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Conversion Factors

U.S. customary units to International System of Units

Multiply By To obtain

Length

foot (ft) 0.3048 meter (m)
Area

acre 4,047 square meter (m?)
acre 0.4047 hectare (ha)
acre 0.4047 square hectometer (hm?)
acre 0.004047  square kilometer (km?)
square foot (ft2) 929.0 square centimeter (cm?)
square foot (ft?) 0.09290  square meter (m?)

Volume
cubic foot (ft3) 28.32 cubic decimeter (dm?)
cubic foot (ft?) 0.02832  cubic meter (m?)

Flow rate

foot per second (ft/s) 0.3048 meter per second (m/s)
cubic foot per second (ft3/s) 0.02832  cubic meter per second (m?/s)

Datum

Vertical coordinate information is referenced to the North American Vertical Datum of 1988
(NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Elevation, as used in this report, refers to distance above the vertical datum.

Abbreviations

USFWS  U.S. Fish and Wildlife Service
USGS U.S. Geological Survey






Preliminary Models Relating Lake Level Gate Operation
and Discharge at Reelfoot Lake in Tennessee and Kentucky

By Elizabeth N. Heal, Timothy H. Diehl, and Jerry W. Garrett

Abstract

Preliminary models for gate operations at the new outlet
control structure for Reelfoot Lake were developed by the U.S.
Geological Survey, using calibrated ratings of the lift gates, to
support the U.S. Fish and Wildlife Service in managing lake
level. In 2018, the old structure at the outlet of Reelfoot Lake
was buried and lake level control was transferred to a new
structure. The transition from lake-level management of the
old control structure to the new control structure was docu-
mented using historical lake level and discharge measurements
and records of stop-log management from March 7, 2013, to
August 12, 2018. Discharge into Running Reelfoot Bayou
was determined using a standard stage-discharge rating curve.
Discharge measured using an acoustic Doppler current profiler
was used to calibrate gate-discharge equations for free and
submerged orifice flow at the new structure.

Two lake operation models, one for the summer season
and another for the winter season, are provided for the new
structure based on data from this period. The summer opera-
tion model is based on operation of the gates once the lake
level exceeds an elevation of 282.7 feet (ft) above the North
American Vertical Datum of 1988 (NAVD 88). Free flow
begins when lake level reaches 282.3 ft above NAVD 88 and
becomes transitional once the lake level exceeds 282.8 ft above
NAVD 88. Submerged flow begins once the lake level reaches
283 ft above NAVD 88 and the tail-water depth is above criti-
cal flow depth. The winter operation model is based on opera-
tion of the gates once the lake level exceeds 283.2 ft above
NAVD 88. Submerged flow begins when the lake rises to an
elevation of 283.5 ft above NAVD 88 and the tail-water depth
is above critical flow depth.

Introduction

Reelfoot Lake, in northwestern Tennessee and southwest-
ern Kentucky (fig. 1), exemplifies the challenges of managing
water levels in multiuse lakes. The lake is home to a Federal
wildlife refuge, a State wildlife-management area, and to tour-
ism that is based on hunting, fishing, birding, and the area’s
unique natural and cultural history (Vanderwood, 2003; Bray
and others, 2007). The lake margins include private lands

that are sites for seasonal homes, local businesses, and com-
mercial agriculture. In addition, Reelfoot Lake’s main outflow
channel, Running Reelfoot Bayou, is bounded by commercial
agricultural fields. These varied interests in the lake water level
can lead to conflicts. Depending on the time of year, scarcity
of water can degrade wildlife habitat and ecological health or
leave public and private docks isolated from the water, and
excess water can flood residential and commercial structures
and agricultural fields.

Since 1941, the U.S. Fish and Wildlife Service (USFWS)
has been responsible for balancing the diverse societal inter-
ests in and around Reelfoot Lake. By the early 2000s, the old
control structure had deteriorated to the point of being, at best,
marginally operable and in danger of catastrophic failure (Bray
and others, 2007). A new control structure, made operational
in 2018, allows for far more precise control of water levels
over a wider range than was previously possible. The design
and dimensions of the new structure are sufficiently different
from those of the old structure, which makes the old opera-
tional “rules of thumb,” developed over decades of experience,
in need of significant updating (Tennessee Department of
Transportation, written commun., 2018; U.S. Army Corps of
Engineers, 1999).

In 2012, the U.S. Geological Survey (USGS), in coop-
eration with the Tennessee Wildlife Resources Agency and
the USFWS, began a series of hydrologic investigations to
support the USFWS in the transition between the old and new
control structures. A central objective of the investigations
was to determine whether and how the new structure could
be operated to preserve the historic patterns of variability that
had characterized the lake for the past 60 years while meeting
seasonal water-level targets implemented in 1991 (U.S. Army
Corps of Engineers, 1999). Achieving that objective required
the development of operational models relating operation of the
old and new structures to lake level and outflow.

Reelfoot Lake is the largest natural lake in Tennessee
and is an integral part of northwest Tennessee for economic,
recreational, and ecological reasons. The lake was formed by
the New Madrid earthquakes of 1811 and 1812 and is located
within Lake County and Obion County in Tennessee and
Fulton County in Kentucky (fig. 1). The nominal summer lake
elevation is 282.2 feet (ft) above the North American Vertical
Datum of 1988 (NAVD 88). The lake’s surface area covers
approximately 15,500 acres, and average lake depth is approxi-
mately 5.2 ft (U.S. Army Corps of Engineers, 1999).
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Figure 1. Location of study area with surrounding counties.

Lake level management and gate operation is the respon-
sibility of the USFWS, which also manages the Reelfoot

National Wildlife Refuge in the northern section of the lake.
To protect property owners adjacent to the lake and farm-
ers that have land surrounding Running Reelfoot Bayou
from flooding catastrophically, a water management plan for
Reelfoot Lake was developed in 1989. In 1991, an interim
water level management plan was adopted, which stated that
Reelfoot lake level is allowed to fluctuate up to an elevation
of 283.2 ft above NAVD 88 during the winter season, from

November 15 to April 15, and up to an elevation of 282.7 ft

Copyright 2021 Esri and its licensors. All rights reserved
Universal Transverse Mercator, zone 16
North American Datum of 1983

0 50 100MILES
|_|_I_|_'

0 50 100 KILOMETERS

April 16 to November 14 (USFWS, 1989). Currently, the
USFWS typically lowers the lake level to the summer target

level by April 1 to lessen chances that flooding will impact the
growing season (Randy Cook, USFWS, oral commun., 2019).

