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and reservoir modelling
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Abstract:

In-stream sensors are increasingly deployed as part of ambient water quality-monitoring networks. Temporally dense data from
these networks can be used to better understand the transport of constituents through streams, lakes or reservoirs. Data from
existing, continuously recording in-stream flow and water quality monitoring stations were coupled with the two-dimensional
hydrodynamic CE-QUAL-W2 model to assess the potential of altered reservoir outflow management to reduce sediment trapping
in John Redmond Reservoir, located in east-central Kansas. Monitoring stations upstream and downstream from the reservoir
were used to estimate 5.6 million metric tons of sediment transported to John Redmond Reservoir from 2007 through 2010, 88%
of which was trapped within the reservoir. The two-dimensional model was used to estimate the residence time of 55 equal-
volume releases from the reservoir; sediment trapping for these releases varied from 48% to 97%. Smaller trapping efficiencies
were observed when the reservoir was maintained near the normal operating capacity (relative to higher flood pool levels) and
when average residence times were relatively short. An idealized, alternative outflow management scenario was constructed,
which minimized reservoir elevations and the length of time water was in the reservoir, while continuing to meet downstream
flood control end points identified in the reservoir water control manual. The alternative scenario is projected to reduce sediment
trapping in the reservoir by approximately 3%, preventing approximately 45 000 metric tons of sediment from being deposited
within the reservoir annually. This article presents an approach to quantify the potential of reservoir management using existing
in-stream data; actual management decisions need to consider the effects on other reservoir benefits, such as downstream flood

control and aquatic life. Copyright © 2012 John Wiley & Sons, Ltd.
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INTRODUCTION

In addition to flood control, communities are reliant on
reservoir storage for drinking water, agricultural use and
industrial use. In Kansas, reservoir storage is the source of
drinking water for more than two thirds of the state
population; studies project that a severe drought will result
in water supply shortages in multiple basins (Kansas Water
Office, 2008). Water supply shortages will become more
likely as human populations grow and as sediment
accumulation continues to decrease available reservoir
storage. Solutions to maintaining reservoir storage are
limited because (i) sediment is naturally transported in
streams and rivers; (ii) improved erosion controls may
not affect sedimentation for decades because of field,
floodplain and in-stream sediment storage of previously
eroded sediments (Trimble, 1999; Evans et al., 2000); and
(iii) dredging of large reservoirs such as in Kansas has, thus
far, been cost-prohibitive and disposal of sediments is
difficult (Kansas Water Office, 2008).

Internationally, the effects of sediment accumulation in
reservoirs have long been realized. Because of the
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immediacy of the problem and the expense and difficulty
of dredging, decommissioning or building new reservoirs,
the management of reservoir outflows has been altered to
decrease or arrest sediment accumulation (Fan and Morris,
1992a, 1992b; Morris and Fan, 1998; White, 2001; Palmieri
et al., 2003; Morris et al., 2008). These reservoir
management strategies use the velocity of incoming flood-
waters to transport incoming and previously deposited
sediments through reservoirs but require varied levels of
reservoir drawdown to maximize effectiveness. The
feasibility of reservoir management to reduce sediment
deposition varies depending on reservoir, watershed and
economic considerations (White, 2001; Palmieri et al.,
2003; Morris et al., 2008). Compared with reservoirs
worldwide, the percentage of storage loss in large reservoirs
in the United States has been limited because these
reservoirs typically have large storage capacities relative
to incoming inflow volumes (G. Motris, written communi-
cation, 2009).

Numerical models are improving the ability to simulate
the movement of turbidity currents (Gelda and Effler, 2007,
Chung et al., 2009) and cohesive sediment through
reservoirs (Simdes and Yang, 2008; Yang and Simdes,
2008). However, the episodic nature of sediment transport
to reservoirs and the spatial complexity of sediment within
reservoirs often make it difficult to test model simulations.



CONTINUOUS TURBIDITY TO ASSESS RESERVOIR SEDIMENTATION

Water quality sensors are increasingly being deployed
continuously in streams and rivers as part of ambient water
quality programs (e.g. see http://waterwatch.usgs.gov/
wqwatch/). These data can accurately represent the flux of
suspended sediment at fine temporal scales (Rasmussen
et al., 2009) and when collected upstream and downstream
from a lake or reservoir can be used quantify sediment
trapping efficiency more accurately than through periodic
sample collection (Lee et al., 2008). Further, when coupled
with an understanding of reservoir hydrodynamics, these
data can be used to characterize how short-term processes,
such as how variation in reservoir outflow management
affects sediment flux through reservoirs. This study coupled
a CE-QUAL W2 hydrodynamic reservoir model with
existing continuous turbidity data at US Geological Survey
(USGS) streamgage sites upstream and downstream from
John Redmond Reservoir to assess the potential of altered
reservoir management to reduce reservoir sedimentation.

Study area

John Redmond Reservoir was constructed on the
Neosho River from 1959 through 1964 for purposes of
flood control, water supply and recreation [US Army Corps
of Engineers (USACE), 1996]. Since the dam was
completed in 1964, sediment deposition has reduced water
storage at the normal operational level (termed the
conservation pool) by 42%, which is among the largest
percentage loss of reservoirs owned by the USACE in the
State of Kansas (Kansas Water Office, 2010). Approximate
sedimentation rates in John Redmond Reservoir from 1964
to 2006 (~910 000 m*/year) are nearly double the expected
sedimentation rate expected at the time of reservoir design
(~500 000 m*/year; Kansas Water Office, 2010). Seventy-
one percent of water rights downstream from John
Redmond Reservoir are allocated for cooling of the Wolf
Creek Nuclear Power Plant (USACE, 2002). Most of this
water is lost to evaporation after cooling (Barfield, 2010).
In addition, 14% of the water rights are allocated to
municipalities, 10% to irrigation and recreational uses and
5% for other industrial uses (USACE, 2002). John
Redmond Reservoir typically is not thermally stratified
because it is shallow (1.9 m average depth) and is easily
mixed by wave action (USACE, 2002).

