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ACRONYMS AND ABBREVIATIONS

°C  Degrees Celsius
ACHLA  Stoichiometric Ratio of Algal Biomass to Chlorophyll-a, in mg per pg
AG  Algal Growth Rate
ALGP  Algal Phosphorus Content
ALPHA BF Baseflow Recession Coefficient (SWAT)
AM  Mortality Rate of Algae
AME  Absolute Mean Error
APHA  American Public Health Association
BASINS  Better Assessment Science Integrating Point and Nonpoint Sources
BMP  Best Management Practice
BODS5  5-Day Biochemical Oxygen Demand
CBOD  Carbonaceous Biochemical Oxygen Demand
CFS  Cubic Feet per Second
CMS  Cubic Meters per Second
CH K2  Effective River Channel Hydraulic Conductivity (SWAT)
Chl-a  Chlorophyll-a
CN  Curve Number (SWAT)
COD  Chemical Oxygen Demand
CREMs  Colorado River Environmental Models
DKN  Dissolved Kjeldahl Nitrogen
DMR  Discharge Monitoring Report
DO Dissolved Oxygen
DOM  Dissolved Organic Matter
DON  Dissolved Organic Nitrogen
DOP  Dissolved Organic Phosphorus
DP  Dissolved Phosphorus
EPCO  Plant Uptake Compensation Factor
EPSC  Evapotranspiration Potential for Plants
ESCO  Soil Evaporation Compensation Factor
ET  Evapotranspiration
EXA  Light Extinction Attributable to Algae (CE-QUAL-W2)
EXH20 Light Extinction Attributable to Water (CE-QUAL-W?2)
EXM Light Extinction Attributable to Macrophytes (CE-QUAL-W2)
Light Extinction Attributable to Organic Suspended Solids (CE-QUAL-
EXOM W2)
EXSS  Light Extinction Attributable to Inorganic Suspended Solids (CE-
QUAL-W2)
EXZ  Light Extinction Attributable to Zooplankton (CE-QUAL-W?2)
ft  Feet
FM  Farm-to-Market Road
GOF  Goodness of Fit
GPS  Global Positioning System
GW_DELAY  Groundwater Delay Parameter
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Acronyms and Abbreviations

ha  Hectare
HLWO  Highland Lakes Watershed Ordinance
HRU  Hydrologic Response Unit
HUC  Hydrologic Unit Code
HUMUS  Hydrologic Unit Model of the United States
in  Inch
ISS  Inorganic Suspended Solids
kg Kilogram
km  Kilometer
L Liter
LBJ Lyndon Baines Johnson
LCRA  Lower Colorado River Authority
LDOM  Labile Dissolved Organic Matter
LOADEST Load Estimator (USGS)
LPOM  Labile Particulate Organic Matter
LPOMDK  Labile Particulate Organic Matter
LTI LimnoTech, Inc.
m  Meters
MDL  Method Detection Limit
ME  Mean Error
MGD  Million Gallons per Day
mg/L  Milligrams per Liter
mi  Mile
MINP  Mineral Phosphorus (SWAT), aka Orthophosphorus
mL  Milliliters
mm  Millimeters
mph  Miles per Hour
MUD  Municipal Utility District
MUMAX  Maximum Specific Algal Growth Rate
MUSLE  Modified Universal Soil Loss Equation
NADV88  North American Vertical Datum of 1988
NCDC  National Climatic Data Center
NED National Elevation Dataset
NGVD 29  National Geodetic Vertical Datum of 1929
NH3N  Ammonia Nitrogen
NH;s Ammonium, also NHs-N
NLCD  National Land Cover Dataset
NO, Nitrite, also NO,-N
NOs; Nitrate, also NOs-N
NOy Nitrate + Nitrite, also NOx-N
NPS  Non-Point Source
NRCS  Natural Resource Conservation Service
NS  Nash-Sutcliffe Model Efficiency Coefficient
NTU  Nephelometric Turbidity Unit
OrgN  Organic Nitrogen
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OrgP  Organic Phosphorus
P _UPDIS  Phosphorus Uptake Distribution Parameter
PO4  Orthophosphate, also PO4-P
POM  Particulate Organic Matter
PON  Particulate Organic Nitrogen
POR  Period of Record
PSP  Phosphorus Availability Index
QMLE  Quasi-Maximum Likelihood Estimator
R*>  Squared Correlation Coefficient
RCHRG DP  Percent of Infiltrated Water Lost to a Regional Aquifer (SWAT)
RDOM  Refractory Dissolved Organic Matter
RI  Reliability Index
RMSE Root Mean Square Error
RPOM  Refractory Particulate Organic Matter
RSS  Reservoir and Stream Sampling
SEDP  Phosphorus Sorbed to Eroded Sediment
SH  State Highway
SI  Sensitivity Index
SLSUBBSN  Average Slope Length
SOD  Sediment Oxygen Demand
SOL AWC  Soil Available Water Content (SWAT)
SOL K  Saturated Hydraulic Conductivity (SWAT)
SOLP  Soluble Phosphorus (SWAT)
SPCOND  Specific Conductance
SSURGO  Soil Survey Geographic Database (NRCS)
STATSGO  State Soil Geographic Database (NRCS)
SU  Standard Units (of pH)
SWAT  Soil and Water Assessment Tool
SYLD Sediment Yield (SWAT)
TAMU  Texas A&M University
TCEQ Texas Commission on Environmental Quality
TDS  Total Dissolved Solids
TKN  Total Kjeldahl Nitrogen
TN  Total Nitrogen
TOC  Total Organic Carbon
TON  Total Organic Nitrogen
TOP  Total Organic Phosphorus
TP  Total Phosphorus
TSED  Temperature of Sediment Bed (CE-QUAL-W2)
TSS  Total Suspended Solids
TWDB  Texas Water Development Board
USACE  United States Army Corps of Engineers
USEPA  United States Environmental Protection Agency
USGS  United States Geological Survey
USLE  Universal Soil Loss Equation
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USLE P  Universal Soil Loss Equation Support Practice Factor
WSC  Wind Sheltering Coefficient (CE-QUAL-W2)
WWTP  Wastewater Treatment Plant
WYLD  Water Yield (SWAT)
pg/L  Micrograms per Liter
uS/ecm’  Micro-Siemens per Square Centimeter
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SECTION 1
INTRODUCTION

1.1 Background

The Lower Colorado River Authority (LCRA) initiated development of mathematical
models to support water quality management of the lower Colorado River system. This project,
referred to as the Colorado River Environmental Models (CREMs) project, was designed to
help diagnose existing water quality problems and issues, discern water quality trends, and
predict the consequences of various management decisions and associated actions on the water
quality of the Highland Lakes, lower Colorado River, and its tributaries. The modeling tools
are being designed to provide the information needed by LCRA staff and management to
support policy decisions that proactively and effectively protect the integrity of the water
resources in the lower Colorado River basin.

The CREMs project has four phases. Phases 1 and 2 focused on Lake Travis, which was
selected during the prioritization process described in the CREMs Master Plan (CH2M
Hill 2002). Phase 3, which commenced in 2008, focuses on lakes Lyndon Baines Johnson
(LBJ), Inks, and Marble Falls. The selection of Lake Travis for Phases 1 and 2 was based on
the need to support the evaluation of the Lake Travis non-point source (NPS) pollution control
ordinance and to address community questions regarding the effectiveness of the Texas
Commission on Environmental Quality’s (TCEQ) wastewater discharge ban (also known as the
point source discharge ban or the Highland Lakes discharge ban). Phase 1 assessed Lake
Travis water quality using existing data to develop a simplified model of the reservoir and
watershed. Details on the Phase 1 work can be found in the Phase 1 Lake Travis Model Report
(LCRA 2004). Phase 2 involved acquiring additional water quality data and developing refined
watershed and water quality models of Lake Travis. Details on the Phase 2 work can be found
in the CREMs Phase 2 Lake Travis Final Report (Anchor QEA and Parsons 2009). The fourth
and final phase of the project will focus on Lake Buchanan.

1.1.1 Inks Lake System

Inks Lake is the second in a series of six reservoirs on the lower Colorado River known as
the Highland Lakes. It is also the second smallest of the Highland Lakes. It was created by the
construction of the Roy Inks Dam, completed in 1938. Inks Lake is a run-of-river reservoir
impounded between Buchanan Dam and Roy Inks Dam. There are no floodgates on Inks Dam
so the bulk of the floodwater passes over an uncontrolled spillway, although a small amount of
water is released through turbines for hydroelectric power generation (TWDB 2007a). Inks
Lake was built primarily for hydroelectric power generation, but also serves to provide drinking
water and recreation for central Texas.

Inks Lake is considered full at an elevation of 888.53 feet (ft; 270.82 m) above mean sea
level (NAVD 88), and its normal operating range is 887.21 to 888.01 ft (TWDB 2007a). Inks
Lake holds 14,074 acre-feet (1.74 x 107 cubic meters [m’]) of water when full and covers an
area of 788 acres (3.19 square kilometers [km’]). The main body of Inks Lake is only 4.3 river
miles (6.8 km) long, from below Buchanan Dam to Roy Inks Dam. The reservoir is less than
0.1 miles (161 m) wide in the upper reaches of the lake, and widens to approximately 0.4 miles
(640 m) at some points above Inks Dam. When the lake is full, the deepest point in Inks Lake
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is more than 60 feet (18 m) below the water surface. The local contributing drainage area
between Buchanan Dam and Inks Dam covers 24,600 acres (approximately 100 km®). Average
annual precipitation in this local contributing drainage area is approximately 32 inches
(TWDB 1998). In the Colorado River basin upstream of Inks Lake, average annual rainfall
decreases to as little as 20 in (0.5 m) in the upper reaches of the basin in west Texas.

1.1.2 Lake LBJ System

Lake LBJ is the third in the series of six Highland Lakes on the lower Colorado River. It
was created by the construction of the Alvin Wirtz Dam, completed in 1951. Lake LBJ was
built primarily for hydroelectric power generation, but also serves to provide cooling water for
the gas-fired steam electric Thomas C. Ferguson power plant, drinking water and recreation for
central Texas. Originally, named Granite Shoals Lake, in 1965 it was renamed in honor of the
36™ president of the United States.

Lake LBJ is considered full at an elevation of 828.68 ft (251.67 m) above mean sea level
(NAVD 88), and its normal operating range is 825.08 to 825.68 ft (TWDB 2009). Lake LBJ
holds 133,090 acre-feet (1.64 x 10° m®) of water and covers an area of 6,273 acres (25.4 km?).
The main body of Lake LBJ winds roughly 21 river miles (37 km) through the central Texas
Hill Country, from below Inks Dam to Wirtz Dam. The reservoir is less than 0.1 miles (161 m)
wide in the upper reaches of the lake, and widens to more than 0.8 miles (1,290 m) near Wirtz
Dam. When the lake is full, the deepest point in Lake LBJ is more than 72 ft (22 m) below the
water surface in the thalweg near Wirtz Dam. The local contributing drainage area between
Wirtz Dam and Inks Dam covers approximately 3.2 million acres (13,000 km®). Average
annual precipitation in this local contributing drainage area ranges from approximately 22
inches in the western reaches of the watershed to approximately 32 inches in the east
(TWDB 1998).

1.1.3 Lake Marble Falls System

Lake Marble Falls is the fourth in a series of six reservoirs on the lower Colorado River
known as the Highland Lakes. It is the smallest of the Highland Lakes and was created by the
construction of the Max Starcke Dam (originally named Marble Falls Dam), completed in
1951. Lake Marble Falls is a run-of-river reservoir impounded between Wirtz Dam and Max
Starcke Dam. Lake Marble Falls was constructed primarily for the production of hydro-
electricity; however, it is also used as a source of water supply and recreation.

Lake Marble Falls is considered full at an elevation of 738.19 ft (225.04 m) above mean
sea level (NAVDSS), and its normal operating range is 736.39 to 737.19 ft (TWDB 2007b).
Lake Marble Falls holds 7,486 acre-feet (9.23 x 10° m’) of water when full and covers an area
of 608 acres (2.46 km”) (TWDB 2007b). The main body of Lake Marble Falls is 5.75 miles
(9.3 km) long, from below Wirtz Dam to Max Starcke Dam. Lake Marble Falls is 0.2 miles
(329 m) at its widest point. When the lake is full, the deepest point is more than 60 ft (18 m)
below the water surface in the thalweg near Max Starcke Dam. The local contributing drainage
area between Wirtz Dam and Max Starcke Dam covers 50,400 acres (approximately 204 km?®).
Average annual precipitation in this local contributing drainage area is approximately 30 to 32
inches (TWDB 1998).
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1.1.4 Relevant Ordinances

One of the primary missions of the LCRA is to ensure that water quality of the lower
Colorado River tributaries and reservoirs will support fishing, swimming, and public water
supply uses through monitoring, assessment, advocacy and regulatory oversight to protect
against degradation of the lower Colorado River, its reservoirs, and tributaries. Reservoir and
watershed management approaches to protecting Highland Lake water quality include TCEQ’s
ban on point source discharges and the LCRA’s implementation of the Highland Lakes
Watershed Ordinance (HLWO). Water quality modeling is critical to understanding important
processes in the Highland Lakes relevant to protecting water quality and to evaluating the
benefits provided by the TCEQ Highland Lakes discharge ban and HLWO.

1.1.4.1 TCEQ Highland Lakes Discharge Ban

In order to protect and maintain the existing water quality of the Highland Lakes, the Texas
Water Commission (the predecessor to TCEQ) adopted regulations in October 1986 prohibiting
new or expanded discharges of wastewater treatment plant (WWTP) effluent into the Highland
Lakes or their tributaries within 10 stream miles of the lakes. Details of the discharge ban can
be found in Chapter 311 of the Texas Administrative Code (Inks Lake in Subchapter B and
Lakes LBJ and Marble Falls in Subchapter F).

1.1.4.2 Highland Lake Watershed Ordinance

The LCRA responded to the threat of pollution resulting from a construction boom around
the Highland Lakes in the early 1990’s with two NPS pollution control ordinances. In 2006 the
two ordinances were revised into one, entitled the Highland Lakes Watershed Ordinance. The
ordinance addresses pollution or storm water runoff and targets three key pollutants: total
suspended solids, total phosphorus, and oil and grease. This ordinance applies to development
in portions of Travis, Burnet and Llano Counties that drain to the Highland Lakes. The HLWO
is a performance-based ordinance, which means that developers and landowners must show
that the standards will be met before proceeding with a project. The ordinances apply to all
new construction; property that was platted before the ordinance went into effect is exempt.

1.2 Summary of the Phase 1 Effort

The principal objective of the Phase 1 Lake Travis modeling effort was to develop a tool to
project long-term and large-scale water quality impacts associated with changes in watershed
land use. The watershed model was a derivative of PLOAD (see BASINS documentation for
an explanation of PLOAD; U.S. Environmental Protection Agency [USEPA 2001]) and used
simplified approaches to estimate watershed hydrologic and pollutant loadings. The reservoir
model consisted of a custom, nine-segment model that simulated nitrogen, phosphorus, and
chlorophyll-a dynamics in a simplified kinetic framework (LCRA 2004).

The Phase 1 data analysis and modeling effort provided the following insights into the
Lake Travis system:

e Data:
- the Phase 1 dataset has limitations with regard to model development (e.g., lack
of storm event data, on-lake wind information, light attenuation measurements,
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phytoplankton speciation, phytoplankton photosynthesis and respiration data,
and cove, metalimnion, and phytoplankton bloom data);

- low concentrations of nutrients and phytoplankton (many below the method
detection limits) complicate the discernment of spatial and temporal trends;

- certain land use types and areas disproportionately contribute to NPS loadings;

- additional monitoring data were necessary to support the Phase 2 modeling
effort.

e Model:

upstream source loads are important water quality drivers;

- the Phase 1 model was not sufficiently refined to detect temporally and spatially
localized water quality impacts of existing nutrient loads;

- nutrient limitations to phytoplankton growth are important; and

- Lake Travis experiences both nitrogen and phosphorus limitations, as well as co-
limitation.

The Phase 1 model can be used to predict long-term, system-wide changes in
phytoplankton concentration as a result of changes in land use. However, it cannot be used to
predict changes in the duration, extent, and severity of phytoplankton blooms, nor can the
Phase 1 model discern what is occurring in the coves of Lake Travis. Algal blooms within the
coves are potentially more important to stakeholders than overall average phytoplankton
concentrations, as the public strongly associates blooms with degradation of water quality and
impairment of recreational opportunities. Hence, while the Phase 1 modeling effort provided
valuable insights into the relationships between watershed land use changes and Lake Travis
water quality as well as preliminary quantification of hydrologic and nutrient budgets, it lacked
the spatial resolution to define localized water quality impacts of potential watershed land use
changes. The Phase 2 and Phase 3 modeling efforts were designed to address these
shortcomings.

1.3 Objectives of the CREMs Phase 2 and 3 Effort

The principal goal of the Phase 2 modeling effort was to develop a comprehensive, linked
watershed and water quality modeling tool of the Lake Travis system. The principal goal of the
Phase 3 modeling effort was to develop comprehensive, linked watershed and water quality
modeling tools for Inks Lake, Lake LBJ, and Lake Marble Falls. The models will ultimately be
applied to investigate system responses (both lake and watershed) to projected growth and/or
proposed water quality management practices. Specifically, the Phase 2 and 3 models were
developed to:

e cvaluate the effectiveness of the HLWO in protecting water quality in the Highland
Lakes;

e assess the effectiveness of the TCEQ point source discharge ban in protecting water
quality in the Highland Lakes;
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e identify and quantify trends in specific water quality indicators (long-term, seasonal,
and short-term);

e quantify differences in water quality between the main body of lakes and their coves;
e cvaluate the impacts of land use changes on the quality and quantity of runoff and
resulting impacts on the lakes and watersheds;

e assess the impacts of existing point source discharges on the water quality of the
Highland Lakes;

e cvaluate the relative contribution of anthropogenic and natural background sources of
nutrients to observed water quality trends;

e predict the impacts of various basin-wide best management practice (BMP)
implementation strategies;

e identify tributaries with the highest nutrient loadings;
e cvaluate water quality trends with respect to drinking water source issues;
e assist in the regulatory establishment of nutrient standards;

e expand competency of internal LCRA staff with respect to watershed and water quality
management and modeling issues; and

e identify and guide potential future water quality protection and restoration projects on
the Highland Lakes.

Various LCRA business units have established many of these issues as high priority items,
as documented in the CREMs Master Plan (CH2M Hill 2002). As such, the Phase 2 and Phase
3 models are valuable tools for providing information to guide management decisions that are
central to the LCRA’s mission statement and operational goals. In the short term, the priority
application of the models was to understand the effects of the HLWO and TCEQ’s Highland
Lakes Discharge Ban on water quality (see Anchor QEA and Parsons [2009] for a discussion of
the predicted water quality impacts should these two policies change), although these other
long-term objectives were considered throughout model development and application.

1.4 Overview of the Phase 3 Report

The purpose of this report is to provide a detailed description of the Phase 3 program,
including monitoring and model development and calibration. The ultimate goal of the Phase 3
CREMs effort is to develop tools that the LCRA can use to aid in the management of their
reservoirs and address many of the specific objectives outlined in Section 1.3. To reach that
goal, steps undertaken in this Phase 3 effort included:

1. conducting increased sampling to aid in the development and calibration of the
modeling tools and in the understanding of the Inks Lake, Lake LBJ, and Lake Marble
Falls systems;

2. developing comprehensive, linked watershed and water quality modeling tools of the
Inks Lake, Lake LBJ, and Lake Marble Falls systems; and

3. evaluating the sensitivity of Inks Lake, Lake LBJ, and Lake Marble Falls to different
changes on the watershed, including the impact of land use changes and possible
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introductions of point source dischargers on the lake (discussed in a separate
document).

This report is divided into four additional sections. Section 2 overviews the Phase 3
sampling efforts, including sampling conducted by the LCRA and the USGS. Sections 3 and 4
discuss the model development and calibration for the watershed and water quality models,
respectively. Finally, Section 5 provides a summary of the work.
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SECTION 2
MONITORING PROGRAM

2.1 Overview

The purpose of the Phase 3 monitoring effort was to develop a more complete dataset for
supporting the development and calibration of the Inks Lake, Lake LBJ, and Lake Marble Falls
watersheds and water quality models. The Phase 3 monitoring supplemented the existing data
record (and existing monitoring program) by providing information to develop and calibrate a
more complex model of these lakes and their surrounding watersheds. For Phase 3, four
monitoring programs were designed and implemented: 1) expanded routine monitoring; 2)
storm event monitoring; 3) special remote monitoring studies; and 4) special manual sampling
studies. Each program started in 2007 and ended before the development and calibration of the
Phase 3 models, with varying durations of each monitoring program. Details of each
monitoring program are presented in this section.

2.2  Program 1: Expanded Routine Monitoring

The Phase 3 ambient sampling and analysis program was an expansion of the current
Reservoir and Stream Sampling (RSS) program, which provides a long-term record and
satisfies LCRA and state requirements independent of the CREMs program. From 1982 to the
early 1990’s, data were collected monthly in the LCRA basin through the RSS program. The
existing RSS program includes collection of water samples and field data at four stations in
Lake LBJ, and two stations each on Inks Lake and Lake Marble Falls every other month
(Figure 2-1). Additionally, field parameters are measured at two other stations in Lake LBJ.
Water samples and field data are also collected at two stations at the model boundaries (the
Llano River and the headwaters of Lake Travis). Similar to the existing RSS program, the
expanded routine monitoring program was limited to regularly scheduled sampling (i.e., it did
not target high flow events). Specific components of the expanded monitoring included
measuring additional parameters, increasing the sampling temporal resolution at the boundaries
(weekly) and in the lakes (monthly), and sampling additional stations in the lake and tributaries.
The expanded routine monitoring program started in January 2007 and ended in June 2009 after
which the existing RSS program resumed.

As part of CREMs Phase 3, data were collected at two additional sites within Lake LBJ
and three sites within its tributaries (Figure 2-1). Table 2-1 lists sampling stations that were
monitored during Phase 3. These additional sites are discussed in Section 2.2.4 and 2.2.5.

Throughout this monitoring program, the reservoir stations were sampled at the top (0.3 m
below the water surface) and bottom (1 m above the sediments) of the water column, as the
existing protocols state. In addition, when a defined thermocline was present, an additional
water quality sample was collected at that location (Section 2.2.7). Tributary stations were
sampled once at mid-depth.
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Table 2-1 Program 1 — RSS and Expanded RSS Monitoring Locations

Number of Sampling
Expanded Bt
Site Site ID* RSS %SS (during the Phase 3
monitoring period;
2007-2009)
LAKE

Lake Marble Falls at Max Starcke 12319 x 29
Dam

Lake Marble Falls at Headwaters 12323 X 130
Lake LBJ at Wirtz Dam 12324 X 29
Ic_:ake LBJ at Horseshoe Bay LC915 X 29

ove
Lake LBJ near Granite Shoals 12327 X 29
Lake LBJ in Sandy Creek Arm 12328 X 29
Lake LBJ near Kingsland 12330 X 29
Lake LBJ at FM 2900 12331 X' 29
Lake LBJ at 30° 50” 12333 X' 29
Lake LBJ at Headwaters 12335 X 129
Inks Lake at Inks Dam 12336 X 29
Inks Lake at Headwaters? 12343 X 131
BOUNDARY
Lake Travis at Headwaters 12318 X 127
Llano River at FM 3404 12383 X 127
TRIBUTARY

Walnut Creek LC917 X 24
Sandy Creek 12214 X 110
Honey Creek LC918 X 28
Slick Rock Creek LC916 X 30

Notes:

! Field parameters measured only.

% Site is considered a boundary site for this report, but is also considered to be within the main lake.

% Lake and tributary sites sampled monthly; boundary sites sampled weekly. Sampling frequency at Inks Lake at
Headwaters, Lake LBJ, Lake Marble Falls and Lake Travis increased to weekly during Phase 3.

% See Figure 2-1 for map of monitoring locations.
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2.2.1 Expanded List of Parameters

2.2.1.1 Laboratory Parameters

Two laboratory parameters, dissolved organic carbon and dissolved phosphorus, were
added to the suite of parameters being analyzed under the routine monitoring program
(Table 2-2). These were added so that the dynamics between the particulate and dissolved
forms of organic matter could be defined better within the lake model. Ideally, particulate
organic carbon and particulate nitrogen would also be measured directly (particulate
phosphorus is difficult to measure directly), but due to limited resources, their concentrations
were calculated as the difference between the measured total and measured dissolved
concentrations. For the measurement of dissolved constituents, filtration followed the
procedures outlined in Standard Methods (American Public Health Association [APHA] 1998).
The data were reported as low as the method detection limit (MDL), which varies for each
laboratory calibration of the analytical instrument (Table 2-2).

Table 2-2 Program 1 — List of Parameters for Expanded RSS Sampling

Parameter™? STORET Code Units Detection or Precision
MEASURED IN FIELD
Light extinction L1001 umol s m? 0.4%
Oxygen, dissolved 00300 mg/L 0.20
Oxygen, % saturation 00301 % -
pH 00400 SuU 0.20
Secchi depth 00078 m -
Solar radiation (total) - Wm™ -
Specific conductance 00094 uS/cm 1%
Temperature, air 00020 °C 0.20
Temperature, water 00010 °C 0.05
Turbidity 82078 NTU 1%
Wind direction L1003 ° -
Wind speed L1002 mph -
MEASURED IN LABORATORY
Alkalinity, total 00410 mg/L 0.32
Chloride 00940 mg/L 0.08
Chlorophyll-a 70953 ug/L 0.02
Ammonia, nitrogen 00610 mg/L 0.005
Nitrite plus nitrate, nitrogen 00630 mg/L 0.004
Organic carbon, dissolved 00681 mg/L 0.03
Organic carbon, total 00680 mg/L 0.03
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Parameter™? STORET Code Units Detection or Precision

Pheophytin 32113 ug/L 0.5

Kjeldahl nitrogen, dissolved 00623 mg/L 0.006

Kjeldahl nitrogen, total 00625 mg/L 0.006
Phosphorus, dissolved 00666 mg/L 0.005
Phosphorus, ortho 00671 mg/L 0.005
Phosphorus, total 00665 mg/L 0.005

Sulfate 00945 mg/L 0.02
Suspended solids, total 00530 mg/L 0.5

CALCULATED

Dissolved solids, total 70952 mg/L -

Nitrogen, particulate - mg/L -

Organic carbon, particulate - mg/L -
Phosphorus, particulate - mg/L -

Notes:

! Parameters added in Expanded RSS shown in bold italics.
2 Bacteria were collected only in even months to support routine monitoring.
®The MDL for each laboratory analyte may vary each time the analytical instrument is calibrated.

2.2.1.2 Additional Field Parameters

Three field parameters — solar radiation, wind direction, wind speed — were added to the
suite of parameters measured under the routine monitoring program (Table 2-2).
Concentrations for one additional parameter, total dissolved solids, were calculated from the
lake specific relationship with specific conductance developed by LCRA.

Solar radiation controls photosynthesis and the temperature cycle of the lake and is a
forcing function for the hydrodynamic and water quality calculations in the lake model. Light
penetration must also be known and is described by two factors: 1) the fraction of light
absorbed/reflected in the surface layer; and 2) the light extinction through the water column.
Both of these were measured using a light probe (e.g., the LCRA’s Li-Cor LI-189 probe).
Light was measured above the water surface, immediately below the water surface (at 0.33 m
depth), and at one meter intervals through the water column down to 10 m concurrently with
samples collected in the reservoir (solar radiation data were not needed in the tributaries).

Due to the importance of wind speed and direction on mixing in the lakes, wind data were
obtained concurrently with all field samples. This allowed for a point estimate of wind
conditions at the time of sampling. These measurements provided information on spatial wind
patterns and sheltering over the reservoirs and helped to decrease the uncertainty in specifying
wind energy at the lake surface. Wind data were collected with a portable field sensor at 2 m
above the water surface concurrently with all water samples collected in the reservoir
(collection of wind data in the tributaries was not needed).
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2.2.2 Higher Resolution Sampling at Boundaries

Weekly sampling was implemented at each boundary location (Table 2-1).

2.2.3 Higher Resolution Sampling in the Lake

To improve the characterization of water quality in the reservoirs, the sampling frequency
was increased from bimonthly to monthly at all non-boundary stations. This allowed for a
more complete understanding of seasonal trends in water quality throughout the lakes.

2.2.4 Additional Lake Stations

In Lake LBJ, two new lake sampling stations were added to the program (Table 2-1). Both
of these sites were located in different coves of the lake (Horseshoe Bay Cove and the Sandy
Creek Arm). Data from these stations facilitated the quantification of water quality in
previously unsampled areas of the lake and improved the resolution for calibration of the lake
model. For each of these stations, water samples were collected and analyzed for the expanded
suite of water quality parameters (Table 2-2) on a monthly basis, in tandem with the other
sampling on Lake LBJ.

2.2.5 Additional Tributary Stations

To improve the quantification of base flow loadings to Lake LBJ, the following four
tributary stations were added to the sampling program: Slick Rock Creek, Sandy Creek, Walnut
Creek, and Honey Creek. The locations of these stations were upstream of the Lake LBJ pool,
but as far downstream as practicable, given accessibility and flooding constraints. Because
these stations were also used as storm event sampling stations (discussed in Section 2.3), they
needed to be positioned in areas where they could be safely accessed and protected from loss
(vandalism, flooding, etc.).

Sandy Creek and Honey Creek had an existing stream gauge at the sampling location.
Walnut Creek was sampled below its stream gauge during ambient collection, and at the stream
gauge during storm water collections. Slick Rock Creek was not gaged, so estimates of flow
were recorded at each sampling event. Monthly sampling included the expanded suite of water
quality parameters (Table 2-2).

2.2.6 Expanded Vertical Sampling

The routine monitoring program was expanded to include metalimnion sampling. The
metalimnion field data were collected by first identifying the depth at which a 0.5 °C or greater
temperature change was measured over a one meter depth interval. A sample of the water in
the metalimnion was collected one meter below this point.

2.2.7 Lower Detection Limits

For a number of water quality parameters, lower MDLs were applied to the Phase 3
monitoring programs compared to those used historically. This was done to facilitate temporal
and spatial trend analysis and to support lake model calibration. Table 2-2 contains the
parameter specific MDL.
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2.3 Program 2: Storm Water Monitoring

Storm loadings in flood prone areas such as central Texas can account for a large
percentage of the total annual loading to a water body. Such loadings are difficult to quantify
due to their transient nature and the level of effort required for collecting samples. Due to the
lack of historical storm event data on the reservoirs, such sampling comprised a significant
portion of the Phase 3 monitoring effort. Table 2-3 lists the storm monitoring locations and the
number of monitoring events.

Table 2-3 Program 2 — Storm Monitoring Locations and Number of Monitoring

Events
Site SitelD® | \onitoring Events ?
LAKE
Lake Marble Falls at Max Starcke Dam 12319 3
Lake Marble Falls at Headwaters 12323 6
Lake LBJ at Wirtz Dam 12324 5
Lake LBJ at Horseshoe Bay Cove LC915 5
Lake LBJ near Granite Shoals 12327 5
Lake LBJ in Sandy Creek Arm 12328 5
Lake LBJ near Kingsland 12330 5
Lake LBJ at FM 2900 12331 5
Lake LBJ at 30° 50” 12333 5
Lake LBJ at Headwaters 12335 7
Inks Lake at Inks Dam 12336 1
Inks Lake at Headwaters 12343 4
BOUNDARY
Lake Travis at Headwaters 12318 4
Llano River at FM 3404 12383
TRIBUTARY

Walnut Creek LCO917 5
Sandy Creek 12214 7
Honey Creek LC918 7
Slick Rock Creek LC916 6

Notes:

! See Figure 2-1 for map of monitoring locations.

2 Multiple monitoring events happened during a single storm.
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2.3.1 Storm Types and Sampling Frequency

From January 2007 to June 2009, storm event monitoring captured two types of storms —
Type 1 and Type 2. Type 1 storms were defined as small events producing localized runoff
over a small time scale. Only the affected tributaries and coves were sampled, as no lake-wide
impacts were expected. Type 2 storms were those that were expected to affect most of the
lakes’ watersheds and had the potential to produce substantial in-lake changes in water quality
because of the large runoff volume. As summarized in Table 2-4, seven Type 1 and one Type 2
storm events were captured.

Table 2-4 Program 2 - Summary of Storm Sampling

S Storm Approx. Number (_)f Stations Number of
S_Iform torm Duration | Total Rainfall e SEITElES
ype Start Date (hours) (inches) R . Collected_ Over
y All Stations
2 3/12/2007 7 43 6 12 47
1 5/24/2007 14 2.9 5 0 53
1 6/3/2007 4 2.1 5 0 17
1 6/16/2007 5 1.6 5 1 56
1 7/2/2007 14 3.0' 5 8 28
1 8/17/2007 12 1.6 2 0 12
1 9/5/2007 10 1.3 3 0 10
1 3/12/2009 14 4.1 2 4 6

An 18 inch very localized rain event impacted the area.

Sampling of each storm type followed a different protocol. During a Type 1 storm, only
tributaries and coves impacted by the storm were sampled. Sampling occurred at 12-hour
intervals for the first day. The impacted tributaries were sampled daily for the next four days.
During a Type 2 storm, sampling in coves occurred daily for the first four days and at seven
and 14 days following the triggering event. Sampling in tributaries took place daily for the first
five days and also seven and 14 days after the storm began.

Starting in January 2007, tributary sampling was initiated based on a prescribed change
from base flow that is characteristic of storm events. Immediately after the trigger level was
reached, automated samplers were programmed to collect first flush samples followed by
hourly discrete samples. Only two of the four tributary locations were equipped to collect
storm water samples automatically. On the stations equipped with automatic samplers, first
flush samples followed by hourly discrete samples were collected. At sites without automated
equipment, grab samples were collected once daily — as near to first flush as possible and each
subsequent 24 hours after. In addition, meteorological conditions (a major flood event
occurred in June 2007, followed by a drought in 2008 and 2009) resulted in the sampling of
essentially all rainfall events greater than one inch.
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2.3.2 Tributary and Lake Stations

Tributary sampling stations for the storm event monitoring program were co-located with
the four tributary monitoring locations in the expanded routine monitoring program described
in Section 2.2.5. On two of these (Sandy Creek and Walnut Creek), sampling was performed
using an ISCO® automated sampler as well as via grab sampling at boundary locations. This
allowed for a comparison between storm and base flow data. The two other tributary locations
(Honey Creek and Slick Rock Creek) were monitored through grab sampling. Tributary
samples were analyzed for the expanded suite of water quality parameters (Table 2-2).

Lake samples (both cove and main body) were collected manually during storm events and
were analyzed for the expanded suite of water quality parameters (Table 2-2).

2.4  Program 3: Remote Monitoring

Remote monitoring using automatic sampling devices collected data in a continuous
manner over time, which is otherwise difficult to accomplish by field teams. The objective of
this sampling program was to provide detailed data for the lake model calibration.

Remote data collection equipment was deployed at selected locations to serve a number of
purposes. These purposes included helping in the calibration of the Phase 3 models;
quantifying the short-circuiting of flood flows and plunging of inflows; measuring stratification
and mixing; providing an early warning system to identify algal blooms; and quantifying the
occurrence, duration, and intensity of algal blooms. The two types of remote monitoring units
used were thermistor chains and an automated profiler.

2.4.1 Thermistors and Thermistor Chains

Thermistors measure water temperature and were deployed at multiple depths in the water
column. One thermistor or thermistor chain was installed at each of the stations listed in Table
2-5. Most of the devices were installed at the beginning of Phase 3 sampling and were left in
place for the duration of the monitoring program. The units measured temperature every two
meters at Horseshoe Bay Cove in Lake LBJ. At the other stations, only surface temperature
was measured. The chains measured temperature each hour. Unfortunately, thermistors at
several locations were lost due to entanglement with lake debris and storm events, particularly
the July 2007 rain event. Unfortunately, because of the lack of confidence in the data collected
by the automated profilers due to instrumentation issues, some data collected by the automated
profilers were not used in the lake model calibration.

Table 2-5 Program 3 - Summary of Remote Sampling

: Vertical Number of
, Site . Average Water :

Site Spacin . Thermistors

ID* p(m; 9 Depth at Site (m) per Clhain
Lake LBJ at Horseshoe Bay Cove LC915 2 12 6
Inks Lake Headwaters 12343 - 2 1
Lake LBJ Headwaters 12335 - 3 1
Slick Rock Creek LC916 - 1 1
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; Vertical Number of
. Site ; .
Site 1 Spacing D,Ae\v?rr]agtes\g\tlgt(enr]) Thermistors
ID (m) P per Chain
Walnut Creek LC917 - 1 1
Lake Marble Falls Headwaters 12323 - 1 1

Notes:
! See Figure 2-1 for map of monitoring locations.

2.4.2 Automated Profilers

Automated profilers are remotely programmable field stations with probes suitable for
measuring standard field parameters as well as chlorophyll-a and turbidity. These systems are
also capable of sampling a vertical profile through the water column, not just at a fixed depth.
One automated profiler was installed for this monitoring program, near Wirtz Dam on Lake
LBJ. It was established to provide information on flow patterns at the dam; stratification,
thermocline development, and turnover; oxygen consumption in the hypolimnion; and diurnal
fluctuations of dissolved oxygen and pH. The automated profiler measured a full vertical
profile (every meter) of field parameters, including chlorophyll-a, generally every day from
January 2007 to May 2008. Unfortunately, because of the lack of confidence in the
chlorophyll-a and turbidity data collected by the automated profilers due to instrumentation
issues, these data were not used in the lake model calibration.

2.5 Program 4: Special Manual Monitoring

To further constrain the lake water quality models, special manual field and laboratory
studies were conducted. Special manual sampling for Phase 3 consisted of a phytoplankton
investigation study.

2.5.1 Phytoplankton Investigation Study

The USGS conducted a phytoplankton investigation in each lake between April 2007 and
June 2009. Surface water plankton was collected on a monthly basis from the dam monitoring
stations on each reservoir. Phytoplankton composition and abundance and phytoplankton
nutrient-dependent growth rates were investigated. Algal grazing rates by zooplankton were
also measured using bioassays. Methods are described in Appendix B of the CREMs Phase II
report (Anchor QEA and Parsons 2009).
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SECTION 3
WATERSHED MODEL

Section 3 describes the watershed models developed during Phase 3 of the CREMs project
for the Inks Lake, Lake LBJ, and Lake Marble Falls watersheds (Figure 3-1). The introduction
presents a general outline of the Soil and Water Assessment Tool (SWAT) watershed modeling
software (Arnold et al. 1998), the model state variables of concern, the model input and
development, and the model calibration procedures applicable to all three watersheds. Three
sub-sections specific to the Lake LBJ, Lake Marble Falls, and Inks Lake watersheds follow the
introduction. These sub-sections describe the spatial domain, data considerations, model
development, and model calibration procedures and results particular to a given watershed.

3.1 Introduction

The reservoir management tool developed during Phase 3 of the CREMs project consists
of hydrodynamic and water quality models of Inks Lake, Lake LBJ, and Lake Marble Falls
based on the United States Army Corps of Engineers (USACE) CE-QUAL-W2 model (lake
models). To effectively apply the lake models for the current and future management of the
basin, tributary loadings and direct runoff under potential watershed scenarios need to be
predicted. This was accomplished through the development and calibration of mathematical
models of the Inks Lake, Lake LBJ, and Lake Marble Falls watersheds. The watershed
modeling software selected for the CREMs project is SWAT2005 (Neitsch et al. 2005), which
is the version of SWAT used to model the Lake Travis watershed in Phase 2 of the CREMs
project (Anchor QEA and Parsons 2009). SWAT simulates watershed hydrology and
constituent loads and accounts for various land-cover types, land uses, and management
practices. The watershed model can predict changes in constituent loads to its respective lake
arising from changes in land use and practices within the watershed, and thereby provides a
mechanism to tie activities in the watershed to resultant water quality in the lake.

