft3/s)
1997 0.0 0.0 1.55   58.81   58.83 11.50 21.52

.01  .0 1.56   62.08   62.10 14.75 23.37

.0  .01 1.83 115.2 115.2 27.93 43.51

.01  .01 1.84 116.9 116.9 29.42 44.46

1998 .0  .0 1.08   31.08   31.10 11.35 12.95
.01  .0 1.12   52.97   52.98 12.81 19.89
.0  .01 1.31   83.19   83.20 21.00 31.48
.01  .01 1.34   93.59   93.60 21.82 34.91

1999 .0  .0  .71   38.48   38.48   9.89 17.03
.01  .0  .75   66.26   66.26 10.30 28.24
.0  .01  .88 112.9 112.9 11.55 47.49
.01  .01  .91 125.1 125.1 11.91 52.56

Table 12.  Summary of uncertainties in annual average discharge at the U.S. Geological Survey acoustic velocity meter streamflow-
gaging stations on the Chicago River system, Illinois.

[ft3/s, cubic feet per second ]

Streamflow-Gaging Station (fig. 1) Mininum Uncertainty (ft3/s) Maximum Uncertainty (ft3/s)

Columbus Drive (05536123) 13.04 69.24

Romeoville (05536995) 17.33 67.80

Wilmette (05536101)   8.24 17.59

O’Brien (05536358) 12.95 52.56
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Table 10.  Annual average discharges at the U.S. Geological Survey acoustic velocity meter streamflow-gaging station on the Calumet 
River below O’Brien Lock & Dam at Chicago, Illinois.

[ft3/s, cubic feet per second]

Water
Year

Average Discharge on 
Non-Estimated Days (ft3/s) 

Average Discharge on 
Estimated Days (ft3/s) Number of Estimated Days

Average Discharge on 
All Days Combined (ft3/s) 

1997 242.2 164.2 240 190.9

1998 330.1 119.2 241 190.8

1999 303.3   70.5 213 167.4



Summary

The State of Illinois diverts water from Lake Michigan into the Chicago River system at three 
locations in the Chicago vicinity. A U. S. Supreme Court decree limits the diversion to an annual 
mean discharge of 3,200 cubic feet per second (ft3/s).  An accurate computation of discharge and 
an assessment of the uncertainty in the discharge data are required for the Lake Michigan Diver-
sion Project.  As part of this project, the U.S. Geological Survey (USGS), in cooperation with the 
U.S. Army Corps of Engineers-Chicago District, computed discharge and analyzed the error to 
evaluate the uncertainty in the discharge computations for Water Years (WY’s) 97-99.

Daily mean discharges were computed at four acoustic velocity meter (AVM) streamflow-gag-
ing stations on the Chicago River system for a 3-year period (1997-99 WY’s).  The four stations 
were:

Chicago Sanitary and Ship Canal at Romeoville, Illinois (05536995)
Chicago River at Columbus Drive at Chicago, Illinois (05536123)
Calumet River below O’Brien Lock and Dam at Chicago, Illinois (05536358)
North Shore Channel at Wilmette, Illinois (05536101)

The first station listed, the Chicago Sanitary and Ship Canal at Romeoville, Illinois has been 
the primary station used for the Lake Michigan Diversion Project since 1984.  The following three 
stations: Chicago River at Columbus Drive at Chicago, Illinois; Calumet River below O’Brien 
Lock and Dam at Chicago, Illinois; and the North Shore Channel at Wilmette, Illinois make up an 
alternative accounting system for the Lake Michigan Diversion Project and are collectively termed 
the lakefront accounting streamflow-gaging stations.

The stage-area and index-velocity ratings (IVR’s) used in the discharge computations for each 
streamflow-gaging station were calculated. Whereas the same general index-velocity method to 
compute discharge was followed at all four streamflow-gaging stations, the methodology applied 
varied slightly at each station depending on site-specific conditions and complexities in the flow.    

A methodology for  error analysis of the discharge computations was developed  using first-
order error analysis, with the statistical properties of the IVR’s used in the velocity error estimate, 
and including terms simulating possible acoustic Doppler current profiler (ADCP) velocity bias.  
Variants of the basic method were developed to handle days with estimated discharges. The meth-
odology was applied to each station to obtain the uncertainty of the annual discharge. 

The results of the uncertainty analysis are sensitive to the value of the ADCP uncertainty; how-
ever, it is difficult to determine the ADCP uncertainty.  Although field tests by other researchers 
compare discharge measurements made with ADCP’s to those made with Price AA current meters, 
they do not establish which meter is in error.  Preliminary computations by the ADCP manufac-
turer indicate small errors in the velocity measurement in the measured portion of the channel 
cross section.   However, the errors associated with the estimated discharge in the unmeasured part 
of the cross section are not accounted for in the manufacturer’s computations.  Because of these 
uncertainties, a conservative estimate of 1-percent ADCP error was used to indicate the effect of 
ADCP uncertainty on the complete error budget in terms of flows.  

Discharges during the period of study varied widely because, in part, of the regulation of flows 
in the Chicago River system by the Metropolitan Water Reclamation District of Greater Chicago 
(MWRDGC).  Large negative discharges (backflow conditions) were recorded at the streamflow-
gaging stations on the Chicago River at Columbus Drive at Chicago and the Calumet River below 
O’Brien Lock and Dam at Chicago.  The large negative discharges were associated with storms 
and the regulation of flow by the MWRDGC to prevent flooding.
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Missing streamflow data at the USGS streamflow-gaging stations were estimated using three 
methods, depending on the station and the length of missing record.  The estimation methods uti-
lized were based upon 1) detailed flow records at the MWRDGC structures and regressions devel-
oped by previous investigations, 2) short-term (a few days) regressions between the mean daily 
flows at the USGS stations and the MWRDGC structures, and 3) long-term (weeks to months) 
regressions between the mean daily flows at the USGS stations and the MWRDGC structures.

Results indicated that for the Chicago River at Columbus Drive at Chicago, Illinois station for 
the 1997-99 WY’s, the total uncertainty, expressed as a standard deviation of the average annual 
discharge, ranged from 13 to 18 ft3/s when ADCP uncertainty was not included, whereas total 
uncertainty ranged from 55 to 69 ft3/s when ADCP uncertainty was included. At the Chicago Sani-
tary and Ship Canal at Romeoville, Illinois station for the 1997-99 WY’s, the uncertainty ranged 
from 18 to 20 ft3/s when ADCP uncertainty was not included, whereas it ranged from 64 to 68 ft3/s  
when it was included. At the Calumet River below O’Brien Lock and Dam at Chicago, Illinois sta-
tion for the 1997-99 WY’s, the uncertainty ranged from 13 to 22 ft3/s when ADCP uncertainty was 
not included, whereas it ranged from 35 to 53 ft3/s when it was included. At the North Shore Chan-
nel at Wilmette, Illinois station for the 1997-99 WY’s, when the record was entirely estimated, the 
uncertainty ranged from 8 to 12 ft3/s when the ADCP uncertainty was not included, and from 16 
to 17 ft3/s when it was included. For the 2000 WY, the estimated uncertainty was 8.6 ft3/s when 
ADCP uncertainty is not included and 12.5 ft3/s when ADCP uncertainty was included.