John Redmond Reservoir is downstream from 7810 km?*
of predominantly grass and cropland in east-central Kansas
(Figure 1). The Neosho River (excluding the Cottonwood
River) drains approximately 2870km? of land upstream
from John Redmond Reservoir and has a slope ranging from
15.8 m/km in the headwaters to 7.9 m/km near the
confluence with the Cottonwood River (Carswell and Hart,
1985). The largest tributary to the Neosho River is the
Cottonwood River, which runs a length of approximately
329 river kilometres, drains 4920 km? and has river slopes
ranging from 18.5 m/km in the headwaters to 7.9 m/km near
the confluence with the Neosho River (Jordan and Hart,
1985). Silty-clay loam (material with 27%-40% clay and
less than 20% sand) predominates along riparian areas and
in the downstream part of the basin. Silty clay (material with

Copyright © 2012 John Wiley & Sons, Ltd.

1427

40% or more clay and 40% or more silt) is the dominant soil
type in the upstream part of the basin (US Department of
Agriculture, 1994).

John Redmond Reservoir was completed in 1964 and
had a capacity of approximately 101 million m? in the
conservation pool, and with approximately 650 million
m° acre-feet of capacity including the flood control pool.
The deepest point of the reservoir is approximately 312.7
m above mean sea level (NGVD29; Kansas Biological
Survey, 2010), and the top of the flood pool is 325.5 m
above mean sea level (Figure 2). The primary outlet
structure is a 170.7-m-wide ogee weir, and the crest of the
spillway is located at 314.9 m above mean sea level. The
outlet structure has a maximum discharge capacity of
16400 m*/s at maximum pool level; two additional low-
flow outlet pipes exist at an elevation of 309.5 m above
mean sea level with a maximum discharge capacity of
3.7m’/s. These pipes are typically used for improving
downstream water quality during low-flow conditions
(USACE, 1996) but were not incorporated into the
reservoir model because specific information regarding
their use was not made available and because their size
relative to the larger gates precludes them from having a
substantial effect on sediment flux from the reservoir. The
maximum bankfull capacity of the channel downstream
from the dam is 340m’/s; releases are typically kept
below this value (USACE, 1996).

The USGS streamgages located on the Neosho River
near Americus (Americus) and on the Cottonwood River
near Plymouth (Plymouth) were the farthest downstream
gages before stream entry to John Redmond Reservoir
from February 2007 to May 2009 (Table I). These gages
cover 6118 km? (78%) of the 7809 km? that drains to the
reservoir (USACE, 2002). A streamgage was installed on
the Neosho River at Neosho Rapids (Neosho Rapids) in
August 2009, which better quantified the amount and
timing of sediment transport to the reservoir (draining
7130km” of the basin upstream from John Redmond
Reservoir). The downstream gage is located on the Neosho
River at Burlington (Burlington), approximately 5 miles
downstream from John Redmond Reservoir (with 70 km?
of unregulated drainage area). Two large USACE
reservoirs regulate approximately 15% of the watershed
draining to John Redmond Reservoir: Council Grove
Reservoir, which has a drainage area of 637 km” and is
located on the upper Neosho River, and Marion Reservoir,
which has a drainage area of 518 km” and is located on the
upper Cottonwood River (Figure 1).

MATERIALS AND METHODS

USGS streamgages near Americus, Plymouth, Neosho
Rapids and Burlington (Table I, Figure 1) were equipped
with YSI' 6600 continuous water quality monitors, which
measured specific conductance (SC), water temperature

'Any use of trade, firm or product names is for descriptive purposes only
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Figure 1. Sampling sites and land use upstream and downstream from John Redmond Reservoir, east-central Kansas
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Figure 2. Simplified representation of the dam and pool levels at John
Redmond Reservoir, east-central Kansas
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and turbidity (model 6136), and Hach Solitax suspended-
solids optical backscatter/turbidity sensors. Sensors
collected values in stream and were housed in polyvinyl
chloride pipes with holes drilled to allow stream water to
flow through the installation. Sensors near Americus and
Plymouth were installed along the bank nearest the
streamgage, and sensors at Neosho Rapids and Burlington
were suspended from a bridge by chain near the centre of
the stream. Measurements were logged every 15 min;
historical and real-time continuous data are available on
the USGS Web page http://nrtwq.usgs.gov/ks. Water quality
sample results are available online at http://waterdata.usgs.
gov/ks/nwis/qw.

Turbidity sensor maintenance and data reporting
followed the USGS procedures described by Wagner
et al. (2006), with the exception of increased length between
calibration checks (because dissolved oxygen and pH
data were not collected at monitoring sites). Sensors were
cleaned and calibrated approximately every 2 months;
additional cleaning visits were made when real-time data

Hydrol. Process. 27, 1426-1439 (2013)
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indicated sensor fouling. Quality-assurance checks were
made before and after sensor cleaning and calibration with
an independently calibrated sensor. Because in-stream
turbidity conditions occasionally exceeded the upper
measurement limit of YSI 6136 turbidity sensors, Hach
Solitax SC turbidity/optical backscatter sensors (Solitax)
were operated at Americus, Plymouth and Neosho Rapids
adjacent to YSI sensors. The Solitax sensor uses an internal
algorithm to convert a ratiometric turbidity/optical back-
scatter signal to an estimate of suspended-solids concentra-
tion. Solitax sensors have an approximate range from 0 to
50000 mg/l1 of suspended solids (Hach Company, 2005)
and were installed to estimate suspended-sediment concen-
tration (SSC) when YSI turbidity values were missing or
greater than the range of the sensor (10001500 formazin
nephelometric units).

