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CHAPTER 1
INTRODUCTION

The Water Rights Analysis Package (WRAP) modeling system simulates management of
the water resources of a river basin or multiple-basin region under priority-based water allocation
systems. In WRAP terminology, river/reservoir system water management requirements and
capabilities are called water rights. The model facilitates assessments of hydrologic and
institutional water availability/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 Texas 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 simulation model. 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 sub-monthly 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 river basins outside of Texas, model users must develop the input datasets required for their
particular applications.

WRAP Documentation

WRAP is documented by this Reference Manual and companion Users Manual, an
introductory Fundamentals Manual, and auxiliary Supplemental and Salinity Manuals.

Water Rights Analysis Package (WRAP) Modeling System Reference and Users Manuals,
TWRI TR-255 and TR-266, Eighth Edition, September 2011.

Fundamentals of Water Availability Modeling with WRAP, TWRI TR-283, Fifth Edition,
July 2010. (Fundamentals Manual)

1 Chapter 1 Introduction



Water Rights Analysis Package (WRAP) Daily Smulation, Flood Control, and Short-Term
Reliability Modeling Capabilities, TWRI TR-403, September 2011. (Supplemental Manual)

Salinity Smulation with WRAP, Texas Water Resources Institute (TWRI) Technical Report
(TR) 317, July 2009. (Salinity Manual)

The Texas 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. The
Fundamentals Manual also serves as a quick reference to basics for experienced users.

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,
Supplemental, and Salinity Manuals. However, easy-to-learn fundamentals covered in the
Fundamentals Manual account for a significant portion of practical modeling applications.

Additional features of the WRAP modeling system developed during 2004-2011 provide
expanded capabilities for conditional reliability, flood control, and salinity modeling, and use of
smaller time steps in the simulation. Daily or other sub-monthly time step options may be used
along with flow forecasting and routing features. The expanded modeling capabilities are
documented in the last two reports listed above which serves as auxiliary combined reference
and users manuals. The capabilities covered in the Supplemental and Salinity Manuals build
upon and extend the modeling capabilities covered by the basic Reference and Users Manuals.
TWRI TR-340 (Wurbs and Kim 2008), TR-352 (Wurbs and Lee 2009), and TR-389 (Wurbs,
Hoffpauir, and Schnier 2011) document case study applications of the expanded WRAP features.
TWRI reports are available at http://twri.tamu.edu/publications/reports

Numerous computer models for analyzing reservoir/river system management have been
reported in the published literature and unpublished agency documents. A state-of-the-art review
of reservoir/river system modeling capabilities is presented in TWRI TR-282 (Wurbs 2005). This
review is designed to (1) assist practitioners in selecting and applying generalized models in
various types of situations and (2) support continuing research and development efforts in
improving modeling capabilities. Modeling methods and strategies are explored and several
generalized river/reservoir management modeling systems, including WRAP, are compared.
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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 Compaqg
and Intel Visual Fortran compilers within the Microsoft Visual Studio Integrated Development
Environment. The code conforms to both Fortran 95 and 2003 standards. A Programming
Manual (Wurbs 2011) provides information useful in examining or modifying the Fortran code but
is not necessary for applying the modeling system. 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 Documentation
WINWRAP  WIinWRAP.exe Microsoft Windows interface Ref & User Manuals
TABLES TAB.exe Post-simulation summary tables,  Ref & User Manuals
reliability indices, frequency tables & Supplemental Man
WRAP-SIM SIM.exe Monthly simulation model Ref & User Manuals

WRAP-SIMD SIMD.exe Simulation model with monthly  Supplemental Manual
or sub-monthly time intervals

WRAP-SALT SALT.exe Salinity simulation model Salinity Manual
WRAP-HYD HYD.exe Monthly hydrology data Ref & User Manuals
WRAP-DAY DAY.exe Sub-monthly hydrology data Supplemental Manual

The modeling system documented by this basic Reference Manual and companion Users
Manual includes the following programs.

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

SM 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.

HYD assists in developing monthly naturalized stream flow and reservoir net
evaporation-precipitation depth data for the SM hydrology input files.

The following programs are not covered in the basic Reference and Users Manuals but rather are
documented by the Supplemental and Salinity Manuals covering expanded modeling capabilities.
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SMD (D for daily) is an expanded version of SM that includes features for sub-
monthly time steps, flow disaggregation, flow forecasting and routing, and
flood control operations along with all of the capabilities of SM.

DAY assists in developing sub-monthly (daily) time step hydrology input for SMD
including disaggregating monthly flows to sub-monthly time intervals and
determining routing parameters.

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

WINWRAP User Interface

The Fortran programs are compiled as separate individual programs, which may be executed
without using WINWRAP. However, the WINWRAP user interface program facilitates running all of
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. The model user must 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.

SM and SMD Versions of the Smulation Model

The simulation program SIM performs the river/reservoir/use system water allocation
computations using a monthly time step. SMD contains all of the capabilities of the monthly time
step SM, plus options for synthesizing sub-monthly time step stream flows, flow forecasting and
routing, and simulating reservoir operations for flood control. Although any sub-monthly time
interval may be used in SMD, the model is called the daily version of SM since the day is the
default sub-monthly time step expected to be adopted most often.

SMD duplicates simulation results for datasets prepared for SM. The expanded version
SMD may be viewed as replacing SM. However, SM is being maintained as a separate program.
The SIM program is complex, and the additional features make SMD significantly more complex.
SM has been applied extensively as a component of the Texas WAM System. The basic SM may
continue to be used in ongoing applications of the Texas WAM System datasets that do not need the
expanded modeling capabilities.

The conditional reliability modeling features covered in the expanded capabilities
Supplemental Manual are incorporated in both SM and SMD. The SMD sub-monthly time step,
disaggregation of monthly to daily flows, flow forecasting, flow routing, and flood control reservoir
operations features covered in the Supplemental Manual are provided only by SMD, not SM.
SMD flow forecasting involves consideration of future stream flows over a specified forecast
period in making water supply diversion and multiple-purpose reservoir system operating decisions.
Routing methodologies model translation and attenuation of stream flow adjustments.

Chapter 1 Introduction 4



HYD and DAY Pre-Smulation Hydrology Programs

Program HYD assists in developing hydrology input for SM, which consists of sequences
of monthly naturalized stream flows and reservoir net evaporation-precipitation rates. HYD is
not affected by the expanded capabilities covered in the Supplemental and Salinity Manuals.

The program DAY documented in the Supplemental Manual provides a set of computational
routines that facilitate developing SMD hydrology input related to sub-monthly time steps. The
DAY routines facilitate disaggregation of monthly flows to sub-monthly time intervals and
calibrating routing parameters.

SALT Smulation Modédl

The program SALT is applied in combination with either SM or SMD to simulate salinity.
SALT is designed for use with a monthly time step. SALT obtains monthly water quantities by
reading the main SM or SMD 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 SM/SIMD are preserved while adding salt balance accounting features.

TABLES Organization of Smulation 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
SM, SMD, 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.

Auxiliary Softwar e

The WRAP programs provide comprehensive computational capabilities but have no
editing or graphics capabilities. The user's choice of auxiliary editing and graphics software may
be adopted for use with WRAP. 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 input datasets and plotting simulation results, such as
Microsoft Excel, HEC-DSSVue, and ArcGIS.

Microsoft Programs and NotePad+ +

Notepad++ described in Chapter 6 and Microsoft Word, Wordpad, and Notepad are used
routinely in creating and editing WRAP input files and viewing simulation results. Microsoft
Excel provides both graphics and computational capabilities and has been extensively applied
with WRAP. These programs are accessed directly from the WINWRAP interface. TABLES has
options for tabulating essentially any of the time series variables included in the SM, SMD, and
SALT simulation results in a format designed to be conveniently accessed by Microsoft Excel for
plotting or other purposes.
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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 as well. Multiple simulation models
share the same graphics and data management software as well as a set of basic statistical and
arithmetic routines. A HEC-DSS Excel data exchange add-in is also available from the HEC for
transporting data between Microsoft Excel and HEC-DSS.

Database management and graphics capabilities provided by the HEC-DSS are oriented
particularly toward voluminous sets of sequential data such as time series (Hydrologic Engineering
Center 1995). The HEC-DSS Visual Utility Engine (HEC-DSSVue) is a graphical user interface
program for viewing, editing, and manipulating data in HEC-DSS files (Hydrologic Engineering
Center 2009). The public domain HEC-DSSVue software and documentation may be downloaded
from the Hydrologic Engineering Center website. http://www.hec.usace.army.mil/

The WRAP Fortran programs are linked during compilation to DSS routines from a static
library file provided by the Hydrologic Engineering Center that allow access to DSS files. The
WRAP executable programs include options for writing the SM, SMD, or SALT simulation results
as HEC-DSS files. Hydrology input data stored as a DSS file can also be read by the WRAP
simulation programs. HEC-DSSVue provides very convenient capabilities for graphical displays of
WRAP simulation results. The many HEC-DSSVue mathematical and statistical computational
routines may also be pertinent to manipulation and analysis of WRAP simulation results. HEC-
DSSVue can be accessed directly through WinWRAP.

ArcGlSand 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. Arc Hydro is a data model that operates within ArcGIS and provides a set of tools designed
specifically for hydrology and water resources applications (http://www.crwr.utexas.edu/giswr/;
Maidment 2002). Gopalan (2003) describes development of ArcGIS tools at the Center for
Research in Water Resources at the University of Texas to determine drainage areas and other
watershed parameters and the spatial connectivity of control points for the WRAP input datasets
for the Texas WAM System. Use of GIS tools to develop WRAP input data for the Texas WAM
System is further noted in the following section on pages 7-8.

An ArcGIS tool for displaying WRAP simulation results was initially developed at Texas
A&M University (Olmos 2004) and subsequently expanded at the University of Texas (Center
for Research in Water Resources 2007) 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 locations as a
color coded map. Time series graphs of WRAP-SIM output variables can also be plotted.
Customization capabilities as well as standard WRAP output data features are provided.
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Texas WAM System

Senate Bill 1, Article V11 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. Models for six river basins were to be
completed by January 2000, and the 16 others completed by January 2002. Subsequent
legislation authorized modeling of the Rio Grande Basin. The Water Availability Modeling
(WAM) Project was conducted collaboratively by the TNRCC (as lead agency), Texas Water
Development Board (TWDB), Texas Parks and Wildlife Department (TPWD), consulting
engineering firms, and university researchers, in coordination with the water management
community. Effective September 2002, the TNRCC was renamed the Texas Commission on
Environmental Quality (TCEQ). The resulting WAM System includes databases and data
management systems, the generalized WRAP model, input datasets, and simulation results for all
of the river basins of Texas (TNRCC 1998; Wurbs 2005; Martin and Chenoweth 2009). The
water management and engineering professionals from the agencies and consulting firms
responsible for implementing the Texas WAM System contributed numerous ideas for expanding
and improving WRAP along with testing methodologies through actual applications.

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
adopt for the statewide water availability modeling system (TNRCC 1998). This study resulted
in adoption of WRAP, along with recommendations for modifications. WRAP was greatly
expanded and improved during 1997-2003 and 2005-2011 at Texas A&M University under
interagency agreements between the TNRCC/TCEQ and Texas A&M University System.

Consulting engineering firms working under contracts with the TCEQ developed WRAP
input datasets and performed simulation studies for all of the river basins of the state during
1998-2003. Parsons Engineering Science, R. J. Brandes Company, HDR Engineering, Freese and
Nichols, Inc., Espey Consultants, Inc., and Brown and Root were the primary contractors. Other
consulting firms assisted as subcontractors. Individual firms or teams of firms modeled individual
river basins or groups of adjacent basins. The Sulphur, Neches, Nueces, San Antonio, and
Guadalupe were the initial river basins modeled during 1998-1999. Work on the Trinity and San
Jacinto River Basins and adjoining coastal basins was initiated in 1999. Work on the Brazos
River Basin was initiated in early 2000, with the remainder of the 22 basins following shortly
thereafter. Initial modeling of the 22 river basins was completed by 2002. The Rio Grande, the
23rd and last basin, was modeled in 2002-2003. Upon completion of the models for each river
basin, water rights permit holders were provided information regarding reliabilities associated
with their water rights. The WRAP input datasets for all of the Texas river basins are publicly
available from the TCEQ.

The Center for Research in Water Resources (CRWR) at the University of Texas, under
contract with the TCEQ, developed an ArcView/Arcinfo based geographic information system for
delineating the spatial connectivity of pertinent sites and determining watershed parameters required
for distributing naturalized stream flows, which was later updated/improved using the new ArcGIS
Hydro Data Model (Maidment 2002; Gopalan 2003). The watershed parameters are drainage area,
curve number (representing soil type and land use), and mean precipitation. The CRWR applied the
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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.

Texas has 15 major river basins and eight coastal basins lying between the lower reaches
of the major river basins. The Texas WAM System includes 21 WRAP input datasets covering
the 23 river basins. Three of the 21 datasets combine two river basins, and one basin is divided
into two datasets. The water rights in the datasets are updated as the TCEQ approves
applications for new permits or revisions to existing permits. Other aspects of the datasets also
continue to be refined. The datasets are available at the TCEQ WAM website. Information
describing the authorized use scenario datasets as of July 2011 is tabulated in Table 1.2. The
map number in the first column of Table 1.2 refers to the river basins shown in Figure 1.1.

..1.____7
i Canadian

1

Pago -

5
Rio Grande

Figure 1.1 Texas WAM System River Basins

The 21 authorized use datasets as of July 2011 contained 10,361 water right WR records
and 697 instream flow IF records (11,058 total model water rights) representing about 8,000
permits. Multiple water rights in the model may represent a single complex permit. The period-
of-analysis is at least 50 years for all of the basins, with the longest being 1940-2000. The
datasets contain 13,229 control points, including 499 primary control points, usually representing
gaging stations, with naturalized flows included in the WRAP-SIM input. The datasets model the
approximately 3,449 reservoirs for which a water right permit has been issued. Over 90 percent
of the total capacity of the 3,449 reservoirs is contained in the approximately 200 reservoirs that
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have conservation capacities exceeding 5,000 acre-feet. Storage capacities for the reservoirs are
cited in their water right permits. Most of the larger reservoirs have undergone sediment surveys
since construction. In developing the WAM datasets, elevation-storage-area tables for most of the
major reservoirs having conservation storage capacities of at least 5,000 acre-feet were assembled
for both permitted and estimated year 2000 conditions of sedimentation. Generalized storage-
area relationships were adopted in each river basin for the numerous smaller reservoirs.

Table 1.2
Texas WAM System Models
Number of Reservoir ~ Mean
Map Major River Basinor  Period Primary Total —WR IF  Model Storage Natural
ID Coastal Basin of  Control Control Record Record Reser- Capacity Flow

Analysis Points Points Rights Rights voirs (acre-feet) (ac-ft/yr)

1 Canadian River Basin 1948-98 12 85 56 0 47 966,000 190,000
2 Red River Basin 1948-98 47 447 494 101 245 4,124,000 11,049,000
3 Sulphur River Basin 1940-96 8 83 85 10 57 753,000 2,498,000
4 Cypress Bayou Basin 1948-98 10 147 163 1 91 902,000 1,748,000
5 Rio Grande Basin 1940-00 55 957 2,584 4 113 23,918,000 3,724,000
6 Colorado River Basin and

Brazos-Colorado Coastal 1940-98 45 2,395 1,922 86 511 4,763,000 2,999,000
7 Brazos River and San
Jacinto-Brazos Coastal 1940-97 77 3,842 1,634 122 678 4,695,000 6,357,000

8 Trinity River Basin 1940-96 40 1,343 1,027 35 700 7,504,000 6,879,000
9 Neches River Basin 1940-96 20 306 328 19 180 3,904,000 6,235,000
10 Sabine River Basin 1940-98 27 376 310 21 207 6,401,000 6,887,000
11 Nueces River Basin 1934-96 41 542 373 30 121 1,040,000 868,000

12 Guadalupe and

San Antonio River Basins 1934-89 46 1,338 848 200 238 808,000 2,101,000
13 Lavaca River Basin 1940-96 7 185 72 30 22 235,000 943,000
14 SanJacinto River Basin ~ 1940-96 17 412 150 15 114 637,000 2,207,000
15 Lower Nueces-Rio Grande 1948-98 16 119 70 6 42 101,700 249,000

16 Upper Nueces-Rio Grande 1948-98 13 81 34 2 22 11,000 342,000
17 San Antonio-Nueces 1948-98 9 53 12 2 9 1,480 565,000
18 Lavaca-Guadalupe Coast 1940-96 2 68 10 0 0 0 134,000
19 Colorado-Lavaca Coastal 1940-96 1 111 27 4 8 7,230 142,000
20 Trinity-San Jacinto 1940-96 2 94 24 0 13 4,880 181,000
21 Neches-Trinity Coastal 1940-96 4 245 138 9 31 58,000 607,000

Total 499 13,229 10,361 697 3,449 60,834,290 56,905,000

Several of the river systems shown in Fig. 1.2 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 (Wurbs 2004).
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Figure 1.2 Major Rivers of Texas

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 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 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.
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The WAM System is applied by water management agencies and their consultants in
planning studies and preparation of 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 and consulting firms use the modeling system in various other types of
studies as well.

M odd Devdlopment 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

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 the portion of the Brazos River Basin study documented by Wurbs,
Bergman, Carriere, and Walls (1988), Walls (1988), and Wurbs and Walls (1989).

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. 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 WRAP2 and provided expanded
capabilities, particularly in regard to simulating multiple-reservoir, multiple-purpose reservoir
system operations. The revisions involved coding completely new computer programs. Model
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development and application to the Brazos River Basin are described by Dunn (1993) and Wurbs,
Sanchez-Torres, and Dunn (1994).

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 (Yerramreddy 1993;
Wurbs and Yerramreddy 1994). Network flow programming is a special computationally efficient
form of linear programming that has been adopted for a number of other similar models (Wurbs
2005). 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 s
used with WRAPNET identically as with WRAP2 or WRAP3 or the later WRAP-SM. 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 (Wurbs 2002). 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 (Wurbs et al. 1994; Sanchez-Torres
1994). Sequences of monthly salt loads were 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 (Wurbs 2009). 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 SM 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 2005-2011 contracts between the TCEQ and Texas A&M University System.
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Modeling Capabilities Added Since | mplementation of WAM System

The TCEQ has continued to improve and expand WRAP since implementation of the WAM
System. The Corps of Engineers Fort Worth District also cosponsored ongoing efforts at TAMU
during 2001-2005 to further expand WRAP under its congressionally authorized Texas Water
Allocation Assessment Project. The TWDB sponsored additional improvements during 2007-2008.
The TWRI and TAMU Civil Engineering Department have continued to support 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 project. The following additional major new modeling
capabilities documented by the Supplemental Manual (Wurbs and Hoffpauir 2011) and Salinity
Manual (Wurbs 2009) are not covered in the Reference and Users Manuals.

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 several months or a year 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. SM or SMD repeats the
simulation computations with each of the sequences, starting with the same specified initial
reservoir storage conditions. TABLES determines reliabilities for meeting water right requirements
and storage-frequency relationships based on the SM or SMD simulation results.

The original WRAP uses a monthly time step. The expanded version allows each of the 12
months to be subdivided into any number of time intervals with the default being daily. Model
input may either include daily or other sub-monthly time interval naturalized flows, or options may
be activated for disaggregating monthly flows to smaller time intervals. Routing methods have
been added for use with smaller computational time steps to model flow translation and attenuation.
Calibration methods for determining routing parameters are included in the software package.
Future time steps extending over a forecast period are considered in determining water
availability. TABLES develops frequency relationships and reliability indices reflecting the sub-
monthly time interval. SMD sub-monthly results may also be aggregated to monthly values.

Any number of flood control reservoirs may be operated in SMD 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 based on the
log-Pearson type 111 probability distribution.

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 SM or SMD
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.
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Organization of the Reference and Users M anuals

This Reference Manual and accompanying Users Manual cover the WRAP modeling
system exclusive of the expanded modeling capabilities noted in the preceding section. As
previously noted, a Supplemental Manual and Salinity Manual document the additional features not
covered in the basic Reference and Users Manuals. The Programming Manual documenting the
Fortran code for all the WRAP programs is designed to support software maintenance and
improvement but is not necessary in applying the executable programs.

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 SM, TABLES and HYD.

Chapters 1 and 2 and Appendix A of this Reference Manual provide a general overview of
WRAP. Chapter 1 introduces the model and its documentation and describes its origins. Chapter 2
covers modeling capabilities and methodologies from a general overview perspective. Appendix A
is a glossary of terms used in the manuals.

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.

Chapters 5 and 6 describe SM simulation results and the use of TABLES and auxiliary
software to organize and analyze simulation results. The time series variables computed in the SM
simulation are defined. Special SM auxiliary analysis features are outlined. Capabilities provided
by TABLES for developing simulation results tables, summaries, water budgets, reliability indices,
frequency relationships, and tabulations for transport to Excel and HEC-DSSVue are explained.

Appendix B consists of input and output for several SM and TABLES examples. Examples
illustrating HYD are presented as Appendix C. The Fundamentals Manual presents a larger, more
realistic example. The input files for the examples are available in electronic format along with the
executable programs. Learning WRAP is greatly facilitated by experimenting with the examples.
The simulation computations can be readily tracked by examining simulation results. The examples
provide simple datasets with easy-to-track numbers to which additional modeling options of interest
can be added to explore their functionality.
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CHAPTER 2
OVERVIEW OF THE SSIMULATION MODEL

M odding 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 awide range of planning and management situations to evaluate aternative 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. Mode
results are used to andyze the capability of ariver 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 alocation schemes in modeling river regulation
and water management. Stream flow and reservoir storage are alocated 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 modd is applicable to essentially any
water alocation systems and also to Stuations 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 aso applicable to simple systems with one, severa, or no reservoirs.

The generalized computer model provides capabilities for simulating a river/reservoir/use
system involving essentialy any stream tributary configuration. Interbasin transfers of water can be
included in the smulation. 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-channd storage may be simulated.
Flexibility is provided for modeling the various rules specified in water rights permits and/or other
ingtitutional arrangements governing water alocation and management. There are no limits on the
number of water rights, control point locations, reservoirs, and other system componentsincluded in
amode. Thereisno limit on the number of yearsincluded in the hydrologic period-of-anaysis.

The SM mode is an accounting system 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 smulation. Typically, a smulation will be based on combining (1) a repetition of historica
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 smulated. Numerous optiond 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 M odeling 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 al pertinent locations

a. developing sequences of naturalized flows at stream gaging stations [ WRAP-HYD]

b. extending record lengths and filling in gaps to develop complete sequences at all
selected gages covering the specified period-of-analysis [ Not included in WRAP]

c. distributing naturalized flows from gaged to ungaged locations [HYD or SM]

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 [WRAP-SM]

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

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 ariver 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.

HYD includes options to assist in adjusting gaged flows to obtain naturalized flows (Task
la above). Naturaized flows may be distributed from gaged (or known-flow) locations to
ungaged (unknown-flow) locations (Task 1c above) within either HYD or SM. WRAP does not
include regression methods to extend records or reconstitute missing data (Task 1b). Readily
available spreadsheet and statistical software packages include regression analyses. 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-SM 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 SM 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 al of which may be committed to meet water rights
requirements. Unappropriated flows are the stream flows remaining after al 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. WRAP 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 M odes

The WRAP simulation program SM may be applied in the following aternative modes.

1. A singlelong-term ssimulation isthe default mode.

2. Thefirmyield analysis option activated by the FY record is based on repetitions of the
long-term simulation to develop adiversion target (yield) versus reliability table that
includesthefirm yield if afirm (100% reliability) yield isfeasible.

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

In the conventiona long-term SM 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-analysisin asingle simulation. The user specifies the storage content
of al reservoirs at the beginning of the ssimulation, defaulting to full to capacity. Optionally, a
storage cycling feature described in Chapter 6 is based on repeating the ssimulation 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 SM simulation results
represent long-term probabilities or percent-of-time estimates.

SM 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 SM output file. The
table ends with the firm (100% reliability) yield if afirm yield can be obtained.

In the SM 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 SM simulation is automatically repeated with each hydrologic
sequence starting with the same user-specified initia 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 procedures are explained in the Supplemental Reference/Users
Manual (Wurbs, et al. 2010).

Control Point Representation of Spatial Configur ation

The spatia configuration of ariver/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 ariver 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 agorithms alowing the
computations to cascade downstream by control point. Spatia 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 theriver basinsin the TexasWAM 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 SM or computed within
the model from flows at other control points. Primary control points are sites for which naturalized
flows are included in the SM input dataset. The ungaged sites for which flows are computed within
SM are called secondary control points. Options for distributing naturalized flows from gaged to
ungaged control point locations are outlined in Chapter 3. SM computes regulated stream flows,
unappropriated stream flows, and other quantities for each control point. The various quantities
computed for water rights and reservoirs can a so 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 asingle control point, but each control point islimited to one set of
reservoir net evaporation-precipitation rates. Stream flow depletions and return flows associated
with awater right affect stream flows at other control points located downstream.

Simulation | nput

Input data for the WRAP programs are provided as recordsin a set of files asdescribed 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 (IN 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 SM or HYD using optional
aternative methods. Watershed parameters for distributing flows to ungaged water rights sites
are provided on FD, FC, and WP records in aflow distribution input file.

Input describing water rights includes control point location, annua 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
apriority number of 19720501, which is asmaller 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 rel evant to each of these two types of reservoirs.
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Simulation Results

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

naturalized, regulated, and unappropriated flows for each control point

return flows from diversions that are returned at each control point

channel losses and loss credits for the stream reach below each control point
diversions, diversion shortages, and return flows for each water right

hydroel ectric energy generated and energy shortages

instream flow targets and shortages

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 SM 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 optiona formats. SM results can be easily plotted with HEC-DSSV ue.

Table2.1
Variablesin the WRAP-SIM Output File

WR Record Rights Instream Flow Rights  Control Points Reservoir/Hydropower
diversion or energy target instream flow target diversion target energy generated
diversion/energy shortageflow shortage diversion shortage energy shortage
storage volume storage volume storage volume secondary energy
evap-precip volume evap-precip volume evap-precip volume storage contents volume
available stream flow available stream flow unappropriated flow storage capacity volume
stream flow depletion  stream flow depletion  stream flow depletion  evap-precip volume
reservoir rel eases required resrelease naturalized flow evap-precip depth
return flow reservoir release regulated flow adjusted evap-prec depth
availableflow increase reservoir rel ease shortage reservoir rel eases reservoir inflow
water right identifier flow switch volume return flow reservoir release
first group identifier flow switch count channel loss turbine flow
second group identifier  water right identifier channel loss credit water surface elevation

instream flow target reservoir identifier

For each month of a M simulation, output records are written for user-selected water
rights (WR record rights and instream flow IF 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 reservoir/hydropower 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 a a
control point, reservoir storage will be identical on al 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
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a control point record are the totals for al the rights assigned to the control point. The diversions
and shortages on awater right output record are associated with a single WR input record.

As discussed in Chapter 5, the time series of monthly values of the variables listed in
Table 2.1 are read by the post-simulation program TABLES, which in turn creates user-specified
tables to organize, display, and summarize the simulation results. Some of the TABLES routines
simply rearrange and tabulate, with appropriate table headings, selected data read from SM input or
output files. Other routines include computationa algorithms, which may range from simple sums
or statistics to more complex arithmetic operations. A reliability table for water supply diversion or
hydroel ectric energy targets includes volume reliabilities and period reliabilities for meeting various
percentages of the target demands. Frequency tables are developed for naturalized flows, regulated
flows, unappropriated flows, reservoir storage, and instream flow shortages. Reservoir storage may
be aso 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 SM input
file. Optionsin TABLES aso alow data to be tabulated in formats designed to facilitate convenient
import to Microsoft Excel or HEC-DSSV ue for further computations or graphs.

Unitsof Measure

Any units may be adopted. However, the set of al input data units and conversion factors
must be computationaly 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 (feet x acre = acre-feet) English unitsis asfollows:

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

A set of computationally consistent (metersx km? = million m®) metric unitsis as follows:

e million cubic metersfor the reservoir storage and volume/month or volume/year quantities
e square kilometersfor reservoir surface area
e metersfor monthly net reservoir surface evaporation-precipitation rates

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

The hydroelectric power factor entered on the SM 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 pointsis defined in Chapter 3.
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Organization of the Simulation Computations

The river/reservoir system simulation model SM, hydrology data compilation program
HYD, 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
WIinWRAP, SM, and TABLES are aso described in the Fundamentals Manual. Information
provided in the Programming Manual is designed for individuals interested in examining or
modifying the Fortran code but is not needed for applying the executable programs.

Table2.2
Organization of Model Documentation
WRAP Program SM TABLES HYD
Explanation of model capabilitiesand methods| RM Ch2-6 | RM Ch 25,6 | RM Chap 3,6
Detailed instructions for preparing input data | UM Ch2-3 | UM Chap4 | UM Chap 5
Example datasets RM AppdB | RM AppdB | RM Appd C
and Fundamentals Manual

Information regarding Fortran programs Programming Manual

WRAP-SM S mulation Overview

The SM 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 alowed 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 SM smulation procedure is outlined in Figure 2.2 from a general overview perspective.
After first reading a major portion of the input data, the smulation 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 SM
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 smulation, SM 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 WRAP-HYD facilitates devel oping the WRAP-SIM hydrology input files.
2. The WRAP-SM simulation is outlined as follows.

® |nput data are read and organized.

DAT filerecord 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 (DT record) involve iterative repetition of the simulation.

® Annual Loop (repeated for each year of simulation)
- IN‘and EV records are read or previoudly read array is accessed.
- Hows are distributed from gaged to ungaged sites.
- Incremental negative inflow adjustments are devel oped.
- Howsfor January are adjusted for return flows from prior December.

® Monthly Loop (repeated for each month of simulation) —* * * * * * * % % * % % % *

- Net evaporation-precipitation adjustment option.
- Spills associated with monthly varying storage capacity option.
- How 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.
(Channdl 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 al control pointsis adjusted.
(Channel losses are considered in adjusting available flows.)
5. Water right output records are devel oped and written.
++++++++++++++ A+ bbb+

® + + + 4+ A+ ++ 4+ ++++ o

® Control point and reservoir output records are developed and written.

+

+ + 4+ + A+ +

ECE I B R T R R R S T R

*

k k kkk kkkkkhkkhkkkkkhkkhkkhkkkkhkkhkkkkhkkhkkhk kkkhkkkkkhkk Kk kK k k%

3. The post-simulation program TABLES s used to compute reliability and frequency metrics and
organize, summarize, and display the WRAP-IM simulation resultsin user-specified formats.

Figure 2.2 Outline of WRAP-SIM Simulation
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As SM 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. Environmenta instream flow requirements are considered.
Reservoir storage capacity is filled to the extent dlowed 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 levelsin each reservoir and stream flow till 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 SM model. As discussed in the Supplemental Manual,
SMD aso has flow forecasting and routing routines connecting time steps.

e The simulation progresses sequentialy 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 seasona 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.

Sepsin the WRAP-S M Smulation

All input data is read at the beginning of a SM execution, except naturalized flows and net
evaporation rates and the optiona 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 smulation. 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 al the rights and are outputted each month at
the completion of the water rights loop.

The ssimulation 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 al 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 individua
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 coefficient UC, supplementa options SO,
target options TO, flow switch FS time series TS, and drought index DI/ISIP 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 al 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 asingle simulation. Various options discussed
later in this manua involve two or more repetitions of the smulation. 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 SM for
purposes of using stream flow depletions determined in an initidl Smulation as an upper limit
constraining depletions in a subsequent simulation (Chapter 4), developing yield-reliability
relationships (Chapter 6), or setting beginning storage equa to ending storage (Chapter 6).

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

The objective of Example 1 isto illustrate 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 spatia
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 SM 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-
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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
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 atarget 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  Initia
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
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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 Actua  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 CP-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

Table2.5 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) (acrefeet)| (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 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
flow at CP4 (80 ac-ft) and all downstream control points (100 ac-ft at CP5). Thus, for WR-A,
the available stream flow this month is 80 ac-ft as shown in column 3 of Table 2.4. Beginning-
of-month storage of 195 ac-ft isalso available.

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.
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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)
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 isavailable for
WR-B. Stage 3 consists of alocating 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 actua
diversion islimited to the avail able 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. Thefina 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 incrementa or loca flows. An intermediate computational water
availability array of stream flows at each control point begins as the naturaized 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 diverson requirements. Hows are increased by return flows,
hydropower releases, and reservoir releases. Channel |osses 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
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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
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 afunction 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 Sy is computed in the model based on the water volume balance equation:

Sr1+Dg = Wyws+R+E+ Sy (2.1
where:
Sra - reservoir storage content at the end of the previous time period T-1
Sr - reservoir storage content at the end of the current time period T
Ds - stream flow depletion during thetime period T

Wws - water supply withdrawal or diversion from the reservoir during period T
release for hydropower, instream flow, or other downstream requirements
net reservoir surface evaporation less precipitation during time period T

m o

The term stream flow depletion (Dg) 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. SM works with totd flows, rather than incrementa 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 naturaized flows are incorporated in the available
stream flow. Reservoir spills are aso reflected in the available stream flow, though not actualy
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 areservoir have access to al 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 EA record is described in Chapter 4 that alows
areservoir with multiple owners to be modeled as multiple water rights and multiple reservairs.

