VOLUMETRIC SURVEY
OF
LAKE STAMFORD

Prepared for:

City of Stamford

Prepared by
Texas Water Development Board

January 24, 2000



TexasWater Development Board

Craig D. Peder sen, Executive Administrator

Texas Water Development Board

William B. Madden, Chairman Noe Fernandez, Vice-Chairman
Elaine M. Barron, M.D Jack Hunt
Charles L. Geren Waes H. Madden Jr.

Authorization for use or reproduction of any original material contained in this publication, i.e. not
obtained from other sources, isfreely granted. The Board would appreciate acknowledgment.

This report was prepared by staff of the Surface Water Section:

Ruben S. Solis, Ph.D., P.E.
Duane Thomas
Randdl Burns
Marc Sansom

Published and Distributed
by the
Texas Water Development Board
P.O. Box 13231
Austin, Texas 78711-3231



TABLE OF CONTENTS

INTRODUGCTION ... .ctiiitieeiiee ettt e st et e e st e e s ae e e ssse e e ssseeessseesasseeasseessaeessaeesnseeesnsenns 1
LAKE HISTORY AND GENERAL INFORMATION. .....cccttirieierieniesiesiesesesesee e see e s seesnes 2
VOLUMETRIC SURVEYING TECHNOLOGY .....cccoiiriiniiriiniinieiesie st 3
PRE-SURVEY PROCEDURES...........cooo ittt te e tee et e s e s e e snae e nnae e eneeesnnee s 4
SURVEY PROCEDURES.........ooo ittt stee sttt et s st sbe s e saae s s nsaeesnnaessnaeesnaeesnnaeenns 4
Equipment Calibration and OpEration...........cceceeieeieieeriecieseese e sre e e sre e sree e 4
FIEIA SUNVEY......coeeee et bbbt n et nn b e ens 5
DLtz N (00 =S | o SRS 7
s | 1 S 8
SUMMARY AND COMPARISONS........otti it eee st et sae s s s s ssae s sssae s snaessnaeeens 8
REFERENGCES ... .oottitiitieieie ettt st sttt e st st bbbt e st e st et et et e saenbenrenns 9
APPENDICES

APPENDIX A - VOLUME TABLE

APPENDIX B - AREA TABLE

APPENDIX C - ELEVATION-AREA- VOLUME GRAPH
APPENDIX D - CROSS-SECTION PLOTS

APPENDIX E - DEPTH SOUNDER ACCURACY
APPENDIX F - GPS BACKGROUND

LIST OF FIGURES

FIGURE 1 - LOCATION MAP

FIGURE 2 - LOCATION OF SURVEY DATA
FIGURE 3 - SHADED RELIEF

FIGURE 4 - DEPTH CONTOURS

FIGURE 5- CONTOUR MAP



LAKE STAMFORD
VOLUMETRIC SURVEY REPORT

INTRODUCTION

Staff of the Surface Water Section of the Texas Water Development Board (TWDB)

conducted a volumetric survey of Lake Stamford during the period of July 20-22, 27 and August 6,7,
1999. Data collected during this survey covered only the inundated area of the lake, which at the time of
the survey was sgnificantly below normd levels. A second survey was conducted by Alamo Consultants of
San Antonio to include the area of the lake from the lake surface to 6.0 feet above conservetion pool

elevation. The two survey data sets were then combined to produce combined volume and area tables.
The primary purpose of these surveys was to determine the current volume of thelake at the conservation
pool devation. Thiswill establish abassfor comparison to future surveysfrom which thelocation and rates
of sediment deposition in the conservation pool can be determined.  Survey results are presented in the
following pages in both grgphica and tabular form.

Higtoricaly, two datums have been used in the engineering drawings and reportsfor Lake
Stamford. Thefirst datum, referred to on some plans as* United States Geologicd Survey (USGS) above
mean sealeved”, isequivaent to the Nationa Geodetic Vertical Datum of 1929 (NGVD29). The second
datum, used in the past as a reference for the USGS reservoir elevation gage at Lake Stamford, USGS
#08084500, L ake Stamford near Haskell, Texas, is referred to as"gage datum”. Gage datumis2.77 feet
above NGVD29. To obtain NGV D devations from gage datum, one must add 2.77 feet to the NGVD
elevation. Asafootnote, following the completion of thisreport, the USGS plansto offset their gage datum
to coincide with NGV D29.

