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Abstract

To better characterize the water supply capacity of Clear Creek Reservoir, Chaffee County,
Colorado, the U.S. Geological Survey, in cooperation with the Pueblo Board of Water Works and
Colorado Mountain College, carried out a bathymetry survey of Clear Creek Reservoir. A
bathymetry map of the reservoir is presented here with the elevation-surface area and the
elevation-volume relations. The bathymetry survey was carried out June 6-9, 2016, using a
man-operated boat-mounted, multibeam echo sounder integrated with a Global Positioning System
and a terrestrial survey using real-time kinematic Global Navigation Satellite Systems. The two
collected datasets were merged and imported into geographic information system software. The
equipment and methods used in this study allowed water-resource managers to maintain typical
reservoir operations, eliminating the need to empty the reservoir to carry out the survey.

Introduction

Clear Creek Reservoir is located in Chaffee County, Colorado, and is owned and operated by
the Pueblo Board of Water Works (Pueblo Water). The reservoir supplies municipal water to the
City of Pueblo and is also used for recreational activities such as boating and fishing managed by
Colorado Parks and Wildlife. The current (2016) storage capacity of Clear Creek Reservoir is
undocumented and water-resource managers needed updated storage capacity information to better
regulate operation of the reservoir during periods of drought or high demand. To better characterize
the water supply capacity of Clear Creek Reservoir, Chaffee County, Colorado, the U.S. Geological
Survey (USGS), in cooperation with Pueblo Water and Colorado Mountain College, carried out a
bathymetry study of Clear Creek Reservoir to determine the elevation-surface area and
elevation-volume relations of the reservoir. The equipment and methods used in this study allowed
water-resource managers to maintain typical reservoir operations, eliminating the need to empty the
reservoir to carry out the survey. This report can provide water-resource managers with a better
understanding of available water supply in the reservoir and could also be used to determine
sedimentation infill rates and estimates of the lifespan of the reservoir when compared with future
surveys. This report supports one of the USGS strategic science directions of water census by
providing information related to the water supply of the United States (USGS, 2007). The USGS
developed the six strategic science directions to respond to evolving national and global priorities
(USGS, 2007).

Purpose and Scope

This report presents the results of the bathymetry survey of Clear Creek Reservoir. It contains
a description of the data collection effort in 2016, techniques used to survey the reservoir, and the
methods used to develop the final dataset which can assist water-resource managers. A bathymetry
map of the reservoir is presented with figures of the elevation-surface area and the elevation-vol-
ume relations.

Description of Study Area

Clear Creek Reservoir is located in central Colorado at 39°01'17"” N. latitude and 106°14'44" W.
longitude in northeast Chaffee County, south of the town of Granite (U.S. Geological Survey,
2016b). Clear Creek Reservoir is a lake created by the impoundment of Clear Creek (USGS, 2016b)
and the dam was first built in 1902. Downstream from Clear Creek Reservoir approximately 0.2
mile is the mouth of Clear Creek where it flows into the Arkansas River (USGS, 2016b). The water
rights to Clear Creek Reservoir are owned by Pueblo Water; however, recreational activities
managed by the Colorado Parks and Wildlife are permitted on Clear Creek Reservoir (Colorado
Parks and Wildlife, 2016).

Bathymetry Measurements and Post-Processing

The USGS carried out a bathymetry survey of Clear Creek Reservoir during June 6-9, 2016,
using a man-operated boat-mounted multibeam echo sounder integrated with a Global Positioning
System (GPS) and a terrestrial survey using real-time kinematic (RTK) Global Navigation Satellite
Systems (GNSS). A GNSS survey uses both the United States GPS satellite network and the Russian
GLObal NAvigation Satellite System or GLONASS satellite network, whereas a GPS survey uses
only the U.S. GPS satellite network (Rydlund and Densmore, 2012). For the purposes of this report,
data collected from both the boat-mounted multibeam echo sounder and the terrestrial RTK GNSS
survey will be considered bathymetry data. The multibeam echo sounder collected data at lake
depths of approximately 3 feet (ft) and greater, whereas a terrestrial topographic survey was carried
out with the RTK GNSS surveying equipment in shallow areas near the shore not navigable by boat
to the approximate elevation of the top of the dam.
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Multiply By To obtain

Length
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)

Area
acre 0.4047 square hectometer (hm?)
acre 0.004047 square kilometer (km?)

