TCEQ Interoffice Memorandum

TO: Office of the Chief Clerk
Texas Commission on Environmental Quality

THRU: QQNChris Kozlowski, Team Leader
Water Rights Permitting Team

FROM: Sarah Henderson, Project Manager
Water Rights Permitting Team

DATE: March 29, 2019

SUBJECT: San Antonio River Authority
WRPERM 13515
CN600790620, RN110465085
Application No. 13515 for a Water Use Permit
Texas Water Code § 11.042, Requiring Limited Mailed Notice
Martinez Creek and Cibolo Creek, San Antomo River Basin
Bexar and Wilson Counties

The application and partial fees were received on July 30, 2018. Additional information
and fees were received on December 20, 2018. The application was declared
administratively complete and accepted for filing with the Office of the Chief Clerk on
March 29, 2019. Mailed notice to the interjacent water right holders of record in the
San Antonio River Basin is required pursuant to Title 30 Texas Administrative Code

§ 295.161(b).

All fees have been paid and the application is sufficient for filing.

4@/ Gl

Sarah Henderson, Project Manager
Water Rights Permitting Team -
Water Rights Permitting and Availability Section ==

OCC Mailed Notice Required 7é$ oNO

Texas Commission on Environmental Quality



Jon Niermann, Chairman
Emily Lindley, Commissioner
Toby Baker, Executive Director

TEXAS COMMISSION ON ENVIRONMENTAL QUALITY

Protecting Texas by Reducing and Preventing Pollution

March 29, 2019

Mr. Edmond McCarthy, Jr.
McCarthy & McCarthy, LLP

1122 Colorado Street, Suite 2399
Austin, Texas 78701

Re:  San Antonio River Authority
WRPERM 13515
CN600790620, RN110465085
Application No. 13515 for a Water Use Permit
Texas Water Code § 11.042, Requiring Limited Mailed Notice
Martinez Creek and Cibolo Creek, San Antonio River Basin
Bexar and Wilson Counties

Dear Mr. McCarthy:

This acknowledges receipt, on December 20, 2019 of additional information and fees
in the amount of $67.62 (Receipt No. M909963, copy enclosed).

The application was declared administratively complete and filed with the Office of the
Chief Clerk on March 29, 2019. Staff will continue processing the application for
consideration by the Executive Director.

Please be advised that additional information may be requested during the technical
review phase of the application process.

If you have any questions concerning this matter please contact me via email at
sarah.henderson@tceq.texas.gov or by telephone at (512) 239-2535.

Sincerely,

PNy W -

Sarah Henderson, Project Manager
Water Rights Permitting Team
Water Rights Permitting and Availability Section

Enclosure

P.O.Box 13087 = Austin, Texas 78711-3087 + 512-239-1000 * tcegq.texas.gov
How is our customer service?  tceq.texas.gov/customersurvey
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LAw OFFICES OF

McCARTHY & McCARTHY, L.L.P.

1122 COLORADO STREET, SUITE 2399
AUSTIN, TEXAS 78701
(512)904-2310
(512) 692-2826 (FAX)

[ RECEWED

BEC M)&mﬁ

_' '_&?E}igzzr-ﬁ};aiuan?dy!%fiﬁim

Sarah Henderson, Project Manager, MC-160 via e-mail & regular mail
Water Rights Permitting Section

Water Availability Division

Texas Commission on Environmental Quality

P.O. Box 13087

Austin, Texas 78711-3087

Re:  San Antonio River Authority
WRPERM 13515
CN600790620, RN110465085
Application No. 13515 for a Water Use Permit
Texas Water Code § 11.042, Limited Mailed Notice Required
Martinez and Cibolo Creeks, San Antonio River Basin
Bexar and Wilson Counties

Dear Ms. Henderson:

This letter provides the responses of the San Antonio River Authority (SARA) to the
November 16, 2018, request for additional information (“RFI”) regarding Application No. 13355
for a water use permit authorizing the reuse of treated groundwater based effluent discharged by
SARA into Martinez Creek and transported down the bed and banks of that water course to SARA’s
proposed point of diversion. Each item of requested additional information is set out below in bold
type, followed by SARA’s response.

1. Confirm the location of the requested diversion point. Commission records indicate that
the authorized diversion point in Water Use Permit No. 5611 is located on the east bank of
Cibolo Creek, and located at Latitude 29.094963'N, Longitude 97.970915'W. The map
provided with the application shows the diversion point as being on the west bank of Cibolo

Creek.

SARA'’s Response: Attached please find a corrected Worksheet 3.0 and revised Map depicting
the location of SARA’s requested point of Diversion on Cibolo Creek based upon the existing
point of diversion authorized by Water Use Permit No. 5611. (Appendix “A”).
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“Channel Loss Rates in Martinez and Cibolo Creeks for the Martinez IV WWTP Bed & Banks
Permit” attached hereto as Appendix “C.” The SARA Technical Memorandum is supported by the
HDR Channel Loss Memorandum appended thereto, together with the following additional

references:

(1) Recharge Enhancement Study: Guadalupe-San Antonio River Basin
Volume II - Technical Report (HDR 1993), attached as Appendix “D”;

(i)  Intensive Survey of Martinez Creek — Report IS-23 (Texas Department of
Water Resources, June 1981), attached as Appendix “E”;

(iii)  Intensive Survey of Cibolo Creek Segment 1902 — Report IS-39 (Texas
Department of Water Resources, June 1982), attached as Appendix “F”;

(iv)  Simulation of Streamflow, Evapotranspiration, and Groundwater Recharge
in Lower San Antonio River Watershed, South-Central Texas, 2000-2007
(USGS Scientific Investigations Report 2010-5027), attached as Appendix
an; and.

(V) Channel Gain and Loss Investigations Texas Streams — 1918-1958 (Texas
Board of Water Engineers April 1960), attached as Appendix “H”

6. Remit fees in the amount of $67.62 as described below. Please make checks payable to the
TCEQ or Texas Commission on Environmental Quality.

Filing Fee $ 100.00
Recording Fee $25.00
Notice Fee ($2.94 x 23 WR Holders $67.62
Total Fees $192.62
Fees Received ($ 125.00)
Fees Due $67.62

SARA’s Response: Enclosed please find my Firm’s Check No. 1190 payable to the TCEQ in the
amount of $67.62 to cover the full amount of requested additional fees. Please credit these funds
to SARA’s account for this Application. A copy of the check is attached hereto as Appendix “I”.
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Please let me know if you have any questions. As always, both I and SARA appreciate the
support and hard work of you and your team on these projects.

Best wishes.
sicele” /7)o
/%“ M 2
Edmond R. McCarthy, Jr.
ERM/tn

Encl.

ce: San Antonio River Authority
Attn: Melissa Bryant, P.E., Project Manager
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APPENDIX “A”

Revised WORKSHEET 3.0 & Map




WORKSHEET 3.0
DIVERSION POINT (OR DIVERSION REACH) INFORMATION

This worksheet is required for each diversion point or diversion reach. Submit one Worksheet
3.0 for each diversion point and two Worksheets for each diversion reach (one for the upstream
limit and one for the downstream limit of each diversion reach).

The numbering of any boints or reach limits should be consistent throughout the application and
on supplemental documents (e.g. maps).

1. Diversion Information (Instructions, Page. 24)
a. This Worksheet is to add new (select 1 of 3 below):

1. Esdsing Permi 8611 Djversion Point No.
2. Upstream Limit of Diversion Reach No.
3. Downstream Limit of Diversion Reach No.

b. Maximum Rate of Diversion for this new point ' cfs (cubic feet per second)
or_ ! gpm (gallons per minute)

¢. Does this point share a diversion rate with other points? Y /NY
If yes, submit Maximum Combined Rate of Diversion for all
points/reaches: cfs or 122082 _Epm

d. For amendments, is Applicant seeking to increase combined diversion rate? Y /N

** An increase in diversion rate is considered a new appropriation and would require
completion of Section 1, New or Additional Appropriation of State Water.

e. Check (¥) the appropriate box to indicate diversion location and indicate whether the
diversion location is existing or proposed):

Check Write: Existing or Proposed
one
X Directly from stream Existing

From an on-channel reservoir

From a stream to an on-channel reservoir

Other method (explain fully, use additional
sheets if necessary)

f.  Based on the Application information provided, Staff will calculate the drainage area
above the diversion point (or reach limit). If Applicant wishes to also calculate the
drainage area, you may do so at their option.

Applicant has calculated the drainage area. Y /N vy
If yes, the drainage area is 758 0 sq. miles.

(If assistance is needed, call the Surface Water Availability Team at (512) 239-4691, prior to
submitting application)

TCEQ-10214C (07/19/2017) Water Rights Permitting Ava ilability Technical Information Sheet Page 13 of 23
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Diversion Location (Instructions, Page 25)

On watercourse (USGS Name); tibscise sy o San an o faver

Zip Code:
. Location of point: In the Cabalenas QOriginal Survey No. _ , Abstract
No. , Wi Bn County, Texas.

A copy of the deed(s) with the remrdinﬂ information from the county records
musl be submitted describing traci(s) that include the diversion structure.

For diversion reaches, the Commission cannot grant an Applicant access to
property that the Applicant does not own or have consent or a legal right to
access, the Applicant will be required to provide deeds, or consent, or other
documents supporting a legal ri’ght 1o use the specific points when specific
diversion points within the reach are utilized. Other documents may include, but
are not limited to: a recorded easement, a land lease, a contract, or a citation to
the Applicant’s right to exercise eminent domain to acquire access.

. Point is at: 29.094963’ 87.970915'

Latitude _ ‘N, Longitude W.
Provide Latitude and Longitude coordinates in decimal degrees to at least six
decimal places

Indicate the method used to calculate the location (examples: Handheld GPS Device, GIS,

Map submitted must clearly identify each diversion point and/or reach. See instructions
Page. 38.  gee attached Map.

. If the Plan of Diversion is complicated and not readily discernable from looking at the

map, attach additional sheets that fully explain the pYan of diversion.

TCEQ-10214C (07/19/2017) Water Rights Permitting Availability Technical Information Sheet Page140f 23
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APPENDIX “B”

Revised WORKSHEETS 4.0 — «_4.1 & Map




WORKSHEET 4.0
DISCHARGE INFORMATION

This worksheet required for any requested authorization to discharge water into a State
Watercourse for conveyance and later withdrawal or in-place use. Worksheet 4.1 is also required
for each Discharge point location requested. Instructions Page. 26, Applicant is responsible for
obtaining any separate water quality authorizations which may be required and for insuring
compliance with TWC, Chapter 26 or any other applicable law.

a. The purpose of use for the water being discharged will be _municipal. agriculiural, indusuial, recreation, & envranmental .

b. Provide the amount of water that will be lost to transportation, evaporation, seepage, channel
or other associated carriage losses_z2 % and explain the method of
calculation: TWDB Methodology

Is the source of the discharged water return flows? Y /NY If yes, provide the following
information:

1. The TPDES Permit Number(s). wo00107 4007 (attach a copy of the
current TPDES permit(s))

2. Applicant is the owner/holder of each TPDES permit listed above? Y /N Y

FPLEASE NOTE: If Applicant is not the discharger of the return flows, the application should be
submitted under Section 1, New or Additional Appropriation of State Water, as a request for a new
appropriation of state water. If Applicant is the discharger, then the application should be
submitted under Section 3, Bed and Banks.

3. Monthly WWTP discharge data for the past 5 years in electronic format. (Attach and label
as “Supplement to Worksheet 4.0").

4. The percentage of return flows from groundwater 100 , surface water ?

5. If any percentage is surface water, provide the base water right number(s)

c. Is the source of the water being discharged groundwater? Y/NN  |f yes, provide the
following information:

1. Source aquifer(s) from which water will be pumped:

2. Any 24 hour pump test for the well if one has been conducted. If the well has not been
constructed, provide production information for wells in the same aquifer in the area of

the application. See http://www.twdb.texas.gov/groundwater/data/gwdbrpt.asp.
Additionally, provide well numbers or identifiers

3. Indicate how the groundwater will be conveyed to the stream or reservoir.

4. A copy of the groundwater well permit if it is located in a Groundwater Conservation
District (GCD) or evidence that a groundwater well permit is not required.

ci. Is the source of the water being discharged a surface water supply contract? Y /N N
If yes, provide the signed contract(s).

cil. Identify any other source of the water

TCEQ-10214C (07/19/2017) Water Rights Permitting Availability Technical Information Sheet Pagei5of23



WORKSHEET 4.1
DISCHARGE POINT INFORMATION

This worksheet is required for each discharge point. Submit one Worksheet 4.1 for each
discharge point. If there is more than one discharge point, the numbering of the points should
be consistent throughout the application and on any supplemental documents (e.g. maps).
Instructions, Page 27.

For water discharged at this location provide:

a.

=

The amount of water that will be discharged at this point is = acre-feet
per year. The discharged amount should include the amount needed for use and to
compensate for any losses.

Water will be discharged at this point at a maximum rate of ! ' cfs or 52 gpm,

C. Nﬂme Of WatEI‘COUl‘SE das Sho"\rn on OfflClal USGS maps: Mailinez Ciesh inbutary of Cibaio Croak labulzry of San Anjania Rwer

="

Zip Code: _7ei52

Location of point: In the John Isham Original Survey No. -~ , Abstract
No. s  Bex: County, Texas.

Point is at:zg o

Latitude N, Longitude 98-250020 .,

*I;ravide Latitude and Longitude coordinates in decimal degrees to at least six decimal
places

Indicate the method used to calculate the dis oint location (examples: Handheld
GPS Device, GIS, Mapping Program): tﬁ““ﬂ'}'eﬁﬁggﬁ“'“

Map submitted must clearly identify each discharge point. See instructions Page, 15.

TCEQ-10214C(07/19/2017) Water Rights Permitting Availability Technical Information Sheet Page 16 of 23
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APPENDIX “C”

SARA Technical Memorandum on Stream Loss Calculations




Technical Memo —

RE: Channel Loss Rates in Martinez and Cibolo Creeks for the

Martinez IV WWTP Bed & Banks Permit SAN ANTONIO
RIVER AUTHORITY
Analysis:

Data from the Guadalupe-San Antonio Model (GSA WAM) along with data from several studies
developed in the San Antonio Basin were used for the following calculations:

. upstream - Qdownstream + Qdischarge 100
%Loss/mile = 222 g < €
Qupstream+Qdownstream Segment Length
. Loss\Segment length
Delivery Factor = (1 - % mile)

The calculations for Martinez Creek were based on the August 2005 streamflow survey data
collected and submitted with the original San Antonio River Authority (SARA) Bed and Banks
permit for Martinez |, I, & Il WWTPs. The HDR Technical Memo is attached for reference. The
Martinez IV WWTP would be in the segment of Martinez Creek below the confluence with
Salatrillo Creek, so a 5.36% loss per mile was used for the 9.3 miles to the confluence of
Martinez Creek and Cibolo Creek. Between the Martinez IV WWTP discharge to the confluence
of Cibolo Creek would indicate a delivery of approximately 60% (Delivery Factor = (1-
5.36%)"9.3miles).

Streamflow survey data was not available for the 36.7 mile stretch to the diversion location on
Cibolo Creek, so the USGS gauge data for Cibolo Creek at Sutherland Springs (08185500) and
Cibolo Creek at Falls City (08186000) were used for the calculations. This segment of the
stream has been identified as a gaining stream segment based on the USGS study on Simulation
of Streamflow, Evapotranspiration, and Groundwater Recharge in the Lower San Antonio River
Watershed, South-Central Texas, 2000-2007. Based on the USGS gauge data, all months except
for July and August showed the stream to be a gaining stream. August was the driest month of
the 2018 so flows for the month of August were used from these stations (15 cfs and 12 cfs
respectively). The percent loss per mile used was 0.7015% (%loss/mile = [(15-12 +
1.16)/(15+1.16)] X (100/36.7)). Based on this loss, the delivery factor was approximately 6.9%
(Delivery Factor = (1-0.7015%)"36.7miles).

The total delivery factor is approximately 67% based on the calculations from the two reaches
(60% + 6.9%). Based on the studies, the delivery factor would be greater during wetter periods
as shown in this past year, so channel losses would be less.



ONE COMPANY
m | Many Solutions™ Memo

To:  Steve Raabe, Ed McCarthy, & Melissa Bryant

From: R Brian Perkins Preject: Indirect Reuse

CC: Sam Vaugh

Date: October 20, 2005 JobNo: 07755-15480

Channel Loss Memo 8-21-05.doe
RE: Channel Losses Between Martinez 1/Martinez 2 and Alamo Turf Farm

We have reviewed the streamflow survey data collected in August 2005 for Martinez and Salatrillo Creeks.
There are a total of eight stream segments for which there is data at the upstream and downstream points
measured on the same day. Figure 1 identifies the measurement locations and Table 1 summarizes the stream
segments relevant to assessment of channel losses between two San Antonio River Authority (SARA)
wastewater treatment plants (Martinez I and Martinez 2) and the Alamo Turf Farm.
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Figure 1 -Stream Segments and Flow Measurements Used in Estimation of Channel Losses

HDR Engineering, In¢. 4401 West Gale Blvd. Phone: 512:912:5100 Page 10f 3
Suite 400 Fax: 512:912-5158
Austin, TX 78745 www.hdrinc.com



Table 1 - Streamflow Segments and Estimated Loss Rates

August 4, 2005

Segment | Upstream | Downstream | WWTP 9%
From To Location Length | Measured | Measured | Discharge Loss/Mile
(mi) Flow (cfs) | Flow (cfs) (cfs)*
Site #1 Site #2 Martinez Crk 2.74 2.228 2.186 0.7%
Site #2 Site #4 Martinez Crk 4.18 2.186 3.750 1.788 1.3%
Site #4 Site #5 Martinez Crk 2.66 3.750 3.268 4.8%
August 5, 2005
Segment | Upsiream | Downstream WWTP %
From To Location Length | Measured | Measured | Discharge Loss/Mile
(mi) Flow (cfs) | Flow (cfs) (cfs)”
Stes#6& | Site#10 | Martinez Ork PR 5.595 5.4%

"Discharge listed for Martinez Il WWTP only, as it occurred within a measured segment. Discharge for Martinez |
WWTF occurred above all flow measurements.

For comparison purposes, losses for the four stream segments used in the calculation are plotted in Figure 2
showing the relation between transmission loss and outflow rates in small watersheds from United States
Geological Survey (USGS)' studies. The results from this analysis are consistent with the 1 — 10% per mile
loss rate for flows around 10 acft/day (~5 cfs) indicated in the USGS report.
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Figure 2 — Typical Streamflow Loss Rates in Small Watersheds

' USGS, “Hydrologic Effects of Floodwater Retarding Structures on Garza Little Elm Reservoir, Texas,” City of Dallas
and Texas Water Development Board, September 1989.
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APPENDIX “D”

Recharge Enhancement Study: Guadalupe-San Antonio River
Basin Volume IT — Technical Report (HDR 1993)
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GUADALUPE - SAN ANTONIO RIVER BASIN
RECHARGE ENHANCEMENT STUDY

VOLUME II - TECHNICAL REPORT

Prepared for

Edwards Underground Water District

by

HDR Engineering, Inc.
and
Espey, Huston & Associates, Inc.

September, 1993



* Study Sponsor

Advisory Committee Participants
for
Guadalupe - San Antonio River Basin
Recharge Enhancement Study

Edwards Underground Water District’

Russell Masters

San Antonio Water System

Joe Aceves

Guadalupe - Blanco River Authority
Thomas Hill

Bexar Metropolitan Water District

Tom Moreno

San Antonio River Authority
Fred Pfeiffer

City of San Marcos
Larry Gilley

Canyon Regional Water Authority
David Davenport

Springhills Water Management District
Ray Buck

Nueces River Authority
Con Mims

City of Corpus Christi

James Dodson

Industrial Water Users Association
' Bob Wright

Texas Water Development Board
Gordon Thorn
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TECHNICAL REPORT
GUADALUPE - SAN ANTONIO RIVER BASIN
RECHARGE ENHANCEMENT STUDY

1.0 INTRODUCTION

The Guadalupe - San Antonio River Basin encompasses over 10,100 square miles
extending from the headwaters on the Edwards Plateau north and west of San Antonio
through the Texas Blackland Prairie and Claypan Area, the Northern Rio Grande Plain, and
the Gulf Coast Prairies to the Guadalupe Estuary south of Victoria. Land use in the basin
is predominantly classified (Ref. 21) as range and pasture (79%) with the remainder
classified as cropland (14%), urban (6%), or miscellaneous uses (1%). As is apparent in
Figure 1-1, the Guadalupe - San Antonio River Basin is crossed by at least five aquifer
outcrops or recharge zones, including the Edwards, Carrizo-Wilcox, Queen City, Sparta, and
Gulf Coast (Goliad). The most transmissive of these recharge zones is associated with the
Edwards limestone aquifer and is generally located along the Balcones Escarpment. The
Edwards Aquifer is presently the water supply source for the City of San Antonio as well
as numerous other cities and agricultural interests throughout Uvalde, Medina, Bexar,
Comal, and Hays Counties. The aquifer also feeds Leona, San Pedro, San Antonio, Comal,
and San Marcos Springs, creating unique environments and recreational opportunities while
providing base flow to the Nueces, Leona, San Antonio, Comal, Guadalupe, and San Marcos
Rivers.

The present and future economic dependence of entities currently served by the
Edwards Aquifer and the flows emanating from its springs has prompted the Edwards

Underground Water District (EUWD) to sponsor this Guadalupe - San Antonio River Basin

1-1
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Recharge Enhancement Study. An Advisory Committee representative of the diverse
interests potentially affected by enhancement of Edwards Aquifer recharge was assembled
by the EUWD to provide guidance and technical review throughout the study effort.

The concept of recharge enhancement is not new. In 1964, the U. S. Army Corps
of Engineers (USCE) published a report identifying 2 number of potential projects located
near the Edwards Aquifer recharge zone intended to capture and recharge additional flood -
flows which would not have entered the aquifer naturally. Since that time, the EUWD and
others have constructed projects on Seco, Parkers, Verde, San Geronimo, Salado, Dry
Comal, Sink, and Purgatory Creeks which have served to enhance recharge. The EUWD
has also sponsored detailed studies of 19 potential recharge enhancement projects in the
Nueces River Basin. Significant results and products of studies of the Nueces River Basin
include new estimates of historical Edwards Aquifer recharge and development of a new
river basin model capable of calculating potential recharge enhancement while considering

downstream water rights and estuarine inflows.

11  Study Objectives
The key objectives of the Guadalupe - San Antonio River Basin Recharge
Enhancement Study are summarized as follows:

° Development of new monthly estimates of historical Edwards Agquifer
recharge consistent with those for the Nueces River Basin, thereby completing
recharge estimates for the entire aquifer for the 1934-89 historical period.

L Development of a river basin computer model capable of evaluating recharge

enhancement projects and water availability subject to variable water rights
constraints and springflows.



® Calculation of maximum enhanced recharge potential and estuarine inflow
reductions associated with a program of recharge projects subject to a range
of springflow and water rights utilization scenarios.

® Calculation of maximum water potentially available at selected locations
subject to a range of springflow and water rights utilization scenarios.

The following sections of this Technical Report describe the basic data collected,

previous studies referenced, methodologies applied, and results obtained in accomplishing

these objectives.

1-4



20 WATER RIGHTS AND USE
2.1  Water Rights

The Texas Water Commission (TWC) maintains a master listing of all water rights
and applications for water rights within the state. A current listing of all water rights and
applications in the Guadalupe and San Antonio River Basins was extracted from the master
listing, sorted by river order number (downstream to upstream), and included in Appendix
A (Volume III). Water rights in terms of authorized diversion for consumptive use are
summarized by river basin and type of use in Table 2-1. Table 2-1 shows that industrial
water rights are the most dominant type of use in the Guadalupe River Basin and irrigation .
water rights are the most dominant type of use in the San Antonio River Basin. Municipal,
industrial, and irrigation rights comprise virtually all of the rights for consumptive use in the
Guadalupe - San Antonio River Basin. The Edwards Underground Water District (EUWD)
currently holds the only authorized diversion right for recharge which accounts for 0.2
percent of total basin diversion rights.

Several non-consumptive hydroelectric power generation rights exist in the Guadalupe
River Basin. Most of these hydroelectric rights are located in series along the Guadalupe
River, with the largest authorized right being 796,363 ac-ft/yr held by the City of Gonzales.
The City of Gonzales hydroelectric rights, however, are subordinated to other rights to use
the water of the Guadalupe River for municipal, industrial, irrigation, and/or mining
purposes. The Guadalupe-Blanco River Authority (GBRA) holds six hydroelectric rights

upstream of the City of Gonzales site ranging from 574,832 ac-ft/yr to 663,892 ac-ft/yr.
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Table 2-1
Summary of Consumptive Use Water Rights'

Type of Use

Guadalupe
River Basin

San Antonio
River Basin

Total

Authorized
Diversion
{Ac-Ft/YT)

Percent
of
Total
Diversion

Authorized
Diversion
(Ac-Ft/Yr)

Percent
of
Total
Diversion

Authorized
Diversion
(Ac-Ft/Yr)

Percent
of
Total
Diversion

Municipal
Industrial

Irrigation

105,800
149,912°
98,648

18.3%
25.9%
17.0%

71,862
48,925
102,180

12.4%
8.5%
17.7%

177,662
198,837
200,828

30.7%
34.4%
34.7%

153 0.0% 5 0.0% 158 0.0%
0 0.0% 961 0.2% 961 0.2%
354,513 61.2% | 223,933 38.8% | 578,446 100.0%

Summary excludes all non-consumptive water rights including non-consumptive hydroelectric,
industrial, and recreation water rights. The non-consumptive hydroelectric and non-consumptive
industrial water rights were included in the GSA River Basin Model. See Section 5 for a
description of water rights assumptions used in the GSA River Basin Model.

Includes the Applewhite Reservoir diversion rights totalling 70,000 ac-ft/yr which are presently
undeveloped.

Includes the 20,000 ac-ft/yr diversion right from the Guadalupe River upstream of Victoria for
use as make-up water and the 12,500 ac-ft/yr diversion right from Coleto Creek for Central
Power and Light at Coleto Creek Reservoir.

Includes the 12,000 ac-ft/yr and 36,900 ac-ft/yr diversion rights associated with Braunig Lake
and Calaveras Lake, respectively.

A total of about 580 individual water rights currently exist in the Guadalupe - San
Antonio River Basin, with the vast majority of these being individual irrigation water rights
with authorized annual diversions of less than 100 ac-ft. There are 39 owners of storage or
annual diversion rights which are in excess of 2,000 ac-ft. The geographic location of each
of these significant water rights is shown in Figure 2-1 along with a listing of the authorized

diversion, consumptive use, and storage amounts. These significant water rights represent

2-2
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87 percent of the total authorized consumptive use in the Guadalupe - San Antonio River
Basin, including 96 percent of the municipal rights, 99 percent of the industrial rights, and
68 percent of the irrigation rights. Some of the major water rights in the basin have specific
conditions associated with their authorized diversion amount. A more detailed description
of how specific water rights were addressed in the GSA River Basin Model is presented in

Section 5 of this report.

2.2  Historical Surface Water Use

Detailed analyses of surface water use were performed as a part of this study in order .
to adjust gaged streamflow records for historical diversions to obtain natural streamflow.
Natural streamflow is defined as that which would have occurred historically exclusive of
human influences. In addition, monthly water use patterns for each type of use were needed
to accurately model diversions for water rights.

For this study, the Guadalupe - San Antonio River Basin was subdivided into six
major segments in order to develop regionally applicable monthly water use patterns, These
segments and associated drainage areas are presented in Figure 2-2 and are described as
follows:

Segment 1 - Extends from the headwaters of the Guadalupe River Basin to the downstream
edge of the Edwards Aquifer recharge zone including areas upstream of the
USGS streamflow gaging stations on the Guadalupe River at New Braunfels
(ID# 1685), San Marcos River at San Marcos (ID# 1700), and Blanco River
at Kyle (ID# 1713).

Segment 2 - Extends from the lower edge of Segment 1 to the USGS streamflow gaging

stations on the Guadalupe River at Victoria (ID# 1675) and Coleto Creek
near Victoria (ID# 1775).

244



DRAINAGE AREAS OF MODEL SEGMENTS
DRAINAGE | PERCENT OF
AREA TOTAL
SEGMENT (SQ.ML.) BASIN
1 2,153 21.3%
GUADALUPERIVERBASIN 2 3,539 34.9%
3 256 2.5%
4 1,420 14.0%
SAN ANTONIO RIVER BASIN 5 2,501 24.7%
) 259 2.6% !
SEGMENT 1 TOTAL 10,128 100.0%

SEGMENT 5

BER

HDR Engineering, Inc.

SEGMENT 2

SEGMENT 6

GUADALUPE-SAN ANTONIO RIVER BASINl
RECHARGE ENHANCEMENT STUDY

BASIN MODEL SEGMENTS

FIGURE 2-2




Segment 3 - Extends from the lower edge of Segment 2 to the Gulf of Mexico.

Segment 4 - Extends from the headwaters of the San Antonio River Basin to the
downstream edge of the Edwards Aquifer recharge zone, including the areas
upstream of the nearby USGS streamflow gaging stations on the Medina River
at Somerset (ID# 1808), San Antonio River at San Antonio (ID# 1780),
Salado Creek at San Antonio (ID# 1787), and Cibolo Creek at Selma (ID#
1850).

Segment 5 - Extends from the lower edge of Segment 4 to the USGS streamflow gaging
station on the San Antonio River at Goliad (ID# 1885).

Segment 6 - Extends from the lower edge of Segment 5 to the confluence of the San
Antonio and Guadalupe Rivers.

Records of historical surface water use as reported by individual water rights owners
for the 1915-89 period were obtained from the TWC in digital format. These records are
comprised of annual totals from 1915 to 1955 and available monthly totals from 1955
through 1989 and are categorized by designated type of use including municipal, industrial,
irrigation, mining, and recharge. Figure 2-3 and Table 2-2 summarize historical surface
water use by type of use for the entire Guadalupe - San Antonio River Basin. Table 2-3
summarizes historical surface water use according to the type of use for each segment within
the basin. Comprehensive tables of reported annual surface water use, which are broken
down by type of use for each reach and the entire basin, are included in Appendix B
(Volume III).

As shown in Table 2-2 and Figure 2-3, the maximum historical use was 196,866 ac-
ft/yr in 1988 which represents only 35 percent of the total consumptive water rights in the
Guadalupe - San Antonio River Basin. A comparison of the total consumptive water rights

by river basin and the corresponding 1988 water usage, is presented in Figure 2-4.

2-6
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Table 2-2

Historical Consumptive Use of Surface Water
Guadalupe - San Antonio River Basin

Type of Average Use! Percentage of Maximum Use Year of
Use (Ac-Ft/Yr) Average Use (Ac-Ft/Yr) Maximum Use

Municipal 18,371 12.0% 27,183 1989
Industrial 31,974 20.8% 47,357 1989
Irrigation 102,235 66.5% 166,218 1971
Mining 635 0.4% 1,535 1980
Recharge 474 0.3% 1,407 1981

|| Total 153,689 100.0% 196,866 1988 |

Notes:
1) Average use based on 1980-89 period. _ ’l

Table 2-3
Historical Consumptive Use of Surface Water By Model Segment
Guadalupe - San Antonio River Basin

Percentage of Basin Average Use'
Type of Guadalupe River Basin San Antonio River Basin |i
Use _Segment 1 | Segment 2 | Segment 3 | Total | Segment 4 | Segment 5 | Segment 6 | Total "
Municipal 2.7% 5.0% 4.0% 11.7% 03% 0.0% 0.0% 03%
Industrial 0.4% 4.5% 100% | 149% 0.0% 59% 0.0% 5.9%
Irrigation 1.7% 2.6% 278% | 32.1% 295% 49% 00% | 344%
Mining 0.0% 0.2% 0.0% 02% 0.1% 0.1% 0.0% 02%
Recharge 0.0% 0.0% 0.0% 0.0% 03% 0.0% 0.0% 0.3%
All Uses 4.8% 123% 41.8% 58.9% 30.2% 109% 00% | 411%
“ Notes: ‘l
1) Based on average use for 1980-89 period.
2-8



DIVERSION (ACFT/YR)
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Guadalupe River Basin San Antonlo River Basin Total

Full 1988 Full 1988 Full 1988

Type of Water Rights Usage Water Rights Usage Water Rights Usage
Usage (Ac-FuYr) | (Ac-Fuvn) | (AcFuYe | (AcFuYr) | (Ac-FuYr {Ac-Ft/Yr)
Municipal 105,800 20,428 71,862 493 177,662 20,921
Industrial 149,912 33,072 48,925 10,874 198,837 43,946
lerigation 98,648 61,286 102,180 70,444 200,828 131,730
Mining 153 0 5 269 158 269
Recharge 0 0 961 o 961 0
Tatal 354,513 114,786 223,933 82,080 678,446 196,866

. \\\Q N :\¥

1

T WATER RIGHTS 1988 USAGE WATER RIGHTS . 1988 USAGE
GUADALUPE RIVER BASIN SAN ANTONIO RIVER BASIN —

Bl vunicipat [JinousTrRiAL Y iRRiGATION ] MINING B RECHARGE

BR

HDR Engineering, Inc.

GUADALUPE-SAN ANTONIO RIVER BASIN
RECHARGE ENHANCEMENT STUDY

COMPARISON OF FULL WATER
RIGHTS AND 1988 WATER USAGE

FIGURE 24




Irrigation accounted for 67 percent of total surface water use in 1988 representing about 62
percent and 69 percent of the total authorized irrigation rights in the Guadalupe and the
San Antonio River Basins, respectively. Municipal use accounted for 11 percent of total
surface water use in 1988, representing about 19 percent and less than 1 percent of the total
authorized municipal rights in the Guadalupe and San Antonio River Basins, respectively.
Municipal surface water rights in the San Antonio River Basin total 71,862 ac-ft/yr, of which
70,000 ac-ft/yr is associated with Applewhite Reservoir, which is currently incomplete.
Industrial use accounted for 22 percent of total surface water use in 1988 representing about
22 percent of the total authorized industrial rights in both the Guadalupe and San Antonio .
River Basins.

Water demand can be highly variable from month to month depending on the type
and geographic location of use. Typical monthly percentages of annual water demand were
calculated for municipal, industrial, and irrigation use types for each of the six segments
within the basin where significant use has occurred. Surface water use for mining was
assumed to occur uniformly throughout the year. Reported monthly water use data for the
1955 to 1989 period was used for calculation of the monthly percentages presented in Figure
2-5 and Figure 2-6 for the Guadalupe and San Antonio River Basins, respectively.

Municipal water demand typically peaks during the summer months at between about
9 percent and 13 percent of annual demand, with summer demand percentages being higher
in the upper segments of the basin. Significant industrial water use occurs primarily in the
lower Guadalupe River Basin (Segment 3). Industrial demand has a more uniform monthly

pattern than do municipal and irrigation demands and peaks during the summer months at

2-10
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about 10 percent of the annual demand. Significant water use for irrigation purposes occurs
in both the Guadalupe and San Antonio River Basins. In the Guadalupe River Basin,
irrigation water use occurs primarily in the lower portion of the basin (Segment 3) and is
associated with rice i;'rigation. Peak monthly irrigation demands are about 21 percent of
the annual water demand in Segment 3 and range from 16 percent to 20 percent of the
annual demand in the upper portions of the Guadalupe River Basin (Segments 1 and 2).
In the San Antonio River Basin, irrigation water use predominantly occurs in the upper
portion of the basin (Segment 4). The peak monthly demand in this region is about 15
percent of the annual demand. In the central portion of the San Antonio River Basin
(Segment 5), irrigation water demand peaks during the summer months at about 16 percent
of the annual demand. In the lower San Antonio River Basin (Segment 6), where no
historical irrigation use has been reported, a monthly demand distribution identical to the
lower Guadalupe River Basin (Segment 3) was assumed.

The typical monthly percentages of annual demand presented in Figure 2-5 and
Figure 2-6 were used to disaggregate reported annual diversion totals prior to 1955 in order
to approximate historical monthly diversions, adjust gaged streamflows, and develop a
natural streamflow database for the Guadalupe - San Antonio River Basin. The same
monthly demand percentages were included in the model in order to simulate typical

monthly diversion patterns for water rights according to type of use and geographic location.

23 Return Flows

Historical return flows in the Guadalupe - San Antonio River Basin were analyzed

2-13



in this study in order to adjust gaged streamflow records and obtain estimates of natural
streamflow. The TWC maintains a database of self-reporting return flows since 1972 for all
wastewater discharge permits. Portions of this return flow database were obtained from the
TWC in digital format and manually adjusted for apparent discrepancies or omissions. For
the 1934-71 period, return flows were estimated for communities discharging in excess of 0.5
million gallons per day (mgd) in 1972. These estimates were based on the product of .
average per capita return flow for the available period of record and historical population
figures (Ref. 2).

Historical return flows from the City of San Antonio were obtained from C. Thomas
Koch, Inc. (Ref. 16) and verified for the 1972-89 using the TWC self-reporting data. Annual
return flows from the four major wastewater treatment plants (Leon Creek, Salado Creek,
Rilling Road, and Dos Rios) operated by the City of San Antonio are presented in Figure
2-7. City of San Antonio return flow accounted for about 77 percent of all return flows in
the Guadalupe - San Antonio River Basin in 1988. A summary of annual return flows used

in the Guadalupe - San Antonio River Basin model is provided in Appendix C (Volume III).
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30 CLIMATOLOGICAL DATA
3.1  Precipitation

Annual precipitation in the Guadalupe - San Antonio River Basin generally increases
from west to east with the westernmost portion receiving about 27 inches and the
easternmost portion about 40 inches (Ref. 20). Precipitation data from approximately 90
stations was used in the development of areal precipitation for the 1923-89 historical period
for each of 38 subwatersheds comprising the Guadalupe - San Antonio River Basin. The
geographical location of each of these stations is presented in Figure 3-1. Inset in Figure
3-1 is a table summarizing the station name, identification number, and portion of the .
period of record used in this study for each precipitation station. The primary source of
historical precipitation data was the National Weather Service (NWS); however,
supplementary records were obtained from the U.S. Geological Survey (USGS) and the
Texas Water Development Board (TWDB). Monthly areal precipitation for each of the 38
subwatersheds in the Guadalupe - San Antonio River Basin is summarized for reference in
tables included in Appendix D (Volume III).

Areal precipitation for each subwatershed was developed by applying the Thiessen
Polygon Method (Ref. 46) in which individual stations become the centers of polygonal
areas constructed by drawing the perpendicular bisectors of lines connecting the stations.
Subwatershed boundaries are superimposed on the polygons and Thiessen weights are
calculated for each station and subwatershed, based on the percentage of the subwatershed
area within the polygonal subarea. Monthly areal precipitation was then computed as the
sum of the products of the measured station precipitation and the associated Thiessen

weight.
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3

Missing monthly precipitation totals for some stations were estimated using available
daily records. A computer program was developed for computation of missing daily
precipitation values which operates in accordance with the following steps: 1) Establish a
Cartesian (XY) coordinate system with the origin located at the station with a missing daily
value; 2) Locate and calculate the distance to the nearest station in each quadrant with a
record for that day; and 3) Apply a standard inverse distance ratio procedure to obtain a
weighted average daily precipitation estimate based on the four surrounding stations. Once
the missing daily values were estimated, they were summed along with the available daily
records to obtain a reasonable estimate of monthly precipitation.

Because computed Thiessen weights for a given subwatershed can change significantly
with the addition or deletion of precipitation stations, the 1923-89 historical period was
divided into nine subperiods based on the availability of records at key stations. Figure 3-2
~resents the number of stations used in each subperiod as well as the total number of
precipitation stations which were active in each year of the 1920-89 period. As is apparent
in Figure 3-2, records for several stations were extended during 1940 and 1947 based on
geographically proximate stations using the computer program described in the previous
paragraph. The actual number of stations used to compute areal precipitation during a
particular subperiod ranged from a minimum of 24 during the 1923-35 period up to a

maximum of 55 during the 1987-89 period.

32  Net Evaporation

Net evaporation is generally defined to be the difference between gross evaporation

and direct precipitation at the free water surface of a reservoir and is typically expressed in
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inches or feet. Because evaporation is a function of many factors, including wind speed,
temperature, and relative humidity, it is a rather difficult quantity to measure. Evaporation
rates have historically been estimated by recording changes in water level in evaporation
pans and adjusting the readings using pan coefficients to reflect differences between
evaporation from a pan and evaporation from the surface of a reservoir. Since the turn of
the century, evaporation pans have been maintained at various locations throughout the
state by numerous federal and state agencies, municipalities, and local interests. The
TWDB has compiled much of the available historical pan evaporation data (Ref. 31) and
has developed monthly reservoir evaporation rates for the entire state by one degree
quadrangles of latitude and longitude (Ref. 32) for the 1940-90 period. Annual net
evaporation in the Guadalupe - San Antonio River Basin generally decreases from west to
east with the westernmost portion experiencing about 40 inches and the easternmost portion
about 20 inches (Ref. 20).

Monthly net evaporation rates for the 1934-89 period were needed in this study to
calculate historical inflows to Canyon and Calaveras Lakes and to simulate lake level
fluctuations in these reservoirs and other existing and/or potential reservoir projects
including Medina, Diversion, and Braunig Lakes and Coleto Creek, Applewhite, Cloptins
Crossing, and Lower Blanco Reservoirs. The evaporation rates used in this study for the
1940-89 period were calculated from the TWDB quadrangle data using a standard inverse
distance ratio procedure to convert values typical of the centroids of adjacent quadrangles
to values representative of a specific reservoir site. TWDB net evaporation data was used
directly for Applewhite Reservoir, potential recharge enhancement projects, and existing

reservoir sites prior to dam construction. Net evaporation rates for existing reservoirs after
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dam construction were calculated from TWDB gross evaporation data and locally measured
precipitation. Net evaporation rates for the 1934-39 period were computed from available
pan evaporation records adjusted by pan coefficients recommended by the TWDB (Ref. 32)
and by coincident measured precipitation. Tables summarizing historical net evaporation

rates used in this study are included in Appendix E (Volume III).



40 NATURAL STREAMFLOW DEVELOPMENT

The compilation of accurate estimates of historical natural streamflow is a key
prerequisite to the development of a useful model of the Guadalupe - San Antonio River
Basin. As previously defined in Section 2.2, natural streamflow is that v_vhich would have
occurred historically exclusive of human influences. In this study, natural streamflow was
computed by adjustment of monthly gaged streamflow for historical water supply diversions,
municipal and industrial return flows, and reservoir operations. The effects of pumpage
from the Edwards Aquifer on historical springflow, and hence, on streamflow were not
addressed in the naturalization process, but were considered in the application of the GSA
Model. Once an historical natural streamflow database is complete, the potential effects
of future diversions and/or additional recharge reservoir construction can be accurately
quantified. The steps involved in the development of natural streamflows for selected
locations throughout the basin are discussed in this section. Natural streamflow summary

tables for each control point in the model are included in Appendix F (Volume III).

4.1  Streamflow Data Collection

Records of streamflow in the Guadalupe - San Antonio River Basin have been
collected at numerous streamflow gaging stations maintained by the U.S. Geological Survey
(USGS). Figure 4-1 indicates the location, drainage area, and period of record of each
streamflow gaging station used in this study, including those selected as watershed control
points for the Guadalupe - San Antonio River Basin Model. Several streamflow gaging

stations were considered secondary control points in this study and used to extend records
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at selected watershed control points. Additional watershed control points for ungaged
watersheds were adopted to facilitate calculation of Edwards Aquifer recharge and are also
shown in Figure 4-1. Summaries of monthly streamflow records were obtained from the
Texas Water Commission (TWC) and directly from the USGS. Records from these gaging
stations, with few exceptions, are classified by the USGS (Ref. 45) as "good" which means
that 95 percent of the published daily discharges are within 10 percent of their true values. -

An additional watershed control point was established at Lake Wood (H-5) because
of its key location on the Guadalupe River just upstream of the San Marcos River
confluence. Streamflow records at this location were estimated for the 1980-89 period using
reports of water use for hydroelectric power generation and microfilmed spill logs
maintained by the Guadalupe Blanco River Authority (GBRA). These spill logs contain
detailed records of gate settings and headwater and tailwater depths during flood events
which exceeded the turbine capacity and resulted in flow over the gates. Using a spillway
rating table provided by GBRA with appropriate adjustments for tailwater levels (Ref, 34)
and leakage, HDR developed a computer program which was applied to calculate monthly
spill volumes. Combining these computed spill volumes with reported flows through the
turbines, estimated gaged flows were obtained for the Guadalupe River at Lake Wood (H-

5).

42  Reservoir Inflows
Historical reservoir inflows were computed for Canyon Lake (July, 1962 - December,

1989) and Calaveras Lake (February, 1971 - December, 1989) to supplement gaged
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streamflow records for the Guadalupe River and Calaveras Creek, respectively.
Computation of historical inflow was based on the principle of continuity as formulated in

the following simplified equation:

Il = (Zt-l-l'zl) + E(+ D|+ Sl'Pt 4-1)
where:

L = Inflow

Z, = End-of-Month Storage

Z, = Beginning-of-Month Storage

E- = Net Evaporation

D, = Direct Diversion

S, - Spill and/or Release

P, = Imported Inflow

An utility program was developed to solve this equation for monthly inflow assuming the
monthly storage change due to net evaporation is based on the surface area associated with
the average storage volume for the month. Computed monthly inflow estimates less than
zero were set equal to zero. The resultant historical reservoir inflows are comparable to
gaged streamflows and were naturalized in the same manner.

Basic data for inflow computations was obtained from a variety of sources. Reservoir
contents records for Canyon and Calaveras Lakes were obtained from USGS publications
(Refs. 43, 44, and 45) and summary tables provided by City Public Service of San Antonio
(CPS) (Ref. 5), respectively. Elevation-area-capacity tables from original reservoir mapping
in 1947 and from a bathymetric survey conducted by the U.S. Army Corps of Engineers
(USCE) in 1972 were used for Canyon Lake, while an elevation-area-capacity table dated
1970 (Ref. 30) was used for Calaveras Lake. Gross monthly water surface evaporation rates

derived from Texas Water Development Board (TWDB) data as described in Section 3,
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were adjusted using records from nearby National Weather Service (NWS) or TWDB
precipitation stations to obtain applicable monthly net evaporation rates. CPS provided
monthly estimates of imported inflows (make-up water from the San Antonio River),
releases, spills, and direct diversions (consumptive use in the form of forced evaporation)
for Calaveras Lake. Gaged streamflow records for the Guadalupe River at Sattler (ID#
1678) were assumed to approximate the sum of all inflows passed through, releases from

storage, and spills at Canyon Lake during the 1971-89 period.

43  Springflows

Four of the seven largest springs in Texas including Comal, San Marcos, San Antonio,
and Hueco Springs are located within the Guadalupe - San Antonio River Basin (Ref. 1).
Historical discharges from Comal, San Marcos, San Antonio, and San Pedro Springs which
are located downstream of the Edwards Aquifer recharge zone were used directly in the
streamflow naturalization process while flows from Hueco Springs which are located within
the recharge zone were used in a different way. A more detailed discussion of the
consideration of Hueco Springs is included in Section 6.1.3. Figure 4-2 provides an annual
summary of historical springflow during the 1934-89 study period for four of the major
springs.

Comal Springs which is the largest in Texas is located within the City of New
Braunfels in Comal County and discharges an average of about 205,000 ac-ft/yr into the
Comal River near the confluence with the Guadalupe River. Records provided by the

USGS indicate that Comal Springs flowed continuously during the 1934-89 period with the
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exception of almost five months from June to November, 1956 during a severe drought
period. Discharge from Comal Springs is highly correlated with water levels in the Bexar
County Monitoring Well (J-17) as well as other regional wells in the Edwards formation.
Analyses of tritium content in the water from Comal Springs reported by the Texas
Department of Water Resources (TDWR) (Ref. 22) indicate that the majority of water
discharging at Comal Springs entered the Edwards Aquifer as recharge more than 20 years
previously.

San Marcos Springs which is tfle second largest in Texas is located within the City
of San Marcos in Hays County and discharges an average of about 109,000 ac-ft/yr into the
San Marcos River upstream of the confluence with the Blanco River. Monthly records of
springflow were obtained from USGS publications (Ref. 45) for the 1956-89 period when
flows were gaged. For the 1940-55 period, flow estimates were obtained from TWDB files
and, for the 1934-39 period, estimated by linear interpolation between periodic USGS
measurements. Springflow estimates obtained by interpolation agree reasonably well with
annual values published by the USGS (Ref. 39). San Marcos Springs has flowed without
interruption throughout the 1934-89 period. Analyses of tritium content indicates that "a
large part of the water from San Marcos Springs did not come from the same source area
as Comal Springs and that, on the average, the water from San Marcos Springs is much
younger than the water from Comal Springs (Ref. 22)."