Streamflow data were computed using the standard
USGS methods (Turnipseed and Sauer, 2010). River
stage was continuously measured in 15-min increments
using automated methods and was cross-checked with a
wire-weight gage during periodic site visits. Streamflow
measurements were collected approximately every 6
weeks and during extreme flow conditions to establish
and continually update a stage/discharge relation at each
site, which was then used to compute a continuous,
15-min record of streamflow.

Suspended-sediment samples were collected using equal-
width or equal-discharge increment methods using manual,
depth-integrated sampling techniques described by Nolan
et al. (2005). All samples were analysed for SSC, and 16
inflow samples collected during high streamflow conditions
were analysed for a selected grain-size distribution (percent
of sediment less than 2, 4, 8, 16, 31 and 63 pum in diameter)
at the USGS Sediment Laboratory in Iowa City, lowa, using
the pipet method described by Guy (1969). Turbidity values
were measured across the width of the stream during the
collection of suspended-sediment samples. Median values
of cross-sectional measurements were compared with in-
stream sensors to assess the ability of each in-stream sensor
to represent turbidity conditions across the width of the
stream (for more details, see Lee et al., 2008). In-stream
sensors accounted for 92% to 97% of the variability across
stream cross sections and had a near 1:1 relation in slope
(0.90-1.11 among sites). Cross-sectional variability in
turbidity was minimal at all sites, where measurements
much outside of the 1:1 fit typically were during periods of
rapidly changing turbidity conditions. Because consistent
bias was not observed in the relation at any monitoring
location, values from continuous water quality monitors are
deemed representative of stream water quality across the
width of the stream cross section. Turbidity records
generally were rated good (error of 5%-10%) and
occasionally fair (10%—15%) on the basis of the guidelines
developed by Wagner et al. (2006).

Computation of continuous SSC

Ordinary least squares regressions were developed to
compute a continuous record of SSC and suspended-sediment

Hydrol. Process. 27, 1426-1439 (2013)
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load using periodically collected SSC and continuous
turbidity, continuous Solitax and continuous streamflow
data upstream and downstream from John Redmond
Reservoir (Lee et al., 2008). Continuous turbidity sensors
were occasionally not operational or were malfunctioning
during sample collection; in these instances, cross-
sectional turbidity measurements were used in place of
in-stream turbidity measurements in regression relations.
All values were log-transformed to better approximate
normality, evenly distribute regression residuals, and to
avoid the prediction of negative values. Regression
relations between in-stream turbidity, Solitax and SSC
were applied to the continuously recorded values and
multiplied by continuous streamflow data and a conversion
factor (as described in Rasmussen et al., 2009) to obtain
continuous (15-min) estimates of suspended-sediment load.
After applying the regression model to log-transformed
turbidity data, log-transformed SSC values were retrans-
formed back to linear space. Because this retransformation
can cause bias when adding instantaneous values of load
estimates with time, a log-transformation bias correction
factor (Duan’s smearing estimator; Duan, 1983) was
multiplied to correct for potential bias (Cohn and Gilroy,
1991; Helsel and Hirsch, 1992). Regression methods used in
this study were developed using protocols described in
Rasmussen et al. (2009).

Occasionally, turbidity data are recorded at a sensor-
specific, maximum reporting limit, typically between
1000 and 1500 formazin nephelometric units. During
these periods, which were only observed at the Americus
and Plymouth sampling sites, continuous Solitax-derived
estimates of SSC were used when they exceeded
turbidity-derived estimates. Solitax-derived estimates of
SSC also were used if and when turbidity data were
missing because of environmental fouling or sensor
malfunction. Solitax-derived estimates of SSC during
periods of sensor truncation are 3% of the total load at the
Americus and Plymouth sites (which were operational
through June of 2009).

Occasionally, both continuous turbidity and Solitax
measurements were missing or deleted from the continuous
record because of equipment malfunction, environmental
fouling or both. When these data were missing during stable,
low-flow conditions, SSC values were estimated by
interpolating between measured data points. When turbidity
and Solitax were missing during changing flow and
turbidity conditions, suspended-sediment loads were
estimated using continuous streamflow data as the explana-
tory variable (Figure 3B). These periods accounted for
approximately 11% of the total sediment load transported to
John Redmond Reservoir. Model standard percentage errors
(Rasmussen et al., 2009) for turbidity-based estimates of
SSC ranged from 30% to 40% at Americus to approximately
15% at Burlington.

Annual suspended-sediment loads and 95% ClIs were
quantified by the USGS LOADEST program (Runkel
et al., 2004) in 2007 using both turbidity and streamflow
as surrogates at Americus, Plymouth and Burlington to
estimate and compare the uncertainty of annual load

Copyright © 2012 John Wiley & Sons, Ltd.
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estimates. Turbidity-computed loads were generally less
than streamflow computed loads and were more certain,
ranging from approximately 20% (Americus) to 10%
(Plymouth and Burlington) of annual load estimates
(Figure 4). Conversely, streamflow-computed annual loads
were consistently larger than turbidity-based models and
were much less certain; 95% uncertainty bands were
approximately 60% of the annual load at Americus, 40%
of the annual load at Plymouth and 50% of the annual load at
Burlington. Although 89% of incoming sediment loads
were estimated using turbidity, and it can be estimated with
95% certainty that annual loads from these sites are within
10%-20%, the use of multiple data sources and the
contributions of sediment from ungaged areas make it
impossible to exactly quantify the uncertainty of load
estimates to John Redmond Reservoir. Because the turbidity
sensor was operational during practically entire period of
record at Burlington, there is a 95% chance that reported
annual loads from John Redmond Reservoir are within 10%
of reported values.