Volume
acre-foot (acre-ft) 1,233 cubic meter (m®)

acre-foot (acre-ft) 0.001233 cubic hectometer (hm?)

Any use of trade, firm, or product names is for descriptive purposes only and does not imply
endorsement by the U.S. Government.

Not for navigational use.

This map or plate is offered as an online-only, digital publication. Users should be aware that,
because of differences in rendering processes and pixel resolution, some slight distortion of
scale may occur when viewing it on a computer screen or when printing it on an electronic
plotter, even when it is viewed or printed at its intended publication scale. .

Bathymetry Measurements used in Data Collection

Bathymetry data from the multibeam echo sounder were collected June 6-9, 2016, using a
Teledyne Odom Hydrographic ES3PT-M integrated multibeam echo sounder and motion reference
unit (Teledyne Odom Hydrographic, Inc., 2011) equipped with a Trimble SPS461 GPS receiver
using procedures described in Wilson and Richards (2006). The vertical and horizontal precision of
the multibeam echo sounder GPS as rated by the manufacturer are £0.065 ft and £0.032 ft,
respectively (Trimble Navigation Limited, 2009). The multibeam echo sounder has a swath width
of 120 degrees capable of collecting data to depths of 197 ft. The echo sounder collects 240 data
points of depth at a sample frequency of 12 hertz (Hz); however, this varies with depth. The motion
reference unit, which is mounted above the echo sounder collects roll, pitch, and heave data
simultaneously with the echo sounder. The GPS generates position and heading data at a rate of 5
Hz and navigational data at a rate of 1 Hz. A Teledyne Odom Hydrographic Real Time Appliance
was used for data synchronization of all aforementioned instruments resulting in a data string
recorded at 1 Hz. Bathymetry data from the multibeam echo sounder were compiled and stored
using the hydrographic survey software, HYPACK 2012 from HYPACK, Inc. (HYPACK, Inc.,
2012). Bathymetry data from the multibeam echo sounder were collected using a 6.28 ft grid, and
once each grid cell was surveyed the data collection was considered complete. This resulted in a
data point cloud with points approximately every 0.25 ft at lake depths of approximately 3 ft and
greater.

The multibeam echo sounder transmits an acoustic pulse at a frequency of 240 kilohertz
(kHz), which is reflected off the lake bed and detected by the receiver. The velocity of the pulse is
affected by the lake temperature and salinity. For Clear Creek Reservoir, a freshwater, high
elevation lake, the effect of salinity was assumed to be negligible (U.S. Army Corps of Engineers,
2002). Velocity profiles of Clear Creek Reservoir were recorded using a Teledyne Odom Hydro-
graphic Digibar-Pro velocity meter throughout the study and were used to correct the data during
post-processing (Teledyne Odom Hydrographic, Inc., 2001). On the final day of the survey, a patch
test was carried out which was used to correct the data during post-processing. Additional informa-
tion on the patch test is described in HYPACK, Inc. (2013) and in the National Oceanic and
Atmospheric Administration (NOAA) field procedures manual (NOAA, 2014). Calibration-point
pairs were obtained at a subset of locations utilizing measurements from both the RTK GNSS
surveying equipment and the multibeam echo sounder, simultaneously at the same location. These
calibration-point pairs provide a measure of any discrepancies between the two measurement
techniques and are used to quality assure the data collection process.