A full description of SWAT and its simulated processes can be found in Neitsch,
et al. (2005). Selection of SWAT as the modeling platform for the Lake Travis watershed as
well as a description of SWAT model theory, structure, and operation as they pertain to the
CREMs project are described in the Phase 2 Lake Travis Final Report (Anchor QEA and
Parsons 2009). Due to the success in application of this software for modeling the Lake Travis
watershed, the same software was applied in Phase 3. The SWAT executable developed for
ArcSWAT 2.0.0 (build 1420) was used. ArcSWAT is an ArcGIS extension and a graphical
user input interface for SWAT (Di Luzio et al. 2002).

3.1.1 State Variables of Concern and Model Timestep

The primary purpose of the SWAT models developed for CREMs is the calculation of
watershed loads to be applied to the receiving water models, in this case the CE-QUAL-W2-
based lake models. As a result, the state variables chosen for simulation in SWAT reflect the
needs of the lake models. State variables simulated in SWAT to be passed to the lake models
include:

o flow
e total suspended solids (TSS)
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e organic phosphorus (OrgP)

e orthophosphorus (PO4-P [aka minP in SWAT])

e total phosphorus (TP)

e organic nitrogen (OrgN)

e ammonia (NH4-N)

e nitratetnitrite (NOx-N)

e total nitrogen (TN)

e dissolved oxygen (DO)

e carbonaceous biological oxygen demand (CBOD)
e chlorophyll-a (chl-a)

A daily timestep was employed with SWAT over the modeling period extending from
1984 through 2008, which is the period that was chosen to simulate water quality for the lake
models. SWAT was run for an additional four-year period from January 1, 1980 through
December 31, 1984 to provide a four-year “spin-up” time for the model to equilibrate initial
model conditions.

3.1.2 Model Input and Development

3.1.2.1 Geospatial Input Data and Hydrologic Response Unit Generation

In SWAT, a watershed is divided into multiple sub-watersheds, which are then further
subdivided into hydrologic response units (HRUs) that consist of homogeneous slope, land
cover, and soil characteristics. Watershed delineation techniques using the 2002/2004 10-meter
USGS National Elevation Dataset (NED) were employed to delineate each lake’s drainage
basin. The NED was also used to calculate the slopes and determine the stream network
incorporated into SWAT. Slopes were divided into five categories: 0-5, 5-10, 10-30, 30-60,
and >60 %. Finally, multiple sub-watersheds were delineated using the NED and user-
specified sub-watershed outlet points on the stream network (pour points). HRU generation for
each sub-watershed was completed based upon the spatial intersection of the slope categories
with the 2001 Multi-Resolution Land Characteristics Consortium National Land Cover Dataset
(NLCD) and the National Resource Conservation Service (NRCS) State Soil Geographic
(STATSGO) soil database.

3.1.2.2 Climatic Temporal Input Data

Climatic inputs used in SWAT include measured and/or generated records of precipitation,
maximum and minimum temperature, solar radiation, relative humidity, and wind speed.
Precipitation and temperature data were available for all three watershed models from proximal
weather stations from the Texas A&M (TAMU) AgriLIFE Research Center and the National
Climatic Data Center (NCDC). Solar radiation, relative humidity, wind speed, and missing
precipitation or temperature records were created using the SWAT U.S. database weather
generator as needed (Neitsch et al. 2005). The CREMs Phase 2 Lake Travis report (Anchor
QEA and Parsons 2009) contains a more detailed description of generated climatic data as they
pertain to CREMs SWAT models.
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3.1.2.3 Point Source Dischargers

Model inputs for point sources existing within each watershed were developed from the
TCEQ’s Discharge Monitoring Report (DMR) records for permitted dischargers. Loads were
either assumed based on values used in CREMs Phase 2 (Anchor QEA and Parsons 2009), at
permitted values, DMR values if available, or estimated based on wastewater treatment plant
outfall water quality data collected as part of the 2004 and 2005 LCRA-San Antonio Water
System Water Project low-flow surveys (QEA 2004 and 2005)."

3.1.3 General Description of Calibration

Calibration of a model consists of adjusting input parameters so that the model accurately
reproduces trends in observed data. While the model calibration time period was from the start
of 1984 through the end of 2008, model-to-data comparison at any particular location depended
on data availability during this time period. A three-step calibration process was employed: the
watershed hydrology calibration was performed, then the sediment load calibration, and finally,
the nutrient load calibration. Calibration progressed in this stepwise manner because watershed
hydrology drives constituent loading and sediment transport can impact nutrient loading.

For each of the three steps, final calibration parameter values were derived through
iterative runs of the model while implementing small model parameter changes based on
graphical and statistical evaluations of the model’s agreement with measured data. Graphical
evaluations were used in initial stages to approximate model fit for each calibration parameter.
The predictive power of the model was evaluated based on calculated coefficient of
determination values (R?) and Nash-Sutcliffe model efficiency coefficient (NS) values (Nash
and Sutcliffe 1970). NS measures how much better a model predicts observed values than the
average of the observed values. A value of 1 indicates a perfect match, whereas a value of 0 or
negative indicates that the model performs no better at predicting observed values than the
average of the observed values. The NS is given more weight in model evaluation than the R
because NS describes the variability of the model output versus the data (accuracy) whereas R
describes the variability of the model output versus a regression line (precision). Finally, the
percent difference between the sum of model output and the sum of the observed data over the
period of data availability was also compared to evaluate model goodness of fit.

3.1.4 Calibration Data

Daily average USGS and LCRA Hydromet streamflow data were used for watershed
model hydrology calibration. If a Hydromet gage was co-located with a USGS gage, the USGS
gage data were used due to longer periods of record at those gages and for data consistency.

Water quality data collected as part of the LCRA CREMs and the extended LCRA
Reservoir and Stream Sampling programs were used for watershed constituent load calibrations
(see Section 2 of this report for a full description of these sampling programs). Constituent
data used for watershed sediment and nutrient calibrations were:

' Average constituent concentration values from outfalls in the lower Colorado River Basin with measured
discharge rates (range of 0.006 to 0.81 million gallons per day [MGD]) similar to the permitted discharge rates of
outfalls in the three Phase 3 watersheds were used.
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e TSS
e OrgP (calculated from data as TP minus PO4)
e PO,
o TP
e OrgN (Total Kjeldahl Nitrogen minus NHy)
e NH;,

e NOx (nitrate plus nitrite)
e TN (Total Kjeldahl Nitrogen plus NOy)

Due to the low frequency of water quality data collection and the need for a continuous
record for model calibration, an empirical model was developed to produce a continuous time-
series to which the simulated time-series was compared for calibration. The USGS LOAD
ESTimator (LOADEST; Runkel et al. 2004), a program for estimating constituent loads in
streams and rivers, was used to develop watershed-specific constituent regression models (i.e.,
rating curves) for those tributaries where sufficient stream flow and constituent concentrations
were available. Given paired stream flow and constituent concentration data, LOADEST
develops a regression model for the estimation of the constituent loads. The use of LOADEST
model output to calibrate a SWAT model is not optimal due to the propagation of model
uncertainty. A discussion of the limitations of using a model to calibrate a model can be found
in the CREMs Phase 2 Lake Travis (Anchor QEA and Parsons 2009) report. Despite these
limitations, the use of a rating curve like that produced by LOADEST for water quality
calibration is a viable and often used option when continuous time-series water quality data are
not available (Gassman et al. 2007).

3.2 Lake LBJ Watershed

3.2.1 Lake LBJ Watershed Spatial Domain

The spatial extent of the Lake LBJ SWAT model is the drainage basin of the Colorado
River from Roy Inks Dam to Alvin Wirtz Dam (Figure 3-2). Lake LBJ is a run-of-river
reservoir impounded between these two dams. The Lake LBJ maximum capacity volume is
approximately 134,000 acre-feet with a maximum capacity area of approximately 6,500 acres
(LCRA 2009). The SWAT model was only required to simulate the watershed of Lake LBJ
that either drains directly to the lake or drains to one of the tributaries of the lake because
observed data taken at Inks Dam served as the upstream input to the Lake LBJ CE-QUAL-W2
model.

The Lake LBJ watershed area is approximately 3.2 million acres (13,000 km?) spanning
the Edwards Plateau in the Texas Hill Country, including portions of the Llano Uplift. As
shown on Figure 3-2, the majority of the modeled watershed comprises the Llano River and
Sandy Creek watersheds, both of which enter Lake LBJ from the west. The Llano River
watershed composes 90% of the total Lake LBJ watershed area, the Sandy Creek watershed
composes 8%, and the remaining 2% of the watershed area drains directly to Lake LBJ.
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3.2.1.1 Geology

Geological features in the Lake LBJ watershed directly and indirectly impact watershed
hydrology and constituent loading. The Lake LBJ watershed comprises two main geologic
regions (Figure 3-3). The Llano Uplift, which is a complex of Precambrian and Paleozoic
igneous and metamorphic (crystalline) rocks, underlies approximately the lower half of the
Lake LBJ watershed. Fracture systems in these crystalline rocks influence groundwater
recharge and discharge patterns by providing preferential groundwater flow paths and,
therefore, directly affect runoff and baseflow (Mace et al. 2004).

The western half of the watershed is underlain by karstified Cretaceous limestone. The
limestone units are sub-horizontal, dipping slightly to the southeast, and contain features such
as sinkholes and springs. Karst features provide groundwater preferential flow paths and thus,
like the crystalline rock fracture systems, directly affect runoff and baseflow (Mace et al.
2004).

The geology of the Lake LBJ watershed also indirectly impacts watershed hydrology and
constituent loading in that soil formation, type, and distribution, which directly impact
watershed hydrology and constituent loads, are uniquely derived from the regional parent
rocks. Also, soil type and climate determine the vegetative cover of a region. Vegetative
cover, in turn, directly impacts watershed hydrology and constituent loads.

3.2.1.2 Climate

The Lake LBJ watershed is in a semi-arid environment that increases in precipitation from
west to east. Average annual precipitation ranges from approximately 22 inches in the western
reaches of the watershed to approximately 32 inches in the east (TWDB 1998) (Figure 3-4).
Precipitation distribution directly affects vegetative cover formation as water-conserving brush
and grasses dominate the western portion of the watershed and forest density gradually
increases to the east.

Also, rainfall in the region generally occurs as intense convective or frontal thunderstorms
followed by extended dry periods (Asquith et al. 2006). These thunderstorms result in ‘flashy’
hydrographs including many ephemeral streams that only flow in response to storm events
(Asquith et al. 2006).

Precipitation data were available for input to the Lake LBJ SWAT model from 22
proximal meteorological towers (nine NCDC stations and 13 TAMU stations). Temperature
data were available from 10 stations (three NCDC stations and seven TAMU stations) (Table 3-
1, Figure 3-4). These time-series precipitation data were imported into the SWAT model along
with the station coordinates and SWAT subsequently spatially distributed the precipitation
throughout the basin (Neitsch et al. 2005).

Table 3-1 Meteorological Stations Used for the Lake LBJ SWAT Model

Station ID Station Name Source Data Types
413954 06 Harper 1W NCDC
417787 Round MTN 4WNW NCDC P
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Station ID Station Name Source Data Types
418531 Spicewood NCDC P
418863 06 Taylor Ranch NCDC P
418877 06 Teague Ranch NCDC P
419099 Tow NCDC P
414670 06 Junction 4SSW NCDC P, T
417232 05 Prade Ranch NCDC P, T
417706 06 Rocksprings NCDC P, T
410738 Bertram 3 ENE TAMU P
412040 06 Cottonwood TAMU P
413605 05 Gold TAMU P
414363 06 Humble Pump TAMU P
414402 Hye TAMU P
418897 05 Telegraph TAMU P
411250 Burnet TAMU P, T
413329 07 Fredericksburg TAMU P, T
414605 Johnson City TAMU P, T
415272 Llano TAMU P, T
415650 06 Mason TAMU P, T
415822 06 Menard TAMU P, T
418449 05 Sonora TAMU P, T

Notes: P = precipitation, T = temperature

3.2.1.3 Topography

The Lake LBJ watershed features rolling hills, which are the result of karst topographic
formation and the variable erodibility of Llano Uplift formations. Watershed elevation ranges
from 146 to 784 m above mean sea level (Figure 3-5). Slopes in the watershed ranged from 0
to 117% with 58% of the slopes in the 0-5% range, 28% in the 5-10% range, 13% in the 10-
30% range, 1% in the 30-60% range, and <1% in the greater than 60% range.

3.2.1.4 Soils

As stated in Section 3.2.1.1, soil formation, type, and distribution are directly related to
parent rock type (Figure 3-6). Soil types cross-cut topography in the Llano Uplift area due to
the inherent heterogeneity of crystalline rock formations. Alternately, soil formation follows
topography in the karst area where the rock formations are sub-horizontal and laterally
extensive.

PARSONS/ANCHOR QEA LLC 3-6 FINAL REPORT
March 2011



CREMSs Phase 3
Inks Lake, Lake LBJ, Lake Marble Falls Watershed Model

Also, as a part of Phase 2 of the CREMs project, LimnoTech, Inc. (LTI) examined the
extent and characterization of Tarrant-series soil in the Pedernales River watershed. LTI
reviewed available STATSGO and the Soil Survey Geographic Database (SSURGO) datasets
to identify the extent of Tarrant-series soil, and also reviewed descriptions of the various soil
series in these areas. Their evaluation concluded that the hydrologic soil group used in SWAT
for the Tarrant series be changed from D to C, which increases the permeability of the soil.
Because the Pedernales River watershed is adjacent to the Lake LBJ watershed, these changes
were applied to the Tarrant-series soil in the Lake LBJ watershed. The LTI soil evaluation is
fully described in Appendix C of the Phase 2 Lake Travis Final Report (Anchor QEA and
Parsons 2009).

3.2.1.5 Land Cover

The Lake LBJ watershed is predominantly rural. Almost 80% of the watershed land cover
is brush and grassland and 18.5% forest (Figure 3-7, Table 3-2). Less than 1% of the watershed
is developed, although development is more intense near Lake LBJ (Figure 3-8). Development
around the lake is noteworthy because runoff from direct drainage sub-watersheds can deliver
urban pollution directly to the lake with minimal attenuation through the basin. Finally, both
brush and deciduous forest occur at higher densities in the western karst area whereas grassland
and evergreen forest are more common in the eastern crystalline rock area. Vegetation
formation within the watershed is likely attributed to variations in both soil type and
precipitation.

3.2.1.6 Watershed Ordinance

A portion of the Lake LBJ watershed is covered by the HLWO (Figure 3-9). The HLWO
controls storm water runoff and enforces erosion controls to reduce pollution to the Highland
Lakes (LCRA 2006). The Lake LBJ sub-watershed delineation, which is described in Section
3.2.1.8, accommodated the extent of the HLWO so that, if changes to HLWO regulations are
considered in the future, the model scenario runs that address alternative watershed conditions
can accommodate these changes.

3.2.1.7 Point Sources

There are eight permitted point sources in the Lake LBJ watershed (Figure 3-10). Four of
the point sources are in sub-watersheds that drain directly to the lake and two are near the city
of Junction. The remaining two are at the cities of Mason and Rocksprings. Permitted
discharge flow rates were used for point source flows and ranged from 0.02 to 2.16 MGD
(Table 3-3). The initial calibration was based on permitted flows for all 8 permittees in the
Lake LBJ watershed. Since then, DMRs and additional information on land application
permits has become available (as shown in Table 3-3). The calibration was re-run using self-
reported average flows and zero constituent loads for land application discharges.
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Table 3-2 Lake LBJ Watershed Land Cover
Name Code | Area(acre) | \yaershed Area

Open Water WATR 9,647 0.30
Developed, Open Space URLD 20,467 0.65
Developed, Low Intensity URMD 4,730 0.15
Developed, Medium Intensity URHD 1,714 0.05
Developed, High Intensity uiDU 395 0.01

Barren Land SWRN 341 0.01

Deciduous Forest FRSD 175,083 5.53
Evergreen Forest FRSE 406,177 12.83
Mixed Forest FRST 346 0.01

Scrub/Shrub RNGB 2,245,961 70.96
Grassland/Herbaceous RNGE 283,006 8.94
Pasture/Hay HAY 8,714 0.28
Cultivated Crops AGRR 8,447 0.27
Woody Wetlands WETF 251 0.01
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Watershed Model

Table 3-3 Permitted Discharger Flow and Concentrations in the Lake LBJ Watershed
. Permitted | Average
Permit SN Elow? A OW% BOD5 | TSS | NHs | TP DO PO, | NO, | TKN | OrgN | OrgP
Number (MGD) (MGD) (mg/L) | (mg/L) | (mg/L) |(mg/L)| (mg/L) | (mg/L) |(mg/L)| (mg/L) | (mg/L) | (mg/L)
Lake LBJ e
0011217001 | AR T 1.50 0.0 5 10 2 3.2 4 3 20 25 0.5 0.2
0011332001 Gﬂﬁ;‘fsof“rce 0.03 0.02 2.0° 1.9° 2 1.0° | 5.9° 1.0 20 25 | 013 | 0.01
0011549001 “K/:G%S'fa”d 0.75 0.31 3.2° 3.5° 2 115 | 57° | 11 20 | 25 | 021 | 0.01
0013459001 | Camp 0.02 0.0° 5 10 2 3.2 4 3 20 25 0.5 0.2
Longhorn Inc
0010199101 JC”V of 0.28 0.25 5 10 2 3.2 4 3 20 | 25 | 05 | 02
unction
0010670001 | City of Mason |  0.42 0.17 5 10 2 3.2 4 3 20 2.5 0.5 0.2
0013490001 | Cityof 0.13 0.11 5 10 2 3.2 4 3 20 | 25 | 05 | 02
Rocksprings
001391000 | Murpaks Inc. 2.16 0.75 5 10 2 3.2 4 3 20 25 0.5 0.2
Notes:

& Permit limits provided by Susan Meckel of the LCRA (Meckel 2008; Meckel 2010)

® Average of self-reported monthly average concentrations for Aquasource Utilities (Permit 0011332001) for the period April 2000 to December 2008
¢ Average of self-reported monthly average concentrations for Kingsland MUD (Permit 0011549001) for the period February 1998 to December 2008
All other values estimated based on Low-Flow Survey data (QEA 2004 and 2005) discussed in Section 3.1.2.3.

¢ Average of self-reported monthly average flows (1984-2008)
¢ Land application permits- no direct discharge

" AquaSource Utilities and Kingsland MUD discharge directly to Lake LBJ and are included in lake model, not the watershed model; they are shown here for
informational purposes
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3.2.1.8 Sub-Watershed Delineation

The Lake LBJ sub-watershed delineation accounted for the location of watershed
calibration stations, the HLWO, and the Lake LBJ model segmentation. Pour points were co-
located with hydrologic and water quality calibration stations so that model output at these
points could be compared directly to calibration records. An attempt was made to locate pour
points so that the majority of a defined sub-watershed area was either contained within or
outside of the HLWO. As a result, specific sub-watersheds can be targeted in future scenario
simulations that may involve changes to the HLWO. Also, pour points were added in order to
facilitate the spatial linkage between output from the watershed model and input to the lake
model (Figure 3-11). Finally, additional pour points were added, as needed, in order to break
larger sub-watersheds into more manageable parcels. The sub-watershed delineation resulted
in 78 sub-watersheds (Figure 3-12), and the intersection of the slope, land cover, and soil type
resulted in 5,309 HRUs. The average HRU area was approximately 600 acres.

3.2.2 Lake LBJ SWAT Model Calibration

As mentioned previously in Section 3.1.3, a stepwise approach was used for the calibration
of the Lake LBJ SWAT model starting with hydrology, then sediment loading, and finally,
nutrient loading. All three calibration steps, unless noted otherwise, followed a “basin-wide”
approach. In other words, identical flow and water quality calibration parameters were applied
to identical HRUs (i.e., areas of the same soil type, land cover, and slope), regardless of the
sub-watershed in which they were located.

3.2.2.1 Hydrology Calibration Data

Average daily flow data from six USGS gages and eleven LCRA Hydromet gages were
available for the Lake LBJ watershed model hydrology calibration (Figure 3-12, Table 3-4).
The flow data periods of record (POR) varied by station but, generally, the USGS flow gage
PORs spanned the spin-up and calibration period of 1980 through 2008. Most of the Hydromet
gages located in the Lake LBJ watershed came online from 1999 to 2001 with the earliest
online in 1996.

The four primary hydrology calibration stations were the USGS Llano River near Junction
(08150000), USGS Llano River near Mason (08150700), USGS Llano River near Llano
(08151500), and USGS Sandy Creek near Kingsland (08152000) gages. Any data gap periods
at the calibration stations were not used to calculate model calibration metrics. For example,
the Sandy Creek near Kingsland gage was offline from April 1993 to October 1997 and thus no
data were available for evaluating model fit at that gage during that time period.
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Table 3-4 Lake LBJ Watershed Hydrologic Calibration Stations
Contributing .
POR during Average
Sl NEnE Station < SWAT Sub- Areato Total Model Monthly
ource watershed Lake LBJ . .
Number Simulation Flow Rate
Number Watershed Period (cfs)
Area (%)

Llano River 08151500 | USGS 13 84 1980-2009 | 424
near Llano
Llano River 08150700 | USGS 32 70 1980-2009 | 312
near Mason
Llano River 08150000 | USGS 69 37 1980-2009 217
near Junction
North Llano
River near 08148500 USGS 61 18 2001-2009 46
Junction
Sandy Creek 08152000 | USGS 63 7 1980-2009 72
near Kingsland
Beaver Creek 08150800 USGS 37 4 1980-2009 21
near Mason
near Mason
Sandy Creek 2878 Hydromet 64 6 2001-2009 53
near Click
Johnson Fork 2313 Hydromet 75 6 2000-2009 41
near Junction
near Castell
Sandy Qreek , 2851 Hydromet 54 3 1996-2009 38
near Willow City
San Fernando
Creek near 2616 | Hydromet 8 3 1999-2009 | 29
Llano
near Mason
Little Llano River 2669 Hydromet 1 1 1999-2009 7
near Llano
Comanche
Creek near 2424 Hydromet 16 1 2000-2009 8
Mason
Honey Creek 2694 | Hydromet 44 1 2002-2009 10
near Kingsland
Walnut Creek 2897 Hydromet 68 <1 2001-2009 8
near Kingsland
Note: Station names in bold italics indicate primary hydrology calibration stations.
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3.2.2.2 Hydrology Calibration Approach

The hydrology calibration process focused on the two distinct geologic regions of the Lake
LBJ watershed (Figure 3-3) due to their geographic location within the watershed and
particular hydrogeologic behavior. Because soil type development is specific to a given parent
rock (Section 3.2.1.1), model calibration could target each geologic region by applying
parameter variations to their respective soil types. Soil type can be used in ArcSWAT to
categorize calibration parameter variations because HRUs are partially defined by soil type.
Therefore, the calibration process could target a specific geologic region and simultaneously
maintain a basin-wide calibration approach.

The karst region of the watershed is upland of the crystalline rock area. As a result, the
first step in the hydrology calibration process was to calibrate parameters in the karst region to
data from the Llano at Junction gage, which has a contributing area composed entirely of karst
areca. Once the karst arca of the watershed was calibrated to satisfaction, the karst areca
calibration parameter values were held static as the crystalline rock region parameters were
calibrated to data from the Llano River near Mason, Llano River near Llano, and the Sandy
Creek gages. These three gages have contributing areas composed of both karst and crystalline
rock areas.

Table 3-5 lists the model parameters that were adjusted to calibrate the watershed
hydrology in SWAT. The table briefly describes each parameter, identifies the major geologic
region or sub-basin in which the parameters were changed, indicates the parameter location in
the SWAT input files, and provides both the default and calibrated values. These values were
derived through iterative runs of the model while implementing small changes in this suite of
model parameters, based on both the graphical and statistical evaluations of the model’s
agreement with measured data. Discussion of these evaluations is presented in Section 3.2.3.1.

Several SWAT model groundwater calibration parameters proved particularly useful to
improving model performance. Initial model simulations using the default values of the model
calibration parameters overestimated total flow volumes by as much as 485% in a given month
at the primary calibration gages (Figure 3-13). As a result, hydrologic sinks were needed in the
model in order to reduce the amount of water available for runoff and baseflow. Losses to
existing regional groundwater flow systems (calibration parameter RCHRG DP) in both karst
and crystalline rock areas were increased once the evapotranspiration parameters were set to
values reasonable for the region’s environmental conditions. The RCHRG DP value
represents the amount of water infiltrated to the subsurface that is lost to a groundwater system
that transports water out of the watershed (i.e., regional or deep aquifer). RCHRG DP was set
at 55% in the karst area and 80% in the crystalline rock area. A localized groundwater flow
component in the karst area contributes to spring discharge and baseflow within the watershed
(Mace et al. 2004) and, therefore, the water loss in the karst area is less than that in the
crystalline rock area.
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Table 3-5 Lake LBJ SWAT Hydrologic Calibration Parameters
Location CED/eEE
Parameter Units Description in SWAT R[04 @ Calibrated Dt
Sub- Value Value
[ Basin
RNGB-25%,
Karst Rest-15% -
FRSE-22%
CN2* - SCS curve number ** mgt (except no
Crystalline change to _
Rock soil TX151),
RNGB-30%,
Rest-28%
Amount of time Karst 365 31
groundwater - .
GW_DELAY day spends in the gw Crystalline 0 31
vadose zone Rock
Percent of Karst 55% 5
infiltrated water lost o .
RCHRG_DP - to a regional gw Crystalline 80% 5
aquifer Rock
ALPHA_BF day Baseflow recession | . o, All 0.058 1
constant
mmH20/ Soil available water
SOL_AwcC* . content for plant ** sol All +0.04 --
mmSoil
uptake
Soil saturated
SOL_K* mm/hr hydraulic ** sol All -75% --
conductivity
ESCO - Evaporation ** hru Al 0.5 1
coefficient
EPCO -- Uptake coefficient ** hru All 0.7 1
Llanq at 15 0
Junction
Channel effective Llano at
CH_K2 mm/hr hydraulic **.rte L] 1 0
. ano
conductivity
Sandy
Creek 0.2 0
Notes:

"** indicates that the value varies by HRU and was therefore increased or decreased by a percent or constant

value.

"**' represents variable sub-watershed or HRU number contained in input file name.
Calibration parameters for open water land cover areas in .mgt, .sol, and .hru files were not changed from default

values.
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Another calibration parameter that proved useful was the channel hydraulic conductivity
coefficient (CH _K2). The CH_K2 value is used to calculate simulated water loss from the
stream channel. In this case, CH K2 was used not only to simulate channel losses, but also to
slow down the propagation of the water through the watershed when other parameters that
perform that function — such as changes in slope, soil hydraulic conductivity, etc. — failed to
slow the water enough. Without this function, the model stream network emptied during drier
periods because the rainfall-produced surface runoff passed through the system too quickly.
Increasing the CH K2 value simulated water flow out of the channel and into the subsurface, at
which point the model routed the water more slowly to a downstream location or was lost to the
regional aquifer. Channel loss in karst areas is particularly common and recharged water may
discharge back to the original stream, to a downstream water body, or to a regional aquifer
system (Mace et al. 2004). CH_K2 was increased, but to a lesser degree, in the sub-basins
underlain by crystalline rock (CH_K2 =1 in sub-watersheds underlain by crystalline rock in the
Llano River near Llano contributing area and CH K2 = 0.2 in the Sandy Creek sub-basin)
because the fracture system behaves like less efficient karst. Finally, CH K2 was the only
parameter for which the basin-wide calibration approach was not used because it is reasonable
to assume that channel conditions vary by reach based on conditions particular to a given sub-
watershed.

The process of channel water loss is illustrated in Figure 3-14, which shows Llano River
flow data from Junction, Mason, and Llano (upstream to downstream) in 2006. Following
storm events, the flow in the river increases from upstream to downstream, but during drier
periods, the flow in the river can decrease from upstream to downstream. Also of note is that,
even though the Llano River is a losing stream, the river is never dry. Conversely, smaller
tributaries in both the karst and crystalline rock regions, as in many semi-arid environments,
can be ephemeral (Mace et al. 2004).

By combining variations in the groundwater delay parameter (GW_DELAY) and the
baseflow recession constant (ALPHA BF) with the CH_K2 values, it was possible to provide
constant baseflow to the larger stream networks.

3.2.2.3 Water Quality Calibration Data

CREMSs and RSS water quality data collected from the early 1980s to 2008 near the four
primary hydrology calibration gages were used for sediment and nutrient load calibrations
(Figure 3-12). The stations, along with the nearby flow stations, are listed in Table 3-6.

PARSONS/ANCHOR QEA LLC 3-14 FINAL REPORT
March 2011



CREMSs Phase 3
Inks Lake, Lake LBJ, Lake Marble Falls Watershed Model

Table 3-6 Lake LBJ Watershed Water Quality Calibration Stations

Station Proximal ApDproximate Approximate
Station Description USGS Station PP Number of
ID POR
Name Days Sampled
Sandy Creek
12214 Sandy Creek at SH 71 South of near 1984-2008 299
Kingsland -
Kingsland
Llano River 0.4 miles Llano River
12386 downstream from bridge on SH 1984-2008 167
near Llano
16 at Llano
Llano River 1.5 miles
17470 downstream of US 87 and 0.45 Llano River 1999-2008 36
miles downstream of the near Mason
confluence of Beaver Creek
17471 Llano River at Hydromet station Llano R|v§r 1999-2008 36
east of Junction near Junction

Daily loads for each of the constituents were estimated for each of the four locations using
the average, continuous daily flow data and the LOADEST rating curve predictions
(Figure 3-15a—d). Table 3-7 presents the standard errors associated with the rating curve
predictions for each station and constituent. These values are calculated in LOADEST and are
provided in the LOADEST output file.

Table 3-7 Uncertainty Associated with Lake LBJ Watershed Rating Curve

Predictions
Station Parameter M(ekz;r} dLa(;/z)id Sta?l?ga/:jda;rror
TSS 17,756 2,597
OrgN 165 22
OrgP 30 3.8
Sandy Creek (12214) NO, 22 1.8
NH,4 4 0.4
PO, 4 0.5
TP 32 4.1
TSS 42,133 14,455
OrgN 596 121
OrgP 119 46
Hgg‘;g)ear Liano NO, 2,334 1,190
NH,4 50 11
PO, 19 5.9
TP 94 25
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Station Parameter M&Z%&ggd Star(]l?ga/:jdas)”or
TSS 37,282 28,539
OrgN 226 79
OrgP 35 0.8
|(_1|a71r41f<;61)ear Mason NO, 6,115 7,537
NH, 18 3.0
PO, - -
TP 41 0.6
TSS 15,565 12,965
OrgN 363 267
OrgP 16 8.5
|(1Ia;2<;1r1)ear Junction NO, 3,527 2,000
NH, 11 1.6
PO, - -
TP 19 9.0
Note:

kg/day = kilograms per day

The water quality stations 12386 and 12214 were not co-located with flow gages but were
near enough (within 1 mile) that flow proration was not required for generating LOADEST
rating curves. A sufficient amount of PO4 data for the LOADEST program to calculate a rating
curve were only available near the Llano River near Llano and Sandy Creek near Kingsland
stations.

3.2.2.4 Water Quality Calibration Approach

The sediment and nutrient load calibrations proceeded in much the same fashion as the
hydrology calibration in that the karst area parameters were calibrated first followed by the
crystalline rock area parameters. Table 3-8 lists the model parameters that were adjusted to
calibrate the sediment and nutrient loads in SWAT. The parameter SLSUBBSN, which is the
slope length for sheet flow, was adjusted during the sediment calibration process. Adjusting
SLSUBBSN also affected the watershed hydrology but not to a degree that required hydrology
recalibration. Mineralized P model output was used for PO, calibration because the majority of
mineralized phosphorus is in the form of PO4; NO3;+NO, model output was used for NOy
calibration; and the appropriate model species output were added together for TN (OrgN, NO,
and NHy) and TP (OrgP and PO,) calibrations. OrgP, OrgN, and NHy are directly output from
the model.
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Table 3-8 Lake LBJ SWAT Water Quality Calibration Parameters
. . Location . .
Gl sl Parameter Units Description in SWAT Gl sl Lzl
Type Value Value
Input
Sediment re-
SPEXP - entrainment basins.bsn 1.5 1
exponent
Sub-basin
ADJ_PKR -- peak rate basins.bsn 1 1
factor
PRF .| Channelpeak |\ oqins bsn 0.6 1
rate factor
Land cover 0.001 for
Sediment* USLE C -- factor crop.dat RNGB, RNGE 0.003
Biomass 0.1 for RNGB, | 0.9, 0.9,
HVSTI - harvestloss | C©°P-93l | RNGE,FRSE | 076
. Soils TX151
LAT SED | mg/ %SCharge TSS | wh |andTX327=5, | 0
oncentration —
Rest=10
SLSUBBSN m Slope length “hru | SLSUBBSN'3 | -
for sheet flow
. Soil erodibility ok 0.1 for RNGB,
USLE K Special factor .sol FRSE 0.1-0.37
ISUBWQ .| Subbasinwater | s bsn 0 0
quality code
In-stream
waQ -- water quality basins.bsn 0 0
code
Humus
CMN - mineralization basins.bsn 0.0004 0.0003
factor
Nutrients Denitrification
CDN kg/ha exponential basins.bsn 0.15 1.4
rate coefficient
Denitrification
SDNCO - threshold water | basins.bsn 0.6 1.10
content
Phosphorus
PSP -- availability basins.bsn 0.69 0.4
index

Notes:

All parameter changes were made for the entire watershed.

DP - Dissolved phosphorus
"** indicates that the value is variable by HRU and was therefore increased or decreased by a percent or constant

value.
"**' represents the variable sub-watershed or HRU number contained in input file name.
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SWAT allows for instream transformations and kinetics of algae growth, nitrogen and
phosphorus cycling, CBOD, and DO to be performed on the basis of routines developed for the
QUAL2E model (Brown and Barnwell 1987). This function can be turned on or off. Both
options were tested, and turning off the instream processes provided the most appropriate
model results for nearly all of the key parameters. In doing so, NHs is not modeled
appropriately, and therefore model results for this parameter should not be used. As both
modeled and real-world NH4 levels are relatively small, the impact of NHy4 on the system is
inconsequential.

3.2.2.5 Watershed Operations

As part of the constituent load calibration, watershed operations were added to the model
in order to address land uses that can significantly impact watershed nutrient loads. Based on
conversations with Dr. Raghavan Srinivasan, a professor at TAMU and one of the developers
of ArcSWAT, appropriate grazing operations were added to grasslands of 0-10 slope (heat units
= 0.45, consecutive grazing days = 180, consumed biomass = 5 (kg/ha)/day, and dry weight of
daily deposited manure = 2 (kg/ha)/day) (Srinivasan 2009).

3.2.3 Lake LBJ SWAT Model Results

3.2.3.1 Hydrology Calibration Results

Figures 3-16a-d show the temporal average daily flow calibration results, Figures 3-17a-d
show the average monthly flow calibration results, Figures 3-18a-d show the average annual
flow calibration results, and Figure 3-19 shows crossplots of the average monthly flow
calibration results for the primary Lake LBJ watershed calibration gages. The calibration was
based on the average monthly values. The model performed well based on the graphical and
statistical calibration metrics, particularly at the Llano River near Llano gage, whose drainage
area accounts for 84% of the Lake LBJ watershed area. The Sandy Creek watershed hydrology
calibration provided a good fit to the data, as well, but the model tended to over-predict lower
flows. This minor shortcoming of the model hydrology is of little consequence considering
how little of the total flow volume these low flows represent and most sediment and nutrient
transport to the lake does not occur during low flow.

Table 3-9 includes statistical descriptors of the monthly hydrologic calibration for the
primary calibration locations (NS, R?, and volume percent difference). The model performance
is good based on the NS values ranging from 0.63 to 0.84 for the primary calibration stations.
A percent difference comparison of the sum of the measured flow volumes to the sum of the
simulated flow volumes also indicates the hydrology of the model is performing well with
differences at the calibration stations ranging from 14% at the Sandy Creek gage to 13% at the
Llano River near Mason gage.
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Table 3-9

Lake LBJ SWAT Monthly Hydrologic Calibration Metrics for Primary
Calibration Locations

Contributing
Areato Period of volume Average Average
Station Number Total Lake Record Monthly | Monthly Percent Measured | Simulated
and Name LBJ Used in NS R? Différence Monthly Monthly
Watershed | Calibration Flow (cfs) | Flow (cfs)
Area (%)
08151500 - 1984-
Llano River 84 0.82 0.83 -0.4 424 422
2009
near Llano
08150700 - 1984-
Llano River 70 0.84 0.85 13 311 350
2009
near Mason
08150000 - 1984-
Llano River 37 0.82 0.83 -7 217 202
. 2009
near Junction
08152000 - 1984-
Sandy Creek 7 0.63 0.68 -14 72 61
: 2009
near Kingsland

Table 3-10 includes statistical descriptors of the monthly hydrologic calibration at the
Traditionally, modeling small sub-watersheds is
difficult when model adjustments are made at a basin-wide scale (Benaman et al. 2005). In this
case, parameters were varied across the basin to fit the measured data at the primary stations,
which have relatively large contributing areas. Consequently, the performance of the model at
these secondary stations is not as consistently good as at the primary calibration stations.

secondary, smaller tributary locations.

Table 3-10  Lake LBJ SWAT Monthly Hydrologic Calibration Metrics for Secondary
Calibration Locations
Contributing
Station AUEEE e 2 YU I\/IAeVaeerrgeed s/?rﬁﬁ?:d
Station Name Source POR Lake LBJ NS R Percent
N5 Watershed Difference LAt LoDy
Area (%) Flow (cfs) | Flow (cfs)
North Llano 2001-
River near 08148500 USGS 18 0.88 | 0.92 46 46 67
. 2009
Junction
Beaver Creek 1980-
near Mason 08150800 USGS 2009 4 0.49 | 0.58 97 21 41
James River 1999-
near Mason 2399 Hydromet 2009 7 0.27 | 0.51 212 22 68
Sandy Creek 2001-
near Click 2878 Hydromet | 545 6 0.43 | 047 53 58
Johnson Fork 2000-
near Junction 2313 Hydromet 2009 6 -0.55 | 0.52 -12 41 35
Hickory Creek 2000-
near Castell 2498 Hydromet 2009 3 -0.11 | 0.27 18 24 28
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Gl latitng) Average Average
q Area to Total Volume .
Station Name S Source POR Lake LBJ NS R? Percent Measured | Simulated
Number ; Monthly Monthly
Watershed Difference Flow (cfs) | Flow (cfs)
Area (%)
Sandy Creek 1996-
near Willow City 2851 Hydromet 2009 3 -1.53 | 0.38 -43 38 22
San Fernando 1999-
Creek near 2616 Hydromet 3 -1.38 | 0.64 -58 29 12
2009
Llano
Willow Creek 1999-
near Mason 2443 Hydromet 2009 1 0.67 | 0.71 32 5 6
Little Llano 1999-
River near 2669 Hydromet 1 0.21 | 0.53 -36 7 5
2009
Llano
Comanche 2000-
Creek near 2424 Hydromet 1 0.36 | 0.59 -27 8 7
2009
Mason
Honey Creek 2002-
near Kingsland 2694 Hydromet 2009 1 -19.9 | 0.05 -62 10 4
Walnut Creek 2001-
near Kingsland 2897 Hydromet 2009 <1 -1.59 | 0.05 -8 8 7

The Lake LBJ watershed SWAT hydrology calibration results compare to other SWAT

applications, including the recent application of SWAT to the Lake Travis watershed (Anchor
QEA and Parsons 2009), which reported NS values of 0.47 and 0.82. In a Northeastern study,
Cho et al. (1995) reported monthly NS values ranging from 0.57 to 0.83 for a small forested
watershed in the Delaware River basin. A previous study in the Trinity River watershed in
Texas (Srinivasan et al. 1998) obtained monthly NS values of 0.87 and 0.84. A more recent
modeling effort completed in the Bosque River watershed in Texas obtained flow volume
monthly NS values of 0.80 and 0.89 for two sub-watersheds of 926 and 2997 km®, respectively
(Santhi et al. 2001). Also, a second Texas effort in the West Fork watershed of the Trinity
River basin obtained NS values of 0.12 and 0.72 for two USGS flow stations in a 4552 km’
watershed (Santhi et al. 2006). A recent review of many SWAT applications throughout the
world, including many in Texas, show monthly NS values ranging from 0.3 to above 0.95
(Gassman et al. 2007). The Santhi et al. (2001) study assumed an “acceptable calibration” for
hydrology as a monthly NS greater than 0.6. The NS values for Lake LBJ watershed primary
calibration stations were all greater than 0.6 and, therefore, based on these NS values and the
other calibration metrics, the hydrology calibration was deemed acceptable.