End-of-period storage depends upon al 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 actua 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 adiversion right, the beginning-of-period and end-of-
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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 ajunior right at areservoir
must be equal to or greater than the storage capacity of any senior right at the reservoir.

Constructing a M oddl with WRAP

Building a WRAP modd 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 devel oped
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
filesbecome SM input files, and S M output files become TABLES inpuit files.

The Users Manual describes the data to be entered in each field of each type of record.
Each HYD and SM 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 IF record and other supporting records associated with the WR or IF record.
In terms of number of records, the mgjority of the SM input for a typica application usualy
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. Mot 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 SM input dataset may vary from afew records to many thousands of records.
The smallest possible SM mode would contain one each of the JD, CP, WR, IN, and ED records
described in the Users Manual. Actua applications may involve datasets with less than a hundred
records, but many typical applications involve severa thousand records. A SM modd 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 ssimple. A SM 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 alocation
procedures, and management policies/practices for mgjor 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 sSituations.
Complexities in applying WRAP are related primarily to (1) the numerous optiona features
available for modeling various complexities of water management and (2) the need to compile and
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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 ssmulation study, and
analyze and interpret results.

Understanding WRAP requires carefully studying the Reference and Users Manuals as well
as ganing 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 modd results with a few selected
pencil/calculator computations provides a good way to confirm your understanding of particular
computational agorithms in the model. All of the computations in WRAP are trackable. In
applying particular aspects of the model, experimenting with a smple data set with easy-to-track
numbersis often worthwhile prior to tackling the complex real world river basin modeling problem.

The following Example 2 is a smple hypothetical application presented to introduce basic
features of SM and TABLES. The example combinestitle T1, T2, comment **, job control data JD,
use coefficient UC, control point CP, ingtream flow IF, water right WR, water right reservoir storage
WS storage volume SV versus surface area SA, end of data ED, inflow IN, and evaporation EV
records, al stored in a DAT file with the filename Examl.dat. This represents only 13 of the 54
SM input record types outlined in the Users Manual, and many of the fields of these records remain
blank, meaning various optiona features are not used. However, the fundamenta record types
introduced by this ssmple example may be the only records needed to construct real-world models.

A large river basin with many pertinent sites smply 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 trandate to more IF, WR, WS, SV, and SA records. A severd
decade long hydrologic period-of-analysis requires many more IN and EV records. As the
complexity of the river basn management system increases and/or various other modeing
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 smple basic features of WRAP. However, optional capabilities are provided to modd a
comprehensive range of complicated water rights and water management scenarios.

Example 2. A Smple WRAP-SM Modd |llugtrating Basic Modeling Features

A system consisting of a reservoir, two water supply diversions, and an environmenta
instream flow requirement, is modeled using a 36 month 2005-2007 hydrologic period-of-anaysis.
The WRAP-SM 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 ssmulation
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 SM and
TABLES input record is explained in the SM and TABLES chapters, respectively of the Users
Manual. Thedatain the SM output file are defined in Tables 5.1 through 5.5 of Chapter 5. Severa
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tables created by TABLES (filename Tab2.TOU) from the SM output file (Exam2.OUT)
summarizing the ssimulation results are shown in Table 2.9.

As shown in Figure 2.4, the spatia configuration is represented by two control points, with
identifiers CP1 and CP2. Information describing this system is contained in the SM input file with
filename Exam2.DAT reproduced as Table 2.6.

CP1
RES-A

() =

Figure 2.4 Control Point Schematic for Example 2

Of the three water rights, the environmenta 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. Annua 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 isreturned 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 IN records are in units of acre-feet/month. The net
evaporation-precipitation rates on the EV 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/SA records.

The system is smulated with SM, and the smulation results are organized using program
TABLES. The TABLES input file (filename Exam2.TIN) shown in Table 2.7 and SM output file
(Exam2.0UT) shown partialy in Table 2.8 are read by TABLES to create file Exam2.OUT, which
isreproduced as Table 2.9. Thetables shown in Table 2.9 illustrate some of the types and variations
of tablesthat may be created by TABLESto organize, summarize, and analyze simulation results.
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Table 2.6
WRAP-SIM Input File for Example 2

T1 BExarple 2 - WRAP-SIM Input File BExar2.DAT
T2 Bxarple 2 fran Chapter 2 of the Reference Manual

0.08
0.01

4.1

(o]

S
=

0.08 0.06
0.00 0.0

310 21800 1620

*x 1 2 3 4 5 6 7 8
**3456789012345678901234567890123456 78901 2345678901 2345678901 23456 78901234567890123456 78901 23456 7890123456 789012
** 1 1 1 1 1 1 1 1 1 1
D 3 206 1 -1 -1

J0 3

*x

WLmnic 006 006 007/ 007 008 010 013 0.12 0.9
WCimmig 0.0 00 00 012 019 022 022 015 00
*x

cr A1 CcP2 0.08333

P 2 our none

*x

IF COP2 12000 1 Instream Flow

W CP2 38000 irrig 3 Irrigation Right
WR CP1 96000 munic 2 2 0.4 Municipal Right
WS Res-A 110000

k=

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

SA 0 140 400 1150 2210 3100 4690 6160

B

IN 2006 10200 6540 3710 730 15100 o4 112 328
IN 2006 12700 7660 4760 9190 21400 1130 145 47
BV 2005 3.7 3.9 3.9 3.8 4.2 4.5 4.6 4.3
k=

2006 3300 3110 12900 42300 62700 76500 16500 21200
4160 3780 15800 51600 78000 96800 21200 26500
2006 3.6 3.7 3.8 3.6 4.1 4.3 4.4 4.2

207 320 870 15/0 2410 4800 5630 7990 3910
2007 400 11200 2140 3210 59300 7160 10060 4950
2007 3.8 3.9 4.0 3.8 4.1 4.2 4. 4.4

232 232 288
5

w

Table 2.7
TABLES Input File for Example 2

COMM Example 2 - TABLES Input File Exam2.TIN
o 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
I1DEN CP1

2NAT 1 1 1 0 1
1DEN CP2

2REG 1 1 1 0 -1
2UNA 1 1 1 0o -1
21FS 0 1 1 1 1
1DEN Instream Flow

2DIv 1 1 0 1 1
IDENIrrigation Right
ENDF

33

31400

4.2

810 1580 1830
3.7 3.9 3.7
1740 13700 14600

3.7 4.1 3.7
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Table 2.8
First Year of SIM Output File for Example 2

WRAP-SIM (Septarber 2011 Versian) QUT Quiput Fille
Baple 2 - WRAP-SIM Input Fille Ba2.DAT
Banple 2 fran Chepter 2 of the Reference Manual

206 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 Instresm Flov  1000.00 0.00 0.0 O
2056 1 0.000 57/0.000 1853.71 110000.00 7613.71 10200.00 0.00 Municipal Rigtt 2304.00 0.00
561 0.000 0.000 0.00 0.00 0.00 4085.29 0.00lrrigation Rigt 0.00 0.00

1 0.000 5/0.000 183.71 110000.00 7/613.71 25%6.29 0.00 1020.00 25%6.29 0. 0. 0. 0.0

a2 0.000 0.000 0.00 0.00 0.00 4085.29 0.00 12710.00 5086.29 0. 0. 0. 1000.0
IF 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Instresm Flov  1000.00 0.00 0.0 O
A5 2 0.000 57/0.000 1930.98 108840.02 6540.00 6540.00 0.00 Municipal Rigt 2304.00 0.00
06 2 0.000 0.000 0.00 0.00 0.00 2424.00 0.00lrrigation Rigt 0.00 0.00

rL 0.000 570.000 190.98 108340.02 6540.00 0.0 0.00 6x40.00 0.00 0. 0. 0. 0.0
a2 0.000 0.000 0.00 0.00 0.00 24240 234.00 7630.00 3#AA4.0 0. 0. 0. 1000.0
IF 3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Instream Flov  1000.00 0.0 0.0 O

A6 3 0.000 6/20.000 187.51 108962.50 3710.00 3710.00 0.00 Municipal Rigt 2638.00 0.00
206 3 0.000 1520.000 0.00 0.00 1520.00 2BZA.0 0.00Irrigation Right 0.00 0.00

rL 0.000 6720.000 187.51 108962.50  3710.00 0.00 0.00 3710.00 0.00 0. 0. 0. 0.0
a2 0.000 1520.00 0.0 0.00 1520.0 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 0.0 0.0 O

206 4 0.000 6720.000 1749.49 102843.01 730.00 730.00 0.00 Municipal Right 2638.00 0.00
20064 1032.000 4530.000 0.00 0.00 3IJB.0 BB.MO 0.00Irrigation Right 0.00 0.00

P1 0.000 6/20.000 174949 102843.01 7350.00 0.0 0.0 730.00 0.00 0. 0. 0. 0.0
(P2 1032.000 4530.00 0.0 0.00 3IB.0 0.0 2688.00 9190.00 1000.00 0. 0 0. 1000.0

F 5 0.00 0.00 0.00 0.00 0.00 0.0 0.0 Instrean Flov 100000 00 0 O
265 000 760.00 1960.38 1007363 15100.00 15100.00 0.00 Mniicipal Right V2.0 0.0
265 000 720.00 0.00 000 7200 7980 0.00lrrigation Right 00 0

P1 0.000 7680.000 1989.38 108273.63 15100.00 0.0 0.00 15100.00 0.00 0. 0. 0. 0.0
a2 0.000 7220.00 0.00 0.00 720.00 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 0.00 0.00 Instream Flov  1000.00 0.00 0.0 O

26 6 0.000 9900.000 2%B7.755 97519.88 .00 M. 0.00 Municipal Right 3840.00 0.00
2066 6062.000 8330.000 0.00 0.00 228.00 228.00 0.00lrrigation Rigt 0.00 0.00

rL 0.000 930.000 26B7.75 97/519.88 4.0 0.00 0.00 4.0 0.00 0. 0. 0. 0.0
P2 60&2.000 8330.000 0.00 0.00 228.00 0.00 307200 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 Instreem Flov  1000.00 0.00 0.0 O

2067 0.000 12480.000 18%B.%5 83346.32 112.00 112.00 0.00 Municipal Rigtt 402.0 0.0
0067 5487.000 8330.000 0.0 0.0 28B3.0 283.0 0.00lrrigation Rigtt 0.0 0.00

rL 0.000 12480.000 186.%5 83346.322 112.00 0.0 0.00 112.00 0.0 0. 0. 0. 0.0
P2 5487.000 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 Instresm Flov  1000.00 0.00 0.0 O

206 8 0.000 11520.000 1458.53 708%.79 38.00 328.00 0.00 Municipal Rigtt 4808.00 0.00
2068 1590.000 57/0.000 0.00 0.00 4111.00 4111.00 0.00lrrigation Right 0.00 0.00
PL 0.000 1150.000 1458.53 706%.7° 38.00 0.00 0.00 38.00 0.00 0. 0. 0. 0.0
2 15%.000 57/00.000 0.00 0.00 4111.00 0.00 492.00 447.00  1000.00 0. 0. 0. 1000.0
IF 9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Instresm Flov  1000.00 0.00 0.0 O
269 0.000 830.000 120.3 61783.40 972.00 9r2.00 0.00 Municipal Right 345%.00 0.00
269 0.000 1900.000 0.00 0.00 1900.00 38%6.00 0.00Irrigation Rigt 0.00 0.00
rL 0.000 8540.000 120.3 61788.40 972.00 0.00 0.00 972.00 0.0 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. (o) 0. 1000.0

IF 10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Instream Flov 100000 0.00 00 0
000 760.000 1078.68 5S6R.72 260.00 280.00 0.00 Mnicipal Right JR2.0 0.0
000 330.00 0.0 0.0 30.0 3160 0.00Irrigatian Right 0.m  0.m
0000 760.000 1078.68 S6R.72  2650.00 0.0 0.0 2690.00 0 0. 0 0. 00
000 330.00 0.0 00 300 2B FBOO B\O.0 IHBO 0. 0. 0. 1000
0.00 0.00 0.00 0.00 0.00 0.00 0.00 Instream Flov  1000.00 0.00 0m 0
000 760.000 2.0 64177.02 17300.00 17300.00 0.00 Mnicipal Right JR.0 0.0
. . . . . . 0.00lIrrigatian Right 0.m 0.
000 760.000 2.0 &177.02 1730.00 0.0 0.0 17300.00 0w ©0. 0 0. 00
000  0.00 0.00 0.00 0.0 662.00 IR0 2800 7HBRO 0. 0. 0. 1000
0.00 0.00 0.00 0.00 0.00 0.00 0.00 Instream Flov 100000 0.00 0m 0
000 5@0.000 1114.08 58HR.% 1200 1290.0 0.00 Mnicipal Right 2.0 0.0
000  0.00 0.0 0.00 0.0 24R.00 0.00Irrigatian Right 0.m 0.0
000 500.000 1114.08 5%HR.%  1290.00 0.00 0.0 1290.00 00 0. O 0. 00
000  0.00 0.0 0.00 0.0 2420 JIR.M 10M 4RO 0. O. 0. 100.0
0.00 Instrean Flav  1000.00 0.00 0.0 0
0.00 Mnicipal Right 2.0 0.0
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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 annua 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 smulation year 2006 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 2006 streamflow depletion = 96,000 + 19,679 + (95,820 — 58,593) = 152,906 ac-ft/yr
CP2 2006 streamflow depletion = diversion = 38,000 ac-ft/yr

Since CP2 is the most downstream gage, the 2006 annual volume baance 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 aso 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 a 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 annud 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-anaysis.

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 dternate 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 sx 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 annua 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

NATURALIZED  REGUATED INPFRORRIATED  RETURN - STREAVALOW P NET ACTAL  DIVERSION
YER STRAVRLOV  STRAVRLON  STREAVALON AOV  CEAETMIN  STORAE BVRRATIN DVERSIN  SHRTAGE

¢CFD ¢ @D ¢cFD ¢ ¢cFD ¢ ¢ @D
206 66456.0 5.3 5.3 00 63®M7 58RI IXBS WO 0.0
206 2600 1240140  12274.0 00 15960 B8  I16PI WO 0.0
2007 13B0O0  16RP6  16R6 00 10204 8406  I8ED.7 9000 0.0
VEAN 5320  Hr66 400 00 106564  7HBAL  1VB8 WO 0.0

ANNUAL SUMMARY TABLE FOR CONTROL POINT CP2

NATURALIZED  REGUATED INPFRORIATED  RETURN - STREAVALON P NET ACTAL  DIVERSION
YER STRAVRLOV  STRAVRLON  STREAVALON AOV  CEAETMIN  STORAE BVRRATIN DVERSIN  SHRIAGE

¢CFD ¢ @D ¢cFD ¢ D ¢GFD ¢ @D
7:003] &R0  BB/3  2A7B3 FBO 2800 0.0 00 2800 14100
206 IGO0 1W8A0  18BA0 P00 I0.0 0.0 00  30.0 0.0
207 1412100  4B¥6 336 B0 2ZAR0 0.0 00 220 100480
MEAN 106673 9966 766 3RO XE73 0.0 00 2673 872.7

RELIABILITY SUMMARY FOR SELECTED CONTROL POINTS

TARET MEAN  *RELIABILITY*| -+ FERIENTACE OF MONTHS -HHH-HHHHH|———— FERCENTAGE OF YEARS ————
NAE  DIVEFSION SHRTAE FERICD VOLLVE]  WITH DIVERSIONS EQUALING (R EXCEEDING FERCENTAGE CF TARGET DIVERSION AVONT
CCFIAR) (CFIAR) ) ©) | 1006 9B SO 76 SOh 26 6| 1006 9B B Db 7Bh Sh b

1 9300.0 0.00 100.00 100.00j100.0 100.0 100.0 100.0 100.0 100.0 100.0j200.0 100.0 100.0 100.0 100.0 100.0 100.0
a2 0.0 8&LR.67 &B.67 77.97] 6.7 6.7 6.7 /5.0 8.5100.01000] B.3 B3 B.3 B3 3B.310.010.0
Total 13000 8267 B.7B

FLOW-FREQUENCY FOR REGULATED STREAMFLOWS

QONTROL STADARD PERCENTACE OF MONTHS WITH ALONS EQUALING OR EXCEEDING VALLES SHOMN IN THE TABLE
POINT VEAN DEVIATION  100% 2 Bl Bh Dk =h S0 5% AN sl 106 MAXIMM

P 310.6 12261. 0.0 0.0 0.0 0.0 0.0 0.0 0. 0. 0. 0. 123M. o64746.
a2 7664 14828. 1000.0 1000.0 1000.0 10000 1000.0 17/68.0 3WB. HAA. HB3. 6472. 1954, 797=8.

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 JL AL P acr NV CEC MVEAN

A6 1100000 108340.0 1030a2.5 1PA3.0 108773.6 95199 83346.3 /aH.8 61884 FHM.7 64177.0 5385R9  84/6.6
6 HB49.6 516415 568272 91223.0 110000.0 110000.0 110000.0 110000.0 110000.0 109344 101323.3 96819.8 96l4.1
07 91830 BA.0 8&/0.8 81110.7 110000.0 104008.3 9/BRS 83227.5 RI5/.0 71983 76476 8406  8/32.9
VEAN 8&00.9 &a8.5 850.8 9175.6 1004245 103341.1 93829 854l.1 8348.5 788Ll5 87160 7BA.1 8479

NATURALIZED STREAMFLOWS (AC-FT) AT CONTROL POINT CP2

YERR JAN B MR AR MAY JN NUE AL P acr NV CEC TOTAL

L00¢) 1270. 70. 480, A0, 240. 1130. 145. My,  120. FBIO. 21800. 160. &R2.
07 400. 120. 2140. 310. 5380. 7180. 10080. 4980.  1380. 20, 17100. 18310 141210.
MVEAN @83, A7, 7o/, 24338, 5000. FB0. 10468, 1062, 1133, 58343, 1x¥10. 7A10. 190557

REGULATED STREAMFLOWS (AC-FT) AT CONTROL POINT CP2

YERR JAN B MR AR MAY JN NUE AG P acr NOV OEC TOTAL

06 I7. 274 IV 4B, HP. OB, 196, 1218, A 66 2. BR 192874

UNAPPROPRIATED FLOWS (AC-FT) AT CONTROL POINT CP2

YERR JAN B MR AR MAY JN NUE AL P acr NV CEC TOTAL
B A8. 284 8A. 0. 768. 0. 0. 0. 1%6. ZiHv. 662. 24P 20778.
%6 . 1974, X84 648, M. 788 96, 11168, 22464. 5l 22, B 180874.
07 204,  BA. A 0. 148 0. 0. 0. 198. X6. H42. 5772 3738.

VBN 2FB.  25M. 1M1 2B, B, BB, 32 3B, 896, FH. 9. FD. 70007

DIVERSIONS (AC-FT) FOR WATER RIGHT Irrigation Right

YERR JAN B MR AR MAY JN NUE AG P acr NOV OEC TOTAL
L003) 0.0 0.0 1500 FBB.M 720.00 28.00 2B3.0 4111.00 1900 30.0 0.0 0.0 ZBN.0
%6 0.0 00 1500 450.00 7200 8300 830.00 5M0.0 19000 3.0 00 00 I
07 0.0 0.0 15000 248.00 720.00 FR.0 410.0 5RX.0M0 1900 30.0 0.0 0.0 2Z2ER.0
MVEAN 0.0 00 150 IBS5.B 7200 4/53.3B 5381L.00 04767 19000 3.0 00 0O B2/
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Various variations of the tables included in Table 2.9 as well as a variety of other types of
SM simulation results can be created using TABLES. Program TABLES can aso write the time
series variables from the SM simulation results, with or without optional adjustments, as binary
DSS files which are read by HEC-DSSVue (Hydrologic Engineering Center 2005). SM can dso
record results directly in a DSS file. DSS files can be read only by HEC-DSSVue or other HEC-
DSS software. The primary motivation for converting SM simulation results to records in a DSS
file is to facilitate convenient plotting using HEC-DSSVue. However, the full spectrum of other

110000.
108840.
103962.
102843.
108273.
97519.
83346.
70695.
61788.
55679.
64177 .
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51641.
56827.
91223.
110000.
110000.
110000.
110000.
110000.
109284.
101323.
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110000.
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96
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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.
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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
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00
00
00
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4086.
2424 .
834.

768.
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2736.
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2074.
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2684.
6428.
44188.
78757.
995.
11167.
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2442.
2532.
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0.
1998.
2656.
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5772.

HEC-DSS capahilities are available as well as graphics.
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M easur es of Water Availability and Rdliability

WRAP-3M is 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 typica applications, SM 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-SM 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 SM 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 SM by control
point or reservoir. Program TABLES allows simulation results associated with water rights to be
aggregated by specified groups of rights. TABLES reads SM 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 aternative 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;, annua 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 typicaly 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 individua
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.
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Volume reliability is the percentage of the total target demand amount that is actualy
supplied. For water supply diversions, the amounts are volumes. For hydroelectric power, the
amounts are kilowatt-hours of energy generated. Volume reliability (Ry) 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)

Equivaently, for water supply, Ry is the mean actual diversion rate as a percentage of the mean
target diversion rate. For hydropower, Ry is the mean actua 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 ssmulation during
which the specified demand target is either fully supplied or a specified percentage of the target
is equaled or exceeded. A rdiability summary includes tabulations of period reliabilities
expressed both as the percentage of months and the percentage of years during the ssimulation
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 SSM simulation as:

Rp = % (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 aso 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. Equivaently, 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 areliability 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 SM until the
value meeting the definition of firm yield is found. As discussed in Chapter 6, the FY 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 2 of the Supplemental Manual are
developed in a supplemental shortage table created by activating an option in field 7 of 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

e 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

e maximum number of consecutive shortages

e shortage index defined as

Shortage Index =

2
100 (( annual or sequence shortagej J

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 alows frequency anayses for al the variables in the SM 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. Equivaently, 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 ssmulation 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 I nvolving Cyclic Repetitions of the Simulation

The SM simulation computations outlined in Figure 2.2 are discussed earlier in this
chapter. A specified scenario of water resources devel opment, 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 1940-2007, covering a sequence of 816 months. The
simulation begins with January 1940 naturalized stream flows and net evaporation rates and
proceeds through the 816 months. In many typical applications, a particular execution of SM
involves a single simulation covering the hydrologic period-of-analysis once. However, SM has
several optional features that involve two or more repetitions of the hydrologic period-of-
analysis ssmulation automated within a single execution of S M.

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

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

e Yield-reliability analysis routine activated by the FY 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 conditiona reliability modeling simulations explained in Chapter 2 of the
Supplemental Manual.

The dual ssimulation 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
SM 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 field 8 or JO record field 10 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

River basin 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. WRAP-HYD is designed to facilitate developing
hydrology-related WRAP-SM input data sets. 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
chapter 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-S M 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 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 as well as a full
range of fluctuating wet and dry periods. Water resources are highly variable and highly
stochastic (random), subject to extremes of droughts and floods as well as continuous more
normal fluctuations. Magor 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 ariver/reservoir system model with little capability for ssmulating 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, ssimulated with a groundwater model, may be treated as adjustments to naturalized
stream flows contained in a WRAP-SM flow adjustment file.
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Naturalized Stream Flow

A WRAP-SM simulation begins with homogeneous sequences of monthly stream flow
volumes covering the hydrologic period-of-analysis at al control points. Program HYD provides a
set of optiona routines for developing homogeneous stream flow datasets for input to SM. For
each control point, stream flows must be either provided as input to SM or computed within SM
from flows a one or more other control points using the flow distribution techniques that are
incorporated in both HYD and SM 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. Typical 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 typicaly 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 SM input dataset (IN records in FLO file or DSS file) may be
naturalized flows representing natura 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 isto provide a homogeneous set of flows asinput to SM representing hydrology for a
specified condition of river basin development. The stream flows in the SM input dataset should
represent flows unaffected by the reservoirs, diversions, return flows, and other water management
practices and water use reflected in the SM water rights input dataset. Typically, SM stream flow
input datasets represent natura 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 SM 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 WRAP-S M water rights input dataset.

Developing naturalized flows typically represents a major portion of the effort required for a
creating a M 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 possble. 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 typicaly
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 typica 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. Wurbs, Muttiah, and Felden (2005)
outline an approach for using a globa circulation model reflecting climate change in combination
with the SWAT precipitation-runoff model to adjust WRAP naturalized stream flows for aternative
scenarios of future long-term climate change.

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 generaly more accurate than synthesizing flows with awatershed model.

WRAP Features for Developing Flow Datasets

The following tasks are involved in devel oping the sequences of monthly naturalized flows
covering the hydrologic period-of-analysis at al control points required for aSSM 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. digtributing naturalized flows from gaged to ungaged locations within either HYD or SM

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 availablein other computer software packages and are not incorporated in WRAP.

As discussed later in this chapter, program HYD provides various hydrology data
compilation capabilities, which among other capabilities include options for:

e converting observed gaged stream flows to naturalized stream flows using
techniques described later in this chapter

e digtributing flows from gaged to ungaged locations using techniques
described later in this chapter

e adjusting stream flows as described in Chapter 6 to extend the hydrologic
period-of-anaysis or to develop condensed datasets

HYD writes stream flows as a set of inflow IN records in a text file or as binary records in a Data
Storage System (DSS) file for input to M.
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Reservoir Evapor ation-Pr ecipitation

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. Typica 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 HYD and SM reservoir volume accounting routines. The SM
evaporation computations are described in the Chapter 4 section entitled Iterative Reservoir
Volume Balance Computations.

Within HYD, the computations are performed in conjunction with reservoir adjustments
for converting gaged stream flow to naturalized stream flow. HYD also provides optiona
capabilities for combining sets of evaporation and/or precipitation depths to develop EV records.
Precipitation depths may be subtracted from evaporation depths or sets of evaporation,
precipitation, or net evaporation-precipitation depths may be averaged.

Within SM, net evaporation minus precipitation volume is included in the monthly water
accounting computations performed in the water rights simulation loop. Average water surface
areais 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 Evapor ation-Pr ecipitation

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 SM accounts for the portion of the reservoir surface precipitation that is
already reflected in the naturalized stream flow inflows. In atypica application mode, the HYD
adjustment is added to historical stream flows to determine naturalized stream flows. In SM, 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 SM for adjusting net evaporation-precipitation depths for runoff from
reservoir sites are outlined as follows. The HYD version is outlined later in this chapter.
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e Net evaporation minus precipitation depths are input on EV records in an EVA file or as
binary recordsin a DSSfile.

e A precipitation-runoff adjustment term is computed within SM to prevent double-counting
the reservoir surface precipitation that is already in the IN record naturalized flows. JD
record field 10 (EPADJ) and CP record field 9 (EWA) activates this option. The JD record
field 10 sets the default option applied to al control points for which the CP record field 9 is
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 9 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 9 (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 FD and WP records are identically the same for
the rainfall-runoff adjustments as for distributing stream flows from gaged to ungaged sites.

Within SM, 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.
S M 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 incrementa monthly naturalized stream flow (in acre-feet/month) by the
watershed areafrom 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 agorithms for determining net evaporation volumes and performing the reservoir
volume accounting remain unchanged. The only difference is that the EV 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.

Program HY D Hydrology Data M anipulation Capabilities

Program HYD is designed to facilitate developing hydrology-related input data for SM.
The HYDrology data program provides a set of optional routines to read, modify, and create
sequences of naturalized or otherwise adjusted monthly stream flow volumes and net reservoir
surface monthly evaporation less precipitation depths. HYD output files are read by SM as input
files. HYD has certain computational routines that are also availablein SM and others that are not.
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Data may be smply read from HYD input files and written to a HYD output file with no
adjustments other than changing the organization and/or format of the dataset. Alternatively, the
data may undergo a variety of adjustments and manipulations employing various computationa
options. Capabilities are provided for performing the tasks outlined in Table 3.1 and discussed in
the following paragraphs. The tasks are listed in Table 3.1 generally in the order in which they are
performed within HYD. All tasks are optional. The model-user specifies any number of tasks to be
performed in a particular execution of HYD through entries on the JC, CP, EP, OI, AN, AS RSand
EQ input records which are described in Chapter 5 of the Users Manual.

The various HYD options involve reading datafrom HYD input files or aSIM output file and
performing computations to create stream flow and/or evaporation-precipitation datasets stored in
new files. HYD options aso include developing severa related tables as well as sets of IN and EV
records or DSS records. A single execution of HYD may include any number of data adjustments.
Alternatively, in order to sequence the adjustments certain ways, multiple runs may be made with
the output file from one run being read as the input file for the next. Files may aso be transported
back and forth between HYD and spreadsheet programs. Many of the computations performed by
HYD are also adaptabl e to spreadsheet programs.

Initial Data Manipulations

The following optiona initia tasks are activated by parameters entered on XL, CP, and MF
records described in Chapter 5 of the Users Manual.

e The flows and/or evaporation-precipitation rates are multiplied by factors specified on
XL, CP, and MF records. The monthly factors on MF records may a so be added.

e Stream flows and/or evaporation-precipitation rates may be assigned to a control point
by either verbatim repeating data from another control point or by multiplying the
repeated flows by the factors from the CP records.

The XL and CP record factors in HYD are essentially the same as the factors in SM covered in
Chapter 3 of the Users Manual. The factors may be used for unit conversions, such as converting
stream flows from second-feet-day (ft*/sxday) to acre-feet or net evaporation-precipitation depths
from inches to feet. Also, the same stream flow or evaporation-precipitation rates may be
conveniently assigned to multiple control points as appropriate. Drainage area ratios may be
applied to transfer flows from gaged to ungaged sites. These data adjustments occurring
immediately after the original data are read are then followed by the other optional tasks listed in
Table 3.1.

Changing the Organization and Format of the Datasets

HYD reads input files near the beginning of program execution before the data handling and
computational tasks and writes to output files near the end. The organization and format for the
output files may be different than that of the input files. Datasets may aso be converted between
text files and Data Storage System (DSS) files and between SM/HYD files and Microsoft Excel
Spreadsheet files. Text files may be reorganized. Options listed in Table 3.1 alow reading input
files in dternative formats and converting to another selected format. The aternative formats are
further discussed in Chapter 5 of the Users Manual.
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Table3.1
Capabilities Provided by Program HYD

Initial Manipulations of Stream Flows and Evapor ati on-Pr eci pitation Depths

Multiplying the origina data by constants specified on XL or CP records or multiplying
or adding monthly-varying factors from MF records.

Assigning flows or net evaporation-precipitation rates to a control point by either
verbatim repeating data from another control point or by multiplying the repeated flows
by the factors from the CP records.

Annual St of Monthly Flow Volumes or Evapor ation-Precipitation Depths

Sets of 12 monthly volumes or depths for each control point may determined by
aternative methods including means or assigning a specified exceedance frequency.

Devel oping Sets of Net Evapor ation-Precipitation Depths (EV Records)

Subtracting precipitation depths from evaporation depths to obtain net evaporation-
precipitation depths.

Developing net evaporation-precipitation depths for a particular control point as a
weighted average of values from two, three, or four other data sets.

Adjusting evaporation-precipitation depths (E) using the equation: Eqgjugted = @ Eb +C

Deveal oping Sets of Naturalized or Otherwise Adjusted Stream Flows (IN Records)

Adding or subtracting sets of adjustments to stream flows associated with historica
water supply diversions and return flows, reservoir storage and evaporation, and other
factors that may be pertinent.

Developing adjustments for the historical effects of reservoir storage and net
evaporation-precipitation.

. . b b
Applying the equations:  Qugjused =8 Q +C  OF A Qujjusment = (@ Q" +€) —Q
Distributing flows from gaged (known flow) to ungaged (unknown flow) locations.
Adjusting stream flows to prevent incremental flows from being negative.

Changing the Organization and Format of the Datasets

Converting the format of the FLO and EVA files between records grouped by control
points versus records grouped by year.

Converting an HYD fileto FLO and EV A filesin the standard format or vice versa.
Converting between FLO and EV A text filesand DSS binary files.

Converting flows and evaporation-precipitation depths to a columnar format, and vice
versa, to interchange with Microsoft Excel or other programs.

Converting SM smulation resultsto SM/HYD input record format.
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HYD Featuresfor Deveoping Evapor ation-Pr ecipitation Datasets

HYD includes an option controlled by the EP record to perform the following arithmetic
operations on two, three, or four arrays of numbers.

1. Each array is altered by multiplying each element by a user-specified constant, which may
be positive or negative depending on the application. The default multiplier is 1.0.

2. Thearrays are combined by adding corresponding €lements.

This option is designed to combine sets of reservoir evaporation, precipitation, and/or net
evaporation minus precipitation rates (depth/month) to devel op sets of EV records for input to SM.

Typical applications of this feature include:

e subtracting precipitation rates from evaporation rates to obtain net evaporation-
precipitation rates (depth/month)

e developing net evaporation-precipitation rates (depth/month) for a particular control
point as aweighted average of values from multiple data sets

The first application consists of simply subtracting a set of precipitation depths from concurrent
evaporation depths to obtain net evaporation-precipitation depths. The second application involves
determining evaporation-precipitation rates for a control point as aweighted average of vaues from
two to four other data sets. HYD mulltiplies the different sets of data by user-specified weighting-
factors and sums the products. The Texas Water Development Board maintains precipitation and
evaporation databases based on a grid of quadrangles covering the state. This HYD option is
designed to determine vaues for a control point as a weighed-average of data from two, three, or
four adjoining quadrangles.