San Antonio and San Pedro Springs are both located within the City of San Antonio
in Bexar County and discharge averages of about 14,400 ac-ft/yr and 3,640 ac-ft/yr,
respectively, to the San Antonio River. Both of these springs have ceased to flow for

extended periods during the 1934-89 study period. Periodic springflow measurements by the
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USGS were correlated with water levels in the Bexar County Monitoring Wells J-17 (Fort
Sam Houston, 1963-89) and 26 (Ed Steves & Sons, 1932-62) resulting in linear regression
equations used to obtain estimates of historical monthly discharge from each of these

springs. The regression equations based on piezometric water levels at J-17 are:

QSA = 6.8829(HJ_17) - 4629-93 (4‘2)
Qs = 0.3511(H, ;) - 229.37 43)
where:
Qs = San Antonio Springflow (cfs)
Qp = San Pedro Springflow (cfs)
H,, = J-17 Well Level (ft-msl)

Coefficients of determination (r’) for these equations ranged from 0.93 to 0.94 indicating
that the equations could explain 93 to 94 percent of the variation in springflow. The J-17
water surface elevations at which the equations predict zero springflow are consistent with
published spring elevations (Ref. 1) and estimated annual totals are in reasonable agreement

with USGS estimates (Ref. 6).

44  Naturalization Methodology

Monthly natural streamflows for the 1934-89 period were developed by adjusting
gaged streamflows and calculated reservoir inflows for the effects of historical water supply
diversions, municipal and industrial return flows, and reservoir operations. Translation of
the effects of upstream diversions and return flows to downstream locations was

accomplished with the use of delivery equations representative of typical channel loss rates
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in each intervening reach. Derivation of delivery equations is described in Section 4.5.
The streamflow naturalization methodology applied in this study is summarized in
schematic and equation form in Figure 4-3. Historical monthly diversions of all use types
as well as return flows were grouped by subwatershed as delineated by control point. The
natural flow at the downstream end of an headwater subwatershed, such as Subwatershed
1 in Figure 4-3, is calculated by simply adding the historical diversions to and subtracting
the historical return flows from the gaged streamflow at Control Point 1 (CP1). Natural
flow at the downstream end of Subwatershed 2 (CP2) is equal to the gaged streamflow
adjusted for local diversions and return flows which occurred in Subwatershed 2 plus the
portion of the change in flow (from gaged to natural) at CP1 which arrives at CP2. In like
manner, streamflows were naturalized at consecutive control points moving upstream to
downstream through the entire river basin. The methodology employed to estimate channel
losses in the reach from CP1 to CP2 is described in the following section of this report.
The streamflow naturalization methodology applied in this study was originally
developed by HDR in the performance of a regional water supply planning study of the
Nueces River Basin (Ref. 14) and is different from the more traditional methodology
incorﬁorated in previous natural streamflow databases and river basin models (Refs. 27 and
28). Traditionally, successive downstream gaged streamflows were adjusted for historical
upstream diversions and return flows on a "one-to-one" basis to obtain natural streamflows,
thereby neglecting differences between historical and natural channel losses. Application
of traditional methodology generally results in higher estimates of natural flow. Potential

errors resulting from this traditional technique were mitigated, in part, by the "one-to-one”
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adjustment of natural flows to account for full water rights diversions and applicable return
flows in the evaluation of water available for appropriation. However, if full water rights
use significantly exceeds historical water use (which is often the case), application of the
traditional methodology can significantly underestimate both water availability and
remaining downstream flows. In this study, quantitative assessment of the potential impacts
of upstream recharge enhancement projects, and/or changes in historical release patterns
from Canyon Lake, necessitated the application of a methodology incorporating the effects
of intervening losses. Simply stated, impoundment and recharge of one acre-foot of runoff
in the headwaters of the basin does not reduce inflow to the Guadalupe Estuary by one
acre-foot. Accounting for channel losses as modelled in this study more accurately reflects

the natural physical processes which affect streamflows throughout the basin.

4.5 De}iver_v' Equations and Channel Loss Rates

A streamflow delivery equation was developed for each stream reach linking control
points in the Guadalupe - San Antonio River Basin in order to estimate the percentage of
water passing an upstream control point that arrives at the next downstream control point.
The equations were derived using gaged streamflow records at the upstream and
downstream control points along with calibrated estimates of runoff from the intervening
area and include adjustments for intervening diversions and return flows. Previous
streamflow studies conducted by the USGS (Ref. 41) have shown a direct logarithmic
relationship between channel loss and streamflow, and this type of relationship was utilized

to describe the channel loss characteristics in each stream segment in the Guadalupe - San
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Antonio River Basin. The channel loss equations derived for each segment illustrate that
as streamflow increases, the volume of channel loss increases and the percentage of upstream
flow lost decreases.

Channel loss relationships were developed for selected stream segments by
performing long-term comparisons of concurrent upstream and downstream gaged
streamflow records using a modified Soil Conservation Service (SCS) curve number
procedure (Refs. 18 & 19) and monthly areal precipitation to estimate intervening runoff
arriving at the downstream gage. The first step in the derivation of the channel loss
relationships was the estimation of appropriate SCS "map" curve numbers for each
subwatershed which was accomplished by detailed review of county soil surveys. The
resulting map curve numbers for each of the subwatersheds are summarized in Table 4-1.
Using the modified SCS procedure, monthly intervening runoff is computed from areal

precipitation using the following general equation:
2
(P - @. + 2)
CN

(4-4)
(P + .@ = 3)
CN

_ (640
Q (lz)A

where

Intervening Runoff (acre-feet/month);
Watershed Area (square miles);

Areal Precipitation (inches/month); and
Calibrated SCS Curve Number.

2>
nmauunan

A more detailed discussion of how the modified SCS procedure is applied for computing

intervening runoff along with an example for a watershed over the recharge zone is

presented in Section 6.
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| Table 4-1 ,
Summary of SCS Map Runoff Curve Numbers for Watershed Control Points

Watershed Control Point Intervening | SCS Map
Drainage Runoff
Area Curve

ID# Stream Name, Location (Sq.M.I.) Number
1670 Guadalupe River, Comfort 839 843
1675 Guadalupe River, Spring Branch 476 824
1677 Guadalupe River, Canyon Lake 117 82.7
1685 Guadalupe River, Above Comal River at New Braunfels 86 8.7
1690 Comal River, New Braunfels 130 86.5
1710 Blanco River, Wimberley 355 82.6
1713 Blanco River, Kyle 57 843
1720 San Marcos River, Luling 332 834
1730 Plum Creek, Luling 309 83.7
1746 Peach Creek, Dilworth 460 76.4
1750 Sandies Creek, Westhoff 549 79.4
1758 Guadalupe River, Cuero 675 74.7
1765 Guadalupe River, Victoria 264 748
1774 Coleto Creek Reservoir, Victoria 494 78
1780 San Antonio River, San Antonio 418 83.0
1787 Salado Creek, San Antonio Upper Station 137 854
1788 Salado Creek, San Antonio Lower Station 52 780
1795 Medina Lake 634 86
1808 Medina River, Somerset 246' 80.7
1815 Medina River, San Antonio 242" 80.8
1818 San Antonio River, Elmendorf 195.2° 751
1835 San Antonio River, Falls City 308° 759
1839 Cibolo Creek, Boerne 68.4 829
1850 Cibolo Creek, Selma 205.6 8311
1860 Cibolo Creek, Falls City 553 79.4
1865 Ecleto Creek, Runge 239 718
1885 San Antonio River, Goliad 742 76.4
1888 Guadalupe River, Tivoli 515 782
6 Guadalupe River, Lake Wood (H-5) 455 80.2
17 Olmos Creek, Edwards 83 856
2 Diversion Lake 15.6 85.6
24 Deep Creek, Edwards 131 85.6
25 San Geronimo Creek, Edwards 583 86.7
26 Leon Creek, Edwards 99.7 864
31 Calaveras Lake 65.0 815
G Sink, Purgatory, York, Alligator Creeks 94.0 86.4

Notes:
1)
2)
3)

Intervening arca below the downstream cdge of the recharge zone.

Includes Braunig Lake (ID# 30) drainage area,
Excludes Calaveras Lake drainage area.
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The amount of channel loss in a given stream segment was computed for each month

of concurrent record for the upstream and downstream gaging stations. Channel loss for

each month was computed as:

Qo5 = QG, + QI - QNH, (4-5)

Quoss = Channel Loss;

QG, = Upstream Gaged Flow;
QI = Intervening Runoff; and
QNH, = Downstream Flow Adjusted for Intervening Diversions and Return

Flows.

Channel loss equations for each of the stream segments were derived based on the monthly
estimates of channel loss as a function of monthly upstream flow. Months when losses were
calculated to be less than zero or greater than the upstream flow were not included in the
derivations. Calculated losses in these months represent extreme or impossible conditions
which generally result from inaccuracies in estimating runoff for large intervening
watersheds from monthly areal precipitation. The channel loss equations were derived using
linear regression techniques for a log-log relationship of channel loss as a function of

upstream flow. The standard form of the channel loss equation is expressed as:

Log,(Q.oss) = b Log,(QG,) + Log,,(a) (4-6)
or
Qposs = 2(QG,)" @7

where;

Quoss = Channel Loss (acre-feet/month),
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[

QG,

Upstream Gaged Flow (acre-feet/month); and
ab

Regression Coefficients.

For purposes of this study, the regression coefficients in the channel loss equation were
retained only if they were significantly different from zero at the 90 percent confidence level
based on the Students t Test (Ref. 12). The resulting regression equations for selected
stream segments had coefficients of determination (r*) ranging from 0.16 for the Blanco -
River at Wimberley to 0.37 for the San Antonio River at Goliad. For stream reaches where
insufficient gaged data was available to compute meaningful channel loss equations,
equations developed for nearby stream reaches were utilized with adjustments for median
upstream flow.

Table 4-2 summarizes the channel loss equations applied for all stream segments in
the Guadalupe - San Antonio River Basin. Figure 4-4 shows all channel loss equations
computed with actual gaged data for the range of flows from which each was developed.
Comparable regression lines for small watershed and water delivery studies conducted by
the USGS (Ref. 41) are also presented for reference in Figure 4-4. The channel loss
equations developed for stream segments in the Guadalupe - San Antonio River Basin, to
a large extent, fall within the range of channel loss relationships found in the USGS studies.
Generally, channel loss rates were found to be in the lower range for those stream segments
upstream of the Edwards Aquifer recharge zone and in the plains and coastal prairies, while

higher channel loss rates were found to occur in those segments crossing aquifer outcrops.
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Table 4-2

Summary of Channel Loss Equations

Channel Loss

Equation
Upstream Downstream Coefficients’
River Stream Segment Control Point(s) | Control Point
Basin Description ID# ID# a b
Guadalupe River 1.0000 0.7979
Comfort :3 Spring Branch 1670 1675
Guadalupe River 1.0000 0.7150
Spring Br‘i?lch to Canyon Lake 1675 1671
Guadalupe River 0.0000 0.0000
Canyon I.agc to New Braunfels 1677 1685
Guadalupe River 1690 6 0.0771 1.0460
New Braunfels to Lake Wood 1685
G“ag:]“pe Guadalupe River 6,1720,1730 1758 0.4077 0.7801
er Lake Wood to Cuero 1746,1750
Basin
Guadalupe River 1.0000 0.7801
Cuero to vlznctoria 1758 1765
Guadalupe River 1765 1888 0.7194 0.7801 “
Victoria to Tivoli 1774
Blanco River 924272 03314
Wimberley to Kyle 1710 1713
San Marcos River 1700 1720 0.0057 13161
San Marcos to Luling G .
Medina River 1795 1808 1.0000 0.7980
Diversion Lake to Somerset 22/24,25
Medina River 1808 1815 1.0000 0.7980
Somerset to San Antonio 26,17
San Antonio River 1815,1780 1818 1.0111 0.7980
San Antonio to Elmendorf 178830
San Antonio River 1818 1835 0.1727 0.9278
Elmendorf to Falls City 31/1825
San Antonio S
River San Antonio River 1835 1885 0.0490 1.0880
Basin Falls City to Goliad 1860,1865

San Antonio River
Goliad to Tivoli

1885

1888

0.0379

1.0880

Cibolo Creek
Boeme to Selma

1839

1850

1.0000

1.0000

Cibolo Creek
Selma to Falls City

1850

1860

0.5509

1.0000

Salado Creek

Upper Sta. to Lower Sta.

1787

1788

0.2944

1.0000

Notes:

flow at the u

m control

1) Coefficients "a” and "b° for Channel Loss Equation expressed as: Qo5 = 3(QG))", where Qyoy is the monthly

channel loss in acre-feet and QG, is the total mon! nts in acre-feel.




Figure 4-5 presents a summary of typical channel loss rates in percent per mile, based on
aver'.:\ge flow conditions for all stream segments where losses were calculated from gaged
records. Channel loss rates outside of the Edwards Aquifer recharge zone ranged from 0.15
percent per mile to 1.44 percent per mile with the highest for the Medina River segment
which crosses the Carizzo-Wilcox Aquifer outcrop. Generally, the lower channel loss rates
were found to occur in those stream segments which do not traverse major aquifer outcrops
or have short travel distances across these outcrop areas. Overall, channel loss rates
downstream of the Edwards Aquifer recharge zone averaged 0.22 percent per mile in the
Guadalupe - San Antonio River Basin as compared to 0.48 percent per mile in the Nueces

River Basin (Ref. 14).

4.6 Completion of Streamflow Records

Streamflow records missing during the 1934-89 historical period were estimated for
24 streamflow gaging stations or control points located throughout the Guadalupe - San
Antonio River Basin. Records were completed using multiple linear regression techniques
based on available streamflow records, calibrated estimates of local runoff based on areal
precipitation and curve number, or drainage area ratio based on available streamflow
records in the same or an adjacent watershed. The equations used to estimate these missing
monthly streamflow records are summarized in Table 4-3.

Generally, regression equations were developed to calculate missing flows from
available upstream or downstream flows and estimates of intervening runoff. When suitable

upstream or downstream flow records were not available, however, regression equations
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were developed from available natural flows in one or more adjacent watersheds or by other
means. Table 4-3 indicates the length of concurrent record on which each regression
equation was based which averaged 2.2 times the length of missing records. Coefficients of
determination (r*) for the regression equations ranged from 0.42 to 0.99, with the average,
weighted by dependent mean, being about 0.94.

Runoff estimates for the ungaged coastal area in the Guadalupe - San Antonio River
Basin were required to develop a natural flow record at the Saltwater Barrier near Tivoli
(ID# 1888). The ungaged area includes the 515 square mile intervening area upstream of
the Saltwater Barrier, and downstream of the San Antonio River at Goliad (ID# 1885),
Coleto Creek at Coleto Creek Reservoir near Victoria (ID# 1774), and the Guadalupe
River at Victoria (ID# 1765). Ungaged runoff estimates for the coastal area were available
from past studies by Espey, Huston & Associates, Inc. (EH&A) (Ref. 10) and the TDWR
(Ref. 24) for the 1940-82 period. EH&A ungaged runoff estimates were significantly less
than those developed by the TDWR but appeared more consistent with independent partial
record estimates developed by HDR using drainage area ratios and modified SCS
procedures. Hence, the EH& A ungaged runoff estimates were adopted for use in this study.
For the period prior to 1940, monthly ungaged runoff estimates were computed using areal
precipitation and a linear regression relationship based on EH& A ungaged runoff and areal
precipitation during the 1940-82 period. Ungaged runoff after 1982 was estimated by
application of modified SCS procedures (discussed in Section 4.5) using the Coleto Creek
watershed above Coleto Creek Reservoir (ID# 1774) as a partner area. Estimated runoff

for the ungaged, 515 square mile intervening area above the Saltwater Barrier averaged
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221,734 ac-ft/yr for the 1934-89 period. Although this area drains about five percent of the
basin, it contributes about 11.4 percent of the average annual natural flow for the entire

Guadalupe - San Antonio River Basin.

4.7 Trends in Annual Streamflow

It is not uncommon for streamflows to be influenced over time by various changes
occurring within a river basin which are not directly considered in the streamflow
naturalization process. Examples of these types of changes potentially applicable to the
Guadalupe - San Antonio River Basin include: 1) Increasing use of groundwater from the
Edwards Aquifer which, in turn, may reduce the discharge of certain springs; 2)
Urbanization which may increase surface runoff;, and 3) Changes in land use, vegetative
cover, or farming techniques which may either increase or decrease runoff. While changes
in springflow are considered in the application of the GSA Model, urbanization and other
land use changes are generally assumed to be of insufficient magnitude on a basin-wide
scale to warrant similar consideration. Climatic changes such as global warming may also
affect the frequency and intensity of precipitation events and other factors which may
influence streamflows. This section summarizes statistical analyses of long-term rainfall and
natural streamflow data conducted to detect the presence of potentially significant trends.

The detection of historical trends in streamflow is an inexact science, as is estimation
of future trends. Although numerous physical and statistical methods exist, none are truly
deterministic due to the stochastic nature of variations in rainfall and runoff in a watershed

the size of the Guadalupe - San Antonio River Basin. In order to evaluate possible changes
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in the relationship between streamflow and areal precipitation with respect to time, standard
statistical tests were performed on the annual series of natural runoff as a percentage of
rainfall at three locations. These locations included the Guadalupe River near Spring
Branch (ID# 1675), Guadalupe River at Victoria (ID# 1765), and San Antonio River at
Goliad (ID# 1885). These locations were selected to be somewhat representative of inflows
to Canyon Lake, Guadalupe River Basin runoff, and San Antonio River Basin runoff, -
respectively. Figure 4-6 presents annual runoff expressed as a percentage of rainfall at each
of these locations.

The statistical tests applied included the non-parametric Kendall Tau (Ref. 15) and
Turning Points (Ref. 47) tests, as well as linear regression of runoff percentage versus time
and sample partitioning which are classified as parametric tests. Sample partitioning, in this
case, simply involved subdivision of the 56-year historical period into halves so that the
means and variances from the earlier and later subperiods could be compared to one
another. Review of the series for each of the selected locations indicates that the annual
values may reasonably be assumed normally distributed. Statistical significance was assumed
at the 90 percent confidence level for these tests. Table 4-4 summarizes the results of the
trend tests for selected watersheds.

A trend which could be statistically significant was detected for the Guadalupe River
near Spring Branch, while no significant indications of trend were detected for the
Guadalupe River at Victoria or the San Antonio River at Goliad. It is interesting that no
truly significant indications of trend were noted for the Victoria and Goliad locations as

pumpage and urbanization in the San Antonio area increased dramatically during the
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1934-89 historical period. Indications were detected that runoff, as a percentage of rainfall
upstream of Canyon Lake, has been increasing with time based on the Kendall Tau, linear
regression, and mean comparison tests. For example, runoff as a percentage of rainfall for
the Guadalupe River near Spring Branch averaged almost 9 percent for the 1934-61 period
and more than 13 percent for the 1962-89 period. While this difference can be explained,
in part, by greater average areal precipitation in the later period, it is interesting to note
that average natural runoff for the later period exceeded that for the earlier period by an
amount greater than the difference in average annual rainfall assuming that 100 percent of
the difference in average rainfall became runoff. Without a full understanding of the
physical causes of apparently increasing runoff above Canyon Lake, whether they be changes
in land use practices, climate (including the magnitude and frequency of extreme events),
or other factors, there is no reasonable assurance that the historical trend will continue into
the future. For these reasons, no adjustments to natural streamflows for apparent trends

in runoff were made in this study.



50 RIVER BASIN MODEL DEVELOPMENT

The development of the Guadalupe - San Antonio River Basin (GSA) Model

included building selected features into a computer code to accomplish the following tasks:

° Estimation of natural and enhanced Edwards Aquifer recharge;

° Simulation of the operations of existing and proposed reservoirs subject to
various Edwards Aquifer pumpage/springflow and surface water rights
scenarios; and

° Calculation of water potentially available at selected locations subject to
various Edwards Aquifer pumpage/springflow and surface water rights
scenarios.

The structure of the model is based on the physical characteristics, water rights, and
hydrologic phenomena which exist within the basin with monthly computations simulating
the movement of water throughout the basin. The GSA Model was completed in two
primary stages: 1) Development of input databases such as natural streamflows which are

described in the preceding sections; and 2) Computer program code development and

pertinent assumptions which are addressed in this section.

51  General Organization

The computer program code for the GSA Model is in the FORTRAN programming
language as are many similar models currently in use such as RESOP-II (Ref. 26) and
SIMYLD-II (Ref. 29) and is compatible with the Nueces River Basin Models previously
developed by HDR (Refs. 13 and 14). The GSA Model was compiled and debugged using
Microsoft FORTRAN, Version 5.1 (Ref. 17) and is sufficiently generic that it can be

compiled and executed on mainframe, micro, and many personal computers. The program
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code was written in subroutines which are program segments intended to simulate a specific
process or perform a related sequence of calculations. Thirteen of the most significant
subroutines in the GSA Model are shown in Figure 5-1 along with connecting lines
indicating their relationships and a brief definition of the function of each subroutine.
Comments and variable definitions were interspersed throughout the program code to
facilitate understanding of computational logic and sequencing. A listing of the FORTRAN

code for the GSA Model is included in Appendix G (Volume II).

52  Basic Computational Procedures

The GSA Model employs a monthly time step proceeding with flow calculations in
an upstream to downstream order simulating recharge, channel losses, water rights, return
flows, and reservoir operations. Changes in upstream flow from the natural flow at each
control point are translated to the next downstream control point using the delivery
equations described in Section 4.5. Calculations are performed at each of the 38 Watershed
Control Points located throughout the river basin as shown in Figure 4-1 beginning in the
headwaters of the Guadalupe River near Comfort (ID# 1670), continuing downstream to
Victoria (ID# 1765), moving to the headwaters of the San Antonio River Basin near
Medina Lake (ID# 1795), continuing downstream to Goliad (ID# 1885), and finally
combining flows from both the Guadalupe and San Antonio Rivers at the Saltwater Barrier
near Tivoli (ID# 1888). These control points were generally established at streamflow
gaging stations, existing reservoirs, and other locations near the downstream limits of the

Edwards Aquifer recharge zone.

52
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RESOP

PPRESOP APPLEON

Recharge Reservoir Operations and Recharge Calculation
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Monthly simulation of reservoir contents can be somewhat more complicated than
estimation of streamflow and recharge for control points without reservoirs. Volume fluxes
affecting reservoir storage include inflow, net evaporation, recharge, leakage, direct
diversions, releases, and spills. As net evaporation, recharge, and leakage are calculated
from the water surface area or elevation associated with the average storage for a given
month, a simultaneous solution for these fluxes is necessary to obtain an accurate estimate
of end-of-month storage. This solution is obtained using the Half-Interval Method (Ref. 3)
as illustrated in Figure 5-2 which depicts the reservoir contents simulation procedure
employed by the GSA Model in the form of a flowchart. Elevation-area-capacity
relationships for existing reservoirs and potential recharge enhancement projects were
obtained from published sources or developed from available topographic mapping. Tables

summarizing these relationships are included in Appendix H (Volume III).

53 ' Water Rights

The GSA Model is capable of simulating diversion rights for consumptive water use
and non-consumptive hydropower generation rights as well as reservoir storage rights.
Diversion rights were grouped according to use type between control points and exercised
in accordance with typical monthly percentages of the authorized annual diversion
depending on water availability. River diversions for power plant cooling reservoir make-up
were assumed to be exercised only when needed to maintain a desired cooling surface and
were limited to authorized annual amounts. In order to accurately determine ménthly

inflow passage and/or releases from Canyon Lake, it was necessary to group diversion rights
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throughout the Guadalupe - San Antonio River Basin into three classes: 1) Rights senior
to Canyon Lake; 2) Contractual obligations under Guadalupe-Blanco River Authority
(GBRA) rights in Canyon Lake; and 3) Rights junior to Canyon Lake. The senior industrial
diversion rights (300 cfs) held by Central Power & Light (CP&L) for non-consumptive, once-
through cooling were modelled as an instream flow requirement to meet all nonconsumptive
‘rights in the lower basin at or below the control point located on the Guadalupe River near
Victoria.

A desired hydropower flowrate in cubic feet per second (cfs) representative of
streamflow entering Lake Dunlap on the Guadalupe River is an interactive input for each
execution of the GSA Model. Non-consumptive hydropower rights other than those held
by GBRA for a series of small dams on the Guadalupe River between New Braunfels and
the San Marcos River confluence were not included in the GSA Model. It was assumed
that the hydropower rights of Seguin Municipal Utilities which are generally satisfied by
GBRA hydropower operations would be subordinated to the same extent as those held by
GBRA based on inflows to Lake Dunlap. Rights held by New Braunfels Utilities
downstream of Comal Springs and Aquarena Springs Corporation downstream of San
Marcos Springs were not included because surface water availability at neither of these
locations would be significantly affected by any of the identified recharge enhancement
projects. Major hydropower rights held by the City of Gonzales and John L. McNeill were
neglected because their Certificates of Adjudication specify that they would be subordinated
to any future rights to use the waters of tﬁe Guadalupe River for municipal, industrial,

irrigation, and/or mining purpdses. Rights held by Hydraco Power Inc. on the San Marcos
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River were officially abandoned by permit amendment issued August 20, 1990.

Major reservoir storage rights are handled in the GSA Model much as they have
traditionally been handled in river basin models developed by the Texas Department of
Water Resources (Refs. 27 and 28). Monthly reservoir inflows are required to be passed
to the extent necessary to satisfy senior downstream water rights, but flows impounded in
previous months may remain in storage. No reservoir inflows are passed for junior water
rights. Similarly, potential recharge enhancement reservoirs or diversion projects are not
allowed to impound or divert, respectively, unless the downstream reservoir is full and
spilling.

Computation of water potentially available for recharge or ﬂiversion for other
purposes from selected locations without adversely affecting downstream water rights is
accomplished by the GSA Model using a three-pass process. A flowchart summarizing this
three-pass process is presented in Figure 5-3. In the first pass, operational releases from
Canyon Lake (which may include both inflow passage and release from storage) and make-
up diversions for Coleto Creek, Braunig, and Calaveras Lakes are determined, flows are
simulated at all control points, and any shortages (failures to satisfy diversion or storage
rights or any specified instream flow requirements) are tabulated. Operational releases from
Canyon Lake, make-up diversions for power plant cooling reservoirs, and operational
guidelines assumed for Medina Lake are presented in Sections 5.4, 5.5, and 5.6, respectively.
In the second pass, additional recharge or diversion projects are included and shortages are

tabulated for the entire river basin assuming full impoundment or diversion of inflows and
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considering applicable evaporation losses at the additional project locations. If these
shortages exceed those determined in the first pass, the GSA Model solves for the portion
of inflow at each additional project which must be passed in order to satisfy all downstream
water rights to the extent they were satisfied in the first pass. Any inflows which may be
impounded or diverted without impacting downstream water rights are assumed to be
available for recharge enhancement or other purposes. In the third and final pass, flows are -
simulated at all control points with the selected Canyon Lake release and additional projects
passing inflows as necessary for downstream water rights and enhanced recharge of the

Edwards Aquifer is computed.

54  Canyon Lake

One of the most critical and complicated aspects of GSA Model development was
the determination of operational releases (inflow pass through and/or releases from storage)
from Canyon Lake in order to satisfy senior water rights, contractual obligations,
hydropower requirements, and Federal Energy Regulatory Commission (FERC) guidelines.
Simulation of these operational releases is important so that the GSA Model can compute
reasonably accurate estimates of recharge enhancement with identified projects or water
potentially available for diversion at selected stream locations.

As indicated in Figure 5-3, the first step in evaluating Canyon Lake operations is the
calculation of firm yield utilization by determination of the arithmetic difference between
monthly "non-yield” and "yield" releases. The non-yield release is limited to monthly inflow

at Canyon Lake and represents the quantity of water which would have to be passed to
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satisfy senior water rights only. The yield release may include both inflows and storage and
represents the quantity of water which would have to be released to satisfy contractual
obligations in full (with the exception of CP&L at Coleto Creek which is delivered only as
needed) and senior water rights to the extent they could be satisfied with the non-yield
release. It is assumed in the GSA Model that releases must be sufficient to deliver full
contracted amounts to the points of diversion so that any losses in delivery are a part of the
utilization of the firm yield or authorized diversion rights at Canyon Lake. Hydropower
requirements and FERC guidelines are not considered in the calculation of yield utilization
because they result in essentially non-consumptive use of water.

The firm yield of Canyon Lake is a complex function of many interrelated
assumptions including hydropower subordination, Edwards Aquifer pumpage and resultant
springflow, reservoir operation policy, point(s) of diversion, channel losses incurred in
delivery, and type of use in addition to the highly variable hydrologic factors of inflow and
net evaporation. . Although calculation of Canyon yield was not within the scope of this
study, it was necessary to account for the full utilization of senior rights associated with
Canyon Lake in order to determine quantities of water potentially available for recharge
enhancement with the implementation of new projects. Hence, GBRA contractual
obligations were honored in full and any portion of the firm annual yield which remained
unutilized was removed from Canyon Lake in December of each year simulated. When
calculating firm yield utilization specifically for the estimation of water potentially available
at Canyon Lake, however, unutilized firm annual yield was not removed from Canyon Lake.

Yield estimates used in this study were obtained from a study sponsored by GBRA and
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completed in 1993 by EH&A (Ref. 7). While the yield estimates from the GBRA study do
not reflect the effects of channel losses on water deliveries or the effects of some future
drought management plan for the Edwards Aquifer on springflows, they are the best
presently available.

The second step in the modelling of Canyon Lake operations is the calculation of
inflow passage necessary to comply with FERC guidelines (Ref. 11). These guidelines
specify instream flow minima of 100 cfs (June-January) and 120 cfs (February-May) to be
maintained in non-drought conditions to the extent inflows as measured at the USGS
streamflow gage located near Spring Branch (ID# 1675) are available. In the event of two
consecutive months of inflow less than 90 cfs, drought conditions apply and the instream
flow requirement is reduced to passage of inflows up to 90 cfs until the end-of-month
reservoir level exceeds 909.0 ft-msl. For consistency with respect to water rights, the GSA
Model uses inflows to the lake rather than those measured near Spring Branch. The
remaining provisions of the FERC guidelines are included in the GSA Model and the
required volume of inflow passed is referenced in Figure 5-3 as the "FERC" release.

The third step in the modelling of Canyon Lake operations is calculation of inflow
passage for hydropower generation which is referenced in Figure 5-3 as the "hydro” release.
The GSA Model determines Canyon Lake inflow passage necessary to maintain a user-
specified desired flowrate near Lake Dunlap based on the sum of monthly flows at control
points located on the Guadalupe and Comal Rivers near New Braunfels. There are no
releases from Canyon Lake storage strictly for the purpose of hydropower generation.

Ultimately, the maximum of the yield, FERC, and hydro releases is selected as the
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monthly operational release from Canyon Lake and flows are simulated at all control points
throughot_n the river basin. These flows and any observed diversion, storage, and/or
instream flow shortages become the baseline relative to which the potential impacts of
recharge enhancement or diversion projects are measured using the GSA Model.
Guidelines for the release of flood storage in Canyon Lake were not incorporated in the
GSA Model. Rather, it was assumed that all flood flows would be discharged during the
same month in which they entered Canyon Lake to ensure a conservative estimate of water

potentially available for recharge enhancement.

5.5 Power Plant Reservoirs

Coleto Creek Reservoir, Calaveras Lake, and Braunig Lake serve as sources of
circulating flow for the dissipation of heat resulting from the operations of three existing
power plants. Consumptive use of water at these power plant reservoirs or cooling ponds
is the result of forced evaporation due to heat loading. Forced evaporation is a volume of
water loss typically calculated from the megawatt hours of electricity generated and is
accounted for separately from natural evaporation occurring at the free water surface. Each
of these reservoirs is located on a stream tributary to the Guadalupe or San Antonio River
and has an estimated or permitted annual consumptive use rate which is supplemented by
permitted annual make-up diversions from the nearby river.

It is generally desirable to maintain power plant reservoirs at or near the normal pool
level because the efficiency of heat dissipation increases with the size of the available mixing

volume. Therefore, the power plant reservoir operation policy coded into the GSA Model
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first solves for the desired monthly volume of make-up water in addition to local inflows
necessary to maintain a full reservoir subject to forced and natural evaporation losses and
any required instream flow releases. The GSA Model then calculates flow available in the
river after satisfying instream flow requirements at the specified source location for make-up
diversions and transfers the necessary portion of this available flow to the reservoir.
Cumulative annual make-up diversions associated with each power plant reservoir are
tracked in the GSA Model and these river diversions are suspended for the remainder of
the calendar year when the permitted annual maximum has been withdrawn.
Consumptive use by Central Power and Light (CP&L) at Coleto Creek Reservoir was
assumed equal to the permitted rate of 12,000 ac-ft/yr distributed in accordance with the
typical monthly industrial water use pattern presented in Figure 2-5. Make-up diversions
are made from the Guadalupe River between Cuero (ID# 1758) and Victoria (ID# 1765)
and are obtained under a permitted run-of-the-river right of 20,000 ac-ft/yr supplemented,
when necessary, by a contractual agreement with GBRA for water from Canyon Lake
averaging about 6,000 ac-ft/yr. As the run-of-the-river rights were obtained through a
purchase and transfer of West Side Calhoun County Navigation District rights, originally
located near Tivoli, make-up diversions under these rights are not permitted unless there
is concurrent flow over the Saltwater Barrier (ID# 1888). It was assumed that CP&L rights
for make-up water for Coleto Creek Reservoir would take precedence over the CP&L rights
to use the waters of the Guadalupe River near Victoria up to approximately 300 cfs for non-
consumptive, once-through cooling purposes. These provisions are included in the GSA

Model along with the required passage of Coleto Creek inflows up to 5 cfs. The contractual
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agreement with GBRA for supplementary make-up water is rather complex and all
provisions therein were not included in the GSA Model. Make-up diversions made under
the GBRA contract are, however, reflected in the monthly utilization of the firm yield of
Canyon Lake as computed by the GSA Model. The simulated maximum annual make-up
diversion under the GBRA contract was approximately 19,000 ac-ft in 1956 which is
consistent with the results of the original study in support of the CP&L permit application
(Ref. 33).

For Braunig and Calaveras Lakes, respective maximum consumptive use rates of
10,500 ac-ft/yr and 16,000 ac-ft/yr (based on future plant expansions) as well as maximum
make-up diversion rates of 12,000 ac-ft/yr and 36,900 ac-ft/yr provided by San Antonio City
Public Service were used in the GSA model. ‘Make-up diversions for both lakes are made
from the San Antonio River upstream of the control point (ID# 1818) located near
Elmendorf and are limited by a minimum instream flow requirement of 10 cfs. Return
flows from the City of San Antonio which enter the river upstream of Elmendorf are
typically sufficient to satisfy both the make-up water needs of the power plant reservoirs and
the instream flow requirements.

Although the construction of Applewhite Reservoir has been abandoned, the
associated diversion and storage rights are still held by the City of San Antonio and were
included in the GSA Model. Rights associated with Applewhite Reservoir were modelled
similarly to the power plant reservoirs with a consumptive use of 70,000 ac-ft/yr at the lake
and an annual maximum make-up diversion of 12,300 ac-ft from Leon Creek. In accordance

with the Certificate of Adjudication, Applewhite inflows up to 4 cfs were passed downstream
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and make-up diversions from Leon Creek were not allowed to impair the desired instream

flow of 10 cfs for the Medina River at San Antonio (ID# 1815).

5.6 Medina and Diversion Lakes

Medina Lake and Diversion Lake storage is simulated on a monthly timestep in the
GSA Model in accordance with the reservoir contents simulation procedure detailed in .
Figure 5-2. Recharge and leakage curves developed by EH&A (Ref. 9) for each of the
reservoirs were expressed mathematically and included in the program code. Estimates of
recharge and leakage at each lake are calculated by the GSA Model using these curves and
the water surface elevation associated with average contents for each month simulated. The
majority of the water rights associated with the lakes including the 67,830 ac-ft/yr irrigation
rights held by Bexar-Medina-Atascosa Water Control and Improvement District (BMA)
were assumed to be diverted from Diversion Lake into the Medina Canal. Releases from
Medina to Diversion Lake were based on the operational objective of sustaining a Diversion
Lake level about five feet below the spillway during irrigation season to minimize losses and
maintain diversion efficiency. In all simulations, full or partial water rights were assumed
to be exercised in every year to the extent storage was available in Medina and Diversion

Lakes to satisfy those rights.

5.7 Pumpage/Springflow Simulation
Pumpage or withdrawal of water from the Edwards Aquifer affects storage and water

levels within the formation which, in turn, affect springflows. The GSA Model does not
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directly simulate this process, however, it is capable of simulating the effects of changes in
aquifer pumpage and historical springflows on streamflows throughout the Guadalupe - San
Antonio River Basin below the springs. Changes from historical springflows were
determined for a range of pumpage scenarios through application of the Texas Water
Development Board (TWDB) Edwards Aquifer Model (Ref. 23) using historical monthly
recharge calculated by HDR. The assistance of TWDB Staff in geographical distribution
of HDR historical recharge estimates; modification of the Edwards Model to include new
relationships for estimation of San Antonio and San Pedro springflows and Edwards Aquifer
flux in the Hueco Springs area; and generation of springflow sequences subject to historical

and to three fixed annual pumpage rates is acknowledged and appreciated.

58  Recharge Reservoirs

The operations of recharge reservoirs with respect to water rights are simulated in
the GSA Model -in a manner consistent with that described in Section 5.3. Recharge
reservoir inflows are passed to the extent necessary to satisfy downstream rights to the
extent they would have been satisfied without the new recharge enhancement projects.
When multiple recharge enhancement projects are considered, the user specifies the
sequence of projects from which inflows will be passed to mitigate any additional
downstream shortages.

Recharge occurring with reservoirs is calculated in the GSA Model by the
specification of a recharge release rate and/or a direct recharge rate. The recharge release

rate is generally specified for reservoirs located upstream of the recharge zone and is equal
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to the threshold rate at which the Edwards Aquifer will accept recharge from the streambed
across the outcrop. The direct recharge rate may be the percolation rate through the
bottom of a reservoir and/or the diversion rate for injection to the Edwards Aquifer in an
adjacent watershed. Evaporation losses are computed at all recharge reservoirs with the
exception of smaller projects located atop the recharge zone which have monthly direct
percolation rates in excess of reservoir storage capacity.

For recharge reservoirs located upstream of the outcrop, recharge is calculated as the
sum of the losses across the recharge zone and diversions for injection. For recharge
reservoirs located over the outcrop, recharge is calculated as the sum of natural recharge -
(without the reservoir), percolation, and diversions for injection. All estimates of recharge
are limited to the monthly volume of runoff physically available at or above the project site
plus any carryover storage from previous months,

The GSA Model calculates recharge in basins where Soil Conservation Service Flood
Retardation Structures (SCS/FRS) are present as the sum of natural recharge adjusted for
water rights and return flows plus recharge enhancement components associated with the
normal and active pools of the SCS/FRS. As described in greater detail in Section 6.2.1 of
this report, 100 percent and 70 percent of the volume of water impounded in the respective
normal and active pools of the SCS/FRS is assumed to recharge the Edwards Aquifer.
Under scenarios. in which the principal spillway outlets are closed, it is assumed that 100
percent (rather than 70 percent) of the water impounded in the former active pool (between
the principal and emergency spillway levels) contributes to recharge. Evaporation losses

are not simulated for SCS/FRS because data collected on these structures indicates that
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they drain in a matter of days or a few weeks.

59  Verification

Verification of the GSA Model and the natural streamflow sequences was
accomplished through reproduction of historical gaged flows and recharge estimates for each
control point. More specifically, the GSA Model was verified by simulating the effects of
historical diversions and return flows on the natural streamflows developed for each control
point. The result of this simulation should be reproduction of the gaged streamflows and
historical recharge estimates, if the model is functioning correctly. Agreement with the
gaged flows and historical recharge estimates was virtually exact with some very minor
discrepancies arising from the limited use of integer variables in the model. Further
verification of all model simulation capabilities was accomplished through extensive manual

checking of intermediate computations and final output summaries.
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6.0 HISTORICAL RECHARGE

Estimates of recharge to the Edwards Aquifer for the five major recharge basins in
the Guadalupe - San Antonio River Basin were ¢alculated for the 56-year period from 1934
through 1989. The boundaries of the five recharge basins are shown in Plate 1. These
recharge basin boundaries are the same as those utilized by the U.S. Geological Survey
(USGS) in their annual report (Ref. 39) prepared in cooperation with the Edwards
Underground Water District (EUWD). Drainage areas and corresponding percentages of
the total drainage area included in each recharge basin are summarized in Table 6-1.
Gaged areas total about 2,838 square miles above and within the recharge zone, and
partially gaged and ungaged areas total about 554 square miles. Methodologies applied in
the calculation of recharge in gaged, partially gaged, and ungaged areas are detailed in the

following sections.

Table 6-1
Recharge Basin Drainage Areas

Drainage Area Percent of

Recharge Basin' (square miles) Total

5. Medina River 634 18%
6. Area between Medina River and Cibolo Creek 330 10%
7. Cibolo Creek and Dry Comal Creek 404 12%
8. Guadalupe River 1,518 45%
9. Blanco River and Upper San Marcos River 506 15%

Total 3,392 100%
Notes:

( 1.  Recharge Basins 1 through 4 arc located in the Nucces River Basin (Refs. 39 and 45).
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6.1  Recharge in Gaged Areas

In the Guadalupe - San Antonio River Basin, there are three streams that recharge
the Edwards Aquifer which are gaged both upstream and immediately downstream of the
recharge zone. These streams include the Blanco River, Cibolo Creek, and the Guadalupe
River. Figure 6-1 is a schematic diagram showing typical gage locations relative to the
recharge zone.

Historical recharge in gaged areas was calculated on a monthly time step in

accordance with the following equation:

R = QG, + QI - QNH, (6-1)
where:
R = Recharge;
QG, = Upstream Gaged Flow;
QI = Intervening Runoff; and
QNH, = Downstream Flow Adjusted for Intervening Diversions and Return

Flows.

Intervening runoff is the most difficult parameter to quantify in the above equation because
it cannot be measured directly and must be estimated from available data such as gaged
streamflow, precipitation, and watershed characteristics. In the calculation of recharge,
intervening runoff may also be called potential runoff as it represents the volume of runoff
which would have arrived at the downstream gage if the intervening area were not over the
recharge zone.

The method employed to estimate potential runoff for the intervening area is a

variation of the SCS runoff curve number procedure (Refs. 18 and 19) developed by HDR
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for the calculation of recharge in the Nueces River Basin. This procedure takes into
account differences in soil-cover complexes as well as differences in precipitation between

upstream gaged and intervening areas. Applying this procedure, potential intervening runoff

is expressed as:

200 )2

P-—+2
QI—(G:'ZO)A[ CN 62)

(P+%—8)

where:

Potential Intervening Runoff (acre-feet/month);
Watershed Area (square miles);

Aerial Precipitation (inches/month); and

SCS Curve Number.

9w>9
mnoown

The first step in the application of the SCS runoff curve number procedure was the selection
of a runoff curve number (CN) for each major soil-cover complex in a watershed using SCS
soils reports. The curve numbers were then weighted by area to arrive at a composite
average CN for each watershed (see Table 4-1). Under the SCS procedure, CN also varies
with antecedent moisture conditions (AMC). The average CN (AMCp) increases with wet
antecedent moisture conditions (AMCy) and decreases with dry conditions (AMC,). The
higher the CN, the more runoff is produced for a given rainfall amount.

In calculating monthly intervening runoff, the CN for the intervening area was
calibrated for antecedent moisture conditions as reflected in a gaged partner area. It is

assumed in this methodology that AMC and storm rainfall patterns in the gaged partner



area are reasonably indicative of those in the ungaged or intervening area. Using natural
runoff and areal precipitation for the partner area, Equation 6-2 is solved each month for
CN and the magnitude of this CN, relative to the AMC; CN, is used to adjust the AMCy
CN and obtain a calibrated CN for the ungaged or intervening area. This calibration
procedure is necessary to justify application of SCS methods on a monthly rather than storm
event basis. Potential intervening runoff is then calculated using Equation 6-2 with .
precipitation and the calibrated CN for the intervening area.

Following is an example illustrating the procedures used for estimating potential
intervening runoff and calculating recharge for July, 1987 in the Blanco River Basin (see
Table 6-2). The Blanco River is gaged upstream of the recharge zone near Wimberley
(ID# 1710). The watershed area at this location is 355 square miles with an average
(AMCp) CN of 82.6. Utilizing relationships defined by the SCS, the AMC, and AMC, curve
numbers were computed to be 66.60 and 91.61, respectively. The Blanco River is also gaged
downstream of the recharge zone near Kyle (ID# 1713). The intervening area is 57 square
miles and has an estimated AMCy CN of 84.3 with corresponding AMC,; and AMCy; curve
numbers of 69.28 and 92.51, respectively. Natural runoff from the watershed above
Wimberley, which serves as the partner area for the intervening area, was 25,978 acre-feet
(25,950 acre-feet gaged) or 1.37 inches for the month of July, 1987. Areal precipitation in
July, 1987 totalled 4.13 inches and 2.80 inches for the upstream and intervening areas,
respectively. Based on rainfall of 4.13 inches and the corresponding runoff volume of 1.37
inches, a CN of 69.32 which is between AMC, and AMC,, was calculated for the upstream

gaged area. By interpolation, using the AMC, and AMC; curve numbers for the intervening
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Table 6-2
Example Calculation of Potential Intervening Runoff
for the Blanco River Basin

Blanco River near Wimberley | Blanco River near Kyle

ID# 1710 ID# 1713
Data (Partner Area) (Intervenigg__ﬁrea)
Drainage Area 355 sq.mi. 57 sq.mi
AMC; CN 82.60 84.30
AMC, CN 66.60 69.28
AMC, CN 91.61 92.51
July, 1987 Rainfall 4.13 inches 2.80 inches
Im July, 1987 Runoff 25,978 ac-ft! 2,086 ac-ft?
' July, 1987 Runoff 1.37 inches 0.69 inches
rn July, 1987 CN 69.32 71.87
- Notes:

1) Natural runoff at ID# 1710 of 25,978 ac-ft is the sum of 25,950 ac-ft (gaged) and 28 ac-ft (diversions).

2) Potential intervening runoff cstimate. Actual gaged flow at ID# 1713, adjusted for diversions and retum flows, was 26,450
ac-ft.

3) Computed CN based on rainfall and runoff of 4.13 inches and 1.37 inches, respectively.

4) Calibrated CN based on interpolation between AMC; CN and AMC,; CN.

F area, a CN of 71.87 was computed for the intervening area. Applying Equation 6-2 using

monthly rainfall of 2.80 inches and the calibrated curve number of 71.87, a potential runoff

estimate of 0.69 inches or 2,086 acre-feet was computed for the intervening area. The flow
measured at the streamflow gage downstream of the recharge zone (ID# 1713) was 26,450
acre-feet after adjustments for diversions and return flows in the intervening area. This

downstream flow represents the portion of total runoff originating upstream of the recharge

zone and in the intervening area that did not contribute to recharge. The recharge estimate

for the Blanco River Basin for July, 1987 was then computed by using Equation 6-1

expressed as:
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Rz = QG0 + QI - QNH,5y5 (6-3)

where:
R;s = Recharge for Blanco River Basin;
Gy = Upstream Gaged Flow for Blanco River at Wimberley (ID# 1710);
QI = Potential Intervening Runoff for the Area Between Wimberley (ID#
1710) and Kyle (ID# 1713); and
QNH,;;; = Downstream Flow for Blanco River at Kyle (ID# 1713) Adjusted for

Intervening Diversions and Return Flows.

Inserting values for July, 1987 recharge was computed as:

Ry = 25,950 + 2,086 - 26,450 = 1,586 ac-ft

6.1.1 Blanco River Basin

Recharge in the Blanco River Basin was computed utilizing the streamflow gaging
stations located upstream of the recharge zone near Wimberley (ID# 1710) and downstream
of the recharge zone near Kyle (ID# 1713). The upstream gaging station was in service for
the entire 1934-89 period while the downstream gaging station was in service only during
the 1956-89 period. Streamflow at the downstream gaging station prior to 1956 was
estimated by standard multiple linear regression techniques utilizing the upstream gaged
flow and the estimated intervening runoff (see Table 4-3). Estimates of potential runoff for
the 57 square mile intervening area over the recharge zone were made using the Blanco
River watershed above Wimberley as a partner area.