The dam, spillway, reservoir shoreline, and shallow areas of the lake to a depth of 3 ft were
surveyed using a RTK GNSS survey following the techniques and methods in Rydlund and
Densmore (2012). The south spillway is referred to in this report as the spillway, because the
elevation of the north spillway is about 9 feet higher than the south spillway (fig. 1). The terrestrial
topographic survey was carries out June 6-9, 2016, with six Trimble R8 GNSS receivers, four
Trimble R10 GNSS receivers, two Trimble TDL450 radio modems, four Trimble TSC2 data
controllers, and four Trimble TSC3 data controllers. The RTK GNSS survey collected approximate-
ly 10,400 data points from the top of the dam to a lake depth of approximately 3 ft along the
shoreline. The vertical and horizontal precision of the RTK GNSS surveying equipment, as rated by
the manufacturer, are £0.049 ft and +£0.026 ft, respectively (Trimble Navigation Limited, 2014a;
Trimble Navigation Limited, 2014b). The RTK GNSS survey consisted of two base stations (each
included a receiver and radio) and up to eight rovers (each of which consisted of one GNSS
receiver with an internal radio and a data controller). The base stations were located at fixed
positions on the south end of the dam at control points number (no.) 5 and no. 6. The base stations
received position data from satellites and transmitted the data to each of the rover’s receivers over
the radios using standard survey techniques (Rydlund and Densmore, 2012).

The water-surface elevation of the reservoir was determined from a water-level recorder gage
that collected data at 15-minute intervals operated by the Colorado Division of Water Resources
and the mean pool elevation, 8,875.33 ft above the North American Vertical Datum 1988 (NAVD
88), was determined from the archived data for the period of record of the gage (Colorado Division
of Water Resources, 2016).

All survey data were collected with a common coordinate system, geoid, ellipsoid, and datum.
The coordinate system used was Universal Transverse Mercator, zone 13 north, Geoid 2012b,
ellipsoid World Geodetic System 1984; the horizontal datum was North American Datum 1983
(NAD 83); and the vertical datum was NAVD 88. Data from the base stations collected throughout
the study were submitted to the NOAA National Geodetic Survey’s Online Positioning User
Service (OPUS) Web site for processing (accessed September 30, 2016 at http:/www.ngs.-
noaa.gov/OPUS/). Both survey datasets were recomputed to reflect the OPUS solution correction
through a shift in the northing, easting, and elevation.
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Figure 1. Bathymetric contours of Clear Creek Reservoir, Chaffee County, Colorado, 2016. The shaded relief shows
elevation in feet above North American Vertical Datum 1988 (NAVD 88), mean pool elevation is 8,875.33 feet ahove NAVD 88.
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Post-Processing and Data Analysis

The motion reference unit in the multibeam echo sounder records the instrument’s motion in
terms of pitch, roll, heave, and yaw (HYPACK, Inc., 2016). Pitch is the alternating rise and fall of
the boat’s bow and stern, roll is rotation of the boat about its main axis (port and starboard), heave
is the vertical rise and fall of the entire vessel, and yaw is the rotation of the echo sounder from the
boat’s main axis. The ambient offsets of pitch and roll were corrected using a calibration test,
otherwise known as a patch test, as the instrument was not installed exactly vertical and in line with
the boat’s main axis. From the patch test, the pitch offset angle was determined to be -1.0 degrees,
the roll offset was 0.65 degrees, and the heave and yaw were not adjusted. Additional information
on the patch test is described in HYPACK, Inc. (2013) and NOAA (2014).

The post-processing of the multibeam echo sounder bathymetry data was also carious out
using HYPACK 2012. All the data were filtered using the automated search and filter tool. Then,
manual filtering was carried out on the multibeam echo sounder bathymetry data to edit any
artifacts of data collection that the automated filter overlooked. Once all the data were filtered, the
data were separated by the observation day and the 15-minute water-level data were used to convert
the datum of the multibeam echo sounder bathymetry data from depths to elevations relative to
NAVD 88. The multibeam echo sounder bathymetry dataset consisted of approximately 149 million
individual data points of northing, easting, and elevation.