Regression Equation to Adjust Flows and/or Evapor ation-Pr ecipitation Depths

The monthly stream flows (Q) and evaporation-precipitation depths (E) at a control point
may be adjusted by applying the equations.

Qadjusted =@ Qb +c  andlor  Egjuged=a Eb +cC (31

The Q equation coefficients a, b, and ¢ and E equation coefficients a, b, and ¢ for particular control
points or groups of control points are entered on EQ records.

The second equation converts the evaporation-precipitation depth E at a specified control

point to an adjusted value Eqgjusted, Without considering other control points. The Q equation may
also be applied directly to a specified control point without considering flows at downstream
locations. However, dternatively, an incrementa Q adjustment may be cascaded downstream. The
incrementa Q adjustment is computed as.

A Qufugment = (@Q°+0) — Q (3.2)

A Qagjusment IS treated like any other adjustment to be added to the flows. It may be cascaded
downstream with channel losses and with additions to the flows at downstream control points.
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The regression equation feature may be used in various ways. It was incorporated into HYD
particularly for use with a precipitation-runoff watershed ssimulation model such as the Soil and
Water Assessment Tool (SWAT) developed at the USDA Agricultural Research Service and Texas
Agricultural Experiment Station Research Center in Temple, Texas. The precipitation-runoff model
may be used to quantify the effects of watershed land use changes. SWAT and WRAP have aso
been applied in combination on a research project assessing the impacts of climate change on water
management (Wurbs et a. 2005). Stream flow is computed with SWAT for given precipitation and
other climatic data and watershed characteristics. Changes in land use are modeled by changing
watershed parameter values. Changes in climate are reflected in precipitation, temperature, and
other climatic variables. The precipitation-runoff model is applied to compute stream flows for
scenarios with and without climate or watershed changes. Regression analyses are then applied to
flows computed with the two different scenarios to obtain a set of a, b, ¢ coefficients for input to
WRAP-HYD. As discussed later in this chapter, a regression equation likewise may be used with
FD/FC recordsto distribute flows from gaged to ungaged locations.

HYD Featuresfor Devaoping Stream Flow Datasets

The following HYD capabilities are provided to facilitate developing the monthly flow
volumes which areinput to SM as IN recordsin aFLO file or DSSrecordsin aDSSfile.

1. adding or subtracting sets of adjustments to flows with the flow adjustments being
obtained from various sources and optionally cascading downstream

developing flow adjustments for the historical effects of reservoirs

. . b b
applying theequations:  Qujusted =8 Q +C  OF  AQujusment =(@Q +€) —Q
distributing flows from gaged (known flow) to ungaged (unknown flow) locations

a ~ 0w N

adjusting stream flows to prevent incremental flows from being negative

The objective of the stream flow adjustment routines in HYD is to provide aflexible generic
set of options to facilitate adjusting a set of stream flows to reflect changes in river basin
development. The most typical application is converting historical stream flows to naturaized
flows. However, conversions between other scenarios of watershed development may aso be of
interest. HYD is designed to be flexible for application to various situations including those
discussed in Chapter 6 as well as the type of applications noted in the present Chapter 3.
Manipulation of flow data may involve combined use of HYD, Microsoft Excel or other spreadsheet
programs, and HEC-DSSV ue.

Stream Flow Naturalization Adjustments

Naturalized stream flows are gaged flows adjusted to remove the effects of human water
management and use. HYD has options for modifying stream flows by adding or subtracting any
number of data sets of flow adjustments. Typicaly, the original unadjusted stream flows will be
historical gaged flows. Typica adjustments include historical water supply diversions, return flows
from surface and/or groundwater diversions, reservoir storage changes, and reservoir surface
evaporation/precipitation. Other types of adjustments may be added or subtracted as well. For
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example, changes in spring flows or stream base flows determined with a groundwater model and
associated with alternative aquifer management strategies may be treated as adjustments to
naturalized stream flows,

The adjustment data sets are smply time series of numbers to be added to the stream flows.
The flow adjustments may be positive, negative, or zero. An option alows an adjustment data set to
be multiplied by a user-specified factor prior to being added to the flows. Any number of sets of
adjustments may be applied at a particular control point. The data sets are added at a specified
control point and optionally at all downstream control points. If the channel loss factor field of the
control point CP record is non-zero, channel losses are reflected in cascading the adjustments
downstream. Options are provided for setting the final adjusted flows to zero if the computations
result in negative values. Particular adjustments may cover al or any portion of the hydrologic
period-of-anaysis.

The adjustments to be combined with the stream flows may consist of either constant annual
sequences of 12 monthly values or longer multiple-year time series. Adjustments for the effects of
reservoirs are computed within HYD and then handled the same as the other adjustments read from
input files. The following types of sets of adjustments may be added to the stream flows.

1. A constant may be entered on the ASrecord to add to the flows.

2. A set of 12 adjustments for each of the 12 months of the year to be repeated annually
during a specified span of years are input on constant inflow CI records.

3. Multiple-year time series of adjustments are entered on flow adjustment FA records.
4. Variablesread from the SM output file may serve as flows and flow adjustments.

5. Adjustments for the effects of reservoirs may be computed within HYD.

All five types of adjustments are handled the same. An adjustment specification AS record
provides the following information for each set of adjustments.

control point identifier

beginning and ending year of adjustments

source of adjustments

whether adjustments are to be applied to al downstream control points
factor by which adjustments are multiplied

selection of option for dealing with possibility of negative stream flows

Adjustments may result in negative stream flows. Options are available to either maintain
the negative flows as the adjustments accumulate or set them equal to zero. For multiple sets of
adjustments, the negative values in the cumulatively adjusted stream flows may be set to zero after
any specified adjustment. If negative flows are changed to zero, an option alows flow in the next
month to be decreased by the amount of the negative flow. Another option limits the adjustment to
the amount of stream flow. For example, if an adjustment of 25 acre-feet/month is to be subtracted
from a stream flow of 15 acre-feet/month, the adjustment is changed to 15 acre-feet/month. The 15
acre-feet (not 25 acre-feet) adjustment is applied at each control point as the adjustment cascades
downstream.
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Sream Flow Adjustments for the Effects of Reservoirs

Input data required to compute adjustments for the effects of reservoirs on stream flow
include historical end-of-month storage content (SC records) and storage-area relationships (SV/SA
or RS records), and net evaporation-precipitation rates (EV records). The adjustments include the
following user-specified component parts that are combined to obtain a total adjustment that is
applied to the flows at the control of the reservoir and optionally at downstream control points.

e increasesin reservoir storage content
(RSrecord field 3; default: adjustment to be added to stream flows)

e decreasesin conservation storage content
(RSrecord field 4; default: adjustment to be subtracted from stream flows)

e decreasesin storage above a specified storage capacity which represent spills or flood
releases (RSfied 5; default: adjustment to be subtracted from stream flows)

e net evaporation minus precipitation volumes
(RSrecord field 6; default: adjustment to be added to stream flows)

e portion of naturdized stream flow representing runoff from land area covered by
reservoir that would have occurred without the reservoir
(RSrecord field 7; default: adjustment to be added to stream flows)

The model-user specifies on the reservoir storage RS record which component parts to
include in the total adjustment. HYD combines the component parts to obtain a totd adjustment
which is applied just like other flow adjustment FA or constant inflow CI record adjustments to
adjust the stream flows at the control point of the reservoir and optionaly at each downstream
control point. RS record field 8 specifies creation of a table showing the component parts of the
monthly reservoir adjustments.

Each component part of the adjustment may be either added to or subtracted from the stream
flow, with defaults shown in parentheses in the preceding list. The defaults represent the
conventiona process of naturalizing gaged flows. However, flexibility is provided to modd various
gtuations. For example, water supply diversion data, normaly input on flow adjustment FA
records, may not be available. Decreases in conservation storage is caused by evaporation and
downstream releases as well as lakeside diversions. However, if conservation storage decreases are
caused primarily by diversions, and diversion data are unavailable and thus not included in the
naturalization process, the decreases in conservation storage may be omitted as partial compensation
for the missing FA record diversion data

HYD computes net evaporation-precipitation volumes by applying rates (depth/month) to
the average water surface area during the month determined by combining storage contents with the
storage-area relationship for the reservoir. Net evaporation-precipitation depths are either read from
EV records or computed as specified by EP records based on data read from EV records. The
format for entering reservoir storage volume versus water surface area relationships is the same in
both HYD and SM. A storage-area relationship may be provided as either a table on SV and SA
records or as equation coefficients entered on a RSrecord (rather than SM WSrecord).
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As discussed earlier in this chapter, HYD has an option for increasing the naturalized
stream flows to account for runoff derived from precipitation falling on dry land that historically
was actually covered by the reservoir. The precipitation falling on the reservoir is removed in
the flow naturalization process with the net evaporation less precipitation adjustments. The
adjustment for the portion of the stream flow representing runoff from the land area covered by a
reservoir that would have occurred without the reservoir is incorporated in both SM and HYD and
is conceptually the same as the drainage area method for transferring flows. The adjustment is
computed by multiplying the naturalized stream flow by the ratio of reservoir water surface area to
watershed drainage area.  Since the current value for naturalized flow at the control point is used,
this adjustment should be made after other relevant adjustments.

JC record field 17 (EPADJ), CP record field 9 (EWA), and RS record field 7 (RY(5))
activate this HYD option. RS(5) specifies whether the site runoff is included in a particular
reservoir adjustment. JC field 12 sets the default option applied to all control points for which
the CP field 9 isleft blank. An entry for EWA on a CP record overrides the default option set by
EPADJ on the JC record. The precipitation-runoff adjustment requires a drainage area. An
effective total watershed area may be input as a positive number in CP field 9 for use with the
total naturalized flows at that control point. Alternatively, the incremental or total watershed
area and corresponding incremental or total flows for either the ungaged (FD record field 2) or
gaged (FD field 3) control points may be used by entering a —1 or —2 in CP field 9 (for that
control point) or JC field 17 (default for all control points). Incremental flows and watershed
areas determined based on information from the FD and WP records are identically the same for
the rainfall-runoff adjustments as for distributing flows from gaged to ungaged sites.

The increase or decrease in reservoir storage content during each month is computed from
the end-of-month storage contents provided on SC records. Storage increases, decreases, or both
may be included in the adjustment. Storage decreases occurring above and below a specified
storage capacity are determined separately. The user-specified storage capacity is typically the full
conservation storage. Storage above this capacity represents flood storage, and corresponding
storage reductions represent spills or flood releases. Flood control pool spills are shown as a
separate column in the table created by RS record field 8. With the reservoir storage RS record
default options, flood spills are handled the same as decreases in conservation pool storage in the
fina adjustments. However, if water supply diversion data is lacking, conservation pool storage
decreases may be omitted to compensate for omissions of diversionsin the adjustments.

Distributing Flows from Gaged to Ungaged Locations

Naturalized flows are typically developed for locations of gaging stations by adjusting the
recorded observed flows. Naturalized flows a numerous ungaged sites of water rights are then
estimated based on combining the concurrent naturalized flows at gaging stations with parameters
characterizing the watersheds above the gaged and ungaged sites. Alternative methods for
transferring naturalized flows from gaged (known flow) to ungaged (unknown flow) locations are
outlined in detail later in this chapter. These techniques include the drainage area ratio method, a
modified verson of the NRCS curve number methodology, and other related approaches.
Watershed parameters are entered on FD, FC, and WP records in a DIS file. HYD includes an
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option for devel oping tables displaying the watershed parameters including both vaues inputted on
WP records and values for incremental watersheds computed within HYD.

The same flow distribution techniques are incorporated in both HYD and SM, but the
computed flows are stored in different formats. HYD stores the flows computed for the ungaged
control points as IN records along with the origina IN records for the known-flow control points.
SM writes synthesized naturalized flows to its output file just like al the other simulation results.
In atypical major river basin application, recorded flows may be used from perhaps 10 to 25 gaging
stations. Naturalized flows developed at the gage sites may then be distributed to several other key
control points (perhaps another 10-25 sites) within HYD with the results permanently stored as IN
records in the HYD output (SM input) file. Within SM, naturaized flows may be distributed to
severa hundred other sitesinternally without further enlarging the file of IN records.

Negative Incremental Sream Flow Adjustments

Total, rather than incremental, naturalized river flows are provided as SM input. All
computational and data handling procedures in SM and HYD are based on total flows. Negative
incrementa stream flows are an indication of complexities that perhaps could cause inaccuraciesin
the simulation. The incremental local flow at a control point is defined as the tota flow at the
control point minus the corresponding flow at control point(s) located immediately upstream. Since
flows normally increase going downstream, incrementa flows are usually positive. However, flows
may be greater upstream than downstream for various reasons. HYD and SM include options to
identify negative incremental flows and adjust the naturalized flows to dleviate negative
incrementas. The negative incremental flow adjustments may be written to afile for information.

Options for dealing with negative incremental flows are outlined in the last section of this
chapter. Negative incremental flow options 1, 2, and 3 specified on the HYD JC or SM JD records
arethe samein either program. HYD adjuststhe IN records for options 2 and 3. Options 3, 4, and 6
involve the same flow adjustments applied in a different manner by SM. Options 4, 5, 6, 7, and 8
involve computations performed within the SM water rights loop that are not pertinent to HYD.

Allocation of Stream Flow within SIM

The WRAP-IM simulation process is outlined in Figure 2.2 of Chapter 2. A SM
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-andysis. Available flows and
stream flow depletions are computed for each water right for each month of the period-of-anaysis.
The basic stream flow-related variables computed within SM 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 dl 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 al water rights requirements. In a particular month, the unappropriated flow at
acontrol point may be less than the regulated flow because a portion or al 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 aright 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 ssmulation 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 areservoir 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 SM simulation begins with hydrologic period-of-anaysis sequences of monthly
naturalized (unregulated) flow volumes at each control point provided as input or computed
within SM 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.
Asillugtrated in Figure 2.2, the SM water adlocation computations are performed in a water rights
loop embedded with a period (monthly time step) loop. SM 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 L osses

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 IN records are typicaly 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 aready reflect natural channel losses. In SIM, a stream flow
depletion (diversion and/or refilling reservoir storage) at a control point results in areduction in
the water available at that control point and al downstream control points. In reality, a portion
of the water diverted or stored may not reach the downstream sites anyway due to channel |osses.
Also, diversion return flows and reservoir releases may be diminished prior to reaching
downstream locations. Channel losses are included in several SM 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 S M.

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

L = Fcr Qupstream (3.3

By definition, the channel loss coefficient F¢ should range from 0.0 to 1.0. F¢, for the river
reach below a control point isinput as variable CL in field 10 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 SM and HYD.

Channel Lossesin WRAP-SM

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

1. Channel losses reduce the stream flows associated with return flows, Cl 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 |osses.

Both channel loss credits and channel 1osses are computed and written to the output file
within the SM 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 SM output file.
Program TABLES reads the SM output file and builds user-specified tables which may include
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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 atable 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 IN record stream flows that did not 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, Cl 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
SM, 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 asit 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 aright 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 CI or FA records
e return flows

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

e releasesfrom reservoir storage for hydroel ectric 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 |osses.

As discussed later in this chapter, channel losses may aso 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 SM 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 al 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 A at all downstream control points by the
amount of the stream flow depletion D. Without channel losses, the amount of water available
Aagiused @ @ control point is adjusted for a stream flow depletion D occurring upstream as
follows.

Aagiused = A—D (34)

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

Auused = A—(D—FoL D) = A—(1.0-Fc) D (3.5)

The term (1.0 — F¢y) 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; = F¢ ;D) 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 Fci1, Fer2, Fers, ..., Fon 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 isbeing adjusted.

Aadjused = A —[(1.0— Fcr1) (1.0 — Fer2) (1.0 — Fers) .. (10— 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.

Channdl Losses in WRAP-HYD

Channel losses are incorporated in the following routinesin HYD.

1. stream flow naturalization adjustments
2. distribution of flows from gaged to ungaged locations

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

Fadiused = F+Ar (3.7)
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The stream flow at the Nth control point below the diversion, reservoir, or other adjustment is
adjusted as follows, where C.1, Ci2, Cy3, ..., C_n denote the channel loss coefficients for each of
the N 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.

Fagiusted = F + [(1.0 — Fcr1) (1.0 — Fero) (1.0 — Ferg) ... (1.0 — Fein)] Ar (3.8)

M ethods for Establishing Stream Flow | nflows

A SM 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 HYD
typically involve computational adjustments to convert historical gaged flows to naturalized
flows, which may then be transferred within either HYD or SM to ungaged control points.

The input variable INMETHOD(cp) on the SSIM control point CP record controls selection
of the options listed in Table 3.2 for assigning naturalized flows to each control point. Option 1
consists of providing flows in a SM input file for a control point, which is called a primary
control point. Options 2 through 8 and 10 involve distributing flows from a primary control
point to a secondary control point. The same INMETHOD(cp) options 1-8 and 10 are aso
selected on the HYD control point CP record. Inflow options 1 and 2 and the flow distribution
methods (options 3-8, 10) are the same in HYD and SM. Option 9 is applicable only to SM.
CP record fields 11 and 13 in M allows the flows to be replaced by a specified constant flow.

Table 3.2
Methods for Establishing Stream Flow Inflows

Naturalized flows at the control point are provided as input data.
Flows from another control point are repeated without change except for amultiplier.
Equation 3.10 is used to compute flows:  Qungaged = @ (Qg,aged)b +C

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

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

A W N B

6 Equation 3.11 incorporating a channel loss coefficient into the drainage area ratio method
isused. Drainage areas are entered on WP records. F¢, isfrom CP record.

7 Simpleratio of drainage areas from WP recordsisused.  Qungaged = Qgaged Roa
8 Aniterative agorithm incorporates channel lossesin the NRCS CN method.
9 Flowsarenot provided for this control point.

10 FHows are computed in proportion to flows at other control points with Eq. 3.23.

Chapter 3 Hydrology 60



The CP record field 6 default option 1 listed in Table 3.2 consists of providing flows for
the control point as input for either SM or HYD, which may be in the form of inflow IN records
in atext file (FLO, DAT, HYD files) or as binary recordsin aDSSfile. At least one SM control
point must be assigned flows based on option 1. The term SM primary control point is applied
to control points for which flows are provided as input. Secondary control points have flows
computed within SSM based on flows at primary control points provided in aSM input file.

Option 2 for either IM 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 SM 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 IM 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 SM 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, SM 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 in Table 3.2. Input parameters are provided on flow distribution FD, flow
distribution coefficients FC, and watershed parameter WP records stored in aDISfile.

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 SSM hydrology
datasets (IN and EV records in text files or binary records in a DSS file) for specified control
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points from given inflow IN and evaporation rate EV records at other control points. The
synthesized flows are output along with the known flows. Conversely, if naturalized flows are
synthesized within SM, the inputted and computed naturalized flows are output to the SM
output file and read by TABLESjust like all the other simulation output.

Stream flows may be distributed from gaged (known-flow) to ungaged (unknown-flow)
control points within either programs HYD or SM using the same methodologies. The
computations are the same, but the computed flows are output in a different format. HYD
provides capabilities for developing SM hydrology (IN and EV record) files at specified control
points from given inflow IN and evaporation rate EV records at other control points. The
synthesized flows are output on IN records along with the known flows. Conversdly, if
naturalized flows are synthesized within S M, the inputted and computed naturalized flows are
output to the M output file and read by TABLES]just like all the other simulation output.

Incremental Watersheds

The dternative flow distribution methods may be applied to either local incremental
stream flows or the total flows at the pertinent control points. The loca 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. Theincremental 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. Theincremental flow at the gage, computed in step (1), is distributed to the ungaged
site using one of the alternative methods described later.

3. Theincremental 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 mode 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.

The schematic and equations shown in Figure 3.1 illustrate the scheme by which HYD
and SM allow the user to define incremental watersheds on FD records for use in distributing
flows. Figure 3.1 also serves as the schematic for an example in Appendix J that demonstrates
flow distribution features. In Figure 3.1, flows are known at gaged control points (CPs) J, K, L,
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M, and N and must be computed at ungaged control points I, II, I, 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, 1, I1I, 1V) may be computed by
distributing 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 | using the incremental watersheds
above CP | 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) incrementa 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(1) are
computed
QUG(I) incremental local flows at the ungaged site computed as a function
of QGAGE(N)

DAUG(I) = DA(l) - 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(I) = QUG(I) + Q) + Q(K)

Legend

QO Unknown-fl ow CP
@ Known-flow CP

Figure 3.1 Gaged (Known-Flow) and Ungaged (Unknown-Flow) Control Points

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

e control point identifier of gaged (known-flow) control point from which flows are
being distributed

e control point identifiers of the upstream control points used to compute incremental
flows

e the number of upstream control points used to compute the incremental flows at the
ungaged (unknown-flow) control point

The gaged control point from which flows are computed will be 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 NGAGE 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 | in Fig. 3.1 may be determined from the flows at
source CP N. Upstream CPsK, J, M, and L are listed on the FD record to define an incremental
watershed for source CP N. NGAGE(]) is 2, indicating that the first two upstream CPs listed
(CPs K and J) define the incremental watershed above ungaged CP I. NGAGE(Il) is 4 for
transferring incremental flows below J-K-L-M from N to Il. NGAGE(II) is zero for computing
flows at control point Il from either total or incremental flows at control point N. For
simplicity, the flow equations are shown in Fig. 3.1 without channel |oss adjustments.

A NGAGE 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(IV) = —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 1V [Q(IV)], where:

DAUG(1V) = DA(IV) — DA(N)
Q(IV) = QUG(IV) + Q(N)

As noted previoudly, 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 are explored by Wurbs and Sisson (1999). The same flow synthesis methods in
both HYD and SM are activated by CP record field 4 and are based on parameters provided on
FD, FC, and WP records in aDIS file. Option 10 is based on Equation 3.23 and is applied only
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to total flows. The flow distribution methods listed as options 3 through 8 in Table 3.2 may be
applied to either total or incremental flows as defined by FD records and are based on either:

e thedrainage arearatio Rpa Qungaged = Qgaged Roa (3.9
e theregression equation Qungaged = @ Qgagea ” + € (3.10)

with the coefficients a, b, and c input on a FC 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 an adaptation of the NRCS curve number method with values for the 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 Fc into the drainage
arearatio (Rpa) method.

Qungaged = anged [].-ls:ﬁ] (311)

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

HYD and SM 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 3.2. Also, zero
flows can be specified on the CP record.

Multipliers CPDT(cp,1) and CPDT(cp,2) are aso 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 typicaly used for unit conversion factors. The flow multiplier
CPDT(cp,1) can aso 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 3.2 consists of distributing flows using Equation 3.10 with the
coefficients a, b, and c input on a FC record.

b
Qungaged = @ (Qgaged) + C

Various methodologies may be devised for developing the input parameters a, b, and c. For
example, Wurbs and Sisson (1999) describe an approach for developing the coefficients from a
regression analysis of the results of awatershed precipitation-runoff model.
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With default values of 1.0 and 0.0 for b and ¢, the parameter a may be treated as aratio of
watershed parameters.

Qungaged = @ Qgage (3.12)

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

a= RDA — AJngaged
A\;age

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

(3.13)

N1 N2 N3 N4
a= { Amgaged J [ M ungaged ] {CN ungaged ] (Otherungaged J (3 1 4)
Agage M gage CN gage Othergage
If al the exponents N; are assumed to be unity, the constant C would be related to the watershed
characteristics as
a= ( Amgaged J[ M ungaged j{ CN ungaged J( Otherungaged ] (3 15)
Agage M gage CN gage Othergage

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 specificaly 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 (NRCYS) relationship is as follows.
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(P-029)°

if P> 3.16
5085 if P> 0.2S (3.16)

Q

Q=0 if P<02S

S= 1000 10
~ CN
where Q denotes runoff volume-equivalent in inches, P is precipitation depth in inches, Sis the
maximum potential retention, and CN is the curve number (NRCS 1985). S represents the losses
that would occur after initial abstractions are satisfied given unlimited rainfall. Sisrelated 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) @nd 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.

Sepl: Theflow 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.

Sep2:  Qgage is input to the curve number equation (Equation 3.16) to obtain Pyyge 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.

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

: M ungaged
adjusted Pyngaged =  Pyage (J‘ij (3.17)
gage

where Myngages @Nd Mgyged @€ the mean precipitation for the ungaged sub-
watershed and gaged watershed. Otherwise, Pungaged 1S assumed equal t0 Pyage.

Sep4: Pungaged 1S input into Equation 3.16 to obtain Qungaged iN iNCheS.  Qungaged N iNChes
is multiplied by Aungaged @nd 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 depthininches = (—
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 = ( acrex feet J [43,560 ft J ( mile J (12 mch&s]

square mile ) | acrexfoot 5,280 ft foot

streamflow in acrexfeet
drainage area in square miles

Runoff depth in inches = [ j 0.01875

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 J ( km ] (39-37 'nChSJ

km? 1,000m meter

streamflow in 1,000m°
2

Runoff depth in inches = [ ] 0.03937

drainage area in km

The mean precipitation depth MP is used only to obtain ratios of MPyngaged t0 M Pgaged.
Thus, any depth unit may be used as long as the same unit is used for al watersheds.

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

The SM and HYD subroutine FLDIST distributes flows from gaged to ungaged locations
for options 3 through 8 listed in Table 3.2. Subroutine IACNP reads the FD and WP records
from the DIS file and computes incrementa 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. Unredlistic 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-SM 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 pointsin 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. Incrementa flows are
used in distributing flows from gaged to ungaged control points. The incrementa 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 asa CN or MP violating lower or upper bounds.

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

Flow distribution is one of severa aspects of a WRAP simulation for which channel
losses may be pertinent. Channel losses are discussed earlier in this chapter. All of the channel
loss routines in the model use a channel loss coefficient Fc, for the river reach below a control
point, that is entered as variable CL(cp) in the CP record. F¢, isdefined by Equation 3.3.

The alternative flow distribution methods previously cited 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
FcL for the pertinent reaches are non-zero. All of the flow distribution options may be applied
concurrently with channel loss factors Fc. 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 3.2 are designed to be applied specificaly 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 afunction of the flow at the gaged site Qgaged plus channel [osses Fei Qungaged

Qungaged = f(anged+FCLQungaged) (3.18)

and channel losses are a function of Qungaged (10SS = Fe Qungaged).- Thus, Qungaged 1S 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 | and CP Il 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 |l are considered in computing the incremental
flow at N. The complexity is that the channel loss in the reach below CP Il depends upon the
unknown flow a CP Il. The flow at control point Il is a function of flow at N plus channel
losses.

Qi = f(On+FcLQn)

Thisfunction is expressed as follows for the drainage area ratio method.
Qi = Rpa (Qn + FcQu)

Likewise, with flows being distributed from CP N to CP I, the channel losses in the
reaches between | and 11 and between 11 and N depend upon the unknown flows at control points
| and Il. 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 a the most upstream control point by an equivalent N-reach Fc. determined by
combining the channel losses F¢; for each reach as follows:

Equivalent (10 - FCL) = (10 - FCLl) (10 - FCLZ) (10 - FCL3) (10 - FCLN) (319)

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 Theungaged site islocated 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 (Fc.) 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 F¢ . Incorporating a Fc. results in higher estimates
of the flow amounts at the ungaged control point.

Drainage Area Ratio with Channdl Losses (Option 6)

As noted above, the drainage ratio method may be expressed as

Qungaged = Rba (Qgaged + FeL Qungaged) (3.20)

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 @one. Rpa is the drainage area ratio
(Aungaged/Agage), @nd Fcy is the channel loss coefficient. Qungaged @8N0 Qgaged denote the naturalized
flow (either total or incremental) at the two control points. (Qgaged Fer Qungaged) 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 Fcp 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.

Qungaged = anged (]-_s:ﬁ} (311)

INMETHOD(cp) option 6 in Table 3.2 consists of applying Equation 3.11. The model
obtains Fc. 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 equivaent Fc. 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 smple
drainage arearatio 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 111 or V. 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 | and Il, if channel loss
factors for control point | and control point Il are zero. Option 8 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 = T(QgagedtFeL Qungaged) (3.20)

Equivalent (10 - FCL) = (10 - FCLl) (10 - FCLZ) (10 - FCLB) (10 - FCLN) (322)

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

1. Fortheinitia iteration, the channel 10ss Fci Qungaged 1S SEt €qual to zero, and thus
(QgagedtFeL Qungaged) 1S Set equal to Qgaged.

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 (QgagedtFcr Qungaged) from steps 1 and 3.

3. Given the Qungaged COMputed in step 2 above, Fei Qungaged aNd thus
(anged+ I:CL(Dungaged) 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 IS l€ss than 0.5 percent. The agorithm is
terminated after 100 iterations and a warning message is recorded in the message file.

Flows as a Linear Function of Flows at Other Control Points (Option 10)

CP record INMETHOD(cp) option 10 determines flows at an ungaged site based on
weighting flows at optionally one, two, three, or four control points using the following equation.

Qungaged = Qo + C1Q1 + C2Q2 + C3Q3 (3.23)

Qo, Q1, Q2, and Q3 are the known total (not incremental) monthly naturalized flows at control
points specified on the FD record. C;, C,, and C; are coefficients entered on a FC record.

The flows Qop, Q1, Q2, and/or Qs at source (known-flow) control points are combined to
compute the flow at the ungaged (unknown-flow) control point. From one to four source control
points may be used. The option 10 control point identifiers are entered on the flow distribution
FD record. Multiple source control points on the FD record for the other INMETHOD(cp)
options define incremental watersheds and incremental flows, but the Qo, Q1, Q2, and Qs flowsin
Equation 3.23 are total flows at the specified control points. Up to four source (known-flow)
control points may be used but multiplier coefficients C,, C,, and C3 can be assigned to flows at
only three of the control points. The fourth coefficient Cy for Qg isfixed at 1.0.

The flow coefficient FC record is used alternatively to enter the coefficients a, b, and ¢
for Equation 3.10 or the coefficients C;, C,, and C; 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 coefficients C;, C,, and C3; may be either positive or negative numbers. The
coefficients may represent drainage area ratios or other parameters. If naturaized 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 SM input
dataset as IN records in aflow file or DSS records in a DSS file. Secondary control points are
sites for which flows are computed within the SM or HYD programs based upon flows entered
for one or more other control points, called source control points, using the methods listed in
Table 3.2. 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 individua control point based on the
INMETHOD(cp) portion selected on its CP record. The options are listed in Table 3.2. For a
particular year and month of the SM simulation or HYD application, naturalized flows are
assigned to control pointsin the following sequential order.

Step 1.- Flows are read from IN records or DSS records for al primary control points in the
sequential order in which the CP records are entered in the DAT file (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 sequentia 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. Options 3-8 preclude use as source control points.

The flows read from an input file for all primary control points as step 1 listed above may
be used in computing flows at any of the secondary control points. Primary control points can
always serve as source control points without any special considerations.

Option 2 secondary control points with flows assigned in step 2 can aso 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. Option 2 control points can also serve as sources
for other option 2 control points as long as the CP record of the source control point is read from
the DAT file earlier than the CP record of the control point to which flows are transferred.
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The INMETHOD(cp) option 10 control points with flows assigned in step 3 can aso
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-S M includes an aternative smplified option for dealing with water right diversions
and storage at many remote ungaged |ocations 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. WRAP-
SM limits water available to each of these rights to the lesser of:

e naturalized stream flows et 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 awater right is provided as variable WSHED (wr) on the SO record.

Use of GISto Determine Soatial Connectivity and Water shed 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 naturaized flows. Thus, a GIS was essentidl.

Locations are defined based on control points. The CP record for each control point
includes the identifier of the next downstream control point. The computationa routines within
WRAP use the designated next downstream control points to define spatid connectivity.
Watershed drainage areas are required for adl of the methods for distributing naturaized flows from
gaged to ungaged sites. The curve number and mean precipitation are aso required if the NRCS
CN method adaptation is used for distributing flows. For river basins with numerous control points,
GISisvery useful for developing these spatially oriented components of the input datasets.
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Negative | ncremental Natur alized Stream Flows

SM naturdized stream flow input, computational agorithms, computed regulated and
unappropriated flows, and associated variables are all based on tota flows, rather than incremental
flows. Although incrementa watersheds and incrementa flows may be used in distributing flows
from gaged to ungaged locations, the find synthesized flows used in the simulation are total flows.
Thus, a smulation 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 incrementa 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 a the downstream location minus the concurrent flow at the upstream
location(s). Since stream flow usualy increases going downstream, incrementa inflows are
typicaly 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.
Computationa 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 Sream Flows

Programs HYD and SM 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 SM. The other ADJINC options listed below are relevant only to SM.

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 incrementa 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.

Option5:  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
areidentical 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 SM execution time is not a magor concern in most monthly simulation
applications. Option 5 has also been applied extensively with the TCEQ WAM System. Option
7 isrecommended whenever routing is adopted in SMD daily simulations. Option 7 was created
for SMD daily simulations but can aso be applied in SM 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 discusson of the negative incrementa flow options.
Chapter 7 of TWRI TR-389 (Wurbs et al. 2011) is a case study comparative evauation 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 SM JD record and HYD JC record
date back to early versions of WRAP. Options4 and 5 were added to SM in early 2011.