Average annual recharge for the Blanco River Basin for the 1934-89 period was
27,018 ac-ft which represents 4.3 percent of the total average annual recharge to the
Edwards Aquifer. The minimum annual recharge estimate was 12,224 ac-ft in 1956 and the

maximum annual recharge estimate was 53,952 ac-ft in 1975.
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6.1.2 Cibolo Creek Basin

Recharge in the Cibolo Creek Basin was computed utilizing the streamflow gaging
stations located upstream of the recharge zone near Boerne (ID# 1839) and downstream
of the recharge zone near Selma (ID# 1850). The upstream gaging station was in service
for the 1962-89 period and the downstream gaging station was in service for the 1946-89
period. Streamflow at the upstream gaging station for the period prior to 1962 was
estimated using relationships based on the intervening runoff for the Guadalupe River at
Spring Branch (ID# 1765) and streamflow as measured on the Medina River near Pipe
Creek (ID# 1790). Streamflow data at the downstream gaging station for the period prior
to 1946 was estimated using estimated upstream gaged flow (ID# 1839) and potential runoff
for the Cibolo Creek intervening area. Table 4-3 summarizes the methods used to predict
the missing streamflow records. Estimates of potential runoff for the 205.6 square mile
intervening area over the recharge zone were made using the Cibolo Creek watershed above
Boerne as a partner area. Accuracy of recharge estimates prior to 1962 may be limited by
the accuracy of estimated flows at the upstream and downstream gaging stations. The large
difference in drainage area between the upstream partner area (68.4 sq.mi.) and the
intervening area over the recharge zone (205.6 sq.mi.) may also affect the accuracy of
recharge estimates for the Cibolo Creek Basin.

Average annual recharge for the Cibolo Creek Basin for the 1934-89 period was
63,880 ac-ft which represents 10.2 percent of the total average annual recharge to the
Edwards Aquifer. The minimum annual recharge estimate was 1,683 ac-ft in 1956 and the

maximum annual recharge estimate was 149,136 ac-ft in 1958.
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6.13 Guadalupe River Basin

Recharge in the Guadalupe River Basin was computed using the streamflow gaging
stations located upstream of the recharge zone near Sattler (ID# 1678) and downstream of
the recharge zone at New Braunfels (ID# 1685). Streamflow records are available for the
downstream gaging station for the 1934-89 period, however, records for the upstream gaging
station exist only for the 1962-89 period. Streamflow at the upstream gaging station prior
to 1962 was estimated using a relationship with the Guadalupe River at Spring Branch (ID#
1675) and the intervening runoff between the Spring Branch and Sattler gages (see Table
4-3). Intervening runoff estimates for the area over the recharge zone between the Sattler
and New Braunfels gaging stations were developed utilizing the Blanco River watershed
above Wimberley (ID# 1710) as a partner area.

In addition to upstream and downstream gaged flows and potential intervening runoff,
there is an exchange of water or flux between the Edwards Aquifer and the Guadalupe
River occurring in this reach which affects the calculation of recharge. Initially, it was
theorized that Hueco Springs was the primary component of this flux, but literature review
(Refs. 1 and 22) and preliminary regression analyses using periodic discharge measurements
indicate that flows from Hueco Springs are probably influenced by a combination of local
recharge, regional Edwards Aquifer levels, and possible flow from the Guadalupe River.

In order to obtain an estimate of historical and/or simulated recharge occurring in
this reach, it was necessary to isolate the steady component of flux driven by regional
Edwards Aquifer levels from the transient components associated with local recharge and

flow from the Guadalupe River. It is expected that the regional Edwards Aquifer level flux
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component would be affected by changes from historical pumpage rates to a greater degree
than would the transient, local components. Hence, estimates of Edwards Aquifer flux in
this reach of the Guadalupe River were developed by subtracting downstream flow from
upstream flow during each of the 94 months when intervening runoff was insignificant and
flows in the previous month were below average. These estimates of flux were then
correlated to the corresponding monthly average well level at the Bexar County Monitoring
Well (J-17) resulting in a linear relationship of flux as a function of well level. A linear
relationship was assumed based on similar linear relationships found for San Antonio, San
Pedro, and Comal springflow as a function of J-17 level. The resulting relationship is

plotted in Figure 6-2 and is expressed as:
Q; = 3631 (H,_,,) - 23,486 (6-4)

where:
Qg = Edwards Aquifer Flux (ac-ft/month); and
H,,, = Average Monthly J-17 Well Level (ft-msl).
Statistical significance of the regression equation and coefficients was confirmed by F and
t tests (Ref. 4), respectively. The coefficient of determination (r*), however, was 0.16
indicating that only 16 percent of the variation in flux is explained by the regression
equation,
Streamflow surveys performed by the USGS (Refs. 38 and 40) for the reach between
the Sattler and New Braunfels gaging stations were completed during January, 1955 and
March, 1962. The average monthly J-17 well levels for these two periods were 637.8 ft-msl

and 671.7 ft-ms), respectively. The January, 1955 streamflow survey showed a net loss
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of about 120 acre-feet per month (2 cfs) in the reach, while the March, 1962 streamflow
survey showed a net gain of 1200 acre-feet per month (20 cfs). These two surveys are
identified in Figure 6-2 and, in general, appear to support the derived relationship of J-17
well level versus Edwards Aquifer flux. The regression equation indicates that this segment
of the Guadalupe River changes from a gaining to a losing reach with respect to water in
the Edwards Aquifer when the J-17 well level falls below about 647 ft-msl.

Using the derived relationship, Edwards Aquifer flux was computed for each month
during the 1934-89 period based on average monthly J-17 well levels. Recharge for the

Guadalupe River Basin was then calculated using the following equation:

Rigss = QGyer; + QI -(QNH, 5 - Qp) (6-5)
where:
R,ss = Recharge for Guadalupe River Basin;
QG,sy = Upstream Gaged Flow for Guadalupe River at Sattler (ID# 1678);
QI = Potential Intervening Runoff for Area Between Sattler (ID# 1678)
.~ and New Braunfels (ID #1685);
QNH,q, = Downstream Flow for Guadalupe River at New Braunfels (ID#
1685) Adjusted for Intervening Diversions and Return Flows; and
Qg = Edwards Aquifer Flux.

Average annual recharge for the Guadalupe River Basin for the 1934-89 period was
11,255 ac-ft which represents 1.8 percent of the total average annual recharge to the
Edwards Aquifer. The minimum annual recharge estimate was 0 ac-ft in 1965 and 1977 and
the maximum annual recharge estimate was 37,170 ac-ft in 1936. Accuracy of the Edwards
Aquifer flux and recharge estimates for the Guadalupe River Basin may be somewhat

limited by the accuracy of the flow estimates at Sattler during dry periods prior to 1962.
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Even considering the maximum error possible in these flow estimates, recharge in the
Guadalupe River Basin accounts for about 7.0 percent of the total recharge during 1956.
Hence, the findings of this study do not support the past assumption that the Guadalupe
River does not contribute recharge in significant quantities (Ref. 42). In fact, the findings
of this study suggest that recharge from the Guadalupe River becomes increasingly

significant when aquifer levels are lowered.

62  Recharge in Partially Gaged and Ungaged Basins

Partially gaged and ungaged areas which contribute to Edwards Aquifer recharge in-
the Guadalupe - San Antonio River Basin include portions of the Dry Comal, Salado, Leon,
Helotes, Gove{nment, San Geronimo, Sink, Purgatory, York, and Alligator Creek
watersheds. The last four of these areas have been grouped and are referenced herein as
the Upper San Marcos River. All of these areas are headwater watersheds which lie
primarily on the Edwards Aquifer recharge zone and have no gages located upstream of the
recharge zone. Dry Comal and Salado Creeks are gaged at locations just below the
downstream limits of the recharge zone, Helotes Creek has been gaged within the recharge
zone in recent years, and the remaining watersheds listed above are ungaged in or near the
recharge zone. Without upstream gage records, the calculation of recharge is highly
dependent on estimates of potential runoff which reflect the soil types, slopes, and land use
characteristics of each area. Hence, potential runoff in each of these areas was computed
using the modified SCS procedure described in Section 6.1 which includes monthly

calibration to an adjacent gaged watershed. Calculation of recharge in each of these
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partially gaged and ungaged watersheds is described in the following subsections.

6.2.1 Dry Comal Creek Basin

The Dry Comal Creek Basin is an area of about 130 square miles upstream of the
USGS streamflow gaging station on the Comal River at. New Braunfels (ID# 1690) the
majority of which is located on the Edwards Aquifer recharge zone. Published records for
this gaging station include the discharge of Comal Springs, however, the USGS has
performed hydrograph separations on a daily basis throughout the entire 1934-89 study
period to obtain estimates of surface runoff exclusive of springflow and provided these
estimates to HDR. The surface runoff estimates were then adjusted by HDR to account for
reported historical diversions and return flows. Potential runoff for the Dry Comal Creek
Basin was estimated using the Blanco River watershed above Wimberley (ID# 1710) as a

partner area and historical recharge was calculated in accordance with the following

equation:
Ry = Qle90 - QNH, g0 (6-6)
where:
R = Recharge for Dry Comal Creek Basin;
Ql,c = Potential Runoff for Dry Comal Creek Basin; and
QNH,(, = Surface Runoff for Comal River at New Braunfels (ID#

1690) Adjusted for Upstream Diversions and Return Flows.
Average annual recharge for the Dry Comal Creek Basin for the 1934-89 period was
46,259 ac-ft which represents 7.2 percent of the total average annual recharge to the
Edwards Aquifer. The minimum annual recharge estimate was 3,971 ac-ft in 1939 and'the

maximum annual recharge estimate was 121,146 ac-ft in 1973.
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There are a total of five SCS/FRS located in the Dry Comal Creek Basin controlling
runoff from 57.4 percent of the watershed with aggregate normal pool capacity of 709 ac-ft
and active pool capacity of 18,265 ac-ft. Soil Conservation Service records indicate that
these SCS/FRS were completed between June, 1956 and April, 1981. Clearly, the SCS/FRS
have the effect of enhancing recharge through both direct percolation and steady release of
impounded waters while performing their primary flood control function. The Dry Comal
Creek Basin is the primary source of gaged surface runoff data for watersheds located
directly over the Edwards Aquifer recharge zone in the Guadalupe - San Antonio River
Basin and is an important partner area. For this reason, it was necessary to remov.e the
SCS/FRS effects from the gaged data and obtain estimates of natural recharge which could
be used to estimate recharge in ungaged basins. Furthermore, it was necessary to simulate
the effects of these structures as if they were in place throughout the study period in order
to obtain recharge and streamflow baselines for the consideration of potential recharge
enhancement projects.

In order to assess the recharge characteristics of the SCS/FRS, it was postulated that
historical recharge (R) is comprised of natural recharge (Ry) and additional components
associated with the normal pool (Ryp) and active pool (R,;) as defined in the following

equations (in which, for clarity, the control point ID# 1690 is not shown):

R =Ry+Rg+Rp (6-7)

R = ¢(A/AXQI-Ry) = cp (NP) (6-8)

Rar = ¢[(A/A)(QI- Ry) -Ryp] = ¢4 (AP) (6-9)
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where:
R = Historical Recharge;

Ry = Natural Recharge;
Ry = SCS/FRS Normal Pool Recharge;
Ry = SCS/FRS Active Pool Recharge;
QI = Potential Runoff;

A. = Watershed Area Controlled;

A = Total Watershed Area;

¢p = Normal Pool Recharge Coefficient;
Ccsp = Active Pool Recharge Coefficient;
NP = Aggregate Normal Pool Storage; and
AP =  Aggregate Active Pool Storage.

Assuming that potential runoff, historical recharge, area controlled, and SCS/FRS physical
characteristics were known for the 1956-89 period, reasonable estimates for natural recharge
and the recharge coefficients were sought in the following manner. First, an approximation
of natural monthly recharge for the 1956-89 period was obtained from a linear regression
relationship between natural and potential runoff based on available data prior to SCS/FRS
construction. The normal pool recharge coefficient was assumed equal to 1.0 which implies
that 100 percent of water impounded within the normal pools of the SCS/FRS will
contribute to recharge neglecting evaporation. Historical monthly recharge was then
computed based on the postulated equations using various assumed values for the active
pool recharge coefficient. An assumed active pool recharge coefficient of 0.70 resulted in
the least error in estimating historical recharge during the 1981-89 period when all structures
were in place. This result indicates that approximately 70 percent of the runoff temporarily
impounded by the SCS/FRS ultimately contributes to recharge neglecting evaporation.
Hence, normal and active pool recharge coefficients of 1.00 and 0.70, respectively, were

adopted for the Dry Comal Creek Basin SCS/FRS and consistent monthly estimates of
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natural recharge and runoff were computed using Equations 6-6 through 6-9.

6.2.2 Salado Creek Basin

The Salado Creek Basin is an area of about 137 square miles upstream of the USGS
streamflow gaging station on Salado Creek (Upper Station) at San Antonio (ID# 1787) the
majority of which is located on the Edwards Aquifer recharge zone. Available gaged .
streamflows for the 1960-89 period were adjusted for reported upstream diversions and
return flows and potential runoff was estimated using the Blanco River watershed above -
Wimberley (ID# 1710) as a partner area. The curve number used in the esﬁmation of
potential runoff for the Salado Creek was increased with respect to time to reflect the
gradual urbanization of the watershed. Historical recharge for the 1960-89 period was

computed in accordance with the following equation:

Ry = Qlyye - QNH (6-10)
where:
Ry = Recharge for Salado Creek Basin;
Ql,,» = Potential Runoff for Salado Creek Basin; and
QNH,,,; = Surface Runoff for Salado Creek at San Antonio (ID# 1787)

Adjusted for Upstream Diversions and Return Flows.
Historical recharge for the 1934-59 period when gaged streamflow records on Salado Creek

are unavailable was computed using the following equation:

Ry = Qlyer(Ry 1650/ Qleso) (6-11)
where:
Ry = Natural Recharge for Dry Comal Creek Basin; and
Ql, = Potential Runoff for Dry Comal Creek Basin.
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Average annual recharge for the Salado Creek Basin for the 1934-89 period was
44,014 ac-ft which represents 6.9 percent of the total average annual recharge to the
Edwards Aquifer. The minimum annﬁal recharge estimate was 6,783 ac-ft in 1955 and the
maximum annual recharge estimate was 117,150 ac-ft in 1973.

As of 1989, there were a total of 12 SCS/FRS located in the Salado Creek Basin
controlling runoff from 58.7 percent of the watershed with aggregate normal pool capacity
of 1809 ac-ft and active pool capacity of 28,847 ac-ft. Soil Conservation Service records
indicate that these SCS/FRS wel;e completed between March, 1971 and April, 1987. These
structures as well as one additional SCS/FRS completed in December, 1991 have the effect
of enhancing recharge through both direct percolation and steady release of impouﬁded
waters while performing their primary flood control function. For reasons identical to those
stated with respect to Dry Comal Creek (Section 6.2.1), it was necessary to quantify and
remove the SCS/FRS effects and obtain monthly estimates of natural streamflow and
recharge. Employing the methodology described for the Dry Comal Creek Basin, an active
pool coefficient of 0.63 resulted in the least error in estimating historical recharge during
the 1971-80 period before urbanization significantly affected the Salado Creek watershed.
Hence, normal and active pool recharge coefficients of 1.00 and 0.63, respectively, were
adopted for the Salado Creek Basin SCS/FRS and consistent monthly estimates of natural

recharge and runoff were computed.

623 Upper San Marcos River Basin

The Upper San Marcos River recharge basin includes Sink and Purgatory Creeks
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which feed the headwaters of the San Marcos River near San Marcos Springs, as well as the
portion of York and Alligator Creek watersheds over the recharge zonme. No gaged
streamflow data has been published for the basin, therefore, natural recharge that occurred
in this basin was estimated using the relationship of natural recharge to potential runoff in
the nearby Dry Comal Creek Basin. Potential runoff estimates for the Upper San Marcos
River Basin were developed by application of modified SCS procedures and Equation 6-2
using the Blanco River watershed above Wimberley (ID# 1710) as a partner area. Natural

recharge in the Upper San Marcos River Basin was computed using the following equation:

Ry (6-12)
Ry 1700 = Qlyzo =
Q650
where:
Ry 10 = Natural Recharge for Upper San Marcos River Basin;
Ql;.0 = Potential Runoff for Upper San Marcos River Basin;
Ry 160 = Natural Recharge for Dry Comal Creek Basin; and

Ql,650 = Potential Runoff for Dry Comal Creek Basin.

Six SCS/FRS were constructed on the recharge zone in the Upper San Marcos River
Basin during the 1963-89 period which provide a total of 751 ac-ft of normal pool storage
and 20,926 ac-ft of active pool storage. Historical recharge enhancement due to SCS/FRS
in the Upper San Marcos River Basin was estimated by application of techniques developed
for assessment of SCS/FRS in the Dry Comal and Salado Creek watersheds. Normal and
active pool coefficients of 1.00 and 0.70, respectively, were used. Natural recharge was
combined with estimated recharge enhancement due to the SCS/FRS to obtain the total

historical recharge for the Upper San Marcos River Basin.
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Historical recharge in the Upper San Marcos River Basin during the 1934-89 period
averaged 37,505 ac-ft/yr, comprising 5.8 percent of the total average annual recharge to the
Edwards Aquifer. The minimum annual recharge estimate was 3,868 ac-ft in 1939 and the

maximum annual recharge estimate was 92,668 ac-ft in 1981.

6.24 Leon, Helotes, Government, and San Geronimo Creeks

Recharge estimates for the portions of the Leon, Helotes, Government, and San
Geronimo Creek watersheds upstream and over the recharge zone were developed for the
1934-89 period. These watersheds were ungaged during the study period, with the exception
of Helotes Creek which was gaged (ID# 1814) during the 1968-89 period. Recharge
estimates were developed by considering the basins as a group and included the intervening
area over the recharge zone between Medina Lake and Diversion Lake and the
subwatersheds over the recharge zone adjacent to the Diversion Lake watershed. The
combined area totals 193 square miles of which 106 square miles is upstream of the
recharge zone and 87 square miles is on the recharge zone, Composite curve numbers were
determined for the areas upstream of and on the recharge zone and monthly potential
runoff estimates were developed for both of these areas using the Cibolo Creek watershed
near Boerne (ID# 1839) as a partner area.

For the area on the recharge zone, recharge was computing using the ratio of natural

recharge to potential runoff for the Salado Creek Basin expressed as follows:
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R = QL (E"__l.'ﬂ] (6-13)
QII‘IB‘I .
where:
Ry; = Natural Recharge for Area On Recharge Zone;
QI = Potential Runoff for Area On Recharge Zone;
[w Rypm = Natural Recharge for Salado Creek Basin; and
g Ql,;5; = Potential Runoff for Salado Creek Basin.

For the area upstream of the recharge zone, recharge during the 1968-89 period was
F computed utilizing measured data from the Helotes Creek gaging station (ID# 1814). The

Helotes Creek gaging station measures runoff from an area that is predominantly upstream

of the recharge zone, but overlies the recharge zone in the vicinity of the gage. Using the
Cibolo Creek watershed near Boerne (ID# 1839) as a partner area, monthly potential runoff

estimates were developed for the Helotes Creek watershed. Recharge for the Helotes

Creek Basin was computed as the difference between potential and measured runoff at the

gaging station. The monthly ratio of recharge to potential runoff for the Helotes Creek
Basin was then used to compute recharge for the entire 106 square mile area upstream of

the recharge zone in accordance with the following equation:

R
R, = QI, | =22 (6-14)
¢ [Qltau
Ry = Recharge for Area Upstream of Recharge Zone;
QI = Potential Runoff for Area Upstream of Recharge Zone;
R,;s = Recharge for Helotes Creek Basin; and

Ql,;,; = Potential Runoff for Helotes Creek Basin.
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For the period prior to 1968, when the Helotes Creek gaging station was not in
service, recharge estimates for the area upstream of the recharge zone were based on
respective averages developed for the Helotes and Salado Creek Basins. For the 1968-89
period, recharge in the Helotes Creek Basin averaged about 61 percent of potential runoff
while natural recharge averaged about 85 percent of potential runoff in the adjacent Salado
Creek Basin. Therefore, the ratio of recharge to potential runoff for the area upstream of
the recharge zone (including the Helotes Creek Basin) averaged about 71 percent (61/85)
of that for the Salado Creek Basin. This percentage was used to compute monthly recharge
estimates for the area upstream of the recharge zone for the 1934-67 period based on
natural recharge and potential runoff in the adjacent Salado Creek Basin in accordance with

the following equation:

(6-15)

Ry, = 0.71 QI (R""’”)

1787

where:
Ry = Recharge for Area Upstream of Recharge Zone;
Ql; = Potential Runoff for Area Upstream of Recharge Zone;
Ry s = Natural Recharge for Salado Creek Basin; and
Ql,,; = Potential Runoff for Salado Creek Basin.

San Geronimo Creek Dam was constructed at the downstream edge of the recharge
zone by the Edwards Underground Water District for the purpose of enhancing recharge
to the Edwards Aquifer. Incremental recharge provided by this structure was obtained from
TWC monthly water use reports prepared by the EUWD and added to the recharge

estimates computed for the areas upstream of and on the recharge zone.
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Av;-.rage annual recharge for the Leon, Helotes, Government and San Geronimo
Creek Basins for the 1934 - 89 period was 44,260 ac-ft which represents 6.9 percent of the
total average annual recharge to the Edwards Aquifer. The minimum annual recharge
estimate was 2,056 acre-feet in 1955 and the maximum annual recharge estimate was

109,881 acre-feet in 1986.

6.3 Medina and Diversion Lakes

Estimation of monthly Edwards Aquifer recharge occurring at Medina and Diversion
Lakes is very different from the procedures used in other watersheds as it is based on
relationships with reservoir stages. Medina and Diversion Lakes have been in place
throughout the 1934-89 study period‘and have been operated primarily to supply water for
irrigation through a distribution canal beginning at Diversion Lake. In addition to diversions
for water supply and net evaporation losses, storage in these reservoirs is affected by
percolation or recharge as well as leakage through the dams. It was assumed that
reasonable estimates of recharge, leakage, and net evaporation could be based on the
elevation or water surface area associated with the average reservoir contents in each
month.

Key records used in the calculation of historical recharge include Medina Lake
contents (1913-89) and gaged flows for the Medina River at Riomedina (ID# 1805) (1953-
73) and for the Medina Canal (1922-35, 1957-89). Additional diversion records for the
Medina Canal were obtained from an Espey, Huston & Associates, Inc. (EH&A) report

(Ref. 9) for the 1940-56 period and estimated by HDR for the 1935-39 period. Elevation-
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area-capacity tables for Medina and Diversion Lakes were obtained from published reports
(Refs. 25 and 35) and are included in Appendix H (Volume III).

Calculation of historical monthly recharge at Medina Lake and leakage at Medina
Dam was accomplished using the reservoir stage associated with average monthly contents
and recharge and leakage curves developed by EH&A (Ref. 9). Historical recharge at
Diversion Lake, however, was somewhat more difficult to calculate in the absence of
contents records. When gaged streamflow records were available for the Medina River at
Riomedina (ID# 1805), they were assumed equal to the sum of leakage and spills from
Diversion Lake, average monthly lake level was estimated from the EH&A leakage curve,
and recharge was calculated from the EH&A recharge curve using the average lake level.
When gaged streamflows were not available below Diversion Dam, average monthly lake
level was estimated by iterative mass balance calculations considering runoff below Medina
Dam, leakage and releases from Medina Lake, Medina Canal diversions, and net
evaporation losses. Releases from Medina to Diversion Lake were based on the operational
objective of maintaining Diversion Lake at a level about five feet below the spillway during
irrigation season to minimize losses and maintain diversion efficiency.

Average annual recharge at Medina and Diversion Lakes for the 1934-89 period was
41,833 ac-ft which represents 6.5 percent of the total average annual recharge of the
Edwards Aquifer. Approximately 64 percent of the historical average recharge is
attributable to Medina Lake. The minimum annual recharge estimate was 10,256 ag-ft in

1951 and the maximum annual recharge estimate was 53,275 ac-ft in 1936.
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64  Comparison of Edwards Aquifer Recharge Estimates

Historical Edwards Aquifer recharge estimates for the watersheds within the
Guadalupe - San Antonio River Basin were compared to the USGS recharge estimates for
the 1934-89 period. This comparison revealed that the USGS average recharge estimate of
270,000 ac-ft/yr is about 15 percent less than the average of 316,000 ac-ft/yr computed by
HDR. Although this difference in the long-term average is only marginally significant
considering the complexity of the physical processes involved, important differences do exist
in the geographical distribution of recharge among the various recharge basins.

In order to understand the differences between the USGS and HDR estimates, key
methodologies and assumptions must be considered. The principal difference between the
HDR and USGS methods of calculating recharge is in estimating potential runoff directly
over the recharge zone. Reasonable estimates of flow in this area are necessary to
accurately calculate recharge. The methods employed by the USGS assume that potential
runoff over the recharge zone is equal to runoff from the area upstream of the recharge
zone (or other partner area) adjusted for drainage area size and precipitation differences
if precipitation differs by more than 20 percent. More specifically, USGS methods assume
that runoff varies linearly with precipitation when adjusting for precipitation differences and
that soil-cover complex is identical in both the area upstream of and the area directly over
the recharge zone. Methods applied by HDR are based on Soil Conservation Service (SCS)
procedures which account for differences in soil-cover complex as well as differences in
rainfall regardless of relative magnitude. Other general differences between the HDR and

USGS methodologies include consideration of historical diversions and return flows. HDR
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accounts for such diversions and return flows, while the USGS does not. Selections of
partner areas for use in estimating the potential runoff for intervening or ungaged areas also
differ for some recharge basins.

Figure 6-3 presents a comparison of annual HDR and USGS recharge estimates for
the 1934-89 period for each of the five recharge basins identified in Plate 1. Recharge
estimated by the USGS in the Medina River Basin averaged 45.3 percent higher than the
average of 41,833 ac-ft/yr computed by HDR. Both sets of recharge estimates for the
Medina River Basin are based on stage-recharge relationships for Medina and Diversion
Lakes. The recharge estimates computed by HDR were based on stage-recharge
relationships developed by Espey, Huston and Associates (Ref. 9) which have been shown
to reasonably approximate historical lake levels at Medina Lake, while the USGS recharge
estimates were based on stage-recharge relationships developed by Lowry (Ref. 42). USGS
recharge estimates were higher than HDR estimates due to the differences in the stage-
recharge relationships used.

Recharge estimated by the USGS for the area between the Medina River and Cibolo
Creek averaged 23.3 percent lower than the average of 88,274 ac-ft/yr computed by HDR.
This area includes the Leon, Helotes, Government, San Geronimo, and Salado Creek
Basins. HDR also included the intervening area between Medina Lake and Diversion Lake
in this basin which, in part, accounts for the higher recharge estimates computed by HDR.
It is noted that neither HDR or the USGS (Ref. 42) included an area of about 12 square
miles over the Edwards Aquifer recharge zone in the Medina Lake watershed in the

recharge calculations. If this area were considered and experienced recharge comparable
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to adjacent watersheds over the recharge zone, HDR estimates of average annual recharge
to the entire Edwards Aquifer might be increased by about 3,000 ac-ft (0.46 percent). Other
differences in methodology include an accounting for enhanced recharge due to existing
structures in the San Geronimo and Salado Creek Basins and the inclusion of urbanization
effects on potential runoff in the Salado Creek Basin by HDR. All of these factors
contribute to HDR producing higher average annual recharge estimates for this basin than
the USGS.

HDR and USGS average annual recharge estimates for the Cibolo Creek and Dry
Comal Creek Basin differ significantly, especially during drought periods. The average
recharge estimate of 104,045 ac-ft/yr by the USGS was 5.5 percent lower than the 110,139
ac-ft/yr average recharge estimate computed by HDR. During the 1947 to 1956 drought
period, average USGS recharge was 35,250 ac-ft/yr which is 21.8 percent less than the HDR

average of 45,050 ac-ft/yr. Large differences were evident during wet years where the

" USGS recharge estimates were, in many cases, substantially higher than those computed by

HDR. The higher HDR average recharge estimate for this basin is partially attributed to
HDR accounting for enhanced recharge due to existing structures in the Dry Comal Creek
Basin and due to a difference in selection of partners areas for intervening runoff estimates.
For the Dry Comal Creek Basin, the USGS used the intervening area for the Guadalupe
River between Canyon Lake and New Braunfels (ID# 1685) as a partner area while the
Blanco River watershed near Wimberley (ID# 1710) was used in the HDR estimates. The
intervening area between Canyon Lake and New Braunfels lies primarily over the recharge

zone which may produce lower estimates of potential runoff resulting in lower recharge
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estimates for the Dry Comal Creek Basin by the USGS.

In the Guadalupe River Basin, below Canyon Lake and above New Braunfels,
recharge estimates were computed only by HDR. The USGS considers recharge to be
insignificant in this reach. Although, the average recharge of 11,255 ac-ft/yr in the
Guadalupe River Basin is not great, it can be a significant component of Edwards Aquifer
recharge when aquifer levels are low.

HDR and USGS average annual recharge estimates for the Blanco River Basin,
which includes the Blanco and Upper San Marcos River Basins, were significantly different.
Average recharge of 37,758 ac-ft/yr estimated by the USGS was 41.5 percent lower than the
average of 64,523 ac-ft/yr computed by HDR. During the 1947-56 drought period, recharge
estimated by the USGS averaged 17,030 ac-ft/yr, some 53.0 percent less than the HDR
average of 36,260 ac-ft/yr. The difference in the recharge estimates is partially attributable
to HDR accounting for recharge enhancement due to existing SCS/FRS and to the selection
of partner areas. Similarly to the Dry Comal Creek Basin, the USGS used the intervening
area for the Guadalupe River between Canyon Lake and New Braunfels (ID# 1685) as one
of their partner areas, while HDR used the Blanco River Watershed near Wimberley (ID#
1710). Utilizing the Guadalupe River intervening area which is over the recharge zone is
believed to produce low potential runoff estimates resulting in lower recharge estimates by
the USGS.

Figure 64 presents a comparison of the historical Edwards Aquifer recharge
computed by the USGS and HDR for the Guadalupe - San Antonio River Basin and also
for the Nueces River Basin, which was previously studied by HDR (Ref 14). Table 6-3
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and Appendix I (Volixme IIT) present the geographical distribution of estimated average
annual recharge for various recharge basins within the Nueces, San Antonio, and Guadalupe
River Basins. It is interesting to note that the recharge estimated by HDR for the Nueces
River Basin proved to be consistently lower than the recharge reported by the USGS. This
was also the case in the westernmost watershed of the Guadalupe - San Antonio River Basin
(Medina River). However, in the eastern watersheds, the HDR recharge estimates were
substantially higher than the USGS estimates.

The modified geographical distribution of historical recharge reflected in the HDR
estimates could have a significant effect on calibration of existing Edwards Aquifer models.
The Texas Water Development Board (TWDB) used the HDR recharge estimates instead
of the USGS estimates in various simulations to assess the effects of these new recharge
estimates might have on the predictive capability of the TWDB Edwards Aquifer Model.
Preliminary comparisons of simulated versus actual Bexar County monitoring well (J-17)
levels and Comal and San Marcos springflows obtained from the TWDB model using the
HDR recharge estimates generally show improved correlation as compared to simulations
using the USGS recharge estimates. Additional improvement in simulated versus actual
performance would be expected if the TWDB model were re-calibrated using the new

recharge estimates.
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Table 6-3

Summary of Historical Edwards Aquifer Recharge by Basin
HDR USGS
Recharge Recharpe
River Estimate Estimate Difference Percent
Basin Recharge Bastin (Ac-Ft/Yr) | (Ac-Ft/Yr) | (Ac-Ft/¥r) | Difference

1. Nueces - W. Nueces 88,744 104,509 15,765 17.8%
2. Frio - Dry Frio 111,739 117,454 5,715 51%
3. Sabinal 32,581 38,307 5,726 17.6%
4. Between Sabinal & Medina 92998 97,404 4,406 4.7%
SUBTOTAL 326,062 357,674 31,612 9.7%
5. Medina 41,833 60,780 18,947 453%
6. Between Medina & Cibolo 88,274 67,705 -20,569 -23.3%
Antonio 7, Cibolo - Dry Comal 110,139 104,045 -6,094 -5.5%
SUBTOTAL 240,246 232,530 -7,716 -3.2%

8. Guadalupe 11,255 0 -11,255 -100.0%

Guadalupe 9. Blanco 64,523 37,758 -26,765 -415%
SUBTOTAL 75,778 37,758 -38,020 -50.2%

|| TOTAL 642,086 627,962 -14,124

Nueces

|

Figure 6-5 presents three comparisons of total recharge to the Edwards Aquifer,
including both the Nueces and Guadalupe - San Antonio River Basins. This comparison
shows that the previous USGS estimate of about 628,000 ac-ft/yr for the entire aquifer is
about two percent lower than the estimate of about 642,000 ac-ft/yr computed by HDR.
However, for individual watersheds in the eastern sections of the aquifer, the differences are
much more significant with the largest difference occurring in the Guadalupe and Blanco
River Basins where the average USGS recharge estimate is about 50 percent less than the
HDR estimate. Considering the proximity of these eastern watersheds to Comal and San

Marcos Springs, the disparate recharge estimates could have a significant effect on efforts
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to accurately predict springflows. Overall, the USGS annual recharge estimates are lower
than the estimates computed by HDR for dry and average years; however, for wet years, the
USGS estimates are significantly higher than the HDR estimates.

Throughout the historical period, various reservoir structures have been constructed
in the Guadalupe - San Antonio River Basin atop the Edwards Aquifer recharge zone which
have enhanced the natural recharge to the aquifer. These structures include Medina Lake
(constructed in 1911), San Geronimo Creek Dam, and various SCS Flood Retardation
Structures (SCS/FRS) in the Salado Creek, Dry Comal Creek and Upper San Marcos River
(including York Creek) watersheds. An estimate of the natural recharge to the Edwards
Aquifer in the Guadalupe - San Antonio River Basin was developed in order to approximate
the effects of these structures. The average annual natural recharge in the Guadalupe River
Basin is estimated to be about 291,000 ac-ft as compared to the historical recharge of about
316,000 ac-ft, an 8.6 percent increase. Figure 6-6 traces the annual and cumulative historical
recharge in the Guadalupe - San Antonio River Basin for the 1934-89 period and identifies

the portion attributable to man-made structures in existence at the time.
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70  POTENTIAL RECHARGE ENHANCEMENT PROJECTS
7.1  Identification of Potential Projects

The approximate locations of all potential recharge reservoirs and existing reservoirs
which contribute to the recharge of the Edwards Aquifer in the Guadalupe - San Antonio
River Basin are shown in Plate 2. Although the Cloptin Crossing and Cibolo Dam No. 1
projects have been identified and examined in previous studies (Refs. 36 and 8, respectively),
other potential recharge reservoirs were sited in the course of this study without detailed
consideration of economic, geologic, environmental, or other factors of human interest. The
express purpose of the projects selected for analysis in this study was the determination of
the theoretical maximum additional recharge attainable. The reader is cautioned that this
study was performed to assess the potential for recharge enhancement in the Guadalupe -

San Antonio River Basin subject to the current state of water supply development and

without regard for proposed water resource developments or environmental needs. Any use

of the results of this study should be apprnpriateiy qualified in accordance with the following
abbreviated list of factors, each of which, when applied, may serve to reduce the amount of
recharge enhancement potential reported herein:

© Smaller projects dictated by economics;

° Water requirements for more valuable supply alternatives;

® Water requirements for environmental needs;

° Reuse of treated wastewater effluent;

§ Limited recharge enhancement during severe drought;

© Site geology and/or regional hydrogeology; and
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® Location of recharge enhancement relative to demand centers and/or springs.

The effect of each of these factors on recharge enhancement potential may be measured in
subsequent studies when suitable criteria for the application of each is established.
The two general types of recharge reservoirs considered are illustrated in Figure 7-1.
Type 1 or "catch and release" reservoirs are located upstream of the recharge zone and are
operated to release water at the maximum recharge rate of the downstream channel.
Carryover storage from one month to the next is frequent in Type 1 reservoirs so net
evaporation losses are included in the simulation of reservoir contents. Cloptin Crossing
Reservoir is the only Type 1 project considered in this study. Type 2 or "direct percolation"
reservoirs are located within the recharge zone and recharge directly through the bottom
of the reservoir. For smaller Type 2 projects, the entire storage volume will usually drain
within a period of less than one month and evaporation losses are not calculated. Cibolo
Dam No. 1 and Lower Blanco Reservoir are the only Type 2 projects considered individually
in this study. Due to relatively low natural recharge rates along the Blanco River, direct
diversions from either the Cloptin Crossing or Lower Blanco Reservoir for injection to the
aquifer and/or transfer to the adjacent upper San Marcos River watershed were modelled
in order to more efficiently recharge water impounded in these reservoirs. Since the Lower
Blanco Reservoir will normally have carryover storage, net evaporation losses were
calculated.
Existing Soil Conservation Service Flood Retardation Structures (SCS/FRS)

constructed in the recharge zone, exhibit characteristics of both Type 1 and Type 2
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reservoirs in that both controlled releases and direct percolation serve to drain storage
which has been temporarily impounded. In this study, SCS/FRS reservoirs are grouped by
watershed for calculation of recharge, and net evaporation losses are assumed negligible due
to the rapid rate at which storage is typically evacuated from these reservoirs. Analyses of
hydrologic data from the Salado Creek and Dry Comal Creek watersheds indicates that, on
the average, approximately 100 percent and 70 percent of the water stored in the normal
and active pools, respectively, contributes to recharge. If the recharge characteristics of the |
SCS/FRS were not incorporated in their original design, it is possible that restriction and/or
closure of reservoir outlets could enhance recharge without adversely affecting the flood

control function of these projects.

72  Scenarios and Assumptions

Potential recharge enhancement projects considered in this study have been generally
classified and grouped into "Structural" and/or "Operational" programs. The various
potential recharge enhancement projects have been classified and grouped in this way simply
for organized presentation in this report. Projects classified as "Structural" involve the
development of additional storage through new reservoir construction, while those classified
as "Operational" involve modification of existing structures, acquisition of existing water
rights, or re-activation of a project found to be economically unfeasible. Structural recharge
enhancement projects analyzed include the following:

e Enlargement of the existing San Geronimo Creek Recharge Dam and/or
development of additional storage upstream.

® Development of a program of small SCS/FRS in the Leon, Helotes, and
Government Creek watersheds similar to that in the Salado Creek watershed.
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Cibolo Dam No. 1 on Cibolo Creek near Selma.
One additional SCS/FRS in the Dry Comal Creek watershed.

Lower Blanco project on the Blanco River near Kyle.

Operational recharge enhancement projects analyzed include the following:

Acquisition of irrigation rights at Medina and Diversion Lakes for diversion
and injection to the Edwards Aquifer.

Modification or closure of SCS/FRS outlets in the Salado Creek, Dry Comal
Creek, and upper San Marcos River watersheds.

Cloptin Crossing project on the Blanco River near Wimberley.

Potential recharge enhancement with the Structural Program in place was calculated

subject to two water rights and three Edwards Aquifer pumpage/springflow scenarios. The

two water rights scenarios include full use of permitted water rights and reported use for

1988. Simulations under the Full Water Rights Scenario are based on the following

assumptions:

All rights and contracts divert full authorized amounts.

Permitted annual diversions and contractual obligations from Canyon Lake
total 50,000 ac-ft.

Flow requirement of 600 cfs at Lake Dunlap for hydroelectric power
generation.

Annual consumptive use (forced evaporation) at Braunig, Calaveras, and
Coleto Creek Lakes based on estimated full potential power generation.

Return flows in each stream segment equal to those reported for 1988.

Simulations under the 1988 Water Usage Scenario are based on the following assumptions:



® All rights and contracts divert amounts reported for 1988. Diversion and
storage rights associated with Applewhite Reservoir and the Leon Creek
Diversion are excluded from this scenario.

® Permitted annual diversions and contractual obligations from Canyon Lake
total 50,000 ac-ft.

° Flow requirement of 0 cfs at Lake Dunlap assuming full subordination of
hydroelectric power generation.

] Annual consumptive use (forced evaporation) at Braunig, Calaveras, and
Coleto Creek Lakes equal to that reported for 1988.

° Return ﬂ(;ws in each stream segment equal to those reported for 1988,

The three Edwards Aquifer pumpage/springflow scenarios considered in this study assumed -
fixed annual use of water directly from the aquifer totalling 250,000 ac-ft, 400,000 ac-ft, or
450,000 ac-ft. With the assistance of the TWDB, monthly springflow sequences were
calculated for Comal, San Marcos, San Antonio, and San Pedro Springs utilizing their model
of the Edwards Aquifer. The TWDB modified the Edwards Aquifer model in order to
include HDR estimates of historical recharge in both the Nueces and Guadalupe - San
Antonio River Basins and to estimate aquifer discharge to the Guadalupe River near Hueco

Springs.

73  Structural Program

The results of recharge enhancement calculations for the Structural Program are
summarized in Tables 7-1 and 7-2 for long-term average and drought conditions,
respectively. Long-term average (1934-89) Guadalupe - San Antonio River Basin recharge

enhancement due to the listed new reservoirs totalled approximately 48,300 ac-ft/yr (an
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increase of 15.1 percent over the historical recharge) under the Full Water Rights Scenario and
31,200 ac-ft/yr (an increase of 15.9 percent over the historical recharge) under the 1988 Water
Usage Scenario. Drought average (1947-56) recharge enhancement due to the listed new
reservoirs totalled approximately 24,000 ac-ft/yr (an increase of 15.7 percent over the historical
recharge) under the Full Water Rights Scenario and 25,000 ac-ft/yr (an increase of 16.1 percent
over the historical recharge) under the 1988 Water Usage Scenarios. As is apparent in Tables
7-1 and 7-2, recharge enhancement with new structures is mot very sensitive to either the
assumed Edwards Aquifer pumpage/springflow scenario (with minor exceptions) or to the degree
of water rights utilization. Recharge enhancement is typically limited by the volumes of runoff
reaching each site and the physical capability to impound and recharge that runoff. Figure 7-2
presents annual and cumulative recharge of the Edwards Aquifer in the Guadalupe - San Antonio
River Basin for the 1934-89 period, illustrating the relative magnitudes of baseline historical
recharge with existing structures and enhanced recharge with the Structural Program subject to
the Full Water Rights Scenario. Figure 7-3 provides a similar illustration focusing on annual
recharge estimates during the 1947-56 drought period. See Appendix J (Volume III) for
summaries of annual recharge by control point.

It is interesting to note that about 65 percent of the potential additional recharge under
average conditions and over 80 percent of the potential additional recharge under drought
conditions is a result of the Lower Blanco Reservoir. This reservoir is the largest in the
Structural Program with an assumed maximum storage volume of 35,230 ac-ft. Due to the
limited recharge rates observed in this portion of the Blanco River, net evaporation losses were

considered, and direct diversions to the upper San Marcos River watershed for injection or
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natural recharge were assumed, in order to obtain the full recharge enhancement potential at this
site. The Lower Blanco Reservoir is also quite efficient with respect to minimization of losses
to evaporation. The free water surface area exposed to evaporative losses at maximum storage
for this project is one-third less than that for the same storage volume at the upstream Cloptin
Crossing site.

Tables 7-1 and 7-2 also reveal the significant differences in recharge enhancement
potential in the San Geronimo and Leon Creek watersheds subject to each water rights scenario.
Long-term average combined recharge enhancement in these two watersheds totals about 6,920
ac-ft/yr (an increase of 8.1 percent over the historical recharge) under the Full Water Rights
Scenario and 9,670 ac-ft/yr (an increase of 11.3 percent over the historical recharge)- under the
1988 Water Usage Scenario. This difference of 2,730 ac-ft/yr in recharge enhancement is a
result of the exclusion of Applewhite Reservoir and the Leon Creek Diversion from the 1988

Water Usage Scenario.

7.4  Operational Program

Potential recharge enhancement with the Operational Program added to the Structural
Program was calculated subject to the Full Water Rights Scenario previously described and
springflows resulting from a fixed annual pumpage of 450,000 ac-ft from the Edwards Aquifer.
Simulations for the Operational Program include all projects from the Structural Program except
the Lower Blanco Reservoir which would not likely be feasible in conjunction with the Cloptin
Crossing project. Long-term average (1934-89) Guadalupe - San Antonio River Basin recharge

enhancement under the Operational Program totalled approximately 123,060 ac-ft/yr (an increase
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of 38.5 percent over the historical recharge) and drought average (1947-56) recharge
enhancement totalled approximately 66,300 ac-ft/yr (an increase of 43.3 percent over the
historical recharge). Table 7-3 provides a side-by-side comparison of potential recharge
enhancement in each recharge basin for the Operational Programs. Figure 7-4 presents annual
and cumulative recharge of the Edwards Aquifer in the Guadalupe-San Antonio River Basin for
the 1934-89 period, illustrating the relative magnitudes of baseline historical recharge with
existing structures and enhanced recharge with the Operational Program subject to the Full
Water Rights Scenario. Figure 7-4 provides a similar illustration, focusing on annual recharge
estimates during the 1947-56 drought period.

An average of approximately 55,395 ac-ft/yr (45.0 percent of the long-term average
recharge enhancement under the Operational Program) could be available for diversion and
iﬁjection to the Edwards Aquifer by acquisition of Medina and Diversion Lake irrigation rights
totalling 67,830 ac-ft/yr. Such diversions were assumed to be accomplished on a monthly
schedule similar to that for irrigation use so that historical recharge estimates for Medina and
Diversion Lakes would be unaffected. Figure 7-6 summarizes annual quantities of surface water
available for diversion under these rights and clearly illustrates that diversions would be severely
limited during drought due to depletion of storage in Medina Lake. Although recharge
enhancement averaged 20,935 ac-ft/yr during the 1947-56 drought period, water available during
the 1954-56 period averaged only 3,735 ac-ft/yr.

The Cloptin Crossing Reservoir project was found to be economically unfeasible by the
U.S. Army Corps of Engineers in 1979 and was placed in a deferred category (Ref 37).

Simulations indicate, however, that is could provide significant recharge enhancement in both

7-14



SI-L

“uray pIiodal sjunowe [E31RI0] 3Y) O} JANRIRI I]qEUERE JUIWIOURYUS STreysal

IemaT 3 20npas Lews gongm 2U0PE] IO PUB YEIQEY APk Jo uonuInmu ‘UcH0] *9Zis Ul wsnuaxdwod aninbas Ly e spafaid s Jo wawdopaa( (s

TUIUBEIUD 3310333 0) 2np smopjunds Jo/pue SO WINJAT I I9EALIUT OU I UMOYS

sandi] “(4-U/E 000°0sY) ¢ ourzag 93vding 0F 1S{qRs HOALL JvI AL JICAIES 33 18 EMO[ UO PISRY 3J¥ SUORINPAI jusazad pus sAoyUl suUEnsg (b

"Jloalasy couely Jomo] aoxs wesdalg jeamonns s wayj spfoud (e sapnfou] (g
"oHTu20g YR 2N8M, 1% PUB (3ANJ-0V 000'05H) £ oUeu30g afeduing Uo pasq uswoueyUT 3teysey (z

“pouad 2anus ay) Joj sanyd ut swimdoud §y-47SIS pue “weg QWO Ueg ‘948 BUIPIY SIpnjILl pue sumanss Sunsie 10j pasnipe g1 23ieydoy [ROUOEIY (I :ssiON
%TE %vE- %LT %0°Z- S90'v1S S6E'8YS'I JIONONPY JU301ad pue (IX/1:4-0V) Mopju] aulrenusy
BEEY %S'8E S¥°SI BI°SI 23reqd3y ,[EILIOISTH UY SSBAIOU] U3dIag

Srr'6IT SLS'TYd 0LL'9L] 0SL‘L9€ SPI'ESI SIS'61€ (3And-9v) 28reqay [BI0L
00£°'99 090'¢zt ST9'€T SECT'8Y J{IANg-0V) wawsounenuy 2dreysay
Y4 | 0zZ0°1 SY:{ SOMER UBg
069°0v SLT'SY Suissou) updop)
S9r'61 S6¥'1E SSE“LE gE1'89 Jaary odueld (6
S6S°Ll SST'L1 13ATy adnjepend (8
06E SPI°l Syd fewo) Lig ¥auD
S8L'l 028°6 S8L'1 0z8'6 SEL'TS S96°cl1l femo) L3q pue Jsa1) 0joqi) (L
0 S8p Sy 331D opejes ¥ ojoqr) pue
SLE'T 026'0 SLE'T 076'9 SOL'EE 055's8 1A FUIPSI UIMIAQ BATY (9
SE6'0T S6E'SS sseyang uonedug
§SL'11 0190y 3An] BN (S
Os-cv1) | OspeeD) | Osiver) | Gsvesn) | oszve) | (68-vesn) spafoad ujseq adreray
1g3nouq aderaay 3noag aBesaay 3noaq adeaaay [euopesrdp
Swesord puopersdg | wexdorg jempnrg (AI-2Y)
pue [empnng adunpay [eIH0SIH
s2(3A/-0V) neumduwEquy Ireypey
sueidold jeuoneiadQ pue [BINIINNS YIIA JUSWDUBYUT I3I8YIIY

£-L 2IqeL

W‘ S m,r.lu. M . W i m_r. W o m F m-. m‘r, . mwau m..,.. ; m. ) M.. J W.L mull W‘.ll ml mll.._



aaan ) ey

500,000 - II

RECHARGE ESTIMATE (ACFT)

TIME (YEARS)

16,000,000

10,000,000

CUMULATIVE RECHARGE (ACFT)

TIME (YEARS)

P HISTORICAL RECHARGE WITH EXISTING STRUCTURES
Bl RECHARGE ENHANCEMENT WITH OPERATIONAL PROGRAM

NOTES:
PUMPAGE SCENARIO 3: 450,000 ACFT/YR
FULL WATER RIGHTS SCENARIO

GUADALUPE-SAN ANTONIO RIVER BASIN

RECHARGE ENHANCEMENT STUDY
| OPERATIONAL PROGRAM
A RECHARGE ENHANCEMENT

HDR Engineering, Inc.
FIGURE 7-4




S-4 34N9il4
*ou) *Bupeaubuz yaH

INIWIONVHNIT IOUVHOIY ME
IHONOUA WVIO0Ud TYNOILYNILO
OIHYNIIS SLHOIN ¥ALYM TINd
AQNLS INJWIONVHNI 398VYHIIH YA/LSIV 000°0SY € OINVYNIOS 3OVdNNd
NISVE ¥3AIY OINOLNY NVS-3dNTvavno "SaLON

MYHD0Hd TYNOLLYHIJO HUM LNIWIONVHNG 30HvHO3Y [l S3UMLONKLLS DNLLSDA HUM IOUVHIIY TvOIHOLSH E]

(SHY3A) 3L

9581 |, SSBL |, bS6L | IS6L , 0SBL |

=] B

=
- R e
e = e =50 B
T £ o it S
.n..wqm‘ﬂ_ 3] = et B
T tEd — i) o
ZHe HE e f=r=g} B
..unw.,.u..u.. ,.“n = %....u.. krpe
g , ] R
ek i e e I
2 sl =3 = s
% Ao 5| : s
] uvw-ﬂﬁ._n = L
ELA e

("A/140V) 31VWILST 3DOHVHO3Y

B B _. E., B, BE.. E. B, E_ g . B E- ., EBE_ B E . E . & @\L. e &



70000 j

60000 S H
50000-1--

40000 _ .....

