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1.0 INTRODUCTION

The general environmental criteria applicable to the evaluation of alternative water supply
projects have been evolving throughout the course of the Trans-Texas Water Program. The
criteria governing run-of-the-river or direct diversions moved from that promulgated in the
beginning which excluded drought contingency provisions, through a two-zoned alternative
criteria using moving averages of monthly streamflow to trigger drought contingency provisions,
to the three-zoned Environmental Water Needs Criteria of the Consensus Planning Process, or
“Consensus Criteria,” which uses daily streamflows to trigger drought contingency provisions.

The Consensus Criteria governing new direct diversion projects is summarized in Figure
1-1 which defines three streamflow zones, the minimum flow to remain in the stream associated
with each zone, and the two streamflow statistics (monthly median and 25th percentile)
triggering the transition from one zone to another. Zone triggers and minimum flows to remain
in the stream are to be computed from natural daily streamflows, however, the minimum flow
associated with Zone 3 is to be the water quality standard used by the Texas Natural Resource
Conservation Commission (TNRCC). The rules of the TNRCC generally define the water
quality standard as the 7Q2 flow, the lowest average flow for 7 consecutive days which occurs
with a recurrence interval of 2 years.1 For reference, the Consensus Criteria is included as
Appendix A. While the Consensus Criteria was developed from a statewide perspective, certain
aspects may become quite restrictive when applied to springflow or treated effluent dominated
streams such as the Guadalupe and San Antonio Rivers, respectively (Figure 1-2). For example,
the water quality standard, below which no new diversions would be allowed, actually exceeds
the natural 25th percentile streamflow in about half of the months of the year in these rivers.

As the sponsors of the Trans-Texas Water Program for the West Central Study Area
prepare to embark on regional planning efforts with the objective of developing feasible, long-
range water supply plans, it is imperative that the environmental criteria used to evaluate projects

and plans adequately reflects the unique characteristics of the Guadalupe - San Antonio River

' TNRCC, “Permanent Rule Changes, Texas Surface Water Quality Standards,” Sections 307.1 - 307.10, July 13,
1995.

Trans-Texas Water Program Guadalupe - San Amo;u'o River Basin
West Central Study Area 1-1 Environmental Criteria Refinemeni’
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Basin. Furthermore, the environmental criteria should, to the extent possible, facilitate the
selection and implementation of the most economically and environmentally feasible plan(s).

This Technical Memorandum summarizes discussions and technical analyses comprising a
process by which refinement of the statewide Consensus Criteria has been considered for the
Guadalupe - San Antonio River Basin. The intent is to make the Consensus Criteria more
suitable for planning purposes and approximate criteria for permitting projects at some point in
the future. Note that the intended goal of this process was not to reassess all aspects of the
Consensus Criteria, But to refine the selection of appropriate desired minimum instream flows for
Zones 2 and 3 as these will likely have the greatest effects on dependable water supply during
drought. The environmental criteria refinement process was keyed to the participation of state
and local sponsors on an Environmental Criteria Subcommittee (ECS) with technical support
from HDR Engineering, Inc. (HDR) and Paul Price Associates, Inc. (PPA). Notes summarizing
discussions during the ECS meetings are included as Appendix G. Technical analyses performed
in support of the environmental criteria refinement process are presented in the following
sections of this Technical Memorandum and include:

e Development and application of water quality models of the Guadalupe and San
Antonio Rivers focusing on simulation of dissolved oxygen subject to various
effluent loading and streamflow conditions (Section 2);

e Summary and interpretation of pertinent biological studies potentially providing
insight into the selection of minimum instream flows (Section 3); and

e Performance of sensitivity analyses illustrating the effects of Zone 2 and 3 triggers
and minimum flows on water availability, firm yield with off-channel storage, project
cost, instream flows, and freshwater inflows to the Guadalupe Estuary (Section 4).

