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SECTION 1

INTRODUCTION

PURPOSE
The Upper Kings Water Forum (Forum), with support from the California Department of Water
Resources (DWR), is developing an integrated groundwater surface water model to be used as
an analytical tool for the Kings Basin Integrated Regional Water Management Plan (IRWMP).
The purpose of this memorandum is to present the modeling objectives defined by the members
of the Technical Analysis and Data Work Group of the Forum. The modeling objectives were
used to determine the required model features and select the most suitable model. This
memorandum also presents the modeling strategy for developing an integrated hydrologic
model that meets the defined modeling objectives. The model area and simulation time period
are presented in Section 3.

KINGS BASIN
The Kings Basin is a large groundwater basin located in the southern part of the San Joaquin
Valley groundwater basin in the Central Valley of California (Figure 1.1). It is primarily an
agricultural area, which uses both surface water and groundwater for irrigation purposes.
There are a number of urban areas along Highway 99 and in the eastern part of the region.
Fresno-Clovis Metropolitan area is located in this area.
The water supply needs in the Kings Basin are met by both surface water and groundwater.
The two sources of surface water for Kings Basin are:
n

Kings River, and

n

San Joaquin River via Friant-Kern Canal.

These two surface water sources are not sufficient to meet the water demand in the Kings Basin.
The surface water has been supplemented by the underlying groundwater to meet the
agricultural and urban water demands in the Kings Basin. Due to limited surface water
supplies, the Kings Basin has been operating under overdraft conditions for many years. The
historical groundwater elevation maps indicate dropping water levels and existence of a
groundwater depression in western Kings Basin (Figures 1.2 and 1.3). Well hydrographs for the
area provide further evidence of declining groundwater levels and depletion of groundwater
storage. The continued groundwater overdraft and the urban growth pressure in the region call
for improved water resources management in the Kings Basin.
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Figure 1.1 Study region including KRCD Divisions, IRWMP boundaries, and Kings
groundwater basin boundaries
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Figure 1.2 Spring 1950 groundwater elevation contour map
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Figure 1.3 Spring 2000 groundwater elevation contour map
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REGIONAL COOPERATION
The management of the water resources has historically been limited to independent operations
by overlying local water agencies and individual water users. Recently, the local agencies have
initiated a process of regional cooperation with the intent of integrated regional water
management in the Kings Basin. The expected benefits of this regional cooperative approach
are: effective management of overdraft; reduction of potential for conflicts and litigation; and
cost effectiveness of large regional projects compared to multiple small local projects.
The regional cooperation started with a Memorandum of Understanding (MOU) signed by Alta
Irrigation District (AID), Consolidated Irrigation District (CID), Fresno Irrigation District (FID),
Kings River Conservation District (KRCD), and California Department of Water Resources
(DWR) to participate in the CALFED Integrated Storage Investigation (ISI) program. The
purpose of the MOU is to work cooperatively to formulate additional, mutually beneficial
conjunctive management programs in the Upper Kings Basin.
Building upon the success of the ISI, the local agencies and stakeholders formed the Upper
Kings Water Forum (Forum) to coordinate the regional effort. The Forum has identified the
development of an Integrated Regional Water Management Plan (IRWMP) for the Kings Basin
as the first key step towards successful regional cooperation.
Hydrologic modeling will be an essential component of the alternatives evaluation of the
IRWMP. It will provide the necessary scientific basis for comparison of the impacts and
benefits of the water management alternatives in the Kings Basin.

PREVIOUS MODELING EFFORTS
Previous groundwater models related to the Kings Basin were inventoried as part of this task.
The grids for some of these models are shown in Figure 1.4. A brief description of four of these
previous models is presented below.

USGS REGIONAL AQUIFER STORAGE ANALYSIS CENTRAL VALLEY MODEL
This is a finite-difference groundwater flow model of the entire Central Valley, covering about
20,000 square miles (USGS Open-File Report 95-345, 1985). This model simulates the
groundwater flow in the Central Valley groundwater basin within a four-layer aquifer system.
The study period and calibration period for the model is 1961 to 1977. This model is currently
being updated by USGS and will include the recently developed FarmPackage software.
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Figure 1.4 Model grids for some of the previous modeling efforts
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CENTRAL VALLEY GROUND AND SURFACE WATER MODEL (CVGSM)
This model covers the entire Central Valley of California, an area of about 20,000 square miles
(CVGSM, James Montgomery Consulting Engineers, 1990). The model was originally
developed and calibrated for the 1922-1980 period. The simulation period later was extended
through 1993. The model was used to evaluate groundwater resources, conjunctive use
opportunities and impacts of water management scenarios. The CVGSM grid covers the entire
Kings Basin (Figure 1.4).

ALTA IRRIGATION DISTRICT IGSM
IGSM was applied by KRCD for the Alta Irrigation District (AID) area (Alta Irrigation District
Groundwater Study, KRCD, 1992). The AID application of IGSM covered the southeastern part
of the Kings Basin (Figure 1.4), and was developed in early 90s. The model has a finer finite
element grid than that of the CVGSM.

CONSOLIDATED IRRIGATION DISTRICT IGSM
This IGSM application covers the Consolidated Irrigation District (CID) area in the central part
of the Kings Basin (Figure 1.4). This model was also developed by KRCD in 2001 and has a
finer finite element grid than that of the AIDIGSM (Consolidated Irrigation District
Groundwater Study, KRCD, 2001).
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SECTION 2

MODELING OBJECTIVES

An integrated hydrologic model is needed to analyze historical conditions and to evaluate
alternative management strategies for the IRWMP. This section of the technical memorandum
provides a summary of the IRWMP goals and the modeling objectives.

GOALS OF THE IRWMP
The IRWMP goals are:
n

Halt, and ultimately reverse, the current overdraft and provide for sustainable
management of surface and groundwater;

n

Increase the water supply reliability, enhance operational flexibility, and reduce
system constraints;

n

Improve and protect water quality;

n

Provide additional flood protection; and

n

Protect and enhance aquatic ecosystems and wildlife habitat.

PRELIMINARY SET OF OBJECTIVES, CRITERIA, AND MODEL FEATURES
A preliminary set of modeling objectives were developed initially along with the criteria for the
objective and the required model features as presented in Table 2.1. A brief definition of the
columns headings of Table 2.1 is provided below:
Modeling Objective: A goal statement that specifies a desirable utility of the model;
Criteria for Objectives: A list of measures that helps determine whether an objective is met or
not; and
Required Model Features: A list of model capabilities and functions that are necessary to meet
the criteria specified for the modeling objectives.
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Table 2.1 Preliminary modeling objectives, criteria for objectives and required model
features
Modeling Objectives
1. To develop an
analytical tool for a
better understanding of
the groundwater flow
system characteristics
and behavior in the
IRWMP area, as well as
within local sub-areas of

Criteria for Objectives

Required Model Features

•

Accurate representation of the
aquifer stratigraphy and other
geologic features (e.g. faults).

•

Groundwater flow simulation
capabilities for a layered aquifer
system.

•

Sound mathematical theory of
groundwater flow simulation.

•

•

High quality input data (both
hydrologic and geologic data).

Internal data quality control
features to identify data
inconsistencies and inaccuracies.

•

Capabilities to generate water
budgets by user-specified subarea for different hydrologic
sub-systems (groundwater, soil
zone, and land/water use)

•

Capabilities to generate results
on local and regional
groundwater levels, aquifer
storage, and rate of movement.

•

Capabilities to generate results
on groundwater levels at a
monitoring well to assist in local
calibration.

•

Capabilities to discretize the
physical system at a smaller
spatial scale in order to explain
overdraft.

•

interest.

Reliable simulation of historic
conditions in terms of both local
and regional groundwater levels,
aquifer storage, rate of
groundwater movement (model
calibration).

•

Reliable estimation of boundary
fluxes.

•

Ability to explain observed
overdraft.

2. To develop an
analytical tool that can
evaluate the natural
recharge rates

•

Determination of the amount and
timing of the percolation of water
from land surface to the
groundwater table

•

Capabilities to simulate soil zone
infiltration and flow through
unsaturated zone, as well as
evaporation from water surface

3. To develop an
analytical tool that can
simulate surface water
systems operations and
also dynamically
compute the streamaquifer interactions as
well as unlined canalaquifer interactions.

•

Determination of the amount and
timing of the stream gains and
losses due to stream-aquifer
interactions and due to canals
and ditches.

•

Dynamic computation of
stream-aquifer interaction based
on groundwater levels and
stream elevations.

•

•

Simulation of stream flow
contributions from rainfall and
runoff, upstream inflows, stream
diversions and irrigation return
flows.

Rainfall-runoff modeling
capabilities for the model area.

•

Capabilities to generate water
budgets for different stream and
canal systems.
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Modeling Objectives
4. To develop a planning
level analytical tool that
can give quantitative
answers to different
questions on the
groundwater and surface
water system
characteristics and their

Criteria for Objectives

•
•

responses.

5. To develop a reliable
tool that can simulate the
groundwater and surface
water system responses
to different pumping
and recharge programs
in the model area.

•

What is the available storage
capacity of the aquifer?

Estimation capability of
groundwater storage by aquifer
layers and by sub-area.

•

How fast groundwater moves in
the Kings Basin?

Ability to map different political
boundaries as model sub-areas.

•

How would groundwater
pumping in one district impact
groundwater levels in a
neighboring district?

Ability to generate long-term
groundwater levels at a local
well or at any location within
the model area.

•

Ability to isolate recharge
contributions from operations of
current irrigation and water
delivery projects for model
calibration and for baseline
conditions.

•

Ability to isolate the source
water by differential analysis of
scenarios.

•

Ability to define any sub-area
for analysis in terms of storage
capacity and groundwater
banking potential.

•

Ability to incorporate different
water management strategies in
terms of input data.

•

Ability to specify input
pumping data by
districts/agencies in specified
locations.

•

Ability to post-process model
results to estimate the affects on
water supply reliability.

•

Ability to specify pumping
input data from different aquifer
layers.

•

Ability to specify well field by
input data and also to
incorporate the "put" and "take"
cycles through input data.