The results for the uncertainty in the average annual flow computation for the entire study 
period (1997-99 WY’s), including the estimated days, indicate that the uncertainty from the sum 
of the covariance terms dominates the total uncertainty.  This total uncertainty results from the 
uncertainty of the IVR parameters and the uncertainty associated with the ADCP.  This result also 
indicates that reducing the IVR uncertainty by making more ADCP measurements will reduce the 
uncertainty of the annual average discharge. 

Four years  (1997-2000 WY’s) of flow record (3 years of MWRDGC record and 1 year of 
USGS streamflow-gaging station record) were used for the error analysis for the North Shore 
Channel at Wilmette station because this station was not installed until the end of the 1999 WY.  
As such, flow records for the 1997-99 WY’s were estimated completely.  Results of the analysis 
indicated a small estimate of uncertainty for the estimated periods relative to that for the nones-
timated periods.  This was because of the small amount of scatter in  the regression between the 
USGS data and the MWRDGC data used  to compute the estimated periods, indicating  substan-
tially smaller uncertainties than the index-velocity regression.  Because the index-velocity regres-
sion was used to compute the USGS daily mean discharges in the USGS-MWRDGC regression, 
there is the possibility that the averaging of the noise in the unit-value time scale to generate the 
daily time scale gives a more accurate, more certain way to estimate daily mean discharge.  
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APPENDIX A—Error Analysis of Acoustic Velocity Meter Measurements on the 
Chicago River System in Illinois

In this appendix, a method, based on first-order error analysis, is developed to compute the 
uncertainty of acoustic velocity meter (AVM) velocity measurements as they are made at the 
streamflow-gaging stations on the Chicago River system. The method then is applied to estimate 
AVM velocity uncertainty at two streamflow-gaging stations:

Chicago River at Columbus Drive at Chicago, Illinois 
Chicago Sanitary and Ship Canal at Romeoville, Illinois 

Whereas discharge uncertainty is not computed by this method, these results are presented as a 
contribution to the understanding and possible improvement of the accuracy of AVM measure-
ments at these stations.

Mathematical Model for First-Order Error Analysis of Acoustic Velocity Meter Velocity

The line velocity, v
L
 , measured with an AVM is determined by (for a derivation see Laenen 

and Smith, 1983)
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where B is the length of the acoustic path; θ is the angle between the streamwise direction and the 
acoustic path; and t

1
 and t

2
 are travel times of the acoustic signal in the upstream and downstream 

directions between the two acoustic transducers, respectively. Based on this equation for the com-
putation of line velocity, total measurement variance can be derived using first-order error analysis 
as
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assuming errors in B, θ, t
1
, and t

2
 are mutually independent. The partial derivatives of the line-

velocity function defined by equation A.2 with respect to each of the independent random vari-
ables are given by
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After placing equations A.3-A.6  into equation A.2, dividing through by vL , and simplifying, 
the following equation is obtained
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where W = s m represents the coefficent of variation (CV), and the subscripts denote the indepen-
dent random variables.

Application to the Chicago River at Columbus Drive

In this section, the first-order error analysis method previously developed for estimating the 
uncertainty of  the AVM velocity  measurements is applied to the Chicago River at Columbus 
Drive at Chicago, Illinois streamflow-gaging station. This method is applied for path 3 that was 
used to compute discharge for the 1997-98 water years (WY’s). The uncertainty of each of the 
three sources (acoustic path length, angle of the acoustic path, and travel time of the acoustic sig-
nal) identified as the main contributors to the total uncertainty of AVM line-velocity measurements 
is determined in the following subsections.

Uncertainty in the Length of the Acoustic Path

The distance between transducers at the Chicago River at Columbus Drive at Chicago, Illinois 
streamflow-gaging station estimated from survey data is 236.44 feet (ft). These survey data were 
collected using a total station with a specifed accuracy of ±0.05 ft. The actual path followed by 
the acoustic signal as it travels between the transducers, however, can be deflected as it propagates 
across the stream because of ray bending. Ray bending is the result of density stratification of the 
water in the stream.  Density stratification can be induced by one or more factors, including tem-
perature gradients, salinity gradients, and sediment concentration gradients. Data collected by the 
U.S. Geological Survey (USGS) in the Chicago River in March 1998 indicate that temperature 
gradients of 0.3 °C  per meter and specific conductance gradients of 100 micromohs per meter 
are not uncommon during low-flow periods in the winter season.  According to charts in Leanen 
(1985), for the distance between the acoustic transducers at the Chicago River at Columbus Drive 
at Chicago, Illinois streamflow-gaging station and the temperature and specific-conductance gra-
dients observed in the Chicago River during the winter season, the deflection of the acoustic beam 
can be on the order of 8 ft  because of a temperature gradient and on the order of 0.1 ft  because 
of  a salinity gradient.  Based on these estimates, it seems reasonable to expect that the path of the 
acoustic beam is subject to mean deflections in the winter season on the order of 8 ft.  Further, by 
assuming that the deflection errors have an upper triangular distribution and that the surveying 
distance errors have a symmetrical triangular distribution—see, for example, Ang and Tang (1984) 
for the expressions for the CV’s of typical probability density functions—the CV of the deflected 
path, WBD

2 , and the CV of the distance between transducers, WBT
2 , can be estimated as
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where BDu
 = 236.44 + 8.15 ft is the upper limit of the upper triangular distribution of path length 

in the presence of possible deflection, s sA hb2 2 2=  236.44 ft is the mode of distribution, and BDl
 = 

236.44-0.05 ft is the lower limit of the distribution; and
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where BTu
= 236.44 + 8.15 ft is the upper limit of the upper triangular distribution of path length in 

the presence of possible deflection, and BTl
 
 
= 236.44-0.05 ft is the lower limit of the distribution. 

These CV’s can be used to estimate the total uncertainty during periods with and without density 
gradients, respectively, for path 3 during the 1997-98 WY’s.

Uncertainty in the Angle between the Acoustic Path and the Streamflow

In determining the total uncertainty of line-velocity measurements with AVMs, it is the uncer-
tainty in the cosine of the angle between the acoustic path and the streamwise direction (cosq ) that 
is relevant. Moreover, because the angle q  is estimated from distances surveyed at the site, it can 
be shown that the CV of cos q  can be expressed as a function of the CV of the length of the acous-
tic path as
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using θ =58 07.  . In this expression, WB  represents the CV of the distance between the acoustic 
transducers because of survey uncertainty.

Uncertainty in the Travel Time of the Acoustic Signal

Typically, because of practical reasons, the time series of the times of travel of the acoustic 
signal (t t1 2, ) as it propagates upstream and downstream between the transducers is not kept as part 
of the streamflow-gaging data at AVM sites.  Only line-velocity data, as estimated with equation 
A.1 using the transit time between transducers measured by the AVM, are mantained in the record.  