30000 JJ4

20000 —f HHHH-

WATER AVAILABILITY (ACFT/YR)

10000 *-

- TP e m e e T R R R R R R e R e T T T R PT T T R e e T g opm e mogmm p ae

IRRIGATION RIGHTS = 67,830 ACFT/YR

BR

HDR Engineering, Inc.

TIME (YEARS)

GUADALUPE-SAN ANTONIO RIVER BASIN
RECHARGE ENHANCEMENT STUDY

MEDINA AND DIVERSION LAKE
WATER AVAILABILITY
UNDER IRRIGATION RIGHTS

FIGURE 7-6




I

average times and during severe drought periods. Comparing the Cloptin Crossing
Reservoir with the previously discussed Lower Blanco Reservoir reveals that the Cloptin
Crossing Reservoir could provide 53 percent and 109 percent more recharge enhancement
under average and drought conditions, respectively. However, the conservation storage of
Cloptin Crossing Reservoir (283,400 ac-ft) is eight times that of the Lower Blanco Reservoir
and the assumed diversion rate from Cloptin Crossing for injection to the Edwards Aquifer
was more than four times that assumed for the Lower Blanco Reservoir. More detailed
economic and hydrologic analyses will be necessary to evaluate the relative merits of these
alternative projects.

As indicated in Table 7-3, an additional measure of recharge enhancement could be
obtained through closure of SCS/FRS outlets in the watersheds where SCS/FRS programs
are in place. It is estimated that, on the average, the existing SCS/FRS programs increase
recharge in the Guadalupe - San Antonio River Basin by 12,760 ac-ft/yr (4.0 percent) over
that which would occur naturally. Closure of SCS/FRS outlets in the Salado Creek, Dry
Comal Creek (including the outlet of the additional SCS/FRS included in the Structural
Program), and upper San Marcos River watersheds could contribute an additional 2,650 ac-
ft/yr (0.8 percent) on the average. Further investigation of design assumptions and
regulatory constraints associated with closing or modifying the outlets of existing SCS/FRS

projects is necessary to assess feasibility.
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80 WATER POTENTIALLY AVAILABLE AT SELECTED LOCATIONS

The Guadalupe - San Antonio River Basin Model was used to estimate monthly
quantities of water potentially available at the following locations:

[ ] San Marcos River Below the Blanco River Confluence;

o Guadalupe River Below the Comal River Confluence; and

© Canyon Lake.

Calculations were performed subject to two general scenarios selected to present the
reasonable range of water potentially available during average and drought conditions
without consideration of instream flow and/or estuarine inflow requirements:

Scenario 1: Full utilization of existing water rights based on springflows
resulting from a fixed Edwards Aquifer pumpage rate of
450,000 ac-ft/yr. Water potentially available under this scenario
is comparable to unappropriated flow.

Scenario 2: Utilization of existing water rights to the extent reported in 1988
based on springflows resulting from a fixed Edwards Aquifer
pumpage rate of 250,000 ac-ft/yr. Diversion of water
potentially available under this scenario implicitly assumes that
it would be necessary to purchase existing water rights which
were not used in 1988.

Average quantities of water potentially available which are reported herein are theoretical
maximums and may be subject to significant reductions due to economic, environmental,

structural, and political limitations.
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8.1  San Marcos River

Figure 8-1 presents estimates of water potentially available at the selected location
on the San Marcos River based on diversion rates ranging from 1,000 ac-ft/month (17 cfs)
to 15,000 ac-ft/month (250 cfs). Operating under Scenario 1 with a 6,000 ac-ft/month (100
cfs) diversion rate, for example, a long-term average of approximately 5,000 ac-ft/month
(60,000 ac-ft/yr) and a drought average of approximately 2,750 ac-ft/month (33,000 ac-ft/yr)
might be available. While increased quantities of water potentially available could be
obtained under Scenario 2 or by increasing diversion rate, Figure 8-1 reveals that availability
does not increase uniformly with diversion rate and does, in fact, begin to approach a
maximum. Furthermore, it is important to note that there would be no water available at
this location under either scenario approximately 13 percent and 45 percent of the time
subject to average and drought conditions, respectively. Monthly summaries of theoretical
maximum quantities of water potentially available under Scenarios 1 and 2 are included in

Appendix K (Volume III).

82  Guadalupe River

Figure 8-2 presents estimates of water potentially available on the Guadalupe River
below the Comal River confluence based on diversion rates ranging from 1,000 ac-ft/month
(17 cfs) to 15,000 ac-ft/month (250 cfs). Operating under Scenario 1 with a 6,000 ac-
ft/month (100 cfs) diversion rate, a long-term average of only about 1,250 ac-ft/month
(15,000 ac-ft/yr) and a drought average of only about 250 ac-ft/month (3,000 ac-ft/yr) might

be available. Under this scenario, no water would be available at the selected location

8-2
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between 78 percent and 95 percent of the time subject to average and drought conditions,
respectively. For the same diversion rate under Scenario 2, however, about 5,500 ac-
ft/month (66,000 ac-ft/yr) and 3,900 ac-ft/month (46,800 ac-ft/yr) might be available subject
to average and drought conditions, respectively. Under Scenario 2, no water would be
available at the selected location between 12 percent and 44 percent of the time subject to
average and drought conditions, respectively. Estimates of water potentially available in the
Guadalupe River are significantly more sensitive to assumptions regarding Edwards Aquifer
pumpage/springflow and water rights utilization than are those for the San Marcos River.
Monthly summaries of theoretical maximum quantities of water potentially available under

Scenarios 1 and 2 are included in Appendix K (Volume III).

83 Canyon Lake

Development of estimates of water potentially available (unutilized firm yield) from
Canyon Lake was substantially more complex than the estimation of water potentially
available at selected stream locations. The added complexity is attributable to the
complicated relationship between the firm yield of Canyon Lake and Edwards Aquifer
pumpage and resulting springflows, subordination of hydroelectric rights, and losses in
delivery of inflows passed through or storage released from Canyon Lake in fulfillment of
downstream obligations. For the purposes of this study, utilization of Canyon yield is
comprised of releases and direct diversions from the lake and is defined to be the difference
between the volume necessary to meet senior water rights and the volume necessary to meet
both senior water rights and contractual obligations. The GSA Model does not make
reIeasés from Canyon Lake storage to meet senior downstream water rights. Water
potentially available or unutilized ﬁrm yield is, for purposes of this study, defined to be the

| 8-5



annual difference between firm yield and utilization.

A previous study (Ref. 7) sponsored by the Guadalupe - Blanco River Authority
(GBRA) indicates that the firm yield based on historical springflows, full water rights, and
subordination of GBRA hydroelectric rights to 600 cfs is about 50,000 ac-ft/yr which is
consistent with the permitted annual diversion from Canyon Lake. Operating under
Scenario 1 and meeting all current contractual obligations (with the exception of make-up
water for Coleto Creek Reservoir which was delivered as needed), utilization of Canyon firm
yield was estimated to average approximately 30,500 ac-ft/yr with a maximum utilization of
about 47,900 ac-ft in 1956 and a typical utilization of about 28,200 ac-ft/yr when no releases
for Coleto Creek Reservoir were necessary. Hence, an average of approximately 19,500
ac-ft/yr is potentially available at Canyon Lake under the existing diversion right of 50,000
ac-ft/yr. Comparing contractual obligations which total about 25,000 ac-ft/yr (excluding
Central Power & Light at Coleto Creek Reservoir) with the typical utilization of 28,200 ac-
ft/yr indicates that, on the average, about 3,200 ac-ft/yr or 11 percent is lost in delivery.
In the event of further subordination of GBRA hydroelectric rights, the firm yield of Canyon
Lake would increase and additional quantities of water from Canyon Lake could become

available.
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1)

2)

3)

4)

5)

CONCLUSIONS

Significant study findings and conclusions are as follows:

The potential for recharge enhancement estimated in this report is a theoretical
maximum and, on more detailed review, will likely be subject to significant reductions
due to economic, environmental, structural, and political limitations. When analyzed
as a part of a total regional water resources program, there may be other types of
water resource projects which provide greater benefits than some of the projects
identified in this report.

Recharge of the Edwards Aquifer in the Guadalupe - San Antonio River Basin may
be increased by an average of about 123,000 ac-ft/yr if all Structural and Operational
projects identified in this report (with the exception of the Lower Blanco Reservoir)
are implemented and all water rights are honored. This represents an increase of
about 38.5 percent in the historical average recharge. Recharge during the 10-year
drought period from 1947 through 1956 could be increased by about 66,300 ac-ft/yr
or 43.3 percent of the historical average during this period.

If the Structural and Operational programs identified (with the exception of the
Lower Blanco Reservoir) are fully implemented, inflows to the Guadalupe Estuary
could be reduced by an average of about 53,200 ac-ft/yr. The construction of only
the Structural Program (which includes the Lower Blanco Reservoir and excludes the
Cloptin Crossing Reservoir) could reduce inflows by about 31,000 ac-ft/yr. These
figures represent between 3.4 and 2.0 percent of the average annual flow of the
Guadalupe and San Antonio Rivers into the Guadalupe Estuary. Note that these
average estuarine inflow reductions do not reflect potential increases in return flow
and/or springflow associated with recharge enhancement.

Estimates of recharge enhancement associated with the structural and operational
programs are not very sensitive to the various aquifer pumpage /springflow scenarios
or to the degree of water rights utilization. Recharge enhancement is typically
limited by the volume of runoff reaching each site and the physical capability to
impound and recharge that runoff.

Potentially significant quantities of water may be available in the San Marcos River
below the Blanco River confluence, in the Guadalupe River below the Comal River
confluence, and in Canyon Lake for recharge enhancement or other uses.
Theoretical maximum quantities of water available have been presented in this report
for a range of assumptions as to Edwards Aquifer pumpage/springflow and
utilization of existing water rights. As water is not available at these locations in
each and every month, storage would be required to sustain a firm supply.



6) Methods used in this study to calculate historical recharge to the Edwards Aquifer
result in estimates that differ from previous estimates by the USGS. In particular,
there are significant differences at Medina Lake and Diversion Lake (HDR estimates
are lower), the area between the Medina River and Cibolo Creek (HDR estimates
are higher), and the upper San Marcos River watershed (HDR estimates are higher).
In addition, the methods used in this study show that significant recharge does occur
in the Guadalupe River Basin where previous estimates by the USGS do not
consider recharge in this basin.
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10.0 RECOMMENDATIONS

The findings of this study indicate that recharge to the Edwards Aquifer may be

substantially enhanced by the construction of additional recharge structures and/or changes

in existing operational and institutional constraints. In order to determine whether these

projects and/or operational changes are truly feasible and to quantify potential benefits to

well yields and springflows, the following additional work is recommended:

1)

2)

3)

4)

5)

Information developed in this study should be analyzed as a part of a total regional
water resources program which compares the relative merits of recharge
enhancement to other water supply options. After the role of recharge is determined
in the regional water resources planning effort, selected recharge projects should be
carried forward for additional detailed study.

The Texas Water Development Board model of the Edwards Aquifer should be
recalibrated using the recharge values developed in this study and used to evaluate
the various recharge options under consideration for the Nueces and Guadalupe -
San Antonio River Basins to determine benefits to well yields and springflows.

Significant numbers of additional streamgages and raingages should be added to the
hydrologic data collection network to more accurately calculate recharge in ungaged
areas and to significantly improve the accuracy of recharge estimates in areas directly
over the recharge zone. A state-of-the-art recharge calculation methodology for the
Edwards Aquifer should be developed which utilizes the additional streamgages and
raingages and incorporates appropriate elements of the USGS and HDR procedures.
It is expected that consideration of these state-of-the-art recharge estimates will result
in significant improvement in aquifer model calibration.

The TWDB Edwards Aquifer model and the surface water/recharge models of the
Nueces and Guadalupe - San Antonio River Basins should be combined into one
model to fully evaluate recharge enhancement options and to aid in the evaluation
of various aquifer and surface water management alternatives.

Benefit/cost analyses of recharge projects (and/or operational changes) should be
performed in detailed studies considering economic, environmental, geological,
institutional, and structural feasibility of individual projects as well as combinations
of projects.
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6)

Special hydrologic studies addressing the following specific items should be
undertaken in support of improved recharge estimates:

Field studies of Medina Lake and Diversion Lake to better understand and
define relationships between reservoir levels and recharge and leakage rates;

Field studies of water exchange rates between the Edwards Aquifer and the
Guadalupe River downstream of Canyon Lake over a range of aquifer water
levels;

Refinement of firm yield estimates for Canyon Lake to include consideration .
of water delivery losses in conjunction with Edwards Aquifer
pumpage/springflow scenarios and potential subordination of hydroelectric

rights;

Consideration of new geologic mapping of Bexar, Comal, and Hays Counties
nearing completion by the USGS which should result in improved recharge
zone definition and more accurate recharge basin drainage areas; and

Investigation of the possibility of calculating historical total daily flow
estimates (including flows which are not springflows) for the USGS San
Marcos River springflow gage to provide more accurate historical recharge
estimates for the upper San Marcos River watershed. This is similar to the
procedure used at the USGS Comal River gage.
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INTENSIVE SURVEY
OF
MARTINEZ CREEK

INTRODUCTION

DIRECTIVE

This intensive survey was accomplished in accordance with the
Texas Water Quality Act, Section 21.257, as amended in 1973.
The report is to be used in developing and maintaining the
State Water Quality Strategy required by regulations published
in 40 CFR 35.1511-2 pursuant to Section 303(e) of the Federal
Clean Water Act of 1977.

PURPOSE

The purpose of this intensive survey was to provide the Texas
Department of Water Resources with a valid information source:

1. to determine quantitative cause and effect rela-
tionships of water quality;

2. to obtain data for updating water quality management
plans, setting effluent Timits, and, where anpropriate,
verifying the classifications of segments;

3. to set priorities for establishing or improving
pollution controls; and

4. to determine anv additional water quality management
actions required.
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SUMMARY

Martinez Creek originates in North-Central Bexar County and flows
eastward to discharge into Cibolo Creek at the Bexar-Guadalupe
County line. Stream flow is low and intermittent in the upper
reaches and is in fact contained by a Soil Conservation Service
flood control dam across the stream about 15 stream miles upstream
of the Cibolo Creek confluence. Only a trickle of water passes
through the dam so flow in the Tower reaches essentially originates
with the discharge from the San Antonio River Authority Martinez
Creek Sewage Treatment Plant located immediately downstream of the
dam. Martinez Creek is quite deep at the point of discharge and
stream velocity is very Tow. A manmade pond approximately one
surface acre in size located a short distance downstream of the
plant, further impedes stream flow. Downstream of this pond the
creek is narrow and shallow and velocity is much higher. Two main
tributaries, Salatrillo Creek and Woman Hollow Creek merge with
Martinez Creek before it discharges into Cibolo Creek.

Two water quality surveys were conducted on Martinez Creek in 1979.
The first was conducted on November 27 and the second on December 17.
Both surveys included diurnal field measurements of dissolved oxygen,
pH, temperature and conductivity and chemical analysis of water
samples collected at the sewage treatment plant discharge (Station 1),
upstream of the discharge (Station A), seven locations downstream of
the discharge (Stations B-H) and at the two tributary streams
(Stations I and J). Twelve-hour composite samples were collected

at all stations except Stations I and J where a single grab sample
was collected at each. Grab samples were also collected at 3-hour
intervals at Stations 1, B and E in addition to the 12-hour
composite. A time-of-travel study from the treatment plant out-

fall to a point approximately 4 miles downstream was conducted
during the November survey.

Field data did not indicate any significant water quality problems
in Martinez Creek. Dissolved oxygen levels immediately downstream
of the treatment plant discharge (Station B) were somewhat lower
than other stations but all measurements were greater than 5.0 mg/1.
The greatest range of dissolved oxygen levels over a diurnal period
was found at Station E on both surveys 6.4 mg/1 to 11.3 mg/1 on
the first survey and 9.7 mg/1 to 14.8 mg/1 on the second. The
diurnal range of dissolved oxygen levels at the other stations

was generally less than 3.0 mg/1. Dissolved oxygen levels in the
treatment plant effluent ranged from 2.6 mg/1 to 3.6 mg/1 except

for one measurement of 4.5 mg/1 occurring at 0600 hours on November 27.

Laboratory analyses indicated ammonia nitrogen levels in the discharge

exceeded detectable Tevels of 0.02 mg/1 on three occasions when levels

of 0.18 mg/1, 0.63 mg/1 and 0.13 mg/1 were observed. Nitrate nitrogen
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levels in the effluent averaged 4.4 mg/1 on the first survey and
10.9 mg/1 on the second. Nitrite nitrogen was almost undetectable
with no measurements exceeding 0.01 mg/1. Ortho-phosphorus levels
on both surveys ranged from 8.99 mg/1 to 10.06 mg/1 and total phos-
phorus ranged from 9.22 mg/1 to 10.14 mg/1. Five day BOD levels in
the effluent were generally less than 5 mg/1; total suspended solids
were less than 10 mg/1 on the first survey, and ranged between 11
and 12 mg/1 on the second. '

Ammonia nitrogen levels downstream of the treatment plant averaged
slightly higher than levels found in the effluent, 0.19 mg/1 on

the first survey and 0.34 mg/1 on the second. Nitrate nitrogen
Tevels remained relatively constant at downstream stations, averaging
about 3.0 mg/1 with the exception of high readings, 7.25 to 8.43 mq/1,
found at Station B on the December survey. Ortho-phosphorus and

total phosphorus showed 1ittle change from station-to-station on
gither survey.

Stream flow was constant on both surveys. Essentially flow originated
with the treatment plant discharge of 1.5 cfs. Tributary inflow was
somewhat less during the December survey, 3.08 cfs in December vs.
4.56 cfs in November but total discharge at the most downstream sta-
tion was virtually the same, 5.88 cfs in November and 5.90 cfs in
December.



CONCLUSIONS

No water quality problems were identified as a result of the two
surveys. The Martinez Creek sewage treatment piant is currently
producing a good quality effluent which does not appear to down-
grade Martinez Creek. A1l parameters tested were well within the
1imit suggested in the General Criteria for surface waters described
in the Texas Surface Water Quality Standards. Since Martinez Creek
flows through rangeland utilized for grazing, the occasional higher
than average levels of suspended solids and ammonia nitrogen observed
are undoubtedly the result of Tivestock activities. The general
appearance of the creek is good with clean water, no excessive algae
growth or objectional odors. Local residents indicated that fishing
was excellent in the deeper pools of the creek . These fine water
quality conditions are likely to persist providing the treatment
Tevels at the Martinez Creek Sewage Treatment Plan are maintained.

The data collected on this survey will be utilized by the TDWR,
through mathematical modeling processes, to specifically evaluate
treatment levels for the San Antonio River Authority's Martinez
Creek STP.
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METHODS

Field and Taboratory procedures used during this survey are
described in Appendix A. The data were collected November 27

and December 17, 1979 by the Texas Department of Water Resources
Water Quality Assessment Unit personnel. Laboratory analyses

of water samples were conducted by the Texas Department of

Health water chemistry laboratory in Austin, Texas. Parametric
coverages, sampling frequencies and spatial relationships of
sampling stations are consistent with the objective of the survey
and with known or suspected forms and variability of pollutants
entering the stream.
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Table 1
Station Descriptions

Station

No. Description
1 SARA Martinez Creek STP discharge
A Martinez Creek at private road crossing just up-
stream of discharge
B Martinez Creek at Benz-Engleman Road
C Martinez Creek at private road downstream of
small pond
D Martinez Creek at I-10
E Martinez Creek at FM 1516
F Martinez Creek at Shuwirth Road
G Martinez Creek at FM 1518
H Martinez Creek at Gable Road
1 Salatrillo Creek at FM 1518
J Woman Hollow Creek at Gable Road
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Table 2
Hydrological Data

Flow Measurements
11/26 & 27/79

if Station Date Time Method Flow {cfs)
4 1 11/26/79 24 hr. ave. | Recording Flow Meter 1.546
1 c 11/26/79 1330 Electronic Flow Meter 2.126
: D 11/27/79 1230 Electronic Flow Meter 1.551
3 g 11/27/79 1700 Electronic Flow Meter 1.517
3 F 11/26/79 1655 PM 2.538
2 6 11/26/79 1525 PM 2.612
5 H 11/26/79 1410 PM 5.881
: I 11/26/79 1551 M 3.325
: J 11/27/79 1610 Electronic Flow Meter 1.232
|

Flow Measurements
12/16 & 17/79

TEXAS DEPT OF WATER RESOURCES
AUSTIN, TEXAS

Station Date Time Method Flow (cfs)

% 1 12/16/79 24 hr. ave. Recording Flow Meter 1.52
g c 12/17/79 1318 Electronic Flow Meter 2.430
; D 12/17/79 1340 Electronic Flow Meter 2.133
: E 12/17/79 1430 Electronic Flow Meter 1.999
| i 12/17/79 1450 Electronic Flow Meter 2.69
% 6 12/17/79 1335 P 1.807
: H 12/17/79 1235 PM 5.902
: I 12/17/79 1400 PM 2.185
% J 12/18/79 1220 Electronic Flow Meter 0.895
§ ) LIBRARY
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Table

2 (Cont.)

Hydrological Data

Cross-section Data

. R Xx-width x-depth
Station Location (ft.) (ft.)
A Upstream of discharqe 26.6 --
B Between discharge and Station B 22.6 --
Between B and small pond 19.0 --
Small pond T02..3 --
C Upstream of Station C 13.4 5.2
Downstream of Station C 6.9 1.5
D Upstream of Station D
Downstream of Station D 10.7 1.2
E Upstream of Station E 4.9 --
Downstream of Station E 26.2 3.2
Time-of-Travel
Distance Time Velocity
Fram To (ft.) (min.) | (ft./sec.)
STP Discharge Station B 1100 288 0.07
Station B Qutlet of Small Pond 1000 £35 0.06
Outlet Station C 750 48 0.26
Station C Station D 4000 260 0.26
Station C Between Station E 16000 1245 0:22
and F
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Table 3-A
Field Measurements
11/27/79
Dissolved Chlorine
| station Oxygen Residual | Temp. Conductivity Alkalinity
NG. Time mg/1 mej/ 1 or pH umhos/cm P-Alk T-Alk
1 0600 4.5 7.9 20.0 | 6.85 1000 0 205
0%00 3.4 5.0 19.5 { 7.0 1100 == 5
1200 3.4 52 19.0 | 6.75 1090 i ==
1450 3.0 3.0 20.0 ) 6.9 1100 = ==
1740 2.6 3.7 20.5 | 7.0 1000 -- --
A 1135 9.5 -- 15.0}) 7.7 590 e il
B 0705 5.7 0.6 18.0( 7.25 1000 - ==
0915 5.7 0.6 18.5( 7.0 1100 = ¥
1210 7.3 1.0 19.2 | 6.5 . 1000 0 183
1505 9.1 0.5 20.0 | 6.7 1000 L =
1755 8.8 0.5 20.0 | 6.4 1020 ~= --
C 0645 6.8 0.4 16.0 | 7.4 1000 T =5
0930 8.1 0.25 16.5 | 7.4 1050 e e
1230 9.3 0.3 18.5 | 7.3 1000 0 206
1520 8.8 0.25 19.5 | 7.5 1000 = “E
1810 7.4 0.3 20.0 1 7.5 1000 - Foe
D 0720 6.2 0.15 15.0| 7.6 1020 -= --
0950 6.6 0.15 15.5 | 7.4 1020 =< e
1250 8.4 0.15 18.0 | 7.7 1000 0 210
1545 8.0 0.15 20.5 | 7.7 1000 - =
1820 8.6 0.20 19.5 | 7.7 1050 - ==
E 0735 6.4 0.15 13.5 | 8.0 1100 == =
1005 7.0 0.10 14.0} 7.4 1050 0 210
1300 8.5 0.05 15.8 | 7.6 1000 == m
1600 9.8 -- 18.0 | 7.8 1000 -- --
1830 11.3 =i 18.0 { B.0 1050 e --
F 0700 9.7 - 12.1 8.1 770 — --
1030 10.0 - 13.2 | 8.2 763 == =n
1255 10.5 - 16.0 | 8.2 810 --= ]
1600 10.2 - 17.5 | 8.05 815 == i
1830 9.9 - 15.5 | 8.15 795 s L
G 0635 8.9 -< 12.0 ] 8.1 800 e ==
0946 11.2 == 12.6 | 8.0 779 -- ==
; 1225 11:5 - 13.9 | 8.0. 788 0 196
ui . 1545 11.4 - 16.0 | 8.1 810 g ™
H 0605 9.1 s 4 11.8 | 8.1 940 == =
% | 0926 9.4 -~ " 11.8 | 8.1 870 s --
' 1200 9.3 - 12.5 | 8.0 910 0 200
. 1526 . 9.6 -- 13.2 | 7.95 929 == =3
1755 9.9 = 13.9 | 8.0 908 = e




Table 3-A (Cont.)

IFicld Measurements

11/27/79

Dissolved Chlorine
Station Oxygen Residual Temp - Conductivity Alkalinity
No. Time mg/ 1. my/ 1 %¢ Pl umhins/cm r-Alk T-Alk

1000

8.4 o

13.0

8.3

990

5.0

214

1435

10.2 e

e

15.0

7.95

12

610

0

188

s |




Table 3-B
Field Measurements

12/17/79
Dissolved Chlorine
|station Oxygen Residual Temp . Conductivity Alkalinity
" No. Time mg/1 my/ 1 e pll umhos /cm P-Alk T-Alk
1 0610 2.6 4.5 15.0 | 6.8 1200 - --
0900 3.6 9.2 14.5 6.7 1050 0 166
1200 3.65 2.8 15.0 | 7.0 1120 —-— ==
1450 3.2 1.8 15.5 7.1 ——— 0 164
3 1750 3.1 8.4 15.5 6.7 1150 - --
e
A 1145 15.4 -- 7.0 7.6 -- 0 132
B 0625 7.3 2.4 11.7 7.2 1050 o -
0907 7.4 2.0 11.5 7.3 1000 0 184
1210 8.0 0.8 13.2 7.0 1100 s ==
1505 8.7 0.8 14.5 6.8 ——— 0 188
1740 8.7 1.3 14.0 6.0 1000 -- --
C 0640 8.85 0 8.0 | 7.65 1000 -- -
0920 10.0 0 9.5 7.4 940 0 192
1220 10.7 0 12.0 | 7.5 1000 - e
1515 10.1 0 13.5 7.5 -— 0 194
1730 9.2 0 11.5 7.45 1000 -- -
D 0655 9.85 0 75 7.8 920 s ==
0940 10.8 0 7.0 7.2 Q00 0 188
1235 12.2 0 10.8 7.55 1050 -- --
1535 11.4 0 13.5 | 7.9 -- 0 196
1800 10.2 0 12.0 7.6 1000 - ==
E 0705 9.7 0 6.0 | 7-65 910 - --
0950 10.7 0 6.0 7.3 880 0 200
1245 12.8 0 8.0 7.6 1000 - -
1550 14.8 0 10.0 | 7.8 950 0 208
1815 14.8 0 10.0 | 8.1 950 -— i
F 0700 11.0 -- 5.7 8.0 725 - -
0930 11.3 -- 5.8 7.85 715 0 198
1320 11.9 -- 8.3 8.0 730 -- -
1540 12.1 - 10.0| 8.2 745 0 186
1806 11.6 - 8.6 8.15 720 b B=
G 0645 10.6 -- 5.9 8.0 755 e =
: 0915 10.9 -— 5.5 7.9 750 0 206
‘ 1250 12.5 -- 7.3 8.1 770 - -
‘ 1225 13.4 - 8.6 8.3 775 0 196
a 1750 12.6 - 9.0{ 8.3 758 - -
i
i e - = R heene e
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Table 3-B (Cont.)
Field Measurements

12/17/79
Dissolved Chlorine
Station nxXygen Resjdual | Temp. Conductivity Alkalinity
Nc:)-. Time mg/1 my/ 1 oc P umhos/cm pP-Alk T-Alk

H 0615 10.7 - 6.1 7.8 855 - --
0853 10.4 - 6.2 7.7 850 0 208

1200 10.7 i 6.5 7.8 870 - o
1500 1.1 -- 7.2 7.8 880 0 210

1735 11.4 == 7.5 7.8 885 i &=
1 1300 12.3 = 7.0 7.8 940 0 226
J 1235 10.9 -- 6.9 7.9 595 0 202
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Laboratory Water Analyses

Table 4-n

11/27/79
Station No. 1 1 1 1 1 1_
, . 0600 0900 1200 1450 1740
o liparanictar i Comp. Grab Grab Grab Grab Grab
“lpH 7. 7.2 7.4 7.3 7.3 7.4
;é:onductivity 1043 1014 1022 1038 1057 1026
_"iesidue, Total Filterable 570 540 560 580 570 570
" |Total Suspended Solids <10 <10 < 10 < 10 <10 < 10
. :f:\.’olatile Suspended Solids | < 10 <10 <10 <10 < 10 < 10
|ammonia Nitrogen 0.07 < 0.02 0.02 < 0.02 0.18 0.63
Nitrite Nitrogen < 0.0l < 0.01 < 0.01 < 0.0l 0.01 0.01
INitrate Nitrogen 4.45 0.15 4.67 6.98 5.35 4.85
Kjeldahl Nitrogen 1.74 1.43 2.27 1.81 1.81 2.15
Total Phosphorus 9.62 10.14 9.85 9.47 9.35 9.22
orthophosphorus 9.46 10.06 9.79 9.46 9.31 8.99
Chloride 104 104 95 10.5 106 104
Sulfate 95 96 95 94 96 95
e e L L b ! :
BOD - -- - s - -
BODg, (N-Supp., filtered) 4.0 3.0 4.5 2.5 BB 2.5
BOD,g, (N-Supp.) 8.5 8.0 9.0 6.0 6.5 6.5
BCDsg, (N-Supp., filtered) 7.5 7.0 6.0 4.5 6.5 5.5
BOD,, (N-Supp.) 1.5 - - - - -
BOD;, (N-Supp.) 3.0 o e - - -
BOD3, (N=Supp.) 4.5 - - - - ~—
BOD4, (N-Supp.) 5.0 - . o - s
BOD5, (N-Supp.) 5.0 4.0 5.5 3.0 3.5 3.5
BODg, (N-Supp.) 5.5 - - - - =
H BCD7, (N-Supp.) 5.5 - -— - - s
Chlorophyll a | < 0.02 < 0.002 < 0.002 < 0.002 < 0.002 < 0.002
! |Pehophytin a < 0.02 < 0.002 < 0.002 < 0.002 < 0.002 < 0.002
: 15
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Table 4-A (Cont.)
Laboratory Water Analyses

i

s oea sy

e

11/29/79
Station No. | A B B B B B

o 1135 0705 0915 1210 1505
Parameter Grab Comp Grab Grab Grab Grab
pH 8.0 7.6 7.6 7.6 7.4 7.5
Conductivity 540 9.66 978 978 960 972
Residue, Total Filterable 326 5.20 550 540 500 530
Total Suspended Sclids 31 < 10 < 10 <10 <10 <1lo
Volatile Suspended Solids 1.0 < 10 < 10 < 10 < 10 < 10
Ammonia Nitrogen 0.19 0.10 0.16 0.20 0.18 0.17
i:Nitrite Nitrogen 0.02 0.01 0.01 0.01 < 0.01 < 0.01
{Nitrate Nitrogen 0.12 1.64 0.37 0.31 0198 2.87
Kjeldahl Nitrogen 0.84 3.42 3.55 32.20 3.07 2.62
Total Phospherus 0.11 8.94 9.28 9.34 8.82 8.72
orthophosphorus 0.04 8.59 8.77 8.96 8.46 8.57
Chloride 25 90 a0 89 89 89
Sulfate 26 94 95 a5 93 23
Tc.();cixitce)iggr)uc Carbon 5 6 7 7 6 5
BODg - — - et — -
BODs, (N-Supp., filtered) 1.0 4.0 3.0 3.0 3.0 3.0
BODp, (N-Supp.) 4.0 7.0 9.5 7.0 8.0 6.5
BOD5p, (N-Supp., filtered) 2.0 6.5 6.5 6.0 6.5 6.5
BOD;, (N-Supp.) < 0.5 1.0 = - -
BOD;, (N-Supp. ) 0.5 1.5 - e = ==
BOD3, (N-Supp.) 1.0 2.5 e == - b
BOD4, (N-Supp.) 1.5 3.5 - bk == -
BODg, (N-Supp.) 125 3.5 4.5 3.0 3.5 3.0
BODg, (N-Supy. ) 2.0 4.0 bt = -
BOD7, (N-Supp.) 2.0 4.5 - — = -
Chlorophyll a < 0.002 0.003 0.003 0.003 < 0.002 < 0.002
Pehophytin a < 0.002 | < 0.002 | <o0.002 | < 0.002 0.013 | < 0.002
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Table 4~A (Cont.)
Laboratory Water Apalyses

11/29/79
Station No. B C D E E E
- —— 1755 0735 1005
|parameter Grab Comp Comp Comp Grab Grab
iég 7.6 7.7 7.9 7.9 7.9 7.9
" |conductivity 284 984 990 996 1014 1002
Residue, Total Filterable 540 550 550 570 560 560
{Total Suspended Solids <10 <10 32 27 37 37
-ﬁplatile Suspended Solids < 10 < 10 7 4 11 7
|ammonia Nitrogen 0.07 0.52 0.38 0.25 0.23 0.27
‘[Nitrite Nitrogen 0.01 0.15 0.24 0.15 0.15 0.16
|Nitrate Nitrogen 3.87 1.33 1.62 2,33 2.60 2.56
~'|kjeldahl Nitrogen 3.42 3.74 2.56 1.58 1.93 1.43
. |Total Phosphorus 8.42 9.20 9.20 9.16 9.45 9.49
~|orthophosphorus 8.29 8.88 8.73 9.10 9.22 9.30
Jchloride 01 92 94 98 98 98
|sulfate 92 92 92 92 91 91
TT;?itginglC Carbon 6 6 6 5 7 7
BODg - - - — - -
BOD5, (N-Supp., filtered) 3.0 1.5 1.0 1.0 1.0 1.0
BODjg, (N-Supp.) 6.5 5.0 6.0 5.5 5.0 5.5
BOD,q, (N-Supp., filtered) 3.5 4.0 2.5 3.5 3.5
BOD;, (N-Supp.) -- <0.5 < 0.5 < 0.5 — -
BOD5, (N-Supp.) -- 0.5 1.0 1.0 i -
BED3, (N-Supp.) - 1.0 155 1.5 - i
BOD4, (N-Supp.) - 1.5 2.0 1.5 - -~
BODg, (N-Supp.) 3.0 2.0 2.5 2.0 2.0 2.0
BODg, (N--Supp.) - 2.0 3.0 2.0 e g
BOD7, (N-Supp.) s 2.5 3.0 2.5 - -
Chlorophyll a 0.002 0.003 0.004 0.004 0.007 0.006
Pehophytin a < 0.002 0.002 < 0.002 < 0.002 0.004 0.005
17



Table 4-A (Cont.)
Laboratory Water Analyses
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11/29/79
Station No. E E E F G H
Time 1300 1600 1830 - == i
Parameter Grab Grab Grab Comp Comp Comp
pH .7.9 8.0 8.1 8.1 8.0 7.8
Conductivity 1002 1002 1002 996 1002 1155
Residue, Total Filterable 550 550 560 540 560 620
Total Suspended Solids 35 22 29 106 18 14
yolatile Suspended Solids 6 6 7 73 2 9
Ammonia Nitrogen 0.27 0.26 0.26 D.03 < 0.02 0.04
Nitrite Nitrogen 0.15 0.14 0.12 0.02 0.02 0.04
Nitrate Nitrogen 2.20 2.16 2.06 2.65 4.72 2.65
Kjeldahl Nitrogen 1.66 1.47 3.17 1.89 1.41 1.64
Total Phosphorus 9.43 29.07 8.78 8.86 8.25 3.10
orthophosphorus 9.26 8.99 8.70 8.64 8.05 3.07
Chloride 97 96 98 101 104 137
Sulfate 92 93 93 89 9l 110
T?;?itZEEZ?JC Carbon 9 6 6 5 6 6
BODg -- - -- -- -- --
BODg, (N-Supp., filtered) & 1.0 1.0 1.0 1.0
BOD,g, (N-Supp-) 5.0 3.5 4.5 4.0
BODsg, (N-Supp.. filtered) 2.0 3.0 3.0
BODq , (N-Supp.) - - - < 0.5 < 0.5 0.5
BCD >, (N~Supp.) —— - - ¢ 0.5 0.5 1.0
BOD3, (N=Supp. ) = - - 0.5 1.0 1.0
BODg, (N-Supp.) - -— - 1.0 1.5 1.5
BODg5, (N=-Supp.) 2.0 2.5 2.0 1.0 1.5 1.5
BODg, (N-Supp.) = - = 1.0 1.5 20
BOD7, (N-Supp.) - -- -— 1.0 2.0 2.0
Chlorophyll a 0.006 0.005 0.004 0.009 0.006 0.008
Pehophytin a 0.002 < 0.002 0.005 < 0.002 < 0.002 0.004
18




Table 4-A (Cont.)
Laboratory Water Analyses

11/29/79
Station No. I J
Time 1000 1435
arameter Grab Grab
" 8.3 8.1
ronductivity 1350 710
Residue, Tétal Filterable 740 388
tal Suspended Solids 90 10
jatile Suspended Solids 19 10
nonia Nitrogen 0.002 0.04
trite Nitrogen 0.12 < 0.01
trate Nitrogen 6.04 0.09
jeldahl Nitrogen 1.70 0.30
ﬁtal Phosphorus 1.73 0.04
thophosphorus 1.42 0.02
oride 167 55
Lfate 123 55
6t§l Organic Carbon g 3
iltered)
2.0 2.5
11.0 2.5
4.5 1.5
(N-Supp. ) 1.0 < 0.5
(N-Supp. ) 2.0 < 0.5
(N-Supp. ) 3.0 < 0.5
(N-Supp.) 3.5 0.5
(N-Supp. ) 4.0 0.5
) {(N-Supp. ) 4.5 0.5
0D, (N-Supp.) 6.0 1.0
Chlorophyll a 0.032 0.002
ehophytin a 0.008 < 0.002
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Table 4-B
Laboratory Water Analyses

12/18/79
Station No. 1 1 1 1 1 1
. 0610 09200 1200 1450 1750
Parameter Taoe Comp Gfab Grab Grab Grab Grab
pH 7.2 7.1 7.0 7.8 7.2 Tuid
Conductivity 1078 1071 1065 1078 1085 1092
Residue, Total Filterable 580 620 590 600 610 610
Total Suspended Solids 12 12 10 11 11 12
Volatile Suspended Solids 6 7 10 7 5 4
Ammonia Nitrogen < 0.02 < 0.02 < 0.02 .13 < 0.02 < 0.02
Nitrite Nitrogen < 0.02 < 0.02 < 0.0;'2 < 0.02 < 0.02 < 0.02
Nitrate Nitrogen 10.92 9.91 10.75 10.02 11.31 12.38
Kjeldahl Hitrogen 1.0 0.9 1.0 1.1 1.0 0.9
Total Phosphorus 9.83 2.95 10.04 9.91 9.72 9.72
Orthophosphorus 9.41 9.46 9.52 9.41 9.41 2.41
Chloride 111 110 114 105 109 118
Sulfate 924 113 95 97 95 95
Total Organic Carbon
(filtered) 5 7 ? - 2 &
BODg -- - - - - -
BODs, (N-Supp., filtered) 3.0 3.0 3.0 2.5
BOD3p, (N-Supp.) 10.0 6.0 7.0 -5 6.5 6.0
BOD,g, (N-Supp., filtered) 5.0 5.0 6.5 5.5 5.0 5.0
BOD;, (N-Supp.) < 0.5 - - - 5 e
BOD5, (N-Supp.) 1.0 -— - iz —_ —
BOD3, (N-Supp.) 2.0 - - -- - -
BODg, (N-Supp.) 3.0 -- - — == _—
BOD5, (N-Supp.) 3.0 3.0 3.5 3.0 3.0 2.5
BODg, (N-5Supp.) Fb - — i o _—
BOD7, (N-Supp.) 4.0 - - = R s
Chlorophyll a < 0.002 < 0.002 < 0.002 < 0.002 < 0.002 < 0.002
Pehophytin a < 0.002 < 0.002 < 0.002 < 0.002 < 0.002 < 0.002
20




Table 4-B (Cont.)
Laboratory Water Analyses :
12/18/79 E

Station No. A B B B B B ;
Time 1145 0625 0907 1210 1505 i
Parameter Grab Comp Grab Grab Grab Grab |
pH 8.0 7.5 7.5 7.5 7.3 7.5 i
Conductivity 556 984 984 590 972 566 E
Residue, Total Filterable 322 550 570 550 530 550 i
Total Suspended Solids 23 02 21 18 11 11 |
Volatile Suspended Solids 8 -8 10 9 5 6
Ammonia Nitrogen 0.19 0.24 0.43 0.40 0.08 0.16
Nitrite Nitrogen 0.02 0.02 0.02 0.02 < 0.02 0.02
Nitrate Nitrogen 0.18 7.82 7.25 7.36 8.43 7.85
Kjeldahl Nitrogen 1.1 1.2 1.5 1.4 1.1 1.1
Total Phosphorus 0.09 8.46 8.95 8.6l B.62 8.36
Orthophosphorus 0.04 7.84 8.40 8.34 8.29 8.06
Chloride 25 91 9l 90 94 89
Sulfate 81 94 96 94 92 92 i
|
I(:Eaiitgigzr)uc. Carbon 7 5 7 6 6 6
BODg e - - - -- -~
BODs, (N~Supp., filtered) 1.0 3.0 3.0 3.0 3.0 5.0
BODjq, (N-Supp.) ' 4.0 12.0 14.5 7.5 5.5 5.0 ' :
BOD5, (N-Supp., filtered) 2.5 6.0 12.5 5.0 5.5 4.5 |
BODy, (N-Supp.) o 05 - - - — }
BOD;, (N-Supp.) - L.5 e e == - t
BOD3, (N-Supg.) = 2.0 — - p— o i
BODy, (N-Supp.) = 3.0 - == - -
BOD5, (N-Supp.) 2.0 3.0 3.5 3.5 3.0 2.5 !
BODg, (N-Supp.) - 3.5 -- . == - L
BOD7, (N-Supp.) -- 4.0 o -- -- == %
Chlorophyll a 0.012 < 0.002 < 0.002 0.004 < 0.002 < 0.002 %
Pehophytin a < 0.002 < 0.002 < 0.002 < 0.002 < 0.002 < 0.002 %
21
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Table 4-B (Cont.)
Laboratory Water Analyses

12/18/79
Station No. B c D E E E
Time 17490 0705 0950

Parameter Grab Comp Comp Comp Grab Grab
pH 7.5 7.7 B.0 8.0 B.0 8.0
Conductivity 984 952 942 948 936 948
Residue, Total Filterable 560 530 540 510 520 530
Total Suspended Solids 12 21 43 26 32 27
Volatile Suspended Solids 6 6 10 8 10 9
ammonia Nitrogen 0.2 0.77 0.77 0.63 0.65 0.65
Nitrite Nitrogen 0.02 .12 0.15 0.10 0.10 0.11
Nitrate Nitrogen 8.43 3.61 3.27 2.86 2.93 2.84
Kjeldahl Nitrogen 1.3 2.0 1.9 1.6 1.5 1.6
Total Phosphorus 8.21 7.67 7.48 7.18 7.56 7.60
Orthophosphorus 7.95 7.06 6.78 6.78 7.28 7.34
Chloride 92 81 80 79 79 80
Sulfate 92 95 26 97 95 96
'Ic(nf:?i.tgizgr)uc Carbon 6 5 6 6 6 6
BODs - - s s - s
BODg, (N-Supp., filtered) 2.5 1.0 1.5 .0 1.0
BOD5p, (N-Supp.) 6.5 4.5 a.5 4.5 4.0
BOD,g, (N-Supp., filtered) 5.5 3.5 3.5 3.5 34 3.0
BOD;, (N-Supp.) == 0.5 0.5 0.5 - -
BOD,, (N-Supp.) - 0.5 1.5 0.5 - -
BOD3, (N-Supp.) - 1.0 - 1.0 - -—
BODg4, (N-Supp.) = 1.5 2.5 i - -
BODg, (N-Supp.) 3.0 2.0 2.5 2.0 2.0 2.0
BODg, (N-Supp.) == 2.0 345 2.0 i ——
BODy, (N-Supp.) —— 2.0 3.5 2.5 - -
Chlorophyll a < 0.002 < 0.002 0.005 0.003 0.002 0.003
Pehophytin a < 0.002 < 0.002 < 0.002 < 0.002 0.003 < 0.002
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Table 4-B (Cont.)
Laboratory Water Analyses

12/18/79
Station No. E E E F G H
Time 1245 1550 1815
Parameter Grab Grab Grab Comp Comp Comp
pH 8.2 8.2 8.3 7.9 8.2 1.9
.{conductivity 936 936 936 948 990 1192
Residue, Total Filterable 530 520 530 530 560 680
Total Suspended Solids 27 25 27 28 23 18
Volatile Suspended Solids 9 7 7 6 6 6
Aammonia Nitrogen 0.64 0.61 0.61 0.03 0.02 0.02
Nitrite Nitrogen 0.11 0.10 0.10 0.02 0.02 0.05
‘/|Nitrate Nitrogen 2.88 2.84 2.90 5.85 4.70 5.93
‘|Kjeldahl Nitrogen 1.6 1.7 1.6 0.9 0.8 0.8
Total Phosphorus 7.56 7.25 7.14 ¥.16 7.64 4.64
Orthophosphorus 7.20 6.91 6.76 6.33 6.89 4.43
Chleoride 79 79 78 86 98 133
Sulfate 95 95 95 94 91 111
T?:iitZiESle Carbon 6 6 6 6 5 6
BODg - - - e e --
~|BODsg, (N-Supp., filtered) 1.5 1.0 1.5 1.0 1.0 1.0
BOD;q, (N-Supp.) 5.0 7.0 5.5 3.0 3.5 3.5
BOD3p, (N-Supp., filtered) 3.5 3.5 3.5 2.5 2.5 2.5
BOD;, (N-Supp.) - -- - 0.5 0.5 0.5
LOD,, (N-Supp.) - - - 0.5 1.0 1.0
BOD3, (N-Supp.) - s - 0.5 1.0 1.0
BODg4, (N-Supp.) e e - 1.0 1.0 1.0
BOD5, (N-Supp.) 2.0 3.0 2.0 1.0 1.5 1.5
"|BODg, (N-Supp.) =i = - l.0 1.5 1.5
BODy, (N-Supp.) e - - 1.5 2.0 2.0
ITChlorophyll a 0.003 0.004 0.005 0.002 0.002 < 0.002
.Pehcphytin a < 0.002 < 0.002 < 0.002 0.003 0.003 < 0.002
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Table 4-B (Cont.)
Laboratory Water Analyses

12/18/79

Station No. I 4
Parameter T éigg éigg
pH 8.2 8.2
Conductivity 1350 700
Residue, Total Filterable 740 376
Total Suspended Solids 36 < 10
Volatile Suspended Solids 11 < 10
|Ammonia Nitrogen 0.10 < 0.02
INitrite Nitrogen 0.18 < 0.02
JNitrate Nitrogen 7.65 0.17
Kjeldahl Nitrogen 1.5 L3
Total Phosphorus 3.65 0.03
Or thophosphorus 3.19 0.03
Chloride 159 56
Sulfate 118 55
Total Orq;;ic Carbon 7 3

(filtercd)

BOD g = ==
BODg, (N—Sup-p., filtered) 1.0 0.5
BODoy, (N-Supp.) 7.0 3.0
BOD5y, (N-Supp., filtered) 3.5 2.0
BOD;, (N-Supp.) = o
LUD S, (N-Sup}:.) = == )
BOD3, (N-Supp.) == ==
BODg, (N-Supp.) = =
BOLG, (N-Supp-) 3.0 0.5
BOL,, (H-bSuapp. ) -= -
BOD5, (N-Lups.) = e
Chlorophyll a 0.018 < 0.002 )
Pchophytin a < 0.002 < 0.002
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FIELD AND LABORATORY PROCEDURES

The following methods are utilized for field and laboratory
determinations of specified physical and chemical narameters.
Unless otherwise indicated composite water samples are collected
at each sampling station and stored in polyethylene containers

on ice uhtil delivery to the laboratory. Sediment samples are
collected with a dredge or coring device, decanted, mixed, placed
in appropriate containers (glass for pesticides analyses and
plastic for metals analyses), and stored on ice until delivery to
the laboratory. Laboratory chemical analyses are conducted by the
Water Chemistry Laboratory of the Texas Department of Health
unless otherwise noted.