Purpose and Scope

This report provides preliminary results of USGS inves-

above NAVD 88 during the summer growing season, from

tigations into the response of water level in Reelfoot Lake and
Running Reelfoot Bayou during operation of the old and new
control structures. The report includes a concise account of the



construction and operation of control structures on Reelfoot
Lake, descriptions of hydrologic monitoring, compilation and
analyses of historic and contemporary records of lake level,
streamflow, and the specification and results of operational
models relating gate operation to lake water level and outflow.
Volumetric measurements of leakage through the seals of the
stop-log weirs on the outer bays of the new control structure
are included as well. The data to support the models and find-
ings in this study are available from Heal and Diehl (2022).

Reelfoot Lake Control Structures

The Reelfoot Lake spillway was constructed in 1917
to maintain water levels in the lake. The original spillway
was replaced in 1931 and a Tainter gate was added in 1948.

In 1959, Running Reelfoot Bayou was widened to expand
discharge capacity (U.S. Army Corps of Engineers, 1999). The
Tennessee Department of Transportation began constructing a
vertical lift gate control structure with four stop-log weirs in
2011, but it was not operational until August 2018, after the
1931 structure, referred to in this report as the “old structure,”
was blocked off with sheet piling and buried.

The old control structure for Reelfoot Lake consisted of a
concrete broad-crested weir of twenty 10-ft-wide bays, which
were separated by piers (U.S. Army Corps of Engineers,
1999), and a rotating 20-ft-wide Tainter gate with a sill eleva-
tion of 276.7 ft above NAVD 88 (Randy Cook, USFWS,
written commun., 2019). The stop logs were operated using
hand cranks. Stop-log management depended on winter and

Inflow

l

—>=z

—

EXPLANATION

I Stop-log weir

I Tainter gate
. Concrete apron
@  Hand crank

Introduction 3

summer season target lake levels. In accordance with the water
level management plan of 1991, stop logs were raised when
the lake level exceeded the seasonal target lake level specified
by USFWS personnel (USFWS, 1989; U.S. Army Corps of
Engineers, 1999).

By 2011, the Tainter gate had degraded enough to be
nonoperational (Randy Cook, USFWS, oral commun., 2017).
Flow through the inlet bay approached the weir from the west,
parallel to the weir crest and perpendicular to the wall piers,
then turned sharply and entered the gates diagonally from the
northwest before being discharged southward (fig. 2).

The skew in approaching flow was less pronounced at
low levels when the water in the inlet bay was moving slowly.
The crest of the weir was at 280.95 ft. Flow was reduced
by lowering a single 1.3-ft-high stop log onto the concrete
weir sill in each bay, which raised the weir crest elevation to
282.20 ft above NAVD 8§8.

The new control structure, which controls discharge with
more precision than the old structure, has six 20-ft-wide bays
(fig. 3). All six bays have vertical lift gates that are 20 ft wide,
12.17 ft high, and have a sill elevation of 274.25 ft above
NAVD 88 (table 1). The two center gates, 3 and 4, are used to
control discharge; the four outer gates, 1, 2, 5, and 6, remain
open during normal operations. The four outer bays have steel
stop-log weirs (fig. 3), with a top elevation of 282.2 ft above
NAVD 88 (table 1), located approximately 20 ft upstream
from the lift gates (Tennessee Department of Transportation,
written commun., 2018).

Discharge

Figure 2. 0ld structure schematic and pattern of flow through inlet bay.
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Transportation, written commun., 2018).

Table 1. Gate, weir, and gage elevations of the new control
structure (Tennessee Department of Transportation, written
commun., 2018).

[ft, foot; NAVD 88, North American Vertical Datum of 1988]

Component Elevation
(ft above NAVD 88)
il 274.25
Top of weir 282.20
Top of gate (closed) 286.42
Gage datum 270.11

The gates are currently controlled manually, although
gate automation software has been developed and will be
available for use once gate operation plans are finalized.
There are two staff gages located on the upstream side of the
structure; measurements were not obtained using these gages

New control structure schematic based on original design plans (Tennessee Department of

because of drawdown effects during gate operations (Heal and
Diehl, 2022). During normal operations with the center gates
closed, minimum flow through the structure occurs when the
lake level is below an elevation of 282.2 ft above NAVD 88,
and only leakage is passing through the weirs. Minimum flow
can be enforced by closing all six gates, which also lessens
overall leakage. With the gates closed and stop logs in place,
flow begins to pass over the weirs once the lake level exceeds
an elevation of 282.2 ft above NAVD §8.

Methods

Discharge through the old structure was characterized
as a function of lake level and the number of stop logs in
place on the crest of the spillway through the examination of
recorded lake levels, discharge in Running Reelfoot Bayou
calculated using the standard stage-discharge method, and
USFWS records of the placement and removal of stop logs



collected from March 7, 2013, to August 12, 2018. Discharge
through the new structure was defined using gate opening and
discharge measurements obtained from site visits, recorded
water levels for Reelfoot Lake and Running Reelfoot Bayou
(fig. 4), and gate operation data from the USFWS and incre-
mental encoders (U.S. Geological Survey, 2019; Heal and
Diehl, 2022). Discharge coefficients were calculated using free
and submerged weir and orifice flow equations.

89°26' 89°25'30" 89°25'

89°27'

89°26'30"

36°23' 1=

36°22'30"

LAKE
COUNTY

36°22'

89°24'30"

Methods 5

Data Collection and Compilation

The existing hydrology of Reelfoot Lake, its major tribu-
taries, and its outflow channel were observed from March 7,
2013, to August 12, 2018. In relation to the old structure, this
period of time will hereafter be referred to as the “old structure
study period.” Study site locations are shown on figure 4.