Thus, in the present analysis, equation A.1 is used to estimate the ratio 
t t
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The travel times of the acoustic signals in the upstream and downstream directions between the 
transducers (for example, figures 8a and 8b) are of the same order of magnitude and so are their 
CV’s; thus, t t t1 2» = ,and W W Wt t t1 2

» = .  Further, the travel time can be estimated as the ratio 
of the path length and the velocity of sound, that is, t = B/C.  Based on these approximations and 
replacing the third term of equation A.3 with equation A.11, the following equation is obtained:
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According to the ISO 6416 standard (International Organization for Standardization, 1992), the 
accuracy in timing the travel of the acoustic signal between transducers with current technology 
can be reduced to less than 30 nanoseconds. The speed of sound in water is typically about  4,925 
feet per second (ft/s). Thus, the value of Wt

2  at the Chicago River at Columbus Drive at Chicago, 
Illinois streamflow-gaging station can be estimated as
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Total Uncertainty of Acoustic Velocity Meter Line-Velocity Measurements

The total uncertainty of line velocity measurements in the Chicago River at Columbus Drive 
in terms of the CV, accounting for the uncertainty from all the contributing sources based on first-
order error analysis, is a function of the magnitude of the line velocity and velocity of sound in 
water as expressed in equations A.14 and A.15 as
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or to avoid dividing through by zero when v
L 
equals zero
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where WBP
2  is the CV of the acoustic path length, which can take the value of WBD

2 , when a density 
gradient is present, or WBT

2 , when there is no density gradient.

Using equation A.10 and inserting the typical value of the speed of sound in water (4,925 ft/s) 
and the flow angle θ = 58.067°, equation A.14 becomes 

											           .		  (A.16)

Further, by replacing the estimates of WBP  as described above for flows with and without density 
gradients from equations A.8 and A.9, the respective CVs can be computed as
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The respective variances are
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and

				    sv LL
v2 8 2 54 15 10 1 69 10= ´ + ´- -. .  ft2/s2.				    (A.20)

In the presence of a density gradient, the dependence of the CV on line velocity is weak rela-
tive to the dependence when there is no density gradient (equations A.17-A.20 and figures A.1 and 
A.2).  There is no observable dependence of the uncertainty on line velocity results when there is 
no density gradient (figs. A.1-A.2); rather there is a constant value of about 0.0041 ft/s. It should 
be noted that density gradients are most likely when velocities are small (vL < 0 05.  ft/s). 

Figure A.1.  Uncertainty of line velocity at the Chicago River at Columbus Drive at Chicago, Illinois streamflow-gaging station expressed 
as coefficient of variation. Negative line velocities indicate reverse-flow (negative discharge) conditions.  The value when line velocity 
is zero is a singularity and is omitted.
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Figure A.2.  Uncertainty of line velocity at Chicago Sanitary and Ship Canal at Romeoville streamflow-gaging station expressed as 
standard deviation.  Negative line velocities indicate reverse-flow (negative discharge) conditions.  

Application to the Chicago Sanitary and Ship Canal at Romeoville

For purposes of comparison, first-order error analysis was used to estimate the uncertainty of 
discharge estimates at the Chicago Sanitary and Ship Canal at Romeoville, Illinois streamflow-
gaging station, as well as for the Chicago River at Columbus Drive at Chicago, Illinois streamflow-
gaging station. The application is similar at the two stations; the following items show the addi-
tional assumptions and calculations required:

1.  Path-Length Uncertainty: It is assumed that at the Chicago Sanitary and Ship Canal at 
Romeoville, Illinois streamflow-gaging station that there was no ray bending because of density 
gradients, so uncertainty in path length is due only to uncertainty in surveyed distance, which is 
239.0 ft. Thus,
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which is about the same as the value at the Chicago River at Columbus Drive at Chicago, Illinois 
streamflow-gaging station (compare to equation A.9).

2. Flow-Angle Uncertainty:
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3. Flow-Time Uncertainty: These quantities are computed in terms of previously determined 
parameters as
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using equation A.13 and

											           		  (A.24)

using equation A.12.

	 Using equation A.14, the CV of the line velocity may be computed as
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,							       (A.25)

and the variance as

				    sv LL
v2 8 2 62 89 10 9 11 10= ´ + ´- -. .  ft2/s2.				    (A.26)

It may be observed by comparing equations A.24 and A.25 with equations A.18 and A.20 that, 
because of differences in path length and flow angle, even without consideration of density gradi-
ents, the computed line velocity uncertainty at the Chicago Sanitary and Ship Canal at Romeoville, 
Illinois streamflow-gaging station is less than that at the Chicago River at Columbus Drive at 
Chicago, Illinois streamflow-gaging station. The dependence of the uncertainty of line velocity on 
line velocity, where uncertainty is expressed as CV and standard deviation, is shown in figures A.2 
and A.3, respectively. The uncertainty in line velocity at the Chicago Sanitary and Ship Canal at 
Romeoville, Illinois streamflow-gaging station, expressed as standard deviation, is approximately 
constant with a value of about 0.0030 ft/s.
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Figure A.3.  Uncertainty of acoustic velocity meter (AVM) line velocity at the Chicago Sanitary and Ship Canal at Romeoville, Illinois 
streamflow-gaging station expressed as coefficient of variation. Negative line velocities indicate reverse-flow (negative discharge) 
conditions.  The value when line velocity is zero is a singularity and is omitted.

Figure A.4.  Uncertainty of acoustic velocity meter (AVM) line velocity at the Chicago Sanitary and Ship Canal at Romeoville, Illinois 
streamflow-gaging station expressed as standard deviation.  Negative line velocities indicate reverse-flow (negative discharge) 
conditions.
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APPENDIX B—Daily Mean Discharge Tables for the Four Streamflow-Gaging 
Stations on the Chicago River System in Illinois 

Table B.1.  Daily mean discharges for the Chicago Sanitary and Ship Canal at Romeoville, Illinois for the 1997 water year.

05536995   Chicago Sanitary and Ship Canal at Romeoville, Il
1997 Water Year

Daily Mean Discharge (cubic feet per second); e, estimated value

Day Oct Nov Dec Jan Feb Mar Apr May June July Aug Sept
1 2513 2108 3078 2156 2738 6489 2802 3245 2682 3915 3578 3725

2 2936 2526 2282 1908 2855 5613 2188 4224 2712 e3282 2911 3030

3 2027 2509 2609 2450 2651 4959 2267 3011 3087 3417 3856 3102

4 2456 1705 2588 3050 4243 4364 e2075 3217 2558 3215 2637 3348

5 3319 2040 3062 3346 3707 3825 2814 2421 2680 3286 3912 3065

6 2705 3887 2408 2493 3011 3476 2479 2432 4184 2980 4189 3472

7 2132 3496 2657 2115 2725 2558 1999 3413 4258 3217 3262 3524

8 2512 2886 2003 2172 2925 3282 1949 3017 3690 3141 3412 3142

9 2664 2819 2299 2329 2461 3064 2116 2888 3100 3436 3230 3000

10 3197 2706 1994 2308 2502 2997 e1836 2851 2911 3455 3343 3012

11 2647 2232 3812 2202 2381 2735 3202 2826 3648 2857 4806 3146

12 2565 2057 3226 2122 2265 2822 4036 2094 3615 3982 4765 3183
13 2654 2020 3012 2337 2319 2911 3512 2225 3487 3163 4130 3349
14 2254 2033 3084 2278 2250 2968 e2517 2376 3369 3495 4119 3158