Trans-Texas Water Program Guadalupe - San Antonio River Basin
West Central Study Area 1-4 Environmental Criteria Refinement




2.0 WATER QUALITY MODELING

For Zone 3 of the environmental criteria refinement, the focus of this study is on the
interaction of streamflow. wastewater discharges, and dissolved oxygen levels in the streams of
the study area. Figure 2-1 depicts the typical dissolved oxygen “sag” behavior in a stream after
the introduction of a wasteload with organic materials, such as those found in municipal or
industrtal wastewater. Initially, just downstream of the discharge point, the biologic decay of the
organic waste is of dominant importance. In this region, bacteria utilize oxygen in the
conversion of organic carbonaceous and nitrogenous compounds from the waste stream which
leads to declining dissolved oxygen levels. The central question in water quality analysis is
whether the minimum of the dissolved oxygen sag curve will fall below the minimum acceptable
stream standard. Table 2-1 presents a summary of the dissolved oxygen standards for the
streams and rivers in the study area.

As the wasteload is transported downstream and the decay processes consume much of the
initial wasteload, the D.O. levels in the stream begin to recover. In this region, the dominant
process becomes the reaeration of dissolved oxygen from the atmosphere. Obviously, the
volume of the wasteload and the strength (concentration) of the organic materials it contains are
of crucial importance in determining the magnitude of the sag and how far downstream it
extends.

Of equal importance is the flow of water in the receiving stream. The amount of
streamflow is important for several reasons. First are the direct dilution and dispersion effects
which spread out the wasteload and reduce the severity of the minimum of the sag. Secondly,
streamflow has a direct influence on the process of reaeration. Reaeration is predominantly
related to the velocity and depth of the stream which are highly dependent upon streamflow as
will be discussed in more detail herein. Therefore, the choice of an appropriate streamflow for
evaluation of the potential effects of a wasteload is crucial. For the springflow-dominated river
segments of this study (Guadalupe and San Marcos Rivers), the 7Q2 streamflows normally used

to evaluate wasteload impacts are high as compared to other Texas streams.
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Table 2-1
Use Classification and Dissolved Oxygen Criteria for Select Segments on the
Guadalupe and San Antonio Rivers

Dissolved
Domestic Oxygen'
Segment Aquatic Life Water Criteria
No. Segment Name Uses Supply Recreation {mg/N)
Guadalupe River Basin
1803 Guadalupe River Below San High PS CR 5.0
Marcos
1804 Guadalupe River Below Comal High PS CR 5.0
River
1808 Lower San Marcos River High PS CR 5.0
1814 Upper San Marcos River Exceptional PS CR 6.0
San Antonio River
1901 Lower San Antonio River High PS CR 5.0
1903 Medina River Below Medina High pS» CR 5.0
Diversion Lake
1906 Lower Leon Creek High pS** CR 5.0
1910 Salado Creek High PS/AP CR 5.0
1911 Upper San Antonio River High CR 5.0

notes: from the Texas Natural Resource Conservation Commission. Texas Surface Water Quality Standards
Sections 307.1-307.10 Effective: July 13, 1995. PS = Public Water Supply, AP = Aquifer Protection. CR =
Contract Recreation

+ Minimum 24-hour means at any site within segment.

* For Segment 1903, the public water supply designation does not apply from the confluence with the San
Antonio River to a point 2.5 kilometers upstream of the confluence.

** For Segment 1906, the public supply does not apply from the confluence of the Medina River to a point
4.8 kilometers upstream.

Figure 2-2 illustrates the potential effects of reducing flow in the receiving stream below
the 7QQ2 flow. In the upper portion of Figure 2-2, a diversion removes water downstream from a
wasteload discharge at a point beyond the minimum of the dissolved oxygen sag curve. After the
diversion, the flow remaining in the stream is below the 7Q2 flow. This downstream reduction
in streamflow delays the recovery of dissolved oxygen levels in the stream, but does not cause
the crucial minimum point to be lower. For the purposes of this study, this wiil be designated a
“Type 1” impact of the diversion; it is the impact of the diversion relative to an upstream
wasteload discharge.