Option 1 isthe default of recording no negative incremental information in the messagefile.

Option 2 writes al negative incremental flows defined looking downstream for all months at al
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 al
control points. The upstream flow adjustments are defined as the minimum additional
monthly volume that must be added at each control point to remove al negative
incrementals in the set of al naturalized flows at al control points.

Option 4 provides just asummary 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 | ncremental Sream flows

An example is provided in Figure 3.2 and Tables 3.3 and 3.4. Naturalized flows at each
control point for a particular month are tabulated in column 2 of Table 3.3 and aso shown in the
figure. Theincremental 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 (incrementa flow =
81-90 = —-9) and control point 6 (incremental flow = 80-100-8 = —28). Asillustrated by columns 4
and 6 of Table 3.3 and discussed later, negative incrementa flows aternatively may be defined
considering all control points located either upstream or downstream of a particular control point.
Asillustrated by columns 5 and 7 of Table 3.3 and also discussed later, negative incrementa flows
may be eliminated by adjusting the flows at pertinent control points. Table 3.4 shows the amount of
naturalized stream flow available for the most senior right for each of the ADJINC options.

CP-1090 ac-ft/month

CP-2 >81 ac-ft/month
90 (adjusted)

14 ac-ft/month

CPN 100 ac-ft/month
29 . n
CP-4Y104 (adjusted)
8 ac-ft/month

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

Figure 3.2 System with Negative Incremental Inflows

Table3.3
Total and Incremental Naturalized Stream Flows for Example 3
1 2 3 4 5 6 7
Naturalized Adjacent CP Downstream Adjusted  Upstream  Adjusted
Control Tota Incremental  Negative Tota Negative Tota
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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Table3.4
Available Stream Flows at the Beginning of the Simulation

1 2 3 4 5 6 7
Naturalized CL(1)=0.1 Optionl Option 2 Option3  Options4-8
Control Tota CL(4)=0.2 Avalable Avalable Avalable 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 3.4 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 smulation are the same for ADJINC options 4, 5, 6, 7, and 8.
However, stream flow availability may differ with these aternative 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 3.4. The available flows in
column 3 are based on combining the default (option 1) no incrementa 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 channd 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 3.3 to obtain the available stream flow
shown in column 5 of Table 3.4. Options 3 and 4 both involve computation of the flow adjustments
in column 6 of Table 3.3, 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, respectivey, but consider only those downstream
control points at which are located water rights that are senior to the current right.

Sgnificance of Negative Incremental Naturalized Stream Flows

The WRAP-SM simulation progresses through each monthly computationa time step with
each water right considered sequentialy in priority order. Stream flow depletions and return flows
associated with awater 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 smulation 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 incrementa naturalized stream flows.
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The relevance of flows being smaller downstream than upstream (negative incrementd) is
due to the effects on the amount of stream flow available to water rights and the unappropriated
flows in the WRAP-SM 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-SM 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 actua cause of the negative inflows.

Referring to Figure 3.2 and column 4 (option 1: no adjustments) of Table 3.4, the amount of
stream flow initialy 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-1is
80 ac-ft, which is governed by the CP-6 flow that reflects negative incrementa flow. The available
flow at CP-4 is 80 ac-ft. As the water rights computationa loop progresses, the amount of water
availability to rights at each control point may be further reduced by senior rights.

The impacts of negative incrementa inflows in the computations may or may not properly
represent the actua Stuation 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 incrementa 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 incrementa 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 SM input datasets add to the complexities of
explaining the cause of negative incrementals.

The same phenomena that cause incrementa inflows to be negative are also reflected in
fluctuations in pogtive incrementd flows. Modeling uncertainties associated with negative
incrementd inflows are inherent in the model even if al incrementals are positive. The peculiarities
of negative incrementals are ssimply more evident.

Channel Losses

Channel loss factors CL(cp) entered on the control point CP records in the SM input DAT
file are defined by Equation 3.3. CL(cp) are used in the various channel loss computations that
occur throughout the SM simulation. Conceptualy, if the negative incrementa flows are due
strictly to channel losses, and if the linear channel loss equation (Eg. 3.3) accurately models channel
losses, negative incrementals are handled automatically within SM and are not a concern.  Of
course, in redity, negative incrementals can not be perfectly explained with a smple 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
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mitigate the effects of negative incremental flows. The term excess negative incremental flow is
adopted here to refer to the portion of a negative incremental flow not accounted for by the
channel loss factor and associated SM channel 10ss 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 3.4. 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/ (10 —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/(L0-0.1)

CP-4: 111 = 100/[1.0(10 - 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 ver sus Upstream Negative Incremental Flow Adjustments

HYD and SM negative incremental flow adjustment options are based on two aternative
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 incrementa flows between a control point and its downstream control points
are shown in column 4 of Table 3.3. The negative incrementa 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 incrementa flow adjustments are added to
the naturalized flowsin column 2 to obtain the adjusted flowsin column 5 of Table 3.3.

Upstream negative incrementa flow adjustments associated with a control point represent
the amount that must be added to the flow at that control point to remove al negative incremental
flows occurring at al control points located upstream. This form of negative incremental flow is
written to the HYD OUT or SM 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 3.3. These
adjustments are added to the naturalized flows to obtain the adjusted flowsin column 7.

ADJINC option 2 is based on downstream negative incrementa 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 devel op negative incrementd 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 1osses
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-SM or other models. Options 2 and 3 perform
the flow adjustment computations at the beginning of the SSM 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 incrementa 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 naturaized stream flows at all control points by adding
the downstream flow adjustments. All negative incrementals are alleviated. The adjusted tota
flows are determined prior to the simulation and ssimply replace the original naturalized flows. The
flows can be adjusted by either SM 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 1oss
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 6is0, 1, or 2. This
includes the control points for which inflows IN records are entered in the SM input data and those
for which flows are transferred usng 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 incrementa 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 3.4, the available flow of 81
ac-ft at CP-2 is determined as the minimum of the following values.
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CpP-2. 81
CP-4: 104 = 100+4
CP-6: 112 = 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 availableto aright. However, negative incrementals in the reaches upstream of the
water right do affect its water availability. Option 4 isthe 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 lossfactors or negative flow adjustment but not both.

e With option 4, the negative incrementa 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
flowslogicaly 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 individualy, and the method providing the greatest
water availability is adopted. As previoudy 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 dternatively (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. Channd 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 3.3 and 3.4, if CL(cp) for control points
CP-1 and CP-4 are 0.1 and 0.2, respectivey, the available flow of 90 ac-ft a CP-2 is determined as
the minimum of the following values.

CP-1: 90

CP-22. 90 =maximumof: 81/[1.0(1.0-CL(1))] =81/09 =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 = maximumof: 80/[(1.0 — CL(4))(1.0)(2.0 — 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(10 — CL(1))] = 100/0.9 = 111
100+ 4 = 104

CP-6; 112 = maximumof: 80/ [(1.0 — CL(4))(L.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 = maximumof: 80/(1.0-0.2) = 100
80+32 = 112

Simulation steps. Regardless of negative incremental option, in each month, as each water
right isconsidered in turnin priority order, the S M 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 isamodified 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 isincorporated 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 smulated and downstream senior rights. The
adjustments stop if a control point with zero regulated flow is encountered. Option 5
isthe 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 awater 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 pointsin 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
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points at which relevant senior rights are located and limits consideration to only those control
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 alows SIM to run allittle 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 aways yield the same simulation results.

Option 7 is designed to be the standard ADJINC option to be adopted in SMD 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 Supplemental Manual, in applying option 7
with SMD routing and forecasting, the downstream control pointsidentified in the SMD 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 IF 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 pointsin 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 isvalid 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 islimited 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 islimited by the flow at CP3 only if thereisasenior 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
CP3is40 for al 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
WR1 at CP1is senior to diversion of 30 at CP3 80 100 100
WR1 at CPlisjunior to diversion of 30 at CP3 20 80 20

computed as follows

Option 1 Options 4 and 6 Options5 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 isidentical to Example A, except the naturalized flow at CP3 is zero.
The amount available for awater 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 CP1issenior to WR of any amountat CP3 0O 100 100 100
WR1 at CPlisjunior to WR of any amountat CP3 0O 100 100 0

computed as follows

Option 1 Options 4 and 6 Options5 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 arein 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 awater 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
\2
CP2: 110
\2
CP3: 120
\2
CP4: 10
\2
CP5: 130

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

Negative Incremental Flow Option Option1 Options4,6 Options 5,7
WR1 at CP1is senior to diversion of 10 at CP4 20 100 100
WR1 at CP1isjunior to diversion of 10 at CP4 0 100 0

computed as follows

Option 1 Options 4 and 6 Options5 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 0/0.5at CP4

Example D. Example D isidentical to Example C except the diversion of 10 is moved to CP5.
Amount of Water Available to a Right WR1 at Upstream CP1

Negative Incremental Flow Option Option1 Options4,6 Options 5,7
WRL1 at CP1issenior to diversion of 10 at CP4 20 100 100
WR1 at CP1isjunior to diversion of 10 at CP4 20 100 100

computed as follows

Option 1 Options 4 and 6 Options5 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 incrementa flows a 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
coefficientsincluded in the SM input dataset and associated computational routines

2. temporary channel losses, again over and above those captured by the SM 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 arainfall 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 SM 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 incrementa 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 incrementa 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 alittle 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 SSMD
but is also applicable for monthly SSM simulations. Option 5 provides an aternative viable
methodology which has aso been routinely applied with the TCEQ WAM System datasets.
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With options 4 and 6, stream flow availability for awater 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 SM
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 islikewise 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 IF record
rights. In a SMD daily simulation, only control points identified in the reverse routing
algorithm described by the Supplemental 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.

Chapter 3 Hydrology 88



CHAPTER 4
WATER MANAGEMENT

A WRAP-S M simulation combines

sequences of naturalized stream flows and reservoir net evaporati on-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 devel oped,
regulated, alocated, 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 alocation schemes may be simulated.
Condgtructed 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-S M for modeling awater resources devel opment/management/use system consisting of:

e reservoir projects operated to regulate and conserveriver flow, off-channel storage
reservoirs, pumping/conveyance facilities, and hydroel ectric power plants

e internationd 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 awater right WR record or an instream flow IF record. UC, UP,
DI, IS IP, RF, WS OR, HP, SO, ML, TO, LO, FS CV, TS and PX records are connected to aWR or
IF record to provide additiona 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 IF record
rights. SIMD flood control operations covered in the Supplemental Manual are defined as FR/FF
record rights. The number of rights counted by SM is ssmply the number of WR and IF recordsin
theinput file. In modeling a permit system, the total number of rights (WR and I F 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 modd a particular water management sSituation. The model
provides consderable flexibility in defining water management/use requirements and capabilities.
An actua water right permit may be represented by any number of model water rights. A single
appropriator holding a single water right permit may have severa modd rights representing
different features of the water right permit. For example, a water right that includes three different
uses, such as municipa, industria, 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 diverson right with no storage capacity and a storage right with a zero diversion.
A reservoir may have severa 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, severa actua
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.

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 rulesfor varying diversion, instream flow, and hydroelectric
energy targets as afunction 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 arearelationship
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
annud limits on total diversions or diversions from storage
identifiersfor 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 |F records must match an identifier on a CP record. Control point identifiers are
required to define the spatial connectivity of ariver 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 annua amount input on a WR or IF record combined with a set of 12
monthly use coefficients specified on UC records for distributing the annua 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. Mode
options dso alow targets to be defined as afunction of reservoir storage and/or stream flow.
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Water Right Priorities

The allocation of water among water rights in WRAP-SM is based on priority numbers.
Theinteger priority numbers serve the important function of setting the order in which the rights are
consdered in the water rights computational loop that allocates water, but are used in no other way.
Diversion, ingtream 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 fundamenta concept of the model is that available stream flow is alocated 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 smaler priority number means higher priority, rank, or
seniority. In comparing two rights, the senior right has alower 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 SM computations, the magnitude of the priority numbers for each of the rights
relative to each other govern the sequencing of computations and thus water alocation among the
rights. In the Texas prior appropriation water rights permit system, priority numbers typicaly
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 modd relative
priorities for alocating water. SM aso 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 computationa sequence (Figure 2.2). With the standard
default system for assigning priorities, the mode-user assigns each water right its own unique
priority by entriesin WR and IF record field 5. This standard default and other optiond aternative
methods for ranking all water rights (WR and IF records) in priority order are described asfollows.

1. A priority number for each water right is entered in field 5 of its WR or IF records. A blank
field 5isread as apriority number of zero. If two or more rights have the same priority number,
they areranked in the same order astheir 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
numbersfor all WR and IF records having the same water use type identifier as the UP record.

3. JO record field 9 activates optional methods for assigning priorities that replace the priorities
assigned in WR and IF record field 5. These options set priorities either automaticaly in
upstream-to-downstream order (JO record field 9 option 1) or based on the order in which
WRJ/IF records (option 2) or CP records (option 3) are placed in the DAT inpui 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 alocated 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 annua

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 IF 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 al rights that have the pertinent use type identifier on the WR or IF
record. For example, the effects of making municipal rights senior to al other rights may be
conveniently simulated by subtracting some integer from the priorities for al municipa rights that
makes them smaller and thus senior to all other rights. Likewise, an dternative smulation
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 I F record field 5. The WR/IF
field 5 priority number isignored. The switch parameter NPOPT in JO record field 9 activates
three adternative options for setting priorities.

JO record field 9 option 1 provides the capability to conveniently smulate 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 alocate 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 smulate this upstream-to-downstream natural
priority system. However, JO record NPOPT option 1 alows the upstream-to-downstream
prioritiesto be activated automatically. SM internally assigns priority numbersto 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 paralld tributaries, those listed in the input file first are
considered first in the agorithm and get the smaler 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 |F records.

With JO record NPOPT option 2, priorities are based smply on the order in which WR and
IF records are placed in the DAT input files. Thefirst right read by SM from the input file is most
senior with the priority number 1. The second and third WR or |F 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 IF recordsin 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 L oop

The WRAP-SM 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 SM 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 hydroel ectric 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 |oop,
regulated flows and the flows available to more-junior rights usualy decrease but may aso
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 a the intermediate control points. Junior diverson 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 Cl 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 IF record rights
addresses this same compl exity from the perspective of instream flow requirements. Since return
flows and hydropower releases are usually handled with next-month options and Cl 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 IF
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 1. 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. sameastype 1 except that refilling of reservoir storage is not alowed
Type 3. same astype 2 except diversions can be supplied only from reservoir storage
Type4: flow isdischarged into the stream

Type5: 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 alowed, meaning electric energy is
generated only from rel eases from reservoir storage and the reservoir is not refilled

Type7: reservoir storage refilling target is determined and applied
Type 8: target is computed solely for use by other water rights that reference the target

Table4d.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 — - - - - -
hydroel ectric 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 alow 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 onetype 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 rel eases from storage.

If one or more WS records are connected to an IF 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 IF 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 IF 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 rightsin atypical 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 reservair,
can be refilled from stream flow depletions or releases from other reservoirsin 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 atype 1 or type 2 right with zero active reservoir storage capacity.

Type 2right.- A type2right isidentical to atype 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 a the same
location. If adiversionis at alocation different than the location of the reservoir, atype 2 or 3 right
with an operating rules OR record is required.

Type 3right.- A type 3 right isidentical to atype 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 atype 3 right, atype 1 or 2 right makes reservoir
releases only after the stream flow at the diversion location is depleted.

Type4right.- With atype 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 atype 4 right just like any other type of right.
The difference is that atype 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 is 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 atype 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.

Type5right.- A hydropower right isidentical to atype 1 right except a hydroel ectric energy
requirement is specified rather than a diverson. 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 IF
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record rights. Use of separate WR record type 1 rights to refill reservoir storage at a hydropower
reservoir project may be required to protect IF record instream flow requirements.

Type6right.- A type 6 hydropower right is analogousto atype 3 diversionright. 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 accessto stream flow. Stream flow depletions are zero and thus storage cannot be refilled.

Type7right.- A type7 right refills storagein areservoir based on a storage target computed
in identically the same manner as adiversion target. Options for setting diversion targets using WR,
UC, DI/IFIP, 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, aslong as the target does not exceed the normal WSrecord field 3 capacity,
the target is treated as the storage capacity. There is no diversion or hydropower generation
associated with atype 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
O, DI/IFIP, BU, CV, and FS records aong 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 alow 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 TO, LO, FS and CV records. WR, IF, and OR
records can connect to FSor 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, caled 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 WSrecord 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. Al
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-9M Smulation

The water right type specified on the WR record guides the computations within the WRAP-
SM 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 plusthe
volume needed to refill storage in the primary reservoir, if one exists. A right is alowed to refill
storage only in its primary reservoir, and only up to the storage capacity of theright. 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 atype 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
guestion, but this extra storage capacity isignored by the current right in refilling storage.

Compuitations 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 atype 2 right is
simply the permitted diversion amount. Although atype 2 right cannot refill storage, it can meet its
diversion requirement from rel eases from storage from one or more reservoirs.

The target requirement for atype 3 right is computed identically to atype 2 right, but atype
3right is not allowed to make a stream flow depletion. The available stream flow is by definition
zero. The permitted diversion is treated as an additiona 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 diverson. The smulation
computations for atype 7 right are identical to atype 1 right except for the use of thistarget. 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 atype 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 IF record if one of the storage options (IFMETH options 3 or
4) is activated. Any number of water rights can be associated with a single reservoir. Any number
of reservoirs may aso be associated with a single water right. However, a right may include a
storage capacity to be refilled in only one reservoir, caled 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 poal.
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 aong 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 atype 7 right if lessthan WSrecord field 3 capacity) defines:

1. The pool from which that right can divert or release water. The right has accessto the
volume of water stored above its top of inactive pool and below itstop of conservation
pool storagelevels. (Applicable for water right types 1, 2, 3, 4, 5, 6, and IF rights.)

2. Thetotal 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. (Typesl, 5, 7 only.)

In the smulation, a water right can make no releases or diversions from its inactive pool.
Thereservoir storage level isalowed to fall below the top of inactive pool only due to evaporation.

SMD dlows 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 Supplemental Manual.
However, SM has no features for modeling flood control operations. In SM, when a reservoir is
full to the storage capacity defined by WSrecord field 3, outflow equalsinflow.

Sorage 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 optiona formats are provided for inputting a reservoir storage volume versus surface
areardationship. A table of storage volume versus surface area can be inputted on SV/SA 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 WSrecord for use in the following equation incorporated in the model:

A=aS+c (4.1)

where Sand A denote reservoir storage volume and surface area. Typically, storage volume versus
surface area tables are provided on SV/SA records for mgor reservoirs. These data are usualy
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 aso be input for reservoirs without hydropower to tabulate water surface
elevations for information purposes.

Monthly Varying Limits on Sorage 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. Seasona 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 seasona
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 areservoir 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 MSrecords.

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 islimited to the capacity specified on the MSrecords. 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 pointsisincreased by the amount of the spill adjusted for channel losses.

2. Asreservoir 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 Smulation

By default, al reservoirs are assumed to be full to their maximum storage capacity at the
beginning of the simulation. If not specified otherwise, reservoirs start the smulation 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-anaysis. Any other beginning storage can aso be defined in aBESfile.

Reservoir/River System Operations

With alittle ingenuity and imaginative creativity, SM 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,
TO, LO, FS CV, BU, and TS records including the river/reservoir system
operating rules specified by categorizing aright astype 1, 2, 3, 4, 5, 6, or 7 and
target setting options including storage targets

e drought indices alowing diversion, instream flow, hydropower, and storage
targets to be specified asafunction of storage content (DI/IS1P/IM records)

e monthly varying limits on storage capacity (MSrecord)

e reservoir release capacity (OR record) which may be varied with flow conditions
(FSand 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 (EA 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 asingle right. SMD
flood control operations are covered in the Supplemental Manual.

Iterative Reservoir Volume Balance Computations

Reservoir water budget computations are performed within SM for each individua 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 withdrawal s) 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 al 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
areais 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 aong with the improvements in the end-of-month storage volume and net
evaporation volume estimates.

The stop criteriafor the iterative agorithm 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 a energy target.

The following previously-computed known amounts are provided to the SM routine that
performs the iterative computations to determine reservoir outflow, net evaporation, and end-of-
month storage volumes for a particular reservoir for aparticular 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 (rel eases and diversions) for other more senior water rights

outflow target for the current water right

The reservoir volume balance computations like other aspects of SM 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, SM 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
filefor 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 ausetypeis not entered in field 4 of the IF 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 daysin 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
diverson target. A series of diversion targets that vary annually as well as monthly may be entered
on target series TS records. The drought index option (DI record) alows 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 ISP 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 TO, cumulative volume CV, and flow switch FSrecords.

Intermediate targets may be computed with the various target setting options. Only one
target and shortage are included in the smulation 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 diverson 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 actud diversion amount as limited by water availability.

In the SM 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
municipa 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 aternate 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.
Cl record flows are discharged at the beginning of the priority sequence. The previoudy discussed
type 4 right allows return flows from groundwater to be assigned any priority.

Return flows are computed in SM as a user-specified fraction of computed actual (rather
than target) diverson 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
SM by multiplying a computed diversion by areturn 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 11 is adopted. Option 1 isthe 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 occursin the next month after the diversion.

3 An aphanumeric 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. Thereturn flow occurs in the same month as the diversion.

4 An aphanumeric 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. Thereturn flow occursin 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. ldentifiers 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 isleft blank, there is no return flow.

Hydroelectric power releases through turbines are aso treated as return flows using the
same options applied to diversons. 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.

103 Chapter 4 Water Management



Other Inflows and Outflows

Stream flow adjustments may be specified as either FA or Cl records. Constant inflow ClI
records consist of 12 inflows or outflows, for the 12 months of the year, which are repeated each
year. Fow 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 FA or CI
records are applied by the SM model in essentially the same manner. As discussed in the Users
Manual, WRAP-HYD provides more flexible options for applying Cl and FA record adjustments,
which includes the SM methodology discussed below and variations thereof.

The most common applications of Cl 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, Cl or FA 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 Cl record adjustments but is also pertinent to FA
record adjustments which are described in the Users Manual. The constant inflow/outflow (CI
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 al 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 IN 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,
SM combines the inflows/outflows from the CI records with the naturalized flows from the IN
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 Cl 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 IN-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 Cl-
record inflow is aso restricted from reducing the total flows at the downstream control points to
below zero. A Cl-record outflow (negative inflow) is essentially equivalent to adiversion that is
senior to al the water rights on the WR and |F records.

Hydrodectric Enerqy Generation

Hydroelectric energy production rights are smilar to diversion rights in WRAP-SM. 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 al 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 specificaly 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 dl the water available at that
point in the priority sequence. Unlike multiple diversions at the same reservoir which can be
summed to obtain atotal 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 SM output OUT file and tabulated with TABLES. Energy
generation target and shortage amounts associated with individual hydropower rights are aso stored
in aHRR 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 smulation, 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 aso
computes secondary or surplus energy. Secondary energy represents additional energy, above the
specified energy target, that potentialy 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 optiona turbine discharge capacity and a
maximum monthly energy amount specified on the HP record. Minimum reservoir storage levels
allowing power generation are a so 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
diversons. 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 [VWR record field 4, UC records]

e drought index for varying energy target as afunction of reservoir storage [DI/ISP records|
e optiond series of monthly energy generation targets that vary between years [TSrecord]

e priority number [WR record field 5]

e water right type [VWR record field 6]

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

e parameter LAKESD for diversion rightsindicating whether diversions can be released
through hydropower turbines and thus contribute to power generation [WSrecord field 11]

e plant efficiency factor [HP record field 2]

e tail-water elevation [HP record field 3] or tail-water rating table [ TE/TQ records]
e turbineinlet 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

Hydroel ectric energy computations are based on the following equations.

E = Pt (4.2)
P =y QH e (unit conversion factors) (4.3)
E = y QH et (unit conversion factors) = Q H et (POWFCT) (4.4)

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

E - energy generated [Watt-hour (W-hr) = 3,600 Newton. meters = 2,650 ft-Ibs;
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-lb/s = 0.7457 kW]

y — unitweight of water [Ib/ft3, kN/m’]
Q - dischargethrough turbines during time period [ac-ft/month; 10° m*month]

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

e — plant efficiency [dimensionless]
t — timeperiod (one month)

POWFCT = power factor used in WRAP-SM

In the SM 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. Vaues
of POWFCT for severa aternative sets of units are tabulated in Table 4.2 and may be computed for
any other set of units. SM uses adefault 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
SM isappropriateif 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.

Table4.2
Hydropower Factor for Alternative Sets of Units

specificweighty ~ 9.80kN/m’  980kN/m®  9.80kN/m®  624I1bft° 62410t 62410/t
unitsfor:

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-lbs kW-hrs MW-hrs
POWFCT 9.80 2.7222 2.7222 2,718,144 1.0237 0.0010237

The modd 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 QH et (unit conversion factors) = Q H et (POWFCT) =

3
624 Ibs ( ac-ft j(feet)(momh) 43,560ft m N hour MW
#t3 )\ _month acre-feet || 3.281ft /| 0.2248Ibs /| 3,600s )| 1,000,000W

E = QH et (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).
3 3
E=19.80 kN | 10°m (meters) (month) hour
m3 ) | month 3,600s

E = QHet (27222
POWFCT valuesfor any other set of units can be determined in a smilar manner.

System Operating Rules for Hydroel ectric 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 alow
refilling of reservoir storage. With either type 5 or 6 rights, releases may contribute to downstream
flows optiondlly either the same or next month. Return flow options provided by the WR record are
applied to hydropower releases the same asto diversions. The default isto return 100 percent of the
hydropower release. Sincetype 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 atype 5 or 6 right using flows from releases from multiple reservoirs. A run-
of-the-river hydropower right is modeled as atype 5 water right with the total storage capacity equal
to the inactive capacity.

By default, all diversons 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 additiona 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 additiona
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 al 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 (WSrecord).

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 computationsis 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 reservaoir.

I nstream Flow Reguirements

In WRAP, an instream flow requirement activated by an IF record is a target minimum
regulated flow rate at a control point location. The objective isto maintain regul ated flows equal
to or greater than the monthly instream flow targets. The units for instream flow targets 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.

Instream flow targets are determined step-by-step within SM following the procedure
outlined later in this chapter in the section entitled Setting Diversion, Instream Flow, and
Hydropower Targets. The target setting procedure is addressed further in the Users Manual.
Instream flow targets are specified in a SM input file using an instream flow IF record and
supporting water use coefficient UC, drought index DI/IS1P/IM, target options TO, supplemental
options SO, flow switch FS, cumulative volume CV, and/or target series TS records. An IF
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record is required for each instream flow requirement. The other optional auxiliary records
activate various options. Any number of IF 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 routinesin SM are based on user-assigned priorities for al 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 (IF records) may be input for a particular control point,
with the next more junior IF 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 IF 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 instream flow requirements.

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. Releasesfrom reservoirs identified by WSrecords associated with the IF record
may be made specifically to meet instream flow requirements.

In the M water rights computation loop, with or without instream flow requirements,
the amount of water available to aright is based on yet unappropriated flows at the control point
of the right and at al 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 target 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 |F 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 (IF 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 IF record rights do not exceed reservoir inflows that month. Only
inflows are passed through reservoirs.

Reservoir storage WS records must follow the IF record in the SM input 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 levels specified by the 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.
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Releases from reservoir storage (WS and OR records) may be incorporated with instream
flow rights (IF 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 IF record, but all 1F
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.

| nter actions Between Hydropower and |nstream Flow Rights

Hydroel ectric 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.

Soecial Conditions

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.

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
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.

Specification of Instream Flow Requirements

Monthly instream flow targets are set similarly as diversion and hydropower targets. An
annua instream flow target amount from an IF record is combined with a set of 12 monthly
distribution factors provided on UC records to develop monthly regulated flow targets. TO
records alow 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 a a
particular control point falls within a defined range. The instream target can aso be set as a
function of reservoir storage using DI/ISIP/IM records. A time series of instream flow targets
may be input on time series TSrecords.
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A water right consists of either an IF or a WR record, which may be accompanied by
other records providing associated information. The model-user combines one or more IF and/or
WR records aong with other records as necessary to model a particular water right permit or set
of water management/use requirements. The instream flow IF record is similar to the water right
WR record. InaSM 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/ISIP/IM, TO, SO, FS CV, TS WS and OR records are associated
with IF records the same as with WR records.

The instream flow amount AMT from the IF 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 al 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 IFMETH in IF record field 8. PAS2 entered in JO record field 10 allows a
second pass to be activated regardless of IFMETH. 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)
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 isthe 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 IF record. The WSrecord 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 IF 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.
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Example - Sat 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
UuCirrig 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

I F CP7 6000 19850501 2 | F1

IF CP15 5200 seasonl19720801 2 | F2

I F CP7 12000 19910215 2 | F3

IF CP12 1800 19880601 2 | F4

WR CP12 7800 irrigl9880601 0. 25 WR7
W5 Res-A 125000 -1

IF CP12 0 19880601 2 | F5

I F CP7 9000 99999999 4 | F6

W5 Res-B 50000 -1

many other records of various types

Water is allocated to al IF 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
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 IF1 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 apriority junior to 1 May 1985.

Instream flow requirement 1F3, with a priority of 19910215 (15 February 1991), raises
the instream flow target at control point CP7 from 500 ac-ft/month, set by IF1, to 1,000 ac-
ft/month. Thus, al 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 IF4, WR7, and IF5 at control point CP12 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. 1F4 sets an instream flow target of 150 ac-ft/month, which constrains the
amount of water available to water right WR7. |F5 resets the instream flow target back to zero.
Thus, the 150 ac-ft/month instream flow requirement at CP12 affects only water right WRY7.
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Instream flow requirement 1F6 changes the minimum regulated flow target at control
point CP7 from 1,000 ac-ft/month, set previously by IF3, to 750 ac-ft/month. Since the IF6
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 IF record for IF6.

Multiple |IF Record Rights at the Same Control Point

Multiple IF records may be used to model a particular set of instream flow requirements.
Any number of instream flow IF records can be connected to the same control point. As each IF
record water right is considered in the priority loop, the target set by that IF record right is
compared with the target previously set by the preceding IF record right in the priority sequence
at the same control point. An option controlled by the parameter in IF record field 7 allows
selection between three options. The default option 1 isfor 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 |F Record Right Applied at All Control Pointsin a Sream Reach

The instream flow target defined by the IF record and its auxiliary records is repeated at
al control points between the control points entered in IF record fields 2 and 12. 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 IF record field 12 defines a
stream reach extending from the control point specified in IF record field 2 downstream to CP2.
This reach may contain any number of control points. CP2in IF record field 12 is the identifier
of a control point located further downstream, with the exception that OUT entered in field 12
assigns CP2 asthe outlet. The instream flow target is set at all control pointsin the reach.

I nstream Flow Computations

IF record instream flow targets are set within the SM water rights priority sequence in
essentialy the same manner as WR record diversion and hydropower targets, but the targets are
used differently. IF 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
SM instream flow routines perform the following tasks. The IF record field 8 IFMETH 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 IF, UC, DI/ISIP/IM, TO, FS CV, SO, and/or TS records. An
instream flow target is determined the same way as a diversion target and expressed in the
same units as a diversion target, such as acre-feet/month or other volume/month units.

Wkiting Instream flow Shortages to the Output File (Options 0, 1, 2, 3, and 4) The instream flow
requirement is atarget minimum regulated flow. For agiven month, at the completion of the

Chapter 4 Water Management 114



water rights loop, the instream flow target for each IF 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 SM output OUT file. Program TABLES reads the SM output file and
builds instream flow shortage tables in the same manner as the other tables are devel oped.

Initial Pass through Water Rights Loop (Options2 and4) With the dua pass options 2 and 4
activated, in the initial pass through the water rights computationa 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
computationa 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 thefirst pass. This guarantees that junior rights are not unnecessarily
curtailed due to instream flow requirements, in those months in which all instream flow
reguirements can be met without curtailing junior rights.

2. Theregulated flows reflecting al the water rights are determined in this first pass. These
regulated flows are used in the second pass as a lower limit on the regul ated flows used to
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 AVALB 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
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more senior rights, since the junior rights have not yet been considered in the priority-based
water rights loop. However, the algorithm in SSM 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) |F record field 8 IFMETH 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 agorithms.

Sngle 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 Sorage 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 IF 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 IF record right with reservoir storage
(IFMETH 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
value of 1.0. The IF record right is then processed through the water right computations just
like a WR record right. The simulation results recorded in the SM output file for IF 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 IF record rights with IFMETH option 3 or 4.

Requlated Flows and Instream Flow Targets

For a given month, water is alocated 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 thenaturalized flows from the IN records
e return flows from the previous month if the next-month return flow option is used
e gainsor losses from an optional ClI record or FA 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
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water allocation computation loop, depend upon the effects of the more senior rights that have
already been considered.

From the perspective of WRAP-SM, an instream flow requirement is a target minimum
regulated flow at a control point. Any number of IF records may be associated with a control
point, alowing the target minimum regulated flow to change in the priority sequence as the
various water rights are considered. An actua 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 IF 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 (IF 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 IF 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.

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 alocated 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 |oop, 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
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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.