89°24' 89°23'30" 89°23' 89°22'30" 89°22'

REELFOOT LAKE

36°21'30"

36°21"

36°20'30"

36°19'30"

Map image is the intellectual property of Esri and is used herein under license.
Copyright 2021 Esri and its licensors. All rights reserved
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Figure 4.
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Location of Reelfoot Lake, control structures, and gaging stations.
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Both the upstream and downstream sites were moved
during this study to mitigate spillway channel effects on stage
and discharge measurements. The original and new locations
are labeled on figure 5.

Site 07027000—Reelfoot Lake

The upstream gage, site 07027000, records gage height
hourly and is located on Reelfoot Lake (U.S. Geological
Survey, 2019). Lake level was analyzed from March 2013
through June 2019. The upstream gage was originally located
upstream from the new control structure and was moved to its
current location near the old control structure in March 2019

(fig. 5).

Sites 07027002 and 07027005—Running Reelfoot
Bayou

The downstream gage, site 07027005, is located on
Running Reelfoot Bayou. Gage height and rated discharge
were observed from March 2013 through June 2019.
Discharge data for March 2013—August 2018 were acquired
from gage site 07027002 and for August 2018—June 2019
from gage site 07027005; both gage sites recorded data at
15-minute intervals. An acoustic velocity meter installed in
December 2018 is also located at the downstream location
and logs real-time velocity every 15 minutes (U.S. Geological
Survey, 2019); water velocity data from December 2018 to
December 2020 were analyzed. The downstream gage and
acoustic velocity meter were moved approximately 200 meters
downstream to their current location (fig. 5) in June 2019.

A precipitation gage currently transmits data every
15 minutes at site 07027005 (U.S. Geological Survey, 2019).
It was located at the upstream site (site 07027000) from
March 7, 2013, to August 26, 2020, and has been located at the
downstream site from September 9, 2020, to the present.

Site 07027003—Reelfoot Control Structure

Two incremental encoders, site 07027003, were installed
on gates 3 and 4 of the new control structure and transmitted
gate opening data hourly (U.S. Geological Survey, 2019) from
May 9, 2019, through the beginning of June 2021. The encod-
ers were replaced with potentiometers on June 9, 2021.

0ld Structure

Stop-log operation data recorded during the old structure
study period were chosen for analysis. During this period,
the summer growing season (April 16-November 14) lake
level was maintained within the elevation range from 281.4 to
282.9 ft above NAVD 88 90 percent of the time. The lake level
during the remainder of the year was maintained in the eleva-
tion range from 281.3 to 283.8 ft above NAVD 88 90 percent
of the time.

Historical high discharges were inferred from histori-
cal lake stages from 1941 through 2018, and the frequency
of growing-season flood peaks was estimated on the basis of
multiple dates defining the beginning of the growing season.
For high lake stages, discharge was estimated by means of
the rating curve for the old structure with all logs above the
water. During the growing season in years before 1991, logs
were typically raised when the lake level exceeded 282.2 ft
above NAVD 88; after 1991, they were typically raised when
the lake level exceeded 282.7 ft above NAVD 88. Historic
maximum growing-season discharges estimated to have been
less than 900 cubic feet per second (ft3/s) by this method were
actually lower than that if the stop logs were not raised during
the period of maximum lake level.

Rating Approach at Old Structure

Regression was not used to estimate the rating curves
for the old outlet structure because of the bias in the historical
discharge measurements and uncertainty about the number of
stop logs in use. Instead, curves with appropriate functional
forms were fitted subjectively through the densest areas of
data when plotting discharge versus lake level during the old
structure study period. For any given number of stop logs
resting on the sill (down), when tail water was below the sill
there was free flow over the weir and in principle, discharge
should not vary by more than 10 percent at a given lake level
(Murphy, 1904; Horton, 1907; Dickinson, 1967; Harmel
and others, 2006). In this case, the data show that published
discharge (site 07027002) varied over a range of about plus or
minus 10 percent.

The mean error through time of the rated discharge pub-
lished at the gage (site 07027002) is not expected to be zero
because of backwater and unsteady-flow effects. Backwater in
Running Reelfoot Bayou created overestimates of discharge
at the old structure, some large, whereas periods of increasing
lake level produced underestimates.

The records of the times at which the stop logs were up
or down are not completely accurate. As a result, the position
of the stop logs (up or down) had to be deduced from lake
level (site 07027000) and published discharge (site 07027002).
Classifying data into categories for 0 logs, 10 logs, and 20 logs
down involves censoring data from each class on the basis of
how far removed they are from the central band for that class.
Thus, regression of a rating through the categorized data was
not used because of the sensitivity of the criteria for censoring.

New Structure

Discharge through vertical lift gates is generally defined
by two different hydraulic conditions: free flow and sub-
merged flow (Rajaratnam and Subramanya, 1967). In this
case, another hydraulic condition of concern is transitional
flow. As discussed previously, discharge through the new
control structure is dependent upon the water level of Running
Reelfoot Bayou, gate openings, and lake level.
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Free and Submerged Flow Characterization and
Equations

In this study, orifice flow equations (Tillis and Swain,
1998) were used to determine discharge and discharge coef-
ficients for free and submerged orifice flow regimes during
normal operations. These equations were implemented with
the assumption that discharge increased gradually during
the transition from free to submerged orifice flow and that
the transition from free to submerged flow at the weirs was
smooth. Weir flow equations (Tillis and Swain, 1998) were
used to model flow through the four outer bays with stop-log
weirs, as well as flow through the old structure.

The gate design of the new structure has features that are
not included in the theoretical analysis upon which the orifice
flow equations are based. On the upstream side, flow contrac-
tion in the bay openings increases as discharge increases;
this is caused by the larger width of the upstream channel,
approximately 212 ft across, in relation to the two 20-ft-wide
center gates (fig. 3). Furthermore, the apron is not flat on the
downstream side of the gate, but curves downward, like an
ogee spillway.

282.2ft

Free Weir Flow

Free weir flow is defined by discharge freely cascading
over a weir into open atmosphere; it is not influenced by tail-
water elevation (Henderson, 1966). Free weir flow conditions
exist in gates 1, 2, 5, and 6 with the stop logs in place when
gates are raised above tail-water level, the lake level is above
282.2 ft above NAVD 88, and tail water is below the critical
flow level on the crest of the weir (fig. 6).