Ability to answer the following
questions, among others:
•

Required Model Features

•

What are the recharge
contributions from operations of
current irrigation projects?

•

What amount of groundwater
pumping return to the aquifer as
recharge from applied water?

•

How much groundwater is
intercepted by pumping?

•

Can the aquifer be used for
groundwater banking? How long
will the water stay there? How
much water can be stored?

•

Evaluation of system responses
to different conjunctive use
programs, including "put" and
"take" cycles.

•

Analysis of future groundwater
pumping scenarios for different
districts/agencies individually (a
district may develop its own
pumping program for future in
addition to the IRWMP).

•

Evaluation of impacts of IRWMP
conjunctive use projects with
future water management
programs of individual districts.

•

Demonstration of differences in
impacts due to pumping from
different aquifer layers.

•

Evaluation of impacts of other
regional water plans.
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Modeling Objectives
6. To develop a tool that
can provide a measure of
meeting the IRWMP
goals and objectives

Criteria for Objectives
•

•

Agreement and consolidation of
data related to groundwater and
surface water in order to build a
consensus about the physical
system behavior.
Improved water supply
reliability
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Required Model Features
•

Ability to summarize the input
and output data in terms of
water budgets

•

Ability to generate groundwater
levels at the monitoring wells.

•

Ability to post-process model
results to estimate the effects on
water supply reliability.
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FINALIZATION OF MODELING OBJECTIVES
The preliminary modeling objectives of Table 2.1 were revised and finalized into following
three modeling objectives for the Kings Basin IRWMP. These are:

1. To develop for the Kings Basin area an analytical tool that can represent the
groundwater and surface water flow systems and their interactions.

2. To develop a planning level analytical tool that can provide quantitative information on
a comparative basis to help answer different questions on the groundwater and surface
water system characteristics and to help evaluate alternative conjunctive water
management strategies.

3. To develop a tool that can be used in assessing management strategies consistent with
the IRWMP goals and objectives.
The process of selection of these objectives included interviews with the IRWMP stakeholders,
assessment of the modeling needs through careful analysis of the IRWMP goals and objectives,
evaluation of the criteria for meeting the IRWMP goals, and technical sessions among the
project team members.

MODEL USES AND LIMITATIONS
During the process of development of the above final set of modeling objectives, several other
potential uses of the model are identified along with an understanding of some of the model
limitations. These are summarized below.

USES OF MODELS
One of the goals of the IRWMP sponsors is to pursue opportunities to maximize IRWMP
benefits through strategic, synergistic linkages with other regional water management activities
and authorities. The model can help identify some opportunities or give some quantitative
information to help formulate, understand, evaluate, and rank opportunities that can be
specified in terms of model input data.
Another goal of the IRWMP sponsors is to increase water supply reliability and enhance
operational flexibility. The model can be used in a statistical mode to develop probabilistic
measures of water supply reliability in the face of hydrologic uncertainties and different
demand levels.
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Seeking ways to achieve environmental benefits that are compatible with project operations is
another IRWMP goal. A groundwater and surface water model cannot seek ways to achieve
environmental benefits; also, a hydrologic model cannot determine whether environmental
benefits are achieved or not. But the model can provide information on the water levels and
stream flows that can be used as an indicator or measure for evaluating environmental benefits
of different alternative plans.
Kings Basin model will be capable of evaluating alternative management strategies on a
comparative basis. In addition, a calibrated model can provide estimates of canal seepage loss
ranges and help compare different alternatives of canal lining; a calibrated model also can help
screen pumping well field sites or recharge sites.

GENERAL LIMITATIONS OF A MODEL
No hydrologic model is an exact representation of the physical world. Therefore, the simulated
or predicted groundwater levels from a groundwater model should never be taken as absolute
numbers to be compared against field measurements. Rather, the results of a calibrated
groundwater model should be viewed as reasonable approximations of groundwater levels
subject to the error ranges of history matching during calibration and also subject to the model
assumptions, model set-up, and input data deficiencies.
However, it should be noted that a well-calibrated model could be used effectively in a
comparative analysis mode to evaluate the relative impacts of different alternative scenarios.
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SECTION 3

MODELING STRATEGY

This section describes the strategy established for successful development of the Kings Basin
Integrated Hydrologic Model. The modeling objectives, criteria, and required model features
are presented in Section 2. The following topics are presented in this Section:
n

Model area,

n

Simulation period,

n

Model Selection,

n

Model data management plan,

n

Model data availability,

n

Model documentation/record keeping plan, and

n

Model development methodology.

The modeling strategy presented in this section will serve as a guideline during the model
development process. New information obtained during the project execution will be used to
refine and enhance this strategy.

MODEL AREA
The proposed model area includes the Kings Basin and KRCD Divisions 1 to 4 (Figure 3.1). The
Kings Basin is located in the southern part of the San Joaquin Valley groundwater basin in the
Central Valley of California and covers an area of 1,530 square miles. The model boundaries
are:
n

North: San Joaquin River,

n

East: Kings Basin Boundary,

n

South: Kings River and Kings Basin Boundary,

n

West: Kings Basin and KRCD Boundaries, and

n

Northwest Corner: San Joaquin/Kings Rivers.

The Kings River is the major source of surface water in Kings Basin. The model area also
receives water from the San Joaquin River. The San Joaquin and Kings River are hydraulically
connected with the underlying groundwater basin and are major sources of recharge. An
extensive network of canals is used to deliver water to agricultural lands and groundwater
recharge facilities. The weirs, diversion structures, canals, and recharge facilities are managed
by different local and regional water agencies.
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Figure 3.1 Model area
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The IRWMP region is located within the model area (Figure 3.1). The model area spans over
parts of three counties: Fresno, Kings, and Tulare. There are a large number of landowners, and
multiple local and regional water agencies and irrigation districts that overlie the Kings
Groundwater Basin. KRCD is the largest regional agency in the model area and its Divisions 1,
2, 3, and 4 overlie most of the model area.
In order to produce hydrologic water budgets and develop water supply and demand
information for major subareas of the study area, the model area will be divided into subareas.
The proposed model subareas are shown in Figure 3.2.

SIMULATION PERIOD
Selection of a simulation period is an important part of model development. The simulation
period should be long enough to cover at least one wet and one dry hydrologic periods. On the
other hand, the simulation period should not be too long such that it covers long periods of
scarce data. The simulation periods usually cover two to four decades.
The proposed simulation period for the Kings Basin model is the 1964 to 2004 period. This
simulation period was selected because
n

1964 is the beginning of the Pine Flat Reservoir operation under contemporary
guidelines,

n

Represents several wet and dry hydrologic conditions, and

n

Reasonable amount of data is available for the region.

MODEL SELECTION
A successfully selected hydrologic model for the Kings Basin should be able to address a broad
set of hydrologic processes that include water quantity, water quality, land use, and water use.
Selection of one or more available software programs to implement the model must consider
the technical capabilities of each software as well as key software characteristics, such as
professional acceptability, availability, user-friendliness, and level of support.
Technical capabilities of a model that can meet the modeling needs and goals of the Kings Basin
include the capability to simulate:
1) Rainfall-runoff on tributary watersheds that feed streams and rivers crossing the
groundwater basin;

2) Rainfall-runoff from lands overlying the groundwater basin;
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Figure 3.2 Proposed model subareas

20

Modeling Objectives and Strategy

3) Evaporation from open water surfaces;
4) Soil moisture budgets for lands overlying the groundwater basin, include
evapotranspiration, irrigation, soil moisture storage, and deep percolation;
5) Irrigation demand based on crop type and current soil moisture and climate conditions;
6) Deep percolation through the unsaturated zone;
7) Three-dimensional, saturated groundwater flow;
8) Dynamic (head-dependent) interaction between surface water and groundwater flow, with
conservation of mass applied to both;
9) Local reservoir operations, linked as appropriate to SWP/CVP reservoir operations models;
10) Local reservoir operations in conjunction with the groundwater and surface water
simulation;
11) Changes in agricultural and urban water demand over a range of hydrologic conditions,
from wet to very dry;
12) Changes in water supply availability;
13) Changes in water levels due to changes in hydrologic conditions and management actions;
14) Changes in yield at individual wells due to changes in water levels;
15) Impacts on wetlands or phreatophytic riparian vegetation by lowering or raising
groundwater levels;
16) Increases in risk of subsidence during a critical drought;
17) Changes in the stream-aquifer interaction;
18) Changes in downstream flow regimes due to modified stream-aquifer interaction;
19) Changes in flood risk due to changing hydrologic conditions;
20) Changes in frequency and duration of flood flows and their impacts on riparian and
wetland habitats;

21) Changes in the infiltration of groundwater contaminants from the soil surface (e.g. by
increased inundation or irrigation of agricultural fields).
22) Changes in the rate and direction of any known groundwater contamination plume;
23) Changes in long-term concentrations of dissolved solids or particular solutes of concern in
groundwater;
24) Changes in the economic viability of agriculture;
25) Changes in hydrologic systems due to land development or population growth;
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26) Changes in estimates of water supply reliability by post processing model results.
The software characteristics required for the Kings Basin hydrologic model for professional
acceptability, availability, user-friendliness, and level of support could be represented by the
following criteria:
27) The model has had thorough scientific peer-review for technical accuracy and a successful
history of accurate results in a wide range of applications;
28) The model code is public domain software and can be readily obtained from a public agency
or from standard technical software vendors;
29) The model code and documentation are supported by a public agency, institute or easily
identifiable and accessible private firm in the event that problems are discovered in the
code.
30) A graphical user interface is available to assist in preparing spatial datasets (parameter
zones, land use zones, well locations, water district boundaries, etc.) and for post processing
model results;
31) An automated preprocessor is available for prorating land use zones to model cells;
32) An automated preprocessor is available that allows the model grid to be easily constructed
and modified;
33) Plotting hydrographs and contour maps of simulated water levels is easy;
34) Tabulating water budgets for user-specified sub areas within the model or for different
hydrologic sub-systems (groundwater, soil zone, specific surface waterways) is easy;
35) Groundwater recharge contributions from operation of irrigation and surface water delivery
projects can be easily tabulated;
36) The model is able to quantify induced seepage by wells near surface water bodies;
37) The model can evaluate groundwater storage capacity and banking potential for any sub
area; and
38) The types and structure of model input variables readily allow simulation of a wide range of
water management strategies.