IFMETH 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. Inthe dual pass approach, the first passis 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 fina first-pass
regulated flows are used in the second pass to set alower 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
releases from areservoir 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 IF
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 WR record right.

The second pass I F record option could possibly cause irregularities in simulation results
when used with various complex combinations of other SSM 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 IFMETH 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 fina unappropriated flows do not reflect instream flow requirements in those
months in which al requirements are met without necessitating a second pass.

The only reason for the IF record dual pass options isto deal with the problems of senior
rights not getting access to water made available by junior rights through same-month return

Chapter 4 Water Management 118



flows from diversions from storage and same-month hydroel ectric 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, Cl 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 IF 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 IF record right and junior WR record right.

The single-pass IFMETH options 1 and 4 are the recommended default standard. The
more complicated two-pass IFMETH options 2 and 4 should be applied with caution and only if
specific reasons warranting switching to the two-pass strategy are clearly identified.

Specifying Targets and Rulesfor M eeting the T ar gets

WRAP-SM provides considerable flexibility for modeing complex water resources,
development, alocation, 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 actua 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. Modding water rights may be very
simple or quite complex depending on the particul ar application.

Table 4.3 provides a categorization of the different types and features of water rights. The
input records used to activate the various features are aso 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. IF records are used to establish instream flow targets, typicaly associated with
environmental needs, and optionally may include rel eases from storage to meet flow targets.

A WR record right, with associated WS record, may include refilling storage in one reservoir
caled its primary reservoir. An instream flow, water supply diversion, or hydroelectric energy
generation requirement may be met by stream flow and/or rel eases/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 (sets of
WR/WSrecords). Multiple rights with different priorities may refill storage to different levelsin the
same reservoir. 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
with zero entered for the diversion target. Reservoir storage parameters on WS records and
operating rules on OR records may be associated with either WR or IF records.
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Table4.3
Classification of Water Right Features

Water rights are categorized as either water right WR record or instream flow IF record rights.

WR record rights include requirements for diversions and return flows, hydroelectric energy
generation, and/or filling reservoir storage.

|F record rights set requirements for minimum instream flows.

Water rights may include the following optiona features for specifying diversion, instream flow,
hydropower, and storage targets.

*

*

*

constant annual amount combined with monthly distribution factors (WR/IF fields 3-4, UC)
target seriesthat vary between years aswell as between months of the year (TSrecord)

specification of diverson and instream flow targets as a function of naturalized/regulated/
unappropriated flows, reservoir storage, and/or stream flow depletions (TO, FS CV records)

drought index that alows diversion, instream flow, and hydropower requirementsto vary as
afunction of reservoir storage (DI, IS IP, IM records; IF field 10; WR field 11)

Water rights may also include the following optiona features for specifying system operating rules.

*

L T R . T T

secondary backup right that supplies shortages incurred by other rights (BU record)

stream flow depletions from aternate locations (SO record field 5)

annual or seasona limits on diversions (SO record fields 10, 11, 12)

[imits on stream flow depletions (SO fields 3-4 and 11-12; ML record; LO record)
monthly/seasonal/annual limits on withdrawals from reservoir storage (SO fields 7-8, 11-12)
monthly varying reservoir storage capacity (MSrecord)

multiple entities sharing storage capacity in the same reservoir (EA record)

multiple reservoir system operations (WSand OR records)

hydroel ectric power operations (HP record)

water management schemes that circumvent the priority system (PX record)

WR record water rights are categorized as either Type 1, 2, 3,4, 5, 6, 7, or 8in WRrecord field 6.
Type 1. 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.

Type2: sameastype 1 except that refilling of reservoir storage is not allowed

Type 3. same astype 2 except diversions can be supplied only from reservoir storage

Type 4. flow isdischarged into the stream

Type5: 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 alowed, meaning el ectric energy is

generated only from rel eases from reservoir storage and the reservoir is not refilled

Type 7. reservoir storage refilling target is determined and applied
Type8: target iscomputed solely for use with other water rights
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Diversion, instream flow, and hydropower requirements are typicaly specified by entering
an annual target amount aong with aset of 12 monthly distribution factors. The targets may aso be
atered internaly within the model as a user-specified function of storage or stream flow.
Alternatively, multiple-year time series of targets may be provided as input. Target setting options
may be combined in avariety of ways.

An instream flow target is a minimum regulated flow at a control point. Water rights
junior to the IF record right are curtailed as necessary to maintain the target minimum flow. An
instream flow requirement (IF record) may be specified either without or with associated
reservoir storage (WSrecord). Either way, inflows to reservoirs associated with junior rights are
passed through the reservoirs as necessary to maintain the instream flow target. However,
releases from storage to meet instream flow requirements are made only from reservoirs
associated with the IF record by attached WS records.

In addition to the features listed in Table 4.3, a watershed flow option for distributing
naturalized flows may be activated by the SO record. The watershed flow option is described in
Chapter 3 along with the other flow distribution methods. It is different than the other methods in
regard to being associated with awater right (WR record) rather than a control point (CP record).

Water management and use requirements are based on mesting:

e reservoir storage demands/needs/targets

e water supply diversion demands/needs/targets

e hydroelectric energy production demands/needs/targets
e ingtream flow demands/needs/targets

to the extent allowed by available water subject to the water rights priority system, operating rules
and practices, and the configuration and capacities of storage and conveyance facilities. The terms
targets, demands, needs, and requirements are used interchangeably in this report.

The organization of the SM simulation agorithms is outlined by Figure 2.2 and the
accompanying discussion in Chapter 2. In a given month, in considering each individua right in
priority order in the water rights computation loop, the following tasks are performed by the model
for each right in turn.

Task 1. Thediversion, hydropower, storage, or instream flow target for the month is set.

Task 2. The amount of stream flow available to a\WR record right is determined.

Task 3: Water alocation agorithms determine stream flow depletions, reservoir releases
and storage changes, net evaporation-precipitation volumes, and the portion of the
diversion and hydropower targets that are met and associated shortages.

Task 4: Unappropriated and regulated stream flows are adjusted for the effects of theright.

The next section outlines the system for setting water management/use targets (Task 1).
Features for modeling multiple-owner and multiple-reservoir operating rules for meeting the targets
(Tasks 2 & 3) are then described. The chapter then covers the dual smulation option and options
for modding water management schemes that circumvent the priority sequence. Other specid
optiona modeling capabilities are also presented in the remainder of the chapter.
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Setting Diversion, | nstream Flow, and Hydropower Tar gets

In many typica modeling applications, targets are defined by simply entering an annua
target amount on aWR or |F record and a set of 12 monthly distribution factors on UC records. The
targets vary seasonally but are constant from year to year. However, targets may aso be entered for
each individual month of the multiple-year period-of-analysis, varying from year to year as well as
seasonally. Options aso provide flexibility for defining targets as a function of reservoir storage,
current or accumulated past river flows and/or stream flow depletions appropriated by specified
rights, and other variables, as well as month of the year.

Water use requirements may be specified by a single option in SM, or dternatively,
requirements may be computed within the mode by combining multiple optional features. For
most typical water rights, targets are defined by simply entering an annua target amount on a
WR or IF record and referencing a set of 12 monthly distribution factors entered on UC records.
However, ingenuity may be applied to combine any number of the options outlined below to
model complex and/or unique water management situations.

The sequentially ordered steps described below are governed by WR/IF/UC, BU,
DI/IFIP/IM, TO, TS, CV, FS and SO records. Embedded within the sequence of tasks, optional
step 4 consists of a series of any number of target building tasks with each task being governed
by a separate TO record. Steps 2 and 10 apply a BU record backup feature based on shortages
from one or more other WR record rights. Step 9 consists of referencing a FS or CV record
located in the record group of another water right with its own WR/IF/UC, BU, DI/ISIP/IM, TO,
TS CV, FS and SO records. These cross-connections between water rights provide considerable
flexibility in setting targets but also add complexity in describing and applying modeling options.

In a given month of the simulation, as the water rights are considered in turn in priority
order, SM builds a monthly diversion, instream flow, or hydroelectric energy target for the
current water right in sequential steps as outlined below.

1. The model combines the annual diversion, hydroelectric energy, or instream flow
requirement amount entered in a WR or |F record with monthly distribution coefficients from
UC records to obtain a target for each of the 12 months of the year. UC records are not
required if the monthly target is constant over the year.

2. The backup option activated by the BU record allows a water right to serve as a supplemental
backup right for one or more other rights. Shortages incurred by the other rights are added to
the target of the backup right. The shortage may be added at this step or as step 10. Optional
step 2 consists of adding the shortages incurred by one or more other WR record water rights
to the target of the current right determined in step 1 above.

3. The optional drought index defined by a set of DI/ISIP records modifies the target as a
function of the storage content of specified reservoirs. The drought index may be applied
here as step 3 or later as step 6. The location of the drought index adjustment in the
computational sequence is specified with the DINDEX entry on the IF or WR record. Step 3
consists of multiplying the target volume determined in steps 1 and 2 above by a factor
determined by the drought index as a function of reservoir storage.
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. SM uses severa variables entered on one or multiple TO records to build diversion and
instream flow targets. Targets may be afunction of naturalized, regulated, or unappropriated
flow multiplied by afactor. The target may be set based on reservoir storage or stream flow
depletions incurred by other rights, which may also be multiplied by a factor. Upper and
lower bounds on the target may be applied in two different ways here in the repetitive step 4.

Several TO records may be used to build atarget step-by-step. Thefirst TO record results in
a target to be combined with the intermediate target determined in the preceding steps
outlined above. Each subsequent TO record results in another target to be combined with the
preceding intermediate target. The two targets are combined in each step by either (a)
selecting either the maximum or minimum or (b) adding them. The target developed in this
manner may be a function of the summation of naturalized, regulated, and/or unappropriated
stream flow at multiple control point locations, stream flows at various locations, reservoir
storage, stream flow depletions by other water rights, and/or user specified lower and upper
bounds. Flexibility is provided for combining these features as needed.

. A time series of monthly diversion, hydroelectric energy, or instream flow targets for each
month of the hydrologic period-of-analysis may be entered on TS records. The TS record
may be the only option used for a particular water right, or TS record targets may be
combined with the other options. Either (@) the greater or lesser or (b) the summation or
product of the steps 1—4 versus step 5 values for a particular month is adopted depending on
the value for TSL entered in the second field of the TSrecord for thefirst year.

. A drought index defined by a set of DI/ISIP records modifies the target determined above as
a function of the storage content of one or more specified reservoirs. The preceding
intermediate target is multiplied by a factor determined from a relationship defined by
DI/ISIP records. The drought index may be applied at either step 3 or step 6.

. The target is constrained by upper and lower limits entered in TO record fields 5 and 6 if
TOTARGET option 10 is specified in TO record field 2. Otherwise, these TO record limits
areincluded in step 4.

. A flow switch FS or cumulative volume CV record may modify the target based on the total
volume of a selected variable accumulated during a specified preceding number of months
and/or current month. With a FSrecord, one of two alternative multipliers are applied to the
target depending on whether the defined variable during the current month or accumulated
during the past period of any number of months fall within a specified range. A CV record
provides several options for creating or modifying a target. Unlike step 9 below, step 8
applies the any number of CV and FSrecords entered with the current WR or IF record water
right along with the other records.

The FS or CV record for step 9 is entered with another water right and referenced by an
integer identifier in WR field 10 or IF field 9 of the current right. A negative FS record
reference results in the target of the current right being multiplied by a flow switch
consisting of afactor selected by the referenced FSrecord. Otherwise, the referenced FSor
CV record provides a target volume for the current right. The target volume or switch
multiplier factor provided for the current right by the FS or CV record may reflect the
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preceding steps 1-8 for the water right record group in which the FSor CV record is located.
Water right type 8 allows aright to be used solely for this type of FSCV record application.

10. The backup option activated by the BU record may be applied as either step 2 or step 10.
The backup right's own target is first determined as outlined above, and then shortages
incurred by one or more specified other rights are added.

11. The target is adjusted as necessary to prevent exceeding the optional monthly or annual
reservoir withdrawal limits entered in SO record fields 7 and 8.

12. The target is adjusted for the annua or seasona diversion or regulated flow limits of SO
record field 10.

SIM applies steps 1 through 10 are in sequentia order to set the diversion, instream flow,
or hydropower target for a water right. Steps 11 and 12 refer to additional adjustments to the
target governed by SO record parameters that limit the amount of water available to the right.
Water availability for a right may be limited by monthly or cumulative seasonal or annual limits
on stream flow depletions and the amount of water that may be withdraw from reservoir storage.
An annual or seasonal diversion limit may also be placed on the total water diverted by aright.

Intermediate targets may be computed in the 12-step process outlined above of setting the
actual target to be used in the smulation. Only one of these targets and associated shortage are
written to the SM output file. 1SHT(wr) in SO record field 9 specifies which target and
corresponding shortage to write to the output file. The default (blank field 9) isto write the fina
target and shortage at the end of the computations to the output file. Enteringal, 2, 3, 4,5, 6, 7,
8,9, 10, 11, or 12 in SO record field 9 results in recording the monthly target at the completion
of the specified step. If the steps 2 through 12 options are not applied, the same step 1 target and
shortage are written to the output file regardless of the ISHT(wr) entry.

The final target is always used in the smulation computations. 1SHT(wr) in SO field 9
governs the choice of which monthly targets and shortages are written to the SM output file.
The simulation computations are not affected in any way except for the back-up feature activated
by a BU record or SO record field 6. The shortage of the other rights added to the target of the
back-up right is the shortage specified by |SHT(wr).

Diversion and Instream Flow Targets as a Function of Sream Flow, Sorage, and Other Rights

The target options TO record provides options implemented as step 4 of the sequential
12-step process described in the preceding section for computing monthly diversion or instream
flow targets as functions of (&) naturalized, regulated, or unappropriated flow, (b) reservoir
storage or storage drawdown, (c) water taken from stream flow or reservoir storage by other
rights, and (d) user-specified upper and lower bounds. Storage drawdown is capacity less
storage content. The targets may be functions of stream flows or storage optionally in either the
previous month or current month. If the current month option is adopted, unappropriated stream
flow is the flow that is still unappropriated at the step in the water rights priority loop
computations at which the right is considered. Likewise, with the current month option, the
regulated flow and end-of-period storage reflect only the effects of senior rights.
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The following simple example illustrates the genera approach of applying TO records.
Example 7 in Appendix B provides further illustration.

Example: Subject to water availability, regulated flows at control point CP1 are maintained to
not fall below the minimum level defined by the following instream flow target. Thetarget is set
as afunction of naturalized flows at CP1 and the summation of available flows at CP2 and CP3.
Available flows are the unappropriated stream flows considering all water rights that are senior
to thisright. For each month, the target is set at 25 percent of the total sum of the unappropriated
flows at CP2 and CP3, except the target can not exceed the naturalized flow at CP1. Another
feature of the instream flow requirement is that the target must fall within the range of 100 to 500
acre-feet/month, regardless of the flows at CP1, CP2, and CP3. This target is specified by the
following IF and TO records.

* %

*x Record Fi el ds

> 2] 3 [ 4 | s | 6 | 7 | 8 | 9 | 10
* %

I F CP1 1985

TO 3 0. 25 CP2 CONT
TO 3 . 25 ADD CP3 CONT
TO 1 CP1 M N 100. 500.

* %

Although each TO record results in a cumulative intermediate target, only the final target
is used in the simulation computations. For purposes of illustration, assume that in a
particular month of the simulation, the naturalized flow at CP1 is 635 ac-ft and WRAP-
SIM computes available flows of 800 and 400 ac-ft at CP2 and CP3. The target is set by
WRAP-3M step-by-step as follows.

IF CP1 1985
TO 3 0.25 cP2 CONT

Thefirst intermediate target is computed as. (0.25)(800) = 200 ac-ft

TO 3 .25 ADD CP3 CONT
Thetarget iscomputed as: 200 + (0.25)(400) = 300 ac-ft

TO 1 CP1 M N 100. 500.

Thetarget is the minimum of 300 or (1.0)(635)=635 which is 300 ac-ft.
Thetarget is the maximum of 300 or the lower limit 100 which is 300 ac-ft
Thetarget is the minimum of 300 or upper limit of 500 which is 300 ac-ft.

Thus, in the example, SM determines a minimum instream flow target of 300 ac-ft for that
month. Thistarget was built step-by-step by combining several options.
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Flexibility is provided by TO record options to creatively combine target-building
features in a variety of ways to model a broad range of water management situations. Targets
can be computed by SM by adding and/or subtracting flows at any number of locations;
combining other types of flows at other locations; adopting the minimum or maximum of these
values, and placing upper and lower bounds on the flows. Stream flow falling within different
bounds may be multiplied by different factors. A reservoir may be refilled with a diversion with
the target determined based on the reservoir drawdown limited by regulated flows. Targets may
depend upon the amount of water taken by other water rights.

Diversion, Hydropower, and Instream Flow Target Series Entered on TS Records

The purpose of the target series TS record option is to provide flexibility for diversion,
instream flow, or hydropower targets to be developed outside of the model and entered as input.
The targets entered on TS records may be determined by various means independently of SM or
perhaps from the results of previous SM simulations. The TS record targets may be the only
requirements specified for a particular water right or alternatively may be integrated with other
target-building options. Targets from TSrecords are integrated into the sequential step-by-step SM
target building scheme as step 5 of the previously outlined 12-step process. TSrecords may be used
to modify targets computed within the model with other options. Targets may be arithmetically
mani pulated by adding, subtracting, or multiplying numbers from TSrecords.

The target series TS records alow monthly diversion, instream flow, and hydropower
demands to be specified that vary between years as well as seasonally. If the TS option is adopted,
targets cover every month of the hydrologic period-of-analysis. However, the number of TSrecords
may range from one to the total number of yearsin the ssmulation. The 12 monthly targets entered
on a TS record may represent just one year or be repeated for any group of years or the entire
simulation period. Examples 7 and 18 in Appendices B and C include TSrecords.

Drought or Sorage Index

The various options activated by the WR, IF, SO, TO, FS CV, TS and DI/IP/I9IM
records may be combined in a myriad of ways to define diversion, instream flow, and
hydropower targets. Drought indices defined by sets of DI, IP, IS and IM records may be
combined with the other records in the target building process or alternatively may be applied
independently. Examples 4 and 11 in Appendix B illustrate the use of DI, IP, IS and IM records.

The term drought index is adopted because depleted storage is viewed as an indicator of
prolonged dry conditions with diminished water resources. The drought index option alows
instream flow, diversion, and hydropower requirements to vary with reservoir storage content. The
drought index option may be used as a mechanism for modeling reservoir system operations.
However, more genericaly, a drought index can be used to alow any water use target to vary as a
function of storage content, including instream flow, run-of-river diverson, and other water use
requirements not met by releases from the reservoirs included in the drought index. This feature
may be adopted for any application in which water use requirements are expressed as a function of
reservoir storage. JO record field 8 is a switch alowing ether beginning-of-month storage or the
latest end-of-month storage computed in the water right priority loop to be used for the index.
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Drought indices are assigned integer identifiers (1, 2, 3, ...) in the sequentia order that the
DI/ISIP records for each index are entered in the input file. Entering one of these integer identifiers
on an IF or WR record connects a water right to a drought index. Any number of water rights can
be assigned the same drought index, and there can be any number of drought indices.

Each drought index consists of a drought index reservoirs DI record and drought index
storage IS versus percentage |P records. The DI record specifies the selection of reservoirs upon
which to base the index. Either al of the reservoirsin the modd or a selection of up to 12 reservoirs
may be specified. ThelSand IP records provide atable of reservoir storage versus percentage. The
reservoir storage values on the ISrecord refer to the total storage content of the reservoirs specified
by the DI record. The corresponding percentage on the IP record are factors by which the instream
flow, diversion, and/or hydroel ectric energy requirements are multiplied.

Drought indices are incorporated in the M simulation computations as follows.

1. A parameter entered in JO record field 8 alows either beginning-of-month storage or the latest
end-of-month storage computed in the water right priority loop to be used for the index. Either
a the beginning of the month or at the pertinent point in the priority sequence, the storage
contents of the specified reservoirs are summed to obtain atotal storage for the drought index.
All of the reservoirsin the model or up to 12 reservoirs can be selected for each drought index.

2. Linear interpolation is applied in combining the total storage associated with a particular
drought index with the storage versus percentage relationship from the IS1P records to obtain a
multiplier factor expressed as a percentage.

3. The percentage converted to a fraction is multiplied by the permitted instream flow, diversion,
and/or hydroelectric energy targets for each right assigned to a particular drought index.

4. After adjusting the target instream flow, diversion, and hydropower amounts in the previous
step, dl computations proceed normally without any other change related to the drought index.

An IM record consists of switch variable entries for each of the 12 months of the year. A
DI/1S1P record index can be applied with or without adding an IM record. An IM record allows
the DI/ISIP storage index to be switched on or off in each month, meaning the DI/ISIP record
storage index is applied only in specified months of the year. Alternatively, using the IM record,
the index determined based on reservoir storage contents in a selected month may be repeated in
later months. For example, the index applied in setting a target during each month of October
through February could be determined based on the storage content at the beginning of October.

The inclusion of certain reservoirs in the drought index assigned to particular water rights
does not otherwise associate the reservoirs with the water rights. WS and OR records are connected
to WR and IF records identicaly the same with or without assigning a drought index to the WR
record. Instream flow, diversion, and hydropower generation requirements associated with a water
right may be determined as afunction of a particular drought index without the DI record reservoirs
making releases for these requirements or being otherwise associated with the right.

The switching-variable EMPTY of the DI record alows reservoirsto be emptied either every

month or annualy on a specified month of the year. In the model, the water from the reservoir is
loss from the system. This DI record emptying feature was added to SM prior to the addition of the
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FSand CV record features described in the next section and is now essentialy superseded by the
newer FS and CV records. The EMPTY feature is designed to be used to specify targets as a
function of cumulative flows or diversons. For example, freshwater inflows into a bay and
estuarine system may be expressed as a function of cumulative inflows to date that year. A
computational reservoir with zero evaporation may be placed at the basin outlet to modd the
accumulation of inflows into a bay or estuary. The zero-evaporation, zero-inflow computational
reservoir could be assigned a control point not connected to the system to model a sink or
accumulation of diversions that are transported to the computational reservoir as return flows.

Example Drought Indices

The following two drought indices are incorporated in Example 6.5 in Chapter 6 of the
Supplemental Manual. Instream flow targets records are developed by |IF records connected to the
DI records.

D 1 3 Belton GCeorge Gang

IS 4 0.0 224080. 224080. 1466320

I P 0.0 0.0 100.0 100.0

M 1 2 3 4 5 -5 -5 -5 -5 -5 11 12
* %

DI 2 3 PK Wi t WacoL

IS 4 0.0 555776. 555776. 3391940

IP 0.0 0.0 100.0 100.0

Drought conditions for water rights connected to the two drought indices are defined as the
storage contents of the reservoirs falling below 40 percent of their conservation storage capacity.
Drought index 1 is based on the total storage contents of three reservoirs with identifiers Belton,
George, and Grang and a total storage capacity of 1,466,320 acre-feet including conservation and
flood control pools. The 224,080 acre-feet on the DI record represents 40 percent of their total
conservation storage capacity. The drought index is 0.0%, representing a target multiplier factor of
0.0, if the totd storage in the three reservoirs is a or below 224,080 acre-feet and 100%,
representing a target multiplier factor of 1.0, is the storage exceeds 224,080 acre-feet. Likewise,
drought index 2 is defined similarly by the second set of DI, IS and IP records similarly based on
three other reservoirs (PK, Whit, and WacoL ) located in adifferent sub-basin.

Drought index 1 is set at the beginning of January, February, March, April, May, November,
and December and applied that month. The drought index set at the beginning of May is applied in
May, June, July, August, September, and October. For drought index 2, the index is reset each
month based on beginning-of-month storage that month and applied in setting targets that month.

FS and CV Record Options Based on Cumulative Volumes

Flow switch FSand cumulative volume CV record options use a cumulative volume of a
selected variable in devel oping
e |F record instream flow targets,
e \WRrecord diversion, hydropower, or storage targets,
e L O record maximum stream flow depletion limits, or
e ORrecord maximum reservoir release limits.
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A multiple-period past history of flows or other quantities is incorporated in setting
instream flow, diversion, and hydropower targets. FSand CV records can aso be used with type
7 rights (WR field 6) and reservoir release capacities (OR fields 9, 10, 11) in defining reservoir
operating rules or with LO records for setting maximum limits on stream flow depletions. Any
number of FSand CV records can be provided for any of the water rights in a SM input dataset.
Any number of water rights can apply the same FSor CV record. Examples 10, 11A, and 11B in
Appendix B of this manual focus on FS records. Example 6.5 in Chapter 6 of the Reference
Manual illustrates the use of CV and FSrecords to set daily instream flow targets.

One of thefollowing eleven FSV or CVV variablesis selected in FSor CV record field 3.

regulated flow at a specified control point

naturalized flow at a specified control point
unappropriated or available flow at a specified control point
stream flow depletion at a specified control point
diversion at a specified control point

inflow to a control point excluding upstream rel eases
stream flow depletion for a specified water right

total diversion for a specified water right

diversion from reservoir storage for a specified water right
10 target for a specified water right

11. instream flow shortage for aIF record right

=

©CON O A~WN

The cumulative volume of the selected variable is computed by SM by summing over the
current and/or specified number of preceding time intervals. The preceding time period over
which the selected variable is accumulated (summed) is defined by specifying the number of
intervals and relevant season of the year. The FS and CV records include parameters for
specifying a length of time that may include the current month and any number of preceding
months in the SM simulation (or days in SMD). The time period may be limited to a season of
the year defined by beginning and ending months of the relevant season of an annual cycle.

The eleven choices of flow switch FSV or cumulative volume CVV variable and the rules
for defining the time period over which the volume for this variable is summed are identically
the same with either the FSor CV record. However, the options for using the cumulative volume
to develop water right targets, stream flow depletion limits, or reservoir release limits differs
between the FSand CV records. FSand CV record capabilities are described as follows.

FS Record Flow Switch

The primary motivation for including the flow switch feature in WRAP is flexibility in
modeling environmental instream flow requirements. However, the FS record options may be
also applied in setting water supply diversion target, hydropower generation targets, reservoir
storage targets, maximum stream flow depletion limits, and reservoir rel ease capacities.

The computational time step is a month in SM and typically a day in SMD. In many

applications, the FS record modeling feature will be more redlistic in a SMD daily simulation
than in amonthly SM simulation. However, since this manual focuses on SM, the term month
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is used in the following discussion to refer to the time step. The flow switch functions in
essentially the same manner in aSIMD simulation with a daily time step.

The flow switch FS record activates a feature alowing IF record instream flow targets,
WR record diversion, hydropower, or storage targets, LO record stream flow depletion limits, or
OR record reservoir release limits to be switched on/off or otherwise adjusted depending on
whether the volume of a selected FSV variable in the current and/or any number of preceding
months meets a specified criterion. The FS record target setting rules are based on specifying
two different factors which may be 1.0 or 0.0 (on-or-off switch) or any other numbers. An
intermediate target or limit quantity for the current month is multiplied by one of the two
alternative factors depending on conditions during any specified number of preceding months.

The flow switch defined by a FSrecord consists of the following components.

e flow switch variable FSV

e acriterion based on values of the specified FSV during the current month (day)
and a specified number of preceding months (days) of the simulation

e two multiplier factors of which one or the other is applied to the water right
target, stream flow depletion limit, or reservoir release limit in the current month
(day) depending on whether or not the criterion is met

Any control point or water right in the SM input dataset can be selected for defining a
flow switch regardless of the location of the water right to which the flow switch is applied. One
of the eleven variables listed on the preceding page is selected as the flow switch variable FSV.
Two multiplier factors are specified on the FS record. The first factor is applied if the flow
switch criterion is met. The second factor is applied if the criterion is not met. The two
multiplier factors may be set at 1.0 and 0.0 to act as a switch which is completely on or off.
However, the factors can be any numbers entered by the model-user on a FSrecord.

As an example, assume an instream flow target is activated only if the total regulated
flow over the past six months at a particular control point falls within a certain range. The
instream flow target for the current month of the simulation is initially set based upon the IF
record and supporting records. If the regulated flow at the specified control during the past six
months falls within the specified range, the target is multiplied by a factor of 1.0. Otherwise, the
target is multiplied by afactor of 0.0.

A FS record flow switch is applied as step 8 or step 9 of the 12-step target building
process outlined on pages 122-124. A flow switch is expressed as follows.
X2=X1xFSV(FS1) if thecriterionis satisfied
X2=X1xFSV(FS2) if thecriterion is not satisfied
where: FSV(FS1) and FSV(FS2) are factors from FSrecord fields 5 and 6.

X1 is the intermediate value of an IF record instream flow target, WR record diversion,
hydropower, or storage target, LO record stream flow depletion limit, or OR record
reservoir release limit that has been computed prior to applying the FS record flow
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switch based on specifications from WR, IF, UC, DI/ISIP/IM, BU, SO, TO, TS, CV,
and/or other FSrecords.

X2 is the next intermediate value or fina value of the target or limit quantity being
determined for that time period (month or day).

Alternative Criteria for Defining a Flow Switch

The criterion for applying a flow switch is selected by the entry for the parameter
FS(FS2) in FSrecord field 9. The FS(FS2) options are as follows.

0 — The default is to not apply the flow switch to make water management decisions in the
simulation. The FSV is accumulated and counts performed solely for purposes of
providing information. Program TABLES 2FSV and 2FSC routines can be applied to
organize the resultsif the FSrecord is used with an instream flow |IF record right.

1 — The flow switch is based on whether the cumulative total volume of the flow switch
variable FSV fals within the range defined by specified lower and upper bounds.

2 — The flow switch is based on counting the number of times that the monthly volume of
the FSV falls within the range defined by specified lower and upper bounds.

3 —The flow switch is based on comparing the current or most recent monthly volume of the
flow switch variable FSV with the preceding cumulative total volume as a measure of
increases or decreasesin the FSV.

With the default blank FS record field 9 (FS(FS2)=0), the cumulative FSV volumes
used with options 1 and 2 are computed and the counts used with option 2 are made even though
the flow switch is not actually applied. For an IF record right, these data are recorded in the SM
output file and read by the 2FSV and 2FSC record routines in TABLES. These data can aso be
recorded in the message file with either a WS or FSrecord water right. Thus, the extent to which
the criterion is satisfied can be assessed without actually applying the FSrecord flow switch.

With FS(FS2) options 0, 1, and 2, arange of FSV volume is defined by specifying upper
and lower bounds FSX(FS,3) and FSX(FS4) in FSrecord fields 7 and 8.

lower FSV volume bound < FSV volume < upper FSV volume bound

The FSV volume and bounds are cumulative volumes summed over the specified number of
months for option 1, single-month monthly volumes for option 2, and both for option O.

The option 1 criterion is whether the total cumulated FSV volume during the specified
current and/or specified preceding months falls within the range defined by these lower and
upper bounds. In each month of the simulation, the cumulated FSV volume over the specified
period of time either does or does not fall within the specified range. The initia or intermediate
target or limit quantity is multiplied by FSX(FS1) from FS field 5 if the criterion is met.
Otherwise, the multiplier factor FSX(FS1) from FSrecord field 6 is applied.

With FS(FS2) option 2 for defining a switch criterion, the FSV volume is defined as the
flow volume in an individual month. In each month of the specified period, the flow volume
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either does or does not fall within the specified volume range. The number of months during
which the flow is within the range is counted. This count is applied with the following criteria
defined by upper and lower count bounds specified in FSrecord fields 10 and 11.

lower count bound < count < upper count bound

Count is the number of months during which the FSV flow volume falls within the volume
bounds. The specified lower and upper count bounds have units of time steps (months or days).
The flow switch criterion is whether count falls within the specified bounds. Either multiplier
factor FSX(FS1) or FSX(FS2) depending on whether the count falls within the bounds.

With FS(FS2) option 3, the flow switch criterion is based on whether and how much the
FSV variable isincreasing or decreasing. The flow switch continues to be defined as

X2=X1xFSV(FS1) if thecriterionis satisfied
X2=X1xFSV(FS2) if thecriterion is not satisfied

However, with option 3, the FSX(FS3) and FSX(FS4) entered in FSrecord fields 7 and 8 are
applied by SM as multiplier factors rather than bounds. FSX(FS3) and FSX(FS4) both default
to 1.0. Theoption 3 criterion is asfollows.

Y2 x FSX(FS3) < Y1 x FSX(FS4)

Y1 is the cumulative volume of the FSV variable summed over the specified preceding months.
Y1 does not include the current month. Y2 is the volume of the FSV variable in the current
month. Thus, with option 3 activated:

FSX(FS1)isadoptedif: Y2 x FSX(FS3) < Y1 x FSX(FS4)
FSX(FS2) isadopted if: Y2 x FSX(FS3) > Y1 x FSX(FS4)

With defaults of 1.0 for FSX(FS3) and FSX(FS4) and the number of preceding months
FS(FS5) set at one, the criterion is whether or not the FSV isincreasing.

