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Detection of Conveyance Changes in St. Clair River
Using Historical Water-Level and Flow Data with
Inverse One-Dimensional Hydrodynamic Modeling

By David J. Holtschlag and C.J. Hoard

Abstract

St. Clair River is a connecting channel that transports
water from Lake Huron to the St. Clair River Delta and Lake
St. Clair. A negative trend has been detected in differences
between water levels on Lake Huron and Lake St. Clair. This
trend may indicate a combination of flow and conveyance
changes within St. Clair River. To identify where convey-
ance change may be taking place, eight water-level gaging
stations along St. Clair River were selected to delimit seven
reaches. Positive trends in water-level fall were detected in
two reaches, and negative trends were detected in two other
reaches. The presence of both positive and negative trends in
water-level fall indicates that changes in conveyance are likely
occurring among some reaches because all reaches transmit
essentially the same flow. Annual water-level fall in reaches
and reach lengths was used to compute conveyance ratios
for all pairs of reaches by use of water-level data from 1962
to 2007. Positive and negative trends in conveyance ratios
indicate that relative conveyance is changing among some
reaches. Inverse one-dimensional (1-D) hydrodynamic model-
ing was used to estimate a partial annual series of effective
channel-roughness parameters in reaches forming the St. Clair
River for 21 years when flow measurements were sufficient
to support parameter estimation. Monotonic, persistent but
non-monotonic, and irregular changes in estimated effective
channel roughness with time were interpreted as systematic
changes in conveyances in five reaches. Time-varying param-
eter estimates were used to simulate flow throughout the St.
Clair River and compute changes in conveyance with time.
Based on the partial annual series of parameters, conveyance
in the St. Clair River increased about 10 percent from 1962 to
2002. Conveyance decreased, however, about 4.1 percent from
2003 to 2007, so that conveyance was about 5.9 percent higher
in 2007 than in 1962.

Introduction

In February 2007, the International Joint Commission
(IJC), a binational organization whose main purpose is to
prevent and resolve disputes between Canada and the United
States concerning trans-boundary water-quality and -quantity
issues, initiated an International Upper Great Lakes Study
(IUGLS). The purposes of the study were to (1) determine
whether the regulation of Lake Superior outflows could be
improved to address the evolving needs of the upper Great
Lakes, and (2) investigate whether physical changes in the
St. Clair River have occurred and are causing the differ-
ence between Lake Huron and Lake St. Clair water levels to
decrease. The upper Great Lakes include lakes Superior, Mich-
igan, Huron, and Erie, and the interconnecting channels of St.
Marys River, St. Clair River, Lake St. Clair, Detroit River, and
Niagara River. The study component described in this report
addresses the second purpose of the study and uses histori-
cal water-level and flow! data with inverse one-dimensional
hydrodynamic modeling of the St. Clair River to infer possible
temporal and spatial changes in conveyance characteristics.

Study Area

St. Clair River forms part of the international border
between the United States and Canada in southeastern Michi-
gan and southern Ontario (fig. 1). As a connecting channel
on the Great Lakes Waterway, St. Clair River receives water
from Lake Huron and discharges water to Lake St. Clair. Near
the outlet of Lake Huron, St. Clair River has a drainage area
of 583,000 km?. Between Lake Huron and Lake St. Clair, the
St. Clair River flows generally from north to south a distance
of about 64 km; water-surface elevations along the St. Clair

'Flow is used synonymously with the term discharge or streamflow.
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River fall about 1.5 m. The St. Clair River has an average flow
of 5,150 m?/s and an average water yield of 28.2 cm/yr from
the contributing basin.

Minor tributaries contributing flow to the St. Clair River
include Black River, Pine River, and Belle River. Streamflow
records at the U.S. Geological Survey (USGS) gaging sta-
tion (04160075) Black River near Port Huron, Mich., which
is about 16 km upstream from the mouth of Black River at
the confluence with St. Clair River, indicate an average flow
of 8.2 m*/s when the station was operated continuously from
1932-43. The drainage area at the Black River gaging station
is about 1,620 km?. Streamflow records at the USGS gaging
station (04160398) Pine River near Marysville, Mich., which
is about 13 km upstream from the mouth of the Pine River,
indicate an average flow of 4.7 m*/s during water year 2005,
the only year of continuous record. The drainage area at the
Pine River gaging station is 440 km?®. Streamflow records at
the USGS gaging station (04160625) Belle River near Marine
City, Mich., indicate an average flow of 5.2 m?/s in 2005, the
only year of continuous record data. The drainage area at the
Belle River gaging station, which is about 10 km upstream
from the mouth of the Belle River, is 552 km?. Flows from all
tributaries along the St. Clair River are thought to contribute
less than 1 percent of the total flow of St. Clair River. Chenal
Ecarte is the most upstream distributary of the St. Clair River
Delta near the mouth of the St. Clair River. Chenal Ecarte
delivers about 3.8 percent of the flow from the St. Clair River
through the Walpole Island First Nation Reserve to Lake
St. Clair (Holtschlag and Koschik, 2001).

St. Clair River is part of the navigational waterway on the
upper Great Lakes. Dredging the navigational channel from

Introduction

minimum depths of 7.6 to 8.2 m in 1962 increased the con-
veyance in some reaches of the St. Clair River by increasing
the cross-sectional area for flow. Quinn (1985) discusses the
effects of St. Clair River dredging on lake levels and flows.

Problem

Lakes Michigan and Huron (Michigan—Huron) are con-
nected by the deep Straits of Mackinac and are considered to
be one lake hydraulically with lake levels rising and falling
together (U.S. Army Corps of Engineers and Great Lakes
Commission, 1999). In 2007, monthly water levels on Lake
Michigan—Huron averaged 0.5-m lower than average levels
during 1918-2007 (fig. 2) (U.S. Army Corps of Engineers—
Detroit District, 2008). Low water levels and locally shallow
depths reduce the effective cargo capacity of freighters, and
increase the hazards of running aground for recreational boat-
ers. During 1918-2007 on Lake Michigan—Huron, minimum
water levels during the selected period occurred in 1964-65;
maximum water-levels occurred in 1986—-87. Hitt and Miller
(1986) discuss effects of high water levels.

Lake-wide average monthly water-level data from 1962
to 2007 were retrieved for Lakes Michigan—Huron and Lake
St. Clair (U.S. Army Corps of Engineers—Detroit District,
2006). No trends were detected (?a = 0.05) in monthly water
levels for Lake Michigan—Huron or Lake St. Clair based on
the non-parametric Kendall’s tau test for trend (Gilbert, 1987).

>The Greek letter o indicates the pre-specified probability of rejecting the
null hypothesis, known as type I error, when it is true.
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Figure 2. Monthly historical water-level characteristics for 1918-2007 and 2007 water levels on Lake Michigan—Huron.
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Trends were detected, however, in water-level differ- Pu rpose and Scope
ences between Lake Michigan—Huron and Lake St. Clair
(fig. 3). These trends indicate that decreases in average flow The purpose of this report is to ascertain possible con-
or increases in conveyance, or both, may be occurring. Such veyance changes in St. Clair River between Fort Gratiot and
trends may indicate that lake levels may change in the future. Algonac, Michigan, from 1962 to 2007 by use of hydraulic
Using Sen’s non-parametric slope estimator (Gilbert, 1987), information. Interpretations are based on (1) analysis of reach
the annual average of monthly water-level differences changed  conveyance investigated by use of water-level measurements
(p-value <0.0001) at an average rate of -6.17 mm/yr for the at eight gaging stations on St. Clair River, (2) analysis of reach
period 1962 to 2007. Similarly, significant decreases (p-value conveyance described by inverse modeling of flows and water
<0.0001) also were detected in all months individually. A levels with a 1-D fixed-geometry hydrodynamic model, and
decrease in water-level differences between Lake Michigan— (3) analysis of river conveyance investigated by flow simula-
Huron and Lake St. Clair indicates that the conveyance of St. tions using water-level boundary conditions from 1962 to

Clair River is increasing if the flow rate is constant, or that that 2007 and annual parameterizations based on inverse modeling
the outflow rate from Lake Michigan—Huron to Lake St. Clair results.

is decreasing if the conveyance in St. Clair River is constant. Channel-roughness characteristics, which cannot be mea-
There is insufficient information currently (2009) available sured directly in the field, are only one component affecting
on historical changes in conveyance or flow characteristics conveyance that also includes channel cross-sectional area and
of St. Clair River to describe the possible contribution that hydraulic radius. Historical measurements of bathymetry and
changes in conveyance or changes in flow may be having on shoreline conditions, however, are not sufficient to fully char-
these water-level differences. acterize changes in cross-sectional area or hydraulic radius

178 T T T T T T T T T

177 -

176 -

175 -

115

WATER LEVEL, IN METERS ABOVE IGLD 85

174 -
114

113

112

—&— Lake Michigan-Huron water levels
—@- Lake St. Clair water levels

—— Water-level differences d 11

WATER LEVEL DIFFERENCE BETWEEN LAKE MICHIGAN-
HURON AND LAKE ST. CLAIR, IN METERS

| | | | | | | | |
1.0
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

YEAR

Figure 3. Water levels and water-level differences between Lake Michigan—Huron and Lake St. Clair from 1962
to 2007.



during the study period. Therefore, any systematic changes

in estimated conveyances are associated with the combined
effects of changes in channel-roughness characteristics,
cross-sectional area, and hydraulic radius. Although nomi-
nally attributed to channel roughness, the methods used in this
study do not provide a basis for identifying which component
or components affecting conveyance may be changing with
time or location. In this report, the term ‘effective channel
roughness’ refers to the combined effect of physical channel-
roughness characteristics, changes in cross-sectional area, and
wetted perimeter from those described based on a bathymetry
survey in 2007. Effective channel roughness is expressed in
units of Manning’s “n.”

This study was part of an integrated, multi-agency analy-
sis of water levels and flows on the St. Clair River. In particu-
lar, the water-level and flow data were compiled and adjusted,
as needed, by Nanette Noorbakhsh of the U.S. Army Corps
of Engineer—Detroit District, Michigan. The data and models
developed by other agencies were used without modification,
except as indicated.

Data and Models Provided by Other Agencies

A brief description of the flow and water-level data
compiled, and the hydrodynamic model initially developed by
other agencies is provided in the following paragraphs.

Flow Data

The U.S. Army Corps of Engineers (USACE) has mea-
sured flow on the St. Clair River since 1856 (Coordinating
Committee for Great Lakes Basic Hydraulic and Hydrologic
Data, 1994). In Canada, Environment Canada also measures
flow on the St. Clair River. Other U.S. Federal agencies,
including the Great Lakes Environmental Research Laboratory
(GLERL), and the USGS have occasionally contributed lim-
ited or experimental flow measurements to verify the accuracy
of USACE measurements or for special studies. Consistent
with the study area, only St. Clair River flow measurements
from cross sections between water-level gaging stations at Fort
Gratiot, and Algonac, Mich., were used.

Flow measurements on the St. Clair River are only
obtained during the ice-free season owing to special haz-
ards associated with ice conditions. During the study period
from 1962 to 2007, the earliest measurement in the year was
obtained on April 26, and the latest measurement was obtained
on December 5. Flow data were used to estimate the effec-
tive channel roughness by inverse hydrodynamic modeling.
Flow measurements prior to 1995 generally were made with
conventional current meters (Rantz and others, 1982), even
though several moving-boat measurements are included. For
ease of reference, all measurements prior to 1995 are referred
to and included with the conventional measurements. After
1995, all measurements used in this study were made with
acoustic Doppler current profilers (Simpson, 2001).
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Conventional Current-Meter Measurements

Before 1995, flow measurements generally were made
by use of the conventional current-meter method adapted for
use on wide rivers (Rantz and others, 1982), although eight
moving-boat measurements (Rantz and others, 1982) were
made by the Water Survey of Canada (Environment Canada)
in 1981. Applying current-meter methods involves subdividing
a river cross section into a set of non-overlapping areas con-
taining nearly equal amounts of flow. Within each area, hori-
zontal velocities are profiled with depth to compute a weighted
average that represents the depth-averaged horizontal velocity.
Maintaining a stationary position long enough to measure an
ensemble of horizontal velocities in deep, fast-moving water
is complicated by the frequent need to yield to commercial
shipping vessels.

