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Coordinating Board. The National Institute for Global Environmental Change of the U.S.
Department of Energy funded research at TAMU during 1998-2003 that involved application of

X



WRAP in assessments of the impacts of climate change on water management. The U.S. Army
Corps of Engineers Fort Worth District during 2001-2005 also sponsored continued development
of WRAP modeling capabilities. The TWDB and BRA sponsored additional improvements
during 2007-2008 and 2008-2011, respectively. TAMU AgriLife Research and Extension funded
work during 2013-2015 expanding WRAP conditional reliability modeling (CRM) capabilities
for supporting agricultural irrigation management.

Many graduate students at Texas A&M University have employed WRAP in courses and
research projects. The following former students worked as funded research assistants focusing
their thesis or dissertation research on WRAP related topics and contributing to improving the
modeling system or devising strategies for diverse applications of the modeling system: W. Brian
Walls, M.S. 1988; David D. Dunn, M.S. 1993; Anilkumar R. Yerramreddy, M.S. 1993; Gerardo
Sanchez-Torres, Ph.D. 1994; Emery D. Sisson, M.S. 1999; A. Andres Salazar, Ph.D. 2002;
Hector E. Olmos, M.S. 2004; Ganesh Krishnamurthy, M.S. 2005; Mi Ae Ha, M.S. 2006; Tae Jin
Kim, Ph.D. 2009; Spencer T. Schnier, M.S. 2010; Chihun Lee, Ph.D. 2010; Richard J. Hoffpauir,
Ph.D. 2010; Mark A. Pauls, M.S. 2014; Mustafa Demirel, M.S. 2015; Ankit Bista, M.S. 2015;
Minkyu Ryu, Ph.D. 2015; Askarali Karimov, Ph.D., 2016; Camilo Christancho, M.S. 2017;
Vivek Verma, M.S. 2017; M. Abdul Siddiqui, M.S. 2017; Gunil Chun, Ph.D., 2018; and Yiwen
Zhang, M.S. 2014 and Ph.D, 2019. Their theses and dissertations are listed in Appendix A of this
Reference Manual.

David D. Dunn, P.E., has contributed to the evolution of WRAP since the early 1990's,
initially as a graduate student at TAMU, followed by an employment period at the USGS, and
since then at HDR Engineering participating in the TCEQ WAM System development and later
in various planning and research studies. Richard J. Hoffpauir, Ph.D., P.E., has also worked for
many years both at TAMU in research and development to expand WRAP capabilities and as a
consultant applying the modeling system.

Ralph A. Wurbs, Ph.D., P.E., Hon.D. WRE
Senior Professor

Zachry Department of Civil Engineering
Texas A&M University

May 2019



CHAPTER 1
INTRODUCTION

The Water Rights Analysis Package (WRAP) modeling system simulates management of
the water resources of a river basin or region under priority-based water allocation systems. In
WRAP terminology, river/reservoir system water management requirements and capabilities are
called water rights. The modeling system facilitates assessments of hydrologic and institutional
water availability and reliability in satisfying requirements for instream flows, water supply
diversions, hydroelectric energy generation, and reservoir storage. Reservoir system operations
for flood control can be simulated. Capabilities are also provided for tracking salinity loads and
concentrations. Basin-wide impacts of water resources development projects and management
practices are modeled. The modeling system is generalized for application anywhere, with input
datasets being developed for the particular river basins of concern.

WRAP is incorporated in the Water Availability Modeling (WAM) System implemented
and maintained by the Texas Commission on Environmental Quality (TCEQ). The TCEQ WAM
System includes databases of water rights and related information, geographical information
system (GIS) and other data management software, and WRAP input files and simulation results
for the 23 river basins of Texas, as well as the generalized WRAP. The WRAP modeling system
may be applied either independently of or in conjunction with the Texas WAM System. The set
of reports documenting WRAP, including this Reference Manual, focus on the generalized
WRAP, rather than the overall Texas WAM System.

WRAP simulation studies combine a specified scenario of river/reservoir system
management and water use with river basin hydrology represented by sequences of naturalized
stream flows and reservoir evaporation-precipitation rates at pertinent locations for each monthly
or daily interval of a hydrologic period-of-analysis. Model application consists of:

1. compiling water management and hydrology input data for the river system

2. simulating alternative water resources development, management, and use scenarios

3. developing water supply reliability and stream flow and storage volume frequency
relationships and otherwise organizing and analyzing simulation results

Input datasets for the river basins of Texas are available through the TCEQ WAM System.
WRAP users modify these data files to model the alternative water resources development
projects, river regulation strategies, and water use scenarios being investigated in their studies.
For applications outside of Texas, model users must develop their own input datasets.

WRAP Documentation

Numbers in brackets found throughout this manual refer to the list of references on pages
365-367, which lists the publications that are cited in the manual. Other relevant publications
not actually cited in this manual are included in the bibliography compiled in Appendix A.

This Reference Manual describes the concepts and methods employed in WRAP,
focusing on monthly modeling. Expanded capabilities of the daily modeling system are covered
in the Daily Manual. The Users Manual provides instructions for applying the main programs.
The four other manuals listed below serve specific purposes that are described as follows.
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Water Rights Analysis Package (WRAP) Modeling System Reference Manual, TWRI TR-
255, 12th Edition, May 2019. (this Reference Manual) [1]

Water Rights Analysis Package (WRAP) Modeling System Users Manual, TWRI TR-256,
12th Edition, May 2019. (Users Manual) [2]

Fundamentals of Water Availability Modeling with WRAP, TWRI TR-283, 8th Edition,
May 2019. (Fundamentals Manual) [3]

Water Rights Analysis Package (WRAP) Daily Modeling System, TWRI TR-430, Third
Edition, May 2019. (Daily Manual) [4]

Water Rights Analysis Package (WRAP) River System Hydrology, TWRI TR-431, Third
Edition, May 2019. (Hydrology Manual) [5]

Salinity Simulation with WRAP, TWRI TR-317, July 2009. (Salinity Manual) [6]

Water Rights Analysis Package (WRAP) Programming Manual, TWRI TR-388, Sixth
Edition, May 2019. (Programming Manual) [7]

The TCEQ WAM System was implemented during 1997-2003 based on the WRAP
modeling capabilities covered by this Reference Manual and accompanying Users Manual.
These two primary manuals cover the WRAP modeling features reflected in the original and
updated WAM System datasets plus various enhancements. Modeling capabilities documented
by the basic Reference and Users Manuals are designed for assessing water availability for
existing and proposed water rights under alternative water management and use scenarios based
on a hydrologic simulation period covering many years with a monthly computational time step.

The Fundamentals Manual is designed as an introductory tutorial allowing new users to
learn the basics of the modeling system quickly. With this abbreviated manual covering only
select basic features, within a few hours, first-time users can become proficient in fundamental
aspects of applying WRAP. The other manuals and experience in applying the modeling system
are required for proficiency in implementing broader ranges of modeling options.

WRAP applications range from simple to quite complex. Complexities are due primarily
to requirements for flexibility in modeling diverse water management strategies and
reservoir/river system operating practices, extensive physical infrastructure, and complex
institutional systems allocating water between numerous water users. Modeling flexibility is
provided through many optional features that are documented in detail in the Reference, Users,
Daily, Hydrology, and Salinity Manuals. However, easy-to-learn fundamentals covered in the
Fundamentals Manual account for a significant portion of practical modeling applications.

The Reference, Users, and Fundamental Manuals describe the monthly SIM simulation
model and corresponding features of the post-simulation programs TABLES and HEC-DSSVue.
The Daily Manual describes SIMD which provides daily simulation capabilities that include
environmental flow requirements and flood control reservoir operations and corresponding daily
features of TABLES. The Hydrology Manual documents capabilities provided by program HYD
to develop and update monthly naturalized stream flow and net reservoir surface evaporation-
precipitation sequences for input to SIM. The Salinity Manual covers the salinity tracking
capabilities of SALT and salinity-related features of TABLES. The Programming Manual
facilitates modifying the Fortran programs but is not needed for applying the modeling system.
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WRAP Programs

WRAP is a set of computer programs. Executable files are available for use with
Microsoft Windows. Recent versions of the Fortran programs have been compiled with the Intel
Visual Fortran compiler within the Microsoft Visual Studio Integrated Development
Environment for execution with 64-bit architecture. The code conforms to the latest Fortran
standards. A Programming Manual [7] provides information useful in examining or modifying the
Fortran code but is not necessary for applying the modeling system. A periodically updated report
documents the history of program modifications [8]. The public domain executable programs and
documentation may be freely copied. Table 1.1 summarizes the function of each program and
indicates whether it is documented by this Reference Manual and accompanying Users Manual or
by the previously cited auxiliary manuals covering expanded modeling capabilities.

Table 1.1
WRAP Programs
Program Filename Function Manuals
WinWRAP  WinWRAP.exe Microsoft Windows interface Users & Fundamentals
TABLES TAB.exe Post-simulation summary tables, Reference, Users, Fund,
reliability indices, frequency tables Daily, Salinity Manuals
SIM SIM.exe Monthly simulation model Reference, Users, Fund
SIMD SIMD.exe  Daily simulation model Daily & Users Manuals
SALT SALT.exe  Salinity simulation model Salinity Manual
HYD HYD.exe = Monthly hydrology data Hydrology Manual
DAY, DAYH DAY.exe  Daily hydrology data Daily Manual

This Reference Manual and the Fundamentals Manual focus on the first three computer
programs listed in Table 1.1. The Users Manual covers SIMD as well as SIM and TABLES.

WinWRAP facilitates execution of the WRAP programs within the Microsoft Windows
environment along with Microsoft programs and HEC-DSSVue.

SIM simulates the river/reservoir water allocation/management/use system for input
sequences of monthly naturalized flows and net evaporation rates.

TABLES develops frequency relationships, reliability indices, and various user-
specified tables for organizing, summarizing, and displaying simulation results.

SIMD (D for daily) is an expanded daily computational time step version of SIM that
adds flow disaggregation, flow forecasting and routing, environmental pulse
flows, and flood control operations along with all of the capabilities of SIM.

The following programs supplement and/or expand the basic monthly modeling system

comprised of the programs listed above. The following programs are introduced in the Reference
and Users Manuals and documented in detail by the auxiliary manuals noted in Table 1.1.
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HYD assists in developing and updating monthly naturalized stream flow and reservoir
net evaporation-precipitation depth data for the SIM hydrology input files.

DAY and DAYH assist in calibrating routing parameters and otherwise developing daily
time step hydrology input for SIMD.

SALT reads a SIM or monthly SIMD output file and a salinity input file and tracks salt
constituents through the river/reservoir/water use system.

WinWRAP User Interface

WRAP users create or obtain previously created files describing hydrology and water
management for the river basin or region of concern along with other related information. The
programs are connected through various input/output files. Certain programs create files with
intermediate results to be read by other programs. File access occurs automatically, controlled
by the software. WinWRAP provides a framework for working with the programs and data files.

The Fortran programs are compiled as separate individual programs that may be executed
without using WinWRAP. However, the WinWRAP user interface program facilitates running the
WRAP programs within Microsoft Windows in an integrated manner along with use of Microsoft
programs to access and edit input and output files and use of HEC-DSSVue to plot and/or otherwise
analyze simulation results. The WinWRAP interface connects executable programs and data files.

SIM and SIMD Versions of the Simulation Model

The simulation program SIM performs the river/reservoir/use system water allocation
computations using a monthly time step. The daily SIMD contains all of the capabilities of the
monthly time step SIM, plus options for synthesizing daily time step stream flows, flow forecasting
and routing, and simulating pulse environmental flows and reservoir operations for flood control.
SIMD duplicates simulation results for datasets prepared for SIM. The SIM program is complex, and
the additional features make SIMD significantly more complex. SIM has been applied extensively
as a component of the TCEQ WAM System. SIMD has become fully operational only recently.

The SIMD daily computational time step, disaggregation of monthly to daily naturalized
flows, daily water use target setting, pulse flow components of environmental flow targets, flow
forecasting, flow routing, and flood control reservoir operations features covered in the Daily
Manual are provided only by SIMD, not SIM. SIMD flow forecasting involves consideration of
future stream flows over a specified forecast period in making water supply diversion, flood control,
and other multiple-purpose reservoir system operating decisions. Routing methodologies model
translation and attenuation of stream flow adjustments. The post-simulation program 7ABLES
works with either monthly or daily SIM or SIMD simulation results.

HYD, DAY, and DAYH Pre-Simulation Hydrology Programs

Program HYD described in the Hydrology Manual provides routines for developing and
updating hydrology input for SIM, which consists of sequences of monthly naturalized stream
flows and reservoir net evaporation-precipitation rates. HYD can be used both in developing new
hydrology datasets and updating the hydrologic period-of-analysis of existing datasets.

Chapter 1 Introduction 4



The primary function of the programs DAY and DAYH documented in the Daily Manual is
calibration of daily flow routing parameters but other optional computational routines are also
provided to facilitate developing daily SIMD hydrology input. The recently created DAY and older
DAYH provide different alternative approaches for determining values of routing parameters.

SALT Simulation Model

The program SALT is applied in combination with either SIM or SIMD to simulate salinity.
SALT is designed for use with a monthly time step. SALT obtains monthly water quantities by
reading the main SIM or SIMD output file, obtains water quality data by reading a separate salinity
input file, and tracks the water quality constituents through the river/reservoir system. All of the
simulation capabilities of SIM/SIMD are preserved while adding salt balance accounting features.

TABLES Organization of Simulation Results

The program TABLES provides a comprehensive array of tables and tabulations in user-
specified formats for organizing, summarizing, analyzing, and displaying simulation results from
SIM, SIMD, and SALT. Many of the options provided by TABLES involve rearranging simulation
results into convenient tables for reports and analyses or as tabulations for export to Microsoft Excel
or HEC-DSSVue. TABLES also provides an assortment of computational options for developing
tables of water supply reliability indices and flow and storage frequency relationships.

Hydrologic Engineering Center HEC-DSS and HEC-DSSVue

The Hydrologic Engineering Center (HEC) of the U.S. Army Corps of Engineers (USACE)
has developed a suite of generalized hydrologic, hydraulic, and water management simulation
models that are applied extensively by numerous agencies and consulting firms throughout the
United States and abroad. The HEC-DSS (Data Storage System) is used routinely with HEC
simulation models and with other non-HEC modeling systems including WRAP to manage time
series datasets. Multiple simulation models share the same time series data management software
that also includes graphics and a set of routines for statistical analysis and mathematical operations.

HEC-DSS and the HEC-DSSVue component of HEC-DSS are fully integrated with WRAP.
The WRAP Fortran programs are linked during compilation to DSS routines from a static library
developed by the Hydrologic Engineering Center that allow creating and accessing binary DSS
files. WRAP executable programs include options for writing SIM, SIMD, and SALT simulation
results as DSS files. Hydrology time series stored as a DSS file are read by the WRAP simulation
programs. The WRAP programs TABLES, HYD, and DAY also read and create DSS files.

The HEC-DSS Visual Utility Engine (HEC-DSSVue) is a user interface for viewing,
organizing, editing, and plotting data in DSS files and performing mathematical operations and
statistical analyses. The public domain HEC-DSSVue software and detailed User’s Manual [9] may
be downloaded from the Hydrologic Engineering Center website: http://www.hec.usace.army.mil/.
HEC-DSSVue provides convenient capabilities for compiling, storing, managing, searching, and
displaying time series of WRAP SIM and SIMD hydrology input datasets and simulation results,
and also includes graphics and mathematical and statistical computational analyzes. WRAP uses of
DSS and HEC-DSSVue are described in Chapter 6 of the WRAP Users Manual [2].
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Other Auxiliary Software

The WRAP programs provide comprehensive computational capabilities but have no
editing or graphics capabilities. The USACE Hydrologic Engineering Center’s HEC-DSSVue
provides comprehensive capabilities for compiling, viewing, and editing time series datasets. The
user's choice of software may be adopted for use in viewing and editing WRAP text files. The
only required auxiliary software is an editor such as Microsoft WordPad. However, WRAP
modeling and analysis capabilities are enhanced by use of other supporting software for
developing and managing datasets, such as Microsoft Excel and ESRI ArcGIS.

Microsoft Programs and NotePad++

Microsoft Wordpad, Word, and Notepad or the public domain Notepad++ are used
routinely in creating and editing WRAP input files and viewing and reporting simulation results
as discussed in the Users and Fundamentals Manuals. Microsoft Excel provides both graphics
and computational capabilities and has been extensively applied with WRAP. TABLES has
options for tabulating essentially any of the time series variables included in the SIM, SIMD, and
SALT simulation results in a format designed to be conveniently accessed by Microsoft Excel for
plotting or other purposes.

ArcGIS and ArcMap WRAP Display Tool

Geographic information systems (GIS) such as ESRI's ArcGIS (http://www.esri.com) are
useful in dealing with spatial aspects of compiling WRAP input data and displaying simulation
results. An ArcGIS tool for displaying WRAP simulation results was initially developed at Texas
A&M University [10] and subsequently expanded at the University of Texas Center for Research
in Water Resources [11] for the TCEQ. The WRAP Display Tool functions as a toolbar within
the ArcMap component of ArcGIS. Ranges of water supply reliabilities, flow and storage
frequencies, and other simulation results are displayed by control point sites as a color coded
map. Customization capabilities as well as standard output data features are provided.

Texas WAM System

Senate Bill 1, Article VII of the 75" Texas Legislature in 1997 directed the Texas Natural
Resource Conservation Commission (TNRCC) to develop water availability models for the 22
river basins of the state, excluding the Rio Grande. Subsequent legislation authorized modeling
of the Rio Grande Basin. The TNRCC was renamed the Texas Commission on Environmental
Quality (TCEQ) in 2002. The Water Availability Modeling (WAM) System was implemented
collaboratively by the TCEQ (as lead agency), Texas Water Development Board (TWDB), Texas
Parks and Wildlife Department (TPWD), consulting engineering firms, and universities, in
coordination with the water management community. The resulting WAM System includes
databases and data management systems, WRAP, and WRAP input datasets and simulation
results for all of the river basins of Texas [12, 13, 14, 15]. The generalized WRAP modeling
system with a dataset for a particular river system is called a water availability model (WAM).

During 1997-1998, the TNRCC, TWDB, TPWD, and a team of consulting firms
evaluated available river/reservoir system simulation models to select a generalized model to
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adopt for the statewide water availability modeling system. This study resulted in adoption of
WRAP, along with recommendations for modifications. WRAP has been greatly expanded and
improved during 1997-2003 and 2005-2019 at Texas A&M University under interagency
agreements between the TCEQ and Texas A&M University System.
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Figure 1.1 Major Rivers and Largest Cities in Texas

Consulting engineering firms working under contracts with the TNRCC/TCEQ
developed WRAP input datasets and performed simulation studies for all of the river basins of
the state during 1998-2003. These studies are documented by the WAM reports listed in the
bibliography in Appendix A. Individual engineering firms or teams of firms modeled individual
river basins or groups of adjacent basins. Upon completion of the water availability models
(WAMs), water rights permit holders were provided information regarding reliabilities
associated with their water rights. The publically available WRAP input datasets for all of the
Texas river basins are maintained and periodically updated by the TCEQ.

The Center for Research in Water Resources (CRWR) at the University of Texas, under
contract with the TCEQ, developed a geographic information system for delineating the spatial
connectivity of pertinent sites and determining watershed parameters required for distributing
naturalized stream flows [16, 17]. The CRWR applied the GIS to the various river basins and
provided the resulting information to the TCEQ and consulting firms responsible for modeling each
of the river basins.
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Along with compiling the WRAP input datasets, the TCEQ contractors performed
simulations for alternative scenarios reflecting combinations of premises regarding water use,
return flows, and reservoir sedimentation. Eight defined scenarios were simulated for all of the
river basins. Other scenarios were added for particular basins. The following two scenarios are
routinely adopted for both water right permit applications and planning studies.

e The authorized use scenario (run 3) is based on the following premises.

1. Water use targets are the full amounts authorized by the permits.
2. Full reuse with no return flow is assumed.

3. Reservoir storage capacities are those specified in the permits, which
typically reflect no sediment accumulation.

4. Term permits are not included.

e The current use scenario (run 8) is based on the following premises.

1. The water use target for each right is based on the maximum annual
amount used in any year during a recent ten year period.

2. Best estimates of actual return flows are adopted.

3. Reservoir storage capacities and elevation-area-volume relations for
major reservoirs reflect year 2000 conditions of sedimentation.

4. Term permits are included.

Texas has 15 major river basins and eight coastal basins lying between the lower reaches
of the major basins as shown in Figure 1.2. The WAM System includes the 20 WRAP input
datasets listed in Table 1.2 covering the 23 river basins. Three of the 20 datasets each combine
two basins. The latest updates of these datasets are available at the TCEQ WAM website.

Several of the river systems are shared with neighboring states. The Rio Grande is shared
with Mexico. For the interstate and international river basins, hydrology and water management
in neighboring states and Mexico are considered to the extent necessary to assess water
availability in Texas. The models reflect two international treaties and five interstate compacts
as well as the two Texas water rights systems administered by the TCEQ. The water rights
system allocating the Texas share of the waters of the lower Rio Grande is significantly different
from the water rights system for the rest of Texas [18].

The totals in Table 1.2 show that naturalized flows for 500 primary control points are
included in the input datasets for the SIM simulation model in FLO files and distributed to over
13,000 secondary control points within the simulation based on information provided in DIS files.
Table 1.2 also lists the number of control points in each of the 20 datasets for which reservoir net
evaporation-precipitation rates are input in EVA files and flow adjustments are input in FAD files.

About 6,200 active water right permits are modeled with the 10,581 water right (WR) and
805 instream flow (IF) records in the 20 authorized use scenario (run 3) datasets listed in Table 1.2.
Current use scenario (run 8) counts are also tabulated. The datasets include the over 3,000
reservoirs with water right permits. The 80 reservoirs with conservation storage capacities
exceeding 50,000 acre-feet account for about 92% of the permitted capacity [19]. TCEQ updates
the datasets as applications for new permits or revisions to existing permits are approved.
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Table 1.2
Number of Control Points, Water Rights, and Reservoirs in the WAMs

Version for  Run Number of Control Points WR IF Reser-
WAM this Table Total FLO EVA FAD Records Records voirs
Brazos and Sep 2008 3 3,842 77 67 0 1,643 122 678
SJ-B Coastal Sep 2008 8 3,852 77 67 0 1,734 145 719
Canadian Jan 2013 3 85 12 9 0 56 0 47
Jan 2013 8 85 12 9 0 56 0 47
Colorado and Mar 2010 3 2,422 45 48 20 2,006 99 518
B-C Coastal Aug 2007 8 2,396 45 47 20 1,928 93 510
Cypress Jan 2010 3 147 10 11 0 163 1 91
Jan 2010 8 147 10 10 0 159 1 91
GSA Oct 2008 3 1,338 46 11 5 848 200 238
Oct 2008 8 1,340 46 13 5 872 214 241
Lavaca Nov 2010 3 185 8 7 0 70 30 22
Nov 2010 8 184 8 7 0 65 30 21
Neches Oct 2012 3 378 20 12 0 399 75 180
Sep 2012 8 395 20 12 0 385 78 203
Nueces Jan 2013 3 543 41 10 0 374 30 121
Jan 2013 8 546 41 10 0 393 32 125
Red Jan 2013 3 448 47 40 5 507 102 247
Jan 2013 8 451 47 40 12 508 111 248
Rio Grande Jun 2007 3 957 55 25 1 2,584 4 113
Jun 2007 8 957 55 25 1 2,597 4 113
Sabine Aug 2007 3 387 27 20 0 321 22 212
Aug 2007 8 387 27 20 0 328 23 213
San Jacinto Nov 2009 3 412 17 4 0 150 15 114
Nov 2009 8 414 17 4 0 158 17 114
Sulphur Nov 2012 3 84 8 4 0 83 10 57
Nov 2012 8 89 8 4 0 85 10 57
Trinity Oct 2012 3 1,398 40 50 0 1,061 71 697
Oct 2012 8 1,418 40 50 0 1,067 89 700
Colorado- Jul 2007 3 111 1 1 0 27 4 8
Lavaca Jul 2007 8 111 1 1 0 27 4 8
Lavaca- Oct 2001 3 68 2 2 0 10 0 0
Guadalupe Oct 2001 8 68 2 2 0 12 0 0
Neches- Jan 2013 3 249 4 4 0 139 11 31
Trinity  Jan 2013 8 249 4 4 0 139 11 31
Nueces- Jan 2013 3 200 29 5 0 104 7 64
Rio Grande Jan 2013 8 200 29 5 0 109 7 65
San Antonio- Jan 2013 3 53 9 3 0 12 2 9
Nueces Jan 2013 8 53 9 3 0 12 2 9
Trinity- Jan 2013 3 94 2 3 0 24 0 13
San Jacinto  Jan 2013 8 94 2 3 0 26 1 13
Totals 3 13,401 500 336 31 10,581 805 3,460
8 13,436 500 336 38 10,660 872 3,528
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Figure 1.2 Texas River Basins as Delineated by the TWDB

The WAM System is applied by water right permit applicants and their consultants in
preparation of water right permit applications. TCEQ staff applies the modeling system in
evaluating the permit applications. The TWDB, regional planning groups, and their consultants
apply the modeling system in regional and statewide planning studies also established by the 1997
Senate Bill 1. Agencies, consulting firms, and university researchers use the modeling system in
operational planning studies and various other types of studies.

Model Development Background

The primary objectives guiding development of the WRAP modeling system have been:

e to provide capabilities for assessing hydrologic and institutional water availability
and reliability within the framework of the priority-based Texas water rights system

e to develop a flexible generalized computer modeling system for simulating the
complexities of surface water management, which can be adapted by water
management agencies and consulting firms to a broad range of applications
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Early Versions of the WRAP Programs

A university research project, entitled Optimizing Reservoir Operations in Texas, was
performed in 1986-1988 as a part of the cooperative federal/state research program of the Texas
Water Resources Institute and U.S. Geological Survey. The Brazos River Authority served as the
nonfederal sponsor. The research focused on formulating and evaluating storage reallocations and
other reservoir system operating strategies and developing improved modeling capabilities for
analyzing hydrologic and institutional water availability. A system of 12 reservoirs in the Brazos
River Basin, operated by the U.S. Army Corps of Engineers Fort Worth District and the Brazos
River Authority, provided a case study. Several computer simulation models were applied. The
need for a generalized water rights analysis model became evident. The original version of the
WRAP model, called the Texas A&M University Water Rights Analysis Program (TAMUWRAP),
was developed and applied in simulation study of a reservoir system in the Brazos River Basin
operated by the USACE and Brazos River Authority [20, 21, 22].

A package composed of WRAP2, WRAP3, and TABLES became the second and third
generations of TAMUWRAP. These programs as well as WRAPNET and WRAPSALT cited next
were developed during 1990-1994 in conjunction with research projects sponsored by the Texas
Water Resources Institute (TWRI), Texas Water Development Board (TWDB), U.S. Geological
Survey (USGS), and the Texas Advanced Technology Program administered by the Texas Higher
Education Coordinating Board. These studies focused on natural salt pollution, water rights, and
reservoir system operations.

The original TAMUWRAP was replaced by WRAP2 and TABLES, reflecting significant
improvements building on the same fundamental concepts [23, 24]. The computational algorithms
were refined, additional capabilities were added, the input data format was changed, and the output
format was totally restructured. WRAP3 was more complex than WRAPZ2 and provided expanded
capabilities, particularly in regard to simulating multiple-reservoir, multiple-purpose reservoir
system operations. The revisions involved coding completely new computer programs. The
USACE/BRA reservoir system in the Brazos River Basin continued to serve as a case study for
model development, testing, and application.

WRAPNET was developed in conjunction with a research study to evaluate the relative
advantages and disadvantages of adopting a generic network flow programming algorithm for
WRAP as compared to ad hoc algorithms developed specifically for WRAP [25]. Network flow
programming is a special computationally efficient form of linear programming that has been
adopted for a number of other similar models. WRAPNET reads the same input files as WRAP2 and
provides the same output, but the simulation computations are performed using a network flow
programming algorithm. TABLES is used with WRAPNET identically as with WRAP2 or WRAP3
or the later WRAP-SIM. Although network flow programming was demonstrated to be a viable
alternative modeling approach, the model-specific algorithms were concluded to be advantageous
for the WRAP model.

Development of WRAP-SALT was motivated by natural salt pollution in Texas and
neighboring states [26]. The model was applied to the Brazos River Basin. The initial WRAP-SALT
was an expanded version of WRAP3 and TABLES with features added for simulating salt
concentrations and their impacts on supply reliabilities [24]. Sequences of monthly salt loads were

11 Chapter 1 Introduction



input along with the naturalized stream flows. Water availability was constrained by both salt
concentrations and water quantities. The current SALT provides similar modeling capabilities but
has been completely rewritten [6]. Whereas the original WRAP-SALT integrated the salinity
computations internally within WRAP3 creating a separate program, the current SALT is a
companion program that reads a SIM output file along with a salinity input file.

Texas WAM System

Development of WRAP has been motivated by the implementation of a water rights permit
system in Texas during the 1970's and 1980's and the creation of the previously discussed statewide
Water Availability Modeling (WAM) System during 1997-2003 to support administration of the
water rights system. Surface water law in Texas evolved historically over several centuries (Wurbs
2004). Early water rights were granted based on various versions of the riparian doctrine. A prior
appropriation system was later adopted and then modified. The Water Rights Adjudication Act of
1967 merged the riparian water rights into the prior appropriation system. The allocation of surface
water has now been consolidated into a unified permit system. The water rights adjudication
process required to transition to the permit system was initiated in 1967 and was essentially
completed by the late 1980's.

As previously discussed, the 1997 Senate Bill 1 was a comprehensive water management
legislative package addressing a wide range of issues including the need to expand statewide water
availability modeling capabilities. The TCEQ, its partner agencies, and contractors developed the
Texas WAM System during 1997-2003 pursuant to the 1997 Senate Bill 1 to support water rights
regulatory and regional and statewide planning activities. Texas WAM System implementation
efforts resulted in extensive modifications and many evolving versions of WRAP developed under
1997-2003 and 2005-2018 contracts between the TCEQ and Texas A&M University System.

Modeling Capabilities Added Since Implementation of WAM System

The Texas Commission on Environmental Quality has continued to improve and expand
WRAP since implementation of the WAM System. The U.S. Army Corps of Engineers (USACE)
Fort Worth District also cosponsored ongoing efforts at Texas A&M University (TAMU) during
2001-2005 to further expand WRAP under its congressionally authorized Texas Water Allocation
Assessment Project. The Texas Water Development Board (TWDB), Brazos River Authority
BRA), Texas Water Resources Institute (TWRI), and TAMU AgriLife Research Service have
supported WRAP expansion efforts. The modeling capabilities covered by this Reference Manual
and accompanying Users Manual include many significant improvements and new features added
since completion of the initial TCEQ WAM System implementation that have been routinely
applied for some time. The following additional major new modeling capabilities have experienced
relatively limited practical application to date and are currently being more fully implemented.

Short-term conditional reliability modeling (CRM) provides estimates of the likelihood of
meeting diversion, instream flow, hydropower, and storage targets during specified time periods of
one month to a year or perhaps several years into the future, given preceding storage levels. CRM
uses the same input datasets as conventional WRAP applications. CRM is based on dividing the
several-decade-long hydrologic sequences into multiple shorter sequences. SIM or SIMD repeats
the simulation computations with each of the sequences, starting with the same specified initial
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reservoir storage conditions. TABLES determines reliabilities for meeting water right requirements
and storage-frequency relationships based on the SIM or SIMD simulation results. CRM is covered
in Chapter 8 of this Reference Manual.

Salinity simulation capabilities are covered in the Salinity Manual [6]. Natural salt pollution
in several major river basins in Texas and neighboring states motivated addition of capabilities for
tracking salt concentrations through river/reservoir systems for alternative water management/use
scenarios. SALT reads water quantity data from a SIM or SIMD output file along with additional
input data regarding salt concentrations and loads of flows entering the river system. The model
computes concentrations of the water quality constituents in the regulated stream flows, diversions,
and reservoir storage contents throughout the river basin. Options in TABLES organize the salinity
simulation results.

The original WRAP uses a monthly time step. The expanded daily WRAP modeling system
composed of the programs SIMD, DAY, HEC-DSSVue, and the daily routines in TABLES is
described in the Users and Daily Manuals [2, 5]. SIMD input may either include daily naturalized
flows employed directly without disaggregating monthly flows or options may be activated for
disaggregating monthly flows to daily. The recommended disaggregation option employs daily
flow pattern hydrographs. Routing methods model flow translation and attenuation. Routing
parameter calibration methods are provided in program DAY. Future time steps extending over a
forecast period are considered in determining water availability and flood flow capacities. Daily
target setting features include high pulse flow environmental requirements. 7ABLES and HEC-
DSSVue develops frequency relationships and reliability indices reflecting the daily time interval.
SIMD daily results may also be aggregated to monthly values.

Any number of flood control reservoirs may be operated in SIMD either individually or
as multiple-reservoir systems to reduce flooding at any number of downstream control points.
Operating rules are based on emptying flood control pools expeditiously while assuring that
releases do not contribute to flows exceeding specified flood flow limits at downstream control
points during a specified future forecast period. Flood frequency analyses of annual peak
naturalized flow, regulated flow, and reservoir storage are performed with TABLES or HEC-
DSSVue based on the log-Pearson type III probability distribution.

The primary motivation for developing and applying the daily WRAP modeling system is to
expand capabilities for integrating environmental flow standards and their impacts on other water
users in water availability modeling. Newer features in SIMD, DAY, and TABLES, including pulse
flow features of the daily SIMD, improve capabilities for modeling environment flows [5, 27].

Organization of the Reference and Users Manuals

This Reference Manual describes concepts and methods of the WRAP modeling system
exclusive of the specific additional modeling capabilities covered by the Daily, Hydrology, and
Salinity Manuals. The Users Manual explains the logistics of applying SIM, SIMD, TABLES, and
HEC-DSSVue. The selected features described in the Fundamentals Manual are covered in much
greater detail in the Reference and Users Manuals. The Programming Manual documenting the
Fortran code for all of the WRAP programs is designed to support software maintenance and
improvement but is not necessary in applying the executable programs.
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The companion Reference Manual and Users Manual are designed for different types of
use. This Reference Manual describes WRAP capabilities and methodologies. The Reference
Manual introduces the model to the new user and serves as an occasional reference for the
experienced user. The Users Manual provides the operational logistics required any time anyone is
working with WRAP input files. Application of WRAP requires developing and modifying files of
input records. The primary purpose of the Users Manual is to provide the detailed explanation of
file and record content and format required for building and revising input files. The Users Manual
is organized by computer program with separate chapters for SIM, SIMD, TABLES, and HEC-
DSSVue. Instructions for employing the programs HYD, DAY, and SALT are provided separately in
the Hydrology, Daily, and Salinity Manuals.

Chapters 1, 2, and 9 of this Reference Manual provide a general overview of WRAP.
Chapter 1 introduces the modeling system and its documentation and describes its origins. Chapter
2 covers the simulation model S/M and post-simulation program TABLES from a general overview
perspective. Chapter 9 discusses aids for detecting and correcting input errors.

Essentially all aspects of WRAP can be categorized as dealing with either natural hydrology
or human water resources development, allocation, management, and use (water rights). Hydrology
and water right features, respectively, are described in detail in Chapters 3 and 4 of this Reference
Manual. From a WRAP perspective, hydrology (Chapter 3) consists of natural stream flows at
gaged and ungaged sites, reservoir net evaporation minus precipitation depths, and channel losses.
Likewise, from a WRAP perspective, water rights (Chapter 4) include constructed infrastructure and
institutional arrangements for managing and using the water flowing in rivers and stored in
reservoirs. Water rights include storage and conveyance, water supply diversions and return flows,
hydroelectric energy generation, environmental instream flow requirements, reservoir/river system
operating policies and practices, and water allocation rules and priorities.

Chapter 5 describes SIM simulation results. The time series variables computed in the SIM
simulation are defined. Special SIM auxiliary analysis features are outlined in Chapter 6.
Capabilities provided by TABLES for developing simulation results summaries, water budgets,
reliability metrics, frequency tables, and tabulations for transport to HEC-DSSVue or other software
are explained in Chapter 7.

Short-term conditional reliability modeling (CRM) is covered in Chapter 8 along with five
CRM examples based upon the example in the Fundamentals Manual.

References cited in this manual by numbers in brackets are listed on pages 359-361.
Appendix A on pages 363-368 is a bibliography of WRAP-related publications. Appendix B is a
glossary of terms used in the manuals.

Appendix C is a set of very simple examples that illustrate the basic SIM and TABLES
capabilities covered in Chapters 2, 3, and 4 of this Reference Manual. Much more realistic
examples of applying SIM, SIMD, TABLES, and HEC-DSSVue are presented in the Fundamentals
and Daily Manuals. The examples in the Daily Manual are extensions of the detailed example
introduced in the Fundamentals Manual. Input data files for the examples in Appendix C and
Chapters 6, 7, and 8 of this Reference Manual and in the Fundamentals, Daily, Hydrology, and
Salinity Manuals are available along with the executable programs and PDFs of the manuals.
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CHAPTER 2
OVERVIEW OF THE SIMULATION MODEL

Modeling Capabilities

WRAP is designed for use by water management agencies, consulting firms, and university
researchers in the modeling and analysis of river/reservoir system operations. The modeling system
may be applied in a wide range of planning and management situations to evaluate alternative water
resources development and river regulation strategies. As discussed in the preceding chapter, water
availability modeling studies are routinely performed in Texas to support regional and statewide
planning activities and the preparation and evaluation of water right permit applications. Model
results are used to analyze the capability of a river basin to satisfy specified water use requirements.
Basin-wide impacts of changes in water management and use are assessed. Multiple-purpose
reservoir system operations may be investigated in operational planning studies for existing
facilities and/or feasibility studies for constructing new projects.