Recording FS Record Flow Switch Simulation Results

Targets and target shortages are recorded in output files as described in Chapter 5 along
with the other ssimulation results. Additional data created by FS records can also be recorded in
the SM or SSMD output files. For the first or only FS record connected to an IF record, two
variables are recorded for each month of the simulation in the last two fields of the instream flow
output record in the SM OUT, SOU, and DSS output files described in Chapters 5 and 6. These
two variables are tabulated with TABLES using the 2FSV and 2FSC time series records.

e Thefirst variable is the total cumulative volume of the flow switch variable FSV
during the specified sequence of time periods.

e The second variable is the count of the number of months of the specified time
sequence during which the FSV monthly volume fell within the defined range.

Thus, the extent to which the FS(FS2) options 1 and 2 criterion are satisfied during the
simulation can be assessed without the FS record flow switch actually affecting water
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management decisions in the simulation. The SM FS record can be combined with TABLES
2FSV and 2FSC records to tabulate accumulated flow volumes and monthly volume counts
without basing operating decisions in the SM model on the criteria. FSrecords may be attached
to IF records that have a target of zero and thus no effect on water management/use decisions.
The flows are accumulated and counted without affecting the ssimulation. The volumes and
counts can be tabulated with TABLES.

The flow switch computations for aWR or IF record target can aso be explored by listing
simulation results in the message file. The MSS file tabulation includes the following variables.

year and month

water right identifier from the WR or IF record

integer FSrecord identifier

lower and upper bounds on flow volume from the FSrecord
simulated total cumulative volume of the FSV

count of months that the FSV volume was within specified bounds
fina computed target

Cumul ative Volume CV Record Options

The CV record is similar to the FSrecord but applies a different set of options to develop
targets, depletion limits, and release limits. The variables CVV and FSV selected in CV and FS
record field 3 are defined identically the same. The eleven CVV or FSV variable choices are
listed on page 128. Thetime period over which the volume of the selected variable is summed is
defined in the same manner. However, the CV record has a different set of options for applying
the cumulative volume than the FSrecord. The cumulative volume of the selected CVV variable
can be arithmetically manipulated and combined with preceding intermediate targets. Operations
may be based on whether the CVV volume falls within specified bounds.

Parameters entered on the CV record control the converting of the CVV variable
cumulative volume quantity CVX to the quantity X representing a IF record instream flow target,
WR record diversion, hydropower, or storage target, LO record stream flow depletion limit, or
OR record reservoir release limit, or (in combination with other records) an intermediate
component in the development thereof. The computations proceed as follows.

The first intermediate value of X is computed with multiplication (default = 1.0) and
addition (default = 0.0) factors FSX(1) and FSX(2) entered in the CV record fields 5 an 6.

X = FSX(1) x CVX + FSX(2)

Optional lower and upper bounds FSX(3) and FSX(4) entered in CV record fields 7 and 8 are
applied as specified by the parameter FSI(2) in CV record field 9. The default FS(2) option 1 is
to not apply thelimitsat all. FS(2) option 2 consists of applying the bounds as follows.

If [X < FSX(3)] then X is changed to FSX(3)
If [X > FSX(4)] then X is changed to FSX(4)

Alternatively, with FS(2) option 3, M applies the lower and upper bounds FSX(3) and FSX(4)
as follows in developing the target, depletion limit, or release limit X.
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If [X < FSX(3)] then X is changed to zero
If [X > FSX(4)] then X is changed to zero

FS(2) option 4 in CV record field 9 is based on VX1.1 and V X1., which are the values of
the CVV variable one day and two days before the current day of the simulation. Limits FSX(3)
and FSX(4) from the CV record are defined in terms of ratio R which is a measure of the rate that
the CVV variable changed between the preceding two days. For example, for atarget X being set
for Friday, R of 1.25 represents a 25% flow increase between Wednesday and Thursday.

_ VX1y
VX1

If [R< FSX(3)] then X is changed to zero
If [R> FSX(4)] then X is changed to zero

R

An IF or WR record target or LO or OR record limit may be developed prior to the CV
record by IF, WR, UC, TO, TS, FS DI/ISIP, BU, WS, OR, and/or other CV records. An option
for combining this preceding target or limit (X) with the X computed with this CV record is
selected in CV record field 10. The options are as follows.

Option 1 — The X computed by the CV record isitsfinal product, with no use of a
preceding target.

Option 2 — The X computed by the CV record is added to the preceding target.

Option 3 — The smallest of either X or the preceding target is adopted.

Option 4 — The greatest of either X or the preceding target is adopted.

Option 5 — The preceding target is adopted if X falls with specified bounds.
Otherwise, X is adopted.

Option 6 — The preceding target is adopted if X falls with specified bounds.
Otherwise, zero is adopted.

In a given month of the SM simulation, the final product resulting from the CV record
operations is a monthly volume, in units such as acre-feet/month, that represents either an IF
record instream flow target, WR record diversion, hydropower, or storage target, LO record
stream flow depletion limit, or OR record reservoir release limit. SMD alows daily or other
sub-monthly time step quantities. The quantity produced by the CV record may be the actual
target or limit adopted for that month of the simulation or an intermediate amount subject to
further adjustment by WR, IF, SO, TO, FS, CV, TS and DI/IP/IS/IM record routines.

An option activated by FS(FS9) in FS field 15 lists the following quantities in the
message M SS file summarizing the CV record computations for a WR or |F record target.

year and month

WR or IF record water right identifier
integer CV record identifier

preceding target

CVWV variabletotal cumulative volume CVX
final computed target
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FSand CV Record Operationsin the Priority Sequence

Inclusion of the current month in the summation of a selected flow switch variable FSV
or cumulative volume variable CVV is complicated by the fact that FSV and CVV quantities
change during the priority sequence simulation computations. One of the 11 variables listed on
page 128 is selected in FSor CV record field 3 asthe FSV and CVV. Thefirst six variables refer
to a control point. The last five choices are connected to a water right. For FSV/CVV options 7,
8, 9, 10, and 11, for which the variable to be accumulated refers to a water right, the volume in
the current month is included in the summation only if the referenced water right is senior to FS
or CV record water right. For options 1-6 which refers to a control point, the latest preceding
value computed in the priority sequence based simulation is adopted for the current month.

FS(FS8) specifies whether the current month is included or excluded in the FSV/ICVV
summation. FS(FS8) option 3 consists of excluding the current month. FS(FS8) options 1
and 2 include the current month. Options 1 versus 2 are slightly different if regulated flow is the
FSV or CVV but are identically the same for any other choice of variable. With regulated flow
selected for the FSV or CVV, option 1 differs from option 2 only if the second pass option is
activated by PAS2 in JO record field 10 or IFMETHOD in IF record field 7. With the default
FS(FS8) option 1, during the second pass, the regulated flow computed during the first passis
used. With FS(FS8) option 2, the latest regulated flow computed in the second pass is used in
the same manner that the latest value computed for any other FSV/CVV variable would be used.

Connecting FSand CV Records with WR, IF, OR, and LO Records

Any number of FS and CV records can be provided for any of the water rightsin a SM
input DAT file. Any number of water rights can apply the same FSor CV record.

SM automatically numbers FS and CV records in the sequential order (1, 2, 3, ... ) in
which they are found in the input file. The sequential numbering provides integer identifiers for
the records. Model users can aso enter the identifiers in CV/FS record field 2 to allow
convenient identification of different CV and FS records when users read the input file. All CV
and FS records are included together in the same sequential numbering with no differentiation
between CV versus FS records. WR record field 10, IF record field 9, and OR record field 10
reference these integer identifiers.

FSand CV records can be employed in the following alternative modes.

e Any number of FSand CV records can be included in the set of auxiliary records (SO,
TO, LO, TS, BU, PX, and WSHP/OR) belonging to aWR or IF record. These FSand CV
records are applied as step 8 of the 12-step target building process outlined on pages 122-
124 to develop the water right target. The sequential FSand CV record integer identifiers
have no relevance in this mode of application. Quantities are computed in the priority
sequence simulation in the priority specified on the WR or IF record.

e A WRor IF record can reference a FS or CV record that is located with the records for
some other WR or |F record right by entering the CV or FSinteger identifier on the WR or
IF record. Thisis step 9 of the 12-step target building process outlined on pages 122-
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124. The same CV or FS record results developed at the same priority can thus be
applied for any number of water rights. The quantity provided by the CV record is a
monthly target volume. Depending on FSCV(wr), the FS record provides either a target
volume or switch multiplier factor to be applied to the WR or |F record target.

e A FSor CV record can be used in setting a maximum release limit for a reservoir by
entering the integer identifier of the FS or CV record on the reservoir operating rules OR
record. The quantity provided by the CV record is a monthly volume for the maximum
release capacity. The FSrecord provides either the actual volume of the monthly release
limit or a switch multiplier factor to be applied to the release limit entered in OR field 9.

e A water right can be referenced in TO and LO record field 9. TO and LO records for the
current right can access a target that has been computed for another right (WR, IF) using
CV, FS UC, SO, TO, LO, TS, BU, PX, WSHP/OR, and DI/ISIP records.

As previously discussed, water right type is specified in WR record field 6. Water right
type 8 is for rights created solely to be referenced by TO, LO, OR, CV, and FSrecords as noted
above. A type 8 right does nothing but compute a target volume or flow switch in the priority
sequence and by itself has no effect on the simulation. However, its target can be used in TO,
LO, OR, CV, and FSrecord operations performed for other water rights.

Water rights from Example 11B of Appendix B are reproduced below to illustrate
alternative ways of connecting FS (or CV) records to WR and IF record rights. FSrecords 1 and 2
set ingream flow targets for IF record rights IF-IF-1 and IF-IF-2. FS records 3 and 4 are
components of IF record rights IF-1F-3 and IF-1F-4 but their FSV is the diversion target of the WR
record right with identifier Type 8 Right. FSrecord 5 is a target-setting component of IF record
right IF-1F-5. WR record right WR-FS-5 uses the flow switch multiplier developed by FSrecord 5
for IF record rights IF-IF-5. WR record right WR-FS-5 also applies drought index 1 as well as flow
switch 5in setting its diversion target.

IF OP-2  6000. 1 | F-FS-1

FS 1 2 1.0 0.0 1500. 2500. 1 11 1

* %

IF OP-2 12000. 2 2 | F-FS-2

FS 2 2 1.0 0.0 1500. 2500. 1 5 7 12 1

* %

WR CP-2  1200. 3 8 Type 8 R ght

* %

IF CP-2 18000. 4 2 | F-FS-3

FS 3 10 1.0 0.0 50. 300. 2 0 1 11 1 Type 8 Right
IF OP-2 24000. 5 2 | F-FS- 4

FS 4 10 1.0 0.0 500 300. 2 0 1 5 7 12 1 Type 8 Right
* %

IF COP-2 30000. 6 2 |F-FS-5

FS 5 1 0.0 1.0 1.0 1.0 3 1 1

* %

WR CP-1  3600. 8 -5 1 WR FS-5

VB Res-A  10000.

*x ! ! ! ! ! ! ! ! ! ! !
D 1 1  Res-A

IS 4 0.0 5000. 10000.

P 0.0 50. 50.

IM 1 -1 -1 -1 -1 -1 -1 -1 -1 0 0 0
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River/Reservoir System Operating Rulesfor M eeting Water Use Requirements

Modeling river/reservoir/use system operations may range from very simple to very
complex. Fexible options are provided to model the rules by which stream flow and reservoir
storage is alocated to meet the water use targets described in the preceding sections. Table 4.3
outlines the optiona water rights features for modeling various complexities or different stuations.
The preceding section focuses on options for setting targets modeling water supply diversion,
environmental ingtream flow, and hydroelectric energy production targets (demands, needs,
requirements). The previoudly discussed water right types 1-8 are fundamental in defining operating
rules. The following discussion describes other options to be adopted in various combinations to
model the manner in which the river/reservoir system is managed to meet these water use targets.

Backup Right

The secondary backup option alows diversion, instream flow, or hydropower shortages
associated with a water right to be supplied by another right called a backup right. The backup
option is activated by a BU record assigned to the right providing the backup. The WR or IF record
right with a BU record serves as a backup for any number of other rights. The diversion, instream
flow, or hydropower shortages computed for the one or more specified other water rights are added
to the target of the backup right. The computations then proceed normally without any other change
related to the backup feature. In each month, the target for the backup right is the shortage of the
rights being backed up plus the target amount determined by its own WR/IF/UC records and target
setting options on associated SO, TO, TS DI, FS and CV records. A backup right may aso be
combined with the PX record control point limit option discussed in the last section of this chapter.

Shortages incurred by the specified rights are added to the target of the BU record right
within in the water rights priority loop computational sequence. If the other right is senior to the
backup right, its shortage is added to the target of the backup right in the same month. If the
other right isjunior, its shortage is added to the backup right target in the next month.

A backup right may backup another backup right. Any number of backup rights may be
placed in sequence. Each adds any shortage amount computed for the preceding backup right to its
own target. Thus, asingle diversion requirement can be shared by multiple rights.

Though rendered obsolete with introduction of the expanded features provided by the
newer BU and PX records, SO record field 6 is still functional. The SO record field 6 option with
RETURN entered may be used in combination with atype 4 right to assign a priority to a return
flow that is different than the corresponding diversion right. A WR record for a type 4 right
along with its SO record may be placed behind the WR and supporting records for a more senior
diversion right. The diversion shortage for the first right will be applied in computing the
amount AMTREF that the second right (type 4 right) returns to the stream as follows:

AMTRFtype4right = Ttype4right - (Spra/i ousright )( Rl:ACtype4 right )
where the target amount T for the type 4 right is computed as normal and then adjusted for the

shortage S from the previous right. The more recently added transient water right XP option 1
activated by the PX record provides a simpler means to assign a different priority to return flows.
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Sream Flow Depletions from Multiple Locations

Stream flow depletions to meet diversion requirements and refill reservoir storage
normally occur at the control point to which the water right is assigned. This control point is
specified in the second field of the WR record. Diversion and reservoir refilling requirements
can also be met by releases from storage from one or multiple secondary reservoirs identified on
WS records with system operating rules specified on OR records.

An option allows reservoir storage to be refilled from stream flow depletions at other
control points. The aternate control point identifier ACPID entered on the SO record specifies
the location from which flow depletions occur. Any number of WR/SO records, and thus
aternate control point locations, can be associated with a particular reservoir. There are no
restrictions on which control points to use to refill storage. The computations are based on using
the alternate control point in lieu of the default control point specified in WR record field 2.

A typical application of this feature would be a storage reservoir located on a small
tributary that isfilled by pumping water from a nearby major river as well as the inflows from its
own watershed. A set of WR, WS, and SO records alow the reservoir to be refilled from inflows
from the small stream on which it islocated. In monthsin which these inflows are insufficient to
fill the reservoir to capacity, a second WR/WS'SO record set with an aternate control point
allows the reservoir to pump water from the other stream.

Limits on Stream Flow Depletions, Diversions, and Diversions from Storage

O record variables MRW and ARW are limits on monthly and seasonal or annud
withdrawals from reservoir storage. An annual or seasonal diversion limit ADL may also be entered
on the SO record. For annual limits, starting in the first month of each year, the model maintains a
record of the total cumulative stream flow depletions, diversions, and the amount of the
diversions that came from reservoir storage that year associated with the specified water right.
Upon reaching a specified limit, no more water is available to the diversion right until the
beginning of the next year. Likewise, the limit months LM(wr,1) and LM(wr,2) entered on the
SO record define beginning and ending months of a season for which the limits apply.

Water right permits associated with off-channel reservoirs often limit the total cumulative
amount of stream flow that may be taken each year to refill reservoir storage. Pumping and
conveyance facilities as well as water rights permits may limit the amount of stream flow
withdrawn each month. Options allow monthly and annual limits to be imposed on stream flow
depletions associated with a water right. Without specifying this option, reservoir storage is
refilled to capacity each month as long as sufficient stream flow is available to a right. The
options for specifying flow depletion limits are motivated primarily by constraints on refilling
off-channel reservoir storage but are applicable to magor main-stream reservoirs and diversions
aswell. SM does not explicitly differentiate between on-channel and off-channel reservoirs, and
these options may be applied to either.

A stream flow depletion is the amount of water taken from stream flow by aright to meet

diversion requirements, net evaporation-precipitation requirements, and refill reservoir storage.
The input variable ANNDEP of the SO record is alimit on the cumulative annual flow depletion
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that aright isallowed. Starting in the first month each year, the model maintains arecord of the
total stream flow depletions that a right has accumulated that year. Reservoir storage refilling
and diversion associated with the right (WR/WS records) is curtailed whenever the ANNDEP
limit isreached. Thelimit istreated as another constraint on water availability.

Monthly limits on the stream flow depletions associated with a water right can also be
imposed. The input variable MONDEP of the SO record is a constant limit imposed each of the
12 months of the year. The amount of stream flow available to a right is constrained to not
exceed MONDEP) in any month. Alternatively, a set of 12 monthly varying limits may be
specified for aright on a ML record.

Limits on the stream flow depletions incurred by a WR record water right can also be
imposed with a limit options LO record. The LO record has identically the same format as the
target options TO record. However, the LO record produces maximum limits on stream flow
depletions rather than TO record diversion, instream flow, hydropower, or storage targets. The
LO record depletion limits are computed using the same TO record options that are available for
developing targets. The resulting LO record maximum stream flow depletion limit is applied in
the SM simulation in the same manner as the limits established by SO and ML records.

Reservoir Operations

Reservoir storage parameters are provided on the storage WS record associated with a water
right. Any number of water rights can be associated with a single reservoir. Any number of
reservoirs may be associated with asingle water right. A right may include a storage capacity to be
refilled in only one reservoir, caled its primary reservoir. Secondary reservoirs supply water use
requirements but are not refilled by the right. Reservoir operations are defined by water right type
specified on WR records and rules specified on operating rules OR records a ong with parameters on
WS HP, and other records. Storage capacities are specified asfollows.

The top of the inactive pooal is specified on the WSrecord. Each individual right associated
with a reservoir has its own inactive pool. No releases or diversions occur from an inactive pool.
Thereservoir storage level isalowed to fall below the top of inactive pool only due to evaporation.

The WS record includes the total storage capacity volume at the top of conservation pool.
The MS record alow the conservation storage capacity to vary monthly. Water right type 7 on the
WR record alows the storage capacity to be computed as atarget. SM has no features for modeling
flood control operations. When areservoir is full to capacity, outflow equas inflow. SMD alows
gated or ungated flood control or surcharge storage capacity above the top of conservation pool to
be included in the smulation as described in the Supplemental Manual.

Gravity Flow in River Channels versus Pipeline/Canal/Pump Conveyance

By default, reservoir operation is based on assuming conveyance by gravity flow in river
channels. Reservoir releases can meet diversion requirements at the control point of the reservoir or
at any control point located downstream of the reservoir. OR record field 6 is used to remove the
gravity flow constraint. A pipeline or canal, with pumps as needed, is assumed to convey water
from the reservoir to the control point of the water right diversion, which can be any location.
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Multiple-Reservoir and M ultiple-Right Reservoir Systems

A WRAP-ISM water right may include: (1) maintaining (refilling) the storage in one
reservoir and (2) meeting diversion, hydropower, or instream flow requirements by diverting or
releasing from storage in one or multiple reservoirs. In constructing a model, these two activities
can be viewed as being essentiadly separate. A particular right may include either, neither, or both.

Reservoir storage capacity is provided on the WS record associated with a water right. Any
number of water rights can be associated with a single reservoir, with each right filling the reservoir
to a different storage capacity and/or using the reservoir to meet its water use requirements. SM
allows releases from multiple reservoirs to meet the one diversion, hydropower, or instream flow
target and maintain storage in the one reservoir specified by a single water right. As discussed later,
the mode includes options for specification of multiple-reservoir/river system operating rules (OR
record). Multiple reservoirs can each have one or more separate rights to maintain their individua
storages. Reservoir system operations may be defined by combining any number of WR/WSrecords
and other supporting records.

Each reservoir is associated with at least one water right. Each reservoir is assigned a
control point. Multiple rights and multiple reservoirs may be assigned to the same control point.
Each water right has access, in priority order, to the stream flow inflows at the control point. Each
right may have multiple reservoirs (one primary and the others secondary).

Each reservoir must have one and only one storage volume versus surface area relationship
entered either as SV/SA records or as coefficients on a WS record. Each reservoir associated with
hydroelectric power must have one and only one storage volume versus elevation relationship
entered as PV/PE records. However, each reservoir may be assigned to any number of water rights.

As illustrated by Figure 4.1, a reservoir includes an active pool and inactive pool. The
inactive pool capacity specified in WS record field 7 is dead storage from which releases or
withdrawas cannot be made by that right. In the computations associated with that right, the
inactive pool can be drawn down only by evaporation. No evaporation occurs from the inactive
pool unless the active pool is empty. Different water rights associated with the same reservoir can
each have adifferent inactive pool capacity.

Releases and withdrawals to meet the requirements for a particular right are made from the
storage above its inactive pool. A water right has access to the volume of water contained in its
active conservation pool adjusted for net evaporation losses. A maximum release capacity can be
specified on the OR record or computed by an OR record reference to aFSor CV record.

The cumulative total storage capacity below the top of conservation pool is specified in WS
record field 3. A type 7 water right refills storage based on a storage target computed in the same
way as adiversion target. Thiswater right type 7 storage target is the conservation storage capacity
to be filled subject to the constraint of not exceeding the capacity specified in WS record field 3.
Seasond rule curve operations are modeled with monthly storage MS records. The MS record
option allows each reservoir to have one (or none), but not more than one, set of 12 monthly storage
capacity limits. The reservair is refilled to the WS record field 3 storage capacity subject to the
constraint of not exceeding the capacity limit for that month specified on the MSrecord.
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Active Pool Zone 1

Active Pool Zone 2

Inactive

Figure4.1 Reservoir Pools and Zones

Any number of water rights can refill storage capacity in the same reservoir and/or make
releases from the reservoir to supply diversion, hydropower, or instream flow requirements. The
storage capacity entered in WS record field 3 is the total cumulative capacity to which the reservoir
can be refilled under that right’s priority, assuming the reservoir has been drawvn down in previous
months or by senior rightsin the current month and stream flow is now available for refilling.

For reservoirs with multiple rights, the storage capacity specified for each right must equal
or exceed the storage capacity specified for more senior rights or ese not specify refilling.
(Refilling occurs only with type 1 right.) In the water rights priority computational loop sequence,
storage capacity can remain the same or be increased but can not be decreased as each more junior
right is considered in priority order.

The various quantities computed by the mode for a particular water right reflect
consideration of al senior rights but not junior rights. In performing computations for a given water
right, except for hydropower rights, in a given month, the beginning-of-month and end-of-month
storage is not allowed to exceed the storage capacity associated with that right. In order to
appropriately determine head, hydropower rights allow the beginning- and end-of-period storage to
exceed the storage capacity of the hydropower right due to other junior rights at the same reservoir.

Multiple Reservoir System Oper ations

In modeling multiple-reservoir systems, rules are required for SM to determine amounts to
release each month from each of the aternative reservoirs. If two or more reservoirs are associated
with a water right, an operating rules OR record following each WS record defines the multiple-
reservoir operating rules. An OR record can adso be provided for a single secondary reservoir
associated with a water right, if needed to either specify the control point location or maximum
release capacity or to flag pipeline conveyance. The optiona OR record includes the reservoir
control point location, storage capacity at top of zone 2, zones 1 and 2 release ranking factors,
specification of gravity flow versus pipeline flow, and a maximum rel ease capacity or referenceto a
FSor CV record. The ORrecord isnot required if defaults are adopted for dl of its parameters.
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Figure 4.2 Storage Zonesfor Defining Multiple-Reservoir Release Rules

All of the operating rule parameters entered on OR records have default values that are
activated if the OR record field is blank or if there is no OR record. Without OR records, multiple-
reservoir system release decisions are based on releasing each month from the reservoir that is most
full in terms of percentage of active conservation storage capacity.

The model-user defines operating rules by OR record entries of values for zone 1 and zone 2
cumulative storage capacities and ranking factors for each of the two zones for each reservoir. As
illustrated by Figures 4.1 and 4.2, the active pool is divided into two zones for devel oping multiple-
reservoir operating rules. Zone 1 is the portion of the active pool above a designated elevation.
Zone 2 isthe remainder of the active storage capacity lying below zone 1. Zone 1 can be eliminated
by specifying its cumulative capacity as equa to that for zone 2. Zone 2 may be eliminated by
specifying its cumulative capacity as equa to the inactive storage capacity. Multiple reservoir
release decisions are based on balancing the storage, as a percent of zone capacity, in each reservair.

In each time step of the simulation, reservoir storage balancing within a particular zone is
based on computing a ranking index for each reservoir in the system as follows, with the release that
month being made from the reservoir with the greatest value of the index.

storage content in zone
storage capacity of zone

rank index = (multiplier factor){ } + addition factor  (4.5)

Equation 4.5 can be written more concisdly as.
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rank index =M {content} + A

capacity (4.6)
where M and A for zones 1 and 2 are four factors entered on the OR record. The defaults are 1.0 for
the multiplier factor M and 0.0 for the addition factor A. OR records are not required if defaults are
adopted for al fields of the record. The content/capacity fraction computed each month for each
reservoir varies between 0.0 and 1.0. Application of the rank index is explored in Example 9.

Zone 1 must be empty in all the reservoirs in the system, in order for releases to be made
from zone 2 of any of thereservoirs. If only one reservoir has water in zone 1, the release will come
from that reservoir. If two or more reservoirs have water in zone 1, Equation 4.2 is used to compute
a ranking index for each of the reservoirs. The release is made from the reservoir that has the
greatest value for the index. If zone 1 is empty in al reservoirs, the same selection procedure is
applied based on the storage contents of zone 2 of each reservoir. If the release resultsin the zone 1
storage being emptied for that reservoir while other reservoirs still have water in zone 1, the release
is limited to that required to empty zone 1 in that reservoir. Additiona releases are made, as
required, from zone 1 of one or more other reservoirs. The reservoirs are not precisely balanced
since, in each month, only one selected reservoir releases for the water right, unless the release
depletes the storage capacity of the zone or reaches the release limit.

The secondary reservoirs digible to release from a storage zone for a water right are ranked
according to the rank index computed with Equation 4.2. If the vaues of the multiplier factor M
and addition factor A of Equation 4.2 entered on the OR records are the same for al the reservairs,
the operating rule smply balances the percentage depletion of either zone 1 or zone 2 of each
reservoir. The OR record weighing factors M and A alow some reservoirs to be emptied faster than
others. If M is 0.5 and 1.0 for Reservoirs A and B, respectively, and A is the same for both
reservoirs, the storage content of Reservoir A, expressed as a fraction (ranging from 0.0 to 1.0) of
zone capacity, must be at least twice that of Reservoir B in order for the release to be made from
Reservoir A. Likewisg, if M is the same for both reservoirs, and A is 0.0 and 0.5 for Reservoirs A
and B, respectively, the storage content of Reservoir A, expressed as a fraction of zone capacity,
must be greater by 0.5 than Reservoir B in order for the rel ease to be made from Reservoir A.

Other Optional Features

JO record field 7 alows selection between two options regarding the storage to use in the
multiple reservoir release decison computations. (1) the beginning-of-period storage or (2) the
intermediate end-of -period storage at that point in the water rights priority loop computations, which
is subject to change due to more junior water rights.

A maximum alowable monthly release limit for a reservoir may be specified in OR record
fieds 9, 10, and 11. A constant release limit may be specified, or dternatively the release limit can
be varied with flow or other conditions using aflow switch FSor cumulative volume CV record and
associated records. The limit could represent either outlet structure capacity or operating rules.

Reservoir releases meet diverson requirements at the control point of the reservoir or at
control points located downstream of the reservoir by default. Downstream releases are assumed to
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reach the diverson site by gravity flow in the stream channel. OR record field 6 provides the
alternative of modeling a pipeline or cana with pumps as needed to convey water from the reservoir
to the control point of the water right diversion, which can be any location.

Releases for Downstream Senior Rights

Reservoirs located upstream of adiversion are assumed to make direct rel eases to supply the
diverson requirement. The pump/pipeline/cana option activated by OR record field 6 allows
diversons from a reservoir to be conveyed to any control point. However, without the
pump/pipeline/cana option, reservoirs that are physically able to release only to control points that
are downstream of the diverson location may still contribute to system operations. These
reservoirs, referred to as downstream reservoirs, are limited to mitigating stream flow depletions
made by senior rights downstream of the diversion location. The amount of water that a
downstream reservoir may release is limited to the flow that has been passed through the diversion
location to meet senior water right requirements asillustrated by the following example.

System
Diversion
RES-D

Senior Right
CP-5

Figure 4.3 Multiple Reservoir System

Figure 4.3 illustrates a system composed of four reservoirs and one diversion, which is
subject to the constraint of another more senior water right. The system diversion can be met from
stream flow depletions a control point CP-4 and releases from reservoirs RES-A, RES-B, RES-C,
and RES-D located at control points CP-1, CP-2, CP-3, and CP-5. Sincereservoir RES-D at control
point CP-5 is not located upstream of the system diversion location at control point CP-4, itsroleis
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limited to minimizing the adverse impacts on water availability of the senior right at control point
CP-6. In each month of the smulation, the computations include determination of the amount of
water to release from each subcomponent of the four-reservoir system to meet the diversion at CP-4,
based on balancing storage depletions in the reservoirs.

The multiple reservoir system release rules may involve interactions with other more senior
rightsin theriver basin. For example, the senior right at control point CP-6 in Figure 4.3 is not part
of the four-reservoir/one-diversion system but impacts the water available to the system. The model
maintains an accounting of the amount by which the senior right at CP-6 reduces water availability
at the other control points and alows rel eases to be made from reservoir RES-D, aswell as RES-A,
RES-B, and RES-C, to mitigate this amount. Therefore, to this limited extent, reservoir RES-D
contributes to meeting the permitted system diversion at CP-4 and maintaining storage in the system
reservoirs, even though RES-D is not located upstream of CP-4. Likewise, reservoir RES-A can
contributeto refilling storage in RES-B and RES-C, and vice versa, in asimilar manner.

In this example, water is conveyed only by gravity flow in the stream channels.  However,
WRAP-SM includes optiona capabilities for smulating pump/pipeling/cana systems.  For
example, water could be conveyed by pipeline from reservoir RES-D to control CP-4 to contribute
to the system diversion. If gppropriately flagged in OR record field 6, reservoir RES-D will be
treated just like reservoirs RES-A, RES-B, and RES-C in making multiple-reservoir releases to
meet the system diversion at CP-4, even though RES-D is not located upstream of CP-4.

Again using the system in Figure 4.3 as an example, the three upstream reservoirs RES-A,
RES-B, and RES-C are able to release directly to the system diversion location at CP-4.
Downstream reservoir RES-D isnot. Naturalized stream flows at control points CP-4 and CP-6 are
20 ac-ft and 30 ac-ft, respectively. The senior right diversion and storage refilling requirement at
CP-6is17 ac-ft. The system diversion requirement at CP-4 is 25 ac-ft.

The senior right stream flow depletion of 17 ac-ft reduces the available stream flow to the
system diversion to 13 ac-ft, resulting in 12 ac-ft to be released from system reservoirs. Of the 20
ac-ft of inflow to CP-4, 7 ac-ft were passed through the control point to meet the senior right
diverson. This amount is the maximum that RES-D may release for the system diversion.
Effectively, it is releasing the 7 ac-ft to the senior right, freeing that amount of water for use by the
system diversion. Of course, any of the upstream reservoirs RES-A, RES-B, and RES-C may
release al of the 12 ac-ft if the storage content is sufficient.

The downstream release constraint is determined on a control point basis. If a second
system diversion exists at control point CP-4 that is junior to the first, the amount that RES-D may
release for the second diversion is constrained by the amount that RES-D released for the first. If
RES-D released 4 ac-ft for the first system diversion, then it is limited to releasing 3 ac-ft for the
second because a total of 7 ac-ft were passed through the control point to the senior right. SM
maintains an accounting of depletions at and releases to each control point as well as an accounting
at each control point of releases made from downstream reservoirs to determine the downstream
releases congtraints. Negative incrementa inflows may cause inaccuracies in the flow accounting.
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Multiple Rights Associated with the Same Reser voir

Any number of diversion, hydropower generation, or instream flow requirements may be
supplied from the same reservoir. A particular reservoir may be assigned to any number of water
rights. Storage may be refilled to different levels by multiple rights connected to a reservoir. A
particular right may refill storage, divert/release from storage, or both. A reservoir may be the
primary reservoir for severa rights and a secondary reservoir for other rights.

The water use requirements for each right associated with a reservoir are supplied from the
total active storage content of the reservoir below the top of conservation pool of that right
regardless of how the reservoir is refilled. An inactive storage capacity may be specified for each
right, from which withdrawals can not be made for that right. However, storage capacity associated
with areservoir is not otherwise alocated among multiple rightsin SM. Thus, a senior right may
replenish storage depleted by ajunior right in previous months. A junior water right could empty its
active storage pool, even though the depleted storage capacity affects water available to a senior
right at the same reservoir during the next month. However, as discussed below, this issue may be
addressed by modeling a shared multiple-owner reservoir as multiple separate reservoirs.

Modeling a Sngle Reservoir as Multiple Reservoirs

Two or more river authorities, water districts, cities, or other entities may share the same
reservoir. If the ownersal have equa accessto thetota storage shared in common, their water use
may be aggregated and the reservoir modeled as a single reservoir using the basic WR and WS
record features. However, the reservoir operation problem is more complicated if each entity
individually owns or contractually controls a specified portion of the storage capacity in the one
reservoir. If each owner has a dedicated storage capacity from which the other owners are not
allowed access, the multiple-owner reservoir may be treated as multiple separate reservoirs located
at the same control point. Each component reservoir has its own storage capacity, diversion/release
targets, and operating rules.