3.2.3.2 Sediment Calibration Results

Figure 3-20 shows crossplots of monthly average sediment load calibration results for the
Lake LBJ watershed, and Table 3-11 includes statistical descriptors of the monthly sediment
load calibration. The calibration was based on the average monthly values.

PARSONS/ANCHOR QEA LLC 3-20 FINAL REPORT

March 2011



CREMSs Phase 3
Inks Lake, Lake LBJ, Lake Marble Falls Watershed Model

Table 3-11  Lake LBJ SWAT Monthly Sediment (TSS) Calibration Metrics

Contributing AR Average
LOADEST .
Station Area to Total Mass Monthl Simulated
Station Name Number Lake LBJ NS R? Percent Loady Monthly
Watershed Difference . Load (metric
Area (%) (e tons/day)
tons/day)
Llano River 12386 84 0.73 | 0.83 29 42 55
near Llano
Llano River 17470 70 0.71 | 0.75 23 40 50
near Mason
Llano River 17471 37 0.85 | 0.86 9 18 16
near Junction
Sandy Creek | 41554, 7 0.83 | 0.83 -4 28 26
near Kingsland

NS values for TSS range from 0.71 to 0.85, and the model comes within a factor of 2 of
the observed TSS, which is considered good performance for this constituent in watershed
modeling (Benaman et al. 2005). The Lake LBJ SWAT model produces percent differences for
TSS ranging from -9% to 29%. Santhiet al. (2001) considered SWAT’s simulations of
sediment loading acceptable with percent differences of -16% and -20%. Srinivasan et al.
(1998) also performed a sediment calibration in Texas and came within 2% of the measured
annual sediment loads. Although the review of 37 different SWAT applications across many
different basins does not report percent differences in their summary, they indicate NS values
that are negative up to above 0.8 (Gassman et al. 2007). Gassman et al. (2007) and Benaman et
al. (2005) also document weaknesses in sediment erosion and transport simulation that make it
difficult to simulate sediments in SWAT. The NS values for the Lake LBJ watershed
calibration stations are good given the uncertainty in the TSS calibration record estimated by
LOADEST.

3.2.3.3 Nutrient Calibration Results

Figures 3-21a-g shows crossplots of monthly average nutrient load calibration results for
Lake LBJ and Table 3-12 includes statistical descriptors (NS, R? and mass percent difference)
of the monthly nutrient load calibration. The calibration was based on the average monthly
values. Sufficient PO, calibration data for running LOADEST were only available at the Llano
River near Llano and Sandy Creek stations. As the model is run with the kinetics off, NHy is
not modeled appropriately, and therefore results are not provided here.
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Table 3-12  Lake LBJ SWAT Monthly Nutrient Calibration Metrics
Contributing Average Average
. . Area to Total Mass LOADEST | Simulated
Parameter Sl\tlz;]lqoen I\?aiilt?gr Lake LBJ NS R? Percent Monthly Monthly
Watershed Difference Load Load
Area (%) (kg/day) (kg/day)
Llano River
near Llano 12386 84 0.17 0.54 -34 120.90 80
Llano River 17470 70 0.14 0.20 97 34.10 68
near Mason : : :
OrgP Llano River
near Junction 17471 37 0.61 0.62 15 19.00 22
Sandy Creek
near 12214 7 0.14 0.66 -24 46.30 33
Kingsland
Liano River 12386 84 0.77 0.81 35 19.10 26
near Llano : : :
Llano River
near Mason 17470 70 - - - - -
PO, Llano River
near Junction 17471 37 - - - - -
Sandy Creek
near 12214 7 0.65 0.86 -39 6.00 4
Kingsland
Llano River 12386 84 0.58 0.62 11 95.30 106
near Llano : : :
Llano River 17470 70 0.17 0.28 128 40.3 93
near Mason : : :
" Llano River 17471 37 0.69 0.78 72 23 39
near Junction ’ ’
Sandy Creek
near 12214 7 0.1 0.70 -22 50 37
Kingsland
Llano River 12386 84 0.51 0.54 -5 608 581
near Llano : :
Llano River
near Mason 17470 70 0.43 0.47 56 260 406
OrgN Llano River
near Junction 17471 37 -16 0.52 -62 412 155
Sandy Creek
near 12214 7 0.67 0.69 2 248 240
Kingsland
Llano River
near Llano 12386 84 -165 0.23 -78 2315 507
NOy T R
ano River
near Mason 17470 70 -2792 0.19 -92 6474 502
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Contributing Average Average
. . Areato Total Mass LOADEST | Simulated
Parameter Sl\tlz;]lqoen I\?a?#ggr Lake LBJ NS R? Percent Monthly Monthly
Watershed Difference Load Load
Area (%) (kg/day) (kg/day)

Llano River
near Junction 17471 37 -2323 0.2 -92 3945 314
Sandy Creek
near 12214 7 0.02 0.53 19 33 38
Kingsland
Llano River
near Llano 12386 84 0.64 0.65 7 1019 1094
Llano River
near Mason 17470 70 -1.22 0.45 -2 935 915

L Llano River
near Junction 17471 37 -110 0.45 -73 1791 477
Sandy Creek
near 12214 7 0.57 0.70 -6 312 278
Kingsland

Notes:

LOADEST uncertainty is illustrated by average monthly LOADEST TP values that are less than the sum of the
average monthly LOADEST PO, + OrgP values.

For the nutrient series, the model fits are fair. Generally, the model tends to overestimate
nutrient loads and phosphorus series calibration results are more reliable than nitrogen series
calibration results. The model performs particularly well predicting TP, TN, and PO, for the
Llano River near Llano (within a factor of 2 and NS values of 0.58, 0.64, and 0.77,
respectively). POy is the phosphorus available for algae growth and can be considered one of
the most critical to calibrate (Anchor QEA and Parsons 2009). Additionally, the Lake LBJ
watershed model at the Llano River near Llano station outperformed the Lake Travis watershed
model for PO4, TP, NHy4, and NOy, but did not perform as well for OrgP or OrgN (Table 3-13).

PARSONS/ANCHOR QEA LLC

3-23

FINAL REPORT
March 2011




CREMSs Phase 3
Inks Lake, Lake LBJ, Lake Marble Falls Watershed Model

Table 3-13  Comparison of Lake LBJ (Llano near Llano) and Lake Travis SWAT
Monthly Nutrient Calibration Metrics

Lake LBJ Lake Travis®

OrgP 0.17 -34 0.31 -18.40
PO, 0.77 35 0.53 -44.60

TP 0.58 11 0.35 2.80
OrgN 0.5 -5 0.06 -69.00
NO, -165 -78 -20.17 640.00

TN 0.64 7 NA NA

Notes:

2 As reported in the CREMs 2 Final Modeling Report (Anchor QEA and Parsons 2009)

Modeling the nutrient series in SWAT is challenging. Gassman et al. (2007) summarized
SWAT model performance in nutrient simulations for various studies and found that SWAT
performed “acceptably” to “poorly” in general. LOADEST rating curve uncertainties, which
are illustrated by average monthly LOADEST TP values that are less than the sum of the
average monthly LOADEST PO, + OrgP values, are propagated to the SWAT model
calibration.  Adjustment of multiple parameters that describe both land-side processes
(including erosion and plant uptake) and instream kinetic processes are required. Little site-
specific data are available to guide the modeler as to which parameters should be adjusted and,
consequently, literature values and professional judgment are used to guide the calibration.
Despite these limitations, the nutrient calibration of the Lake LBJ SWAT model, when
compared to other nutrient calibration efforts, is considered acceptable. Santhi et al. (2001) and
Santhi et al. (2006) show percent differences for the phosphorus series of -18% and -3% for
orthophosphate, on average. Santhi et al. (2001) also reported a 7% over-prediction in organic
phosphorus. In both studies, the mineral nitrogen (i.e., ammonia plus nitrite+nitrate) was over-
predicted by about 45%. Another study in upstate New York showed phosphorus percent
differences of about 6 to 41% (Tolson and Shoemaker 2007).

3.3 Lake Marble Falls Watershed

3.3.1 Lake Marble Falls Watershed Spatial Domain

The spatial extent of the Lake Marble Falls SWAT model is the drainage basin of the
Colorado River from Alvin Wirtz Dam to Max Starcke Dam (Figure 3-22). Lake Marble Falls
is a run-of-river reservoir impounded between these two dams. The Lake Marble Falls capacity
volume is approximately 7,486 acre-feet at 738 ft above mean sea level with a capacity area of
approximately 608 acres (TWDB 2007b). The SWAT model was only required to simulate the
watershed of Lake Marble Falls that either drains directly to the lake or drains to one of the
tributaries of the lake because observed data taken at Wirtz Dam served as the upstream input
to the Lake Marble Falls CE-QUAL-W2 model. The modeled watershed is approximately
50,400 acres.
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3.3.1.1 Geology

Geological features in the Lake Marble Falls watershed directly and indirectly impact
watershed hydrology and constituent loading. The Llano Uplift underlies approximately 99%
of the Lake Marble Falls watershed. Fracture systems in these crystalline rocks influence
groundwater recharge and discharge patterns by providing preferential groundwater flow paths
and, therefore, directly affect runoff and baseflow (Mace et al. 2004). The southern tip of the
Lake Marble Falls watershed is underlain by karstified Cretaceous limestone. The karst area
accounts for only 1% of the total watershed area.

The geology of the Lake Marble Falls watershed also indirectly impacts watershed
hydrology and constituent loading in that soil formation, type, and distribution, which directly
impact watershed hydrology and constituent loads, are uniquely derived from the parent rocks.
Also, soil type and climate determine the vegetative cover of a region. Vegetative cover, in
turn, directly impacts watershed hydrology and constituent loads.

3.3.1.2 Climate

The Lake Marble Falls watershed is in a semi-arid environment. Average annual
precipitation is approximately 30 to 32 inches (TWDB 1998). Rainfall in the region generally
occurs as intense convective or frontal thunderstorms followed by extended dry periods
(Asquith et al. 2006). These thunderstorms result in ‘flashy’ hydrographs including many
ephemeral streams that only flow in response to storm events (Asquith et al. 2006).

Precipitation data were available for input to the Lake Marble Falls SWAT model from
three nearby meteorological stations (two NCDC stations and one TAMU station) and
temperature data were available from two TAMU stations (Table 3-14, Figure 3-23).

Table 3-14  Meteorological Stations Used for the Lake Marble Falls SWAT Model

Station 1D Station Name Source Data Types
414605 Johnson City TAMU T
Round MTN
417787 AWNW NCDC P
418531 Spicewood NCDC P
411250 Burnet TAMU P, T

Notes: P = precipitation, T = temperature

3.3.1.3 Topography

The Lake Marble Falls watershed features rolling hills, which are the result of the variable
erodibility of Llano Uplift formations (Figure 3-24).
3.3.1.4 Soils

Soil formation, type, and distribution are directly related to parent rock type (Figure 3-25).
Soil types cross-cut topography in the Llano Uplift area due to the inherent heterogeneity of
crystalline rock formations.
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3.3.1.5 Land Cover

The Lake Marble Falls watershed is predominately rural. About 50% of the watershed
land cover is range brush and grassland and about 38% is forested (evergreen and deciduous)
(Figure 3-26, Table 3-15). There is significant development in and around the city of Marble
Falls, which makes up about 9% of the watershed.

Table 3-15  Lake Marble Falls Watershed Land Cover

Name Code Area (acre) 5&%?2:18; -I:rtezl
Open Water WATR 690 14
Developed, Open Space URLD 2693 5.3
Developed, Low Intensity URMD 1142 2.3
Developed, Medium Intensity URHD 412 0.8
Developed, High Intensity uiDU 285 0.6
Barren Land SWRN 14 0.03
Deciduous Forest FRSD 7015 14.0
Evergreen Forest FRSE 12271 24.3
Scrub/Shrub RNGB 15053 30.0
Grassland/Herbaceous RNGE 10427 20.7
Pasture/Hay HAY 121 0.2
Cultivated Crops AGRR 65 0.1
Wood Wetlands WETF 250 0.5
Emergent Herbaceous Wetland WETN 2 0.005

3.3.1.6 Watershed Ordinance

Approximately 90% of the Lake Marble Falls watershed is covered by the HLWO (Figure
3-27). The HLWO controls storm water runoff and enforces erosion controls to reduce
pollution to the Highland Lakes (LCRA 2006). Changes to HLWO regulations may be
considered in the future and, therefore, model scenario runs that address alternative watershed
conditions can accommodate these changes.

3.3.1.7 Point Sources

There are no active permitted domestic discharges in the Lake Marble Falls watershed.

3.3.1.8 Sub-watershed Delineation

The Lake Marble Falls sub-watershed delineation accounted for the location of one
calibration station, which had limited data (Backbone Creek), the HLWO, and the Lake Marble
Falls lake model segmentation. An attempt was made to locate pour points so that the majority
of a defined sub-watershed area was either contained within or outside of the HLWO. As a
result, specific sub-watersheds can be targeted in future scenario simulations that may involve
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changes to the HLWO. Also, pour points were added in order to facilitate the spatial linkage
between output from the watershed model and input to the lake model (Figure 3-28). Finally,
additional pour points were added, as needed, in order to break larger sub-watersheds into more
manageable parcels. The sub-watershed delineation resulted in 35 sub-watersheds (Figure 3-
29), and the intersection of the slope, land cover, and soil type resulted in 991 HRUs.

3.3.1.9 Lake Marble Falls SWAT Model Calibration

Due to the small watershed size and absence of water quality stations in the Lake Marble
Falls watershed, calibrated parameters from the Lake LBJ watershed model were used for the
sediment and nutrient loading calibration of the Lake Marble Falls SWAT model. As with the
LBJ model, all three calibration steps, unless noted otherwise, followed a ‘lumped’ approach.
In other words, identical flow and water quality calibration parameters were applied to identical
HRU s (i.e., areas of the same soil type, land cover, and slope) regardless of the sub-watershed
in which they were located.

3.3.1.10 Hydrology Calibration Data

Flow data from Backbone Creek Hydromet gage were available for the Lake Marble Falls
watershed model hydrology calibration. The gage had limited data from 1998 through 2008
(Figure 3-29, Table 3-16).

Table 3-16  Lake Marble Falls Watershed Hydrologic Calibration Stations
Contributing Average
_ SWAT Sub- Areato Total | POR during Monthly
" Station Lake Marble Model
Station Name Source watershed . . Flow
Number Falls Simulation
Number . Rate
Watershed Period (cfs)
Area (%)
Backbone Creek 2992 Hydromet 7 40 1998 - 2008 8

3.3.1.11 Hydrology Calibration Approach

Because data for calibration in the Lake Marble Falls watershed were limited, calibrated
hydrologic parameters determined for the Lake LBJ SWAT model were directly applied to the
Lake Marble Falls SWAT model within the soil types and land uses that were applicable to the
Lake Marble Falls basin. Slight modifications were made to the LBJ calibrated parameters to
better fit the data available at the Backbone Creek gage. Table 3-17 lists the model parameters
that were adjusted to calibrate the Lake Marble Falls watershed hydrology in SWAT. The table
briefly describes each parameter, indicates the location in the SWAT input, and provides both
the default and calibrated values. The following parameters were modified from the original
LBJ calibration for Lake Marble Falls: CN2, RCHRG DP and CH _K2. These values were
derived through iterative runs of the model while implementing small changes in this suite of
model parameters based on both graphical and statistical evaluations of the model’s agreement
with measured data. Results from the valuations are presented below in Section 3.3.2
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Table 3-17  Lake Marble Falls SWAT Hydrologic Calibration Parameters

Location | g, | calibrated | SWAT
Parameter Units Description in SWAT X Default
basin Value
Input Value
SCS Curve * *00
CN2 - Number .mgt All 90% -
Percent of
RCHRG_DP - infiltrated water | g\ Al 60% 5
lost to a regional
aquifer
ALPHA_BF day Baseflow * gw Al 0.1 1
recession constant
Soil Available
SOL_AWC mmH2Q/ Water Content for *.sol All +0.04 --
mmSoil
Plant Uptake
Saturated
SOL_K mm/hr hydraulic *.sol All -75% --
conductivity
ESCO -- Evap Coefficient *.hru All 0.5 1
EPCO -- Uptake Coefficient *.hru All 0.7 1
Effective river
CH_K2 mm/hr channel hydraulic *.rte All 0.5 0
conductivity

Notes:

'--" indicates that the value varies by HRU and was therefore increased or decreased by a percent or constant
value

"*' represents variable sub-watershed or HRU number contained in input file name

Calibration parameters for open water land cover areas in .mgt, .sol, and .hru files were not changed from default
values

3.3.1.12 Water Quality Calibration Data

There are no water quality stations within the Lake Marble Falls watershed.

3.3.1.13 Water Quality Calibration Approach

Due to the lack of water quality stations within the modeled Lake Marble Falls watershed,
Lake LBJ watershed sediment and nutrient load calibration parameter values were directly
applied to the Lake Marble Falls SWAT model, with one exception discussed below. Table 3-8
(in the LBJ section) identifies the model parameters that were adjusted to calibrate the sediment
and nutrient loads in SWAT, except for the sediment parameters ADJ PKR, PRF, and SPCON.
These three parameters were adjusted to achieve a reasonable long term average TSS
concentration (approximately 60 mg/L) based on professional judgment.
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Table 3-18  Lake Marble Falls SWAT Water Quality Calibration Parameters

Location Sub- Calibrated SWAT
Parameter Units Description in SWAT X Default

basin Value
Input Value

Peak rate
adjustment factor
for sediment
ADJ_PKR -- routing in the *.bsn All 0.5 1.0
subbasin
(tributary
channels)

Peak rate
adjustment factor
PRF - for sediment *.bsn All 0.5 1.0
routing in main

channel

Linear parameter
for calculating the
maximum
SPCON kg/L amount of * bsn Al 0.00008 0.0001

sediment that can
be reentrained
during channel
sediment routing

3.3.1.14 Watershed Operations

As part of the constituent load calibration, watershed operations were added to the model
in order to address land uses that can significantly impact watershed nutrient loads. Based on
conversations with Dr. Srinivasan, one of the developers of ArcSWAT, appropriate grazing
operations were added to grasslands of 0-10 slope (heat units = 0.45, consecutive grazing days
= 180, consumed biomass = 5 (kg/ha)/day, and dry weight of daily deposited manure =
2 (kg/ha)/day) (Srinivasan 2009).

3.3.2 Lake Marble Falls SWAT Model Results

3.3.2.1 Hydrology Calibration Results

Figures 3-30 to 3-32 show the temporal daily, monthly, and annual average flow
calibration for Backbone Creek (Reach 7). A satisfactory calibration was difficult to
accomplish due to the low flows at this gage. In general, the model is biased high at low flows
(less than 0.1 cfs) but reproduces higher flows well. Because high flows carry constituents to
the lake, the calibration was focused on the model performance at flows greater than 0.1 cfs.
Table 3-19 lists statistical descriptors of the monthly hydrologic calibration for Backbone
Creek for flows greater than 0.1 cfs.
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Table 3-19  Lake Marble Falls SWAT Hydrologic Calibration Metrics for Backbone
Creek
Contributing
Measured Modeled Areato Total Volume
Station POR Average Average Lake Marble | Monthly | Monthly [ ——
Name Monthly Monthly Falls NS R’ Difference
Flow (cfs) Flow (cfs) Watershed
Area (%)
Backbone
Creek 1998
(Calibration - 9.39 10.33 40 0.06 0.5 1.34
metrics are for 2008
flows greater
than 0.1 cfs.)
Backbone 1998-
Creek (Al 2008 7.69 8.22 40 -0.34 0.52 7.03
flows)
Notes:

Calibration metrics are for flows greater than 0.1 cfs.

3.3.2.2 Water Quality Calibration Results

No sediment or nutrient calibration results are available due to the lack of water quality
data in the Lake Marble Falls watershed. A summary for the full simulation periods of the
average daily flows and average daily loads for sediment, TP, PO4, and TN at the Backbone
Creek gage are provided in Table 3-20.

Table 3-20 Lake Marble Falls SWAT Water Quality Calibration Metrics for Backbone
Creek
Modeled Modeled Modeled Modeled
: 3 Modeled . )
Simulation Daily Daily Daily Daily Daily
Station Name ] Average Average Average Average
Period . Average TP
Flow Sediment Load (kg/d) PO, Load | TN Load
(cfs) Load (kg/d) 9 (kg/d) (kg/d)
Backbone
Creek (Al Flows) 1984-2008 8.12 1,190 1.20 0.21 10.74

3.4 Inks Lake Watershed

3.4.1 Inks Lake Watershed Spatial Domain

The spatial extent of the Inks Lake SWAT model is the drainage basin of the Colorado
River from Buchanan Dam upstream to Roy Inks Dam (Figure 3-33). Inks Lake is a run-of-
river reservoir impounded between these two dams. There are no floodgates on Inks Dam so
the bulk of the floodwater passes over an uncontrolled spillway, although a small amount of
water is released through turbines for hydroelectric power generation (TWDB 2007a). The
surface area of Inks Lake at full elevation (888.22 ft NGVD 29) is approximately 837 acres and
its corresponding volume is close to 15,000 acre-ft (LCRA 2009). The upstream input to the
Inks Lake CE-QUAL-W2 model was derived from observed data taken at Buchanan Dam,;

3-30 FINAL REPORT

March 2011

PARSONS/ANCHOR QEA LLC




CREMSs Phase 3
Inks Lake, Lake LBJ, Lake Marble Falls Watershed Model

therefore, the SWAT model is only required to simulate the watershed of Inks Lake that either
drains directly to the lake or drains to one of its tributaries.

The watershed draining to Inks Lake is about 24,600 acres (approximately100 km?®) and is
located mainly in Burnet County (94% of the total area). The remaining 6% of the watershed is
located in Llano County. The bulk of the modeled watershed comprises the Spring Creek and
Clear Creek watersheds, with both tributaries entering Inks Lake from the northeast (see Figure
3-33). The Spring Creek watershed is 46% of the total Inks Lake watershed area, the Clear
Creek watershed is 31%, and the remaining 23% of the watershed area drains either through
small tributaries or directly into Inks Lake.

3.4.1.1 Geology

Sixty-four percent of the Inks Lake watershed is underlain by Precambrian igneous and
sedimentary rocks of the Llano Uplift (Figure 3-34). Fracture systems in these rocks influence
groundwater recharge and discharge patterns by providing preferential groundwater flow paths
and, therefore, directly affect runoff and baseflow. Carbonate-platform (limestone and
dolomite) sediments from the Cambrian and Ordovician periods underlay the uppermost and
southeast portions of the watershed (approximately 25% of the total watershed) as shown in
Figure 3-34.

3.4.1.2 Climate

The Inks Lake watershed is in a semi-arid environment. Average annual precipitation
ranges from approximately 28 inches in the western reaches of the watershed to approximately
32 inches in the east (TWDB 1998) (Figure 3-35). Precipitation data from two proximal
meteorological towers (one NCDC station and one TAMU station) were input to the Inks Lake
SWAT model. Temperature data were available from TAMU station 411250 at Burnet
(Table 3-21). These time-series precipitation data were imported into the SWAT model along
with the station coordinates and SWAT subsequently assigned the precipitation to the various
subbasins using the nearest station (Neitsch et al. 2005).

Table 3-21  Meteorological Stations used for the Inks Lake SWAT Model

Station 1D Station Name Source County DEiz
Types

419099 Tow NCDC Llano P
411250 Burnet TAMU Burnet P, T

Notes: P = precipitation; T = temperature

3.4.1.3 Topography

Ground elevations on the watershed range from 251 to 489 m above mean sea level (Figure
3-36). The Inks Lake watershed features gently sloping to steep uplands with most of the area
exhibiting moderately steep (rolling) hills. Slopes vary from 1% to more than 60%, with about
80% of the watershed exhibiting slopes lower than 10%.
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3.4.1.4 Soil

Soil formation, type, and distribution are directly related to parent rock type. The
distribution of soil types within the Inks Lake watershed is shown in Figure 3-37. Most of the
watershed is underlain by Keese series soil, which is shallow, well-drained, moderately
permeable, and formed in weathered granite or gneiss (NRCS 2009). A summary of soil
distribution is provided in Table 3-22.

Table 3-22  Soil Distribution within the Inks Lake Watershed

Soil Series | gl Group | ATe3(a01) | (I O Ares
Brackett X071 1,066 4
ccoce TX089 14,696 60
TX592 959 4
Eckert TX151 209 1
Hensley X227 4,424 18
Nebgen TX360 2,441 10
i TXW 805 3

3.4.15 Land Cover

The Inks Lake watershed is predominately rural. About 50 percent of the watershed land
cover is forest and 42 percent is shrub and grass (Figure 3-38, Table 3-23). Less than 6% of the
watershed is developed and most of the developed area is open space. The medium and high
intensity residential areas are in the vicinity of the lake. Development around the lake is of
importance because runoff from direct drainage sub-watersheds can deliver urban pollution
directly to the lake.

Table 3-23 Inks Lake Watershed Land Cover

e Code | (Gore) | Watershed Area
Water WATR 833 3
Developed, Open Space URLD 1,134 5
Developed, Low Density URLD 80 0.3
Developed, Medium Density URMD 28 0.1
Developed, High Density URHD 6 <0.1
Deciduous Forest FRSD 2,933 12
Evergreen Forest FRSE 9,360 38
Shrubland RNGB 7,510 31
Grassland/Herbaceous RNGE 2,707 11
Woody Wetlands WETF 9 <0.1
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3.4.1.6 Watershed Ordinance

Most of the Inks Lake watershed is in Region C of the HLWO with a small area in Region
A (Figure 3-39). The HLWO controls storm water runoff and enforces erosion controls to
reduce pollution to the Highland Lakes (LCRA 2006).

3.4.1.7 Point Sources

Three permitted point sources are located in the Inks Lake watershed (Figure 3-40). One
of the point sources is on a direct drainage sub-watershed, while the remaining two are on
tributary reaches. Permitted discharge flow rates range from 0.006 to 0.05 MGD. However,
they are all land application permits (i.e., no direct discharge). Thus, the outfalls were included
in the SWAT model with flows and concentrations equal to zero.

3.4.1.8 Sub-watershed Delineation

Figure 3-41 shows the subwatersheds into which the Inks Lake watershed was divided.
These subwatersheds were derived from the available digital elevation models of the area along
with the USGS National Hydrography Dataset that provided information of the stream network
required by SWAT. The Inks Lake sub-watershed delineation accounted for the Inks Lake
model segmentation. Pour points were added in order to intersect the output from the
watershed model to the segmented input of the lake model (Figure 3-41). Finally, additional
pour points were added, as needed, to break larger subwatersheds into more manageable
parcels. The subwatershed delineation resulted in 47 subwatersheds and the intersection of the
slope, land cover, and soil type resulted in 1,085 HRUs. The average HRU area was
approximately 23 acres.

3.4.2 Inks Lake SWAT Model Results

Due to the lack of gage stations and water quality data on the Inks Lake watershed, it was
not possible to complete a calibration. Rather, the calibrated parameters for the Sandy Creek
subwatershed of the LBJ watershed model were used. This was done due to the similarity of
the geology and soil of the Sandy Creek subwatershed (basin 63) to the Inks Lake watershed.
A summary of the parameters and values used for the base scenario run is presented in
Table 3-24.

Table 3-24  Parameters Changed for Base Run of the Inks Lake SWAT Model (same as
calibration parameters for basin 63 of the LBJ SWAT model)

. . Location SWAT
Cellloiett el Parameter Units Description in SWAT 2 SOUAY Default
Type Value
Input Value
FRSE-22%
(except no
. SCS Curve x change to
Hydrology CN - Number MGt s5il), RNGB- -
30%, Rest-
28%
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. . Location SWAT
Calibration Parameter Units Description in SWAT LB ST Default
Type Value
Input Value
Amount of
time
GW_DELAY day groundwater **.gw 0 31
spends in the
vadose zone
Percent of
infiltrated
RCH_DP - water lost to a **.gw 80% 5
regional
aquifer
Soil available
* mm water content
SOL_AWC H20/mm ** sol +0.04 -
. for plant
soil
uptake
ESCO - Evaporation |« 0.5 1
coefficient
EPCO - Uptake “_hru 0.7 1
coefficient
Baseflow
ALPHA_BF day recession **.gw 0.058 1
constant
. Soil saturated
SOL K mm/hr hydraulic ** sol -75% -
conductivity
Channel
CH_K2 mm/hr effective ** e 0.2 0
hydraulic
conductivity
Sediment re- basins.bs
SPEXP - entrainment n ) 1.5 1
exponent
Discharge Soils TX151
LAT SED mg/L TSS ** hru and TX327=5, 0
concentration Rest=10
Sediment’ . Soil erodibility o 0.1 for RNGB,
USLE K Special factor .sol FRSE 0.1-0.37
Sub-basin basins.bs
ADJ_PKR - peak rate n ' 1 1
factor
PRF ) Channel peak | basins.bs 05 1
rate factor n
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. . Location SWAT
Gl Parameter Units Description in SWAT L2 ST Default
Type Value
Input Value
Sediment re-
SPCON ] e”tlrf‘n'ggnre”t Pasinsbs | 0.00008 0.0001
parameter
SLSUBBSN m Slope length | . b | 5 SUBBSN®3 ]
for sheet flow
Land cover 0.001 for
USLE C - factor crop.dat RNGB, RNGE 0.003
Biomass 0.1 for RNGB, | 0.9,0.9,
HVSTI . harvest loss crop.dat RNGE, FRSE 0.76
Subbasin basins.bs
ISUBWQ - water quality n ' 0 0
code
0 (do not
In-stream basins.bs model in-
waQ - water quality N stream 0
code transformatio
ns)
Humus basins.bs
CMN - mineralization ) 0.0004 0.0003
Nutrients factor n
Phosphorus basins.bs
PSP - availability n ) 0.69 0.4
index
Denitrification basins.bs
CDN - Exponential n ' 0.15 1.4
rate coefficient
Denitrification basins.b
SDNCO - threshold as ns' S 0.6 1.1
water content
RNGE, 0-10
slope,
Management . . x HUS=0.45,
Operations Grazing - Add operation .mgt GRZ_DAYS= N/A
180, EAT=5,
MAN=2
Notes:

"** indicates that the value varies by HRU and was therefore increased or decreased by a percent or constant

value.

"**' represents variable sub-watershed or HRU number contained in input file name.

Calibration parameters for open water land cover areas in .mgt, .sol, and .hru files were not changed from default

values.
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Figures 3-42 and 3-43 show the base scenario resulting time series for flow, sediment, total
phosphorus, and total nitrogen, for the downstream most reaches of Spring Creek and Clear
Creek, respectively. A summary of average daily values over the 1984-2008 period is
presented in Table 3-25.

Table 3-25  Summary of SWAT Results for the Two Major Tributaries of Inks Lake
Downstream Daily Daily Average Daily Average | Daily Average
Tributary SWAT Average |Sediment Load |Total Phosphorus| Total Nitrogen
Reach Flow (cfs) (kg/day) Load (kg/day) | Load (kg/day)
Clear Creek 10 1.35 113 0.23 1.71
Spring Creek 29 2.08 381 1.40 3.92
3.5 Sensitivity Analysis

Sensitivity analysis relates how the variation (uncertainty) in the output of a mathematical
model can be apportioned, qualitatively or quantitatively, to different sources of variation in
both model input data and, more commonly, the various parameters in the model that affect the
performance or calibration of the model. In general, both uncertainty and sensitivity analyses
investigate the robustness of a model. While uncertainty analysis evaluates the overall
uncertainty in the conclusions of the model, sensitivity analysis tries to identify what source of
uncertainty weighs more on the model output or conclusions.

Choosing the appropriate uncertainty analysis/sensitivity analysis method is often a matter
of trading off between the amount of information one wants from the analyses and the
computational difficulties of the analyses. These computational difficulties are often inversely
related to the number of assumptions one is willing or able to make about the shape of a
model’s response surface (Pascual et al. 2003).

Considering the computational difficulty of running the SWAT models in an iterative or
Monte Carlo fashion to facilitate uncertainty analysis, a one-at-a-time sensitivity analysis was
performed in three steps. The initial step was to select the parameters and their ranges to test in
the one-at-a-time sensitivity analysis. Table 3-26 lists the eight parameters chosen for
sensitivity analysis. The table shows the calibrated value for the parameter and the range
evaluated in the sensitivity analysis. Ranges were developed using professional judgment,
taking into account information available in the literature pertaining to the ranges for these
parameters where possible.
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Table 3-26 SWAT Parameters Selected for Sensitivity Analysis
Location . L
Parameter Description in SWAT Gl st SEmElN
Value Range
Input
ESCO Soil evaporation ** hru 0.5 0.01-1
compensation factor
EPCO Plant uptake compensation * hru 07 0.01-1
factor
Linear parameter to
SPCON' determine maximum amount | basins.bsn 0.00008 0-0.01
of sediment reentrainment
PSP Phosphorus availability index | basins.bsn 0.69 0.1-0.9
CDN Denitrification exponential | 1, i e 0.15 0.01-3
rate coefficient
SDNCO Denitrification t_hreshold water basins.bsn 0.6 0.01-1
coefficient
PRF? Peak rate adjustment factor | oo o 0.5 0.1-2
for sediment routing
ok N SLSUBBSN*1-
SLSUBBSN Average slope length (m) .hru SLSUBBSN*3 SLSUBBSN*5
Notes:

1 SPCON was calibrated at 0.0001 for Lake LBJ and 0.00008 for Lake Marble Falls and Inks.
2 PRF was calibrated at 0.6 for Lake LBJ and 0.5 for Lake Marble Falls and Inks.

For each parameter selected, step 2 of the procedure involved changing the model input to
the low value of the range specified in Table 3-26 and running the model. This was repeated
using the high value of the range. In this one-at-a-time manner, the two results are used in
step 3 in the presentation and evaluation of the sensitivity analysis for each of the seven major
state variables of the model including:

o flow (m’/s);

e total suspended solids (tons/d);
e orthophosphate® (kg/d);

e organic phosphorus (kg/d);

e nitrate + nitrite (kg/d);

e ammonia nitrogen (kg/d); and

e organic nitrogen (kg/d).

Changing parameters one-at-a-time ignores correlations between parameters and,
consequently, introduces a limitation of this approach. However, given the desired study
outcomes and the restricted time and resources, a one-at-a-time sensitivity approach aided in

* Based on the state variable mineral phosphorus (minP) in SWAT
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narrowing down the list of parameters efficiently. Results from this approach should not
supersede professional judgment or previous analyses.

To evaluate the sensitivity of the SWAT models to the selected variables, a sensitivity
index (SI) was computed in step 3:

Param,,,, — Parampqs.| (Parampy;gn, — Paramygg,

Plow

)

SI = Max<

I% high
where:

Param = average concentration for a given state variable

Piow = percent reduction from base parameter value

Phignh = percent increase from base parameter value

The main function of the SWAT model is to generate nutrient loadings for the CE-QUAL-
W2 lake models. As a result, the main focus of the sensitivity analyses centered on the
nitrogen and phosphorus series. Results of the sensitivity analyses are summarized in
Table 3-27 for Lake LBJ, Table 3-28 for Lake Marble Falls, and Table 3-29 for Inks Lake. The
tables show the difference between the high run and the low run for each parameter for each
state variable along with the sensitivity index. The sensitivity indices are sorted in descending
order so that the most sensitive parameter for a given state variable is listed first.