Flow is computed by integrating the average velocity
with depth across the flow-measurement section. Measurement
of flow by use of conventional current meters is difficult on St.
Clair River because flow varies over short periods of time in
response to continuous changes in wind, water-level, and wave
conditions. Boat crews deploying current meters were sup-
ported by on-shore surveying crews to determine the locations
of velocity profiles. From 1962 to 1985, 351 conventional flow
measurements are documented on St. Clair River. All docu-
mented conventional current-meter measurements occurred
on the main stem of St. Clair River; no conventional measure-
ments were available to describe flow partitioning around Stag
or Fawn Islands.

Acoustic Doppler Current Profiler Measurements

After 1995, acoustic Doppler current profilers (ADCPs)
generally have been used to measure flow on the St. Clair
River (John A. Koschik, U.S. Army Corps of Engineers—
Detroit District, oral commun., 2001). ADCP uses sound to
measure water velocity and channel-bottom depths. Positional
information needed to complete the determination of cross-
sectional area corresponding to the velocity data generally
are provided by a global positioning system (GPS) receiver,
which is integrated with the ADCP unit. On the St. Clair River,
the ADCP generally is attached to a boat that transects the
selected measurement cross section. Measured flows are com-
puted using the results from four or more transects of data in
which similar flows are measured. ADCP provides more rapid
measurements of flow than conventional current meters on the
St. Clair River and can be obtained with a single boat crew.

From 1996 to 2007, 353 ADCP measurements were made
on the St. Clair River within the study area. Although most
measurements are on the main stem of the river, paired mea-
surement sections CS-208 and CS-210 (fig. 1) at Stag Island
and paired measurement sections CS-216 and CS-218 at Fawn
Island provide a basis for determining the partitioning of flows
around the islands.
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Water-Level Data

Water levels on the St. Clair River are monitored continu-
ally through a network of water-level gaging stations operated
by the National Oceanic and Atmospheric Administration
(NOAA) and the Canadian Hydrographic Service (CHS, a
division of Fisheries and Oceans Canada). Although the active
gaging stations operating in this network have changed with
time, eight gaging stations were selected that were operated
throughout the study period. Selected stations (table 1) have
been operated continuously from 1962 to 2007 (except for
periods of missing record) and currently (2009) can provide
water-level data at hourly or smaller time intervals in near real
time through publicly accessible Internet sites. Water levels at
all selected gaging stations are referenced to the International
Great Lakes Datum of 1985 (IGLDS85). Water-level data were
used to investigate water-level fall between gages as indica-
tors of conveyance change and provided boundary-condition
information for model simulation and calibration data for
estimation of effective channel roughness.

The Standard 1-D Hydrodynamic Model of the
St. Clair River

In this report, the geometry and initial parameterization
of the one-dimensional (1-D) hydrodynamic model provided

by Jason P. Giovannettone (U.S. Army Corps of Engineers,
Hydrologic Engineering Center, Davis, Calif., written

Table 1.

commun., 2008) is referred to as the standard model of the
St. Clair River. The standard model is based on the generic
hydraulic code HEC-RAS (Hydrologic Engineering Center’s
River Analysis System) developed by the USACE (Brunner,
2008). A brief description of the standard model follows.

Model Schematization

The standard hydraulic model of the St. Clair River
schematic defines seven channels and four junctions within the
study reach from Fort Gratiot to Algonac, Mich. (fig. 4). Five
channels are used to represent flow along the main stem, and
two channels represent bifurcated flow around Stag and Fawn
Islands. The four junctions provide a mechanism to rejoin
flows and match water levels upstream and downstream from
the two islands. Three-hundred and sixty-one cross sections
represent the geometry of the St. Clair River within the study
reach.

The most upstream channel is referred to as Main Ch-1,
which extends 13.1 km from the outlet of Lake Huron at the
NOAA water-level gaging station (9014098) at Fort Gratiot,
Mich., downstream to the first junction, which is north of
Stag Island. Flow from Black River is added to the outflow
from Lake Huron to represent the total flow of St. Clair River.
Hourly water-level data from the Fort Gratiot gaging station
provide the upstream boundary for model simulations.

Flow splits at the junction around Stag Island into two
channels: the western Main Ch-2, which is 5.2-km long, and
the eastern Stag Island Ch, which is 5.0-km long. These two

Selected water-level gaging stations along the St. Clair River.

[SPCS, State Plane Coordinate System; IGLD8S5, International Great Lakes Datum of 1985; NOAA, U.S. National Oceanic and Atmospheric Administra-

tion]

Gaging station State Gaain Gaging station location, in Low water
Agency Gaging ging st or province ging Michigan SPCS (zone 2113) datum
. . name assigned . station
operating the station . where gaging ., .. (meters) (meters
. . by operating gl identifier used
gaging station number agenc station is in this report . . above
gency operated P Easting Northing IGLD85)
NOAA! 9014098 Fort Gratiot Michigan FG 4,158,484 169,156 175.93
NOAA 9014096 Dunn Paper Michigan DP 4,158,514 168,817 175.78
CHS 11940 Point Edward Ontario PE 4,158,614 167,431 175.65
NOAA 9014090 ~ Mouthof Michigan BR 4,158,681 165,518 175.63
Black River
NOAA 9014087 Dry Dock Michigan DD 4,156,918 162,330 175.50
St. Clair L
NOAA 9014080 . Michigan SP 4,153,803 147,507 175.08
State Police
CHS 11950 Port Lambton Ontario PL 4,152,459 130,218 174.65
NOAA 9014070 Algonac Michigan AL 4,150,907 126,148 174.59

'After 1970, NOAA assumed operation of all water-level gaging stations on the St. Clair River. These gaging stations had been built and operated by

the U.S. Lake Survey, a division of the U.S. Army Corps of Engineers.



channels rejoin at the second junction, which is south from
Stag Island. Main Ch-3 extends 16.7-km downstream from the
junction at the southern end of Stag Island to a third junction,
which is upstream (north) of Fawn Island. Minor flows from
Pine River and Belle River are added to the flow of St. Clair
River in this reach. At the junction north of Fawn Island, flow
splits into a western channel, referred to as Main Ch-4, which
is 3.1-km long, and the eastern channel, referred to as Fawn
Island Ch. Downstream of Fawn Island, these two channels
rejoin at the fourth junction.

Introduction

Main Ch-5 extends 9.2-km downstream from the south-
ern tip of Fawn Island to the northern tip of Russell Island
(Michigan), where the St. Clair River branches into the North
and South Channels. About 3.8 percent of the St. Clair River
outflow flows into Chenal Ecarte upstream of Russell Island
(Holtschlag and Koschik, 2001). Water-level data from the
NOAA gaging station (9014070) at Algonac, Mich., provide
the downstream boundary for model simulations.
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165,000 -
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B B B s Bes Figure 4. Schematic of the St. Clair River
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Hydrologic Engineering Center-River Analysis
System (HEC-RAS) model showing channels and
junctions defined in the standard model.
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Model Geometry and Parameterization

The geometry of the standard model is defined based on a
2007 multi-beam bathymetry survey obtained by the USACE—
Detroit District and interpreted by David Bennion (USGS
Great Lakes Science Center, written commun., 2007). Infor-
mation in the geometry tables was modified to remove areas
of ineffective flow. Ineffective flow generally occurs near the
shoreline where obstructions restrict flow or where channel
curvature creates secondary flow patterns. Where available,
identification of ineffective flow areas was guided by velocity
data obtained during ADCP flow measurements.

The standard model was parameterized to account for
energy losses associated with channel roughness and losses
associated with expansion and contraction of flow. In the stan-
dard model, channel cross sections were assigned time-invari-
ant channel-roughness values for left over-bank, main channel,
and right over-bank areas. Given the limited range in water
levels on the St. Clair River, over-bank areas tend to carry
only a small percentage of the flow. In the standard model,
channel-roughness values assigned to left and right over-bank
areas were the same and within the study area ranged from
0.0263 to 0.0352, with an average value of 0.0287. Within the
main channel, channel-roughness values ranged from 0.0240
to 0.030, with an average value of 0.0258. Contraction and
expansion coefficients were 0.1 and 0.3, respectively, for all
cross sections in the study reach.

Approach

Conveyance is a measure of a stream’s ability to transmit
water with time and can be expressed in units of cubic meters
per second. Conveyance is proportional to cross-sectional
flow area and hydraulic radius of the channel (cross-sectional
area divided by the wetted perimeter of the channel) and
is inversely proportional to channel roughness. In general,
conveyance K increases monotonically with increasing water
level &, because increases in water level increase the cross-
sectional area and hydraulic radius. This generally monotoni-
cally increasing functional relation can be expressed as K(h).
In this report, however, changes in conveyance generally refer
to changes in conveyance with time # that are not attributable
to changes in water level. This conditional relation of convey-
ance with time for a given water level K(t|h) may be constant
or may contain deterministic or stochastic level or trend
components, which appear monotonic or non-monotonic with
time, and contain erratic (random) components. Trends may
represent linear or nonlinear responses to continuous processes
or discrete events that cause channel scour or fill or changes
in actual channel-roughness characteristics. The generality of
possible trend forms complicates the identification of trends in
K(¢|h).

Changes in St. Clair River conveyance were investigated
by (1) analysis of water-level data within reaches delimited
at gaging stations, (2) inverse 1-D hydrodynamic modeling

of flow and water levels to estimate annual reach-conveyance
characteristics, and (3) simulation of flows using historical
water-level boundary conditions with annual estimates of
reach-conveyance characteristics. The approaches used for
these investigations are described in the following paragraphs.

Water Levels at Gaging Stations

Eight water-level gaging stations delimit seven reaches
along the St. Clair River (table 2). Within each reach, water-
level differences between upstream and downstream stations
describe the fall of the water level over the reach. Trends in
annual water-level fall, computed for the ice-free period April
1 to November 30, were investigated to identify possible
changes in conveyance and flow. Periods potentially affected
by ice were not included because backwater caused by ice can
increase water levels without corresponding increases in flow.
Water-surface fall and reach lengths also were used to investi-
gate relative conveyance changes among reaches.

Water-Level Fall between Gages

Conveyance is generally a monotonically increasing
function of water level K(h) and is characteristically related to
flow. For various flow magnitudes, longitudinal water-surface
profiles tend to be parallel. Thus, water-level differences
between gaging stations (the fall in water levels) are more
nearly constant and less sensitive to changes in flow magni-
tudes than water levels themselves. In this report, trends in
water-level fall between gages were used as an indicator of
trends in K(¢|h).

The statistical significance and magnitudes of monotonic
trends in water-level fall were investigated by use of two non-
parametric procedures: Kendall’s tau rank correlation coef-
ficient (Kendall’s tau) and Sen’s slope estimator. Kendall’s tau
provides a measure of the degree of correspondence between
year and water-level fall. Kendall’s tau (1) is computed as:

__n-n (1)
T=—>
1/2-n- (n - l)
where
n andn, are the number of concordant and discordant

pairs, respectively, and
n is the number of observations.

A set of bivariate data pairs of length n'(n—1)/2 can be
formed from » time values ¢ and fall values f'indexed by i and
Jj such that 1 <i<j<n. Data pairs are considered concordant
if sgn(tjfti) = sgnﬁjffi) and discordant if sgn(tjfti) = fsgno%fz_).
The sgn function is the sign function such that sgn(x) = -1 if
x<0,0ifx=0,and 1 if x > 0. Kendall’s tau can be interpreted
as the probability of a random pair being concordant minus
the probability of the pair being discordant. In addition to the
Kendall’s tau statistic, a probability (p-value) is computed for
the likelihood that the null hypothesis that tau is equal to zero
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Table 2. St. Clair River reaches delimited by water-level gaging stations and used for this study.

[ID, identification; F'G, Fort Gratiot; DP, Dunn Paper; PE, Point Edward; BR, Black River; DD, Dry Dock; SP, State Police; EStag, East Stag Island;

PL, Port Lambton; EFawn, East Fawn Island, and AL, Algonac]

Reach limits for the inverse model of
St. Clair River (Gaging station name abbreviations

Channel designation(s)

for the standard hydraulic =~ Reach length

Reach number Reach ID used in italics where appropriate) model of (kilometers)
Upstream Downstream St. Clair River

1 FG_DP FG DP Main Ch-1 0.447

2 DP_PE DP PE Main Ch-1 1.47

3 PE_BR PE BR Main Ch-1 2.44

4 BR_DD BR DD Main Ch-1 3.89

5 DD_SP DD SP Main Ch-1,2,3 15.6

55 EStag Upstream limit Downstream limit Stag Island Ch 5.03
of Stag Island of Stag Island

6 SP_PL SP PL Main Ch-3,4,5 18.5

6.5 EFawn Upstream limit Downstream limit Fawn Island Ch 3.15
of Fawn Island of Fawn Island

1 PL_AL PL AL Main Ch-5 5.09

given the data is true. Small p-values (<0.05) are commonly
used to reject the null hypothesis of no correlation.