If nonlinearities of the area-volume relationship used in the evaporation computations are
not of concern and if the different owners can be assigned different priorities, asingle reservoir with
multiple owners can be modeled as separate reservoirs easily within SM without having to activate
additiona special computational methods. However, with net evaporation-precipitation modeled as
a nonlinear function of storage, a scheme for its alocation among the multiple reservoir ownersis
required. Priorities or an alternative allocation scheme are also required to define the order in which
the multiple owners have access to inflows to fill their storage and meet their water use
requirements. The evaporation alocation EA record facilitates alocating the net evaporation-
precipitation volumes among the otherwise computationally separate reservoirs. If the rights share
the same priority, AF record parameters are a so provided to dlocate available stream flow.

SM can automatically handle the allocation of the total net evaporation volume between
multiple component reservoirs without needing the EA record evaporation allocation routines if the
following two premises are accepted as being valid.

1. The evaporation volume is alocated between the different entities in direct proportion to
their beginning-of-month and end-of-month storage contents.
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2. The storage versus area relationship defined by either the SV/SA record table or the
coefficients on the WSrecord is linear. The storage versus area relationship adopted for
each component reservoir isalinear relationship representing the actual single reservoir.

The EA record evaporation allocation routine allows a nonlinear storage-area relationship for the
actual reservoir to be applied to each of the individual component reservoirs representing
different owners and allows specification of alternative strategies for allocating evaporation.

Evaporation Allocation Methodol ogies Activated by the EA Record

The multiple computational reservoirs representing each entity's share of the storage
capacity in the single actual reservoir are listed on an evaporation alocation EA record along with
selection of alocation method. The computational reservoirs listed on an EA record represent the
multiple storage components of the single actua reservoir asillustrated by Appendix B Example 8.

Each component reservoir listed on an EA record must be associated with atype 1 or 7 right
that refills storage in that reservoir. The evaporation allocation routine is applied only to type 1 or 7
rights. However, any number of type 2, 3, 5, or 6 rights or IF record rights may aso withdraw or
release water from the reservoir. Thus, the evaporation alocation may be associated with
essentially any reservoir operating scenario. With multiple rights at the same reservoir, evaporation
computations are repeated in the water rights loop priority sequence, with the last computed
evaporation volume replacing amounts determined as more senior rights were considered. Thus, the
EA record evaporation alocation should be performed with the most junior right at each component
reservoir, which must be type 1 or 7 rights, controlling the refilling of storage.

Total net evaporation-precipitation volume is computed based on the total area determined
as a function of total storage content. Tota storage determined by summing the contents of the
component reservoirs is combined with a storage-area relationship to obtain the water surface area.
Although not required by SIM, component reservoirs will normaly share the same storage versus
area relationship (SV/SA records) in the moddl. A component reservoir's share of the evaporation-
precipitation volume is computed by one of the dternative methods listed below.

Option1. Incremental Based on Water Right Priorities- As the water rights are
considered in priority order, the most senior right with areservoir on the EA record
is alocated the net evaporation computed prior to considering the other junior
rights. Each subsequent water right with a reservoir on the EA record is allocated
its incrementa additional net evaporation in the priority sequence. The concept is
to determine evaporation unaffected by junior rightsin the priority sequence.

Options2and 22. Proportional to Sorage Content.- The evaporation-precipitation
volume is alocated among the component reservoirs in proportion to beginning-of-
month storage. If the beginning-of-month storage is zero in al reservoirs, net
evaporation associated with refilling during the month is divided equally between
thereservoirs. Options 2 and 22 are the same except for the last reservoir.

Options3and 33. User-Secified Factors.- The net evaporation-precipitation volume is
allocated among the component reservoirs based on multiplier factors entered on
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an EF record. Thus, the model-user defines a fixed proportion for each reservoir.
The computations switch to option 2 above if beginning-of-month storage drops
below alimiting level specified on the EF record. The difference between options
2 and 3 is that the multiplier factors for option 2 are the ratio of beginning-of-
month storage content to storage capacity and for option 3 are specified on an EF
record. Options 3 and 33 areidentical except for handling of the last reservoir.

Option 4. Priority Adjusted with Multiplier Factors.- The net evaporation volume isfirst
determined in the same manner as option 1 and then multiplied by afactor from the
EF record. The computations switch to option 2 above if the beginning-of-month
storage drops below a limiting storage level specified on the EF record. With
factors of 1.0 and no switching limit, option 4 isidentical to option 1.

Method (option) 1 models the fundamenta principle of a prior appropriation water right
priority system. The method 1 computations are based on accumulating storage and evaporation
volumes as the smulation progresses through the priority sequence. Component reservoirs
associated with junior rights in the priority sequence are not considered when determining the
evaporation for a particular more senior water right. Method 4 is avariation of method 1 providing
additiona flexibility for adjusting the allocation.

Methods 2, 22, 3, and 33 consist of multiplying an estimate of the tota net evaporation-
precipitation volume by a computed or given factor for each reservoir. With methods 2 and 22, SM
computes the factors as the ratio of beginning-of-month storage in each component reservoir to the
total for al the reservoirs. With methods 3 and 33, the model-user provides the factors on EF
records. Options 22 and 33 are identical to options 2 and 3 except for the feature described below.

Since the evaporation allocation computations occur in the water rights priority sequence,
end-of-month storage for junior rights has not yet been computed when a particular more senior
right is considered. Net evaporation-precipitation volumes are dways computed in SM based on
an average water surface area determined from both end-of-month and beginning-of-month storage.
End-of-month storage is a function of net evaporation, which is afunction of end-of-month storage.
Thus, an iterative algorithm is required. The evaporation allocation agorithm is integrated into the
normal iterative computationa procedure described earlier in this chapter for simultaneoudy
determining reservoir outflow, net evaporation, and end-of-month storage volumes. However, in
applying the storage-area relationship to determine water surface area, the best estimate of end-of-
month storage at that point in the priority sequence calculationsis used for the allocation agorithm.
For any component reservoir for which end-of-month storage has not yet been computed, the end-
of-month storage is estimated as the beginning-of-month storage. In order to ensure that the
combined total net evaporation volume is correct, for methods 2 and 3 defined above, the volume
for the last reservoir listed on an EA record is computed as the fina correct total net evaporation-
precipitation volume less the amounts previousy determined for the other reservoirs.

This option 2 and 3 feature for forcing the evaporation for the component reservoirs to
sum to the correct total is not applied with options 22 and 33. With options 22 and 33, all
component reservoirs listed on the EA record are treated the same, and thus the evaporation
volume for the component reservoirs will typically not sum to the correct final total.
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With method 1, the correct total evaporation is computed at each point in the priority
sequence and the incremental evaporation assigned to the right is determined by subtracting the
cumulative incrementals previoudy assigned to senior rights. Thus, the evaporation for the
component reservoirs automatically sum to the correct total. The problem associated with options
22 and 33 that is described in the preceding paragraph is also pertinent to option 4.

Multiple Rights at the Same Component Reservoir

The following are key basic concepts in combining multiple rights at the same
component reservoir listed on an EA record. With multiple water rights at the same reservoir,
diversions and releases associated with senior rights are accumulated in memory and
incorporated into the water budget computations associated with the other more junior rights at
that same reservoir. In the water right priority sequence simulation, the water accounting
computations for a particular water right includes consideration of the diversions and releases at
the same reservoir previously determined for more senior rights. However, the evaporation and
end-of-month storage volumes previously computed for any senior rights at the reservoir are not
considered. Net evaporation and end-of-month storage volumes are computed again from
scratch as each right is considered in the priority sequence. Tota hydroelectric energy
generation is aso recomputed from scratch for multiple hydropower rights at the same reservoir.

The following routines are applied in the water rights simulation when considering a
water right located at areservoir listed on an EA record.

1. For type 1 and 7 rights (WR record field 6), the net evaporation-precipitation volume is
computed based on evaporation allocation methods activated by the EA record options
outlined in the preceding two pages. The evaporation allocation methods are applied
only to type 1 and 7 rights.

2. For hydropower rights, the head used in the hydropower computations corresponds to the
summation of the storage contained in all of the component reservoirs listed on the EA
record. Likewise, the elevation of the bottom of the power pool refers to total storage
capacity summed for all the reservoirs. Storage in all EA record reservoirs is summed in
the computation of head and specification of bottom of power pool for all hydropower
rights. However, the EA record evaporation allocation routines are not applied for
hydropower rights. Evaporation is determined by the conventional SIM routine.

3. The stream flow availability allocation routine activated by the AF record is applied to all
water rights associated with all reservoirs listed on the EA record. Storage and
evaporation are not relevant to the AF record stream flow availability routine.

The EA record evaporation allocation routines are activated within SM only for type 1
and 7 rights. However, with caution, any number of water rights of any of the types can be
applied at EA record reservoirs. Evaporation allocation options 2, 3, 22, and 33 are different than
options 1 and 4 in regard to dealing with multiple rights at the same component reservoir.

Reservoir storageisfilled only by types 1, 5, and 7 rights (WR record field 6). Thus, with
or without EA records, every reservoir must have at least one type 1, 5, or 7 water right or the
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reservoir will never refill. Typically, with multiple rights at the same reservoir, the most junior
right will be atype 1 right that performs the final refilling in the priority sequence. Likewise, for
EA record reservoirs, the final evaporation alocation typically will be determined with a type 1
right at each reservoir listed on the EA record.

Since with or without EA records, type 2 and 3 rights do not refill storage, the final end-
of-month storage is yet unknown, and evaporation volumes are approximate. Since type 2 and 3
rights do not activate the EA record routine, water surface areas determined from the nonlinear
storage-area relationship are approximate. The degree of inaccuracy depends on the nonlinearity
of the storage-area relationship. This evaporation volume is used only in the determination of
the amount of water available to the right from reservoir storage. The evaporation affects the
diversion only if the reservoir empties. The actual final evaporation volume for the reservoir
should be determined later in the priority sequence in association with a type 1 right that
activates the EA record evaporation allocation routine.

Likewise, the evaporation volume computed for hydropower rights is approximate, but
serves only in the determination of the amount of water available to the hydropower right from
reservoir storage if followed in the priority sequence by a type 1 or 7 right. However, as a
separate issue for hydropower rights, SSM uses the total storage summed for all the EA record
reservoirsin the determination of head and minimum power pool elevation.

Evaporation allocation options 1 and 4 are based on incremental evaporation volumes.
With options 1 and 4, storage and evaporation volumes are accumulated. The evaporation
computed for the most senior component reservoir treats the other junior component reservoirs
as not existing. Thus, there must be a priority sequence with one type 1 or 7 water right at each
EA record reservoir. For example, with three reservoirs listed on an EA record, there must be
exactly three type 1 or 7 water rights representing the three reservoirs. There can not be two type
1 rights at the same reservoir interrupting the priority sequence storage and evaporation volume
accumulation. There can be any number of complete sets of three type 1 or 7 rights as long as
there is no intermingling between the sets of three rights in the priority sequence. Any other
types of rights at the EA record reservoirs should be senior to the type 1 and 7 rights driving the
evaporation allocation algorithm. These option 1 and 4 requirements are not applicable for
options 2, 22, 3, and 33.

Options 2 and 3 use the last reservoir listed on the EA record to assure that the
evaporation for the component reservoirs sum to the correct total for the actual real reservoir.
Thus, atype 1 or 7 right junior to all the other rights associated with the EA record reservoirs
must be assigned to the last reservoir listed on the EA record. This requirement is not applicable
to options 22 and 33. Options 22 and 33 are the most flexible of all the evaporation allocation
options in dealing with multiple rights at the same component reservairs.

Allocation of Available Sream Inflow to the Reservoirs

Water right priority numbers set the order in which rights are considered in the computations
and thus have access to available stream flow. However, two or more of the reservoir owners may
share the same priority. With multiple rights having the same priority, an aternative methodology
is adopted to alocate available flow between water rights. The AF record serves this purpose. With
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the EA/AF record option activated, the amount of stream flow available to a water right is
determined in the water rights priority loop computations as follows. |If the parameters MIN and
MAX are not used, the algorithm consists simply of multiplying the available stream flow by the
factor AFX from the AF record.

e Theavailable stream flow volume (A;) isfirst determined in the norma manner and
then adjusted by the AF record parameters as follows.

e If the minimum limit (input parameter MIN) is not zero, the adjusted available
stream flow is set at A; aslong as A; does not exceed MIN.

e If A exceeds MIN, an input multiplier factor AFX is applied as follows
adjusted available stream flow = MIN + (A1 — MIN) x AFX

e If maximum limit (input parameter MAX) is not zero, the adjusted available flow is
set at MAX if the volume computed by the equation above exceeds MAX.

The AF and AX records both serve the same purpose and are based on the same ssmulation
algorithm. The stream flow availability alocation factors AFX record connected to the EA record is
designed for modeling multiple-owner reservoirs. The flow availability AX record connected to the
priority circumvention PX record discussed in the last section of this chapter can be more
generically applied to any water right. The PX/AX option allows alocation factors to vary monthly
throughout the year, while the EA/AF option islimited to a constant factor for the entire year.

Dual Simulation Options

The dual simulation feature is designed primarily for applications where multiple rights
with different priorities divert water from the same reservoir system. Without the dual
simulation, reservoir draw-downs associated with junior diversions may be inappropriately
refilled in subsequent months by senior rights at the same reservoir. The set of dual simulation
options alow stream flow depletions computed during an initial simulation to be used as upper
[imits constraining depletions during a second simulation. Selected water rights may be switched
on or off during either the initial or second simulations. Dual simulations may be performed
automatically during a single execution of SM. Alternatively, SM may be executed once to
develop a set of stream flow depletions, which are then incorporated into a SM input file astime
series TSrecords for use in further simulations.

The dual simulation feature is discussed in the next section from the perspective of its
application as a priority circumvention mechanism. Logistics of its use are outlined as follows.

The dual simulation options are activated for individual water rights as specified by either
O record field 14 or PX record field 2. A default dual option may be set for al rights in JO
record field 11, subject to being over-ridden for individual rights by the SO or PX records. The
RG record can be used to assign the same PX record parameters to groups of rights as described
later in this chapter.
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The DUAL simulation options available for application to one or any number of water
rights are as follows.

Option 1: The water right is activated only during the initial simulation.

Option 2: The water right is activated only during the second simulation and is not subject to an
initial simulation stream flow depletion constraint.

Option 3 with variations 33 and 333: A dua simulation is automatically performed. Stream
flow depletions computed during the first simulation serve as upper limits on water
availability during the second simulation. The stream flow depletions computed
during the initial simulation may optionally be written to the messagefile.

Option 4: The water right is activated only during the initial simulation. A stream flow depletion
array isdeveloped. If an option 5 right follows this right, the depl etions serve as upper
l[imits on water availability for the option 5 right during the second simulation. The
stream flow depletions may optionally be written to the message file.

Option 5 with variations 55 and 555: A dual simulation is performed with this water right being
activated only during the second simulation. The stream flow depletion array from the
preceding option 4 right serves as an upper limit on depletions for this option 5 right.

A second simulation is automatically performed if and only if option 3 or 5is selected for
one or more rights. Alternatively, the ssmulation may be performed once to develop a set of
stream flow depletions, which are then incorporated into an input file as TS records for use in
further ssimulations. Options 3 and 4 depletions may a so be written to the message file.

With dua options 3 and 5, stream flow depletions each month for a right determined
during the first simulation serve as a maximum limit on stream flow depletions during the second
simulation. The stream flow depletion for a given month during the second simulation is not
allowed to exceed the depletion for that month occurring during the initial simulation. Options
33, 333, 55, and 555 are variations of options 3 and 5 that allow the depletion constraints to be
relaxed somewhat by allowing flexibility in the timing of the depletions.

Dual options 33 and 55 are the same as options 3 and 5 except the constraints applied
during the second simulation are based on cumulative stream flow depletions rather than
depletions in each individual month. For any month, for a particular right, the total cumulative
stream flow depletions since the beginning of the second simulation can not exceed the
corresponding cumulative depletions occurring in the initial simulation.

With options 333 and 555, for water rights that refill reservoir storage (types 1, 5, and 7
rights as indicated in Table 4.1), the limit during the second simulation is the accumulative
stream flow depletions since the reservoir was last full. During the second simulation, the
accumulation of initial simulation depletions is zeroed any time the reservoir contents are full to
capacity. For other water right types, the options 333 and 555 limits applied during the second
simulation are the first ssmulation depletion for the current month plus any excess depletion from
the immediately preceding month. Unused stream flow depletions below the constraining limits
are carried into the next month but no further.
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Optionsfor Circumventing the Priority Sequence

As discussed throughout this manual, the WRAP-SIM modeling strategy is based on
simulating water management/allocation/use in a priority-based water rights loop computational
sequence. In general, senior rights affect the amount of water available to junior rights but are
not affected by the junior rights. However, in some applications, various needs may arise for
evading the priority sequence. For example, as previously discussed, same-month return flows
from water supply diversions from storage associated with a junior right are not available to
senior rights located downstream but should be. The next-month diversion return flow option is
designed to address thisissue. Likewise, the next-month hydropower option alows senior rights
access to hydropower releases. Second pass instream flow IF record options involving a repeat
of the water rights loop within a given month are discussed in the preceding section.

Multiple rights with the same priority, agreements that subordinate a senior right to a
junior right, reservoir storage priority complexities, and various other aspects of water
management may motivate circumvention of the water right priority loop sequencing in the
simulation computations. Four different sets of options activated by the priority circumvention
PX record and stream flow availability factor AX record are designed to facilitate evasion of the
normal SIM priority sequence based allocation of available water. The options may also serve
other purposes not necessarily related to evading the restrictions of the priority system. The
different PX record options may be applied either independently or in combination with each
other and combined with various other SM features. Strategies for their use are governed by the
water management situation being modeled and the ingenuity and creativity of the model-user.

The PX record described in the Users Manual provides the following four different types
of modeling features which are described by the remainder of this chapter.

1. The dua simulation feature is actually designed to contribute to maintaining the priority
system though discussed here in the context of priority circumvention applications. A set of
dual simulation options allow a repeat of the simulation for the entire hydrologic period-of-
analysis. Water rights may be selected for activation or deactivation during either the first
or second ssimulation. [JO record field 11, PX field 2, SO field 14, or RG record field 4]

2. For multiple rights sharing the same priority, the allocation of available stream flow may be
based on parameters provided asinput. [PX record field 3 and AX record]

3. All downstream control points are normally considered in both determining the amount of
water available to a right and adjusting water availability for the effects of the right. A
downstream control point limit option allows the model-user to adjust the manner in which
these computations cascade downstream. [PX record fields 4 and 5 or RG fields 5 and 6]

4. Transient priority XP options alow a computational water right to be activated and
deactivated at different points in the priority sequence. The simplest XP option alows a
return flow to occur later in the priority sequence than the corresponding diversion. A
second more complex XP option alows al features of a water right to be activated and
deactivated at different points in the computational sequence based on two different
assigned priorities. [PX record fields 6-12]
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Dual Smulation Feature

The SM dua simulation feature described in the preceding section of this chapter allows
stream flow depletions determined during an initial ssmulation to serve as upper limits on flow
depletions during a second simulation. Selected water rights may be activated or deactivated
during either of the two simulations. Dual simulations may be performed automatically during a
single execution of M. Alternatively, SM may be executed once to develop a set of stream
flow depletions, which are then incorporated into a SM input file as time series TS records for
use in further simulations. The basic concept of the dual ssmulation feature is to establish a set
of stream flow depletions for selected water rights during an initial simulation representing a
specified water management scenario, which then serve as upper limits on the stream flow
available to those rights during a second simulation reflecting an atered or different water
management scenario.

The SM dual simulation options activated by the PX record were originally motivated
primarily by applications where multiple rights with different priorities divert water from the
same reservoir. The dua simulation feature is designed to preserve the priority system by
preventing actions of junior rightsin a current month from adversely affecting more senior rights
in future months through the delayed affects of reservoir storage draw-downs and refilling.
Without the dual simulation options, reservoir draw-downs associated with junior diversions may
be refilled in subsequent months by senior rights at the same reservoir. For example, junior
diversion right XX draws the reservoir down in July. During August, senior right YYY at the
same reservoir refills storage with stream flow that otherwise would have supplied other third-
party rights with priorities falling between the priorities of senior right YY'Y and junior right XX.
Thus, the diversion by junior right XX from reservoir storage in July results in other senior third-
party rights having stream flow availability inappropriately reduced in August and later months
when senior right YY'Y refills the reservoir.

With activation of the dual simulation option, an initial simulation is made without junior
right XX to determine the proper stream flow depletions during each month of the period-of-
analysis for senior right YYY. The dual simulation option allows the senior right YY'Y stream
flow depletions computed during the initial simulation without junior XX to be used as upper
limits constraining senior right YY'Y depletions during a second simulation in which junior right
XX is aso activated. An additional junior WR record may also be added to allow senior right
YYY to further refill storage with excess flows not appropriared by any other rights.

Allocation of Available Sream Flow

A fundamental concept of WRAP-SM is that available stream flow is allocated to each
water right in turn in the water rights computation loop priority sequence. Since the
computational procedure is based on considering water rights one at a time, for purposes of
sequencing rights in the computations, no two rights can be assigned the same priority.
However, water rights actually having the same priority and located at the same control point or
different control points with access to approximately the same stream flow may be modeled as
adjacent rights in the priority sequence with the available stream flow allocated between them
based on user-specified parameters entered on the PX and AX records.
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Water right priorities govern access to available stream flow. However, when multiple
water rights have the same priority, another strategy must be adopted to alocate available stream
flow between the rights. The PX record stream flow availability allocation option uses multiplier
factors. Either a constant multiplier factor may be entered on the PX record or factors for each of
the 12 months of the year may be entered on AF records. The amount of stream flow availableto a
right is first determined in the norma manner and then multiplied by the pertinent factor from the
PX or AX record. The model-user must select appropriate multiplier factors.

For example, consider a water management situation in which three WR record diversion
and/or storage rights located at the same control point have equal access to available stream flow.
One-third of the available flow is to be alocated to each water right. The three rights are assigned
priorities alowing them to be adjacent in the priority sequence. The most senior right is assigned a
multiplier factor of 0.33333 on the PX record, allowing it access to one-third of the available stream
flow. The second right is assigned a factor of 0.50 alowing it access to haf of the remaining two-
thirds of the available stream flow. The most junior of the three rights is assigned a factor of 1.0
allowing it accessto the remainder of the available stream flow.

The methodology is explained in the Users Manual. The same available stream flow
alocation procedure is adso implemented by an EA/AF record option described earlier in this
chapter in the section on multiple rights associated with the same reservoir.

Downstream Control Point Limit

As outlined in Figure 2.2 of Chapter 2, the SM simulation is organized based on a water
rights priority loop embedded within the monthly time step loop. Within the water rights priority
loop, as each individual right is considered in turn, the computations are performed in four stages.

Task 1. A water supply diversion, hydropower generation, or other type of target is set.

Task 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.

Task 3: Water volume balance computations are performed to compute the stream flow depletion,
net reservoir evaporation, end-of-period storage, return flow, diverson and diverson
shortage, and hydroel ectric energy generated and shortage.

Task 4. The stream flow availability array values at the control point of the water right and at
downstream control points are decreased by a flow depletion and increased by a return
flow or hydropower release, with adjustments for channel 1osses or |oss credits.

The simulation begins with the stream flow availability array consisting of naturalized
flows at each control point. The array of flows is adjusted (task 4) for the effects of each water
right in turn. At any point in the priority sequence, the stream flow availability array provides an
account of the volume of flow still available after considering all rights that are more senior.

Task 1 consists of determining the amount of stream flow that is available to the water
right. For example, assume that junior water right J3J located at control point CP-1 in Figure 4.4
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is being simulated in the priority sequence. The volume of stream flow available to right JAJ is
the lesser of the amounts in the stream flow availability array at control points CP-1, CP-3, CP-4,
and CP-5. Stream flow depletion by senior right SSS at CP-4 may have resulted in the available
flow at CP-4 and/or CP-5 being less than at CP-1. This meansthat all or a portion of the flow at
CP-1 has already been committed for senior right SSS. Junior right J1J does not have access to
that flow at CP-1 and must let it pass through.

The purpose of the PX record control point limit option isto circumvent the basic concept
of stream flow availability being affected by flows at al downstream control points. The feature
may be used to model the removal of requirements for pass-through of flows for downstream
senior rights. The control point limit option alters tasks 2 and 4. Without this option, the control
point of the water right and al downstream control points are considered in tasks 2 and 4. The
option is activated by specifying a control point located downstream of the control point of the
water right. This control point and any control points located downstream are removed from
consideration in task 2. Task 4 adjustments to the stream flow availability array at and below the
PX record control point are also altered.

A cpP-1 cP2 )/

Junior Right J3J
CP-3

./U CP-4

O CP-5

Figure 4.4 System Schematic for Example 12 in Appendix B

Senior Right SSS

The control point identifier XCPID is entered on the PX record associated with a
particular water right. The water right of the PX record is not constrained by the effects of any
other water rights on flows at XCPID and other control points located downstream of XCPID.
Asthe water right is modeled in the priority sequence, the simulation computations are altered in
the following two ways.

1. Control point XCPID and control points downstream of XCPID are not considered in
determining stream flow availability (Task 1). An increase XAV in the amount of
stream flow available to the right may result. An option limits the maximum
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increase in available stream flow to not exceed flow depletions by senior rights at
XCPID. Optionaly, only XCPID, not other downstream control points, may be
excluded in the determination of stream flow availability.

2. Theincrease in stream flow depletion, with appropriate channel loss adjustments is
omitted in the Task 4 adjustments of the stream flow availability array at control point
XCPID and at control points located downstream of XCPID.

Increases in water availability XAV each month are written to the SM OUT file. XAV is
zero unless flows at or downstream of XCPID are controlling stream flow availability for the
right in that month. If flows at or downstream of XCPID are controlling stream flow availability,
ignoring the control point results in an increase in water availability which may result in an
increase in the stream flow depletion by the water right.

The PX record control point limit feature will work with any of the negative incremental
flow options specified in JD record field 8, but caution should be exercised if applied with
options 1 or 5. The PX record feature is based on the following basic concept. The effects of
senior water rights are the reason that stream flow availability for a water right may be governed
by flows at downstream control points in some months. Physically, the water right may have to
curtail depletion of stream flow so that flows available to downstream senior rights are not
reduced. With negative incremental flow options 2, 3, or 4, senior rights are the only reason for
stream flow availability to be controlled by flow at downstream control points rather than at the
control point of the water right. However, with negative incremental flow options 1 and 5,
negative incremental naturalized flows may aso affect stream flow availability for water rights
located upstream. Option 5 may particularly complicate the simulation in this regard.

The manner in which the PX record control point limit options are applied depends on the
particular water management situation being modeled and the preferences of the modeler. For
example, as discussed above, the feature may be used to prevent stream flow available to an
upstream junior right from being diminished by a subordinated senior right. This particular type
of application and modeling strategy are discussed below. Other types of applications are
possible as well.

Combining Features to Model a Subordination Agreement

Example 12 of Appendix B illustrates the following general modeling strategy in which
PX record control point limit and dual simulation features and a BU record backup right are
combined to simulate a subordination agreement. Referring to Figure 4.4, water right JJJ at
control point CP-1 isjunior to water right SSS at CP-4. However, a subordination agreement has
been executed stating that contrary to the normal prior appropriation water right permit systemin
effect in general, as an exception, water right JJJis not required to curtail diversions or storage to
pass inflows through its reservoir to maintain stream flows for senior right SSS. The agreement
is not applicable to the other water rights at various locations in the river basin, some of which
have priorities falling between those of senior right SSS and junior right JJJ.

With CP-4 specified for XCPID on the PX record for junior right JJJ, its stream flow
availability is not affected by the requirement to pass flow through CP-1 for senior right SSS at
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CP-4. Since in the model senior right SSS has aready made its stream flow depletion, junior
right J1J is appropriating water that is not available. Thus, there is an excess appropriation. In
performing task 4, SM omits the portion of the junior right JJJ stream flow depletion that is an
excess appropriation, adjusted for channel losses, from the stream flow availability array
adjustments at and below the PX record control point XCPID.

Thus, the PX record control point limit option alows junior right J1J to appropriate
stream flow without being constrained by senior right SSS. Stated more precisely, junior right
JAJ is not constrained by the effects of any other water rights on flows a CP-4 and the
downstream CP-5. However, a problem occurs in that the junior right J1J stream flow depletion
may include an amount over the volume of stream flow that is actually available. The excess
stream flow depletion amount at CP-1 is reduced by channel losses to an equivalent amount at
CP-4. The strategy described below for dealing with the excess stream flow depletion uses the
backup right option activated by a BU record. With reservoir storage associated with senior right
SSS, the dual simulation option may also be activated to protect other water rights.

A new water right is created for the sole purpose of serving as a backup right to account
for the excess stream flow depletion XD2. The backup right is junior to junior right J3J, is
located at control point CP-4, and diverts from the same reservoir as senior right SSS. If storage
is sufficient, the XD2 results in a draw-down of the reservoir. Otherwise, a diversion shortage is
declared which represents a diversion shortage to be incurred by senior right SSS. A BU record
backup right normally adds a shortage incurred by another right to its target. However, with a
BU record combined with the PX downstream control limit activated for a right, WRAP-SM
adds the excess stream flow depletion, instead of shortage, to the target of the backup right.

Assume the procedure outlined above results in a drawdown in reservoir storage in June
to mitigate the junior right JJJ excess stream flow depletion. This means that a certain volume of
stream flow was appropriated by junior right JJJ at CP-1 rather than passing the flow on down to
senior right SSS. Thus, senior right SSS's reservoir is lower than it would have been otherwise at
the end of June. Other rights not bound by the subordination agreement may be affected when
senior right SSS refills its reservoir in July or some later month. This is the complexity
discussed in the prior section describing the dual simulation feature. The dual simulation feature
is activated to address this concern. An initial ssmulation without the PX record control point
limit feature and BU record backup feature activated establishes a sequence of stream flow
depletions for senior right SSS that serve as upper limitsin the second simulation.

Application of the dua option may possibly limit access of water right SSS to
unappropriated stream flows. A WR/WS record type 1 reservoir refilling right junior to al other
rights may be added to capture any remaining available flow at the end of the priority sequence.

The strategy for modeling this particular type of subordination agreement situation is
summarized as follows.

Step 1: The PX record control point option prevents the stream flow available to an upstream
junior right from being diminished by a subordinated senior right located downstream.
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Step 2: Step 1 above may result in an increase in stream flow depletions by the upstream junior
right that must be mitigated by the subordinated senior right. A junior backup BU
record right is created for this purpose. The incremental addition in stream flow
depletion by the junior right is treated as a diversion target by the backup right. The
backup right may supply its diversion target from the reservoir of the subordinated
senior right. Diversion shortages incurred by the backup right are treated as diversion
shortages associ ated with the subordinated senior right.

Step 3: Step 2 above may result in drawdown of reservoir storage in the reservoir of the
subordinated senior right. Refilling during future months may inappropriately affect
other rights that are not connected to the subordination agreement. The PX record dual
simulation capability is adopted to deal with this complexity.

Step 4: Step 3 could result in constraining the filling of the senior right's reservoir more than
necessary. There could possibly be unappropriated stream flows to which the senior
reservoir is inappropriately denied access. This problem may be partially addressed by
adopting dual simulation options 33, 333, 55, and 555 described in Chapter 2.
Alternatively, an extra right junior to al other pertinent rights may be added solely to
refill storage with any unappropriated stream flow that may <till be available after
considering al relevant water rights.

The strategy outlined above for modeling subordination agreements is designed to
prevent third-party rights from being affected, including by actions in a current month causing
effects in future months through reservoir storage draw-down and refilling. However, other
aspects of the simulation may still result in third-party rights being affected. Next-month return
flows and next-month power releases circumvent the priority sequence. Next-month return
flows and next-month power releases associated with rights either connected or unconnected to
the subordination agreement rights may cause third-party rights to be affected by the
subordination. Target setting options applied for third-party rights based on stream flows or
storage likewise complicate the simulation in this regard.

The objective of the strategy outlined above is to model agreements between certain
parties to circumvent the priority system without affecting other third-party water users. The
difficulty is that in complex real-world river/reservoir systems, water management actions have
unintended consequences. Modeling studies may very well involve attempts at preventing
effects of certain actions on third parties in the ssmulation model that can not be prevented in the
real world. Thus, these types of modeling strategies must be applied with caution.

Transient Water Right Options

The PX record transient water right features provide additional capabilities for
circumventing the water right priority sequence. A WR/PX record combination creates a pair of
computational water rights. The first and second components of the water right duo are assigned
priorities from WR field 5 and PX field 8, respectively. The PX record activates two types of
dual switching priority (XP) water rights. The first type assigns a priority to return flows that is
different than the diversion priority. The second involves activation and deactivation of an entire
water right at different pointsin the priority sequence.
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With XP option 1, return flows may occur at pointsin the priority loop sequence different
than the corresponding diversion. This option may be used to control which other rights have
first access to return flows based on the priority placement of the return flows. The second
internal component right does nothing but the return flow. If the return flow priority entered in
the PX record is junior to the priority in the WR record, the return flow occurs in the same month
asits diversion. Otherwise, the return flow occurs in the next month which is the next time its
priority is reached in the priority based simulation computations.