Reservoir modelling

CE-QUAL-W2 V3.6 is atwo-dimensional, hydrodynamic
water quality model used in this study to simulate the average
daily residence time of water leaving John Redmond
Reservoir (Cole and Wells, 2008). Estimates of residence
time are necessary to match flow transported from reservoir
outflows to corresponding inflows to estimate sediment
trapping efficiency at relatively short (days to months) time
scales. Daily estimates of the average residence time of
outflows were obtained by simulating the length of time a
conservative tracer would remain within the reservoir (Cole
and Wells, 2008). Reservoir bathymetry was represented by
26 vertical and 21 horizontal cells on the basis of an existing
USACE model developed in 2007 (D. Gade, written
communication, 2010) and an updated conservation pool
bathymetry survey conducted in 2007 (Kansas Biological
Survey, 2010) and by interpolating range lines surveyed by
the USACE in 1957 for flood pool elevations (C. Gnau,
written communication, 2010). The bathymetry of the flood
pool upstream from available spatial data sets was initially
characterized using the existing USACE model bathymetry
and then adjusted on the basis of the observed differences
between the USACE model and the available spatial data.

The USACE (2010) daily computed inflow and outflow
data were input into the model along with daily USGS
temperature, SC and continuously computed SSC values
(computed as a flow-weighted average from 15-min data)
collected at upstream gage sites. The USACE daily inflow
data were input into the model because the USGS gage
sites were upstream from the reservoir and thus would
less accurately represent the timing and quantity of
reservoir inflows. Before computing daily flow-weighted
averages, water quality data from Americus and Plymouth
were lagged by the average approximate travel times of
streamflow from these sites to the Neosho Rapids site (18
and 20 h, respectively). Values were not lagged from the
Neosho Rapids site because it is near where backwater

Hydrol. Process. 27, 1426-1439 (2013)
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(A) Regression analysis between Y SI model 6136 turbidity sensors and Hach Solitax sensors
with suspended-sediment concentration, and (B) streamflow with suspended-sediment load.

[SSC, suspended-sediment concentration; Q, streamflow in cubic meters per second; Turb, Turbidity; SOL, Solitax; n, number of samples; R?, coefficient of determination;

RMSE, root mean squared error; MSPE, model standard percentage error]

A. Turbidity, Solitax and suspended-sediment concentration
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— Turbidity regression fit
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— Solitax regression fit
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Log (SSC)= 1.06log(Turb) +0.22
n=17
R*=0.96
1,000 RMSE (log units) = 0.15 1,000
UpperMSPE =42.2%
LowerMSPE = 29.7%
Duan's bias correction = 1.03
100 Turbidity regression fit 100 ¢
Turbidity 90% prediction interval
Solitax regression fit
Solitax — Solitax 90% prediction interval
10 Log(SSC)=0.9110g(SOL)+0.33 10
n=9 UpperMSPE = 18.9%
R2=0.96 LowerMSPE= 15.9%
RMSE (log units) = 0.08 Duan's bias correction = 1.01
1 1

1,000

10,000

Suspended-sediment concentration in milligrams per liter

1 10 100 1 10 100 1,000 10,000
10,000 5 10,000¢
Neosho River at Neosho Rapids, Kansas Neosho River at Burlington, Kansas
Turbidity Turbidity
Log (SSC)=1.10log(Turb) +0.04 Log (SSC)=1.00log(Turb) +0.12
n=15 n=19
1,000+ R*=0.94 1,000 R'=097
RMSE (log units) = 0.12 RMSE (log units) = 0.07
Upper MSPE=33.3% UpperMSPE = 16.7%
Lower MSPE = 25.0% LowerMSPE = 14.3%
Duan's bias correction = 1.04 Duan's bias correction = 1.01
100+ 100+
— Turbidity regression fit — Turbidity regression fit
— 90% prediction interval — 90% prediction interval
107 10+
' 1 . . . ,
1 10 100 1,000 10,000 1 10 100 1,000 10,000
Turbidity from YSI Model 6136 Sensor, in Formazin Nephelometric Units
and Solitax estimates of total suspended solids, in milligrams per liter
EE
3 B. Streamflow and suspended-sediment load
5]
v
ig 10,000 ¢ Neosho River near Americus 10,000 ¢ Cottonwood River near Plymouth
@ -
Streamflow <7.9 m%/s Log SSL = 1.4643(l0gQ) -3.45
g 1000 ST 1O n =105
&b - ~ =0. )
2 LoeSSLoL1s62ox) 295 RMSE (log uni) =009
2 - L 100 Upper MSPE = 103%
=] RMSE (log units) = 0.291 Duan bias correction: 1.34
T 10~ Upper MSPE = 103% 10k
=) Lower MSPE = 50.8% E
% Duan's bias correction: 1.
~ 1E Streamflow >7.9 m3/s 1:
el E
< n=35
2 0.1+ Log SSL =19132logQ) -4.74|
= RZ=0.78 -
Q RMSE (log units) = 0.343
E oo Upper MSPE = 140% 0.01 -
3 Lower MSPE = 58.2%
@ 0.001 Duan's bias correction: 1.34
e . - L - - R “ el “ ! { . .
3 1 10 100 1,000 10,000 100,000/ 0.001 10 100 1,000 10,000 100,000
2
;jg Streamflow (Q), in cubic meters per second

Figure 3. Regression analysis between (A) YSI model 6136 turbidity and Hach Solitax sensors with SSC and (B) streamflow with suspended-
sediment load

conditions have been observed from John Redmond
Reservoir during extreme flood events. In CE-QUAL-
W2, it is necessary to compute incoming total dissolved
solids (TDS) to simulate water density. As described by
Hem (1985), TDS is linearly related to SC at a slope
between 0.55 and 0.75. For this study, a value of 0.67 was

Copyright © 2012 John Wiley & Sons, Ltd.

The

used to compute daily TDS values from YSI SC values
(as was performed by Sullivan et al., 2007).