Origind design drawings and the USGS 7.5- minute quadrangle maps (L ake Stamford Ea,
TX, (1966) and Lake Stamford West, TX (1966)) used in this study usethe NGV D29 datum and show the
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conservation pool eevation to be 1416.8 feet. USGS reservoir eevations obtained prior to and during the
study and corresponding area and volume calculations for the lake in the origina design, the past two
sediment surveys and the current survey are based on the “gage datum”. These show conservation pool

elevation for Lake Stamford at 1,414.0 feet. Origind design information showed the surface areato be
4,901 acreswith astorage volume of 57,632 acre-feet. A 1966 sediment survey by the Soil Conservation
Service (SCS) (USDA, 1966) reported the volume of Lake Stamford to be 53,927 acre-feet. The SCS
repeated the survey in 1982 and found the storage volume to be 43,678 acre-feet (USDA, 1982). This
report will compare the 1999 survey results with the original design and the other previous studies.

LAKE HISTORY AND GENERAL INFORMATION

Higtorica information on Lake Stamford was obtained from severd sources (references 1-
5). The City of Stamford owns the water rights to Lake Stamford. The City aso owns, operates and
maintains associated Stamford Dam. The lakeislocated on Paint Creek (Brazos River Basin) in Haskell
County, 14 miles northeast of Stamford, Texas (see Figure 1). Records indicate the drainage area is
gpproximately 360 square miles. At the conservation pool eevation, thelake hasapproximately 63 milesof
shordineandis6.4 mileslong. Thewidest point of thelakeisapproximatdy 3.2 milesand islocated about
1 mile upstream of the dam.

The Board of Water Engineersissued Water Rights Permit No. 1542 (Application No. 1650) to
the City of Stamford on July 10, 1950. The permit authorized the congtruction of adam on Paint Creek in
Haskell County and to impound 60,000 acre-feet of water. Permission was granted to use, notto exceed,
annually 10,000 acre-feet of water for domestic, municipal and industrid purposes. The Texas Water
Commissonissued Certificate of Adjudication No. 12-4179 on April 1, 1986. Thecertificate basicaly re-
enforces the impoundment and uses as sated in Permit No. 1542 and authorizes the City of Stamford to
maintain an existing dam and lake on Paint Creek known as Stamford Dam and Lake Stamford and to

impound not to exceed 60,000 acre-feet of water.

Recordsindicatethe construction for Lake Stamford and Stamford Dam started July 14, 1951 and
2



was completed in March 1953. Ddliberate impoundment began in June 1953. The design engineer for the
project was Freese and Nicholsand the genera contractor wasL. & S. Contractor. The estimated cost of
the dam was $289,365.00.

According to the engineering design, Stamford Dam and gppurtenant structurescons st of an earthfill
embankment approximately 3,600 feet in length, with amaximum height of 78 feet and acrest eevation of
1,436.8 feet NGV D29. The service spillway isan excavated channe cut through limestone rock located
approximately 900 feet to the left of the dam. The uncontrolled spillway crest is 100 feet in length at
elevation 1,416.8 feet NGVD29. The low-flow outlet works consst of a24-inch diameter concrete pipe
that is 442 feet in length bisects the embankment gpproximately 500 feet south of the old Paint Creek
channd. Theinvert devation is 1,382.8 feet NGVD29. The control for the outlet consists of two valves
each 20-inchesin diameter. The emergency spillway isanaturd channe located at the right end of the
embankment. The country-type spillway has acrest elevation of 1,425.8 feet NGVD29.

West Texas Utilities has an dectric generating power plant located a Lake Stamford. Water is
pumped directly from the lake for industrial (cooling) purposes. The City of Stamford aso pumpsdirectly
from the lake to atreatment facility for municipa purposes.

VOLUMETRIC SURVEYING TECHNOLOGY

The equipment used in the performance of the volumetric survey conssts of a23-foat duminumtri-
hull SeaArk craft with cabin, equipped with twin 90-Horsepower Johnson outboard motors. (Referenceto
brand names throughout this report does not imply endorsement by TWDB). Ingtaled within the enclosed
cabin are an Innergpace Hlmsman Display (for navigation), an Innerspace Technology Modd 449 Depth
Sounder and Model 443 Veocity Profiler, a Trimble Navigation, Inc. 4000SE GPS receiver, an
OmniSTAR receiver, and an or-board 486 computer. A water-cooled generator provideselectrica power
through an in-line uninterruptible power supply.

The GPS equipment, survey vessd, and depth sounder in combination provide an efficient
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hydrographic survey sysem. As the boat travels across the lake surface, the depth sounder takes
gpproximately ten readings of the lake bottom each second. The depth readings are stored on the survey
vessdl's on-board computer a ong with the corrected positiona data generated by the boat's GPS receiver.
The daily datafiles collected are downloaded from the computer and brought to the office for editing after
the survey iscompleted. During editing, poor-quality dataisremoved or corrected, multiple datapointsare
averaged to get one data point per second, and average depths are converted to €l evation readings based
on the Lake devation recorded on the day the survey was performed. Accurate estimates of the lake
volume can be quickly determined by building a3-D modd of thelakefromthecollected data. Theleve of
accuracy isequivaent to or better than previous methods used to determine lake volume, some of which are
discussed in Appendix F.