Table 3-27  Sensitivity Results for the Lake LBJ SWAT Model

Results for Output Variable
L Parameter Values a
Output Parameter | Sensitivity of Concern
Variable Index : Min Max
Base Min Max Base

Param Param

ESCO 12.078 0.5 0.01 1 11.89 9.97 23.97

PRF 2.644 0.6 0.1 2 11.89 11.94 5.72

SLSUBBSN 1.805 3 1 5 11.89 13.10 11.66

3 EPCO 0.960 0.7 0.01 1 11.89 12.84 11.84

Flow (m*/s)

PSP 0.171 0.69 0.1 0.9 11.89 11.95 11.95

SDNCO 0.164 0.6 0.01 1 11.89 11.95 12.00

CDN 0.050 0.15 0.01 3 11.89 11.94 12.20

SPCON 0.001 0.0001 0 0.01 11.89 11.89 11.94
PRF 60.718 0.6 0.1 2 55.00 4.40 155.75
ESCO 60.604 0.5 0.01 1 55.00 44.39 115.60

SDNCO 12.376 0.6 0.01 1 55.00 57.17 46.75

TSS CDN 8.336 0.15 0.01 3 55.00 47.22 61.42

(ton/day)

EPCO 8.076 0.7 0.01 1 55.00 62.96 54.95
SPCON 2.458 0.0001 0 0.01 55.00 55.00 298.33

SLSUBBSN 1.007 3 1 5 55.00 54.33 55.49
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Results for Output Variable
Output Darameter sy Parameter Values T p—
Variable Index . Min Max
Base Min Max Base Param Param
PSP 0.111 0.69 0.1 0.9 55.00 54.96 54.97
PSP 33.184 0.69 0.1 0.9 26.00 54.37 26.92
ESCO 18.928 0.5 0.01 1 26.00 22.17 44.93
SDNCO 13.242 0.6 0.01 1 26.00 24.60 34.83
PO4 CDN 7.543 0.15 0.01 3 26.00 33.04 24.09
(kg/day) EPCO 1.992 0.7 0.01 1 26.00 27.96 25.47
PRF 0.296 0.6 0.1 2 26.00 25.75 25.75
SLSUBBSN 0.291 3 1 5 26.00 25.92 25.81
SPCON 0.002 0.0001 0 0.01 26.00 26.00 25.75
PSP 162.748 0.69 0.1 0.9 80.00 | 219.16 | 74.70
ESCO 56.390 0.5 0.01 1 80.00 68.55 | 136.39
SDNCO 56.252 0.6 0.01 1 80.00 103.94 | 4250
Organic P CDN 38.979 0.15 0.01 3 80.00 4362 | 184.79
(kg/day) SLSUBBSN | 35.819 3 1 5 80.00 56.12 93.35
EPCO 6.118 0.7 0.01 1 80.00 86.03 79.64
PRF 0.339 0.6 0.1 2 80.00 80.28 80.28
SPCON 0.003 0.0001 0 0.01 80.00 80.00 80.28
SDNCO 3623.299 0.6 0.01 1 507.00 | 372.09 | 2922.53
CDN 1541.786 0.15 0.01 3 507.00 | 1946.00 | 163.61
ESCO 398.045 0.5 0.01 1 507.00 | 443.77 | 905.05
“:gﬁtee* SLSUBBSN | 19.880 3 1 5 507.00 | 520.25 | 504.44
(kg/day) EPCO 18.738 0.7 0.01 1 507.00 | 525.47 | 504.13
PSP 6.302 0.69 0.1 0.9 507.00 | 512.39 | 506.54
PRF 0.062 0.6 0.1 2 507.00 | 506.95 | 506.95
SPCON 0.001 0.0001 0 0.01 507.00 | 507.00 | 506.95
ESCO 1.654 0.5 0.01 1 5.70 5.32 7.35
SLSUBBSN 0.251 3 1 5 5.70 5.87 5.70
EPCO 0.136 0.7 0.01 1 5.70 5.83 5.72
Ammonium PSP 0.102 0.69 0.1 0.9 5.70 5.73 5.73
(kg/day) SDNCO 0.099 0.6 0.01 1 5.70 5.73 5.77
CDN 0.056 0.15 0.01 3 5.70 5.75 5.76
PRF 0.037 0.6 0.1 2 5.70 5.73 5.73
SPCON 0.000 0.0001 0 0.01 5.70 5.70 5.73
Organic N SDNCO 419.370 0.6 0.01 1 580.00 | 760.97 | 300.42
(kg/day) ESCO 401.943 0.5 0.01 1 580.00 | 499.91 | 981.94
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Results for Output Variable
. Parameter Values a
Output = Sensitivity of Concern
. arameter -
Variable Index : Min Max
Base Min Max Base
Param Param
CDN 290.475 0.15 0.01 3 580.00 308.89 | 1359.31
SLSUBBSN 271.075 3 1 5 580.00 399.28 679.27
EPCO 43.351 0.7 0.01 1 580.00 622.73 577.63
PSP 2.849 0.69 0.1 0.9 580.00 581.28 580.87
PRF 1.157 0.6 0.1 2 580.00 580.96 580.96
SPCON 0.010 0.0001 0 0.01 580.00 580.00 580.96
Table 3-28  Sensitivity Results for the Lake Marble Falls SWAT Model
Results for Output Variable
. Parameter Values a
Output = Sensitivity of Concern
. arameter -
Variable Index : Min Max
Base Min Max Base
Param Param
ESCO 0.256 0.5 0.01 1 0.230 0.184 0.486
EPCO 0.039 0.7 0.01 1 0.230 0.269 0.229
CDN 0.011 0.15 0.01 3 0.230 0.220 0.242
3 SDNCO 0.008 0.6 0.01 1 0.230 0.230 0.224
Flow (m*/s)
SLSUBBSN 0.002 3 1 5 0.230 0.230 0.229
PSP 0.001 0.69 0.1 0.9 0.230 0.230 0.230
PRF 0.000 0.5 0.1 2 0.230 0.230 0.230
SPCON 0.000 0.00008 0 0.01 0.230 0.230 0.230
SLSUBBSN 1.580 3 5 1.190 0.137 1.184
PRF 1.316 0.5 0.1 2 1.190 0.137 5.098
ESCO 1.221 0.5 0.01 1 1.190 0.901 2.411
TSS SPCON 0.243 0.00008 0 0.01 1.190 1.433 8.495
(ton/day) EPCO 0.228 0.7 0.01 1 1.190 1.415 1.181
SDNCO 0.156 0.6 0.01 1 1.190 1.220 1.086
CDN 0.129 0.15 0.01 3 1.190 1.070 1.434
PSP 0.004 0.69 0.1 0.9 1.190 1.189 1.189
PSP 1.240 0.69 0.1 0.9 0.210 1.271 0.180
ESCO 0.228 0.5 0.01 1 0.210 0.163 0.438
PO4 EPCO 0.058 0.7 0.01 1 0.210 0.267 0.213
(kg/day) SDNCO 0.023 0.6 0.01 1 0.210 0.216 0.225
CDN 0.017 0.15 0.01 3 0.210 0.226 0.246
SLSUBBSN 0.011 3 1 5 0.210 0.214 0.217
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Results for Output Variable
Output sy Parameter Values T p—
Variable e Index . Min Max
Base Min Max Base Param Param
PRF 0.005 0.5 0.1 2 0.210 0.214 0.214
SPCON 0.004 0.00008 0 0.01 0.210 0.214 0.214
PSP 4.719 0.69 0.1 0.9 0.990 5.025 0.834
ESCO 0.952 0.5 0.01 1 0.990 0.771 1.942
SDNCO 0.435 0.6 0.01 1 0.990 1.120 0.700
Organic P CDN 0.319 0.15 0.01 3 0.990 0.692 1.879
(kg/day) SLSUBBSN 0.195 3 1 5 0.990 0.988 1.120
EPCO 0.087 0.7 0.01 1 0.990 1.075 0.992
PRF 0.003 0.5 0.1 2 0.990 0.988 0.988
SPCON 0.002 0.00008 0 0.01 0.990 0.988 0.988
ESCO 4.679 0.5 0.01 1 4.480 3.738 9.159
SDNCO 3.463 0.6 0.01 1 4.480 4.020 6.789
CDN 2.989 0.15 0.01 3 4.480 7.270 1.507
“:gﬁtee‘“ EPCO 0.405 0.7 0.01 1 4.480 4.880 4.452
(kg/day) PSP 0.012 0.69 0.1 0.9 4.480 4.484 4.484
SLSUBBSN 0.007 3 1 5 4.480 4.479 4.485
PRF 0.001 0.5 0.1 2 4.480 4.479 4.479
SPCON 0.001 0.00008 0 0.01 4.480 4.479 4.479
ESCO 0.000 0.5 0.01 1 0.000 0.000 0.000
EPCO 0.000 0.7 0.01 1 0.000 0.000 0.000
SPCON 0.000 0.00008 0 0.01 0.000 0.000 0.000
Ammonium PSP 0.000 0.69 0.1 0.9 0.000 0.000 0.000
(kg/day) CDN 0.000 0.15 0.01 3 0.000 0.000 0.000
SDNCO 0.000 0.6 0.01 1 0.000 0.000 0.000
PRF 0.000 0.5 0.1 2 0.000 0.000 0.000
SLSUBBSN 0.000 3 1 5 0.000 0.000 0.000
ESCO 6.097 0.5 0.01 1 6.260 4885 | 12.357
SDNCO 2.797 0.6 0.01 1 6.260 7.130 4.395
CDN 2.057 0.15 0.01 3 6.260 4340 | 12.070
OrganicN | SLSUBBSN 1.263 3 1 5 6.260 6.259 7.102
(kg/day) EPCO 0.637 0.7 0.01 1 6.260 6.888 6.287
PSP 0.005 0.69 0.1 0.9 6.260 6.259 6.258
PRF 0.002 0.5 0.1 2 6.260 6.259 6.259
SPCON 0.001 0.00008 0 0.01 6.260 6.259 6.259
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Table 3-29  Sensitivity Results for the Inks Lake SWAT Model
o Parameter Values Results for Output;/ariable
Output Sensitivity of Concern
Variable FErEUmE Index _ Min Max
Base Min Max Base Param Param
ESCO 0.035 0.5 0.01 1 0.0383 | 0.0329 | 0.0731
SLSUBBSN 0.015 3 1 5 0.0383 | 0.0482 | 0.0359
EPCO 0.003 0.7 0.01 1 0.0383 | 0.0414 | 0.0382
Flow (m%/s) SDNCO 0.000 0.6 0.01 1 0.0383 | 0.0383 | 0.0382
CDN 0.000 0.15 0.01 3 0.0383 | 0.0382 | 0.0388
PSP 0.000 0.69 0.1 0.9 0.0383 | 0.0383 | 0.0383
SPCON 0.000 0.00008 0 0.01 0.0383 | 0.0383 | 0.0383
PRF 0.000 0.5 0.1 2 0.0383 | 0.0383 | 0.0383
PRF 0.232 0.5 0.1 2 0.1133 | 0.0103 | 0.8097
ESCO 0.099 0.5 0.01 1 0.1133 | 0.1003 | 0.2120
SLSUBBSN 0.039 3 1 5 0.1133 | 0.1390 | 0.1080
TSS SPCON 0.027 0.00008 0 0.01 0.1133 | 0.1406 | 2.3881
(ton/day) EPCO 0.014 0.7 0.01 1 0.1133 | 0.1266 | 0.1131
SDNCO 0.001 0.6 0.01 1 0.1133 | 0.1136 | 0.1126
CDN 0.001 0.15 0.01 3 0.1133 | 0.1126 | 0.1161
PSP 0.000 0.69 0.1 0.9 0.1133 | 0.1133 | 0.1133
PSP 0.287 0.69 0.1 0.9 0.0319 | 0.2774 | 0.0263
ESCO 0.032 0.5 0.01 1 0.0319 | 0.0269 | 0.0636
SDNCO 0.011 0.6 0.01 1 0.0319 | 0.0310 | 0.0394
PO4 CDN 0.008 0.15 0.01 3 0.0319 | 0.0392 | 0.0334
(kg/day) EPCO 0.001 0.7 0.01 1 0.0319 | 0.0333 | 0.0316
SLSUBBSN 0.001 3 1 5 0.0319 | 0.0314 | 0.0322
SPCON 0.000 0.00008 0 0.01 0.0319 | 0.0319 | 0.0319
PRF 0.000 0.5 0.1 2 0.0319 | 0.0319 | 0.0319
PSP 1.235 0.69 0.1 0.9 0.1949 | 1.2509 | 0.1551
ESCO 0.222 0.5 0.01 1 0.1949 | 0.1564 | 0.4168
SLSUBBSN 0.093 3 1 5 0.1949 | 0.1328 | 0.2304
Organic P SDNCO 0.036 0.6 0.01 1 0.1949 | 0.2049 | 0.1709
(kg/day) CDN 0.026 0.15 0.01 3 0.1949 | 0.1711 | 0.2986
EPCO 0.015 0.7 0.01 1 0.1949 | 0.2099 | 0.1950
SPCON 0.000 0.00008 0 0.01 0.1949 | 0.1949 | 0.1949
PRF 0.000 0.5 0.1 2 0.1949 | 0.1949 | 0.1949
Nitrate+ ESCO 0.515 0.5 0.01 1 0.6501 | 0.5700 | 1.1647
Nitrite SDNCO 0.319 0.6 0.01 1 0.6501 | 0.6126 | 0.8629
(kg/day) CDN 0.230 015 | 0.01 3 0.6501 | 0.8650 | 0.3211
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Output Parameter | SENSitivity of Concern
Variable Index _ Min Max
Base Min Max Base Param Param
SLSUBBSN 0.120 3 1 5 0.6501 0.7299 0.6198
EPCO 0.051 0.7 0.01 1 0.6501 0.7002 0.6483
PSP 0.000 0.69 0.1 0.9 0.6501 0.6501 0.6501
SPCON 0.000 0.00008 0 0.01 0.6501 0.6501 0.6501
PRF 0.000 0.5 0.1 2 0.6501 0.6501 0.6501
ESCO 0.008 0.5 0.01 1 0.0100 | 0.0088 0.0184
SLSUBBSN 0.002 3 1 5 0.0100 | 0.0112 0.0090
EPCO 0.001 0.7 0.01 1 0.0100 | 0.0107 0.0099
Ammonium SDNCO 0.000 0.6 0.01 1 0.0100 | 0.0100 0.0099
(kg/day) CDN 0.000 0.15 0.01 3 0.0100 | 0.0099 | 0.0100
SPCON 0.000 0.00008 0 0.01 0.0100 | 0.0100 0.0100
PSP 0.000 0.69 0.1 0.9 0.0100 | 0.0100 0.0100
PRF 0.000 0.5 0.1 2 0.0100 | 0.0100 0.0100
ESCO 1.239 0.5 0.01 1 1.0486 0.8366 2.2874
SLSUBBSN 0.542 3 1 5 1.0486 0.6875 1.2524
SDNCO 0.204 0.6 0.01 1 1.0486 1.1056 0.9125
Organic N CDN 0.144 0.15 0.01 3 1.0486 | 0.9138 | 1.6419
(kg/day) EPCO 0.100 0.7 0.01 1 1.0486 | 1.1472 | 1.0491
SPCON 0.000 0.00008 0 0.01 1.0486 1.0486 1.0486
PSP 0.000 0.69 0.1 0.9 1.0486 1.0486 1.0486
PRF 0.000 0.5 0.1 2 1.0486 1.0486 1.0486

& Average of the results for the entire simulation period (1984-2008) for Clear Creek (Reach 10)

For all three models, it was found that phosphorus concentrations are most sensitive to the
phosphorus availability index (PSP) and the soil evaporation compensation factor (ESCO).
The equilibration between the soluble and active mineral pool for phosphorus is governed by
the PSP. This index specifies the fraction of fertilizer P that is in solution after an incubation
period or the rapid reaction period. This factor relate to the amount of phosphorus available
especially in the upper layers of the soil. The ESCO coefficient modifies the depth distribution
used to meet the soil evaporative demand to account for the effect of capillary action, crusting
and cracks and is related to soil nutrient availability.

Nitrogen concentrations are sensitive to ESCO, SLSUBBSN, and SDNCO. As explained
above, ESCO is related to soil nutrient availability. Regarding SLSUBBSN, the average slope
length, this is the distance that sheet flow is the dominant surface runoff flow process and is
also directly related to erosive potential. SDNCO represents the fraction of field capacity water
content above which denitrification takes place.
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SECTION 4
LAKE MODEL

4.1 Introduction

The lake model selected for Phase 3 of CREMs is CE-QUAL-W?2 (version 3.6), a two-
dimensional laterally averaged hydrodynamic and water quality model developed and
maintained by the USACE Waterways Experiment Station. Model selection was based on the
model evaluation section in the Master Plan (CH2M Hill 2002), results from the Phase 1 work,
and discussions within the project team. Selection of CE-QUAL-W2 version 3.6 also
maintains compatibility with the model used for CREMs Phase 2 modeling of Lake Travis (CE-
QUAL-W?2 version 3.5), while incorporating recent improvements to the model code. CE-
QUAL-W?2 is best suited for relatively long and narrow water bodies, such as Lakes Travis,
LBJ, Inks, and Marble Falls, that exhibit longitudinal and vertical water quality gradients. The
model has been applied to rivers, lakes, reservoirs, and estuaries across the United States (Cole
and Wells 2008). In addition, the SWAT and CE-QUAL-W2 models have been successfully
linked for other sites such as the Cedar Creek Reservoir, Texas (Debele et al. 2006). This
section describes the development and calibration of the CE-QUAL-W2 model for Lakes Inks,
LBJ, and Marble Falls.

Three separate reservoir models were developed: one for each of Lakes Inks, LBJ, and
Marble Falls. Although the models were developed independently, and designed to run in
stand-alone mode, there were some flow and water quality linkages among outputs from the
upstream lake and inputs to the next reservoir downstream. Most modeling procedures and
data inputs were the same for all three models, and a single description adequately describes all
three. In other parts of this section, separate descriptions of each model will be required.

4.1.1 Spatial Domain, Model Segmentation, and Bathymetry

The lakes are modeled in CE-QUAL-W?2 in two dimensions, in the longitudinal direction
(i.e., spatially, in the direction of flow) and in the vertical direction (i.e., at depth). The CE-
QUAL-W2 models divided the lakes longitudinally into multiple segments of varying length,
and vertically into layers of fixed height. In addition to the main Colorado River channel of the
lakes, inundated channels of tributary streams and other coves are included in the models as
“branches” off the main channel, composed of one or more segments. Each longitudinal
segment extends from “bank to bank™ and therefore, the model predicts average concentrations
for each segment in the direction transverse to flow. CE-QUAL-W2 predicts average
concentrations for each vertical model layer. During a model simulation, the number and
thickness of vertical segments remain fixed and the vertical segments become variably wet (i.e.,
active) or dry (i.e., inactive) depending on the water surface elevation of the lake.

The widths of each of the model computational elements, formed by the longitudinal and
vertical segmentation of the model domain, was determined from bathymetric surveys
performed on each lake in 2007 (TWDB 2007a,b; 2009). A Triangulated Irregular Network
developed from the bathymetric surveys was queried in ArcGIS™ to provide the widths of
each longitudinal segment at elevations corresponding to the top and bottom of each vertical
layer. These widths served as the primary input to the CE-QUAL-W2 bathymetry file. The
lengths and orientation of each longitudinal segment were also determined using ArcGIS. The
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widths of some cells were manually adjusted in cases where they caused numerical instability
in the model or to improve computational efficiency. This typically occurred when segments
widths were less than 5 m (10 m for Lake Marble Falls). The adequacy of the CE-QUAL-W2
model bathymetry was evaluated by comparing its elevation-volume relationship to that
measured during the bathymetric survey.

4.1.1.1 Inks Lake

Inks Lake is a 4.3 mile long run-of-the-river reservoir formed by the impoundment of the
Colorado River by Roy Inks Dam. Releases from Lake Buchanan through Buchanan Dam
comprise almost all of the inflows to Inks Lake; the local contributing watershed covers only
approximately 100 km®. The lake forms a sideways “J” shape, progressively widening from
160 m in the upstream reaches to 640 m near Inks Dam. When full, the lake surface area
covers 788 acres (3.19 km®) and impounds 14,074 acre-feet (1.74x10" m’) of water. The
deepest point, near Inks dam, is more than 18 m below the surface. Inks Lake is the second
smallest of the Highland Lakes in terms of volume. Except during periodic lowerings for dam
or dock maintenance, the lake elevation seldom varies by more than a foot from its standard
operating level of 887.6 feet NAVD8S8 (270.34 m). The historical elevation range since 1980 is
877.1 to 896.1 ft.

The longitudinal segmentation for the main body of the Lake begins below Buchanan Dam
and ends at Roy Inks Dam (Figure 4-1). The model domain also includes two coves on the
north and east sides of the lake formed by Clear Creek and Spring Creek. Table 4-1
summarizes the longitudinal segmentation and dimensions of the CE-QUAL-W2 model
representing Inks Lake. The entire model domain consists of 24 longitudinal divisions, called
segments, in three branches. Six of the longitudinal segments are “dummy” segments required
at the upstream and downstream boundaries of each branch.

Table 4-1 Summary of Longitudinal Segmentation for Inks Lake CE-QUAL-W2

Model
Number_ of Actlve Average Average Width (m) at Surface Elevation of
Branch Longitudinal Length (m)
Model Segments 9 267 m 270 m 273 m
Inks Lake (Main
Branch) 14 494 250 367 506
Clear Creek Cove 2 679 15 121 276
Spring Creek
Cove 2 625 38 163 296
Total 18 529 200 317 457

The lake model was segmented vertically into 24 layers, including “dummy” layers on
the top and bottom. Each layer was one meter thick. The computational grid in the
longitudinal/vertical plane is shown in Figure 4-2.

Figure 4-3 compares the measured and model elevation-volume relationship. The percent
difference in volume was less than 1% for all elevations.
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4.1.1.2 LakelLBJ

Lake LBJ is a 21 mile long reservoir formed by the impoundment of the Colorado River by
Alvin Wirtz Dam. Releases and spillage from Inks Lake comprise roughly half of the inflows
to Lake LBJ. The Llano River, draining a watershed of roughly 11,000 km®, makes up the
majority of the balance. It enters the main channel of Lake LBJ from the west approximately
nine river miles downstream of Inks Dam. The lake is somewhat sinuous, progressively
widening from as narrow as 50 m in the upstream reaches to more than 1 km near Wirtz Dam.
When full, the lake surface area covers 6,273 acres (25.4 km?) and impounds 133,090 acre-feet
(1.64x10° m’) of water. The deepest point, near Wirtz Dam, is more than 22 m below the
surface. Lake LBJ is considered full at an elevation of 251.67 m (NAVDS8), and its normal
operating range is from 251.48 to 251.67 m.

The lake model domain consists of the main Colorado River channel of Lake LBIJ, the
inundated channels of the Llano River and Sandy Creek, and eight other coves formed by
smaller tributaries (Figure 4-4). The longitudinal segmentation for the main body of Lake LBJ
begins below Roy Inks Dam and ends at Alvin Wirtz Dam. Table 4-2 summarizes the
longitudinal segmentation and dimensions of the CE-QUAL-W2 model representing Lake LBJ.
The entire model domain consists of 107 longitudinal segments, in eleven branches, although
22 of the longitudinal segments are “dummy” segments required at the upstream and
downstream boundaries of each branch. The Lake LBJ model was segmented vertically into
26 layers, including “dummy” layers on the top and bottom. Each layer was one meter thick.
The computational grid in the longitudinal/vertical plane is shown in Figure 4-5.

The adequacy of the CE-QUAL-W2 model bathymetry was evaluated by comparing its
elevation-volume relationship to that measured during the bathymetric survey. Figure 4-6
compares the measured and model elevation-volume relationship. The percent difference in
volume was less than 1% for all elevations.

Table 4-2 Summary of Longitudinal Segmentation for Lake LBJ CE-QUAL-W2

Model
Number of Active Average | Average Width (m) at Surface Elevation of
Branch Longitudinal Length (m)
Model Segments 9 250.8 m 251.8 m 252.8 m
Lake LBJ (Main 53 637 466 506 569
Branch)
Llano River Arm 9 598 205 248 287
Dry Creek Cove 3 685 221 299 363
Spring Branch 2 475 547 640 748
Cove
Sandy Creek 3 497 350 477 578
Cove
Pecan Creek 2 449 262 344 424
Cove
Unnamed Cove 2 463 254 298 345
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Number of Active Average Width (m) at Surface Elevation of
Branch Longitudinal L':r\]/etrﬁ%ﬁ]) ’ f
Model Segments 9 250.8 m 251.8 m 252.8 m
Elm Creek Cove 2 627 318 400 468
Unnamed Cove 2 498 372 430 493
g""kr‘”k Creek 5 665 477 512 567
ove
gorsesme Creek 2 699 385 432 490
ove
Total 85 617 412 460 521

4.1.1.3 Lake Marble Falls

Lake Marble Falls is a 5.75 mile long run-of-the-river reservoir formed by the
impoundment of the Colorado River by Max Starcke Dam. Releases from Lake LBJ comprise
almost all of the inflows to Lake Marble Falls; the local contributing watershed covers only
approximately 204 km’. The lake is long and narrow, with widths ranging from about 90 to
330 meters. When full, the lake surface area covers 608 acres (2.46 km®) and impounds
7,486 acre-feet (9.23 x 10° m’) of water. The deepest point, near Max Starcke Dam, is more
than 18 m below the surface. Lake Marble Falls is the smallest of the Highland Lakes in terms
of volume. Except during periodic lowerings for dam or dock maintenance, the lake elevation
seldom varies by more than a foot from its standard operating level of 738.19 ft NAVDS&S8
(225.04 m). The normal operating range is 736.39 to 737.19 ft.

The longitudinal segmentation for the main body of the Lake Marble Falls begins below
Wirtz Dam and ends at Max Starcke Dam (Figure 4-7). Table 4-3 summarizes the longitudinal
segmentation and dimensions of the CE-QUAL-W2 model representing Lake Marble Falls.
The model domain consists of 27 longitudinal segments in one branch. Two of the longitudinal
segments are “dummy” segments required at the upstream and downstream boundaries of each
branch.

Table 4-3 Summary of Longitudinal Segmentation for Lake Marble Falls CE-QUAL-
W2 Model
Number of Active Average Width (m) at Surface Elevation of
Lo Average
Waterbody Longitudinal
Length (m)

Model Segments 224 m 225 m 226 m

Lake Marble Falls 25 410 168 213 250

The lake model was segmented vertically into 24 layers, including “dummy” layers on
the top and bottom. Each layer had a fixed thickness of one meter. The computational grid in
the longitudinal/vertical plane is shown in Figure 4-8. Adjustments to bottom-most layers were
necessary in the shallow upstream half of the lake due to model stability issues; the minimum
width allowed for bottom active segments was five meters and several widths of bottom active
cells were increased from zero at certain locations for simulation stability.
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Figure 4-9 compares the measured and model elevation-volume relationship. The percent
difference in volume ranged from 1.7 to 2.4% for elevations within the normal lake operating
range.

4.1.2 Model Time Period

The lake models were developed and calibrated using data from January 1, 1984 through
December 31, 2008, matching the time period of the output from the watershed model
calibration (Section 3). CE-QUAL-W2 internally calculates the time step necessary for the
model to maintain hydrodynamic numerical stability. The minimum time step specified was
one second (0.1 second for Lake Marble Falls) and the maximum time step allowed was set to
360 seconds. The models were specified to output values for each day simulated.

4.1.3 General Processes Modeled

CE-QUAL-W2 contains both hydrodynamic and water quality components. For
hydrodynamics and associated constituent transport, CE-QUAL-W2 uses laterally averaged
equations of fluid motion, namely equations for continuity and for conservation of momentum.
Included in these equations are velocity, acceleration, gravity, pressure, and turbulent shear
stresses. Additional governing equations incorporated are the equation of state, which relates
density to temperature and concentration of dissolved substances, and the equation of free
water surface, which integrates continuity over the depth of the water column. For details on
the hydrodynamic and constituent transport processes that CE-QUAL-W2 simulates, see
Appendix A of the user manual (Cole and Wells 2008).

For water quality, CE-QUAL-W2 computes the concentrations of user-specified state
variables such as algae, dissolved oxygen, organic matter, and sediment for each model
segment and each time step using constituent-specific rate equations that account for sources
and sinks associated with biological and chemical processes. The user can specify any number
of generic constituents, suspended solids groups, CBOD groups, algal groups, macrophyte
groups, zooplankton groups, and epiphyton groups. The full list of state variables available in
CE-QUAL-W?2 version 3.6 is given in Table 4-5. Numerous processes are associated with
these variables (e.g., algal dynamics include photosynthesis, respiration, settling, mortality, and
excretion). For detailed descriptions of all water quality processes simulated by CE-QUAL-
W2, see Appendix B of the CE-QUAL-W?2 user manual (Cole and Wells 2008).

4.1.4 Calibration Metrics and Goals

The CE-QUAL-W2 models were manually calibrated to observed water quality
measurements from January 1, 1984 through December 31, 2008. To evaluate model goodness
of fit (GOF) to observed data, it is typical to identify quantitative calibration metrics that
compare simulated constituents with measured data. GOF measures should quantify 1) model
bias, 2) absolute error, and 3) relative error. GOF metrics are described in detail in Appendix
C. Throughout Section 4, various model-to-data GOF measures are provided with the
calibration results. The absolute mean error (AME) is an indicator of model accuracy, and is
the primary indicator of model GOF, as recommended by Cole and Wells (2002). The AME is
simply calculated and directly interpretable, i.e., it is in the same units as the measurement.
The mean error (ME) is used as a measure of the bias of model predictions. The Reliability
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Index (RI) of Leggett and Williams (1981) is applied as a measure of relative error. The RI
indicates the average factor by which model predictions differ from observations. A RI of 1.0
indicates a perfect fit. If all predicted values are one-half order of magnitude apart, a RI of 5
will result. RI values of less than 3 are generally considered to be acceptable for most
parameters. RI values of greater than 10 usually indicate extremely low values near detection
limits, as often found with some nutrient species, or highly variable parameters, such as algae
biomass. One of the weaknesses of the RI is that the values are difficult to interpret since they
are unitless and their range is expected to vary by parameter.

Cole and Wells (2002) do not provide guidelines regarding a priori acceptable levels of
error for CE-QUAL-W2. Ultimately, acceptable levels of error should be based on model
uncertainty versus water quality prediction requirements of lake managers. However, based on
a review of reported model calibration metrics in other systems, calibration goals for AME
were identified for some parameters that were optimistically considered potentially achievable
(Table 4.4). These calibration goals are not considered strict criteria, but rather as guidelines or
objectives. It is worth noting that most of the reports used much shorter data collection periods
for calibration data, and had fewer monitoring sites. By calibrating to twenty-five years of
data, the CREMS model calibration addresses a very broad range of environmental conditions,
enhancing its utility for predicting future water quality. However, in addition to natural
variation, calibration to a dataset collected over 25 years incorporates concomitant data
uncertainty due to changes in analytical methods, sampling procedures, and data quality
objectives that may contribute to inflation of the overall AME metric relative to that reported in
short-term modeling efforts. An artificial contribution to AME inflation occurs for parameters
that sometimes occur below analytical detection limits. As an example, if an orthophosphate
phosphorus concentration was reported as less than a detection limit of 0.040 mg/L, and the
model predicted a concentration of 0.001 mg/L, the error was calculated as 0.039 mg/L, though
the error may have been 0. For these reasons, the AME calibration goals were applied only as
objectives and guidelines, not as strict criteria. The ultimate determination of model calibration
is better judged based on the spatial-temporal calibration plots included as figures later in
Section 4.

Table 4-4. Calibration Goalst for Absolute Mean Error

Parameter Units | Absolute Mean Error

Water level meters 0.2
Water temperature °C 1

Total organic carbon mg/l 0.6
Chlorophyll a Mg/l 4

Total Kjeldahl nitrogen mg/l 0.4
Ammonia nitrogen mg/I 0.03
Nitrate+nitrite nitrogen mg/l 0.1
Total phosphorus mg/l 0.02
Orthophosphate phosphorus | mg/l 0.01

tthese are average AME goals for the system as a whole
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4.2 Model Overview

The modeling of Lakes Inks, LBJ, and Marble Falls was divided into two major steps. The
hydrodynamic portions of the models were simulated first to predict water transport including
flows, depths, velocities, water surface elevations, temperature, and conservative constituents
such as chloride. The water quality portions of the models were then applied to simulate the
major processes of eutrophication kinetics. After water quality calibration, hydrodynamics
were checked again as parameters such as suspended solids affect light penetration and
therefore potentially affect water temperature, density, and movement.

4.2.1 State Variables of Concern

The CE-QUAL-W2 model includes a variety of optional state variables to simulate aquatic
systems using models of varying complexity. The state variables chosen for water quality
simulation are listed in Table 4-5.

Table 4-5 List of Water Quality State Variables in CE-QUAL-W?2 Version 3.6

Include in
Constituent Name Phase 3 Comments
Models?
Generic constituents Yes Includgd chlorlde,.spemﬂc conductivity,
total dissolved solids, water age
Inorganic suspended solids (ISS) Yes One class included
Algae Yes Four groups included
Epiphyton No Insufficient ambient data for simulation
CBOD No Modeled as organic matter groups
Ammonium (NHy) Yes
Nitrite+nitrate (NO,+NO53) Yes
Bioavailable phosphorus (e.g., PO,) Yes
Labile dissolved organic matter (LDOM) Yes
Refractory dissolved organic matter (RDOM) Yes
Labile particulate organic matter (LPOM) Yes
Refractory particulate organic matter (RPOM) Yes
Dissolved silica No Insufficient ambient data for simulation
Particulate biogenic silica No Insufficient ambient data for simulation
Total inorganic carbon is not an issue
: : of management concern and does not
Total inorganic carbon No . .
significantly impact other state
variables.
Alkalinity is not an issue of
o management concern and does not
Alkalinity No significantly impact other state
variables.
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Include in
Constituent Name Phase 3 Comments
Models?

Iron is included in CE-QUAL-W2
primarily as a sorption site for PO,.

Total iron No This mechanism is not expected to be
significant in the Highland Lakes; thus
it was not simulated.

DO Yes
Organic sediments were not specified
because the method selected for

. . simulation uses a constant release and

Organic sediments No . . .
demand instead of using a sediment
compartment to accumulate organic
sediments and allow their decay.

Macrophytes No Insufficient ambient data for simulation

Zooplankton No Parameterized as mortality rate of
phytoplankton

Labile dissolved organic matter-phosphorus Yes

(LDOM-P)

Refractory dissolved organic matter-phosphorus Yes

(RDOM-P)

Labile particulate organic matter-phosphorus Yes

(LPOM-P)

Refractory particulate organic matter-phosphorus Yes

(RPOM-P)

Labile dissolved organic matter-nitrogen (LDOM-N) Yes

Refractory dissolved organic matter-nitrogen Yes

(RDOM-N)

Labile particulate organic matter-nitrogen (LPOM- Yes

N)

Refractory particulate organic matter-nitrogen Yes

(RPOM-N)

4.3 Water Balance

A water balance was developed for the Colorado River system from Buchanan Dam to
Max Starcke Dam. The objective of this effort was to achieve daily water balances for the
three lake system (Inks, LBJ, and Marble Falls) while minimizing any required adjustments (in
terms of frequency and magnitude) from the reported water release time series. Attempts were
also made to link the water balance for the Phase 3 lakes to the existing water balance of the
Lake Travis model. A linked water balance time series facilitates linking of the lake models.
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The numerical stability of CE-QUAL-W?2 is highly sensitive to the water balance. Given
the model requirement for mass balance, an imbalance between inflows and outflows will result
in changes in lake volume and surface elevation in the model.

The water balance was based on the available data on water releases from lakes (including
hydroelectric generation, releases through floodgates, and spillage [Inks Lake]), lake
elevations, evaporation, precipitation, point source discharges, and tributary and watershed
runoff inflow estimates from the three calibrated SWAT models (see Section 3). The data
sources used are described in Appendix A.

The water balance was calculated on a daily time step, and compared to measured water
surface elevations for each lake at the dam. While small deviations from measured elevations
were expected, large daily deviations or systematic discrepancies between inflows and outflows
are not physically realistic for small lakes such as Inks Lake and Lake Marble Falls, and
quickly resulted in unrealistic lake elevations and volumes in the CE-QUAL-W2 models.
When adjustments to inflows and/or outflows were required to achieve a daily water balance, it
was typically necessary to adjust the inflows and/or outflows at the dams. While there is
significant uncertainty in the watershed and tributary inflows predicted by the SWAT
watershed models, these inflows were small compared to the total inflow and often insufficient
to make up the required volume. The water balance procedure is described in detail in
Appendix A.

4.4  Hydrodynamics and Temperature Model Development and Calibration

4.4.1 Model Inputs

Hydrodynamic and temperature inputs to the lake models include initial conditions, flows,
boundary temperatures, and meteorological data. Each of these is described in more detail
below.

4.4.1.1 Initial Conditions

For each model element (longitudinal and vertical), the initial water temperature on
January 1, 1984 was set to 10 °C. This temperature was estimated based on interpolation
between average temperatures in the lakes (all depths and locations) on December 12, 1983,
January 12, 1984, and January 17, 1984. The lakes were not thermally stratified at that time.

4.4.1.2 Flows
4.4.1.2.1 Inks Lake

Table 4-6 describes the inflows and outflows to/from the Inks Lake model. These same
flows were used in development of the water balance (Section 4.3). Tributary and watershed
runoff inflow estimates were derived from the output of the calibrated SWAT models. There
are no direct point source wastewater discharges to the lake.

Precipitation and evaporation were simulated as a net distributed tributary discharge spread
evenly across the main branch (branch 1). The evaporation and precipitation data sets are
described in Appendix A. Because evaporation typically exceeded precipitation, these
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distributed tributary discharges were negative on most days, corresponding to a net withdrawal
of water.

Each of the inflows and outflows was specified as a daily time series in units of cubic
meters per second (cms).

Table 4-6 Inks Lake Model Flows: Tributaries, Outflows and Directly Connected
Watersheds

Branch | Segment Inflow/Outflow Name

2 Buchanan Dam (Colorado River)

SWAT sub-basin 25

SWAT sub-basin 27

SWAT sub-basin 33

SWAT sub-basin 32 and reach 26

SWAT sub-basin 34

SWAT sub-basin 35

SWAT sub-basin 39

12 SWAT sub-basin 41

13 SWAT sub-basin 43

14 SWAT sub-basins 44 and 46, and reach 45
SWAT sub-basin 47

15 Outflow (Inks Dam)

18 Clear Creek

18 SWAT sub-basin 16

19 SWAT sub-basins 30 and 24, and reach 23
22 Spring Creek

22 SWAT sub-basin 38

23 SWAT sub-basin 40
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Table 4-7 describes the inflows and outflows to/from the Lake LBJ model. These same
flows were used in development of the water balance (Section 4.3). Tributary and watershed
runoff inflow estimates were derived from the output of the calibrated SWAT models. Point
source discharges were derived from monthly DMRs for periods for which DMRs were
available, or estimated as the long-term average discharge flows for periods when DMR data
was not available. There were few point source discharges to the lakes, and most were very
minor in terms of flow. The largest discharge is that from the LCRA Thomas C. Ferguson
power plant, which discharges to the downstream reaches of Lake LBJ. However, this
discharge is almost completely composed of once-through cooling water withdrawn from Lake

PARSONS/ANCHOR QEA LLC 4-10 FINAL REPORT
March 2011



CREMs Phase 3

Inks Lake, Lake LBJ, Lake Marble Falls

Lake Model

LBJ a short distance upstream. Evaporative losses during use for cooling were calculated
according to a formula provided by the LCRA:

Evaporative loss (mgd) = (Tout — Tin) * Circulating Water (mgd) * 0.00181029

where Ti, and T,y represent the measured water temperatures at the Ferguson Plant’s intake
and discharge, respectively. Measured daily water temperatures at the intake and discharge, as
well as water circulation rate, were provided by the LCRA.

Precipitation and evaporation were simulated as a net distributed tributary discharge spread
evenly across the main branch (branch 1) of each model. The evaporation and precipitation
data sets are described in Appendix A. Because evaporation typically exceeded precipitation,
these distributed tributary discharges were negative on most days, corresponding to a net

withdrawal of water.

Each of the inflows and outflows was specified as a daily time series in units of cms.

Table 4-7 Lake LBJ Model Inflows: Tributaries, Discharges, Outflows, Withdrawals,
and Directly Connected Watersheds

Branch | Segment Inflow/Outflow Name
1 2 Inks Dam (Colorado River)
1 4 Peters Creek (SWAT sub-basin 30)
1 15 Williams Creek (SWAT sub-basin 36)
1 26 AquaSource Utilities discharge
1 28 Mill Creek (SWAT sub-basin 43)
1 32 SWAT sub-basin 46
1 38 SWAT sub-basin 50
1 46 Ferguson Power Plant intake (withdrawal)
1 54 Wirtz Dam (outflow)
2 57 Llano River (SWAT reach 41)
2 59 Moss Creek (SWAT sub-basin 42)
2 79 Kingsland MUD discharge
3 68 Dry Creek (SWAT sub-basin 52)
4 73 SWAT sub-basin 47
5 77 Sandy Creek and Walnut Creek (SWAT reach 55)
6 82 Pecan Creek (SWAT reach 59)
7 86 SWAT sub-basin 51
8 91 Elm Creek (SWAT reach 49 and 57)
9 94 SWAT sub-basin 60
10 98 Slickrock Creek (SWAT reach 58)
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Branch | Segment Inflow/Outflow Name
10 100 Ferguson Power Plant discharge
11 105 Horseshoe Creek (SWAT reach 65)

4.4.1.2.3 Lake Marble Falls

Inflows and outflows to/from the Lake Marble Falls model are listed in Table 4-8. These
same flows were used in development of the water balance (Section 4.3). Tributary and
watershed runoff inflow estimates were derived from the output of the calibrated SWAT
models. There are no direct point source wastewater discharges to the lake.

Precipitation and evaporation were simulated as a net distributed tributary discharge spread
evenly across the main branch (branch 1). The evaporation and precipitation data sets are
described in Appendix A. Because evaporation typically exceeded precipitation, these
distributed tributary discharges were negative on most days, corresponding to a net withdrawal
of water.

Each of the inflows and outflows was specified primarily as a daily time series in units of
cms. During high flow events, however, it was necessary to interpolate flows to sub-daily
values (0.1 day) in order to maintain numerical stability.

Table 4-8 Lake Marble Falls Model Flows: Outflows and Directly Connected

Watersheds
Branch | Segment Inflow/Outflow Name
1 2 Wirtz Dam (Colorado River)
1 2 SWAT sub-basin 18
1 4 SWAT reach 15
1 5 SWAT sub-basin 13
1 6 SWAT reach 11 and sub-basin 14
1 7 SWAT reach 12
1 8 SWAT sub-basin 19
1 10 SWAT sub-basin 21
1 11 SWAT reach 24 and sub-basin 26
1 14 SWAT reach 28 and sub-basin 25
1 15 SWAT reach 27
1 16 SWAT sub-basin 20
1 18 SWAT reach 16
1 19 SWAT sub-basin 17
1 23 SWAT sub-basin 23
1 26 SWAT reach 22
1 26 Outflow (Max Starcke Dam)
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4.4.1.3 Boundary Temperatures

Boundary water temperatures for flows from upstream lakes, tributaries and non-point
sources, as well as temperature of the sediment bed, were needed as model inputs. Boundary
temperatures were estimated as described below.

4.4.1.3.1 Upstream Water Temperatures

Daily water temperatures for flow to each lake from upstream were linearly interpolated
from depth-averaged measurements taken typically on a monthly or weekly basis at the
following LCRA water quality monitoring sites:

e Inks Lake model: Site 12344 (Lake Buchanan near Buchanan Dam),
e Lake LBJ model: Site 12336 (Inks Lake near Inks Dam),
e Lake Marble Falls model: Site 12323 (Marble Falls at the headwaters).

From March 2007 through 2008, these measurements were supplemented for the Lake LBJ
model by twice daily measurements using an automated profiler at site 12324 (see Section 2.4).

4.4.1.3.2 Tributary Water Temperatures

Daily water temperatures for inflows from the Llano River and Sandy Creek were linearly
interpolated from data collected at LCRA sites 12383 (Llano River at County Road 6.5 miles
upstream from Kingsland) and 12214 (Sandy Creek at State Highway [SH] 71 south of
Kingsland). Measurements at these stations were made monthly from 1984 through mid-1989,
every two months from mid-1989 to 2006, and weekly from 2007 through 2008. Linear
interpolation between measurements was performed to obtain temperature values for days
without data.