To compute free flow over the stop-log weirs, the coef-
ficient of discharge, C,,, was used (Tillis and Swain, 1998):

0 = C,LH', (1)

where
O  =discharge, in cubic feet per second;
C,  =discharge coefficient;

L = length of sill, in feet; and
H  =headwater depth above sill, in feet.

st
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Figure 6.

Free weir flow water surface profile of the new structure based on original design plans (Tennessee

Department of Transportation, written commun., 2018). ft, foot; H, headwater depth above sill, in feet; NAVD 88, North

American Vertical Datum of 1988.



Free Orifice Flow

Similarly, free orifice flow occurs when discharge passes
through an orifice, or gate opening, and is supported by the
sill. When gates 3 and 4 of the new structure are raised as
much as 1 ft, free orifice flow is generally observed, as shown
in figure 7, as the tail water remains below the critical flow
depth on the sill.

To compute free orifice flow for discharge through the
two center gates of the new structure, the coefficient of dis-
charge, C,, was used (Tillis and Swain, 1998):

Methods 9

0
LG\2g(H-0.5G)

g

(€)

Submerged Weir Flow

Submerged weir flow occurs in bays 1, 2, 5, and 6 when
the tail-water elevation rises above the critical flow depth on
the weir crest (fig. 8). This exceedance creates backwater that
affects discharge (Chin, 2006).

To compute submerged weir flow, the coefficient of

discharge, C,,,, was used in the following equation (Tillis and
0 = C,LG\2g(H-0.50), (2) Swain, 1998):
where 0= C, Lh\2g(H-h), @)
C,  =discharge coefficient for free orifice flow;
G = gate opening, in feet; and where
g  =acceleration of gravity (32.17 feet per C,, = discharge coefficient for submerged weir
square second). flow; and
h = tail-water depth above sill, in feet.
Using existing USGS gage measurements for 0, equa-
tion 2 can be rearranged to solve for the discharge coefficient:
2827t o _
H
7425f0 G v
—— 27253t
EXPLANATION

— Sill

—— Water surface

[ Roller gate slot

B Roller gate

Concrete spillway

Note: Water levels are referenced

to NAVD 88
Figure 7. Free orifice flow water surface profile through center gate of the new structure based on original design plans

(Tennessee Department of Transportation, written commun.,

2018). ft, foot; H, headwater depth above sill, in feet; G, gate

opening, in feet; NAVD 88, North American Vertical Datum of 1988.
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Figure 8. Submerged weir flow water surface profile of the new structure based on original design plans (Tennessee
Department of Transportation, written commun., 2018). ft, foot; H, headwater depth above sill, in feet; h, tail-water
depth above sill, in feet; NAVD 88, North American Vertical Datum of 1988.

Submerged Orifice Flow

Submerged orifice flow occurs through gates 3 and 4
when the gates are open and the tail-water depth is above the
critical flow depth on the apron, immediately downstream
from the gate (fig. 9). To compute submerged orifice flow
through the gates of the new structure, the coefficient of dis-
charge, Cgs, was used (Tillis and Swain, 1998):

0 = Cy Lh\2gH= I, 5)

where
Cys = discharge coefficient for submerged
orifice flow.

Equation 5 can be rearranged to solve for the discharge
coefficient:

0
C, = ——— 6
¢ Lh\2g(H—h) (©)

As C,, is a function of gate opening and submergence,
the computed values are plotted against the dimensionless
parameter, 4/G, and used in the following form (Tillis and
Swain, 1998):

- a(t).

where

Aand B = values determined through regression.

Transitional Flow

Transitional flow develops when flow switches between
free and submerged orifice flow conditions. It is an unstable
flow condition that is difficult to define mathematically
because it occurs within a general zone instead of at a specific
point. The transitional flow zone has upper and lower boundar-
ies that are influenced by variations in depth of the tail water
and geometry of the sill (Ansar and Chen, 2009). In this case,
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Figure9. Submerged orifice flow water surface profile through center gate of the new structure based on
original design plans (Tennessee Department of Transportation, written commun., 2018). ft, foot; H, headwater
depth above sill, in feet; G, gate opening, in feet; h, tail-water depth above sill, in feet; NAVD 88, North American

Vertical Datum of 1988.

transitional flow was determined through direct observation of
gate operations during 11 site visits from December 2, 2013,
to October 24, 2018.

Velocity Measurements and Rating Curves

For all periods of flow through the old and new structure,
discharge was determined by using a standard stage-discharge
rating curve that incorporates real-time stage data from the
standard gage on Running Reelfoot Bayou (site 07027005)
and periodic field measurements made with a four-beam
acoustic Doppler current profiler (Turnipseed and Sauer,
2010). At times, the bayou is affected by variable backwa-
ter, which generally occurs after rain events. Overflow from
ditches used for agricultural drainage enters the bayou, raising
the water level and thereby reducing flow velocity at the gage.
Variable backwater also occurs during gate operations when
the water level of the bayou changes rapidly.

An index velocity rating, which is based on the wet-
ted area of the bayou and a mean velocity to instantaneous
velocity regression, was applied to selected data for analysis
during a precipitation event from March 11 to March 13, 2020

(Turnipseed and Sauer, 2010; U.S. Geological Survey, 2019;
Heal and Diehl, 2022). To calculate index velocity, real-time
point velocity data were obtained from an acoustic Doppler
current profiler that was installed in addition to the standard
stage gage at site 07027005; the profiler uses a two-beam
transducer configuration that sends and receives acoustic
pulses into the stream channel. Water velocity in a relatively
small portion of the channel is determined by measuring the
frequency shift of the transmitted and received acoustic pulses
as they are reflected off particles in the water (Turnipseed and
Sauer, 2010).

Gate Opening Measurements

Gate opening measurements at the new structure were
recorded using two methods: by hand, with a metal tape
attached to a long stick, and with two incremental shaft encod-
ers (fig. 10). Incremental encoders are typically used to record
water levels using a float sensor on the water surface con-
nected to a metal tape (Sauer and Turnipseed, 2010). In this
case, the metal tapes were attached to the top of both center
gates with magnets to record vertical gate movement.
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Figure 10.