PRE-SURVEY PROCEDURES

The lake's outer boundary (elevation 1416 feet NGV D29) was digitized prior to the survey with
AutoCad software. The boundary file was created from the USGS 7.5-minute quadrangle map, Lake
Stamford East, TX. (1966) and Lake Stamford West, TX. (1966). The survey layout was designed by
placing survey track lines at 500-foot intervas within the digitized lake boundary using HyPack software.
The survey design required the use of gpproximately 160 survey lines dong the length of the lake.

SURVEY PROCEDURES

Equipment Calibration and Operation

At the beginning of each surveying day, the depth sounder was calibrated with the Innerspace
Velocity Profiler, aninstrument used to measure the variation in the speed of sound at different depthsinthe
water column. The average speed of sound through the entire water column below the boat was
determined by averaging locd speed- of- sound measurements collected through the water column. The
velocity profiler probe wasfirst placed in the water to moisten and acclimate the probe. The probe was



next raised to the water surface where the depth was zeroed. The probe was then gradudly lowered ona
cableto adepth just abovethelake bottom, and then raised to the surface. During thislowering and raising
procedure, loca speed-of-sound measurements were collected, from which the average speed was
computed by theve ocity profiler. Thisaverage speed of sound wasentered into the | T1449 depth sounder,
which then provided the depth of thelake bottom. The depth wasthen checked manually with ameasuring
tapeto ensure that the depth sounder was properly calibrated and operating correctly. During the survey of
Lake Stamford, the speed of sound in the water column varied from 4,923 to 4,932 feet per second.
Basad on the measured speed of sound for various depths and the average speed of sound calculated for
the entirewater column, the depth sounder isaccurateto within +0.2 feet. Anadditional estimated error of
+0.3 feat arisesfrom variation in boat inclination. Thesetwo factors combineto give an overdl accuracy of
+0.5 feet for any ingtantaneous reading. These errors tend to be minimized over the entire survey, since
somereadings are positive and someare negative. Further information on these calculationsis presented in

Appendix F.

During the survey, the onboard GPS receiver was et to a horizontal mask of 10° and a PDOP
(Pogtion Dilution of Precison) limit of 7 to maximize the accuracy of horizontal positions. Aninternd darm
soundsif the PDOP rises above seven to advise the field crew that the horizonta position has degraded to
an unacceptablelevel. Thelake sinitiaization file used by the Hypack data collection program was set up
to convert the collected DGPS positions on-the-fly to sate-plane coordinates. Both sets of coordinates

were then stored in the survey datafile.

Field Survey

Dueto low water levels, data collection was divided into two surveys. TWDB wasresponsble for
collecting datain the inundated or wet portion of the lake. Alamo Consultants of San Antonio collected
dataon dry land from the water’ s edge to elevation 1,422.8 feet NGV D, or 6.0 feet above conservation
pool devation.

TWDB gaff collected data at Lake Stamford during the period of July 20—22, 27 & August 6 &
7, 1999. The crew was exposed to high temperatures with mild winds. The survey crew was able to
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collect data on approximately 113 of the 160 pre-plotted survey transectsin the lake. Random datawas
collected dong the shoreline and in those areas that were too restricted to drive the pre-plotted lines. A
smaller boat (Sea Ark) with portable GPS and depth sounder equipment was used in the areas of themain
lake that could not be maneuvered by the larger boat. Approximately 604,000 data pointswere collected
over the45 milestraveled. Thesepoints, shownin Figure 2, were stored digitally onthe boat's computer in
135 datafiles. Datawere not collected in areas with significant obstructions unlessthese areas represented

alarge amount of water.

Paint Creek flows in a southwest to northeast direction with Stamford Dam being located at the
northeast end of the lake basin. TWDB saff observed the land surrounding the lake to be generdly flat.
Exposed limestone was observed dong the shorelinein themain basin of thelake. No mgor bank erosion
was noted. A few residentia communities (or camps) were located on Horse Creek and Buffalo Creek,
these creeks being the largest of the tributaries (besides Paint Creek) to Lake Stamford. The City of
Stamford established a park on the southeast shoreline at the confluence of Buffalo and Paint Creeks.

While performing the survey thefield crew noted on the depth sounder chart thet the bathymetry or
contour of the lake bottom was fairly regular in the main basin of the lake. Shalower depths were noted
aong the shoreline and deeper depths were observed when the boat crossed the old channel. The
bathemetry of the lake bottom was smilar to the topography surrounding the lake. A defined channel
(thaweg) for Paint Creek was Hill evident in the main basin of the lake.