Should the hypothesis of no correlation be rejected,
Sen’s slope estimator provides an estimate of the rate at which
water-level fall is changing with time. Sen’s slope estimator is
the median of n (n-1)/2 estimates of slope computed as
f; =1, again forall 1<i<j<n.

1, -1,

Reach Conveyance

Manning’s formula (Brunner, 2008) for computing flow
(Q) is a function of conveyance (K) and the energy slope (S)

— Vs
0=K-§;, 2
where conveyance can be expressed in metric units as

k=1 487 3)
n

The reach-average cross-sectional area (4) and hydraulic
radius (R) (cross-sectional area divided by the wetted perim-
eter) can be determined from field measurements. In contrast,
effective channel roughness, which nominally describes chan-
nel roughness, can be ascertained quantitatively by inverse
hydrodynamic modeling using flow and water-level data or
estimated subjectively based on bed-material characteristics
and channel form (Barnes, 1967, Arcement and Schneider,
1989).

Within a river reach of length L, the energy slope is
S, = Ih . / L . The energy head equals

h=nh+k-(a,-V?[2g—a, -V2/2g), )

where
Ah  is the water-surface fall or the increase in water
level from the downstream (d) limit of the
reach to the upstream (1) limit;
k  is coefficient of contraction or expansion for
gradual transitions, generally taken as 0.1
and 0.3, respectively (Brunner, 2008);

a, and a, are velocity weighting coefficients, which vary
with the velocity distribution in a reach;
V and V,  are the average velocities at the upstream and

downstream reach limits, respectively; and
g is the constant of gravitational acceleration
(9.806 m?/s).

In reaches with steady uniform flow, the energy slope
equals the change in water level divided by the reach length
as§,=8= Ah/L. Although flow in the St. Clair River is not
strictly uniform, the small bias introduced by assuming that
the second term on the right-hand side of equation 4 is negli-
gible would not significantly affect trend analyses, which are
of primary interest in this study component.

To identify local changes in the conditional conveyance
K(¢|h), the St. Clair River was subdivided into seven reaches
at gaging stations between Fort Gratiot and Algonac, Mich.
(table 2). In additional, two reaches around the east sides of



10 Detection of Conveyance Changes in St. Clair River Using Historical Water-Level and Flow Data

Stag and Fawn Islands were included to describe the partition-
ing of flows measured around the islands with ADCP after
1995.

Conveyance Ratios

Within the St. Clair River, inflows and outflows from
intervening tributaries and distributaries generally constitute a
small percentage of the total flow of the river. Over extended
periods of time, the unsteadiness of flow has little effect on the
average flow, so that, for the i April 1 to November 30 period,
the average flow in all reaches j are approximately equal Q
=~ Q By further assuming that the change in average veloci-
ties between reaches is small (thus that the second term on the
right-hand side of equation 4 is negligible) with respect to the
change in water-surface elevation over the reach, equation 2
can be applied to pairs of reaches and solved for flow to com-
pute conveyance ratios as:

Ah, /L,
Ahl',./'/L.l'

Kz’,je{l, 2,

'6}<j' _

,i=11962,1963,...2007}. (5)

Ki,j'e{jmz, 3,7}

A time series of conveyance ratios provides an indication
of the relative change in conveyance among reaches based
on direct measurements of water level over time. Monotonic
trends in the annual series of conveyance ratios with time
were evaluated based on the statistical significance of Kend-
all’s tau rank correlation coefficient (Conover, 1980). Where
significant, the linear relation between conveyance ratios and
time was estimated by use of Sen’s nonparametric estimator
of slopef,, (Gllbert 1987). The slope was fitted through the
point deﬁned by the median conveyance ratio and median time
to define the intercept

The annual series of conveyance ratios K / K . may
depend on estimates of average flow magmtudes in each
year. Estimates of average flow magnitudes (Q[_) for April
through November were computed by use of monthly flows
for the St. Clair River (Croley and Hunter, [2006]), which
were developed by the Coordinating Committee for Great
Lakes Basic Hydraulic and Hydrologic Data (Coordinating
Committee). The statistical significance of Kendall’s tau corre-
lation coefficient between conveyance ratios and annual-flow
estimates was used to identify flow dependency. Where signifi-
cant, a conditional estimate of conveyance ratios on flows was
computed as:

I<i,je{1,2,"'6}<j' B

1 = Bsen 1.9+ Bsen 17+ €,(J7)s
ijl=e{jM2,3,7} 6)

i=1{1962,1963,...2006).

Otherwise, the conditional estimate of the conveyance ratio
was the median conveyance ratio of the time series.

Innovations of the conveyance series were computed as
the differences between the computed conveyance ratios and
conditional conveyance ratios (equation 7). Innovations series
were used to investigate the sensitivity of interpretations of
changes in conveyance based on the conveyance ratios to
estimates of the annual variations in flow.

>

Ki,,/e{l,Z,-"6}<j' A

Ki,j':e{jm 2,37} ! (7)

2006}

ije{l, 2, 6}<)' Ki,je{l,z,--

6p<j'

Ki,j'=e{jm 2,37}

i={1962,1963,..

1<i,j':e{jﬂ2,3"'7}

Inverse 1-D Hydrodynamic Modeling of the St.
Clair River

Inverse modeling applies statistical techniques to estimate
parameters of physically based models from sets of measure-
ments. In this report, the physically based model is the HEC-
RAS 1-D flow model of the St. Clair River. Water levels at the
six intervening gaging stations and flow-measurement data
are used to estimate model parameters that varied annually
and parameters that were fixed over discrete intervals. Model
parameters are values of the effective channel roughness
within the main channel of reaches delimited by water-level
gaging stations along the river. In this report, channel rough-
ness is adjusted to improve the match among simulated and
measured water levels and flows.

Both water-level and flow data are needed to estimate
unique values of effective channel roughness when water-level
data are used as boundary conditions. When too few flow mea-
surements are available, parameter estimates are highly cor-
related and depend on arbitrary, initial parameter values. This
dependency is not a result of the inverse modeling approach,
but is revealed in the output statistics. Highly correlated
estimates of effective roughness parameters cannot reliably
be used to infer reach conveyance. Although water-level data
are generally available throughout the 46-year period of study
from 1962-2007, one or more flow measurements are only
available in 24 of these years. The availability of flow mea-
surements necessarily limits the estimation of annual convey-
ance characteristics to these 24 years.

1-D Hydrodynamic Model of the St. Clair River

Unsteady flow and water levels were simulated for
selected years during periods from April 1 to November 30
by use of the standard version of the HEC-RAS model of the
St. Clair River. Hourly water-level data from the Fort Gratiot
and Algonac, Michigan, gaging stations were used as bound-
ary conditions. Assigned channel-roughness values in the main
channel of the standard version were replaced with effective
channel-roughness parameters estimated by inverse modeling
techniques. Channel-roughness values in over-bank areas, and
contraction and expansion energy-loss coefficients (specified



in the standard model of 0.1 and 0.3, respectively), were used
without modification. Flow augmentations for tributaries and
diversions for distributaries described in the standard model
were used.

Inverse Modeling

In this report, inverse modeling applied a nonlinear-
regression technique referred to as universal parameter
estimate code (UCODE) (Poeter and others, 2005) to itera-
tively modify parameters representing the effective channel
roughness for selected reaches in a 1-D hydrodynamic model
of the St. Clair River. The objective of the inverse model-
ing analysis was to minimize the sum of squared weighted
residuals (differences) between simulated and measured water
levels and flows. The iterative process was terminated when
the parameter-estimation process converged or the specified
number of maximum parameter iterations was exceeded. To
assess whether parameters converged uniquely, two sets of
starting values were used to initialize the parameter-estimation
process, and converged pairs of estimates were compared.
Annual-varying parameters were estimated to identify trends
in the effective channel-roughness values that are needed to
account for systematic differences between measured and
simulated water levels and flows. A brief overview of inverse
modeling is provided to aid in understanding the interpreta-
tions presented in this report.

Nonlinear Regression

Nonlinear regression provides a generally applicable
method for calibrating models in which simulated values vary
nonlinearly with model parameters (Hill, 1998). In this study,
the objective was to minimize the sum of squared weighted
residuals as

SB)=" o [y-7®] ®)

is the sum of squared weighted residuals
between measured and simulated values;
b is a vector of model parameters of length p;
N is the number of measurements in a particular
year;
vy, is the i measurement of water level or flow;
is the i simulated value, which is a function
of the underlying model and associated
parameters; and
o, is the weight for the i measurement.
The difference [y,— 7,(b)]is referred to as a residual; the dif-
ference a)lf"[yi— 7, (Q)] is a weighted residual. Measurement
weights w provide a mechanism for expressing the uncertainty
of individual measurements and for including measurements
in different scales (for example, flow, in cubic meters per
second and water-surface elevation, in meters) within the same
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objective function. In this report, the weight matrix Q was
described as a diagonal matrix with elements @, which does
not account for correlations among measurement errors.

The potential for temporal correlation in the errors of
water-level residuals was reduced by comparing water-level
measurements with simulated values at 8-hour sampling inter-
vals. This 8-hour sampling interval provided 3 measurements
per day for the 244-day periods from April 1 to November 30,
or 732 measurements per year at each water-level gaging sta-
tion. For the 6 water-level gages used in the calibrations, this
nominally provided 4,390 water-levels annually for param-
eter estimation. Water-level values were assigned a weight o
equal to (1/0.025)* or 1,600, which is inversely proportional
to a standard deviation of 0.025 m associated with water-level
measurements.

In contrast, 351 conventional and 353 ADCP flow mea-
surements during selected years from 1962 to 2007 provided
an average of 28 flow measurements per year for model
calibration. Measured flows Om were assigned a weight o that
varied with flow magnitude and was equal to (1/0.05 -Qm)z.
This weight is inversely proportional to a 5-percent coefficient
of variation associated with measured flows.

Parameter Convergence

Parameter convergence is based on three criteria that
control the iterative procedure in the UCODE developed by
Poeter and others (2005). First, the keyword TolPar specifies
the maximum fractional change in parameter values between
parameter-estimation iterations required for termination. If
changes in all the parameters are less than the specified Tol-
Par of 0.015, the criterion is satisfied. Second, the keyword
TolSOSC specifies the fractional decline in the SOSC, here
S(b), over three parameter-estimation iterations. In this report,
a TolSOSC of 1 percent was used. Third, the keyword Max-
Iter specifies the maximum number of parameter-estimation
iterations, which was set to 50. If the TolPar and TolSOSC
criteria are both satisfied before the specified maximum
number of parameter-estimation iterations are exceeded, the
parameter estimates are considered to have converged for the
specified initial values. Otherwise, parameter estimates are not
considered to have converged.

To reduce the possible dependence of final parameter
estimates on the arbitrary initial values, two sets of effective
channel-roughness values were used to initialize the parame-
ter-estimation process. In the first set, effective channel-rough-
ness values for all reaches were initialized at a value of 0.015,
which is relatively low compared with the expected roughness
characteristic of the channel. The corresponding parameter
estimate for the y" year and 7" reach resulting from this
starting value is symbolized 7, .. In the second set, effec-
tive channel-roughness values were initialized at a relatively
high value of 0.040. Similarly, the corresponding parameter
estimate resulting from this starting value is symbolized

A, 00 Percent relative differences (PRD) were computed for
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each year y and each reach r for which parameter estimation
converged as

PRD (ny,r.o.ow’ny,no.ms) -

n 0040~ ’1}:,,;().()15‘/ max( n 0015

}-100. 9)

>

, 0.040

If the PRD between converged parameter estimates were
less than 3 percent for all reaches, parameters were considered
to have converged uniquely for that year. If the PRD for only
one reach exceeded 3 percent, parameters were considered to
have converged uniquely for the year except for the identified
reach. If the PRD exceeded 3 percent for more than one reach,
parameters were not considered uniquely converged for that
year.