COMPARISON OF MODELING SOFTWARE
A review of available groundwater and hydrologic modeling software packages was conducted
to explore the potential suitability of these models for application in the Kings Basin area.
These models are:
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n

MODFLOW

n

FEMFLOW3D

n

MIKESHE

n

FEMWATER/FEMWASTE

n

IGSM

n

HYDROSPHERE

n

IWFM

n

DYNSYSTEM

The result of comparison is provided in Table 3.1 in terms of model characteristics, features and
capabilities. As explained previously, it is noteworthy that these models are not necessarily
comparable, as some only simulate the groundwater flow system, and others are
comprehensive hydrologic models. The typical groundwater models can, of course, be used in
conjunction with other programming tools to determine the effect of surface hydrologic
processes on the groundwater basin.
These models are next compared against the selection criteria listed in Model Selection Criteria
Section. The results are presented in Table 3.2. It can be seen that no single existing modeling
software package meets all of the selection criteria. Therefore, a comprehensive hydrologic
modeling tool often consists of multiple computer programs each covering a subset of the
hydrologic system. To function in an integrated manner, it is necessary to pass output from one
model to another, reformat certain types of data to meet the input requirements of different
programs, and possibly extract certain types of simulation results not included in the standard
output of some programs. Typically, a certain amount of custom programming is needed to
create these interfaces between different computer programs and component models.
A desired model will minimize the amount of custom programming (e.g. modifications to
standard model codes and new utility programs that link different component models) because
it is very costly to ensure that the custom programs are documented well enough to be used by
other hydrologists/modelers. It would be preferable to create the overall hydrologic model
with as few software programs as possible. In other words, existing programs that simulate a
large part of the hydrologic system are preferable to ones that focus on only a small part of the
hydrologic system.
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Table 3.1 Comparison of features and simulation capabilities of groundwater and hydrologic models for the Kings Basin
Model Name

Model
Characteristics

MODFLOW

FEMFLOW3D

Developed by the USGS, this model
simulates three-dimensional flow in
confined and unconfined aquifer
systems. Division of the program
into modules permits the user to
examine specific hydrologic features
of the model independently. The
model provides output for use by
several solute transport models.

Background, &
Applications

Method of
Simulation: FE,
FD, or Other

FEMWATER/
FEMWASTE

MIKESHE

IGSM

HYDROSPHERE

IWFM

DYNSYSTEM

Developed by University of Waterloo
and Laval University, the model is
based on FRAC3DVS and MODHMS
and simulates fully integrated, threedimensional, surface and
groundwater flow and water quality
and flow and transport simulations.
Model provides fully threedimensional simulation capability of
groundwater flow, fractured flow
and variably saturated flow and the
interaction between the
environments. It simulates a fully
coupled surface water/groundwater
interaction.

Developed by the California
Department of Water Resources from
the IGSM model. IWFM is a water
resources management and planning
model that simulates groundwater,
surface water, stream-groundwater
interaction, soil moisture accounting
in the root zone, flow in the vadose
zone and other components of the
hydrologic system. IWFM models
groundwater flow as a quasi threedimensional system and solves the
governing flow equation using the
Galerkin finite element method.

DYNFLOW is a fully 3-dimensional
flow code which was evolved from
the AQUIFEM model. DYNFLOW is
the core of the DYNSYSTEM which
consists of several codes for
integrated water resources modeling.
DYNSYSTEM consists of several
codes including DYNFLOW,
DYNPLOT, DYNRIVER, and
DYNAG.
DYNFLOW is a finite element code
that is capable of simulating multiple
layer aquifers subject to variety of
boundary conditions representing
interaction with surface water and
groundwater.

Developed for the USGS, the model Developed by the Danish Hydrologic
simulates three-dimensional flow in Institute (DHI), the model uses finite
confined and unconfined
difference method to simulate the
groundwater systems using the finite- three-dimensional flow in the
element method. Developed to
subsurface system. The model
simulate regional groundwater
program is grouped into four
systems, but can be applied to small- separate modules (Pre- and Postscale problems as well.
Processing, Water Movement, Water
Quality, and Agriculture) and offers
the possibility of analyzing a number
Third-party programs are sometimes
of hydrologic problems.
available to simulate some of the
hydrologic processes that affect the
groundwater movement. It is
noteworthy that these programs,
however, do not simulate the twoway interaction between the
processes, rather the one-way impact
of these processes on the
groundwater system.

Originally developed in 1976 at
Originally developed by Oakridge
UCLA, was refined and updated
National Laboratory, the model
simulates three-dimensional flow and through numerous model
solute transport in the subsurface
applications and reviews. Model
system. The model is designed for site-provides psuedo-three dimensional
specific applications such as
simulation capability for
radioactive waste movement in the
comprehensive and integrated
subsurface environment. The model surface water and groundwater flow
code was upgraded to meet the U.S. and solute transport under various
Environmental Protection Agency
hydrologic conditions through
coding conventions. The model is
numerous options and routines.
often used to delineate wellhead
Model has been applied to numerous
protection areas in agricultural
regional and local watersheds, in
regions using the assimilative
particular, to the Central Valley of
capacity criterion.
California for the USBR, DWR,
SWRCB, and CCWD.

Finite-difference

Finite Element;
Triangular elements only

Finite-difference

Finite-element

Finite Element;
Finite element and finite difference
Quadrilateral and triangular elements (user specified)

Finite Element

Finite Element

Variable

Variable

Variable

Variable

Monthly or daily.

Variable

Variable

Variable

Layers can be simulated as confined,
unconfined, or a combination of
confined and unconfined. Can
simulate subsidence.

Simulates linearized 3-dimensional
flow in groundwater system with a
fixed grid;
Simulates both confined and water
table aquifers;
Land Subsidence

Simulates 3-dimensional
groundwater flow in confined and
unconfined aquifer system;
various sources/sinks;
time variable head boundaries and
other types of boundary conditions;

Simulates flow and transport in three- Simulates pseudo-three dimensional
multi-layered confined and
dimensional variably-saturated
unconfined aquifer systems;
porous media under transient
Regional and site-specific aquifer
conditions;
parameters;
Multiple distributed and point
Several boundary conditions;
sources/sinks, and
processes which retard the transport Land subsidence
of contaminants

Simulates fully-three dimensional
groundwater flow in confined and
unconfined aquifer systems, threedimensional flow in fractured
systems and variably saturated
systems. Simulates pumping and
injection wells and tile drains
Simulates all fate and transport
processes

Simulates horizontal and vertical
groundwater flow in mutli-layer
aquifer systems that include a
combination of confined, unconfined
and leaky layers. The three
dimensional flow is simulated by a
quasi three-dimensional approach.

Fully-three dimensional groundwater
flow model, automatic transition
between dry, unconfined and
confined conditions, pumping from
multiple layers, both transient and
steady state simulations, variety of
boundary conditions representing
interaction with surface water and
adjoining aquifers.

Simulates one- and two-dimensional Integrated stream-groundwater
(overbank) surface water flow
interactions. Stream routing package
Fully integrated surface and
that simulates the stream flows as a
groundwater interaction
function of flow from the upstream
(diffusion wave approximation of the reaches, surface runoff, return flow,
diversion and bypasses, flow from
St. Vernant equations)
upstream lakes, and the exchange of
rainfall runoff.
water between the stream and the
groundwater.

Simulates dynamic river and
groundwater interaction by
DYNRIVER module; calculates runoff
from rainfall or irrigation activities;
has mass balance table with net
inflows and outflows by river reach;
outputs flow and stage at any point
within the system.

Timescale

Groundwater

Stream Flow and
Stream-Aquifer
Interaction

Rainfall/Runoff

WRIME, Inc.

The River Package simulates recharge Simulates the stream-aquifer
from stream system to groundwater interaction, diversion, return flow,
system, as a variable head boundary and rainfall runoff.
condition. The Streamflow Routing
Package simulates the flow in the
river system and the interaction
between the stream system and the
groundwater system. The Lake
Package simulates groundwater
interaction with lakes, maintaining
mass balance in both. A new
streamflow-routing (SFR1) package
has been published by USGS. SFR1 is
for monthly to annual averaged flows
in streams and not recommended for
modeling daily or short term
simulations.

No stream-aquifer interaction
One-dimensional river model
(diffusion wave approximation of the
Saint Venant equations);
River/aquifer exchange.

Integrated groundwater-surface
water interactions;
Rainfall runoff;
Irrigation return flow;
Water diversions;
Daily streamflow gain or loss to the
aquifer system; Mass balance in
surface water bodies.

No rainfall/runoff calculations. The Runoff and Deep percolation are
Recharge Package is designed to
calculated based on fixed effective
simulate distributed direct recharge precipitation which is provided as a
to the ground-water system;
rating table input;
Net Recharge values are typically pre- Precipitation and evapotranspiration
processed and provided as input.
data are basin-wide.

Uses 3-D Boussinesq Equation for
saturated flow; 2-D Saint Venant's
Equation (diffusion wave
approximation) for overland flow

Simulates rainfall/runoff/deep
Rainfall is entered as data and the
model calculates runoff using the SCS percolation processes.
curve number method.

No Rainfall-runoff and deep
percolation simulation capability
provided.
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Has capability to calculate rainfallmodel calculates runoff using the SCS runoff relationship.
curve number method.

Modeling Objectives and Strategy

Model
Characteristics

Land Use

Water Use

Model Name
MODFLOW

FEMFLOW3D

Unsaturated
Zone Simulation

Agricultural
Drain
Simulation

Reservoir
Operations

WRIME, Inc.

FEMWATER/
FEMWASTE

IGSM

HYDROSPHERE

IWFM

DYNSYSTEM

Hydrologic processes at the land
surface are not included within the
model. Separate programs are
typically used to estimate runoff, soil
moisture budgets, irrigation demand,
and deep percolation -- all of which
are affected by land use.
(Note: see the Farm Package
description in water use row).