15 2571 e2330 2700 2087 2350 2612 2809 2450 3301 3106 4497 3218

16 3412 e2370 2566 2264 2558 2876 2579 2135 5200 3559 7502 4118

17 3284 e2680 2432 2215 2266 2039 2581 2375 4652 3527 13997 5171

18 3670 e2200 2508 2505 2836 2435 2576 3524 4001 5911 6211 4149

19 2723 2033 2124 2266 3232 2052 2845 3890 3556 5523 4281 4341

20 2952 2045 2136 e2140 e4258 2206 2280 3361 4336 4426 4115 4522

21 2184 2342 2209 2520 17281 1720 e2156 2641 5566 4095 4319 3908

22 2952 2164 2017 5542 15860 2089 2364 2857 3976 4053 e3409 2902

23 2523 1849 3323 4284 10795 2181 2251 2453 4253 3826 e3479 2502

24 2927 2265 3501 3490 7865 3238 2585 2736 4037 3895 3951 3121

25 2554 2149 3121 3453 5481 2964 2157 3752 3903 3687 3585 3058

26 2597 2150 2645 3507 8113 2648 2415 3245 3656 3837 3440 3108

27 2303 2054 2277 2535 8739 1976 2430 2386 3922 5033 e3418 3498

28 2277 2019 2402 2818 8627 2421 2200 2443 3542 3427 2920 3025

29 3675 2067 2409 2406 3596 2108 2757 3581 3683 3156 2739

30 3437 3378 2075 2837 3054 2860 2236 3570 3496 3792 2986

31 2786 2206 2842 2565 2435 3318 2865

Mean annual discharge = 3,211

  5  9



Table B.2.  Daily mean discharges for the Chicago Sanitary and Ship Canal at Romeoville, Illinois for the 1998 water year.

05536995   Chicago Sanitary and Ship Canal at Romeoville, Il
1998 Water Year

Daily Mean Discharge (cubic feet per second); e, estimated value

Day Oct Nov Dec Jan Feb Mar Apr May June July Aug Sept
1 2762 e2266 1815 1794 2655 1997 4390 2841 2436 3407 2885 3236

2 2497 e1805 1938 1984 2928 2107 3783 2814 2301 3059 2870 2744

3 2599 e1991 2011 2039 2999 1993 3471 2111 2618 3373 2680 2688

4 2897 2024 1741 6237 2398 2289 3123 2927 2312 5528 7362 3036

5 2698 2021 1838 5338 2576 2112 3538 2603 2250 4386 7786 2822

6 2516 2586 1926 5966 2243 1877 2239 3206 2491 3414 5889 2757

7 2900 2077 1647 5067 2200 2200 3361 12470 2270 4475 6013 e6357

8 3025 1929 1743 7993 2106 4880 4422 12116 2323 4678 5207 e4127

9 3211 1998 1951 5990 2240 6564 4553 8185 3662 3644 4513 e2974

10 3074 1870 3208 4937 2057 4786 3466 5062 3471 3779 3839 e2757

11 2952 1684 2943 3863 5296 4413 3805 4184 6574 3392 4130 2817

12 3036 2118 2709 3374 3921 3897 3427 3795 4341 3272 3673 2496

13 3032 1814 2435 2751 3500 3127 2922 3407 3867 3503 3600 2878

14 2286 2004 2138 2689 3305 3732 3423 3341 3983 3402 3328 2958

15 2066 2429 1776 2639 2809 2893 3360 2752 2459 3674 e3250 3332

16 2167 2472 2089 2067 2940 2683 2893 2672 3050 3365 e3311 3007

17 2097 2035 1692 2317 4069 5209 3134 2625 2766 3585 e2817 3013

18 1999 1671 1798 2117 5414 8180 3204 2496 3319 3808 3089 2624

19 2297 1929 1905 1891 4162 7369 2720 2739 3416 3894 3386 2659

20 1774 1742 1871 2253 3247 5599 3150 2230 3521 3972 3092 2758

21 1893 1851 1755 1935 3229 4568 4475 2128 2983 3011 3061 3217

22 2024 1549 2118 2123 2947 4464 3896 2201 2730 3173 3854 2475

23 1937 1642 2434 2379 2462 3565 3521 2360 2677 3698 3542 2522

24 2369 1817 2861 1896 2322 2823 2820 3466 2663 3130 4765 2302

25 2050 1764 3791 1808 2571 2825 3716 2825 3257 3146 5682 2512

26 3187 1783 e1480 2246 2252 2646 3281 2437 4277 2839 3846 2435

27 5309 1956 2500 1682 2241 2669 3112 2271 5007 2602 3868 2418

28 2930 2574 2022 2090 2539 3223 2869 2539 4775 3058 3598 2613

29 2826 2714 2014 2441 2802 3549 2686 3880 2736 3821 3223

30 2557 2150 1993 2272 2603 2976 2272 3317 2714 3326 3223

31 2245 1739 2287 5264 2159 2805 2727

Mean annual discharge = 3,121

60    Computation and Error Analysis of Discharge for the Lake Michigan Diversion Project in Illinois: 1997-99 Water Years



Table B.3.  Daily mean discharges for the Chicago Sanitary and Ship Canal at Romeoville, Illinois for the 1999 water year.

05536995   Chicago Sanitary and Ship Canal at Romeoville, Il
1999 Water Year

Daily Mean Discharge (cubic feet per second); e, estimated value

Day Oct Nov Dec Jan Feb Mar Apr May June July Aug Sept
1 2601 2586 2019 e1372 3242 2393 1861 4340 5008 3335 3647 2908