The multibeam echo sounder bathymetry dataset and the RTK GNSS dataset were imported
into Environmental Systems Research Institute (esri) ArcMap 10.3.1 (Environmental Systems
Research Institute, Inc [esri]., 2016) so the elevation contours and reservoir area and volume could
be determined from the lake bottom to approximately the elevation of the top of dam. These two
point datasets were interpolated onto a single grid, with individual grid cells (1 ft by 1 ft) by
computing the average depth in each cell and positioning the mean at the cell center. The result was
one topographic dataset with a common horizontal and vertical datum (NAD 83 and NAVD 88).
Near the reservoir inlet and in one small location along the south shoreline, 3.28-ft gridded Light
Detection and Ranging data from the USGS 3D Elevation Program (USGS, 2016a) were used to
supplement the topographic dataset to ensure continuous elevation contours up to the elevation of
the top of the dam. The surface area and volume at various elevations were computed using the
surface volume tool in ArcMap (figs. 1-3, and table 1).

Bathymetry of Clear Creek Reservoir

From the RTK GNSS survey, the top of the dam was approximately 8,896.2 ft above NAVD
88 and the spillway invert was 8,881.2 ft above NAVD 88. The main outlet structure was at an
elevation of 8,831.7 ft above NAVD 88, which was converted from the North American Vertical
Datum 1929 that was provided by Pueblo Water. The minimum elevation of the reservoir is 8,819.3
ft above NAVD 88, which is approximately 61.9 ft below the spillway elevation. At the spillway
elevation during the 2016 survey, the surface area of the lake was 382 acres and the volume was
9,250 acre-feet (acre-ft), of which, 31.9 acre-ft was the dead pool (volume of water located below
the main outlet). In 1997, the Pueblo Water drained Clear Creek Reservoir for repairs and a survey
of the reservoir was carried out using photogrammetry to develop elevation-surface area and the
elevation-volume relations. For comparison, using the spillway elevation for the 1997 survey, the
surface area of the lake was 385 acres and the volume was 9,110 acre-ft, of which, 29.2 acre-ft was
the dead pool.

Summary

To better characterize the water supply capacity of Clear Creek Reservoir, Chaffee County,
Colorado, the USGS, in cooperation with the Pueblo Board of Water Works and Colorado Moun-
tain College, carried out a bathymetry survey of Clear Creek Reservoir. A bathymetry map of the
reservoir is presented with figures of the elevation-surface area and the elevation-volume relations.
The study was carried out using a man-operated boat-mounted multibeam echo sounder integrated
with GPS navigation and a RTK GNSS terrestrial survey. The vertical and horizontal precision of
the multibeam echo sounder GPS as rated by the manufacturer are +0.065 feet (ft) and +0.032 ft,
respectively. The vertical and horizontal precision of the RTK GNSS surveying equipment as rated
by the manufacturer are £0.049 ft and +£0.026 ft, respectively. The two collected datasets were
merged and imported into geographic information system software. From the RTK GNSS survey,
the top of dam was approximately 8,896.2 ft above NAVD 88 and the spillway invert was 8,881.2 ft
above NAVD 88. At the spillway elevation, the surface area of the lake is 382 acre and the volume
is 9,250 acre-feet.
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Figure 2. Elevation-surface area curve of Clear Creek Reservoir, Chaffee County, Colorado, in 2016 and 1997. In
1997, the Pueblo Board of Water Works carried out a bathymetry survey of the reservoir using photogrammetry
to develop the stage-area. In 2016, another bathymetry survey by the U.S. Geological Survey, the Pueblo Board
of Water Works, and Colorado Mountain College was carried out using a hand-operated boat-mounted,
multibeam echo sounder integrated with a Global Positioning System and a terrestrial survey using real-time
kinematic Global Navigation Satellite Systems.
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Figure 3. Elevation-volume curve of Clear Creek Reservoir, Chaffee County, Colorado, in 2016 and 1997. In 1997,
the Pueblo Board of Water Works carried out a bathymetry survey of the reservoir using photogrammetry to
develop the stage-volume relations. In 2016, another bathymetry survey by the U.S. Geological Survey, the
Pueblo Board of Water Works, and Colorado Mountain College was carried out using a hand-operated
boat-mounted, multibeam echo sounder integrated with a Global Positioning System and a terrestrial survey
using real-time kinematic Global Navigation Satellite Systems.
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Table 1. Elevation-surface area and elevation-volume relation for selected elevations of Clear
Creek Reservoir, Chaffee County, Colorado, 2016.
[ft, feet; NAVD 88, North American Vertical Datum 1988.]