Minimum variance estimates of the effective channel-
roughness parameters were computed as

ny,r,OAOIS ny,r,0.040

_ var(ﬁyﬁr’o_ow) var(hy,r,().()‘m) (10)

Py 1 . 1

Var(ny,r,o.ms ) Var(”y,r,o.mo )

where

var(fzy,_) is the estimated variance of the corresponding

parameter.

Parameter Magnitudes and Uncertainties

For years of data in which parameters converged, several
overall statistical measures of fit were computed. In particular,
the estimated error variance is computed as

s =5(b)/(V-p). (11)
where
S (Q ,) is the weighted sum of squared residuals
computed with the final estimate of the

parameter vector.

This variance, together with the final estimate of the sen-
sitivity matrix, is used to compute the symmetrical covariance
matrix of the parameter vector as V(b)) = s (X /T -Q X/)' The
standard error of the regression is the square root of the esti-
mated-error variance. The diagonal elements are the variances
of the individual parameters s; and the off-diagonal elements
are covariances between parameter pairs. An (1—o)-level
linear confidence interval is computed for each parameter as
b/.i by pi—aSh o where 7 is the Student-f statistic with N — p
degrees of freedom. Finally, the parameter-correlation matrix
is computed from covariance elements of cov, = V(bf)ij and
the correlation between the i and j parameter cor, =
cov, /4 [cov,ecov . Parameter correlations can vary in the
interval [—1, 1]. Parameter correlations with an absolute value
greater than 0.95 indicate that some degradation in parameter

estimates may have occurred because of the ambiguity of the
effects caused by two model parameters on simulated results.

Parameterization Strategy

In this report, the model-parameterization strategy refers
to the flexibility of parameters to vary annually. Each period
from April 1 to November 30 with adequate flow and water-
level data provides a basis for independent model calibration
by inverse modeling. Patterns of change in annual sequences
of parameters were used to identify time-varying convey-
ance characteristics at individual reaches. Although persistent
changes need not be monotonic to be significant, non-mono-
tonic changes are difficult to confirm unambiguously unless
the timings of likely changes in trends are known before they
are revealed by the analysis. To help identify both monotonic
and non-monotonic persistent changes, a minimum annual
sequence of parameters representing five or more contiguous
years was required.

A fixed-parameter strategy follows a similar calibra-
tion approach as the time-varying strategy, but requires the
additional assumption that reach conveyance is invariant
over the time interval used in parameter estimation. For the
fixed-parameter model, the validity of this assumption was
investigated by analyzing the flow residuals formed as the dif-
ferences between measured and simulated values. In particu-
lar, the annual sequence of effective channel-roughness values
for reaches estimated in the time-varying models were used
as basis functions for estimating trend components in the flow
residuals. Those reaches whose basis function was signifi-
cantly associated with flow residuals were considered to have
significant time variability.

Simulation of Flow under Annual
Parameterizations Derived from Inverse
Modeling

Each set of annual parameters for the 1-D hydrodynamic
model of the St. Clair River characterized the conveyance
during that year based on the available water-level and flow
data. If conveyance were invariant with time, each annual
parameterization would result in simulations that produce
similar average flows for each set of water-level boundary
conditions. Under conveyance invariance, variability among
average simulated flows for specified water-level bound-
ary conditions should only reflect parameter uncertainty. In
contrast, persistence or trends in average simulated flow with
annual parameterization would indicate conveyance change.
Furthermore, because the water-level boundaries are invari-
ant with the annual parameterization, the relative changes in
flow with parameterization are identical to relative changes in
conveyance.

Following equation 2, average flow simulated under con-
veyance characteristics estimated for the i year using water-
level boundary conditions from the j* year approximately



equals the conveyance described in the i year multiplied by
the square root of the water-surface slope between the two
gaging stations as 0, ~ K- S/ The set O, represents the set of
average flows 51mulated under all annual parameterizations
i€ {1962,1963,...2007} using boundary conditions for only
the j" year.

For the parameterization set P indexed by p, say p =
{1,2}, and an annual boundary-condition set B indexed by b,

say b= {1}, wecanwrite 0 , =0, =KS andQ, =0, =
K,-S*. Solving for S, we can write Qz, _K, .
Ql 1 Kl

Subtracting 1 from both sides allows us to write
0 K,
=21 =—2—1, or equivalently,
Ql 1 Kl

Q2,1 _Q1,1 _ K, - K, (12)

Q1,1 Kl

Thus, with respect to changes in parameterizations
for fixed-boundary conditions, relative changes in flow are
identical to relative changes in conveyance. The base year
for parameterization can arbitrarily be taken as 1962, which
provides a basis for describing the percent relative change in
conveyance since 1962.

Generally, the relative change in simulated flow for
any parameterization set p”> 1€ P with respect to p=1/ for

boundary conditions b can be written A(Q{pu))b .
0,

The maximum relative changes in average flow for all sets of
boundary conditions b € B can be represented by the set

max—(Q‘p1 ) }’
VbeB Ql,b

.. . 0. )
the minimum relative change as{min ( {ri1} ), i

vheh Ql b

and the average relative change as

A(Q{P'J})h } forallp’>1 € P.

ave

VbeB Ql »

Results of Conveyance Analyses

Conveyance changes within reaches were evaluated
based on water-level measurements at gaging stations and 1-D
hydrodynamic-model simulations. Water-level measurements
were used to compute water-surface fall and conveyance ratios
among reaches. Analyses of these data provide a nearly con-
tinuous description of relative conveyance changes from 1962
to 2007. Inverse 1-D hydrodynamic modeling was used to
estimate a partial annual series of effective channel-roughness
parameters from 1962 to 2007 for periods when both flow and
water-level data were available to support estimation. Both
analyses indicate systematic variations in conveyance within
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some reaches. Annual parameterizations of the 1-D hydro-
dynamic model also were used to evaluate changes in river
conveyance from 1962 to 2007.

Inferring Reach-Conveyance Changes from
Water-Level Measurements

Synchronized water-level differences among eight gag-
ing stations spanning the St. Clair River were used to char-
acterize the annual fall in water levels within seven reaches
forming the study area (table 2). Average water-surface falls
between adjacent gages divided by their corresponding reach
lengths were used to approximate annual energy slopes. The
square root of the ratio of energy slopes along two reaches
is inversely proportional to their corresponding conveyance
ratios. The time series of conveyance ratios provide a basis for
interpreting relative conveyance changes among reaches.

Water-Surface Fall

Monthly average water-level data from the eight selected
gaging stations along the St. Clair River were used to compute
average annual water-surface falls through the corresponding
reaches. When one or more months of data during this period
were missing, the corresponding year of data also was consid-
ered missing and not used in the analysis.

Some difficulties were encountered interpreting the
reported monthly average water-level fall data. In the Point
Edward to Black River reach (PE_BR), negative average
monthly water-level falls were reported in 1964 for July,
August, and September; in 1965 for April, July, August,
October, and November; in 1966 for May through September;
in 1967 for April through November (with July and August
data missing); in 1968 for April through July, and October and
November; in 1969 for April through July and November; in
1970 for May and July; in 1971 for July and August; in 1973
for April and August; in 1974 for June through August; and
in 1982 for June. Negative monthly average water-level falls
indicate that water would be flowing upstream within the
reach for extended periods within the month, which is physi-
cally impossible. April to November periods when computed
water-level falls were negative were not used to assess con-
veyance change.

Opposite trends in water-level fall were detected in two
adjacent reaches on St. Clair River. Water-level falls gen-
erally decreased from 1962 to 1992 in the Dunn Paper to
Point Edward reach (DP_PE), and falls generally increased
from 1962 to 1994 in the Point Edward to Black River reach
(PE_BR) (fig. 5). Trends in water-surface fall may be asso-
ciated with changes in either flow or conveyance or both.
Opposite (decreasing and increasing) trends in water-surface
fall through adjacent reaches, however, are inconsistent with
the null hypothesis of no conveyance changes in either reach,
because all reaches pass essentially the same annual flow.
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Figure 5. Differencesin average April 1to November 30 water levels between adjacent reaches on the St. Clair River.

Reaches Delimited by Gaging Stations

—@- Fort Gratiot to Dunn Paper (FG_DP)
—saf=-  Dunn Paper to Point Edward (DP_PE)
—A— Point Edward to Black River (PE_BR)
—&- Black River to Dry Dock (BR_DD)
—%— Dry Dock to State Police (DD_SP)
—p— State Police to Port Lambton (SP_PL)
—VE&  Port Lambton to Algonac (PL_AL)

2010



Table 3.
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Trends in water-level fall within St. Clair River reaches delimited by water-level gaging stations, 1962—2007.

[Reach ID, reach identification; FG_DP, Fort Gratiot to Dunn Paper; DP_PE, Dunn Paper to Point Edward; PE_BR, Point Edward to Black River;
BR DD, Black River to Dry Dock; DD_SP, Dry Dock to State Police; SP_PL, State Police to Port Lambton; PL_AL, Port Lambton to Algonac]

Slope (change in Median fall .
; 1 Median year

Reach ID Kendall’s tau p-value average water-level (meters per
- . of data

fall, in meters, per year) kilometer)
FG_DP 0.3169 0.0004 0.000708 0.106 1986.5
DP_PE -.4831 .0000 -.00253 .0942 1988.0
PE_BR 1652 .0084 .000353 .0219 1989.0
BR DD -.1159 2444 -.000107 107 1984.0
DD_SP -.6570 .0000 -.00227 379 1984.5
SP_PL -.1604 .0842 -.000732 354 1985.0
PL_AL -1778 .0555 -.000294 .0559 1985.0

'p-value indicates the likelihood that the null hypothesis of no trend in water-level falls with time is true given the measured water level data.
A small p-value (less than 0.05) indicates that the null hypothesis may be rejected.

Based on the available water-level data, a trend in conveyance
is indicated at one or more of these adjacent reaches. Given
the reflective symmetry of the trends, however, the possibil-
ity of an undocumented datum change at one or more of the
water-level gaging stations cannot be definitively dismissed as
a factor associated with the apparent trends in water-level fall
and conveyance.

Of the seven reaches investigated, negative monotonic
trends in water-surface fall were detected (p-value < 0.05) at
the reaches from Dunn Paper to Point Edward DP PE and Dry
Dock to State Police DD _SP, while positive monotonic trends
in water-surface fall were detected at the reaches from Fort
Gratiot to Dunn Paper FG_DP and Point Edward to Black
River PE_BR (table 3). Even for reaches from State Police to
Port Lambton SP_PL and Port Lambton to Algonac PL AL
where the evidence of trends was less compelling (p-value <
0.10), inspection of the convergence between water-surface
fall profiles from 1962 to 1975 indicates that rates of changes
in conveyance ratios may be time varying.

Monthly estimates of flow through the St. Clair River
have been computed for the period 1860 to 2006 by the
Coordinating Committee, although values after 1990 are
considered provisional. Use of the equation K, ; =0, / NS,
would provide a basis for directly computing annual
conveyance estimates for each reach. These estimates of
flow, however, are based on stable relations assumed between
measured water level and fall. The stability (time invariance)
of conveyance (and hence the relation between flow, water
level, and fall) is the subject of this investigation; therefore,
interpretation of the resulting estimates would be problematic
and are not used as a direct estimate of conveyance in this
report.

Conveyance Ratios

Conveyance ratios were computed by use of equation 5
and water-level data from 1962-2007 (fig. 6). Results indicate
that the conveyance in the FG_DP reach decreased signifi-
cantly (o = 0.05) with time (table 4) relative to all reaches
except PE_BR, where the relative conveyance may have
increased (p-value = 0.0661). The relative decrease in convey-
ance at FG_DP with respect to DP_PE was greater than other
reaches (-0.00949), because of the increase in conveyance
at DP_PE relative to all downstream reaches. The tendency
for an increased conveyance at FG_DP relative to PE_BR is
thought to be related to the larger negative trend at PE_BR
relative to all downstream reaches. The conveyance at BR_DD
decreases significantly with respect to conveyance at DD _SP.
Much of this relative decrease in conveyance is attributable
to the sharp increase in conveyance of DD _SP relative to
SP_PL, which is particularly evident in data prior to 1970. The
increase in conveyance of DD _SP with respect to PL_AL in
the pre-1970 data is consistent with increasing relative con-
veyance at DD_SP, although not statistically significant over
the entire period. Furthermore, the decrease in conveyance of
BR DD relative to DD _SP is not evident in reaches further
downstream. The patterns in relative conveyance at PL._AL are
consistent with patterns in other reaches indicating that PL_AL
may be one of the more stable reaches in the St. Clair River.