Surface processes affected by land use Simulation of surface processes based Not defined in model.
are simulated based on crop type,
on land use map, field surveys, aerial
rooting depths and
photos or satellite images are allowed
evapotranspiration.

Simulation capability of surface
Simulation capability of surface
processes based on various land use processes based on various land use
types cropping patterns and
types cropping patterns,
evapotranspiration data. Does not
evapotranspiration and irrigation
simulate transient land use changes.
efficiency is provided. Model
includes only four land use types
(urban, native, agricultural, and
riparian), although multiple crops can
be simulated in agricultural areas.

IWFM is capable of simulating
surface processes based on land use
patterns, ET, and irrigation efficiency.
Model includes agricultural, urban,
native, and riparian lands.

A module called DYNAG is available
for handling three land use types
(urban, agricultural, and natural). It
estimates groundwater pumping
based on irrigation requirements of
crops/land use patterns, requires
evapotranspiration rates for the crops
represented in the agricultural areas,
and the irrigation efficiency

The model does not interactively
calculate water use and diversions
from streams for delivery to water
use areas. All water supply data are
provided as pre-processed net
recharge or groundwater pumping to
the model.
USGS has recently developed the
Farm Package to add capabilities to
MODFLOW to integrate irrigation
water demand, surface water and
groundwater supply, and return flow
from excess irrigation. The Farm
Package has had very limited field
applications.

Surface water diversion and
groundwater pumpage and recharge
for an irrigated-agriculture system
can be simulated. Data can be
organized on basis of geographical or
political boundaries, not restricted by
layout of grid.

Only net pumping specified in model.
The irrigation module supports:
automatic irrigation demand
calculation or prescribed crop water
demand; sprinkler irrigation, drip
irrigation or sheet irrigation; different
water sources; priorities in water
shortage situations

Surface water diversions, recoverable
and non-recoverable losses, urban
water use, agricultural water use,
groundwater pumping by sub-basin
or by wells, and surface water and/or
groundwater imports and exports
between basins can be specified

Simulates prescribed groundwater
pumping and surface water
diversions. Not clear whether if the
model will estimate groundwater
pumping based on demand and
surface water supplies.

Agricultural water use, urban water
use, groundwater pumping, surface
water diversions, water imports and
exports can be specified.

Requires surface water diversion for
its river package DYNRIVER to
calculate river flow and stage, and
mass balance

Not simulated

Not simulated

Not simulated

Not clear

Not simulated

Not simulated

Soil moisture accounting is not
included. However, the
Evapotranspiration Package
simulates direct withdrawal of
groundwater from shallow watertable areas by phreatophytic
vegetation. Soil moisture accounting
is typically done as a preprocessing
step using separate software.
(Note: see the Farm Package
description in water use row).

Soil moisture accounting is
performed based on potential ET,
effective rainfall, applied water, and
soil moisture storage. Model allows
for non-uniform application of
applied water.

Calculated on basis of the degree-day Not simulated
using a method that requires
temperature, a degree-day factor
(mm snow/s/Co) and a threshold
melting point temperature
Not available for soil zone processes.
The ET component uses
meteorological and vegetative input
data to predict the total
evapotranspiration and net rainfall
amounts resulting from the processes
of: Interception of rainfall by the
canopy; Drainage from the canopy;
Evaporation from the canopy surface;
Evaporation from the soil surface;
Uptake of water by plant roots and its
transpiration.

The Soil Conservation Service
Included
methodology is used to simulate the
soil moisture accounting effective
precipitation; direct runoff;
infiltration; and deep percolation.
User enters monthly potential ET for
each crop or vegetation type. Model
allows for non-uniform application of
applied water.

Direct runoff is computed using the
NRCS rainfall-runoff relationship.

Simulates surface runoff from rainfall
and irrigation activities; requires user
specifying ET rate for simulated crops

Snowmelt
Runoff

Soil Moisture
Accounting

MIKESHE

Not included. A third-party program Not included.
can be used to simulate the flow in
the unsaturated zone. However, the
interaction between the unsaturaed
zone flow and the groundwater table
can not be simulated with third-party
programs. (Note: see the Farm
Package description in water use
row).

Described using a vertical flow model Two methods of one-dimensional
unsaturated flow simulation are
provided; one based on an analytical
solution and another based on a
numerical solution.

One-dimensional flow through the
Included
unsaturated system and the resulting
attenuation of recharge pulses is
simulated.

One-dimensional flow through
multiple layers of the unsaturated
system is simulated.

Unsaturated zone computation is
included in DYNSYSTEM.

Simulates GW flow to agricultural
drains when the elevation of the
water table is above the drain invert
elevation. If the water table is below
drain inverts, no drain flows occur.
Not included.

Not included.

Not included.

Simulates groundwater flow to
agricultural drains under various
field conditions.

Included

Simulates tile drains and subsurface
irrigation.

Not reported on DYNSYSTEM official
wet site

Not included.

The linear reservoir flow module
Not included.
includes: Linear reservoir flow
routing accounting for interflow and
baseflow components; dynamic
coupling with MIKE SHE’s
infiltration, evapotranspiration and
river models

Simulates diversions and reservoir
storage and releases.
Utilizes specified water rights,
physical data, and operational rules
for each reservoir to compute
diversions and reservoir releases

Not simulated

Not Included.

Not reported on DYNSYSTEM official
wet site

Not included.
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Model
Characteristics

Water Quality
Simulation

Model Name
MODFLOW

Editing Method

Documentation

References

WRIME, Inc.

FEMWATER/
FEMWASTE

IGSM

HYDROSPHERE

IWFM

DYNSYSTEM

The water quality simulation package
includes the following modules:
Advection-Dispersion Module;
Particle Tracking Module;
Sorption-Degradation Module;
Geochemistry Module;
Biodegradation

Simulates first-order contaminant
decay; Includes three adsorption
models--a linear isotherm, nonlinear
Freundlich, or Langmuir isotherm.

Simulation for advective and
Simulates non-reactive and reactive Not Included.
dispersion movement of water
chemical species transport in the
quality constituents, chemical
associated surface and subsurface
retardation and chemical decay;
flow field.
multilayered finite element technique; Simulates fluid and mass exchanges
Inclusion of a pseudoviscosity term to between fractures and matrix
minimize oscillation of water quality including matrix diffusion effects and
results; preservation of mass balance; solute advection in the matrix
Inclusion of special boundary
Chain-reactions of radionuclide
condition to handle seawater
components
intrusion;
Transformation of chemicals in the
soil zone including adsorption,
desorption, immobilization, and
mineralization.

Has a module called DYNCF T to
simulate fully coupled, 3-D flow and
transport, density-dependent flow
that allows effects of fluid density
gradients associated with solute
concentration gradients to be
incorporated, both variable and fixed
concentration sources of
contamination. Has a module called
DYNBIO, which is a fully 3dimensional computational model for
multiple constituent transport and
biodegradation, and simulates
advection, dispersion and adsorption
of contaminants.

Thickness of aquifers, transmissivity
and vertical hydraulic conductivities
of aquifers; stream/river bed
parameters.

Parameter estimation: Uses
information on the expected value
and variance of the expected value
for hydraulic conductivity, specific
storage, and specific yield, along with
information on measured groundwater levels and variance of
measurements to estimate max.
likelihood values of hydraulic
conductivity, specific storage, and
specific yield

Saturated zone can be divided into a
number of geologic layers; Vertical
discretization can follow or be chosen
independently of geologic layers; Soil
physical characteristics must be
specified; Vertical soil profiles
defined; Spatial distribution of soil
profiles

Data on the ranges of bulk density
for various geologic material; Treats
heterogeneous and anisotropic media
consisting of as many geologic
formations as desired.

Soil characteristics; Aquifer
parameters (Specific storage or
storage coefficient; Specific yield;
Horizontal hydraulic conductivity;
Vertical hydraulic conductivity or
leakance parameters).

Soil characteristics; Aquifer
parameters (Specific storage or
storage coefficient; Specific yield;
Horizontal hydraulic conductivity;
Vertical hydraulic conductivity or
leakance parameters).

Soil characteristics; Aquifer
parameters (Specific storage or
storage coefficient; Specific yield;
Horizontal hydraulic conductivity;
Vertical hydraulic conductivity or
leakance parameters).

Aquifer parameters. Soil
characteristics.

FORTRAN77

FORTRAN

Not indicated

FORTRAN77

FORTRAN

FORTRAN

FORTRAN

FORTRAN

Public Domain

A Public Domain code available from Licensed by the Danish Hydrologic
Institute (DHI).
USGS, however, most updated
features are available through specific
licensing requirements

Public Domain

Public domain, but not routinely
distributed by agencies and not
available from standard commercial
software vendors.

Probably public domain (contact
universities)

Public domain. Available from the
California DWR website.

Licensed by the Camp Dresser &
McKee Inc. (CDM)

Several powerful third-Party GUI
programs available for preparing
model input and viewing model
output.

Not Available

A GUI is provided for MIKE SHE
with a GIS environment.

Not Available

A GUI module called DYNPLOT
provides plan and cross-section view
of geographic data

ASCII-based data files, which can be
edited by any text editor.
Commercial preprocessing GUI
software automatically writes input
files but is more useful for timeindependent data (grid, boundary
locations, parameter zones, recharge
zones, well locations, etc) than for
transient data.
User Guide and documentation
available

ASCII-based data file, which can be
edited by any text editor

GUI-based editing routines, as well as ASCII-based data file, which can be
import/export options
edited by any text editor

A GUI for a recent version of IGSM is Not available. A tool is available for Not Available.
separately available.
developing the data and the model
grid. TECHPLOT ($1.5K) is used for
post-processing and data
visualization
ASCII-based data file, which can be Any text editor
ASCII-based input and output files
edited by any text editor
which can be edited by any text
editor.

User Guide and documentation
available

User Guide and documentation
available

User Guide and documentation
available

User Guide and documentation
available

User Guide and documentation
available

User Guide and documentation
available.

User Guide and documentation
available.

McDonald, M.G., A.W. Harbaugh,
1988. Techniques of Water-Resource
Investigations of the United States
Geological Survey: A Modular ThreeDimensional Finite Difference Groundwater Flow Model. US Geological
Survey.