The lower portion of Figure 2-2 shows a diversion taking place upstream of the D.O. sag
curve minimum. In this case. the reduction in streamflow to a level below the 7Q2 flow will

tend to amplify the severity of the D.O. sag curve. For the purposes of this study, this will be
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designated a “Type 2” diversion impact; it is generally the impact of the diversion relative to a
downstream wasteload discharge. If the diversion takes place below the discharge point but
upstream of the minimum of the D.O. sag curve it is still a “Type 2" impact with regard to its
effect on the sag.

To evaluate the appropriateness of the 7Q2 flow as the minimum for Zone 3 of the
environmental criteria, a methodology is needed which can integrate the impacts of the biologic
decay process of wasteloads, the hydrologic behavior of the receiving stream, and the geographic
relationships between the discharges of wasteloads and potential diversion sites of water. Such
methodologies already exist and are generally referred to as water quality models. They are
routinely used by state and federal agencies in the regulation of surface water quality and the

evaluation of wasteload impacts on receiving streams.

2.1 Water Quality Modeling

The D.O. sag curve results from two dominant processes, namely the decay of oxygen
consuming compounds and reaeration from the atmosphere. However, the level of detail
necessary to develop a working water quality model is considerably greater. This is necessary
because of the multitude of interactions between several constituents which influence the
concentration of dissolved oxygen as shown in Figure 2-3. The water quality models typically
employed for wasteload evaluations and other analyses are capable of tracking the concentrations
of the many chemical parameters or constituents shown in Figure 2-3.

As indicated on Figure 2-3, each gram of organic carbon-containing material, usually
denoted as biochemical oxygen demand (BOD), utilizes approximately 2.3 grams of dissolved
oxygen. In the decay of organic nitrogen compounds (Organic N) a multi-step sequence occurs.

In the presence of bacteria, this sequence of reactions converts ammonia (NH3) to nitrite (NO7)
and, then, nitrite to nitrate (NO3). These steps, respectively, consume approximately 1.1 and 3.2

grams of dissolved oxygen per gram of nitrogen. Another constituent which can be of
importance for D.O. levels is Planktonic Algae, also called phytoplankton. Algae produce

oxygen during photosynthesis in the presence of sunlight and consume oxygen during
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respiration. Algae are usually represented as the concentration of chlorophyll a (ug/l) as
opposed to the actual biomass of algae.

Most water quality models use the finite-difference technique’ wherein the stream under
study is subdivided into a number of segments or elements as shown in Figure 2-4. For any
given element i an equation based on the fundamental conservation of mass principle is solved

for each constituent. The equation for any constituent J is,

aC, 15(EABCJ.) 18
" ox

42 (oc) e, -k, @D

'

C = the concentration of constituent j,
x = distance along the stream channel,
A, = cross sectional area of the stream element 4,
E,; = dispersion coefficient for element i,
Qi = the streamflow at element i,
W, = a wasteload source of constituent j entering element /,
K; = the decay or transformation rate of constituent .

For most applications of water quality models, the receiving stream and waste discharges
are assumed to be at constant, or steady-state, conditions. Under this assumption, concentrations
may vary spatially but do not vary through time allowing the left side of equation 2-1 to be set to
zero. The derivation of Equation 2-1 is fully explained in standard reference texts such as

Thomann and Mueller (1987)°.

2.1.1 The QUAL-TX Model

One of the most widely used water quality models in the United States is the EPA-
supported QUAL-2E model.* The TNRCC uses a specialized version of this model known as
QUAL-TX. The predecessor to both of these models was the QUAL-I model developed under

' Thomann, R. V. and J. A. Mueller. “Principles of Surface Water Quality Modeling and Control.” New York:
Harper & Row. 1987.

2 Smith, G D. “Numerical Solution of Partial Differential Equations.” Oxford University Press: London, 1965.

* Thomann and Mueiler, op cit.

* Brown, L. C. and Barnwell, T. O. “The Enhanced Stream Water Quality Models QUAL2E and QUAL2E-UNCAS:
Documentation and User Manual” EPA Rep. 600/3-87/007. U. S. Environmental Protection Agency: Athens, GA.
1987.
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contract to the Texas Water Development Board (TWDB) in the late 1960s. The QUAL-I model
was abie to track temperature, BOD and D.O. for steady-state solution {TWDB, 1970).