s 3 S0 02015305

Elevation (ft) | Surface area Volume Elevation (ft) | Surface area| Volume
(NAVD 88) (acres) (acre-feet) (NAVD 88) (acres) (acre-feet)

Minimum |  8,819.32 0.000 0.000 8,868.0 276 4,880

8,819.5 0.001 0.000 8,868.5 280 5,010

8,820.0 0.043 0.006 8,869.0 285 5,160

8,820.5 0.216 0.070 8,869.5 289 5,300

8,821.0 0.387 0.222 8,870.0 292 5,440

8,821.5 0.532 0.451 8,870.5 296 5,590

8,822.0 0.729 0.766 8,871.0 299 5,740

8,822.5 0.967 1.19 8,871.5 303 5,890

8,823.0 1.23 1.73 8,872.0 308 6,040

8,823.5 1.46 2.41 8,872.5 314 6,200

8,824.0 1.68 3.19 8,873.0 320 6,360

8,824.5 1.88 4.08 8,873.5 325 6,520

8,825.0 2.07 5.07 8,874.0 329 6,680

Dam 8,825.5 2.28 6.15 8,874.5 334 6,850
8,826.0 251 7.35 8,875.0 338 7,020

T 8,826.5 2.68 8.65 8,875.5 342 7,190
= 8,827.0 2.91 10.0 8,876.0 346 7,360
8,821.5 3.20 11.6 8,876.5 350 7,530

8,828.0 3.53 13.2 8.877.0 354 7.710

Control point no. 5 8,828.5 3.90 15.1 8,877.5 357 7,890
8,829.0 428 17.2 8,878.0 360 8,060

8,829.5 473 19.4 8,878.5 364 8,250

S s S 8,830.0 5.19 21.9 8,879.0 368 8,430
P : 8,830.5 5.62 24.6 8,879.5 371 8,610
8,831.0 6.00 21.5 8,880.0 374 8,800

8,831.5 6.39 306 8,880.5 377 8,990

Main outlet |  8,831.7 6.55 319 8,881.0 380 9,180

8,832.0 6.79 33.9 Spillway 8,881.2 382 9,250

8,832.5 7.32 374 8,881.5 384 9,370

8,833.0 7.84 412 8,882.0 388 9,560

8,833.5 8.48 453 8,882.5 392 9,760

8,834.0 9.48 497 8,883.0 396 9,950

8,834.5 11.2 54.9 8,883.5 400 10,200

8,835.0 12.9 60.9 8,884.0 403 10,400

8,835.5 14.7 67.8 8,884.5 406 10,600

8,836.0 16.6 75.6 8,885.0 409 10,800

8,836.5 19.4 84.5 8,885.5 412 11,000

8,837.0 24.0 95.3 8,886.0 415 11,200

8,837.5 29.2 109 8,886.5 418 11,400

8,838.0 34.2 124 8,887.0 421 11,600

8,838.5 39.1 143 8,887.5 423 11,800

Elevation=8,881.2 ft 8,839.0 446 164 8,888.0 426 12,000

8,839.5 498 187 8,888.5 430 12,200

Spill R N R
plllway 8,841.0 64.8 273 8,890.0 440 12,900

8,841.5 70.6 307 8,890.5 443 13,100

8,842.0 75.4 343 8,891.0 445 13,300

8,842.5 80.1 382 8,891.5 449 13,500

———39°01" 8,843.0 85.3 423 8,892.0 453 13,800

8,843.5 90.4 467 8,892.5 456 14,000

8,844.0 95.0 514 8,893.0 460 14,200

8,844.5 99.6 562 8,893.5 463 14,500
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