Possible relations between annual conveyance ratios and
flow magnitudes were analyzed to determine whether system-
atic variations in flow might affect the interpretation of trends
in conveyance ratios. In particular, greater flows likely would
be associated with greater conveyance and water-level falls
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Table 4. Trends in conveyance ratios among paired reaches on the St. Clair River.

[Reach ID, reach identification; FG_DP, Fort Gratiot to Dunn Paper; DP_PE, Dunn Paper to Point Edward; PE_BR, Point Edward to Black River;
BR DD, Black River to Dry Dock; DD_SP, Dry Dock to State Police; SP_PL, State Police to Port Lambton; PL_A4L, Port Lambton to Algonac]

Upstream Downstream Kendall’s tau p-value Intercept Median slope  Median ratio Median year

reach reach

FG_DP DP_PE -0.8050 <0.0001 19.4 -0.00949 0.490 1989.0
PE_BR 2344 .0661 -2.33 .00126 .184 1990.0
BR_DD -.4659 <.0001 3.46 -.00157 338 1986.0
DD_SP -.6051 <.0001 4.34 -.00203 .308 1986.5
SP_PL -.5385 <.0001 3.15 -.00145 278 1987.0
PL AL -.4656 <.0001 2.49 -.00114 214 1987.0

DP_PE PE_BR .6172 <.0001 -16.9 .00867 383 1990.0
BR_DD 7916 <.0001 -15.1 .00794 .658 1988.0
DD_SP .8381 <.0001 -11.8 .00622 .604 1988.5
SP_PL .8674 <.0001 -12.5 .00657 .553 1989.0
PL_AL 7159 <.0001 -8.23 .00435 423 1989.0

PE_BR BR_DD -.3826 .0015 329 -.01565 1.76 1989.0
DD_SP -4394 .0002 38.7 -.01866 1.61 1989.0
SP_PL -.3609 .0047 24.5 -.01157 1.45 1990.0
PL_AL -.4069 .0013 23.6 -.01132 1.09 1990.0

BR_DD DD_SP -.5960 .0000 5.18 -.00214 9234 1984.0
SP_PL -.0662 .5462 1.28 -.000222 837 1984.5
PL AL -.1684 1191 2.95 -.00117 .634 1984.5

DD_SP SP_PL .6146 <.0001 -2.37 .00165 .903 1985.0
PL AL .0964 3765 -0.556 .000626 .687 1984.5

SP_PL PL_AL -.1042 3304 1.88 -.000568 756 1985.0
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Figure 7.

than would lesser flows. Monotonic relations between convey-
ance ratios and average April 1 to November 30 flows from
monthly values for 1962-2006 published by the Coordinating
Committee (fig. 7) were investigated by use of nonparametric
Kendall’s tau correlation coefficient and Sen’s slope estimator
(table 5). The five conveyance ratios for reaches downstream
from DP_PE generally were negatively associated with flow.
In contrast, conveyance ratios at the three reaches downstream
from BR_DD generally were positively associated with flow,
as were the conveyance ratios between DD _SP and PL_AL,
and SP_PL and PL_AL. No other statistically significant cor-
relations were detected. Relations between conveyance ratios
and flow magnitudes were not consistent among reaches.
Innovations in the conveyance ratios (equation 7) also
were analyzed for trends. Despite significant associations
between conveyance ratios and estimates of average flow for
some pairs of reaches, the lower diagonal scatter-plot matrix
of conveyance-ratio innovations (fig. 8) showed similar trends
(table 6) as the conveyance ratios themselves. Other than scal-
ing changes associated with different means of the two ratios,
the primary difference between the two sets of plots occurred
for the reaches DD _SP and PL_AL. In particular, the trend
in the conveyance ratios was not significant, while the trend
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Average flow of the St. Clair River for 1962—2006 based on coordinated monthly flow estimates.

in the conveyance-ratio innovations was positive (p-value =
0.0017). Thus, available flow information provides only minor
changes in the interpretation of conveyance change than evi-
dence based on the ratios themselves.

Inferring Changes in Reach Conveyance from
1-D Hydrodynamic-Model Parameters

Two strategies were implemented to ascertain possible
changes in reach conveyance from inverse 1-D hydrodynamic
modeling of the St. Clair River. First, time-varying parameter
estimation was used to describe possible continual changes
in reach conveyance by use of annual estimates of model
parameters describing effective channel roughness. Second,
fixed-parameter estimation was used to describe possible
discrete changes in reach conveyance from 1962 to 1968,
1981 to 1985, and 1996 to 2007. Annual estimates of effective
channel roughness from 1996 to 2007 in reaches were used as
a basis for estimating variations in flow not accounted for by
the fixed-parameter model. The results were used to identify
reaches where conveyance changes are affecting river-flow
estimates.
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Table 5. Relation among estimated flow from April 1to November 30 and conveyance ratios of reaches on St. Clair River.

[Reach ID, reach identification; FG_DP, Fort Gratiot to Dunn Paper; DP_PE, Dunn Paper to Point Edward; PE_BR, Point Edward to Black River;
BR DD, Black River to Dry Dock; DD_SP, Dry Dock to State Police; SP_PL, State Police to Port Lambton; PL_AL, Port Lambton to Algonac]

Upstream  Downstream

reach reach Kendall’s tau p-value Intercept Median slope  Median ratio Median year
FG_DP DP_PE 0.1872 0.1237 0.224 0.0000509 0.505 5,531.9
PE_BR -.2046 1170 320 -.0000246 .184 5,531.9
BR_DD -.1846 .0959 434 -.0000175 338 5,471.2
DD_SP -.0683 5391 345 -.0000068 .308 5,426.2
SP_PL -.0384 7455 296 -.0000033 278 5,421.9
PL_AL 1778 1195 .146 .0000128 215 5,421.9
DP_PE PE_BR -.4069 .0013 991 -.000110 382 5,552.5
BR_DD -.3226 .0069 1.18 -.0000949 .657 5,552.5
DD_SP -.3479 .0030 1.03 -.0000782 .601 5,547.5
SP_PL -.3105 .0123 .986 -.0000791 .548 5,531.9
PL_AL -.2339 .0618 671 -.0000448 423 5,531.9
PE_BR BR_DD .1976 1162 .834 .000169 1.77 5,552.5
DD_SP 2137 .0887 .548 .000191 1.61 5,552.5
SP_PL 1576 2397 753 .000126 1.45 5,547.5
PL_AL 2512 .0576 256 .000151 1.09 5,547.5
BR DD DD_SP .1966 .0610 .826 .0000174 922 5,552.5
SP_PL .2683 .0132 730 .0000188 .835 5,547.5
PL_AL 4293 .0000 323 .0000561 .635 5,547.5
DD_SP SP_PL .0523 .6355 .874 .0000054 .904 5,531.9
PL_AL 3217 .0024 458 .0000415 .687 5,531.9

SP_PL PL_AL .3393 .0016 .506 .0000453 157 5,531.9
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Table 6. Trends in conveyance ratio innovations among paired reaches on the St. Clair River.

[Reach ID, reach identification; FG_DP, Fort Gratiot to Dunn Paper; DP_PE, Dunn Paper to Point Edward; PE_BR, Point Edward to Black River;
BR DD, Black River to Dry Dock; DD_SP, Dry Dock to State Police; SP_PL, State Police to Port Lambton; PL_A4L, Port Lambton to Algonac]

Upstream  Downstream

reach reach Kendall’s tau p-value Intercept Medianslope = Medianratio = Median year
FG_DP DP_PE -0.8039 <0.0001 19.5 -0.00978 0.000004 1988.5
PE_BR 2506 .0534 -2.70 .00136 .000001 1989.5
BR_DD -4564 <.0001 3.13 -.00158 .000000 1985.5
DD _SP -.6220 <.0001 421 -.00212 -.000004 1986.0
SP_PL -.5420 <.0001 2.93 -.00148 -.000001 1986.5
PL_AL -4566 <.0001 2.28 -.00115 .000004 1986.5
DP_PE PE_BR 3977 .0017 -11.0 .00555 .0157 1989.5
BR_DD .6815 <.0001 -12.8 .00646 .0125 1987.5
DD_SP 6728 <.0001 -9.43 .00475 .0100 1988.0
SP_PL .6734 <.0001 -10.2 .00516 .0247 1988.5
PL_AL 7137 <.0001 -9.01 .00453 .000002 1988.5
PE_BR BR_DD -3952 .0012 343 -.0173 .000005 1988.5
DD_SP -4677 .0001 40.0 -.0201 .000002 1988.5
SP_PL -.3842 .0031 25.4 -.0128 -.000002 1989.0
PL_AL -4187 .0012 25.1 -.0126 .000004 1989.0
BR DD DD_SP -.6385 <.0001 441 -.00222 .000000 1983.5
SP_PL -.0707 .5244 0.356 -.00018 .00576 1984.0
PL_AL .0073 9555 -0.120 .00006 -.00475 1984.0
DD_SP SP_PL .6446 <.0001 -3.44 .00173 .000003 1984.5
PL_AL .3370 .0017 -3.49 .00176 .00255 1984.5

SP_PL PL_AL .0964 3765 -1.11 .00056 .000948 1984.5
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Time-Va ryi ng Parameter Estimation measurements and water-level data supported estimation of
the seven reaches estimated with conventional flow mea-
Inverse modeling techniques were used to estimate the surements, plus two additional reaches representing the east
annual effective channel-roughness coefficients for years branches of Stag and Fawn Islands where flow was measured
from 1962 to 2007 when water-level boundary and flow with ADCP instruments.

data were available to support estimation. Tabled results are
presented separately for conventional measurements collected  Effective Channel Roughness Estimated from

prior to 1986 and ADCP measurements obtained from 1996 Conventional Measurements

to 2007. No flow measurements were documented for 1986 ) ]

to 1995. Conventional flow measurements and water-level Annual parameter estimates for seven reaches associ-
data supported estimation of roughness coefficients in seven ated with years of conventional flow measurements (prior to

reaches delimited by water-level gaging stations. ADCP flow 1986) are shown in table 7. Of the 13 years in which one or

Table 7.  Effective channel roughness estimated for reaches spanning the study area of the St. Clair River in years with one or more
conventional flow measurements from 1962 to 1985.

[PRD, is the percent relative difference. An “n” prepended to the reach identifier indicates the effective channel roughness coefficient of the corresponding
reach. Reach identifiers include: FG_DP, Fort Gratiot to Dunn Paper; DP_PE, Dunn Paper to Point Edward; PE_BR, Point Edward to Black River;
BR DD, Black River to Dry Dock; DD_SP, Dry Dock to State Police; SP_PL, State Police to Port Lambton; PL_A4L, Port Lambton to Algonac]

Number Sum Annual estimate of effective channel roughness for corresponding reaches
of squared on the St. Clair River
of flow .
Year weighted
measure- residuals nFG_DP nDP_PE nPE_BR nBR_DD nDD_SP nSP_PL nPL_AL
ments (PRD) (PRD) (PRD) (PRD) (PRD) (PRD) (PRD) (PRD)
1962 67 1987 0.0016 0.0414 0.0205 0.0254 0.0309 0.0268 0.0255
0.15)  (73.2) (0.07) (0.06) (0.40) (0.34) (0.34) 0.27)
1963 30 3053 .0413 .0337 .0243 .0238 .0301 .0266 .0230
(01) (:46) (01 (.18) (12) 11 (12) (.09)
1964 69 3577 .0013 .0425 .0209 .0244 .0299 .0265 .0225
(01)  (20.8) (.04) (33) (.05) (.02) (.02) (.02)
1966 30 2302 .0128 .0406 .0207 .0247 .0285 .0262 .0240
(.00) (4.99) (.08) (.14) (22) (21 (21 (.18)
1968 66 2502 .0145 .0434 .0202 .0251 .0291 .0267 .0269
(.00) (.82) (.00) (.08) (.05) (.03) (.03) (.03)
1973 43 NB NB NB NB NB NB NB NB
1977 11 8645 .0135 .0393 .0249 .0242 .0282 .0267 .0266
(.04) (24.9) (1.00) (.43) (1.91) (1.62) (1.62) (1.31)
1979 1 NB NB NB! NB NB NB NB NB
1981 14 1922 .0125 .0394 .0271 .0236 .0286 .0272 .0254
(01) (5.9 (.15) (.15) (.34) (31) (31 (22)
1982 1 2939 .0379 .0410 .0286 .0269 .0311 .0297 .0271
(04  (39.9) (8.02) (6.02) (13.6) (12.3) (12.4) 9.73)
1983 8 2291 .0363 .0379 .0261 .0232 .0280 .0268 .0254
(02)  (8.18) (.89) (.63) (1.88) (1.62) (1.62) (1.25)
1984 10 1633 .0363 .0363 .0266 .0236 .0276 .0262 .0263
(.01) (.95) (.07) (01) (.26) (21 (22) (.10)
1985 1 2809 .0075 .0352 .0256 .0207 .0246 .0236 .0237
(67)  (24.9) (9.21) (5.28) (19.4) (16.6) (16.6) (12.1)