Throughout the 1970s, the QUAL-I model underwent many changes to expand and
upgrade its capabilities. 'In 1977, the QUAL-II version was released with the new capabilities to
simuiate the three component nitrogen series, phosphorus, phytoplankton, and coliform bacteria,
in either a dynamic or steady-state manner (Roesner and others, 1977).5

The QUAL-II model continued to be modified with special capabilities for Texas
conditions, culminating in 1985 with the release of a version named QUAL-TX. The changes
represented not only refinements necessary to keep abreast of the burgeoning research
concerning the natural processes occurring in receiving waters, but also increased the flexibility
and applicability of the model. The internal mathematical solution algorithms for Equation 2-1
are the same for QUAL-TX and QUAL-II.7 Among the changes made were to remove the
dynamic capability of QUAL-II due to computational difficulties, modify several of the terms
describing the loss of D.O. which was observed to be inhibited at low D.O. levels, provide for
simulating water bodies influenced by tides, and update the simulation of phytoplankton.

Many water quality models provide for tracking the concentration of Planktonic Algae
because of their influence of dissolved oxygen. Unfortunately, the simulation of algae growth is
a very difficult process because it is a population dynamic process related to temperature,
nutrient (NH, and NO,/NO; and phosphorous) concentrations and sunlight availability. Because
of this difficulty, the QUAL-TX model has the special capability of performing a pseudo-
simulation of algae indicated by the dotted lines of Figure 2-3. Under this option the
concentration of algae, as indicated by chlorophyll_a levels, in any reach is fixed. These fixed
levels of algae produce dissolved oxygen and utilize ammonia and nitrite/nitrate.

The QUAL-TX model, with the latest version released in 1995, has now become the
standard model in Texas for the evaluation of water quality and the wasteload permitting

(wasteload allocation) process.

* Texas Water Development Board. “Simulation of Water Quality in Streams and Canais: QUAL-] Program
Documentation and User’s Manual.” Texas Water Development Board: Austin, TX. 1970.

% Roesner, L. A., J. R. Monser, and D. E. Evanson. “Computer Program Documentation for the Stream Quality
Model QUAL-IL” Water Resources Engineers; Walnut Creek, CA. 1977.

7 Texas Natural Resource Conservation Commission. “QUAL-TX User's Manual, Version 3.4.” Texas Natural
Resource Conservation Commission: Austin, TX. 1995
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2.1.2 Previous Use of the QUAL-TX Model in the Study Area

The QUAL-TX model has been used in several previous studies of creeks and rivers in the
study area as shown on Figure 2-5. In all cases, QUAL-TX was used to support regulatory
decisions on the acceptable wasteloads that could be discharged to the streams without violating
D.O. standards.

The most extensive of these is the QUAL-TX model developed by the Texas Water
Commission to model most of the major streams in the San Antonio River basin. Because of the
geographic locations of the important wastewater discharges in the San Antonio River basin, the
development of this model included separate tributary models for Leon and Medio creeks and the
Medina River as well as the mainstem model of the San Antonio River.®

Another application of the QUAL-TX model in the study area was to Plum Creek’ (see
Figure 2-5) in order to recommend treatment levels for wastewater discharges through the year
2005. Finally, the QUAL-TX model was applied to a small portion of the San Marcos River

during a wastewater discharge permit hearing.]0

2.1.3 Model Layout and Calibration

Within the QUAL-TX model, the stream channel must be divided into reaches along its
length. Each reach contains a number of elements, such as those shown in Figure 2-4. Each
QUAL-TX model reach, and the elements within it, are characterized by constant properties.
The subdivision of the stream into reaches is made primarily by choosing points which reflect
any significant changes in stream properties. Many other coefficients related to the biologic
processes of Figure 2-3 can only be varied on a reach-by-reach basis, thus serving as another

criteria for the segmentation of the model.

® Texas Water Commission. “Waste Load Evaluation for the San Antonio River System in the San Antonio River
Basin.” TWC Rep. WLE 89-01. Texas Water Commission: Austin, TX. 1989.