WATER ANALYSES

Field Measurements

Parameter Method

Temperature Hand mercury thermometer, temper-
ature probe of Hydrolab Model 60

Surveyor, or Hydrolab 4041.

Dissolved Oxygen Azide modification of Winkler
titration method, oxygen probe

attachment of Hydrolab Model 60

Surveyor, or Hydrolab 4041

pH Hydrolab Model 60 Surveyor,
Hydrolab 4041 or Sargent-
Welch portable pH meter.

Conductivity Hydrolab Model 60 Surveyor,

Hydrolab 4041, or Hydrolab
TC-2 conductivity meter

Alkalinity Titration as described in
"Standard Methods for the Ex-
amination of Water and Waste-
water" 13th Ed., using phenol-
phthalein and methyl red/brom-
cresol green indicators.



Laboratory Analyses

Parameter

BOD5, Nitrogen-Suppressed

BOD;_7, Nitrogen-Suppressed

BOD2p, Nitrogen-Suppressed

TSS
VSS

Kjel-N

NH3-N

NO2-N
NO3-N

T-P0y

0-P0g
Sulfates
Chlorides
TDS

TOC

Conductivity

Method

Membrane electrode method(1).
Nitrogen Suppression usina
TCMP method(2).

Membrane electrode method(1).
Nitrogen Suppression usina
TCMP method(2).

Membrane electrode method(1)
Nitrogen Suppression using
TCMP method(2).

Gooch crucibles and glass fiber
discs(1).

Gooch crucibles and glass fiber
discs(1).

Micro-Kjeldahl digestion and
automated colorimetric phenate
method(3).

Distillation and automated %
colorimetric phenate method(3). :

Colorimetric method(1).

Automated cadmium reduction %
method(3). 5

Persulfate digestion followed by
ascorbic acid method(1).

Ascorbic acid method(1).

Turbidimetric method(1).

Automated thiocyanate method(3).

Evaporation at 180°C(3).

Beckman TOC analyzer. |

Wheatstone bridge utilizing 0.01
cell constant(1).




Parameter
Chlorophyll a

Pheophytin a

SEDIMENT ANALYSES

Field Measurements

Immediate Dissolved
Oxygen Demand (IDOD)

Laboratory Analyses

Parameter
Arsenic

Hercury

A1l other metals
Volatile Solids
Cob

Kjel-N

T-POg

Pesticides

Method
Trichromatic method(1).

Pheophytin correction method(1).

Dop-D1
mg/1 1D0D = ——5———

where Dy = D.0. to original dilu-
tion water

_ dilution water used (m1)
P = —oTume of BOD bottie (m1)

p = amount of sample used (ml)
= “voTume of BOD bottle (ml)

D71 = D.0. of diluted sample 15 min.
after preparation using membrane
electrode method

Method
Colorimetric

Potassium permanganate digestion
followed by atomic absorption(4).

Atomic absorption(4).
Ignition in a muffle furnace.
Dichromate reflux method.

Micro-Kjeldahl digestion and
automated colorimetric method(3).

Ammonium molybdate(4).

Gas chromatographic method(5).




BACTERIOL.OGICAL

Bacteriological samples are collected in sterilized glass bottles
provided by the Texas Department of Health and stored on ice until
delivery to the laboratory or until cultures are set up by survey
personnel (within 6 hours of collection). Bacteriological analyses
are conducted by survey personnel or a suitable laboratory in the
survey area.

Parameter Method

Total Coliform Membrane filter method(1)
Fecal Coliform Membrane filter method(1)
Fecal Streptococci Membrane filter method(1)

BENTHIC MACROINVERTEBRATES

Benthic macroinvertebrates are collected with a Surber sampler

(1.0 ft.2) in riffles and an Ekman dredge (0.25 ft.2) in pools.
Samples are preserved in 5% formalin, stained with Rose Bengal, and
sorted, identified, and enumerated in the laboratory.

Diversity is calculated according to Wilhm's(6) equation:

- I

=] e

(ni/n) Togp (nj/n)

where n is the total number of individuals in the
sample, nj is the number of individuals per
taxon, and s is the number of taxa in the
sample.

Redundangy is calculated according to the equations derived by Young
et al.(7

(1) d max = Togo s

2 g s-1 1 - n-(s-1) n-(s-1)
(2) d min = - h ]092 h % ]092 =
(3) 2 d max - d

d max - d min

where s is the number of taxa in the sample and n is the
total number of individuals in the samole.



The number of individuals per square meter is determined by dividing
the total number of individuals by the area sampled.

PLANKTON

Phytopiankton

Stream phytoplankton are collected beneath the water surface.
Sampling stations are located both upstream and downstream from
pollution sources and care is taken to preclude confusing inter-
ferences such as contributions of plankton from reservoirs, from
backwater areas, scouring of periphyton from the streambed, etc.
Reservoir phytoplankton samples are collected with a tube device in
which sample collection is vertically integrated throughout the depth
of the euphotic zone (3 times Secchi disc measurement). In cases where
the euphotic zone depth exceeds the tube length, samples are collected
with an appropriate water sampler at depths evenly spaced throughout
the euphotic zone.

Samples are stored in quart cubitainers on ice and transferred to the |
laboratory where representative small portions of each sample are

analyzed 1live to aid in taxonomic identification. Samples (950 m1) i
are then preserved with 50 m1 of 95% buffered formalin or 9.5 ml of

Lugols solution and stored in the dark until examination is completed. i
Identification and enumeration of phytoplankton is conducted with an

inverted microscope utilizing standard techniques. The diversity

index (d) is calculated as described previously.

Zooplankton ;

Zooplankton are concentrated at the site by either filtering a known

volume of water through a No. 20 mesh standard Wisconsin plankton

net or vertically towing the net a known distance. Concentrated

samples are preserved with Lugols solution or in a final concentra-

tion of 5% buffered formalin. The organisms are identified to the 3
lowest taxonomic level possible and counts are made utilizing a !
Sedgwick-Rafter cell. Diversity is calculated as described previously.

NEKTON
Nekton samples are collected by the following methods(1):

Common-sense minnow seine - 20' x 6' with 1/4" mesh

Otter trawl - 12" with 1 3/16" outer mesh and 1/2"
mesh 1iner
Chemical fishing - rotenone



Experimental gill nets - 125" x 8' (five 25’ sections ranning 1in
mesh size of 3/4" to 2 1/2")

Electrofishing - backpack and boat units (both equipoed with
AC or DC selection). Boat unit is equipped
with variable voltage pulsator.

These organisms are collected to determine: (1) species present,
(2) relative and absolute abundance of each species, (3) size
distribution, (4) condition, (5) success of reproduction,

(6) incidence of disease and/or parasitism, (7) palatability,
and/or (8) presence or accumulations of toxins.

Nekton collected for palatability are iced or frozen immediately.
Samples collected for heavy metals analyses are placed in leak-proof
plastic bags and placed on ice. Samples collected for pesticides
analyses are wrapped in aluminum foil, placed in a water proof
plastic bag and placed on ice.

As special instances dictate, specimens necessary for positive
identification, parasite examination, etc., are preserved in 10%
formalin containing 3 grams borax and 50 m1 glycerin per liter.
Specimens over 7.5 cm in length are slit at least one-third of the
length of the body to enhance preservation of the internal organs.
Other specimens are weighed and measured before being returned to
the reservoir or stream.

ALGAL ASSAYS

The "Selenastrum capricornutum Printz Algal Assay Bottle Test"
procedure(8) is utilized in assaying nutrient limitation in fresh-
water situations whereas the "Marine Algal Assay Procedure Bottle
Test"(9) is utilized in marine and estuarine situations. Sampies
are collected according to the phytoplankton collection methodology.
Selenastrum capricornutum is the freshwater assay organism and
Dunaliella tertiolecta is the marine assay alga.

PRODUCTIVITY/RESPIRATION

Two methods are utilized to estimate productivity and respiration

in the study area. In areas where restricted flow produces natural

or artificial ponding of sufficient depth, standard light bottle-dark
bottle techniques are used. In flowing water the diurnal curve analysis
is utilized.




Light Bottle-Dark Bottle Analyses

The 1ight and dark bottle technique is used to measure net production
and respiration in the euphotic zone of a lentic environment. The
depth of the euphotic zone is considered to be three times the Secchi
disc transparency (3 x Zsp). This region is subdivided into three
sections. Duplicate 1ight bottles (300 ml1 BOD bottles) and dark
bottles (300 ml BOD bottles covered with electrical tape, wrapped

in aluminum foil and enclosed in a plastic bag) are filled with
water collected from the mid-point of each of the three vertical
sections, placed on a horizontal metal rack and suspended from a
flotation platform to the mid-point of each vertical section. The
platform is oriented in a north-south direction to minimize shading
of the bottles. An additional BOD bottle is filled at each depth for
determining initial dissolved oxygen concentrations (modified Winkler
method). The bottles are allowed to incubate for a varying time
interval, depending on the expected productivity of the waters. A
minimum of four hours incubation is considered necessary.

The following equations are used to calculate respiration and
photosynthesis:

(1) For plankton community respiration (r), expressed
as mg/1 0p/hour

D01-DO0pp
R = ours Tncubated
where DO; = initial dissolved oxygen concentration.

and DOpg = average dissolved oxygen concentration
of the duplicate dark bottles.

(2) For plankton net photosynthesis (Py), expressed as
mg/1 0p/hour
DOy g~D07
PN Hours incubated

where DOl g = average dissolved oxygen concentration of
the duplicate Tight bottles.

(3) For plankton gross photosynthesis (Pg), expressed as
mg/1 02/hour

Pe =Py +R
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Conversion of respiration and photosynthesis may be accomplished by
multiplying the depth of each of the three vertical zones (expressed
in meters) by the measured dissolved oxygen levels expressed in
grams/m°. These products are added and the result is expressed

as grams Og/mz/day by multiplying by the photopberiod. Conversions
from oxygen to carbon may be accomplished by multiplying qrams

02 by 12/32.

Diurnal Curve Analysis

In situations where the stream is flowing, relatively shallow, and/or
contains appreciable growths of macrophytes or filamentous algae, the
diurnal curve analysis is utilized to determine productivity and
respiration. The procedure is adopted from the U. S. Geological
Survey (10).

Both the dual station and single station analyses are utilized, de-
pending upon the various controlling circumstances.

Dissolved oxygen and temperature data are collected utilizing the

Hydrolab surface units, sondes, data scanners, and strip chart recorders.

Calibration of the instruments are conducted utilizing the azide modi-
fication of the Winkler dissolved oxygen method and hand mercury
thermometers. Recalibration is conducted as often as necessary.
Diffusion rate constants are directly measured in those instances
where atmospheric reaeration rate studies have been conducted. In
situations where direct measurements are not made, either the diffusion
dome method is utilized, or an appropriate alternative. These
alternatives are: (1) calculations from raw data, (2) substitution
into various published formulas for determination of Ko, and

(3) arbitrary selection of a value from tables of measured diffusion
rates for similar streams.

Presently, the productivity and respiration rates are hand-calculated
The capability exists for computer analyses in this program which
may be utilized in the future. :

BENTHAL OXYGEN DEMAND MEASUREMENTS

A benthic respirometer, constructed of clear plexiglass, is utilized
on intensive surveys to measure benthal oxygen demand(11). Brass

or stainless steel hardward is used to inhibit water-induced corrosion.
A D.0. probe, paddie, solenoid valve and air diffuser are mounted in-
side the test chamber. The paddle which is magnetically driven by an
electric motor is used to simulate stream velocity (and/or scour)

and produce circulation over the probe. The solenoid valve allows

air to escape from the test chamber during aeration. The air diffuser
is connected by plastic tubing to a 12-volt air compressor which is
used to pump air into the test chamber if required.



The paddle, solenoid valve, and air compressor are actuated by
switches on a control panel which is housed in an aluminum box.
The control box also contains two 12-volt batteries, the air
compressor, a strip-chart recorder (for automatic recordings
of D.0. meter readings), a battery charger, and a batter test
meter.

Selection of a specific test site must be made in the field by the
investigator with the depth, velocity, and benthic substrate taken
into consideration. At the test site the D.0. meter, and strip-chart
recorder are calibrated, the respirometer is dry tested by opening
and closing switches, testing batteries, etc., a stream velocity
measurement is taken (for paddle calibration and a water sample is
collected just above the stream bottom near the sampling site.
Portions of this water sample are poured into separate BOD bottles,
one of which is opaque. The opaque bottle is placed on the
respirometer and left for the remainder of the test. The initial
D.0. value in the other bottle is measured when the test begins,
while the D.0. in the opaque bottle is measured at the end of the
benthic uptake test. The difference in the two D.0. values represents
the oxygen demand of the water column.

The respirometer can be lowered from a boat or bridge, or can be placed
by hand in shallow streams. Care is taken to insure that the sediment
at the test location is not disturbed and that a good seal between

the base of the instrument and bottom of the stream is made. After

teh respirometer has been placed in the stream, the-D.0. is recorded.
If it is 5 mg/1 or less the air compressor is actuated until a level

in excess of 5 mg/1 is attained in the test chamber. The test

chamber is then closed and the paddle frequency adjusted. Recordings
of D.0. are made until it drops to 0.5 mg/1 or 6 hours has elapsed,
whichever comes first.

Paddle Frequency

f=36v

n

where: f = Paddle frequency in RPM

Velocity to be simulated in ft./sec.
(measured with current meter)

<
n

Benthic Oxygen Uptake

(D07-D0») - BODt
At

BTD07-D02 = 196



where: BTDO]—DOQ

DU] =
DOy =

At =

n

BOD¢
HYDROLOGICAL

Parameter

Flow Measurement

Time-of-Travel

Stream Cross-sections

STREAM REAERATION MEASUREMENTS

Oxygen uptake rate in gm/mZ/day
corresponding to the sample
temperature, T

Initial DO reading in ma/1
Final DO reading in mg/1

Time interval between D01 and
D02 readings in minutes

Temperature of samnle in °C

Measured difference in DO between
the two BOD bottles

Method

(1) Pygmy current meter (Meather
Measure Corporation Model F583),
(2) Marsh-McBirney Model 201
electronic flow meter, (3) Price
Current Meter (Weather Measure
Corporation Model F582)(4), or gage
height readings at USGS gaging
stations.

Tracing of Rhodamine WT dye using
a Turner Model 110 or 111
fluorometer(12).

Measure average width and average
depth at each mainstream station.

At Teast 4 cross-section measurements
are made in the vicinity of each
mainstream station.

The stream reaeration technigue, requiring the use of radioactive
krypton-85 and hydrogen-3 (tritiated water molecules), is utilized
to measure the physical reaeration capacity of a desired stream

segment(13).




The method depends on the simultaneous release of three tracers in a
single aqueous solution: a dispersion/dilution tracer (Tritiated
water molecules), a dissolved gaseous tracer for oxygen (krypton-85)
and Rhodamine WT dye to indicate when to sample for the radiotracers
in the field. The tracer release Jlocation is chosen to meet two require-
ments: (1) must be upstream of the segment for which physical reaera-
tion data is desired, (2) must be at least 2 ft. deep and where the
most complete mixing takes place. Before the release, samples are
collected at the release site and designated sampling stations to
determine background levels of radiation. The first samples are
collected 50-200 ft. downstream from the release site in order to
establish the initial krypton-85/tritium ratio. Sampling sites

are located downstream to monitor the dye cloud every 4-6 hours for
35-40 hours. The Rhodamine WT dye is detected with Turner 111 flow-
through fluorometers. Samples are collected in glass bottles

(1 0z.) equipped with polyseal caps which are sealed with black
electrical tape. Samples are collected every 2-5 min. during the
passage of the dye cloud peak. The three samples collected nearest
the peak are designated for analysis in the lab (three alternates
are also designated). Extreme caution is exercised throughout the
field and laboratory handlina of samples to orevent entrainment of
air.

Samples are transferred within 24 hours of the collection time.
Triplicate counting vials are prepared from each primary sample.

A1l counting vials are counted in a Tracor Analytic 6892 LSC

Liquid Scintillation Counter which has been calibrated. Each vial
is counted a minimum of three, 10 min. cycles. The data obtained

is analyzed to determine the changes in the krypton-85/tritium ratio
as the tracers flow downstream.

The calculations utilized in determining the physical reaeration
capacity of a stream segment from the 1iquid scintillation counter
data are included here. Krypton-85 transfer in a well-mixed water
system is described by the expression:

dckr
—i— = Ker(Ckrst) (1)

where: Ckp,t = concentration of krypton-85 in the water
at time(t)

Kgy = 9as transfer rate coefficient for
krypton-85



The gas transfer rate coefficient for oxygen (Kox) is related to
Kkr by the equation;

Kkr
Kox

= 0.83 + 0.04 (2)

The krypton-85 coefficient (Kgpr) is derived from the krypton-85
(Ckpr)/tritium (Cp) concentration ratio (R) in the samples collected
at the time of peak concentrations;

Ckr
R = (3)

Applying Eq. 3 to Egq. 1 gives;

dR = =KgpeR (4)
dt

Equation 4 can be transformed to;

In(Rd/Ru)
Kkp = e (5)

where: R, and Ryg peak krypton-85/tritium concentration ratios

dt an upstream and downstream station

o+
-+
I

= peak-to-peak dye ‘time of flow between the
upstream and downstream station
Finally Kox is determined by;

P Kkr . (6)
0x 0.83
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INTENSIVE SURVEY
OF
CIBOLO CREEK
SEGMENT 1902

INTRODUCTION

DIRECTIVE

This intensive survey was accomplished in accordance with the
Texas Water Quality Act, Section 21.257, as amended in 1973.
The report is to be used in developing and maintaining the
State Water Quality Strategy required by regulations published
in 40 CFR 35.1511-2 pursuant to Section 303(e) of the Federal
Clean Water Act of 1977.

PURPOSE

The purpose of this intensive survey was to provide the Texas
Department of Water Resources with a valid information source:

H 1. to determine quantitative cause and effect rela-
i tionships of water quality;

3
2. to obtain data for updating water; quality management
plans, setting effluent 1imits, and where appropriate,
verifying the classifications of segments;

3. to set priorities for estab]isﬁing or improving
pollution controls; and

4. to determine any additional water quality management
actions required.




SUMMARY

Cibolo Creek, TDWR Segment 1902, was subjected to an intensive
water quality survey ?Apri] 16-17, 1980) followed by benthic macro-
invertebrate and periphyton sampling (May 8, 1980) and a reaeration
study (June 10-12, 1980). Normal low flow conditions, partly
cloudy skies and mild temperatures (range = 15°C - 29°C) per-
sisted during the water quality and reaeration surveys. Biological
sampling took place during a minor rainfall event which affected
only the upstream half of the segment.

Cibolo Creek, Segment 1902, extends upstream from its confluence
with the San Antonio River in Karnes County to the Missouri-Pacific
Railroad bridge west of Bracken in Comal County, a distance of 146
river km. The upper 14 river km traverse the Edwards Agquifer re-
charge zone and therefore are normally dry. Headwater flow origi-
nates southwest of the City of Schertz in an area which is partially
urbanized and partially cropland. The creek flows from the Edwards
Plateau southeastward to the West Gulf Coastal Plain and drops in
elevation from 229 m to 67 m above ms1. Land in the downstream
drainage area consists of dry cropland and forest land (TDWR, 1977).
Mean annual precipitation is 79 cm (TWDB, 1969).

The study area consisted of Cibolo Creek from the City of Schertz
(river km 130) downstream past the town of Panna Maria (river km
4.0) (Figure 1) (Table 1). Water quality and hydrological measure-
ments were made at 22 mainstream stations, five tributaries and two
sewage treatment plants.

Cibolo Creek averaged 12 m in width and 0.62 m in depth over the
study area (Table 2). Headwater flow was 0.03 m3/sec. while the
flow leaving the study area was 0.86 m3/sec. (Table 3). Sampled
tributaries and sewage treatment plants contributed 9% (0.076
m3/sec.) and 10% (0.088 m3/sec.) of the total flow respectively.
Estimated time-of-travel over the length of the segment was 60-90
days at an average velocity of 0.02 m/sec. (Table 4). Low physical
reaeration rate coefficients [Ky (20°C) from 0.37 - 1.40] re-
flected the abundance of wide, deeﬁ?poo]s in the upper half of

the segment (Table 5).

Several physicochemical parameters measured in the field displayed
longitudinal trends. A dissolved oxygen sag zone extended 6.3

river km downstream from the 0. J. Riedal STP where the mean con-
centration equalled 3.6 mg/1 (range = 1.2 - 6.8 mg/1) (15% - 78%
saturation) (Tables 6 and 9). Outside the sag zone, dissolved
oxygen levels averaged 7.8 mg/1 (range = 4.1 - 10.7 mg/1) (45% -

118% saturation) (Table 6). Conductivity increased in a downstream
direction from 788 umhos/cm (Station A) to 1685 umhos/cm (Station X).



Total alkalinity levels decreased in a downstream direction

from 306 mg/1 (Station A) to 261 mg/1 (Station X). Water tempera-
ture and pH varied 1ittle, ranging from 17.5°C - 22.8°C and 6.8 -
8.1 respectively. Dischargers and tributaries displayed similar
values for all field parameters except conductivity which ranged
from 91? ?mhos/cm (Station 1) to 6040 pmhos/cm (Station 0) (Tables
10 and 11).

The 0. J. Riedal STP significantly impacted the water quality of
Cibolo Creek by raising nutrient and BOD levels. Ammonia nitrogen
increased 120 times (0.04 to 4.74 mg/1 from Station A to Station BB);
NO2-N increased by a factor of 34; and NO3-N rose by 36%. Kjeldahl
nitrogen rose by a factor of 15, total and orthophosphorus increased
45 times and BODg doubled (Table 12). A1l nutrient concentrations
and BOD levels decreased downstream reaching levels at Station X
similar to those at Station A. BODg (N-suppressed) ranged from a
Tow of 0.5 mg/1 at several stations in the Tower end of the segment
to 6.5 mg/1 at Station BB.

Concentrations of chlorides, sulfates and total dissolved solids
increased in a downstream direction; 37, 44 and 472 mg/1 respectively
at Station A to 185,286 and 990 mg/1 respectively at Station X. Elm
Creek exhibited high concentrations of chlorides (1330 mg/1) and
sulfates (840 mg/1) while Alum Creek had high sulfate (1430 mg/1)
levels (Table 13). The high sulfate concentration and Tow pH (2.1)
of Alum Creek suggested the presence of sulfuric acid.

Observations on the benthic macroinvertebrate and periphytic
communities reflected the significant impact of the 0. J. Riedal
STP discharge on Cibolo Creek and indicated adverse biological
effects as far downstream as Station G (Table 18).

Diversity at the first station below the discharge (Station E;
1.45) was anomalously low compared with all other stations, falling
into the range considered indicative of moderate organic pollution
(1.0 - 2.6; Wilhm, 1967). The high nutrient levels at Station E
supported dense growths of aquatic macrophytes and filamentous
algae, and herbivores (1impets, snails, amphipods) dominated the
benthic community.

Some deree of water quality recovery was evident by the diversity
observed at Station G (3.08). However, clean water indicative
organisms {mayflies, stoneflies) were absent. Detritivores
(planaria, oligochaetes, clams) were predominant at Station G due
to an abundance of decaying plant material from upstream vegetation
beds.

Diversities at the four downstream stations were very high (3.87 -
4.11) compared to values observed in other Central Texas stream,
indicating an advanced degree of recovery from the effects of the



STP discharge and identifying Tower Cibolo Creek as a stream with
high biological integrity. Clean water organisms such as stonefly
and mayfly nymphs were important components of the benthic communi ty
in the Tower reach.

The periphytic diatom community at Station E downstream from the
0. J. Riedal STP exhibited the lowest diversity (d = 2.30) of the
seven Cibolo Creek communities sampled (Table 19). Species di-
versity at the remainder of the stations ranged from 2.71 to 4.42.
Only 22 taxa were identified from Station E, whereas 42 or more
taxa were found at each of the other stations.

o
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CONCLUSIONS

Oxygen depletion is a water quality problem in Segment 1902,
particularly for at least 6.3 river km downstream from the 0. J.
Riedal STP. The dissolved oxygen standard (minimum - 5.0 mg/1)
was violated at Stations BB, C, D, E and EE on April 17, 1980.
Violations of the dissolved oxygen standard resulted from the
addition of nutrients and biochemical oxygen demanding materials
by the 0. J. Riedal STP discharge to Cibolo Creek in a stream reach
exhibiting low physical reaeration rates. Low species diversity
in both the benthic macroinvertebrate and periphytic diatom
communities at Station E reflected the adverse affects of the

0. J. Riedal STP discharge on the. stream biota.

The data collected on this survey will be utilized by the Texas
Department of Water Resources to update the waste load evalulation
for Segment 1902 of Cibolo Creek.
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METHODS

Field and laboratory procedures used are described in Appendix A.
Data were collected April 16-17, May 8 and June 10-12, 1980 by

Texas Department of Water Resources Water Quality Assessment Unit
personnel assisted by TDWR District 8 personnel. Laboratory analyses
of water samples were conducted by the Texas Department of Health
Environmental Chemistry Lab. Parametric coverages, sampling fre-
quencies and spatial relationships of sampling stations were con-
sistent with the objectives of the survey and with known or sus-

pected forms and variability of pollutants entering the stream.

Periphyton samples were collected by scraping a representative
area from each type of substrate available at each station into a
glass bottle. Diatoms were acid-cleaned and mounted in Hyrax. A
total analysis time of 10 hr/station was spent during which all
frustules encountered under 1500 magnification were counted and
identified.

Personnel collecting water quality data on April 16-17 were David
Buzan, Charles Ezell, Lynn Coles, David Petrick, Jeff Kirkpatrick,
Steve Twidwell, Don Ottmers, Jack Davis, Richard Respess, Augustine
De La Cruz and Henry Karnei. The reaeration survey was conducted
by Don Ottmers, Steve Twidwell, Charles Ezell, Jack Davis and

David Buzan. dJack Davis collected and analyzed the benthic macro-
invertebrate data and David Buzan collected and analyzed the peri-

phytic diatom data.

L T
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TabTe 1
Cibolo Creek, Segment 1902, Waste Load Evaluation Survey Stations
4/16-17/80 and 6/10-12/80

River Kilometer
Upstream From
Confluence With
San Antonio River

Station Description
Station (Stream Monitoring Network Stations)

Cibolo Creek Stations

A South end of River Road in Schertz, 129.5
immediately downstream from old Schertz
STP

B Middle of pool into which the Odo J. 128.9
Riedal STP discharges

BB Downstream end of pool into which the 128.6
0. J. Riedal STP discharges

o Upstream side of Cibolo City Park 127.6

D Downstream end of pool on Don Brown's 127.1
property

E Schaefer Road (1902.0250) 126.8

EE Upstream side of gravel operation 125.0

F Furthest downstream crossing in gravel 123.2
operation

G Weir Road 120.8

H Upstream side of Kenney's property 117.9

I IH 10 (1902.0200) 115.2

z Trainer-Hale Road in Zuehl ¢ 107.0

J Ulhrich Road, SE of Zuehl 103.5

L FM 2538, W of New Berlin (1902.0180) 94.1

N FM 775, N side of La Vernia (1902.0160) 79.2

p County road SE of La Vernia 74.5

Q FM 539, E of Sutherland Springs 60.0

R US 87, W of Stockdale (1902.0750) 52.5




Table 1 (Cont.)

Cibolo Creek, Segment 1902, Waste Load Evaluation Survey Stations

4/16-17/80 and 6/10-12/80

Station Description

River Kilometer
Upstream From
Confluence With

Station (Stream Monitoring Network Stations) San Antonto Diver
T FM 537, SW of Stockdale 41.8
U Plummer Crossing N of Kosciusko 34.6
v FM 887, W of Pawelekville 22.7
W County Road E of Cestohowa 14.5
X FM 81, E of Panna Maria (1902.0050) 4.0

Tributary Stations
K Santa Clara Creek, County Road NW of 99.1
New Berlin
M Martinez Creek, Grable Road W of 91.4
New Berlin
0 Elm Creek, FM 2772 NE of La Vernia 75.9
Y Alum Creek, County Road NW of Stockdale 53.6
S Clifton Branch, on Dale Valley Ranch 46.0
SW of Stockdale
Sewage Treatment Plants
1 Odo J. Riedal STP, off Schaefer Road 129.0
SE of Schertz a
2 78.8

La Vernia STP, NE side of La Vernia
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Table 2
Cibolo Creek Cross-sections

(4/16/80)
Depth(m)

Station Width(m) Minimum Maximum Mean
A 9.9 0.76 1.24 1.06
B 23.1 0.38 1.07 0.83

37.5 0.30 1.28 0.95
28.9 0.94 1.95 1.51
BB 7.7 0.21 0.69 0.51
12.9 0.21 0.73 0.59
C 7.3 0.43 0.75 0.57
9.0 0.43 0.94 0.77
E 7.3 (1 . 0.15 0.41 0.33
6.1 ° 0.17 0.32 0.27
F 26.5 0.94 1.58 1.32
15.7 .65 0.34 2.01 1.50
6.017 0.06 0.34 0.21
30.0 -- est. >2.45 --
G 6.3 0.12 0.42 0.30
10.6 0.46 1.92 1.35
I 9.0 0.13 0.86 0.54
9.0 0.23 0.48 0.38
J 22.7 0.30 1.25 0.80
6.0 0.25 0.47 0.42
L 8.5 0.36 0.9 0.68
9.8 0.86 1.22 1.01
N 15.8 0.30 1.17 0.88
6.7 0.36 0.84 0.63
p 6.4 0.13 0.33 0.18
8.8 0.10 0.74 0.57
5.5 0.18’ 1.07 0.69
10.4 0.13 0.51 0.35
Q 7.6 0.18 0.90 0.63
12.8 0.44 1.09 0.92
R 8.5 0.18 0.28 0.22
8.2 0.06 0.51 0.27
T 17.7 w5 0.06 0.38 0.21
12.2 0.13 0.59 0.45°
u 9.1 0.21 0.79 0.51
10,7 §4° 0.12 0.64 0.40.5'
8.5 0.27 0.79 0.62

1




Table 2 (Cont.)
Cibolo Creek Cross-sections

(4/16/80)
Depth(m)

Station Width(m) Minimum Max imum Mean
v 8.5 0.21 0.82 0.62
12.8 151 0.15 0.30 0.24 M

13.4 0.67 1.22 1.08

Y 12.2 0.18 0.46 0.35
1.0 /I 0.15 0.64 0.45 42
1.6 0.38 0.82 0.65

X 0.7 0.15 0.73 0.43

10.1 1 0.09 0.43 0.32

101 0.18 0.64 0.44

-V
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Table 3
Flow Data
Station Date Time Discharge (m3/sec)
Cibolo Creek Stations

A 4/16/80 1115 0.030

BB 4/16/80 1228 0.119

C 4/16/80 1445 0.100

E 4/16/80 1335 0.100

F 4/16/80 1535 0.096

G 4/16/80 1632 0.105

H 4/16/80 1732 0.175

I 4/17/80 0817 0.113

J 4/17/80 0608 0.198

I L 4/17/80 0914 0.224
| N 4/17/80 1042 0.358
P 4/17/80 1223 0.385

R 4/17/80 1350 0.664

< T 4/17/80 1600 0.805
“ v 4/17/80 1838 0.787
USGS 08186000 4/16/80 1510 0.847*
USGS 08186000 4/17/80 1830 0.878*

X 4/17/80 1737 0.855

Tributary Stations

M 4/17/80 0712 0.069

0 4/17/80 1145 i 0.006

4/17/80 1516 0.001
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Table 3 (Cont.)

Flow Data *
Station Date Time Discharge (m3/sec)
Sewage Treatment Plants
1 4/15/80 (daily 0.087*%*
average)
4/16/80 (daily 0.087%*
average)
2 4/17/80 0620 0.00068***
0955 0.00140%**
1245 0.00178%**
1600 0.00178%**
1850 0.00178%**

* _ Flow measurements taken from USGS gage at SH 123 between
Stations V and W. A1l other instream flow measurements
were made with a Marsh-McBirney Model 201 Electric Flow
Meter.

** - Daily average computed from STP totalizer.
**%* _ Determined by measuring head over a 90°V-notch weir.

(Table 6-1E, p. 96, in ISCO Open Channel Flow Measure-
ment Handbook by D. M. Grant).

sa
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Table 4

Cibolo Creek Time-of-Travel

(6/10-12/80)

Time-of-travel Discharge | Distance | Velocity(m/sec)***
Station (hr.) to Station (m3/sec?* (km)** calculated
1 5.0 B -- 0.3 0.016
B 8.7 BB 0.052 0.3 0.010
BB 12.1 C 0.104 1.0 0.023
6.2 0.114 0.6 0.027
8.2 E 0.113 0.4 0.074

* - Measured at time of peak dye passage at downstream station with
a Marsh-McBirney Model 201 Electronic Flow Meter.

** - Measured from 7.5 minute topographic map (Marion Quadrangle,

Texas)

*** - Calculated by dividing distance (km) by time-of-travel between

stations.
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Table 5 :
cibolo Creek Reaeration Data
(6/10- -12/80)

Temp. Kp at
i i (°C) Temp ( C) 20°C

B 2% - /[, 0672 06494 7559
B BB 2646 2%° 0.5332 < 4757 0.4709 219/
BB c 26:2 245 L5720 /.67 153982 7:45(%
c D ;6/9’ 97A 0.4220 - /33 03706 3748
D E 26.7 2L 00716 < 95/8  0:8565° gt
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Table 6
Cibolo Creek Stations
Field Measurements
4/17/80
Dissolved Chlorine
Station Oxygen Residual | Temp. Conductivity Alkalinity
No. Time mg/1 mg/1 °c pH umhos/cm "~ P-Alk T-Alk

A 0512 5.2 — 17.5 | 6.8 788 = ==
0827 5.8 -- 17.8 | 6.9 795 0 306

1323 8.4 -- 20.0 | 7.1 791 == -
1534, 8.3 - 20.4 | 7.1 798 0 294

1930 6.0 - 19.3 | 7.1 BO7 = -

BB 0612 2.0 0.0 18.6 | 7.1 988 -- --
0929 2.4 0.0 18.8 | 7.0 982 0. 300

1228 8.5 0.1 20.8 | 7.3 972 CES e

1632 6.8 0.1 22.0{ 7.4 970 -- i
1838 3.8 - 21.2 | 7.2 969 0 296

c 0537 1.6 - 18.6 | 7.1 a3n = ==
0845 2.1 -~ 18.8 | 7.1 973 -- 286

1305 4.6 -- 20.3-] 7.3 972 - -—
1551 5.2 -- 21.2 | 7.4 966 - 308

1917 3.1 -— 21.1 ) 7.3 971 e e

E 0544 4.2 - 18.7 | 7.2 951 -- ==
0901 3.8 - 19.0 | 7.2 959 0 296

1254 5.6 .- 21.7 | 7.3 951 -- --
1606 5.6 - 22.3( 7.5 963 0 277

1907 4.6 -- 21.6 | 7.4 961 . i --

F 0559 6.6 - 18.8 1 7.3 937 -— -~
0915 6.8 -- 18.9 ] 7.3 934 0 296

1245 8.4 - 21.2 | 7.4 932 -- -
1618 9.3 - 22.81 7.6 928 0 288

1857 8.2 - 22.31 7.5 924 - i

G 0525 5.3 - 18.8 | 7.3 897 -~ -
0900 5.3 - 18.6 | 7.3 898 0 294

1200 6.1 - 18.9( 7.4 91 - -
1500 7.1 -- 20.3 | 7.6 904 ) 286

1830 7.4 - 20.51{ 7.7 . 900 - -

H 0545, 7.6 - 18.3 | 7.6 880 - -
0915 77 - 18.3 | 7.6 888 0 2838

,‘ 1215 8.4 - 18.8 | 7.8: 891 - --
! : 1520 10.3 -- 21.5] 8.0 888 0 238

1845 10.7 - 20.1 ¢ 8.1 388 .- --

I 0600 4.1 - 19.3 | 7.4 846 - --
0935 4.3 T 19.2 | 7.5 852 ] 285

1225 8.1 == 20.5 7.9 847 ) - -—
1530 9.1 - 22.4 | B.0 845 0 294

1200 6.2 -~ 21.9] 7.8 852 - e

17




Table 6 (Cont. )

Field Measurements

4/17/80
‘ pissolved chlorine
station oxygen Residual | Temp- conductivity Alkalinit
No. Time mg/1 mg/1 °c pH umhos/cm
______._‘_—______-—______—-—___,——-—;__._—-_____—-___,___——-—-
J 0630 7.5 - 17.6 | 7.6 -839
1010 7.5 -- 18.0 7.6 853
1300 8.2 -- 19.2 | 7.8 849
1610 8.1 -- 19.6 | 7.8 850
1940 8.4 -- 19.6 | 7 8 852
L 0500 7.7 -- 18.2 1 7.6 900 - --
0845 1.7 - 18.1 7.7 903 0 310
1145 7.9 -- 18.8 7.8 Q03 - -
1600 8.7 - 20.3 | 8.0 906 0 300
1750 8.5 - 20.3 8.1 901 -- --
N 0538 8.3 - 19.0 | 7 7 1100 0o - 292
0920 8.5 -- 19.2 | 7.7 1110 - --
1215 9.4 —-— 20.1 7.8 1113 - -
1520 9.9 -- 21.6 | 7.9 1115 0 282
1820 9.0 - 21.1 8.0 1115 -- --
P 0600 7.8 -- 18.6 7.7 1150 - --
0940 8.0 - 19.0 | 7 8 1150 0 282
1230 8.9 T* 20.4 | 7.9 1143 -- --
1545 9.5 - 22,4 | 8 0 1145 0 286
1830 B.7 - 21.6 8.0 1152 - --
Q 0540 6.6 -- 18.7 7.2 1017 -- --
0840 6.6 T* 19.1 | 7.3 1016 0 245
1200 6.7 -- 20.3 7.3 1010 -- --
1455 7.2 -- 21.81 7.3 1008 0 240
1805 7.2 -- 21.617.3 1012 - -
R 0615 7.4 - 18.51 7 4 1062 - --
0930 8.0 T* 19.3 | 7.5 1066 0 244
1215 8.9 -- 20.5 7.6 1069 - -
1510 9.2 -- 21.7 | 7.9 1070 0 228
1815 7.9 - 20,7 1 7 6 1074 -- --
T 0640 7.9 - 19.5 | 7.7 1189 - -
1050 7.3 -- 19.1 7.6 1184 0 244
1315 7.7 - 20.1 7.7 1179 - --
1700 8.5 a 21.0 | 7.7 1181 o | 236
1900 8.5 -- 20.5 | 7 7 1187 - -
U 0600 7.7 -- 18.81 7.8 1402 -- -
0905 8.0 - 19.31 7 8 1304 0 246
1205 9.7 - 20.91 8 0 1298 - -
1530 10.0 -- 22.0| 8.0 1436 0 254
1845 8.4 -- 20.7 7.9 1355 - -- _—
v 0620 8.0 -- 17.7 1 7.8 1657 - o
0930 8.0 -- 18.1 7.8 1525 0 252
9.0 20.0 1 7 9 1509 - --
8.7 7.9 1600 249
3 7.8 1620




Table 6 {Cont.)
Cibolo Creek Stations
Field Measurements

- 4/17/80
Dissolved Chlorine
Station oxygen Residual | Temp. Conductivity Alkalinity
No. Time mg/1 mg/l e pH umhos/cm P-Alk T-Alk
W 0640 7.7 -- 17.9 | 7.9 1646 e ==
1000 7.9 - 18.4 | 8.0 1440 0 258
1415 9.3 = 20.1 8.0 1505 == =
1630 8.3 -- 20.0 | 7.9 1569 0 260
1930 8.7 == 20.0 [ 7.9 1647 - e
X 0655 7.7 —-- 17.8 | 8.0 1556 - HE
1045 8.0 -- 19.0 { 7.9 1515 0 262
1455 9.2 == 21.0 | 8.1 1584 el =
1740 8.9 = 20.4 | 8.0 1626 0 261
2010 8.6 = 20.1 8.0 1685 -~ =
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Table 7

station D Contin

yous Monitoring

Field Measurements

e ——

s SRS

4/16-17/80
Dissolved Conduc-
Station Oxygen Temp. tivity
No. Time mg/1 °C pH pymhos/cm
4/16/80

D 1316 4.2 18.0 7.4 1000
- 1327 4.4 18.4 7.4 1000

1337 4.5 18.2 7.5 1000

1348 4.6 18.5 7.5 1000

1358 4.8 18.7 7.5 1000

1409 4.7 18.8 7.5 1000

1419 4.8 18.9 7.5 1000

1430 5.2 18.9 7.5 1000

1440 5.1 19.0 1.5 1000

1451 5.2 19.1 7.5 1000

1501 5.5 19.0 7.5 1000

1512 5.6 19.1 7.6 1000

1522 5.6 19.2 7.6 1000

1533 5.8 19.3 7.6 1000

1543 ° 5.8 19.4 7.6 950

1554 6.0 19.3 7.6 950

1604 6.1 19.3 7.6 950

1615 6.0 19.4 7.6 950

1625 6.0 19.4 7.6 950

1636 6.1 19.3 7.6 950

1646 6.2 19.2 7.6 950

1657 6.3 19.2 7.6 950

1707 6.3 19.2 7.6 950

1718 6.3 19.2 7.6 950

1728 6.4 19.2 7.6 950

*1739 6.6 20.2 7.8 1000

{

1750 6.4 19.1 7.6 a50

1801 6.4 19.0 7.6 950

1811 6.4 19.0 7.6 950

1822 6.5 19.0 T 950

1832 6.6 18.9 7.7 950

1843 6.7 18.9 7.7 950

1853 6.8 18.8 7.7 950

1904 6.8 18.8 7.7 950

1914 6.8 18.8 7.7 050

1925 6.8 18.8 7.7 950

\' |
!
I T DS B

% _ Indicates readings taken fr
chart recorder. :

om Hydrolab surface

20
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Table 7(cont.)
Station D Continuous Monitoring

Field Measurements

4/16-17/80

Dissolved Conduc-

Station Oxygen Temp. tivity

No. Time mg/1 °C pH pmhos/cm

4/16/80

D 1935 6.9 18.9 7.7 950
- 1946 7.0 18.9 7.7 950
1956 7.0 18.9 7.7 950
2007 7.0 18.9 7.7 950
2017 7.0 18.9 7.7 950
2028 7.0 19.0 7.7 950
2038 7.0 18.9 7.7 950
2049 7.0 19.0 7.7 950
2059 7.0 18.9 7.7 950
2110 6.9 19.0 7.7 950
2120 6.9 18.9 7.7 950
2131 6.9 18.9 7.7 950

, 2141 6.9 18.9 7.7 950
2152 6.9 18.8 7.7 950
2202 6.8 18.8 7.7 950
2213 6.8 18.8 7.7 900
2223 6.8 18.8 y 950
2234 6.7 18.8 7.7 950
2244 6.7 18.9 7.7 950
*2317 6.8 20.0 7.9 1000
2328 6.6 18.8 1uid 950
2339 6.5 18.8 7.7 950
2350 6.4 18.8 7.7 950

4/17/80

0001 6.4 18.8 7.6 950
0012 6.4 18.7 7.7 950
0023 6.3 18.73 7.7 950
0034 6.3 18.7 7.7 950
0045 6.2 18.7 7.7 950
0056 6.2 18.7 7.7 950
0107 6.2 18.7 7.7 950
0118 6.1 18.7 7.6 950
0129 6.0 18.7 7.6 950
0140 6.0 18.7 7.7 550
0151 6.0 18.7 7.7 950
0202 5.9 18.6 7.6 950
0213 5.9 18.6 7.6 950
0224 5.8 18.6 7.6 950

* - Indicates readings taken from Hydrolab surface unit instead of
strip-chart recorder.
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Table 7{cont.)