Asthefied crew collected datain the Buffao Creek arm, navigationa hazards such as submerged
stumps were encountered. Datawas collected in thisareabut a amuch dower rate. Data collection was

halted when depths in the upper reaches of the lake became less than one and one-hdlf feet.

The collected data were stored in individua data files for each pre-plotted range line or random
data collection event. These files were downloaded to diskettes at the end of each day for subsequent

processing.



Data Processing

The collected data were downloaded from diskettes onto TWDB's computer network. Tape
backups were made for future reference as needed. To processthe data, the EDIT routine in the Hypack
Program was run on each raw datafile. Data points such as depth spikes or data with missing depth or
positiond information were deleted from the file. A correction for the |ake devation at the time of data
collection was aso gpplied to each fileduring the EDIT routine. During the survey, thewater surface varied
from elevation 1,404.38 to 1,404.76 feet NGV D29 according to elevation data provided by the USGS
elevation gage at Lake Stamford. After al correctionswere gpplied to theraw datafile, the edited filewas
saved with adifferent extenson. The edited fileswere combined intoasingle X, Y, Z daafile, to be used
with the GI S software to develop amode of the lake's bottom surface.

Theresulting datafile was downloaded to a Sun Sparc 20 workstation running the UNIX operating
system. Environmental System Research Ingtitute’ s (ESRI) Arc/Info GI S software was used to convert the
datato aMASS paintsfile. The MASS points and the boundary file were then used to create a Digitd
Terrain Modd (DTM) of the lake's bottom surface using Arc/Info's TIN software module. The module
generates atriangulated irregular network (TIN) from the data points and the boundary file usng amethod
known as Delauney's criteriafor triangulation. A triangle is formed between three non-uniformly spaced
points, including dl points dong the boundary. If there is another point within the triangle, additiond
triangles are created until dl points lie on the vertex of atriangle. All of the data points are used in this
method. The generated network of three-dimensond triangular planesrepresentsthe actud bottom surface.
With this representation of the bottom, the software then calculates eevations dong the triangle surface
plane by determining the evation dong each leg of the triangle. The lake area and volume can be
determined from the triangulated irregular network created using this method of interpolation.

Volumes presented in Appendix A were caculated fromthe TIN using Arc/Info software. Surface
areas presented in Appendix B were computed using Arc/Info software below devation 1405.0 NGV D29.
Arc-Info software was aso applied to the data above 1405.0 NGV D, the land survey data supplied by

Alamo Consultants. However, the e evation-area curve generated by this process contained artificia "dair-
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seps’, acommon occurrence when creating a TIN model with contoured elevation data. To diminatethe
atificd "dar-steps’, a series of cubic splines were gpplied to the TIN-generated elevation-area data,
resulting inasmoothed curve from which areas above devation 1405.0 NGV D were obtained. Resultsfor
both volume and area tables are shown in one-tenth of afoot interva from elevation 1371.6 to evation

1422 .8 feet NGVD29. An eevation-area-volume graph is presented in Appendix C.

Other products developed from the modd include a shaded relief map (Figure 3) and a shaded
depth range map (Figure 4). To develop these maps, the TIN was converted to a lattice using the
TINLATTICE command and then to a polygon coverage using the LATTICEPOLY command. Linear
filtration dgorithms were gpplied to the DTM to produce smooth cartographic contours. The resulting
contour map of the bottom surface at two-foot intervasis presented in Figure 5. Finally, cross-sections
provided in a1982 Soil Conservation Service report (USDA, 1982), shown onthemap in Figure 5, are
compared to cross-sections obtained from the current survey in the plotsin Appendix D.

RESULTS

Results from the 1999 TWDB survey indicate Lake Stamford encompasses 5,124 surface acres
and contains a total volume of 51,573 acre-feet at the conservation pool devation of 1416.8 feet
NGVD29. Dead pool storage, the volume below the invert elevation of thelow-flow outlet pipeat 1328.8
feet NGVD29, is 3 acre-feet. Thus, the conservation storage (totd volume - dead storage) for Lake
Stamford is 51,570 acre-feet. The shordline a conservation pool eevation was caculated to be
gpproximately 63 miles. The deepest point of the lake, at eevation 1371.5 feet and corresponding to a
depth of 45.3 feet, was located approximately 6,070 feet upstream from the center of Stamford Dam.