Durbin, T.J., L.D. Bond, 1998.
FEMFLOW3D: A Finite-Element
Program for the Simulation of ThreeDimensional Aquifers. Version 1.0 , US
Geological Survey.

Danish Hydrological Institute, 1999.
MIKE SHE Users Manual Edition 1.2 .

Yeh, G.T., S. Sharp, B. Lester,
R.Strobl, J. Scarbrough, 1992.
3DFEMWATER/3DLEWASTE:
Numerical Codes For Delineating
Wellhead Protection Areas In
Agricultural Regions Based On The
Assimilative Capacity Criterion .
Environmental Research Laboratory,
US EPA.

Montgomery Watson, 1993.
Documentation and Users Manual for
Integrated Groundwater and Surface
Water Model (IGSM)

HydroSphere - A Fully ThreeDimensional Numerical Model
Describing Fully-integrated
Subsurface and Surface Flow and
Solute Transport
Laval University
Waterloo University

California DWR, 2003. Theoretical
Documentation and User's Manual for
Integrated Groundwater-Surface Water
Model.

DYNSYSTEM official site at:
http://www.dynsystem.com/

Availability

Graphical User
Interface

MIKESHE

MODFLOW output links seamlessly Not included.
to the MT3D solute transport model.
Transport parameters are input
directly to MT3D. MT3D is capable of
modeling advection in complex
steady-state and transient flow fields,
anisotropic dispersion, first-order
decay and production reactions, and
linear and nonlinear sorption.

Hydrogeologic
Parameters

Language

FEMFLOW3D
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MODFLOW

FEMFLOW3D

MIKE SHE

FEMWATER

IGSM

HYDROSPHERE

IWFM

DYNSYSTEM

Table 3.2 Comparison of available model codes relative to model selection criteria

1

Rainfall-runoff on tributary watersheds that feed streams and rivers crossing the groundwater
basin

No*

No*

Yes

No

Yes

Not known

Yes

Not Known

2

Rainfall-runoff from lands overlying the groundwater basin

No*

No*

Yes

No

Yes

Not known

Yes

Yes

3

Evaporation from open water surfaces

Yes (Lake
Package)

No

Yes

Not known

Yes

Not known

Yes

Not Known

4

Soil moisture budgets for lands overlying the groundwater basin, include evapotranspiration,
irrigation, soil moisture storage, and deep percolation

Yes (Farm
Package)

Yes

Yes

No

Yes

Not known

Yes

Yes

5

Irrigation demand based on crop type and current soil moisture and climate conditions

Yes (Farm
Package)

Yes

Yes

No

Yes

Not known

Yes

Yes

6

Deep percolation through the unsaturated zone

No*

No

Yes

Yes

Yes

Yes

Yes

Yes

7

Three-dimensional, saturated groundwater flow

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

8

Dynamic (head-dependent) interaction between surface water and groundwater flow, with
conservation of mass applied to both

Yes

Yes

Yes

No

Yes

Yes

Yes

Yes

9

Local reservoir operations, linked as appropriate to SWP/CVP reservoir operations models

No

No

No

No

Yes

No

No

No

No*

No*

No*

No

Yes

No

No

No

Yes (Farm
Package)

Yes

Yes

No*

Yes

No

Yes

Yes

Yes (Farm
Package)

No

Not Known

No*

Yes

Not known

Yes

Yes

13 Changes in water levels due to changes in hydrologic conditions and management actions

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

14 Changes in yield at individual wells due to changes in water levels

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Model Feature or Selection Criterion

10 Local reservoir operations in conjunction with the groundwater and surface water simulation

11

Changes in agricultural and urban water demand over a range of hydrologic conditions, from
wet to very dry

12 Changes in water supply availability

WRIME, Inc.
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FEMWATER

IGSM

HYDROSPHERE

IWFM

DYNSYSTEM

Yes

Not Known

Yes

No

Yes

Not Known

Not Known

Yes

Yes

Yes

Yes

Not Known

Yes

Yes

Yes

Yes

Not Known Not Known

No

No

No

Not Known

MIKE SHE

No

FEMFLOW3D

Yes

MODFLOW

No

No

No

Not Known

16 Increases in risk of subsidence during a critical drought

Yes

Yes

Not Known Not Known

17 Changes in the stream-aquifer interaction

Yes

Yes

Yes

18 Changes in downstream flow regimes due to modified stream-aquifer interaction

Yes

Not Known

Yes

19 Changes in flood risk due to changing hydrologic conditions

No

No

Model Feature or Selection Criterion

15

Impacts on wetlands or phreatophytic riparian vegetation by lowering or raising groundwater
levels

20

Changes in frequency and duration of flood flows and their impacts on riparian and wetland
habitats

No

No

No

No

No

No

No

Not Known

21

Changes in the infiltration of groundwater contaminants from the soil surface (e.g. by
increased inundation or irrigation of agricultural fields)

No

Yes

Yes

No

Yes

Yes

No

Yes

Yes

Not Known

Yes

No

Yes

Yes

No

Yes

Yes

Not Known

Yes

No

Yes

Yes

No

Yes

24 Changes in the economic viability of agriculture

No

Limited

Limited

No

Yes

No

No

Not Known

25 Changes in hydrologic systems due to land development or population growth

No

Limited

Limited

No

Yes

No

Yes

Yes

GW Only

Limited

Limited

GW Only

Yes

Yes

Yes

Not Known

Yes

Yes

Yes

Limited

Yes

Yes

In progress

Yes

22 Changes in the rate and direction of any known groundwater contamination plume

23

Changes in long-term concentrations of dissolved solids or particular solutes of concern in
groundwater

26 Changes in estimates of water supply reliability by post-processing model results

27
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The model has had thorough scientific peer-review for technical accuracy and a successful
history of accurate results in a wide range of applications.
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IWFM

DYNSYSTEM

MIKE SHE

HYDROSPHERE

Yes

IGSM

The model code is public domain software and can be readily obtained from a public agency
or from standard technical software vendors.

Public
Proprietary
domain but
but readily
limited
available
availability

FEMWATER

28

FEMFLOW3D

MODFLOW

Model Feature or Selection Criterion

Yes

Public
domain but
not yet
readily
available

Yes

Yes

Maintained
by CDM

Yes

Yes

By CDM

The model code and documentation are supported by a public agency, institute or easily
29
identifiable and accessible private firm in the event that problems are discovered in the code.

Yes

Limited

Yes

Limited

DWR is
assuming
this role

A graphical user interface is available to assist in preparing spatial datasets (parameter zones,
30 land use zones, well locations, water district boundaries, etc.) and for postprocessing model
results.

Yes

No

Yes

Yes

Limited

No

No

Yes

31 An automated preprocessor is available for prorating land use zones to model cells.

No*

Not known

Yes

Not known

3rd party
add-on

No

No

Yes

Yes

No

Yes

Yes

No

Yes

No

Yes

Yes

Limited

Yes

Yes

Yes

Yes

Yes

Yes

GW Budget
Only

Limited

Yes

GW Budget
Only

Yes

No

Yes

Not Known

No*

Yes

Limited

No*

Yes

No

Yes

Yes

Limited

Limited

Limited

No

Yes

Yes

Yes

Not Known

Yes;
MODFLOW
2000

Yes

Limited

No

Yes

Yes

Yes

Not Known

Limited

Limited

Yes

Limited

Yes

Yes

Yes

Not Known

32

An automated preprocessor is available that allows the model grid to be easily constructed and
modified.

33 Plotting hydrographs and contour maps of simulated water levels is easy.

34

Tabulating water budgets for user-specified subareas within the model or for different
hydrologic sub-systems (groundwater, soil zone, specific surface waterways) is easy.

35

Groundwater recharge contributions from operation of irrigation and surface water delivery
projects can be easily tabulated.

36 The model is able to quantify induced seepage by wells near surface water bodies.

37 The model can evaluate groundwater storage capacity and banking potential for any subarea.

38

The types and structure of model input variables readily allow simulation of a wide range of
water management strategies.

* These features can be simulated using third-party and custom-written programs and input into the groundwater model
** Other reservoir operation models such as HEC-5 can be used in conjunction with these groundwater models
WRIME, Inc.
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Groundwater flow and interactions between surface water and groundwater will be central to
any water management scenario for the Kings Basin. Also, the formulation and solution of the
equations describing groundwater flow (and transport) requires very sophisticated
mathematics and programming and would be the most difficult part of the hydrologic model to
customize for the Kings Basin. Thus, it is reasonable to begin by selecting a hydrologic model
that simulates a large part of the hydrologic system and meets most of the selection criteria.

IGSM SELECTION
On the basis of the required model criteria and features identified in previous sections and the
review of the available models by the Technical Analysis and Data Work Group, the Integrated
Groundwater Surface water Model (IGSM) was selected as the model to be used for the Kings
Basin IRWMP. IGSM was selected, because it is
n

Capable of meeting the three main modeling objectives,

n

Capable of simulating both the surface water and groundwater systems and their
interactions,

n

Easily modifiable to accommodate relevant features that may be needed for
evaluation of the IRWMP projects, and

n

A non-proprietary model.

Other capabilities of IGSM are listed in Table 3.1 and Table 3.2. Additionally, the project team
members are familiar with the IGSM, which will ensure successful model development and
application in a timely and cost effective manner.