WRAP incorporates priority-based water allocation schemes in modeling river regulation
and water management. Stream flow and reservoir storage are allocated among water users based
on specified priorities. WRAP was motivated by and developed within the framework of the Texas
water rights permit system. However, the flexible generalized model is applicable to essentially any
water allocation systems and also to situations where water is managed without a structured water
rights system. WRAP is applied to river basins that have hundreds of reservoirs, thousands of water
supply diversions, complex water use requirements, and complex water management practices.
However, it is also applicable to simple systems with one, several, or no reservoirs.

The generalized computer model provides capabilities for simulating a river/reservoir/use
system involving essentially any stream tributary configuration. Interbasin transfers of water can be
included in the simulation. Closed loops such as conveying water by pipeline from a downstream
location to an upstream location on the same stream or from one tributary to another tributary can be
modeled. Water management/use may involve reservoir storage, water supply diversions, return
flows, environmental instream flow requirements, hydroelectric power generation, and flood
control. ~ Multiple-reservoir system operations and off-channel storage may be simulated.
Flexibility 1s provided for modeling the various rules specified in water rights permits and/or other
institutional arrangements governing water allocation and management. There are no limits on the
number of water rights, control point locations, reservoirs, and other system components included in
amodel. There is no limit on the number of years included in the hydrologic period-of-analysis.

The monthly SIM and daily SIMD simulation models are accounting systems for tracking
stream flow sequences, subject to reservoir storage capacities and operating rules and water supply
diversion, hydroelectric power, and instream flow requirements. Water balance computations are
performed in each time step of the simulation. Typically, a simulation will be based on combining
(1) a repetition of historical hydrology with (2) a specified scenario of river basin development,
water use requirements, and reservoir system operating rules. A broad spectrum of hydrologic and
water management scenarios may be simulated. Numerous optional features have been
incorporated into the generalized modeling system to address complexities in the variety of ways
that people manage and use water. The Fortran programs are designed to facilitate adding new
features and options as needs arise.
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Water Availability Modeling Process

The conventional water availability modeling process consists of two phases:

1. developing sequences of monthly naturalized stream flows covering the hydrologic
period-of-analysis at all pertinent locations

a. developing sequences of naturalized flows at stream gaging stations

b. extending record lengths and filling in gaps to develop complete sequences at all
selected gages covering the specified period-of-analysis

c. distributing naturalized flows from gaged to ungaged locations

2. simulating the rights/reservoir/river system, given the input sequences of naturalized
flows, to determine regulated and unappropriated flows, storage, reliability indices,
flow-frequency relationships and related information regarding water supply capabilities

a. simulating the rights/reservoir/river system

b. computing water supply reliability and stream flow frequency indices and
otherwise organizing/summarizing/displaying simulation results

Naturalized or unregulated stream flows represent historical hydrology without the
effects of reservoirs and human water management/use. Naturalized flows at gaging stations are
determined by adjusting gaged flows to remove the historical effects of human activities.
Various gaging stations in a river basin are installed at different times and have different periods-
of-record. Gaps with missing data may occur. Record lengths are extended and missing data
reconstituted by regression techniques using data from other gages and other months at the same
gage. Naturalized flows at ungaged sites are synthesized based upon the naturalized flows at
gaged sites and watershed characteristics.

The WRAP program HYD and the Hydrologic Engineering Center’s HEC-DSSVue
include options to assist in adjusting gaged flows to obtain naturalized flows (Task la above).
Naturalized flows may be distributed from gaged (or known-flow) locations to ungaged
(unknown-flow) locations (Task 1c above) within either HYD or the SIM/SIMD simulation.
Naturalized flows have been developed (Tasks la and 1b) for the Texas WAM System and are
readily available for further application. Watershed parameters for distributing flows (Task 1c)
are also incorporated in the Texas WAM System datasets.

A WRAP-SIM simulation starts with known naturalized flows provided in the hydrology
input file and computes regulated flows and unappropriated flows at all pertinent locations.
Regulated and unappropriated flows computed within SIM reflect the effects of reservoir storage
and water use associated with the water rights included in the input. Regulated flows represent
physical flows at a location, some or all of which may be committed to meet water rights
requirements. Unappropriated flows are the stream flows remaining after all water rights have
received their allocated share of the flow to refill reservoir storage and meet diversion and
instream flow requirements. Unappropriated flows represent uncommitted water still available
for additional water right permit applicants.
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Water is allocated to meet diversion, instream flow, hydroelectric energy, and reservoir
storage requirements based on water right priorities. In the Texas WAM System, priorities are
based on seniority dates specified in the water right permits. Various other schemes for
establishing relative priorities may be adopted as well. Water availability is evaluated in
simulation studies from the perspectives of (1) reliabilities in satisfying existing and proposed
water use requirements, (2) effects on the reliabilities of other water rights in the river basin, (3)
regulated instream flows, and (4) unappropriated flows available for additional water right
applicants. Reservoir storage and stream flows are simulated. The WRAP modeling system may
be used to evaluate water supply capabilities associated with alternative water resources
development projects, water management plans, water use scenarios, demand management
strategies, regulatory requirements, and reservoir system operating procedures.

Long-Term Simulation, Iterative Firm Yield, and
Short-Term Conditional Reliability Modeling Modes

The WRAP simulation program S/M may be applied in the following alternative modes.

1. A single long-term simulation is the default mode.

2. The firm yield analysis option activated by the FY record is based on repetitions of the
long-term simulation to develop a diversion target (yield) versus reliability table that
includes the firm yield if a firm (100% reliability) yield is feasible.

3. The conditional reliability modeling (CRM) option activated by the CR record is
based on many short-term simulations starting with the same initial storage condition.

In the conventional long-term SIM simulation mode, a specified water management and
use scenario is combined with naturalized flows and net reservoir evaporation rates covering the
entire hydrologic period-of-analysis in a single simulation. The user specifies the storage content
of all reservoirs at the beginning of the simulation, defaulting to full to capacity. Optionally, a
storage cycling feature described in Chapter 6 is based on repeating the simulation setting
beginning-of-simulation storages equal to end-of-simulation storages. Water supply reliability
and flow and storage frequency statistics developed by TABLES from the SIM simulation results
represent long-term probabilities or percent-of-time estimates.

SIM has a yield-reliability analysis option described in Chapter 6 that is activated by the
FY record. The long-term simulation is iteratively repeated multiple times with specified water
use targets incremented in each simulation to develop a table of diversion target versus period
and volume reliability. The resulting yield-reliability table is written as a SIM output file. The
table ends with the firm (100% reliability) yield if a firm yield can be obtained.

In the SIM conditional reliability modeling (CRM) mode activated by a CR record, the
long period-of-analysis hydrology is divided into many short sequences defined by options
specified by the model-user. The SIM simulation is automatically repeated with each hydrologic
sequence starting with the same user-specified initial reservoir storage contents. Program
TABLES develops reliability and frequency relationships from the simulation results. Options
are provided in TABLES for assigning probabilities to each hydrologic sequence. Water supply
reliability and stream flow and storage frequency relationships for periods of a month to several
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months or a year into the future are conditioned upon the preceding storage condition. The CRM
mode supports short-term operational planning studies and seasonal or real-time reservoir/river
system management. CRM is explained in Chapter 8.

Control Point Representation of Spatial Configuration

The spatial configuration of a river/reservoir/water use system is represented in WRAP as
a set of control points that represent pertinent sites in the river basin. Figure 2.1 below is a
schematic of a river system modeled as a set of 18 control points with reservoirs located at eight of
the control points. Reservoirs, diversions, return flows, instream flow requirements, stream
flows, evaporation rates, and other system features are assigned control points denoting their
locations. Control points provide a mechanism to model spatial connectivity. The CP input record
for each control point includes the identifier of the next control point located immediately
downstream. Various computational routines in the model include algorithms allowing the
computations to cascade downstream by control point. Spatial complexity in actual applications
may range from a system modeled with a single control point to models with several control points
to those with thousands of control points. The number of control points incorporated in the datasets
for the river basins in the Texas WAM System listed in Table 1.2 range from 49 to over 3,000.

Legend
o Control Point

Reservoir

Figure 2.1 Reservoir/River System Schematic

Naturalized stream flows at each control point are either input to SIM or computed within
the model from flows at other control points. Primary control points are sites for which naturalized
flows are included in the SIM input dataset. The ungaged sites for which flows are computed within
SIM are called secondary control points. Options for distributing naturalized flows from gaged to
ungaged control point locations are outlined in Chapter 3. SIM computes regulated stream flows,
unappropriated stream flows, and other quantities for each control point. The various quantities
computed for water rights and reservoirs can also be aggregated by control point location.
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Each water right must be assigned a main control point indicating the location at which the
right has access to available stream flow. This site is referred to as the control point of the water
right though various components of the right such as return flows and multiple reservoirs may be
assigned other control point locations. Any number of water rights can be assigned to the same
control point. Rights can be grouped such that the rights assigned to a given control point include
all those located along specified stream reaches. Multiple water rights at the same control point all
have access, in priority order, to the stream flow available at the control point. Any number of
reservoirs can be associated with a single control point, but each control point is limited to one set of
reservoir net evaporation-precipitation rates. Stream flow depletions and return flows associated
with a water right affect stream flows at other control points located downstream.

Simulation Input

Input data for the WRAP programs are provided as records in a set of files as described in
the Users Manual. The system for organizing the input includes an identifier for each type of
record that is placed at the beginning of the records. The SIM hydrology input files include
sequences of monthly naturalized stream flows (/N records) and net reservoir evaporation minus
precipitation rates (EV records). Naturalized stream flows may be distributed from gaged
(known-flow) to ungaged (unknown-flow) control points in either SIM or HYD using optional
alternative methods. Watershed parameters for distributing flows to ungaged water rights sites
are provided on FD, FC, and WP records in a flow distribution input file.

Input describing water rights includes control point location, annual diversion amount,
instream flow requirements, hydroelectric energy demand, storage capacity, type of water use,
return flow, and priority specifications. A set of 12 monthly water use distribution factors may
be input for each water use type. Diversion, instream flow, and hydropower targets optionally
may be specified as a function of reservoir storage or stream flow. Return flows may be
specified as a fraction of diversions or as a constant amount, return flow location, and whether
the return flows occur the same month as the diversion or the next month.

Water right priority numbers may be entered for each individual right on WR or IF
records or for water use type groups on UP records. Optionally, water use demands may be met
in upstream-to-downstream order. Priority numbers may reflect priority dates specified in the
permit for each right. For example, a water right established as of May 1, 1972 is represented by
a priority number of 19720501, which is a smaller number than the priority of more junior rights.
The model-user can adopt other schemes for assigning relative priorities to fit the particular
application. The model provides considerable flexibility for applying ingenuity in combining
water right modeling options to simulate a particular water management/use scenario.

Reservoirs are described by elevation versus storage volume and surface area
relationships, storage capacity allocations, and multiple-reservoir release rules for any reservoirs
operated as a system. Storage-area relationships may be input in either tabular form or as
coefficients for an equation. Multiple-reservoir system operations are based on balancing the
percentage full of specified zones in each reservoir included in the system for a particular right.
Although reservoirs on rivers and off-channel reservoirs are treated basically the same, certain
modeling features are more relevant to each of these two types of reservoirs.
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Simulation Results

The voluminous output for each month of a WRAP-SIM simulation includes:

e naturalized, regulated, and unappropriated flows for each control point

e return flows from diversions that are returned at each control point

e channel losses and loss credits for the stream reach below each control point

e diversions, diversion shortages, and return flows for each water right

e hydroelectric energy generated and energy shortages

e instream flow targets and shortages

e storage and net evaporation-precipitation for each reservoir, right, and control point
e amount of water available and stream flow depletions for each right

Simulation results are written to a SIM output file, which is read by TABLES. The program
TABLES computes reliability indices, including volume and period reliabilities, and stream flow
and storage frequency relationships and organizes the simulation results as tables of information
in various user-specified optional formats. SIM results can be easily plotted with HEC-DSSVue.

Table 2.1
Variables in the WRAP-SIM Output File

WR Record Rights

Instream Flow Rights

Control Points

Reservoir/Hydropower

diversion or energy target instream flow target
diversion/energy shortage flow shortage

storage volume
evap-precip volume
available stream flow
stream flow depletion
reservoir releases
return flow

available flow increase
water right identifier
first group identifier
second group identifier

storage volume
evap-precip volume
available stream flow
stream flow depletion
required res release
reservoir release

diversion target
diversion shortage
storage volume
evap-precip volume
unappropriated flow
stream flow depletion
naturalized flow
regulated flow

reservoir release shortage reservoir releases

flow switch volume
flow switch count
water right identifier

return flow

channel loss
channel loss credit
instream flow target

energy generated
energy shortage
secondary energy
storage contents volume
storage capacity volume
evap-precip volume
evap-precip depth
adjusted evap-prec depth
reservoir inflow
reservoir release

turbine flow

water surface elevation
reservoir identifier

For each month of a SIM simulation, output records are written for user-selected water

rights (WR record rights and instream flow /F rights), control points, and reservoir/hydropower
projects. These records contain the data listed in Tables 2.1 and 5.1. Some data are unique to
water right, control point, or reservoirhydropower output records. For example, naturalized,
regulated, and unappropriated flows, and channel losses are associated only with control points.
Other data are repeated on two or three of the record types. For example, reservoir storage and
evaporation are written to all three records. If one water right with one reservoir is located at a
control point, reservoir storage will be identical on all three records. However, the control point
records contain the summation of storage contents of all reservoirs assigned to the control point.
Likewise, multiple water rights may be assigned to the same reservoir. Diversions and shortages on
a control point record are the totals for all the rights assigned to the control point. The diversions
and shortages on a water right output record are associated with a single WR input record.
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As discussed in Chapter 7, the time series of monthly values of the variables listed in
Table 2.1 are read by the post-simulation program TABLES, which creates user-specified tables
to organize, display, and summarize simulation results. Some TABLES routines simply rearrange
and tabulate, with appropriate table headings, selected data read from SIM input or output files.
Other routines include computational algorithms, which may range from simple sums or statistics to
more complex arithmetic operations. A reliability table for water supply diversion or hydroelectric
energy targets includes volume and period reliabilities for supplying various percentages of the
target demands. Frequency tables are developed for naturalized, regulated, and unappropriated
flows, reservoir storage, and instream flow shortages. Reservoir storage also may be displayed as
comparative tables of percentages of capacity and drawdown-duration tables. TABLES also creates
tables organizing and summarizing water rights data read from a SIM input file.

Simulation results can also be stored by SIM and/or TABLES in as DSS records in DSS files.
HEC-DSSVue provides comprehensive capabilities for managing time series datasets, plotting

graphs, mathematical operations, and statistical analyses.

Units of Measure

Any units may be adopted. However, the set of all input data units and conversion factors
must be computationally consistent. The various flows (volume per month or volume per year)
must have the same volume units as the reservoir storage volume. Most of the input data are
volumes, areas, or depths, including annual and monthly diversion volumes, volume/month stream
flow rates, reservoir storage volume and surface area, and net evaporation-precipitation depths. Net
evaporation volumes are depths multiplied by reservoir water surface areas. An example of a set of
computationally consistent (feetx acre = acre-feet) English units is as follows:

e acre-feet for storage volume and volume/month or volume/year quantities
e acres for reservoir surface area
o feet for monthly net reservoir surface evaporation-precipitation rates

A set of computationally consistent (meters x km? = million m*) metric units is as follows:

¢ million cubic meters for the reservoir storage and volume/month or volume/year quantities
e square kilometers for reservoir surface area
e meters for monthly net reservoir surface evaporation-precipitation rates

For many WRAP applications, all input is entered in consistent units without needing
conversions within the model. However, as described in the Users Manual, several input variables
are multipliers that may be used as unit conversions. Most of these unit conversion factors are
entered on the SIM or HYD multiplier factor XL record described in the Users Manual.
Computations within TABLES do not depend on units, but an option allows the user to specify
units to be written in the table headings.

The hydroelectric power factor entered on the SIM multiplier factor XL record entails unit
conversions and specific weight and is described later in the hydropower section of Chapter 4. A
multiplier factor entered on the XL record associated with the curve number method for
distributing flows from gaged to ungaged control points is defined in Chapter 3.
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Organization of the Simulation Computations

The river/reservoir system simulation model SIM, post-simulation program TABLES, and
user interface WinWRAP are documented by this Reference Manual and accompanying Users
Manual. Instructions for preparing input files are provided in the Users Manual (UM).
Modeling concepts and methods are explained in the chapters and appendices of the Reference
Manual (RM) noted in Table 2.2. The basics of SIM and TABLES are also described in the
Fundamentals Manual. WinWRAP is described in detail in the Fundamentals Manual. The
Programming Manual is designed for individuals interested in examining or modifying the
Fortran code but is not needed for applying the executable programs.

Table 2.2
Organization of SIM and TABLES Documentation

'WRAP Program SIM TABLES

Explanation of model capabilities and methods | RM Ch 2-6,8,9 RM Ch2,7,8
Detailed instructions for preparing input data | UM Ch 2 and 3 UM Chap 4

Example datasets RM Appd C RM Appd C
and Fundamentals Manual
Information regarding Fortran programs Programming Manual

WRAP-SIM Simulation Overview

The SIM simulation model allocates water to meet requirements specified in the water
rights input for each sequential month of naturalized stream flows and net evaporation-
precipitation rates provided in the hydrology input files. Water supply diversion, instream flow,
and hydroelectric power generation requirements are met, and reservoir storage is filled, to the
extent allowed by the water remaining in storage from the previous month, diversion return
flows from the previous month, and stream inflows during the current month. Water supply
diversion, instream flow, and/or hydroelectric energy shortages are declared whenever
insufficient stream flow and/or storage are available to fully satisfy the target demands.

The SIM simulation procedure is outlined in Figure 2.2 from a general overview perspective.
After first reading a major portion of the input data, the simulation is performed in a set of nested
loops. The computations proceed by year and, within each year, by month. Within each month, the
water rights are considered in priority order, and the computations are performed for each water
right in turn. Water right output data records described in the Users Manual are written to the SIM
output file as each right is considered in the water rights priority loop. Control point output is
written at the completion of the water rights loop.

For each month of the simulation, SIM performs the water accounting computations for each
water right, in turn, on a priority basis. The computations proceed by month and, within each
month, by water right with the most senior water right in the basin being considered first. Water
allocation computations are performed for each water right in priority order.
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1. Program HYD facilitates developing the WRAP-SIM hydrology input files.
2. The SIM simulation is outlined as follows.

® Input data are read and organized.
- DAT file record counts are performed and array dimensions are set.
Pertinent optional files are selected and activated.
All input except that related to hydrology is read.
IN and EV records may be read depending on INEV on JO record.
Various data manipulations are performed.
Water rights are ranked in priority order.
- Watershed parameters are read and manipulated for flow distribution.

® Yield-reliability analysis (FY record), BES options (JO record), and dual
simulation options (PX record) involve iterative repetition of the simulation.

Annual Loop (repeated for each year of simulation)
- IN and EV records are read or previously read array is accessed.

- Flows are distributed from gaged to ungaged sites.

- Incremental negative inflow adjustments are developed.

- Flows for January are adjusted for return flows from prior December.

Monthly Loop (repeated for each month of simulation) — * * * * & % s 3 & s s % & %
- Net evaporation-precipitation adjustment option.
- Spills associated with monthly varying storage capacity option.
- Flow adjustments for constant inflow/outflow option.
Water Right Loop (repeated for each right in priority order) + + + + + + + +
(First and second pass through loop for instream flow options)
1. The diversion, instream flow, or hydropower target is set.
2. The amount of water available to right is determined.
Unappropriated flows are checked.
Regulated flows are checked.
(Channel losses are considered in checking flows.)
3. Diversions, reservoir releases, and return flows are made.
(Includes reservoir water balance with iterative net
evaporation-precipitation and hydropower computations.)
4. Available stream flow at all control points is adjusted.
(Channel losses are considered in adjusting available flows.)
5. Water right output records are developed and written.
e o o S S o e ae st R SR S

e ++ ++++ A+ A+t
+++ A+t
oK K K K K K K K K XK X X X K X *

® Control point and reservoir output records are developed and written. *
o3k sk ok sk ok sk sk sk ook sk sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ok sk sk sk ok sk sk sk ok sk ok

Results stored in memory are recorded in DSS and SOU files at completion of simulation.

3. The post-simulation program TABLES is used to compute reliability and frequency metrics and
organize, summarize, and display the SIM simulation results in user-specified formats.

Figure 2.2 Outline of WRAP Program S/M Simulation
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As SIM considers each water right, pertinent computational algorithms are activated to make
water management decisions and perform volume balance accounting computations. Diversions
and diversion shortages are computed. Environmental instream flow requirements are considered.
Reservoir storage capacity is filled to the extent allowed by available stream flow. Reservoir net
evaporation-precipitation volume is computed and incorporated in the water balance. Return flows
are computed and re-enter the stream at user-specified control points. An accounting is maintained
of storage levels in each reservoir and stream flow still available at each control point.

Considerable flexibility is provided for specifying water right requirements. The
following features of the computational algorithms are fundamental to representing water rights
requirements in the monthly time step SIM model. As discussed in the Daily Manual, SIMD also
has flow forecasting and routing routines connecting time steps.

e The simulation progresses sequentially by month. The following model features connect a
month with the preceding month. The computed end-of-period reservoir storage for a month
becomes the given beginning-of-period storage for the next month. An option allows return
flows from diversions in a given month to be returned to the stream the next month.
Hydropower releases may also be made available at downstream locations optionally the
following month. Targets may be set based on cumulative flows. Options limit cumulative
annual or seasonal diversions, withdrawals from storage, and stream flow depletions.

e A water rights priority loop is embedded within the monthly computational loop. In a
particular month, the water rights are considered in priority order. Thus, in general, each
water right is affected only by more senior rights, with the following exceptions. Reservoir
storage is affected by computations for previous months. Next-month return flow options
allow senior rights access to junior return flows. Instream flow requirements may be
considered in an optional dual loop within the water rights loop, allowing junior rights to
affect regulated flow constraints on water availability for more senior rights.

Steps in the WRAP-SIM Simulation

All input data is read at the beginning of a SIM execution, except naturalized flows and net
evaporation rates and the optional flow adjustment file that are read during each year of the
simulation. Various manipulations of the water rights input data read at the beginning are
performed prior to starting the monthly simulation. This includes a ranking mechanism for
identifying the priority order of the water rights based on priority specifications from the input data.

The annual loop begins with reading the stream flow and evaporation data for each of the 12
months of that year and distributing flows from gaged to ungaged control points. The computations
are then performed on a monthly basis. The data in the control point and reservoir/hydropower
output records listed in Table 2.1 reflect the effects of all the rights and are outputted each month at
the completion of the water rights loop.

The simulation proceeds by month and, within each month, by water right in priority
order with the most senior right in the basin being considered first. Thus, if supplies are
insufficient to meet all demands in a given month, the water available to a particular water right
is not adversely affected by other rights that are more junior in priority. Most of the system
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simulation computations are performed within the water rights priority loop. For each individual
water right in turn, the computations are performed in four stages.

1. The diversion, instream flow, or hydropower generation target is set based on specifications
read from water right WR, instream flow /F, water use coefticient UC, supplemental options SO,
target options 70, flow switch FS, time series 7S, and drought index DI/IS/IP records.

2. The amount of stream flow available to the right is determined. Stream flow availability is
determined as the lesser of the stream flow availability array amounts at the control point of the
water right and at each of the control points located downstream.

3. Water volume balance computations are performed to compute the stream flow depletion, net
reservoir evaporation, end-of-period storage, return flow, diversion and diversion shortage, and
hydroelectric energy generated and shortage. The interrelationships between the variables
necessitate an iterative algorithm. For multiple reservoir system operations, the releases and
storages for all the system reservoirs are computed.

4. The stream flow availability array values at the control point of the water right and at
downstream control points are decreased by a stream flow depletion and increased by a return
flow or hydropower release, with adjustments for channel losses or loss credits. Upon
completion of the water rights computation loop, regulated and unappropriated flows are
determined from the stream flow availability array as adjusted for the effects of the water rights.

Figure 2.2 and the present discussion outline a single simulation. Various options discussed
later in this manual involve two or more repetitions of the simulation. As explained in Chapter 4,
instream flow options may activate a second pass through the water rights loop in a particular
month. Multiple repetitions of the entire simulation may be performed automatically within S/M for
purposes of using stream flow depletions determined in an initial simulation as an upper limit
constraining depletions in a subsequent simulation (Chapter 4), developing yield-reliability
relationships (Chapter 6), or setting beginning storage equal to ending storage (Chapter 6).

Example 1 - Stages Repeated for Each Right Within Water Rights Priority Loop

Example 1 illustrates the basic computational stages within the water rights loop. Data for
the example are presented in Figure 2.3 and Tables 2.3, 2.4, and 2.5. The example focuses on
the computations for just one month of a simulation. The spatial configuration of the system is
represented by five control points shown in Figure 2.3. Information for each of three water
rights is provided in Table 2.3. Water right WR-A includes reservoir storage as well as a
diversion. Water rights WR-B and WR-C are run-of-river diversion rights.

A SIM simulation consists of allocating available water to water rights in priority order.
Available water consists of stream flow during the month and reservoir storage content at the
beginning of the month. For this particular month, naturalized stream flow is 100 acre-feet at
control point CP5 with lesser amounts at the four other control points located upstream of CP5 as
tabulated in column 2 of Table 2.5. The beginning-of-month storage in the WR-A reservoir at
CP4 is 195 ac-ft as shown in column 6 of Table 2.3. These naturalized flows and beginning-of-
month storage are to be allocated to meet the three diversion requirements, satisfy reservoir net
precipitation-evaporation, and refill the reservoir storage to capacity. The water use
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requirements are met to the extent allowed by available stream flows and beginning-of-month
reservoir storage. The water rights are listed in priority order in Table 2.3 with their priorities
being tabulated in column 3. The computations begin with WR-A, the most senior right. Water
rights WR-B and WR-C are then considered in order of priority.

Stage 1 of the water right computations consists of determining the diversion target,
which in general may require various computations. For this simple example, the diversion
targets are given in the fourth column of Table 2.3. WR-A has a target of 15 acre-feet/month.

Table 2.3
Water Rights Information for Example 1

1 2 3 4 5 6
Water  Control Priority = Target  Reservoir  Initial
Right Point Number Diversion Capacity  Storage

Identifier (ac-ft/mon) (acre-feet) (acre-feet)
WR-A CP-4 1954 15 200 195
WR-B CP-1 1972 10 - -
WR-C CP-2 1999 40 - -

Figure 2.3 Control Point Schematic for Example 1

Stage 2 consists of determining the amount of water available this month for water right
WR-A at control point CP4. The amount of stream flow available is the lesser of the naturalized
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flow at CP4 (80 acre-feet) and all downstream control points (100 acre-feet at CP5). Thus, for
WR-A, the available stream flow this month is 80 acre-feet as shown in column 3 of Table 2.4.
Beginning-of-month storage of 195 acre-feet is also available.

Table 2.4
Water Rights Simulation Results for Example 1
1 2 3 4 5 6 7 8 9
Water  Control Available Reservoir End Month  Target Actual  Diversion Streamflow
Right Point Streamflow Evap- Prec  Storage Diversion Diversion Shortage Depletion
Identifier (acre-feet) (acre-feet) (acre-feet) (acre-feet) (acre-feet) (acre-feet) (acre-feet)

WR-A CpP-4 80 20 200 15 15 -0- 40
WR-B CP-1 20 - - 10 10 -0- 10
WR-C CP-2 30 - - 40 30 10 30

Table 2.5

Stream Flow for the Month at Each Control Point in Example 1
1 2 3 4 5 6 7 8
After WR-A After WR-B After WR-C
Control  Naturalized CP Available CP Available | Regulated Unappro-
Point Flow Flow Flow Flow Flow Flow  priated Flow

Identifier (acre-feet) | (acre-feet) (acre-feet)| (acre-feet) (acre-feet) | (acre-feet) (acre-feet)

CP-1 20 20 20 10 10 10 0
CP-2 45 45 40 45 30 15 0
CP-3 70 70 40 60 30 30 0
CP-4 80 40 40 30 30 0 0
CP-5 100 60 60 50 50 20 20

Stage 3 for right WR-A consists of performing water budget computations to determine
the extent to which the 15 acre-feet diversion target for this month will be met. The beginning-
of-month reservoir storage of 195 ac-ft is 5 ac-ft below the storage capacity of 200 ac-ft. As
discussed later, the volume of reservoir net evaporation-precipitation is computed by averaging
the water surface area at the beginning and end of the month, determined as a function of
storage, and multiplying by a net evaporation-precipitation depth provided in the input data. An
iterative algorithm is required to compute the net evaporation-precipitation volume and end-of-
month storage since these two variables are both dependent on each other. For purposes of this
example, if the reservoir is full at the end of the month, we will assume that computations, not
shown, yield a net evaporation-precipitation volume of 20 ac-ft. Thus, requirements for water
right WR-A are 20 ac-ft for net evaporation-precipitation (based on the reservoir being
completely refilled), 5 ac-ft for refilling storage, and 15 ac-ft for the water supply diversion, for a
total of 40 ac-ft. These requirements are all met by the available stream flow of 80 ac-ft.

Stage 4 consists of adjusting the stream flows at CP4 and CP5 to reflect the stream flow
depletion of 40 ac-ft at CP4. Prior to considering WR-A, the available (yet unappropriated)
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stream flows at CP4 and CP5 are the naturalized flows of 80 and 100 ac-ft. Reducing the flows
at CP4 and CP5 by the WR-A stream flow depletion of 40 ac-ft results in the water availability
array values of control point (CP) flows shown in column 3 of Table 2.5. The now available
(still unappropriated) stream flows at each control point are tabulated in column 4 of Table 2.5.

Water right WR-B at CP1 is next in the water rights loop. Stage 1 consists of setting the
run-of-river diversion requirement of 10 ac-ft from Table 2.3. Stage 2 consists of determining
the amount of stream flow available to WR-B as the lesser of the CP flows at CP-1 (20 ac-ft) and
the downstream CP3 (70 ac-ft), CP4 (40 ac-ft), and CP5 (60 ac-ft). Thus, 20 ac-ft is available for
WR-B. Stage 3 consists of allocating water to satisfy the 10 ac-ft diversion target. Stage 4
consists of adjusting flows at CP1 and all downstream control points to reflect the WR-B stream
flow depletion of 10 ac-ft at CP1.

Water right WR-C at CP2 is next in the water rights loop. Stage 1 consists of setting the
run-of-river diversion target of 40 ac-ft. Stage 2 consists of determining the amount of stream
flow available to WR-C as the lesser of the CP flows at CP2 (45 ac-ft) and the downstream CP3
(60 ac-ft), CP4 (30 ac-ft), and CP5 (50 ac-ft). Thus, 30 ac-ft is available for WR-C. Stage 3
consists of allocating water to meet the run-of-river diversion requirement of 40 ac-ft. The actual
diversion is limited to the available stream flow of 30 ac-ft, and a shortage of 10 ac-ft is declared.
Stage 4 consists of adjusting flows at CP1 and all downstream control points to reflect the WR-B
stream flow depletion of 30 ac-ft at CP2.

The computed water right diversions, shortage, and end-of-month storage are tabulated in
Table 2.4. The final regulated flows and unappropriated flows at each control point are shown in

columns 7 and 8 of Table 2.5.

Water Accounting Procedures

Thus, as illustrated by the preceding example, for a given month, as the computations are
performed for each water right in priority order, an accounting is maintained of the amount of
regulated and unappropriated flow remaining at each control point location. Stream flow is treated
as total flows rather than incremental or local flows. An intermediate computational water
availability array of stream flows at each control point begins as the naturalized flow and is adjusted
to reflect the effects of each water right located at the control point or upstream. As each water right
is considered in priority order, the amount of stream flow available to the right is determined as the
minimum of this flow at each of the individual downstream control points and the control point of
the water right. After the stream flow depletion, return flow, and other variable values are
determined for a water right, the water availability array values for that control point and each
downstream control point are adjusted appropriately. Flows are decreased by depletions made to fill
reservoir storage and meet diversion requirements. Flows are increased by return flows,
hydropower releases, and reservoir releases. Channel losses may be included in the computations.

The stream flow depletion for a water right with reservoir storage will include the net
volume of evaporation less precipitation. The stream flow depletion may also include water
taken to refill previously drawn-down reservoir storage. Conversely, water use requirements
may be met by withdrawals from reservoir storage. The water accounting computations for a
storage right include computation of reservoir net evaporation-precipitation volume. An input
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net evaporation minus precipitation depth is applied to the average water surface area, which is
determined as a function of average storage during the period, determined by averaging the
storage at the beginning and end of the period. An iterative algorithm is used since evaporation
volume depends on end-of-period storage, which is a function of evaporation. Likewise, an
iterative algorithm is used to determine hydroelectric power releases, which depend on head,
which is a function of end-of-month storage.

The end-of-period reservoir storage content for a particular period becomes the beginning
storage content for the next period in the period computation loop. The end-of-period reservoir
storage content St is computed in the model based on the water volume balance equation:

St.1+Dsr = Wws +R+E+ Sr 2.1

where:

St.1 - reservoir storage content at the end of the previous time period T-1

St - reservoir storage content at the end of the current time period T

Dsr - stream flow depletion during the time period T

Wws - water supply withdrawal or diversion from the reservoir during period T

R - release for hydropower, instream flow, or other downstream requirements

E - net reservoir surface evaporation less precipitation during time period T

The term stream flow depletion (Dsr) refers to the amount of stream flow appropriated by a
water right to meet water use requirements and refill reservoir storage, while accounting for net
evaporation-precipitation. SIM works with total flows, rather than incremental flows, at each
control point. Stream flow depletions represent the water taken by the right from available stream
flow. The effects of senior rights as well as naturalized flows are incorporated in the available
stream flow. Reservoir spills are also reflected in the available stream flow, though not actually
computed except for releases resulting from lowering the pool level for the seasonal rule curve
option. Determination of net evaporation volumes and hydropower releases necessitate an iterative
algorithm with the water balance computations being repeated until a stop criterion is met.

Any number of water rights may include storage capacity in the same reservoir. Each right
allows storage to be refilled to a specified cumulative storage capacity with a specified priority. The
storage capacity associated with refilling by junior rights must equal or exceed refill capacities
associated with more senior rights. All rights associated with a reservoir have access to all water in
their active pools for use in meeting diversion, instream flow, and hydropower requirements. An
inactive pool capacity may also be specified for each right, from which the right can not take water.
An option associated with the evaporation allocation £4 record is described in Chapter 4 that allows
a reservoir with multiple owners to be modeled as multiple water rights and multiple reservoirs.

End-of-period storage depends upon all the rights associated with the reservoir. For a senior
water right, the beginning-of-period storage can be impacted by the computations for the previous
month for junior rights at the same reservoir. For a hydropower right, the actual beginning-of-
period and end-of-period storages are used in the computations, even if the capacity associated with
the right is exceeded due to other rights. For a diversion right, the beginning-of-period and end-of-
period storages used in the computations for that particular right are limited to not exceed the
storage capacity associated with the right. Thus, the storage capacity for a junior right at a reservoir
must be equal to or greater than the storage capacity of any senior right at the reservoir.
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Constructing a Model with WRAP

Building a WRAP model for a particular river basin consists of developing input
information in the format of records that are stored in files. Required input files must be developed
prior to running the programs. Model-users create and revise various input files in the format
outlined in the Users Manual using their choice of editor, spreadsheet program, and/or other
software. Microsoft Excel, Word, WordPad, and Notepad are popular programs that may be used to
create, edit, and manipulate text files used in WRAP. These Microsoft programs may be accessed
directly from WinWRAP. Certain other input files are created by the WRAP programs. HYD output
files become SIM input files, and SIM output files become TABLES input files.

The Users Manual describes the data to be entered in each field of each type of record.
Each HYD and SIM input record begins with a two-character identifier. TABLES input records
begin with a four-character identifier. The manuals cite record types by these identifiers. The
record types and associated identifiers provide a mechanism for organizing and labeling the input
data. For example, a control point CP record is required for each control point to store certain
information. In WRAP, a water right is defined as the information provided on a water right WR
record or instream flow /F record and other supporting records associated with the WR or IF record.
In terms of number of records, the majority of the SIM input for a typical application usually
consists of the naturalized stream flows stored on inflow IN records and net evaporation-
precipitation rates on evaporation EV records. Many types of records are described in the Users
Manual. Most are optional. Switches for activating options as well as input describing the system
being modeled are entered in the various fields of the different types of records.

The size of a SIM input dataset may vary from a few records to many thousands of records.
The smallest possible SIM model would contain one each of the JD, CP, WR, IN, and ED records
described in the Users Manual. Actual applications may involve datasets with less than a hundred
records, but many typical applications involve several thousand records. A SIM model with 500
control points, a 50-year period-of-analysis, naturalized stream flows at 20 gaged control points, and
evaporation-precipitation rates at 20 control points includes: 500 CP records; 1,000 IN records (50
for each of 20 control points); 1,000 EV records; 480 FD and WP records for distributing flows
from 20 gaged to 480 ungaged control points; and many hundreds of water rights WR records and
other records of various types.

WRAP applications may be simple. A SIM input dataset may involve only a few types of
records using relatively simple options. On the other hand, applications may be quite complex.
River basin hydrology, water control facilities, water use requirements, institutional water allocation
procedures, and management policies/practices for major river basins are complicated. Many varied
options are incorporated in the generalized WRAP modeling system in order to provide flexible
capabilities for analyzing a comprehensive range of river basin management situations.
Complexities in applying WRAP are related primarily to (1) the numerous optional features
available for modeling various complexities of water management and (2) the need to compile and
manage large amounts of data. Ingenuity is required to combine the appropriate WRAP options to
model complex systems of rivers, reservoirs, and water rights. Significant time, effort, and
expertise may be required to compile the voluminous input data, perform a simulation study, and
analyze and interpret results.
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Understanding WRAP requires carefully studying the Reference and Users Manuals as well
as gaining experience in actually applying the model. Even for experienced users, the Users
Manual must be referenced frequently in developing and modifying input data. Input files for
Example 2 below and the examples presented in Appendices B and C and the Fundamentals
Manual are distributed with the programs. An effective aid in becoming familiar with the model is
to experiment with the examples by modifying them to include various features of interest,
rerunning, and examining the results. Comparison of model results with a few selected
pencil/calculator computations provides a good way to confirm your understanding of particular
computational algorithms in the model. All of the computations in WRAP are trackable. In
applying particular aspects of the model, experimenting with a simple data set with easy-to-track
numbers is often worthwhile prior to tackling the complex real world river basin modeling problem.