SUMMARY AND COMPARISONS

Lake Stamford was initialy impounded in June 1953. Storage cdculations in 1950 reported the
volumeat conservation pool elevation 1416.8 NGV D29 feet to be 57,632 acre-feet with asurface area of
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4,901 acres. A second survey in 1966 found the volume at conservation pool € evation to be 53,928 acre-
feet and theareato be 4,690 acres. Thelast prior survey in 1982 found the conservation storage volumeto
be 43,678 acre-feet

During duly 20-22, and August 6 and 7, 1999, staff from the Texas Water Development Board's
Surface Water Section completed avolumetric survey of Lake Stamford. The 1999 survey took advantage
of technologica advances such asdifferentid globa positioning system and geographicd information system
technology to creste a digitadl modd of the lake's bathymetry. With these advances, the survey was
completed more quickly and significantly more bathymetric data were collected than in previous surveys.
Reaultsindicatethat thelake's volume at the conservation pool eevation of 1416.8 feet is51,570 acre-fedt,

with a corresponding area of 5,124 acres.

Comparing the findings from the origina (1950) survey and the current survey, the surface areaat
conservation pool eevation 1416.8 feet NGV D29 increased by 209 surface acres. The reduction in
volume a conservation pool eevationis 6,059 acre-feet (-10.5%) or 124 acre-feet/year (Snce1950). The
average annua deposition rate of sediment in the lake can be estimated at 0.3 acre-feet/square mile of
drainage area. While the current survey shows a smilar trend to the 1966 survey, there is a Sgnificantly
larger volume reported here than in the 1982 survey. This anamoly may be the result of using different
surveying procedures and technology. Based on the amount of data collected and the improved methods
and technology used in the current survey, the current data set is considered to be an improvement over
previous survey procedures. It isrecommended that the same methodology be used infiveto ten yearsor

after mgjor flood events to monitor changes to the lake's storage volume.
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Appendix A

Lake Stamford
RESERVOIR VOLUME TABLE

TEXAS WATER DEVELOPMENT BOARD March 1999 SURVEY
VOLUME IN ACRE-FEET ELEVATION INCREMENT IS ONE TENTH FOOT
ELEVATION
in Feet
(NGVD’'29) 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
1371 0 0 0 0
1372 0 0 0 0 0 0 0 0 0 0
1373 0 0 0 0 0 0 0 0 0 0
1374 0 0 0 0 0 0 0 0 0 0
1375 0 0 0 0 0 0 0 0 0 0
1376 0 0 0 0 0 0 0 0 0 0
1377 0 0 0 0 0 0 0 1 1 1
1378 1 1 1 1 1 1 1 1 1 1
1379 1 1 1 1 1 1 1 1 1 1
1380 1 1 1 1 2 2 2 2 2 2
1381 2 2 2 2 2 2 2 2 2 2
1382 3 3 3 3 3 3 3 3 3 3
1383 4 4 4 4 5 5 6 6 7 8
1384 9 10 11 18 14 15 17 19 20 22
1385 24 26 28 30 33 35 38 41 44 47
1386 50 54 58 62 66 70 75 79 84 89
1387 94 99 104 110 115 121 127 133 139 146
1388 153 160 167 175 183 191 200 209 218 228
1389 238 248 259 270 282 294 306 319 332 345
1390 358 372 386 401 416 431 447 463 480 498
1391 516 535 554 575 595 617 639 661 684 708
1392 733 758 783 810 837 864 893 922 9562 982
1393 1014 1046 1079 1113 1148 1184 1220 1258 1296 1335
1394 1374 1415 1456 1498 1541 1584 1628 1673 1719 1765
1395 1812 1860 1910 1960 2011 2063 2117 2172 2228 2285
1396 2344 2403 2464 2527 2590 2655 2722 2790 2859 2929
1397 3000 3073 3147 3222 3297 3374 3452 3532 3612 3693
1398 3775 3858 3942 4027 4113 4200 4288 4377 4468 4559
1399 4651 4744 4839 4935 5033 5131 5231 5332 5435 5538
1400 5643 5749 5857 5966 6076 6187 6300 6414 6529 6645
1401 6763 6882 7002 7124 7247 7371 7496 7623 7751 7880
1402 8010 8141 8274 8409 8544 8681 8820 8960 9101 9244
1403 9388 9534 9682 9831 9982 10134 10288 10443 10600 10759
1404 10920 11083 11248 11415 11584 11754 11926 12100 12276 12454
1405 12633 12815 12998 13183 13371 13559 13750 13943 14138 14335
1406 14533 14733 14934 15138 15343 15550 15759 15970 16191 16419
1407 16650 16883 17119 17857 17598 17841 18086 18334 18583 18834
1408 19087 19341 19598 19857 20117 20379 20643 20809 21178 21451
1409 21726 22002 22281 22562 22844 23128 23413 23701 23991 24282
1410 24575 24870 25167 25466 25767 26070 26376 26683 26996 27315
1411 27637 27962 28289 28620 28952 29288 29625 29966 30308 30654
1412 31001 31351 31704 32059 32417 32778 33141 33508 33881 34261
1413 34644 35030 35419 35811 36206 36603 37003 37406 37812 38220