DESCRIPTION OF IGSM
The IGSM is a comprehensive hydrologic model that simulates both surface water and
groundwater flow systems, including the land surface processes, such as crop consumptive use.
Originally developed by researchers at the University of California at Los Angeles (UCLA) in
the late 1970s, IGSM has been upgraded to a state-of-the-art comprehensive hydrologic model
through numerous project applications in California, other states in the U.S.A., and in Europe.
The latest version of IGSM is Version 6.0, which was completed in 2002.
IGSM, as a water resources management and planning model, simulates groundwater, surface
water, and groundwater-surface water interaction. It is capable of simulating the water
demand as a function of different land use and crop types, and comparing it to the historical or
projected amount of water supply. Vertical movement of the soil moisture through the root
zone and the unsaturated zone between the root zone and the saturated zone can also be
simulated.
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The key features of the IGSM are:
Groundwater Flow Simulation;
Stream Flow Simulation;
Rainfall Runoff Simulation;
Soil Moisture Accounting;
Unsaturated Flow Simulation;
Stream-Aquifer Interaction;
Land Use, Water Use and Supply Analysis;
Crop Consumptive Use Computation;
Lake Simulation;
Reservoir Operation;
Land Subsidence;
Water Quality Simulation; and
Multiple IGSM (adjacent area) linkage and dynamic simulation.
The IGSM is a modeling tool that includes numerous options and algorithms for implementing
these model features. The groundwater flow simulation is incorporated through a finite
element quasi-three-dimensional model that is capable of simulating multiple aquifer layers.
Stream flow is simulated using a mass balance accounting method with appropriate algorithms
for stream aquifer interactions. The rainfall/runoff simulation of the IGSM includes algorithms
for hydrologic analysis of rainfall runoff, infiltration, percolation, and evapotranspiration. To
integrate the surface and groundwater flow simulations, the IGSM utilizes soil moisture
accounting and unsaturated flow simulation. The crop consumptive module computes the
consumptive use of applied water on the basis of regional land use, evapotranspiration rates,
minimum soil moisture requirements, and irrigation efficiencies.
IGSM model has been successfully applied in numerous basins in California and other states, as
shown in Figure 3.3 and Table 3.3.
It should be noted that the model development for the Kings Basin IRWMP will only consist of
flow simulation at this stage. There will be no land subsidence or water quality simulation
component in this phase of model development.
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Figure 3.3 IGSM applications in California
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Table 3.3 IGSM applications during 1982-2003
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MODEL DATA MANAGEMENT PLAN
The purpose of the model data management plan is to establish a process for managing large
volume of different types of model related data. The following goals are identified for the
Model Data Management:
n

To support the ongoing studies/projects related with the Kings IRWMP;

n

To improve the efficiency and effectiveness of the model development efforts for
data collection, sharing, and access;

n

To streamline the storage and retrieval of model input/output files used in
calibration, baseline, and alternatives analysis;

n

To prioritize data that are necessary for model development;

n

To streamline data documentation through a standardized process;

n

To provide easy access to all available model data; and

n

To ensure data quality and integrity.

There are many benefits of a systematic data management plan. The benefits include:
n

Improves data collection, processing, and documentation process;

n

Assists in identifying data gaps and needs;

n

Provides information to all project participants about the location, status, and
source of data;

n

Supports data collection processes for future efforts;

n

Facilitates data retrieval, verification, and evaluation; and

n

Documents sources of raw data and data processing steps taken to prepare the
input data for the model.

A series of actions are identified to meet the data management goals listed above. These actions
provide guideline for managing the data during the model development process.
n

Identify data needs for different components of the project;

n

Identify currently available data (format, source, location, status);

n

Create, update, and maintain data inventory on a routine basis;

n

Focus only on those data that are necessary for the project;

n

Develop and document methodology for estimating missing data;

n

Identify data sources and determine contact persons to obtain data from; make a
list of all contact persons;
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n

Establish data formats for the project that are compatible with other project
components;

n

Select a data documentation method;

n

Save the original data in the original format; if conversion is made, follow the
default formats for the project;

n

Define default scale of all the maps that will be generated as part of the project;

n

Document the data flow – from the source format and content through every
step of the data processing (a Data Flow diagram);

n

Establish a quality control process and rules of documentation of the quality
control process (summary graphs and tables, check for outliers, documentation
of professional judgment);

n

Store metadata (data about data, data background, assumptions, equipment
used, and other special information);

n

Establish file name convention and directory structure; and

n

Establish default standards or preferred formats for different types of data and
documents.

A logical computer directory structure will be followed to enable organization and storage of
electronic documents. All data will be stored in the Kings Model Directory on the project
directory network drive. Subdirectories will include both a document library and a data library.
Beyond these subdirectories, there is no universally accepted method of defining data
categories, and the rest of the directory structure will be created based on the type of data that
needs to be stored. Directory names will follow a logical pattern that will allow multiple users
to locate desired data files with ease. File names will also follow a consistent and logical
convention. Paper documents will be filed in 3-ring binders according to the same hierarchy as
the electronic documents. Larger paper reports will be shelved or kept in file cabinets.
WRIME is also conducting other project tasks in the Kings Basin aside from modeling, which
also use substantial amounts of data. Therefore, the Kings Basin data management will include
a coordinated plan to ensure the consistency of the model data management plan with other
ongoing projects and tasks.

MODEL DATA AVAILABILITY
Modeling of the Kings Basin requires detailed data for model development, calibration, and
alternative analysis. Table 3.4 summarizes a description of the types as well as key sources of
the Kings Basin model related data. A bibliography of model related reports is presented in
Section 5 – Bibliography. Copies of these reports have been obtained by WRIME as part of this
task. The bibliography will be maintained during the model development process.
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Table 3.4 Kings Basin model related data
Data Type

Availability (Sources)

Maps, GIS Data

California Spatial Information Library, Originator:
USBR & USGS

Topography

USGS Geographic Data Download, Sure Raster Maps,
California Spatial information Library

Districts and Boundaries
Maps

California Spatial Information Library, Originator:
USBR; gis.ca.gov
KRCD
KRCD

KRCD Boundaries
Water Management Areas A, B, C
Water Management Areas A, A1, A2, B, B1,
WRIME, 2005
C, C1
City Boundaries
KRCD
County Boundaries
California Spatial Information Library, Originator: CDF
Land Use
Aerial Photos
Maps
LAFCO maps
Public Land Survey System Grid
GIS & CAD Data (Roads, etc)
Agricultural Water Use
Crop Acreage
Crop Map
Water Demand
Rooting Depth

DWR Division of Planning and Local Assistance Land
& Water Use Database
California Spatial Information Library Originator:
CaSIL, KRCD through Airphoto USA; http://casilmirror1.ceres.ca.gov/casil/usgs.gov
DWR Division of Planning and Local Assistance Land
& Water Use Database
Only for Fresno county.
California Spatial Information Library, Originator:
DWR
California Spatial Information Library, Originator: Tiger
2000 Transportation Layer
County Ag Commission (only last five years)
DWR
KRCD (Basin Assessment Report)

Irrigation Efficiency

Applied Water Tables & Consumptive Use Tables
(Basin Assessment Report, WRIME, 2003)

Agricultural Water Demand

Groundwater Management Plan (WRIME 2005), Land
Use Maps, Kings BAR (WRIME 2003)

Urban Water Use

1994 Fresno Water Resources Management Plan, 2000
Clovis UWMP, other estimates in BAR & GWMP

Groundwater

Pumping Wells Locations

Estimates Calculated from BAR based on water demand
and surface water delivery
Being collected through local agency coordination

Monitoring Wells Locations + GW Levels

DWR Water Data Library (1900 wells)

Agricultural Pumping
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Data Type
Well Logs (Capacity, Screening Interval)
Groundwater Contour Maps
Groundwater Basins
Recharge
Artificial Locations and Rates

Availability (Sources)
DWR, San Joaquin District
KRCD, Groundwater Report 2000
California Spatial Information Library, Originator:
DWR Bulletin 118; gis.ca.gov
KRCD, BAR

Hydrogeology
Aquifer Properties (Conductivity,
Transmissivity, SY, etc)

DWR, KRCD, USGS Paper 1469, SY Contours in KRCD
2000 Groundwater Report

Geology (Faults, Cross-Sections, Surface
Geology, Clay Layers, etc)

USGS Water Resources Investigation 77-59, KRCD,
Kings BAR, Croft (USGS, 1969)

Surface water

KRWA Water Master Reports

Water Rights

SWRCB Water Rights Information Management
System, KRWA, Irrigation Districts

Water Delivery
Rivers
Cross-sections
Stream Gaging Stations
Stream Flow
Diversions
Reservoirs
Releases
Operational Rules
Levels
Canals
Canal Locations
Canal Flow Rates
Canal Capacity
Meteorologic Data
Rainfall Gauging Stations
Precipitation Time Series Data
ET

KRWA Water Master Reports
Previous Models, USGS, KRWA
USGS NWISWeb Data, CIMIS
DWR CDEC, USGS, NWISWeb Data, KRWA
KRCD for locations, KRWA for flow, P&P for
Diversion Data
KRWA, USGS, CDEC
Corps Reservoir Regulation Manual
NWISWeb Data, CDEC, US Army COE, Sacramento
District Water Control Data System
State shape files for location of canals in the model area
Water Districts and Ditch Companies
Water Districts and Ditch Companies
NOAA, CIMIS (10 - 20 gages)
CIMIS, UC Integrated Pest Management Program
Weather Database.
CIMIS

Soils
Soil Maps
Runoff Curve Number
Hydrologic Soil Groups

SSURGO
NEH-4
USDA NRCS SSURGO database

Water Quality
Recycled Water Use Locations & Rates

Different Reports/City, County, Regional Districts

Key constituents (Maps, Concentrations)

California Water Quality Monitoring Database

Miscellaneous
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Data Type
Legal/Institutional
County Ordinances
State and Federal Law
References
Annual Reports
Studies/Investigation
Water Management Plans
General Plans for Cities & Counties

Availability (Sources)
Fresno County Ordinance
State Webpage
KRCD
USGS, DWR, KRCD, Local Agencies, Contractors
Being collected through local agency coordination
Being collected through local agency coordination
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In addition, WRIME staff will be working with representatives from cities, counties, local water
districts and canal companies, primary stakeholders, and members of the Kings Basin
agricultural community to obtain local groundwater, hydrologic, and other model related data
for the region. The project team will contact the local districts and their engineers to inventory
and obtain infrastructure data, maps, and prior technical studies that contain key data necessary
for modeling. Many of the local water districts and canal companies have limited staff and rely
on engineering support from private firms to maintain infrastructure maps and data on existing
facilities and operations. The WRIME team will also contact the local engineering firms to
obtain digital and/or hard copy maps of facilities, operations data, or other technical studies
and reports that may have been prepared.