The following Example 2 is a simple hypothetical application presented to introduce basic
features of SIM and TABLES. The example combines title 7/, 72, comment **, job control data JD,
use coefficient UC, control point CP, instream flow /F, water right WR, water right reservoir storage
WS, storage volume SV versus surface area S4, end of data ED, inflow /N, and evaporation EV
records, all stored in a DAT file with the filename Examl.dat. This represents only 13 of the 54
SIM input record types outlined in the Users Manual, and many of the fields of these records remain
blank, meaning various optional features are not used. However, the fundamental record types
introduced by this simple example may be the only records needed to construct real-world models.

A large river basin with many pertinent sites simply means more CP records. The models
for the larger river basins in the Texas WAM System have thousands of control points. A greater
number of reservoirs and water rights translate to more /F, WR, WS, SV, and SA4 records. A several
decade long hydrologic period-of-analysis requires many more /N and EV records. As the
complexity of the river basin management system increases and/or various other modeling
situations are encountered, the various optional features described in subsequent chapters are
incorporated into the modeling application. Most water management situations may be modeled
using simple basic features of WRAP. However, optional capabilities are provided to model a
comprehensive range of complicated water rights and water management scenarios.

Example 2: A Simple WRAP-SIM Model lllustrating Basic Modeling Features

A system consisting of a reservoir, two water supply diversions, and an environmental
instream flow requirement, is modeled using a 36 month 2016-2018 hydrologic period-of-analysis.
The WRAP-SIM input file (filename Exam2.DAT) and the first part of the output file (Exam2.0UT)
are reproduced as Tables 2.6 and 2.8. To save space, only the first twelve months of the simulation
results are included in Table 2.8. TABLES input and output files (filenames Tab2.TIN and
Tab2.TOU) are shown in Tables 2.7 and 2.9. Information entered in each field of each SIM and
TABLES input record is explained in the SIM and TABLES chapters, respectively of the Users
Manual. The data in the SIM output file are defined in Tables 5.1 through 5.5 of Chapter 5. Several
tables created by TABLES (filename Tab2.TOU) from the SIM output file (Exam2.0UT)
summarizing the simulation results are shown in Table 2.9.

As shown in Figure 2.4, the spatial configuration is represented by two control points, with

identifiers CP1 and CP2. Information describing this system is contained in the S/M input file with
filename Exam2.DAT reproduced as Table 2.6.

31 Chapter 2 Overview



CP1
RES-A

Q CP2

Figure 2.4 Control Point Schematic for Example 2

Of the three water rights, the environmental instream flow requirement of 1,000 acre-
feet/month at control point CP2 has the highest priority (priority number 1). The 38,000 acre-
feet/year run-of-river irrigation diversion right at CP2 is the most junior (priority number 3). The
third right consists of a municipal diversion of 96,000 ac-ft/year from RES-A and refilling the
storage capacity of 110,000 acre-feet. Annual instream flow and diversion requirements are
distributed over the 12 months of the year using use coefficients entered on UC records that are
connected to WR and /F records by use identifiers. The default is a constant uniform distribution.

The next-month return flow option is adopted for the right with identifier Municipal Right.
A return flow of 40 percent of the diversion occurring at control point CP1 is returned at CP2 in the
next month following the diversion. Return flows are incorporated in the available stream flows at
control point CP2 at the beginning of the priority sequence in the next month of the simulation.

The naturalized stream flows on the /N records are in units of acre-feet/month. The net
evaporation-precipitation rates on the £V records are in inches. A multiplier factor of 0.08333 is
included on the CP record to convert the evaporation-precipitation depths to feet. A storage (acre-
feet) versus water surface area (acres) relationship for reservoir Res-A is defined by SV/S4 records.

The system is simulated with S/M, and the simulation results are organized using program
TABLES. The TABLES input file (filename Exam2.TIN) shown in Table 2.7 and SIM output file
(Exam2.0UT) shown partially in Table 2.8 are read by TABLES to create file Exam2.OUT, which
is reproduced as Table 2.9. The tables shown in Table 2.9 illustrate some of the types and variations
of tables that may be created by TABLES to organize, summarize, and analyze simulation results.
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Table 2.6
SIM Input File for Example 2

T1 BExample 2 - WRAP-SIM Input File BExar2.DAT
T2 Bxarple 2 fran Chapter 2 of the Reference Manual
1 2 3 4 5

¥

g
§i
1
]
éi

*x 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DD 3 2016 1 -1 -1

J0 3

*xx

WLmnic 006 006 00/ 00 00 010 013 012 0.9 0.0 0.08 0.06
WLirrig 00 00 00 012 019 0.2 02 015 005 00 0.00 0.00

**

P 1 crP2 0.08333

P o2 our none

kS

IF OP2 12000 1 Instream Flow

W CP2 38000 irrig 3 Irrigation Right

W CP1 96000 munic 2 2 0.4 Municipal Right

WS Res-A 110000

**x

SV Res-A 0O 1030 3730 10800 27700 53400 92100 112000

A 0 140 400 1150 2210 3100 460 6160

B

IN CP1 2016 10200 6540 3710 7350 15100 07 112 8 972 2650 17300 1290
IN OP2 2016 12700 7660 4760 9190 21400 1130 145 47 120 3310 21800 1620
BV CPL 2016 3.7 3.9 3.9 3.8 4.2 45 4.6 43 4.1 3.9 4 3.9
**x

IN CP1 2017 3390 3110 12000 42300 62700 76500 16900 21200 25700 8310 1560 1850
IN OP2 2017 4160 3780 15800 51600 78000 96800 21200 26500 31400 11900 1930 2310
BV CPL 2017 3.6 3.7 3.8 3.6 4.1 43 4.4 4.2 4 3.7 3.9 3.7
*x

IN CP1 2018 320 870 15/0 2410 48900 5630 7990 3910 100 1740 13700 14600
IN CP2 2018 4090 11200 2140 3210 59300 7160 10060 4950 1380 2320 17100 18300
Ev 1 2018 3.8 3.9 4.0 3.8 4.1 4.2 4.3 4.4 4.2 3.7 4.1 3.7

Table 2.7
TABLES Input File for Example 2

COMM Example 2 - TABLES Input File Exam2.TIN
*x 1 2 3 4 5

**  5678901234567890123456789012345678901234567890123456
*x ! ! ! ! ! ! ! ! ! ! ! ! !

2SCP

2REL

2FRE 2

2FRQ 2 0 4 CP2 1000 2000 5000 10000
2STO 1 1 1 0] 1
IDEN CP1

2NAT 1 1 1 0] 1
I1DEN CP2

2REG 1 1 1 0O -1
2UNA 1 1 1 0O -1
21FS 0 1 1 1 1

I1DEN Instream Flow
2D1vV 1 1 0 1 1
IDENIrrigation Right
ENDF
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Table 2.8
First Year of SIM Output File for Example 2

VIRAP-SIM (Vay 2019 Versian) OUT Qutput Fille
Bamle 2 - WRAP-SIM Input Fille Ba2.DAT
Baple 2 fran Ghgpter 2 of the Reference Mencel

216 3 2 3 0 0 0 0 1.00

IF 1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Instreem Flov  1000.00 0.00 0.00 O
216 1 0.000 5780.000 1853.71 110000.00 7613.71 10200.00 0.00 Municipal Rigtt 2Z04.0 0.00
216 1 0.000 0.000 0.00 0.00 0.00 4085.9 0.00lrrigation Rigt 0.00 0.00

Pl 0.000 57/80.000 1853.71 110000.00 7613.71 25%6.29 0.00 10200.00 25%.29 0. 0. 0. 0.0

a2 0.000 0.000 0.00 0.00 0.00 4085.9 0.00 1270.00 508%6.29 0. 0. 0. 1000.0
IF 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Instream Flov  1000.00 0.00 0.00 O
216 2 0.000 57680.000 1939.98 108340.02 640.00 6540.00 0.00 Municipal Rigtt 2304.00 0.00
216 2 0.000 0.000 0.00 0.00 0.00 2424.00 0.00lrrigation Rigtt 0.00 0.00

1 0.000 5/0.000 1930.98 108840.02 6540.00 0.0 0.00 6540.00 0.00 0. 0. 0. 0.0
a2 0.000 0.000 0.0 0.00 0.00 24240 234.00 760.00 A4 0. 0 0. 1000.0

F 3 0.00 0.00 0.0 0.00 0.00 0.0 0.0 Instrean Flov  1000.00 oM  0m O
20163 000 670.00 1867.51 108250 3710.00  3710.00 0.00 Mniicipal Right 680 0.0
20163 000 I150.00 0.00 000 1200 2340 0.00Nrrigation Right 00 0.

1 0.000 6/20.000 187.51 1089&2.50 3710.00 0.0 0.00 3710.00 0.00 0. 0. 0. 0.0
2 0.000 1520.000 0.00 0.00 1520.00 84.00 234.00 4/0.00 1834.00 0. 0. 0. 1000.0
IF 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Instream Flov  1000.00 0.00 0.0 O

216 4 0.000 6720.000 1749.49 102843.01 730.00 730.00 0.00 Municipal Right 283.00 0.00
06 4 1032.000 4530.000 0.0 0.00 IHB.O HBB.MO 0.00lrrigation Right 0.00 0.00

rL 0.000 6720.000 1749.49 102843.01 7350.00 0.00 0.00 730.00 0.00 0. 0. 0. 0.0
P2 1032.000 4530.000 0.00 0.00 3J8.00 0.0 2633.00 9190.00 1000.00 0. 0. 0. 1000.0
IF 5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Instream Flov  1000.00 0.0 0.0 O

2006 5 0.000 7680.000 199.38 108273.63 15100.00 15100.00 0.00 Municipal Right 072.00 0.00
2016 5 0.000 7220.00 0.00 0.00 720.00 7988.00 0.00Irrigation Rigt 0.00 0.00

PL 0.000 7630.000 19%0.38 108273.63 15100.00 0.00 0.00 15100.00 0.00 0. 0. 0. 0.0
P2 0.000 7220.000 0.00 0.00 720.0 78.00 2688.00 21400.00 178.00 0. 0. 0. 1000.0
IF 6 0.00 0.00 0.00 0.00 0.00 0.0 0.00 Instream Flov  1000.00 0.0 0.0 O

206 6 0.000 990.000 2AB/.B 97519.88 .00 .00 0.00 Municipal Right 3840.00 0.00
0166 6062.000 8330.000 0.00 0.00 28.00 228.00 0.00Irrigation Rigt 0.00 0.00

rL 0.000 930.000 2A%B7.75 97519.88 .00 0.00 0.00 4.0 0.00 0. 0. 0. 0.0
2 6062.000 8330.000 0.0 0.00 228.00 0.0 07200 1130.00 1000.00 0. 0. 0. 1000.0
IF 7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Instream Flov  1000.00 0.0 0.0 O

2006 7 0.000 12480.000 18%6.5%5 83346.32 112.00 112.00 0.00 Municipal Right 492.00 0.00
0067 $487.000 8330.000 0.00 0.00 2873.00 2873.00 0.00Irrigation Right 0.00 0.00
r1 0.000 12480.000 18%6.5%5 83346.32 112.00 0.0 0.00 112.00 0.00 0. 0. 0. 0.0
P2 H87.000 8330.000 0.00 0.00 2873.00 0.0 3340.00 145.00 1000.00 0. 0. 0. 1000.0
IF 8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Instream Flov  1000.00 0.00 0.0 O
2006 8 0.000 11520.000 1458.53 706%.7 38.00 38.00 0.00 Municipal Right 4808.00 0.00
2068 158.000 570.000 0.00 0.00 4111.00 4111.00 0.00lrrigation Rigt 0.00 0.00
1 0.000 1150.000 1458.53 706%H.79 38.00 0.0 0.00 38.00 0.00 0. 0. 0. 0.0
P2 15%.000 5A0.000 0.00 0.00 4111.00 0.0 492.00 47.00  1000.00 0. 0. 0. 1000.0
IF 9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Instream Flov  1000.00 0.00 0.0 O
206 9 0.000 830.000 120.3 61788.40 972.00 972.00 0.00 Municipal Rigtt #45.00 0.00
206 9 0.000 1900.000 0.00 0.00 1900.00 38%6.00 0.00lrrigation Right 0.00 0.00
rL 0.000 8340.000 120.39 61788.40 972.00 0.00 0.00 972.00 0.00 0. 0. 0. 0.0
a2 0.000 1900.000 0.00 0.00 1900.00 196.00 4608.00 120.00 2%6.00 0. 0 0. 1000.0

IF 10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Instrean Flov  1000.00 0.00 0.0 0
0.000 7630.000 107868 5E679.72 2650.00 265000 0.00 Mnicipal Rigt W20 0.0
0.000  380.000 0.00 0.00 30.00 3116.00 0.00Nrrigation Right 0.0 0.0
0.000 7680.000 107868 567972  2650.00 0.00 0.00 2650.00 00 0 0 0 00
0.000  380.000 0.00 0.00 300 23%6.0 6.0 3RO.00 3760 0. 0. 0. 1000.0
0.00 0.00 0.00 0.00 0.00 0.00 0.00 Instrean Flov 100000 0.00 0.0 0
0.000 760.000 11270 6477.02 17300.00 17300.00 0.00 Mnicigal Right W20 0.0
. . . . ) . 0.00Nrrigation Right 0.0 0.0
0.000 7680.000 11270 64177.02 17300.00 0.00 0.00 17300.00 00 0 0 0 00
0000  0.00 0.00 0.00 0.00 620 3720 21800 720 0. 0. 0. 100.0
0.00 0.00 0.00 0.00 0.00 0.00 0.00 Instrean Flov 100000 0.00 0.00 0
0.000 5M0.000 111408 58R.% 12000 120.00 0.00 Mniicipal Right 2000 0.0
0.000  0.00 0.00 0.00 0.00 242.00 0.00Nrrigation Right 0.0 0.0
0.000 5@0.000 111408 5BR.%  120.00 0.00 0.00 1290.00 00 0 0 0 00
0.000  0.00 0.00 0.00 0.00 242.00 37200 16000 3420 0. 0. 0. 100.0
F 1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Instream Flov  1000.00 0.00 0.0 0
D71 000 560.000 97/3.3 554958 33000 330.00 0.00 Mniicipal Right 2000 0.0

T NPT
5
5
g
g
g
8
8
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Table 2.9 begins with two annual summary tables for control points CP1 and CP2. TABLES
provides options to develop monthly and/or annual summary tables for control points, reservoirs,
water rights, selected groups of water rights, or the entire river basin. Quantities from the summary
tables are related by volume balances. For example, for simulation year 2017 at control point CP1:

naturalized streamflow + return flow = storage change + diversion + evaporation + regulated flow

276,920 ac-ft/yr + 0 = (95,820 - 58,593) + 96,000 + 19,679 + 124,014 ac-ft/yr
Stream flow depletions are:

streamflow depletion = diversion + evaporation + storage refilling
CP1 2017 streamflow depletion = 96,000 + 19,679 + (95,820 - 58,593) = 152,906 ac-ft/yr
CP2 2017 streamflow depletion = diversion = 38,000 ac-ft/yr

Since CP2 is the most downstream gage, the 2017 annual volume balance may be expressed as:

naturalized flows + return flows = CP1 and CP2 streamflow depletions + CP2 regulated flows
345,380 + 38,400 = 152,906 + 38,000 + 192,874

A reliability summary table is also included in Table 2.9. This type of table may be
developed for diversion or hydropower requirements for individual rights, groups of rights, or all
rights at control points or reservoirs. The 96,000 acre-feet/year diversion target at CP1 has no
shortages and thus period and volume reliabilities of 100.0%. The monthly diversion requirements
for the 38,000 acre-feet/year diversion at CP2 were met during 16 months of the 24-months for
which permitted targets were non-zero, with shortages occurring in the other eight months. The
period and volume reliabilities shown in Table 2.9 are computed as:

period reliability = [(24-8)/24] 100% = 66.67%
volume reliability = [(38,000-8,372.67)/38,000] 100% = 77.97%

The reliability table shows that the diversion at CP2 equals or exceeds 50 percent of the monthly
target in 87.5 percent of the months. The annual diversion equals or exceeds 34,200 ac-ft/yr (90%
of the annual target of 38,000 ac-ft/yr) during 33.3% of the three years of the period-of-analysis.

The first flow-frequency table in Table 2.9 (bottom of page 36) indicates that regulated
monthly stream flows at CP2 vary from 1,000 to 79,758 acre-feet/month, with a mean of 7,666
acre-feet/month. The regulated flow equals or exceeds 1,768 ac-ft during 75% of the 36 months.
The second flow-frequency table is in an alternate format in which exceedance frequencies are
determined for user-specified flow amounts. Frequency tables may be developed for naturalized,
regulated, and unappropriated stream flows, reservoir storage, and instream flow shortage.

The last six tables in Table 2.9 on are illustrative of TABLES time series tables of
naturalized, regulated, and unappropriated flows; stream flow depletions; diversions, diversion or
instream flow shortages; channel losses; or reservoir storage for either control points, reservoirs,
water rights, or water right groups. The data may be tabulated as annual rows with monthly
columns (page 37) and alternatively in a columnar format (page 38) to facilitate manipulation and
plotting in a spreadsheet program such as Microsoft Excel.
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Table 2.9
TABLES Output File for Example 2

ANNUAL SUMMARY TABLE FOR CONTROL POINT CP1

NATURALIZD  REGUATED INPFRORIATED  RETURN  STREAVALON EP NET ACTUL  DIVEFRSION
YER SIREAVALON  STREAVALON  STREAVALON AOV  DEALETIN  STRAXE BVARGRATION DIVERSIN  SHRTAGE

¢CFD G N Ce ) @D ¢GFD @D ¢CFD D D
216 66456.0 553 553 00 63M7 5BR9 1XBS WO 0.0
207 2600 1240140  12274.0 00 159060 SBO8 16PI1 WO 0.0
2018 13B0O0  16P6  1BR6 00 10204 8406  I8HD.7 9.0 0.0
NEAN 5320  H66  BINO 00 108564 76341 1VB8 9.0 0.0

ANNUAL SUMMARY TABLE FOR CONTROL POINT CP2

NATURALIZED  RECUATED UNAFFRORRIATED  RETLRN - STRAVRLOY EP NET AT DIVERSIN
YER STRAVRLON  STRAVALON  STREAVALON AOV  DEFLETIN  STRAE BVARRATIN DMERSIN  SHRTAGE

¢GFD ¢CF) @D ¢CFD)  @ECFD ¢CFD  @ECGFD ¢CF)  @ECFD
216 &0 JB/3  27B3 HFBO 2800 0.0 00 2800  MI00
007 IGO0 IPBA0 1806740  BADO B[00 0.0 00  30.0 0.0
2018 412100 4B¥6 3376 /DO 2RO 0.0 00 20R0 1980
MEAN 10673 9966 6.6  3BRO N3 0.0 00 26273 872.7

RELIABILITY SUMMARY FOR SELECTED CONTROL POINTS

TARET VEN  ARELIABILITY] -+ PERCENTAGE OF MONTHS -+HHHHH-HH] PERCENTAGE OF YEARS ————
NAVE  DMVESION SHRAGE FARICD WCLLVE|  WITH DIVERSIONS EQUALING (R BXCEEDING PERCENTACGE OF TARGET DIVERSICN AVONT
CCFIMR) CCFI/R) ) ) | 1006 Bh O Bh 5h Bh | 1006 Bh Bh Db Bh 5h

P1 93000.0 0.00 100.00 100.00}100.0 100.0 100.0 100.0 100.0 100.0 100.0}100.0 100.0 100.0 100.0 100.0 100.0 100.0
2 B0 8BR267 667 77.97] 6.7 6.7 6.7 5.0 8.5100.010.0] 3B.3 B3 B3 B.3 3B.310.0 10.0
Total 1300.0 8372.67 BB

FLOW-FREQUENCY FOR REGULATED STREAMFLOWS

QONTRCL STADARD PERCENTAGE OF MONTHS WITH ALOMS BQUALING CR EXCEEDING VALLES SO IN THE TABLE
POINT VEAN DEVIATION  100% DM Bl Bh 0] 3h (S0 S0 A% 2 100 MAXIMM

L 3106 12261. 0.0 0.0 0.0 0.0 0.0 0.0 0. 0. 0. 0. 123M0. 64746.
a2 7636.4 14828. 1000.0 1000.0 1000.0 1000.0 1000.0 17/8.0 38. 3HA. HB3. 6472. 194, 7978.

FLOW-FREQUENCY FOR REGULATED STREAMFLOWS FOR CONTROL POINT CP2
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Table 2.9 (Continued)
TABLES Output File for Example 2

EOP RESERVOIR STORAGE (AC-FT) AT CONTROL POINT CP1

YERR JAN B MR AR MaY JN NUE AL P Qacr NV CEC MVEAN

206  110000.0 108340.0 103062.5 10P343.0 108773.6 97/519.9 83346.3 703H.8 61884 THMA.7 64177.0 BIR.9 - 84/6.6
A7 5B49.6 516415 563272 91223.0 110000.0 110000.0 110000.0 110000.0 110000.0 109844 101323.3 96819.8  9H4.1
18  91823.0 BIAN.0 86/0.8 81110.7 110000.0 140B.3 9/M™R.5 882275 RI5/.0 7198).3 764/7.6 841$0.6  88/2.9
MEAN &30.9 &a8.5 &850.8 91756 1004245 103341.1 9.9 841.1 83485 788L5 8760 7BHA1 8949

NATURALIZED STREAMFLOWS (AC-FT) AT CONTROL POINT CP2

YERR JAN B MR AR MAY JN JL AG P acr NV OEC TOTAL

2016 12M0. 7630. 4m0. 9190. 21400.  1130. 145. My, 120. 0. 280. 1620 &R.
218 400. 1x0. 2140. 310. 5B¥0. 7160. 100. 4980. 130. 230. 17100. 1830. 141210,

REGULATED STREAMFLOWS (AC-FT) AT CONTROL POINT CP2

YER JAN FB MR AR MaY JN JL AL P Qacr NV CeC TOTAL

7 XA, 2. B4 748, LN, OB, 196, 121880 3464, 6. 2. BR. 192874.

UNAPPROPRIATED FLOWS (AC-FT) AT CONTROL POINT CP2

YERR JAN B MR AR MAY JN JL AG P acT NV CEC TOTAL
16 A8. 2AA. 8A. 0. 768. 0. 0. 0. 16, 27H. 6B, AR 21778.
007 074, 1974, X34 648, MP. BB 96, 1118, 244. 5166, 202 B 180874.
18 204. BA. HA. 0. 1548. 0. 0. 0. 18, 2X6. HAR. 572 3738.

DIVERSIONS (AC-FT) FOR WATER RIGHT Irrigation Right

YERR JAN B MR AR MaY JN JL AL P acr NV CEC TOTAL
6 0.0 00 1500 IB.MV 7200 ZB.00 2B873.00 411.0 19000 3.0 00 00 ZBIN.MD
7 0.0 0.0 150.0 430.00 720.00 830.0 830.0 500.00 190.0 30.0 0.0 0.0 3.0
18 0.0 00 1500 248.00 7200 IR 4910.00 3.0 19000 3.0 00 0 2z’
MEAN 0.0 0. 150.0 HBS.B 720.0 4/3.33 5381.0 4767 1900 3.0 0.0 0.0 X733
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Various variations of the tables included in Table 2.9 as well as a variety of other types of
SIM simulation results can be created using TABLES. Program TABLES can also write the time
series variables from the S/M simulation results, with or without optional adjustments, as binary
DSS files which are read by HEC-DSSVue [8]. SIM can also record results directly in a DSS file.
DSS files can be read only by HEC-DSSVue or other HEC-DSS software. A primary motivation
for converting SIM simulation results to records in a DSS file is to facilitate convenient plotting
using HEC-DSSVue. However, the full spectrum of other HEC-DSS capabilities are available as
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Table 2.9 (Continued)
TABLES Output File for Example 2

5086.
3424.
1834.
1000.
1768.
1000.
1000.
1000.
2956.
3736.
7572.
3402.
3074.
2974.
3684.
7428.
45188.
79757.
1995.
12167.
23463.
6166.
3442.
3532.
3104.
4534.
1354.
1000.
16447.
1000.
1000.
1000.
2998.
3656.
6472.
6772.

REG
CP2

29
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
94
70
59
79
99
00
00
00
00
00
00
00
57
00
00
00
00
00
00
00

4086.
2424 .
834.

768.

1956.
2736.
6572.
2402.
2074.
1974.
2684.
6428.
44188.
78757.

995.
11167.
22463.
5166.
2442 .
2532.
2104.
3534.

354.

15447 .

1998.
2656.
5472.
5772.

UNA
CP2

29
00
00
.00
00
.00
.00
-00
00
00
00
00
00
00
00
00
94
70
59
79
99
00
00
00
00
00
00
-00
57
-00
-00
-00
00
00
00
00

IFS

Instream

eNeolooNololoNooloNololololoojloNoNoNoNooNoooloNoNoloNololoNoNoNeNe)

.00
.00
.00
.00
.00
.00
.00
-00
.00
.00
.00
-00
.00
.00
.00
.00
.00
.00
.00
.00
-00
.00
-00
-00
-00
-00
-00
-00
-00
-00
-00
-00
-00
-00
-00
-00

Irrig

DIV
ati

.00
.00
.00
.00
.00
.00
.00
-00
.00
.00
.00
-00
.00
.00
.00
.00
.00
.00
.00
.00
-00
.00
-00
-00
-00
-00
-00
-00
.00
-00
-00
-00
.00
-00
-00
-00



Measures of Water Availability and Reliability

WRAP-SIM 1is applied to assess capabilities for satisfying water supply, hydroelectric
power, environmental instream flow, and reservoir storage needs. The future is of concern,
rather than the past. However, since future hydrology is unknown, historical stream flows and
reservoir evaporation-precipitation rates are adopted as being representative of the hydrologic
characteristics of a river basin. Thus, for most typical applications, SIM simulates capabilities
for meeting specified water management and use requirements during an assumed hypothetical
repetition of historical hydrology, represented by sequences of monthly naturalized stream flows
and net evaporation less precipitation rates covering a selected hydrologic period-of-analysis.

The main simulation results from a WRAP-SIM simulation as organized by program
TABLES are discussed in Chapter 5. Additional auxiliary WRAP-SIM simulation results and
analysis capabilities are covered in Chapter 6. Many different optional analysis methods and
variations thereof are provided by WRAP for assessing water availability and reliability. Key
fundamental concepts related to these simulation and analysis methods are introduced in this
section of the present Chapter 2.

Program SIM simulation results include hydrologic period-of-analysis sequences of
monthly values for the variables listed in Table 2.1 and defined in detail in Chapter 5. A
majority of the variables associated with water rights can be summed within SIM by control
point or reservoir. Program TABLES allows simulation results associated with water rights to be
aggregated by specified groups of rights. TABLES reads SIM input and output files, computes
reliability indices and frequency relationships, and creates tables organizing and summarizing the
simulation results as discussed in Chapters 5 and 6.

Simulation studies are organized in a variety of ways to develop an understanding of the
river basin system. Model runs demonstrate the effects of alternative water use scenarios and
management strategies. Simulation results may be organized in various formats including: the
entire time sequences of monthly values of various variables; annual summaries; period-of-
analysis means; monthly, annual, or period-of-analysis water budgets; reliability indices; and
frequency relationships. These forms of information may all be useful in analyzing, interpreting,
and applying the results of a simulation study to support decision-making processes. Simulation
results are typically viewed from the perspectives of frequency, probability, percent-of-time, or
reliability of meeting water supply, instream flow, hydropower, and/or reservoir storage targets.

Volume and Period Reliability

Concise measures of reliability are useful in analyzing and displaying simulation results.
A reliability summary is specified in TABLES with a 2REL record as illustrated by Table 2.9.
This table may be created for either water supply diversion or hydroelectric energy generation
targets for individual water rights, the aggregation of all rights associated with individual
reservoirs or control points, groups of selected rights, or the aggregation of all rights in the
model. Program TABLES computes alternative variations of both period reliabilities based on
percent-of-time and volume reliabilities based on percent of diversion volumes or hydroelectric
energy amounts as explained in Chapter 7.
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Volume reliability is the percentage of the total target demand amount that is actually
supplied. For water supply diversions, the amounts are volumes. For hydroelectric power, the
amounts are kilowatt-hours of energy generated. Volume reliability (Rv) is the ratio of volume
supplied or energy supplied (v) to the volume or energy target (V), converted to a percentage.

R, = % (100%) (2.2)

Equivalently, for water supply, Rv is the mean actual diversion rate as a percentage of the mean
target diversion rate. For hydropower, Ry is the mean actual rate of energy production as a
percentage of the mean target energy production rate.

Period reliability is based on counting the number of periods of the simulation during
which the specified demand target is either fully supplied or a specified percentage of the target
is equaled or exceeded. A reliability summary includes tabulations of period reliabilities
expressed both as the percentage of months and the percentage of years during the simulation
during which water supply diversions (or hydroelectric energy produced) equaled or exceeded
specified magnitudes expressed as a percentage of the target demand. The various variations of
period reliability (Rp) are computed by TABLES from the results of a STM simulation as:

n
Rp = I~ (100%) (2.3)

where n denotes the number of periods during the simulation for which the specified percentage
of the demand target is met, and N is the total number of periods. 2REL record options allow N
and n to be defined either considering all months or only months with non-zero demand targets.

A TABLES reliability summary includes tabulations of period reliabilities expressed both
as the percentage of months and the percentage of years during the simulation during which
diversions (or energy produced) equaled or exceeded specified magnitudes expressed as a
percentage of the target demand. For example, the table shows the percentage of months in the
simulation for which the computed diversion equals or exceeds 75% of the monthly diversion
target. It also shows the percentage of years for which the total diversions during the year equal
or exceed 75% of the annual permitted amount. The table also shows the percentage of months
for which the demand is fully 100% met, without shortage.

Thus, period reliability Rp is an expression of the percentage of time that the full demand
target or a specified portion of the demand target can be supplied. Equivalently, Rp represents
the likelihood or probability of the target being met in any randomly selected month or year. The
period reliability Rp is the complement (Rp=1-F) of the risk of failure (F) that the demand target
or specified percentage of the target will not be met.

The firm (safe or dependable) yield associated with a particular water supply diversion or
hydroelectric power production target is defined as the maximum annual demand target that can
be met with a reliability of 100.0 percent based on all the premises reflected in the model. Firm
yields may be determined by iteratively adjusting a target amount and rerunning S/M until the
value meeting the definition of firm yield is found. As discussed in Chapter 6, the F'Y record
activates a SIM option that automates this procedure.
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Diversion Shortage Metrics

Period and volume reliability, as defined in the preceding section and applied throughout
the Reference and Users Manual, are fundamental metrics for evaluating water supply
capabilities. Volume and period reliability tables are created with the 2REL record routine in
TABLES. Other auxiliary metrics presented in Chapter 7 are developed in a supplemental
shortage table created by activating an option on the 2REL record. This auxiliary table includes
the following metrics for summarizing shortages in supplying diversion targets for selected WR
record water rights.

e maximum shortage during the simulation

¢ vulnerability defined as the average maximum shortage during each year of a long-term
simulation or short-term sequence of a conditional reliability modeling (CRM) simulation

e resiliency defined as the inverse of the mean of the average length of shortage periods
e average severity defined as the average sum of consecutive shortages

e average number of failures per year or CRM sequence

¢ maximum number of consecutive shortages

e shortage index defined as

2
100 annual or sequence shortage
Shortage Index =

months annual or sequence target

Frequency Analyses

Frequency tables created with TABLES 2FRE and 2FRQ records are also included in
Table 2.9. These tables may be developed for naturalized flow, regulated flow, unappropriated
flow, instream flow shortages, reservoir storage, and surface elevation directly without a DATA
record. A DATA record allows frequency analyses for all the variables in the S/M simulation
results and other datasets created from the simulation results. Frequency tables may be for a
specified month of the year such as August or for all months. A 2FRE record frequency table
may be in the row format illustrated in Table 2.9 or in an alternative column format that contains
several more frequencies and is convenient to export to a Microsoft Excel spreadsheet.

Exceedance frequency is an expression of the percentage of time that particular flow or
storage amounts can be expected to occur. Equivalently, the exceedance frequency represents

the likelihood or probability of a certain amount of water being available.

Exceedance frequencies may be determined with Eq. 2.4 based on ranking and counting.
Exceedance Frequency = % (100%) (2.4)

where n is the number of months during the simulation that a particular flow or storage amount is
equaled or exceeded, and N is the total number of months considered. Alternatively, 2FRE
record options include modeling the frequency relationship with the log-normal or normal
probability distributions based on the computed parameters mean and standard deviation.
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The 2FRE table includes the mean and standard deviation, minimum and maximum, and
the flow or storage amounts that are equaled or exceeded specified percentages of the time.
2FRE tables may be in a row format or in a column format containing additional frequencies.
The 2FRQ table also develops flow-frequency, storage-frequency, elevation-frequency, or
instream flow shortage-frequency relationships. However, the model-user enters specified flow
or storage values of interest. TABLES simply counts the number of months for which a specified
amount was equaled or exceeded and applies Equation 2.4 to assign a frequency.

Program SIM Options Involving Cyclic Repetitions of the Simulation

The SIM simulation computations outlined in Figure 2.2 are discussed earlier in this
chapter. A specified scenario of water resources development, allocation, management, and use
is simulated during each sequential month of a hydrologic period-of-analysis with stream flow
inflows and reservoir net evaporation rates representing historical hydrology for natural
conditions or some other specified condition of river basin development. For example, the
hydrologic period-of-analysis might be 1940-2016, covering a sequence of 924 months. The
simulation begins with January 1940 naturalized stream flows and net evaporation rates and
proceeds through the 924 months. In many typical applications, a particular execution of SIM
involves a single simulation covering the hydrologic period-of-analysis once. However, SIM has
several optional features that involve two or more repetitions of the hydrologic period-of-
analysis simulation automated within a single execution of SIM.

With one or more of the following optional features activated, the simulation is
automatically repeated two or more times with a single execution of SIM.

e Dual simulation options activated by the JO, SO or PX records and described in
Chapter 4 of this Reference Manual.

¢ Yield-reliability analysis routine activated by the /Y record as outlined in Chapter 6.

e Beginning-ending storage options activated by the JO record and described in
Chapter 6 of this Reference Manual.

e Short-term conditional reliability modeling simulations explained in Chapter 8 of
this Reference Manual.

The dual simulation and beginning-ending storage features each involve two simulations. The
yield-reliability analysis routine may iteratively repeat the simulation any number of times. The
conditional reliability modeling routine may also activate multiple repetitions of the simulation.

The simulation is repeated in its entirety from the beginning to the end of the hydrologic
period-of-analysis with the four routines noted in the preceding paragraph. Another different
SIM modeling feature involves a second pass through the water rights priority sequence
simulation repeated within individual months. Second pass options activated by instream flow
IF record parameter IFMETHOD or JO record parameter PASS2 and outlined in Chapter 4
involve dual passes through the water right priority loop. As indicated in Figure 2.2, the two
passes through the water right computations are embedded within the monthly loop.
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CHAPTER 3
HYDROLOGY IN THE SIMULATION MODEL

River system hydrology is represented in WRAP-SIM by input sequences of naturalized
stream flows and reservoir net evaporation-precipitation depths for each month of the hydrologic
period-of-analysis at each pertinent location. This chapter discusses hydrology within the SIM
simulation. WRAP-HYD described in the Hydrology Manual is designed to facilitate developing
hydrology-related SIM input datasets. Both programs include routines for incorporating channel
losses in various computations, based on including loss factors for pertinent stream reaches in the
input data. The model is based on total stream flows, rather than incremental inflows. However,
options are provided in HYD and SIM to address the issue of negative incremental flows. These
hydrology-related features of the model described in this chapter involve stream flow and/or
reservoir water surface evaporation less precipitation. Most of the present Chapter 3 focuses on
stream flow. Chapter 4 covers aspects of the model dealing with water rights requirements
including reservoir storage and water management, allocation, and use.

WRAP-SIM allocates naturalized stream flows to meet specified water right requirements
subject to channel losses and losses or gains associated with evaporation from and precipitation
onto reservoir water surfaces. A conventional application of S/M is based on:

e simulating capabilities for fulfilling specified river regulation and water use
requirements for a specified scenario of water resources development
infrastructure, reservoir system operating rules, and water allocation practices

e during an assumed hypothetical repetition of historical hydrology represented by
sequences of monthly naturalized stream flows and reservoir net evaporation-
precipitation rates covering a selected hydrologic period-of-analysis.

The future is of concern, rather than the past. However, future hydrology is unknown.
Historical stream flows and reservoir evaporation less precipitation rates are adopted as being
representative of the hydrologic characteristics of a river basin that can be expected to continue
into the future. A typical hydrologic period-of-analysis used for studies in Texas is 1940 to near
the present. This period includes the 1950-1957 most severe drought-of-record for much of
Texas as well as a full range of fluctuating wet and dry periods. Water resources are highly
variable and highly random, subject to extremes of droughts and floods as well as continuous
more normal fluctuations. Major droughts typically involve long periods with sequences of
many months of low flows. A basic premise of the conventional modeling approach is that
historical naturalized stream flows and evaporation-precipitation rates for an adequately long
period-of-analysis capture the essential statistical characteristics of river basin hydrology.