VOLUME IN ACRE-FEET

Appendix A (continued)

Lake Stamford

RESERVOIR VOLUME TABLE
TEXAS WATER DEVELOPMENT BOARD

March 1999 SURVEY

ELEVATION INCREMENT IS ONE TENTH FOOT

ELEVATION
in Feet

(NGVD’'29) 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
1414 38631 39045 39462 39882 40305 40731 41160 41593 42032 42479
1415 42920 43383 43840 44301 44764 45230 45700 46172 46648 47126
1416 47608 48093 48580 49071 49565 50062 50561 51064 51573 52091
1417 52612 53137 53665 54196 54730 55267 55807 56350 56897 57445
1418 57997 58551 59108 59669 60233 60799 61368 61940 62519 63106
1419 63696 64290 64886 65486 66088 66692 67300 67911 68525 69141
1420 69760 70381 71006 71634 72264 72897 73533 74173 74819 75474
1421 76134 76798 77464 78135 78808 79483 80162 80843 81528 82215
1422 82904 83596 84291 84989 85689 86393 87099 87808 88523



Appendix B
Lake Stamford
RESERVOIR AREA TABLE

TEXAS WATER DEVELOPMENT BOARD March 1999 SURVEY
AREA IN ACRES ELEVATION INCREMENT IS ONE TENTH FOOT
ELEVATION
in Feet
(NGVD'29) 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
1371 0 0 0 0
1372 0 0 0 0 0 0 0 0 0 0
1373 0 0 0 0 0 0 0 0 0] 0
1374 0 0] 0 0 0 0 0 0 0 0
1375 0 0 0 0 0 0 0 0 0 0
1376 0 0 0 0 0 0 0 0 0 0
1377 0 0 0 0 0 0 0 0 0 0
1378 0 0 0 0 0 0 0 0 0 0
1379 0 0 0 0 0 0 0 0 0 0
1380 0 0 1 1 1 1 1 1 1 1
1381 1 1 1 1 1 1 1 1 1 1
1382 1 1 1 1 1 1 1 1 1 2
1383 2 2 2 3 3 5 7 8 g 10
1384 10 11 12 13 14 15 16 17 18 19
1385 20 20 22 23 24 25 27 29 32 34
1386 35 37 39 40 42 44 45 47 48 49
1387 51 52 54 55 57 59 61 62 64 67
1388 69 72 75 78 a1 84 88 92 96 99
1389 103 107 11 114 118 121 124 127 130 133
1390 136 140 144 148 152 156 162 167 173 179
1391 185 191 198 204 210 217 223 229 235 242
1392 248 254 260 266 273 279 286 294 302 311
1383 319 328 337 345 353 361 369 377 385 393
1304 401 409 416 423 430 437 444 452 460 468
1395 477 486 496 507 518 530 543 554 566 579
1396 591 603 616 630 644 658 672 685 697 708
1397 720 731 743 754 765 775 786 796 806 816
1398 826 836 846 856 866 876 886 896 906 916
1399 928 941 955 968 980 992 1005 1017 1030 1043
1400 1056 1069 1082 1095 1108 1121 1133 1145 1157 1169
1401 1182 1196 1209 1223 1236 1249 1261 1272 1284 1296
1402 1309 1322 1336 1350 1364 1377 1392 1406 1421 1436
1403 1452 1468 1484 1499 1515 1530 1546 1563 1580 1597
1404 1617 1643 1660 1678 1695 1713 1731 1749 1768 1787
1405 1811 1831 1851 1872 1893 1915 1936 1958 1980 2002
1406 2024 2047 2070 2093 2116 2139 2163 2186 2210 2234
1407 2258 2283 2307 2332 2356 2381 2406 2431 2456 2481
1408 2506 2532 2557 2583 2608 2634 2660 2685 2712 2737
1409 2761 2785 2808 2832 2855 2878 2901 2924 2946 2967
1410 2989 3010 3031 3051 3071 3091 3110 3128 3150 3174
1411 3199 3224 3250 3276 3303 3330 3358 3387 3416 3446
1412 3477 3508 3540 3573 3607 3641 3677 3713 3747 3779
1413 3812 3845 3877 3911 3944 3977 4010 4044 4078 4111



Appendix B (continued)