MODEL DOCUMENTATION AND RECORD-KEEPING PLAN
A key element of Kings Basin modeling strategy is good record-keeping for all aspects of model
development from data collection to calibration and application. This will provide an objective
basis for evaluating the validity and soundness of the model, which will become a crucial issue
during the implementation phase of the water management projects of the IRWMP.
The purpose of the documentation/record-keeping plan is to establish a standard procedure
that would allow tracking of data that is collected for the Kings Basin modeling, including
model assumptions, technical memoranda, modeling notes, etc. As documents and data are
obtained and filed, a catalogue of all documents will be maintained in an Excel file.

MODEL DEVELOPMENT METHODOLOGY
Development of an integrated hydrologic model is a complex process and generally involves
several major steps (Figure 3.4). The steps of model development, from determining the need
for model development to utilizing the developed model, are explained below.

Figure 3.4 Steps of model development

The first step in model development is to determine modeling need, which includes what type
of questions are needed to be answered by a model, and what are the benefits and costs for
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developing a model for the hydrologic system of interest. This leads to the determination of the
modeling objectives and selection of the model.
These initial steps of the model development are presented in previous sections. This section
presents the remaining steps of model development.

BUILD MODEL
Building a model is an intensive and iterative process involving numerous steps. The key steps
in the model building are:
n

Data collection and analysis,

n

Conceptual model development, and

n

Mathematical model development.

Data Collection and Analysis
Model development is normally a very data-intensive process and requires many time series
and physical characteristics data. The following is a list of typical data needed for development
of an integrated hydrologic model.
n

Precipitation,

n

Stream flow,

n

Surface water diversions,

n

Reservoir operation rules,

n

Groundwater pumping,

n

Groundwater level,

n

Land use,

n

Aquifer properties,

n

Geology, and

n

Soil hydrologic properties.

A data inventory for the Kings Basin integrated hydrologic model was presented in a previous
section of this technical memorandum. Analysis of the collected data will help understand the
hydrogeologic system and identify the quality and quantity of the data, and the possible
missing data.
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Conceptual Model Development
A conceptual model is a simplified view of the complex hydrologic system being modeled. It
includes a limited number of simplified geologic layers (Figure 3.5) that represent the complex
geology of the basin. The complex hydrologic processes are simplified into fewer and simpler
ones. The location, type, and flow rates at the model boundary are also included in the
conceptual model. A hydrologic budget depicting the rates and volumes of the hydrologic
components is usually included in the conceptual model. When completed, the conceptual
model (Figure 3.6) will be used as a blueprint for building the integrated hydrologic model.

Figure 3.5 Example of a geologic cross section (Glenn County)

Figure 3.6 Example of a conceptual model

41

Modeling Objectives and Strategy

Mathematical Model Development
Once a conceptual model is developed and the hydrologic processes to be included in the model
are finalized, the next step is to build the mathematical model that will be used as a tool for
Kings Basin water resources management projects.
An important step in developing a mathematical model is to develop the model grid network
and divide the study area into smaller cells or elements. An example of the hydrologic study
area from Stony Creek in the Sacramento Valley and the corresponding model grid is shown in
Figures 3.7 and 3.8, respectively. The model grid could be finer in the areas of interest such as
pumping centers and coarser at other locations.

Figure 3.7 Example of a study area
(Glenn County)

Figure 3.8 Model representation of the
example study area (Glenn County)
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Besides horizontally dividing the model area into elements/cells and subregions, the aquifer
layers are also developed based on understanding of stratigraphy and the level of detail of the
modeling need. In addition, the boundary conditions of the model area must be specified for a
numerical model.

MODEL CALIBRATION
Model calibration is a process of matching the simulated data, such as groundwater levels, to
the measured values. Calibration is achieved by changing the model parameters within an
acceptable range of possible values. A perfect match between simulated and measured values
is not possible due to incomplete input data files, measurement errors, and simplification of
complex hydrologic processes. However, a range of calibration targets or goals such as a
difference between observed and simulated water levels could be established for each
calibration point. When simulated groundwater level is within the specified calibration target
in most of the wells, the model is considered calibrated. The geographic distribution of the
model deviations from the observed data is important to determine the need for more data
and/or field investigations. Most hydrologic models are calibrated for local groundwater
levels, basin-wide groundwater levels, stream flows, or water budgets.
One should note that the purpose of calibration is to evaluate the empirical adequacy of the
model in representing a physical system and to corroborate scientific hypotheses that are
already established through other means. Calibration, by confirming historic observations,
increases the probability that the model represents the physical environment and is not flawed
in any obvious manner.
A systematic approach to model calibration generally includes the establishment of calibration
targets and criteria, the identification of calibration parameters, and the quantitative and
qualitative comparisons between model simulations and observations.

Calibration Targets and Criteria
Calibration targets and criteria should be established before any simulation begins.
Groundwater head and flow rate are usually targeted in the calibration of groundwater model.
The calibration criteria should be set based on the degree of accuracy proposed for a particular
model application such that a calibrated model is suitable for the purposes of the project.
Residuals (the difference between simulated and observed values) and residual statistics are
often used to set the calibration criteria. One example of calibration criteria may be that the
absolute value of a residual mean for groundwater heads of all model nodes is not larger than
10 feet 70% of the time.
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Calibration Parameters
Identifying calibration parameters and starting with the possible range of values of those
parameters based on best known information and professional experience are very important
for a calibration to be realistically representative of the physical environment. Calibration
parameters are groups of hydraulic properties or boundary conditions whose values are
adjusted as a group during the calibration process. Examples of calibration parameters could be
horizontal and vertical hydraulic conductivities, storage coefficient, specific yield, hydraulic
conductivity and thickness of streambed silt deposits, and boundary flux into an area of
interest.
Adequate research on lithology, stratigraphy, and aquifer tests is needed on the calibration
parameters such that the ranges of possible realistic values of these parameters could be
developed. While the calibration parameters are usually heterogeneous in the study area,
homogeneity of a parameter in a sub-area is often obtainable. As a practical manner, zones of
similar values of calibration parameters may be identified and grouped.

Quantitative and Qualitative Comparisons
Quantitative and qualitative comparison of model simulations with observations and
conceptual understandings is an important part of model calibration. A quantitative
comparison provides a means to numerically check against the calibration criteria, and a
qualitative comparison provides a way to analytically verify against the conceptual model.
Quantitative and qualitative comparisons between simulations and observations are both
essential in achieving a successfully calibrated model. The following describes the quantitative
techniques and qualitative considerations often used in the model calibration.
Quantitative techniques
Quantitative techniques for comparing simulations with observations include calculating
piezometric head residuals and residual statistics, as well as assessing correlation among head
residuals.
Residual
Piezometric head residual is the difference between a computed head and a measured head:

ri = hi − H i
Where:
ri is the residual at point i,
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H i is the measured head at point i,
hi is the computed head at the approximate location where H i was measured.
A positive residual means an over simulation and a negative residual means an under
simulation. Of two model runs, the one with the maximum and minimum residuals closest to
zero has a better degree of correspondence, with regard to this criterion.
Residual Histogram
Residual histogram gives an overall representation of simulation accuracy by plotting the
distribution of residual statistics (frequency or percentage occurrence) at a certain interval
against the interval measures (Figure 3.9). The abscissa (horizontal axis) is the interval
measures, and the ordinate (vertical axis) is the percentage (or frequency) of the computed
points whose residuals fall within a certain interval. An ideally calibrated model should
produce a histogram that has high percentage (or frequency) falling within intervals close to the
zero value. A skewed distribution in residual histogram indicates either a systematic over
simulation (if skewed to the positive side) or a systematic under simulation (if skewed to the
negative side). Figure 3.9 provides an example of residual histogram in which 93% of residuals
is between –20 to 20 feet.
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Percent of Total Number of Residuals per Interval

80% of Residuals between -10 to 10 feet
93% of Residuals between -20 to 20 feet
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Figure 3.9 Histogram of residuals between simulated and observed
groundwater levels for entire model area.
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Residual Mean
Residual mean is the arithmetic mean of the residuals computed for a given simulation:
n

R=

∑r
i =1

i

n

where, R is the residual mean and n is the number of residuals. The mean may be for all
groundwater nodes in the entire model area, or for groundwater nodes at certain model layer in
certain sub-region of the model area. Of two model runs, the one with the residual mean closest
to zero has a better degree of correspondence, with regard to this criterion.
Standard Deviation of Residuals
The standard deviation of residuals gives a measure of the amount of spread of the residuals
about the residual mean, and is expressed as:
1/ 2
 n
2
 ∑ (ri − R) 


s =  i =1

 (n − 1) 



where s is the standard deviation of residuals. Smaller values of the standard deviation indicate
the better degrees of correspondence than larger values.
Scattergram
A scattergram is a plot of points with measured heads on the abscissa and the computed heads
on the ordinate. It is used to display and detect trends in deviations. Given the same scales on
both horizontal axis and vertical axis, points along the line of zero intercept and 45° angle
indicate a perfect match between simulations and observations. Generally, the smaller the
degree of scatter about this line, the better the simulation. However, an ideally calibrated
model should not produce a scattergram, which has densely grouped points above or below the
line. The Figure 3.10, for example, indicates that the model simulates relatively good when
streamflow rates are larger than about 50 cubic feet per second (cfs) but it over simulates when
streamflow rates are smaller than 50 cfs.
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Figure 3.10 Scatterplot of streamflow at a sample gage