Water temperatures for model inflows from Walnut Creek were derived from hourly
measurements recorded by thermistors deployed at LCRA site LC917 (Walnut Creek at SH 71)
from May 15, 2007 through November 2008. Similarly, water temperatures for inflows from
Slickrock Creek were derived from hourly measurements recorded by thermistors deployed at
LCRA site LC916 (Slickrock Creek at FM 2147) from March 12, 2007 through May 29, 2008.
For other time periods during 2007 and 2008, water temperatures in these tributaries were
linearly interpolated from data collected on a monthly basis at these sites. No water
temperature measurements were available on these tributaries prior to 2007. Thus, a water
temperature time series for the model was calculated from the average of the Llano River and
Sandy Creek temperature time series on each date.

Water temperature data for other tributaries to Lake LBJ were not available. Thus, a water
temperature time series for the model was calculated from the average of the Llano River and
Sandy Creek temperature time series on each date.

For Inks Lake and Lake Marble Falls, temperature data from Sandy Creek only were used
as model input for tributary temperature.
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4.4.1.4 Direct Drainage Water Temperature

Water temperature data for direct drainage to the lakes were not available. Thus, a water
temperature time series for the model was calculated from the average of the Llano River and
Sandy Creek temperature time series on each date. For direct drainage to Inks Lake and Lake
Marble Falls, water temperature data from Sandy Creek (site 12214) were used.

4.4.1.5 Meteorological Data

Hourly cloud cover, wind speed and direction, and air and dew point temperature data were
obtained from the NCDC for Austin Mueller Municipal Airport (January 1, 1984 to May 23,
1999) and Austin Bergstrom International Airport (May 24, 1999 to December 31, 2008).
These meteorological stations are located between 37 and 58 miles from the modeled lakes.
Model performance could potentially be improved by meteorological data from a more
proximate station, which would be expected to be more representative of local weather
conditions. However, the more nearby stations reported data for only a subset of the required
parameters, and only for portions of the modeled period.

Model inputs were created using hourly values. For cloud cover, the values in the NCDC
dataset range from 0 to 8 oktas representing eighths of the total celestial dome covered by
clouds (i.e., 0 oktas for clear to 8 oktas for fully overcast). The input to the lake model required
cloud cover on a scale of 0 to 10 rather than 0 to 8; therefore, each NCDC value was multiplied
by 1.25. For times with no data, the value from the previous observation was used. NCDC
values of 9 or 10 were reported to represent partial but indeterminate obscuration; model values
for these times were interpolated from observations with quantified cloud cover, imposing a
minimum value of 5. Because many consecutive days were missing data between July 1995
and August 1996, interpolation was not performed for this time period; instead, historical
monthly averages for cloud cover were used. Daily solar radiation was computed internally in
the model from cloud cover for the lakes and their position on the earth (i.e., latitude: 30.60
degrees, longitude: -98.40 degrees for Lake LBJ).

4.4.2 Model Parameterization

Model parameter values considered during the hydrodynamic and thermal calibration
process were primarily the default, recommended values cited in the CE-QUAL-W2 manual
(Table 4-9). The equilibrium temperature calculation of surface heat exchange was used in lieu
of the default term-by-term approach, and the Manning equation for bottom surface roughness
was used instead of the default Chezy formulation.

Table 4-9 Model Parameters Affecting Hydrodynamic and Thermal Calibration

Parameter Cal\'/gﬁgon Default Value Units Description

Specifies either equilibrium
SLHTC ET TERM - temperature (ET) or term-by-term
surface heat exchange calculations

AFW 9.2 92 - Coefficients in wind speed effects on
BFW 0.46 0.46 — heat exchange
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Parameter Cal\i/t;:steion Default Value Units Description
CFwW 2.0 2.0 -
Transport solution scheme,
SLTRC ULTIMATE ULTIMATE ULTIMATE, QUICKEST, or UPWIND
THETA 055 055 . Time weighting for vertical advection
' ' scheme
AX 1.0 1.0 m®sec”’ | Longitudinal eddy viscosity
DX 1.0 1.0 m®sec”’ | Longitudinal eddy diffusivity
2
CBHE 0.3 0.3 Wzg;m Coefficient of bottom heat exchange
12.0 (Inks)
TSED 16.5 (LBJ) - deg C Sediment temperature
19.6 (MF)
0.01 (Inks)
Fl 0.01 (LBJ) 0.01 - Interfacial friction factor
0.01 (MF)
TSEDF 113 ((Il_né(j; 1.0 . Heat lost to sediments that is added
1' 0 (MF) ' back to water column
Bottom friction solution, MANNING or
FRICC MANN CHEzY - CHEZY
FRICT 0'0(2) 6305'%&";'(3) . . Manning’s N coefficient for bottom
0‘ 035 (MF) friction
Z0 0.001 0.001 m Water surface roughness height
Form of vertical turbulence closure
AZC W2 W2 - algorithm, NICK, PARAB, RNG, W2,
W2N, or TKE
Specified either implicit, IMP, or
AZSLC EXP EXP . explicit, EXP, treatment of the vertical
eddy viscosity in the longitudinal
momentum equation
AZMAX 1.0E-3 1.0E-3 (lakes) m2s" Maximum value for vertical eddy
' ' viscosity
0.95 (Inks)
WSC 0.55-0.95 (LBJ) - - Wind sheltering coefficient
0.50 - 0.95 (MF)
EXH20 0.35 0.250r 0.45 m” Extinction coefficient for pure water
EXSS 0.01 0.1 m'/am? Extinction coefficient for inorganic
' ' 9 solids
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Parameter Callprelien Default Value Units Description
Value
0.2 (Inks)
EXOM 0.2 (LBJ) 0.1 m™/gm™ | Extinction coefficient for organic solids
0.2 (MF)
EXA 0.2 0.2 m™/gm® | Extinction coefficient for algae
Fraction of incident solar radiation
BETA 0.45 0.45 absorbed at the water surface

4.4.3 Hydrodynamic and Temperature Calibration Approach

The calibration of the hydrodynamics portion of the lake models involved adjusting the
model prediction of water surface elevation to data collected at the dams, and temperature to
data collected at various stations throughout the lakes for the time period from January 1, 1984
to December 31, 2008.

The calibration objective was for the model water surface elevation to be within 0.2 m of
the measured water surface elevation at the dam. This calibration objective was based on the
observed intra-day variation in water surface elevation, the variation in lake elevation from
upstream to downstream, and uncertainty in the timing of daily inflows and outflows. Modeled
water surface elevations were allowed to deviate more than 0.2 m from the measured elevation
for a single day, but not more. The calibration method involved manual adjustments to the
water release time series at dams from the water balance.

The calibration objective for water temperature was an absolute mean error of 1.0 °C.
Temperature calibration was performed by varying the sediment bed temperature (TSED) and
by varying the wind sheltering coefficient (WSC).

4.4.4 Calibration Data

Water surface elevation was recorded daily at midnight by the LCRA River Operations
Center at Inks, Wirtz, and Starcke Dams for the entire simulation period. Water temperatures
were measured by the LCRA at several locations in each reservoir from 1984 to 2008. From
May 1984 through June 1989 and in 2004 through 2006 (for Lake LBJ), temperatures were
recorded every month. From July 1989 through December 2004 for Lake LBJ and July 1989
through 2006 for Lake Marble Falls, water temperatures were measured every other month. In
2007 and 2008, temperatures were measured on a weekly basis for Lake LBJ and as frequently
as bi-monthly for Lake Marble Falls. For each sampling event, measurements were taken at the
surface (approx. 0.3 m below the surface) and at depth at generally two meter intervals for the
entire depth of the water column. From March 2007 through 2008, these measurements were
supplemented by twice-daily measurements using an automated profiler at site 12324 (Lake
LBJ near Wirtz Dam), and with hourly temperature measurements by thermistors and chains of
thermistor at several other sites, as described in Section 2.4.
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4.45 Calibration Results

4451 Inks Lake

The calibration of predicted water surface elevation to measured data at Inks Dam (model
segment 15) is shown in Figure 4-10. The model predicted elevation tracks the measured data
very well. Comparing the modeled daily water surface elevation to measured elevations, the
average absolute mean error was 0.094 m.

During temperature calibration of the Inks Lake model, the temperature of the sediment
bed was adjusted to 12 °C, while the WSC was held at 0.95. Also, the fraction of heat lost to
sediments added back to the water column was set to 0 throughout the model. Figure 4-11
compares predicted and measured water temperatures at Inks Dam (Inks Lake model segment
15). Vertical profiles of simulated temperatures are provided in Appendix B. The model
prediction agrees well with the data both seasonally and at depth, with an AME of 0.99 °C,
meeting the calibration objective of 1 °C. Model fit statistics are summarized in Table 4-10.

Table 4-10  Inks Lake Model Performance Metrics for Water Temperature
Station ID Depth Mear: Error AbsolutecMean Reliability Number of
(Segment) (°C) Error (°C) Index Samples
12336 (15) Upper Third -0.02 0.89 1.08 870
12336 (15) Middle Third -0.25 0.94 1.08 940
12336 (15) Lower Third -0.49 1.14 1.10 942
12336 (15) All Depths -0.26 0.99 1.09 2,752

4452 LakelLBJ

The calibration of predicted water surface elevation to measured data at Wirtz Dam (model
segment 54) is shown in Figure 4-12. The model predicted elevation tracks the measured data
very well. Comparing the modeled daily water surface elevation to measured elevations, the
absolute mean error was 0.085 m.

The temperature of the Lake LBJ sediment bed throughout the modeled domain was
adjusted to 16.5 °C. This coincided with the average temperature measured at Site 12324
(Lake LBJ near Alvin Wirtz Dam) at depths of 20 m or greater. Temperature calibration of the
Lake LBJ model consisted primarily of adjustment of the WSC. The WSC was varied spatially
between 0.55 and 0.95, but held constant with time. Figures 4-13 to 4-22 show model-
predicted and measured temporal profiles of water temperature at the ten sites at which
temperatures have historically been recorded. Vertical profiles of water temperature are
provided in Appendix B. Model predictions agree well with the observed data both seasonally
and at depth. Overall, the AME of model-predicted temperature was 1.14 °C, which is slightly
greater than the calibration objective of 1 °C. However, the model AME for the upper third of
the water column was 0.89 °C. Complete model fit statistics are summarized in Table 4-11 for
the period 1984 through 2008.
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Table 4-11  Lake LBJ Model Performance Metrics for Water Temperature
Station ID Depth Mealz Error AbsoluteoMean Reliability Number of
(Segment) (°C) Error (°C) Index Samples
12335 (2) All Depths* 0.85 1.11 1.08 872
12333 (24) Upper Third 0.95 1.18 1.08 602
12333 (24) Middle Third 1.0 1.24 1.09 476
12333 (24) Lower Third 1.89 1.99 1.15 599
12333 (24) All Depths 1.30 1.49 1.11 1,677
12332 (26) Upper Third 1.08 1.25 1.09 75
12332 (26) Middle Third 1.21 1.37 1.09 70
12332 (26) Lower Third 1.22 1.44 1.11 80
12332 (26) All Depths 1.17 1.35 1.10 225
12330 (30) Upper Third 0.53 1.02 1.08 620
12330 (30) Middle Third 0.88 1.35 1.1 440
12330 (30) Lower Third 1.58 1.84 1.14 387
12330 (30) All Depths 0.92 1.34 1.11 1,447
12327 (41) Upper Third -0.04 0.72 1.09 617
12327 (41) Middle Third 0.19 0.85 1.08 583
12327 (41) Lower Third 0.86 1.2 1.11 652
12327 (41) All Depths 0.35 0.93 1.09 1,852
12325 (53) Upper Third -0.83 0.94 1.06 187
12325 (53) Middle Third 0.1 1.12 1.1 168
12325 (53) Lower Third 0.7 1.32 1.15 44
12325 (53) All Depths -0.26 1.06 1.09 399
12324 (54) Upper Third -0.57 0.89 1.05 4,293
12324 (54) Middle Third 0.3 1.11 1.08 4,253
12324 (54) Lower Third 1.56 1.85 1.17 2,401
12324 (54) All Depths 0.24 1.19 1.1 10,947
12331 (62) Upper Third 0.82 1.46 1.16 206
12331 (62) Middle Third 0.79 1.62 1.15 341
12331 (62) Lower Third 1.17 1.9 1.15 181
12331 (62) All Depths 0.89 1.64 1.15 728
12328 (78) Upper Third 0.94 1.05 1.07 32
12328 (78) Middle Third 0.72 1.01 1.06 29
12328 (78) Lower Third 0.57 0.87 1.05 53
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Station ID Depth Mear: Error AbsolutecMean Reliability Number of
(Segment) (°C) Error (°C) Index Samples
12328 (78) All Depths 0.71 0.95 1.06 114
LC915 (100) Upper Third -0.14 0.59 1.04 1,320
LC915 (100) Middle Third -0.41 0.88 1.05 1,401
LC915 (100) Lower Third 0.31 0.93 1.06 1,246
LC915 (100) All Depths -0.09 0.8 1.05 3,967

Overall Upper Third -0.16 0.89 1.06 8,222
Overall Middle Third 0.3 1.09 1.08 8,331
Overall Lower Third 1.2 1.57 1.14 5,675
Overall All Depths 0.36 1.14 1.09 22,228

*Statistics for all layers combined due to shallowness of lake at this station

4453 Lake Marble Falls

The calibration of predicted water surface elevation to measured data at Max Starcke Dam
(model segment 26) is shown in Figure 4-23. The model predicted elevation tracks the
measured data very well, even during lake draw-downs. The exceptions occurred during high
flow events, when the model over-predicts water surface elevation by up to 3 m despite
reducing the model time step and interpolating the high inflows and outflows into sub-daily
intervals. The high flow events happened infrequently and for short durations; daily flows
greater than 1,000 cms occurred less than 3% of modeled days. Comparing the model-
predicted daily water surface elevation to measured elevations, the average absolute mean error
was 0.136 m.

The temperature of the Lake Marble Falls sediment bed throughout the modeled domain
was set to 19.6 °C, based on the average temperature measured at Site 12319 (Lake Marble
Falls at Max Starcke Dam) at depths of 14 m or greater. The WSC was held constant with time
and space at 0.95. Figure 4-24 compares predicted and measured water temperatures at Max
Starcke Dam (model segment 26). Vertical profiles of water temperature are provided in
Appendix B. The model prediction agrees well with the data both seasonally and at depth, with
an AME of 0.7 °C, meeting the calibration objective of 1 °C. Model fit statistics are
summarized in Table 4-12. For Lake Marble Falls, model performance metrics were computed
by aligning the average data in the top, middle, and bottom thirds of the water column with the
average model predictions in the top, middle, and bottom thirds of the water column prior to
calculation.

Table 4-12  Lake Marble Falls Model Performance Metrics for Water Temperature
Station 1D Depth Mean Error Absolute Mean Reliability Number of
(Segment) b (°C) Error (°C) Index Samples
12319 (26) Upper Third 0.06 0.71 1.06 207
12319 (26) Middle Third 0.06 0.67 1.06 206
12319 (26) Lower Third -0.18 0.80 1.08 206
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Station ID Depth Mean Error Absolute Mean Reliability Number of
(Segment) P (°C) Error (°C) Index Samples
12319 (26) All Depths -0.02 0.73 1.07 619

4.5 Water Quality Model Development and Calibration

4.5.1 Model Inputs

Water quality inputs to the lake model include initial conditions, boundary conditions,
tributary and direct drainage loadings, point source loadings, and sediment fluxes. Each of
these is described in more detail below.

45.1.1 Upstream Boundary Water Column Concentrations

For the Lake LBJ model, water quality constituent concentrations in inflows from Inks
Lake were extracted from the most downstream segment of the calibrated Inks Lake water
quality model. Similarly, for the Lake Marble Falls model the water quality constituent
concentrations in inflows from Lake LBJ were extracted from the most downstream segment of
the calibrated Lake LBJ water quality model; LBJ predictions from the surface layer (top 1 m)
were used because they most closely matched the measured data at the most upstream station in
Lake Marble Falls. In this manner, the lake water quality models were directly linked.

Because a water quality model of Lake Buchanan has not yet been developed as part of
CREMSs, ambient water quality measured from station 12343 (Inks Lake at the headwaters)
were used to represent water quality constituent concentrations in inflows from Lake Buchanan
to the Inks Lake model. The measured water quality parameters at station 12343 are shown in
Table 4-13. Some of the input parameters required by CE-QUAL-W2 have been directly
measured at one or more depths at station 12343 throughout the modeled period. In this case
the preparation of Inks Lake model input data sets involved simple daily interpolation between
average concentrations measured at all depths’. These parameters include DO, chloride,
specific conductance (SPCOND), NH4-N, NOx-N, and PO4-P. Other parameters that were
routinely measured over the full modeled period, but which are not used directly as input for
CE-QUAL-W2, include TOC, chlorophyll-a, pheophytin-a, total Kjeldahl nitrogen (TKN), pH,
TP, and TSS. TKN is the sum of OrgN and NH4-N. TP is the sum of OrgP, PO4-P, and
inorganic polyphosphate phosphorus. Pheophytin-a is a degradation product of chlorophyll-a,
and the relative abundance of chlorophyll-a and pheophytin-a may indicate the photosynthetic
activity of algae; however, it is not directly used.

Water quality in the lakes under study is very strongly influenced by the quality of the
water entering upstream from Lake Buchanan. The monthly monitoring frequency available at
this upstream boundary from 1984 through 2006 may introduce significant uncertainty
throughout the models and limit their ability to predict short-term variations in water quality.

? Prior to processing, data below detection were set to half of the detection limit.
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Table 4-13  Measured Water Quality Parameters at Inks Lake Upstream Boundary
Site
Abbreviation Description Years Available
DO Dissolved Oxygen 1984-2008
TOC Total Organic Carbon 1984-2008
CHLA Chlorophyll-a 1984-2008
PHEO Pheophytin-a 1984-2008
NOX-N Nitrite + Nitrate Nitrogen 1984-2008
NH4-N Ammonia Nitrogen 1984-2008
TKN Total Kjeldahl Nitrogen 1984-2008
TP Total Phosphorus 1984-2008
PO4-P Dissolved Orthophosphorus 1984-2008
TSS 'Fzzi?:jﬁ:)spended Solids (Total Non-filterable 1984-2008
TDS Total Dissolved Solids (Total Filterable Residue) 12%%4312%%27
vss (Volatie Non-fierable Residue) 1984-1992
ALK Total Alkalinity 1984-2008
BOD Biochemical oxygen demand 1984-1992
COD Chemical oxygen demand 1984-1992
Cl Chloride 1984-2008
SPCOND Specific Conductance 1984-2008
SO4 Sulfate 1984-2008
TURB Turbidity 1990-2008
SECCHI Transparency, Secchi Depth 1984-2008
FC Fecal Coliform 1984-2001
ORP Oxidation-Reduction Potential 1990-1997
EC E. Coli 1994-2008
TEMP Water Temperature 1984-2008
pH pH 1984-2008

*Parameters in bold represent primary state variables in CE-QUAL-W2,0r those needed for deconvolution to

state variables

Other data required some additional processing or assumptions for deconvolution to the

state variables required by CE-QUAL-W2.
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45.1.1.1 Total Dissolved Solids

Total dissolved solids were measured from 1984 through 1990, on a limited basis in 1999
and 2000, and then from 2003 to 2007. For other periods, TDS was estimated based on a
strong relationship (R* = 0.979) with SPCOND at the boundary sites:

TDS (mg/L) = 0.614 * SPCOND (uS/cm) — 38.1
45.1.1.2 Algae

Chlorophyll-a is the primary photosynthetic pigment of algae and is present in all oxygen-
evolving photosynthetic organisms except for photosynthetic bacteria. In CE-QUAL-W?2, algal
abundances are indicated by chlorophyll-a concentration; the two are linked by a fixed
stoichiometric ratio ACHLA.

ALG =CHLA * ACHLA

where:
ALG = algal biomass in mg/L
CHLA = chlorophyll-a concentration in pg/L
ACHLA = stoichiometric ratio algal biomass to chlorophyll-a, in mg per pg

The chlorophyll-a content of algae is variable in natural systems. Chlorophyll-a can
comprise from 0.1 to 9.7% of algal mass (Wetzel 1983). In 56 paired samples from three sites
in Lake LBJ and one in Inks Lake, the mass ratio of chlorophyll-a to particulate carbon ranged
from 0.3 to 2.2%, with an average of 0.7%. Assuming an algal carbon content of 45%, the
chlorophyll-a content of algae could be calculated to range from 0.14% to 0.99%, with an
average of 0.33%. Based on these measurements, the ACHLA ratio as used in CE-QUAL-W2
would then range from 0.10 to 0.73 mg algae per pg chlorophyll-a, with an average of 0.30.
However, the particulate carbon pool is not entirely composed of living algae, but also includes
non-living organic solids (detritus), zooplankton, and other organisms which have no
chlorophyll-a. Thus, it was concluded that the minimum ACHLA calculated from measured
data (ACHLA = 0.10 mg algae per pg chlorophyll-a, equivalent to 1% chlorophyll-a content of
algae) was a better estimate of ACHLA, as it may represent a time when living algae
dominated the particulate carbon pool. Other investigators have used ACHLA values of 0.025
to 0.22 in CE-QUAL-W2 models of other systems.

The total algae concentration was then divided into four taxa (diatoms, blue-green, green,
and flagellates). No data were available on the algal speciation in Lake Buchanan. The division
was based on the average monthly relative abundance of these taxa measured by the USGS in
2007 and 2008 in Lakes Inks, LBJ, and Marble Falls (Table 4-14), after normalizing to mass
using the taxa-specific biovolume estimates (Table 4-15) from McFarland et al. (2001) and
assuming an identical density.
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Table 4-14  Relative Abundance (%) of Algal Cells by Class

Month Diatom | Blue-Green | Green | Flagellates
January 9 41 23 26
February 9 24 9 58
March 30 27 10 33
April 10 22 18 49
May 11 48 12 29
June 19 52 16 14
July 7 71 8 14
August 6 82 6 7
September 5 76 5 14
October 5 73 4 19
November 6 64 8 22
December 10 65 10 16
Grand Total 10 57 10 23

Table 4-15  Estimated Algal Biovolume by Major Groupt

Group Mean Biovolume (um3/cell)
Diatoms 2,826
Blue-green algae
- filamentous 281.5
- coccoid 508.9
Green algae 1,766
Flagellates 81.8

t data from McFarland et al. (2001)

45.1.1.3 Organic Matter

Based on paired measurements, it was observed that dissolved organic carbon comprised,
on average, 96% of the TOC concentration at the Inks Lake headwaters. The ratio of carbon in
organic matter (both particulate and dissolved) was assumed to be 0.45. Thus particulate
organic matter (POM) and dissolved organic matter (DOM) were calculated as:

POM =TOC * 0.04/0.45
DOM =TOC * 0.96/ 0.45

In some cases the total algae concentration, calculated more directly from chlorophyll-a (as
described above), exceeded the POM concentration estimated from TOC. In these cases, POM
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was assumed equal to the calculated total algae concentration and the DOM was adjusted
accordingly. Also in a few cases, the calculated POM concentration exceeded the measured
TSS concentration. In these cases, the POM concentration was limited to match the measured
TSS level, or the analytical quantitation limit, whichever was greater.

The particulate and dissolved pools of organic matter were further split into labile and
refractory fractions by assuming a constant 25% labile: 75% refractory ratio. There is no
analytical method for specifically quantifying these fractions. The ratio of biochemical oxygen
demand at five days (BODS) to chemical oxygen demand (COD) may provide an indication of
the labile fraction, although these parameters include oxidation of inorganic substances. Both
of these parameters were measured in all three modeled reservoirs from 1984 to 1990, and on
average the BOD5/COD ratio was approximately 20%. A similar modeling effort on the
Bosque River (Flowers et al. 2001) assumed a labile fraction of 25%; however, no data were
presented to support this assumption.

LPOM = 0.25 * POM
RPOM = 0.75 * POM
LDOM = 0.25 * DOM
RDOM = 0.75 * DOM

45.1.1.4 Organic Nitrogen

Total organic nitrogen was calculated as TKN minus ammonia nitrogen (NH4-N).
Dissolved organic nitrogen (DON) was similarly calculated as dissolved Kjeldahl nitrogen
(DKN) minus NH4-N when DKN was measured, mostly in 2007 and 2008. Particulate organic
nitrogen (PON) was then calculated as the difference between TON and DON. When DKN
was not measured, DON was calculated as 60% of TON, which was the average calculated
from 1,038 sets of TKN, DKN, and NH4-N measurements in Inks Lake, Lake LBJ, Lake
Marble Falls, and their tributaries.

TON = TKN — NH4-N
DON = DKN — NH4-N or DON =0.60 * TON
PON = TON - DON
The dissolved and particulate organic nitrogen concentrations were further partitioned into

labile and refractory pools based on a fixed ratio of 25% labile: 75% refractory, as described
above for bulk organic matter.

LDOM N = DON * 0.25
RDOM_N = DON * (.75

LPOM N = PON * 0.25
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RPOM N = PON * 0.75

45.1.1.5 Organic Phosphorus

Total organic phosphorus (TOP) was calculated as measured total phosphorus minus
measured POs-P.  When dissolved phosphorus (DP) was measured, dissolved organic
phosphorus (DOP) was calculated as DP minus PO4P, and particulate organic phosphorus
(POP) was then calculated as TOP — DOP. However, DP was seldom measured prior to 2007.
When DP was not measured TOP was fractionated into particulate and dissolved pools by
assuming that the DOP composed 28% of TOP. This was the average of 1,171 sets of TP, DP,
and PO4-P measurements in Inks Lake, Lake LBJ, Lake Marble Falls, and their tributaries.

TOP =TP — PO4-P
DOP =DP —PO4-P or DOP=0.28 * TOP
POP = TOP — DOP

The DOP and POP concentrations were further partitioned into labile and refractory pools
based on a fixed ratio of 25% labile: 75% refractory, as described above for bulk organic
matter.

LDOM P =DOP * 0.25
RDOM P = DOP * 0.75
LPOM P =POP * 0.25
RPOM P = POP *0.75

45.1.1.6 Inorganic Suspended Solids
The ISS concentration was calculated as TSS — POM.
ISS =TSS - POM

45.1.2 Initial Conditions

For each reservoir, initial conditions for CE-QUAL-W2 state variables were estimated
from ambient data from the first sampling event in January 1984. Measurements from all
depths at the monitoring site nearest to the dam in each reservoir were averaged. Some
measured water quality parameters needed to be deconvoluted, as described above, into state
variables because the measured parameters did not directly correspond to the input variables
required by the model.

45.1.3 Tributary and Runoff Water Quality Concentrations

Water quality constituent concentrations in inflows to the three lakes from tributaries as
well as runoff (direct drainage) from each of the directly connected watershed sub-basins were
derived from the calibrated SWAT watershed model. The results from the SWAT model were
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output on a daily basis for either a) sub-basins, for small watersheds draining directly to the
lakes, or b) reaches. The SWAT reach output was used for larger watersheds draining to the
lakes primarily through tributaries, including those draining multiple SWAT sub-basins such as
the Llano River or Sandy Creek. In general, the reach file output was used for tributaries
draining two or more sub-basins in SWAT (i.e., containing two or more outlet points), or for
tributaries draining single sub-basin watersheds when a drainage outlet was located off of the
main Colorado River channel. If the outlet point was located on the main Colorado channel,
the reach output consisted of flows and loads from the sub-basin of interest, plus loads from all
upstream sub-basins, minus any in-channel loss or transformation processes. Using the sub-
basin output provided a more accurate way to quantify the loads from each sub-basin.

45.1.3.1 Flow

For direct runoff, the SWAT sub-basin outputs provide water yield (WYLD) as a depth in
millimeters (mm). This depth was then multiplied by the sub-basin area and divided by a unit
conversion factor to obtain an estimated flow from the sub-basin in cms. For tributaries, the
SWAT reach output file directly provided the flow in cms.

Flow (m’/s) = WYLD (mm/day) * Area (m”) + Conv. Factor

4.5.1.3.2 Organic Matter, Organic Nitrogen, and Organic Phosphorus

Organic nitrogen and phosphorus loads were calculated from SWAT sub-basin output
daily loads by dividing by areal water yield and watershed area, or from SWAT reach output
loads by dividing by outflow.

OrgN (mg/L) = ORGN (kg/ha*day) + WYLD * Conv. Factor
OrgP (mg/L) = ORGP (kg/ha*day) ~ WYLD * Conv. Factor
OrgN (mg/L) = ORGN_OUT (kg/day) + FLOWOUT (m’/s) * Conv. Factor
OrgP (mg/L) = ORGP_OUT (kg/day) + FLOWOUT (m’/s) * Conv. Factor
These concentrations were then partitioned into dissolved and particulate labile and
refractory pools assuming a 60%:40% dissolved:particulate proportion and a 25%:75%
labile:refractory split. The basis for these proportions was described above under the upstream
boundary concentrations. Similarly, OrgP loads from SWAT were converted to inflow

concentrations, then partitioned into dissolved and particulate labile and refractory pools
assuming a 28%:72% dissolved:particulate proportion and a 25%:75% labile:refractory split.

LDOM N = OrgN * 0.25 * 0.60
RDOM_N = OrgN * 0.75 * 0.60
LPOM N = OrgN * 0.25 * 0.40

RPOM N = OrgN * (.75 * 0.40
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LDOM P = OrgP * 0.25 * 0.28
RDOM_P =OrgP * 0.75 * 0.28
LPOM P = OrgP * 0.25 * 0.72
RPOM_P = OrgP * 0.75 * 0.72

Organic matter concentrations in inflows were estimated from the OrgN loads output by
SWAT, using a carbon:nitrogen ratio in organic matter of 9.8 and a carbon content of 0.45 in
OM. The carbon:nitrogen ratio was estimated as the median of 894 samples collected from
Lake LBJ tributaries since 1984, where TOC was directly measured and TON was calculated as
TKN minus NH4-N. These OM loads were converted to inflow concentrations, then partitioned
into dissolved and particulate labile and refractory pools assuming a 67%:33%
dissolved:particulate proportion and a 25%:75% labile:refractory split.

OM (mg/L) = OrgN (mg/L) * 9.8 / 0.45
LDOM = OM * 0.67 * 0.25
RDOM = OM * 0.67 * 0.75
LPOM =OM *0.33 *0.25
RPOM = OM * 0.33 * 0.75

4.5.1.3.3 Bioavailable Orthophosphorus

Orthophosphorus concentrations in inflows from SWAT sub-basin outputs were calculated
from the areal WYLD and loads of PO4-P transported with water (SOLP) and sorbed to eroded
sediment (SEDP).

PO,4-P (mg/L) = (SOLP + SEDP) + WYLD * Conv. Factor
For inflows from SWAT reach file output, PO4-P concentrations were calculated from
daily loads of PO4-P (MINP_OUT) divided by daily outflow volume (FLOW_OUT).
PO4-P (mg/L) = MINP_OUT + FLOW_OUT * Conv. Factor

4.5.1.3.4 Nitrate/Nitrite Nitrogen

Concentrations of NOx-N in inflows from SWAT sub-basin outputs were calculated from
the sum of areal NOs-N loads in 1) surface runoff, 2) groundwater, and 3) lateral inflows,
divided by the areal WYLD.

NOs-N (mg/L) = (LATNO3 + GWNO3 + NSURQ) + WYLD * Conv. Factor

For inflows from SWAT reach file output, NOx-N concentrations were calculated from the
sum of NO,-N and NO3-N daily loads divided by daily flow volume.
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NOs-N (mg/L) = (NO3_OUT + NO2_OUT) + FLOW_OUT * Conv. Factor

45.1.3.5 Ammonia Nitrogen

Ammonia nitrogen inflow concentrations were not output in the SWAT sub-basin file and
were assumed equal to zero. For inflows from SWAT reach file output, NH4-N concentrations
were calculated from NHy4-N daily loads (NH4 _OUT) divided by daily flow volume.

NH4-N (mg/L) =NH4 OUT + FLOW_OUT * Conv. Factor

45.1.3.6 Dissolved Oxygen

Dissolved oxygen was assumed to be 100% saturated in tributaries and runoff. Saturation
DO concentrations were calculated via a temperature-dependent formula provided in Standard
Methods 20™ Edition (APHA 1998) at an atmospheric pressure of 101.3 kPa and using water
temperatures measured at Sandy Creek at SH 71 south of Kingsland (Station 12214).

45.1.3.7 Suspended Sediments

SWAT sub-basin output provided daily areal yields of sediment (SYLD), on a mass per
day per hectare basis. These were divided by the runoff water yield (in m®) and multiplied by a
conversion factor to obtain an estimated TSS concentration in runoff from the sub-basin in
g/m’. The TSS concentration was directly reported in the SWAT reach file and used as
provided. The POM concentration was subtracted from TSS to obtain the estimate of the ISS
concentration.

TSS =SYLD +~ WYLD * Conv. Factor

45.1.3.8 Generic Constituents

Total dissolved solids, chloride, and specific conductance were not simulated by SWAT.
Instead, inflow time series concentrations of these constituents were set equal to that
interpolated from measured concentrations at Station 12214,

45.1.3.9 Algae

Algae inflow concentrations were not output in the SWAT sub-basin file and were
assumed equal to zero. For inflows from SWAT reach file output, total algal biomass daily
loads were divided by daily flow volume and an algal stoichiometric ratio of 0.1 mg algae per
pg chlorophyll-a to derive a total algal concentration, then partitioned into the four algal taxa as
described above under Section 4.5.1.1.2.

45.1.4 Direct Wastewater Discharges

Only three facilities hold permits discharge water to the three reservoirs, all to Lake LBJ.
Two of these discharges are minor domestic wastewater treatment facilities, with permitted
wastewater flows of less than 1 MGD. These two facilities report monthly average and
maximum discharge rate, pH, and concentrations of DO, TSS, BODS, TP, and residual
chlorine. Records are available on the concentrations of these parameters since approximately
1998. The reported average DO, TSS, and TP concentrations (Table 3.3) were used as model
input directly. Concentrations of dissolved, labile organic matter were estimated from average
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reported BODS concentrations assuming a carbon:oxygen stoichiometric ratio of 12:32 for
oxidation of organic matter and a carbon content of 0.45 in organic matter. Concentrations of
dissolved, labile organic nitrogen, and phosphorus were then estimated based on an assumption
that nitrogen and phosphorus comprised 8% and 0.5%, respectively, of the mass of organic
matter. These ratios were based on the average elemental ratios in particulate matter as
measured by the USGS in the three lakes from 2007 to 2009. The PO4-P concentration was
then calculated as the difference between reported TP and the estimated organic phosphorus
concentration. NOx-N and NH3-N concentrations in discharges were estimated to be 20 and 2
mg/L, respectively, based on typical concentrations from the Low-Flow Survey (Section
3.1.2.3). Finally, TDS, chloride, and specific conductance concentrations in discharges were
estimated to be 250 mg/L, 50 mg/L, and 500 pS/cm, respectively, based on typical
concentrations.

4.5.1.5 Utility Water Discharge

The third discharge to Lake LBJ is composed almost exclusively of cooling waters used in
steam electric power generation at the Ferguson Power Plant. While there are very minor low
volume wastes, metal cleaning wastes, and storm water associated with this discharge, the
overwhelming majority is once-through cooling water withdrawn from Lake LBJ. Thus,
concentrations of water quality constituents in the discharge were estimated to be 101% of the
simulated concentrations withdrawn from Lake LBJ (segment 41), to account for the 1%
evaporative loss of circulating water associated with the average 5 °F temperature increase.
The water quality calibration was then performed in an iterative process to account for the
feedback effects of changes in simulated in-lake constituent concentrations on discharge
concentrations.

45.1.6 Sediment Fluxes

CE-QUAL-W?2 allows for sediment fluxes of NH4-N (source), PO4-P (source), NOx-N
(sink) and DO (sink). The parameterization of these fluxes was determined through calibration.

4.5.2 Loading Summaries

Figures 4-28 to 4-30 illustrate the proportion of overall loads to Inks Lake, Lake LBJ, and
Lake Marble Falls of major water quality parameters over the period 1984 to 2008. These
sources are grouped into 1) releases from directly upstream reservoirs on the Colorado River,
2) specific major tributaries, 3) the sum of runoff inflows from local watershed plus minor
tributaries, and 4) the sum of direct point source discharges.

Releases from Lake Buchanan constitute the majority of loads of all water quality
constituents other than inorganic suspended solids to Inks Lake. Runoff from the local
watershed was responsible for the majority of the loading of inorganic suspended solids to Inks
Lake. There were no direct point source discharges to Inks Lake.

In Lake LBJ, the sources of loading of water quality constituents were more varied.
Releases from Inks Lake constituted the largest sources of chloride, NH4-N, organic nitrogen,
and organic carbon. As in Inks Lake, runoff from the local watershed through many minor
tributaries was the largest single source of inorganic suspended solids. The Llano River was
the largest source of NOs-N, organic phosphorus, and orthophosphorus, as well as the largest
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source of total nitrogen and phosphorus. Point sources and Sandy Creek contribute
approximately 10% each of the loading of organic carbon, nitrogen, and phosphorus.

Similar to Inks Lake, the majority of the loads of all water quality constituents other than
ISS comes from the releases from the upstream lake. Runoff from the local watershed
constitutes almost all of the loading of ISS to Lake Marble Falls. There are no direct point
source discharges to Lake Marble Falls.

4.5.3 Water Quality Parameterization

45.3.1 Light Extinction

In addition to nutrients, light is a factor that limits algal growth in lakes. In CE-QUAL-
W2, light attenuation is simulated based on the formula:

| =(1—p)*1,xe” **7
where:
I = light intensity
Iy = light intensity incident at water surface
B = Beta, fraction of light adsorbed at water surface
o, = attenuation coefficient, m™
z = depth, m

Measured attenuation coefficients in the three lakes, calculated from the slope of the
In(1/1p):depth relationship, ranged from 0.54 to 12.5 m™', with an average of 1.03 m™'. In CE-
QUAL-W?2, the attenuation coefficient is calculated as the sum of a baseline attenuation due to
water (EXH20) and additional concentration-dependent attenuation by inorganic suspended
solids (EXSS), algae (EXA), macrophytes (EXM), zooplankton (EXZ), and organic suspended
solids (EXOM). Light extinction due to macrophytes and zooplankton were considered
negligible. Values of Beta and EXH20 were set to 0.45 and 0.35 m™, respectively, consistent
with literature values. Based on ambient vertical light extinction profile and water quality
measurements in all three lakes, the following attenuation coefficients were then estimated by
iterative minimization of the deviation from observed light levels at all sites:

EXSS: 0.01 m™/(g/m’)
EXA: 0.20 m™/(g/m’)

EXOM: 0.20 m™/(g/m’)
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45.3.2 Algae

Four groups of algae were simulated, corresponding to the four taxa enumerated by the
USGS basis in 2007 and 2008: diatoms, cyanophytes (blue-green algae), green algae, and
flagellates. These four taxa are modeled in CE-QUAL-W2 as groups 1, 2, 3, and 4,
respectively. There is ample evidence of seasonal changes in relative abundance of algal taxa in
Lake LBJ (Davenport et al 1976; Fruh et al. 1977; Wallace 2009). Although it was not a project
objective to simulate the individual taxa, it was believed that utilization of more than one class
of algae was necessary to simulate the observed seasonal trends in chlorophyll-a. In particular,
some species of blue-green algae are able to fix dissolved nitrogen gas from the atmosphere,
and their growth is less limited by a nitrogen deficit (Fogg et al. 1973). Thus, blue-green algae
may thrive relative to other algal taxa under seasonal low nitrogen conditions, which often
occur in summer. Some blue-green algae can also utilize gas vacuoles to reduce the rate at
which they settle from the water column (Fogg and Walsby 1971).