® Texas Water Commission. “Waste Load Evaluation for Plum Creek in the Guadalupe River Basin.” TWC Rep.
WLE 91-01. Texas Water Commission: Austin, TX. 1991,

' Black & Veatch, Inc. “City of San Marcos Wastewater Master Plan.” San Marcos, TX. 1995.
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Within any given reach, the stream channel geometry is represented by two equations
relating the average stream velocity and average depth at any point along a cross section to the

streamflow. For stream velocity, the equation is:

V =aQ" (2-2)

where,
V = the average stream velocity,
Q = streamflow,
a & b = coefficients to be specified.

For stream depth the equation is:

D=cQ" +e (2-3)

where,
D = the average stream depth,
Q = streamflow,
¢, d, and e = coefficients to be specified.

Thus, in order to accurately portray the hydrologic behavior of the stream channel, the model
must be subdivided into reaches at each point where an appreciable change in depth and/or
velocity occurs. The channel geometry coefficients @, b, ¢, d and e must then be specified for
each individual reach.

Achieving representative velocities and depths are important because of their influence on
the simulation of transport and decay of the water quality constituents away from the discharge
point. Specifically, a high-velocity channel will have a shallow D.O. sag curve as compared to a
deeper or slower stream receiving the same wasteload. The actual derivation of these
coefficients for each river section of this study is presented in following sections. The channel
geometry coefficients are also of great importance because of their influence on the process of
reaeration.

Within QUAL-TX there are a variety of functional forms for the reaeration process from

which the modeler may choose. The most commonly used form is the so-called Texas
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Reaeration Equation which was developed specifically with data collected by TNRCC and its

- 1 .
predecessor agencies on Texas streams. The equation is:

0.273
K, =1923V /D“’" (2-4)

where V and D are as defined above and K, is the reaeration rate (1/day). Because the average
stream velocity and depth are of great importance in the reaeration equation, the channel
geometry coefficients (g, b, ¢, d and ¢) on which they are based are critical.

One particular feature of the Texas Reaeration Equation of note is that for certain values of
the channel geometry coefficients (a, b, ¢, d and e), the reaeration rate K, will increase with
decreasing streamflow. Although this may be a true reflection of stream behavior, and is actually
evident in the reaeration data from the San Antonio River'zupon which the Texas Reaeration
Equation is partially based, a more conservative approach was used in this study. In all
evaluations of the effects of reducing streamflow below 7Q2, the reaeration rate was fixed at the
baseline value corresponding to 7Q2 flow.

While the coefficients above are related to physical properties of the stream channel, there
are many other coefficients affecting the simulation of biologic processes which must be
specified. Each of the processes or transformations in Figure 2-3 is governed by a reaction rate
coefficient, usually denoted by an uppercase K. The entries in Table 2-2 define each of the
parameters of Figure 2-3. A thorough description of the theoretical basis for these constants and

coefficients can be found in Bowie and others (1985)."

' Cleveland, K. D. “Predicting Reaeration Rates in Texas Streams.” Joumal of Environmental Engineering, V.115,
No. 3. 1689.

2 1bid.

" Bowie, G. L., W. B. Mills, D. B. Porcella, C. L. Campbell, J. R. Pagenkopf, G. L. Rupp, K. M. Jonson, P. W. H.
Chan, S. A. Gherini, and C. E. Chamberlin. “Rates, Constants, and Kinetic Formulations in Surface Water Quality
Modeling (Second Edition)” EPA Rep. 600/3-85/040. U. S. Environmental Protection Agency: Athens, GA. 1985.
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Table 2-2
Description of the Constants and Coefficients Used in
the QUAL-TX Model of the Guadalupe and San Marcos Rivers
Constant or
Coefficient
Name Description/Units

K1 aerobic decay rate of carbonaceous BOD (1/day)

K2 atmospheric reaeration rate constant (function of stream depth and
velocity as in Equation. 2-4) (1/day)

KNorg decay rate of organic nitrogen waste to ammonia (NH,) (1/day)

KNH3 decay rate of ammonia to nitrite and nitrate (1/day)