« Station D Continuous Monitoring
Field Measurements

4/16-17/80
Dissolved Conduc-
Station Oxygen Temp. tivity
No. Time mg/1 . °C pH umhos/cm
4/17/80

D . 0235 5.7 18.6 7.6 950
0246 5.6 18.6 7.6 950
0257 5.5 18.6 7.6 950
0308 5.4 18.6 7.6 950
0319 5.3 18.6 7.6 950
0330 5.2 18.6 7.6 950
0341 5.1 18.5 7.6 950
0352 5.0 18.5 7.6 950
0403 4.9 18.5 7.6 900
0414 4.7 18.4 7.6 950
0425 4.5 18.5 7.6 950
0436 4.3 18.5 7.6 950
0447 4.2 18.5 7.6 950
0458 4.1 18.5 7.6 950
0509 4.0 18.4 7.6 950
0610 3.8 18.4 7.6 950
0621 3.6 18.5 7.6 950
0632 3.5 18.5 7.6 950
0643 3.3 18.5 7.6 950
0654 3.2 18.5 7.5 950
0705 3.1 18.5 7.5 950
0716 3.0 18.5 7.5 950
0727 2.9 18.5 7.5 950
0738 2.8 18.5 7.5 950
0749 2.7 18.5 7.5 1000
0800 2.6 18.6 7.5 1000
0811 2.5 18.6 7.5 1000
0822 2.5 18.6 § 7.5 1000
0833 2.4 18.6 7.5 -
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Table 8
Station EE Continuous Monitoring
Field Measurements
¥y 4/16-17/80
. DiSSO]VEd Conduc-
Station ' Oxygen Temp. tivity
' No. Time mg/1 °c pH umhos/cm
4/16/80

EE _*1323 4.4 17.0 8.3 800

1335 4.5 17.0 8.4 800

1347 4.6 17.0 8.5 780

1359 4.5 17.0 8.5 770

1411 4.6 17,2 8.6 740

1423 4.6 17.2 8.6 720

1435 4.7 17.4 8.7 710

1447 4.8 17.5 8.7 700

1459 4.9 17.2 8.7 690

1511 4.9 17.5 8.7 670

1523 4.9 17.4 8.8 660

1535 4.9 17.5 8.8 640

1547 4.9 17.5 8.8 640

1559 4.9 17.5 8.8 640

1611 4.9 17.4 3.8 640

1623 5.0 17.4 8.8 630

‘ 1635 5.0 17 .4 8.8 620
E 1647 5.0 17.2 8.8 600
! 1659 5.1 17.2 8.8 600
! 1711 5.1 17.1 8.9 600
*1730 5.1 17.0 8.85 790

1742 5.1 17.0 8.9 590

1754 5.0 170 8.9 580

1806 5.0 17.0 8.9 570

_ 1818 4.9 17.0 8.9 570
.f 1830 4.9 16.8 8.9 560
1842 4.9 16.8 8.9 560

' 1854 5.0 16.7 g 9.0 560
.' 1906 5.0 16.7 ° 9.0 560
1918 5.0 16.7 9.0 550

1930 5.0 16.7 9.0 550

1942 5.1 16.6 9.0 530

1954 5.5 16.6 9.0 540

2006 5.6 16.5 9.0 530

2018 b7 16.5 9.1 520

2030 5.7 16.5 9.1 520

2042 5.6 16.5 9.1 520

2054 5.6 16.4 9.2 529

]
* - Indicates readings taken from Hydrolab surface unit instead of strip-
chart recorder. )
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Table 8 (Cont.)
station EE Continuous Monitoring

Field Measurements
4/16-17/80
Dissolved
Station Oxygen Temp.
No. Time mg/1 "G pH
: PR
: 4/16/80
; EE 2106 5.6 16.4 9.2 520
© 2118 5.7 16.4 9.2 520
2130 5.6 16.4 9.2 510
L 2142 5.8 16.4 9.3 520
E 2154 5.l 16.4 9.2 510
) 2206 5.6 16.3 9.3 510
f 2218 5.7 16.3 9.3 510
i 2230 5.6 16.3 9.3 500
2242 5.5 16..3 9.4 500
*2303 5.4 16.2 7.4 750
2315 .3 16.2 9.4 430
23217 5.4 16.2 9.4 500
2339 5.3 16.2 9.4 490
2351 5.4 16.1 9.5 490
2403 5.3 16.1 9.5 490
2415 5.3 16.1 9.5 480
2427 5.3 16.0 9.5 480
2439 5.2 16.0 9.5 490
4/17/80
EE 2451 Bl 16.0 9.5 480
0003 5.1 16.0 9.6 480
0015 5.0 15.9 9.6 470
0027 5.0 15.7 9.6 480
0039 4.9 15.8 9.6 470
0051 5.0 15.8 9.6 480
0103 4.9 15.7 9.7 480
0115 4.8 15.7 9.7 480
0127 4.8 ¥15.6 9.7 480
0139 4.6 15.6 9.7 470
0151 4.6 15.6 9.8 480
0203 4.5 15.6 9.8 490
0215 4.3 15.6 9.8 490
0227 A3 15.5 9.8 490
0239 4.2 15.4 9.8 480
0251 4.1 15.5 9.8 430
0303 4.0 15.4 9.8 480
0315 3.9 15.6 9.8 470
0327 4.0 15.5 9.8 470
0339 3.8 15.6 9.8 470
‘ % - Indicates readings taken from Hydrolab surface unit instead of strif
| chart recorder.
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Table 8 (Cont.)
Station EE Continuous Monitoring

Field Measurements

4/16-17/80

Dissolved Conduc-

Station Oxygen Temp. tivity

No. Time mg/1 fC pH umhos/cm

4/17/80

EE 0351 3.8 15.4 9.8 470
0403 3.8 15.4 9.8 470
0415 37 15,3 9.8 470
0427 3.7 15.4 9.9 470
0439 3.6 15.4 9.9 470
0451 3.5 15.4 9.8 470
0503 3D 15.4 9.8 470
0515 3.5 15.3 9.8 470
0527 3.4 15.2 9.8 480
0539 3.3 15.3 9.8 470
0551 3.3 15.2 9.8 470
0603 3.2 15.2 9.7 470
0615 -~ 3.2 15.2 9.8 470
0627 34 15.2 9.8 470
0639 3.1 15,2 9.8 470
0651 3:1 15.3 9.8 470
0703 3.1 15.2 9.8 480
0715 3.0 15:2 9.9 470
0727 3.0 15:2 9.9 480
0739 2.9 15.3 9.9 470
0751 3.0 15.4 9.9 460
0803 3:0 15.4 9.9 460
0815 2.9 15.4 9.9 460
0827 2.9 15:3 9.9 470
0839 2.8 15.4 9.9 470
0851 2.8 15.4 9.9 470
0903 3.0 154 10.0 480
0915 2.8 15.5 10.0 480
0927 2.7 15.4 9.9 480
0939 2.8 15.4 9.9 480
0951 2.8 15.4 9.9 480
1003 2.7 15.4 9.9 470
1015 2.6 15.5 9.8 460
1027 2.6 15.5 9.8 470
1039 2.4 V5:5 9.8 460
1051 2.6 15,8 9.8 460
1103 2.6 Eaied 9.7 470
1115 2.7 15.8 9.6 470
1127 2.6 15.8 9.6 470
1139 2.7 15.8 9.6 470
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) Table 8 (cont.)
Station EE Continuous Monitoring

Field Measurements

e —

4/16-17/80
; Dissolved Conduc-
station _ Oxygen Temp. tivity
No. Time mg/ 1 °C pH umhos/cm
4/17/80

EE 1151 2.7 15.9 9.6 460
1203 2.7 16.0 9.6 460

1215 2.6 16.3 9.5 450

1227 2.8 16.3 9.5 450

1239 3.0 16.4 9.5 440

1251 3.0 16.4 9.5 450

1303 3.5 16.5 g.5 450

1315 3.5 16.7 9.4 450

1327 3.8 16.8 9.4 450

1339 3.9 16.8 9.4 440

1351 4.1 17.0 9.4 440

1403 3.6 17.0 9.4 440

1415 4.4 17.3 9.4 440

1427 4.9 17.2 9.4 450

1439 4.8 17.2 9.4 450

1451 4.9 17.3 9.4 440

1503 5.0 17.4 9.4 430

1515 4.6 17.3 9.4 440

1527 5.6 17.5 9.4 440

1539 5.7 17.5 9.4 440

1551 5.6 175 9.5 420

1603 5.4 17.5 9.5 420

1615 5.0 17.4 9.5 420

+*1720 4.7 7.5 9.5 790

Nl

N N ,_M,,/,,J/

3 ** pH - recalibrated, read 7.7 in 7.0 buffer
— Conductivity - recalibrated, read 800 in 1460 standard
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Table 9
Cibolo Creek Reaeration Survey
Field Measurements
6/10-12/80
Dissolved Conduc-
Station Oxygen Temp. tivity
No. Time mg/1 °C pH umhos/cm

6/10/80
B 1428 3.6 27.5 7.0 898
© 2031 5.7 27.3 7.1 917
2212 3.5 26.4 7.0 891

5 6/11/80
0004 3.4 26.3 7.1 894
BB *0159 2.9 26.1 6.9 903
0231 2.6 26.0 6.8 900
C 0733 2.2 25.3 6.9 910
0910 2.1 25.7 6.9 924
0950 2.3 25.8 7.0 924
1109 2.4 26.2 7.0 904
1310 2.9 26.9 7.1 899
*1400 3.1 26.9 7.1 899
1505 3.4 27.1 7.1 900

6/11/80
D 1800 6.7 28.2 7.3 896
1900 6.1 27.7 7.3 900
2000 5.1 27.5 7.2 903
? *2040 4.7 27.4 7.2 905
l 2155 5.2 27.2 7.3 909

6/12/80
E 0110 2.0 26.3 71 910
0310 1.4 26.0 7.1 913
*0410 1.3 25.7 7.1 915
*0505 1.3 25.5 7.0 917
0600 1.2 25.4 7.0 918

i

* - Indicates time of dye peak passaae
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Table 10 [
Tributary Stations |
Field Measurcments

Dissolved Chlorine __1
Station Oxygen Residual | Temp. Conductivity Alkalinity
No. Time mg/1 mg/1 °c pH umhos/cm P-Alk T-Alk
K 1630 18.1 -- 24.7 | 8.7 1354 1.2 110
M 0615 7.6 -- 16.8 | 7.7 1150 -- --
0955 7.4 - 17.2 } 7.7 1158 0 208
1245 7.1 -- 17.7 | 7.8 1168 -- -
1555 7.2 -- 18.2 | 7.9 1166 0 200
1925 7.5 -- 18.6 | 7.8 1179 - --
1300 8.7 -- 21.91 1.4 6040 0 380
0700 6.7 - 17.6 | 7.4 2370 -- --
1005 7.6 -- 19.1 1 7.5 2370 0 286
1250 9.1 -- 23.0| 7.6 2360 - --
1615 9.5 -- 24,81 7.8 2360 0 278
1835 9.5 e 22.4 | 7.7 2360 = --
Alum Cr.| 1730 7 - 27 2.1 3820 0 0
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Table 11

Sewage Treatment Plant Statjons

Field Measurements

4/17/80
Dissolved Chlorine
Station Oxygen Residual | Temp. Conductivity Alkalinity
No. Time mg/1 mg/1 % pH umhos/em P-Alk T-Alk

1 0639 6.4 0.5 18.1 7.2 910 -- --
0946 7.5 1.0 20.0 | 7.4 933 0 256

1212 7.9 1.5 22.1 7.5 944 *iemirm -
1652 7.7 1.6 23.5 | 7.6 1022 L) 262

1955 7.8 -~ 21.9 | 7.5 1028 e --

2 0620 4.8 -- 20.6 | 6.9 2430 s —

0955 4.2 1.2 20.3 { 7.0 2470 - -=

1245 4.3 1.2 0.7l 7.2 2500 - -~
1600 4.1 0.8 21.2.1 7.5 2500 0 262

1850 4.4 -- 21.3 { 7.3 2510 = --
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Table 18
Cibolo Creek Benthic Macroinvertebrates* (5/8/80)

Station

Total Number of Organisms per m2

Total Number of Taxa
Diversity

Redundancy
Equitability

A

4,852

31
2.79
0.46
0.56

7,

E
444
17

1.45
0.66
0.35

G
6,116
31
3.08
0.39
0.62

Z
6,944
55
4.11
0.31
0.71

N
6,619
46
4.08
0.28
0.71

T
2,679
37
3.95
0.27
0.74

X
1,799
36
3.87
0.29
0.75

Taxon

Number of Individuals per m?

COELENTERATA
Hydra sp.

TURBELLARIA

Dugesia tigrina

NEMERTEA
NEMATODA

HIRUDINEA

Dina anoculata
Helobdella fusca
Mooreobdella microstoma

OLIGOCHAETA

Aeolosoma sp.
Branchiura sowerbyi

Dero nivea

Limnodrilus sp.
Limnodrilus hoffmeisteri

Limnodrilus udekemianus
Nais communis

Nais elinguis

Nais variabilis
Pristina leidyi
Pristina osborni
Pristina sima

Pristina synclites
Stylaria lacustris

GASTROPODA

Biomphalaria obstructus
Fossaria dalli
Gundlachia radiata

273

11

20

201

14

502

2,110

29

136

771

11

144

25

22

158

29

36

B3

334

14

11

25

11

14

18

T

47



Table 18 (Cont.)
cibolo Creek Benthic Macroinvertebrates* (5/8/80)

Station A E G Z N T X

Taxon ] Number of Individuals per m2

GASTROPODA (CONT.)

Gyraulus parvus 122 22

Helisoma anceps 420 4

Lyrodes sp. 4

Physa virgata 14 5,253 11 4 4 129
Pyrgophorus coronatus 32 7

PELECYPODA

Corbicula fluminea 43 334 1,353 463 194
Eupera cubensis 7
Pisidium casertanum 32 7 32
Sphaerium transversum 409 111 1,152

AMPHIPODA
Hyallela azteca 39 1,073 43 14

OSTRACODA

Cypricercus nr dentifera 4
Cypridopsis vidua 11

HYDRACARINA

Hydracarina sp. A 14
Hydracarina sp. B 11
Sperchon sp. 7 14 4

COLEOPTERA

Berosus sp. 4 4

Dubiraphia quadrinotata 4

Dubiraphia vittata 22 39

Helichus suturalis ! 11 47 7
Heterelmis sp. 7 4
Heterelmis vulnerata 11 1 E 208 4
Hexacylloepus ferrugineus 7 o 124 194 11
Microcylloepus pusillus 283 4 312 25 90 4 7
Neoelmis caesa 6l 11 20

Psephenus texanus 7 140 22

Stenelmis bicarinata 936 7 574 359 1,058 136 25

DIPTERA

Ablabesmyia sp. 4
Ablabesmyia mallochi ; 7
Ablabesmyia parajanta 4
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Table 18 (Cont.)
Cibolo Creek Benthic Macroinvertebrates* (5/8/80)

Station A

E G VA N T

Taxon

Number of Individuals per m2

DIPTERA (CONT.)
Cladotanytarsus sp. 7

Cricotopus sp. 11
Cricotopus sp. a

Cricotopus sp. B

Dicrotendipes neomodestus

Empididae 4
Orthocladius sp. 4
Pentaneurini sp. a

Polypedilum sp,

Polypedilum halterale

Polypedilum illinoense

Pseudochironomus sp. A

Pseudochironomus sp. B

Rheocricotopus sp.

Scirtes sp.

Simulium nr bivittatum

Tabanus sp. 4
Tanytarsus sp.

Thienemanniella sp,

EPHEMEROPTERA

Baetis sp. 32
Baetis sp. A

Baetis sp. B

Caenis sp.

Dactylobaetis mexicanus

Isonychia sicca manca

Leptohyphes packeri 14
Pseudocloeon sp.

Stenonema sp.

Thraulodes gonzalesi

Traverella presidiana

Tricorythodes albilineatus gr 11

LEPIDOPTERA

Parargyractis sp.

MEGALOPTERA

Corydalus cornutus

ODONATA

Argia sp. 4
Brechmorhoga mendax

Erpetogomphus sp.

Hetaerina sp.

61 111
4 147
183 29 1
14

11 4

54

50 4

549 122 1
18
273

lo4

25
29

~N

39 169

176 18
79 158
11

68 29
294 50 3

499 136 1

=Y

57

15

11

43
61
14

14

72
25

34

15

11

14

18

39

104
25

39

L1

208

18
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Ccibolo Creek Benthic
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Table 18 (Cont.)

Macroinvertebrates (5/8/80)

Station - E G Z N T X
Taxon Number of Individuals per m2
PLECOPTERA
Neoperla clymene 255 18 29
TRICHOPTERA
Cheumatopsyche Sp. 2,146 4 29 2,045 416 474 25
chimarra sp- 25
Helicopsyche SP- 22 72
derogsiche sp-. 337 22 18
Hgdrogtila sp- 68 520 161 151 190
Mayatrichia sp- 4
Nectopsyche gracilis 18 14
Ochrotrichia sp. 11 14 126 398 111 161
Oecetis sSP. 7 36 4
Pratogtila SP. 14 222
154 560 327

Smicridea SpP.

* 3 Surber samples collected at each station
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Table 19
Cibolo Creek Periphytic Diatoms (5/8/80)

Station A E 6 Z N T X

Total number of indjviduals counted 1850 2650 851 1070 2190 592 609
Total number of taxa 45 22 50 45 42 44 51
Diversity 3.51 2.30 4.42 3.48 2.71 4.10 3.52
Equitability 0.63 0.52 0.78 0.63 0.49 0.75 0.62

Taxon Percentage Composition

Achnanthes exigua var. exigua + # 1
. exigua var. constricta +
hauckiana var. hauckiana 1 o3

hauckiana var. rostrata : 1

hungarica(?) var. hungarica + +

lanceolata var. lanceolata +

lanceolata var. dubia 8 + +

lanceolata var. omissa +

lapponica var. ninckei +

linearis var. linearis 1
linearis f. curta 1 3 1
microcephala var. microcephala +
-(?) minutissima var. minutissima 1

Achnanthes (girdle view) + + 1
Amphora acutiuscula var. acutiuscula
A. coffeiformis var. coffeiformis

A. perpusilla var. perpusilla 28 : 3 7 + 3
A. ovalis var. affinis ’
A
A

=12 0= 1= 2 = 1= > > = =

|x=

. ovalis var. pediculus + +
. veneta var. veneta 2 1 + +

Bacillaria paradoxa + + 1
Biddulphia laevis(?) + 1 +

Caloneis ventricosa(?) var. minuta +

Cocconeis pediculus var. pediculus 1 +

C. placentula var. placentula 4 8 3 1 1 3
C. placentula var. euglypta 1

-
g
+ + —~ + + o+ o+
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Table 19 (Cont.)
gibolo Creek periphytic Diatoms

e —

(5/8/80)

Station

A E

G

Taxon

z

N

T

Percentage Composition

Cyclotella meneghiniana

C. stelligera

C. sp. 2

§1m9g11a prostrata var. Erostrata
C. sinuata var. sinuata

Diploneis puella var. puella

Entomoneis alata var. alata

E. paludosa var. paludosa

Eunotia sp. 3

E. sp. b

Frustulia rhomboides var. saxonica
Gomphonema abbreviatum var. abbreviatum

angustatum var. citera
grunowii var. grunnﬂii

parvulum var. parvulum
subclavatum var. mexicanum(?)

tenellum var. tenellum
. tergestinum yar. tergestinum

Gomphonema (girdle view)
Gyrosigma nodiferum var. nodiferum

o & e e |8 |

Melosira varians
Navicula accomoda var. accomoda

arenaria var. arenaria

arvensis var. arvensis
auriculata var. auriculata

capitata var. hungarica
cincta var. cincta

1= 1= 1= 1= 1= 1F

confervacea var. confervacea

Denticula rainierensis(?) var. rainierensis

28

+ + + +

2

~J

+ + v+

+

10

14

- + — +

15
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Table 19 (Cont.)
Cibolo Creek Periphytic Diatoms (5/8/80)

-

Station

E

G

z

N

T

Taxon

Percentage Composition

IZ 1= 1z |z = |= |=

IZ1Z 12 1z = 1= 1= = |= |= =

IZ Iz == (=12 = = 1= |=

. confervacea var. peregrina
- cryptocephala var. veneta

- cuspidata var. cuspidata

. exiqua(?) var. exigua

exigua var. capitata

gastrum var. gastrum
globulifera var. globulifera
graciloides(?) var. graciloides
grimmei var. grimmei

. halophila(?) var. halophila

- lngenua

lanceolata var. lanceolata
luzonensis var. luzonensis

minima var. minima

notha(?) var. notha
paucivisitata(?) var. paucivisitata
pelliculosa var. pelliculosa

pseudoreinhardtii(?) var.
pseudoreinhardtii

pupula var. pupula

pupula var. mutata
radiosa var. radiosa

radiosa var. tenella
rhynchocephala var. germainiij
salinarum(?) var. salinarum
salinarum var. intermedia
sanctaecrucis var. sanctaecrucis
schroeteri var. escambia
secreta(?) var. secreta -

o~

scmt

+ 0 + = o+ 4

+ + + o

+

T
+
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Table 19 (Cont.)
Cibolo Creek Periphytic Diatoms (5/8/80)

Station A E G yA N T

Taxon Percentage Composition

secura var. secura + +
seminulum(?) var. hustedtii + + 1

texana(?) var. texana +
variostriata var. yariostriata +

sp. @ +
sp. b
sp. €

= |= |= 1= |2 1= =

Navicula (girdle view)
Neidium affine(?) var. humerus +

Nitzschia acicularis

acuminata

amphibia 12 4 10

angustata

apiculata + +
clausii

e

communis

N.
N.
N.
N.
N.
N.
N. dissipata
N.
N.
N.
N.
N.
N

o
o
+ + o + +

filiformis
fiexa(?)

fonticola(?) 1 2 + 10
frustulum(?) 2 2 7 6 24 B

gandersheimiensis

N. gracilis
N. hggtzschiana(?)

N. heufleriana

N. hungarica

N. ignorata

N. linearis

N. longissima var. reversa
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Cibolo Creek

Table 19 (Cont.)
Periphytic Diatoms (5/8/80)

‘on

z N T X

Taxon

Percentage Composition

crocephala

lea

21 44 7 18

rvula
cta(?) +
blinearis +
tilis
tblionella var. debilis
‘blionella var. levidensis(?) + +
‘blionella var. victoriae +
‘blionella var. (?)
micularis
rea(?) 1
a 2
b +
2ia (girdle view) 1
iria microstauron var. microstauron +
iphenia curvata var. curvata 18 + + 1 1
idia gibba var. ventricosa +
lodiscus(?) invisitatus +
a +
la spp. + + 4 1 1
_affinis g
sitica var. subconstricta +
var. amphirhynchus 1 "
(girdle view) +
Je musica »

icate present but composed Tess than 1 percent of community.
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FIELD AND LABORATORY PROCEDURES

The following methods are utilized for field and laboratory
determinations of specified physical and chemical parameters.
Unless otherwise indicated composite water samples are collected
at each sampling station and stored in polyethylene containers

on ice uhtil delivery to the laboratory. Sediment samples are
collected with a dredge or coring device, decanted, mixed, placed
in appropriate containers (glass for pesticides analyses and
plastic for metals ana]yses?, and stored on ice until delivery to
the laboratory. Laboratory chemical analyses are conducted by the
Water Chemistry Laboratory of the Texas Department of Health
unless otherwise noted.

WATER ANALYSES

Field Measurements

Parameter Method
Temperature Hand mercury thermometer, temper-

ature probe of Hydrolab Model 60
Surveyor, or Hydrolab 4041.

Dissolved Oxygen Azide modification of Winkler
titration method, oxygen probe
attachment of Hydrolab Model 60
Surveyor, or Hydrolab 4041

pH Hydrolab Model 60 Surveyor,
Hydrolab 4041 or Sargent-
Welch portable pH meter.

Conductivity Hydrolab Model ‘FO Surveyor,

Hydrolab 4041, or Hydrolab
TC-2 conductivity meter

Alkalinity Titration as“described in
“Standard Methods for the Ex-
amination of Water and Waste-
water" 13th Ed., using phenol-
phthalein and methyl red/brom-
cresol green indicators.




Laboratory Analyses

Parameter

BOD5, Nitrogen-Suppressed

BODy_7, Nitrogen-Suppressed

BOD2p, Nitrogen-Suppressed

TSS
VSS

Kjel-N

NH3-N

NO2-N
NO3-N

T-P0g

0-POg
Sulfates
Chlorides
TDS

ToC

Conductivity

Method

Membrane electrode method(1).
Nitrogen Suppression using
TCMP method(2).

Membrane electrode method(1).
Nitrogen Suppression usina
TCMP method(2).

Membrane electrode method(1)
Nitrogen Suppression using
TCMP method(2).

Gooch crucibles and glass fiber
dises(1).

Gooch crucibles and glass fiber
discs(1).

Micro-Kjeldahl digestion and
automated colorimetric phenate
method(3).

Distillation and automated
colorimetric phenate method(3).

Colorimetric method(1).

Automated cadmium reduction
method(3).

Persulfate digestion followed by
ascorbic acid method(1).

Ascorbic aciﬁ method(1).
Turbidimetric method(1).
Automated thiocyanate method(3).
Evaporation at 180°C(3).

Beckman TOC analyzer.

Wheatstone bridge utilizing 0.01
cell constant(1).




Parameter
Chlorophyll a
Pheophytin a

SEDIMENT ANALYSES

Field Measurements

Immediate Dissolved
Oxygen Demand (IDOD)

Laboratory Analyses

Paranmeter
Arsenic

Mercury

A1l other metals
Volatile Solids
cob

Kiel-N

T-P0y

Pesticides

o
et
1

Method
Trichromatic method(1).

Pheophytin correction method(1).

Dop-D1
mg/1 100D = —————

where Dg = D.0. to original dilu-
tion water

- _dilution water used (ml)
P = ~VoTume of BOD bottle (Wi}

p - _amount of sample used (ml)
~ volume of BOD bottle (ml)

D.0. of diluted sampleé 15 min.
after preparation using membrane
electrode method

Method
Colorimetric

Potassium peréanganate digestion
followed by atomic absorption(4).

Atomic absorption(4).
Ignition in a muffle furnace.
Dichromate reflux method.

Micro-Kjeldahl digestion and
automated colorimetric method(3).

Ammonium molybdate(4).

Gas chromatographic method(5).



BACTERIOLOGICAL

Bacteriological samples are collected in sterilized glass bottles
provided by the Texas Department of Health and stored on ice until
delivery to the laboratory or until cultures are set up by survey
personnel (within 6 hours of collection). Bacteriological analyses
are conducted by survey personnel or a suitable laboratory in the
survey area.

Parameter Method

Total Coliform Membrane filter method(1)
Fecal Coliform Membrane filter method(1)
Fecal Streptococci Membrane filter method(1)

BENTHIC MACROINVERTEBRATES

Benthic macroinvertebrates are collected with a Surber sampler

(1.0 ft.2) in riffles and an Ekman dredge (0.25 ft.¢) in pools.
Samples are preserved in 5% formalin, stained with Rose Bengal, and
sorted, identified, and enumerated in the laboratory.

Diversity is calculated according to Wilhm's(6) equation:

- 5
g = - ? (ni/n) Togp (ni/n)

where n is the total number of individuals in the
sample, nj is the number of individuals per
taxon, and s is the number of taxa in the

sample.

Redund?ngy is calculated according to the equations derived by Young
et al.(7

(1) d max = Togp S

= L s-1 1 - n-(s-1) n-(s-1)
(2) d min= - = gy ~ = logy — &=~
(3) - d max - d

d max - d min

where s is the number of taxa in the sample and n is the
total number of individuals in the samole.




The number of individuals per square meter is determined by dividing
the total number of individuals by the area sampled.

PLANKTON

Phytoplankton

Stream phytoplankton are collected beneath the water surface.
Sampling stations are Tocated both upstream and downstream from
pollution sources and care is taken to preclude confusing inter-
ferences such as contributions of plankton from reservoirs, from
backwater areas, scouring of periphyton from the streambed, etc.
Reservoir phytoplankton samples are collected with a tube device in
which sample collection is vertically integrated throughout the depth
of the euphotic zone (3 times Secchi disc measurement). In cases where
the euphotic zone depth exceeds the tube length, samples are collected
with an appropriate water sampler at depths evenly spaced throughout
the euphotic zone.

Samples are stored in quart cubitainers on ice and transferred to the
laboratory where representative small portions of each sample are
analyzed live to aid in taxonomic identification. Samples (950 m1)
are then preserved with 50 m1 of 95% buffered formalin or 9.5 ml of
Lugols solution and stored in the dark until examination is completed.
Identification and enumeration of phytoplankton is conducted with an
inverted microscope utilizing standard techniques. The diversity
index (d) is calculated as described previously.

Zooplankton

Zooplankton are concentrated at the site by either filtering a known
volume of water through a No. 20 mesh standard wisconsin piankton
net or vertically towing the net a known distancg. Concentrated
samples are preserved with Lugols solution or infa final concentra-
tion of 5% buffered formalin. The organisms are identified to the
lowest taxonomic level possible and counts are made utilizing a

Secgwick-Rafter cell. Diversity is calculated as described previously.
NEKTON
Nekton samples are collected by the following methods(1):

Common-sense minnow seine - 20' x 6' with 1/4" mesh

Otter trawl - 12' with 1 3/16" outer mesh and 1/2"
mesh liner

Chemical fishing - rotenone




Experimental gill nets - 125' x 8' (five 25' sections ranging in
mesh size of 3/4" to 2 1/2")

Electrofishing - backpack and boat units (both equipped with
AC or DC selection). Boat unit is equipped
with variable voltage pulsator.

These organisms are collected to determine: (1) species present,
(2) relative and absolute abundance of each species, (3) size
distribution, (4) condition, (5) success of reproduction,

(6) incidence of disease and/or parasitism, (7) palatability,
and/or (B) presence or accumulations of toxins.

Nekton collected for palatability are iced or frozen immediately.
Samples collected for heavy metals analyses are placed in leak-proof
plastic bags and placed on ice. Samples collected for pesticides
analyses are wrapped in aluminum foil, placed in a water proof
plastic bag and placed on ice.

As special instances dictate, specimens necessary for positive
identification, parasite examination, etc., are preserved in 10%
formalin containing 3 grams borax and 50 m] glycerin per liter.
Specimens over 7.5 cm in length are slit at least one-third of the
length of the body to enhance preservation of the internal organs.
Other specimens are weighed and measured before being returned to
the reservoir or stream.

ALGAL ASSAYS

The "Selenastrum capricornutum Printz Algal Assay Bottle Test"
procedure(8) is utilized in assaying nutrient limitation in fresh-
water situations whereas the "Marine Algal Assay Procedure Bottle
Test"(9) is utilized in marine and estuarine situations. Samples
are collected according to the phytoplankton collection methodology.
Selenastrum capricornutum is the freshwater assay organism and

Dunaliella tertiolecta is the marine assay alga.

PRODUCTIVITY/RESPIRATION

Two methods are utilized to estimate productivity and respiration

in the study area. In areas where restricted flow produces natural

or artificial ponding of sufficient depth, standard light bottle-dark
bottle techniques are used. In flowing water the diurnal curve analysis
is utilized.



Light Bottle-Dark Bottle Analyses

The 1ight and dark bottle technique is used to measure net production
and respiration in the euphotic zone of a lTentic environment. The
depth of the euphotic zone is considered to be three times the Secchi
disc transparency (3 x Zsp). This region is subdivided into three
sections. Duplicate light bottles (300 m1 BOD bottles) and dark
bottles (300 m1 BOD bottles covered with electrical tape, wrapped

in aluminum foil and enclosed in a plastic bag) are filled with

water collected from the mid-point of each of the three vertical
sections, placed on a horizontal metal rack and suspended from a
flotation platform to the mid-point of each vertical section. The
platform is oriented in a north-south direction to minimize shading
of the bottles. An additional BOD bottle is filled at each depth for
determining initial dissolved oxygen concentrations (modified Winkler.
method). The bottles are allowed to incubate for a varying time
interval, depending on the expected productivity of the waters. A
minimum of four hours incubation is considered necessary.

The following equations are used to calculate respiration and
photosynthesis:

(1) For plankton community respiration (r), expressed
as mg/1 0y/hour

DO;-DOpg
Hours incubated

where DOy = initial dissolved Oxygen concentration.

and DOpg = average dissolved oxygen concentration
of the duplicate dark bottles.

(2) For plankton net photosynthesis (Py), expressed as
mg/1 05/hour 6
DO g-DO;
Hours incubated

PN=

®

where DO| g = average dissolved oxygen concentration of
the duplicate 1ight bottles.

(3) For plankton gross photosynthesis (Pg), expressed as
mg/1 02/hour

PG=PN+R




Conversion of respiration and photosynthesis may be accomplished by
multiplying the depth of each of the three vertical zones (expressed
in meters) by the measured dissolved oxygen levels expressed in
grams/m3. These products are added and the result is expressed

as grams Oglmalday by multiplying by the photoperiod. Conversions
from oxygen to carbon may be accomplished by multiplying qrams

02 by 12/32.

Diurpal Curve Analysis

In situations where the stream is flowing, relatively shallow, and/or
contains appreciable growths of macrophytes or filamentous algae, the
diurnal curve analysis is utilized to determine productivity and
respiration. The procedure is adopted from the U. S. Geological
Survey (10).

Both the dual station and single station analyses are utilized, de-
pending upon the various controlling circumstances.

Dissolved oxygen and temperature data are collected utilizing the
Hydrolab surface units, sondes, data scanners, and strip chart recorders.
Calibration of the instruments are conducted utilizing the azide modi-
fication of the Winkler dissolved oxygen method and hand mercury
thermometers. Recalibration is conducted as often as necessary.
Diffusion rate constants are directly measured in those instances

where atmospheric reaeration rate studies have been conducted. In
situations where direct measurements are not made, either the diffusion
dome method is utilized, or an appropriate alternative. These
alternatives are: (1) calculations from raw data, (2) substitution
into various published formulas for determination of Kp, and

(3) arbitrary selection of a value from tables of measured diffusion
rates for similar streams.

Presently, the productivity and respiration rates are hand-calculated
The capability exists for computer analyses in this program which
may be utilized in the future.

BENTHAL OXYGEN DEMAND MEASUREMENTS

A benthic respirometer, constructed of clear plexiglass, is utilized
on intensive surveys to measure benthal oxygen demand(11). Brass

or stainless steel hardward is used to inhibit water-induced corrosion.
A D.0. probe, paddle, solenoid valve and air diffuser are mounted in-
side the test chamber. The paddle which is magnetically driven by an
electric motor is used to simulate stream velocity (and/or scour)

and produce circulation over the probe. The solenoid valve allows

air to escape from the test chamber during aeration. The air diffuser
is connected by plastic tubing to a 12-volt air compressor which is
used to pump air into the test chamber if required.




The paddle, solenoid valve, and air compressor are actuated by
switches on a contro] panel which is housed in an aluminum box.
The control box also contains two 12-volt batteries, the air
compressor, a strip-chart recorder (for automatic recordings
of D.0. meter readings), a battery charger, and a batter test
meter.

Selection of a specific test site must be made in the field by the
investigator with the depth, velocity, and benthic substrate taken
into consideration. At the test site the D.0. meter, and strip-chart
recorder are calibrated, the respirometer is dry tested by opening
and closing switches, testing batteries, etc., a stream velocity

Portions of this water sample are poured into separate BOD bottles,
one of which is opaque. The Opaque bottle is placed on the
respirometer and left for the remainder of the test. The initial

D.0. value in the other bottle is measured when the test begins,

while the D.0. in the Opaque bottle is measured at the end of the
benthic uptake test. The difference in the two D.0. values represents
the oxygen demand of the water column.

The respirometer can be lowered from a boat or bridge, or can be placed
by hand in shallow streams. Care is taken to insure that the sediment
at the test location is not disturbed and that a good seal between

the base of the instrument and bottom of the stream is made. After

teh re§pirometer has been placed in the stream, the D.O. ig recorded.

chamber is then closed and the paddle frequency adjusted. Recordings
of D.0. are made until it drops to 0.5 mg/1 or 6 hours has elabsed,

Paddle Frequency

f=36v q

I

where: f = paddle frequency ip, RPM

v = Velocity to be simulated in ft./sec.

(measured with current meter)

Benthic Oxygen Uptake

(D01-D07) - BOD:
At

BTD01-D0p = 196




Oxygen uptake rate in gm/m2/day
corresponding to the sample
temperature, T

where: BTDU]-DOZ

D0y = Initial DO reading in mg/1
D02 = Final DO reading in maq/l

At = Time interval between D07 and
D02 readings in minutes

T = Temperature of sample in °C

BOD; = Measured difference in DO between
the two BOD bottles

HYDROLOGICAL
Parameter Method

Flow Measurement (1) Pygmy current meter (Weather
Measure Corporation Model F583),
(2) Marsh-McBirney Model 201
electronic flow meter, (3) Price
Current Meter (Weather Measure
Corporation Model F582)(4), or gage
height readings at USGS gaging
stations.

Time-of-Travel Tracing of Rhodamine WT dye using
a Turner Model 110 or 111
fluorometer(12).

Stream Cross-Sections Measure average width and average
depth at each mainstream station.
At least 4 cross-section measurements
are made in the vicinity of each
mainstream station.

STREAM REAERATION MEASUREMENTS

The stream reaeration technigue, requiring the use of radioactive
krypton-85 and hydrogen-3 (tritiated water molecules), is utilized
to measure the physical reaeration capacity of a desired stream
segment(13).




The method depends on the simultaneous release of three tracers in a
single aqueous solution: a dispersion/dilution tracer (Tritiated

water molecules), a dissolved gaseous tracer for oxygen (krypton-85)

and Rhodamine WT dye to indicate when to sample for the radiotracers

in the field. The tracer release location is chosen to meet two require-
ments: (1) must be upstream of the segment for which physical reaera-
tion data is desired, (2) must be at Teast 2 ft, deep and where the .
most complete mixing takes place. Before the release, samples are
collected at the rejease site and designated sampling stations to
determine background levels of radiation. The first samples are
collected 50-200 ft. downstream from the release site in order to
establish the initial krypton-85/tritium ratio. Sampling sites

are located downstream to monitor the dye cloud every 4-6 hours for
35-40 hours. The Rhodamine WT dye is detected with Turner 111 flow- ]
through fluorometers. Samples are collected in glass bottles |
(1 0z.) equipped with polyseal caps which are sealed with black
electrical tape. Samples are collected every 2-5 min. during the
passage of the dye cloud peak. The three samples collected nearest
the peak are designated for analysis in the lab (three alternates
are also designated). Extreme caution is exercised throughout the
field and laboratory handling of samples to prevent entrainment of
air,

Samples are transferred within 24 hours of the collection time.
Triplicate counting vials are brepared from each primary sample.

A11 counting vials are counted in a Tracor Analytic 6892 LSC

Liquid Scintillation Counter which has been calibrated. Each vial
is counted a minimum of three, 10 min. cycles. The data obtained

is analyzed to determine the changes in the krypton-85/tritium ratio
as the tracers flow downstream.

The calculations utilized in determining the physical reaeration
capacity of a stream segment from the 1iquid scintillation counter
data are included here. Krypton-85 transfer in a well-mixed water
system is described by the expression: é

dCxp
“dt  ° “Kkr(Cgp,t) o (1)

where: Cyp,t = concentration of krypton-85 in the water
at time(t)

Kkr = 9as transfer rate coefficient for
krypton-85




The gas transfer rate coefficient for oxygen (Kox) is related to
Kkr by the equation;

Kkr
Kox

= 0.83 + 0.04 (2)

The krypton-85 coefficient (Kyp) is derived from the krypton-85
(Cxp)/tritium (Ch) concentration ratio (R) in the samples collected
at the time of peak concentrations;

Ckr
R = o (3)

Applying Eq. 3 to Eq. 1 gives;

dt

Equation 4 can be transformed to;

In(Rg/Ry)
Kerp = ———— (5)

where: R, and Ry = peak krypton-85/tritium concentration ratios

at an upstream and downstream station

o+
-+
n

peak-to-peak dye time of flow between the
upstream and downstream station

Finally Kox is determined by;

¢ Kkr (6)
0X 0.83
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Simulation of Streamflow, Evapotranspiration, and
Groundwater Recharge in the Lower San Antonio River
Watershed, South-Central Texas, 20002007

By Joy S. Lizarraga and Darwin J. Ockerman

Abstract

The U.S. Geological Survey (USGS), in cooperation with
the San Antonio River Authority, the Evergreen Underground
Water Conservation District, and the Goliad County Ground-
water Conservation District, configured, calibrated, and tested

‘a watershed model for a study area consisting of about 2,150
square miles of the lower San Antonio River watershed in
Bexar, Guadalupe, Wilson, Karnes, DeWitt, Goliad, Victoria,
and Refugio Counties in south-central Texas. The model simu-
lates streamflow, evapotranspiration (ET), and groundwater
recharge using rainfall, potential ET, and upstream discharge
data obtained from National Weather Service meteorological
stations and USGS streamflow-gaging stations. Additional
time-series inputs to the model include wastewater treatment-
plant discharges, withdrawals for cropland irrigation, and
estimated inflows from springs.

Model simulations of streamflow, ET, and groundwater
recharge were done for 2000-2007. Because of the complexity
of the study area, the lower San Antonio River watershed was
divided into four subwatersheds; separate HSPF models were
developed for each subwatershed. Simulation of the overall
study area involved running simulations of the three upstream
models, then running the downstream model. The surficial
geology was simplified as nine contiguous water-budget zones
to meet model computational limitations and also to define
zones for which ET, recharge, and other water-budget informa-
tion would be output by the model. The model was calibrated
and tested using streamflow data from 10 streamflow-gaging
stations; additionally, simulated ET was compared with mea-
sured ET from a meteorological station west of the study area.
The model calibration is considered very good; streamflow
volumes were calibrated to within 10 percent of measured
streamflow volumes.

During 2000-2007, the estimated annual mean rainfall
for the water-budget zones ranged from 33.7 to 38.5 inches
per year; the estimated annual mean rainfall for the entire
watershed was 34.3 inches. Using the HSPF model it was esti-
mated that for 2000-2007, less than 10 percent of the annual
mean rainfall on the study watershed exited the watershed as
streamflow, whereas about 82 percent, or an average of 28.2

inches per year, exited the watershed as ET. Estimated annual
mean groundwater recharge for the entire study area was 3.0
inches, or about 9 percent of annual mean rainfall. Estimated
annual mean recharge was largest in water-budget zone 3, the
zone where the Carrizo Sand outcrops. In water-budget zone
3, the estimated annual mean recharge was 5.1 inches or about
15 percent of annual mean rainfall. Estimated annual mean
recharge was smallest in water-budget zone 6, about 1.1 inches
or about 3 percent of annual mean rainfall. The Cibolo Creek
subwatershed and the subwatershed of the San Antonio River
upstream from Cibolo Creek had the largest and smallest
basin yields, about 4.8 inches and 1.2 inches, respectively.
Estimated annual ET and annual recharge generally increased
with increasing annual rainfall. Also, ET was larger in zones 8
and 9, the most downstream zones in the watershed.

Model limitations include possible errors related to model
conceptualization and parametér variability, lack of data to
quantify certain model inputs, and measurement errors. Uncer-
tainty regarding the degree to which available rainfall data
represent actual rainfall is potentially the most serious source
of measurement error,

Introduction

The San Antonio River is in south-central Texas (fig. 1),
and is within Region L in the State’s regional water plans.
Region L is expected to increase in population by 75 percent
between 2010 and 2060, and water demands are expected to
increase by 29 percent (Texas Water Development Board,
2006). Most of this anticipated population growth is upstream
from the lower San Antonio River watershed in the San
Antonio, Tex., area, Most of the water supplied to the San
Antonio area comes from outside the lower San Antonio River
watershed, but part of the water supply for San Antonio might
be met with exported groundwater resources from Wilson
County, which is within the study area. The lower San Antonio
River watershed, defined as the contributing area to the San
Antonio River south of U.S. Geological Survey (USGS)
streamflow-gaging station 08181800 San Antonio River
near Elmendorf, Tex. (site 8; fig. 1, table 1) in southeastern
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Introduction

Table 1. Description of U.S. Geological Survey and National Weather Service stations from which data were obtained for the

Hydrological Simulation Program—FORTRAN model of the lower San Antonio River watershed, south-central Texas.

[dd, degrees; mm, minutes; ss, seconds; NWS, National Weather Service; --, not available; USGS, U.S. Geological Survey]

3

Site number Station number and name Latitude Longitude Teie ol data Period of
(fig. 1) (dd mm ss) {dd mm ss) P record used
| NWS 417422 Randolph Field 29°33'--" 98°16'--" Rainfall 2000 to 2007
2 NWS 417945 San Antonio International Airport ~ 29°32'--" 98°28'--" Rainfall, air temper- 2000 to 2007
ature!
3 NWS 418658 Stockdale 4 N 29°17"--" 98°58'--" Rainfall 2000 to 2007
4 NWS 413201 Floresville 29°08"--" 98°10'--" Rainfall, air temper- 2000 to 2007
ature'
5 NWS 417836 Runge 28°50™--" 97°43'--" Rainfall 2000 to 2006
6 NWS 414696 Karnes City 2 N 29°54'--" 97°53'--" Rainfall 2000 to 2007
7 NWS 413618 Goliad 28°40"--" 97°23'--" Rainfall, air temper- 2000 to 2007
ature’
8 USGS station 08181800 San Antonio River near 29°13'19" 98°21'20" Streamflow 2000 to 2007
Elmendorf, Tex.
9 USGS station 08183200 San Antonio River near  29°06'36" 98°10'28" Streamflow 2005 to 2007
Floresville, Tex.
10 USGS station 08183500 San Antonio River near 29°57'05" 98°03'50" Streamflow 2000 to 2007
Falls City, Tex.
11 USGS station 08185000 Cibolo Creek at Selma,  29°35'38" 98°18'39" Streamflow 2000 to 2007
Tex.
12 USGS station 08185065 Cibolo Creek near St. 29°30'05.2"  98°11'10.5"  Streamflow 2005 to 2007
Hedwig, Tex.
13 USGS station 08185100 Martinez Creek near 29°26'38" 98°10'08" Streamflow 2005 to 2007
St. Hedwig, Tex.
14 USGS station 08185500 Cibolo Creek at 29°16'47" 98°03'12" Streamflow 2005 to 2007
Sutherland Springs, Tex.
15 USGS station 08186000 Cibolo Creek near 29°00'50" 97°55'48" Streamflow 2000 to 2007
Falls City, Tex.
16 USGS station 08186500 Ecleto Creek near 28°55'12" 97°46'19" Streamflow 2002 to 2007
Runge, Tex.
17 USGS station 08188500 San Antonio River at 28°38'58" 97°23'04" Streamflow 2000 to 2007
' Goliad, Tex.
18 USGS station 08188570 San Antonio River near 28°31'52.5"  97°02'33.7" Streamflow 2005 to 2007
McFaddin, Tex.
19 USGS 290810099212100 SW Medina County 29°08'10.3"  99°21'20.5" Evapotranspiration® 2006 to 2007

(not on fig. 1)

meteorological station near D’Hanis, Tex.

! Air temperature data were used to derive estimates of potential evaporation using the Hamon method in Basins 4.0 (Paul Hummel, Aqua Terra Consultants,

written commun,, 2008).

* Evapotranspiration measured by eddy covariance method (Bidlake, 2002).

Bexar County and south of USGS streamflow-gaging station
08185000 Cibolo Creek at Selma, Tex. (site 11) in Guadalupe

County, also receives a large amount of the wastewater dis-
charged from the growing San Antonio metropolitan area.

To better understand the hydrology, including the relative

contribution of the various water-budget components to the
overall water budget, the USGS in cooperation with the San

Antonio River Authority, the Evergreen Underground Water
Conservation District, and the Goliad County Groundwater
Conservation District, developed a watershed model for the

lower San Antonio River watershed. As the region develops,

the lower San Antonio River watershed model can be modified
to simulate future scenarios of land-cover change and water

use. The model-derived estimates of evapotranspiration (ET)
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and groundwater recharge could be used as inputs to regional
groundwater flow models of the Gulf Coast aquifer system,
Carrizo-Wilcox aquifer, Queen City aquifer, or Sparta aquifer
(Texas Water Development Board, 2009). Additionally, the
modular nature of the model will accommodate the simulation
of water-quality constituents not reported here.

Purpose and Scope

The purpose of this report is to describe the simulation
of streamflow, ET, and groundwater recharge in the lower San
Antonio River watershed using a watershed model. The model
was developed using input data collected during 2000-2007
to simulate streamflow, ET, and groundwater recharge first for
four subwatersheds and nine contiguous water-budget zones
and then for the overall area of the lower San Antonio River
watershed. The functionality of the model and the input data
are described, followed by the configuration, calibration, and
testing of the model. The hydrologic and meteorological con-
ditions in the four subwatersheds and nine contiguous water-
budget zones of the lower San Antonio River watershed and
the iterative process of developing the model are summarized.
Annual mean inflows and outflows of the major water-budget
components for the entire study area are presented, and finally,
limitations of model-simulated estimates of streamflow, ET,
and groundwater recharge are described.

Description of the Study Area

The San Antonio River extends about 240 miles from
northwest of San Antonio, Tex., to the confluence of the San
Antonio and Guadalupe Rivers. The drainage area of the lower
San Antonio River is about 2,150 square miles (fig. 1); it is
characterized by gently sloping topography and land cover
consisting mostly of brush and grassland (Multi-Resolution
Land Characteristics Consortium, 2008). The lower San Anto-
nio River watershed encompasses parts of Bexar, Guadalupe,
Wilson, Karnes, DeWitt, Goliad, Victoria, and Refugio Coun-
ties in south-central Texas.

The northern tip of the lower San Antonio River water-
shed overlies Cretaceous rocks of the Edwards-Trinity aquifer
system. The remainder of the watershed overlies the Texas
Coastal Uplands and Coastal Lowlands aquifer systems
(Ryder, 1996) (fig. 2). The Texas Coastal Uplands aquifer
system (Sparta, Queen City, and Carrizo-Wilcox aquifers) is
composed of formations of Paleocene and Oligocene age, and
the Texas Coastal Lowlands aquifer system (Chicot, Evange-
line, and Jasper aquifers) is composed of younger formations
from Oligocene through Holocene age. The Coastal Lowlands
aquifer system comprises the same aquifers as the Gulf Coast
aquifer system (Kasmarek and Robinson, 2004) and is equiva-
lent to the Gulf Coast aquifer as defined by Ashworth and
Hopkins (1995). In the Coastal Uplands aquifer system, the
sediments, in order of dominance, consist mostly of sand, silt,
and clay. The sediment deposits are distributed as relatively

uniform sequences of predominantly fine- or coarse-grained
material. In the Coastal Lowlands aquifer system, the aquifers
dip and thicken toward the Gulf, and sediments exist in com-
plex, overlapping mixtures of sand, silt, and clay as a result of
numerous oscillations of ancient shorelines.

Rainfall amounts for the study area were derived from
measured rainfall at five National Weather Service (NWS)
meteorological stations (sites 1, 3, 4, 6, 7; fig. 1, table 1).
Rainfall varied from year to year and throughout the lower
San Antonio River watershed, which is typical of south-central
Texas. During 2000-2007, annual mean rainfall measured at
the five NWS stations in the lower San Antonio River water-
shed varied from 33.5 to 40.2 inches per year (table 2), similar
to the long-term average rainfall of 31 to 39 inches per year
for this area of Texas (Narasimhan and others, 2005). Dur-
ing the study, the smallest annual rainfall (18.4 inches) was
recorded in 2005 at NWS 413201 Floresville, Tex. (site 4)
and the largest (51.8 inches) was recorded in 2007 at NWS
413618 Goliad, Tex. (site 7). Years with above-average rainfall
included 2002, 2004, and 2007.

During 2000-2007, annual mean streamflow volume
measured at 08181800 San Antonio River near Elmendorf
(site 8; fig. 1, table 1) ranged from 0.160 million acre-feet in
2006 to 1.41 million acre-feet in 2002. The average of daily
streamflow during 2000-2007 was 886 cubic feet per sec-
ond. According to Ockerman and McNamara (2003, p. 28),
streamflow at site 8 averaged 0.40 million acre-feet annually
during 1997-2001. During this period, streamflow at site 8
consisted primarily of base flow and runoff from the upstream
drainage area (about 75 percent), treated wastewater discharge
(about 20 percent), and Edwards aquifer springflow (about 5
percent). During 2000-2007, the average of daily streamflow
increased slightly at the downstream USGS streamflow-gaging
station 08183500 San Antonio River near Falls City, Tex. (site
10; fig. 1, table 1). Site 10 is upstream from the confluence
of the San Antonio River and Cibolo and Ecleto Creeks. The
average of daily streamflow during 2000-2007 at site 10 was
891 cubic feet per second. The streamflow data used for this
report are available from the USGS National Water Informa-
tion System (NWISWeb) (U.S. Geological Survey, 2009).