' NB—No boundaries: Indicates that insufficient water-level boundary data were available at Fort Gratiot or Algonac for flow simulation and parameter
estimation.



more flow measurements were available to support parameter
estimation, 11 years had sufficient hourly water-level data at
the Fort Gratiot, Mich., and Algonac, Mich., gaging stations
to provide boundary conditions needed for simulation and
inverse modeling. In addition to the parameter estimate, the
percent relative difference (PRD) is shown for each param-
eter. The PRD was computed between converged-parameter
estimates based on starting values of 0.015 and 0.040. If the
PRD was greater than 3, the corresponding parameter esti-
mates were considered un-converged and un-interpretable
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with respect to conveyance. Based on this criterion, parameter
estimates for all reaches in 1982 and 1985, when only one
flow measurement was available for estimation, are considered
un-interpretable. For the remaining years, parameter estimates
for all reaches downstream from Fort Gratiot to Dunn Paper
(FG_DP) converged uniquely. Among these years, however,
parameter estimates for 1977 and 1983 had the greatest rela-
tive differences. Parameter estimates for the #G_DP reach
converged uniquely for 1963, 1968, and 1984. The high
variability in parameter estimates for these 3 years may be
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O GLERL (400 meters downstream from CS-202)

=  Bay Point (600 meters downstream from CS-202)
% X Roberts Landing (600 meters downstream from CS-220)
@) — Line of agreement (n = 218, r2 = 0.845)
8 GLERL Great Lakes Environmental Research Laboratory o
g:) r2  Sample coefficient of determination A
H_J n Number of measurements o
" 6,000 |~ —
o
Ll
|_
L
=
S
m
2
@)
<
=
9
i 5,000 —
(@]
LLl
|_
<
_|
2
=
]

] ]
4,000
4,000 5,000 6,000 7,000

MEASURED FLOW, IN CUBIC METERS PER SECOND

Figure 9. Relation between simulated flow and flow measured on the St. Clair River from 1962 to 1985 using conventional current

meters.
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associated with possible datum instability at some water-level
gaging stations in upper St. Clair River, as discussed in the
analysis of water-level falls. In particular, for 1968, the esti-
mated parameter of 0.0145 is considered physically implau-
sible and therefore un-interpretable with respect to conveyance
change.

In general, conventionally measured flows closely match
flows simulated with time-varying parameterization from 1962
and 1985 (fig. 9). Differences between average flows among
measurement sites are attributed to long-term variations in
flow. In particular, flow measurements at the Bay Point and
Roberts Landing sections generally occurred from 1962 to

Table 8.

1968 when average flows were less than average flows from
1981 to 1984, when measurements at the Blue Water Bridge
and GLERL sections were obtained. The standard deviation of
flow residuals is 144 m?/s.

Effective Channel Roughness Estimated from Acoustic
Doppler Current Profiler Measurements

Annual parameter estimates for nine reaches associated
with years of ADCP flow measurements (1996 to 2007) are
shown in table 8. The nine reaches include the seven previ-
ously estimated, with the two additional reaches representing
flows in the east branches around Stag and Fawn Islands. In

Estimates of effective channel-roughness values for reaches spanning the study area of the St. Clair River in years with one or

more acoustic Doppler current profiler flow measurements from 1996 to 2007.

9

[PRD, is the percent relative difference. An “n” prepended to the reach identifier indicates the effective channel roughness coefficient of the corresponding reach.
Reach identifiers include: FG_DP, Fort Gratiot to Dunn Paper; DP_PE, Dunn Paper to Point Edward; PE BR, Point Edward to Black River; BR_DD, Black
River to Dry Dock; DD _SP, Dry Dock to State Police; SP_PL, State Police to Port Lambton; PL_AL, Port Lambton to Algonac]

Number of Sum of Effective channel-roughness values for corresponding St. Clair River reaches
flow qulared
Year weighted

measure- residuals nFG_DP nDP_PE nPE_BR nBR DD nDD _SP nEStag nSP_PL nEFawn nPL_AL

ments (PRD) (PRD) (PRD) (PRD) (PRD) (PRD) (PRD) (PRD) (PRD) (PRD)

1996 20 1918 0.0381 0.0341 0.0253 0.0232 0.0269 0.0265 0.0266 0.0240 0.0248
(0.00) (1.29) (0.13) (0.04) (0.42) (0.18) (1.56) (0.33) (0.29) (0.25)

1997 59 2186 .0435 .0347 .0255 .0229 .0276 .0282 .0262 .0226 .0242
(.01) (148) (.03) (.04) (.14) (.12) (.11) (.12) (.31 (.09)

1998 46 2167 .0427 .0339 .0262 .0236 .0273 .0283 .0270 .0242 .0251
(.01) (.16) (.02) (.09) (.03) (.04) (.14) (.02) (2.49) (.04)

1999 44 2447 .0395 .0332 .0250 .0257 0271 .0290 .0270 .0281 .0228
(.00) (:20) (.03) (.10) (.11) (.05) (.69) (.13) (.85) (.07)

2000 8 2010 .0356 .0324 .0278 .0244 .0269 .0277 .0265 .0248 .0251
(.00) (2.83) (24) (.40) (.75) (.79) (.40) (.67) (.92) (.53)

2001 32 1640 .0314 .0323 .0265 .0229 .0262 .0278 .0258 .0256 .0242
(.01) (.02) (.00) (.02) (.02) (.08) (.78) (.00) (.19) (.01)

2002 9 1364 .0327 .0317 .0271 .0224 .0258 .0277 .0259 .0265 .0225
(.00) (.35) (01) (.06) (.10) (.07) (.11) (.06) (1.25) (.06)

2003 39 1662 .0335 .0311 .0264 .0231 .0258 .0265 .0257 .0267 .0241
(.02) (1.10) (.17) (.11) (.34) (.15) (1.51) (.26) (1.76) (.23)

2004 14 3688 .0314 .0320 .0251 .0232 .0259 .0282 .0261 .0238 .0241
(.01) (1.28) (.09) (.06) (:29) (:31) (.40) (.27) (1.21) (.13)

2005 43 1843 .0380 .0308 .0261 .0232 .0266 .0288 .0261 .0274 .0251
(.00) (.05) (.02) (.02) (.00) (.02) (.02) (.02) (.16) (.03)

2006 19 2046 .0412 .0293 .0275 .0237 .0267 .0286 .0261 .0290 .0256
(.00) (.76) (.02) (.14) (:20) (.02) (2.28) (22) (27) (.15)

2007 20 2412 .0403 .0322 .0252 .0229 .0273 .0305 .0266 .0296 .0248
(.00) (1.13) (.17) (.02) (47) (.04) (3.55) (.30) (2.11) (.29)




particular, the EStag reach represents a subdivision of the
DD _SP reach, and the EFawn reach represents a subdivision
of the SP_PL reach. Estimation of flow-resistance characteris-
tics in the EStag and EFawn reaches was not possible before
flows in the east branches were measured systematically with
ADCP instruments. Parameter estimates converged uniquely
for all years based on the PRD for SSWR of 1 percent and for
parameters of 3 percent.

In general, ADCP-measured flows closely match flows
simulated with time-varying parameterization from 1996 and

7,000 I I I
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2007 (fig. 10). Lower-magnitude flows measured in the east
branches around Stag and Fawn Islands contributed signifi-
cantly to the increase in the estimated coefficient of determi-
nation (7?) from the conventional measurements of 0.845 to
0.996 for the ADCP measurements. The standard deviation of
ADCP-flow residuals of 105 m?/s is somewhat lower, how-
ever, than the standard deviation of conventional flow-mea-
surement residuals of 144 m?/s.

Converged estimates of effective annual channel-rough-
ness characteristics in the reach from Fort Gratiot to Dunn
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Figure 10.
current profilers.

Relation between simulated flow and flow measured on the St. Clair River from 1996 to 2007 using acoustic Doppler



26

Paper (FG_DP) are shown on fig. 11. Limited years with flow
measurements prior to 1996, limited the years in which annual
estimates of effective channel roughness could be developed.
The physically improbable estimate of effective channel
roughness of 0.0145 for 1968 and its departure from effective
channel-roughness values of 0.04125 and 0.03634 estimated
for 1963 and 1984, respectively, may have been affected by
local datum irregularities associated with a negative fall of
0.0145 m from Point Edward to Black River (PE_BR) from
April 1 to November 30, 1968. A pattern of continual change,
however, is evident as a decreasing trend in channel roughness
(increasing conveyance) from 1996 to 2001 and an increas-
ing trend in channel roughness (decreasing conveyance) from
2002 to 2007. The non-monotonic pattern of change from
1996 to 2007 would be difficult to associate with dredging

Detection of Conveyance Changes in St. Clair River Using Historical Water-Level and Flow Data

prior to 1962. As indicated by the width of the 95-percent
confidence interval about the expected parameter value, the
median standard deviation for parameters in this reach is
0.001157.

For the St. Clair River reach from Dunn Paper to Point
Edward (DP_PE), the effective channel roughness generally
decreased with time (fig. 12), indicating generally increasing
channel conveyance since 1962. The 1963 estimate of channel
roughness of 0.0337 is less than other estimates for the 1960s.
Coincidently, the average water-level fall indicated by gaging-
station records for April 1 to November 30, 1963, of 0.072 m
was less than water-level falls of 0.124, 0.121, 0.144, 0.141,
0.148, 0.157, and 0.172 m for the corresponding period in
1962, and 1964—1969, respectively. The lower channel-rough-
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ness value would facilitate matching measured with simulated
water levels at Dunn Paper.

In contrast, the effective channel roughness for the St.
Clair River reach from Point Edward to Black River (PE_BR)
was a substantially higher value of 0.0243 in 1963 than values
0f 0.0205, 0.0209, 0.0207, and 0.0202 estimated for the years
1962, 1964, 1966, and 1968, respectively (fig. 13). Similarly,
the water-level fall for April 1-November 30, 1963, of
0.0157 m was substantially greater than reported water-level
falls of 0.0110, 0.0046, —0.0160, —0.0139, —0.0105, —0.0145,
and —0.0026 m in 1962, and 1964—-1969, respectively. Given
the greater consistency of the estimated values for 1963
conditions with post-1960s conditions on both reaches and
with expected physical characteristics of channel roughness,
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it is possible that datum anomalies at the Dunn Paper or Point
Edward water-level gaging stations degraded the estimates of
effective channel roughness in other years during the 1960s.

The median standard deviation of parameters in the
DP PE and PE BR reaches were 0.000213 and 0.000246,
which are substantially less than the standard deviation of
parameters in the FG_DP reach, which was 0.00116. The
generally greater parameter uncertainty in the G_DP reach
may be attributable to higher variability in water levels near
Fort Gratiot, where water levels are affected by wind-induced
waves on Lake Huron.

The effective channel roughness in the St. Clair River
reach from Black River to Dry Dock (BR_DD) generally
decreased (fig. 14) from 1962 to 2007, indicating slightly
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Figure 15. Annual estimates of effective
channel roughness with 95-percent confidence
intervals for the St. Clair River reach from Dry
Dock to St. Clair State Police, Michigan.

Figure 16. Annual estimates of effective
channel roughness with 95-percent confidence
intervals for the St. Clair River reach from St.
Clair State Police, Michigan, to Port Lambton,
Ontario.

Figure 17. Annual estimates of effective
channel roughness with 95-percent confidence
intervals for the St. Clair River reach from Port
Lambton, Ontario, to Algonac, Michigan.
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increasing conveyance with time. Some short-term instability
in effective roughness may be apparent from 1998 to 2003.
The median standard deviation of effective channel roughness
is 0.0002612.