CE-QUAL W2 model was calibrated into the

USACE reservoir elevation data from February 2007
through September 2010 (USACE, 2010), and the USGS
collected temperature and SC and continuously computed
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Figure 4. Comparison of continuous turbidity and streamflow-computed
estimates of annual suspended-sediment loads

SSC values at the Burlington site (downstream from John
Redmond Reservoir). The entire period of record was
used for calibration because the model was developed
exclusively to represent the residence time of water
through the reservoir for the further purpose of estimating
sediment trapping efficiency at temporal scales of days to
weeks. Data input into the model included reservoir
elevation (USACE, 2010), precipitation, air and dew
point temperature, wind speed and direction and cloud
cover (National Weather Service, 2010a); incoming
temperature, TDS, SSC and incoming and outgoing
streamflow were input into the model. Modifications to
default model conditions were as follows: (i) the
partitioning of incoming SSCs into four classes with
different settling rates (0.001, 0.8, 1.5 and 8m/day),
which were adjusted to approximate outflow sediment
concentration and load, and (ii) the adjustment of wind-
sheltering coefficients to 0.80, representing that wind
observed at the nearby Emporia weather station (National
Weather Service, 2010a) was observed at 80% strength at
the surface of John Redmond Reservoir. Although
adjustments to the model were not verified to represent
real-world conditions, they did result in a relatively
consistent simulation of reservoir elevation relative to
observed values through the study period (Figure 5A).

Simulated reservoir elevations compared well with the
observed values of the USACE [root mean squared error
(RMSE) of 0.10m; Figure 5A]. Simulated outflow water
temperatures also closely matched observed water
temperature at Burlington (RMSE of 1.46°C between
simulated and observed values; Figure 5B). Simulated
temperature profiles indicated that the reservoir was rarely
stratified during the study period, which was consistent with
available in-reservoir data (USACE profiles collected in
2007; D. Gade, written communication, 2010; Figure 6).
Reservoir temperatures were well mixed from top to bottom
during most of the spring, summer and fall of 2007 but were
somewhat stratified (approximate decrease of 1°C/m)
through a 7-m water column in July of 2007.

Simulated SC from the reservoir was frequently greater
than observed SC (Figure 5C), especially during periods
with low flows and longer residence times. This was
primarily because major ions that increase SC were not

Copyright © 2012 John Wiley & Sons, Ltd.
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transported conservatively through the reservoir. Average
SC values in inflows were 149 puS/cm greater than those
in reservoir outflows. These results indicate the potential
of the biomediated precipitation of calcium carbonate
(typically the dominant cations/anions in temperate
reservoirs; Wetzel, 2001) within the reservoir, as other
studies have determined decalcification within reservoirs
with similar SC values (Wetzel, 2001). Further discussion
of this phenomenon is beyond the scope of this study,
other than to indicate that SC was not an adequate tracer
of water movement through John Redmond Reservoir,
especially during longer residence times.

Although it was necessary to calibrate the model to
outgoing suspended-sediment flux to represent reservoir
hydrodynamics through the period of study (Figure 5D),
model results were not used to evaluate the effect of
reservoir management on sediment trapping. This is because
no in-reservoir sediment data were collected, and thus it was
impossible to represent spatial patterns of sediment
deposition, or the degree to which previously deposited
sediments were resuspended by waves or incoming flows. In
addition, because the entire data record was used to best
represent model hydrodynamics, we were not able to
validate the results of sediment modelling.

Evaluation of sediment trapping efficiency using modelling
output and continuous data

To evaluate the sediment-trapping efficiency of John
Redmond Reservoir relative to the observed differences in
reservoir management, daily values of streamflow and
sediment load (computed from 15-min data) were divided
into 55 individual releases, which accounted for 97% of
outgoing water. Releases were delineated by first
characterizing individual instances in which outflow gates
were adjusted to release more or less water, and then by
further dividing these periods into approximately equal-
volume releases. Equal-volume releases consisted of
approximately 123 million m> of water (approximately
double the volume of the conservation pool in 2010,
which was 59 million m?), which were larger or smaller
depending on the total volume of water transported from
when the gates were opened and closed. The calibrated
CE-QUAL-W2 model simulated the residence times for
outflows at a daily time step, which were then used to
match releases to corresponding inflows for the purpose
of computing sediment trapping efficiency from incoming
and outgoing sediment loads. Residence time—assigned
inflow events were adjusted further to match more closely
the volume of corresponding outflow events. Incoming
flow volumes typically were within 10% of equivalent
outgoing volumes—the remaining differences were
because of the daily time step of streamflow and sediment
loads. To account for these differences when computing
sediment trapping efficiency, differences in incoming and
outgoing water volumes were multiplied by the flow-
weighted sediment concentration (FWSC) of the incom-
ing event. The FWSC is defined as the total sediment load
of the inflow event divided by the total water volume for a
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Figure 5. Comparison of simulated and observed (A) reservoir elevation, (B) outflow water temperature, (C) outflow SC and (D) outflow cumulative
suspended-sediment load from February 2007 through September 2010

specified period as indicated in Equation 1:

FWSCj, = SLin/WVi, x 10° ()

where FWSC;, is the FWSC of the incoming event
(mg/l), SL;, is the incoming sediment load of the event
(metric tons) and WYV, is the volume of water of the
incoming event (m®). The FWSC is then multiplied by the
difference in inflow/outflow volumes, and the resulting

Copyright © 2012 John Wiley & Sons, Ltd.

sediment load is added (or subtracted) from the original
incoming sediment load as indicated in Equation 2:

SLinagj = SLin + FWSCiy % (WVou — WVi)/10° (2)

where SL;n,gj is the adjusted incoming sediment load
(metric tons) and WV, is the volume of water released
(m>). Sediment trapping efficiency for each event/release
pair is then defined as the percentage of the adjusted
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incoming sediment load trapped in the reservoir as
indicated in Equation 3:

TE = 100 X (SLinadj — SLout) /SLinadj 3)

Equal-volume inflow events were transported between
3100 and 260000 metric tons of suspended sediment
into John Redmond Reservoir. The largest sediment
loads were transported during relatively short-term
rainfall/runoff events, whereas smaller loads were
transported during low-flow conditions. Least squares
regression was used to explore relations between the
sediment trapping efficiency of event/release pairs and
the measures of residence time, reservoir elevation and
sediment concentration and load entering John Redmond
Reservoir. Different measures of residence time and lake
elevation were computed for each event/release by
weighting these variables by the length of time the
water (flow weighted) or sediment (sediment weighted)
for a particular event/release pair was present within the
reservoir (e.g. the reservoir elevation for a particular day
was weighted by 0.5 if one half the water or sediment
for an individual event/release pair was within
the reservoir, or by 1.0 if all of the water or sediment
was within the reservoir).