Temporal Correlation
For transient simulations, plotting residuals at a single point versus time helps identify
temporal trends. Temporal correlations in residuals can indicate the need to refine input
aquifer properties or initial conditions. For example, for a single point and over the entire
simulation period, a systematically under simulation for high heads and over simulation for
low heads indicates that the aquifer storativity might be larger than the actual value in the field.
Figures 3.11 and 3.12 provide an example of temporal comparison between simulations and
observations. Figure 3.11 shows that the model is capable of simulating both the seasonal trend,
the head variation for springs and falls, and long term trend, the drought (1977) and wet (1983)
events. The model has relatively large residuals in the early simulation period (before 1974)
based on Figure 3.12.
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Figure 3.11 Sample temporal comparison between simulated and observed groundwater
levels
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Figure 3.12 Sample temporal residuals
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Qualitative considerations
The qualitative considerations in groundwater modeling may be associated with the general
flow features, the reasonable range of hydraulic properties for the physical hydrogeologic
system at the scale of the model or model cells, and the distinct hydrologic conditions.
The simulated overall pattern of flow directions and temporal variations in the model should
correspond with those at the site. For example, if there is a mound or depression in the
piezometric surface at the site, then the modeled contours should also indicate a mound or
depression in approximately the same area.
A quantitatively calibrated model may meet the calibration criteria (e.g. with residual mean of
groundwater heads less than 10 feet 70% of the time), but it may sometimes be achieved using
unrealistic aquifer properties. Thus, a qualitative check on the degree of correspondence
between a simulation and the physical hydrogeologic system is necessary.
Qualitative understanding of the hydrogeologic system can help minimize the possibility of
unrealistic representation of aquifer hydraulic properties. For example, a quantitatively
calibrated model might simulate a substantial amount of flow across a clay layer. However, a
water quality sample test for water beneath the clay layer indicates the water has been intact for
more than 1,000 years. Thus, the vertical hydraulic conductivity or leakance should be
reviewed in this regard.
The number of distinct hydrologic conditions that a given set of input aquifer properties is
capable of representing is an important qualitative measure of the performance of a model. A
model capable of matching different hydrologic conditions is less likely to unrealistically
represent the physical environment than one calibrated only for unique hydrologic condition.
Different hydrologic conditions include, but not limited to, high and low recharge; conditions
before and after pumping or installation of a cutoff wall or cap; and high and low tides, flood
stages for adjoining surface waters, or installation of drains.

SENSITIVITY ANALYSIS
After calibration the model is further tested to see which of the key variables have the greatest
effect on how well the model represents the physical system. Sensitivity analysis is conducted
to determine the degree of uncertainty in the various parts of the model and to help establish
confidence in the model input data and the modeling results. The purpose is to test the areas
where assumptions were made and where the data was estimated when field observations or
data were not available. Sensitivity analysis involves changes to some of the important
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variables to observe how the changes affect the calibrated model. In general, a sensitivity
analysis of a model is performed to:
n

Test the robustness and stability of the model by establishing tolerance within
which the model parameters can vary without significantly changing the model
results;

n

Understand the impact of inaccuracies in input data on model results (e.g. how
model results can change due to a 10% error in the estimation of agricultural
pumping); and

n

Develop an understanding of the relative sensitivity of the components of the
hydrologic cycle and data, so that an effective data collection and monitoring
plan can be developed.

Identification of variable model inputs
The model inputs chosen for sensitivity analysis should be those that are uncertain yet likely to
affect computed hydraulic heads and groundwater flow rates of the calibration. When
changing input values, it is practical to assemble model input into meaningful groups for
variation rather than changing them at a single node or element. For example, a groundwater
model was developed to evaluate the effect of a groundwater pumping performed in one
groundwater basin on groundwater levels and flows in an adjacent groundwater basin. The
hydraulic conductivity values along the boundary or transition areas between the two
groundwater basins may be grouped and varied for the sensitivity analysis.

Execution of simulations
When performing sensitivity simulations, a modeler should decide the range over which to
vary the input values and the intervals of input values within the range. The goal is to have
least simulation runs (thus least resource expense) but a sufficient coverage of the variations so
that the sensitivity features of the model to input values are identified.

Graphing results
Similar to calibration, results of sensitivity analysis need to be presented in terms of a welldefined measure or metric. Two simple metrics for expressing the sensitivity of a model to
parameters or to independent variables are given below as examples. The degrees of variation
of these metrics with changes in parameters or independent variables are used as indicators of
sensitivity of a model.
n

Average groundwater elevation over a model area, subregion, or a water district
( H ). This average can be taken over all model nodes (i.e., point locations where

50

Modeling Objectives and Strategy

groundwater elevations are calculated) within the area across all layers and over
the entire time period of simulation. This can be mathematically expressed as:

H=

where,

and:

1
M

Hk =

1
N

M

∑H
k =1

k

1 L 
 ∑ hj 
∑
i =1  L j =1
i
N

H is the average groundwater elevation
M is the total number of simulation months
Hk is the average head in the model area at k-th time step
N is the number of model nodes
L is the number of layers in an aquifer
hj is the groundwater elevation at layer j at node i at k-th time step

n

Average root mean square (RMS) error at the calibration wells defined as the
average of the individual RMS errors at each calibration well. This can be
mathematically expressed as:

1
RMS = 
N

N

∑  h
i =1

o
i

2
− his  


Where: N is the number of observations at all calibration wells;
hio is the observed groundwater elevation at month i; and

his is the simulated groundwater elevation at month i.
When processing simulation results in the sensitivity analysis, the residuals are calculated as the
difference between a value based on varied input (parameter) and the one based on the
calibrated parameter. For each set of sensitivity simulations with regard to an input, a graph is
developed where the abscissa is for the varied input and the ordinate is for the residuals relative
to the calibrated parameters. The ordinate may also be the residual statistics, mean, maximum,
minimum, and RMS.
Figures 3.13 and 3.14 present the sensitivity of average groundwater heads to the hydraulic
conductivity in model layer one (K1), and to the leakance between layer one and layer two (L2),
respectively. When the inputs of K1 and L2 varied from 0.1 to 10 of the calibrated values, the
average groundwater heads increased from –15 to 13 feet and from –6.5 to 4 feet, respectively.
The model results are more sensitive to the K1 than to the L2 in this case.
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Figure 3.13 Sensitivity of model results to hydraulic conductivity in Layer 1
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Figure 3.14 Sensitivity of model results to leakance between Layer 1 and Layer 2
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Figures 3.15 and 3.16 show the same sensitivity concept as in Figures 3.13 and 3.14 but use
average RMS error instead of average groundwater heads as the ordinate. The figures indicate
that the calibrated values produce the least RMS error and the model results are more sensitive
to the K1 than to the L2 (the RMS error varied less to the changes in L2).

UTILIZE MODEL
After a model has been calibrated and tested through the sensitivity analysis, it will be used for
analysis and comparison of future events or projects, e.g., evaluation of the impacts of a
proposed project and assessment of the effectiveness of a mitigation plan upon the
implementation of a proposed project.
Three key uses of the model could be (Figure 3.17):
n

Long Term Planning: A model can be used as a tool to assess the hydrologic
responses to different planning scenarios;

n

Short Term Planning/Operational: A model can be used to estimate system
operations using short term predictive runs or to develop monitoring programs
for water measurements;

n

System Behavior Study: A model can be used to enhance understanding of the
physical system response characteristics as well as formulating alternatives
management scenarios.

However, it should be noted that the use of the IGSM in Kings Basin would be limited to longterm planning to comparatively study alternative water management strategies of the IRWMP.
The approach for conducting the alternative analysis includes the following two steps:
1. Using calibrated and sensitivity analysis tested model as the starting point for the
development of the baseline model and setting the baseline model as the reference
frame for comparison of all alternatives, and
2. Developing alternative models based upon the baseline model and comparing
results of alternative model with that of the baseline model.
A baseline model is a revised version of the calibrated model with the following changes in
input data: (a) the future land and water use conditions (such as 2030 build out conditions)
replace the historic land and water use data; and (b) the surrogate for the future hydrology is a
long sequence of historically observed hydrology. This baseline model provides the reference
frame for comparison of all alternatives.
Alternatives models are different variations of the baseline model with different alternative
scenarios of land and water use conditions. The results of these models are used to determine
the comparative impacts of different alternatives with reference to the baseline model results.
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Figure 3.15 Sensitivity of water levels at calibration wells to hydraulic conductivity
in Layer 1
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Figure 3.16 Sensitivity of water levels at calibration wells to leakance between Layer 1 and
Layer 2
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Figure 3.17 Different Uses of the Model
Impacts of a scenario can be analyzed for the following areas:
n

Regional and local groundwater levels;

n

Regional and local groundwater flow rates;

n

Groundwater storage;

n

Streamflows; and

n

Stream-aquifer interaction.

Figure 3.18 represents the alternative analysis for groundwater levels of a local monitoring well
in response to nearby groundwater pumping and recharge operation. The groundwater head
drawdown was calculated as the difference between head of an alternative and that of the
baseline condition. As shown in Figure 3.18, the groundwater pumping and recharge
operations were applied to the model (Alternative 1) and a mitigation schedule (applying local
recharge when there is pumping) in conjunction with the Alternative 1 was applied to the
model (Alternative 2). It clearly presents the impact of a remote groundwater pumping on
lowering local groundwater levels, as well as the extent of groundwater levels recovery that can
be achieved by local recharge operations.
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Figure 3.18 Groundwater head drawdown relative to baseline for alternatives
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SECTION 4

SUMMARY

An integrated hydrologic model that is capable of representing the Kings Basin hydrology and
water management facilities would assist the Water Forum in addressing important technical
and policy questions during development of the IRWMP. An integrated hydrologic modeling
tool will support comparison of alternatives, determination of project feasibility, evaluation of
project benefits and impacts, cost allocation, procurement of permits and project approvals, and
selection and sizing of facilities. An integrated hydrologic model will provide long-term
benefits by providing an analysis tool that can be improved over time as additional data are
obtained.
The modeling goals, objectives, and strategy for the Kings Basin integrated hydrologic model
were developed through interviews and discussions with the Water Forum and Technical
Analysis and Data Work Group members. A list of required model features and capabilities
were developed on the basis of modeling objectives and needs. The Integrated Groundwater
Surface water Model (IGSM) was selected for the Kings Basin IRWMP on the basis of the model
features and capabilities. The principal advantage of IGSM is its built-in capability to simulate
many aspects of the hydrologic system, including land use and joint operation of surface water
and groundwater resources. A systematic process of model development and utilization is
presented in this technical memorandum along with a discussion on the potential uses and
limitations of the model. A model area that includes the Kings Basin and KRCD Divisions 1 to 4
is suggested for Kings Basin integrated hydrologic model. The simulation period will cover
1964 to 2004 period.
Through the Water Forum, local decision makers and the public will be kept informed
throughout the model development process so that model results are trusted and can be used to
support important decisions and management actions on water supply projects.
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