During 2000-2007, annual mean streamflow volume
at USGS streamflow-gaging station 08185000 Cibolo Creek
at Selma (site 11; fig. 1, table 1) ranged from no flow in
2003 and 2006 to 151,050 acre—feet in 2002. Flow at site 11
consists mostly of stormwater runoff from the Cibolo Creek
contributing area upstream from Selma. The average of daily
streamflow at site 11 during 2000-2007 was 59.4 cubic feet
per second. About 10 miles downstream from site 11, Cibolo
Creek starts to receive inflows of treated wastewater. These
inflows are from one wastewater treatment plant on the main
stem of Cibolo Creek and from three wastewater treatment
plants on Martinez Creek, a tributary of Cibolo Creek. Down-
stream from the wastewater inflow and crossing the Carrizo
Sand outcrop (fig. 2), Cibolo Creek gains flow from multiple
springs, including those known collectively as Sutherland
Springs. USGS streamflow-gaging station 08186000 Cibolo
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6 Simulation of Streamflow, Evapotranspiration, and Groundwater Recharge in the Lower San Antonio River Watershed

Table 2. Rainfall at five National Weather Service stations in
the lower San Antonio River watershed, south-central Texas,
2000-2007.

National Weather Service station (fig. 1)

Year Randolph Stockdale e Kames oo
orperiod  Figlg aN ?’.‘:5";] € City2N ( '.’"“1
siet)  (sited) €Y (seq Si€T
2000 339 344 316 35.6 37.1
2001 36.7 36.7 313 359 45.9
2002 40.0 40.1 41.1 39.0 42.4
2003 257 27.0 29.6 26.8 345
2004 148.1 146.0 41.3 44 4 47.9
2005 20.2 19.9 18.4 21.5 28.9
2006 24.1 127.0 26.0 121.7 327
2007 148.0 146.4 489 '44.9 51.8
2000-2007
annual 34.6 34.7 335 337 40.2
mean

! Rainfall records during these years at these stations were supplemented
with rainfall data from nearby National Weather Service stations—San
Antonio International Airport and Runge (sites 2 and 5, respectively; fig. 1,
table 1).

Creek near Falls City, Tex. (site 15; fig. 1, table 1) records
streamflow upstream from the confluence of Cibolo Creek and
the San Antonio River. During 2000-2007, the annual mean
volume of streamflow at site 15 ranged from 25,416 acre-feet
in 2006 to 398,262 acre-feet in 2002, whereas the average of
daily streamflow was 250 cubic feet per second.

Streamflow data are recorded near the Ecleto Creek
outlet to the lower San Antonio River at USGS streamflow-
gaging station 08186500 Ecleto Creek near Runge, Tex. (site
16; fig. 1, table 1). Ecleto Creek originates in the outcrop of
the Carrizo Sand and joins the San Antonio River over the
Texas Coastal Lowlands aquifer system, downstream from
the confluence of the San Antonio River and Cibolo Creek.
Although the streamflow record at site 16 began in March
1962, the station was not in service during October 1989~
September 2002. For the period when the station was in
operation relevant to this report (October 2002-December
2007), the average of daily streamflow was 52.3 cubic feet per
second.

Downstream from the confluence of Cabeza Creek and
the lower San Antonio River, streamflow in the lower San
Antonio River is recorded at USGS streamflow-gaging station
08188500 San Antonio River at Goliad, Tex. (site 17; fig. 1,
table 1). During 2000-2007, annual mean streamflow volume
at site 17 ranged from 226,068 acre-feet in 2006 to 2.06 mil-
lion acre-feet in 2002, whereas the average of daily streamflow
was 1,370 cubic feet per second.

Previous Studies

The lower San Antonio River and its tributaries
include gaining and losing reaches. North of the study area,
over the Edwards aquifer recharge area, streams in the San
Antonio River watershed typically lose water to the ground-
water system. Rainfall on the Edwards aquifer outcrop and
instream channel losses contribute to recharge of the Edwards
aquifer (Ockerman, 2002). Conversely, the Carrizo Sand
outcrop is an area where Anders (1957) reported the San
Antonio River and Cibolo Creek gained “large” amounts of
groundwater. Water was considered to be discharging from
the groundwater system into the river system in many places.
However, large losses from this discharged groundwater also
were suspected to be occurring because of ET in the riparian
Zones.

Evaporation and transpiration are major components of
the water budget in Texas. Evaporation occurs directly from
free-water surfaces, such as lakes, streams, and temporary
rainfall accumulations (for example, puddles in depressions
or droplets on leaves); transpiration occurs as plant roots
extract water from the soil and release water vapor into the
atmosphere through plant-leaf stomata. ET is a combination
of evaporation and transpiration. ET rates can vary depending
on meteorological conditions, the type of land cover (paved,
wetland, wooded, agricultural, and others), the time of day, the
time of year, and soil moisture.

Strategic water management requires quantification of
ET for reliable hydrologic analyses and calibration of hydro-
logic models (Sumner and Tihansky, 2007). In spite of the
relative importance of ET within the hydrologic cycle—after
rainfall, it is the largest component of the water budget—reli-
able data for actual ET have historically been scarce in Texas
(Scanlon and others, 2005). Information on ET in Texas is
generally limited to measured pan evaporation and computed
estimates of potential evapotranspiration (PEVT) derived from
meteorological data. The meteorological data used to com-
pute PEVT are obtained from NWS meteorological stations
throughout Texas and from other ET networks, such as the
Texas High Plains Evapotranspiration Network (Texas A&M
University, 2005). Pan evaporation and PEVT are measures
of the ability of the atmosphere to remove water from the
surface assuming an unlimited water supply (Pidwimy, 2006).
These estimates are generally used as input to hydrological
models, and then the models use other spatial and temporal
factors such as rainfall and land-cover information to simulate
actual ET. Actual ET data have rarely been available for model
calibration, Recently, advanced micrometeorological stations
have been instrumented to measure actual ET data at some
locations in Texas, including several on the Edwards Plateau
since the early 2000s. In 2006, the USGS installed a station
(290810099212100 SW Medina County meteorological sta-
tion near D’ Hanis, Tex.) where data are collected to measure
actual ET continuously using the eddy covariance method
(Bidlake, 2002). This station (not shown in fig. 1) is in Medina
County about 70 miles west of the study area on the Carrizo
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Sand, one of the formations that outcrop in the lower San
Antonio River watershed.

The University of Texas Bureau of Economic Geol-
ogy has compiled published information on groundwater
recharge rates to the major aquifers of Texas for the Texas
Water Development Board (Scanlon and Dutton, 2003). These
compiled estimates of recharge rates range from 0.1 to 5.8
inches per year in the Carrizo-Wilcox aquifer. Higher recharge
rates occur in the sandy parts of the aquifer (such as the Car-
rizo Sand). Reported recharge rates for the Gulf Coast aquifer
system (0.0004 to 2 inches per year) are generally lower than
those for the Carrizo-Wilcox aquifer.

Simulation of Streamflow,
Evapotranspiration, and Groundwater
Recharge

To simulate streamflow, ET, and recharge in the lower
San Antonio River watershed, a continuous simulation water-
shed model was needed that would take into account all of
the water-budget components and processes. The Hydrologi-
cal Simulation Program—FORTRAN (HSPF), version 12
(Bicknell and others, 2001), was selected for modeling the
study watershed because it is one of the most comprehensive
watershed models available and can simulate a wide variety
of stream and watershed conditions with reasonable accuracy
(Donigian and others, 1995). HSPF has been used success-
fully in south-central Texas to represent complex hydrologic
systems, simulate streamflow, and estimate groundwater
recharge to the Trinity and Edwards aquifers (Ockerman,
2002, 2007; Ockerman and McNamara, 2003).

Functional Description of Hydrological
Simulation Program—FORTRAN

The HSPF model software is distributed as part of the
BASINS (Better Assessment Science Integrating Point and
Nonpoint Sources) system. BASINS 4.0 was developed by
the U.S. Environmental Protection Agency (2007) to support
watershed management. BASINS serves as an umbrella-like
package, interfacing with pertinent geodatabases, ancillary
datasets, and software programs to facilitate user interac-
tion with the model and to help the user better understand
the hydrological characteristics of a watershed. Time-series
data and model output-generated time-series data are stored
in a Watershed Data Management (WDM) file. The WDM
database is a binary file accessed by GenScn (GENeration and
analysis of model simulation SCeNarios) (Kittle and others,
1998) or by WDMUTtil (Hummel and others, 2001). These
programs are provided in BASINS and are used to manage,
display, transform, plot, and analyze time-series data stored
in the WDM file. Time-series data are organized in the WDM

database by dataset number (DSN). Each DSN has attribute
information that describes the data type, time step, location,
and other important characteristics of the data. The HSPF
model is the primary surface-water modeling component of
BASINS. HSPF also exists as a stand-alone program as do
the other tools and programs included in BASINS, such as
WDMUtil and GenScN. The HSPF users’ manual provides
model documentation, underlying model theory, and model
parameterization guidance (Bicknell and others, 2001). HSPF
is an integrated basin-scale model that combines watershed
processes with in-stream fate and transport in one-dimensional
characterizations of stream channels.

In HSPF, a watershed is represented by a group of
hydrologically similar areas referred to as hydrologic response
units (HRUs) that drain to a stream segment, lake, or res-
ervoir referred to as a RCHRES (ReaCH REServoir); each
RCHRES has an associated drainage area that was partitioned
into HRUs. HRUs are areas with similar land cover, surficial
geology, and other factors deemed important to produce a
similar hydrologic response to rainfall and PEVT. HRUs are
categorized as either pervious or impervious land segments,
termed PERLND (PERvious LaND) or IMPLND (IMPervi-
ous LaND), respectively. A PERLND is represented concep-
tually within HSPF by three interconnected water storage
zones—an upper zone, a lower zone, and a groundwater zone.
An IMPLND is represented by surface storage, evaporation,
and runoff processes. Water is moved through this network of
HRUs and RCHRES:s for each time step specified in the model
while conserving water mass—that is, inflow equals outflow
plus or minus any change in storage. The water budget for
the overall model (as well as the smaller HRUs and RCHRES
drainage areas) can be stated as

P+Q =ET+Q +AS, (1)
where
P is precipitation (rainfall [might also include
irrigation or other special applications]);
Q, and Q  are water flow into and out of the model,

respectively;

ET is evapotranspiration; and

AS is change in water storage.

Individual components can be broken down into sub-
components (for example, water flow into an HRU [Q, ] is the
sum of surface flow and interflow). A simplified water-budget
equation for the overall model to incorporate some of these
subcomponents, and assuming that the change in storage over
time is minimal, results in

P+Q ™+ Q" =ET"+ET<+ET®+Q *+R, (2)

fn 1
where
P is precipitation (rainfall);
Q,™ is surface-water flow from upstream and other
surface-water discharges (such as wastewater
treatment plants);
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Q. is groundwater discharge to streams (such as

springflow);

ET* is ET from the surface water;

ET™ is ET from the unsaturated zone (upper zone; fig. 3);
ETs" is ET from the active groundwater (lower zone, fig. 3);
Q.5 is surface-water flow out of the model as runoff and

withdrawals; and

R is groundwater recharge (recharge is defined as
including any infiltrating water that reaches the
inactive groundwater, bottom of fig. 3).

While maintaining the overall water balance, the model
continuously simulates the interaction among subcomponents
of the water-budget equation and variations of these subcom-
ponents over time. The conceptualization of the complex
hydrologic processes is depicted in figure 3. The hydrologic
processes are described by empirical equations in the model
code. Model parameters used in the empirical equations
(table 3) are estimated and then adjusted during the calibra-
tion of the model. Typical values and ranges of model param-
eters from Donigian and others (1984), as well as watershed
characteristics, were used to develop initial values for model
parameters.

HSPF has some limited functionality for characterizing
groundwater and surface-water interactions. HSPF simulates
groundwater inflow—base flow and interflow—to a RCHRES
that originates from infiltration of rainfall. HSPF also accounts
for groundwater leaving the system as recharge. ET simula-
tions also are included for water stored in upper and lower
storage zones and active groundwater. However, ground-
water entering the system from springs or regional ground-
water inflow can be input to HSPF only as an external time
series.

Model output can include time series of any of the simu-
lated subcomponents at any designated outlet or HRU. HSPF
is calibrated by adjusting the process-related model parameters
for each HRU or RCHRES until there is acceptable correlation
between measured data and model output (simulated data).
Generally, regardless of the relative magnitude of streamflow
compared to that of precipitation and ET, streamflow is used
for calibration because measured streamflow data are most
readily available. However, errors in the estimation of any of
the individual components of the water budget will affect the
estimation of other components.

Model Development

The HSPF model of the lower San Antonio River
watershed was developed by (1) defining subwatersheds,
RCHRESs, and water-budget zones for the study area;

(2) classifying HRUs on the basis of surficial geology, land
cover, and location of rainfall gages; (3) developing the

input time series of meteorological and streamflow data; and
(4) determining initial (uncalibrated) values of associated
model parameters. Initial estimates of parameters were deter-
mined or estimated from default values, previous studies, and
available data.

Subwatershed and Stream Reach Delineations

Because the study area is large, the lower San Antonio
River watershed was divided into four subwatersheds: (1) San
Antonio River upstream from Cibolo Creek; (2) Cibolo Creek;
(3) Ecleto Creek; and (4) San Antonio River downstream from
Cibolo Creek (fig. 4). The subwatershed of the San Antonio
River upstream from Cibolo Creek includes the drainage area
extending from 08181800 San Antonio River near EImendorf
(site 8) to the confluence of the San Antonio River and Cibolo
Creek. The Cibolo Creek subwatershed includes the drainage
area extending from 08185000 Cibolo Creek at Selma (site
11) to the confluence of Cibolo Creek and the San Antonio
River. The Ecleto Creek subwatershed includes the drainage
area extending from the headwaters of Ecleto Creek to the
confluence of Ecleto Creek and the San Antonio River. The
subwatershed of the San Antonio River downstream from
Cibolo Creek includes the drainage area extending immedi-
ately downstream from the confluence of the San Antonio
River and Cibolo Creek to the confluence of the San Antonio
and Guadalupe Rivers.

Separate HSPF models were developed for each sub-
watershed. The most downstream subwatershed model, San
Antonio River downstream from Cibolo Creek, receives
the simulated streamflow from the outlets of the three other
subwatershed models. A simulation of the overall study area
involves running simulations of the three upstream models,
then running the downstream model. Each subwatershed
model area was further subdivided into stream reaches
(RCHRESs) with associated drainage areas. Considerations
in developing the subwatershed and stream-reach delineations
included (1) defining reaches with streamflows such that travel
times through RCHRESs approximate the simulation time
step; and (2) locating outlets of RCHRESs at strategic points,
such as streamflow-gaging stations, tributary confluences,
and geologic outcrop boundaries (Donigian and others,

1984).

USGS 7.5-minute digital elevation models (U.S. Geologi-
cal Survey, 2001) were used to delineate the RCHRESs and to
calculate watershed topography (slope). Channel characteris-
tics for each RCHRES (surface area, volume, and discharge as
a function of depth) were entered into HSPF FTABLES (tables
of stream-channel parameters). For gaged stream reaches,
FTABLES parameters were based on discharge measurements
made at USGS streamflow-gaging stations. FTABLE param-
eters for ungaged reaches were estimated. A 1-hour time step
was used to accurately simulate storm events. Subwatershed
and stream-reach delineation is shown in figure 4.

Classification of Hydrologic Response Units

HRUs for the watershed were defined on the basis of
surficial geology, land-cover classification, and raingage
locations. Spatial information was compiled and analyzed
using the geographical information system software ArcGIS
(ESRI, 2009) to determine the acreage of each HRU within
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Table 3. Parameters for hydrologic processes in the Hydrological Simulation Program—FORTRAN model of the lower San Antonio
River watershed, south-central Texas.

[PERLND, pervious land; IMPLND, impervious land]

Parameter Description’ Units Land segment
AGWS Initial active groundwater storage inches PERLND
AGWETP Fraction of available potential evapotranspiration demand that can be met from none PERLND
stored groundwater
AGWRC Groundwater recession parameter; an index of rate at which groundwater drains 1/day PERLND
from land
BASETP Fraction of available potential evapotranspiration demand that can be met from none PERLND
groundwater outflow; simulates evapotranspiration from riparian vegetation
CEPSC Interception storage capacity inches PERLND
DEEPFR Fraction of groundwater that does not discharge to surface within boundaries of none PERLND
modeled area
INFEXP Infiltration equation exponent; controls rate of infiltration decrease as a function  none PERLND
of increasing soil moisture
INFILD Ratio of maximum and mean infiltration capacities none PERLND
INFILT Index to infiltration capacity of soil; also affects percolation to groundwater inchesthour ~ PERLND
zone
INTFW Interflow index; controls amount of infiltrated water that flows as shallow none PERLND
subsurface runoff
IRC Interflow recession coefficient; index for rate of shallow subsurface runoff 1/day " PERLND
KVARY Groundwater outflow modifier; index of how much effect recent recharge has on  1/inch PERLND
groundwater outflow
LSUR Length of assumed overland flow plane feet PERLND or IMPLND
LZETP Lower-zone evapotranspiration; index value (ranging from 0 to 0.99) represent- none PERLND
ing the density of deep-rooted vegetation
LZS Initial lower-zone storage inches PERLND
LZSN Lower-zone nominal storage; index to soil moisture holding capacity of unsat- inches PERLND
urated zone
NSUR Manning’s n for assumed overland flow plane none PERLND or IMPLND
RETSC Impervious retention storage capacity inches IMPLND
SLSUR Slope of assumed overland flow plane feet PERLND or IMPLND
UZS Initial upper-zone storage inches PERLND
UZSN Upper-zone nominal storage; index to amount of surface storage in inches PERLND

depressions and the upper few inches of soil

! The user’s manual for Hydrological Simulation Program—FORTRAN (Bicknell and others, 2001) provides a detailed description of each parameter.

a RCHRES drainage area. The surficial geology of the study
area was simplified as nine contiguous water-budget zones
(fig. 2). This simplification was necessary to meet model com-
putational limitations and also to define zones for which ET,
recharge, and other water-budget information would be output

by the model.

In addition to surficial geology, county soil data from

compiled for the study area (fig. 5). As expected, the attributes
of the soils correlated fairly closely with the surficial geology.
Attributes associated with the soils in these geodatabases aided
in the selection of initial estimates for HSPF parameters, such
as the HSPF soil-infiltration rate (INFILT). As an example, the

largest value for INFILT in the model was assigned to water-

the Natural Resources Conservation Service (2008) were Carrizo Sand.

budget zone 3, characterizing the soil-infiltration rate of the
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Land-cover data were also compiled to define HRUs,
Land-cover data for 2001 were available from the “National
Land Cover Database 2001 (Multi-Resolution Land Char-
acteristics Consortium, 2008). The lower San Antonio River
watershed contains 15 of the 29 possible land-cover classes in
the database. The 15 land-cover classes were consolidated into
eight land-cover categories to simplify the model configura-
tion (table 4). For example, barren land (class 31) was grouped
with developed open space (class 21) to create one land-cover
category called open space. Figure 6 shows seven of the eight
categories; small amounts of open space (class 21) and barren
land (class 31) were grouped with proximate developed and
grass land cover. In the consolidated open space category, 15
percent of the acreage was considered impervious. The devel-
oped land-cover category includes low, medium, and high
intensity development (classes 22, 23, and 24). The study area
acreage was predominantly low intensity development (class
22), listed as 20 to 49 percent impervious in the database. In
the consolidated developed land-cover category, 25 percent
of the acreage was considered impervious. The acreage from
the model land-cover categories “open space” and “devel-
oped” (table 4) was assigned as PERLND and IMPLND areas,
respectively. Area categorized as open water is not part of an
HRU. Instead this area is considered to be modeled as part of
the stream reach and might vary slightly during model simula-
tion on the basis of streamflow and channel dimensions.

Finally, the definition of each HRU depends on its loca-
tion relative to available rainfall data. Data from the seven
NWS meteorological stations (sites 1-7; fig. 1, table 1) were
consolidated into five hourly rainfall time series and then were
assigned areal significance (fig. 7) using the Thiessen method
(Linsley and others, 1982). Of the seven NWS meteorological
stations, sites 2 and 5 were only used to fill in missing record
at nearby sites, thus the consolidation of data from seven sta-
tions into five hourly rainfall time series. The Thiessen rainfall
areas were used to determine HRU acreages, as well as to
determine where to apply the rainfall time-series data in the
HSPF model. Rainfall was aggregated by water-budget zone
by overlaying the Thiessen area rainfall amounts on the water-
budget zone areas (table 5). During 2000-2007, annual mean
rainfall estimates for the water-budget zones ranged from 33.7
to 38.5 inches per year; for the entire watershed the estimated
annual mean rainfall was 34.3 inches (table 5).

Using ArcGIS, a spatial data intersection of water-
budget zones, land-cover data, Thiessen rainfall areas, and
RCHRES drainage areas was done to determine PERLND
and IMPLND acreages for the HSPF models. The ArcGIS
intersection resulted in a set of 77 unique PERLND:s classi-
fied using rainfall from Thiessen rainfall areas, nine water-
budget zones, and seven land-cover categories. Ten unique
IMPLNDs were classified using rainfall from Thiessen rainfall
areas and two impervious land-cover categories (impervious
acreages of open space and developed land-cover categories;
table 4). Water-budget zones are not relevant for IMPLNDs.
For example, RCHRES 2 in the subwatershed of the San Anto-
nio River upstream from Cibolo Creek has a drainage area of

about 8,920 acres and contains 16 unique HRUs. One HRU in
the drainage area of RCHRES 2 represents pervious cropland
in water-budget zone 2 and rainfall amounts measured at NWS
413201 Floresville (site 4; fig. 1, table 2). This same HRU also
is present in RCHRES 7.

Time-Series Development

Streamflow from the USGS streamflow-gaging stations
at the study area boundary, meteorological data, wastewater
discharges, springflows, and surface-water withdrawals for
irrigation are input to the lower San Antonio River model as
time-series data. Streamflow data from USGS streamflow-
gaging stations in the study area were used for calibration
and testing. The data for each time series were compiled from
national databases and local agencies.

Streamflow

The streamflow data used for this report are available
from the USGS NWISWeb (U.S. Geological Survey, 2009).
Wastewater discharges (fig. 8, table 6) have an appreciable
effect on streamflow in the lower San Antonio River. A
previous study reported that wastewater discharge accounted
for about 20 percent of streamflow at the San Antonio River
near Elmendorf during 1997-2001 (Ockerman and McNa-
mara, 2003). Wastewater discharge entering the San Anto-
nio River upstream from the study area is accounted for by
08181800 San Antonio River near Elmendorf (site 8). The
total streamflow at this station is input to the model as a
boundary condition.

Downstream from 08185000 Cibolo Creek at Selma
(site 11), discharges from three wastewater treatment plants
on Martinez Creek and one on the main stem of Cibolo Creek
change Cibolo Creek from an ephemeral to perennial stream.
The wastewater discharges during 2000-2007 from these
four plants, OJ Riedel-Martinez II (table 6), were available
from plant operators as average monthly discharges (Dan-
iel Flores, San Antonio River Authority, written commun.,
2009; David Humphrey and Robert Dabney, Cibolo Creek
Municipal Authority, written commun., 2009). Locations
and discharge amounts for eight additional smaller waste-
water treatment plants (each serving populations of less than
10,000), La Vernia—Goliad (table 6), were obtained from the
U.S. Environmental Protection Agency (2004).

Inflow to Cibolo Creek from springs upstream of the
USGS streamflow-gaging station 08185500 Cibolo Creek at
Sutherland Springs, Tex. (fig. 1) was simulated in the model
as a time series input to stream reaches (RCHRES) 34, 42, 48,
and 52 of the Cibolo Creek model (fig. 4). The time-series rep-
resenting springflow was developed from data collected during
gain/loss streamflow measurements in 2006-07. Streamflow
gains, attributed to springs (Brune, 1975), were observed
from the differences between measurements made at the
USGS station 08185085 Cibolo Creek at Farm Road 2538
near St. Hedwig, Tex. (not a continuous gaging station, but a



Simulation of Streamflow, Evapotranspiration, and Groundwater Recharge in the Lower San Antonio River Watershed

14

'SEX8] [BJIUBI-YINOS ‘paysIaleM JaAIY OIUOIUY UBS 1aMO] 8y} Ul 18A03 pue] ‘g aanfily

(1002) wniosuey sans1aIoeIRYT puE]
co_S_cmmm._u_aEE.EEEEESmu._gou.w:m._ SE3LINoTH c_w m— c__ m _w
_
c

[ I I !
SN 02 Sl 1]} §

1 8U0Z "£86| JO WMe(] UBdLBWY YHON
‘uonasaloid JojedJaly BsIaAsURY) |BSIaAlUN
sajbuespenb ggo'yz:| e3ep [enbip

Aaning |eaibojoag "5 wouy payipow aseg

AIepunoq paysiajem JIATY OIUOJUY UEBS J9M0T

(6—1 sauoz) Alepunoq U0z }93pnq-133EA
NVULIQA—wWe1301J uone[nuis [ed1s0[o1pAg

I2BA
qruas/qniyg
pueplam/uetedry

Aeyyaimsed;ssein
15210,] I
padojanaqg l
puejdorn
(y 21q®)) 19402 pue]
NOILVNVTdXHT



15

Simulation of Streamflow, Evapotranspiration, and Groundwater Recharge

"SBX3] [eJIU3I-LIN0S ‘PaLSIBIRM JBAIY DIUCIUY UBS JaMO| ay]
Jo [apow NyH |4 04—Lweiboid uonejnuwis [eaiBojopAY ayy 10j Seale [[EJUIR) USSSAIY) PBIRIIOSSE puE SUOKE]S [ea1foj0I081awW a0IAIBS JBLIESAN |BUONHEN JO UDIEIOT 7 3By

SHILIWOTIA c_w GL 0L § ﬁ__
[ |
[ ! ! T 1
STTIN 02 4 0l S 0

1 8U0Z ‘€861 JO Wneq ueILIWY YUON
‘uonaalold 10193l asIaASUE| [BSIBAIUN

sa|buespenb ggo'pz:1 e1ep [eubip
Aaning jeaibojoag g ) woyj payipow aseg

[ 3]qe) 99S—JaquInu IS pue
UOIE)S [EI1T0[0.103J2W IINAIIS JIYIBIAA [EUOHEN

KLizpunoq eaae aSeureap (STUAHIU) Yoead
JI0AIISDI/WIEALIS JDATY OIUOJUY UES JIMOT

Aaepunoq paysialem JOANY OIUOJUY UES JIMOT
AIepunoq Baae [[ejuled uassafy |,

(6—1 souoz) L1epunoq Iuoz 193 png-13JeAL
NVULIOd—wei301d uonenuis jednsojoaply

3§91 0[0q1)) WIOL] WEaNSUMOP ISATY OIUOJUY UBS

Joa1) o9y

231 010q1D

39917 o[oqr) woyy weansdn 1AL ouojuy ueg

PAYSI2)EAL JIATY OIUOIUY UEBS JIMO] YY) JO PAYSIEA(NS

NOILVNVIdXA



Simulation of Streamflow, Evapotranspiration, and Groundwater Recharge in the Lower San Antonio River Watershed

16

"SEX8] [2JJU8I-LINOS ‘PayYSIalem Janly OlUOUY UBS Jamo| ‘salis abieyosip Jue|d Juswyeal) 18JeMaISem JO UoNRaaT

SHILINOTIN0Z S
|

[ T |
mm_.___>_=~ m_ S

(9 91qe)) sweu pue 331s 231e1sIp Jue[d JUIWILIL) JIJBAIISEAL

£1epunoq vaae a8eurelp
(SAUHDW) Y9821 JI0AIISII/ULILS JIATY OIU0JUY UBS JIMOT

Alepunoq paysiajesm J2ANRY OIUOJUY ULS JOMOT]
3[931D) 0[0QID) WO WEANSUMOP I9ATY OLUO)UY UBS
Y2210 03[0

¥213 010q1)

331D 010q1D) Wolj ureansdn I9Ary ouoUY ueg

PAYSIAILAL JDATY OIUOJUY UES IIMO] JO POYSI)EAQNS

NOILVNVIdXH

*g ainbiiy
L oL § 0
L 1 ]
! |
§ 0
I N 1 8U0Z 'gBAL JO WNIB(] UBILAWY YUON
ulely sauley J\. ‘uonoalosd 10)e2JB [N 9SIBASUERL] |BSIBAILN
V sa|fiuespenb pgo'yz:| elep |enbip

-1, Aanng [eaibojosg g’ woyy payipow aseq

& SR,
y e S 7 | ‘..Ewnﬁu.u A
X :

i \..

IVCIVID .\.

_ S A4
¢ iayy @
zaupiepy ! S
¥aauy Eon -t
0486 - Zouiehtaddn™.
. 7 Papaees™




Simulation of Streamflow, Evapotranspiration, and Groundwater Recharge 17

Table 4. Land-cover categories represented in the Hydrological Simulation Program—FORTRAN model of the lower San Antonio River
watershed, south-central Texas.

[HSPF, Hydrological Simulation Program—FORTRAN; --, not applicable]

HSPF model land-cover category Corresponding classification from National Percent impervious
(fig. 6) Land Cover Database 2001* land cover
Water 11 -
Open space (not on fig. 6) 21,31 15
Developed 22,23,24 25
Forest 41,42,43 0
Shrub/scrub 52 0
Grass/pasture/hay 71,81 0
Cropland 82 0
Riparian/wetland 90, 91 0

! Multi-Resolution Land Characteristics Consortium (2008).

Table 5. Rainfall calculated for water-budget zones of the Hydrological Simulation Program—FORTRAN model of the lower San
Antonio River watershed, south-central Texas, 2000-2007.

ponel
budget Area
zone (acres) Nl
(fig. 2) 2000 2001 2002 2003 2004 2005 2006 2007 e
1 108,716 339 36.7 40.0 25.7 48.1 20.2 24.1 48.0 34.6
2 133,447 339 36.2 40.2 26.4 47.0 20.0 25.1 41.7 34.6
3 97,342 329 33.9 40.6 28.2 43.6 19.1 26.3 47.7 34.0
4 161,944 33.0 339 40.7 284 43.6 19.1 26.5 478 34.1
5 158,316 332 34.1 40.5 28.2 43.6 19.3 26.1 47.5 34.0
6 92,595 349 353 39.3 27.1 44.1 21.0 22.6 45.5 33.7
7 236,723 355 35.9 39.0 26.8 44.4 21.5 21.7 449 337
8 276,464 355 359 39.0 26.8 44.4 21.5 21.7 449 33.7
9 82,207 36.6 433 41.4 325 46.9 27.0 30.0 49.9 38.5
Area weighted! 34.5 35.8 39.8 27.5 44.8 20.8 24.2 46.6 343

! For entire lower San Antonio River watershed (normalized to amount of pervious land in water-budget zones 1-9).
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Table 6. Wastewater discharges included in the Hydrological Simulation Program—FORTRAN model of the lower San Antonio River

watershed, south-central Texas.

[HSPF, Hydrological Simulation Program—FORTRAN; RCHRES, stream reach or reservoir]

Wastewater

weamen i — gl

Medio Creek Medio Creek?® Upstream from study area 6
Leon Creek Leon Creek? Upstream from study area 35
Dos Rios Medina River® Upstream from study area 54
Salado Creek? Salado Creek® Upstream from study area 31

OJ Riedel Cibolo Creek 6 4.5
Salatrillo Cibolo Creek 17 3.8
Upper Martinez Cibolo Creek 20 1.7
Martinez II Cibolo Creek 20 1.7
La Vernia Cibolo Creek 34 .04
Stockdale Cibolo Creek 68 .10
Floresville San Antonio upstream from Cibolo Creek 26 .60
Milam St. San Antonio upstream from Cibolo Creek 76 .20
Karnes Main St. San Antonio downstream from Cibolo Creek 18 .05
Kenedy San Antonio downstream from Cibolo Creek 16 .80
Runge San Antonio downstream from Cibolo Creek 26 .06
Goliad San Antonio downstream from Cibolo Creek 78 .20

! Reported discharges for Medio Creek, Leon Creek, Dos Rios, and Salado Creek facilities from Pablo Martinez (San Antonio Water System, written
commun., 2007); reported discharges from other facilities from U.S. Environmental Protection Agency (2004).

* Discharge is upstream from U.S. Geological Survey station 08181800 San Antonio River near Elmendorf, Texas, and included in measured streamflow at the

station,

3 Salado Creek facility (not on fig, 8) decommissioned in 2007; influent previously treated by Salado Creek facility now treated by Dos Rios facility.

miscellaneous measurement site) and streamflow-gaging
station 08185500 Cibolo Creek at Sutherland Springs. During
four sets of synoptic measurements made during base-flow
conditions (April 2006, August 2006, February 2007, and
October 2007), streamflow gains between stations 08185085
and 08185500 ranged between 4 and 29 cubic feet per second
(U.S. Geological Survey, 2009). To develop a continuous daily
time series of springflow for input to the model, the observed
streamflow gains were related to daily water level, measured
on the same day as the streamflow measurements, at the J-17
regional index well (Edwards Aquifer Authority, 2009). This
well (state well number AY—-68-37-203) is located approxi-
mately 27 miles northwest of station 08185500, on the Fort
Sam Houston military base in San Antonio (not shown in

fig. 1). A linear regression relation of measured streamflow
gains and J-17 daily water levels was developed and used to
estimate daily springflow input to Cibolo Creek for 2000-
2007. The resulting regression equation was:

Q.lpriug,'.'ﬂw = 0482 XL- 305-21 (3)

where

is estimated mean daily spring discharge to Cibolo
Creek, in cubic feet per second, and

L is mean daily water level of the J-17 well, in feet,

Q.rpn'ug,'.'mr

The coefficient of determination of the regression equa-
tion was 0.868. The springflow estimated by the regression
equation was divided among the four model RCHRESs in
proportion to the stream length of each stream reach.

Surface-water withdrawals from the San Antonio River
and Cibolo Creek for irrigation were determined from data
provided by the Texas Commission on Environmental
Quality (TCEQ) (Ceasar Alvarado, Texas Commission on
Environmental Quality, written commun., 2009). These data
were provided in the form of monthly volumes, for TCEQ
defined stream reach segments, for 1997-2005. For input to
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the HSPF model the data were disaggregated to average hourly
values, based on the monthly totals. Monthly average with-
drawals for each stream reach during 1997-2005 were used to
estimate monthly values for the period when withdrawal data
were not available (2006-07). Also, TCEQ defined stream
reaches do not correspond directly with the HSPF RCHRESs;
each TCEQ reach typically includes several HSPF RCHRESs.
Total withdrawals from each TCEQ stream reach were
allocated to the appropriate HSPF RCHRES in proportion to
the amount of cropland included in the area draining to each
RCHRES. Cropland acreage (fig. 6) was assumed constant for
the simulation period, 2000-2007.

Meteorological Data

BASINS 4.0 was used to download and pre-process
rainfall and air temperature data from the NWS sites (table 1).
These data were used to create the hourly time series of rain-
fall and PEVT for the HSPF model—downloading and format-
ting regional meteorological data from national datasets. The
algorithms in this version of BASINS (U.S. Environmental
Protection Agency, 2007) download and process national data-
sets through 2006. To extend the record through 2007 for this
model, available rainfall and air temperature data for the same
or nearby NWS sites were downloaded from the National
Climatic Data Center (2009). These data were reviewed,
processed, and appended to the input WDM files using the
same processing steps available in BASINS 4.0. HSPF uses
BASINS-computed PEVT estimates with other model input
(rainfall, storage, lower-zone parameters) to simulate actual
ET. Three of the NWS meteorological stations (sites 2, 4,
and 7; table 1) had air temperature data that BASINS used
to compute PEVT estimates through 2006. Air temperature
data at these sites were used to extend the PEVT time series
through 2007 for the model. The Hamon method (Bidlake,
2002), a subroutine available in the WDMUtil program of
BASINS 4.0, was used on the 2007 maximum and minimum
daily air temperature data to estimate computed PEVT for
2007.

Model Calibration and Testing

Model calibration is an inherently iterative process of
parameter evaluation and adjustment. Initial estimates of
model parameters (such as INFILT and LZSN in HSPF) are
adjusted until the simulated streamflow and ET data com-
pare favorably to measured data, and predefined calibration
criteria are satisfied. Various acceptance criteria are used.
Comparisons of simulated data with measured data are facili-
tated through the use of descriptive statistics such as means,
medians, and variances, and by the use of graphs. Jain and
Sudheer (2008, p. 981) note, “Many times, the parameters
of the hydrologic models are not measurable in the field or
there [might] be a dearth of field measurements. In such
cases, initial parameter values are assigned [on the basis of]
relevant measurable catchment properties—[for example] soil

properties, vegetation characteristics or by experience.” Model
testing involves using the calibrated model to simulate data
for another time period. These simulated data are compared
with additional measured data that were not used in the initial
calibration.

Model parameters were adjusted to meet acceptance
criteria for streamflow at various USGS streamflow-gaging
stations in the watershed. Effort was also made to minimize
the difference between simulated ET in the water-budget
zones representing the Carrizo Sand and the measured ET at
USGS 290810099212100 SW Medina County meteorological
station. Model parameters were adjusted while maintaining
recharge rates within the range of literature values reported
by Scanlon and Dutton (2003). In addition, initial estimates
of irrigation withdrawals were adjusted by as much as 100
percent.

Streamflow

A primary goal of hydrologic model calibration is to
adjust model-simulated streamflow to match streamflow
measured at a nearby streamflow-gaging station. The lower
San Antonio River model was calibrated in accordance with
guidelines by Donigian and others (1984) and Lumb and
others (1994). These guidelines involved comparing measured
and simulated streamflow data and minimizing the difference
between the total volumes of streamflow, largest 10 percent
of streamflows, and smallest 50 percent of base flows. In
addition, model-fit statistics generated by the software pro-
gram GenScn (U.S. Environmental Protection Agency, 2007)
were used to examine the quality of the model fit on an annual,
monthly, daily, and hourly basis for the (1) coefficient of deter-
mination (R-squared) of the linear regression between mea-
sured and simulated streamflow; (2) Nash-Sutcliff coefficient
of model-fit efficiency (NSE), which measures the amount
of variance in the measured streamflow explained by the
simulated streamflow (Nash and Sutcliff, 1970); (3) mean
absolute error (MAE); and (4) root mean square error
(RMSE). The R-squared and NSE are similar; each provides
a measure of the variability in a dataset accounted for by
the statistical model. The NSE, however, provides a gener-
ally preferable evaluation of the fit quality because the NSE
measures the magnitude of the differences between measured
and simulated values, whereas the R-squared measures the
difference between mean values (Zarriello and Ries, 2000).
The MAE and RMSE statistics express the difference between
measured and simulated streamflow in original units (cubic
feet per second). Because a large NSE can be achieved with a
less-than-adequate model, it is important to also evaluate the
model performance using other methods (Jain and Sudheer,
2008), such as scatter plots.

Eleven USGS streamflow-gaging stations are in the lower
San Antonio River watershed. Two stations—08181800 San
Antonio River near Elmendorf and 08185000 Cibolo Creek at
Selma (sites 8 and 11, respectively; fig. 1, table 1)—provided
streamflow data that were used as boundary condition data to
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represent streamflow entering the study area. Data from eight
of the nine remaining stations were used for calibration or test-
ing, or both. Three of the eight stations—08183500 San Anto-
nio River near Falls City, 08186000 Cibolo Creek near Falls
City, and 08188500 San Antonio River at Goliad (sites 10, 15,
and 17, respectively; fig. 1, table 1)—had streamflow records
for the entire 2000-2007 study period; data for 200407 were
used for model calibration and the remaining data, 2000-2003,
for testing.

Five of the eight stations had data for only part of the
study period; data from these stations were used for either
calibration or testing. Data from three stations—08185100
Martinez Creek near St. Hedwig, Tex., 08186500 Ecleto
Creek near Runge, Tex., and 08188570 San Antonio River
near McFaddin, Tex. (sites 13, 16, and 18, respectively; fig. 1,
table 1)—were used for calibration. Data from two sta-
tions—08183200 San Antonio River near Floresville, Tex.,
and 08185500 Cibolo Creek at Sutherland Springs, Tex. (sites
9 and 14, respectively; fig. 1, table 1)—were not used for cali-
bration but were used for additional testing of model stream-
flow simulation.

The streamflow calibration process was accomplished
beginning with the most upstream subwatersheds, using avail-
able streamflow-gaging data to adjust model process param-
eters. For example, data from 08183500 San Antonio River
near Falls City were used to calibrate model streamflow for
the drainage area upstream from the station (through RCHRES
54) in the subwatershed of the San Antonio River upstream
from Cibolo Creek. Similarly, data from 08185100 Martinez
Creek near St. Hedwig, were used to calibrate the drainage
area associated with RCHRESs 17-23 in the Cibolo Creek
subwatershed. Using data from the next downstream stations,
further calibration was performed by adjusting process-related
parameters for the intervening area downstream from the
previously calibrated drainage area. For model RCHRES
outlets representing locations of streamflow-gaging stations,
measured streamflow data rather than simulated streamflow
data were routed to the next downstream RCHRES. In this
way, simulation errors (differences between measured and
simulated streamflows) were not propagated downstream.
Measured and simulated streamflows and model-fit statistics
for all stations used in the calibration and testing process are
listed in table 7.

Simulated flows also were evaluated graphically by
comparing measured and simulated daily time series and
exceedance-probability (flow-duration) curves. General
agreement between the measured and simulated exceedance-
probability curves indicate adequate calibration over the
range of flow conditions. Daily time series, exceedance-
probability curves, and scatter plots of measured daily
and simulated daily streamflow are shown graphically for
calibration stations 08183500 San Antonio River near Falls
City (fig. 9), 08185100 Martinez Creek near St. Hedwig
(fig. 10), 08186000 Cibolo Creek near Falls City (fig. 11),
08186500 Ecleto Creek near Runge (fig. 12), 08188500 San
Antonio River at Goliad (fig. 13), and 08188570 San Antonio

River near McFaddin (fig. 14). Simulated streamflow agreed
reasonably well with measured streamflow for the range of
streamflow observed during the study.

Donigian and others (1984) provide general guidelines
for characterizing HSPF calibrations. For annual and monthly
streamflow volumes, model calibration is considered very
good when the error is less than 10 percent, good when
the error is within 10 to 15 percent, and fair when the error
is within 15 to 25 percent. According to these guidelines,
calibration results for annual streamflow volumes at all of
the calibration stations are considered very good or goed.

The R-squared and NSE values are considered acceptable for
annual, monthly, and daily statistics (table 7). The NSE for
daily streamflows ranged from 0.57 to 0.93 for the calibration
periods at all stations. Generally, R-squared and NSE values
were lower for hourly streamflow values, especially for Cibolo
Creek near Falls City. The NSE for hourly simulations ranged
from 0.29 to 0.90 for the calibration periods at all stations.

Simulated streamflow volumes, streamflow extremes, and
the model-fit statistics were considered good at 08183200 San
Antonio River near Floresville, The simulated streamflows
exceeded measured streamflows at 08185500 Cibolo Creek at
Sutherland Springs, and the model-fit statistics were consid-
ered poor, most likely because of less-than-optimal modeling
of groundwater and wastewater contributions to flow.

Evapotranspiration and Groundwater Recharge

Besides accurate simulation of streamflow, another
goal of watershed model calibration is to accurately simulate
the overall water budget in the watershed, including ET and
groundwater recharge. The nearest measured ET data for com-
parison with HSPF-simulated ET values are collected at USGS
290810099212100 SW Medina County meteorological station
near D’Hanis, about 70 miles west of the lower San Antonio
River study area. This station was installed in September 2006
on shrub/scrub land on the Carrizo Sand outcrop (Richard
Slattery, U.S. Geological Survey, written commun., 2008). ET
data are computed by the eddy covariance method, a statistical
method that measures and calculates vertical turbulent fluxes
within atmospheric boundary layers on the basis of microme-
teorological data, including wind and scalar atmospheric data
series, and yields values of fluxes for these properties that are
then used to estimate ET (Bidlake, 2002).

HSPF-simulated ET from the Carrizo Sand outcrop in
the lower San Antonio River watershed was compared with
ET measured at the SW Medina County meteorological sta-
tion during October 2006-December 2007 (fig. 15). Because
local conditions such as rainfall, cloud cover, and humidity are
highly variable, direct comparison of measured and HSPF-
simulated ET on a short time scale is of limited use. Overall,
however, HSPF-simulated ET compared fairly well with
measured ET during the comparison period. Total HSPF-
simulated ET from the pervious area of water-budget zone 3
for October 2006-November 2007 was 38.4 inches, and total
measured ET at the SW Medina County meteorological
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Figure 9. Measured and simulated daily mean streamflow at 08183500 San Antonio River near Falls City, Texas, 2000-2007.
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Figure 10. Measured and simulated daily mean streamflow at 08185100 Martinez Creek near St. Hedwig, Texas, 2006-07.
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Figure 11.

MEASURED DAILY MEAN STREAMFLOW, IN CUBIC FEET PER SECOND

Measured and simulated daily mean streamflow at 08186000 Cibolo Creek near Falls City, Texas, 2000-2007.
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Simulation of Streamflow, Evapotranspiration, and Groundwater Recharge in the Lower San Antonio River Watershed
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Figure 12. Measured and simulated daily mean streamflow at 08186500 Ecleto Creek near Runge, Texas, 2003-07.
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Figure 13. Measured and simulated daily mean streamflow at 08188500 San Antonio River at Goliad, Texas, 2000-2007.
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Figure 14. Measured and simulated daily mean streamflow at 08188570 San Antonio River near McFaddin, Texas, 2006-07.
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Figure 15. Measured weekly evapotranspiration at 290810099212100 SW Medina County meteorological station near D'Hanis, Texas,
and Hydrological Simulation Program—FORTRAN simulated weekly evapotranspiration for the Carrizo Sand outcrop area of the lower
San Antonio River watershed, south-central Texas, October 2006-December 2007.

station for the same time period was 37.4 inches. As a result of Direct measurements of groundwater recharge in the San
streamflow and ET calibration and testing, a final set of HSPF ~ Antonio River watershed were not available for comparison
hydrologic parameters was obtained for the model; values with model simulations of recharge. Therefore, model simu-
for selected parameters are listed by water-budget zone in lations, or estimates, of groundwater recharge depended on

table 8. accurate model representations of the remaining water-budget
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Table 7. Streamflow calibration and testing results, Hydrological Simulation Program—FORTRAN model of the lower San Antonio

River watershed, south-central Texas.

[acre-ft, acre-feet; ft*/s, cubic feet per second; --, not determined]

08183500 San Antonio River near Falls City, Texas
Calibration period 2004-07

Comparison of streamflow Measured Simulated Error' Criteria?
volumes and peaks streamflow streamflow {percent) {percent)
Total flow volume (million acre-ft) 2.558 2718 6.2 10
Mean flow rate (ft*/s) 883 938 6.2 10
Total of highest 10 percent of daily flows (million acre-ft) 1.135 1.236 89 10
Total of lowest 50 percent of daily flows (acre-ft) 383,000 399,000 4.2 10
Model-fit statistics Annual Monthly Daily Hourly
Number of years, months, days, or hours 4 48 1,461 35,064
Coefficient of determination (R-squared) .99 .98 93 92
Nash-Sutcliff coefficient of model-fit efficiency (NSE) 98 98 93 92
Mean absolute error (ft¥/s) 46 83 128 137
Root mean square error (ft¥/s) 78 153 426 475
Testing period 2000-2003
Comparison of streamflow Measured Simulated Error! Criteria?
volumes and peaks streamflow streamflow (percent) (percent)
Total flow volume (million acre-ft) 2.608 2.691 3.2 10
Mean flow rate (ft*/s) 900 929 3.2 10
Total of highest 10 percent of daily flows (million acre-ft) 1.404 1.476 5.1 10
Total of lowest 50 percent of daily flows (acre-ft) 379,000 377,000 -5 10
Maodel-fit statistics Annual Monthly Daily Hourly
Number of years, months, days, or hours 4 48 1,461 35,064
Coefficient of determination (R-squared) 1.00 1.00 97 .97
Nash-Sutcliff coefficient of model-fit efficiency (NSE) 1.00 1.00 97 97
Mean absolute error (ft*/s) 35 70 132 138
Root mean square error (ft*/s) 39 116 488 536
Simulation period 2000-2007
Comparison of streamflow Measured Simulated Error! Criteria®
volumes and peaks streamflow streamflow (percent) (percent)
Total flow volume (million acre-ft) 5.167 5.363 38 10
Mean flow rate (ft*/s) 891 925 3.8 10
Total of highest 10 percent of daily flows (million acre-ft) 2.557 2,723 6.5 10
Total of lowest 50 percent of daily flows (acre-ft) 758,000 769,000 1.5 10
Model-fit statistics Annual Monthly Daily Hourly
Number of years, months, days, or hours 8 96 2,922 70,128
Coefficient of determination (R-squared) .99 .99 .96 .96
Nash-Sutcliff coefficient of model-fit efficiency (NSE) .99 .99 96 .96
Mean absolute error (ft¥/s) 40 76 130 138
Root mean square error (ft¥/s) 61 136 458 506

! Error = [(simulated-measured)/measured] x 100,
2 Default error criteria from HSPEXP (Lumb and others, 1994).
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Table 7. Streamflow calibration and testing results, Hydrological Simulation Program—FORTRAN model of the lower San Antonio

River watershed, south-central Texas—Continued.