Only releases with incoming sediment loads greater
than 37 000 metric tons were used in this analysis, as the
sediment trapping efficiency of smaller events was
judged to be primarily affected by background levels
of sediment within the reservoir (such as from algae or
wind-related resuspension of bottom sediment) or
potentially from sediment suspended from the stream
channel between the reservoir outflow and Burlington
monitoring site. These releases are less important to
predict because they represent a relatively small part of
the total sediment load transported to the reservoir.
Stepwise multiple linear regression was then used to
characterize variables, which best estimated sediment
trapping efficiency among event/release pairs without
exhibiting multicollinearity.

Copyright © 2012 John Wiley & Sons, Ltd.
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RESULTS AND DISCUSSION

Hydrologic conditions

Precipitation upstream from John Redmond Reservoir
during the study period (2007-2010) was generally greater
than historical averages. The National Weather Service
station at the Neosho Rapids (directly upstream from John
Redmond Reservoir) recorded 81.5 in. of precipitation in
2007, 129.8 in. in 2008 and 119.6 cm. in 2009, compared
with the annual average of 91.4 in. from 1950 to 2006
(National Weather Service, 2010b). Annual flows were
summed from the Americus and Plymouth sites, which were
83.9km’ in 2007, 159.1km’ in 2008 and 133.2km’ in
2009; the median combined annual flow from these sites
was 106.1km> from 1964 to 2006. Rivers exceeded the
2-year (50% annual) USGS flood-frequency estimates 14
times at the Plymouth and Neosho Rapids sites (Perry et al.,
2004), indicating that relatively extreme storms (and
corresponding high sediment loads) were frequently
observed during the study period. Increased rainfall and
flow during the study period indicate that sediment flux to
(and likely from) the reservoir is likely larger than during
a typical, 4-year study period.

Sediment transport to and from John Redmond Reservoir

The maximum computed SSC upstream from the
reservoir was 7690 mg/l, whereas the maximum SSC was
1080 mg/l downstream from the reservoir. From February
2007 through September 2010, approximately 5 600000
metric tons of sediment entered John Redmond Reservoir,
660 000 of which were transported past the Burlington site
(trapping efficiency of 88%). Nearly all of the suspended
sediment at upstream sampling sites consisted of silt and
clay (the median sample was 96% less than 63 um in
diameter). Approximately one half of the sediments
transported to John Redmond Reservoir during high-flow
conditions were clays (<2 pm), the remaining sediments
were distributed somewhat equally between 2 and 63 pm.
Similar to inflow samples, 98% of the reservoir outflow
suspended sediment sampled had diameters of less than
63 um (full grain-size analysis was not conducted).
Because suspended-sediment and reservoir-bottom sam-
ples (Juracek, 2010) indicate a lack of sand and larger-
sized material and because streambed substrates at gage
sites were observed to consist primarily of cobble and
rock, bedload transport of sediment is not considered a
substantial component of the sediment load transported to
John Redmond Reservoir.

The annual volume of flow and sediment load transported
into John Redmond Reservoir generally corresponded with
annual patterns in precipitation (Figure 7). The trapping
efficiency of the reservoir initially decreased during years
with greater precipitation and streamflow in 2008 and 2009
but continued to decrease despite smaller flows and
incoming sediment loads in 2010, potentially because of
differences in the manner in which the reservoir was
operated. An examination of inflows, outflows and reservoir
levels in John Redmond Reservoir indicated that although
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Figure 7. Annual precipitation, streamflow and sediment transport to and
from John Redmond Reservoir, February 2007 to September 2010

inflows were smaller in 2010 than those in 2008 and 2009,
water was released more rapidly after sediment-laden
inflows in 2010, in part, because of maintenance activities
that necessitated lower reservoir levels (T. Lyons, USACE,
oral communication, 2010).

Sediment trapping efficiency relative to variation in
reservoir management

Among the 48 event/release pairs with greater than
37000 metric tons of incoming sediment, sediment
trapping efficiency varied from 48% to 97%. Relations
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established between sediment trapping efficiency, flow-
weighted reservoir elevation (Figure 8A) and flow-
weighted residence time (Figure 8B) indicated that a
larger proportion of incoming sediment is transported
through John Redmond Reservoir when the reservoir is
maintained at lower levels and when residence times are
minimized (Table II). However, these relations were also
more variable during these conditions. In addition,
predicted sediment trapping efficiencies were nonlinear
with respect to the primary explanatory variables
(reservoir elevation, FWSCs and flow-weighted residence
time); single linear regressions typically overpredicted
event/release pairs with small trapping efficiencies and
underpredicted event/release pairs with larger sediment
trapping efficiencies. To minimize bias in predictions
of sediment trapping efficiency, separate linear regres-
sions were identified for event/release pairs above and
below a reservoir elevation threshold of 318.5 m. The
resulting predictions were similar to single regression
equations in terms of adjusted R? and error, but residuals
were distributed more evenly throughout the range of
values.