WRAP is a river/reservoir system model with little capability for simulating groundwater
or surface/subsurface water interactions. However, some interactions between stream flow and
subsurface water may be modeled. Channel loss features are described in this chapter. Water
supply return flows covered in Chapter 4 may originate from groundwater sources. Groundwater
return flows may be modeled using constant inflow CI records or as a WR record type 4 right.
Changes in spring flows or stream base flows associated with aquifer pumping or management
scenarios, simulated with a groundwater model, may be treated as adjustments to naturalized
stream flows contained in a WRAP-SIM flow adjustment file.
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Naturalized Stream Flow

A WRAP-SIM simulation begins with homogeneous sequences of monthly stream flow
volumes covering the hydrologic period-of-analysis at all control points. Program HYD provides a
set of optional routines for developing or updating homogeneous stream flow datasets for input to
SIM. For each control point, stream flows must be either provided as input to SIM or computed
within SIM from flows at one or more other control points using the flow distribution techniques
that are incorporated in both HYD and SIM and described later in this chapter. No limits are
imposed on the length of the period-of-analysis. Any units may be used in combination with
appropriate conversion factors. Typical English units for stream flow are acre-feet/month.
Reasonable metric units for stream flow are thousand cubic meters per month.

Homogeneous Stream Flow Sequences

Homogeneous means that the flows represent a specified uniform condition of watershed
and river system development, long-term climate, and water use. Non-homogeneities in historical
gaged stream flows are typically caused primarily by construction of reservoir projects, growth or
changes in water use, and other changes in water management practices over time. However,
watershed land use changes, climate changes, and other factors may also affect the homogeneity of
recorded stream flow measurements. Flows observed at gaging stations during past years may be
adjusted to develop flow sequences representing a specified scenario of water resources
development and management, water use, watershed land use, climate, and hydrologic conditions.

The stream flows in the SIM input dataset (/N records in FLO file or DSS file) may be
naturalized flows representing natural hydrology unaffected by water resources development and
management. Alternatively, the stream flow inflows input to the river/reservoir system simulation
model may represent some other specified homogeneous condition of river basin development. The
basic concept is to provide a homogeneous set of flows as input to SIM representing hydrology for a
specified condition of river basin development. The stream flows in the SIM input dataset should
represent flows unaffected by the reservoirs, diversions, return flows, and other water management
practices and water use reflected in the SIM water rights input dataset. Typically, SIM stream flow
input datasets represent natural hydrology without human impact but alternatively may reflect other
scenarios of river basin hydrology, depending on the particular application. The term naturalized
flow may be applied generically to refer to any stream flows adopted for a SIM input dataset.

The objective of the stream flow naturalization process is to develop a homogeneous set of
flows representing natural river basin hydrology. Historical observed flows are adjusted to remove
nonhomogeneities caused by human activities. Naturalized stream flows represent the natural flows
that would have occurred in the absence of the water users and water management facilities and
practices reflected in the SIM water rights input dataset.

Developing naturalized flows typically represents a major portion of the effort required for a
creating a SIM input dataset. The extent to which observed historical flows are naturalized is based
largely on judgment. In extensively developed river basins, quantifying and removing all effects of
human activities is not possible. For sites with relatively undeveloped watersheds, little or no
adjustments may be necessary.
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Sequences of monthly flows representing historical natural hydrology are typically
developed by adjusting recorded flows at gaging stations to remove the past impacts of upstream
major reservoirs, water supply diversions, return flows from surface and ground water sources, and
possibly other factors. In most typical major river basins, numerous smaller reservoirs have been
constructed over many decades, but most of the storage capacity is contained in a relatively few
large reservoirs. Decisions are required regarding which reservoirs to include in the adjustments.
Major water supply diversions and return flows are typically also included in the flow adjustments.

Other types of adjustments may be made as well. For example, land use changes such as
clearing forests and urbanization or climate change due to global warming may significantly affect
stream flow. A watershed model such as the Soil and Water Assessment Tool (SWAT) may be used
to quantify the impacts of land use changes on stream flows. A global circulation model reflecting
climate change can be applied in combination with the SWAT precipitation-runoff model to adjust
WRAP naturalized stream flows for alternative scenarios of future long-term climate change [28].

Without adequate historical gaged stream flow records, naturalized flows representing a
specified condition of watershed development may be synthesized from precipitation data with a
watershed precipitation-runoff model such as SWAT. However, adjusting gaged flows to remove
nonhomogeneities is generally more accurate than synthesizing flows with a watershed model.

WRAP Features for Developing Flow Datasets

The following tasks are involved in developing the sequences of monthly naturalized flows
covering the hydrologic period-of-analysis at all control points required for a SIM simulation.

1. developing sequences of naturalized flows at stream gaging stations using HYD
2. synthesizing flows for gaps of missing data and extending record lengths outside of WRAP
3. distributing naturalized flows from gaged to ungaged locations within either HYD or SIM

WRAP includes routines to assist with the first and third task, but not the second. Various gaging
stations have different periods-of-record, and there may be gaps with missing data. The second task
consists of extending flow sequences and reconstituting missing data using regression techniques
with data from other gages and other months at the same gage. Regression analysis capabilities are
readily available in other computer software packages such as HEC-DSSVue and Microsoft Excel.

As discussed in the Hydrology Manual, program HYD writes monthly stream flows as a set
of inflow /N records in a text file or as binary records in a Data Storage System (DSS) file for input
to SIM. HYD provides various hydrology data compilation capabilities, which among other
capabilities include options for:

e converting observed gaged stream flows to naturalized stream flows

e distributing flows from gaged to ungaged locations using techniques that
are also included in SIM

e adjusting stream flows to extend the hydrologic period-of-analysis or to develop
condensed datasets

e updating the hydrologic-period-of- analysis by extending naturalized flows
based on measured monthly precipitation and evaporation rates
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Reservoir Evaporation-Precipitation

Evaporation from a reservoir and precipitation falling directly on the reservoir water
surface are combined as a net evaporation minus precipitation. Net evaporation less precipitation
volumes are computed by multiplying the reservoir water surface area by net evaporation-
precipitation rates provided on EV records in dimensions of depth/month. Various units may be
used. Typical units include water surface area in acres, evaporation-precipitation rates in
feet/month, and volumetric rates in acre-feet/month. Computation of evaporation-precipitation
volumes are incorporated in SIM reservoir volume accounting routines as described in the
Chapter 4 section entitled lterative Reservoir Volume Balance Computations.

Within the SIM simulation, net evaporation minus precipitation volume is included in the
monthly water accounting computations performed in the water rights simulation loop. Average
water surface area is determined as a function of storage content at the beginning and end of the
month.  Since both end-of-month storage and net evaporation-precipitation volumes are
unknowns in the computations, an iterative solution algorithm is required.

Adjusted Net Evaporation-Precipitation

SIM and HYD include options to account for the fact that a portion of the precipitation
falling on the reservoir water surface is also reflected in the naturalized stream flows. Without a
reservoir, the runoff from the land area of the non-existent reservoir contributes to stream flow.
However, only a portion of the precipitation falling at the reservoir site contributes to stream
flow. The remainder is lost through infiltration and other hydrologic abstractions. With the
reservoir in place, all of the precipitation falling on the water surface is inflow to the reservoir.

SIM and HYD options include adjustments in the reservoir volume balance computations
for the runoff from the land area covered by a reservoir that would have occurred without the
reservoir. This adjustment in HYD may be incorporated with other adjustments in removing the
historical effects of reservoirs in the process of converting gaged stream flows to naturalized
flows. The option in SIM accounts for the portion of the reservoir surface precipitation that is
already reflected in the naturalized stream flow inflows. In a typical application mode, the HYD
adjustment is added to historical stream flows to determine naturalized stream flows. In SIM, the
adjustment reduces available water amounts to prevent double-counting which would occur
inappropriately if the runoff from the reservoir site is included in both the naturalized stream
flows (IN records) and precipitation falling on the reservoir water surface (EV records).

The procedure in SIM for adjusting net evaporation-precipitation depths for runoff from
reservoir sites are outlined as follows.

e Net evaporation minus precipitation depths are input on EV records in an EVA file or as
binary records in a DSS file.

e A precipitation-runoff adjustment term is computed within SIM to prevent double-counting
the reservoir surface precipitation that is already in the /N record naturalized flows. JD
record field 10 (EPADJ) and CP record field 10 (EWA) activates this option. The JD record
EPADJ sets the default option applied to all control points for which the CP record EWA is
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left blank. An entry for EWA on a CP record overrides the default option set by EPADJ on
the JD record. Without the JD and CP record entries, the adjustment option is not applied.

e The precipitation-runoff adjustment requires a drainage area and corresponding naturalized
stream flows. An effective total watershed area may be input as a positive number in CP
record field 10 for use with the total naturalized flows at that control point. Alternatively, the
incremental or total watershed area and corresponding incremental or total naturalized flows
for either the ungaged (FD record field 2) or gaged (FD record field 3) control points may be
used by entering a —1 or —2 in CP record field 10 (applicable to that control point) or JD
record field 10 (default for all control points). Incremental flows and watershed areas
determined based on information from the /D and WP records are identically the same for
the rainfall-runoff adjustments as for distributing stream flows from gaged to ungaged sites.

Within the SIM simulation, the portion of the naturalized stream flows derived from
precipitation falling on dry land, that is now in the model covered by the reservoir, is determined
by an algorithm that is conceptually identical to the drainage area ratio method for transferring
stream flow. Although a drainage area ratio is not actually computed, the method is conceptually
the same. SIM performs the adjustment computations for each month as follows.

1. A stream flow per unit drainage area or runoff depth (in feet/month) is computed by dividing
the total or incremental monthly naturalized stream flow (in acre-feet/month) by the
watershed area from the CP record or FD/WP records.

2. The runoff depth computed in step 1 above is added to the net evaporation-precipitation rate
read from an EV record. Thus, the adjusted net evaporation-precipitation rate is the
evaporation rate minus precipitation rate plus rainfall-runoff depth computed in step 1 above.

3. The algorithms for determining net evaporation volumes and performing the reservoir
volume accounting remain unchanged. The only difference is that the EJV record net
evaporation-precipitation rates input to the computations have been adjusted as noted above.
The net evaporation-precipitation volume is determined by multiplying the reservoir water
surface area by the adjusted net evaporation-precipitation depth.

Allocation of Stream Flow

The WRAP-SIM simulation process is outlined in Figure 2.2 of Chapter 2. A SIM
simulation begins each month with sequences of monthly stream flow volumes at each control
point representing natural hydrology or some other specified condition of river basin
development. These stream flows typically represent unregulated natural historical hydrology
and are called naturalized flows. For each month of the simulation, stream flows are allocated to
meet the water rights requirements described in Chapter 4. Regulated and unappropriated flows
are computed for each control point for each month of the period-of-analysis. Available flows and
stream flow depletions are computed for each water right for each month of the period-of-analysis.
The basic stream flow-related variables computed within SIM are defined as follows.

Regulated flows represent the actual physical stream flow at a control point location after
accounting for all of the water rights. Given all of the water right requirements and other
premises reflected in the model, the regulated flows are the monthly stream flow volumes
that would be measured by a gaging station at the control point.
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Unappropriated flows represent the monthly flow volumes still available for appropriation after
considering all water rights requirements. In a particular month, the unappropriated flow at
a control point may be less than the regulated flow because a portion or all of the flow may
have been committed to meet instream flow requirements at that control point or for use
further downstream. The unappropriated flow is the portion of the regulated flow that is not
needed to meet the water rights requirements included in the simulation. Unappropriated
flows represent water available for additional new water right applicants.

Available flows represent the amount of water available to a particular water right in the priority
based water rights allocation. The available flow for a right is affected by more senior rights
and is determined based on the still uncommitted flows at the right's control point and all
downstream control points. At the beginning of the monthly simulation loop, the available
flow for the most senior water right is the naturalized flow plus return flow from the
previous month, if any. At the completion of the water rights computational loop, after
considering the most junior water right, available flows become the unappropriated flows.

Stream flow depletions are the stream flow amounts appropriated to meet diversion requirements,
account for reservoir net evaporation-precipitation, and/or refill reservoir storage. A stream
flow depletion volume in a given month will often include refilling of reservoir storage
capacity depleted during previous months. A negative stream flow depletion may occur if
the input net evaporation less precipitation depth is negative, meaning precipitation falling
on a reservoir water surface exceeds evaporation. A negative stream flow depletion means
that reservoir surface precipitation volume added to the stream flow exceeds the
evaporation, diversion, and reservoir refilling volumes that deplete the stream flow. Each
stream flow depletion is associated with a particular water right. Unappropriated flows are
the portions of the naturalized flows still remaining after accounting for stream flow
depletions, instream flow requirements, and return flows for all water rights.

A SIM simulation begins with hydrologic period-of-analysis sequences of monthly
naturalized (unregulated) flow volumes at each control point provided as input or computed
within SIM using flow distribution methods covered later in this chapter. Regulated and
unappropriated flow volumes are computed from the naturalized flows through a series of
adjustments reflecting the effects of water rights requirements and associated reservoir storage.
As illustrated in Figure 2.2, the SIM water allocation computations are performed in a water rights
loop embedded with a period (monthly time step) loop. SIM computes available flows and stream
flow depletions associated with each water right and unregulated and unappropriated stream flows
associated with each control point. As each water right is considered, the available stream flow is
determined based on yet uncommitted flows at its control point and all downstream control points.
After the stream flow depletion for the right is determined, the flows at the control point and all
downstream control points are adjusted for the flow depletion and return flow.

Channel Losses

Channel losses represent the portion of the stream flow in the reach between two control
points that is loss through infiltration, evapotranspiration, and diversions not reflected in the
water rights. The naturalized flows input on /N records are typically determined based on
adjusting observed flows at gaging stations to remove the effects of human water management.
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Thus, the naturalized flows should already reflect natural channel losses. In SIM, a stream flow
depletion (diversion and/or refilling reservoir storage) at a control point results in a reduction in
the water available at that control point and all downstream control points. In reality, a portion
of the water diverted or stored may not reach the downstream sites anyway due to channel losses.
Also, diversion return flows and reservoir releases may be diminished prior to reaching
downstream locations. Channel losses are included in several SIM routines to address these
situations. Channel losses may also be included in the HYD stream flow naturalization
adjustments discussed earlier in this chapter. A channel loss option is also included in the flow
distribution methods, described later in this chapter, incorporated in both HYD and SIM.

Channel loss L is treated as a linear function of the flow Qupsiream at the control point
defining the upstream end of the channel reach.

L = FcL Qupstream (33)

By definition, the channel loss coefficient F¢; should range from 0.0 to 1.0. F¢y for the river
reach below a control point is input as variable CL in field 11 of the control point CP record. All
control points are internally assigned a default CL of zero, with the user providing the CL on the
CP records for any control points with non-zero values. As discussed below, this linear stream
flow versus loss relationship and CP record loss factor is incorporated in several routines in
programs SIM and HYD. The TABLES 1CPT routine includes an option for displaying channel
loss factors (Fcr) and cumulative delivery factors [(1.0 — Fcr1) (1.0 — Fcr2) ... (1.0 — Fern)].

Channel Losses in WRAP-SIM

Channel losses affect regulated flows, unappropriated flows, available flows, and other
variables computed within S/M. Channel losses are reflected in the simulation from two
perspectives.

1. Channel losses reduce the stream flows associated with return flows, CI and FA
record positive inflows, releases from reservoir storage for downstream diversions or
hydroelectric power generation. These losses represent decreases in stream flows to
result from incorporation of channel losses in the model.

2. Channel loss credits represent the "reduction in the reduction” in stream flows at
downstream locations associated with upstream stream flow depletions for diversion
and storage rights and CI record outflows (negative inflows). Credits represent
increases in stream flows to result from incorporation of channel losses in the model.
In the simulation computations, flows at downstream control points are reduced by
the amount of upstream stream flow depletions for diversions and filling reservoir
storage. Credits represent the amount of the stream flow depletion that would not
have reached the downstream location anyway due to channel losses.

Both channel loss credits and channel losses are computed and written to the output file
within the SIM water rights and period loops. The total of the channel loss credits for each
month at each control point are written in the control point output record. Likewise, the total
monthly channel losses are written in field 12 of the control point records in the SIM output file.
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Program TABLES reads the SIM output file and builds user-specified tables which may include
the channel losses and credits. The difference between the credits tabulated by a 2CLC record
and losses tabulated by a 2CLO record is as follows.

e The monthly flows in a table developed by a channel loss credit 2CLC record for a
specified control point represent the total channel losses in the reach below the
control point associated with stream flow depletions at upstream control points for
diversions and refilling reservoir storage. These loss credits represent channel
losses reflected in the /N record stream flows that did mot actually occur in the
simulation because the diversion or reservoir refilling reduced the downstream
flows and corresponding channel losses.

e The monthly flows in a table developed by a channel loss 2CLO record for a
specified control point represent the total channel losses in the reach below the
control point associated with diversion return flows, CI record constant inflows, and
releases from reservoir storage. These flows represent reductions in stream flow in
the model.

Computational algorithms related to channel losses are incorporated in flow adjustment,
available flow determination, flow distribution and other routines. As previously discussed, in
SIM, regulated flows and unappropriated flows are computed through a series of cumulative
adjustments starting with the naturalized flows provided as input. The stream flow volumes
change in response to the effects of each water right as it is considered in turn in the water rights
computation loop. The channel loss computations are performed in conjunction with (1)
determining the amount of water available to a right and (2) making adjustments to regulated and
unappropriated flows at each downstream control point reflecting the effects of upstream:

e stream flow depletions for diversions and/or refilling of reservoir storage
e constant inflows or outflow input on C/ or FA records
e return flows

e releases from storage in secondary reservoirs at upstream control points
for diversions downstream

e releases from reservoir storage for hydroelectric power generation
e reservoir spills associated with seasonal rule curve operations

Releases may be made from reservoirs located some distance upstream of a diversion site
as necessary to supplement the stream flow available at the diversion site. SIM considers
channel losses in determining the amount to release from the reservoir or multiple reservoirs.
The reservoir release amount is set to meet the diversion requirement after channel losses.

As discussed later in this chapter, channel losses may also be incorporated in the
computational routines for distributing naturalized flows from gaged to ungaged locations. The
flow distribution routines are the same in this respect in SIM and HYD.

The channel loss credit computations for adjustments to regulated and unappropriated

flows associated with stream flow depletions for diversion and storage rights are described
below. Similar algorithms compute channel losses associated with return flows and releases
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from reservoir storage. Channel losses are also considered in another computation. In the water
rights computational loop, as each right is considered in turn, the allocation computations begin
by calling the subroutine that determines the amount of water available to the right. The amount
of water available depends on yet unappropriated flows at the control point of the water right and
at all downstream control points. Channel loss credits for stream flow depletions associated with
the right are included in determining the amount of water available to the right.

The effects of a stream flow depletion D, for a diversion or refilling storage, are carried
downstream by reducing the amount of water available 4 at all downstream control points by the
amount of the stream flow depletion D. Without channel losses, the amount of water available
Audjustea at a control point is adjusted for a stream flow depletion D occurring upstream as
follows.

Aadjusted = A-D (34)

With channel losses, the water available 4 at downstream control points is reduced by the
upstream depletion D less the channel loss L, where L=C.D.

Aadiusted = A—(D—Fc D) = A—(1.0—Fcr) D (3.5)

The term (1.0 — Fcr) is a delivery factor defined as the fraction of the flow at the upstream
control point that reaches the next downstream control point. For control points in series, the
channel losses in each individual reach (L; = FcriD) are considered in adjusting water availability
to reflect upstream diversions and storage. The water available A at the Nth control point below
the stream flow depletion is adjusted as follows, where Fcri, Fero, Fers, ..., Fov denote the
channel loss coefficients for each of the N individual reaches between the control point at which
the stream flow depletion D occurs and the control point at which the amount of available water
A 1s being adjusted.

Aadjusted = A —[(1.0 = Fcr1) (1.0 — Fer2) (1.0 — Fers) ... (1.0 = Fen)] D (3.6)

The effects of channel losses on return flows, hydropower releases, and releases from
secondary reservoirs are handled similarly. With respect to return flows and hydropower
releases, the channel losses are reflected in the adjustments to the regulated and unappropriated
flows at all downstream control points. Releases from secondary reservoirs, with associated
channel losses, affect regulated flows at control points located below the reservoir but above the
diversion.

Channel Losses in WRAP-HYD

Channel losses are incorporated in the following routines in HYD.

1. stream flow naturalization adjustments

2. distribution of flows from gaged to ungaged locations

In developing naturalized flows, the adjusted flow Fagjustea at the control point of the
diversion, reservoir, or other adjustment is the original flow F plus an adjustment amount Ar.
Without channel losses:

Fadjusted = F+ Ar (37)
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The stream flow at the Ntk control point below the diversion, reservoir, or other adjustment is
adjusted as follows, where C1;, Cr2, Ci3, ..., Cry denote the channel loss coefficients for each of
the NV individual reaches between the control point at which the flow adjustment Ar occurs and
the control point at which the stream flow Fagjusted 1s being adjusted.

Fadjusteda = F +[(1.0 — Fcr1) (1.0 — Fer2) (1.0 — Fers) ... (1.0 — Fern)] Ar (3.8)

Methods for Establishing Stream Flow Inflows

A SIM simulation begins with river system inflows representing natural hydrology or
some other specified condition of river basin development. Since these flows typically represent
natural hydrology, they are called naturalized flows. Stream flow operations within YD involve
adjustments to convert historical gaged flows to naturalized flows or extending naturalized flow
sequences. These flows may be transferred within either HYD or SIM to ungaged control points.

The input variable INMETHOD(cp) on the SIM or HYD control point CP record controls
selection of the options listed in Table 3.1 for assigning naturalized flows to each control point.
Option 1 consists of providing flows in a SIM input file for a control point, which is called a
primary control point. Option 2 is to repeat flows at multiple control points as specified by the
CP record. Options 3 through 8 and 10 in Table 3.2 involve distributing flows from a primary
control point to a secondary control point using input data from FD, FC, and/or WP records in a
DIS file. Option 9 is applicable only to SIM. The other options are the same in HYD and SIM.
CP record fields 11 and 13 in SIM allow the flows to be replaced by a specified constant flow.

Table 3.1
Methods for Establishing Stream Flow Inflows

1 Naturalized flows at the control point are provided as input data on /N records.
Flows from another control point are repeated without change except for a multiplier.
Equation 3.10 is used to compute flows: Qungaged = @ (anged)b +c

The modified NRCS CN method (Eq. 3.16) is used. The computed flows at the ungaged
control point are limited to not exceed the flows at the gaged (known-flow) control point.

E VS N \S)

5 The modified NRCS CN method is used. The computed flows at the ungaged control
point are not constrained to not exceed the flows at the gaged (known-flow) CP.

6 Equation 3.11 incorporating a channel loss coefficient into the drainage area ratio method
is used. Drainage areas are entered on WP records. Fcr is from CP record.

7 Equation 3.9 with ratio of drainage areas from WP records. Qungaged = Rpa Qgaged
8 An iterative algorithm incorporates channel losses in the NRCS CN method.
9 Flows are not provided for this control point.

10 Flows are computed in proportion to flows at other control points with Eq. 3.23.
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The CP record field 6 default option 1 listed in Table 3.1 consists of providing flows for
the control point as input for either SIM or HYD, which may be in the form of inflow /N records
in a text file (FLO, DAT, HYD files) or as binary records in a DSS file. At least one SIM control
point must be assigned flows based on option 1. The term primary control point is applied to
control points for which flows are provided as input. Secondary control points have flows
computed within SIM based on flows at primary control points provided in a SIM input file.

Option 2 for either SIM or HYD consists of repeating the flows already input or computed
for another control point identified in CP record field 7, with the option of applying the
multiplication factor entered in the CP record field 4. The multiplication factor could be a unit
conversion factor, drainage area ratio, or other flow distribution factor. With the default
multiplication factor of 1.0, the flows at the primary control point are duplicated at the secondary
control point without modification. CP record field 7 also allows values of zero to be assigned to
the naturalized flows at a secondary control point.

Option 9 applicable only to SIM (not HYD) allows a control point to be included in the
input dataset without being assigned stream flows. In most typical applications, there is no need
for including control points in the model without assigning stream flows. Water rights and
reservoirs are assigned to appropriate control point locations that define the stream flow
available to them. However, option 9 is available for unusual situations in which control points
are included in a model without stream flows being assigned. Option 9 is very different than
assigning zero values for stream flows.

Option 9 affects the basic SIM simulation computations as follows. As each water right
is considered in priority sequence in the simulation, the amount of stream flow available to the
water right is computed considering flows at the control point of the right and all downstream
control points with the exception of option 9 control points. Any control point assigned option 9
in CP record field 6 is skipped (not considered) in determining stream flow availability for water
rights. The naturalized, regulated, and unappropriated flows are zero at an option 9 control
point, but this does not constrain flow availability for water rights. Flows available to water
rights located at an option 9 control point are controlled only by flows at downstream control
points. Likewise, an option 9 control point does not affect flow availability for upstream rights.

Distribution of Naturalized Flows from Gaged to Ungaged Control Points

The term flow distribution refers to the computation within SIM or HYD of naturalized
stream flows at a control point based upon known naturalized flows at one or more other control
points. As discussed in the preceding section, SIM and HYD control point CP record field 6
controls the specification of method for assigning flows. The alternative methods for distributing
naturalized flows from gaged (known-flow) to ungaged (unknown-flow) control points are listed
as options 3 through 8 and 10 in Table 3.1. Input parameters are provided on flow distribution
FD, flow distribution coefficients FC, and watershed parameter WP records stored in a DIS file.

Stream flows may be distributed from gaged (primary, source, known-flow) to ungaged
(secondary, unknown-flow) control points within either programs HYD or SIM using the same
methodologies. The flow distribution computations are the same in HYD and SIM, but the
computed flows are output in a different format. HYD provides capabilities for developing SIM
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hydrology datasets (IN and EV records in text files or binary records in a DSS file) for specified
control points from given inflow /N and evaporation rate £V records at other control points. The
synthesized flows are output along with the known flows. Conversely, if naturalized flows are
synthesized within SIM, the inputted and computed naturalized flows are output to the SIM
output file and read by TABLES just like all the other simulation output.

With INMETHOD(cp) options 3 through 8, sequences of monthly flow volumes for a
specified secondary (unknown flow) control point are computed from either incremental sub-
watershed or total watershed flows at another specified single control point called the source
control point. Sub-watersheds for a single source control point are defined in basically the same
manner for either of the options 3-8. Option 10 synthesizes flows at a secondary control point as
a function of flows at any number of source control points without explicitly delineating local
incremental sub-watersheds.

Incremental Watersheds

The alternative flow distribution methods may be applied to either local incremental
stream flows or the total flows at the pertinent control points. The local incremental
subwatersheds above the gaged and ungaged control points are delineated by specifying
upstream control points. If local incremental subwatersheds are adopted, the unknown flow at an
ungaged control point is determined from the known flow at a gaged control point in three steps.

1. The incremental flow at the gage is computed by subtracting the total flow at the gage
from the sum of flows at appropriate upstream gages, adjusted for channel losses if
channel loss factors are non-zero.

2. The incremental flow at the gage, computed in step (1), is distributed to the ungaged
site using one of the alternative INMETHOD (cp) options 3-8 listed in Table 3.1.

3. The incremental flow at the ungaged site, computed in step (2), is added to the flows
at appropriate upstream control points, adjusted for channel losses, to obtain the total
flows at the ungaged site.

Watershed parameters for distributing flows are provided on flow distribution coefficient
FC and watershed parameter WP records. The inputted watershed parameters may correspond to
either the entire watershed above a control point or to the incremental local watershed between
control points. The flag INWS(cp) on the CP record for the ungaged control point indicates
whether the parameters on the FC or WP record are for the total watershed or incremental
watershed. If the inputted watershed parameters are for total watersheds, parameter values for
incremental watersheds are computed by the model as required. If the watershed parameters
provided as input are for incremental watersheds, the user must specify the corresponding control
points for computing incremental stream flows.

Example 4 in Appendix C and the schematic and equations shown in Figure 3.1 illustrate
the scheme by which HYD and SIM allow the user to define incremental watersheds on FD
records for use in distributing flows. Figure 3.1 also serves as the schematic for Example 4 in
Appendix C designed to demonstrate flow distribution features. In Figure 3.1, flows are known
at gaged control points (CPs) J, K, L, M, and N and must be computed at ungaged control points
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I, II, III, and IV. The WRAP methodology allows the user to select the gaged control points
from which to distribute flows. Flows at either of the four ungaged sites (control points I, II, III,
IV) may be computed by transferring total flows from either of the five gaged control points or
alternatively from the incremental local watershed above control point (CP) N. For example,
flow and drainage area equations are shown in the figure for computing flows at CP I using the
incremental watersheds above CP I and CP N.

I ungaged (unknown flow) control point for which flows are to be computed
N gaged (known flow) control point from which flows are to be computed
DA(cp) total drainage area on WP records above control point cp

DAGAGE(N) incremental drainage area above the downstream gage and
below the upstream gages

DAUG(I) incremental drainage area between the ungaged site and upstream gages
Q(cp) total flows on IN records at control point cp
QGAGE(N) incremental local flows at the downstream gage from which QUG(]) are
computed
QUG(D) incremental local flows at the ungaged site computed as a function
of QGAGE(N)

DAUG(I) = DA(I) - DA(J) - DA(K)
DAGAGE(N) = DA(N) — DA(J) - DA(K) — DA(L) — DA(M)

QGAGE(N) = Q(N) —Q(J) — Q(K) — Q(L) — Q(M)
Q) = QUG + Q) + Q(K)

J

Legend

O Unknown-flow CP
@ Known-flow CP

Figure 3.1 Gaged (Known-Flow) and Ungaged (Unknown-Flow) Control Points
in Example 4 of Appendix C

For each ungaged control point, there is one gaged (known-flow) control point from
which flows are transferred. Other gaged control points located upstream may be used to define
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the local incremental watersheds for both the gaged source CP and the ungaged CP. The
following information is provided on the flow distribution FD record of the control point for
which flows are being generated.

e control point identifier of ungaged (unknown-flow) control point to which flows are
being distributed (/D in FD record field 2)

e control point identifier of gaged (known-flow) control point from which flows are
being distributed (DSG in FD record field 3)

e control point identifiers of the upstream control points used to compute incremental
flows for the source control point (UGID(1),I=1,MAXGAG on FD record)

e the number of upstream control points used to compute the incremental flows at the
ungaged (unknown-flow) control point (NG in FD record field 4)

The gaged control point from which flows are computed is called the source CP. As
illustrated by Fig. 3.1, the ungaged site may be either upstream of the source CP, downstream of
the source CP, or on a different tributary. Any of the upstream control points may also be used
to define the incremental watershed above the ungaged CP. The variable NG on the FD record
indicates how many of the gaged CPs above the source CP are also located above the ungaged
site. For example, the flows at CP I in Fig. 3.1 may be determined from the flows at source CP
N. Upstream CPs K, J, M, and L are listed on the FD record to define an incremental watershed
for source CP N. NG is 2, indicating that the first two upstream CPs listed (CPs K and J) define
the incremental watershed above ungaged CP I. NG is 4 for transferring incremental flows
below J-K-L-M from N to II. NG is zero for computing flows at control point III from either
total or incremental flows at control point N. For simplicity, the flow equations are shown in
Fig. 3.1 without channel loss adjustments.

A NG of —1 on a FD record indicates that flows at an ungaged site are computed from
flows at a source control point located upstream. For example, referring to Fig. 3.1, for
NGAGE(V) = —1, the incremental flow at IV [QUG(IV)] is computed as a function of
incremental or total flow at N [QGAGE(N)] and added to the total flow at N [Q(N)] to obtain the
total flow at IV [Q(IV)], where:

DAUG(IV) = DA(IV) — DA(N)
Q(IV) = QUG(V) + Q(N)

As noted previously, if INWS(cp) on the CP record is blank or zero, the parameters on the
WP record are for the total watershed above the gaged CP, and the parameters for the
incremental watershed are computed using the other control points. A positive integer for
INWS(cp) indicates that the watershed parameters on the WP record correspond to the
incremental watersheds. In this case [INWS(cp)>0], caution must be exercised to assure that
incremental flows correspond to precisely the same control points as the incremental watersheds.

Flow Distribution Methods

Methods for distributing naturalized stream flows from gaged or known-flow locations to
ungaged sites were explored early in the development of WRAP [29]. The same flow synthesis
methods in both HYD and SIM are activated by option selection parameter INMETHOD(cp) in
CP record field 6 and are based on parameters provided on FD, FC, and WP records in a DIS
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file. Option 10 is based on Equation 3.23 and is applied only to total flows. The flow
distribution methods listed as options 3 through 8 in Table 3.1 may be applied to either total or
incremental flows as defined by D records and are based on either:

e the drainage area ratio Rpa Qungaged = Rpa Qgaged 3.9

e the regression equation Qungaged = @ Qgaged ” + € (3.10)

with the coefficients a, b, and ¢ input on a F'C record. With default values of 1.0 and 0.0 for
b and ¢ and a=Rpa, this equation reduces to the drainage area ratio (Rpa) method.

e adaptation of the NRCS curve number method (Egs. 3.16 & 3.17) with values for watershed
parameters provided on WP records. If the watershed parameters (curve number and mean
precipitation) are the same for both the gaged and ungaged watershed (or left blank on WP
record), the modified NRCS CN method also reduces to the drainage area ratio method.

e the following equation which incorporates a channel loss coefficient Fcr into the drainage
area ratio (Rpa) method.

— RDA
Qungaged anged { 1 _ RDA FCL ) (3 . 1 1)

Multipliers and Control Point Identifiers on CP Records (Option 2)

HYD and SIM control point CP records include the variables CPIN(cp) and CPEV(cp)
which specify other control points with flows or net evaporation-precipitation rates, respectively,
which are to be used for control point cp. Thus, the flow at another control point can be used
without change or multiplied by CPDT(cp,1). The approach is referred to as option 2 in Table
3.1. Also, zero flows can be specified on the CP record.

Multipliers CPDT(cp,1) and CPDT(cp,2) are also input on the CP record. The
naturalized flows and net precipitation-evaporation rates are multiplied by these factors.
CPDT(cp,1) and CPDT(cp,2) are typically used for unit conversion factors. The flow multiplier
CPDT(cp,1) can also include a drainage area ratio or other flow distribution parameter. This
provides another convenient alternative means for applying the drainage area ratio method for
distributing flow. The approach is applicable only for total flows, not for incremental flows.

Generalized Regression Equation (Option 3)

Option 3 listed in Table 3.1 consists of distributing flows using Equation 3.10 with the
coefficients a, b, and ¢ input on a F'C record.

Qungaged = @ (Qgaged)” + ¢

Various methodologies may be devised for developing the input parameters a, b, and c. For
example, the coefficients could be developed from a regression analysis of the results of a
watershed precipitation-runoff model [29].
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With default values of 1.0 and 0.0 for b and c, the parameter a may be treated as a ratio of
watershed parameters.

Qungaged = da ange (312)

where a is estimated from characteristics of the gaged and ungaged watersheds. The most
common approach is to simply use the drainage area ratio:

ungaged

A

gage

a=Rp, = (3.13)

Alternatively, ratios for other watershed parameters could also be used. For example, the
factor a in Equation 3.12 may be expressed as a function of mean precipitation M, curve number
CN, and other parameters, as well as drainage area 4.

N1 N2 N3 N4
a= [ Aungaged] [Mungaged] [ CNungagedJ (Otherungaged] (3 . 14)
A age M gage CN gage Otherga ”
If all the exponents N; are assumed to be unity, the constant C would be related to the watershed
characteristics as
a= (AungagedJ[Mungaged]L CNungagedJ[ Otherungaged} (3 15)
Ayige M,,.. CN g Other,,,,

Modified Curve Number Method (Options 4, 5, and 8)

Options 4 and 5 consist of applying an adaptation of the Natural Resource Conservation
Service (NRCS) curve number (CN) method. It is possible, though not usual, for the modified
NRCS CN method to result in higher flows at an ungaged upstream control point than at the
downstream gaged control point from which flows are distributed. The only difference between
options 4 and 5 is whether or not a constraint is added to prevent this from ever happening. With
option 4, if the flow at the ungaged site computed with the CN method is greater than the flow at
the gaged control point, the flow at the ungaged (unknown-flow) control point is set equal to the
flow at the gaged (known-flow) control point. Option 5 does not impose this constraint.

As discussed later, inclusion of channel losses complicates the distribution of flows from
a gage located downstream of the ungaged site. Option 8 was developed specifically for this
situation. Option 8 is similar to option 5 except an iterative algorithm is adopted that allows
incorporation of channel losses between an upstream ungaged control point and the gaged site
located downstream from which flows are being distributed.

If the curve number and mean precipitation are the same for both the gaged and ungaged
watersheds, the modified NRCS CN method reduces to the drainage area ratio method. The
drainage area ratio method also becomes the default if both fields 4 and 5 of the WP record
(curve number and mean precipitation fields) are blank or zero for one or both of the watersheds.

The Natural Resource Conservation Service (NRCS) relationship is as follows.
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(P-0.2S)

if P> 0.2S (3.16)
P+0.8S

Q

Q=0 ifP<02S

~ 1,000
~ CN

10

where Q denotes runoff volume-equivalent in inches, P is precipitation depth in inches, S is the
maximum potential retention, and CN is the curve number [29]. S represents the losses that
would occur after initial abstractions are satisfied given unlimited rainfall. S is related to the
watershed parameter CN which varies with soil type, land use, and antecedent precipitation.

The modified version of the NRCS CN method adapted to distributing monthly flows is
described as follows. P is computed for the gaged watershed using Equation 3.16, given the
naturalized flow Q and the CN for the gaged watershed. This P is multiplied by the ratio of
mean precipitation (Mungaged/Mgage) and substituted back into Equation 3.16 with the appropriate
CN to determine Q for the ungaged site. Thus, the algorithm consists of the following
computational steps performed for each month.

Step 1. The flow at the gage is divided by the drainage area Agage and multiplied by a unit
conversion factor to convert to an equivalent depth Qgage in inches.