PX record XP option 2 is motivated by subordination agreements designed to evade the
priority system. A computational right is activated and deactivated at different points in the
computations based on assigned priorities. The objective is to constrain water availability for
other rights bracketed by the two priorities. A right is activated based on the senior priority from
its WR record. Its stream flow depletion, return flow, and storage change are later reversed
automatically within the model as a second component right at a priority from the PX record.
Stream flow depletions are returned to the stream as return flows. Return flows are reversed as
stream flow depletions. In typical subordination applications, the actual water right will be
modeled with another WR record with its actual junior priority. The mechanisms of applying
these options are explained in the Users Manual.

Water Rights Grouping RG Record Capabilities

The RG record identifies all water rights that fit one or more specified criteria. A water
right is included in the group defined by a RG record only if each and every selected criterion is
satisfied by that right. Any number of RG records can be included in a SM input DAT file
defining different groups. The RG record grouping of water rights serves the following purposes.

e The values for the parameters for the dual simulation and downstream control point
flow availability options described in the preceding section can be assigned to all
rights included in the group. This provides a convenient means for using one RG
input record to assign values for these parameters to alarge number of rights without
preparing individual PX records for each water right.

e Several TABLES routines dea with simulation results for groups of water rights in
the SM datasets which are defined by group identifiers. Two optional water right
group identifiers can be assigned to water rights by entering identifiers in the
appropriate fields of each individua WR or IF record. Alternatively, a group
identifier can be assigned by the RG record to all water rightsin adefined group.

e Information describing the selected water rights can be listed in the message MSS
file. Thus, in working with a large M input dataset, water rights meeting certain
criteria of interest can be conveniently identified and viewed.

The following types of criteria for defining groups of water rights can be specified on a
RG record.

e either WRrecord or IF record rights or both types
e water right type specified on WR record
e |lower and upper limits on the annual target amount specified on WR or IF record
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e |ower and upper limits on reservoir storage capacity specified on WSrecord
e |lower and upper limits on the priority number specified on WR record

e inclusion or exclusion of groups defined by WR record group identifiers

e |ocation of the water right in a specified river reach or subbasin

River reaches or subbasins are delineated by specifying downstream and upstream
control points. The larger TCEQ WAM System datasets for which the RG record is designed
contain hundreds of control points. However, Figure 2.1 on page 18 provides a simple example
with 12 control points. With control point 7 of Figure 2.1 specified on the RG record as the
downstream control point limit and no upstream limits specified, the group includes water rights
located at control points 1, 2, 3, 4, 5, 6, and 7. With control point 4 as the downstream control
point limit and no upstream limits specified, the group includes water rights located at control
points 3 and 4. With control points 2, 5, and 9 specified as lower limits but no upper limits
specified on the RG and RG2 records, , the group includes water rights located at control points
1,23,4,5,8 and9.

The following options are provided by the RG2 record for defining upstream limits.

1. listing of control points at which the water right can not be above
2. listing of control points of which the water right must be at or below at least one

Assume that the downstream control point limit in Figure 2.1 is control point 10 and the
upstream limits are listed on the RG record as being control points 2 and 9. With option 1 above
for defining upstream limits, the group contains all water rights located at control points 2, 3, 4,
5,6, 7,9, and 10. Water rights at control points 1, 8, 11, and 12 are excluded from the group.
With option 2 for defining upstream limits, the group contains al water rights located at control
points 2, 6, 7, 9, and 10. Control points 3, 4, and 5 met the option 1 upstream limit criterion but
do not meet the option 2 upstream limit criterion.

Period-of-Analysis Input Sequences of Water Right Tar gets,
Stream Flow Depletions, and Reservoir Storage Capacities

SIM options alow quantities for certain variables normally computed by the simulation
model to be entered as input for each month of the simulation period-of-analysis rather than
computed. These variables include diversion and instream flow targets, limits on stream flow
depletions, and reservoir storage capacity limits.

Water Right Targets

Water supply diversion and reservoir storage targets associated with a water right WR
record or instream flow targets associated with a |F record may be provided in a SM input DAT
file on target series TS records. Examples 7 and 18 in the appendices include TS records for
instream flow and diversion requirements. Targets on TSrecords are input for each month of the
simulation. This feature allows quantities computed in a prior simulation or observed gaged data
to be entered as fixed targets rather than computed within the SM simulation. The input TS
record target sequences can aso be combined with other M features for setting targets.
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Maximum Limits on Stream Flow Depletions

A period-of-analysis sequence of limits on stream flow depletions may also be entered on
TS records. The values may vary in each month of the simulation. This feature alows the
combined diversion and storage refilling amounts allowed for a particular water right to be
limited to not exceed amounts determined by a prior simulation reflecting specified conditions of
water resources development, management, and use. The procedure for modeling subordination
agreements outlined in the preceding section of this chapter incorporates this concept.

Reservoir Sorage Capacity Limits

Reservoir storage capacity limits may be entered in the M input DAT file as observed
storage OSrecords. Sequences of actual observed storage levels or storage volumes computed in
a prior simulation are entered on OS records. Example 18 in Appendix C illustrates
incorporation of OSrecordsin atype of application outlined on pages 210-213 of Chapter 6.

OS records provide storage volumes for each individual month of the hydrologic period-
of-analysis for a particular reservoir. In each month of the simulation, as each water right is
considered in the priority sequence, the storage capacity of the reservoir is the lesser of the
storage capacity specified for the water right on its WS record and the volume specified for the
reservoir on its OSrecord. The reservoir is filled to the capacity defined by the WR/WS and OS
records subject to being constrained to the amount of stream flow available for filling. The end-
of-month storage volume contained in the reservoir is limited to not exceed its capacity. Excess
storage is released as a spill which is cascaded downstream just as any other reservoir release.

The features activated by observed storage OS records and the monthly storage MS
record are similar with certain distinct differences. MSrecord capabilities are described on pages
108-109. Both the MS and OS records set monthly-varying limits on reservoir storage capacity.
In each month of the simulation, as each water right is modeled, the reservoir storage capacity is
the lesser of the volume set by the WR/WS records for the water right and the MS and/or OS
records for the reservoir. MSand OSrecord features differ as follows.

e MSrecords are designed to model seasonal rule curve reservoir operations characterized by a
designated top of conservation pool elevation that varies during the 12 months of the year.
OS records are designed to simulate time series of either actual observed reservoir storage
volumes or storage volumes previously determined with a ssimulation model for specified
conditions of water resources, development, allocation, management, and use.

e Storage volumes are entered on a MS record for each of the 12 months of the year. These
storage capacity limits are applied in each year of the simulation. Storage volumes are
entered on OS records for each month of the simulation period-of-analysis. OS records are
required for each year of the period-of-analysis.

e The storage capacity on a MSrecord is for an entire month from the beginning to the end of
the month. Spills occur at the beginning of the month as necessary to prevent the storage
capacity from being exceeded. OS records contain end-of-month storage volumes. End-of-
month reservoir releases (spills) prevent the storage capacity from being exceeded.
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CHAPTER 5
ORGANIZATION AND ANALYSISOF SIMULATION RESULTS

This chapter describes the WRAP-SIM simulation results recorded in the OUT output files
and the further organization and analysis of the SM output with the program TABLES. The
OUT file is accessed with TABLES. The SOU and DSS files discussed in Chapter 6 store the
same simulation results output data as the OUT file but in different formats, neither of which are
read with TABLES. The YRO, ZZZ, BES, BRS, and HRR files are other special purpose SM
output files that are discussed in Chapter 6. Whereas Chapter 5 covers the main simulation
results stored in the OUT file and organized with TABLES Chapter 6 covers the simulation
results provided in the other auxiliary SM output files.

Simulation results are typically extremely voluminous. The role of the post-simulation
program TABLES is to convert the extensive time series of SM simulation output data into
meaningful information. TABLES also provides capabilities for converting the simulation results
into formats that facilitate further organization and display with Microsoft Excel, HEC-DSSV ue,
and ArcGIS. TABLES reads SM input and output files, computes reliability and frequency
metrics, performs various other data manipulations, and develops a variety of tables and data
tabulations. Although TABLES also contains options for tabulating SM input data, its primary
role is organizing, analyzing, summarizing, and displaying simulation results. Chapter 4 of the
Users Manual providesinstructions for using TABLES

Programs SM and TABLES and their combined application are addressed in this
Reference Manual and this chapter. As discussed in the Supplemental Manual and Salinity
Manual, program TABLES aso provides similar capabilities for organizing, anayzing,
summarizing, and displaying programs SMD and SALT simulation results.

OUT, SOU, and DSS Output Files

The model-user selects the control points, water rights, and/or reservoir/hydropower
projects for which monthly time series of simulation results are to be recorded in the main SM
output files, which have filename extensions OUT, SOU, and DSS, following instructions
provided in Chapter 2 of the Users Manual. Any or al of the three output files are activated with
the optional output files OF record described in Chapter 3 of the Users Manual, with the default
being to activate only the OUT file. The OUT, SOU, and DSS files store the same SM
simulation results output data, but in different formats.

The OUT file may be created in either text or binary format and is designed to be
accessed by program TABLES n either format. The default text file version of the OUT file can
be read directly with Microsoft Word or WordPad as well as read by TABLES. The binary
unformatted machine language version of the OUT file activated by the parameter OUTFILE on
the JD record is read only by TABLES. The advantages of the binary option are a signification
reduction in the size of the OUT file and, for simulations with large amounts of output, a
significant reduction in computer execution time. Also, since simulation results are stored on the
computer hard drive in the same form as computed by the processor, there isno lossin precision.
The data in the text file version of the OUT file are stored with the number of digits to the right
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of decima shown in Tables 5.3-5.5 presented later in this chapter, which results in decreasing
precision for small numbers.

Not all editors read the OUT file. All of the WRAP output files that are created as text
files, except the OUT file, can be directly read with essentidly any editor including either
Microsoft NotePad or WordPad. The text version of the OUT file is written by SSM in a direct
access format designed to be efficiently read by TABLES. The OUT file contains line breaks that
are read fine by Microsoft WordPad and Word but are not recognized by NotePad.

The SM output SOU fileis an ordinary text file read directly with any editor, but is not
accessible with TABLES. Although the OUT file can aso be read directly without TABLES it is
designed for efficient data management focused on connecting with TABLES. The purpose of
the SOU file isto present ssmulation results in a convenient-to-read columnar format designed to
be examined directly with Microsoft WordPad, NotePad, or other editor or to be transported to
Microsoft Excel or other spreadsheet program without intervention with TABLES

The SM DSS output file is read with HEC-DSSVue. The Hydrologic Engineering
Center (HEC) Data Storage System (DSS) is described in Chapter 1 and discussed further in
Chapter 6. DSS files are in a binary format accessible only by DSS software. DSS routines
provided by the Hydrologic Engineering Center are incorporated into the WRAP programs
allowing creation of and access to DSS files. The purpose for recording the SM simulation
resultsin aDSSfileisto allow access to the graphics and data management capabilities provided
by the HEC-DSS Visual Utility Engine (HEC-DSSVue). WRAP-SM simulation results are
conveniently plotted with HEC-DSSVue. Computational capabilities provided by HEC-DSSVue
may also be useful in analyzing WRAP-SM simulation resullts.

SM simulation results may be stored by SIM in their entirety directly as a DSS file.
Alternatively, the same output data may be stored as an OUT file and read by TABLES. The
program TABLES aso has options for writing the SSM simulation results to a DSS file either
without modification or after further computational manipulations.

As illustrated in Figure 2.2 of Chapter 2, the SM simulation proceeds month-by-month
sequentially through the hydrologic period-of-analysis. A water rights loop is embedded within
the monthly time-step simulation loop. Within each month, water rights are simulated in priority
order. Water right, control point, and reservoir/hydropower output records are written to the
OUT file as the computations proceed by month and within each month by water right. Water
right output records are created in the OUT file as each individua right is considered in the
priority sequence. Control point and reservoir/hydropower output records are created each
month at the completion of the water rights sequence prior to advancing to the next month. The
same simulation results data are stored in memory and recorded in the SOU and DSSfiles at the
completion of the entire simulation.

The SM simulation results are time series of monthly amounts for a variety of variables
associated with either control points, water rights, or reservoir/hydropower projects. The model-
user selects the control points, water rights, and/or reservoir/hydropower projects for which
monthly time series of simulation results are to be recorded in the OUT, SOU, and/or DSSfiles.
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SIM Simulation Results Variables

The variables included in the SM simulation results are listed as follows. As discussed in
the preceding section, the same output data are stored in different formats in the OUT, SOU, and
DSS files. All of the variables are time series of monthly amounts. All are monthly volumes
except for evaporation-precipitation depths tabulated with the TABLES 2EPD and 2EVR records,
reservoir surface elevations associated with the 2WSE record, and 2FSC record counts.

As explained in Chapter 4 of the Users Manual, program TABLES s controlled by input
records with 4-character identifiers. The TABLES input record identifiers associated with
standard time series tables are adopted here to label the SM output variables. The TABLES input
record identifiers are shown in parenthesis below and are also referenced in the subsequent
Tables 5.1-5.5. The TABLES time series records cover al of the variables included in the SM
OUT file and two other variables computed from the OUT file data. Most of the SM output
variables are incorporated in various other types of tables created by TABLES as well.

The SOU (filename extension SOU) output file consists of tables for either control points,
water rights, and/or reservoirs, with the first two columns being the year and month and the
remaining columns being each of the time series variables. Table headings in the SOU file
include the identifiers shown in parenthesis below without the initial numeral 2. The identifiers
are also incorporated in the DSS record pathnames when the data are stored in aDSS file. These
time series data stored in a DSS file (filename extension DSS) can be tabulated, plotted, and
otherwise manipulated with the program HEC-DSSV ue.

Sream Flow at a Control Point

naturalized flows (2NAT) — Inflows to the river system at each control point are either read by SM
from IN records or DSS records or computed within SM with the flow distribution methods
described in Chapter 3. The inflows are typicaly developed by adjusting gaged flows to
represent natural hydrology and are thus caled naturalized flows. The SM water rights
simulation converts naturalized stream flows to regulated and unappropriated flows.

regulated flows (2REG) — Regulated stream flows are the actual sequence of physical stream flows
at acontrol point after al the water rights are allocated their water.

unappropriated flows (2UNA) — Unappropriated flows are uncommitted flows still remaining after
al the water rights are alocated their water. Unappropriated stream flows may be less than
regulated flows due to instream flow requirements at the control point and requirements for
passing flows through the control point for water rights located downstream.

Changesin Channel Lossin the Reach Downstream of a Control Point

channel loss (2CLO) — Channel loss adjustments based on loss factors entered on CP records for a
river reach below a control point as defined in Chapter 3 and the Appendix A Glossary.
Channel losses are losses of return flows, hydropower releases, and other inflows.

channel loss credits (2CLC) — Channel loss credits based on loss factors on CP records for the river
reach below a control point. Channel loss credits are adjustments applied in determining
effects on downstream flows resulting stream flow depl etions occurring upstream.
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Soecific Components of Regulated Flow at a Control Point

return flows (2RFR) — Return flows returning at this control point are the summation of return flows
from al diversions that reenter the stream system at this control point. Reservoir releases
for hydropower, releases from storage for downstream instream flow requirements, and
water right type 4 inflows are a o treated as return flows and included in this variable.

releases (2URR) — This portion of the regulated flow consists of the summation of releases from
reservoirs located at this control point and upstream control points that were made to meet
water right requirements at other control points located downstream. The releases are from
secondary reservoirs located upstream of diversion, hydropower, or instream flow rights.

control point inflows (2CPI) — The 2CPI record data are the total monthly inflow to a control point
excluding releases from secondary reservoirs located upstream of the control point for
diverson or hydropower rights that are located downstream. Inflows to a control point are
not included in the OUT file but rather are computed within TABLES by combining other
variables from the OUT file. The 2CPI inflow is computed by adding the stream flow
depletion (2DEP) at the control point to the regulated flow (2REG) less secondary reservoir
releases (2URR). If there are no water rights at the control point or downstream control
points that have secondary reservoirs located upstream of the control point, the 2CPI inflow
represents the total actua inflow at the control point. The inflow includes stream inflows,
diversion return flows returned to that control point, and hydropower releases returned to
that control point. The inflows referenced in TO record fields 5 & 6 and FSrecord field 2
are conceptualy the same but are computed at a point within the water right priority
sequence. The 2CPI record contains the final values after considering all water rights.

Reservoir Storage and Net Evapor ation Volumes for a Control Point, Right, or Reservoir

storage (2STO) — End-of-month reservoir storage may be for an individua water right, reservoir, or
control point. For areservoir, the storage is the actual total volume of water stored in the
reservoir at the end of the month. For a control point, it is the summation of storage for all
reservoirs located at that same control point. For a water right, the level to which the
individual right filled the reservoir is reported.

net evaporation-precipitation (2EVA) — Reservoir net water surface evaporation less precipitation
volume may be the cumulative total for an individua water right or for an individua
reservoir. For acontrol point, the net evaporati on-precipitation volume is the summation of
final reservoir amounts for al reservoirs assigned to that same control point.

Water Right Quantities Reported by Right and Also Aggregated by Control Point

stream flow depletion (2DEP) — As defined in Chapter 3 and the Glossary of Appendix A, the
stream flow depletion is the amount of water appropriated by awater right to meet diversion
requirements and maintain reservoir storage. The amount reported for a control point is the
summation of stream flow depletions for al water rights assigned to the control point.

diverson target (2TAR) — A diversion target is set for awater right in a series of steps governed by
the WR, UC, SO, TO, TS FS DI, and other M input records. SO record field 9 specifies
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the intermediate or fina target and shortage to be written to the OUT file. The diversion
target amount reported for a control point is the summation for al water rights assigned to
the control point. For an IF record right with IFMETH 3 or 4 options activating reservoir
releases, the target variable is used to store the reservoir release target which is treated the
same as a diversion target as described in Chapter 4. This diversion target variable is not
applicable for an IF record right without reservoir storage (IFMETH options 1 and 2).

diversion shortage (2SHT) — A diversion shortage for a given water right in a given month is the
final diverson target less the actua diversion volume as constrained by water availability.
The diversion shortage is associated with individual water rights. The amount reported for a
control point is the summation of shortages for all water rights assigned to the control point.
For an IF record right, the shortage is a failure to meet an IFMETH option 3 or 4 reservoir
release target as described in Chapter 4.

diverson (2DIV) — The actua diversion is not included in the SM output file but is computed by
TABLES as the target minus the shortage. For an IF record right with reservoir storage, the
amount reported in the OUT file as the diversion variable is actualy release from an
IFMETH 3 or 4 reservoir as described in Chapter 4. The TABLES 2DIV and 2SHT records
also create tables for hydroelectric energy. Water right output records include ether
diversions or hydropower targets and shortages. Control point output records include the
summeation of diversion targets or shortages but record zeros for hydropower.

instream flow target (2IFT) — Instream flow targets are specified by IF input records and supporting
input records as described in Reference Manual Chapter 4 and Users Manual Chapter 3. SO
record field 9 specifies the intermediate or fina target and shortage written to the OUT file
for agiven IF record right. Options for combining multiple instream flow IF records at the
same control point include adopting the junior target, largest target, or smallest target. The
target adopted by the IF record right at its priority in the priority sequence is recorded in the
instream flow right output record. The target recorded on the control point output record is
the final target at the end of the priority sequence. An option alows the target devel oped for
an IF record to be applied at multiple control points. The target will be on the OUT file
output records of each of the multiple control points but on only one IF right output record.

instream flow shortage (2IFS) — An instream flow shortage is the amount by which the monthly
regulated flow volume falls below the instream flow target. Shortages are recorded in
instream flow output records at the priorities of the right in the priority sequence. Control
point output records include instream flow targets but do not include instream flow
shortages. TABLES computes shortages for a control point as the difference between the
target volume and regulated flow volume when the regulated flow is below the target.

Hydrod ectric Enerqy Reported on Water Right Output Records

energy target (2TAR) — Either diversion or hydroel ectric energy, but not both, may be specified by
awater right as the type parameter in WR input record field 6. A hydroel ectric energy target
or diversion target is set for awater right in accordance with WR, UC, SO, TO, DI, and other
SM input records. The target for each right is recorded on a water right output record.
Aggregated target amounts are also recorded on control point output records for diversion
rights but not for hydropower rights. Reservoir/hydropower output records also include the
final accumulative hydroelectric energy target generated by the most junior water right
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connected to a reservoir. If only one hydropower right is associated with a reservoir, the
energy target is the same on the water right output record and reservoir/hydropower output
record. However, with multiple rights, the water right output record has cumulative targets
and shortages for individua rights. Reservoir/hydropower output records have only the
final accumulative hydroelectric energy target for the most junior water right at areservaoir.

energy shortage (2SHT) — Depending on the water right type specified in WR record field 6, either
an energy shortage or diversion shortage, but not both, may be recorded in the OUT fileon a
water right output record. The hydroelectric energy shortage is reported as a positive
number. Secondary energy is reported as a negative quantity. Shortages represent shortfalls
in meeting an energy target. Secondary energy is the amount greater than the target
resulting from releases through turbines to meet other senior water right requirements. The
cumulative energy shortage or secondary energy is associated with individual water rights.
Reservoir/hydropower output records also include the final accumulative energy shortage or
secondary energy generation by the most junior water right connected to areservoir.

firm energy generated (2DIV) — The amount of the energy target actually produced is not included
in the water right output record but rather is computed by TABLES as the target minus the
shortage. Firm energy generated equals target minus shortage. The TABLES 2DIV record
creates tables of either diversions or hydroel ectric energy in the same manner.

Additional Variables Recorded Only on Water Right Output Records

flow volumes and counts (2FSV and 2FSC) — Flow switch FSrecord flow volumes and counts are
recorded on SM instream flow IF record right output records. The accumulated flow
volume of the switch variable FSV is read by a TABLES 2FSV record. The count of the
number of months of the smulation during which the monthly FSV volume falls within a
specified range is read by a FSC record.

return flow (2RFL) — The return flow volume for this particular water right is the portion of the
diversion volumethat is returned to the river system following WR record specifications.

secondary reservoir releases (2ROR) — Total volume released from secondary reservoirs this month
for this water right following OR input record multiple-reservoir system operating rules.

available stream flow (2ASF) — The amount of stream flow available to awater right is computed as
each right is consdered in the water rights priority loop.

increase in available flow (2XAV) — The increase in available stream flow to result from the PX
record control point limit option described in the last section of Chapter 4. This variableis
recorded only if this PX input record fields 4 and 5 option is activated.

Additional Variables Recorded on Reservoir/Hydropower Output Records

energy shortage (2HPS) — Both shortages in firm energy and additional secondary energy are
recorded as the same variable in the OUT file. The hydroelectric energy shortage is reported
as apositive energy amount. Secondary energy is reported as a negative amount. Shortages
represent shortfals in meeting an energy target. Secondary energy is the amount greater
than the target resulting from releases through the turbines for other senior water rights.

energy generated (2HPE) — The actua energy generated represents the portion of the energy target
that was supplied. Only the firm energy target, not secondary energy, is included. The
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hydroelectric energy recorded on the reservoir/hydropower output record is the accumul ated
total energy generated by the most junior hydropower right associated with the reservoir.

flow depletions (2RID) — Stream flow depletions associated with a reservoir include al the water
taken from stream flow to meet water right requirements at the reservoir.

reservoir inflows (2RIR) — Reservoir inflows from other reservoirs consst of releases from
secondary reservoirs to meet water right requirements at thisreservoir.

releases (2RAH) — Releases from the reservoir that can be used to generate hydropower. The
parameter LAKESD entered on the WS input records of other non-hydropower rights
controls whether or not water supply releases from a reservoir can be passed through
hydropower turbines. The default option isfor hydropower to access water supply rel eases.

releases (2RNA) — Releases from the reservoir that are not accessible to the turbines for use in
generating hydropower as governed by the parameter LAKESD entered on the WS input
record. Diversionsfor water rights flagged as |akeside do not pass through the turbines.

adjusted net evaporation-precipitation depth (2EPD) — Evaporation-precipitation depths used to
compute volumes are based on EV records but are subject to adjustments related to runoff
from the reservoir site as specified by JD record field 10 and CP record fields 8 and 9.

net evaporation-precipitation depth (2EVR) — These are the monthly net evaporation-precipitation
depths read from the EV records prior to the adjustments reflected in the 2EPD variable.

water surface elevation (2WSE) — End-of-month reservoir elevations are computed by SM as a
function of storage volume by linear interpolation of the PV/PE record storage-elevation
table. The only use of water surface elevation in the SM simulation is determination of
head for hydropower. However, PV/PE records may be provided for any reservoir, with or
without hydropower, to tabulate water surface elevations for general information.

reservoir storage capacity (2RSC) — Reservoir storage capacities are set by WS MS and OSinput
records from the DAT file and recorded on reservoir/hydropower records in the OUT file.

reservoir storage drawdown (2RSD) — Programs HYD and TABLES determine storage drawdowns
or shortages (2RSD) by subtracting storage volume (2STO) from capacity (2RSC) read
from the M OUT file.

Water Right Variables Agoregated by Reservoir or by Control Point

The organization of the SM simulation is outlined in Figure 2.2 of Chapter 2. Most of
the water allocation computations are performed within the water rights loop which is embedded
within the monthly time step loop. Each water right is considered in priority order in the water
right computation sequence. A water right output record is written to the OUT file upon
completion of the computations for that individua right. After all water rights have been
considered, the control point and reservoir/hydropower output records are created for that month.

Each variable in the SM OUT file is associated with a control point, water right, and/or
reservoir/hydropower project. Some data in the smulation results are unique to either water right,
control point, or reservoir/hydropower output records. Other data are repeated on two or three of
the output record types. Inthe SM input dataset, any number of water rights may be located at the
same control point or be associated with the same reservoir. Any number of secondary reservoirs
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may be assigned to the same water right. Any number of reservoirs may be assigned the same
control point. The aggregation of variable vaues computed for individual water rights to reservoirs
and control pointsis additive for some variables and otherwise selected for other variables.

End-of-month storage volume and evaporation-precipitation volume are written to al three
types of records. If one water right with one reservoir is located at a control point, reservoir storage
will be identical on al three records. However, in general, the amounts may be different. With
multiple rights at the same reservoir, the total cumulative evaporation-precipitation volume and end-
of-period storage is recomputed as each right is considered in the water right priority sequence.

For awater right that refills and/or releases from reservoir storage, an end-of-month storage
volume and net evaporation-precipitation volume are computed as the individual right is considered
initsturn in the water right priority sequence. If other more junior rights share storage in this same
reservoir, storage and evaporation-precipitation volumes are recomputed two or more times for the
same reservoir.  The storage and net evaporation volumes computed by SM in the water right
priority loop and recorded in the OUT file on water right output records consist of the accumulative
totals at the reservoir considering that water right and all junior water rights. Senior rights have not
yet entered the simulation computations. The storage volume and net evaporation-precipitation
volume recorded on the reservoir/hydropower output record are the final accumulative volumes
determined for the most junior water right at the reservoir. The amounts recorded on control point
output records are the summeation of the final volumesfor al reservoirslocated at the control point.

Severa hydropower rights with different targets and priorities may be located at the same
reservoir. However, the energy target set for each right is the total energy target considering that
right and al junior hydropower rights at the reservoir. The energy computations are repeated in the
water rights loop with releases committed to more senior hydropower rights ill available to
generate energy. The hydrodectric energy generated by each WR record right is the cumulative
total energy considering that right and al junior rights. The cumulative energy target and shortage
associated with individual rights are recorded on water right output records. Energy recorded on the
reservoir/hydropower output record are the final amount generated by the most junior hydropower
right at the reservoir. Hydroelectric energy is not reported on control point records.

The diverson targets and diverson shortages recorded on a control point record are the
summations for al the diversion rights assigned to the control point. The diversions and shortages
on awater right output record are associated with a single WR input record. Any number of water
rights may make diversions at the same control point. Diversion volumes for individua rights are
simply added to obtain the tota for the control point.

The instream flow IF record target and shortage recorded on a water right record are the
guantities in effect in the priority sequence of the IF record right. The instream flow target on a
control point output record isthe final target at the end of the priority sequence.

Naturalized, regulated, and unappropriated stream flows, and channel loss adjustments are
recorded only for control points. However, available stream flow for individua rights reported on
water right output records are computed by SM based on intermediate values of regulated and
unappropriated flows at pertinent points in the water rights priority loop sequence. Stream flow
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adjustments for channel losses and loss credits are al'so computed for individual rights and summed
to obtain control point totals.

Severd of the variables associated with water rights may aso be aggregated within TABLES
by user-specified groups of water rights. The mode-user defines the grouping of water rights by
entering group identifiers on WR input records which are reproduced by SM on water right output
records. Volumesfor individud rights are added within TABLESto obtain totals for the group. The
group aggregation is performed within the TABLES table building process.

Organization of SIM Output OUT File

The location of the variables in the SM output OUT file output records are summarized in
Table5.1. Each variable isassociated with acontrol point, water right, and/or reservoir/hydropower
project. Table 5.1 indicates whether the variables are found on SM output records for control
points, water rights, and/or reservoir/hydropower projects. The second column of Table 5.1 lists the
TABLES time series input record identifiers that create tables, tabulations, or HEC-DSS records for
each of the variables. These identifiers are shown in parenthesis in the preceding list of variables.
The organization of the OUT filerecordsisoutlined in Tables 5.2, 5.3, 5.4, and 5.5.

Simulation results from the example presented in the Fundamentals Manual are used for
illustration throughout the remainder of this chapter. Table 5.6 reproduces the beginning of the
OUT file showing the output records for the two instream flow rights, 28 WR record water rights,
eleven control points, and six reservoirs for the first month of the 696-month 1940-1997 smulation.

The OUT file begins with the five lines of information shown in Table 5.2. The one-line
header is followed by three title records (T1,T2,T3) read from the SM input file. The fifth line
contains the five integers defined in Table 5.2. The simulation results are then written in
monthly blocks of data. Within each month of simulation results, output records for user-
specified water rights are written first, followed by selected control point output records,
followed by the records for selected reservoir/hydropower projects. The monthly data associated
with each specified water right, control point, or reservoir/hydropower project are listed in
Tables 5.3, 5.4, and 5.5. These records are al optional. The model-user specifies in the SM
input file which of the three types of output records and which water rights, control points,
and/or reservairs to include, following procedures outlined in Users Manual Chapters 2 and 3.

The OUT file is designed to compactly store the voluminous output data in the order in
which it is computed. Water right records are written in order of priority as each water right is
considered in the computational loop. Control point output records are in the same order as the CP
records in the input file. Likewise, reservoir/hydropower records are in the order that reservoirs are
first read in the input file. Examination of the OUT file may be useful occasionaly for tracking
problems, but the format is not convenient for routingly interpreting simulation results. The SOU
fileisdesigned to be much easier for people to read than the OUT file but does not record the output
datain the exact order that is computed like the OUT file.

Program TABLES provides an array of options for organizing, tabulating, anayzing,
summarizing, and displaying the smulation results in a variety of formats. The data in the SM
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OUT file are incorporated into various tables created by TABLES including standard time series
tables as well as the other types of tables described later in this chapter. The TABLES input records
that build standard time series tables for each type of data shown in parenthesis in the preceding
list of variable definitions and listed in the second column of Table 5.1, middle columns of Table
5.3, and last column of Tables5.4 and 5.5.

Table5.1
Summary of M Simulation Results Variablesin OUT File Output Records
Variables Recorded in TABLES Control Point Water Right Reservoir and
S M Simulation Results Time Series  Output Record  Output Record ~ Hydropower

OUT File Input Record (Table5.3) (Table5.4) (Table5.5)
naturalized stream flow 2NAT CPfidd9
regul ated stream flow 2REG CPfield 10
unappropriated flow 2UNA CPfidd 7
channel loss 2CLO CPfield 12
channel loss credit 2CLC CPfield 11
return flow returned here 2RFR CPfield 8
upstream reservoir release 2URR CPfidd 13
control point inflow 2CPI field10-13+6
reservoir storage 2STO CPfied 5 WR/IF field 6 R/H field 5
evaporation-precip volume 2EVA CPfield 4 WR/IFfield 5 R/H field 4
stream flow depletion 2DEP CPfidd 6 WR/IF field 7
diversion target 2TAR CPfidd 3 WR/IF field 4
diversion shortage 2SHT CPfield 2 WR/IF field 3
diversion 2DIV fild3-field2 field4—field3
hydroel ectric energy target 2TAR WR field 4
energy shortage 2SHT WR field 3
firm energy produced 2DIV field 4 —field 3
instream flow target 21FT CPfidd 14 IFfield 11
instream flow shortage 2IFS field 10field 14  IFfield 12
flow switch record volume 2FSV IFfield 13
flow switch record count 2FSC IFfield 14
return flow for water right 2RFL WR field 13
available stream flow 2ASF WR/IF field 8
increase in available flow 2XAV WR field 14
secondary reservoir release 2ROR WR/IF 