2 2672 2224 1651 e1576 3588 2088 1768 3589 8652 3364 2817 2608

3 3319 1525 1604 e1465 3423 2274 2050 2792 5277 2788 3013 2751

4 3204 1866 1675 e1503 e2663 2523 2198 2829 4260 2764 2932 3246

5 2592 2548 1886 e1471 3078 2124 1995 2475 3098 2830 3130 2909

6 2894 1897 3377 e1747 2668 2441 1892 3128 2747 2719 2739 2847

7 2817 1778 4277 1569 2643 2915 1746 2953 2554 2690 3199 3243

8 2148 1957 2875 1646 2328 2360 2451 2198 2801 2697 2872 2386

9 2592 2000 2564 1813 2147 2300 7942 2248 2596 2677 3033 2340

10 2308 4763 2313 1697 2190 2353 4840 1745 4003 2973 2445 2469

11 2530 3473 2154 1730 2993 2312 3880 2448 4985 2545 3249 2276

12 1970 2819 1749 1707 2214 2498 3769 4865 4451 2590 4051 2361

13 2080 2661 2080 1713 2377 2986 2999 3459 e7743 2733 2828 2325

14 2100 2536 1785 1745 2352 2590 3156 3081 e5308 2815 3197 2350

15 2067 2399 1669 1722 1851 2492 3435 3137 4633 2801 4125 2482

16 1913 1832 1739 1793 2314 2636 7452 2567 3757 e2803 3038 2168

17 5795 1699 1634 2568 1912 3799 5888 4723 3373 3164 2595 2047

18 5339 1787 1787 3214 1924 3814 4452 2714 e2838 3377 2870 2287

19 3132 1789 1553 2538 2469 2742 3578 2650 2591 e4805 4087 2144

20 2954 1829 1587 2215 2095 2584 3386 2565 2710 3868 3832 2008

21 2398 1785 1569 2635 1844 2533 4052 3160 2629 e2246 3251 2309

22 2428 1731 1598 9745 1654 2315 7106 3554 3373 4051 3496 2150

23 2287 1683 1414 10981 1804 2366 10973 3609 2660 3828 3514 2070

24 2368 1645 1703 8973 1869 2415 7139 2807 3882 3562 3630 2202

25 2529 1437 1545 7550 2100 1894 6144 e2187 3010 4041 3680 2207

26 2122 1603 1263 5118 2036 1893 4071 e1618 3358 3463 3981 2033

27 2228 1575 1502 4354 2961 1747 6490 2020 3549 3002 3206 3153

28 2979 1625 1481 4662 2321 2134 7852 1815 2637 3102 3185 7202

29 2928 1644 1815 4302 1614 7123 2171 2711 e3350 3127 4173

30 2650 1812 1555 3628 1667 4759 2051 2537 e3208 2919 2762

31 2985 1605 3641 1899 2631 3599 3023

Mean annual discharge = 2,927
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Table B.4.  Daily mean discharges for the Chicago River at Columbus Drive at Chicago, Illinois for the 1997 water year.

05536123   Chicago River at Columbus Drive at Chicago, Il
1997 Water Year

Daily Mean Discharge (cubic feet per second); e, estimated value

Day Oct Nov Dec Jan Feb Mar Apr May June July Aug Sept
1 e371 e197 e102 244 450 794 93 372 386 878 910 843
2 e354 e244 e220 193 430 342 178 517 344 873 881 839
3 e314 e259 231 176 349 217 223 533 372 908 737 830
4 e352 e237 552 233 117 304 155 387 385 862 986 793
5 e470 e251 800 264 358 452 181 442 425 842 1150 836
6 e726 e669 347 306 583 341 141 386 554 846 1370 852
7 e311 e709 340 342 546 261 149 318 391 754 886 833
8 e347 e205 434 216 416 454 178 539 351 768 856 791
9 e343 e237 226 224 277 348 249 362 427 864 906 771
10 e311 e213 164 326 368 429 231 369 373 852 897 885
11 e336 e205 137 260 554 282 220 400 453 846 785 796
12 e371 e188 281 512 263 257 389 374 547 883 684 919
13 e378 e229 354 466 110 228 266 335 520 901 901 905
14 e349 e205 184 411 320 348 270 359 429 975 874 856
15 e378 e152 272 394 502 304 316 344 444 964 804 757
16 e585 e213 170 551 509 379 295 394 462 950 -711 1130
17 e437 e171 323 567 401 371 300 375 328 915 595 804
18 e326 e188 228 423 315 236 260 492 378 e665 564 1250
19 e376 e152 362 333 430 219 292 749 408 e702 534 909
20 e361 e123 334 555 449 123 257 354 706 1040 745 977
21 e295 e180 182 393 -2540 163 267 360 1310 777 925 904
22 e595 e143 273 386 124 138 323 361 785 829 895 678
23 e264 e171 302 215 338 74 340 403 963 873 802 616
24 e298 e133 311 80 383 328 297 366 1190 868 808 586
25 e311 e162 292 306 340 377 293 402 709 873 842 780
26 e358 e162 251 292 141 119 335 340 930 836 836 850
27 e365 e229 319 418 365 137 326 275 853 830 807 843
28 e309 e133 376 537 360 96 269 305 838 1020 836 785
29 e338 e112 328 460 189 413 450 841 857 851 851
30 e245 e102 385 450 98 359 511 676 851 774 731
31 e267 301 372 129 418 894 855

Mean annual discharge = 461
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Table B.5.  Daily mean discharges for the Chicago River at Columbus Drive at Chicago, Illinois for the 1998 water year.

05536123   Chicago River at Columbus Drive at Chicago, Il
1998 Water Year

Daily Mean Discharge (cubic feet per second); e, estimated value

Day Oct Nov Dec Jan Feb Mar Apr May June July Aug Sept
1 577 430 54 -3 157 91 154 288 448 658 672 729

2 636 298 9 60 62 151 164 230 533 648 659 820

3 715 303 61 161 -61 72 120 224 397 527 616 691

4 759 303 115 165 81 -44 160 272 376 600 316 622

5 628 230 207 372 96 -41 119 261 377 580 1000 652

6 753 214 180 236 -89 73 76 330 409 560 1160 606

7 899 243 159 624 112 91 70 242 395 840 440 -87

8 873 289 4 571 140 212 93 408 347 726 746 466

9 974 313 61 491 42 109 422 285 325 657 720 522

10 791 358 98 94 79 171 104 205 475 738 872 417

11 775 307 187 -135 422 -72 296 304 530 779 902 536

12 767 299 221 101 295 349 162 285 561 808 826 505

13 586 233 -162 236 225 58 360 243 613 990 877 629

14 358 239 -168 -40 174 282 150 141 424 987 822 611

15 365 250 156 153 0 173 31 138 619 981 819 449

16 367 309 178 38 -59 24 348 301 579 1010 841 470

17 365 262 50 120 101 18 254 254 572 965 806 499

18 386 102 129 268 129 192 157 553 501 990 891 459

19 381 162 e85 129 -25 35 90 389 692 860 820 525

20 360 57 e87 -73 -2 243 188 332 501 912 853 450

21 334 -22 e87 112 57 2 192 278 536 873 872 520

22 323 75 e87 9 17 193 188 355 579 904 804 508

23 301 144 e87 106 117 141 211 212 581 1010 791 464

24 283 110 e87 137 130 67 173 251 556 790 1030 465

25 284 65 e87 176 137 92 188 273 669 696 896 490

26 325 88 e84 148 123 189 280 303 510 693 855 421

27 353 90 e86 81 136 213 207 308 476 837 743 460

28 326 44 -127 53 121 122 144 400 766 858 e277 707

29 339 72 80 258 120 89 639 660 660 e780 840

30 314 231 41 -7 221 228 282 778 730 e815 600

31 387 -20 51 491 383 693 e738

Mean annual discharge = 367
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Table B.6.  Daily mean discharges for the Chicago River at Columbus Drive at Chicago, Illinois for the 1999 water year.