Step 2: Qgage 1s Input to the curve number equation (Equation 3.16) to obtain Pgyge in
inches. An iterative method is required to solve Equation 3.16 for P. This
approximation for precipitation depth is assumed to be applicable to the ungaged
subwatershed as well as the gaged watershed. Base flow is being distributed
along with storm runoff, all in the same proportion.

Step 3: If the long-term mean precipitation varies between the watershed and
subwatershed, the precipitation depth may be adjusted by multiplying Pgage by the
ratio of the long-term mean precipitation depth of the subwatershed to that of the
watershed to obtain a Pungaged adjusted in proportion to mean precipitation.

: M d
adjusted Pingaged = Page L%J (3.17)

gage

where Mungaged and Mgaged are the mean precipitation for the ungaged sub-
watershed and gaged watershed. Otherwise, Pungaged 18 assumed equal to Pgage.

Step 4: Pungaged 1s input into Equation 3.16 to obtain Qungaged in inches.  Qungaged in inches
is multiplied by Aungaged and a unit conversion factor to convert to flow.

Unit Conversion for NRCS CN Equation

The multiplier DEPTHX entered in XL record field 8 is used as a conversion factor if the
default factor of 0.01875 is not adopted. The CN method uses runoff depth (stream flow
volume) in inches computed as follows.
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streamflow

Runoff depthin inches = ( -
drainage area

J DEPTHX

The default of DEPTHX = 0.01875 is defined as follows based on stream flow units of acre-
feet/month and watershed drainage area units of square miles.

3 . 2 .
Runoff depth in inches = ( acre x feet j (43,560 ft ] ( mile j (12 1nches)

square mile acre x foot 5,280 ft foot

streamflow in acre x feet

Runoff depth in inches = ( J 0.01875

drainage area in square miles

If units for stream flow other than acre-feet/month and/or drainage area units other than
square miles are used, an appropriate DEPTHX is entered on the XL record to convert the
monthly runoff depth to inches. A conversion factor on the watershed parameter WP record
allows converting units for watershed area. For example, for stream flow in thousand cubic
meters (1,000 m*) and watershed area in square kilometers, DEPTHX is 0.03937 determined as

follows:
3 2 .
Runoff depth in inches = 1,000 m km 39.37 mCheSj
km? 1,000m meter

streamflow in 1, 000m>

Runoff depth in inches = [ J 0.03937

drainage area in km

The mean precipitation depth MP is used only to obtain ratios of MPungaged t0 MPgaged.
Thus, any depth unit may be used as long as the same unit is used for all watersheds.

Bounds on Curve Number (CN), Mean Precipitation (MP), and Flow

The SIM and HYD subroutine FLDIST distributes flows from gaged to ungaged locations
for options 3 through 8 listed in Table 3.1. Subroutine /ACNP reads the FFD and WP records
from the DIS file and computes incremental drainage areas (A), curve numbers (CN), and mean
precipitation (MP) for use in subroutine FLDIST. The CN and MP for a incremental watershed
are computed from the CN's and MP's read from the WP records for total watersheds. The basic
premise in computing the CN and MP for an incremental watershed is that the CN or MP for a
total watershed equals the area-weighted average of the values for all its subwatersheds.

Situations may occur in which the CN or MP input for total watersheds are unrealistically
low or high. Unrealistic values may also result for the computed CN's or MP's for small
incremental subwatersheds. Problems may be related to preciseness of the CN's and MP's
relative to the size of incremental subwatersheds that are a very small portion of the total
watershed. The CN may be negative or exceed 100, violating the definition of CN and resulting
in negative flows from the CN method algorithm.
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WRAP-SIM has an option for placing bounds on the curve numbers CN and mean
precipitation MP used in synthesizing flows. If in determining flows for any particular ungaged
control point, the CN or MP for either the gaged or ungaged incremental or total watershed falls
outside the specified lower and upper bounds, the drainage area ratio method is used instead of
the NRCS CN method. Under these conditions, INMETHOD options 4 and 5 revert to option 7
(drainage area ratio method without channel losses), and option 8 reverts to option 6 (with
channel losses). Only flows at ungaged control points with watershed parameters violating the
bounds are affected by this feature. This will likely affect only a very small portion, if any, of
the control points in any particular river basin.

Warning messages are written to the message file for each control point total or
incremental watershed for which either the CN or MP violates either the lower or upper bounds.
Negative watershed areas are treated as errors that result in an error message and termination of
program execution.

The default lower and upper bounds are zero and 100 for CN's. The default bounds are
zero and 100 units (inches or other units) for MP's. Optionally, the bounds may be specified in
the XL record.

Incremental flows at a gaged control point are computed in subroutine FLDIST by
subtracting flows at upstream control points specified on a FD record. Incremental flows are
used in distributing flows from gaged to ungaged control points. The incremental flows may be
computed as negative numbers. Negative incremental flows are converted to zeros for all flow
distribution options except option 8. Also, after the flow distribution computations, any negative
total flows computed for ungaged control points are converted to zero, except for option 8. With
option 8, negative incremental flows trigger reverting to option 6. Thus, for option 8, a negative
incremental flow has the same effect as a CN or MP violating lower or upper bounds.

Incorporation of Channel Losses in Flow Distribution Options 3, 4, 5, 6, 7 and 8

Flow distribution is one of several aspects of a WRAP simulation for which channel
losses may be pertinent. Channel losses are relevant for all of options 3-8, though handled
differently by options 6 and 8. Channel losses are discussed earlier in this chapter. All of the
channel loss routines in the model use a channel loss coefficient Fcr for the river reach below a
control point, that is entered as variable CL(cp) in the CP record. Fcr is defined by Equation 3.3.

The alternative flow distribution methods 3 through 8 listed in Table 3.1 may be applied
to either local incremental subwatersheds or the total watersheds above the gaged and ungaged
control points. If incremental stream flow is used, the unknown total flow at an ungaged control
point is determined from the known flow at a gaged control point in three steps.

1. The incremental flow at the gage is computed by subtracting the total flow at the
gage from the sum of flows at appropriate upstream gages adjusted to remove the
effects of channel losses.

2. The incremental flows at the gage, computed in step (1), are distributed to the
ungaged site using one of the optional methods described here.
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3. The incremental flows at the ungaged site, computed in step (2), are added to the
flows at appropriate upstream control points, adjusted for channel losses, to obtain
the total flows at the ungaged site.

Channel losses are included in steps 1 and 3 for all of the flow distribution options as long as the
Fcr for the pertinent reaches are non-zero. All of the flow distribution options may be applied
concurrently with channel loss factors Fcr under appropriate circumstances in cases where the
ungaged site is located downstream of the source control point or on a different tributary.
However, options 6 and 8 are designed specifically to address the situation described below.

Ungaged Control Point Located Upstream of Source Gaged Control Point

Options 6 and 8 in Table 3.1 are designed to be applied specifically and only for the
situation in which the ungaged control point is located upstream of the source gaged site with
channel losses occurring in between. This situated is complicated by the fact that the flow at the
ungaged site is a function of the flow at the gaged site Qgaged plus channel losses FcrQungaged

Qungaged = f(anged+FCLQungaged) (318)

and channel losses are a function of Qungaged (1088 = FcrQungaged). Thus, Qungaged 18 on both sides
of Equation 3.18.

This complexity in incorporating channel losses in the flow distribution algorithms is
illustrated by referring to Figure 3.1 and assuming that flows at CP I and CP II are computed
from either the total or incremental flow at CP N. If incremental flows at N are used, the channel
losses in the reaches below M, L, K, J, I, and II are considered in computing the incremental
flow at N. The complexity is that the channel loss in the reach below CP II depends upon the
unknown flow at CP II. The flow at control point II is a function of flow at N plus channel
losses.

Qu = f(Qn+FcrQn)

This function is expressed as follows for the drainage area ratio method.
Qu = Rpa (Qx + FerQn)

Likewise, with flows being distributed from CP N to CP I, the channel losses in the
reaches between I and II and between II and N depend upon the unknown flows at control points
I and II. Thus, channel losses may occur in multiple reaches between the gaged and upstream
ungaged sites. For multiple reaches in series, the total channel loss is determined by multiplying
the flow at the most upstream control point by an equivalent N-reach Fcr determined by
combining the channel losses Fcvi for each reach as follows:

Equivalent (1.0 — Fcr) = (1.0 — Fcr1) (1.0 — Fero) (1.0 — Ferz) ... (1.0 = Fern) - (3.19)

Options 6 and 8 are modifications of the drainage area ratio and NRCS CN methods to
incorporate channel losses between an upstream ungaged (unknown flow) control point and a
gaged (known flow) site located downstream from which flows are being distributed. Options 6
and 8 are applicable only in cases where:
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e The ungaged site is located upstream of the source gaged control point.

e Channel losses occurring between the ungaged and gaged control points are
significantly greater than otherwise captured by the CN or DA methods.

Options 6 and 8 incorporating the channel loss factor (Fcr) are applicable if the channel losses in
the reach between the ungaged and gaged control point are significantly greater than in the other
streams in the watershed and thus not adequately reflected in the flow proportioning of the CN
and drainage area ratio methods without the Fcr. Incorporating a Fcr results in higher estimates
of the flow amounts at the ungaged control point.

Drainage Area Ratio with Channel Losses (Option 6)

As noted above, the drainage ratio method may be expressed as
Qungaged = RDA (anged + FCLQungaged) (320)

for a situation with a ungaged control point located upstream of a gaged control point, with the
channel losses occurring between the ungaged and gaged control point being significantly greater
than reflected in proportioning flows based on the Rpa alone. Rpa is the drainage area ratio
(Aungaged/Agage), and Fcr is the channel loss coefficient. Qungaged and Qgaged denote the naturalized
flow (either total or incremental) at the two control points. (Qgagedt FcrQungaged) denotes the flow
at the gage adjusted to remove the effect of channel losses in the reach between the ungaged and
gaged sites. If intermediate control points are located between these locations, the Fcr is an
equivalent multiple-reach channel loss factor determined as noted earlier. This equation is
algebraically rearranged to obtain the previously noted Equation 3.11.

RDA
ungage = agel 3.11
Q gaged Qggd(l_RDAFCLj ( )

INMETHOD(cp) option 6 in Table 3.1 consists of applying Equation 3.11. The model
obtains Fcr from the CP record for the ungaged control point and the watershed areas from the
appropriate WP records. For multiple intermediate control points between the gaged and
ungaged sites, an equivalent Fcr is determined as previously noted. Option 6 is applicable only
in situations where the ungaged control point is located upstream of the gaged control point and
the channel losses between the control points are greater than otherwise reflected in the simple
drainage area ratio method of Equation 3.9.

NRCS CN Method with Channel Losses (Option 8)

Referring to Figure 3.1, options 4 and 5 applying the NRCS CN method is applicable for
transferring flow from source control point N to either control points III or IV. Options 4 and 5
are applicable in the situation of the ungaged CP being located above the gaged control point,
such as in transferring flows from control point N to control points I and II, if channel loss
factors for control point I and control point II are zero. Option § is pertinent in situations in
which the ungaged site is located upstream of the gaged site with channel losses occurring in
between that are greater than otherwise reflected in options 4 and 5.
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Option 8 is pertinent only in situations in which the ungaged site is located upstream of
the gaged site with channel losses occurring in between. Option 8 consists of combining
Equations 3.21 and 3.22

Qungaged = f((2gaged"‘FCL(Qungaged) (321)

Equivalent (1.0 — Fcr) = (1.0 — Fcr1) (1.0 — Fero) (1.0 — Ferz) ... (1.0 = Fern) - (3.22)

with the NRCS CN method. If the known flow Qgaged 1S zero, then the unknown flow Qungaged 1S
set equal to zero. Otherwise, the following iterative algorithm is employed.

1. For the initial iteration, the channel loss FcrQungaged 1S set equal to zero, and thus
(anged+FCLQungaged) IS set equal to anged.

2. The CN method based on Equations 3.16 and 3.17 is applied following the steps
previously outlined identically as with option 5 to compute an intermediate value
for Qungaged for the given (anged+FCLQungaged) from steps 1 and 3.

3. Given the Qungaged computed in step 2 above, FcLQungaged and thus
(anged+F CLQungaged) are determined.

Steps 2 and 3 are repeated iteratively until a stop criterion is met. The stop criterion is
that the change in successive values of Qungaged 18 less than 0.5 percent. The algorithm is

terminated after 100 iterations and a warning message is recorded in the message file.

Secondary CP Flows Computed from Flows at Multiple Source Control Points (Option 10)

INMETHOD(cp) option 10 determines flows at an ungaged site based on weighting flows
at any number NG of primary control points (gages) using the following equation.

Qungaged = C1 [ C4Q; + CsQa + C6Q3 + ... Cng+3Qng |2+ C3 (3.23)
Q1, Q2, Qs, ..., Ong are the total (not incremental subwatershed) naturalized flows at the gaged
primary control points specified on the FD record. Ci, Cz, and Cs, ... , Cnc+3 are coefficients

entered on a F'C record. The multiplier factor Ci, exponent Cz, and addition factor Cs in Eq. 3.23
have FC record defaults of 1.0, 1.0, and 0.0.

With option 10, the flows Qi, Q2, Qs, ... , Qnc at NG source (gaged or known-flow)
control points are combined to compute the flow at the secondary (ungaged or unknown-flow)
control point. Multiple upstream control points may be listed on the FD record for CP record
INMETHOD(cp) options 3 through 8 to define incremental subwatersheds and incremental
flows, but only one source control point can be specified. However, the flows Qcp in Equation
3.23 are total, not incremental, flows. Any number NG of source control points may be used.
The alternative flow distribution methods are compared in Example 4 of Appendix C.

The flow coefficient FIC record is used alternatively to enter the coefficients a, b, and ¢
for Equation 3.10 or the coefficients Ci, Ca, ... , Cng+3 for Equation 3.23. Thus, the definition of
the coefficients provided on FC records varies depending on whether INMETHOD (cp) option 3
or option 10 is specified on the CP record for a particular control point.
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The Equation 3.23 coefficients Ci, Ca, Cs, ... , Cng+3 may be either positive or negative
numbers. The coefficients may represent drainage area ratios or other parameters. If naturalized
flows are known at all pertinent control points for a portion of the period-of-analysis or some
period of time, the coefficients may be determined as ratios of mean flows. Choices of control
points and positive and negative coefficients are based upon the ingenuity and judgment of the
model-user and will vary with different river system control point configurations.

Control Point Ordering and Allowable Source Control Points

Primary control points are defined as locations at which flows are entered in a SIM input
dataset as IN records in a FLO file or DSS records in a DSS file. Secondary control points are
sites for which flows are computed within the SIM or HYD programs based upon flows entered
for one or more other control points, called source control points, using the methods listed in
Table 3.1. The flows read from an input file for all primary control points as step 1 listed below
may be used in computing flows at any of the secondary control points. Source control points
are typically primary control points but can also be secondary control points under certain
conditions outlined as follows.

Naturalized flows are established for each individual control point based on the
INMETHOD(cp) option selected on its CP record. The options are listed in Table 3.1. For a
particular year and month of the SIM simulation or HYD application, naturalized flows are
assigned to control points in the following sequential order.

Step 1.- Flows are read from /N or DSS records for all primary control points in the sequential
order in which the CP records are entered in the DAT file /INMETHOD(cp) option 1).

Step 2.- Flows may be transferred from primary control points to secondary control points based
on the parameters CPIN(cp) and CPDT(cp,1) from the CP record (option 2). All
secondary control points are considered in the sequential order of the CP records.

Step 3.- INMETHOD(cp) option 10 is activated as secondary control points are again considered
in the sequential order in which the CP records are entered in the DAT file. Option 10
deals only with total flows, not incremental flows.

Step 4.- INMETHOD(cp) options 3 through 8 are activated as secondary control points are once
again processed through a control point loop in the sequential order of the CP records.
An incremental flow computational loop for all control points is followed by another
loop that computes total flows. Source control points must have been assigned flows in
the preceding Steps 1, 2, or 3.

Step 5 - The INMETHOD(cp) option 2 routine applied in Step 2 is repeated to allow secondary
control points to also serve as source control points for option 2. Step 5 allows
secondary control points with flows computed in steps 2, 3, or 4 to serve as source
control points for option 2.

Option 2 secondary control points with flows assigned in step 2 can serve as source
control points for any of the other options 3, 4, 5, 6, 7, 8, and 10 secondary control points with
flows assigned in the subsequent steps 3 and 4. Due to step 5, secondary control points deriving
flows from any option can also serve as sources for option 2 control points.
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The INMETHOD(cp) option 10 control points with flows assigned in step 3 can also
serve as source control points for any of the options 3 through 8 control points with flows
assigned in step 4. Option 10 control points can serve as flow transfer sources for other option
10 control points as long as the CP record of the source control point is entered in the DAT file
ahead of the CP record of the control point for which flows are computed.

Control points with flows assigned in step 4 with INMETHOD(cp) options 3 through 8
should not be specified on FD records as serving as any type of source control points. Warning
messages are written to the message file in most cases when source control points specified on a
FD record are not valid based on the rules outlined above. However, these are warning messages
rather than an error message, meaning that program execution is not terminated.

Watershed Flow Option

WRAP-SIM includes an alternative simplified option for dealing with water right diversions
and storage at many remote ungaged locations throughout the watersheds above the control points.
The watershed flow option supplements the control point network in delineating the location of
water rights. All rights are assigned a control point and, in the model computations, affect
unappropriated flows and water availability at that control point and downstream control points.
Multiple rights may be assigned to the same control point. The watershed flow option is used for
rights at locations in the watersheds above their assigned control points. The site in the watershed at
which the right is actually located has no CP record and is not treated as a control point. SIM limits
water available to each of these rights to the lesser of:

e naturalized stream flows at the site

e yet unappropriated flows at the control point assigned to the right
and downstream control points.

The naturalized stream flows at the watershed sites are determined by multiplying the
naturalized stream flows at the control point by a user-specified factor. The drainage area ratio or

other flow multiplier for a water right is provided as variable WSHED(wr) on the SO record.

Use of GIS to Determine Spatial Connectivity and Watershed Parameters

The usefulness of a geographic information system (GIS) in developing input data for
WRAP depends largely on the number of control points incorporated in the model and the
methodology adopted for transferring naturalized stream flows from gaged to ungaged locations.
Development of the Texas WAM System involved thousands of control points and parameters for
thousands of subwatersheds for distributing naturalized flows. Thus, a GIS was essential.

Locations are defined based on control points. The CP record for each control point
includes the identifier of the next downstream control point. The computational routines within
WRAP use the designated next downstream control points to define spatial connectivity.
Watershed drainage areas are required for all of the methods for distributing naturalized flows from
gaged to ungaged sites. The curve number and mean precipitation are also required if the NRCS
CN method adaptation is used for distributing flows. For river basins with numerous control points,
GIS is very useful for developing these spatially oriented components of the input datasets.
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Negative Incremental Naturalized Stream Flows

SIM naturalized stream flow input, computational algorithms, computed regulated and
unappropriated flows, and associated variables are all based on total flows, rather than incremental
flows. Although incremental watersheds and incremental flows may be used in distributing flows
from gaged to ungaged locations, the final synthesized flows used in the simulation are total flows.
Thus, a simulation is based on cumulative total stream flows, not incremental inflows. However,
situations in which naturalized flows at a particular control point are less than concurrent flows at
upstream locations are described in terms of negative incremental inflows. The relevance of
negative incremental flows and options for dealing with them are addressed in this section.

The incremental inflow between a control point and other control point(s) located upstream
is the naturalized flow at the downstream location minus the concurrent flow at the upstream
location(s). Since stream flow usually increases going downstream, incremental inflows are
typically positive. However, situations with flows at upstream locations exceeding concurrent flows
at a downstream location are not unusual. Negative incrementals for actual observed stream flows
at gaging stations may result from: channel seepage and evapotranspiration losses; recorded or
unrecorded diversions; large travel times causing the effects of precipitation events to reach adjacent
control points in different time periods; and/or measuring inaccuracies or data recording errors.
Computational adjustments to convert gaged flows to naturalized flows introduce other inaccuracies
that may contribute to incremental naturalized stream inflows being negative.

ADJINC Options for Dealing with Negative Incremental Naturalized Stream Flows

Programs HYD and SIM include options, specified by variable ADJINC on the JC or JD
record, to deal with negative incremental inflows. Options 1, 2, and 3 are incorporated in both HYD
and SIM. The other ADJINC options listed below are relevant only to SIM.

Option 1: All downstream control points are considered in determining flow availability for
each water right, and there are no negative incremental flow adjustments.

Option 2: Downstream negative incremental flow adjustments are applied at all control points
at the beginning of the simulation.

Option 3: Upstream negative incremental flow adjustments are applied at all control points at
the beginning of the simulation.

Option —3: Variation of option 3 in which incremental flow adjustments are applied only at
primary control points, not control points with synthesized flows.

Option 4: As flow availability is determined for each water right at each time step during the
simulation, upstream negative incremental flow adjustments are applied at the
downstream control points but not at the control point of the right.

Option —4: Variation of option 4 in which incremental flow adjustments are applied only at
primary control points, not control points with synthesized flows.

Option 5: The simulation algorithms are modified as discussed later for option 5. Whereas
options 2, 3, and 4 involve computation of an array of flow adjustments, there are no
negative incremental flow adjustments with option 5.
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Option 6: Option 6 is same as option 4 except the downstream control points used in
determining flow availability are limited to sites of senior rights. Simulation results
are identical with either option 4 or 6 but execution time is reduced with option 6.

Option 7:  Option 7 is the same as option 1 except the downstream control points used in
selecting the minimum flow are limited to sites of relevant senior rights.

Option 8:  Option 8 ignores all downstream control points. The flow at the control point of the
water right is assumed to be the flow available to the water right.

Negative incremental flow ADJINC options 1, 2, 3, =3, 4, —4, and 5 date back to early
versions of WRAP. ADJINC options 6, 7, and 8 were added in early 2011. Option 4 has been
the recommended standard. The new option 6 yields identically the same simulation results as
option 4, but the computer runtime is reduced. Thus, option 6 replaces option 4 as the standard
though reducing SIM execution time is not a major concern in most monthly simulation
applications. Option 5 has also been applied extensively with the TCEQ WAM System. Option
7 is recommended whenever routing is adopted in SIMD daily simulations. Option 7 was created
for SIMD daily simulations but can also be applied in SIM monthly simulations.

Options 1, 2, =3, 3, —4, and 8 are generally not good options for use in actual assessments
of water availability. However, these ADJINC options provide opportunities for experimentation
in simulation studies. Alternative simulations with these options provide insight on the effects of
various premises on simulation results.

The remainder of this chapter is a discussion of the negative incremental flow options.
Chapter 7 of TWRI TR-389 (Wurbs ef al. 2011) is a case study comparative evaluation of the
alternative ADJINC options.

NEGINC Options for Recording Information in the Message File

NEGINC options do not affect simulation results but rather print selected information in
the message file which the user can examine to determine the extent of the negative
incrementals. NEGINC options 1, 2, and 3 activated on the SIM JD record and HYD JC record
date back to early versions of WRAP. Options 4 and 5 were added to SIM in early 2011.

Option 1 is the default of recording no negative incremental information in the message file.

Option 2 writes all negative incremental flows defined looking downstream for all months at all
control points. The downstream negative incremental flow for a control point is the
greatest negative difference between the naturalized flow at the control point and any
other control point located downstream.

Option 3 writes all negative incremental flows defined looking upstream for all months at all
control points. The upstream flow adjustments are defined as the minimum additional
monthly volume that must be added at each control point to remove all negative
incrementals in the set of all naturalized flows at all control points.

Option 4 provides just a summary table.

Option 5 lists all control points that have one or more negative incremental flows along with the
number of negative incremental flows as well as the option 4 summary table.
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Example 3 - Negative Incremental Stream flows

An example is provided in Figure 3.2 and Tables 3.2 and 3.3. Naturalized flows at each
control point for a particular month are tabulated in column 2 of Table 3.2 and also shown in the
figure. The incremental inflows between each control point and its adjacent upstream control points
are shown in column 3. Incremental flows are negative at control point CP-2 (incremental flow =
81-90 = —9) and control point 6 (incremental flow = 80—100—8 = —28). As illustrated by columns 4
and 6 of Table 3.2 and discussed later, negative incremental flows alternatively may be defined
considering all control points located either upstream or downstream of a particular control point.
As illustrated by columns 5 and 7 of Table 3.3 and also discussed later, negative incremental flows
may be eliminated by adjusting the flows at pertinent control points. Table 3.3 shows the amount of
naturalized stream flow available for the most senior right for each of the ADJINC options.

CP-1 (?90 ac-ft/month

cp-2 O 81 ac-ft/month
f 90 (adjusted)
14 ac-ft/month

CP-%\( 100 ac-ft/month
CP-4Y'104 (adjusted)

8 ac-ft/month

CP-5 80 ac-ft/month
CP-6 112 (adjusted)

Figure 3.2 System with Negative Incremental Inflows

Table 3.2
Total and Incremental Naturalized Stream Flows for Example 3

1 2 3 4 5 6 7
Naturalized Adjacent CP Downstream Adjusted  Upstream  Adjusted
Control Total Incremental  Negative Total Negative Total
Point Flow Flow Incremental Flow Incremental Flow

(ac-ft/month) (ac-ft/month) (ac-ft/month) (ac-ft/month) (ac-ft/month) (ac-ft/month)

CP-1 90 90 —10 80 0 90
CP-2 81 -9 -1 80 9 90
CP-3 14 14 0 14 0 14
CP-4 100 5 —20 80 4 104
CP-5 8 8 0 8 0 8
CP-6 80 —28 0 80 32 112
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Table 3.3
Available Stream Flows at the Beginning of the Simulation

1 2 3 4 5 6 7
Naturalized CL(1)=0.1  Option 1 Option 2 Option 3  Options 4-8
Control Total CL(4)=0.2  Available = Available = Available  Available
Point Flow Avail Flow Flow Flow Flow Flow

(ac-ft/month) (ac-ft/month) (ac-ft/month) (ac-ft/month) (ac-ft/month) (ac-ft/month)

CP-1 90 90 80 80 90 90
CP-2 81 81 80 80 90 81
CP-3 14 14 14 14 14 14
CP-4 100 100 80 80 104 100
CP-5 8 8 8 8 8 8
CP-6 80 80 80 80 112 80

The amount of naturalized stream flow available at the beginning of the simulation for the
current month in Example 3 is shown in Table 3.3 for each of the ADJINC options. These amounts
represent the stream flow available to the most senior right if it is located at each of the control
points. The available flows for the month at the different control points at the beginning of the
priority-sequenced water rights simulation are the same for ADJINC options 4, 5, 6, 7, and 8.
However, stream flow availability may differ with these alternative ADJINC options activated as the
simulation progresses through the water rights priority sequence.

The available flows for ADJINC option 1 with and without the optional CP record channel
loss factors are tabulated in columns 3 and 4, respectively, of Table 3.3. The available flows in
column 3 are based on combining the default (option 1) no incremental flow adjustments with
channel loss computations with loss factors CL(cp) of 0.1 and 0.2 for control points CP-1 and CP-4,
respectively. Although not shown in the table, combining the channel loss factors CL(1)=0.1 and
CL(4)=0.2 with option 4 results in the same available flows shown in both columns 3 and 7. Option
2 consists of adding the adjustments from column 4 of Table 3.2 to obtain the available stream flow
shown in column 5 of Table 3.3. Options 3 and 4 both involve computation of the flow adjustments
in column 6 of Table 3.2, but the adjustments are applied differently with option 4 than with option
3. Options 6 and 7 are the same as option 1 and 4, respectively, but consider only those downstream
control points at which are located water rights that are senior to the current right.

Significance of Negative Incremental Naturalized Stream Flows

The WRAP-SIM simulation progresses through each monthly computational time step with
each water right considered sequentially in priority order. Stream flow depletions and return flows
associated with a water right affect stream flows at the control point of the water right and at control
points located downstream. The simulation computations determine the amount of stream flow
available to each water right in each month of the simulation as the lesser of the available stream
flow at the control point of the water right and at downstream control points. Flows may be less at
downstream control points due to two factors: (1) the effects of senior water rights in depleting
flows and (2) negative incremental naturalized stream flows.
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The relevance of flows being smaller downstream than upstream (negative incremental) is
due to the effects on the amount of stream flow available to water rights and the unappropriated
flows in the WRAP-SIM simulation. Within the water rights loop, for a given month, the amount of
stream flow available to a water right is computed as the lesser of the yet unappropriated
(considering all higher seniority rights) stream flows at the control point of the right and at
downstream control points. The computational loop begins with naturalized stream flows. Thus, in
the WRAP-SIM simulation, negative incremental inflows at downstream locations may reduce the
stream flow available at upstream control points. The reduction in water availability may or may
not be appropriate, depending on the actual cause of the negative inflows.

Referring to Figure 3.2 and column 4 (option 1: no adjustments) of Table 3.3, the amount of
stream flow initially available at control point CP-1 is the lesser of the total stream flows at CP-1
(90 ac-ft), CP-2 (81 ac-ft), CP-4 (100 ac-ft), or CP-6 (80 ac-ft). Thus, the available flow at CP-1 is
80 ac-ft, which is governed by the CP-6 flow that reflects negative incremental flow. The available
flow at CP-4 is 80 ac-ft. As the water rights computational loop progresses, the amount of water
availability to rights at each control point may be further reduced by senior rights.

The impacts of negative incremental inflows in the computations may or may not properly
represent the actual situation being modeled. Difficulty in determining the actual combination of
factors contributing to incremental naturalized flows being negative represents a major complexity
in deciding how to deal with them. Negative incremental flows may occur in multiple months at
multiple control points. The reasons for the negative incremental flows may vary between months
and between locations. A rainfall event centered over the watershed above a particular stream
gaging station, occurring near the end of a month, may contribute much runoff to that gage that
month, but the runoff does not reach the next downstream gage until early in the next month. At
other times of the year, negative incremental flows in this river reach may be caused primarily by
unrecorded diversions for farming operations. In some cases, the negative incremental flows may
be related primarily to channel losses due to seepage and/or evapotranspiration. Measurement and
computation inaccuracies and peculiarities in SIM input datasets add to the complexities of
explaining the cause of negative incrementals.

The same phenomena that cause incremental inflows to be negative are also reflected in
fluctuations in positive incremental flows. Modeling uncertainties associated with negative
incremental inflows are inherent in the model even if all incrementals are positive. The peculiarities
of negative incrementals are simply more evident.

Channel Losses

Channel loss factors CL(cp) entered on the control point CP records in the SIM input DAT
file are defined by Equation 3.3. CL(cp) are used in the various channel loss computations that
occur throughout the SIM simulation. Conceptually, if the negative incremental flows are due
strictly to channel losses, and if the linear channel loss equation (Eq. 3.3) accurately models channel
losses, negative incrementals are handled automatically within S/M and are not a concern. Of
course, in reality, negative incrementals can not be perfectly explained with a simple linear
relationship between channel loss and upstream flow. However, the channel loss routine
incorporated in determining the amount of water available for a right may significantly reduce or
mitigate the effects of negative incremental flows. The term excess negative incremental flow is
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adopted here to refer to the portion of a negative incremental flow not accounted for by the
channel loss factor and associated SIM channel loss computations.

In Example 3 (Figure 3.2), if CL(cp) for control points CP-1 and CP-4 are 0.1 and 0.2,
respectively, or greater, the negative incremental flows do not constrain water availability at
upstream locations at the beginning of the simulation. The amount of water available at control
point CP-4 for the first water right in the priority sequence is 100 acre-feet as shown in column 3 of
Table 3.3. The 100 acre-feet of available stream flow at control point CP-4 is determined as the
minimum of:

CP-4: 100
CP-6: 100 = 80/(1.0— CL(4)) = 80/(1.0—0.2)

The 90 acre-feet at control point CP-1 is determined as the minimum of the following values.

CP-1: 90

CP-2: 90 = 81/(1.0—-CL(1)) = 81/(1.0-0.1)

CP-4: 111 = 100/[1.0(1.0 — CL(1))] = 100 /[1.0(1.0 — 0.1)]

CP-6: 111 = 80/[(1.0 — CL(4))(1.0)(1.0 — CL(1))] = 80/[(1.0-0.2)(1.0)(1.0-0.1)]

Downstream versus Upstream Negative Incremental Flow Adjustments

HYD and SIM negative incremental flow adjustment options are based on two alternative
ways of defining negative incremental flow adjustments, referred to as downstream versus upstream
incrementals. The approach for computing the downstream incremental flow adjustments
associated with a particular control point compares its flow to the flow at each control point located
downstream. Negative incremental flows between a control point and its downstream control points
are shown in column 4 of Table 3.2. The negative incremental inflow is the greatest difference
between the naturalized stream flow at the control point and any control point located downstream.
The negative incremental flow is written as either zero or a negative number indicating the amount
that must be subtracted from the flow at that control point to equal the lowest flow occurring at any
downstream control point. These downstream negative incremental flow adjustments are added to
the naturalized flows in column 2 to obtain the adjusted flows in column 5 of Table 3.2.

Upstream negative incremental flow adjustments associated with a control point represent
the amount that must be added to the flow at that control point to remove all negative incremental
flows occurring at all control points located upstream. This form of negative incremental flow is
written to the HYD OUT or SIM MSS files as either zero or positive, indicating an amount the
stream flow at the control point must be increased to alleviate negative incrementals. Upstream
negative incremental flow adjustments for the example are shown in column 6 of Table 3.2. These
adjustments are added to the naturalized flows to obtain the adjusted flows in column 7.

ADJINC option 2 is based on downstream negative incremental flow adjustments as defined

above. ADJINC options 3, 4, and 6 are based on upstream negative incremental flow adjustments.
The other ADJINC options do not develop negative incremental flow adjustments.
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Description of ADJINC Options for Dealing with Negative Incrementals

Option 1 consists of considering all downstream control points and applying no flow
adjustments in determining the amount of stream flow available to each water right. Water rights
are subject to being penalized for negative incremental naturalized flows at any downstream
control points regardless of whether senior water rights are located there. Option 1 places
maximum restrictions on the amount of stream flow available to the water rights. Use of the
channel loss option reduces or eliminates the restrictions on water availability associated with
negative incremental flows. If the negative incremental flows are due primarily to channel losses
and reasonably good values for CL(cp) are available, option 1 may be reasonably accurate.

Options 2 and 3 replicate older practices predating WRAP in which naturalized flows
are adjusted to remove negative incrementals prior to inputting them to a simulation model.
Modelers have in the past adjusted naturalized flows to remove negative incrementals in the
process of compiling input datasets for WRAP-SIM or other models. Options 2 and 3 perform
the flow adjustment computations at the beginning of the SIM execution in conceptually the
same manner as traditional methods for adjusting the naturalized flows outside of the model.

Option 2 is based on downstream negative incremental flow adjustments. Since control
points on multiple tributaries are not considered concurrently, there is no guarantee of eliminating
all negative incrementals. It is the most conservative option since stream flows are reduced rather
than increased or left unaltered. If option 2 is used in combination with the channel loss option, the
loss factors CL(cp) are reflected in the computation of downstream negative incremental flow
adjustments. The channel loss option is treated as an integral part of option 2, and these two
modeling features may be used in combination.

Option 3 consists of adjusting the naturalized stream flows at all control points by adding
the downstream flow adjustments. All negative incrementals are alleviated. The adjusted total
flows are determined prior to the simulation and simply replace the original naturalized flows. The
flows can be adjusted by either SIM or HYD. This approach makes the maximum amount of water
available to the water rights. The problem is that water is arbitrarily added to the system, likely
resulting in inappropriately high indications of water supply availability/reliability. Option 3
includes no features for integrating it with the channel loss option. Option 3 and the channel loss
option should not be used in combination because adjustments to remove the effects of channel
losses will be reflected twice.

Options —3 and —4 are variations of options 3 and 4 in which incremental flows are defined
in terms of only those control points for which INMETHOD in CP record field 6 is 0, 1, or 2. This
includes the control points for which inflows /N records are entered in the SIM input data and those
for which flows are transferred using INMETHOD option 2. Control points for which flow
distribution methods 3, 4, 5, 6, 7, and 8§ are applied to determine naturalized flows are excluded in
defining incremental flows or applying negative incremental flow adjustments.

Option 4 involves the same flow adjustments as option 3. However, in considering each
water right in turn, the flow adjustment is made available at downstream control points but not at the
control point of the right. For example, referring to column 7 of Table 3.3, the available flow of 81
ac-ft at CP-2 is determined as the minimum of the following values.
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CP-2: 8l
CP-4: 104
CP-6: 112

100 +4
80 +32

Adjustments are added to the flows at the downstream CP-4 and CP-6 but not at the location
(CP-2) of the water right. Thus, negative incrementals occurring downstream do not affect the
amount of water available to a right. However, negative incrementals in the reaches upstream of the
water right do affect its water availability. Option 4 is the most realistic assumption in many actual
river basin modeling situations. Option 4 includes the following other special features which are not
included in option 3.

e With option 4, if pertinent channel loss factors CL(cp) are non-zero, the amount of water
available to a water right is determined as the greater of the amount considering either the
channel loss factors or negative flow adjustment but not both.

e With option 4, the negative incremental flow adjustments are not applied to regulated flows.

The negative incremental flow adjustments affect the amount of stream flow available to a
water right and affect unappropriated flows but do not affect regulated stream flows. Regulated
flows logically should not be adjusted for negative incremental inflows occurring downstream.

Channel loss computations activated by non-zero loss factors on CP records are used in
combination with negative incremental adjustment option 4. However, the negative incremental
flow adjustment is a correction for channel losses as well as other factors. Therefore, in the water
rights computational loop, in determining water availability for a particular right in a particular
month, the channel losses factors CL(cp) and negative incremental flow adjustments are not both
applied concurrently. Rather, each is applied individually, and the method providing the greatest
water availability is adopted. As previously discussed, the model checks available stream flow at all
downstream control points as well as at the control point at which the right is located. At each
downstream control point, water availability is determined alternatively (1) using the CL(cp) to
cascade back upstream and (2) applying the incremental flow adjustment. The method yielding the
highest water availability is selected. Channel losses are identically the same with ADJINC of
either —4 or 4. Channel losses are computed for all control points with non-zero CL(cp) either way.