Stop-Log Weir Leakage Measurements

Leakage was observed through the seals of the stop logs
on bays 1, 2, 5, and 6 of the new structure. The lake level was
0.6 ft below the top of the stop-log weir for all measurements.
The USGS volumetric method (Turnipseed and Sauer, 2010)
was used to measure leakage in each of the four bays (fig. 11).
Leakage was contained by closing the gates on bays 1, 2, 5,
and 6. The water level was then measured repeatedly as it rose
in the space between the weir and gate. The water surface area
between the weir and gate was about 396 square feet. The fol-
lowing equation was used to determine leakage discharge rates
(Turnipseed and Sauer, 2010):

V14
0= ®)
where
AV =change in volume of water, in cubic
feet; and
t = time, in seconds.

Incremental encoders on the new control structure at Reelfoot Lake. Photograph by
Jerry W. Garrett, U.S. Geological Survey.

Statistical Error Method for Free and Submerged
Orifice Flow Regimes

For free and submerged orifice flow, error statistics were
computed using the nonlinear least squares method, which
uses polynomial regression to determine the weighted least
square estimates (Ciaburro, 2018):

RSS = Z[yi_(ﬂo+ﬂ1*x1+ﬂz*x2+~~~+ﬁn*xn)]2a ©

where
RSS  =residual sum of squares,
x  =independent variable,
y = dependent variable, and
S =unknown coefficient.

The overview method in the R statistical software was
then applied to calculate standard error and related statisti-
cal variables using the nonlinear least squares method results
(Baty and others, 2015; R Core Team, 2019):



David Crum, U.S. Geological Survey (USGS)
hydrographer, marking measurement points. Photograph by

Figure 11.

Elizabeth N. Heal, USGS.

SE = No? = {5 5T, (10)

where
SE = standard error,
¢’ =mean square error,
n = number of samples,
P = sample proportion, and
R = weighted residual.

Hydrologic Analyses

This section provides the estimated results of old and new
control structure data, which were used to determine discharge
coefficients and related equations. The results of weir leakage
testing are also presented.

Hydrologic Analyses 13

0ld Structure Operations

Discharge from the old structure was modeled as a func-
tion of lake level using four rating curves (fig. 12). Three of
the four equations for estimated curves that best match the
stage-discharge data have the form of weir discharge equa-
tions. However, the values used for the “weir crest level” in
the fitted equations are treated as variables and do not corre-
spond exactly to the nominal sill level, either of the concrete
weir crest or the top of the stop logs. The fitted coefficients of
discharge are low compared to reference values (Tracy, 1957;
Brater and King, 1976). These peculiarities may be due to
large differences between the existing weir structure and the
idealized weirs upon which theoretical weir discharge equa-
tions are based, particularly the skewed inflow, as discussed
previously. Weir discharge coefficients for steps in natural
channels can be as low as 2.0 (Said, 2015):

0, = 2.0%20 ft* (lake stage — 281 fi)'3, (11)
0, = 2.5%200 fr* (lake stage — 281.9 f#)'5,  (12)
0, = 2.0%200 fi* (lake stage — 281 i)', (13)
where
0, = discharge, in cubic feet per second;
for lake elevation less than 282.1 ft
above NAVD 88;
0, = discharge, in cubic feet per second; for free
weir flow over 20 stop logs; and
0, = discharge, in cubic feet per second; for free

weir flow without stop logs.

The equation for submerged weir flow, Q,, is based on
the linear regression of 1,775 selected points, with Running
Reelfoot Bayou discharge measurements of 1,400 ft3/s or
higher against a lake level of 283.3 ft above NAVD 88
or higher:

0, = (lake stage*350) — 97,755, (14)
where
Q,  =discharge, in cubic feet per second, for

submerged weir flow, lake stage greater
than 283.30 ft above NAVD 88.
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Based on data analysis of the monitoring period, stop-log
operations generally followed the 1991 management plan.
Stop logs were not always lowered during periods when the
lake level was below the nominal target water level. During
the summer season, all 20 stop logs were kept down at lake
levels below 282.25 ft above NAVD 88 and all 20 stop logs
were raised at lake levels above 282.65 ft above NAVD 8§8.
Over a lake level range of 282.25-282.65 ft above NAVD 88,
a variable number of logs were used (fig. 13). Typically, the
lake was drawn down around March 20 to facilitate reaching
the summer target lake level of 282.2 ft above NAVD 88 by
April 1 (Randy Cook, USFWS, oral commun., 2017).

During the winter season, all 20 logs were kept down at
lake levels below 282.4 ft above NAVD 88. On some occa-
sions, the stop logs were kept in place up to a lake stage
of 283.25 ft above NAVD 88. Over the lake stage range of
282.4-283.6 ft above NAVD 88, a setting of 10 logs was
sometimes used. All 20 logs were raised during some peri-
ods when lake levels were above 282.75 ft above NAVD 88,
and during all periods when lake levels were above 283.65 ft
above NAVD 88 (fig. 14).

Discharge Ratings

Most points representing lake stage and discharge dur-
ing periods with 20 stop logs reported to be resting on the
weir sill are clustered around two curves (Q1 and Q2), joined

2,000 l
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at a breakpoint, at a lake stage of approximately 282.2 ft
above NAVD 88 and a Running Reelfoot Bayou discharge

of approximately 50 ft3/s (fig. 15). The curve below 50 ft3/s
represents leakage around the logs and through, around, and
under the rest of the old structure. The curve above 50 ft3/s
and extending to about 600 ft3/s at a lake level of 283 ft above
NAVD 88 represents free flow over the top of the stop logs at
282.2 ft above NAVD 8§8.

In figure 12, data points for lake level and discharge clus-
ter around two rating curves (Q3 and Q4) during periods when
all logs were reported to be raised clear of the water. These
curves are joined by a breakpoint at 283.3 ft above NAVD 88
and 1,400 ft3/s. The curve below 1,400 ft3/s represents free
weir flow over the concrete weir sill, whereas the curve above
1,400 ft3/s represents submerged weir flow. At the transition
from free to submerged flow, the tail water is approximately
282.19 ft above NAVD 88, which is 1.24 ft above the weir
crest at 280.95 ft above NAVD 88, and the vertical drop in
the water surface across the weir is approximately 1.11 ft.
Figure 16 shows a selected time period identical to that of the
data displayed in figure 12, namely 2013—-16. Lake level and
discharge data points in this figure correspond to the period
of time for which the records of stop-log operation were
available.