Unlike most other algal taxa, diatoms are enclosed in cell walls composed of silica, which
makes the diatoms denser than water and other algal taxa (Sommer 1988). This density and
their relatively large size causes them to settle more rapidly from the water column than other
algal taxa, particularly as it warms in the summertime (Sommer 1988; Cole and Wells 2008).
Rapid diatom growth can also deplete the water column of silica, leading to a diatom growth
limitation (Egge and Aksnes 1992). However, silica has not been routinely measured in Lake
LBJ or its tributaries, and thus was not simulated in the model.

Because zooplankton were not simulated, algal grazing by zooplankton was incorporated
into algal mortality rates. The USGS measured zooplankton grazing rates in samples collected
from five sites (12319, 12324, 12327, 12330, and 12336) in the three lakes on six to eight dates
each during 2007 and 2008 (see Appendix B of the CREMs Phase 2 final report [Anchor QEA
and Parsons 2009]). In these measurements, zooplankton populations were supplemented and
the resulting algal chlorophyll-a levels were monitored over time. The algal grazing rates by
zooplankton, quantified as the excess mortality rate of algae, ranged from 0.05 to 0.52 day’,
with an overall average value of 0.16 day' for all three lakes. No systematic temporal or
spatial trends were apparent in the grazing data, and the average rate of 0.16 day™ was used as
the algal mortality rate due to grazing in the model.

4.5.4 Water Quality Calibration Approach

The calibration of the water quality portion of the lake models involved fitting the model
prediction of nutrients, chlorophyll-a, and DO to data collected at monitoring stations in each
lake for the time period from 1/1/1984 through 12/31/2008. Model parameters were adjusted to
match observed water quality concentrations, generally following the sequence:

e specific conductance and chloride

e TOC and DO

e TP and TKN

e chlorophyll-a and inorganic nutrients
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This approach is useful as it targets the water quality parameters with the simplest kinetics
first, proceeding to those with greater complexity. Using this approach as a guide, model
calibration required iteration of the above steps until final parameterization was reached.

The majority of water quality parameters were measured near the surface (often at a depth
of one foot) and similarly near the bottom of the lake. For these parameters, calibration
focused on matching temporal trends in surface concentrations with secondary consideration to
bottom concentrations. Samples collected near the bottom can be less representative of typical
water column concentrations due to stirred-up sediments or the presence of a benthic nepheloid
layer of high solids concentration. For DO and specific conductance, measurements were
available at multiple depths throughout the water column, so calibration focused on matching
observed vertical profiles.

A number of different model parameters were varied from their default values in an effort
to better calibrate the model to observed data. In addition to the default values, the CE-QUAL-
W2 User Manual (Cole and Wells 2008) provides guidance on the range of values that have
been measured in many aquatic systems for most parameters. Additional guidance on the
expected range of parameter values was obtained from Bowie et al. (1985) and references
therein, Wetzel (1983) and references therein, the Phase 2 Lake Travis model calibration
(Anchor QEA and Parsons 2009), and numerous other published reports on application of CE-
QUAL-W?2 to reservoirs.

Among the key parameters that were varied significantly from model default values was
ANPR, the algal half-saturation constant for ammonia preference over nitrate as a source of
nitrogen. This parameter allows algae to use ammonia preferentially and switch to nitrate as
ammonia concentrations decrease. The model formulation is based upon Thomann and
Fitzpatrick (1982):

Puiy =C Evox +C U
NH4 NH4 (KNH4- + CNH4-)(KNH4- + CNOX) NH4 (CNH4- + CNOX)(KNH4- + CNox)

where:

Pnua = ammonium preference factor

Kyns = ammonia preference half-saturation coefficient, mg/L (ANPR)
Cnns = ammonia concentration, mg/L

Cnox = nitrate+nitrite concentration, mg/L

In these reservoirs, algal preference for ammonium over nitrate was not as evident as
predicted by the model default value for ANPR of 0.001. However, other modelers have
recommended ANPR values in the range of 0.005 to 0.05 mg/L (Thomann et al. 1974; Cerco
2000). Setting ANPR to 0.03 mg/L allowed the model to better simulate the observed relative
abundance of ammonia and nitrate+nitrite nitrogen. The simulated algal production was
relatively insensitive to changes in the parameter ANPR, as will be discussed in Section 4.6.

The primary model parameters adjusted to achieve the observed seasonal succession of
algal taxa were the temperature coefficients for algal growth (AT1 — AT4). Cole and Wells
(2008) state:
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“When including multiple algal groups, the temperature rate coefficients are one of the
most important parameters determining algal succession. Diatoms would have much lower
temperatures for AT1-AT4 and cyanobacteria would have higher values.”

In addition to temperature parameters, calibration to observed chlorophyll-a levels was
significantly improved by reducing the settling rate and the nitrogen half-saturation coefficient
of blue-green algae, which is supported by observations that some blue-green algae are able to
fix dissolved nitrogen gas and enhance their flotation with gas vacuoles (see Section 4.5.3.2).

Other key calibration parameters included organic matter decay rates, sediment oxygen
demand (SOD), and sediment release rates of phosphorus and ammonia nitrogen.

455 Calibration Data

The lake model was calibrated to water quality data collected between 1984 and 2008 as
part of the LCRA RSS program and CREMs Phase 3 sampling (see Section 2 for details). The
primary calibration stations in Lake LBJ were:

e Station 12336 — Inks Lake near Inks Dam (Inks model segment 15)

e Station 12330 — Lake LBJ below confluence with Llano River Arm (LBJ model
segment 30)

e Station 12327 — Lake LBJ at confluence with Sandy Creek (LBJ model segment 41)

e Station 12324 - Lake LBJ near Wirtz Dam (LBJ Model Segment 54)

e Station 12319 - Lake Marble Falls near Starcke Dam (Lake Marble Falls model
segment 26)

Additionally, the following monitoring stations were considered in calibrating a sub-set of
parameters or time periods:

e Station 12335 — Lake LBJ near headwaters (LBJ model segment 2)

e Station 12333 — Lake LBJ at Kingsland cove (LBJ model segment 24)

e Station 12332 — Lake LBJ at FM 1431 (LBJ model segment 26)

e Station 12325 — Lake LBJ at the Narrows near T.C. Ferguson Power Plant (LBJ model
segment 53)

e Station 12331 — Lake LBJ at FM 2900 bridge in Llano River Arm (LBJ model segment
62)

e Station 12328 — Lake LBJ near Lake Shore Dr in Sandy Creek Arm (LBJ model
segment 78)

e Station LC915 — Lake LBJ near Horseshoe Bay Cove (LBJ model segment 100)
e Station 12323 — Lake Marble Falls at the headwaters (Lake Marble Falls model

segment 2)
e Station 12322 - Lake Marble Falls at Hefner Ranch (Lake Marble Falls model segment
11)
e Station 12320 — Lake Marble Falls near US 281 bridge (Lake Marble Falls model
segment 20)
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45.6 Calibration Results for the Inks Lake Model

45.6.1 Conservatives (Specific Conductance and Chloride)

Figures 4-31 and 4-32 show the temporal plots of specific conductance and chloride in the
upper, middle, and lower third of the water column at Station 12336. Overall, the model does a
very good job in reproducing the specific conductance and chloride concentrations. Model
performance metrics are provided in Table 4-16. The model accurately tracks the lake response
to the large salt pulses that occurred during 1988 to 1990, as well as other peaks and dips in
concentration. The overall AMEs were 21.1 puS/cm for specific conductance, and 4.9 for
chloride. Vertical profiles of specific conductance and chloride are provided in Appendix B.

Table 4-16  Model Performance Metrics for Specific Conductance and Chloride at
Station 12336 of Inks Lake

Absolute Reliability | Number of
Parameter Depth Mean Error Mean Error Index Samples
Specific Conductance, | ;0 Thirg 0.4 21.6 1.06 865
uS/cm
Specific Conductance, | \riqqie Third 5.1 20.1 1.06 934
uS/cm
Specific Conductance, | |\ or Thirg 10.5 21.6 1.05 936
uS/cm
Specific Conductance, All Depths 55 21.1 1.06 2735
puS/cm
Chloride, mg/L Upper Third 1.97 5.28 1.13 224
Chloride, mg/L Middle Third 0.02 5.68 1.07 25
Chloride, mg/L Lower Third 0.88 4.26 1.08 165
Chloride, mg/L All Depths 1.42 4.89 1.11 414

4.5.6.2 Dissolved Oxygen

The main drivers of oxygen levels in the lake are surface reaeration, sediment oxygen
demand, and to a somewhat lesser degree, algal growth/respiration and organic matter decay.
Figure 4-33 compares model-predicted DO concentrations to observed concentrations at Station
12336. Inspection of the temporal plots shows that the model does a good job of capturing the
seasonal dynamics of oxygen at surface, middle, and bottom depths. Note that to facilitate
display, the model results are grouped and averaged by depth in thirds. Measured data are not
averaged, and often are collected at a depth of one foot in the upper third, and 1 m above the
sediments in the bottom third. This may help explain some measurements in the upper third
where the model appears to under-predict DO concentrations, and in the lower third where the
model appears to over-predict some very low DO measurements. However, model
performance statistics for DO (Table 4-17) indicate that the model does indeed under-predict
DO in the surface third by 0.45 mg/L on average, over-predict DO by 0.49 mg/L in the middle
layer, and over-predict DO by 0.22 mg/L in the bottom layer. The model does capture well the
onset and duration of bottom hypoxia. Vertical profiles of DO are provided in Appendix B.
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Table 4-17  Model Performance Metrics for DO at Station 12336 of Inks Lake
B . Depth Mean Absolute Mean Reliability Number of
Error Error Index Samples
DO, mg/L Upper Third 0.47 1.34 1.45 870
DO, mg/L Middle Third -0.48 1.32 2.28 940
DO, mg/L Lower Third -0.21 1.26 3.35 942
DO, mg/L All Depths -0.09 1.31 2.35 2,752

4.5.6.3 Organic Matter (Total Organic Carbon)

Figure 4-34 compares model-predicted TOC concentrations to observed concentrations at

Station 12336. Ambient data indicate a small but apparently significant increase in TOC with
time, and the model reflects this increase. Model performance statistics for TOC are provided
in Table 4-18. The overall AME was 0.67 mg/L, near the calibration goal of 0.6 mg/L. Almost
all TOC concentrations fall within a somewhat narrow range of 3 to 6 mg/L.

Table 4-18  Model Performance Metrics for TOC at Station 12336 of Inks Lake
Parameter | Deptn | Mean | AbsoluteMean | - Revgbily | Numberof
TOC, mg/L | Upper Third 0.39 0.69 1.25 216
TOC, mg/L | Middle Third 0.43 0.74 1.28 25
TOC, mg/L | Lower Third 0.31 0.63 1.24 164
TOC, mg/L | All Depths 0.36 0.67 1.25 405

4.5.6.4 Nitrogen

Figures 4-35 to 4-37 compare model-predicted and measured temporal profiles of TKN,
NH4-N, and NOy-N at Station 12336 of Inks Lake. Model performance statistics are provided
in Table 4-19. The overall AME for TKN was 0.23 mg/L, significantly better than the
0.4 mg/L calibration objective.

Table 4-19  Model Performance Metrics for Nitrogen Species at Station 12336 of Inks
Lake
Parameter Depth Mean Error Absoilzt::ngean Rellllztéi)l(ity Nstg?nbpigf
TKN, mg/L Upper Third 0.04 0.21 1.59 216
TKN, mg/L Middle Third 0.16 0.37 1.80 25
TKN, mg/L Lower Third 0.03 0.24 1.55 165
TKN, mg/L All Depths 0.05 0.23 1.59 406
NHs-N, pg/L Upper Third 4.5 30.4 2.46 213
NHs-N, pg/L Middle Third -30.9 46.7 3.00 25
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Parameter Depth Mean Error Absoilzt::ngean Rellri]zt;i)l(ity NSuz;Tr]nbpelre(s)f
NH;-N, pg/L Lower Third 6.4 131.3 2.52 163
NH;-N, pg/L All Depths 3.1 72.4 2.51 401
NO,-N, pg/L Upper Third -54.2 74.7 4.01 220
NO,-N, pg/L Middle Third -82.1 107.2 4.19 25
NO,-N, pg/L Lower Third -41.8 57.8 2.83 161
NO,-N, pg/L All Depths -51.0 70.0 3.51 406

Ammonia levels were often less than the analytical detection limit in Inks Lake, but
exhibited pronounced seasonal peaks. In the hypolimnion, NH4-N tended to increase during
the summer due to fluxes from sediments, then declined in the late fall as stratification
diminishes. Although the model predicted the occurrence of this seasonal variation, it did not
accurately predict the magnitude of some of the hypolimnetic concentrations. Similar but
smaller seasonal variations were often observed in the upper water column. The overall AME
of model predicted NH4-N was 71.7 pg/L, substantially greater than the calibration goal of
30 pug/L. The model performed poorly in simulating the variability in NH4-N flux from
sediments. However, the model did meet the AME calibration goal for the upper third of the
water column.

Observed NOx-N levels are generally low (< 0.5 mg/L). The model tends to over-predict
NO-N levels. The model does reproduces the NOx-N depletion that typically occurs in late
summer. The overall AME is 0.07 mg/L, which is less than the calibration objective of
0.1 mg/L.

45.6.5 Phosphorus

Figures 4-38 and 4-39 compare the observed levels of TP and PO4-P with model
predictions over time. Table 4-20 summarizes model performance statistics for phosphorus
species. TP is generally low throughout the lake, with a large number of samples below a
detection limit that varied with time. Model-predicted concentrations were similar in
magnitude and variance to measured concentrations. The overall model AME is 0.025 mg/L,
slightly worse than the calibration goal. However, the AME was lower in the upper and middle
depths.

Surface PO4-P concentrations are typically below detection limits. Consequently, no
observable patterns are visible. The model predicts surface PO4-P levels that generally remain
below detection limits, consistent with observed data. The model simulates very low limiting
values of PO4-P during the summer, but it cannot be verified against observations as the
detection limit for the majority of calibration is greater than typical half-saturation values for
PO4 limitation. As with ammonia, PO4-P levels in deeper layers tend to increase following
thermal stratification due to the accumulation of PO4-P released from the sediments under
hypoxic condition. The overall model AME is 11.4 pg/L, though this quantification is very
uncertain due to the large number of non-detected concentrations.
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Table 4-20  Model Performance Metrics for Phosphorus Species at Station 12336 of
Inks Lake
paameter | Deptn | e | Avsoute | Relaniy | Nymber o
TP, ug/L Upper Third -4.2 21.7 1.93 210
TP, ug/L Middle Third -9.1 11.0 1.82 25
TP, ug/L Lower Third 6.0 325 1.91 164
TP, pg/L All Depths -0.3 255 1.91 399
PO,-P, ug/L | Upper Third 6.3 9.2 4.29 213
PO,-P, ug/L | Middle Third 2.3 6.5 2.95 25
PO,-P, ug/L | Lower Third 2.8 15.4 2.26 157
PO,-P, pg/L All Depths 4.7 11.5 3.28 395

45.6.6 Algae and Chlorophyll-a

Figure 4-40 shows measured and model-predicted temporal variations of chlorophyll-a at
Station 12336 of Inks Lake. The median measured chlorophyll-a concentration in the upper
water column for the period 1984-2008 was 7.6 pg/L, while the model-predicted median
concentration was 6.1 pg/L. Thus, the model somewhat under-predicted chlorophyll-a
concentrations. Observed chlorophyll-a concentrations exhibited an increasing trend with time
in the upper water column. The trend was reflected in model predictions. Model performance
statistics are summarized in Table 4-21. The overall AME was 4.7 ng/L, higher than the
calibration goal of 4 pg/L.

Table 4-21  Model Performance Metrics for Chlorophyll-a at Station 12336 of Inks
Lake
Parameter Depth Mean Absolute Mean Reliability Number of
Error Error Index Samples
Chlorophyll-a, Upper
ug/L Third 2.7 4.8 1.96 215
Chlorophyll-a, Middle
ug/L Third 4.0 4.2 2.44 20
Chlorophyll-a, Lower
ug/L Third 3.9 4.3 3.72 29
Chlorophyll-a, | A pepths 3.0 47 216 264
Hg/L

The model predicted dominance of diatoms in March and April, of cyanobacteria from
June to December, and a mixture of green algae, diatoms, and cyanobacteria in January,
February, and May (Figure 4-41). This predicted seasonal succession was similar to what was
measured in Situ over a one-year period, although there were significant differences between
absolute measured and model-predicted taxa dominance at times. Model performance may be
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limited because diatom growth can be limited by availability of silica, and silica was not
measured or simulated.

The model predicted that, overall, light was the primary algal limiting growth factor.
However, considering only the limiting factor at noon in the uppermost 1-meter model layer,
phosphorus was the primary model-predicted algal limiting growth factor (Figure 4-42) for
most of the modeled period. However, the model predicts that due to an increasing phosphorus
concentration, nitrogen has increasingly limited algal growth in recent years. It is not clear to
what extent these model predictions may be influenced by an increase in reported detection
limits for phosphorus in recent years, and use of half of the detection limits in lieu of non-
detected values for input data sets. The model predicts that nitrogen limitation on algal growth
peaked in the summer months (Figure 4-43).

4.5.6.7 Model Parameters
The parameters of the calibrated Inks Lake CE-QUAL-W2 model are provided in Table 4-

22.
Table 4-22  Default and Calibrated Parameter Values for the Inks Lake Model
T Default | Calibration ] 3
Parameter Description Value Value Units Basis
. 2.0 -1
AG Maximum algal growth rate 2.0 (all groups) day model default
AR Maximum algal respiration 0.04 0.04 day” model default
rate (all groups)
AE Maximum algal excretion 0.04 0.04 day™” model default
(all groups)
AM Maximum algal mortality 0.1 0.16 day™ USGS grazing
(all groups) measurements
Group 1: 0.1
; Group 2: 0.005 -1 oo
AS Algal settling rate 0.1 Group 3: 0.1 m day | calibration parameter
Group 4: 0.1
Algal half-saturation for 0.003 -3
AHSP phosphorus-limited growth 0.003 (all groups) gm model default
Group 1: 0.014
Algal half-saturation for Group 2: 0.007 3 I
AHSN nitrogen-limited growth 0.014 Group 3: 0.014 gm calibration parameter
Group 4: 0.014
ASAT Lig_ht saturation intens@ty at 75 70 W m-2 | calibration parameter
maximum photosynthetic rate (all groups)
Group 1: 7
Lower temperature for algal Group 2: 15 o . .
AT1 growth 5 Group 3- 10 C calibration parameter
Group 4: 10
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Parameter Description el |- el Units Basis
Value Value
Group 1: 17
Lower temperature for Group 2: 20 o . .
AT2 maximum algal growth 25 Group 3: 20 C calibration parameter
Group 4: 20
Group 1: 20
Upper temperature for Group 2: 35 o I
AT3 maximum algal growth 35 Group 3: 25 C calibration parameter
Group 4: 25
Group 1: 25
Upper temperature for algal Group 2: 40 o N
AT4 growth 40 Group 3: 35 C calibration parameter
Group 4: 35
AK1  |Fraction of algal growth at AT1| 0.1 all gr';ups) model default
Fraction of maximum algal 0.99 .
AK2 growth at AT2 0.99 (all groups) model default
Fraction of maximum algal 0.99 .
AK3 growth at AT3 0.99 (all groups) model default
AK4  |Fraction of algal growth at AT4| 0.1 all gr';ups) model default
Stoichiometric equivalent 0.007 USGS particulate C,
ALGP between algal biomass and 0.005 (al .rou ) - total and dissolved P
phosphorus group data
Stoichiometric equivalent .
. 0.07 USGS particulate C
ALGN between algal biomass and 0.08 (all groups) - and N data
nitrogen
Stoichiometric equivalent 0.45
ALGC between algal biomass and 0.45 (all .rou ) - model default
carbon group
Stoichiometric ratio between 0.1 USGS particulate C,
ACHLA |algal biomass and chlorophyll-| 0.05 (all r.ou ) - LCRA chlorophyll-a
a group data
Fraction of algal biomass that 08
ALPOM is converted to POM when 0.8 ' - model default
. (all groups)
algae die
ANEQN Equation number for algal 5 2 . model default
ammonia preference (all groups)
ANPR Al?cal half—satgranon constant 0.001 0.03 gm? |calibration parameter
or ammonia preference (all groups)
Labile dissolved organic
LDOMDK | matter (LDOM) decay rate, 0.1 0.08 day' |calibration parameter
day™
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Parameter Description el |- el Units Basis
Value Value
RDOMDK | Refractory dissolved organic |, 444 0.001 day” model default
matter (LDOM) decay rate ' '
LRDDK |Labileto refr?gtt‘;ry conversion| , 1 0.01 day” model default
LPOMDK Labile particulate organic 0.08 0.05 day'1 calibration parameter
matter (LPOM) decay rate ' '
Refractory particulate organic -1
RPOMDK matter (RPOM) decay rate 0.001 0.001 day model default
LRPDK | -abile to refr?gtt‘;ry conversion| g o 0.02 day"’ | calibration parameter
particulate organic matter -1 I
POMS settling rate 0.1 0.05 m day™ | calibration parameter
OMT1 Lower temperature for organic 4 4 °C model default
matter decay
OMT2 Upper temperature for organic 25 25 °C model default
matter decay
Fraction of organic matter .
OMK1 decay at OMT1 0.1 0.1 model default
Fraction of organic matter .
OMK2 decay at OMT2 0.99 0.99 model default
Stoichiometric equivalent
ORGP between organic matter and | 0.005 0.004 - calibration parameter
phosphorus
Stoichiometric equivalent
ORGN between organic matter and 0.08 0.06 - calibration parameter
nitrogen
Stoichiometric equivalent
ORGC between organic matter and 0.45 0.45 - model default
carbon
Sediment release rate of fraction of
PO4R hosphorus. fraction of SOD 0.001 0.001 SOD as model default
phosp ’ g/m2/day
Phosphorus partitioning
PARTP coefficient for suspended 0.0 0.0 - model default
solids
Sediment release rate of fraction of
NH4R ammonium. fraction of SOD 0.001 0.011 SOD as |calibration parameter
’ g/m2/day
NH4DK Ammonium decay rate 0.12 0.1 day' |calibration parameter
NH4T1 Lower temperature for 5 5 °C model default
ammonia decay
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Parameter Description el |- el Units Basis
Value Value
NH4T?2 Lower temperature for 25 25 °C model default
maximum ammonia decay
Fraction of nitrification rate at
NH4K1 NHAT1 0.1 0.1 - model default
Fraction of nitrification rate at
NH4K2 NHAT2 0.99 0.99 - model default
NO3DK Nitrate decay rate 0.03 0.03 day™” model default
NO3S Denitrification rate from | 5 0.001 m day” model default
sediments
Fraction of NO3N diffused into
the sediments that becomes
FNO3SED part of organic N in the 0.0 0.0 --- model default
sediments
NO3T1 Lower temperatur;e for nitrate 5 5 °C model default
decay, °C
NO3T2 Lower tempsrature for 25 25 °C model default
maximum nitrate decay
Fraction of denitrification at
NO3K1 NO3T1 0.1 0.1 - model default
Fraction of denitrification at
NO3K2 NO3T2 0.99 0.99 --- model default
O2NH4 | Oxygen stoichiometryfor |, o7 4.57 model default
nitrification
020M Oxygen stoichiometry for 14 14 model default
organic matter decay
02AR | Oxygen stoichiometry for algal| 4 1.1 model default
respiration
02AG Oxygen.stoichiometry. for algal 14 14 . model default
primary production
KDO Dissolveq oxygen half- 0.1 0.2 g m™ | calibration parameter
saturation constant
; -2
SOD Sediment oxygen demand, - 2.2 90, ™ | calibration parameter
zero-order day
Lower temperature for zero-
SODT1 order SOD or first-order 4 4 °C model default
sediment decay
Upper temperature for zero-
SODT2 order SOD or first-order 25 25 °C model default
sediment decay
SODK1 Fraction of SOD at SODT1 0.1 0.1 - model default
SODK2 Fraction of SOD at SODT2 0.99 0.99 - model default
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Parameter Description el |- el Units Basis
Value Value
Fraction of the zero-order
FSOD SOD used 1 1 - model default

45.7 Calibration Results for the Lake LBJ Model

45.7.1 Conservatives (Specific Conductance and Chloride)

Specific conductance ranged between approximately 250 and 1,300 uS/cm during the
model period, and chloride concentrations varied between approximately 10 and 240 mg/L.
Figures 4-44 to 4-53 show temporal plots of specific conductance in the upper, middle, and
lower third of the water column at ten monitoring stations in Lake LBJ where it has been
measured. Figures 4-54 to 4-61 show temporal plots for chloride at eight monitoring stations
where it has been measured. Please refer to Figure 2-1 for the locations of monitoring stations.

Overall, the model does a good job in reproducing the temporal variation in specific
conductance and chloride concentrations. Model performance metrics are provided in
Table 4-23. The model accurately tracks Lake LBJ’s response to the large salt pulses that
occurred during 1988 to 1990.

It is interesting to compare the model-predicted chloride concentrations in Segment 62, at
FM 2900 in the Llano River Arm (Figure 4-59), to Segment 2, in the headwaters of the main
(Colorado River) Arm (Figure 4-58). The salt pulse of 1988 to 1990 is pronounced in
Segment 2, but in Segment 62 the chloride concentrations in this period were extremely
dynamic. The salt pulse is only apparent during low flow periods when water from the main
channel mixed back upstream in the Llano Arm. Also note that in Segment 62 the chloride
concentrations increase with depth, implying that the lower chloride waters flowing in from the
Llano River flow over the top of the denser, high chloride waters from downstream.
Unfortunately, there were no chloride measurements at Segment 62 during this dynamic period,
but specific conductance measurements (Figure 4-51) support model predictions. At most
stations there was little vertical variation in specific conductance and chloride concentration.
Vertical profiles of specific conductance and chloride are provided in Appendix B.

Table 4-23  Overall Model Performance Metrics for Specific Conductance and Chloride
at Lake LBJ Monitoring Stations

Mean Absolute Reliability Number of
EIELIS D Error Mean Error Index Samples

Specific Conductance, | ;o Thirg 22 55.9 116 3.739
puS/cm

Specific Conductance, | \r441e Third 47 518 1.15 3.674
puS/cm

Specific Conductance, | | o Third 6.4 56.9 117 3.340
puS/cm

Specific Conductance, | A paptng 44 54.8 116 10,753
puS/cm
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oepin | Mean | Assoute | Reapiy | Number o
Chloride, mg/L Upper Third 1.55 9.57 1.30 813
Chloride, mg/L Middle Third -0.57 9.05 1.25 325
Chloride, mg/L Lower Third -1.73 11.88 1.37 433
Chloride, mg/L All Depths 0.21 10.10 1.31 1,571

4.5.7.2 Dissolved Oxygen

Excluding inflow and outflow, the main drivers of oxygen levels in the lake are algal
growth, organic matter decay, SOD, and surface re-aeration. Algal respiration and ammonia
nitrification also consume DO, to a lesser degree. Figures 4-62 to 4-71 compare model-
predicted DO concentrations to observed concentrations at ten stations. Vertical profiles of DO
are compared in Appendix B. Inspection of the temporal plots shows that the model does a
good job of capturing the seasonal dynamics of oxygen at surface, middle, and lower depths.
Model performance statistics for DO are provided in Table 4-24. One important feature that
the model captures very well is the onset and duration of the bottom hypoxia. The model tends
to over-predict some observed oxygen levels at the surface and middle depths during the
summer months.

Table 4-24  Overall Model Performance Metrics for DO at Lake LBJ Monitoring

Stations
Parameter Depth Mean Error Abso'IEL::ngean Rellllz(ijl;i)l(ity N;;?nbpﬁggf
DO, mg/L Upper Third -0.19 0.87 1.24 3,718
DO, mg/L Middle Third -0.66 1.25 1.85 3,657
DO, mg/L Lower Third -0.56 1.38 2.89 3,326
DO, mg/L All Depths -0.46 1.16 1.98 10,701

4.5.7.3 Organic Matter (Total Organic Carbon)

Figures 4-72 to 4-79 compare model-predicted TOC concentrations to observed
concentrations at eight stations. The model does well at capturing the average TOC
concentrations, but tends to over-predict the range of observed variations. This may imply that
the organic carbon content of algae and organic matter is not constant, as assumed by the
model. Other than inflow and outflow, the main factors controlling TOC levels in the lake are
algal mortality, labile OM decay, particulate settling, and labile to refractory conversion. The
AME of 1.31 is substantially inflated by deviations in model predictions on just a few dates
when high TOC loads from the Llano River occur on high flow days. However, the reliability
indices of 1.4-1.7 imply that the model performs relatively well at explaining variations in
TOC. Model performance statistics for TOC are provided in Table 4-25.

PARSONS/ANCHOR QEA LLC 4-43 FINAL REPORT
March 2011




CREMs Phase 3

Inks Lake, Lake LBJ, Lake Marble Falls

Lake Model

Table 4-25  Overall Model Performance Metrics for TOC at Lake LBJ Stations
Parameter Depth Mean Error Absoilzt::ngean Rellri]z(ijt;i)l(ity Né‘;?nbpﬁggf
TOC, mg/L Upper Third 0.21 1.47 1.63 810
TOC, mg/L Middle Third 0.17 1.00 1.40 324
TOC, mg/L Lower Third 0.69 1.25 1.68 432
TOC, mg/L All Depths 0.34 1.31 1.60 1,566

4.5.7.4 Nitrogen

Figures 4-80 to 4-87 compare model-predicted and measured temporal profiles of TKN at
eight stations in Lake LBJ. Model performance statistics are provided in Table 4-26. The
model reproduces well the average and range of TKN levels. The overall model AME is 0.27
mg/L, which is significantly better than the calibration goal of 0.4 mg/L. The data exhibit
greater variability in the bottom depths, particularly near Wirtz Dam where ammonia flux from
sediments is higher.

Table 4-26  Overall Model Performance Metrics for Nitrogen Species at Lake LBJ
Stations

Parameter Depth Mean Error MA;zt:jﬂoIIEurtr?)r Rellllz(ijl;i)l(ity Né‘;?nbpﬁggf
TKN, mg/L Upper Third 0.08 0.25 1.85 781
TKN, mg/L Middle Third 0.08 0.25 1.72 321
TKN, mg/L Lower Third 0.13 0.34 1.91 421
TKN, mg/L All Depths 0.09 0.27 1.84 1,523
NH4-N, pg/L Upper Third 21.8 33.9 2.86 804
NH4-N, pg/L Middle Third 14.0 37.9 2.64 324
NH4-N, pg/L Lower Third 38.3 200 3.22 430
NH4-N, pg/L All Depths 24.8 80.7 2.91 1,558
NO,-N, pg/L Upper Third -108.8 147 4.32 778
NO,-N, pg/L Middle Third -72.6 105 4.11 315
NO,-N, pg/L Lower Third -791 129 3.49 417
NO,-N, pg/L All Depths -93.0 133 4.03 1,510

Ammonia nitrogen levels in Lake LBJ are typically very low (0.05 mg/L or less), but are
also extremely variable (Figures 4-88 to 4-95). The model also generates low NH4-N
concentrations comparable to the measured median values, but fails to predict many of the
higher observed NH4-N levels. Some of the deeper parts of the lake accumulate NH4-N levels
up to 1 mg/L during stratified periods due to releases from the sediment. The model does well
to simulate the timing and magnitude of some, but not all, of these releases. Overall, the model
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AME is 0.081 mg/L for NH4-N. However, much of the error is in the deeper layers. The AME
is 0.034 mg/L NH4-N in the upper layers, similar to the calibration goal of 0.03 mg/L.

Observed NOx-N levels are quite variable, responding to the impacts of runoff, algal
growth, ammonia nitrification, and to a much lesser extent, denitrification. Figures 4-96 to
4-103 compare measured and model-predicted concentrations at eight stations in Lake LBJ.
The model does well to reproduce the surface NOx-N levels, and most importantly, reproduces
the NOx-N depletion that typically occurs from late spring through summer. In some cases, the
model under-predicts the rapidness of the onset of NOx-N depletion, resulting in a net over-
prediction of concentrations. The algae of Lake LBJ do not appear to exhibit a great preference
for NH4-N over NOy-N, as discussed in Section 4.5.4. The overall model AME is 0.13 mg/L,
similar to the calibration goal of 0.1 mg/L.

45.7.5 Phosphorus

Figures 4-104 to 4-111 compare the observed levels of TP with model predictions. High
TP concentrations associated with runoff events tended to decline rapidly, resulting in a
baseline TP concentration of approximately 25 pg/L with peaks of 50 to 300 ug/L. Total
phosphorus concentrations in the upper and middle water column averaged approximately
37 ng/L. This average is similar to that measured in Inks Lake and did not vary significantly
from upstream to downstream. An increasing trend in TP concentrations over the modeled
period appears to be statistically significant, but this may be an artifact of time-varying
analytical detection limits.

Table 4-27 summarizes model performance statistics for phosphorus species. The overall
model AME of 35 pg/L for TP substantially exceeds the calibration goal of 20 pg/L, but does
not seem poor in light of the observed concentration range from 0 to 500 pg/L. It must also be
considered that the typical concentrations are near analytical detection limits, and a substantial
number of measurements are below detection. Variance is also inflated by varying analytical
detection limits, which ranged from <1 to 100 pg/L.

The PO4-P model calibration is shown in Figures 4-112 to 4-119. Surface PO4-P
concentrations are typically below detection limits. The model predicts surface PO4-P levels
that generally are in agreement with measured data. As with TP, PO4-P levels exhibit high
pulses associated with major runoff events. Model predictions of PO4-P are sensitive to
boundary concentrations, which in turn are strongly affected by the varying detection limits, as
illustrated for model Segment 2 in Figure 4-116. The model simulates very low values of
PO4-P in the epilimnion from March to October, and the model predicts that phosphorus is
most often the limiting nutrient. As with ammonia, PO4-P levels rise in the deeper areas of the
lake in summertime due to the accumulation of PO4-P released from the sediments. The overall
model AME for PO4-P is 11.6 pg/L, higher than the calibration goal of 10 pg/L. However, the
AMEs for the upper and middle layers meet the calibration goal.
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Table 4-27  Overall Model Performance Metrics for Phosphorus Species in Lake LBJ
Parameter Depth Mean Error M'Aégsnoilzurtrgr Rellri]z(ijt;i)l(ity Né‘;?nbpﬁggf
TP, pg/L Upper Third -5.60 334 2.25 808
TP, pg/L Middle Third -9.51 28.0 2.15 322
TP, ug/L Lower Third 14.97 44.5 2.25 427
TP, ug/L All Depths -0.77 35.3 2.23 1,557
PO,4-P, ug/L Upper Third 3.70 9.86 3.97 813
PO,-P, pg/L Middle Third 1.47 8.51 3.62 325
PO,-P, pg/L Lower Third 6.28 17.26 2.88 433
PO4-P, pg/L All Depths 3.95 11.62 3.57 1,571

45.7.6 Chlorophyll-a

Figures 4-120 to 4-127 show measured and model-predicted temporal variations of
chlorophyll-a at eight stations in Lake LBJ. Chlorophyll-a levels exhibit high temporal
variability, with a small long-term increasing concentration trend.

The model performs reasonably well in predicting the observed range and variability of
chlorophyll-a levels, the normal seasonal fluctuations, and the small increasing trend in
concentrations over the modeled period. The model does not accurately predict many of the
short-term peaks in chlorophyll-a concentrations, particularly an observed peak in 2008. This
results in an average under-prediction of chlorophyll-a levels of 2.54 ng/L. Model performance
statistics are summarized in Table 4-28. The overall model AME considering all sites was 4.88
ng/L, and 4.26 ng/L near Wirtz Dam. The calibration goal was 4 ng/L.

The model predicted that, in an average year, cyanobacteria were dominant from May to
January, and diatoms were dominant in February, March, and April (Figure 4-128). Although
this seasonal pattern is evident in observed algal counts, the model may over-predict the extent
of dominance by cyanobacteria. Model performance may also be limited because diatom
growth can be limited by availability of silica, and silica was not measured or simulated.

Table 4-28  Overall Model Performance Metrics for Chlorophyll-a in Lake LBJ

Parameter Depth Mean Error M'Aégsnoilzurtrgr Rellri]z(ijl;i)l(ity Né‘;?nbpﬁggf
Chlorophyll-a, pg/L Upper Third 2.75 5.09 2.38 764
Chlorophyll-a, ug/L | Middle Third 1.82 4.51 2.33 277
Chlorophyll-a, pg/L Lower Third 3.21 3.72 3.85 55
Chlorophyll-a, pg/L All Depths 2.54 4.88 243 1,096

In order to understand the factors controlling algal growth throughout Lake LBJ, it is
useful to examine the algal growth limitation factors. Figure 4-129 summarizes algal limiting
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growth factors by year for Lake LBJ near Wirtz Dam. These illustrate the relative frequency of
limitation by light, phosphorus, or nitrogen at a depth of 1 m at noon each day. Figure 4-130
summarizes the same limiting factors by month. At this depth, a surplus of light can limit algal
growth by photo-inhibition as much as a deficit of light. Ignoring light limitation because it
varies substantially with depth and time of day, the model predicts that phosphorus availability
limits algal growth six times more frequently than nitrogen. Nitrogen limitation is predicted to
occur most frequently in the summer months, but even in these months phosphorus is predicted
to limit algal growth more frequently. The limiting factors did not vary substantially by algal
group; nitrogen limitation was slightly less frequent for cyanobacteria.

45.7.7 Model Parameters

The parameters of the calibrated Lake LBJ CE-QUAL-W2 model are provided in Table 4-
29.