Lake Stamford
RESERVOIR AREA TABLE

TEXAS WATER DEVELOPMENT BOARD March 1999 SURVEY
AREA IN ACRES ELEVATION INCREMENT IS ONE TENTH FOOT
ELEVATION
in Feet

(NGVD'29) 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
1414 4145 4179 4213 4247 4281 4314 4348 4382 4418 4452
1415 4487 4522 4557 4592 4627 4663 4698 4733 4769 4804
1416 4840 4875 4911 49486 4982 5017 5053 5089 5124 5159
1417 5194 5229 5264 5299 5334 5369 5404 5438 5473 5507
1418 5541 5575 5609 5643 5677 5710 5743 5776 5810 5844
1419 5878 5912 5946 5980 6014 6048 6082 6116 6150 6185
1420 6219 6253 6287 6321 6355 6389 6424 6458 6492 6526
1421 6560 6595 6629 6663 6697 6732 6766 6800 6835 6869
1422 6903 6938 6972 7007 7041 7076 7111 7145 7180
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APPENDIX E - DEPTH SOUNDER ACCURACY

This example was extracted from the Innergpace Technology, Inc. Operation Manud for the Model 443
Vdocity Profiler.

For the following examples, to = (D - d)/V
Where: tp, = travel time of the sound pulse, in seconds (at depth = D)
D = depth, in feet
d =draft = 1.2 feet
V = gpeed of sound, in feet per second
To cdculatethe error of a measurement based on differencesin the actud versus average speed of
sound, the same equation is used, in this format:
D=[t(V)]+d
For the water column from 2 to 30 feet: V =4832fps
t30 = (30- 12)/4832
= 0.00596 sec.

For the water column from 2 to 45 feet:V = 4808 fps

tus =(45-1.2)/4808
=0.00911 sec.

For ameasurement at 20 feet (within the 2 to 30 foot column with V = 4832 fps):

Dao = [((20-1.2)/4832)(4808)] +1.2
=199  (-0.1)

For a measurement at 30 feet (within the 2 to 30 foot column with V = 4832 fps):
D3 = [((30-1.2)/4832)(4808)] +1.2
=29.9 (-0.1)

For a measurement at 50 feet (within the 2 to 60 foot column with V = 4799 fps):



Dso = [((50-1.2)/4799)(4808)] +1.2
=50.1'  (+0.1)

For the water column from 2 to 60 feet:V = 4799 fps Assumed Vg, = 4785 fps

teo =(60-1.2)/4799
=0.01225 sec.

For ameasurement at 10 feet (within the 2 to 30 foot column with V = 4832 fps):

Duo = [((10-1.2)/4832)(4799)]+1.2
=99 (-0.1)

For ameasurement at 30 feet (within the 2 to 30 foot column with V = 4832 fps):

Dao = [((30-1.2)/4832)(4799)]+1.2
=298 (-0.2)

For ameasurement at 45 feet (within the 2 to 45 foot column with V = 4808 fps):

Dus = [((45-1.2)/4808)(4799)]+1.2
=449  (-0.1)

For ameasurement at 80 feet (outside the 2 to 60 foot column, assumed V = 4785 fps):

Deo = [((80-1.2)/4785)(4799)]+1.2
=802  (+0.2)



APPENDIX F - GPS BACKGROUND

GPS Information

The following is a brief and smple description of Globd Postioning System (GPS) technology.
GPSisardatively new technology that uses anetwork of satellites, maintained in precise orbits around the
earth, to determine locations on the surface of the earth. GPS receivers continuously monitor the satdllite
broadcasts to determine the position of the receiver. With only one satellite being monitored, the point in
question could be located anywhere on a sphere surrounding the satellite with a radius of the distance
measured. The observation of two satellites decreasesthe possiblelocation to afinite number of pointsona
circlewherethe two spheresintersect. With athird satellite observation, the unknown location is reduced
to two points where dl three spheres intersect. One of these pointsislocated in space, and isignored,
while the second is the point of interest located on earth.  Although three satellite measurements can fairly
accurately locate a point on the earth, the minimum number of satelites required to determine a three
dimensond position within the required accuracy is four. The fourth measurement compensates for any
time discrepancies between the clock on board the satellites and the clock within the GPS receiver.

The United States Air Force and the defense establishment developed GPS technology in the
1960's. After program fundingin theearly 1970's, theinitia satdllite was launched on February 22, 1978.
A four-year delay in the launching program occurred after the Challenger space shuttle disaster. In 1989,
the launch schedule was resumed. Full operationa capability was reached on April 27, 1995 when the
NAVSTAR (NAVigation Sysem with Time And Ranging) satdllite congtdlation was composed of 24
Block 11 satellites. Initial operationd capability, afull constellation of 24 saidlites, in acombination of Block
| (prototype) and Block |1 satdllites, was achieved December 8, 1993. The NAV STAR satellites provide
databased on the World Geodetic System (WGS'84) spherica datum. WGS'84 isessentidly identical to
the 1983 North American Datum (NAD '83).