05536123   Chicago River at Columbus Drive at Chicago, Il
1999 Water Year

Daily Mean Discharge (cubic feet per second); e, estimated value

Day Oct Nov Dec Jan Feb Mar Apr May June July Aug Sept
1 350 98 25 26 29 e40 -44 26 328 379 622 494

2 202 77 26 32 24 e37 -22 46 248 426 603 432

3 232 66 30 30 20 e44 -36 37 246 388 536 514

4 281 144 33 26 25 e120 -34 -28 210 442 591 568

5 243 149 35 20 22 e47 51 29 277 396 574 559

6 388 111 32 23 27 e49 78 85 271 329 576 630

7 377 103 30 22 29 e42 96 112 274 409 486 505

8 333 121 31 24 25 e40 69 125 190 458 644 503

9 284 17 27 26 23 e46 443 -12 239 405 480 566

10 264 -6 29 23 25 e40 35 -28 516 399 624 448

11 262 111 29 22 24 e42 113 6 265 402 577 395

12 381 12 54 29 23 e39 5 106 466 459 519 327

13 256 -20 32 33 23 e39 -25 220 304 482 534 457

14 262 96 29 30 21 e42 6 70 352 494 604 417

15 192 106 24 25 24 e39 72 38 307 544 540 350

16 254 73 29 21 e42 e31 243 90 300 549 572 312

17 293 70 30 24 e44 e30 116 376 244 282 585 272

18 251 51 26 21 e99 e30 -3 83 259 548 443 249

19 265 191 30 23 e550 e35 -45 95 287 714 357 259

20 175 166 30 23 e46 e31 -77 95 310 607 555 338

21 168 56 29 27 e47 e37 121 165 347 525 514 236

22 152 70 26 30 e44 e39 220 177 345 571 533 341

23 246 52 21 11 e42 e188 130 177 320 420 498 339

24 256 24 20 21 e42 e216 67 179 306 487 341 219

25 258 -2 19 22 e42 27 21 149 358 540 348 241

26 327 60 22 25 e37 25 10 159 322 651 657 273

27 349 -5 21 25 e39 25 46 178 320 535 541 218

28 408 78 22 24 e39 20 209 167 379 542 533 311

29 129 114 27 23 152 105 154 358 680 530 280

30 474 221 27 27 117 81 175 351 678 484 508

31 242 25 30 -6 149 783 470

Mean annual discharge = 205
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Table B.7.  Daily mean discharges for the Calumet River at O’Brien Lock and Dam at Chicago, Illinois for the 1997 water year.

05536357    Calumet River at O’Brien Lock and Dam at Chicago, IL
1997 Water Year

Daily Mean Discharge (cubic feet per second); e, estimated value

Day Oct Nov Dec Jan Feb Mar Apr May June July Aug Sept
1 444 65 e59 e83 e68 e56 e84 e104 e495 e455 321 338

2 358 91 e44 e42 e53 e49 e65 e392 e395 e463 317 198

3 306 122 e59 e47 e55 e70 e65 e327 e464 e495 219 261

4 376 105 e69 e62 e62 e56 e96 e110 e473 e479 294 265

5 432 130 e64 e67 e55 e57 e87 e70 e389 e495 265 209

6 385 196 e61 e67 e62 e61 e50 e85 e124 e489 280 272

7 323 116 e56 e70 e61 e61 e50 e91 e131 e444 294 330

8 344 117 e56 e53 e61 e64 e61 e458 e351 e384 289 236

9 377 94 e57 e63 e54 e81 e73 e102 e468 e451 299 179

10 231 62 e66 e83 e84 e61 e58 e133 e467 e451 280 207

11 353 88 e77 e123 e68 e81 e83 e122 e384 e490 226 244

12 385 83 e84 e105 e70 e62 e318 e124 e416 e495 197 295

13 386 132 e66 e109 e68 e83 e50 e89 e472 e491 325 295

14 365 138 e60 e107 e62 e78 e54 e88 e485 e460 278 250

15 373 e65 e70 e65 e55 e82 e84 e111 e458 e457 321 254

16 289 e70 e56 e102 e65 e80 e83 e86 e352 e476 141 272

17 242 e56 e57 e112 252 e71 e80 e105 e435 279     93 252

18 306 e57 e56 e83 47 e66 e73 e112 e449 249 143 244

19 309 e47 e46 e92 265 e66 e94 e425 e422 285 32 257

20 362 e67 e88 e63 243 e84 e114 e62 e385 343 331 306

21 272 e62 e45 e65 -844 e72 e67 e123 e1069 238 260 276

22 162 e42 e56 e67 -38 e86 e63 e193 e407 290 e481 155

23 193 e75 e35 e77 52 e66 e81 e160 e467 314 e448 202

24 310 e68 e22 e59 46 e371 e68 e159 e529 334 e449 279

25 381 e60 e57 e92 -46 e352 e112 e123 e356 292 e467 262

26 417 e57 e70 e90 e30 e60 e132 e132 e476 315 e465 298

27 343 e48 e76 e80 e57 e64 e100 e87 e475 302 320 307

28 269 e61 e43 e68 e36 e65 e85 e111 e487 330 341 325

29 157 e46 e55 e87 e308 e100 e88 e492 285 283 206

30 205 e56 e59 e99 e74 e85 e110 e289 307 240 254

31 209 e51 e81 e72 e174 298 332

Mean annual discharge = 191
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Table B.8.  Daily mean discharges for the Calumet River at O’Brien Lock and Dam at Chicago, Illinois for the 1998 water year.

 05536357    Calumet River at O’Brien Lock and Dam at Chicago, IL
1998 Water Year

Daily mean Discharge (cubic feet per second); e, estimated value

Day Oct Nov Dec Jan Feb Mar Apr May June July Aug Sept
1 192 e67 e61 e32 e47 e59 e50 e87 333 e449 459 325

2 184 e96 e52 e41 e33 e44 e48 e107 198 e453 463 380

3 198 e63 e71 e36 e48 e42 e51 e82 210 e432 368 318

4 188 e53 e41 180 e45 e31 e56 e74 210 e407 203 390

5 220 e50 e46 106 e31 e46 e45 e81 302 e453 247 423

6 184 e70 e62 223 e43 e46 e48 167 258 e443 383 373

7 242 e102 e36 148 e46 e37 243 e46 318 e644 246 265

8 228 e93 e52 179 e51 93 68 e34 291 e441 362 295

9 199 e73 203 e39 e41 e51 369 e96 302 e429 413 254

10 200 e46 e46 e38 e46 e45 e87 e107 301 e520 348 306

11 274 e56 e39 e36 258 e32 e101 e92 e462 e583 376 352

12 271 e54 e59 e50 119 e53 e96 e105 e264 e553 453 364

13 190 e57 e48 e55 e41 e33 e55 e121 e335 e572 459 384

14 e72 e48 e35 e50 e58 e52 e97 e81 e292 e603 434 328

15 e103 e50 e40 e56 e52 e71 178 e112 e397 e603 494 345

16 e94 e42 e52 e37 206 e36 151 e136 e336 485 461 389

17 e101 e21 e42 e39 e43 e52 e62 e126 e329 448 363 322

18 e114 e50 e46 e43 e35 e39 e110 e334 e258 561 425 392

19 e122 e65 e48 e38 e43 e27 e125 e300 e493 481 433 369

20 e86 e64 e44 e49 e39 e30 228 e104 e356 431 458 383

21 e72 e50 e55 e44 e41 e43 e49 e108 e498 482 443 355

22 e72 e57 e48 e49 e62 e38 e58 e126 e310 424 462 313

23 e52 e66 e50 e44 e40 e48 e45 e138 e326 447 507 328

24 e78 e52 e51 e46 e45 e37 e134 296 e331 465 484 296

25 e73 e273 e29 e56 e48 e48 236 e129 e407 449 660 348

26 182 e42 e46 e40 e44 e34 227 299 e295 466 478 364

27 e61 e43 e41 e43 e49 e46 e72 e109 e390 366 478 391

28 e60 e41 e45 e25 e46 e351 e90 e91 e575 394 314 370

29 e72 e33 e56 e44 e90 e66 307 e494 381 409 369

30 e93 e227 e50 e51 e39 e61 e132 e442 430 448 270

31 e50 e42 e47 262 e161 418 434

Mean annual discharge = 190
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Table B.9.  Daily mean discharges for the Calumet River at O’Brien Lock and Dam at Chicago, Illinois for the 1999 water year.