KNO3 anaerobic loss rate of nitrite and nitrate to the atmosphere (1/day)

SOD background sediment oxygen demand (gm/sq. meter -day)

VBstl settling rate of BOD (converts to SOD) (m/day)

VNstl settling rate of organic nitrogen (m/day)

Nup nitrogen uptake rate constant for algae/ (img Nitrogen/ug chlorophyll a-
day)

Npref nitrogen source preference of algae (1 = total preference for NO;, 0 = total
preference for NH;)

Oprd production rate of dissolved oxygen by algae (mg D.O. / ug chlorophyll a
- day)

Ebod effective interference of algae on BOD (mg BOD /ug chlorophyll a)

The rate constants and coefficients in Table 2-2 vary depending on the characteristics of a
given water body and the wasteload(s) entering it. As a water quality model for a stream is being
developed, it is necessary to arrive at the unique set of these rate constants and coefficients such
that the model can reasonably replicate actual stream concentrations. This process of tailoring
the water quality model to the stream of interest via adjustment of the set of rate constants and
coefficients is known as calibration. Calibration is typically performed by selecting a time when
the stream is at low-flow and nearly steady-state conditions, that is, with constant streamflow and
wastewater discharges. Model calibration, as well as model application, is also generally
restricted to summer, high temperature periods because the reaction rates are at their highest and
the D.O. curve is most severe.

The calibration effort is best supported by a rather rigorous set of data. Among the most
important data requirements are: measurements of all entering river and tributary streamflows
and constituent concentrations, measurements or estimates of the volumes and constituent

concentrations of each wastewater discharge and, measurements of constituent concentrations
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along the length of the stream at a spatial resolution sufficient to capture the progress of the
decay and transformation processes.

Once the model is fully calibrated to sufficiently represent the stream with the available
data from one period, a verification is then performed. For verification, the calibrated set of
constants and coefficients is used in conjunction with the streamflows and wastewater discharges
of another period to see if the model can reasonably replicate the field-measured constituent
concentrations again.

Figure 2-6 shows the simulated D.O. in the San Antonio River after the QUAL-TX model
was calibrated with the in-stream data gathered in a previous study by the Texas Water
Commission (now the TNRCC) specifically for that purpose.” The present study relied
exclusively upon existing data for in-stream concentrations, streamflows, and wastewater
discharges in the calibration process. The adequacy and shortcomings of these available data
will be discussed in the following sections. A summary of the final calibration values for the

rivers of interest in this study is also presented in a subsequent section.

2.1.4 Model Limitations

QUAL-TX is a fairly flexible water quality model aliowing the user a great deal of latitude
in the spatial layout of the system. This includes the capability to include tributaries, multiple
waste loads in one segment, and other features added by the Texas Water Commission and/or
Texas Department of Water Resources. "’

Nonetheless, there are several limitations of the water quality modeling process which
should be pointed out. At the most general level, the biggest limitation in water quality modeling
is the assumption of steady-state conditions although most rivers are highly dynamic in
streamflow behavior. Steady-state conditions are typically assumed because of the greatly
increased data requirements necessary to calibrate a dynamic model. However, the steady-state

assumption is generally considered reasonable since the critical low-flow periods of interest

"* Texas Water Commission. “Waste Load Evaluation for the San Antonio River System in the San Antonio River
Basin.” TWC Rep. WLE 89-01. Texas Water Commission: Austin, TX. 1989.

" Texas Natural Resource Conservation Commission. “QUAL-TX User’s Manual, Version 3.4.” Texas Natural
Resource Conservation Commission: Austin, TX. 1995,
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exhibit relatively stable streamflows. This may not be the case, however, for wastewater
discharges which can exhibit variation during the course of a day. Often, the modeler is forced to
use average data for streamflow and wastewater discharges to try and replicate the constituent
concentrations measured in the stream or river which may have actually been influenced by
short-term perturbations.

Another limitation of the QUAL-TX model, and other water quality models, is that similar
constituents such as BOD, whether they originate in wasteloads or from natural runoff, are
assumed to exh