Among event/release pairs in which reservoir elevation
was maintained lower than 318.5m, the variability in
the sediment trapping efficiency was best explained by
flow-weighted reservoir elevation (EL) and by the FWSC
of the inflow event (Figure 8C). Among event/release pairs
in which reservoir elevation was maintained higher than
318.5 m, the variability in sediment trapping efficiency
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Figure 8. Regression relations between turbidity-computed sediment trapping efficiency and (A) flow-weighted reservoir elevation, (B) residence time
and (C) regression-predicted estimates of sediment trapping efficiency for event/release pairs
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Table II. Summary of sediment loading and reservoir characteristics during delineated inflows and releases from John Redmond
Reservoir

Range of flow-weighted average
reservoir elevations (ft above

No. event/  Turbidity-computed

Turbidity-computed Turbidity-computed Regression-predicted
load out trapping efficiency  sediment trapping

mean sea level) release pairs load in (metric tons) (metric tons) (%) efficiency (%)
All releases 316.1-323.4 48 5240000 595000 88.6 88.7
316.1-317.3 8 708 000 179 000 74.7 74.6
317.3-317.9 10 1101000 159000 85.6 86.2
317.9-319.7 8 892 000 88 000 90.1 89.2
319.7-321.0 11 1201000 84000 93.0 92.5
321.0-323.4 11 1337000 85000 93.6 94.5

was best explained by flow-weighted hydraulic residence
time (RES) and by the FWSC of the inflow event
(Figure 8C). All explanatory variables were significantly
related to sediment trapping efficiency (P value < 0.05), and
the regression equations chosen resulted in the largest
adjusted R?, the smallest RMSE values and the smallest
prediction error sum of squares values of other potential
combinations of independent variables. The variance
inflation factors among independent variables were less
than 1.2, indicating that multicollinearity among incoming
FWSC values and flow-weighted reservoir elevations did
not inflate or adversely affect regression estimates (Helsel
and Hirsch, 1992). In addition to decreased sediment
trapping efficiency during low reservoir levels and residence
times, more sediment was trapped when incoming sediment
concentrations were larger (as indicated by larger FWSC
values), potentially because of increased flocculation (and
thus larger effective grain size and fall velocity; Droppo and
Ongley, 1994).

Although sediment trapping predictions were variable
for individual event/release pairs, they were much
more accurate with respect to turbidity-computed results
for multiple event releases when grouped by flow-
weighted reservoir elevation (Table II). Results suggest
that (i) reductions in trapping efficiency consistently are
observed when reservoir elevations are maintained near
conservation pool levels and (ii) although regression-
derived estimates of sediment trapping may be inaccurate
for individual event/release pairs, this method can produce
relatively accurate, long-term estimates of sediment
trapping efficiency with respect to factors that can be
affected by altered reservoir management.

Potential of altered reservoir management to reduce
sediment trapping

The USACE water control manual for John Redmond
Reservoir identifies specific flood control end points that
must not be exceeded to ensure that reservoir outflows do
not contribute to flood-related damages to crops and
structures (Table IIT). Any changes to reservoir management
must also meet these end points to fulfil the mission for
which John Redmond Reservoir was constructed. To
simulate the potential effect of changes in reservoir outflow
management on sediment accumulation in John Redmond
Reservoir, an idealized and altered outflow management

Copyright © 2012 John Wiley & Sons, Ltd.

Table III. Maximum discharges and approximate travel times of
releases to flood control points downstream from John Redmond
Reservoir™

Flood control Approximate travel time Maximum

end point from outflow gates ()™ discharge (m%/s)
Neosho River at 2 396
Burlington, Kansas

Neosho River at 24 510

Tola, Kansas

Neosho River at 36 510
Chanute, Kansas

Neosho River at 60 481
Parsons, Kansas

Neosho River at 84 623

Commerce, Oklahoma

# In addition to flood control end points, the water control manual specifies
that outgoing discharges do not rise or fall by more than 56.6 m*/s every 3
h; the manual also includes the consideration of conditions at other
reservoirs in the basin (USACE, 1996).

" Data from USACE (1996).

scenario was constructed, which continued to meet these
end points while also preserving storage for drinking water,
agricultural use and industrial use (Figure 9). This scenario
is ‘idealized’ in that it benefits from the knowledge of
incoming and downstream flows, whereas, in practice,
reservoir operators rely on weather forecasts and modelling
to ensure consistent water supplies and to prevent
downstream flooding. Because of the inability to access
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Figure 9. Observed and altered elevation at John Redmond Reservoir,
February 2007 through September 2010
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historical rainfall forecasts or models that predict flows to
and from John Redmond Reservoir, results from this
scenario are presented as the maximum potential reduction
in sediment trapping that could be achieved within current
operational plans.

Relative to observed reservoir management, the altered
scenario purposefully minimized reservoir elevation and
residence time through larger, more rapid releases of
water after periods of high inflows (Figure 9). To partially
compensate for uncertainties in weather forecasts and
predicted streamflows, the altered management scenario
was somewhat more conservative compared with water
control plan restrictions in that (i) outflows were not
increased by more than 85.0 m’ /s/day and (ii) outflows were
never reduced by more than 56.6 m>/s/day (other than when
the reservoir was actually managed in this fashion). After the
construction of the altered scenario, reservoir releases were
redelineated and matched to inflows as done with observed
data. Flow-weighted reservoir elevations, residence times
and FWSCs for incoming events were recomputed to
estimate the effect of the altered management scenario on
sediment trapping efficiency (using regressions developed
with observed values).