In Example 3 presented in Figure 3.2 and Tables 3.2 and 3.3, if CL(cp) for control points
CP-1 and CP-4 are 0.1 and 0.2, respectively, the available flow of 90 ac-ft at CP-2 is determined as
the minimum of the following values.

CP-1: 90
CP-2: 90 =maximumof 81/[1.0(1.0 — CL(1))] = 81/0.9 = 90
81+9 = 90
CP-4: 111 = maximumof: 100/[1.0(1.0 — CL(1))] = 100/0.9 = 111
100 +4 = 104
CP-6: 112 = maximum of: 80 /[(1.0 — CL(4))(1.0)(1.0 — CL(1))] = 80/[(0.8)(0.9)] = 111
80+32 = 112
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The available flow of 81 ac-ft at CP-2 is determined as the minimum of the following values.

CP-2: 81
CP-4: 111 = maximumof: 100/[1.0(1.0 — CL(1))] = 100/0.9 = 111
100 +4 = 104
CP-6: 112 = maximumof 80/[(1.0 — CL(4))(1.0)(1.0 — CL(1))] = 80/[(0.8)(0.9)] = 111
80+32 = 112

The available flow of 100 ac-ft at CP-4 is determined as the minimum of the following values.

CP-4: 100

CP-6: 112 = maximum of: 80/ (1.0 —0.2) = 100
80+32 =112

Simulation steps. Regardless of negative incremental option, in each month, as each water
right is considered in turn in priority order, the SIM simulation proceeds through three steps:

1. The amount of stream flow available to that water right is determined as the minimum of
available stream flows at the control point of the right and downstream control points.

2. Water accounting computations are performed to determine the stream flow depletion,
return flow, reservoir storage contents, and other quantities for the water right.

3. Stream flows at downstream control points are adjusted for the effects of the water right.

Option 5 is a modified version of the algorithms for the first and third steps listed above.
With option 5, incremental flows are not computed, and there is no negative flow adjustment
array developed prior to the simulation like options 2, 3, and 4. Option 5 is incorporated in steps 1
and 3 listed above as follows.

e In the above step 1 determination of the amount of stream flow available to a water
right, with option 5, the only downstream control points considered are those at
which senior rights are located. Furthermore, no control points with zero flow or
located downstream of a discontinuity of flow (control point with zero flow) are
considered regardless of senior rights.

e In the third step listed above, option 5 limits the flow adjustment to not exceed the
minimum of the regulated flows at any of the intermediate control points between the
current upstream water right being simulated and downstream senior rights. The
adjustments stop if a control point with zero regulated flow is encountered. Option 5
is the only ADJINC option that includes modification of the step 3 computations.

Option 6 is a modified version of option 4 designed to reduce computer execution time.
Regardless of ADJINC option, the amount of stream flow available to a water right is determined
as the minimum of available flows at the control point of the right and relevant downstream
control points. Option 4 considers all downstream control points in searching for the constraining
site without identifying which of the downstream control points represent locations of water
rights that are senior to the current water right being simulated. Option 6 identifies the control
points at which relevant senior rights are located and limits consideration to only those control
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points. Relevant downstream senior rights are those that appropriate stream flow which excludes
types 3, 4, and 6 specified by WR record field 6 and defined in Chapter 4. Option 6 also stops
the cascading search for the minimum flow whenever a control point with zero flow is found.

Option 6 allows SIM to run a little faster than option 4. With negative incremental flow
adjustments applied, senior rights are the only downstream constraint on the flow available to
upstream water rights. Thus, options 6 and 4 always yield the same simulation results.

Option 7 is designed to be the standard ADJINC option to be adopted in SIMD whenever
routing and forecasting are employed, but can also be used in a monthly or daily simulation
without routing and forecasting. As explained in the Daily Manual, in applying option 7 with
SIMD routing and forecasting, the downstream control points identified in the SIMD reverse
routing are further constrained to only those control points at which relevant senior rights are
located. Relevant downstream senior rights are those that appropriate stream flow which include
instream flow /F record rights and WR record types 1, 2, 5, and 7 as defined in Chapter 4.

Flows at downstream control points with no senior rights have no effect on water
availability for the junior right with option 7. Therefore, negative incremental flows at a
downstream control point affect the amount of flow available to a particular water right only if
senior rights also reduce the flows at the downstream control point. Option 7 is similar to option
5 but does not include all of the features of option 5. Option 7 is option 1 with the limitation to
senior right control points added. Relevant senior rights are the same with options 6 and 7.

Option 8 ignores downstream control points in the determination of the amount of stream
flow available to a water right. Thus, junior water rights can erroneously appropriate stream
flow that has already been appropriated by downstream senior rights. This double-taking of the
same water introduces errors in the simulation. Option 8 is valid only if all water right priorities
correspond to upstream-to-downstream order. Thus, option 8 should normally not be adopted
except for experimentation. Option 8§ is designed for experimentation. The effects on junior
rights resulting from not passing inflows to protect downstream senior rights can be explored.

Examples Comparing Options 1, 4, 5, 6, and 7

The following simple examples are used to compare ADJINC options 1, 4&6, 5, and 7.
Options 4 and 6 are the same. Referring to Example A, with either option 1, 4, 5, 6, or 7:

e With CL = 0.5 for CP2, a senior stream flow depletion of 80 at CP1 would reduce the
flow at CP3 from 40 to zero. A CP1 depletion of 50 would reduce the CP3 flow to 15.

e The maximum amount of water available at CP3 is 40.
e A senior right of up to 40 at CP3 will be met without shortage.

In Example A, with option 1, water availability at CP1 is limited by the flow at CP3 regardless of
whether there is a senior right at CP3. With options 4 and 6, water availability at CP1 is not
limited by negative incremental flow occurring downstream. With options 5 and 7, water
availability at CP1 is limited by the flow at CP3 only if there is a senior right at CP3.
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Example A. CP3 is downstream of CP2 and CP1. Naturalized flows at CP1, CP2, and CP3 are
100, 110, and 40. Thus, the option 4 incremental flow adjustment at CP3 is 70. The CP2
channel loss factor CL is 0.50 for reach CP2-CP3. The amount available for a senior right at
CP3 is 40 for all three options. The effect of a water right diversion of 30 at CP3 on the amount
of water available for a water right at CP1 is shown as follows for negative incremental inflow
options 1, 4, and 5.

CP1(100) — CP2(110) — CP3 (40)

Amount of Water Available to a Water Right WR1 at Upstream CP1

Negative Incremental Flow Option Option 1 Options 4,6 Options 5,7
WRI1 at CP1 is senior to diversion of 30 at CP3 80 100 100
WR1 at CP1 is junior to diversion of 30 at CP3 20 80 20

computed as follows

Option 1 Options 4 and 6 Options 5 or 7

40/0.5=80 Min[100 and maximum of (40+70=110 and 40/0.5=80)] = 100 100 at CP1
10/0.5=20 Min[100 and maximum of (10+70=80 and 10/0.5=20)] =80  10/0.5=20

Example B. Example B is identical to Example A, except the naturalized flow at CP3 is zero.
The amount available for a water right at CP3 is zero for all three options.

CP1(100) — CP2(110) — CP3(0)

Amount of Water Available to a Water Right WR1 at Upstream CP1

Negative Incremental Flow Option 1 4,6 5 7

WR1 at CP1 is senior to WR of any amount at CP3 0 100 100 100
WRI at CP1 is junior to WR of any amount at CP3 0 100 100 0

computed as follows

Option 1 Options 4 and 6 Options 5 or 7

0/0.5=0 Min[100 and maximum of (0+110=110 and 0/0.5=0)] = 100 at CP1
100

0/0.5=0 Min[100 and maximum of (0+110=110 and 0/0.5=0)] = 100 at CP1
100

Example C. CP1, CP2, CP3, CP4, and CP5 are in series, with flows of 100, 110, 120, 10, and
130. Between CP3 and CP4, the incremental flow is —110, and the channel loss factor CL is
0.50. The effect of a water right diversion of 10 at CP4 on the amount of water available for a
water right WR1 at CP1 is tabulated below.
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CP1: 100
N
CP2: 110
2
CP3: 120
N
CP4: 10
N
CP5: 130

Amount of Water Available to a Water Right WR1 at Upstream CP1

Negative Incremental Flow Option Option 1 Options 4,6 Options 5,7
WRI1 at CP1 is senior to diversion of 10 at CP4 20 100 100
WR1 at CP1 is junior to diversion of 10 at CP4 0 100 0

computed as follows

Option 1 Options 4 and 6 Options 5 or 7

10/0.5=20 Min[100 and maximum of (0+110=110 and 10/0.5=20)] = 100 100 at CP1
0/0.5=0  Min[100 and maximum of (0+110=110 and 0/0.5=0)] = 100  0/0.5 at CP4

Example D. Example D is identical to Example C except the diversion of 10 is moved to CPS5.

Amount of Water Available to a Right WR1 at Upstream CP1

Negative Incremental Flow Option Option I  Options 4,6 Options 5,7
WR1 at CP1 is senior to diversion of 10 at CP4 20 100 100
WRI at CP1 is junior to diversion of 10 at CP4 20 100 100

computed as follows

Option 1 Options 4 and 6 Options 5 or 7

10/0.5=20 Min[100 and maximum of (0+110=110 and 10/0.5=20)] = 100 100 at CP1
10/0.5=20 Min[100 and maximum of (0+110=110 and 10/0.5=20)] = 100 100 at CP1

With option 1, stream flow availability may be limited by negative incremental flows at
any downstream control point with or without senior rights. With options 4 and 6, flow
availability is never limited by negative incremental flows at downstream control points
regardless of senior rights. With options 5 and 7, stream flow availability may or may not be
limited by flows at downstream control points depending on senior rights.
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Considerations in Comparing ADJINC Options

The combination of actual factors causing negative incrementals may vary between
months and between control points. The basic reasons for negative incrementals are as follows.

1. permanent channel losses over and above those modeled by the channel loss
coefficients included in the S/M input dataset and associated computational routines

2. temporary channel losses, again over and above those captured by the SIM channel
loss computations, where bank storage or underflow may reenter the stream at a
downstream location and/or during a future time period

3. timing effects of runoff from a rainfall event reaching an upstream control point in a
particular month but reaching a downstream control point early in the next month

4. inaccuracies and lack of precision in stream flow measurements at gages and in
computations to convert gaged flows to naturalized flows

5. peculiarities in SIM input datasets in establishing control points and assigning
naturalized flows to the control points

The uncertainties associated with combinations of the factors listed above are inherent in
the model even if all incremental flows are positive. Negative incremental flows simply result in
the effects being more obvious. Simulation results should be identical for all of the ADJINC
options (except option 8) if there are no negative incremental flows.

Senior rights are protected from junior rights regardless of which ADJINC option is
selected to deal with negative incremental flows. In all cases, stream flows are allowed to "pass
through" to accommodate senior water rights located downstream. The ADJINC options differ
in regard to whether junior right appropriations are also curtailed to "pass through” flows to
mitigate negative incremental flows occurring downstream even though the flows available to
senior rights are not increased in the model by this curtailment. In comparing ADJINC options,
the following key question is considered from the perspective of properly modeling the impacts
of senior rights on junior rights, not vice versa. In order to not reduce flows physically available
for senior water right requirements at downstream locations, must upstream water rights allow
sufficient stream flows to pass their locations to cover the negative incremental flows occurring
in river reaches in between, in addition to maintaining flows available to the senior rights?

Summary Comparison of ADJINC Options

Option 4 has been the standard ADJINC option recommended in the Reference Manual
for most applications since the initial versions of WRAP. Option 6 was added in 2011 for the
sole purpose of reducing computer execution time while replicating option 4 simulation results.
Options 6 and 4 yield the same simulation results though option 6 runs a little faster. Option 6 is
now the default standard option for a monthly simulation or sub-monthly (daily) simulation
without routing. Option 7 is the recommended standard for a sub-monthly (daily) simulation
with routing and forecasting. The 2011 addition of option 7 was motivated by the daily SIMD
but is also applicable for monthly S/IM simulations. Option 5 provides an alternative viable
methodology which has also been routinely applied with the TCEQ WAM System datasets.
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With options 4 and 6, stream flow availability for a water right is not affected by negative
incremental flows occurring downstream. With options 1, 2, 5, and 7, the amount of water
available to a right may be reduced by negative incremental flows occurring at downstream
control points. With options 5 and 7, the amount of water available to a right is reduced by
negative incremental flows occurring only at those downstream control points at which are
located water rights that are senior to the water right currently being simulated.

The following premises are reflected in the alternative ADJINC options in determining
the amount of stream available to each water right. The term excess negative incremental flow is
adopted here to refer to the portion of a negative incremental flow not accounted for by the SIM
channel loss computations that use the channel loss factors provided as input on CP records.

e Option 1 is based on the premise that flow at upstream locations must be committed to
mitigating excess negative incremental flows at all downstream control points to prevent
negative regulated flows either with or without the existence of downstream senior rights.

e Option 5 is based on the premise that upstream flows must mitigate downstream excess
negative incremental flows prior to meeting water right requirements unless: (1) there is no
downstream senior water right that affects upstream water availability or (2) there is a
discontinuity of flow (zero flow) between the control point of the downstream senior right
and the upstream control point for which water availability is being determined. The premise
is that junior rights located upstream must curtail stream flow depletions as necessary to
mitigate excess negative incremental flows (viewed primarily as channel losses) even though
the curtailment does not increase the flow available to downstream senior rights.

e Option 7 is likewise based on the premise that upstream flow must be used to mitigate excess
negative incremental flows prior to meeting downstream water right requirements.
Incremental flows are considered only at downstream control points at which relevant senior
rights are located. Senior rights are relevant only if they are WR record field 6 type 1, 2, 5, or
7 rights (defined in Chapter 4) which appropriate stream flow or instream flow /F record
rights. In a SIMD daily simulation, only control points identified in the reverse routing
algorithm described by the Daily Manual are considered.

e Options 4 and 6 are based on the premise that excess negative incremental flows at
downstream control points do not affect water availability for water rights located at an
upstream control point. Stream flows are passed to meet senior water right requirements at
downstream control points, adjusted for channel losses computed based on the channel loss
factors entered on the CP records. However, water availability at an upstream control point
is not reduced for negative incremental flows assigned to downstream control points.

Another difference between option 5 and the other ADJINC options relates to flow
adjustments for the effects of stream flow depletions. In cascading downstream flow reductions
resulting from stream flow depletions made by water rights, option 5 limits the flow adjustment
to not exceed the minimum regulated flow at intermediate control points. The other ADJINC
options include no modifications to the algorithms that cascade the effects of water rights on
downstream flows. With options other than option 5, the flow at a downstream control point can
be reduced more than the regulated flow of another intermediate control point located upstream.
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CHAPTER 4
WATER MANAGEMENT IN THE SIMULATION MODEL

A WRAP-SIM simulation combines

sequences of naturalized stream flows and reservoir net evaporation-precipitation rates
representing river basin hydrology, as discussed in the preceding Chapter 3, with

water rights information representing the manner in which water resources are developed,
regulated, allocated, and used, as discussed in the present Chapter 4.

WRAP is motivated by the Texas prior appropriation water right permit system but provides
flexible capabilities for modeling water management situations anywhere that may or may not
involve actual water rights. A broad spectrum of water allocation schemes may be simulated.
Constructed facilities, water use requirements, and river/reservoir system operating practices are
referred to generically as water rights in WRAP. This chapter describes capabilities provided by
WRAP-SIM for modeling a water resources development/management/use system consisting of:

e  reservoir projects operated to regulate and conserve river flow, off-channel storage
reservoirs, pumping/conveyance facilities, and hydroelectric power plants

e international treaties, interstate compacts, interagency contracts, and other agreements
e requirements specified in water right permits
e river/reservoir system operating policies and rules

e  water use requirements, characteristics, and practices

Water Rights

In WRAP terminology, a water right is a set of water management capabilities and use
requirements associated with either a water right WR record or an instream flow /F record. UC, UP,
DI, IS, IP, RF, WS, OR, HP, SO, ML, TO, LO, FS, CV, TS, and PX records are connected to a WR or
IF record to provide additional information regarding water management and use specifications.
Refilling reservoir storage, water supply diversions, and hydroelectric energy generation are
specified as WR record rights. Environmental instream flow requirements are specified as /F' record
rights. SIMD flood control operations covered in the Daily Manual are defined as FR/FF record
rights. The number of rights counted by SIM is simply the number of WR and IF records in the
input file. In modeling a permit system, the total number of rights (WR and IF records) counted by
the model typically does not necessarily correspond to the number of actual water right permits.

A key aspect of applying WRAP is ingenuity in combining water right WR, instream flow
IF, and supporting input records to model a particular water management situation. The model
provides considerable flexibility in defining water management/use requirements and capabilities.
An actual water right permit may be represented by any number of model water rights. A single
appropriator holding a single water right permit may have several model rights representing
different features of the water right permit. For example, a water right that includes three different
uses, such as municipal, industrial, and irrigation, would be treated as three separate WR record
rights, since the monthly water use distribution factors are different for the various uses. A water
supply diversion and storage capacity can be assigned different priorities by treating them as two
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separate rights, a diversion right with no storage capacity and a storage right with a zero diversion.
A reservoir may have several rights with different combinations of priority dates and storage
capacities. Any number of rights may be associated with the same reservoir. Likewise, multiple
reservoirs may be associated with a single right. Also, in certain applications, several actual
permitted water rights may be combined and inputted to the model as a single aggregate water right.

The set of information specifying the water management and use requirements defining a
particular water right may include the following.

e identifiers of the control point locations of pertinent components
priority number or information that assigns a priority number
annual diversion target
return flow specifications
instream flow specifications
annual hydroelectric energy generation target
set of monthly water use distribution coefficients
set of rules for varying diversion, instream flow, and hydroelectric
energy targets as a function of stream flow subject to specified limits
drought index for varying targets as a function of reservoir storage
active and inactive reservoir storage capacity
reservoir storage volume versus surface area relationship
reservoir water surface elevation versus storage volume relationship
reservoir/river system operating rules
off-channel reservoir storage
interbasin or intrabasin conveyance
specified limits or rules for computing limits on stream flow depletions
annual limits on total diversions or diversions from storage
identifiers for labeling rights and aggregating simulation
results for groups of related rights

Most of the records and record fields for entering water rights information are optional. The
control point location and priority number are actually the only required information for a water
right. The priority number field may be left blank but will then default to zero. Each control point
identifier on WR or IF records must match an identifier on a CP record. Control point identifiers are
required to define the spatial connectivity of a river basin system. Water right identifiers are also
entered on WR and IF records for use in labeling input and output data and aggregating simulation
results for groups of related rights. However, water right identifiers are not actually required in the
simulation computations.

Water supply diversion, hydroelectric energy generation, and instream flow requirements
are specified in terms of an annual amount input on a WR or IF record combined with a set of 12
monthly use coefficients specified on UC records for distributing the annual amount over the 12
months of the year. Thus, water use requirements may be expressed as monthly targets that may
vary each month from January through December but are constant from year to year. Options also
allow targets to be defined as a function of reservoir storage and/or stream flow. HC, ES, PF, and
records express instream flow /F record rights in environmental flow standard format.
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Water Right Priorities

The allocation of water among water rights in WRAP-SIM is based on priority numbers.
The integer priority numbers serve the important function of setting the order in which the rights are
considered in the water rights computational loop that allocates water, but are used in no other way.
Diversion, instream flow, hydropower, and storage refilling targets for each right are met to the
extent allowed by available stream flow and storage prior to considering the requirements of more
junior rights. A fundamental concept of the model is that available stream flow is allocated to each
water right in turn in ranked priority order. The seniority of a right relative to other rights is
expressed by their priority numbers. A smaller priority number means higher priority, rank, or
seniority. In comparing two rights, the senior right has a lower priority number than the junior right.
Junior and senior are relative terms used in the context of comparing the priority of two rights.

Within the SIM computations, the magnitude of the priority numbers for each of the rights
relative to each other govern the sequencing of computations and thus water allocation among the
rights. In the Texas prior appropriation water rights permit system, priority numbers typically
represent dates specified in the permits. For example, a priority date of June 25, 1978 specified in a
water right permit is entered in field 5 of the WR record as the integer 19780625, which is a larger
number than the priority corresponding to any earlier date. However, with a little ingenuity, the
model-user can devise various other schemes for using the priority numbers to model relative
priorities for allocating water. SIM also has alternative options other than the priorities on WR and
IF input records for assigning priorities and also has options for circumventing the priority system.

Priorities are integer numbers specified for each water right. Smaller integers mean rights
are considered earlier in the priority-based computational sequence (Figure 2.2). With the standard
default system for assigning priorities, the model-user assigns each water right its own unique
priority by entries in WR and /F record field 5. This standard default and other optional alternative
methods for ranking all water rights (WR and [F records) in priority order are described as follows.

1. A priority number for each water right is entered in field 5 of its WR or IF records. A blank
field 5 is read as a priority number of zero. If two or more rights have the same priority number,
they are ranked in the same order as their WR or IF records are entered in the input file.

2. Factors entered on a use priority UP record replace or modify the WR/IF field 5 priority
numbers for all WR and IF records having the same water use type identifier as the UP record.

3. JO record field 13 parameter NPOPT activates optional methods for assigning priorities that
replace the priorities assigned in WR and IF record field 5. These options set priorities either
automatically in upstream-to-downstream order (NPOPT option 1) or based on the order in
which WR/IF records (option 2) or CP records (option 3) are placed in the DAT input file.

4. Options provided on PX/AV and EA/EF/AF records allow two or more rights to share the same
priority. Stream flow and storage are allocated between these rights in accordance with rules
governed by parameters provided as input by the model-user.

Water use types serve the primary purpose of specifying coefficients for distributing annual

use targets over the 12 months of the year but also can be used in specifying priorities for groups of
rights. Examples of possible water use types include municipal, various types of industrial, various
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types of agricultural, mining, or any other categories of interest. Field 4 of the WR and /F records
provides a water use identifier that connects the right with water use distribution coefficient (UC)
and use priority (UP) records. The following factors may be entered on a UP record.

e integer priority number that overrides the WR/IF record priority number
e integer number to be added to the WR/IF record priority numbers

e factor by which the target diversion, instream flow, or hydropower target amounts
from the WR/IF records are to be multiplied

These factors are applied to all rights that have the pertinent use type identifier on the WR or IF
record. For example, the effects of making municipal rights senior to all other rights may be
conveniently simulated by subtracting some integer from the priorities for all municipal rights that
makes them smaller and thus senior to all other rights. Likewise, an alternative simulation
examining the effects of a 20 percent reduction in municipal water use targets could be easily made.

The following options replace the priorities entered in WR and IF record field 5. The WR/IF
field 5 priority number is ignored. The switch parameter NPOPT in JO record field 13 activates
three alternative options for setting priorities.

JO record NPOPT option 1, called the natural priority option, provides the capability to
conveniently simulate water management in a river basin that has no water allocation priority
system. Without a water rights permit system or some other regulatory mechanism to allocate
water, water availability for each water user is affected by other water users located upstream but
not by those downstream. Priorities may be manually assigned to each water right to simulate this
upstream-to-downstream natural priority system. However, JO record NPOPT option 1 allows the
upstream-to-downstream priorities to be activated automatically. SIM internally assigns priority
numbers to water rights based on the location of their control points. The control points are
automatically assigned integer priority numbers starting with 100 and increasing in increments of
100 following the criterion that the integer assigned to any control point is smaller than the number
assigned to any other control point located downstream. For control points on parallel tributaries,
those listed in the input file first are considered first in the algorithm and get the smaller priority
number. Each water right is then assigned the number associated with its control point. For
multiple rights at the same control point, the priority number is incremented based relative priorities
on their WR and/or IF records. For example, four water rights at a control point with priority
number 800 will be assigned priority numbers 800, 801, 802, 803 based upon the relative priorities
on their WR or IF records.

With JO record NPOPT option 2, priorities are based simply on the order in which WR and
IF records are placed in the DAT input files. The first right read by SIM from the input file is most
senior with the priority number 1. The second and third WR or IF records have priorities 2 and 3.

With JO record NPOPT option 3, priorities are based on the order that control point CP

records are placed in the input file. For multiple water rights located at the same control point,
relative priority rankings are based on the order of the WR and /F records in the input file.

PX/AV and EA/EF/AF record options described later in this chapter allocate water between
rights sharing the same priority. Capabilities are provided for circumventing the priority system.
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Water Availability within the
Priority-Based Water Rights Computation Loop

The WRAP-SIM simulation approach is built on the fundamental concept of water
allocation computations being performed in a water rights loop in which the requirements of
each individual right are met in priority order. Thus, senior rights affect the amount of water
available to junior rights but are not adversely affected by the junior rights. However, the
simulation is complicated by situations in which junior rights may increase the amount of water
available to senior rights. Fluctuating decreases and increases in water availability are a
complexity in applying SIM that must be considered in applying the methods outlined in this
chapter. Modeling difficulties may occur involving senior rights not getting access to water
made available by junior rights through:

1. same-month return flows from diversions from storage
2. same-month hydroelectric power releases

3. contributions to meeting instream flow requirements at intermediate control points made
by releases from upstream reservoirs to meet diversions at downstream locations

As each water right is considered in priority order in the water rights computational loop,
regulated flows and the flows available to more-junior rights usually decrease but may also
increase. Diversions and filling reservoir storage decrease flows at their control point and at
downstream control points. Conversely, flows are increased by hydropower releases and return
flows from diversions from storage. Reservoir releases may increase flows at intermediate
control points between the reservoir and downstream diversion site. A diversion and/or storage
right may be unnecessarily curtailed (shorted) due to computationally not having access to water
made available by more junior rights in the form of return flows or hydropower releases.
Likewise, reservoir releases that increase flows at intermediate control points between the
reservoir and downstream diversion site may not be properly credited as contributing to instream
flows at the intermediate control points. Junior diversion and storage rights may be
unnecessarily curtailed to maintain senior instream flow requirements.

The following SIM options have been adopted in practice to deal with the complexities of
fluctuating decreases and increases in water availability in the water rights priority loop. These
options involve model features described throughout the remainder of this chapter. The next-
month return flow option makes the return flows available in the next month at the beginning of
the water rights loop. Likewise, modeling return flows as constant inflows on CI records makes
the flows available at the beginning of the water right computations. Thus, all rights have access
to the return flows in priority order. The next-month hydropower option serves this same
purpose for power releases. The optional second-pass feature associated with /F record rights
addresses this same complexity from the perspective of instream flow requirements. Since return
flows and hydropower releases are usually handled with next-month options and CI record
inflows, the second pass instream flow option is probably most relevant for situations in which
reservoir releases increase flows at intermediate control points between the reservoir and
downstream diversion site. The transient priority XP option 1 on the PX record allows the return
flow to be assigned a priority that is different than the diversion priority. Other PX record
options are designed to circumvent the priority sequence for other purposes.
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Water Right Types

All WR record water rights are categorized as being either type 1, 2, 3, 4, 5, 6, 7, or 8 by the
entry in field 6 of the WR record. This categorization by type is not applicable to instream flow /F
record water rights. This scheme of water right types is used to specify certain basic rules for
meeting diversion or hydroelectric energy requirements from stream flow and reservoir storage and
for refilling reservoir storage. The kinds of river/reservoir system operations associated with each
type of water right are described as follows.

Type I: default standard right may include diversion and return flow, refilling storage in one
reservoir, and releases from any number of reservoirs. Diversion requirements are
met from reservoir storage if and only if sufficient stream flow is not available.

Type 2: same as type 1 except that refilling of reservoir storage is not allowed
Type 3: same as type 2 except diversions can be supplied only from reservoir storage
Type 4: flow is discharged into the stream

Type 5: hydropower right, same as type 1 except a hydroelectric energy generation
requirement is specified instead of a diversion requirement

Type 6: hydropower right with stream flow depletions not allowed, meaning electric energy is
generated only from releases from reservoir storage and the reservoir is not refilled

Type 7: reservoir storage refilling target is determined and applied

Type 8: target is computed solely for use by other water rights that reference the target

Table 4.1
Features of Each Water Right Type

Water Right Type (WR Record Field 6)

River/Reservoir System Operation 1 2 3 4 5 6 7 8
water supply diversion from stream flow yes yes @ — - - - - -
hydroelectric power generation - - - — yes yes — -
releases from one or multiple reservoirs yes yes Yes — yes yes — -
refill storage in one reservoir yes  — - - yes — yes —
discharge of inflows into the river - - - yes — - - -

Type 1, 2, 3, 5, and 6 rights allow releases from reservoirs to meet either diversion (types 1,
2, 3) or hydropower (types 5, 6) requirements specified on WR and associated records. However,
reservoir storage may be refilled only by type 1, 5, and 7 rights. Thus, at least one type 1, 5, or 7
right must be connected to every reservoir. A type 1 right is often used to refill a reservoir from
which draw-downs are made by type 2, 3, and/or 6 rights and perhaps other type 1 or type 5 rights.
Refilling storage may be assigned a different priority than withdrawals and releases from storage.

If one or more WS records are connected to an /F record, reservoir operation is equivalent to
WR record type 2. Releases are made from the reservoirs to meet the instream flow requirement.
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However, an /F record does not refill storage. In general, all junior rights must pass inflows through
their reservoirs to meet downstream instream flow requirements. Using one or more WS records to
assign reservoir storage to an /F record right is relevant only if releases from storage are required, in
addition to passing reservoir inflows, to meet instream flow requirements.

Type 1 right.- Most water rights in a typical river basin will likely be represented as type 1
rights. A type 1 right allows a diversion to be met from stream flow depletions and/or storage in
one or more reservoirs. A diversion requirement is met first from stream flow, if available, and then
from reservoir storage if stream flow is not available. One reservoir, called the primary reservoir,
can be refilled from stream flow depletions or releases from other reservoirs in the system. The one
primary reservoir that can be refilled and the diversion, if any, associated with that WR record must
be located at the same control point. The other reservoirs in the system, from which releases or
withdrawals are made, can be located at any of the control points. A storage-only right may simply
refill storage in the one reservoir, having a diversion requirement of zero. A run-of-river diversion
right can be represented as a type 1 or type 2 right with zero active reservoir storage capacity.

Type 2 right.- A type 2 right is identical to a type 1 right except that reservoir storage is not
refilled. Reservoirs may be used along with stream flow to meet diversion requirements, but other
rights are used to refill storage. Another type 1 right refills the reservoir storage. A type 1 right
allows both a diversion and refilling of storage, but the diversion and reservoir must be at the same
location. If a diversion is at a location different than the location of the reservoir, a type 2 or 3 right
with an operating rules OR record is required.

Type 3 right.- A type 3 right is identical to a type 2 right except the diversion target can be
met only by releases or withdrawals from reservoir storage. For example, a diversion could be met
by releases from one or more upstream reservoirs without allowing diversion of unregulated stream
flow entering the river below the dams. Unlike a type 3 right, a type 1 or 2 right makes reservoir
releases only after the stream flow at the diversion location is depleted.

Type 4 right.- With a type 4 right, the annual amount AMT entered in WR record field 3 is
discharged into the stream. The stream inflow amounts resulting from type 4 rights are found in
the simulation results as return flows. A type 4 right may model an interbasin transfer of water
through conveyance facilities, return flow from groundwater sources, or other situations
involving discharge of water into the river system within the water rights priority computation
loop sequence. The target amount is computed for a type 4 right just like any other type of right.
The difference is that a type 4 right is not a diversion from the stream, but rather an inflow to the
stream. After the monthly amount is determined just like a diversion target, it is then multiplied
by the return flow factor RFAC from WR field 8 and treated computationally as a return flow.
RFAC 1s assigned a default of 1.0 if the RFAC field is blank. All return flow options are valid,
except monthly return factors (RF records) cannot be used. Water availability computations are
not relevant and are not performed for a type 4 right. The flow is entered into the stream system;
it is not taken from stream flow, reservoir storage, or any other source included in the model.

Type 5 right.- A hydropower right is identical to a type 1 right except a hydroelectric energy
requirement is specified rather than a diversion. A 5 or —1 is entered in WR record field 6 for a
hydropower right. A run-of-river hydropower right can be represented as a type 5 right with one
reservoir with inactive but no active storage capacity. Hydropower rights are not affected by /F

87 Chapter 4 Water Management



record rights. Use of separate WR record type 1 rights to refill reservoir storage at a hydropower
reservoir project may be required to protect /F record instream flow requirements.

Type 6 right.- A type 6 hydropower right is analogous to a type 3 diversion right. A 6 or —3
is entered in WR record field 6. The only difference between types 5 and 6 is that type 6 does not
allow access to stream flow. Stream flow depletions are zero and thus storage cannot be refilled.

Type 7 right.- A type 7 right refills storage in a reservoir based on a storage target computed
in identically the same manner as a diversion target. Options for setting diversion targets using WR,
UC, DI/IS/IP, TO, TS, FS, and SO record options are applied in exactly the same way to set a
type 7 right storage target starting with AMT in WR record field 3 which is distributed over the
12 months of the year. However, the target is a storage capacity to which the reservoir is filled
subject to water availability and the constraint of not exceeding the capacity entered in WS
record field 3. Thus, as long as the target does not exceed the normal WS record field 3 capacity,
the target is treated as the storage capacity. There is no diversion or hydropower generation
associated with a type 7 water right. A type 7 right does nothing but refill reservoir storage.

Type 8 right- A type 8 right only creates a target volume and/or flow switch with no
other computations performed for that water right. Targets can be developed using UC, TO, TS,
SO, DI/IS/IP, BU, CV, and FS records along with the WR record target setting features.
However, the target for a type 8 water right is not used by that right, and the right is not further
simulated. The only reason for a type 8 water right is to allow its target to be used by one or
more other WR or IF record water rights in assigning or adjusting their instream flow, diversion,
hydropower, or storage targets, reservoir release limits, or stream flow depletion limits. A type 8
right, like any other right, can be referenced by HC, TO, LO, FS, and CV records. WR, IF, and
OR records can connect to FS or CV records contained with the record set of another water right.

Primary and Secondary Reservoirs

A water right can be associated with any number of reservoirs. A WS record for each
reservoir must follow the WR record. Only one reservoir, called the primary reservoir, is allowed to
refill storage with that particular right. The water right diversion and primary reservoir must be
located at the same control point. Types 1, 5, and 7 rights are the only water rights allowed to refill
storage. A type 1 right or hydropower right may have either zero or one primary reservoir and any
number of secondary reservoirs. A type 7 right must have one primary reservoir and may have any
number of secondary reservoirs. The primary reservoir must be cited on the WS record immediately
following the WR record. All reservoirs on the second and subsequent WS records are termed
secondary reservoirs and can only make releases for the water right, not be refilled by it. All
reservoirs associated with type 2, 3, or 6 rights are classified as secondary reservoirs. These
reservoirs are refilled by other rights. Likewise, IF record rights do not refill reservoir storage.

Water Right Types 1, 2, 3, and 7 in the WRAP-SIM Simulation

The water right type specified on the WR record guides the computations within the WRAP-
SIM water rights loop. The type specification primarily affects the determination of the target
requirement for the right and the manner in which the requirement is to be met. The available
stream flow is calculated the same regardless of water right type, except hydropower rights are not
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subject to instream flow requirements. The target stream flow depletion is then computed according
to the type of right.

For type 1 rights, the target stream flow depletion is the permitted diversion amount plus the
volume needed to refill storage in the primary reservoir, if one exists. A right is allowed to refill
storage only in its primary reservoir, and only up to the storage capacity of the right. A stream flow
depletion is then made to meet the target. If the available stream flow is greater than the target, the
target stream flow depletion is taken from the available flow, and the computations continue on to
the next right in priority order. If there is not enough available stream flow to meet the target, the
additional amount is released from reservoir storage.

The permitted diversion amount for a type 1 right is given priority over refilling of reservoir
storage when the amount of water available is insufficient to supply both. The computations to
replenish storage in the primary reservoir are based on the total capacity associated with that water
right. Subsequent junior rights may have storage capacities that are higher than the right in
question, but this extra storage capacity is ignored by the current right in refilling storage.

Computations for a type 2 right are identical to a type 1 right except a type 2 right is not
allowed a primary reservoir in which to replenish storage. The target depletion for a type 2 right is
simply the permitted diversion amount. Although a type 2 right cannot refill storage, it can meet its
diversion requirement from releases from storage from one or more reservoirs.

The target requirement for a type 3 right is computed identically to a type 2 right, but a type
3 right is not allowed to make a stream flow depletion. The available stream flow is by definition
zero. The permitted diversion is treated as an additional amount to be released from system
reservoirs. For water right types 1, 2, and 3, diversion shortages are calculated as the difference
between the permitted diversion amount and the amount of the diversion target actually met.

With a type 7 right, a target is computed just like for a type 1 diversion. The simulation
computations for a type 7 right are identical to a type 1 right except for the use of this target. With a
type 7 right, the target replaces the total storage capacity at top of conservation from the WS record
field 3 as long as the target does not exceed the WS record capacity. In any month in which the
computed target exceeds the conventional WS record storage capacity, the target is ignored and the
computations are identical to a type 1 right with zero diversion.

Reservoir Storage

Reservoir storage parameters are provided on the storage WS record associated with a water
right WR record or an instream flow /F record if one of the storage options (IFM(IF,3) options 3 or
4) is activated. Any number of water rights can be associated with a single reservoir. Any number
of reservoirs may also be associated with a single water right. However, a right may include a
storage capacity to be refilled in only one reservoir, called its primary reservoir. Secondary
reservoirs supply water use requirements but are not refilled by the right. The WS record includes
the total storage capacity volume at the top of conservation pool and at the top of the inactive pool.
Each individual water right associated with a reservoir has its own conservation and inactive
capacities. Reservoir operations are defined by water right type specified on WR records and rules
specified on operating rules OR records along with parameters on WS, HP, and other records.
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The storage capacity at the top of conservation pool specified in WS record field 3 (or the
alternative storage target for a type 7 right if less than WS record field 3 capacity) defines:

1. The pool from which that right can divert or release water. The right has access to the
volume of water stored above its top of inactive pool and below its top of conservation
pool storage levels. (Applicable for water right types 1, 2, 3,4, 5, 6, and /F rights.)