08186000 Cibolo Creek near Falls City, Texas
Calibration period 2004-07

29

Comparison of streamflow Measured Simulated Error' Criteria?
volumes and peaks streamflow streamflow (percent) (percent)
Total flow volume (acre-ft) 722,000 738,000 2.2 10
Mean flow rate (ft%/s) 249 254 2.2 10
Total of highest 10 percent of daily flows (acre-ft) 526,000 492,000 -6.5 10
Total of lowest 50 percent of daily flows (acre-ft) 51,800 49,100 5.2 10
Model-fit statistics Annual Monthly Daily Hourly
Number of years, months, days, or hours 4 48 1,461 35,064
Coefficient of determination (R-squared) 1.00 .99 .70 .50
Nash-Sutcliff coefficient of model-fit efficiency (NSE) .99 .98 .58 .29
Mean absolute error (ft%/s) 11 39 117 143
Root mean square error (ft¥/s) 13 63 584 826
Testing period 2000-2003
Comparison of streamflow Measured Simulated Error’ Criteria’
volumes and peaks streamflow streamflow {percent) (percent)
Total flow volume (acre-ft) 728,000 778,000 6.8 10
Mean flow rate (ft*/s) 251 268 6.8 10
Total of highest 10 percent of daily flows (acre-ft) 534,000 522,000 -2.2 10
Total of lowest 50 percent of daily flows (acre-ft) 53,400 49300 -7.7 10
Modelfit statistics Annual Monthly Daily Hourly
Number of years, months, days, or hours 4 48 1,461 35,063
Coefficient of determination (R-squared) 91 91 .68 53
Nash-Sutcliff coefficient of model-fit efficiency (NSE) .87 g1 .64 47
Mean absolute error (ft*/s) 54 94 156 175
Root mean square error (ft*/s) 58 161 653 866
Simulation period 2000-2007
Comparison of streamflow Measured Simulated Error! Criteria?
volumes and peaks streamflow streamflow {percent) (percent)
Total flow volume (million acre-ft) 1.450 1.515 4.5 10
Mean flow rate (ft*/s) 250 261 4.5 10
Total of highest 10 percent of daily flows (million acre-ft) 1.062 1.014 -4.5 10
Total of lowest 50 percent of daily flows (acre-ft) 105,000 98,400 -6.3 10
Model-fit statistics Annual Monthly Daily Hourly
Number of years, months, days, or hours 8 96 2,922 70,127
Coefficient of determination (R-squared) .95 94 .69 51
Nash-Sutcliff coefficient of model-fit efficiency (NSE) 94 94 .62 39
Mean absolute error (ft*/s) 33 67 137 159
Root mean square error (ft%/s) 42 122 619 846

! Error = [(simulated-measured)/measured] x 100.

2 Default error criteria from HSPEXP (Lumb and others, 1994).
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Table 7. Streamflow calibration and testing results, Hydrological Simulation Program—FORTRAN model of the lower San Antonio

River watershed, south-central Texas—Continued.

08188500 San Antonio River at Goliad, Texas
Calibration period 2004-07

Comparison of streamflow Measured Simulated Error’ Criteria®
volumes and peaks streamflow streamflow {percent) (percent)
Total flow volume (million acre-ft) 3.842 4.130 7.5 10
Mean flow rate (ft/s) 1,330 1,430 7.5 10
Total of highest 10 percent of daily flows (million acre-ft) 1.852 2.038 10.0 10
Total of lowest 50 percent of daily flows (acre-ft) 542,000 527,000 -2.8 10
Model-fit statistics Annual Monthly Daily Hourly
Number of years, months, days, or hours 4 48 1,461 35,064
Coefficient of determination (R-squared) 1.00 .99 .83 .81
Nash-Sutcliff coefficient of model-fit efficiency (NSE) 97 98 .82 .80
Mean absolute error (ft*/s) 108 165 304 317
Root mean square error (ft%/s) 146 258 1,117 1,192
Testing period 2000-2003
Comparison of streamflow Measured Simulated Error’ Criteria®
volumes and peaks streamflow streamflow (percent) (percent)
Total flow volume (million acre-ft) 4.106 4.135 0.7 10
Mean flow rate (ft¥/s) 1,420 1,430 7 10
Total of highest 10 percent of daily flows (million acre-ft) 2315 2.350 1.5 10
Total of lowest 50 percent of daily flows (acre-ft) 563,000 511,000 9.2 10
Maodel-fit statistics Annual Monthly Daily Hourly
Number of years, months, days, or hours 4 48 1,461 35,064
Coefficient of determination (R-squared) 1.00 .99 .86 .85
Nash-Sutcliff coefficient of model-fit efficiency (NSE) .99 .99 .86 .85
Mean absolute error (ft*/s) 60 140 323 336
Root mean square error (ft%/s) 74 254 1,501 1,560
Simulation period 2000-2007
Comparison of streamflow Measured Simulated Error! Criteria?
volumes and peaks streamflow streamflow (percent) (percent)
Total flow volume (million acre-ft) 7.934 8.281 4.4 10
Mean flow rate (ft¥/s) 1,370 1,430 4.4 10
Total of highest 10 percent of daily flows (million acre-ft) 4.177 4.405 5.5 10
Total of lowest 50 percent of daily flows (million acre-ft) 1.105 1.074 -2.8 10
Model-fit statistics Annual Monthly Daily Hourly
Number of years, months, days, or hours 8 96 2,922 70,128
Coefficient of determination (R-squared) .99 .99 .85 .84
Nash-Sutcliff coefficient of model-fit efficiency (NSE) 98 .99 .85 .84
Mean absolute error (ft*/s) 81 153 313 327
Root mean square error (ft*/s) 116 256 1,320 1,388

! Error = [(simulated-measured)/measured] x 100.

2 Default error criteria from HSPEXP (Lumb and others, 1994).



Simulation of Streamflow, Evapotranspiration, and Groundwater Recharge

Table7. Streamflow calibration and testing results, Hydrological Simulation Program—FORTRAN model of the lower San Antonio

River watershed, south-central Texas—Continued.

08183200 San Antonio River near Floresville, Texas
Testing period 01/05/2006-12/31/2007

31

Comparison of streamflow Measured Simulated Error' Criteria®
volumes and peaks streamflow streamflow {percent) (percent)
Total flow volume (million acre-ft) 1.307 1.303 -0.3 10
Mean flow rate (ft¥/s) 908 905 -3 10
Total of highest 10 percent of daily flows (acre-ft) 720,000 724,000 6 10
Total of lowest 50 percent of daily flows (acre-ft) 138,000 130,000 -5.8 10
Model-fit statistics Annual Monthly Daily Hourly
Number of years, months, days, or hours 1 23 726 17,424
Coefficient of determination (R-squared) -- 1.00 98 98
Nash-Sutcliff coefficient of model-fit efficiency (NSE) - 1.00 98 97
Mean absolute error (ft*/s) 16 35 87 102
Root mean square error (ft%/s) 16 51 270 338
08185100 Martinez Creek near St. Hedwig, Texas
Calibration period 11/17/2005-12/31/2007
Comparison of streamflow Measured Simulated Error’ Criteria®
volumes and peaks streamflow streamflow {percent) (percent)
Total flow volume (acre-ft) 67,200 71,800 6.9 10
Mean flow rate (ft/s) 43.7 46.7 6.9 10
Total of highest 10 percent of daily flows (acre-ft) 46,800 49,100 49 10
Total of lowest 50 percent of daily flows (acre-ft) 5,810 5,750 -1.0 10
Model-fit statistics Annual Monthly Daily Hourly
Number of years, months, days, or hours 2 25 775 18,600
Coefficient of determination (R-squared) 1.00 .96 J2 .50
Nash-Sutcliff coefficient of model-fit efficiency (NSE) 99 .96 .67 37
Mean absolute error (ft*/s) 3.3 8.6 22 26
Root mean square error (ft%/s) 34 14 71 112
08185500 Cibolo Creek at Sutherland Springs, Texas
Testing period 12/21/2005-12/31/2007
Comparison of streamflow Measured Simulated Error’ Criteria?
volumes and peaks streamflow streamflow (percent) {percent)
Total flow volume (acre-ft) 256,000 355,000 39 10
Mean flow rate (ft*/s) 174 241 39 10
Total of highest 10 percent of daily flows (acre-ft) 189,000 252,000 33 10
Total of lowest 50 percent of daily flows (acre-ft) 18,700 21,400 14 10
Model-fit statistics Annual Monthly Daily Hourly
Number of years, months, days, or hours 2 24 741 17,784
Coefficient of determination (R-squared) 1.00 95 42 .29
Nash-Sutcliff coefficient of model-fit efficiency (NSE) .82 91 32 18
Mean absolute error (ft*/s) 67 72 132 146
Root mean square error (ft'/s) 85 125 635 827

! Error = [(simulated-measured)/measured] x 100,

2 Default error criteria from HSPEXP (Lumb and others, 1994).
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Table 7. Streamflow calibration and testing results, Hydrological Simulation Program—FORTRAN model of the lower San Antonio

River watershed, south-central Texas—Continued.

08186500 Ecleto Creek near Runge, Texas
Calibration period 10/02/2002-12/31/2007

Comparison of streamflow Measured Simulated Error' Criteria?

volumes and peaks streamflow streamflow (percent) (percent)
Total flow volume (million acre-ft) 0.199 0.208 4.6 10
Mean flow rate (ft¥/s) 523 54.7 4.6 10
Total of highest 10 percent of daily flows (acre-ft) 178,000 173,000 -2.8 10
Total of lowest 50 percent of daily flows (acre-ft) 728 716 -1.6 10

Modelfit statistics Annual Monthly Daily Hourly
Number of years, months, days, or hours 5 50 1,918 35,032
Coefficient of determination (R-squared) .89 .84 .65 52
Nash-Sutcliff coefficient of model-fit efficiency (NSE) .87 .84 57 43
Mean absolute error (ft*/s) 8.7 22 37 43
Root mean square error (ft*/s) 13 43 161 208

08188570 San Antonio River near McFaddin, Texas
Testing period 11/24/2005-12/31/2007
Comparison of streamflow Measured Simulated Error' Criteria®

volumes and peaks streamflow streamflow (percent) (percent)
Total flow volume (million acre-ft) 1.971 2.032 3.1 10
Mean flow rate (ft*/s) 1,290 1,330 3.1 10
Total of highest 10 percent of daily flows (million acre-ft) 1.083 1.116 3.0 10
Total of lowest 50 percent of daily flows (acre-ft) 201,000 221,000 10.0 10

Model-fit statistics Annual Monthly Daily Hourly
Number of years, months, days, or hours 2 25 768 18,432
Coefficient of determination (R-squared) 1.00 97 .79 7T
Nash-Sutcliff coefficient of model-fit efficiency (NSE) 1.00 97 78 .76
Mean absolute error (ft/s) 48 180 373 388
Root mean square error (ft/s) 50 311 1,180 1,240

! Error = [(simulated-measured)/measured] x 100,
2 Default error criteria from HSPEXP (Lumb and others, 1994).

components not associated with recharge (primarily stream-
flow and ET).

Simulated Streamflow, 2000-2007

Boundary inflows to the study area were obtained from
08181800 San Antonio River near Elmendorf and 08185000
Cibolo Creek at Selma. These flows and other streamflow
additions and withdrawals, including measured or reported
volumes of streamflow, springflow, wastewater discharge, and
irrigation withdrawals, are routed downstream concurrently
with the meteorological data. The lower San Antonio River
watershed HSPF model can then be used to simulate stream-
flow at the outlet of any RCHRES (fig. 4) for calibration or
testing, or for comparison purposes. Using model input and
output, streamflow amounts and sources can be compared for

each subwatershed. Annual mean streamflow volumes and
basin yields generated in each subwatershed were compiled
(table 9). The annual mean streamflow volumes represent the
streamflow generated in each subwatershed from all inputs
to that subwatershed but do not include upstream inflows.
The simulated streamflow volumes from each subwatershed
include runoff from pervious and impervious areas and all
streamflow additions and withdrawals that can be quantified.
Runoff from precipitation is the largest source of stream-
flow generated in each subwatershed in the study area. Other
contributions to streamflow in each subwatershed listed in
table 9 are relatively small compared with the total simu-
lated streamflow volumes. During 2000-2007, annual mean
streamflow volumes from the four subwatersheds totaled
0.381 million acre-feet. Annual mean basin yields for each
of the subwatersheds and for the upstream watersheds were



Tahle 8.

Simulation of Streamflow, Evapotranspiration, and Groundwater Recharge 33

Calibrated values for selected parameters, by water-budget zone, for the Hydrological Simulation Program—FORTRAN model
of the lower San Antanio River watershed, south-central Texas.

Calibrated values hy water-budget zone

Param- s (ig.2)

Zone 1 Zone 2 Zone 3 Zone d Zone 5 Zone 6 Zone 7 Zone 8 Zone 9
AGWETP none 0 0.01-0.05 0.01-0.05 0.01-0.05 0.01-0.05 0.01-0.05 0.01-0.05 0.01 0.05
AGWRC  l/day 92 92-94 85-94 .92-97 .95-97 .95-.97 .95-.98 98 .98
BASETP  none 01 .01 01-20 .01-.20 01-15 .01-.10 .01-.15 01 .10
CEPSC inches 1-3 1=-3 -3 A=-3 1=-3 1-3 1-3 A=3 A=-3
DEEPFR  none 35 40-.60 70-.85 .60-.85 .55-.60 10-25 .20-45 32 .20
INFEXP none 2 2 2 2 2 2 2 g 2
INFILD none 2 2 2 2 2 2 2 2 2
INFILT inches/hour .50-.55 40-.60 45-90 35-.65 15-55 .10-.50 .25-.55 .60-.64 .37-40
INTFW none 8.5 1.0-8.5 1.0-1.50 1.0-250 1.0-2.50 1.0-2.50 1.0-2.50 15 1.5
IRC 1/day 5 5 -5 A=5 1=5 1=5 -5 5 5
KVARY 1finch 4.0 2.0-4.0 2.04.0 2.04.0 2.0-4.0 2.0-4.0 2.04.0 2.0 2.0
LSUR feet 250-300 250-300 250-300 250-300 250-300 250-300 250-300 300 300
LZETP none 2-8 2-8 2-8 2-8 2-8 2-8 2-8 4-8 4-8
LZSN inches 85 8.0-8.5 8.0-9.5 8.0-8.5 8.0-8.5 8.0-8.5 8.0-8.5 8.0-8.5 8.0-8.5
NSUR none 15-20 15-31 15-31 15-31 .15-31 .15-31 .15-31 20-31 .20-31
RETSC inches .1 .1 .05-.1 .05-.1 .05-.1 051 .05-.1 1 1
SLSUR feet .03 .03 .03 .03 .03 .03 .03 .03 .03
UZSN inches .54-56 .54-76 .54-.76 54-76 .54-.76 54-76 54-.86 .84-86 .84-86

! See table 3 for description of parameters.

computed by dividing the generated streamflow volume at the
outlets by the corresponding subwatershed area. Of the four
subwatersheds in the lower San Antonio River watershed, the
Cibolo Creek subwatershed had the largest annual mean basin
yield, about 4.8 inches per year. Springflow and wastewater
discharges were larger in this subwatershed compared with the
other subwatersheds. The smallest annual mean basin yield
was from the subwatershed of the San Antonio River upstream
from Cibolo Creek, about 1.2 inches per year. This lower
yield might be caused partly by the way the model represents
retention and subsequent evaporation of overland flow in
Calaveras Lake from RCHRES 5 (fig. 4). Possible reasons

for the differences in yields have not been fully studied. The
measured (gaged) annual mean volume of streamflow entering
the lower San Antonio River watershed during 2000-2007 was
0.685 million acre-feet (table 10). The overall annual mean

basin yield from the upstream contributing area to the model
was 6.4 inches (table 10), or 3.1 inches higher than the overall
annual mean basin yield of 3.3 inches (table 9) from the lower
San Antonio River watershed.

The simulated (modeled) annual mean volume of stream-
flow exiting the lower San Antonio River watershed during
2000-2007 was 1.07 million acre-feet. This volume includes
the annual mean inflow from the streamflow-gaging stations
at the study area boundary (0.685 million acre-feet [table 10])
and the annual mean streamflow generated from the study area
(0.381 million acre-feet [table 9]). Compared with the annual
mean volume of streamflow entering the lower San Antonio
River watershed from upstream (0.685 million acre-feet),
the annual mean volume of streamflow exiting the lower San
Antonio River watershed (1.07 million acre-feet) represents
an increase of about 56 percent. Annual mean streamflow
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Table 9. Simulated streamflow volumes and basin yields generated from subwatersheds in the Hydrological Simulation Program—
FORTRAN model of the lower San Antonio River watershed, south-central Texas, 2000-2007.

[--, no flow]
Drain- Annual mean Annual mean AI'-II'll..Ia| r_nean Annual Annual
SEsDTER wastewater springflow irrigation mean i
Subwatershed discharge withdrawals  streamflow i
{square (thousand P basin yield
milas) (thousand seradisst? (thousand {million {inches)!
acre-feet)' acre-feet)’ acre-feet)
San Antonio River upstream from Cibolo Creek 554 0.86 0 38 0.035 1.2
Cibolo Creek 579 9.7 12.6 -- 149 438
Ecleto Creek 266 -- - - .042 3.0
San Antonio River downstream from Cibolo Creek 749 1.2 - 1.6 155 3.9
Total, all subwatersheds 11.8 12.6 5.4 381 33

! Wastewater discharge input derived from reported wastewater discharges (table 6).

* Springflow input derived from correlation developed between streamflow gains and nearby groundwater levels.

? Calculated from reported surface-water withdrawals to irrigated cropland (Ceasar Alvarado, Texas Commission on Environmental Quality, written commun.,

2009).

* Calculated by dividing annual mean streamflow volume by drainage area.

originating in the lower San Antonio River watershed during
2000-2007 (estimated as annual mean simulated stream-
flow at the outlet minus annual mean streamflow at the inlet
boundaries, 08181800 San Antonio River near Elmendorf
and 08185000 Cibolo Creek at Selma) is less than 10 per-
cent of the annual mean rainfall supplied. About 90 percent
of the rainfall on the watershed is either evapotranspired or
recharged.

Simulated Evapotranspiration, 2000-2007

Parameters in the HSPF model representing final model
runs were synthesized for each of the subwatersheds to
produce estimated annual ET from the pervious land in each
water-budget zone (table 11). Evaporation also occurred
directly from water surfaces in IMPLNDs and RCHRESs, but
the amount was small compared with ET from pervious land.
About 2 percent of the study area consisted of impervious
land; the evaporation from surficial waters in IMPLNDs and
RCHRESs was about 1 percent of the total ET.

For the entire study area, annual mean ET from
PERLNDs was 28.2 inches per year (table 11). The smallest
annual mean ET during 2000-2007 was 20.1 inches during
2006, following a relatively dry year. The largest annual mean
ET during 2000-2007 was 34.8 inches during 2007. Simulated
ET was largest in water-budget zones 8 and 9, with annual
mean amounts of 30.6 and 32.8 inches per year, respectively.
These water-budget zones included a larger percentage of
riparian/wetland land cover than the other zones in the study
area. Land cover was used to adjust several HSPF parameters
in the model. The larger percentage of riparian/wetland land
cover in water-budget zones 8 and 9 might be partly respon-
sible for the larger amounts of ET in these zones compared

with ET in other zones. Also, rainfall was larger in zones 8
and 9 than in the other zones, so more water was available to
be evapotranspired.

The annual mean rainfall for the study area during
2000-2007 was 34.3 inches (table 5). An annual mean ET of
28.2 inches indicates that, on average, about 82 percent of the
rainfall supplied to the study area was evapotranspired. If the
annual rainfall is above average, a smaller percentage of the
annual rainfall usually evapotranspires. For example, 2004 and
2007, with rainfall of 44.8 and 46.6 inches, respectively, were
relatively wet years. In 2004 and 2007, an estimated 74 and 75
percent, respectively, of rainfall evapotranspired on the basis
of model simulations. The largest percentage of rainfall evapo-
transpired in years with lower-than-average rainfall and follow
years with greater-than-average rainfall. For 2005, a very dry

Table 10. Annual mean streamflow volumes and basin yields at
streamflow-gaging stations at upstream boundary of the lower
San Antonio River watershed, south-central Texas, 2000-2007.

Annual

Drainage mean Anmyal
U.S. Geological Survey 9 mean
E : area stream- 3
streamflow-gaging station basin
: (square flow :
(fig. 1) : a yield
miles) {million . .
{inches)
acre-feet)
08181800 San Antonio 1,750 0.642 6.9
River near Elmendorf, Tex.
(site 8)
08185000 Cibolo Creek near 274 .043 29
Selma, Tex. (site 11)
Total at upstream boundary 2,020 - 685 64

! Calculated by dividing annual mean streamflow volume by drainage area.
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Table 11.
central, Texas, 2000-2007.

Estimated evapotranspiration for pervious land in water-budget zones of the lower San Antonio River watershed, south-

Estimated evapotranspiration

Water b vious i
budget (inches)
Siiiie land

fig.2y  ‘acres) 2000 2001 2002 2003 2004 2005 2006 2007 An'::::'
1 108,716 225 24.4 30.1 26.7 30.5 23.6 212 323 264
2 133447 23.0 25.7 304 27.8 317 23.9 20.5 333 27.0
3 97,342 23.8 26.4 29.7 28.9 322 23.0 19.3 34.1 272
4 161,944 239 26.7 29.6 29.0 324 229 19.4 343 27.3
5 158316 24.2 27.1 29.8 29.1 329 23.0 19.2 34.5 27.5
6 92,595 24.1 27.2 27.3 285 32.4 234 16.4 34.0 26.7
7 236723 24.7 29.0 28.1 294 33.4 24.7 16.0 35.1 27.6
8 276464 28.1 295 30.5 33.2 35.2 28.7 23.6 363 30.6
9 82,207 30.5 304 319 35.9 37.7 312 26.7 38.3 32.8

Area weighted! 251 27.7 29.7 30.0 333 25.1 20.1 348 28.2

! For entire lower San Antonio River watershed {normalized to amount of pervious land in water-budget zones 1-9).

year (rainfall of 20.8 inches), simulated ET was 121 percent of
the annual rainfall. Simulated ET can exceed rainfall in a given
year when extra water that has been stored in the unsaturated
zones during the preceding year is available to satisfy potential
ET demand.

Estimated Groundwater Recharge, 2000-2007

Similar to the procedure for generating ET estimates
by water-budget zones, the output from the final model runs
were synthesized to produce estimates of annual groundwater
recharge into the pervious land of each water-budget zone.
These subwatershed estimates from each model were area-
weighted by the amount of pervious area of each subwatershed
to produce estimated annual recharge rates by water-budget
zone (fig. 16, table 12).

The largest groundwater recharge estimates were in
water-budget zones 3 and 4, with annual estimates of 5.1 and
4.8 inches, respectively. Water-budget zone 3 overlies the
Carrizo Sand; zone 4 overlies the Recklaw Formation and
Queen City Sand. The annual mean rainfall on zone 3 during
20002007 was 34.0 inches (table 5). On average, an esti-
mated 15 percent of rainfall went to groundwater recharge in
zone 3. The smallest groundwater recharge estimates were in
water-budget zones 6 and 9, with annual mean estimates of
about 1.1 and 1.5 inches, respectively (fig. 16, table 12). The
annual mean groundwater recharge estimate in zone 6 rep-
resents about 3.3 percent of the annual mean rainfall of 33.7
inches in this zone during 2000-2007 (table 5). These recharge
estimates are generally within the ranges reported by Scanlon
and Dutton (2003).

Estimated annual groundwater recharge in the lower
San Antonio watershed during 2000-2007 varied from year
to year but generally increased as precipitation increased.
The smallest annual estimate of groundwater recharge was
0.7 inch in 2006 (table 12); 2006 rainfall was about 24.2
inches (table 5). The largest annual estimate of groundwater
recharge was 6.1 inches in 2007 (table 12); 2007 rainfall was
about 46.6 inches (table 5). During 2000-2007, groundwater
recharge estimates as a percentage of rainfall varied from
about 3 percent (2006) to 13 percent (2007). The annual
mean estimated recharge rate for all pervious land in the study
area was 3.0 inches per year (table 12). This recharge rate
represents about 9 percent of annual mean rainfall for 2000~
2007.

Water-Budget Summary, 2000-2007

The inflows to the lower San Antonio River watershed
are represented by the terms on the left-hand side of equation
2. The modeled inflows include rainfall (P, precipitation),
streamflow entering the study area from upstream as mea-
sured at 08181800 San Antonio River near Elmendorf (site 8)
and 08185000 Cibolo Creek at Selma (site 11), estimated
discharge of treated wastewater, and estimated springflow.
Using the Thiessen diagrams, the average area-weighted
rainfall in the lower San Antonio River watershed was com-
puted as 34.3 inches per year (3.92 million acre-feet per
year) during the study period. The measured streamflow
volume entering the study area from upstream averaged
0.685 million acre-feet per year. The combined volume of
wastewater and springflow entering the study area averaged
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Table 12. Estimated groundwater recharge for pervious land in water-budget zones of the lower San Antonio River watershed, south-

central Texas, 2000-2007.

Estimated recharge

Water- i
budget  Torvious (inches}
land
zone (acres)

{fig. 2) 2000 2001 2002 2003 2004 2005 2006 2007 Annual mean
1 108,716 1.4 35 33 1.3 4.0 1.1 0.4 5.4 2.5
2 133,447 1.8 4.6 4.6 1.8 53 1.7 .6 7.2 3.5
3 97,342 2.4 54 7.1 34 73 29 1.3 11.3 5.1
4 161,944 2.4 5.0 6.7 3.2 6.7 2.7 1.3 10.3 4.8
3 158,316 1.9 38 4.9 24 5.1 2.0 9 74 3.6
6 92,595 8 1.2 1.4 0.7 1.8 .6 2 2.1 1.1
7 236,723 1.6 29 2.8 1.3 3.9 1.2 3 4.3 23
8 276,464 1.2 33 32 1.5 35 1.6 8 4.8 2.5
9 82,207 7 2.0 1.8 9 2.1 1.1 .6 2.9 1.5

Area weighted' 1.6 3.6 4.0 1.8 4.4 17 ir 6.1 3.0

! For entire lower San Antonio River watershed (normalized to amount of pervious land in water-budget zones 1-9),

24,400 acre-feet per year. Total inflow volumes from mea-
sured or estimated inputs were 4.63 million acre-feet per
year.

The simulated outflows from the lower San Antonio
River watershed are represented by the terms on the right side
of equation 2 and can be summarized as total ET, streamflow
exiting the study area, and groundwater recharge. Total ET
averaged 3.20 million acre-feet per year and includes ET from
the surface, ET from the unsaturated zone, and ET derived
from groundwater discharging to streams. The average volume
of simulated streamflow outflows from the study area was 1.07
million acre-feet per year, which included simulated surface-
water diversions for irrigation. Simulated surface-water with-
drawals for irrigation averaged about 5,470 acre-feet per year.
Simulated groundwater recharge averaged 3.0 inches per year
across the watershed, which is equivalent to about 340,000
acre-feet per year. Total outflows equaled 4.61 million acre-
feet per year, obtained by adding the simulated total volumes
of ET, streamflow exiting the study area, and groundwater
recharge.

For the overall water budget, the largest inflow to the
study area is rainfall; the largest outflow is ET. Wastewater
discharges, springflow, and irrigation withdrawals in the study
area make up only a small percentage of the overall water
budget in the study area. Despite the relatively small contribu-
tion of wastewater discharges, springflow, and irrigation to
the overall water budget, taking their contributions to local
streamflow into account proved necessary to achieve accept-
able model calibration results.

Sensitivity Analysis

A sensitivity analysis of selected HSPF model param-
eters was performed to determine the effects of systematic
changes to the values of the parameters on simulated recharge,
ET, and surface runoff from the PERLND areas in water-
budget zone 3, the Carrizo Sand. Zone 3 crosses three sub-
watersheds of the model—San Antonio River upstream from
Cibolo, Cibolo Creek, and Ecleto Creek (fig. 4) . Each param-
eter was changed by a hydrologically reasonable amount while
keeping the other parameters unchanged, and the simulations
were run for each subwatershed. The results were areally
weighted by the total PERLND area in each subwatershed.
The resulting areally weighted changes in recharge, ET, and
surface runoff exiting the PERLND area of the zone are listed
in table 13.

The parameters to which simulated water balance com-
ponents of zone 3 were most sensitive for the given changes
were lower-zone ET (LZETP) and the fraction of ground
water that does not discharge to the surface within the bound-
aries of the modeled area (DEEPFR). Increasing the LZETP
values by between 12.5 and 50 percent resulted in a 12-percent
decrease in recharge, a 15-percent decrease in surface runoff
from PERLNDs, and a 3.3-percent increase in ET. Reduc-
ing the DEEPFR values by between 23.5 and 28.5 percent
resulted in a 25-percent decrease in recharge and an 85-
percent increase in runoff. Reducing the initial amount of
water in the RCHRESs does not change the water balance
components of zone 3.
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Table 13. Sensitivity of the water balance in water-budget zone 3 to changes in selected process-related parameters of the
Hydrological Simulation Program—Fortran {HSPF) model of the lower San Antonio River watershed, south-central Texas, 2000-2007.

e Sidiaie Change in Change in runoff from
Parameter' Initial values Adjusted values 9 9 evaptranspiration pervious area
(percent)
{percent) {percent)
LZSN 8.0-95 Increase to 12.0 -10 1.1 -15
UZSN .54-.66 Increase to 1.5 -2 o -15
LZETP 2-8 Increase by 0.1 (0.3-0.9) -12 3.3 -15
INFILT 45-90 Decrease by 20 percent -2 4 0
DEEPFR .70-.85 Decrease by 0.2 -25 4 85
AGWRC .85-94 Increase by 0.05 0 4 -15
CEPSC 1-3 Increase by 0.05 (0.15-0.35) -3 7 -8

! See table 3 for description of parameters.

Model Limitations

Model limitations include possible errors related to model
conceptualization and parameter variability, lack of data to
quantify certain model inputs, and measurement errors. HSPF
is a complex watershed model that can handle multiple hydro-
logical scenarios; however, the model that was developed
still represents a simplified understanding of the hydrological
processes of the lower San Antonio River watershed. Natural
hydrological processes are infinitely more complex than the
simulations possible using empirical equations embedded in
modeling software such as HSPF. The modelers’ conceptual-
ization of the watershed—FTABLES, stream dimensions, and
so forth, and the variation in model parameters among water
budget zones—based on decisions as to which watershed
factors drive the hydrologic responses of the watershed might
not be accurate or might be oversimplified. HSPF distributes
inflows and outflows to maintain a balanced water budget as
calibration parameters are changed. The accuracy of the mod-
eled distribution of water within the watershed depends on the
adequacy of the measured data used to calibrate the model.
ET is by far the most dominant part of the water budget yet
few ET data are available for most places, including the study
area. The lack of measured ET in the study area for the differ-
ent surficial geologic units, land covers, vegetative types, and
seasons is particularly limiting, because it is not always clear
how model parameters for ET should be varied. The lack of
adequate ET data could cause systematic errors in representing
the hydrological processes of the watershed (Raines, 1996).

Groundwater and surface-water interactions are modeled
in a relatively simple way by HSPE. Over the past decades,
this has led to the coupling of HSPF with groundwater models
to better represent the complexity of groundwater and surface-
water interactions. Within the limited functionality of HSPF
for determining recharge, the authors have defined water-
budget zones that they believe vary in soil infiltration and
other modeled parameters available in HSPF. This variability

has been introduced and is maintained by the overall calibra-
tion. However, across individual water-budget zones and on
smaller spatial scales, measured streamflow or ET data are not
sufficient to further verify the resulting gradients in ET and
recharge rates.

Measurement errors are introduced as a result of inac-
curate or missing data. Because large, isolated storms are com-
mon in south-central Texas, rainfall can vary greatly over a
short distance. The degree to which available rainfall data rep-
resent the actual rainfall is potentially the most serious source
of measurement error for the study. Rainfall input to the study
area, derived from measured rainfall at five NWS meteorologi-
cal stations, is represented by five areas of assumed homo-
geneous rainfall; each meteorological station represents, on
average, an area of about 430 square miles. Also, four of the
five NWS meteorological stations record daily rainfall data.
Because of the highly localized nature of rainfall in south-
central Texas, the disaggregation of daily rainfall data to
hourly data does not always accurately represent rainfall dura-
tion or intensity.

The emphasis of the watershed-model calibration was
accurate simulation of streamflow. Streamflow accounts for
a relatively small percentage of the water budget in the study
area and, in the main stem of the lower San Antonio River, is
largely determined from upstream flows. Although an accurate
simulation of the hydrograph relates to the accurate simula-
tion of all the components of the water cycle, the accuracy of
groundwater recharge estimation depends on accurate simula-
tion of other water-budget components as well, especially ET.
Few or no measured data were available to calibrate or test
ET and groundwater recharge. Much of the surficial geology
in zone 3 consists primarily of the Carrizo Sand. Where the
surficial geology also consists primarily of the Carrizo Sand
(outside the study area), measured ET data were available to
compare with simulated ET data from water-budget zone 3;
differences between the measured and simulated ET data
were small and the simulated ET data appear reasonable.



Simulations for other types of surficial geology and land cover
are even less certain because of the lack of measured ET data
for comparison purposes. Additional ET datasets (if available)
could be used to improve the calibration. To further under-
stand the groundwater components of the model, linkages of
this watershed model with groundwater models for the region
would be useful.

Summary

The U.S. Geological Survey (USGS), in cooperation
with the San Antonio River Authority, the Evergreen Under-
ground Water Conservation District, and the Goliad County
Groundwater Conservation District, configured, calibrated,
and tested a Hydrological Simulation Program—FORTRAN
(HSPF) watershed model for the approximately 2,150-square-
mile lower San Antonio River watershed in Bexar, Guadal-
upe, Wilson, Karnes, DeWitt, Goliad, Victoria, and Refugio
Counties in south-central Texas. Because of the complexity
of the study area, the lower San Antonio River watershed was
divided into four subwatershed models; separate HSPF models
were developed for each subwatershed. The most downstream
subwatershed model, San Antonio River downstream from
Cibolo Creek, receives the simulated streamflow from the
outlets of the other three subwatershed models. Simulation
of the overall study area involved running simulations of the
three upstream models, then running the downstream model.
The surficial geology was simplified as nine contiguous water-
budget zones to meet model computational limitations and
also to define zones for which ET, recharge, and other water-
budget information would be output by the model. The model
was used to simulate streamflow, evapotranspiration (ET), and
groundwater recharge in the lower San Antonio River water-
shed in south-central Texas during 2000-2007 to gain a better
understanding of the water budget. HSPF was used to simulate
streamflow, ET, and groundwater recharge in each water-bud-
get zone and for the watershed as a whole.

Rainfall data used as input for the model were obtained
from seven National Weather Service (NWS) meteorological
stations in or near the study area. Air temperature data from
three of the NWS stations were used to estimate potential ET
in the model. Other time-series datasets for the model were
developed for wastewater discharges, surface-water withdraw-
als for irrigation, and springflow at Sutherland Springs.

The model was calibrated and tested using streamflow
data obtained from 10 of the 11 USGS streamflow-gaging
stations in the study area. Using various graphical and statisti-
cal methods, the calibration was characterized as very good;
streamflow volumes were calibrated to within 10 percent of
the measured streamflow volumes. Additionally, for calibra-
tion, ET simulations were compared with ET measured con-
tinuously at a USGS meteorological station in Medina County,
about 70 miles west of the study area. The total HSPF-
simulated ET from the pervious area of water-budget zone 3
for October 2006-November 2007 was 38.4 inches, and total
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measured ET at the Medina County station for this same time
period was 37.4 inches.

Streamflow volumes and basin yields for the four sub-
watersheds in the study area were compiled. The measured
annual mean volume of streamflow entering the study area
from upstream during 2000-2007 was 0.685 million acre-feet.
The simulated annual mean volume of streamflow exiting at
the downstream outlet of the study area during 2000-2007 was
1.07 million acre-feet, an increase of 56 percent between the
upstream contributing area and the downstream outlet of the
study area, Of the four subwatersheds in the lower San Anto-
nio River watershed, the Cibolo Creek subwatershed had the
largest annual mean basin yield, about 4.8 inches per year. The
annual mean basin yield of 6.4 inches from the San Antonio
River drainage area upstream from the study area is 3.1 inches
higher than the annual mean basin yield of 3.3 inches from the
lower San Antonio River watershed.

During 2000-2007, annual mean rainfall estimates for
the nine water-budget zones ranged from 33.7 to 38.5 inches
per year; for the entire watershed the estimated annual mean
rainfall was 34.3 inches. Most of the rainfall does not become
streamflow but is either lost to the atmosphere as ET or stored
as recharge. Using the HSPF model, it was estimated on the
basis of simulation results that, for 2000-2007, less than 10
percent of the annual mean rainfall on the study watershed
exited the watershed as streamflow. Using the HSPF model, it
was also estimated that about 82 percent, or an average of 28.2
inches per year, exited the watershed as ET, primarily from
pervious land. The Cibolo Creek subwatershed and the subwa-
tershed of the San Antonio River upstream from Cibolo Creek
had the largest and smallest basin yields, about 4.8 inches
and 1.2 inches, respectively. Estimated annual ET and annual
recharge generally increased with increasing annual rainfall.
Also, ET was larger in zones 8 and 9, the most downstream
zones in the watershed. These zones included larger percent-
ages of riparian/wetland land cover, which exhibit larger ET
rates than other land covers simulated in the model. Zones 8
and 9 also had more rainfall than the other zones, thus more
water to satisfy potential ET demand.

The HSPF model also was used to estimate groundwater
recharge for nine selected water-budget zones. The largest esti-
mated annual mean groundwater recharge, about 5.1 inches,
was in water-budget zone 3, the zone where the Carrizo Sand
outcrops. On average, an estimated 15 percent of annual mean
rainfall in water-budget zone 3 was converted to recharge. The
smallest estimated annual mean recharge, about 1.1 inches
(about 3 percent of annual mean rainfall), was in water-budget
zone 6. For the entire watershed study area, annual mean
recharge was about 3.0 inches or about 9 percent of annual
mean rainfall.

Model limitations include possible errors related to model
conceptualization and parameter variability, lack of data to
quantify certain model inputs, and measurement errors. The
conceptualization of the watershed and the variation in model
parameters among water-budget zones, as well as the decisions
as to which watershed factors drive the hydrologic responses
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of the watershed, might not be accurate or might be oversim-
plified. The lack of measured ET data for different surficial
geologic units, land covers, vegetative types, and seasons is
limiting because it is not always clear how model parameters
for ET should be varied. Rainfall can vary greatly over a short
distance; uncertainty regarding the degree to which available
rainfall data represent actual rainfall is potentially the most
serious source of measurement error.
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CHANNEL GAIN AWD LOSS INVESTIGATIONS
TEXAS STREAME

1918 - 192958

Of the water that reaches a stiream channel, part is discharged by evapora-
tion and transpiration, and by seepage into the ground elong the stream channel
where the water tevle is lower than the surface of the stream. The part lost by
seepage may return later to the same channel at a point downstream; it may flow
through underground channels to bte discharged in distant springs or even into
another river channel; it may become a part of ground water which will appear,
perhaps years leter, in wells that furnish water for domestic or industrial use,
for irrigetion, or for other uses

The determination of available water in Texas streams cannot be made entire-
ly from runoff records at the regular streamflow stations mzintained on streams
throughout the State. Special investigations must be made to locate, identify,
and determine gains or reductions in streamflow. Investigations have been made
on many Texas streams to determine flow conditions during periods of base flow,
to identify interchange of surface water and ground water, to determine losses
of water in irrigation systems, and to determine the change in the pattern of
flow and amount of water released from a reservoir zs it is conveyed in a stream
channel to a point downstream. Such investigetions are of basic importance in
consideration of problems that involve supply and use of water for almost any

purpose,

This publication combines in one volume the results of all special investi-
gations that have been made by the Texas Board of Water Engineers and the U, S.
Geological Survey from 1918 through 1958 to determine quanditative gains and
losses of stream flow through long reaches of natural stream channels and canals
in Texas; and it alsc includes results of an investigation on the Rio Grande made
in 1928 by the U, 8. Geological Survey in cooperation with the International
Boundary and Water Commission, This bulletin compiles two types of studies; low-
flow investigations, many of which have been published in Geological Survey water-
supply papers in Parts 7 and 8 of the annual series, "Surface Weater Supply of the
United States"; and delivery-of-water investigations, which in most cases have
been published as open-file reports with very limited distribution. The first
of these special investigations was made iIn 1918, Since that date nearly 150
investigations of channel gains and losses have been made.

LOW-FLOW INVESTIGATIONS

Purpose and Scope

The low-flow investigations were made to show gains and losses of flow in 2
selected reach of stream during a period of base flow; that is, when the total
flow of the streasm was contributed by springs or seeps from aquifers with no



direct runoff from recent storms. The aguifers that contribute to streamflow
may be alluvial beds in the stream channel, other deposits of sand and gravel
in the watershed, aresas of cavernous rock even outside the watershed, or any
other geologic formations that are capeble of transmitting water, Water enters
these aquifers by percolation from raiafall on the outcrop area, by seepage on
flocd plains during periods of over-bank flow, or by seepage into permeable
streambeds at elevations higher than that of the area under investigation. The
quantity of water that mzy enter an squifer depends on various geologic and hy-
draulic factors. Permeatbility of the formation and hydraullc gradient zre two
of the factors that affect the quentity of water transmitted by agquifers.

Base siream”iow will disappear intc a permeable streambed where the water
level iz below strezam level; the water may reapvear downstream or may flow through
the bed of the stream into 2 ground-water reservoir which transmits the watexr
away from the siream, This process =ffz2cts & substantial interchange of surface
water and greound water in many areas of Tzxas. A good example of such inter-
change is fourd along the south =2d8ge of the Edwards Plateau in west-central Texas.
In this region most of the streams obteic their bvase fleov from soprings thet flow
from porcus limestone aquifers, The water flows in channels cut into the Glen
Rose limestone, which may add significantly to the base flow, and then plows into
the Edwards limestone through cracks and fissures in the streambed alcng the Bal-
cones fault zone; the line along which the Edwards has been dropped several hun-
dred feet by faulting. The water flows underground in the Edwards limestone
many miles to the east, where much of it emerges as spring flow and sustains sub-
stantial Yaze flow in stre2ams all the way to the Gulf of Mexico, Comzl Springs,
San Marcos Spriangs, and San Antonio Springs 21l flow from the Edwards limestone,
which is recharged largely from siresms in the upper Nueces River basin within
the limits of the Edwards Flateau,

Description of Investigations

The low-flov investigations have ranged from a recomnaissance type study,
with a few discharge measurements on ths main stream, to comprehensive types of
studies with mary me=asurements of mein-stream flow, tributary inflow, and diver-
sions. Recert, mcre comprehensive investigetions have been made as follows:
streamflow ireasurzments were made with a Price current meter at sites on the
main stream, the siies being selected on tasis of stream mileage, on changes in
geology, or on changes in patfern cf Ilow =5 determined from previous investi-
gationz; tributary inflow and divsrsions were measured by current meter or were
estimated; particular sttention was paid to bask seepage and to springs, addi-
tional meesurements being made to determine the exact point where natural gains
or losses oceurred; and nctes wersz made of channel conditions, streambed compo-
sition, and vegetation in the streambed, onr the banks, and in the stream valley,

The first low-flow or seepage investigations were made along the Colorado
River, along tributeries of the Colorado River above Austin, and along the Pecos
River during a very dry period in the summer of 1918, A second series of inves-
tigaticns in the Colorade River basirn was made in 1925, another drought year,
The investigaticns along the Colorado River in 1918 cavered 593 miles, from thes
town of Rcbart Lee to the river's mouth, The numerous seepage investigations
in the Pecos River basin were mede for the purpose of dstermining conveyance
losses in irrigation cansls,

Since December 1954 a number of low-flow investigations have been made sleng
the upper reaches of all large streams from the Guadalupe to the Nueces Rivers
tnat recharge the Edwards limestone in the Balcones fault zome, One such inves-



tigation made along the Guadalupe River in 1955 included chemical analysis of
water samples and water temperatures which helped solve a complex problem of sur-
face and ground water interchange,

An intensive investigation of the low-flow characteristics of the Pedernales
River was made during e drought period in January 1956, The field investigation
was made and the report was prepared by a party of three: an engineer from the
Texas Beoard of Water Engineers, who interviewed landowners to determine point
of and the amount of diversions for irrigation and other uses; and & geologist
and an engineer from the U, 5. Geological Survey, who made streamflow measure-
ments and flow analyses on the basis of geclogy and other stream characteristics,

During the period from 1918 to 1958, 138 separate low-flow investigations
were made, most of them in the basins of the Colorado, Guadalupe, and Nueces
Rivers and the Rio Grande. The data in the early investigations are espeecially
valuable, having been obtained before major river developments took place, flows
generally represented natural conditions; although even in 1918, there were large
diversions for rice irrigation from the lower Cclorado River, Certainly, the
series of hydroelectric plants end storasge reservoirs completed on the Colorado
River in recent years have so altered the pattern of low flow as to make future
low-flow investigations meaningless insofar as natural river conditions are con-

cerned,

DELIVERY-OF-WATER TNVESTIGATIONS

Purpose and Scope

Delivery-of-water investigetions have been mede during perlods when water
was being released from a reservoir and allowed to flow down the natural stream
channel to a point of diversion or use, These investigations provide information
on time of travel of released water, losses encountered in conveying water down-
stream, peak-flow reductions, and changes in rate of flow of released water as it
progressed downstream--information essential to enable the water user to compute
the rate of release which will effect maximum recovery of released water at the

point of diversion or use,

Generally, these investigations have been made when reservoir water was
being released to meet water demands during drought periods. At such times chan-
nel reaches through which the released water was conveyed were usually dry or
nearly dry; consequently bank storage, prior to the release, was at a minimum.

In such water deliveries water was lost in varying amounts through evapotrans-
piration and bank storage, and seepage losses or recharge to ground-water reser-
voirs occurred only where geology favored such loss,

The first delivery-of-water investigation was made during the 1918 drought
and recorded the movement of a special release of stored water from Lake Austin
down the Colorado River te irrigators in the vicinity of Bay City., The second
investigation, made in 1934, recorded the movement of water released from Brown-
wood Reservoir down Pecan Bayou and thence down the Colorade River to Wharton.
The other investigations involved the diversion of Red River water to Lake Dalles
in the Trinity River basin in 195%; and delivery of water from reservoirs in the
Brazos River basin, namely, Possum Kingdom, Whitney, and Belton Reservoirs, to
Richmond in 1948, 195k, and 1956, These investigations are the forerunners of
similaer ones that will be required as other reservoirs are provided.



Description of Investigations

ta collected at reguler stream-gaging stations in the reach of river being
investigated provided the basic information for studying the movement of released
water, For some of the investigations, special visits and additional discharge
measurements were made at the stream-geging stations during the release period,
When necessary, temporary recording gages were installed and records of stage and
discharge at other points were obtained to supplement the reguler gaging-station
records. Where major pumping plants diverted water in the reach under study, in-
spections and discharge measurements were made %o assure an sccurate record of the
diversions. In some of the investigetions, discharge measurements of ungaged tri-
butary streams were made to provide information for identifying and defining bese

streamflow,

PRESENTATION OF DATA

The investigations included in this report are presented in two sections:
(1) low-flow investigations and (2) delivery-of-water investigations. The inves-
tigations in each section are arranged geogrephically sccording tec basin from
east to west across the State and in downstiream order of tributaries or diver-

sions within the basin.

The data presented for each low-flow investigation include a tabulation of
measurements, text and any substantiating information available, The table of
measurements gives the following information: river basin, name of the stream
investigated, a precise description of the location of the reach under investiga-
tion, period of the investigation, date of each flow determination, river miles
below the starting point, a short description of the location of the determination,
stream discharge in cubic feet per second (cfs) at each point, and water tempera-
ture if available, Data for the recent, mora comprehensive investigations may
include field notes concerning conditions that affect the filow, description of
streambed composition at a measuring section, or references to importent changes

in geology.

The information presented for each delivery-oi-water investigation includes
a discussion of the purpose and scope, a summary of results, end a presentation
of results in the form of discharge hydrographs and time-of-travel curves,

The basic data and original field notos for all the investigations in this
report are available for examination in the files of the Surface Water Branch
District office of the U, 5. Geological Survey in Austin, Texas,



Low-flow Investigations
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