In the St. Clair River reach from Dry Dock to St. Police
(DD_SP), the effective channel roughness generally decreased
from 1962 to 2003 and then increased to 2007 (fig. 15). From
1996 to 2007, the pattern in effective channel roughness in the
reach from DD SP was similar to the pattern of variability in
effective channel roughness at the FG_DP reach (fig. 11). The
median standard deviation in the roughness parameters for the
DD _SP reach was 0.000241.

There is limited evidence of trends or patterns in the
effective channel roughness in the reach from St. Police to
Port Lambton (SP_PL) (fig. 16) or in the reach from Port
Lambton to Algonac (PL_AL) (fig. 17). The median standard
deviations of parameter estimates in the SP_PL and PL AL
reaches were 0.000215 and 0.000194, respectively.

Fixed-Parameter Estimation

Three scenarios were analyzed to estimate the average
effective channel-roughness values for three periods: 1962-68,
1981-85, and 1996-2007. In particular, the effective channel-
roughness value for each specified reach was considered fixed
or constant during the period. The results of fixed-parameter

Table 9.
measurements from 1962 to 1968.
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estimation were compared with those of time-varying param-
eter estimation to better understand temporal variations in
conveyance.

Scenario 1962 to 1968

Seven parameters for the 1-D HEC-RAS model of the St.
Clair River were estimated (table 9) based on water-level and
conventional flow measurements obtained in 196264, 1966,
and 1968 at the Bay Point (600 m downstream from CS-202)
and Roberts Landing (600 m downstream from CS-220) sec-
tions (fig. 1). Intervening years without flow measurements or
water-level data for boundary-condition specification were not
used in parameter estimation. The sum of squared weighted
residuals for the 19,221 water-level and 259 flow measure-
ments used in the estimation was 16,605. Parameter estimates
converged uniquely, with the largest magnitude correlation
0f 0.8967 between the effective channel-roughness parameter
for the reach DD SP (nDD_SP) and the parameter for the
reach SP_PL (nSP_PL). The magnitude of this correlation is
not thought to substantially degrade the estimation results.
The match between simulated and measured flow (fig. 18)
describes 83.9 percent of the variability in the flow mea-
surements. The standard deviations of differences between
measured and simulated water levels at the intervening gaging
stations averaged 0.023 m.

Fixed-parameter estimates of effective channel roughness for St. Clair River reaches based on

[An “n” prepended to the reach identifier indicates the effective channel roughness coefficient of the corresponding reach.
Reach identifiers include: #G_DP, Fort Gratiot to Dunn Paper; DP_PE, Dunn Paper to Point Edward; PE BR, Point Edward
to Black River; BR_DD, Black River to Dry Dock; DD _SP, Dry Dock to State Police; SP_PL, State Police to Port Lambton;

PL AL, Port Lambton to Algonac]

. 95-percent confidence limits Standard Coefficient
Name of effective - . L
Parameter about the parameter estimate deviation of of variation
channel-roughness .
arameter estimate o o parameter of parameter
p Lower limit Upper limit estimate estimate
nFG_DP 0.0177 0.0164 0.0191 0.000698 0.0394
nDP_PE .0403 .0401 .0405 .000110 .00272
nPE_BR .0228 .0226 .0233 .000163 .00709
nBR_DD .0241 .0239 .0243 .000116 .00481
nDD_SP .0298 .0295 .0298 .0000867 .00292
nSP_PL .0265 .0264 .0267 .0000786 .00296
nPL_AL .0246 .0244 .0248 .0000924 .00376
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Scenario 1981 to 1985

The inverse model used to estimate seven fixed param-
eters associated with channel roughness in the HEC-RAS
model of the St. Clair River did not converge using water-
level and flow data available from 1981 to 1985. The esti-
mation scenario that initialized effective channel-roughness
values to 0.040 did not converge after 40 iterations, although
the weighted sum of squared residuals gradually declined
to 63,464. Failure to converge was caused by changes in
parameters between iterations that did not decrease below the
convergence criteria of 3 percent. High parameter correlation
was detected among several pairs of parameters including
(1) nFG_DP and nSP_PL, which had a correlation of 0.97;
(2) nBR_DD and nSP_PL, which had a correlation of 0.94;
(3) nBR_DD, and nSP_PL, which had a correlation of 0.92;
(4) nDP_PE and nSP_PL, which had a correlation of 0.91; and
(5) nFG_DP and nPL_AL, which had a correlation of 0.90.
The availability of only a single flow measurement in 1982
and 1985 may have contributed to the convergence failure.

Scenario 1996 to 2007

The fixed, nine-parameter version of the 1-D HEC-RAS
model of the St. Clair River was estimated based on water-
level and ADCP flow measurements obtained from 1996 to

MEASURED FLOW, IN CUBIC METERS PER SECOND

2007. The sum of squared weighted residuals for the 50,546
water-level and 346 flow measurements used in the estimation
was 29,595. Parameters converged uniquely (table 10), with
the largest magnitude correlation of 0.8983 (table 11) between
the effective channel-roughness parameter for the reach

FG DP (nFG_DP) and the parameter for the reach SP_PL
(nSP_PL). The magnitude of this correlation is not thought to
substantially degrade the estimation results.

Simulated and measured flows match closely (1> = 0.992)
(fig. 19). Also, simulated and measured water levels match
closely at all intervening gaging stations with coefficients
of determination at all gaging stations exceeding 0.996. The
standard deviations of the water-level residuals for all gaging
stations average less than 0.019 m.

Fixed-parameter estimates were computed for two
subintervals from 19962001 and 2001-07, which spanned
the period of available ADCP flow-measurement data. Results
indicate that parameter estimates for individual reaches gener-
ally were similar for the two subintervals (fig. 20), except
for the reach from DP_PE, where the channel roughness
decreased (conveyance increased) with time (fig. 12). At FG
DP (fig. 11) and DD _SP (fig. 15), negative trends in annual
estimates of effective channel roughness during the first half
of this interval were averaged with positive trends during the
second half to produce similar average values for the two
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Table 10.  Fixed-parameter estimates of effective channel roughness on reaches of St. Clair River for the

period 1996-2007.

[An “n” prepended to the reach identifier indicates the effective channel roughness coefficient of the corresponding reach. Reach

identifiers include: ¥G_DP, Fort Gratiot to Dunn Paper; DP_PE, Dunn Paper to Point Edward; PE_BR, Point Edward to Black

River; BR_DD, Black River to Dry Dock; DD _SP, Dry Dock to State Police; EStag, East Stag Island; SP_PL, State Police to Port

Lambton; EFawn, East Fawn Island; PL_AL, Port Lambton to Algonac]

Name of effective Parameter ::;zf:;zn;a(:rzl:;i:'(zl:‘;Ztlii::;ttz d:\tl?:l(ii:;dof (():io:af:ii(:t?:ltl
channel-roughness estimate . . parameter of parameter

parameter Lower limit  Upper limit estimate estimate
nFG_DP 0.0367 0.0360 0.0373 0.000320 0.00871
nDP_PE .0325 .0324 .0326 .0000539 .00166
nPE_BR .0260 .0259 .0262 .0000659 .00253
nBR_DD .0232 .0231 .0233 .0000696 .00300
nDD_SP .0265 .0264 .0266 .0000653 .00246
nEStag .0282 .0276 .0287 .000270 .00958
nSP_PL .0261 .0260 .0262 .0000557 .00213
nEFawn .0263 .0256 .0269 .000336 .0128
nPL_AL .0242 .0241 .0243 .0000538 .00222

31

Table 11.  Lower diagonal elements of the symmetric correlation matrix for fixed-parameter estimates of effective channel roughness

coefficients on St. Clair River for the period 1996—2007.

[An “n” prepended to the reach identifier indicates the effective channel roughness coefficient of the corresponding reach. Reach identifiers include:

FG _DP, Fort Gratiot to Dunn Paper; DP_PE, Dunn Paper to Point Edward; PEBR, Point Edward to Black River; BR_DD, Black River to Dry Dock;
DD _SP, Dry Dock to State Police; EStag, East Stag Island; SP_PL, State Police to Port Lambton; EFawn, East Fawn Island; PL_AL, Port Lambton to Algonac]

Name of effective

channel-roughness nFG_DP nDP_PE nPD_BR nBR_DD nDD_SP nEStag nSP_PL nEFawn nPL AL
parameter

nFG_DP 1.0000 - - - - - - - -
nDP_PE 2303 1.0000 - - - - - - -
nPD_BR .2860 -2172 1.0000 - - - - - -
nBR_DD 7359 4423 -.0776 1.0000 -- -- -- -- --
nDD_SP 8177 4641 2783 6519 1.0000 -- -- -- --
nEStag .0732 .0415 0257 .0490 -.3422 1.0000 -- -- --
nSP_PL .8983 5102 3024 7794 .8458 .0759 1.0000 -- --
nEFawn .0646 .0367 .0224 .0561 .0564 .0054 -.0079 1.0000 --
nPL_AL .6224 3534 2093 .5397 .5998 .0541 5587 .0192 1.0000
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subintervals (fig. 20). The standard deviations of flow residu-
als for the periods 1996-2001 and 2002—-07 were 122, and 141

m?/s, respectively.

Integration of Time-Varying and Fixed-Parameter

Estimation Results

Although patterns are evident in some of the annual

series of parameter estimates, the significance of any pattern
for flow simulation was difficult to establish directly. In this
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analysis, the annual series of parameter estimates from 1996 to
2007 are used as a basis for vectors to help explain the differ-
ence between measured and simulated flows in the fixed, nine-
parameter model also developed with data from 1996 to 2007.
In particular, the regression design matrix is composed of nine
columns corresponding to the nine reaches for which annual
variations in effective channel roughness were estimated, plus
a vector of ones for the intercept term. The vectors have a
length equal to the number of flow measurements. The value
in each row of the basis vectors corresponds to the estimated
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Figure 19. Relation between measured flow and flow simulated on the St. Clair River by use of a fixed, nine-parameter version of the
hydrodynamic model for the period 1996-2007.



effective channel-roughness value in the year of the flow mea-
surement. A stepwise variable-selection process in a multi-
ple-regression analysis was used to identify reaches where
patterns in annual effective channel-roughness estimates were
related to flow residuals. The basis vectors corresponding to
the annual series of effective channel-roughness values are
distinguished by a leading b rather than an » preceding the
reach designator. For example, bFG_DP is the basis vector
created from the annual series of effective channel-roughness
estimates in nF'G_DP.

Results indicate that four basis vectors—bFG DP,
bDP PE, bPE BR, and bSP_PL—explain 38.1 percent
of the variability in the flow residuals (table 12). Analysis
of variance indicates that the overall model is statistically
significant (p-value < 0.0001) based on an F statistic of 54.15
with 341 degrees of freedom in the model error. Of the four
included basis vectors, the non-monotonic variations in the
annual series nF'G_DP are associated with the basis vector
with the largest significance. Although differing in scale, the
annual series nDD_SP shows a similar pattern of variation as
nF'G_DP. The corresponding basis vectors have a correlation
coefficient of 0.9201. This similarity (co-linearity) between
the two basis vectors may mask the contribution of nDD_SP
in explaining the variability of flow residuals.

To assess the possible significance of annual variations in
effective channel roughness at DD SP, the stepwise multiple
regression was re-run excluding the basis vector bFG_DP.
Again, four basis vectors were selected with an o= 0.10 such
that bDD_SP had the greatest significance of the eight avail-
able basis vectors (table 12). Furthermore, the same three basis
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vectors bDP_PE, bPE BR, and bSP_PL are included in both
models, and the estimated parameters associated with these
variables are similar between the two regression analyses.

The results of the regression analyses are used to ascer-
tain that annual variations in effective channel-roughness val-
ues at reaches FG_DP, DP_PE, PE BR, DD SP, and SP_PL
contribute to the understanding of variability in flows mea-
sured from 1996 to 2007, which are not accounted for by flows
simulated using the fixed, nine-parameter HEC-RAS model of
the St. Clair River. Patterns in the annual series nFG_DP and
n_DD SP are similar, showing a gradual decrease in effective
channel-roughness values (increase in conveyance) from 1996
to about 2002, followed by an increase in effective channel
roughness (decrease in conveyance) from 2003 to 2007. The
annual series nDP_PE indicates a general decrease in effec-
tive channel roughness (increase in conveyance) from 1996 to
2007, which is consistent with the pattern indicated by earlier
estimates of nDP_PE. Annual variations in effective chan-
nel roughness in the series nPE_BR and nSP_PL show less
persistence than variations at other selected reaches. Variations
in effective channel roughness at non-selected reaches may
contribute to unexplained variability in water levels, but have
no demonstrable relation to flows.