Table 4-29  Default and Calibrated Parameter Values for the Lake LBJ Model

Parameter Description el |- el Units Basis
Value Value
AG Maximum algal growth rate 20 2.0 day'1 calibration parameter
(all groups)
AR Maximum algal respiration 0.04 0.04 day” model default
rate (all groups)
AE Maximum algal excretion 0.04 0.04 day™” model default
(all groups)
AM Maximum algal mortality 0.1 0.16 day™” USGS grazing
(all groups) measurements
Group 1: 0.1
: Group 2: 0.005 -1 oo
AS Algal settling rate 0.1 Group 3: 0.1 m day calibration parameter
Group 4: 0.1
Algal half-saturation for 0.003 -3
AHSP phosphorus-limited growth 0.003 (all groups) gm model default
Group 1: 0.014
Algal half-saturation for Group 2: 0.007 3 I
AHSN nitrogen-limited growth 0.014 Group 3: 0.014 gm calibration parameter
Group 4: 0.014
ASAT Light saturation intens@ty at 75 70 W m-2 | calibration parameter
maximum photosynthetic rate (all groups)
Group 1: 7
Lower temperature for algal Group 2: 15 o . .
AT1 growth 5 Group 3- 10 C calibration parameter
Group 4: 10
Group 1: 17
Lower temperature for Group 2: 20 o . .
AT2 maximum algal growth 25 Group 3: 20 C calibration parameter
Group 4: 20
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Parameter Description el |- el Units Basis
Value Value
Group 1: 20
Upper temperature for Group 2: 35 ° I
AT3 maximum algal growth 35 Group 3: 25 C calibration parameter
Group 4: 25
Group 1: 25
Upper temperature for algal Group 2: 40 o N
AT4 growth 40 Group 3: 35 C calibration parameter
Group 4: 35
AK1  |Fraction of algal growth at AT1| 0.1 al gr};ups) model default
Fraction of maximum algal 0.99 .
AK2 growth at AT2 0.99 (all groups) model default
Fraction of maximum algal 0.99
AK3 growth at AT3 0.99 (all groups) - model default
AK4  |Fraction of algal growth at AT4| 0.1 all gr';ups) model default
Stoichiometric equivalent 0.007 USGS particulate C,
ALGP between algal biomass and 0.005 (all .rou ) --- total and dissolved P
phosphorus group data
Stoichiometric equivalent .
. 0.07 USGS particulate C
ALGN between algal biomass and 0.08 (all groups) - and N data
nitrogen
Stoichiometric equivalent 0.45
ALGC between algal biomass and 0.45 (all .rou ) - model default
carbon group
Stoichiometric ratio between 0.1 USGS particulate C,
ACHLA |algal biomass and chlorophyll-| 0.05 (al r.ou ) - LCRA chlorophyll-a
a group data
Fraction of algal biomass that 08
ALPOM is converted to POM when 0.8 ' - model default
. (all groups)
algae die
ANEQN Equation number for algal 5 2 . model default
ammonia preference (all groups)
ANPR Algal half—satgration constant 0.001 0.03 9 m3 calibration parameter
for ammonia preference (all groups)
Labile dissolved organic
LDOMDK | matter (LDOM) decay rate, 0.1 0.08 day™” calibration parameter
day™
RDOMDK | Refractory dissolved organic |, 444 0.001 day” model default
matter (LDOM) decay rate ' '
LRDDK |Labileto refr?gtt‘;ry conversion| , (4 0.01 day” model default
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Parameter Description el |- el Units Basis
Value Value
Labile particulate organic -1 A
LPOMDK matter (LPOM) decay rate 0.08 0.05 day calibration parameter
Refractory particulate organic -1
RPOMDK matter (RPOM) decay rate 0.001 0.001 day model default
LRPDK | -@bile to refr?gtt‘;ry conversion| g o 0.02 day"’ | calibration parameter
POMS particulate organic matter 0.1 0.1 m day” model default
settling rate
OMT1 Lower temperature for organic 4 4 °C model default
matter decay
OMT2 Upper temperature for organic 25 25 °C model default
matter decay
Fraction of organic matter
OMK1 decay at OMT1 0.1 0.1 - model default
Fraction of organic matter .
OMK2 decay at OMT2 0.99 0.99 model default
Stoichiometric equivalent
ORGP between organic matter and | 0.005 0.004 - calibration parameter
phosphorus
Stoichiometric equivalent
ORGN between organic matter and 0.08 0.06 - calibration parameter
nitrogen
Stoichiometric equivalent
ORGC between organic matter and 0.45 0.45 - model default
carbon
Sediment release rate of fraction of
PO4R hosohorus. fraction of SOD 0.001 0.0001 SOD as | calibration parameter
phosp ’ g/m2/day
Phosphorus partitioning
PARTP coefficient for suspended 0.0 0.0 - model default
solids
Sediment release rate of fraction of
NH4R ammonium. fraction of SOD 0.001 0.018 SOD as | calibration parameter
’ g/m2/day
NH4DK Ammonium decay rate 0.12 0.1 day'1 calibration parameter
NH4T1 Lower temperature for 5 5 °C model default
ammonia decay
NH4T2 Lower temperature for 25 25 °C model default
maximum ammonia decay
Fraction of nitrification rate at
NH4K1 NHAT 0.1 0.1 - model default
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Parameter Description el |- el Units Basis
Value Value
Fraction of nitrification rate at
NH4K2 NHAT?2 0.99 0.99 - model default
NO3DK Nitrate decay rate 0.03 0.03 day™” model default
NO3S Denitrification rate from |5 5 0.001 m day” model default
sediments
Fraction of NO3N diffused into
FNO3sED | the sediments that becomes | ) 0.0 model default
part of organic N in the
sediments
NO3T1 Lower temperatur;e for nitrate 5 5 °C model default
decay, °C
NO3T2 Lower temperature for 25 25 °C model default
maximum nitrate decay
Fraction of denitrification at
NO3K1 NO3T1 0.1 0.1 - model default
Fraction of denitrification at
NO3K2 NO3T2 0.99 0.99 - model default
O2NH4 | Oxygen stoichiometryfor |, o7 4.57 model default
nitrification
o2om | Oxvgen stoichiometry for |4 4 14 model default
organic matter decay
02AR | Oxvgen stoichiometry for algal| 4 4 1.1 model default
respiration
02AG Oxygen.stoichiometry. for algal 14 14 . model default
primary production
KDO Dissolveq oxygen half- 0.1 0.2 g m* calibration parameter
saturation constant
; 2
SOD Sediment oxygen demand, - 03-1.9 90: ™ | calibration parameter
zero-order day
Lower temperature for zero-
SODT1 order SOD or first-order 4 4 °C model default
sediment decay
Upper temperature for zero-
SODT2 order SOD or first-order 25 25 °C model default
sediment decay
SODK1 Fraction of SOD at SODT1 0.1 0.2 - calibration parameter
SODK2 Fraction of SOD at SODT2 0.99 0.9 - calibration parameter
Fraction of the zero-order
FSOD SOD used 1 1 - model default
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45.8 Calibration Results for the Lake Marble Falls Model

45.8.1 Conservatives (Specific Conductance and Chloride)

Figures 4-131 to 4-134 show the temporal plots of specific conductance in the upper,
middle, and lower third of the water column at Lake Marble Falls stations 12319, 12320,
12322, and 12323. These four stations represent the downstream, two middle, and upstream
reaches of the reservoir. Figures 4-135 and 4-136 show temporal plots for chloride at stations
12319 and 12323; the other two stations are not shown due to lack of data. Concentrations are
similar at the different locations at the same points in time. Overall, the model reproduces the
specific conductance and chloride concentrations well throughout the lake. Except for a slight
under-prediction during late 1988 and early 1989, the model accurately tracks the lake response
to the large salt releases from the Natural Dam Salt Lake in 1987 to 1989 (Raines and Rast
1999), which are observable in the data collected from 1988 through 1990. Model performance
metrics at Max Starcke Dam are provided in Table 4-30. Vertical profiles of specific
conductivity and chloride are provided in Appendix B.

Table 4-30  Model Performance Metrics for Specific Conductance and Chloride at
Station 12319 of Lake Marble Falls

Parameter Depth Mean Error Absolute Reliability Number of
Mean Error Index Samples
Specific Conductance, | o Thirg 195 56.4 114 206
puS/cm
Specific Conductance, . .
uS/cm Middle Third 20.8 57.2 1.14 205
Specific Conductance, .
uS/cm Lower Third 23.2 58.1 1.14 205
Specific Conductance,
uS/cm All Depths 21.2 57.3 1.14 616
Chloride, mg/L Upper Third 5.6 10.8 1.25 201
Chloride, mg/L Middle Third 6.7 14.2 1.34 24
Chloride, mg/L Lower Third 5.9 111 1.26 200
Chloride, mg/L All Depths 5.8 11.1 1.26 425

4.5.8.2 Dissolved Oxygen

The main drivers of oxygen levels in the lake are surface reaeration, SOD, and to a
somewhat lesser degree, algal growth/respiration and organic matter decay. Figure 4-137
compares model-predicted DO concentrations to observed concentrations at Station 12319.
Inspection of the temporal plots shows that the model does a good job of capturing the seasonal
dynamics of oxygen at surface, middle, and bottom depths. Vertical profiles of DO are
provided in Appendix B. Model performance statistics for DO at Max Starcke Dam are
provided in Table 4-31. The model tends to under-predict oxygen levels at the surface and
middle depths during the winter months, especially during the later years of calibration. This
may be due to the fact that the model does not predict the levels of algae observed during the
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winter months (see below). Model predictions of the limited DO data collected at the middle
stations match well (Figures 4-138 and 4-139). In addition, the model sometimes misses the
DO depletion during summer months. These two deficiencies are more pronounced at the
upstream station (Figure 4-140).

Table 4-31  Model Performance Metrics for DO at Station 12319 of Lake Marble Falls
Parameter Depth Mean Error Mlbégioilzl::gr Rellllz(ijl;i)l(ity Né‘;?nbpﬁggf
DO, mg/L Upper Third 0.34 0.81 1.15 207
DO, mg/L Middle Third -0.09 0.79 1.18 206
DO, mg/L Lower Third -0.72 1.14 1.47 206
DO, mg/L All Depths -0.15 0.91 1.26 619

4.5.8.3 Organic Matter (Total Organic Carbon)

Figure 4-141 and 4-142 compares model-predicted TOC concentrations to observed
concentrations at Stations 12319 and 12323. TOC was not measured at the two middle
stations. TOC is observed to be relatively constant at the upstream and downstream ends of the
lake at 3-6 mg/L. The model generally under-predicts the measured concentrations of TOC at
both stations; this under-prediction is also seen in the TOC calibrations of the lake models for
Inks Lake and Lake LBJ. Spikes in predicted TOC concentration mainly correspond to high
flow events, which would not be captured in routine data collected during ambient conditions.
Model performance statistics for TOC at Max Starcke Dam are provided in Table 4-32. The
AME for all depths at Station 12319 was 1.38 mg/L, missing the calibration goal of 0.6 mg/L.
However, the reliability indices of 1.6 - 1.7 imply that the model performs relatively well at
explaining variations in TOC.

Table 4-32  Model Performance Metrics for TOC at Station 12319 of Lake Marble Falls
Parameter Depth Mean Error Mlbé[;?]oilzl::gr Rellllz(ijt;i)l(ity Né‘;?nbpﬁggf
TOC, mg/L Upper Third 0.63 1.39 1.62 200
TOC, mg/L Middle Third 0.72 1.62 1.68 24
TOC, mg/L Lower Third 0.58 1.35 1.61 202
TOC, mg/L All Depths 0.61 1.38 1.62 426

4.5.8.4 Nitrogen

Figures 4-143 to 4-144 compare model-predicted and measured temporal profiles of TKN
at Stations 12319 and 12323 of Lake Marble Falls. Plots for the two middle stations are not
shown because they either had no TKN data or only one date with data during the calibration
period. Observations show that TKN remains at relatively low concentrations (< 1.0 mg/L) at
the upstream and downstream ends of the lake. The model reproduces these levels well,
particularly in the last decade. The data also show more variability in TKN at the upstream
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location with occasional spikes and a more constant signal toward Max Starcke Dam. This
feature is also reproduced by the model although TKN spikes are not captured individually.

Figures 4-145 to 4-146 compare model-predicted and measured temporal profiles of NHs-
N at Stations 12319 and 12323 of Lake Marble Falls. Plots for the two middle stations are not
shown because they either had no ammonium nitrogen data or only one date with data during
the calibration period. NH4-N levels throughout Lake Marble Falls are generally very low
(below 0.1 mg/L). The model also generates comparably low NH4-N values. There are,
however, periods when higher values of NH4-N were measured but the model under-predicts
the concentrations, notably during late 1987 to 1990, mid-1997 to 1999, and 2007-2008. This
under-prediction is more evident at the upstream station as the levels measured upstream are
higher than those near Max Starcke Dam. Control over model predictions at the upstream
station, however, is limited by the output from the Lake LBJ model.

Figures 4-147 to 4-148 compare model-predicted and measured temporal profiles of NOx-
N at Stations 12319 and 12323 of Lake Marble Falls. Plots for the two middle stations are not
shown because they either had no NO-N data or only one date with data during the calibration
period. Observed NO-N levels are generally low (< 0.5 mg/L). The model does well to
reproduce the surface NOx-N levels, capturing the timing and magnitude of occasional higher
measured concentrations. More importantly, the model reproduces the NOx-N depletion that
typically occurs from late spring through summer.

Model performance statistics for nitrogen at Max Starcke Dam are provided in Table 4-33.
The AME goal of 0.4 mg/L for TKN was met with an overall AME of 0.26 mg/L. For NHs-N,
the AME for all depths was 40.5 pg/L, not meeting the AME goal of 30 nug/L; this metric was
slightly better at 33.9 pug/L in the top third depth where the majority of data were collected. For
NOx-N, the AME goal was also not met with a value of 130 pg/L. compared to the goal of 100

pg/L.

Table 4-33  Model Performance Metrics for Nitrogen Species at Station 12319 of Lake
Marble Falls

Parameter Depth Mean Error Mlbégioilzl::gr Rellri]z(ijl;i)l(ity NSUE;TrlnbpeI;(S)f
TKN, mg/L Upper Third 0.11 0.24 1.82 199
TKN, mg/L Middle Third 0.35 0.46 2.16 24
TKN, mg/L Lower Third 0.13 0.26 1.91 201
TKN, mg/L All Depths 0.13 0.26 1.88 424
NH4-N, pg/L Upper Third 7.4 33.9 3.00 198
NH,-N, pg/L Middle Third 19.4 45.8 2.65 24
NH4-N, pg/L Lower Third 20.5 46.5 2.78 198
NH;-N, pg/L All Depths 14.3 40.5 2.88 420
NO,-N, pg/L Upper Third -90 130 3.77 181
NO,-N, pg/L Middle Third -130 140 4.87 24
NO«-N, pg/L Lower Third -80 130 3.61 188
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Parameter Depth Mean Error Absolute Reliability Number of
Mean Error Index Samples
NO«-N, pg/L All Depths -90 130 3.76 393

4.5.8.5 Phosphorus

Figures 4-149 through 4-152 compare the observed levels of TP and PO4-P with model
predictions over time at the downstream and upstream stations. Table 4-34 summarizes model
performance statistics for the phosphorus species. TP is generally low throughout the lake,
with a large number of samples being below the detection limit. Occasional isolated high
values (above detection limit) are observed at various locations; these are not typically
reproduced by the lake model. The model also does not reproduce the higher levels of TP
measured in late 2007 and 2008 at the upstream station, which is reflective of the model’s
inability to capture the chlorophyll-a concentrations measured during the same period (see
below). The model AME of 31 pg/L for TP substantially does not meet the calibration goal of
20 pg/L.

The PO4-P model calibrations at the downstream and upstream stations are shown in
Figures 4-151 and 4-152. Surface PO4-P concentrations are typically below detection limits.
Consequently, no patterns are evident. The model also produces surface PO4-P levels that
generally remain below detection limits. The model simulates very low limiting values of PO4-
P during the summer, but it cannot be verified against observations as the detection limit for the
majority of calibration is above typical half-saturation values for PO4-P limitation. The AME
for PO4-P meets the calibration goal of 10 pg/L.

Table 4-34  Model Performance Metrics for Phosphorus Species at Station 12319 of
Lake Marble Falls

Parameter Depth Mean Error Mlbé[;?]oilzl::gr Rellllz(ijt;i)l(ity Né‘;?nbpﬁggf
TP, pg/L Upper Third -7.2 29.9 2.53 198
TP, pg/L Middle Third -16.9 23.6 2.48 24
TP, pg/L Lower Third 0.3 32.7 2.40 200
TP, pg/L All Depths -4.2 30.9 2.47 422

PO,-P, pg/L Upper Third 2.4 7.8 3.29 198

PO,-P, pg/L Middle Third 3.2 71 3.02 24

PO,-P, pg/L Lower Third 1.9 8.2 2.75 200

PO,-P, pg/L All Depths 2.2 8.0 3.02 422

45.8.6 Chlorophyll-a

Figures 4-153 and 4-154 show measured and model-predicted temporal variations of
chlorophyll-a at Max Starcke Dam and at the upstream station of Lake Marble Falls. The
model performs reasonably well in predicting average chlorophyll-a levels, as well as the
general range and timing with the notable exception of the higher chlorophyll-a values
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measured in late 2007 and 2008. The under-predictions during the last two years of simulation
reflect the model’s under-prediction of phosphorus levels during the same time period
(discussed above). Model performance statistics are summarized in Table 4-35. The model
AME o0f'4.67 pg/L did not meet the calibration goal of 4 pg/L.

Table 4-35  Model Performance Metrics for Chlorophyll-a at Station 12319 of Lake
Marble Falls
B . Depth Mean Error Absolute Reliability Number of

Mean Error Index Samples
Chlorophyll-a, pg/L Upper Third 1.56 5.18 2.45 197
Chlorophyll-a, pg/L Middle Third 1.20 3.40 2.53 21
Chlorophyll-a, pg/L Lower Third 1.57 3.22 2.16 52
Chlorophyll-a, pg/L All Depths 1.53 4.67 2.40 270

The model predicted that, in an average year, cyanobacteria were dominant from May to
January, and diatoms were dominant in February, March, and April (Figure 4-155) for Lake
Marble Falls. This observation is similar to that observed for Lake LBJ. Model performance
may be limited because diatom growth can be limited by availability of silica, and silica was
not measured or simulated.

The model predicted that, overall, light was the primary algal limiting growth factor.
However, considering only the limiting factor at noon in the topmost one m model layer,
phosphorus was the primary model-predicted algal limiting growth factor (Figure 4-156) for
most of the modeled period. However, the model predicts that due to an increasing phosphorus
concentration, nitrogen has increasingly limited algal growth in recent years. It is not clear to
what extent these model predictions may be influenced by an increase in reported detection
limits for phosphorus in recent years, and use of half of the detection limits in lieu of non-
detected values for input data sets. Nitrogen limitation is predicted to occur most frequently in
the summer months, but even in these months phosphorus limitation is predicted to occur more
frequently (Figure 4-157).

45.8.7 Model Parameters

The parameters of the calibrated Lake Marble Falls CE-QUAL-W2 model are provided in
Table 4-36.

Table 4-36  Calibrated Parameter Values for the Lake Marble Falls Model
Parameter Description Lzl Cell sl Units Basis
Value Value

AG Maximum algal growth rate 2.0 2.0 day™” model default
(all groups)

AR Maximum algal respiration rate 0.04 0.04 day'1 model default
(all groups)
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Parameter Description DLt Celllaietton Units Basis
Value Value
AE Maximum algal excretion 0.04 0.04 day'1 model default
(all groups)
. . 0.16 1 USGS grazing
AM Maximum algal mortality 0.1 (all groups) day measurements
Group 1: 0.1
. Group 2: 0.005 -1 calibration
AS Algal settling rate 0.1 Group 3: 0.1 m day parameter
Group 4: 0.1
Algal half-saturation for 0.003 -3
AHSP phosphorus-limited growth 0.003 (all groups) gm model default
Group 1: 0.014
Algal half-saturation for Group 2: 0.007 -3 calibration
AHSN nitrogen-limited growth 0.014 Group 3: 0.014 gm parameter
Group 4: 0.014
ASAT LighF saturation intensity at 75 70 W m-2 calibration
maximum photosynthetic rate (all groups) parameter
Group 1: 7
AT Lower temperature for algal 5 Group 2: 15 °C calibration
growth Group 3: 10 parameter
Group 4: 10
Group 1: 17
AT2 Lower temperature for 25 Group 2: 20 °C calibration
maximum algal growth Group 3: 20 parameter
Group 4: 20
Group 1: 20
AT3 Upper temperature for 35 Group 2: 35 °C calibration
maximum algal growth Group 3: 25 parameter
Group 4: 25
Group 1: 25
Upper temperature for algal Group 2: 40 o calibration
AT4 growth 40 Group 3: 35 C parameter
Group 4: 35
AK1 Fraction of algal growth at AT1 0.1 0.1 - model default
(all groups)
Fraction of maximum algal 0.99
AK2 growth at AT2 0.99 (all groups) - model default
Fraction of maximum algal 0.99
AK3 growth at AT3 0.99 (all groups) - model default
. 0.1
AK4 Fraction of algal growth at AT4 0.1 (all groups) - model default
Stoichiometric equivalent 0.007 USGS particulate
ALGP  |between algal biomass and 0.005 (al .rou ) - C, total and
phosphorus group dissolved P data
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Parameter Description Lzl Cell sl Units Basis
Value Value
Stoichiometric equivalent .
ALGN between algal biomass and 0.08 0.07 - USGS particulate
. (all groups) C and N data
nitrogen
Stoichiometric equivalent 0.45
ALGC between algal biomass and 0.45 ‘ - model default
(all groups)
carbon
I . . USGS particulate
ACHLA 2f°éf?%ﬂi§f£iﬂ°cﬁ?§fi” el %00 | Or}:u ) C, LCRA
g pny group chlorophyll-a data
Fraction of algal biomass that is 08
ALPOM |converted to POM when algae 0.8 ' - model default
die (all groups)
ANEQN Equatio.n number for algal 2 2 . model default
ammonia preference (all groups)
ANPR Algal half—gaturation constant 0.001 0.03 gm?® calibration
for ammonia preference (all groups) parameter
Labile dissolved organic matter -1 calibration
LDOMDK (LDOM) decay rate, day'1 0.1 0.014 day parameter
Refractory dissolved organic -1 calibration
RDOMDK matter (LDOM) decay rate 0.001 0.01 day parameter
LRDDK 'r-:tte"'e to refractory conversion | 0.01 day’! model default
Labile particulate organic -1 calibration
LPOMDK matter (LPOM) decay rate 0.08 0.1 day parameter
Refractory particulate organic -1 calibration
RPOMDK matter (RPOM) decay rate 0.001 0.01 day parameter
LRPDK Labile to refractory conversion 0.01 0.02 day'1 calibration
rate parameter
pomMs  |Particulate organic matter 0.1 0.1 mday’ | model default
settling rate
OMT1 Lower temperature for organic 4 4 °C model default
matter decay
OMT2 Upper temperature for organic 25 25 °C model default
matter decay
Fraction of organic matter
OMK1 decay at OMT1 0.1 0.1 - model default
Fraction of organic matter .
OMK2 decay at OMT2 0.99 0.99 model default
Stoichiometric equivalent calibration
ORGP |between organic matter and 0.005 0.004 -
parameter
phosphorus
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Parameter Description Lzl Cell sl Units Basis
Value Value
Stoichiometric equivalent librati
ORGN |between organic matter and 0.08 0.06 - catioration
. parameter
nitrogen
Stoichiometric equivalent
ORGC |between organic matter and 0.45 0.45 - model default
carbon
Sediment release rate of calibration
PO4R phosphorus, fraction of SOD 0.001 0.0001 parameter
PARTP |- nosphorus partitioning 0.0 0.0 model default
coefficient for suspended solids
NH4R Sedime.nt releasg rate of 0.001 0.018 . calibration
ammonium, fraction of SOD parameter
NH4DK  [Ammonium decay rate 0.12 0.10 day” calibration
parameter
NH4TA1 Lower tgmperature for 5 5 °C model default
ammonia decay
NH4T2 |Lower temperature for 25 25 °C model default
maximum ammonia decay
Fraction of nitrification rate at
NH4K1 NHAT 0.1 0.1 - model default
Fraction of nitrification rate at
NH4K2 NHAT?2 0.99 0.99 - model default
NO3DK |Nitrate decay rate 0.03 0.03 day™ model default
NO3g |Denitrification rate from 0.001 0.001 mday’ | model default
sediments
Fraction of NO3N diffused into
the sediments that becomes
FNO3SED part of organic N in the 0.0 0.0 - model default
sediments
NO3T1 Lower t;amperature for nitrate 5 5 °C model default
decay, °C
NO3T2 |-ower temperature for 25 25 °C model default
maximum nitrate decay
Fraction of denitrification at
NO3K1 NO3T1 0.1 0.1 - model default
Fraction of denitrification at
NO3K2 NO3T2 0.99 0.99 - model default
O2NH4  |OxYgen stoichiometry for 4.57 4.57 model default
nitrification
o20M  |Oxygen stoichiometry for 14 14 model default
organic matter decay
O2AR Oxygen. stoichiometry for algal 11 11 . model default
respiration
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Parameter Description Lzl Cell sl Units Basis
Value Value
0O2AG O>_<ygen st0|ch|qmetry for algal 1.4 1.4 - model default
primary production
KDO Dlssolv_ed oxygen half- 0.1 0.2 gm?® calibration
saturation constant parameter
Sediment oxygen demand, g0, m* calibration
SOD - 1.3 -1
zero-order day parameter

Lower temperature for zero-
SODT1 |order SOD or first-order 4 4 °C model default
sediment decay

Upper temperature for zero-
SODT2 |order SOD or first-order 25 25 °C model default
sediment decay

_ calibration
SODK1 |Fraction of SOD at SODT1 0.1 0.2 - parameter

_ calibration
SODK2 |Fraction of SOD at SODT2 0.99 0.9 - parameter

FsoD |Fraction of the zero-order SOD

1 1 - model default
used

4.6  Sensitivity Analysis

To identify the key factors responsible for predictions of chlorophyll-a concentration by
the CE-QUAL-W2 model, a model sensitivity analysis was performed. The sensitivity analysis
was performed by varying the values of 55 individual parameters and loads, and examining
their effects on the resulting predicted chlorophyll-a concentration at a depth of one meter. The
sensitivity analysis was performed for only a four year period (1997 to 2000) due to lengthy
model run times. This period included years with low, intermediate, and high inflows, as well
as one year with frequent algal growth limitation by nitrogen. The sensitivity analysis was
performed using the Lake LBJ model because the other lakes were deemed likely to be less
sensitive due to shorter retention times.

Three model runs were performed for each parameter; one used the base parameter value
from the calibrated model, another the base value minus 50%, and the third used the base value
plus 50%. For parameters that varied by algal group, the median value was used as the base
value. The ranges of parameter values were confirmed to be within ranges reported in the
literature (Bowie et al. 1985; Cole and Wells 2008).

An SI was computed

S]Chla _ Max< Chlalow - Chlabase ' Chlahigh - Chlabase )
Plow Phigh
Where:
Chla= chlorophyll-a concentration in pg/L
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Piow = percent reduction from base parameter value in low run
Ppigh = percent increase from base parameter value in high run

The results of sensitivity analyses are displayed in Table 4-37 and Figure 4-158. The
model exhibited greatest sensitivity to the chlorophyll-a content of algae (ACHLA) and the
mortality rate of algae (AM), as shown in a scree plot in Figure 4-159. However, neither of
these parameters was calibrated; instead, they were calculated from ambient measurements and
not varied during calibration. Among calibrated parameters, the greatest changes in
chlorophyll-a concentration were caused by changes in maximum algal growth rate (AG), algal
phosphorus content (ALGP), and the decay rate of labile particulate organic matter
(LPOMDK).

Table 4-37  Sensitivity Indices for Model Parameters and Inputs

T Base 3 Sensitivity
Parameter Description value Low High Index
BETA Fraction of incident solar radiation absorbed 0.45 0.23 0.68 0.60
at the water surface
EXH20 |Light extinction coefficient for pure water 0.35 0.175 0.525 0.49
EXSS Liglht extinction coefficient for inorganic 0.01 0.005 0.015 0.06
solids
EXOM |Light extinction coefficient for organic solids 0.2 0.1 0.3 0.68
EXA Light extinction coefficient for algae 0.2 0.1 0.3 0.14
AG Maximum algal growth rate 2.0 1.0 3.0 4.23
AR Maximum algal respiration rate 0.04 0.02 0.06 0.38
AM Maximum algal mortality rate 0.16 0.08 0.24 5.67
AS Algal settling rate 0.10 0.05 0.15 0.75
AE Algal excretion rate 0.04 0.02 0.06 0.13
Algal half-saturation concentration for
AHSP phosphorus-limited growth 0.003 0.0015 0.0045 0.53
AHSN A_Igal halfjse.lturation concentration for 0.014 0.007 0.021 0.03
nitrogen-limited growth
ASAT Light saturatipn intensity at maximum 70 35 105 0.49
photosynthetic rate
ATA1 Lower temperature for algal growth 10 5 15 0.23
AT2 Lower temperature for maximum algal 20 10 30 0.71
growth
AT3 Upper temperature for maximum algal 30 15 45 0.79
growth
AT4 Upper temperature for algal growth 40 20 60 0.37
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T Base 3 Sensitivity
Parameter Description value Low High Index
ALGP S.toichiometric equivalent between algal 0.007 0.0035 0.0105 4.01
biomass and phosphorus
ALGN S.toichiometric .equivalent between algal 0.07 0.035 0.105 0.28
biomass and nitrogen
ACHLA Stoichiometric ratio between algal biomass 0.10 0.05 0.15 8.16
and chlorophyll-a
ANPR Algal half-saturation constant for ammonia 0.03 0.015 0.045 0.002
preference
LDOMDK |Labile dissolved organic matter decay rate 0.08 0.04 0.12 0.64
LPOMDK |Labile particulate organic matter decay rate | 0.05 0.025 0.075 1.64
LRPDK |Labile to refractory conversion rate 0.02 0.01 0.03 0.56
POMS |particulate organic matter settling rate 0.10 0.05 0.15 0.39
ALPOM fraction of algal mass converted to POM 08 0.4 10 1.04
upon death
ORGP Stoichiometric equivalent between organic 0.004 0.002 0.006 0.002
matter and phosphorus
ORGN Stoichiometrip equivalent between organic 0.06 0.04 0.08 0.004
matter and nitrogen
posr  |Sediment release rate of phosphorus, 0.0001 | 0.00005 | 0.00015 |  0.010
fraction of SOD
NH4R Sedi_ment release rate of ammonium, 0018 0.009 0.027 0.002
fraction of SOD
NH4DK  |[Ammonium nitrogen decay rate 0.10 0.05 0.15 0.002
NO3DK |Nitrate nitrogen decay rate 0.03 0.015 0.045 0.002
NO3S Denitrification rate from sediments 0.001 0.0005 0.0015 0.000
KDO Dissolved oxygen half-saturation constant 0.2 0.1 0.3 0.004
SOD Sediment oxygen demand 1.0 0.5 1.5 0.02
SODK1 |Fraction of SOD at temperature SODT1 0.2 0.1 0.3 0.002
SODK2 |Fraction of SOD at temperature SODT2 0.9 0.8 1.0 0.004
SSS Suspended solids settling rate 0.8 0.4 1.2 0.15
Fraction dissolved of organic carbon in inflows 67% 33% 100% 0.54
Fraction dissolved of organic phosphorus in inflows 60% 30% 90% 0.15
Fraction dissolved of organic nitrogen in inflows 28% 14% 42% 0.04
Labile fraction of organic matter in inflows 25% 12.5% 37.5% 0.51
Orthophosphorus in inflows from SWAT base |base-50% |base+50% 0.72
Nitrate + nitrite nitrogen in inflows from SWAT base |base-50% |base+50% 0.1
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Parameter Description \I?;Iiee Low High Selnnsditei:(/ity
Organic phosphorus in inflows from SWAT base |base-50% |base+50% 0.57
Organic nitrogen in inflows from SWAT base |base-50% |base+50% 0.05
Organic carbon in inflows from SWAT base |base-50% |base+50% 0.30
Chlorophyll-a in inflows from SWAT base |base-50% |base+50% 0.31
Orthophosphorus in inflows from upstream lake base |base-50% |base+50% 0.47
Nitrate nitrogen in inflows from upstream lake base |base-50% |base+50% 0.002
Ammonia nitrogen in inflows from upstream lake base |base-50% |base+50% 0.004
Organic phosphorus in inflows from upstream lake base |base-50% |base+50% 0.44
Organic nitrogen in inflows from upstream lake base |base-50% |base+50% 0.004
Organic carbon in inflows from upstream lake base |base-50% |base+50% 0.01
Chlorophyll-a in inflows from upstream lake base |base-50% |base+50% 0.29

4.7 Bounding Calibration

Model uncertainty was addressed with a bounding calibration. In this approach, another
acceptable model calibration was established to give an upper-bound prediction of chlorophyll-
a, and thereby yield insight into the uncertainty associated with the model predictions
(QEA 1999). This approach was necessary because long model run times precluded iterative
model runs such as those performed in a Monte Carlo simulation.

Based on the sensitivity analysis, the three most sensitive calibration parameters were
adjusted to achieve an upper-bound calibration for surface chlorophyll-a levels over the full
calibration period in each lake model. These parameters were the maximum algal growth rate,
algal phosphorus content, and the decay rate of labile particulate organic matter. The
maximum algal growth rate and decay rate of labile particulate organic matter were increased at
fixed percentages (i.e., 10%, 20%, 30%) to increase chlorophyll-a, while algal phosphorus
content was reduced at the same fixed percentages.

In each lake, a 30% change in the values of these three most influential calibration
parameters was observed to maintain an acceptable calibration, with only moderate reduction in
the calibration metric AME. With these changes, the parameter values were still considered
reasonable in light of values reported by other investigators using CE-QUAL-W2. Figures 4-
160 to 4-183 show temporal plots comparing measured data, the original model calibration, and
the bounding calibration for water quality parameters in Inks Lake, Lake LBJ, and Lake Marble
Falls. Calibration statistics for the original and bounding calibration are compared in Tables 4-
38 (Inks Lake), 4-39 (Lake LBJ), and 4-40 (Lake Marble Falls).
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Lake Model

Table 4-38  Inks Lake Model Performance Metrics for Original and Bounding
Calibration

Parameter Model Layer | AME of Original Calibration | AME of Bounding Calibration
Top 1.32 1.34
Dissolved Oxygen Middle 1.32 1.34
(mg/L) Bottom 1.24 1.26
Overall 1.29 1.31
Top 0.69 0.70
Total Organic Carbon Middle 0.74 0.73
(mg/L) Bottom 0.63 0.64
Overall 0.67 0.68
Top 9.19 9.48
Orthophosphorus Middle 6.49 6.48
(ug/L) Bottom 15.2 15.3
Overall 11.4 11.6
Top 21.7 21.3
Total Phosphorus Middle 11.0 10.3
(ug/L) Bottom 32.4 32.1
Overall 25.4 251
Top 304 31.0
Ammonium Nitrogen Middle 46.2 48.8
(ug/L) Bottom 130 130
Overall 71.7 72.5
Top 74.6 72.8
Nitrate + Nitrite Middle 107 106
Nitrogen (ug/L) Bottom 57.5 56.9
Overall 69.8 68.6
Top 0.21 0.20
Total Kjeldahl Middle 0.37 0.36
Nitrogen (mg/L) Bottom 0.24 0.24
Overall 0.23 0.23
Top 4.77 5.14
Chiorophyll-a (ug/L) Middle 4.20 342
Bottom 4.32 3.94
Overall 4.68 4.88
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Lake Model

Table 4-39  Lake LBJ Model Performance Metrics for Original and Bounding
Calibration
Parameter Model Layer | AME of Original Calibration | AME of Bounding Calibration
Top 1.03 1.07
Dissolved Oxygen Middle 1.28 1.27
(mg/L) Bottom 1.07 1.06
Overall 1.13 1.13
Top 1.21 1.15
Total Organic Carbon Middle 1.59 1.57
(mg/L) Bottom 1.30 1.21
Overall 1.28 1.21
Top 9.45 9.66
Orthophosphorus Middle 8.45 8.40
(Hg/L) Bottom 24.9 24.8
Overall 16.3 16.3
Top 32.3 32.2
Total Phosphorus Middle 30.9 30.2
(ug/L) Bottom 49.9 50.0
Overall 40.0 39.9
Top 34.0 34.8
Ammonium Nitrogen Middle 30.8 38.8
(ug/L) Bottom 364 362
Overall 182 182
Top 138 120
Nitrate + Nitrite Middle 198 170
Nitrogen (ug/L) Bottom 107 100
Overall 129 115
Top 0.21 0.21
Total Kjeldahl Middle 0.33 0.32
Nitrogen (mg/L) Bottom 0.46 0.45
Overall 0.33 0.32
Top 4.37 4.85
Middle 4.81 4.71
Chiorophyll-a (Lg/L) Bottom 3.23 3.42
Overall 4.26 4.65
PARSONS/ANCHOR QEA LLC 4-64 FINAL REPORT

March 2011




CREMs Phase 3

Inks Lake, Lake LBJ, Lake Marble Falls

Lake Model

Table 4-40  Lake Marble Falls Model Performance Metrics for Original and Bounding

Calibration

Parameter Model Layer | AME of Original Calibration | AME of Bounding Calibration
Top 0.81 0.78
Dissolved Oxygen Middle 0.79 0.82
(mg/L) Bottom 1.14 1.17
Overall 0.91 0.92
Top 1.39 1.35
Total Organic Carbon Middle 1.62 1.56
(mg/L) Bottom 1.35 1.32
Overall 1.38 1.35
Top 7.8 7.8
Orthophosphorus Middle 7.1 7.2
(ug/L) Bottom 8.2 8.3
Overall 8.0 8.0
Top 29.9 294
Total Phosphorus Middle 23.6 23.1
(ug/L) Bottom 32.7 32.3
Overall 30.9 30.5
Top 33.9 33.5
Ammonium Nitrogen Middle 45.8 45.6
(ug/L) Bottom 46.5 46.8
Overall 40.5 40.5
Top 131 127
Nitrate + Nitrite Middle 138 127
Nitrogen (ug/L) Bottom 129 127
Overall 130 127
Top 0.24 0.23
Total Kjeldahl Middle 0.46 0.45
Nitrogen (mg/L) Bottom 0.26 0.26
Overall 0.26 0.26
Top 5.18 5.59
Chiorophyll-a (ug/L) Middle 3.40 3.26
Bottom 3.22 3.23
Overall 4.67 4.95
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SECTION 5
SUMMARY

Phase 3 of the CREMs Project addresses Inks Lake, Lake LBJ, and Lake Marble Falls.
These are the second, third, and fourth in a series of six reservoirs on the lower Colorado River
known as the Highland Lakes. The Phase 3 effort includes:

1. conducting increased water quality monitoring to aid in the development and
calibration of the modeling tools and in the understanding of the Inks Lake, Lake
LBJ, and Lake Marble Falls systems;

2. developing comprehensive, linked watershed and water quality modeling tools of
the Inks Lake, Lake LBJ, and Lake Marble Falls systems; and

3. evaluating the sensitivity of Inks Lake, Lake LBJ, and Lake Marble Falls to
different changes on the watershed, including the impact of land use changes and
possible introductions of point source dischargers on the lake.

The Phase 3 monitoring supplemented the existing data record (and existing monitoring
program) with 1) expanded routine monitoring conducted for an increased suite of parameters
at increased frequencies and at additional monitoring sites, 2) storm event sampling to capture
concentrations at high flow events, 3) special continuous monitoring remote sensors, and 4)
other special studies aimed at understanding nutrient and algal growth and speciation and
zooplankton predation on algae.

The reservoir management tool developed during Phase 3 of the CREMs project consists
of hydrodynamic and water quality models of Inks Lake, Lake LBJ, and Lake Marble Falls
based on the USACE CE-QUAL-W2 model. To effectively apply the lake models for the
current and future management of the basin, tributary loadings and direct runoff under potential
watershed scenarios need to be predicted. This was accomplished through the development and
calibration of mathematical models of the Inks Lake, Lake LBJ, and Lake Marble Falls
watersheds. The watershed modeling software selected for the CREMs project is SWAT2005
(Neitsch et al. 2005), which is the same version of SWAT used to model the Lake Travis
watershed in Phase 2 of the CREMs project (Anchor QEA and Parsons 2009). SWAT
simulates watershed hydrology, sediment erosion and transport, and nutrient transport and
accounts for various land-cover types, land uses, and management practices. SWAT is a semi-
lumped watershed model that has been widely applied in Texas to predict changes in
constituent loads arising from changes in land use and practices within the watershed, and
thereby provided a mechanism to tie activities in the watershed to resultant water quality in the
lake.

The watershed models encompass approximately 13,300 km® of land spanning the
Edwards Plateau in the Texas Hill Country. The Llano River drains almost 90% of this area
and flows into Lake LBJ. Sandy Creek is the second largest tributary and also drains into Lake
LBJ. Calibration of the Lake LBJ watershed model focused on matching observed flows and
loads at three primary flow gages and monitoring stations on the Llano River and one gage on
Sandy Creek from January 1, 1984 through December 31, 2008, following a four year “spin-
up” period from 1980 through 1983. No gages or water quality monitoring stations were
present in the small Inks Lake watershed; therefore calibration parameters from the Lake LBJ
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watershed were applied to the Inks Lake watershed model. Similarly, no water quality
monitoring stations were present in the Lake Marble Falls watershed, but limited flow
measurements were available for 1998 to 2008 from a gage on Backbone Creek in the Lake
Marble Falls watershed. Therefore, flow-related parameters from the calibrated Lake LBJ
watershed model were further adjusted to better match these observations in the Lake Marble
Falls watershed model.

The watershed model performed well based on the graphical and statistical calibration
metrics, particularly at the Llano River near Llano gage, whose drainage area accounts for 84%
of the Lake LBJ watershed area. Nash-Sutcliffe model efficiency values for monthly flow
ranged from 0.62 to 0.83 for the primary calibration stations. Percent differences between
measured and simulated flow volumes ranged from 14% at the Sandy Creek gage to 13% at the
Llano River near Mason gage. Calibration of model sediment loads was also considered good,
with NS values for TSS from 0.71 to 0.85, and percent differences for TSS ranging from 9% to
29%. Model fits to observed monthly loads were deemed “fair” for nutrients, with NS values
0f 0.77 for PO4-P, 0.17 for OrgP, 0.58 for TP, 0.50 for OrgN, and 0.64 for TN and in the Llano
River at Llano. However, the model fits for NH4-N and NO-N were poor.