The United States Department of Defense (DOD) is currently responsible for implementing and
maintaining the satellite congtdlation. 1nan attempt to discouragethe use of these survey unitsasaguidance
tool by hogtileforces, DOD implemented means of fase Sgnd projection caled Sdective Avallahility (SA).
Pogitions determined by asingle receiver when S/A is active result in errors to the actua position of up to



100 meters. These errors can be reduced to centimeters by performing a static survey with two GPS
recaivers, of which oneis st over apoint with known coordinates. The errorsinduced by SA aretime-
congant. By monitoring the movements of the satellites over time (one to three hours), the errors can be

minimized during post processing of the collected data and the unknown position computed accurately.

Differentid GPS (DGPS) is an advance mode of satdllite surveying in which postions of moving
objectscan bedeterminein real-timeor "on-the-fly." Thistechnologica breskthrough wasthe backbone of
the development of the TWDB’ s Hydrographic Survey Program. In the early stages of the program, one
GPSreceiver was set up over abenchmark with known coordinates established by the hydrographicaunvey
crew. This receiver remained sationary during the survey and monitored the movements of the satdllites
overhead. Pogtion corrections were determined and transmitted via a radio link once per second to
another GPSrecelver located onthe moving boat. The boat receiver used these corrections, or differences,
in combination with the satdllite information it recaived to determine its differentid location. Thistype of
operation can provide horizontal postiona accuracy within one meter. In addition, the large positiond
errors experienced by asinglereceiver when SA isactiveare negated. Thelake surface during the survey
servesasthevertica datum for the bathymetric readingsfrom adepth sounder. The sounder determinesthe
lake's depth below a given horizontd location at the surface.

The need for setting up a Sationary shore receiver for current surveys has been diminated by
registration with a fee-based satellite reference pogition network (OmniSTAR). This service workson a
worldwide basisin adifferentiad mode basicaly the same way as the shore Sation For agiven areainthe
world, a network of severd monitoring sites (with known pogtions) collect GPS sgnds from the
NAVSTAR network. GPS corrections are computed at each of these sites to correct the GPS sgna
received to the known coordinates of the Site. The correction corresponding to each Site is automaticaly
sent to a “Network Control Center” where they are checked and repackaged for up-link to a
“Geodationary” L-band satellite. The“red-time’ correctionsarethen broadcast by the satelliteto users of
the system in the area covered by that satdlite. The OmniSTAR receiver trandates the information and
suppliesit to the on-board Trimble receiver for correction of the boat’ s GPS positions. The accuracy of

this sygem in ared-time mode is normaly 1 meter or less



Previous Survey Procedures

Origindly, 1ake surveyswere conducted by stretching arope acrossthe lake along pre-determined
range linesand, from asmall boat, poling the depth at sdected intervasaong therope. Over time, aircraft
cable replaced the rope and eectronic depth sounders replaced the pole. The boat was hooked to the
cable, and depths were recorded at selected intervals. Thismethod, used mainly by the Soil Conservation
Service, worked well for smal lakes.

Larger bodies of water required more involved means to accomplish the survey, mainly due to
increased size. Cables could not be stretched across the body of water, so surveying instruments were
utilized to determine the path of the boat. Monuments were set at the end points of each line so the same
lines could be used on subsequent surveys. Prior to a survey, each end point had to be located (and
sometimes reestablished) in the field and vegetation cleared so that line of sght could be maintained. One
surveyor monitored the path of the boat and issued commands viaradio to insure that it remained on line
while asecond surveyor determined the horizontd location by turning angles. Sinceit took amgor effort to
determine each of the pointsaong the line, the depth readings were spaced quite adistance gpart. Another
magor cost was the land surveying required prior to the lake survey to locate the range line monuments and
clear vegetation.

Electronic positioning systems were the next improvement. Continuous horizontal positioning by
electronic means alowed for the continuous collection of depth soundings by boat. A set of microwave
transmitters positioned around thelake at known coordinates alowed the boat to receive dataand calculate
itspogtion. Lineof Stewasrequired, and the configuration of the transmitters had to be such that the boat
remained within theangles of 30 and 150 degreeswith repect to the shore stations. The maximum range of
most of these systemswas about 20 miles. Each shore station had to be accurately located by survey, and
the location monumented for future use. Any errorsin the land surveying resuited in Sgnificant errorsthat
weredifficult to detect. Largelakesrequired multiple shore stations and a crew to move the shore stations

to the next location as the survey progressed. Land surveying remained amajor cost with this method.



More recently, aeria photography has been used prior to congtruction to generate eevation
contoursfrom which to caculate the volume of thelake. Fairly accurate results could be obtained, dthough
the vertical accuracy of the aerid topography isgenerdly one-haf of the contour interva or + fivefeet for a
ten-foot contour interval. This method can be quite costly and is gpplicable only in areas that are not
inundated.
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