2. The total cumulative capacity to which the reservoir can be refilled under the priority
of that water right, assuming the reservoir has been drawn down in current and
previous months and stream flow is now available for refilling. (Types 1, 5, 7 only.)

In the simulation, a water right can make no releases or diversions from its inactive pool.
The reservoir storage level is allowed to fall below the top of inactive pool only due to evaporation.

SIMD allows gated or ungated flood control or surcharge storage capacity above the top of
conservation pool to be included in the simulation, as described in the Daily Manual. However,
SIM has no features for modeling flood control operations. In SIM, when a reservoir is full to the
storage capacity defined by WS record field 3, outflow equals inflow.

Storage Capacity Versus Surface Area and Elevation Relationships

A storage volume versus water surface area relationship is provided as input for each
reservoir for use in the net evaporation-precipitation computations. The net evaporation-
precipitation volume for a given month is the computed average water surface area during the
month times the appropriate net evaporation-precipitation depth.

Two optional formats are provided for inputting a reservoir storage volume versus surface
area relationship. A table of storage volume versus surface area can be inputted on SV/S4 records.
The model applies linear interpolation to the table to determine the area corresponding to a
computed storage volume. Alternatively, values of the coefficients a, b, and ¢ can be provided on
the WS record for use in the following equation incorporated in the model:

A=aSP+c (4.1)

where S and A denote reservoir storage volume and surface area. Typically, storage volume versus
surface area tables are provided on SV/SA4 records for major reservoirs. These data are usually
readily available for large reservoirs. A generic set of coefficients (a, b, ¢) for Equation 4.1 may be
developed from data available for a few representative small reservoirs and then applied to
numerous smaller reservoirs for which storage-area data are not available.

A water surface elevation versus storage volume table is provided on PE/PV records for any
reservoir associated with hydropower for use in determining head. A PE/PV record elevation-
volume table may also be input for reservoirs without hydropower to tabulate water surface
elevations for information purposes.

Monthly Varyving Limits on Storage Capacity

The monthly varying storage capacity option is motivated primarily by seasonal
reallocations of storage capacity between flood control and water supply in multiple-purpose
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reservoirs. Seasonal rule curve operating rules consist of varying the top-of-conservation pool or
other designated pool levels with season of the year. Probably the most common use of seasonal
rule curve operations is in allocating storage capacity in multiple-purpose reservoirs between
flood control and conservation pools, based on seasonally varying characteristics of water supply
and flood risk. The flood control pool consists of storage capacity above the designated top of
conservation pool elevation that is keep empty except during and following major flood events.
The bottom of the flood control pool coincides with the top of the conservation pool. A seasonal
rule curve consists of varying the specified top of conservation pool elevation over the year.

Monthly varying upper limits on reservoir storage capacity are specified on MS records.
A storage capacity limit is specified for each of the 12 months of the year. The monthly storage
MS record supplements the WR, WS, and OR records. Reservoirs are refilled to the capacities
specified on WS records. Multiple WR and WS records, representing refilling storage capacity to
various levels with different priorities may be associated with a single reservoir. Likewise,
multiple diversion rights may obtain water from a single reservoir or multiple-reservoir system.
The monthly storage option simply places a limit on the maximum storage in a reservoir for each
of the 12 months of the year. Reservoirs are filled to the capacities specified on the WS records
subject to the constraint of not exceeding the limits specified on the MS records.

The monthly varying limits on storage capacity (MS record) option is reflected in the
simulation in two ways.

1. Each month, prior to the water rights computation loop, the beginning-of-period storage
content of each reservoir is limited to the capacity specified on the MS records. If the end-of-
period storage content from the previous month exceeds the capacity limit, the excess water
in storage is released back to stream flow, subject to an optional maximum release capacity
limit specified on the MS record. The optional release capacity limit may result in longer
than one month being required to lower the seasonal pool level. The spill from lowering the
pool level is treated identically to the inflows entered on CI records. The flow at the control
point of the water right is increased by the amount of the spill. The stream flow at all
downstream control points is increased by the amount of the spill adjusted for channel losses.

2. As reservoir storage is refilled in the water rights loop, the end-of-period storage content is
constrained to not exceed the specified monthly varying maximum storage limit.

Reservoir Storage Content at the Beginning of the Simulation

By default, all reservoirs are assumed to be full to their maximum storage capacity at the
beginning of the simulation. If not specified otherwise, reservoirs start the simulation full. A less
than capacity beginning storage content for any reservoir may be specified on its WS record.
Another set of beginning-ending storage (BES) options is described in Chapter 6 that allows the
storage at the beginning and end of the simulation to be the same, representing an infinite recycling
of the hydrologic period-of-analysis. Any other beginning storage can also be defined in a BES file.

Reservoir/River System Operations

With a little ingenuity and imaginative creativity, SIM water right options may be integrated
in a variety of ways to model a comprehensive range of reservoir system operating scenarios.
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Operating rules may range from very simple to very complex. Considerable flexibility is provided
to simulate complex system operations by combining:

e a storage WS record for each reservoir associated with a water right defining
storage capacities and operating parameters

e water right features associated with WR and IF records and auxiliary SO, ML,
T0, LO, FS, CV, BU, and TS records including the river/reservoir system
operating rules specified by categorizing a right as type 1, 2, 3, 4, 5, 6, or 7 and
target setting options including storage targets

e drought indices allowing diversion, instream flow, hydropower, and storage
targets to be specified as a function of storage content (D1/IS/IP/IM records)

e monthly varying limits on storage capacity (MS record)

e reservoir release capacity (OR record) which may be varied with flow conditions
(F'S and CV records which connect to target setting records)

e multiple reservoir system operating rules (OR record)
e multiple owners sharing storage in the same reservoir (EA4 record)
e hydroelectric power features of a project (HP record)
e priority sequence circumvention options (PX records)
Most aspects of modeling water rights covered throughout this chapter are relevant to
reservoir system operations. Later sections of this chapter focus specifically on (1) multiple rights

associated with the same reservoir and (2) multiple reservoirs associated with a single right. SIMD
flood control operations are covered in the Daily Manual.

Iterative Reservoir VVolume Balance Computations

Reservoir water budget computations are performed within SIM for each individual water
right that has reservoir storage, within the water right priority sequence, which is repeated within the
monthly time step sequence. The following three volumes are computed simultaneously:

e end-of-month reservoir storage volume
e reservoir outflow (releases and withdrawals) volume during the month
e net water surface evaporation less adjusted precipitation volume during the month

Since, the monthly storage, outflow, and net evaporation volumes are all dependent on each other,
an iterative computational algorithm is required.

Net water surface evaporation-precipitation is discussed in the preceding Chapter 3. The
net evaporation volume is computed each month by multiplying a net evaporation depth times
the average water surface area determined as a function of storage volume. The reservoir surface
area is a simple average of the areas at the beginning and end of the month. The beginning-of-
month area is determined as a function of the known beginning-of-month storage volume.
However, the unknown end-of-month reservoir storage volume depends upon the net evaporation
volume. Thus, the estimated end-of-month reservoir surface area changes during the course of
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iterative computations along with the improvements in the end-of-month storage volume and net
evaporation volume estimates.

The stop criteria for the iterative algorithm is based on comparing successive computed end-
of-month storage volumes. The computations stop if the difference between successive end-of-
month storage volumes is less than either 0.1 unit (acre-foot) or 0.01 percent. The computations
also stop upon completion of a maximum of 50 iterations, with a warning message written to the
message file that the 50 iteration maximum was reached and the last storage computed was adopted.

As discussed later in this chapter, hydroelectric energy generation is a function of head as
well as discharge. Average head is a function of the end-of-month storage, which is also being
computed, as well as the known beginning storage. The hydropower routine iteratively activates the
iterative reservoir routine described above in its own iterative routine to meet an energy target.

The following previously-computed known amounts are provided to the SIM routine that
performs the iterative computations to determine reservoir outflow, net evaporation, and end-of-
month storage volumes for a particular reservoir for a particular water right.

beginning-of-month storage

stream inflows into the reservoir from stream flow depletions for senior rights
inflows into the reservoir from releases from upstream reservoirs for senior rights
available stream flow still remaining for appropriation by the current water right
outflows (releases and diversions) for other more senior water rights

outflow target for the current water right

The reservoir volume balance computations like other aspects of SIM must be understood
within the framework of the priority sequence. Stream flow depletions, releases from upstream
system reservoirs, and diversions and releases from this reservoir are accumulated in memory
and incorporated into the water budget computations associated with other more junior rights at
the same reservoir. In the water right priority sequence simulation, the water accounting
computations for a particular water right include consideration of the diversions and releases at
the same reservoir previously determined for more senior rights. However, the evaporation and
end-of-month storage previously computed for the senior rights at the reservoir is not considered.

With multiple rights at the same reservoir, SIM computes the total net evaporation
volume along with end-of-month storage content from scratch for each water right in turn in the
priority sequence, not the incremental decrease or increase in evaporation. The actual correct
evaporation volume and end-of-month storage for a reservoir are the amounts computed for the
last right in the priority sequence at the reservoir. However, intermediate evaporation and end-
of-month storage estimates computed during the priority sequence are used in determining the
amount of water available from reservoir storage for individual rights. The determination of the
amount of water available to a particular water right from reservoir storage is based on
information currently known at that point in the priority sequence. Likewise, for hydropower
rights, head available to generate hydroelectric energy is based on information currently known
at that point in the priority sequence. Evaporation and storage volumes are written to the output
file for types 1 and 7 and hydropower (types 5 and 6) rights but not for types 2 and 3 rights.
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Water Supply Diversions

A monthly water supply diversion target is determined by combining an annual diversion
amount from a WR record with the appropriate monthly distribution factor from an UC record. The
water use type on the WR record connects the diversion right with the appropriate monthly use
coefficients. If a use type is not entered in field 4 of the /F" or WR record, the default of a constant
uniform distribution (1/12 of total in each month) is adopted. An entry of NDAYS distributes the
annual target in proportion to the number of days in each month (28, 30, or 31 days/month).

As discussed later in this chapter, a variety of other options may be employed in setting a
diversion target. A series of diversion targets that vary annually as well as monthly may be entered
on target series 7.5 records. The drought index option (DI record) allows diversion targets to be
adjusted as a function of storage content in selected reservoirs. A multiplier factor, as a percentage,
is determined by combining the beginning-of-month storage with a storage versus multiplier factor
relationship defined by 1S/IP records. The diversion target can also be modified as a function of
stream flow, storage, and specified upper and lower limits by options controlled with supplemental
options SO, target options 70, cumulative volume CV, and flow switch FS records.

Intermediate targets may be computed with the various target setting options. Only one
target and shortage are included in the simulation results recorded for each water right for each
period. In the case of adopting multiple options resulting in multiple intermediate targets, SO record
field 9 allows selection of which diversion target and shortage to include in the output file.

A diversion shortage is declared any time the diversion target cannot be fully met. A
diversion shortage is computed as the monthly target described in the preceding paragraphs less the
computed actual diversion amount as limited by water availability.

In the SIM simulation, in the water rights priority loop, diversion requirements are satisfied
to the extent allowed by available stream flow and reservoir storage. The priority number sets the
seniority of the diversion relative to other rights. A diversion requirement may be run-of-river with
zero storage. Alternatively, a diversion requirement may be met by stream flow supplemented by
releases from one or more reservoirs.

Return Flows

Return flows can represent water discharged back into the stream after use, such as
municipal and industrial wastewater treatment plant effluent or irrigation return flows. Return flows
can also represent water transported through conveyance facilities such as canals, pipelines, and
pumping plants from other control points which may be located any place. The control points of
origin and destination of the diversion return flow can be located in different river basins. Intrabasin
or interbasin transfers may be simulated in this manner. Alternatively, such transfers of water may
also be modeled as a type 4 right (WR record field 6) or by using the alternate control point (SO
record), pipeline (OR record), or constant inflow (CI record) options described elsewhere in this
chapter. Transient right XP option 1 on the PX record allows return flows computed as a function
of actual diversion amounts to have a priority that is different than the diversion. Return flow
priorities affect the order in which other water rights have access to the return flow.
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Return flows from water uses supplied by groundwater sources are often modeled as
constant inflows on CI records rather than using the WR record return flow options described below.
CI record flows are discharged at the beginning of the priority sequence. The previously discussed
type 4 right allows return flows from groundwater to be assigned any priority.

Return flows are computed in SIM as a user-specified fraction of computed actual (rather
than target) diversion amounts. A diversion return flow can reenter at any user-specified control
point, which could be located downstream or upstream of the diversion location or on a different
stream. The return flow factor and location are part of the water right WR record input data.

Timing of return flows is also a user-specified option. The return flows may be returned
during the same month as the water right diversion or during the next month. Since water rights are
considered in priority order, the return flows associated with a junior water right will not affect the
water available to a senior right unless the return flow is carried over to the next month. PX record
XP option 1 allows return flows to have a priority that is different than the diversion.

Return flow specifications provided on the WR record for each water right include the
return flow factor, the control point location to which flows are returned, and whether return
flows occur in the same month as the diversion or the next month. Return flows are computed in
SIM by multiplying a computed diversion by a return flow factor, which may be either a constant
specified on the WR record for the water right or optionally a set 12 monthly return flow factors
specified on RF records associated with a specified type of water use. The variable RFMETH in
WR record field 7 specifies the return flow method adopted for the water right as follows.

0 Default RFD from JO record field 15 is adopted. Option 1 is the RFD default.

1 A constant return flow factor RFAC is specified in WR record field 8. The
return flow occurs in the same month as the diversion.

2 A constant return flow factor RFAC is specified in WR record field 8. The
return flow occurs in the next month after the diversion.

3 An alphanumeric identifier RFIDWR is specified in WR record field 8 which
connects the water right to a set of 12 monthly return flow factors input on RF
records. The return flow occurs in the same month as the diversion.

4 An alphanumeric identifier RFIDWR 1is specified in WR record field 8 which
connects the water right to a set of 12 monthly return flow factors input on RF
records. The return flow occurs in the next month after the diversion.

Options 3 and 4 require that a set of 12 monthly return flow factors be input on RF
records. Identifiers input in the WR and RF records connect the water rights to the appropriate
return flow factors. Options 1 and 2 both include a value for RFAC on the WR record, so RF
records are not required. If the RFAC field is left blank, there is no return flow.

Hydroelectric power releases through turbines are also treated as return flows using the
same options applied to diversions. The default for hydropower is to return 100 percent of the
hydropower release at the next downstream control point during the same month as the release.
However, the next month option, return to another control point, and the other options available for
diversions are computationally applied to turbine flows in the same manner.
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Other Inflows and Outflows

Stream flow adjustments may be specified as either F4 or CI records. Constant inflow CI
records consist of 12 inflows or outflows, for the 12 months of the year, which are repeated each
year. Flow adjustment FA records are used to input multiple-year sequences of inflows or
outflows, with the monthly flows varying between years. The adjustments from the F4 or CI
records are applied by the SIM model in essentially the same manner. As discussed in the
Hydrology Manual, program HYD provides more flexible options for applying CI and F'4 record
adjustments, which includes the SIM methodology discussed below and variations thereof.

The most common applications of CI records are to model (1) return flows not otherwise
included in the return flow options, such as return flows from water supply withdrawals from
groundwater aquifers and (2) interbasin transfers of water to the control point. FA records have
been used to enter flow adjustments representing interactions between groundwater and stream
flow associated with aquifer pumping. In general, CI or F4 records could also be used to model
diversions not otherwise included in the water rights, channel losses not otherwise modeled in
the channel loss computations, or other flow features.

The following discussion focuses on CI record adjustments but is also pertinent to FA4
record adjustments which are described in the Users Manual. The constant inflow/outflow (C/
record) option allows input of 12 flows, for the 12 months of the year, associated with a specified
control point. An outflow is entered as a negative value of inflow. The constant inflows are
added to the flows at the control point designated on the CI record and at all control points
located downstream. If channel loss factors are input on pertinent CP records, the CI record
inflows/outflows are adjusted by channel losses at downstream control points.

Sequences of inflows for each control point provided as input on /N records typically
consist of naturalized stream flows. The next-period return flow option allows diversion return
flows to be added to the naturalized flows for the next month after the diversion. At the
beginning of the monthly simulation loop, prior to performing the water allocation computations,
SIM combines the inflows/outflows from the CI records with the naturalized flows from the /N
records and return flows from the previous month. The constant inflows/outflows are added
after the optional negative incremental flow adjustments.

A constant monthly outflow may be input as a negative value on a CI record. Negative
inflows are not allowed to reduce the total stream flow to below zero. If an outflow (negative
inflow) is greater than the combined /N-record naturalized flow plus return flows from the
previous month, the combined total of all three components is set equal to zero. The reduced
value of negative inflow at the designated control point is carried downstream. The negative CI-
record inflow is also restricted from reducing the total flows at the downstream control points to
below zero. A Cl-record outflow (negative inflow) is essentially equivalent to a diversion that is
senior to all the water rights on the WR and /F records.

Hydroelectric Energy Generation

Hydroelectric energy production rights are similar to diversion rights in WRAP-SIM. Both
hydropower (types 5 and 6) rights and diversion (types 1, 2, and 3) rights are activated with a water
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right WR record. An energy generation target is entered on the WR record for a hydropower right.
Reservoir storage and hydropower operation information is specified on WS and HP records. A
reservoir storage volume versus water surface elevation table (PV/PE records) and constant tail-
water elevation (HP record) or tail-water elevation versus discharge table (TE/TQ records) are input
to allow the model to compute head.

Hydroelectric power is generated with all water that is available to the turbines in the
priority-sequenced simulation computations, which includes reservoir releases and pass-through
flows associated with senior water supply rights, available unregulated stream flows, and releases
from reservoirs made specifically to meet the hydropower generation target. If multiple
hydropower rights are assigned to the same reservoir/hydropower project, the energy generation
associated with each right is the total energy that can generated with all the water available at that
point in the priority sequence. Unlike multiple diversions at the same reservoir which can be
summed to obtain a total diversion amount, each of the hydropower energy production amounts are
already a cumulative total. Thus, energy production associated with multiple hydropower rights at
the same reservoir cannot be added.

Energy generation target and shortage amounts are written to reservoir/hydropower project
and/or water right output records in the SIM output OUT file and tabulated with TABLES. Energy
generation target and shortage amounts associated with individual hydropower rights are also stored
in a HRR file and reorganized as tables with TABLES. If only one hydropower right is associated
with a particular reservoir/hydropower plant, the energy amounts are the same on the
reservoir/hydropower and water right output records. With multiple hydropower rights at the same
reservoir/hydropower project, the multiple water right output records contain the cumulative energy
amounts associated with each water right. The reservoir/hydropower project output record shows
the cumulative energy amount associated with the most junior hydropower right at the reservoir.

For each period of the simulation, the energy production target is met as long as sufficient
water and head is available from stream flow and reservoir storage. An energy shortage occurs if
sufficient water is not available to meet the user-specified energy requirement. The model also
computes secondary or surplus energy. Secondary energy represents additional energy, above the
specified energy target, that potentially could be generated by passing reservoir releases for
downstream diversions through the turbines. Only reservoir releases for water rights senior to the
hydropower right are considered in computing secondary energy. Secondary energy is treated by
the model as a negative energy shortage. No releases from storage or stream flow depletions are
made if previous releases for senior rights are sufficient to meet or exceed the energy requirement.

Power generation may be constrained by both an optional turbine discharge capacity and a
maximum monthly energy amount specified on the HP record. Minimum reservoir storage levels
allowing power generation are also specified.

Flows through hydroelectric power turbines are returned to the river computationally in the
same manner as water supply diversion return flows. Return flow options specified by WR record
fields 7-9 (RFMETH, RFAC, RFIDWR, RCP) are applied to hydropower releases the same as to
diversions. The default is to return 100 percent of the turbine flow at the next downstream control
point below the control point of the water right during the same month as the release. However,
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hydropower releases may contribute to downstream flows optionally either the same or next month.
The flows may enter the river at any specified control point.

Input Data for Hydropower Rights

A hydroelectric energy generation right is represented by the following input data:

e control point location [WR record field 2]

e annual energy generation target [WR record field 3]

e set of 12 monthly energy target distribution factors [WR record field 4, UC records]

e drought index for varying energy target as a function of reservoir storage [DI/IS/IP records]
e optional series of monthly energy generation targets that vary between years [7S record]

e priority number [WR record field 5]

e water right type [WR record field 6]

e active and inactive reservoir storage capacities [WS record fields 3 and 7]

e parameter LAKESD for diversion rights indicating whether diversions can be released
through hydropower turbines and thus contribute to power generation [WS record field 11]

e plant efficiency factor [HP record field 2]

o tail-water elevation [HP record field 3] or tail-water rating table [ TE/TQ records]
e turbine inlet invert elevation [HP record field 4]

e turbine discharge capacity [HP record field 5]

e maximum limit on secondary energy generation [HP record field 6]

e reservoir storage versus water surface elevation table [PV/PE records]

e multiple-reservoir system operating rules [OR records]

e turbine discharge return flow specifications [WR record fields 7, 8, 9]

e multiplier factor POWFCT [XL record field 7]

Energy Equation and Multiplier Factor

Hydroelectric energy computations are based on the following equations:

E =Pt 4.2)
P =v Q H e (unit conversion factors) 4.3)
E = yQH e t (unit conversion factors) = Q He t (POWFCT) (4.4)

where the terms are defined with examples of typical units in brackets as follows:

E — energy generated [Watt-hour (W-hr) = 3,600 Newton » meters = 2,650 ft-1bs;
megaWatt-hr (MW-hr) = 1,000,000 W-hr = 1,000 kiloWatt-hr (kW-hr)]
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P — power generated [Watt (W) =Nm/second; MW = 1,000,000 W = 1,000 kW;
horsepower = 550 ft-Ib/s = 0.7457 kW]

y —  unit weight of water [Ib/ft’, kN/m’]
Q — discharge through turbines during time period [ac-ft/month; 10° m*/month]

H — head [feet, meters]
= mean reservoir water surface elevation for period minus tail-water elevation

e — plantefficiency [dimensionless]
t —  time period (one month)

POWFCT = power factor used in WRAP-SIM

In the SIM model, hydroelectric energy (E) produced is represented as:
E = QHet(POWFCT) (4.5)

where: POWFCT =y (unit conversion factors) (4.6)

POWFCT is a multiplier factor that reflects unit conversions and the unit weight of water. Values
of POWFCT for several alternative sets of units are tabulated in Table 4.2 and may be computed for
any other set of units. SIM uses a default POWFCT of 0.0010237 corresponding to the units shown
in the last column of Table 4.2. Thus, the default POWFCT = 0.0010237 automatically used by
SIM is appropriate if the variables are expressed in the following units:

POWFCT=0.0010237
energy (E) in megawatt-hours (MW-hrs)
discharge (Q) in acre-feet/month
head (H) in feet

If other units are adopted, a value for POWFCT must be entered in field 7 of the multiplier factor
XL record.

Table 4.2
Hydropower Factor for Alternative Sets of Units

specific weighty ~ 9.80kN/m*  9.80kN/m’ 9.80kN/m® 624 1b/f* 6241/ 624 1b/ff
units for:

volume/period, Q m’ 1,000 m’ 10% m® acre-feet acre-feet acre-feet

head, H meters meters meters Feet feet feet

energy, E kN-m kW-hrs MW-hrs ft-1bs kW-hrs MW-hrs
POWFCT 9.80 2.7222 2.7222 2,718,144 1.0237 0.0010237

The model default of POWFCT = 0.0010237 with energy in megaWatt-hours (MW-hrs) is
computed as follows for illustrative purposes.
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E = y Q H et (unit conversion factors) = Q Het (POWFCT) =

3
Ib -ft 43,560 ft
624 — ( ac ) (feet) (month) . m N hour MW
> /\_month acree feet |\ 3.2811ft J{ 0.22481bs )\ 3,600s /\ 1,000,000 W

E = QHet(0.0010237)

As noted in Table 4.2, the value for POWFCT is 2.7222 if the following units are adopted: flow
volume for period t in 1,000 cubic meters (10° m?), head in meters (m), and energy in kiloWatt-

hours (kW-hrs).
kN 103m3 hour
E=1980 — (meters) (month)
m3 month 3,600s

E = QHet(2.7222)

POWFCT values for any other set of units can be determined in a similar manner.

System Operating Rules for Hydroelectric Power

Types 5 and 6 hydropower rights are analogous to types 1 and 3 diversion rights (WR record
field 6). A type 6 right limits energy generation to releases from storage. Type 5 rights allow
refilling of reservoir storage. With either type 5 or 6 rights, releases may contribute to downstream
flows optionally either the same or next month. Return flow options provided by the WR record are
applied to hydropower releases the same as to diversions. The default is to return 100 percent of the
hydropower release. Since type 5 and 6 rights are not constrained by instream flow rights, reservoir
storage should be refilled with a separate WR record that is subject to instream flow requirements.

Hydroelectric power production can be included in multiple reservoir system operations.
Hydroelectric power can be generated only at a primary reservoir. Energy can be generated at a
hydroelectric plant as a type 5 or 6 right using flows from releases from multiple reservoirs. A run-
of-the-river hydropower right is modeled as a type 5 water right with the total storage capacity equal
to the inactive capacity.

By default, all diversions and releases from a reservoir contribute to power generation for
junior hydropower rights at the reservoir, unless otherwise specified. When a non-hydropower
water right diversion is met from a primary reservoir and/or secondary reservoirs, the water is
released either through the reservoir hydropower turbines or directly from the reservoir pool, not
passing through the turbines, depending upon the input specifications (WS record field 11). The
hydropower release is computed as the additional release amount needed to meet the energy target,
considering all releases for more senior rights that pass incidentally through the turbines.

Because the energy produced is a function of both the flow through the turbines and the
average head on the turbines, hydropower rights are handled differently than diversion rights in
regard to assumptions regarding refilling reservoir storage. The non-hydropower convention of
ignoring storage above the storage capacity of the water right in a multiple-right reservoir is not
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applicable to hydropower. A type 5 hydropower right will make stream flow depletions and receive
releases from secondary reservoirs to meet its energy requirement as well as refill storage up to its
storage capacity. If the storage in the reservoir is above the capacity of the right, the right will make
stream flow depletions and reservoir releases necessary to just maintain the storage level while
meeting the energy requirement. The target stream flow depletion is computed as the additional
water that must be passed through the hydropower turbines assuming that the end-of-period storage
is either the water right storage capacity or the current storage level, whichever is higher, plus the
amount needed to refill storage. The actual energy produced must be computed in an iterative
manner if the reservoir is drawn-down by releases through the turbines since the monthly release
volume required depends on head but head depends on the release volume.

Multiple Hydropower Rights at the Same Reservoir

Any number of hydropower rights may be associated with the same reservoir, but certain
physical characteristics of the reservoir are fixed, remaining constant for all rights. The tables
describing volume-area (SV/SA records), volume-elevation (PV/PE records), and tail-water
discharge-elevation (TQ/TE records) relationships are fixed for a reservoir. These tables are
provided only once for each reservoir. The turbine inlet capacity, turbine discharge capacity, and
maximum limit on energy production are fixed by the first HP record read that is connected to the
reservoir and cannot be changed between rights. However, each of the multiple hydropower rights
assigned to a single reservoir has its own energy target and priority set by its WR and auxiliary
records, own efficiency (HP record), and own inactive and total storage capacities (WS record).

The cumulative total energy generated at a reservoir/hydropower project is recomputed for
each right. The energy value reported on a reservoir/hydropower record in the main OUT output
file represents the energy produced by the most junior hydropower right at the reservoir. The
intermediate values of energy for senior rights are recorded on OUT file water right output records
and listed in the reservoir/hydropower HRR output file. The storage used in the computations is the
current end-of-period storage for that reservoir. Junior rights associated with the reservoir may
increase or decrease the storage amount, changing the energy actually produced at the reservoir.

Instream Flow Requirements

In WRAP, an /F record instream flow right sets a target minimum regulated flow rate at a
control point location. The objective is to maintain regulated flows equal to or greater than the
monthly instream flow targets. The units for instream flow targets employed in the computations
are the same as the other flow rate terms in WRAP, such as acre-feet/month or other
volume/month units. Instream flow requirements typically represent environmental flow needs
for preservation and enhancement of ecosystems, fisheries, and wildlife habitat and but may also
serve various other purposes such as recreation, aesthetics, water quality, and water supply.

The following alternative general strategies may be employed in establishing minimum
instream flow targets for /F record water rights in the SIM and SIMD simulation models.

1. IF record and WR record targets are computed step-by-step within SIM or SIMD following the
procedure outlined later in this chapter in the section entitled Setting Diversion, Instream
Flow, and Hydropower Targets. The procedure begins with the annual target amount entered
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in IF or WR record field 3 and progresses through the series of optional computational steps
described later in this chapter.

2. Another alternative instream flow target setting option can be selected in /F record field 3
that is described later in this chapter in the section entitled Environmental Flow Standards.
Hydrologic condition HC, environmental standard ES, and (for a daily SIMD simulation)
pulse flow PF and pulse flow options PO records are employed to model /F record instream
flow rights in the format of Senate Bill 3 (SB3) environmental flow standards.

3. Either the first or second strategies described above may be employed with /F record rights,
or the two strategies can be combined. An initial instream flow target determined with the
second strategy employing HC, ES, PF, and/or PO records may be adjusted following the
first strategy listed above employing 7S, 7O, SO, FS, CV, DI, IS, IP, IM and/or other
SIM/SIMD input records.

The strategies noted above are all applicable to either WR or IF record water rights.
However, although generically applicable with WR record water rights, HC, ES, PF, and PO
records are designed specifically for modeling environmental flow standards as IF record
instream flow rights.

Instream flow targets are specified in a SIM input file using an instream flow /F' record
and supporting water use coefficient UC, drought index DI/IS/IP/IM, target options 7O,
supplemental options SO, flow switch FS, cumulative volume CV, target series T8,
environmental standard ES, and/or hydrologic condition HC records. An /F record is required for
each instream flow water right. The other optional auxiliary records activate various options.

With either of the strategies outlined above, any number of /F records may be input for a
particular control point, with the next more junior instream flow target replacing the latest more
senior target or optionally the largest or smallest controlling at different priorities.

Water allocation routines in SIM are based on user-assigned priorities for all rights, which
include instream flow requirements as well as diversion, storage, and hydroelectric energy
requirements. Instream flow requirements may be assigned to any or all control points. Any
number of instream flow requirements (/F records) may be input for a particular control point,
with the next more junior /F record target replacing the latest more senior target in the priority-
based water rights loop sequence. Thus, as each water right is considered in turn based on
priority, the only instream flow target at a control point constraining water availability is the last
IF record target set based on priority. However, this instream flow target may be replaced by a
more junior /F record instream flow target later in the priority loop.

Two types of actions may occur in the simulation in order to prevent or minimize failures
(shortages) in meeting the minimum instream flow targets.

1. Constraints placed on the amount of stream flow available to diversion and storage
rights, that are junior to an instream flow requirement, may result in these rights
being curtailed to minimize shortages in meeting the instream flow target.

2. Releases from reservoirs identified by WS records associated with the /F record may
be made specifically to meet instream flow requirements.
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In the SIM water rights computation loop, with or without instream flow requirements,
the amount of water available to a right is based on yet unappropriated flows at the control point
of the right and at all downstream control points. Instream flow requirements add constraints
limiting water availability based on regulated flow targets. Diversion and storage rights that are
junior to an instream flow right may have the amount of water available to them constrained,
thus resulting in curtailment of stream flow depletions for diversions and reservoir storage.

Reservoirs Associated with IF Record Rights

Junior diversion rights are curtailed and inflows are passed through junior upstream
reservoirs to meet an instream flow requirement, regardless of whether or not storage rights (WS
record) are attached to the instream flow right (/F record). Without WS records connected to the
IF record, the releases each month through the outlet works of reservoirs associated with junior
rights resulting from senior /F record rights do not exceed reservoir inflows that month. Only
inflows are passed through reservoirs.

Reservoir storage WS records must follow the /F record in the DAT file if releases from
storage in one or more reservoirs associated with the instream flow right are to be used to
prevent regulated flows from falling below the minimum instream flow targets. Any number of
reservoirs identified with WS records may be operated with releases from storage to maintain
instream flow requirements at control points located at or downstream of the dams.

Releases from reservoir storage (WS and OR records) may be incorporated with instream
flow rights (/F records) just the same as with type 2 diversion rights (WR records). However, IF
record rights do not refill storage. Water right types are not specified on the /F record, but all /F
record rights are equivalent to type 2 rights defined on the WR record. Reservoir releases are
made as necessary to meet the target minimum regulated flow, but storage is not refilled. Type 1
WR record rights must be included in the dataset to refill storage in reservoirs.

Interactions Between Hydropower and Instream Flow Rights

Hydroelectric power releases contribute to downstream regulated flows. The algorithms
in the computer code automatically prevent hydropower rights from being curtailed as a result of
instream flow requirements. Hydropower rights ignore instream flow requirements. For
hydropower reservoirs, storage and energy requirements may be entered as separate WR records,
if necessary, so that the reservoir storage (type 1 right) is constrained by instream flow limits on
downstream water availability, but the turbine releases (type 5 or 6 right) are not.

Hydropower releases increase regulated and unappropriated flows at downstream control
points. However, a next-month return flow option allows hydropower rights to appropriate
stream flow one month and return it to the stream the next. This could allow storage associated
with hydropower to reduce rather than increase downstream flows in a particular month.

Special Conditions

Instream flow limits are normally compared to the total regulated flow at specified
locations in determining water available to junior water rights. However, an option is activated
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by IF record field 6 that allows the instream flow limits to be compared to regulated flows
exclusive of reservoir releases made from upstream reservoirs to meet water rights requirements
at locations further downstream. This option allows modeling of situations in which reservoir
releases for other purposes are not given credit for contributing to instream flows between the
dam and downstream point of diversion.

An option is activated by SO record field 13 that allows a water right to not be
constrained by instream flow requirements. This option facilitates convenient assessment of the

impacts of instream flow requirements on particular water rights.

Specification of Instream Flow Requirements

Monthly instream flow targets are set similarly as diversion and hydropower targets. An
annual instream flow target amount from an /F record is combined with a set of 12 monthly
distribution factors provided on UC records to develop monthly regulated flow targets. 7O
records allow the monthly target to be adjusted as a function of river flows or diversions. The FS
record activates options that either adjust or switch the instream flow requirement on or off based
on whether a total regulated flow volume accumulated of a specified length of time at a
particular control point falls within a defined range. The instream target can also be set as a
function of reservoir storage using DI/IS/IP/IM records. A time series of instream flow targets
may be input on time series 7S records.

A water right consists of either an /F or a WR record, which may be accompanied by
other records providing associated information. The model-user combines one or more /F and/or
WR records along with other records as necessary to model a particular water right permit or set
of water management/use requirements. The instream flow /F record is similar to the water right
WR record. In a SIM input file, IF" and WR records are grouped together in any order. IF records
may be grouped together and placed either before or after the WR records or interspersed
between WR records. UC, DI/IS/IP/IM, TO, SO, FS, CV, TS, WS, and OR records are associated
with /F records the same as with WR records.

The instream flow amount AMT from the [/F record is handled differently in the
simulation than the diversion amount AMT in the same field of the WR record. The instream
flow amount is a target minimum regulated flow at a control point. Without an instream flow
requirement, the amount of water available to each right in the priority sequence is based on yet
unappropriated flows. The instream flow target adds another constraint, based on regulated
flows, on the amount of water available to all the water rights with priority numbers junior to that
of the instream flow requirement.

Types of Instream Flow Computations

The computational method associated with a particular instream flow requirement is
specified as variable IFM(IF,3) in IF record field 8. PASS2 entered in JO record field 14 allows
a second pass to be activated regardless of IFM(IF,3). Otherwise, the options are as follows.

0,1  Junior rights are curtailed as necessary to meet the instream flow requirements during a
single pass through the water rights loop. The minimum instream flow (regulated flow)
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targets result in constraints on the amount of water available to junior rights. At any
point in priority sequence, regulated flow reflects only the effects of senior rights.

2 Junior rights are curtailed as necessary to meet instream flow requirement during a
second pass through the water rights loop. The first pass through the water rights loop is
used to compute regulated flows and instream flow shortages without limiting the amount
of water available for other rights. The second pass is made only if at least one instream
flow failure (shortage) occurs during the first pass.

—2  Junior rights are curtailed as necessary to meet instream flow requirements during both
the first and second passes through the water rights loop.

3 Option 3 is the same as Option 1 except reservoir releases are used as necessary to meet
instream flow requirements. Option 3 requires that a reservoir storage WS record follow
immediately behind the /F record. The WS record may be followed by OR records.

4 Option 4 is the same as Option 2 except reservoir releases are used as necessary to meet
instream flow requirements. Option 4 requires that a reservoir storage WS record follow
immediately behind the /F record. The WS record may be followed by OR records.

—4  Option —4 is the same as Option —2 except reservoir releases are employed as necessary
to meet instream flow requirements.