The lake model selected for Phase 3 of CREMs is CE-QUAL-W2 (version 3.6), a two-
dimensional laterally averaged hydrodynamic and water quality model. CE-QUAL-W?2
simulates important hydrodynamic and water quality processes including: advection,
dispersion, sedimentation, algal dynamics (growth, respiration, mortality, excretion, and
settling), atmospheric reaeration, nutrient cycling (uptake, organic decomposition, and
nitrification/ denitrification), and water-sediment interactions (SOD, anaerobic nutrient
releases, and denitrification). Three separate reservoir models were developed: one for each of
Lakes Inks, LBJ, and Marble Falls. Although the models were developed independently, and
designed to run in stand-alone mode, there were flow and water quality linkages among outputs
from the upstream lake and inputs to the next reservoir downstream.

Model segmentation and bathymetry was developed based on recent (2007) bathymetric
surveys, and the elevation-volume curves in each lake model matched the measured bathymetry
well for all water surface elevations. The lake models were developed and calibrated using
data from January 1, 1984 through December 31, 2008, matching the time period of the output
from the watershed model calibration.

The numerical stability of CE-QUAL-W?2 is highly sensitive to the water balance, and an
imbalance between inflows and outflows will result in changes in lake volume and surface
elevation in the model. A water balance was developed for the Colorado River system from
Buchanan Dam to Max Starcke Dam. The objective of this effort was to achieve daily water
balances for the four lake system (Inks, LBJ, Marble Falls, and Travis) while minimizing any
required adjustments (in terms of frequency and magnitude) from the reported water release
time series. A linked water balance time series facilitates linking of the lake models. The
water balance was calculated on a daily time step, and compared to measured water surface
elevations for each lake at the dam.

The state and derived constituents simulated in the lake models include temperature, DO,
chloride, TDS, specific conductance, ISS, NH4-N, NOx-N, OrgN (labile and resistant, dissolved
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and particulate), TN, PO4-P, OrgP (labile and resistant, dissolved and particulate), TP, OM
(labile and resistant, dissolved and particulate), and four groups of algae.

Several data limitations were noted that may negatively impact some aspects of model
performance. These include the distance from the lakes to the source of meteorological data,
the low frequency (monthly) of water quality measurements at the upstream (Lake Buchanan)
boundaries, the unavailability of silica data, and the lack of algal speciation data at the
upstream boundary.

Calibration of each model occurred in two steps, hydrodynamics and water quality.
Hydrodynamic/thermal calibration focused on matching observed lake water levels as well as
vertical and temporal profiles of temperature and chloride. Hydrodynamic/thermal calibration
was excellent at reproducing observed spatial and temporal trends in temperature, with AMEs
of less than 1 °C in Inks Lake and Lake Marble Falls, and 1.14 °C overall for many sites in
Lake LBJ. The RI values for temperature ranged from 1.06 for Lake Marble Falls to 1.09 for
Inks Lake and Lake LBJ. Of primary importance, the model reproduced the location, depth,
and timing of thermal stratification that occurs during the summer months. Concentrations of
the conservative constituent chloride were also simulated very well, with RI values from 1.11
to 1.31 in the three reservoirs.

Water quality calibration focused on matching observed temporal profiles of DO, TP,
TOC, TKN, NOx-N, NH4-N, PO4-P and chlorophyll-a in upper, middle, and bottom layers of
the water column. The AME was the primary metric used to judge quality of calibration. The
model accurately simulated DO levels throughout the epilimnion and hypolimnion in each lake,
with AMEs of 0.85 to 1.29. The reproduction of hypoxic conditions observed frequently
during the summer in the hypolimnion of the deeper parts of the lake was a good indicator of
the strength of the model. The levels of TOC simulated by the models were similar in
magnitude to those measured in the lakes, but slightly under-predicted. Nutrient levels in the
lakes were simulated fairly well, with AME values in most cases similar to those observed in
other systems. The models accurately simulated most seasonal nutrient depletion events. The
models did predict the observed accumulation of nutrients in the hypolimnion when the lake is
stratified, due to fluxes from sediments, but the year-to-year variability in this hypolimnetic
accumulation was not simulated well.

Simulation of chlorophyll-a levels in the epilimnion was the primary focus of water quality
calibration. To enhance the model’s ability to simulate seasonally-variable chlorophyll-a
levels, the models simulated four taxonomic groups of algae: diatoms, cyanobacteria, green
algae, and flagellates. These groups correspond to the groups enumerated by the USGS in
Phase 3 water quality special studies. Most of the values of the algal parameters in the models
were kept identical. Exceptions were temperature parameters for algal growth rates, and the
settling rates and nitrogen half-saturation concentration for cyanobacteria. In general, the
models simulated the seasonal patterns of abundance for the four algal groups. The models
perform reasonably well in predicting the observed the range and variability of chlorophyll-a
levels, the normal seasonal fluctuations, and the small increasing trend in concentrations over
the modeled period. The models do not accurately predict many of the short-term peaks in
chlorophyll-a concentration, particularly an observed peak in 2008. This resulted in average
under-predictions of chlorophyll-a levels ranging from 1.2 to 2.7 pg/L. Overall AMEs for the
upper third of the water column ranged from 4.8 to 5.3 pg/L. The models predict that
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phosphorus was most often the nutrient limiting algal growth. However, the models also
predict that due to increasing phosphorus concentrations, nitrogen has increasingly limited algal
growth in recent years, primarily in the summer months. However, this may be an artifact of an
increase in reported detection limits for phosphorus in recent years.

Sensitivity analyses were performed for both the watershed and water quality models to
identify the key factors responsible for model predictions. For the watershed models,
sensitivity analysis was performed by varying eight key model parameters, and examining their
effect on predicted flows and loads of solids and nutrients. For the lake model, sensitivity
analysis was performed by varying the values of 55 individual parameters and loads, and
examining their effects on the resulting predicted chlorophyll-a concentrations. The sensitivity
analysis for the lake water quality model included the assessment of the sensitivity of model
results to changes in loadings from upstream and the watershed. With a few exceptions, the
sensitivity analyses involved one-at-a-time model parameter changes to a “low” value and a
“high” value.  Among calibrated parameters, the greatest changes in chlorophyll-a
concentration were caused by changes in maximum algal growth rate, algal phosphorus
content, and the decay rate of labile particulate organic matter.

Because long model run times prohibited iterative model runs such as those performed in a
Monte Carlo simulation, uncertainty was assessed through the establishment of a bounding
calibration. The three most sensitive parameters were adjusted to increase the model prediction
of surface chlorophyll-a, but keeping the model within the range of the data (i.e., keeping the
model calibration line reasonable, given the data). This represents an upper-prediction to help
assess model uncertainty in surface chlorophyll-a predictions under different future scenarios.

The Inks Lake, Lake LBJ, and Lake Marble Falls watershed and water quality models
developed under Phase 3 of the CREMs project provide predictive tools to facilitate proactive
watershed and reservoir management decisions. The models can be used to evaluate the water
quality and quantity effects of a wide range of management policies such as the Highland
Lakes Watershed Ordinance, the TCEQ point source discharge ban, and land use changes. In
addition, the Phase 3 effort has strengthened LCRA’s understanding of the Highland Lakes
system through enhanced sampling and data analysis, and expanded the expertise of LCRA
staff with respect to watershed and water quality management and modeling issues. In
conclusion, CREMs not only provides valuable insights into the relationships between water
quality of the Highland Lakes and their surrounding watersheds, but the means to quantify the
positive or negative impacts of proposed management activities.
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MEMORANDUM

Lisa Hatzenbuehler, LCRA
To: John Wedig, LCRA
Bryan Cook, LCRA

Elaine Darby, Anchor QEA

Randy Palachek, Parsons
cc: Emily Chen, Anchor QEA

Jim Patek, Parsons

Monica Suarez, Parsons

From: Kirk Dean, Parsons

Subiect: Water Balance Methodology for CREMS models of Inks Lake, Lake LBJ,
UDJECL: 1nd Lake Marble Falls

Date: December 11, 2009

This memorandum discusses development of a methodology to develop and optimize water
balances for CE-QUAL-W2 models of Inks Lake, Lake LBJ, and Lake Marble Falls as part of
Phase 3 of the Colorado River Environmental Modeling System (CREMS). Only a relatively
small fraction of the inflows to Inks Lake and Lake Marble Falls is from runoff, with the major
part from releases from upstream reservoirs. Thus, adjustments to runoff inflows were
insufficient to achieve the water balance. The goal of the effort was to optimize agreement of
water balances between the three lakes, while utilizing the runoff inflows from the watershed
models.

Water Balance

The governing equations of the CE-QUAL-W2 model are based on the conservation of fluid
mass and momentum, and assume that water is an incompressible fluid. Thus, water inflows
must be balanced by outflows and changes in system volume (reservoir storage).

For the highland lakes of the Colorado River (Figure 1), inflows include turbine
(hydroelectric), floodgate, and spillway releases, runoff from the local watershed and ungaged
tributaries, direct precipitation to the lake surface, and TPDES-permitted point source
wastewater discharges. Losses from the lakes include evaporation and releases via turbines,
floodgates, and spillway. For Lake LBJ, the direct evaporative losses associated with the
Ferguson Power Plant represent another water loss. Water withdrawals for local irrigation or
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other purposes, groundwater losses and gains, and seepage through the dams were assumed
small and ignored. The data sets used in developing the water balances are described below.
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Figure 1. LCRA Highland Lakes and Dams

DATA SOURCES

Reservoir Water Surface Elevation and Storage

Daily water surface elevations for Inks Lake at Inks Dam, Lake LBJ at Wirtz Dam, and Lake
Marble Falls at Starcke Dam were provided by the LCRA River Operations Center (ROC).
These elevations were recorded each day at approximately midnight. A few extreme short-term
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“spikes” in elevation were “scrubbed” from the data set if they were not supported by inflows
and/or outflows.

Lake storage and surface area were calculated from the water surface elevation using the
elevation-area and elevation-volume tables from several 2007 Texas Water Development Board
(TWDB) reports. The Inks Lake report (TWDB 2007a) was based on an April 2007 bathymetry
survey. The Lake LBJ report (TWDB 2007b) was based on a May 2007 bathymetric survey.
The Lake Mable Falls report (TWDB 2007c) was based on an April 2007 bathymetric survey.
Because these tables were developed with 1/10th foot vertical resolution, while lake surface
elevation was reported to 1/100th foot of vertical resolution, the volume and area tables were
linearly interpolated to 1/100 foot. The elevation datum used was the North American Vertical
Datum 1988.

Water Releases at Dams

Releases from Lake Buchanan, Lake LBJ, and Lake Marble Falls are the sum of turbine
releases (for hydropower generation) and floodgate releases. Uncontrolled releases over the
spillway have not occurred. Releases from Inks Lake are the sum of turbine releases and
uncontrolled releases over the spillway. There are no floodgates on Inks Dam. Daily releases
records were provided by the ROC. A few anomalous spikes in these release records were
identified by comparison with upstream and downstream dam releases and changes in reservoir
storage. These anomalous values were replaced by values calculated from changes in reservoir
storage, inflows and outflows.

Evaporation and Precipitation

Monthly gross evaporation and precipitation data were obtained from the TWDB web site at
http://midgewater.twdb.state.tx.us/Evaporation/evap.html for quadrangle 709 for 1984 through
2007. The monthly data were distributed into daily values by simply dividing by the number of
days in each month. For 2008, daily pan evaporation measured at Canyon Dam was converted
to an estimated lake evaporation using a multiplier of 0.7219, determined from a regression
between historical TWDB evaporation estimates for quad 709 and monthly measured pan
evaporation at Canyon Dam (r* = 0.963, n=273 months). Daily precipitation estimates for 2008
were based on reported measurements at LCRA Hydromet rain gauges, weighted using a
Thiessen polygon approach.

Daily evaporation and precipitation were converted to an evaporated or precipitated volume
(cubic meters) and flow rate (cubic meters per second) based on the daily lake surface area
(calculated from lake surface elevation and the area-volume table).
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Runoff and Tributary Inflows

Runoff inflows to each of the lakes were quantified using a Soil and Water Assessment Tool
(SWAT) watershed models. The inflows included gaged and ungaged tributaries, taken from
the SWAT reach file output, as well as direct watershed runoff to the lake, taken from the
SWAT sub-basin file output.

Point Source Wastewater Discharges

Monthly average point source wastewater discharge flow rates were retrieved from the EPA
Permit Compliance System. These discharges included Kingsland Municipal Utility District
(TPDES Permit WQ0011549-001) and Aqua Utilities (TPDES Permit WQ0011332-001), with
average flow rates of 0.32 and 0.014 mgd, respectively. Both of these facilities discharge to
Lake LBJ.

Ferguson Power Plant Evaporation

Water for the Thomas C. Ferguson Power Plant is withdrawn from one point in Lake LBJ and
discharged at another. It is assumed that, with the exception of evaporative losses, the
withdrawals balance the discharged volume. Daily evaporative losses at the plant were
calculated from a formula provided by the LCRA:

Evaporative loss (mgd) = (Tou — Tin) * Circulating Water (mgd) * 0.00181029

where To - Tin represents the increase in water temperatures (degrees Celsius) from
withdrawal to discharge. Daily data for water temperatures and circulating water rate were
provided by the LCRA for the period since 1996. Prior to 1996, monthly average values were
available.

APPROACH

Several challenges were presented in developing the water balance.

o There is uncertainty associated with estimates of water releases at the dams,
particularly with floodgate and spillway releases. Cole and Wells (2004) state that
reservoir outflow measurements have typical errors of five to ten percent. In the case of
spillage and floodgate measurements, the uncertainty is likely even higher.

o Water surface elevations vary spatially and fluctuate over a daily cycle, but the
elevation measurements used were taken from the dam at midnight.
o There is uncertainty associated with the runoff flows predicted by the watershed

model, particularly since there were no gages in the Inks Lake watershed, and because
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of limited gaged inflows in the LBJ watershed, the LB SWAT model was calibrated
primarily based on gaged flows from the Llano River.

o Daily precipitation and evaporation values were calculated from monthly
estimates.

o There is uncertainty associated with the lake elevation-volume and elevation-
area relationships.

o There is a time lag between inflows and outflow from the system. This time lag
is more pronounced under low flow conditions. This time often exceeded the daily time
step used in the water balance.

For a daily period, the generalized flow balance for the highland lakes can be expressed as:
Vt:Vy+QUd+Qtr+Qws+st+Pr—EV—Qdd

V. = lake storage today, acre-feet

V, = lake storage yesterday, acre-feet

Qud = inflow from upstream dam4, acre-feet/day

Q¢ = inflow from tributaries, acre-feet/day

Qus = runoff inflow from watershed, acre-feet/day

Qps = inflow from point source wastewater discharges, acre-feet/day
Pr = precipitation, acre-feet/day

Ev = evaporation, acre-feet/day

Qus = outflow over downstream dam', acre-feet/day

For Lake LBJ, the evaporation from the Ferguson Power Plant represents an additional loss
term.

Figure 2 compares the annual daily average of measured releases from Inks Lake with those
calculated from the water balance. With the exception of 1997, there is good agreement
between the water balance and measured outflows on an annual basis. However, on a daily
basis, there is more scatter between reported releases and those predicted by the water balance
(Figure 3). Figures 4 and 5 present annual water balances for Lakes LBJ and Marble Falls.

* Including turbine, floodgate, and spillways
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Figure 2. Comparison of measured annual average releases at Inks Dam with those
predicted from the water balance.
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Figure 3. Comparison of daily reported releases from Inks Lake to those predicted by the
water balance.
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Figure 4. Comparison of measured annual average releases at Wirtz Dam with those
predicted from the water balance.
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Figure 5. Comparison of measured annual average releases at Starcke Dam with those
predicted from the water balance.
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Given the model requirement for mass balance, an imbalance between inflows and outflows
will result in changes in lake volume and surface elevation in the model. Because lake surface
elevation measurements are reported from just one location (at the dam) and at one time
(midnight), some deviation from the reported elevation is reasonable and expected. In fact,
inspection of hourly surface elevation data from Inks Dam and the Highway 29 bridge
frequently reveals intra-day and intra-lake variation of several tenths of a foot. Large daily or
systematic discrepancies between inflows and outflows are not physically realistic for small
lakes such as Inks Lake and Lake Marble Falls, and will quickly result in unrealistic lake
elevations and volumes in the model. When adjustments to inflows and or outflows were
required to achieve a daily water balance, it was typically necessary to adjust the inflows and/or
outflows at the dams. While there is significant uncertainty in the watershed and tributary
inflows predicted by the SWAT watershed model, these inflows were small compared to the
total inflow and often insufficient to make up the required volume. This was especially true for
Inks Lake and Lake Marble Falls.

The objective of this effort was to achieve daily water balances for the four lake system (Inks,
LBJ, Marble Falls, Travis) while minimizing any required adjustments (in terms of frequency
and magnitude) from the reported water release time series. A linked water balance time series
facilitates linking of the lake models.

METHODOLOGY

To close the water balance, the modeled lake elevation and volume was allowed to deviate
from measured elevations to a small extent as a buffer for short-term variations and
uncertainties in inflows and outflows. However, the difference from measured elevation was
not allowed to exceed 0.5 feet. When the calculated elevation deviation exceeded 0.5 feet,
changes in inflow and outflow volumes were necessary to achieve a water balance.

A water balance utility was implemented as a Microsoft Windows application in the RealBasic
programming language. Seven different versions were written that differed slightly in their
methodology as described below.

Version 1 - This version attempts to make all 4 models (Travis, Marble Falls, LBJ, and Inks)
link up with a common water release time series at each dam. Because the Travis model is
complete, the balance uses the Starcke Dam water release time series from the Lake Travis
model, then works its way sequentially upstream to Lake Marble Falls, Lake LBJ, and then
Inks Lake. It then repeats the process ten times, using the dam releases from the previous
iteration as a starting point, in an attempt to smooth out any differences between the calculated
time series as Wirtz and Inks Dams between lakes.
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It was noted that there were substantial differences between the reported water releases over
Starcke Dam and the water release time series used in the Lake Travis model. This was
believed to be because Lake Travis has a very large storage capacity, and achieving closure in
the Lake Travis water balance often required large revisions to inflows as releases from Starcke
Dam. Only version 1 uses the Starcke Dam flows from the Lake Travis model.

Version 2 - This version works the same as version 1, but uses the reported releases from
Starcke Dam rather than those from the Lake Travis model. It does allow adjustments to the
releases at Starcke Dam to aid in the water balance.

Version 3 - This version is based on the observation that Lakes Inks and Marble Falls are the
smallest lakes, and therefore the most sensitive to any errors or adjustments to their inflows and
outflows. Therefore, it first balances Inks Lake by adjusting releases at Buchanan Dam
preferentially, but also at Inks Dam when required (because releases at Buchanan Dam cannot
be negative). Next it balances Lake Marble Falls by adjusting releases at Starcke Dam
preferentially, but also at Wirtz Dam as required. Finally, it balances Lake LBJ, preferentially
adjusting flows at Inks Dam, and at Wirtz only as required. It goes through ten iterations, using
the dam releases from the previous iteration as a starting point.

Version 4 - This version first balances Lake LBJ by preferentially adjusting releases from Inks
Dam, then those at Wirtz Dam only as required. Next, it balances Marble Falls by adjusting
releases at Starcke Dam preferentially, and at Wirtz Dam only as required. Finally, it balances
Inks Lake by preferentially adjusting flows at Buchanan Dam, and at Inks Dam only as
required. It goes through ten iterations, using the dam releases from the previous iteration as a
starting point.

Version 5 - This version balances only Lake LBJ, independently of the other lakes. It
preferentially modifies inflows over Inks Dam, and adjusts Wirtz Dam flows only as necessary.
It goes through ten iterations, using the dam releases from the previous iteration as a starting
point.

Version 6 - This version balances only Lake Marble Falls, independently of other lakes. It
preferentially modifies inflows over Starcke Dam, and adjusts Wirtz Dam flows only as
necessary. It goes through ten iterations, using the dam releases from the previous iteration as a
starting point.

Version 7 - This version balances only Inks Lake, independently of other lakes. It preferentially
modifies inflows over Inks Dam, and adjusts Buchanan Dam flows only as necessary. It goes
through ten iterations, using the dam releases from the previous iteration as a starting point.
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RESULTS

The several versions of the water balance utility were evaluated with respect to the following
objectives:

1. minimizing the adjustments to reported water releases at dams,
2. minimizing deviations from reported water surface elevations, and
3. minimizing differences between adjacent lake models in adjusted water release

time series at dams, in order to maximize the model linkage.

Minimizing Adjustments to Reported Water Releases at Dams

Tables A.1 shows the percentage of days when the various versions of the water balances for
each lake required an alteration to the reported water release at each dam. Table A.2 shows the
average absolute magnitude of those alterations. Figures A.1 through A.6 show histograms of
these alterations in water release for each version and dam.

Water balance versions 5, 6, and 7, which balance each lake independently, require the least
adjustments from reported water releases to achieve a daily flow balance. Version 1 requires
the greatest adjustments. Versions 2, 3, and 4 produce similar results, with Version 4
performing slightly better on the Lake Marble Falls water balance.

Table Al. Percentage of days requiring a water release adjustment of 1 cms or more

Model Inks Lake Lake LBJ Lake Marble Falls
Dam Buchanan Inks Inks Wirtz Wirtz | Starcke
Dam Dam Dam Dam Dam Dam
Version 1 39% 30% 30% 54% 50% 0.6%
Version 2 34% 24% 24% 14% 14% 48%
Version 3 40% 25% 24% 14% 14% 48%
Version 4 34% 24% 24% 14% 14% 43%
Version 5 - - 23% 12% - -
Version 6 - - - - 2% 38%
Version 7 30% 0% - - - -
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Table A2. Average absolute water release adjustment from reported values, in cms

Model Inks Lake Lake LBJ Lake Marble Falls
Dam Buchanan Inks Inks Wirtz Wirtz Starcke
Dam Dam Dam Dam Dam Dam
Reported release 20.0 22.6 22.6 35.6 35.6 37.8
Version 1 10.8 11.2 11.2 11.7 10.7 0.02
Version 2 71 7.7 7.6 3.4 3.4 5.3
Version 3 7.5 7.7 7.6 3.4 3.4 5.3
Version 4 7.1 7.7 7.7 3.4 3.4 5.0
Version 5 - - 6.9 2.6 - -
Version 6 - - - - 1.0 3.1
Version 7 3.9 0.1 - - - -

Minimizing Deviations from Reported Water Surface Elevations

All water balance versions perform similarly on matching reported water surface elevations, as
illustrated in Table A.3..

Table A3. Average water surface elevation difference from reported values, in feet.
Averages are of absolute differences (relative differences in parentheses).

Model Inks Lake Lake LBJ Lake Marble Falls
Version 1 0.37 (-0.19) 0.34 (0.01) 0.41 (-0.03)
Version 2 0.38 (-0.17) 0.34 (0.08) 0.39 (0.05)
Version 3 0.39 (-0.02) 0.34 (0.08) 0.38 (0.07)
Version 4 0.38 (-0.18) 0.33 (0.06) 0.40 (-0.06)
Version 5 - 0.34 (0.08) -

Version 6 - - 0.41 (-0.20)
Version 7 0.39 (-0.29) - -

CREMS Phase 3 Water Balance Methodology

11




Minimizing Differences between Adjacent Lake Models in Water Release Time Series

As expected, the independently developed water balances of versions 5, 6, and 7 permitted the
greatest discrepancies in water releases at dams between adjacent lakes (Table A.4). Also, with
only version 1 attempting to match the water release time series at Starcke Dam from the Lake
Travis model, versions 2 through 5 exhibited a large flow difference with the Travis model at
Starcke Dam. Versions 2 through 4 produced similar results, with version 4 probably
performing the best.

Table A4. Discrepancies in water releases at dams between lake models

% of Days with Difference in | Average Absolute Difference in
Water Release of 1 cms or more Water Release (cms)

Dam Inks Wirtz Starcke Inks Wirtz Starcke
Version 1 0.53% 9.0% 0.64% 0.04 2.21 0.02
Version 2 0.55% 0.00% 57.4% 0.05 0.00 11.8
Version 3 1.20% 0.00% 57.8% 0.08 0.00 11.8
Version 4 0.53% 0.00% 53.8% 0.05 0.00 11.6
Version 5 - - 50.2% 6.99 - -
Version 6 - - - - 3.27 10.9
Version 7 23.3% 13.7% - - - -

RECOMMENDATIONS

Version 1, which is based on Starcke Dam water releases from the Lake Travis model, is not
recommended because it exhibits large differences from reported water releases, and these
differences are propagated upstream and significantly affect the water balances of upstream
lakes.

Version 5 is not recommended because it permits large differences between models in the flow
time series at dams. If the models are intended to be run in series, this can result in significant
water and mass losses from the models.
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Versions 2 through 4 produce similar results, with version 4 recommended because it requires
slightly less difference from reported water releases and slightly less difference between
models in the flow time series at dams.
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SUMMARY OF WATER BALANCE DISCUSSIONS WITH ROC

Lake water quality modeling calibration generally starts by first calibrating the water
balance, then temperature and finally water quality. For Lakes and Reservoirs, the water
balance is checked by comparing predicted surface water elevations with observed elevations.

The water balance for a lake or reservoir is the change in volume per time calculated by the
differences in inflows and outflows. The change in volume or storage, can be determined from
the day to day variations in surface water elevation provided a surface elevation to volume
rating curve is available or can be estimated from the bathymetry of the model. The team’s
approach was to estimate inflows from measured data and SWAT-generated watershed inflows
and outflows from reported flows over the dams, use precipitation and evaporation estimates
from historical data, and assume groundwater flows were negligible. The water balance
calculates a daily water surface elevation that is compared to the measured water surface
elevations for each lake. For Phase 3, the modeling team planned to balance each lake
independently, assuming any necessary adjustments would be minor and within the error of
measurement of the reported flows over the dams and observed surface elevations, particularly
during storm flows. The initial water balance approach worked well for Inks Lake, but not
Lake LBJ or Lake Marble Falls. The team determined that flows (and particularly storm water
flows) at Wirtz Dam were possibly causing discrepancies in the calculations of both flow
balances for Lake LBJ and Lake Marble Falls. The team investigated scrubbing flow data for
time periods in which the lake elevations changed more than +/- 2 feet and reviewed the data in
question with LCRA’s River Operations Center (ROC) personnel. Because the adjustments at
Wirtz would impact both flow balances of Lake LBJ and Lake Marble Falls, the team
developed a flow balance methodology to minimize adjustments in flows at all three dams. A
memo describing the methodology and the review comments from Limno Tech, Inc. are
included in this appendix.

This approach was reviewed with LCRA’s ROC personnel on April 6, 2010. During this
meeting, modeling team members also discussed measurement techniques for measuring flow
and surface water elevations with ROC personnel to gain an understanding in the uncertainty
associated with the measures and initiated a joint review of specific data. ROC personnel
reviewed spreadsheets provided by the modeling team and confirmed missing data and data
associated with managed lowering of lake levels in certain years.

The modeling team used the water balance utility as a starting point for each lake’s water
balance; however, final calibration for each lake required minor adjustments to the flow
balance generated from the utility and some estimation of flows on days when data was missing
or considered inaccurate. Overall, the adjustments were minor at noted in the attached water
balance methodology memo.
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MEMORANDUM

TO: CREMS Lake Travis Team DATE: 4/9/2007

FROM: Kirk Dean RE: Water quality calibration of Lake
Travis CE-QUAL-W2 model

CC: JOBH#:

This memorandum discusses several issues pertinent to the calibration of the Lake Travis water
quality model. Recommendations are made regarding the most suitable approaches for the Lake
Travis model for CREMS.

1. Manual Calibration or Numerical Optimization?

One key decision is whether to utilize 1) a formal numerical optimization procedure, or 2)
statistical and graphical comparisons between model predictions and observations in a manual
trial and error approach, with the modeler providing interpretation and judgment as to the
optimum calibration. The latter is the more common approach. However, as the number of
interacting parameters simulated increases, the model calibration becomes more complex
because varying one parameter affects many others. Because a eutrophication model includes
multiple biological responses to multiple chemical and physical driving parameters, it can be
difficult and time-consuming for a modeler to find the optimum values of model calibration
parameters. Thus, a numerical optimization procedure may be recommended. However,
numerical optimization procedures should not be considered ‘black boxes’ that feed out the
ultimate answer, but should be used as a tool with statistical and graphical analysis by an
experienced modeler.

Formal numerical optimization procedures can be of several types. For a small number of
parameters, an optimum numerical solution may be obtained by minimizing an objective
function using calculus-based solver algorithms. UCODE uses nonlinear regression, with a
modified Gauss-Newton method to adjust parameter values to minimize the weighted least-
squares objective function. PEST is a similar program using the Marquardt-Levenburg method
of nonlinear parameter estimation. Either of these tools will work with most models. These
programs may, however, have problems with numerical instability when fitting functions do
not vary smoothly.

Another option would be to run a Monte Carlo Analysis. In Monte Carlo Analysis, key
parameters are varied within a range of potential values, the model is run with each
combination of parameter values, and model goodness of fit is judged with one or more
statistics until a best fit is identified.



More recently, genetic algorithms (GAs) have been used commonly in model calibration. They
are based on the biological principles of natural selection, with optimal combinations of
parameters selected from a “population” of potential values through many “generations” of
variations. In each generation, combinations of parameters that improve model fit tend to be
more favored for selection in the next generation. GA’s tend to be more stable and robust than
calculus-based numerical algorithms, and tend to converge to a solution more efficiently than
Monte Carlo analysis. Mulligan and Brown (1998) report use of a genetic algorithm to
calibrate Streeter-Phelps and QUALZ2E stream models. Pelletier et al. (2006) applied a
publicly-available GA (PIKAIA) to calibrate a QUAL2Kw eutrophication model. Ostfeld and
Salomons (2005) report application of a hybrid genetic algorithm to calibrate a CE-QUAL-W2
model. In this report, the efficiency of the genetic algorithm was enhanced using hurdle-race
and k-nearest neighbor algorithms to eliminate most of the excess computational effort.

Although the numerical optimization methods offer certain advantages, many modelers feel
more comfortable with a manual trial-and error approach based on statistical and graphical
analysis. Given the time required to develop a numerical optimization program, the manual
approach is recommended for the Lake Travis model.

2. Calibration then Verification or Combined Calibration/Verification?

Typically, it is recommended that models should be calibrated to one dataset, then verified
using an independent dataset. Often, this is performed by splitting the available dataset in half,
using the first half for calibration and the second half for verification. If the model fits the
verification dataset well (without adjusting the calibrated model parameters), it lends
confidence in model predictions of future conditions. Cole and Wells (2002) point out,
however, that the separation between calibration and verification is a false one, because if the
verification run does not fit well, then the model calibration coefficients will inevitably be
adjusted until the model fits both calibration and verification periods. Thus, they recommend
that the model should be calibrated to all available data continuously, i.e. not broken into
separate runs by years or seasons. However, the model should exhibit good fit to all periods,
including individual years, droughts, and flood periods. Ideally, the calibration data set should
encompass the full range of variations and extreme conditions that might be anticipated in the
future.

3. Measures of Model Goodness of Fit

While some modelers do not use statistical measures of goodness of fit (GOF), choosing to rely
instead on graphical illustration of GOF, it is generally recommended (Reckhow et al. 1990)
that one or more quantitative measures of GOF be used in calibration and
verification/confirmation of models. Numerous statistical measures of model goodness of fit
(GOF) are available, and some are listed below and summarized in Table 1. The similarly of
most of these measures is readily noticeable when they are expressed using common notation.
The table lists the number of times each GOF statistic was used in a brief review of modeling
reports.



Several authors recommend that several GOF measures be used, to quantify 1) model bias, 2)
absolute error, and 3) relative error. This may lead to situations where different calibrations
show improved performance with respect to some GOF statistics, but poorer performance for
others. For this reason, it is recommended that acceptable ranges of GOF statistics are decided
in advance, as well as a hierarchy of importance of GOF statistics. To facilitate calibration, an
automated or semi-automated method should be implemented to calculate and summarize the
various GOF statistics, compare them to acceptable ranges, and calculate an overall calibration
score.

Cole and Wells (2002) recommend using the absolute mean error (AME) as an indicator of CE-
QUAL-W2 model accuracy, since it is simply calculated and directly interpretable, i.e., it is in
the same units as the measurement. A similar statistic is the root mean square error (RMSE),
with the difference that it provides an extra penalty for the outlying predictions that are very
different from observations. The RMSE is commonly used in the objective minimization
functions of parameter optimization algorithms. Neither the AME nor RMSE provide
information on model bias, as deviations in either directions from observed values are
penalized equally. For quantification of the bias of model predictions, the mean error (ME) or
mean percent error (M%E) are recommended.

The reliability index (RI) of Leggett and Williams (1981) has been used by many CE-QUAL-
W2 modelers to evaluate model performance. Wlosinski (1984) considered the RI to be the best
statistic for reporting aggregate model performance for CE-QUAL-R1, the predecessor to CE-
QUAL-W?2. The RI indicates the average factor by which model predictions differ from
observations. A RI of 1.0 indicates a perfect fit. If all predicted values are one-half order of
magnitude apart, a RI of 5 will result. RI values of less than 3 are generally considered to be
acceptable for most parameters. RI values of greater than 10 usually indicate extremely low
values near detection limits, as often found with some nutrient species, or highly variable
parameters, such as algae biomass. One of the weaknesses of the RI is that the values are
difficult to interpret since they are unitless and their range is expected to vary by parameter.
The RI should be used with other measures of absolute and relative error.

The modeling efficiency (MEF) measures how much better a model predicts observed values
than the average of the observed values. A value of 1 indicates a perfect match, whereas a value
of 0 indicates that the model performs no better at predicting observed values than the average
of the observed values.

Theil’s inequality coefficient is similar to a correlation coefficient, but is a measure of distance
instead of similarity. One advantage of Theil’s inequality coefficient is that it can be

decomposed into bias, variance, and fit quality components (Smith and Rose, 1995). However,
the interpretation of these quantities may not be as straightforward as the more direct measures.

While the modeler has substantial leeway in selecting GOF statistics, we recommend using
mean error (ME) to evaluate bias, root mean square error (RMSE) to evaluate absolute error,
and Leggett and Williams’ (1986) reliability index (RI). These are straightforward to calculate
and interpret. Since they have been used in other modeling studies, it will facilitate comparison
of model performance with other studies.



Table 1. Summary of model goodness of fit statistics and their characteristics

Statistic |  Statistic name | Use* | Measure | Penalizes Units? Range'”
of? outliers?
ME mean error 9 absolute N Same as =00 — o0
bias observation 0*
M%E mean percent error 2 relative N Unitless % of -0 — +o0
bias observation 0*
MSE mean square error 2 absolute Y Square of 0*—
error observation
MAE mean absolute error 10 absolute N Same as 0* —
error observation
MA%E | mean absolute 2 relative N Unitless % of 0* —
percent error error observation
RMSE | root mean square 11 absolute Y Same as 0* —
error error observation
RMAE | relative mean 1 relative N Unitless % of 0* —
absolute error error observation
GSD general standard 1 relative Y Unitless % of 0" —
deviation error observation
U Theil’s inequality 1 fit quality Y unitless 0*—1
coefficient index
E Nash-Sutcliffe 1 fit quality Y unitless -0 — 1*
coefficient of index
efficiency
E' modified coefficient 1 fit quality N unitless =00 — 400
of efficiency index 1*
J Janus quotient 1 fit quality Y unitless 0* —
index
R? coefficient of 8 fit quality Y unitless 0—1*
determination index
d index of agreement 1 fit quality Y unitless 0—1*
index
d’ modified index of 1 fit quality N unitless 0—1*
agreement index
Lk likelihood function 1 fit quality Y Square root of 0¥ —
index observation
kgor Rl | reliability index 6 fit quality Y unitless 1% —
index
d functional distance 1 fit quality N logarithm of y 0* —
index
MEF modeling efficiency 1 fit quality Y unitless -0 — ¥
index




Tassuming observed data are positive numbers
fnumber of modeling reports and papers using this statistic
asterisk indicates value for a perfect model fit to observed data

4. Model Verification and Confirmation

For model confirmation, several authors recommend that statistical hypothesis tests should be
used in lieu of, or as a supplement to, descriptive GOF statistics. If model predictions fall
within confidence limits of measured data, the model cannot be said to differ from the real
system and confidence in model predictions is increased, even in the case of poor GOF
statistics commonly observed for highly variable or near-detection limit parameters. To
evaluate model predictive capacity, one can test the hypothesis that average prediction errors
are, for example, less than 1 mg/] for dissolved oxygen and less than 10 pg/l for chlorophyll a.
Many hypothesis tests, such as the t-test, Wilcoxon-Mann-Witney test, or the Kolmogorov-
Smirnov test are capable. All of these tests require independent samples drawn from a
population, but water quality model simulations are typically very strongly autocorrelated with
respect to time and location. Reckhow et al. (1990) describe methods to adjust for this
autocorrelation. The t-test also requires normally distributed values, which is unusual for most
environmental parameters but may be achievable through log-transformation.

Cole and Wells (2002) do not provide guidelines regarding a priori acceptable levels of error
for CE-QUAL-W2. Ultimately, acceptable levels of error should be based on model uncertainty
versus water quality prediction requirements of lake managers. However, based on a review of
reported model errors in other systems, we can identify calibration goals for some parameters
that may be achievable. These are average absolute mean errors for the system as a whole, and
may not be met at all places and times.

Table 2. Calibration goals for system-wide average absolute mean error, based on CE-
QUAL-W2 modeling results in other systems

water level 0.2 meters | total Kjeldahl nitrogen 0.4 mg/l
water temperature 1°C ammonia nitrogen 0.03 mgl/l
pH 0.3 su nitrate nitrogen 0.1 mg/l
total organic carbon | 0.6 mg/l | total phosphorus 0.02 mgl/l
chlorophyll a 4 ug/L orthophosphate phosphorus | 0.01 mg/L




Model Goodness of Fit Statistic Formulas

In these formulas:
Yy, represents a measured value at point i in time and space

y, represents a model predicted value at point i in time and space

i represents a point in time and space
n represents the number of observations
y represents the average measured value

¥ represents the average predicted value

Mean error ME = (Z(yi -, )j/n
i=l

Mean % error M %E =100 Z(yi —9.)/ yi)}/n

Mean square error MSE = Z(yi -V, )ﬂ/n

n

Mean absolute error MAE = (Zwi -V U/ n

i=1

Mean absolute % error MA%E = IOO{Zdyi -V, /| Y, |)}/ n
i=l

0.5
Root mean square error RMSE = {Z(y, -V )ﬂ/n}

Relative mean absolute error RMAE = [Z|yi -V
i=1

General standard deviation GSD = RMSE /y

j/(n*y)z MAE /y

Theil’s inequality coefficient (Theil, 1966) U = \/{Z(yl -y

i=1

[



Uy = [y~ 5T /{(l/n)i(yi -9, )2}

i=1

Ui =[5 T {(un)g(yi s, ﬂ

S|
< |

where § =

iz;:(f’i— )Z and S = %Zn:(yi_y)z

U = - rw)*s*ﬁ]{a/n)z(yi S )2}

Nash-Sutcliffe coefficient of efficiency (Nash and Sutcliffe 1970)

E :l_i(yi _yi)z/i(yi _7)2

Modified coefficient of efficiency reduces the impact of outliers:

E'= I_Z(yi - yi)/Z(yi - 7)
i=1 i=1
Janus quotient (Gadd and Wold, 1964) J* = {i(yi -V, )2 /m}/{zn:(yi -V, )2 /n}
- _

Coefficient of determination r? =




Modified index of agreement d'=1- Ll

1 & (yk - y'k)2
Likelihood function for parameter k L, = |—=* Z%

1+J1 : {Hyi/yi)}
N 1+ /¥)

IES A
: \/n§|:l+(yi/yi):|

Reliability index (Leggett and Williams 1981) k, =

Functional distance d = \/ Z(ln y,—In9,)/n

Modeling efficiency MEF =-

Il
—_

Il
—_

cov ar[Yi > Yiik ]

Autocorrelation coefficient for time lagk 1, =
s(y;)*s(Yiu)
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