To model high flows, the upper end of the Running
Reelfoot Bayou rating curve and the upper end of the dis-
charge rating for the old structure were extrapolated as
linear functions; the uncertainty associated with both ratings
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increases above 1,900 ft3/s (fig. 12). At a lake elevation (and
maximum value of extrapolation) of 286.0 ft above NAVD 88,
modeled discharge was 2,345 ft3/s, tail water was at 285.29

ft above NAVD 88, and the vertical drop in the water surface
across the weir was approximately 0.71 ft.

Data points representing lake level and discharge during
periods with 10 logs resting on the concrete sill and 10 raised
clear of the water are clustered around a curve that is inter-
mediate between the curves for 20 logs lowered and 20 raised
(fig. 17). Usage of the 10-log setting was rare and inconsistent.
Because of this inconsistency, this gate setting was not used
for modeling purposes, and no curve was fit to the data for the
10-log setting.

Numerous plotted points of lake level and discharge
appeared to represent a specific number of stop logs. However,
records of stop-log operations implied during some time
periods that a different number of logs was used. For inter-
pretation, it was assumed that the actual number of stop logs
in place was reflected by the plotted relation of lake level to
discharge, despite inconsistency in the recorded number of
stop logs. These periods of discrepancy between the estimated
and recorded number of logs were dominated by episodes in
March and April when the estimated number of logs in place
on the sill was less than the recorded number. In the period of
available USFWS records of stop-log numbers, from April 9,
2013, through April 19, 2016, 10 percent of hourly measure-
ments had a discrepancy between the level-discharge pair and
the reported number of logs.

Historic Lake Levels

In the period from 1991 through 2018, growing-season
peak discharge quantiles were noticeably lower than annual
peak discharge quantiles (table 2). Over a 2-year recurrence
interval, the median peak discharge for the entire calendar year
was approximately 1,480 ft3/s. For the growing season from
April 16 through November 14, the median peak discharge for
the growing season was approximately 1,345 ft3/s.

Maximum Reelfoot Lake water levels for the entire year
and for the growing season were calculated over a period of
63 years to assess their height and timing (fig. 18). Annual
maximum lake levels typically occurred outside the growing

Table 2. Median annual peak discharges and peak
growing-season discharges by recurrence interval.

[ft}/s, cubic foot per second; Nov., November; yr, year]

Median peak discharge

(ft/s) Recurrence
- interval
Entire year ((Ii:)or‘i';lfll:ig—;i?f::) (yr)
1,843 1,548 20
1,681 1,478 10
1,606 1,429
1,480 1,345
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Vertical Datum of 1988.

season; when they occurred in the growing season, they were
typically lower than winter maximum levels. Maximum
growing-season lake levels typically occurred at the begin-
ning of the growing season or within the following 6 weeks.
Between 1941 and 2016 (excluding 1971-83), the highest
maximum summer lake level was recorded at 285.85 ft above
NAVD 88 on May 4, 2011, day 124. The lowest maximum
growing-season lake level was 281.46 ft above NAVD 88 on
April 23, 1941.

New Structure

Several site visits from December 2, 2013, to October 24,
2018, were made to obtain gate opening data and correspond-
ing discharge measurements. Free and submerged orifice
flow conditions were confirmed by observation during site
visits. Hysteresis in the gate rating, which can be caused by
the abrupt transition in depth from supercritical to subcritical
depth upstream or downstream of a vertical lift gate (Defina
and Susin, 2003), was not found to be a concern at the new
structure. As backwater increased, discharge decreased
gradually from the amount predicted by the fitted free orifice
equation to the amount predicted by the submerged orifice
equation.

Free Weir and Submerged Flow Discharge
Measurements

Free weir flow conditions exist at the new structure when
gates 1, 2, 5, and 6 are raised above tail-water level and the
lake level exceeds 282.2 ft above NAVD 88. Submerged weir
flow occurs in bays 1, 2, 5, and 6 when the tail-water elevation
rises above the critical flow depth on the weir crest. Onsite
discharge measurements to determine weir flow coefficients
specific to the new structure were not available for the period
December 2, 2013—October 24, 2018.

Free Orifice Flow Discharge Measurements

The mean discharge coefficient from field data, C, based
on equation 3, was 0.533. The discharge coefficient ranged
from 0.36 at a measured discharge of 308 ft3/s to 0.64 at a
measured discharge of 839 ft3/s. As shown in figure 19, the
discharge coefficient for free orifice flow calculated using the
method described in Tillis and Swain (1998) was 0.532, which
is the slope of the fitted line. The standard error (SE) was
0.010 (table 3).
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Table 3. Free orifice flow regression statistics.

[SE, standard error; RSS, residual sum of squares; RSE, residual standard error; t value, ratio of difference between mean of sample sets and variation that exists
within sample sets; Pr(>|t|), p-value associated with t value; %, percent; <, less than]

Confidence interval
SE RSS RSE tvalue  Pr)  Degreesof Formula
freedom 2.5% 97.5%
0.010 1.04 0.165 53.47 <2e-16 38 0.512 0.552 y=a*x

Submerged Orifice Flow Discharge
Measurements

The mean discharge coefficient from field data, Cop based
on equation 6, was 0.283. The discharge coefficient ranged
from 0.130 at a measured discharge of 952 ft3/s to 0.383 at a
measured discharge of 1,209 ft3/s. As shown in figure 20, the
discharge coefficient for submerged orifice flow, using the
method described in Tillis and Swain (1998), was 0.671x-1:026,
where x is 4/G, the ratio of tail water to gate opening. The SE

values for variables a and b were 0.050 and 0.094 (table 4).

Preliminary Model Results Relating Gate
Operation to Water Level and Discharge
The summer and winter models were developed to mimic

the volume of flow that would have passed through the old
control structure and follow the 1991 interim management

plan (U.S. Army Corps of Engineers, 1999). The total target
discharge column of tables 5 and 6 reflects how much water
was moving through the old structure at each lake level. The
last column of both tables lists the expected water level down-
stream without backwater effects.