05536357    Calumet River at O’Brien Lock and Dam at Chicago, IL
1999 Water Year

Daily Mean Discharge (cubic feet per second); e, estimated value

Day Oct Nov Dec Jan Feb Mar Apr May June July Aug Sept
1 279 e81 e36 e35 e26 e29 e46 e63 242 308 e590 337

2 239 e46 e36 e35 e29 e35 e49 e69 159 375 e568 304

3 300 e46 e32 e51 e38 e34 e55 e60 232 291 343 407

4 360 e48 e30 e56 e27 e30 e36 e50 245 335 411 439

5 280 e43 e41 e52 e37 e39 e44 e50 182 321 425 414

6 168 e50 e39 e43 e32 e41 e39 e41 150 321 404 411

7 247 e42 e32 e54 e49 e31 e54 e27 206 363 355 373

8 268 e32 e30 e52 e31 e25 e48 e64 219 310 469 311

9 299 e40 e37 e56 e54 e38 e789 e60 260 252 338 290

10 291 224 e34 e61 e34 e25 e48 e62 406 404 345 308

11 315 e29 e35 e58 232 e34 e50 e59 530 391 364 325

12 267 e33 e26 e52 e30 e29 e37 150 298 361 293 284

13 222 e37 e38 e56 e47 e26 e38 215 331 367 316 248

14 237 e46 e26 e46 e38 e34 e36 e58 295 427 404 244

15 262 e56 e31 e34 e31 e27 177 e71 293 381 388 287

16 204 e36 e31 e26 e35 e50 199 e81 283 414 363 315

17 276 e40 e38 e19 e33 e49 e26 335 305 279 340 268

18 395 e45 e32 e31 e224 e29 e42 e42 327 432 252 315

19 222 e35 e29 e42 e429 e26 e30 e59 333 494 337 253

20 180 e33 e36 e24 e31 e49 e42 e55 307 430 364 240

21 e57 e39 e60 e44 e33 e30 197 e60 292 371 373 268

22 e51 e62 e31 e25 e32 e57 219 e77 201 381 410 264

23 205 e49 e20 e9 e37 233 e25 e59 207 294 300 236

24 222 e42 e19 e5 e24 156 e39 e33 227 377 328 299

25 276 e35 e21 e11 e35 e48 e51 e43 314 e497 301 312

26 249 e41 e30 e20 e35 e44 e37 e53 284 e819 419 282

27 212 e37 e23 e36 e30 e37 e41 e65 277 e485 351 186

28 236 e52 e29 e24 e31 e30 e17 e76 251 e505 416 673

29 185 e55 e31 e35 e26 e28 e82 330 e560 393 678

30 209 e34 e35 e28 e42 e47 e82 295 e593 342 282

31 e74 e34 e25 e29 e76 e794 358
Mean annual discharge = 167
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Table B.10.  Estimated daily mean discharges for the North Shore Channel at Wilmette, Illinois for the 1997 water year.

 05536101    North Shore Channel at Wilmette, IL
1997 Water Year

Daily Mean Discharge (cubic feet per second); e, estimated value

Day Oct Nov Dec Jan Feb Mar Apr May June July Aug Sept
1 e5.4 e4.4 e4.4 e5.4 e53 e0.6 e0.6 e0.6 e0.6 e214 e156 e228

2 e5.4 e4.4 e4.4 e4.4 e53 e0.6 e0.6 e0.6 e0.6 e170 e172 e130

3 e5.4 e4.4 e4.4 e4.4 e38 e0.6 e0.6 e0.6 e0.6 e212 e98 e242

4 e4.4 e4.4 e4.4 e4.4 e5.4 e0.6 e0.6 e0.6 e0.6 e119 e189 e229

5 e5.4 e5.4 e4.4 e4.4 e5.4 e0.6 e0.6 e0.6 e0.6 e192 e232 e218

6 e4.4 e4.4 e4.4 e4.4 e5.4 e0.6 e0.6 e0.6 e0.6 e115 e214 e219

7 e5.4 e4.4 e4.4 e4.4 e5.4 e0.6 e65 e0.6 e0.6 e212 e223 e154

8 e5.4 e4.4 e4.4 e4.4 e5.4 e0.6 e0.6 e0.6 e0.6 e116 e223 e70

9 e5.4 e4.4 e4.4 e5.4 e5.4 e0.6 e0.6 e0.6 e0.6 e228 e86 e52

10 e5.4 e3.5 e4.4 e5.4 e5.4 e0.6 e0.6 e0.6 e0.6 e223 e226 e245

11 e5.4 e5.4 e4.4 e4.4 e5.4 e0.6 e0.6 e0.6 e0.6 e227 e0.6 e240

12 e4.4 e4.4 e5.4 e4.4 e5.4 e0.6 e0.6 e0.6 e0.6 e220 e10.2 e235

13 e5.4 e4.4 e4.4 e3.5 e5.4 e0.6 e0.6 e0.6 e0.6 e204 e173 e148

14 e5.4 e5.4 e4.4 e4.4 e5.4 e0.6 e0.6 e0.6 e0.6 e73 e173 e177

15 e5.4 e4.4 e4.4 e4.4 e5.4 e0.6 e0.6 e0.6 e0.6 e219 e148 e229

16 e4.4 e4.4 e4.4 e4.4 e5.4 e0.6 e0.6 e0.6 e0.6 e209 e9.2 e115

17 e4.4 e4.4 e37 e4.4 e5.4 e0.6 e0.6 e0.6 e0.6 e215 e0.6 e0.6

18 e5.4 e4.4 e95 e4.4 e4.4 e0.6 e0.6 e0.6 e0.6 e93 e0.6 e120

19 e5.4 e4.4 e52 e4.4 e4.4 e0.6 e0.6 e0.6 e0.6 e137 e0.6 e55.3

20 e5.4 e5.4 e4.4 e4.4 e5.4 e0.6 e0.6 e0.6 e77 e194 e60 e148

21 e5.4 e4.4 e4.4 e15 e0.6 e0.6 e0.6 e0.6 e0.6 e20 e40 e234

22 e5.4 e4.4 e4.4 e6.3 e0.6 e0.6 e0.6 e0.6 e117 e94 e231 e86

23 e4.4 e4.4 e5.4 e19 e1.6 e0.6 e0.6 e0.6 e167 e149 e143 e54

24 e4.4 e5.4 e4.4 e58 e3.5 e0.6 e0.6 e0.6 e199 e221 e171 e120

25 e4.4 e5.4 e4.4 e58 e4.4 e0.6 e0.6 e0.6 e99 e177 e235 e186

26 e5.4 e5.4 e5.4 e59 e3.5 e0.6 e0.6 e0.6 e203 e187 e202 e239

27 e4.4 e5.4 e5.4 e60 e3.5 e0.6 e0.6 e0.6 e200 e89 e66 e201

28 e4.4 e4.4 e4.4 e59 e4.4 e0.6 e0.6 e0.6 e214 e130 e0.6 e137

29 e4.4 e4.4 e5.4 e65 e0.6 e15 e0.6 e213 e233 e100 e192

30 e3.5 e4.4 e5.4 e64 e0.6 e0.6 e0.6 e111 e232 e75 e226

31 e4.4 e5.4 e63 e0.6 e0.6 e227 e240

Mean annual discharge = 48
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Table B.11.  Estimated daily mean discharges for the North Shore Channel at Wilmette, Illinois for the 1998 water year. 