Stepwise regression tends to over indicate the statistical
significance of individual selected variables, so the effective
alpha value is likely less than 0.1. Based on the significance
of the overall models, however, annual variations in effective
channel roughness account for flow variability not explained
by the fixed, nine-parameter HEC-RAS model of the St. Clair
River.
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Table 12.
model of St. Clair River.

Basis vectors selected in a stepwise-regression analysis of flow residuals from the 1996 to 2007 fixed, nine-parameter

[An “b” prepended to the reach identifier indicates a basis vector for the corresponding reach. Reach identifiers include: #G_DP, Fort Gratiot to Dunn Paper;
DP_PE, Dunn Paper to Point Edward; PE_BR, Point Edward to Black River; BR_DD, Black River to Dry Dock; DD SP, Dry Dock to State Police; SP_PL,

State Police to Port Lambton; PL_AL, Port Lambton to Algonac]

Variable 0?;: g::;sm P::ir;zr St:::)a:rd t-value Pr > abs(t)
Results of a stepwise-regression analysis using all nine basis vectors
Intercept 1 3,142 606 5.19 <0.0001
bFG_DP 1 -12,602 1,926 -6.54 <.0001
bDP_PE 1 -23,973 5,374 -4.46 <.0001
bPE_BR 1 -18,760 10,396 -1.80 .072
bSP_PL 1 -53,923 17,334 -3.11 .002
Results of stepwise-regression analysis using eight basis vectors, excluding bFG_DP

Intercept 1 5,177 573 9.04 <.0001
bDP_PE 1 -15,583 6,045 -2.58 .0104
bPE_BR 1 -23,279 10,370 -2.24 .0254
bDD_SP 1 -102,757 16,213 -6.34 <.0001
bSP_PL 1 -50,895 17,705 -2.87 .004

Effective Channel Roughness Ratios and
Conveyance Ratios

Equation 2 was used to compute conveyance ratios as a
function of measured water levels (and reach lengths). Alter-
natively, conveyance ratios can be computed by use of equa-
tion 3 and the effective channel roughness values estimated by
use of inverse modeling as

~ ' 2

K _1h ARG K
Tl Pl (13)
Ky fieanrs  CRK

provided the ratios of cross-sectional areas (4,, 4,) and
hydraulic radii (R, R,) in any two reaches 1 and 2, given f,
are approximately constant ¢, , with time.

In the estimation of effective channel roughness values
by use of inverse modeling techniques, the bathymetry data,
used to compute cross-sectional areas and hydraulic radii, did
not vary with time. Therefore, the assumption of a constant
cross sectional properties is reflected in the estimated effective
roughness values. Although the reach-pair specific values of
the proportionality constant ¢ cannot be determined directly,

¢ can be assumed to be positive because it is a function of
channel cross section values that only take on positive values.
Thus, conveyance ratios are assumed to be positively associ-
ated with the inverse of estimated effective roughness ratios
(equation 13).

To test this assumption, ratios of annual estimates of
channel roughness values were computed for all possible
reach pairs using inverse modeling results for the period from
1996 through 2007. For 20 of the 21 pairs of these reaches, the
ratios of channel roughness values were inversely proportional
to conveyance ratios computed by use of water-level data
(table 13). Thus, conveyance ratios computed on the basis of
water level data (equation 2) are directly proportional (fig. 21)
to conveyance ratios based on effective channel roughness
estimated (equation 3).

This consistency between estimators of conveyance ratios
is thought to apply to data prior to 1996, when limited flow
measurement data were available to support continual annual
estimation of effective channel roughness values by use of
inverse modeling analysis. Given the time-invariance of this
relation, the conveyance ratios computed from water-surface
data provide a basis for understanding and extending trends in
conveyance ratios that are consistent with conveyance ratios
computed by use of inverse modeling techniques.
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Table 13.  Relation between ratios of effective channel roughness and conveyance ratios among reaches of the St. Clair River based
on data from 1996 to 2007..

[Reach ID, reach identification; FG_DP, Fort Gratiot to Dunn Paper; DP_PE, Dunn Paper to Point Edward; PE_BR, Point Edward to Black River; BR_DD,
Black River to Dry Dock; DD _SP, Dry Dock to State Police; SP_PL, State Police to Port Lambton; PL_AL, Port Lambton to Algonac]

Upstream  Downstream Kendall’s Median Median Median

reach reach tau p-value’ Intercept slope ratio year v
FG_DP DP_PE -0.0182 0.560 0.432 -0.00455 0.428 0.895 11
PE_BR 0.4667 .0363 -0.0116 267 .182 722 10
BR DD 0.7091 .0008 0.222 157 319 .612 11
DD_SP 0.5758 .0044 221 .0970 290 704 12
SP_PL 0.697 .0005 198 103 269 .691 12
PL_AL 0.4545 .0224 122 113 .196 .655 12
DP_PE PE_BR 0.9556 <.0001 -.829 1.62 441 783 10
BR_DD 0.7333 .0011 -.543 1.84 762 710 10
DD_SP 0.5273 .0132 -.767 1.80 .696 815 11
SP_PL 0.7455 .0004 -.515 1.42 .647 .816 11
PL_AL 0.6727 .0016 -.191 .880 470 751 11
PE_BR BR DD 0.6000 .0083 -1.98 4.14 1.74 .899 10
DD_SP 0.6889 .0023 -2.14 3.63 1.62 1.04 10
SP_PL 0.6444 .0046 -2.76 4.14 1.49 1.03 10
PL_AL 0.6000 .0083 -2.26 3.58 1.07 931 10
BR_DD DD_SP 0.8545 <.0001 .184 .632 907 1.14 11
SP_PL 0.7455 .0004 .084 .667 .835 1.13 11
PL_AL 0.6727 .0016 -.0298 .602 .606 1.06 11
DD_SP SP_PL 0.697 .0005 -.0379 979 926 985 12
PL_AL 0.7576 .0001 -.0919 .827 .670 922 12
SP_PL PL_AL 0.7176 .0008 -.205 997 725 932 12

Ip-value is the probability that the null hypothesis that the correlation coefficient is not greater than zero, given the sample data pairs, is true.

2N is the number of sample data pairs.
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Inferring Changes in River Conveyance from 1-D
Hydrodynamic Simulations

The previous section described annual estimates of
effective channel-roughness parameters that were consis-
tently determined for each reach from water-level and flow
measurements by statistical inference. These annual param-
eter estimates are used with historical water-level boundary
conditions to show how the change in parameters from 1962
to 2007 would affect corresponding estimates of average flow.
Changes in flow with parameterization indicate changes in
conveyance with time, because the boundary conditions are
consistent across annual parameterizations.

Hourly flows were simulated for all years from 1962 to
2007 in which parameter estimates converged under all sets
of converged parameters. Average annual flows from April 1
to November 30 simulated near the water-level gaging station
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at Dry Dock, Mich., (HEC-RAS cross-section 125) were
computed to provide a basis of comparison. Results indicate
that simulated flows for 2007 water-level boundary conditions
averaged 675 m?/s (12.5 percent) less than simulated flows for
1962 water-level boundary conditions for all annual sets of
parameters estimated (fig. 22). Simulated flows for both 1962
and 2007 water-level boundary conditions, however, gener-
ally increased with annual parameter estimates of hydraulic
conditions for 1962 to 2003, but decreased monotonically for
conditions from 2004 to 2007. Likewise, simulated average
flows generally increased for boundary conditions from 1963
to 2003 with annual estimates of parameters relative to values
simulated for parameters associated with 1962 hydraulic
conditions.

The relative increase in simulated flows from 1962
hydraulic conditions varied from about 0.87 to 10 percent
(fig. 23) from 1963 to 2003 and decreased to about 5.8 percent
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by 2007. Changes in average and relative flows with year of
parameterization are associated with changes in conveyance
because water-level boundary conditions were consistent. As
demonstrated by use of equation 12, the relative changes in
simulated flows indicate the relative annual changes in con-
veyance (fig. 23).

Summary and Conclusions

Water levels on Lakes Michigan and Huron (Michigan—
Huron) are controlled by flow through the St. Clair River. In
2007, water levels on Lake Michigan—Huron were 0.5-meters
below historical averages for 1918-2007. Although no trends
were detected in Lake Michigan—Huron or Lake St. Clair
water levels, annual differences between these water levels
were decreasing from 1962 to 2007. This decrease indicates
that conveyance is increasing if average annual flow is con-
stant or that flow is decreasing if conveyance is constant. This
study was done to investigate possible conveyance changes
from 1962 to 2007 by use of water-level and flow data with an
inverse hydrodynamic model of the St. Clair River.

A 47.3-kilometer reach of St. Clair River was investi-
gated from the northern limit near Fort Gratiot, Michigan,
to the southern limit near Algonac, Michigan. The river was
subdivided into seven reaches delimited by the locations of
eight water-level gaging stations. Monotonic trends in average
water-level differences (water-surface fall) within reaches
were analyzed. Positive trends in water-surface fall were
detected in two reaches, and negative trends were detected in
two other reaches. The presence of both positive and negative
trends in fall is inconsistent with the hypothesis of no convey-
ance change regardless of possible trends in flow.

Flow within a reach approximately equals the product
of conveyance and the square root of the water-surface slope.
Given that the annual flow through all reaches in the St. Clair
River is approximately the same, annual conveyance ratios
between reaches can be computed without knowing the mag-
nitude of this flow. Analysis of trends in annual conveyance
ratios indicates that conveyance in the reach from Fort Gratiot
to Dunn Paper is decreasing with respect to all other reaches
except Point Edwards to Black River. In contrast, conveyance
in the reach from Dunn Paper to Point Edward is increasing
with respect to all downstream reaches. Conveyance in the
reach from Point Edward to Black River is decreasing with
respect to all downstream reaches. If conveyances in the reach
from Fort Gratiot to Dunn Paper and in the reach from Point
Edward to Black River are both decreasing with time, the lack
of significant change in conveyance between the two reaches
is not unexpected. Conveyance in the reach from Black River
to Dry Dock is decreasing with respect to conveyance from
State Police to Port Lambton; conveyance from Dry Dock to
State Police is increasing with respect to conveyance from
State Police to Port Lambton. Although conveyance ratios
were sometimes positively or negatively related to estimated
flow in different reaches, adjusting conveyance ratios for flow

did not substantially alter the interpretation of conveyance
ratios that were not adjusted for flow.

Inverse one-dimensional (1-D) hydrodynamic model-
ing of the St. Clair River was used to investigate conveyance
change from 1962 to 2007, although missing water-level or
limited flow-measurement data prior to 1996 limited annual
estimation. In particular, inverse modeling techniques were
used to estimate the magnitude and uncertainty of parameters
associated with the effective channel roughness in each reach
for selected time intervals under a fixed geometry model.
Patterns in the time series of estimated parameters were
interpreted as evidence of conveyance change by all fac-
tors that affect conveyance, including cross-sectional area,
hydraulic radius, and channel roughness. Hourly water-level
measurements were used as boundary conditions for unsteady
flow simulations from April 1 to November 30 of each year,

a period selected to avoid variable ice-induced backwater
effects.

Conveyance ratios can be computed for reach pairs on the
basis of water-level measurements or effective channel rough-
ness values estimated by use of inverse modeling. Comparison
of annual conveyance ratios computed by use of both tech-
niques for the period 1996 through 2007 showed that the two
estimates are, in general, directly proportional. The consis-
tency between estimates for the 1996-2007 periods supports
the interpretation of trends in conveyance ratios computed by
use of water-level data from 1962-2007.

Possible changes in river conveyance cannot be ascer-
tained directly from positive and negative changes in reach
conveyances. To assess changes in river conveyance, annual
flows were simulated under all available annual parameteriza-
tions for each corresponding water-level boundary-condition
set. Over all boundary-condition sets, results show the rela-
tive simulated flows increased significantly with the year of
parameterization from 1962 to 2002 by as much as 10 percent
and decreased about 4.2 percent from 2002 to 2007. These
non-monotonic trends in conveyance are difficult to associate
with a causative event.
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