The summer operation model (table 5) is based on opera-
tion of the gates above the lake level of 282.7 ft above NAVD
88. At 282.8 ft above NAVD 88, a total target discharge of
966 ft3/s was determined to be the amount of discharge mov-
ing through the old structure if all stop logs were removed. To
move 966 ft3/s of water through the new structure, at a lake
level of 282.8 ft above NAVD 88, the two center gates can
be opened to 2.18 ft, in which 108 {t3/s of the total discharge
is expected to pass over the stop-log weirs of the outer bays.
At this gate height, flow conditions are expected to be transi-
tional, moving from free to submerged. Based on the rating of
the Running Reelfoot Bayou gage (site 07027005), the tail-
water elevation is expected to be 279.64 ft above NAVD 88.
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Table 4. Submerged orifice flow regression statistics.

[SE, standard error; RSS, residual sum of squares; RSE, residual standard error; t value, ratio of difference between mean of sample sets and variation that exists
within sample sets; Pr(>[t|), p-value associated with t value; %, percent; NA, not applicable]

Confidence interval
Variable SE RSS RSE tvalue Pr(>|t]) Degrees of Formula
freedom 2.5% 97.5%
a 0.050 0.003 0.017 13.48 2.84e-07 9 0.559 0.784 y=a*x’
b 0.094 NA NA -10.97 1.65e-06 NA -1.237 —-0.814 NA

To approximate the behavior of free flow through the old
structure between water levels of 282.3 and 282.7 ft above
NAVD 88, when all 20 stop logs were down, the total target
discharge was determined to range from 126 to 358 ft/s.
According to the summer model, at a lake level of 282.3 ft
above NAVD 88, if 7 ft3/s is passing over the outer stop-log
weirs of the new structure, the gates can be raised 0.25 ft to
release an additional discharge of 119 ft*/s, thereby reaching
the target discharge of 126 ft3/s.

The winter operation model (table 6) was based on
historical flow through the old structure and the 1991 interim
water level management plan. At 283.3 ft above NAVD 88, if
the gates are raised to 4.90 ft, a discharge of 1,128 ft3/s will
be passing through the gates and 267 ft3/s will be flowing
over the outer weirs, which approximates a total discharge of
1,395 ft3/s. At this gate opening height, flow through the struc-
ture is expected to be transitional, reaching submerged condi-
tions at a gate opening of 5.16 ft and lake level of 283.5 ft
above NAVD 88. This model also includes gate openings for

water levels between 282.3 and 282.7 ft above NAVD 88 with
total target discharge, in free flow conditions, ranging from
126 to 741 ft3/s.

Gate Operations

Gate operational data were provided by the USFWS
(Heal and Diehl, 2022) and compared with USGS incremen-
tal encoder data (U.S. Geological Survey, 2019). The period
of data from February 12, 2019, through April 8, 2019, can
be disregarded in relation to gate operations because the
gates were lifted completely out of the water to relieve flood
conditions. In figure 21, the gate opening was recalculated to
reflect the elevation of the bottom of the gate to illustrate the
water-level relationship between Reelfoot Lake and Running
Reelfoot Bayou. After each gate operation, it was observed
that the water level in Running Reelfoot Bayou took approxi-
mately 24 hours to reach steady-state conditions. Most of the
time, the tail water was above the bottom of the gate, suggest-
ing submerged conditions after reaching a steady state.
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Table 5. Preliminary summer gate operation model for gates 3 and 4.

[Water levels are in feet above the North American Vertical Datum of 1988; ft, foot; NAVD 88, North American Vertical Datum of 1988; ft3/s, cubic foot per

second]

Lake level Target Weir Target gate Initial trial T?;g::’;; v‘\,’:f ‘t’;?te:lm
(ft above discharge discharge Flow conditions discharge gate opening no backwater
3 3 3
NAVD 88) (ft3s) (ft3/s) (ft3/s) (ft) (ft above NAVD 88)

282 0 No flow 0 0 268.5
282.1 0 No flow 0 0 268.5
282.2 0 No flow 0 0 268.5
282.3 126 7 Free orifice flow 119 0.25 271.21
282.4 177 21 Free orifice flow 156 0.33 271.92
282.5 232 38 Free orifice flow 194 0.41 272.72
282.6 293 59 Free orifice flow 234 0.49 273.36
282.7 358 82 Free orifice flow 276 0.57 274.18
282.8 966 108 Transitional range 858 2.18 279.64
282.9 1,048 136 Transitional range 912 2.67 280.20
283 1,131 166 Submerged orifice flow 966 3.11 280.73
283.1 1,217 198 Submerged orifice flow 1,019 3.56 281.18
283.2 1,305 232 Submerged orifice flow 1,074 4.19 281.68
283.3 1,395 267 Possible transitional range 1,128 4.90 282.16
283.4 1,435 305 Possible transitional range 1,130 5.08 282.33
283.5 1,470 343 Submerged orifice flow 1,127 5.16 282.44
283.6 1,505 384 Submerged orifice flow 1,121 5.31 282.59
283.7 1,540 426 Submerged orifice flow 1,114 5.33 282.70
283.8 1,575 469 Submerged orifice flow 1,106 5.43 282.85
283.9 1,610 513 Submerged orifice flow 1,097 5.38 282.95
284 1,645 559 Submerged orifice flow 1,086 5.48 283.10
284.1 1,680 607 Submerged orifice flow 1,073 5.42 283.20
284.2 1,715 655 Submerged orifice flow 1,060 5.48 283.34
284.3 1,750 705 Submerged orifice flow 1,045 5.41 283.44
284.4 1,785 756 Submerged orifice flow 1,029 5.46 283.58
284.5 1,820 804 Submerged orifice flow 1,016 5.39 283.68
284.6 1,855 826 Submerged orifice flow 1,029 5.56 283.81
284.7 1,890 878 Submerged orifice flow 1,012 5.44 283.90
284.8 1,925 929 Submerged orifice flow 996 5.46 284.03
284.9 1,960 978 Submerged orifice flow 982 5.39 284.13
285 1,995 1,023 Submerged orifice flow 972 5.41 284.25
285.2 2,065 1,111 Submerged orifice flow 954 5.39 284.47
285.4 2,135 1,187 Submerged orifice flow 948 5.40 284.68
285.6 2,205 1,253 Submerged orifice flow 952 5.47 284.89
285.8 2,275 1,314 Submerged orifice flow 961 5.52 285.09
286 2,345 1,357 Submerged orifice flow 988 5.67 285.29
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Table 6. Preliminary winter gate operation model for gates 3 and 4.