 05536101    North Shore Channel at Wilmette, IL
1998 Water Year

Daily Mean Discharge (cubic feet per second); e, estimated value

Day Oct Nov Dec Jan Feb Mar Apr May June July Aug Sept
1 e125 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e69 e0.6 e209 e116

2 e122 e0.6 e45 e0.6 e0.6 e0.6 e0.6 e0.6 e84 e198 e202 e122

3 e99 e22 e12 e0.6 e0.6 e0.6 e0.6 e0.6 e85 e28 e61 e19

4 e79 e58 e56 e0.6 e0.6 e0.6 e0.6 e0.6 e103 e126 e0.6 e98

5 e121 e23 e61 e0.6 e0.6 e0.6 e0.6 e0.6 e66 e153 e0.6 e104

6 e122 e0.6 e63 e0.6 e0.6 e0.6 e0.6 e0.6 e66 e91 e0.6 e71

7 e198 e0.6 e60 e0.6 e0.6 e0.6 e0.6 e0.6 e108 e0.6 e0.6 e0.6

8 e188 e0.6 e21 e0.6 e0.6 e0.6 e0.6 e0.6 e49 e90 e0.6 e74

9 e98 e0.6 e9 e0.6 e0.6 e0.6 e0.6 e0.6 e13 e207 e0.6 e72

10 e198 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e106 e216 e94 e102

11 e215 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e8 e214 e207 e100

12 e166 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e57 e212 e208 e105

13 e38 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e90 e205 e206 e84

14 e109 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e62 e39 e204 e163 e0.6

15 e121 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e63 e97 e133 e140 e14

16 e124 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e94 e77 e201 e209 e108

17 e123 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e96 e89 e204 e130 e101

18 e121 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e93 e24 e185 e211 e109

19 e117 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e31 e86 e109 e203 e105

20 e122 e32 e0.6 e0.6 e0.6 e0.6 e0.6 e53 e75 e116 e195 e72

21 e122 e73 e0.6 e0.6 e0.6 e0.6 e0.6 e55 e76 e0.6 e141 e74

22 e122 e69 e0.6 e0.6 e0.6 e0.6 e0.6 e26 e102 e51 e53 e68

23 e117 e62 e0.6 e0.6 e0.6 e0.6 e0.6 e24 e78 e203 e134 e106

24 e0.6 e70 e0.6 e0.6 e0.6 e0.6 e28 e0.6 e71 e211 e41 e63

25 e0.6 e62 e0.6 e0.6 e0.6 e0.6 e24 e0.6 e92 e164 e75 e59
26 e0.6 e51 e0.6 e27 e0.6 e20 e0.6 e0.6 e53 e206 e185 e90

27 e0.6 e44 e0.6 e53 e0.6 e34 e0.6 e18 e108 e193 e117 e102

28 e31 e17 e0.6 e49 e0.6 e0.6 e0.6 e30 e55 e196 e48 e145

29 e54 e10 e0.6 e36 e0.6 e0.6 e0.6 e71 e193 e187 e106

30 e44 e0.6 e0.6 e39 e2.5 e0.6 e0.6 e163 e108 e193 e94

31 e0.6 e0.6 e0.6 e0.6 e0.6 e213 e194

Mean annual discharge = 50
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Table B.12.  Estimated daily mean discharges for the North Shore Channel at Wilmette, Illinois for the 1999 water year.

 05536101    North Shore Channel at Wilmette, IL
1999 Water Year

Daily Mean Discharge (cubic feet per second); e, estimated value

Day Oct Nov Dec Jan Feb Mar Apr May June July Aug Sept
1 e103 e0.6 e0.6 e0.6 e0.6 e0.6 e41 e0.6 e19 e19 e145 e143

2 e46 e36 e0.6 e0.6 e0.6 e0.6 e41 e0.6 e7 e93 e151 e145

3 e0.6 e46 e0.6 e0.6 e0.6 e0.6 e12 e24 e29 e98 e136 e140

4 e98 e0.6 e0.6 e0.6 e0.6 e0.6 e23 e27 e23 e133 e112 e144

5 e0.6 e19 e0.6 e0.6 e0.6 e0.6 e24 e0.6 e39 e119 e133 e139

6 e0.6 e52 e0.6 e0.6 e0.6 e0.6 e28 e0.6 e26 e91 e145 e145

7 e94 e49 e0.6 e0.6 e0.6 e0.6 e36 e0.6 e51 e144 e13 e136

8 e106 e26 e0.6 e0.6 e0.6 e0.6 e15 e0.6 e68 e142 e167 e112

9 e105 e11 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e46 e58 e105 e132

10 e103 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e27 e11 e157  e97 e126

11 e96 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e27 e0.6 e153   e143 e133

12 e62 e0.6 e0.6 e0.6 e0.6 e0.6 e14 e0.6 e0.6 e153 e20 e63

13 e52 e0.6 e0.6 e0.6 e0.6 e0.6 e35 e0.6 e0.6 e146 e53 e123

14 e53 e0.6 e0.6 e0.6 e0.6 e0.6 e36 e16 e0.6 e136 e158 e116

15 e53 e0.6 e0.6 e0.6 e0.6 e0.6 e5 e41 e0.6 e136 e154 e128

16 e52 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e30 e32 e115 e130 e67

17 e13 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e50 e18 e144 e131

18 e6 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e13 e62 e137 e68 e128

19 e22 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e37 e81 e26 e32 e71

20 e35 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e40 e84 e90 e138 e143

21 e38 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e17 e81 e70 e140 e76

22 e35 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e13 e45 e86 e102 e129

23 e47 e0.6 e0.6 e0.6 e0.6 e15 e0.6 e5 e34 e83 e0.6 e117

24 e46 e0.6 e0.6 e0.6 e0.6 e40 e0.6 e21 e49 e79 e0.6 e138

25 e50 e0.6 e0.6 e0.6 e0.6 e43 e0.6 e26 e77 e101 e17 e138

26 e51 e0.6 e0.6 e0.6 e0.6 e39 e0.6 e40 e47 e61 e139 e95

27 e3 e0.6 e0.6 e0.6 e0.6 e42 e0.6 e41 e17 e132 e134 e0.6

28 e49 e0.6 e0.6 e0.6 e0.6 e0.6 e0.6 e40 e15 e38 e137 e0.6

29 e21 e0.6 e0.6 e0.6 e25 e0.6 e40 e67 e119 e153 e40

30 e20 e0.6 e0.6 e0.6 e40 e0.6 e28 e71 e123 e145 e83

31 e42 e0.6 e0.6 e39 e0.6 e51

Mean annual discharge = 38
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