Example - Set of Records Specifying Instream Flow Requirements

For purposes of illustrating the WRAP-SIM strategy for modeling instream flow
requirements, the computations to result from the input records shown below are discussed.
Only the portion of the input file relevant to instream flow requirements is shown.

various input records of various types
various UC records

UCseason 0 0 0 0 0 0.25
uc 0.5 0.25 0 0 0 0
UC irrig 0 0 0 0.1 0.1 0.3
uc 0.4 0.1 0 0.0 0.0 0.0
other UC records

various other types of records

IF CP7 6000 19850501 2 IF1

IF CP15 5200 seasonl19720801 2 1F2

IF CP7 12000 19910215 2 IF3

IF CP12 1800 19880601 2 IF4

WR CP12 7800 irrigl9880601 0.25 WR7
WS Res-A 125000 -1

IF CP12 0 19880601 2 IF5

IF CP7 9000 99999999 4 IF6

WS Res-B 50000 -1

many other records of various types

Water is allocated to all /FF and WR rights in turn, in priority order, as the simulation
proceeds through the water rights loop for January of the first year. Instream flow requirement
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IF2 at control point CP15, with a priority date of 1 August 1972 (19720801) is the most senior of
the rights shown and therefore the first to be considered. Multiplying the annual instream flow
target of 5,200 ac-ft/yr by a January distribution factor of 0.0 results in a January target of zero.

Instream flow requirement /F'/ at control point CP7, with a priority of 19850501 (1 May
1985), is considered next. The January instream flow target is 1/12 of 6,000 ac-ft/yr or 500 ac-
ft/month. This 500 ac-ft/month regulated flow target serves as a constraint on the amount of
water available to water rights with a priority junior to 1 May 1985.

Instream flow requirement /F'3, with a priority of 19910215 (15 February 1991), raises
the instream flow target at control point CP7 from 500 ac-ft/month, set by /FI, to 1,000 ac-
ft/month. Thus, all rights with a priority date between 1 May 1985 and 14 February 1991 are
subject to an instream flow requirement at CP7 of 500 ac-ft/month, and those with priority dates
of 15 February 1991 or later are subject to an instream flow requirement of 1,000 ac-ft/month.

Rights /F4, WR7, and IF5 at control point CP/2 all have a priority of 19880601 (1 June
1988). Multiple rights with the same priority number are considered in the order they are entered
in the input file. [F4 sets an instream flow target of 150 ac-ft/month, which constrains the
amount of water available to water right WR7. IF) resets the instream flow target back to zero.
Thus, the 150 ac-ft/month instream flow requirement at CP12 affects only water right WR?7.

Instream flow requirement /F6 changes the minimum regulated flow target at control
point CP7 from 1,000 ac-ft/month, set previously by /F3, to 750 ac-ft/month. Since the /F6
priority of 99999999 is junior to all other water rights, this target has no affect on the amount of
water available to the other rights. If the regulated flow at CP7 is less than 750 ac-ft/month,
releases from reservoir Res-B will be made to increase it to 750 ac-ft/month, as specified by the
WS record following the /F record for /F6.

Multiple IF Record Rights at the Same Control Point

Multiple /F records may be used to model a particular set of instream flow requirements.
Any number of instream flow /F records can be connected to the same control point. As each /F
record water right is considered in the priority loop, the target set by that /F record right is
compared with the target previously set by the preceding /F record right in the priority sequence
at the same control point. An option controlled by the parameter in /F record field 7 allows
selection between three options. The default option 1 is for the junior target to replace the senior
target. Options 2 and 3 are to adopt the larger or smaller of the two targets. This procedure of
comparing the latest two targets computed in the priority loop can be applied to any number of
IF records at the same control point.

Same IF Record Right Applied at All Control Points in a Stream Reach

The instream flow target defined by the /F record and its auxiliary records is repeated at
all control points between the control points entered in /F record fields 2 and 14. If the optional
IF record field 12 is blank, the instream flow requirement is applied only at the control point
entered in the required field 2. The optional parameter CP2 in /F record field 14 defines a
stream reach extending from the control point specified in /F record field 2 downstream to CP2.
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This reach may contain any number of control points. CP2 in /F record field 14 is the identifier
of a control point located further downstream, with the exception that OUT entered in field 14
assigns CP2 as the outlet. The instream flow target is set at all control points in the reach.

Instream Flow Computations

IF record instream flow targets are set within the SIM water rights priority sequence in
essentially the same manner as WR record diversion and hydropower targets, but the targets are
used differently. 7F record instream flow targets are minimum limits on regulated flows used in
defining water availability for junior WR record rights. For each month of the simulation, the
SIM instream flow routines perform the following tasks. The /F record field 8 /FM(IF,3) options
for which the tasks are relevant are shown in parenthesis.

Setting the Instream Flow Target for the Month (Options 0, 1, 2, 3, and 4) SIM determines the
monthly instream flow target following procedures outlined later in this chapter based on
information entered on an /F record and optional UC, DI/IS/IP/IM, TO, FS, CV, SO, and/or
TS records or information entered in environmental flow standard format on HC and ES
records. An instream flow target is expressed in the same units as a diversion target, such as
acre-feet/month or other volume/month units.

Writing Instream flow Shortages to the Output File (Options 0, 1, 2, 3, and 4) The instream flow
requirement is a target minimum regulated flow. For a given month, at the completion of the
water rights loop, the instream flow target for each /F record right is compared with the
regulated flows at the appropriate control point to determine whether failures to meet the
targets occur and to compute the shortage amounts. A shortage occurs when the regulated
flow is less than the instream flow target. The shortage, in volume/month units, is the
difference between the instream flow target and the regulated flow. Targets and shortages
are written to the main SIM output OUT file. Program TABLES reads the SIM output file and
builds instream flow shortage tables in the same manner as the other tables are developed.

Initial Pass through Water Rights Loop (Options 2 and 4) With the dual pass options 2 and 4
activated, in the initial pass through the water rights computational loop, regulated flow
constraints are not placed on the amount of water available to each WR record water right.
Thus, junior rights are not curtailed to prevent instream flow shortages from occurring. If
one or more failures to meet instream flow targets occur, a second pass through the
computational loop is made. If no failures to meet instream flow targets occur in the first
pass, there is no second pass; the simulation proceeds to the next month. For options 2 and 4,
the first pass through the water rights loop serves the following purposes.

1. A determination is made of whether or not failures to meet instream flow requirements
occur if no other diversion and storage rights are curtailed. The second pass through the
water rights loop described below occurs only if one or more failures to meet instream
flow targets occur in the first pass. This guarantees that junior rights are not unnecessarily
curtailed due to instream flow requirements, in those months in which all instream flow
requirements can be met without curtailing junior rights.

2. The regulated flows reflecting all the water rights are determined in this first pass. These
regulated flows are used in the second pass as a lower limit on the regulated flows used to

107 Chapter 4 Water Management



define water availability. This prevents junior rights from being curtailed more than
necessary in those months in which instream flow requirements do constrain junior rights.

Second Pass through Water Rights Loop (Options 2 and 4) If instream flow shortages occur
during the first pass through the water rights loop described above, a second pass is
performed. In the second pass, instream flow requirements result in constraints on the
amount of water available to all rights that are junior to the instream flow requirements,
except hydropower rights. The constraints on water availability result in junior rights being
curtailed as necessary to prevent or minimize instream flow shortages.

Within the priority-based water rights loop, an instream flow requirement establishes a
minimum regulated flow target at a specified control point that results in a constraint on
water availability for junior water rights. The regulated flow is compared with the instream
flow target to determine the limit on water availability. The regulated flow constraint is
incorporated in subroutine A VALB for computing the amount of water available to each right
in the priority loop.

Intermediate regulated flows computed during the second pass, with a minimum limit set by
the final regulated flows at the completion of the first pass, are combined with the instream
flow requirements to determine the constraints on water availability. As each water right is
considered in turn, the intermediate estimate of regulated flow reflects only the effects of
more senior rights, since the junior rights have not yet been considered in the priority-based
water rights loop. However, the algorithm in S/M limits the regulated flow during the second
pass to not drop below the final regulated flow computed at the completion of the first pass.

Second Pass through Water Rights Loop (Options —2 and —4) IF record field 8 IFM(IF,3)
options —2 and —4 in combination with PASS2 from the JO record provide variations of the
procedure allowing curtailment of junior rights in all months regardless of conditions and
always requiring a second pass. These options provide capabilities for experimentation on
the effects of the instream flow algorithms.

Single Pass through Water Rights Loop (Options 1 and 3) Options 1 and 3 involve only one pass
through the water rights priority sequence simulation loop. The instream flow requirements
result in constraints on the amount of water available to junior water rights.

Reservoir Storage for Meeting Instream flow Requirements (Options 3 and 4) Options 3 and 4
involve using releases from reservoir storage to meet instream flow targets. Options 3 and 4
consist of adding reservoir storage to options 1 and 2, respectively. A WS record must follow
the /F record for an option 3 or 4 instream flow requirement. Multiple-reservoir operating
rules OR records may follow the WS record as appropriate.

Instream flow shortages are determined in the water rights loop. Whenever the instream flow
target exceeds the monthly regulated flow at a control point, a shortage is computed as the
instream flow target minus the regulated flow. For an /F record right with reservoir storage
(IFM(IF,3) option 3 or 4), the instream flow shortage is mimicked as a diversion right with
return flow factor of 1.0. The 100 percent return flow occurs at the same control point as the
dummy diversion (instream flow shortage). Thus, if an instream shortage occurs, a diversion
target equal to the shortage is created, and the corresponding return flow factor is assigned a
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value of 1.0. The /F record right is then processed through the water right computations just
like a WR record right. The simulation results recorded in the SIM output file for /F record
and WR record water rights can be compared in Table 5.3 of Chapter 5. The reservoir
release, storage, and net evaporation volumes are non-zero for instream flow output records
only for /F record rights with /FM(IF,3) option 3 or 4.

Regulated Flows and Instream Flow Targets

For a given month, water is allocated to each water right in turn, in priority order, in the
water rights computational loop priority sequence. At the beginning of the water rights loop, the
regulated flow at a control point is the summation of:

e the naturalized flows from the /N records
e return flows from the previous month if the next-month return flow option is used
e gains or losses from an optional C/ record or F4 record

During the water rights allocation computations, the regulated flows are diminished by
stream flow depletions for diversions and refilling reservoir storage. The regulated flows may be
increased by return flows from diversions from reservoir storage, hydropower releases, or
upstream reservoir releases for downstream diversions. The intermediate regulated flows and
unappropriated flows in effect, when a particular water right is considered in the priority-based
water allocation computation loop, depend upon the effects of the more senior rights that have
already been considered.

From the perspective of WRAP-SIM, an instream flow requirement is a target minimum
regulated flow at a control point. Any number of /F records may be associated with a control
point, allowing the target minimum regulated flow to change in the priority sequence as the
various water rights are considered. An actual instream flow requirement is modeled by
combining as many /F records as necessary. An instream flow shortage occurs if the regulated
flow falls below a minimum flow target. SIM computes and outputs the monthly instream flow
shortages for each /F record right.

Actions to Prevent or Reduce Instream flow Shortages

The following two approaches are incorporated in WRAP to model regulatory actions in
maintaining instream flow requirements.

1. In the water rights loop, as each water right is considered in turn, a first step is to compute
the amount of water available to the right. The instream flow target is a constraint on the
amount of water available to junior WR record rights. Reductions in water availability may
result in curtailment of stream flow depletions for meeting diversion requirements and
refilling reservoir storage associated with these junior rights.

2. An instream flow right (/F record) may also have its own reservoir storage (WS record).
Releases from storage are made as necessary to prevent or minimize instream flow shortages
at downstream control points. The /F record right allows only releases, not refilling of
storage. In the model computations, the instream flow shortage is converted to a dummy
diversion with 100% return flow, which is then handled the same as a WR record diversion.
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Single Versus Dual Passes through the Water Rights Computational Loop

Modeling the effects of instream flow requirements on the numerous other diversion and
storage rights in a river basin is complicated by the combination of the following two
considerations.

1. Available stream flow is allocated to water rights based on priorities. Thus, the water rights
are considered in priority order in the water rights computation loop.

2. Diversion and storage rights may either increase or decrease the regulated flows at a control
point. Diversions and refilling reservoir storage decrease regulated flows at downstream
control points. Conversely, regulated flows may be increased by (1) return flows from
diversions from storage, (2) hydropower releases, or (3) upstream reservoir releases for
downstream diversions.

As discussed earlier, in the priority-based water rights computational loop, restrictions on
water availability due to instream flow requirements may result in shortages in meeting diversion
and/or storage requirements that are not necessary. For example, the regulated flows may have
dropped below the target level, thus restricting water availability, when a particular diversion
right is considered. Thus, the diversion right incurs a shortage. However, more junior rights
considered later in the computations may result in return flows from diversions from reservoir
storage that raise the regulated flow above the instream flow target. The sole purpose for
performing two passes through the water rights computation loop is to address this complication.

IFM(IF,3) options 1 and 3 perform the water allocation computations during a single pass
through the water rights loop. The instream flow shortages computed by this approach are
accurate. However, diversions and refilling of reservoir storage associated with other rights may
have been curtailed more than necessary to prevent or reduce instream flow shortages. The dual-
pass approach of options 2 and 4 provides protection against erroneously over restricting the
amount of water available to other water rights in the following two regards. However, they do
not guarantee that junior rights are not over-restricted.

1. In the dual pass approach, the first pass is used to compute regulated flows without allowing
instream flow requirements to restrict the amount of water available to junior rights. The
second pass occurs only if the first pass results in one or more instream flow shortages.
Thus, option 2 guarantees that junior rights are not affected in any month in which instream
flow targets are met anyway without restricting the amount of water available to other rights.

2. At completion of the first pass, the regulated flows reflect the effects of all water rights, but
the rights are unrestricted by instream flow targets. In option 2, these final first-pass
regulated flows are used in the second pass to set a lower limit on regulated flows used in the
water availability computations. This prevents junior rights from being curtailed more than
necessary in those months in which instream flow requirements do limit the amount of water
available to junior rights.

An erroneous instream flow shortage could possibly occur in a situation in which a

diversion right actually increased regulated flows in the first pass but is curtailed in the second
pass. Consider a diversion downstream of the instream flow target control point made from
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releases from a reservoir located upstream. The reservoir release increases the regulated flow at
the instream flow target control point prior to being diverted downstream. For purposes of
reducing instream flow shortages, this particular diversion right should not be curtailed. The
model-user can handle this situation by bracketing the WR record in the input file with /F
records, with the same priority as the diversion right, that turn the instream flow requirement off
and then back on again just before and after consideration of the R record right.

The second pass /F record option could possibly cause irregularities in simulation results
when used with various complex combinations of other SIM modeling features and thus should
be applied cautiously. In general, the single pass options 1 and 3 should be adopted unless
specific reasons are clearly identified warranting the more complicated dual pass options 2 and 4.

With IFM(IF,3) options 2 and 4, instream flow requirements are imposed only during the
second pass through the water rights computation loop. Thus, another problem with options 2
and 4 is that the final unappropriated flows do not reflect instream flow requirements in those
months in which all requirements are met without necessitating a second pass.

The only reason for the /F record dual pass options is to deal with the problems of senior
rights not getting access to water made available by junior rights through same-month return
flows from diversions from storage and same-month hydroelectric power releases and obtaining
credit for contributions to meeting instream flow requirements at intermediate control points
made by releases from upstream reservoirs to meet diversions at downstream locations. As
previously discussed, CI record return flow, next-month return flow, and next-month
hydropower options are typically adopted to deal with return flows and hydropower releases.
Thus, the dual pass option is applicable primarily in situations involving senior /F record
instream flow requirements located between a junior WR record right's reservoir and its
downstream water supply diversion. The second pass options would be adopted to prevent
unnecessary curtailments by other WR record rights located between the dam and diversion with
priorities falling between the senior /F record right and junior WR record right.

The single-pass IFM(IF,3) options 1 and 4 are the recommended default standard. The
more complicated two-pass I/FM(IF,3) options 2 and 4 should be applied with caution and only if

specific reasons warranting switching to the two-pass strategy are clearly identified.

Environmental Instream Flow Standards

The following two alternative approaches may be adopted for setting /F record instream flow
targets. This section focuses on the first alternative listed below. The second is discussed later.

I. A -9 in IF record field 3 activates a target setting procedure that employs HC, ES, and PF
records to model instream flow rights in the format of Senate Bill 3 (SB3) environmental
flow standards. This is the topic of this section. This approach is designed specifically for /IF
record instream flow rights but can coincidentally also be applied to WR record water rights.

2. Either IF or WR targets are established through a step-by-step procedure that begins with the
annual target amount entered in /F or WR record field 3, which is allocated to the 12 months
of the year based on a set of monthly water use distribution factors specified in WR or IF
record field 4. This is a standard approach routinely employed with WR and IF record rights.
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When employed with an /F record instream flow right, either of the alternative strategies
noted above result in computation within the SIM simulation of an instream flow target for the
current month at the specified control point. This instream flow target may be adopted as the
actual final target employed in the simulation. However, alternatively, this target can be treated
as an initial quantity to be further adjusted by optional target-setting features controlled by 70,
SO, FS, CV, DI, IS, IP, IM, TS, and/or other SIM input records. The target-building process may
progress through a series of optional computational steps described later in this chapter.

For example, SB3 environmental flow standards may include requirements for freshwater
inflows to bays and estuaries that include cumulative inflow volumes that may be modeled with
SIM features activated by flow switch FS or cumulative volume CV records that are combined
with the ES and HC record modeling features described in the following paragraphs.

Senate Bill 3 (SB3) Environmental Flow Standards

The Texas Instream Flow Program (TIFP) was authorized by the 77th Texas Legislature
in 2001 through Senate Bill 2. The TIFP is jointly administered by the Texas Commission on
Environmental Quality, Texas Parks and Wildlife Department, and Texas Water Development
Board and consists of scientific and engineering studies to determine flow conditions necessary
for supporting a sound ecological environment in the river basins of Texas [43].

Senate Bill 3 (SB3) enacted by the 80th Texas Legislature in 2007 established a new
regulatory approach to provide for environmental needs through the use of flow standards
developed through a stakeholder process culminating in TCEQ rulemaking. Water right permits
in effect prior to the effective date of September 1, 2007 are not impacted. Only new water
rights and water right amendments that are submitted after this date are subject to the new
requirements established pursuant to the 2007 Senate Bill 3 [27].

The expanded regulatory process created by Senate Bill 3 results in determination of
environmental flow needs and establishment of set-asides to satisfy the environmental flow
needs. Set-asides refer to commitment of previously unappropriated water in the TCEQ Water
Availability Modeling (WAM) System to meet specified environmental flow standards.
Environmental flow standards (requirements) for particular locations in particular stream systems
are defined in terms of flow regimes. Senate Bill 3 defines an environmental flow regime as: A4
schedule of flow quantities that reflects seasonal and yearly fluctuations that typically would
vary geographically, by specific location in a watershed, and that are shown to be adequate to
support a sound ecological environment and to maintain the productivity, extent, and persistence
of key aquatic habitats in and along the affected water bodies.

Environmental flow standards adopted by the TCEQ consist of a set of flow metrics and
rules that vary seasonally with location and/or by hydrologic condition and that govern decisions
to curtail junior rights to divert and/or store stream flows. Environmental flow requirements or
standards are defined in terms of flow regimes that describe the magnitude, frequency, duration,
timing, and rate of change of stream flows required to maintain a sound ecology. The SB3
process has adopted a framework recommended by studies performed pursuant to the SB2 TIFP
that defines an instream flow regime that includes four components: subsistence flows, base
flows, within-bank high flow pulses, and overbank high pulse flows [27, 43].
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Subsistence flows occur during drought or very dry conditions. A primary objective of
subsistence flow standards is to maintain water quality. Other objectives include ensuring that
species populations are able to recolonize the river system after normal base flow rates return.
Base flows represent the range of average or normal flow conditions without the effects of recent
rainfall. A primary objective of base flow standards is to ensure adequate habitat conditions,
including variability, to support the natural biological community of the river system.

High flow pulses are short duration, high magnitude but still within channel, flow events
that occur during and immediately following rainfall storms. High flow standards are designed
to maintain physical habitat features and longitudinal connectivity along the river channel.
Overbank flows are infrequent, high magnitude flow events that exceed channel banks resulting
in water entering the floodplain. The primary objectives of overbank flow requirements are to
maintain riparian areas and provide lateral connectivity to the floodplain. Other objectives may
include transporting organic matter to the main channel, providing life cycle cues for various
species, and maintaining the balance of species in aquatic and riparian communities.

Information regarding SB3 environmental instream flow standards can be found at the
following TCEQ website.

https://www.tceq.texas.gov/permitting/water_rights/wr_technical-resources/eflows

This website provides convenient access to the environmental flow standards that have been
adopted to date, which are published as Subchapters B through F of Chapter 298 of Title 30 of
the Texas Administrative Code. Rules for the river systems listed in Table 4.3 are published as
individual subsections of Chapter 298. Modifications to these existing standards and
establishment of standards for additional regions and river reaches are expected in the future.

Table 4.3
River Systems with SB3 Environmental Flow Standards

Priority Number of Inflows
River System Date Gages Seasons HCs to Bay
Sabine and Neches Rivers April 2011 10 4 0 0
and Sabine Lake Bay
Trinity and San Jacinto Rivers April 2011 6 4 0 1
and Galveston Bay
Brazos River and its Associated March 2012 19 3 3 0
Bay and Estuary System
Colorado and Lavaca Rivers and Aug 2012 22 4 4 2
Matagorda and Lavaca Bays
Guadalupe, San Antonio, Mission, Aug 2012 17 4 3 2
and Aransas Rivers, and Mission,
Copano, Aransas, and SA Bays
Nueces River and Corpus Christi Feb 2014 19 4 0 1
and Baffin Bays
Rio Grande, Rio Grande Estuary, Feb 2014 4 3 4 0
and Lower Laguna Madre
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The WAM priority date shown in the second column of Table 4.3 reflects the date of
submission of recommended environmental flow standards to the TCEQ by formally constituted
expert science teams. The third, fourth, and fifth columns of Table 4.3 show the number of
USGS gage sites at which flow standards are established, number of seasons, and number of
hydrologic conditions defined. Four of the seven river systems have additional requirements for
flows into one or two bays as indicated in the last column of Table 4.3. The SB3 environmental
flow standards for all of the river systems include subsistence, base, and high pulse flow
components. Details of the standards vary between river systems and between sites in the same
river system. However, in general the standards provide minimum target limits on subsistence,
base, and high pulse flows that vary seasonally and in many cases with hydrologic condition.

Definitions of seasons and hydrologic conditions are summarized in Table 4.4 for the
SB3 environmental flow standards noted in Table 4.3. Standards for five of the river systems are
based on four seasons per year, and the other two river systems have three seasons. Seasons are
defined a little differently for the upper versus lower Colorado River Basin.

Table 4.4
Seasons and Hydrologic Conditions for SB3 Environmental Flow Standards

Seasons Hydrologic Conditions
River System Winter  Spring Summer  Fall Variable and Number
Sabine and Neches Jan-Mar Apr-Jun Jul-Sep Oct-Dec none
Trinity and San Jacinto Dec-Feb Mar-May Jun-Aug Sep-Nov none
Brazos Nov-Feb Mar-Jun Jul-Oct  none Palmer HDI (3)

Colorado and Lavaca Nov-Feb Mar-Jun Jul-Aug Sep-Oct 12-month flow (4)
Dec-Feb Mar-Jun Jul-Aug Sep-Nov reservoir storage (3)

GSA Jan-Mar Apr-Jun Jul-Sep Oct-Dec 12-month flow (3)
Nueces Dec-Mar Apr-Jun Jul-Aug Sep-Oct none
Rio Grande Nov-Feb Mar-Jun  none Jul-Oct 12-month flow (4)

Three of the seven river systems have SB3 environmental flow standards that employ
three hydrologic conditions (dry, average, wet). Two other standards add a fourth hydrologic
condition. Hydrologic conditions are applied differently at different sites and may be different
for subsistence, base, and high pulse flow components of the standards. Flow standards for three
of the seven river systems do not consider hydrologic conditions.

Dry, average, and wet hydrologic conditions for different regions of the Brazos River
Basin are defined based on the Palmer hydrologic drought index. The environmental flow
standards for the Guadalupe, San Antonio, Mission, and Aransas Rivers, Rio Grande, and some
regions of the Colorado and Lavaca Rivers define hydrologic conditions based on the total river
flow at a defined measurement point during the 12 months preceding the beginning of the current
season. The standards for other regions of the Colorado and Lavaca Rivers define hydrologic
conditions based on the combined storage contents of specified major reservoirs. The details of
the standards vary between river systems and measurement points in the same river system.
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Simulating Environmental Instream Flow Standards

Hydrologic condition HC, environmental standard ES, and (for a daily SIMD simulation)
pulse flow PF and pulse flow options PO records are designed specifically to model /F record
instream flow rights in the format of SB3 environmental flow standards. The SIM and SIMD HC
and ES input records are described in Chapter 3 of the Users Manual. The SIMD-only PF and
PO input records are described in Chapter 4 of the Users Manual and Chapter 6 of the Daily
Manual. An example of modeling SB3 environmental flow standards with ES, HC, PF, and PO
records is presented in Chapter 8 of the Daily Manual. Water right EFS-1 from the Daily
Manual Chapter 8 example is replicated below to illustrate the following discussion.

IF Camer -99. 201203 EFS-1

**

HC Hemp 1 HI 1 M J N 0.0 1.5 2.5 -9.

**

ES SF501 32. 32. 32. 32. 32. 32. 32. 32. 32. 32. 32. 32.
ES BASE1 110. 110. 140. 140. 140. 140. 97. 97. 97. 97. 110. 110.

ES BASE2 190. 190. 310. 310. 310. 310. 160. 160. 160. 160. 190. 190.
ES BASE3 460. 460. 760. 760. 760. 760. 330. 330. 330. 330. 460. 460.

PF 01 1080. 6680. 8 1 0 1 2 O O 2 O 3 Winter ,HC1,Camer
PF 02 1080. ©6680. 8 3 011 2 O 0O 2 0 O Winter,HC2,Camer
PF 03 2140. 14900. 10 2 0 11 2 O O 2 0 O Winter,HC3,Camer
PF 01 3200. 2300. 12 1 0 3 6 0 O 2 0 O Spring,HC1,Camer
PF 02 3200. 23900. 12 3 0 3 6 0 0 2 0 O Spring,HC2,Camer
PF 03 4790. 38400. 14 2 0 3 6 0O O 2 0 O Spring,HC3,Camer
PF 01 560. 28600. 6 1 O 7 10 O O 2 O O Summer,HC1,Camer
PF 02 560. 28600. 6 3 O 7 10 0O O 2 O O Summer ,HC2,, Camer
PF 03 990. 55500. 8 2 O 7 10 0O O 2 O O Summer ,HC3, Camer

Any negative number in /F record field 3 activates a target setting routine that employs
HC, ES, PF, and PO records to model /F record instream flow rights in the format of SB3
environmental flow standards. With this option activated, an IF record water right in a monthly
SIM simulation input dataset consists of an /F record followed an optional HC record and an
optional set of ES records. A set of 12 monthly flow limits ESQ(wr,es,m) in cfs are provided on
each ES record. A set of PF and PO records can be added for a daily SIMD simulation.

The HC, ES, PF, and PO records serve the sole purpose of computing a minimum
instream flow target for each month of a monthly S/M simulation or each day of a daily SIMD
simulation. This set of records may be sufficient for setting the SB3 environmental flow target
for an /F record right at a particular control point without needing other types of records.
However, the options discussed in the next section of this chapter can be used to further adjust
the final target in the manner applicable to WR right and /F record water rights in general.

Any number of /F record water rights and/or WR record water rights can be assigned to
the same control point. Options for combining multiple /F' record water rights are controlled by
the entry in /F record field 7. All components of an environmental flow standard at a site can be
modeled as a single /F record water right. However, multiple /F record rights can be employed
as needed. For example, minimum subsistence and base flow limits could be specified as an /F
record right, and minimum high flow limits could be modeled as another different /F record right
at the same control point if the user wanted water right output records to be included in the
simulation results for the two separate /F record water rights.
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Alternative Sets of Minimum Instream Flow Limits

A SB3 environmental flow standard is modeled with an instream flow [F record,
hydrologic condition HC record, and multiple environmental standard ES records. Each ES
record provides a set of 12 monthly minimum instream flow limits [ESQ(wr,es,m)] that reflect
seasonal variations over the twelve months of the year. Each ES record represents a specific
flow regime component (subsistence, base, or high flow) and hydrologic condition. ES records
can also optionally define seasonal flow targets without consideration of hydrologic condition.

A SB3 flow standard is normally modeled with an /F record, HC record, and several ES
records for alternative combinations of flow regime components and hydrologic conditions.
However, an /F record water right does not necessarily have to involve flow regime components
and hydrologic conditions. For example, a simple /F record instream flow right with targets that
vary over the 12 months of the year could be modeled with one /F record combined with one ES
record or alternatively with one /F, one UC, and no ES record.

The flow quantities in the actual SB3 environmental flow standards are expressed as
mean daily flows in cfs. Although other £S record options are provided, the ES record default is
to enter the 12 monthly minimum flow limits in units of cubic feet per second (cfs). These are
mean monthly flow rates in cfs. SIM automatically converts the flow rates in cfs to monthly
volumes in acre-feet/month, considering the number of days [28 or 29 (leap year), 30, or 31] in
each month. SIMD converts the mean flow rates in cfs to daily flow volumes in acre-feet/day.
ES record parameters ESAF and ESQX activate options for using other alternative units.

The same HC and ES records are used for both monthly SIM and daily SIMD simulations.
The multiple alternative sequences of 12 monthly minimum stream flow limit quantities (flow
rates in cfs) are the same in either a monthly or daily simulation. Monthly volume limits are
uniformly subdivided into daily volume limits in a daily simulation. However, the selection
between subsistence versus base versus high flow limits each day depends upon daily regulated
river flows in a daily SIMD simulation. Computed daily regulated stream flows differ from
monthly regulated flows. A daily simulation is more accurate due to better representing within-
month daily stream flow fluctuations. High flow pulse components are much more accurately
modeled by PF/PO records and a daily SIMD simulation.

Hydrologic Conditions

The previously discussed actual SB3 environmental flow standards adopted to date
include only three (dry, average, and wet) or four hydrologic conditions or in some cases no
hydrologic conditions. HC/ES records allow up to nine hydrologic conditions to be defined if
and as needed. Subsistence, base, and high flow regime components are each modeled with
separate ES records for each applicable hydrologic condition.

All possible hydrologic conditions for a particular /F record water right are defined by a
single hydrologic conditions HC record. The hydrologic condition is updated at intervals defined
on the HC record of any number of months ranging from one to 12 months. The HC record is
referenced by multiple ES and/or PF records. Hydrologic conditions can be defined based on
either of the following HC record HCV variables falling within specified ranges.

Chapter 4 Water Management 116



e Regulated monthly flow volume over a specified number of months preceding the
beginning of a specified season at one or multiple control points. Alternative options
allow the hydrologic condition variable to be regulated flow either including
(HCV=RF) or omitting (HCV=RR) releases from reservoirs located upstream.

e Naturalized monthly flow volume over a specified number of months preceding the
beginning of a specified season at one or multiple control points (HCV=NF).

e Beginning-of-season storage content volume of one or multiple reservoirs (HCV=ST).

e Hydrologic conditions for each month are determined external to the simulation and
provided as input on hydrologic index HI records (HCV=HI). Indexes such as the
Palmer hydrologic drought index may be adopted to define hydrologic conditions.

e The HCV may also be the target computed for another water right, typically a type 8
WR record right, which can reflect any combination of S/M target building options.

Flow Regime Components

All of the SB3 environmental flow standards established to date include subsistence flow,
base flow, and high pulse flow components. However, the SIM and SIMD simulation models
view all of these components as being optional. The subsistence, base, and high flow (ES
record) and high pulse flow (PF record) components are employed or omitted as controlled by
the parameters on the input records. The high flow component option on the ES record is
normally not used in a SIMD daily simulation since daily high pulse flow PF and PO records are
available. However, PF and PO records are not applicable in a monthly S/M simulation.

One of the following ESV variable options is selected with input parameter ESV in HC
record field 3 for purposes of differentiating between subsistence, base, and high flow
components of flow regimes. Regulated flow is the default ESV normally employed.

1 The default ESV option 1 is the regulated flow in the current time step at the control
point of the /F record at the priority of the right in the water right priority sequence.

—1 With an entry of —1 for ESV, the ESV variable is regulated flow without releases
from upstream reservoirs.

2 Naturalized flow at the water right control point in the current time period is used as
the ESV variable for differentiating between subsistence and base flows.

3 ESV=3 activates the option of adopting the hydrologic condition variable (HCV) as
the ESV variable, but without the summation over multiple preceding months.

4 The ESV=4 option consists of adopting the hydrologic condition variable
(ESV=HCV) including the summation over multiple preceding months. For example,
if the HCV is the regulated flow volume over the preceding 12 months, the ESV
would also be the regulated flow volume over the preceding 12 months.

Each ES record represents a flow regime option (ESF = SUBS, SF50, BASE, HAnn, or
HSnn) paired with a hydrologic condition (ESHC =0, 1, 2, 3, ..., 9). ESHC=0 means the ES
record is applicable regardless of hydrologic condition. Each of the five possible flow regime
components can be connected to one of up to a maximum of nine possible hydrologic conditions.
Each ES record reflects a different pairing of ESF and ESHC.
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One of five ESF options are assigned to each ES record by the four-character entry in ES
record field 2. The ES record ESF options are as follows.

SUBS — Subsistence flow with regular (non-50% rule) rules for application.

SF50 — Subsistence flow applied with the 50% rule defined below.

BASE — Base flow.

HAnn — High flow with a maximum limit of nn adoptions per year. The ES record
ESQ(wr,es.m) are applied no more than nn months or days during each year.

HSnn — High flow with a maximum limit of nn adoptions per year. The ES record
ESQ are applied no more than nn months or days during each season.

Hydrologic conditions are specified by a one-digit integer between 1 and 9 entered as ESHC in
ES record field 3 immediately after ESF in field 2. Water right EFS-1 on page 115 has a
subsistence flow ES record which is applied with hydrologic condition 1 using the 50% rule
(SF501) and three base flow ES records applied with hydrologic conditions 1, 2, and 3,
respectively (BASE1, BASE2, and BASE3).

In each month of a monthly S/M simulation or each day of a daily SIMD simulation,
stream flows at the control point of the /F record (or WR record) water right are classified as
subsistence (SUBS or SF50), base (BASE), or high (HAnn or HSnn) flows as a function of the
HC record ESV variable, and ES record ESQ flow limit quantities. The /F record instream flow
target (or WR record target) is determined based on the flow regime classification determination.

The 50 percent rule is employed in some of the actual SB3 standards listed in Table 4.3.
The 50% rule is one of the two options are provided in SIM for setting subsistence flow targets.
With either option, the target is set at the subsistence flow limit if the ESV is less than or equal to
the subsistence flow limit. With the 50% rule option activated, if the ESV volume exceeds the
subsistence flow limit but is less than the base flow limit, the instream flow target is set equal to
the subsistence flow limit plus 50 percent of the difference between the ESV volume and the
subsistence flow limit. Alternatively with the standard (non-50% rule) option, if the ESV is less
than the base flow limit, the instream flow target is set equal to the subsistence flow limit.

The following rules are applied to set a minimum instream flow target for each month of
a SIM or SIMD monthly simulation or each day of a SIMD daily simulation.

1. If the simulated ESV (regulated flow by default) is less than or equal to the subsistence flow
limit ESQ for the current hydrologic condition, the target is set at the subsistence flow limit.

2 If the ESV exceeds the subsistence flow limit but is less than the base flow limit, the
following two alternative rules are possible. The instream flow limit is set equal to the
subsistence flow limit if ESF=SUBS. The 50 percent rule is applied if ESF=SF50.

3. If for the current hydrologic condition there is no subsistence limit (SUBS or SF50) in effect
or the ESV equals or exceeds the base flow limit, the target is set at the base flow limit
unless the base flow limit is over-ridden by a higher high flow (£S record) or pulse flow (PF
record) limit. The ES record high flow limits are in effect if the ESV exceeds the ESQ limit
and the nn count has not been exceeded that year (HAnn) or HC record season (HSnn).

4. Daily PF record high pulse flow limits may over-ride the ES record target in a daily SIMD
simulation as explained in the Daily Manual. By default, the largest targets control.
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Specifying Targets and Rules for Meeting the Targets

WRAP-SIM provides considerable flexibility for modeling complex water resources
development, allocation, management, and use practices. Water use requirements, reservoir/river
system operating rules, and storage and conveyance structures are modeled in association with
water rights. Water rights are addressed here from the perspective of input data records and
associated computations performed by the model. An actual water management scheme and
associated water right permit can be modeled by a combination of any number of water right input
records. The various water right modeling features can be combined in a variety of ways to
represent each particular aspect of a reservoir/river/use system. Modeling water rights may be very
simple or quite complex depending on the particular application.

Table 4.5 provides a categorization of the different types and features of water rights. The
input records used to activate the various features are also shown. In WRAP terminology, a water
right is a water management scheme described by the information entered on either a WR record or
IF record along with auxiliary records tied to the WR or IF record. WR records specify
requirements for water supply diversions and return flows or hydroelectric energy generation. WR
records are also used to refill/maintain storage in reservoirs at specified capacities subject to water
availability. [F records are used to establish instream flow targets, typically associated with
environmental needs, and optionally may include releases from storage to meet flow targets.

A WR record right, with associated WS record, may include refilling storage in one reservoir
called its primary reservoir. An instream flow, water supply diversion, or hydroelectric energy
requirement may be met by stream flow and/or releases/withdrawals from the primary reservoir and
multiple secondary reservoirs. Secondary means the reservoir releases to meet instream flow,
diversion or hydropower targets associated with the water right, but its storage is not refilled in
association with that particular right. It is refilled by one or more other rights (WR/WS records).
Multiple rights with different priorities may refill storage to different levels in the same reservoir.

Reservoir storage parameters on WS records and operating rules on OR records may be
associated with either WR or IF records. Run-of-river diversion or hydroelectric energy generation
rights may be modeled by specifying zero active storage capacity. WR/WS records may also specify
a storage-only right used solely to refill storage with zero entered for the diversion target.

Diversion, instream flow, and hydropower requirements are typically specified by entering
an annual target amount along with a set of 12 monthly distribution factors. The targets may also be
altered internally within the model as a user-specified function of storage or stream flow.
Alternatively, multiple-year