Although data and models were not available to test the
uncertainty of forecasted flow conditions, an example
period (Figures 9 and 10) in July 2007 is highlighted to
illustrate how the consideration of sediment trapping within
existing reservoir operational plans could preserve reservoir
storage. During late June and early July 2007, heavy rains
upstream and downstream from John Redmond Reservoir
raised reservoir levels and caused flooding downstream
from the reservoir (see the Neosho River at Parsons as an
example; Figure 10). These flows raised reservoir levels
well into the flood pool, where it was held until 16 July
2007, when John Redmond Reservoir gates began releasing
more water (as indicated by the observed Burlington
streamflow record; Figure 10). Historical weather forecasts
from the National Weather Service for Iola, Kansas
(between Burlington and Parsons; National Weather
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Figure 10. Comparison of observed reservoir elevations and downstream
flow conditions relative to the altered reservoir management scenario, June
to August 2007
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service, written communication, 2011), projected con-
sistent (20%—-50%) chances of thunderstorms throughout
July. Compared with observed reservoir management,
the altered outflow scenario began discharging water
on 5 July 2007, while keeping downstream flows below
maximum levels indicated in John Redmond Reservoir
control manual (Table III). Two event/release pairs were
delineated during this period; modelled residence times
based on observed reservoir levels were 72 and 26 days.
More rapid release of water from John Redmond
Reservoir through the alternative scenario reduced these
to 66 and 16days, respectively. Sediment trapping
for these periods is projected to have decreased from
97.1% to 89.3% and from 95.7% to 82.2%. Although
this example illustrates that consideration of sediment
trapping within reservoir operational plans can reduce
sediment trapping; uncertainty of weather forecasts and
rainfall runoff models will often limit the ability to
preserve reservoir storage within existing operation
limits.

From 2007 to 2010, the altered management scenario
decreased the average reservoir elevation from 317.8 to
317.3 m and decreased the average daily residence times
from 29.6 to 26.9 days. Forty-six releases with more than
37000 tons of incoming sediment were delineated under the
altered scenario (compared with 48 observed releases),
corresponding to 5.1 million metric tons of incoming
sediment (compared with 5.3 million metric tons computed
with observed data; Table IV). The average reservoir
elevations for event/release pairs decreased from 319.4 to
318.6 m and for residence times from 19.9 to 13.1 days.
Under the altered management scenario, regression-
predicted sediment trapping efficiency was reduced by
3.9%, passing approximately 180 000 additional metric tons
of sediment through the reservoir. Estimates indicate that
within existing operational constraints, altered reservoir
management has a maximum potential of decreasing
sediment trapping by approximately 45000 metric tons
per year, or approximately 3% of the annual load of 1.41
million metric tons transported during the study period.

An annual reduction of 45000 tons of sediment from
John Redmond Reservoir would preserve approximately
74000m’ of storage in the reservoir per year. This rate is
equivalent to 15% of the designed reservoir sedimentation
rate and equivalent to 8.1% of the observed sedimentation
rate in the conservation pool given the average bulk density
estimates of Juracek (2010). As more reservoir storage is
lost to deposited sediments, the residence time of sediment-
laden inflows will continue to decrease, and reservoir
management is likely to become a more effective alternative
to reducing reservoir sedimentation. If existing reservoir
operational plans were adapted to accommodate water
supply as well as flood control uses of the reservoir, altered
reservoir management might further reduce sediment
accumulation.

Although continuous flow and sediment data have proven
useful in determining how short-term variability in
hydrology and reservoir management affect sedimentation,
improved understanding of in-reservoir processes is needed

Hydrol. Process. 27, 1426-1439 (2013)
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Table IV. Sediment transport to and from John Redmond Reservoir during delineated inflows and releases under the altered
management scenario

Range of flow-weighted average

reservoir elevations (meters above  No. release  Turbidity-computed Regression-predicted ~ Regression-predicted sediment
mean sea level) events load in (metric tons) load out (metric tons) trapping efficiency (%)

All releases 46 5126000 778 000 84.8

316.1-317.3 17 1813000 426 000 76.5
317.3-317.9 7 855000 151000 82.4
317.9-319.7 7 690000 76 000 89.0
319.7-321.0 10 992 000 94000 90.5
321.0-3234 5 775000 31000 96.0

to better characterize how sediment moves through, is
deposited within, and is resuspended from reservoirs during
various hydrologic and outflow management scenarios. For
example, although the maintenance of low-reservoir levels
may reduce the total amount of sedimentation in the
reservoir, it could change the predominant location of
sediment deposition from the flood to the conservation pool,
possibly decreasing storage where it is most needed. An
expanded collection of turbidity data within reservoirs
can improve understanding of in-reservoir processes (Effler
et al., 2006) and could better calibrate two- or three-
dimensional reservoir models. In addition, while increased
sediment transport downstream from the reservoir under
altered management plans would still be less than the
historical pre-impoundment conditions, investigations
would need to ascertain potential effects on infrastructure
and aquatic life. Any potential changes to reservoir
management also would need to fully evaluate the degree
to which altered management plans could increase the risk
of downstream flooding. However, study results indicate
that despite limited in-reservoir data, the coupling of
continuous streamflow and turbidity data with reservoir
modelling can effectively project the degree to which
changes in reservoir management can affect sedimentation
in the reservoir.

CONCLUSIONS

Rapid sediment accumulation in large reservoirs will
increasingly threaten communities reliant on reservoir
storage for municipal, agricultural and industrial uses.
Decisions will need to be made about which reservoir
uses will be prioritized, such as maintenance of water
supplies for nearby and downstream communities, flood
control for downstream infrastructure and property owners,
or recreational considerations. Study results indicate that
continuous in-stream flow and turbidity monitoring can be
used to quantify the potential of outflow management to
reduce reservoir sedimentation. Along with the collection
of hydrodynamic and sediment data within reservoirs,
these data can help calibrate and validate models that
better quantify spatial patterns of sediment deposition
and resuspension under varying hydrologic and manage-
ment scenarios. Study results indicate that depending on
the specific reservoir characteristics, reservoir outflow

Copyright © 2012 John Wiley & Sons, Ltd.

management can help preserve water supplies, especially
as sedimentation continues to usurp storage capacity.
Although the approach presented can evaluate the potential
of altered reservoir management to preserve storage,
management decisions need to consider potential effects,
changing reservoir operations on downstream flood control
and aquatic ecosystems.
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