[Water levels are in feet above the North American Vertical Datum of 1988; ft, foot; NAVD 88, North American Vertical Datum of 1988; ft3/s, cubic foot per

second]
. L Target downstream
Lake level Target Weir Target gate Initial trial water level with
(ft above discharge discharge Flow conditions discharge gate opening no backwater
3 3 3
NAVD 88) (ft3/s) (ft3/s) (ft3/s) (ft) (ft above NAVD 88)

282 0 No flow 0 0 268.5

282.1 0 No flow 0 0 268.5

282.2 0 No flow 0 0 268.5

282.3 126 7 Free orifice flow 119 0.25 271.21
282.4 177 21 Free orifice flow 156 0.33 271.92
282.5 232 38 Free orifice flow 194 0.41 272.65
282.6 293 59 Free orifice flow 234 0.49 273.36
282.7 358 82 Free orifice flow 276 0.57 274.18
282.8 427 108 Free orifice flow 319 0.66 275.01
282.9 500 136 Free orifice flow 364 0.75 275.81
283 577 166 Free orifice flow 411 0.84 276.52
283.1 657 198 Free orifice flow 459 0.94 277.23
283.2 741 232 Free orifice flow 509 1.04 277.94
283.3 1,395 267 Possibly transitional 1,128 4.90 282.16
283.4 1,435 305 Possibly transitional 1,130 5.08 282.33
283.5 1,470 343 Submerged orifice flow 1,127 5.16 282.44
283.6 1,505 384 Submerged orifice flow 1,121 5.31 282.59
283.7 1,540 426 Submerged orifice flow 1,114 5.33 282.70
283.8 1,575 469 Submerged orifice flow 1,106 5.43 282.85
283.9 1,610 513 Submerged orifice flow 1,097 5.38 282.95
284 1,645 559 Submerged orifice flow 1,086 5.48 283.10
284.1 1,680 607 Submerged orifice flow 1,073 5.42 283.20
284.2 1,715 655 Submerged orifice flow 1,060 5.48 283.34
284.3 1,750 705 Submerged orifice flow 1,045 5.41 283.44
284.4 1,785 756 Submerged orifice flow 1,029 5.46 283.58
284.5 1,820 804 Submerged orifice flow 1,016 5.39 283.68
284.6 1,855 826 Submerged orifice flow 1,029 5.56 283.81
284.7 1,890 878 Submerged orifice flow 1,012 5.44 283.90
284.8 1,925 929 Submerged orifice flow 996 5.46 284.03
284.9 1,960 978 Submerged orifice flow 982 5.39 284.13
285 1,995 1,023 Submerged orifice flow 972 5.41 284.25
285.2 2,065 1,111 Submerged orifice flow 954 5.39 284.47
285.4 2,135 1,187 Submerged orifice flow 948 5.40 284.68
285.6 2,205 1,253 Submerged orifice flow 952 5.47 284.89
285.8 2,275 1,314 Submerged orifice flow 961 5.52 285.09
286 2,345 1,357 Submerged orifice flow 988 5.67 285.29
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Figure 21. Lake level and Running Reelfoot Bayou level in relation to gate operations from December 15, 2018, to

June 15, 2019. ft, foot; RRB, Running Reelfoot Bayou; NAVD 88, North American Vertical Datum of 1988.

Variable Backwater

At times, Running Reelfoot Bayou is affected by vari-
able backwater occurring after rain events. Tributary drainage
enters the bayou, raises its water level, and thereby reduces
flow velocity at the downstream gage (fig. 22). At 10 a.m. on
March 10, 2020, gates 3 and 4 were opened 2 ft in response
to rising lake level caused by precipitation beginning on
March 9 and continuing intermittently throughout the month
(fig. 22). When precipitation occurred for a short period on
March 11, 2020, with no changes in gate level, the water level
in Running Reelfoot Bayou rose while flow velocity initially
spiked and then decreased (fig. 23).

Weir Leakage

Based on the volumetric method, the total leakage
through the four weirs (1, 2, 5, and 6) was about 3 ft3/s.
Stop-log weir 2 had the highest amount of leakage at 2.7 ft3/s
(table 7). Leakage through weir 1 appeared to be similar in
flow to weir 6 but could not be measured because the gate in
this bay leaked as much as the stop-log weir. This created a
steady-state flow condition in which the water level did not
rise between the weir and the gate.
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Figure 22. Precipitation for March 2020 (sites 07027000, 07027003, and 07027005; U.S. Geological Survey, 2019; Heal and
Diehl, 2022). ft, foot; ft/s, foot per second; NAVD 88, North American Vertical Datum of 1988.
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Figure 23. Precipitation for March 11-13, 2020 (sites 07027000 and 07027005; U.S. Geological Survey, 2019; Heal and Diehl,
2022). ft, foot; ft/s, foot per second; NAVD 88, North American Vertical Datum of 1988.

Table 7. Volumetric leakage measurements.

[Q, discharge, in cubic feet per second; ft3/s, cubic foot per second; NA, not
applicable]

] Average Q
Weir (ﬂ3/g)
1 NA
2 2.66
5 0
6 0.25
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Conclusions

The new control structure provides the opportunity to
control discharge at a more precise level than the old structure.
The vertical lift gates can release a higher level of discharge
into Running Reelfoot Bayou and weir leakage is significantly
lower. During gate operations, the water level of Running
Reelfoot Bayou changes rapidly, which creates unsteady con-
ditions. It was observed that the water level at the downstream
gage, located about 1,740 feet from the control structure,
takes approximately 24 hours to reach steady-state conditions.
During this 24-hour period, after the gates are opened, the tail
water is above the bottom of the gates, suggesting submerged
conditions before a steady state. For future analysis of the rela-
tionship between rated discharge and actual discharge during
this 24-hour period, instantaneous velocity data were collected
from the acoustic Doppler current profiler, which is located at
the downstream gage. Abnormalities associated with the old
structure, such as skewed inflow and the complex shape of
the weir crest, caused the calculated coefficients of discharge
for the structure to be low in comparison to theoretical refer-
ence values.
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