Guidance for determining applicability of the USGS GSFLOW and OWHM models

for hydrologic simulation and analysis
Summary

Over the past decade the U.S. Geological Survey (USGS) has developed two numerical codes
that include advanced capabilities for simulation of groundwater and surface-water systems—
the coupled Groundwater and Surface-water FLOW model (GSFLOW) model and the One-Water
Hydrologic Flow Model (OWHM). Both codes are referred to as ‘integrated hydrologic models’
and both are based on MODFLOW-2005 and MODFLOW-NWT. Although the two codes have
many similar capabilities, and can meet similar needs in some cases, there are important
differences in the functionality, applicability, development history, and user support between
the codes that may make them better suited to particular hydrologic settings or water-
management issues. This guidance document describes key similarities and differences
between the two codes as they relate to coupled groundwater/surface-water/landscape
processes and water-resources management, and provides examples of the types of water-
resource issues to which the codes have been applied. The following items summarize the
discussion provided in the document:

e GSFLOW is a coupled groundwater/surface-water model based on MODFLOW and the
PRMS watershed-modeling system. The coupled model represents three inter-connected
regions and associated hydrologic processes: (1) the land surface, from plant canopy
through the soil zone; (2) surface-water features (streams, lakes, ponds); and
(3) unsaturated and saturated subsurface zones.

e OWHM includes the Farm Process for MODFLOW for simulating the use and movement of
water across irrigated and other landscapes. OWHM also incorporates several additional
MODFLOW capabilities from various independent versions of MODFLOW such as the
subsidence and seawater-intrusion packages and local-grid refinement capability that are
not currently available in GSFLOW. The core concept of the Farm Process is to internally
calculate crop irrigation requirements (crop demands) and to then allocate surface-water
and groundwater irrigation supplies to meet those demands that cannot be met by
precipitation or root uptake from groundwater.

e Both codes use the time-step and stress-period concepts of MODFLOW, but there are
important differences between the codes with respect to the minimum time step that can
be simulated. GSFLOW uses daily time steps. The Farm Process assumes well managed crop
irrigation and steady-state soil-moisture conditions. Because of this steady-state soil-
moisture assumption, applications of the Farm Process must use time steps that are a
minimum of several days; in practice, most applications of the code have used time steps of
two weeks.

e Both models have capabilities for the user to specify many types of water-management
conditions such as streamflow diversions and groundwater withdrawals to meet
agricultural, municipal, and industrial needs; aquifer storage and recovery systems; and
farm-conveyance systems. OWHM, however, has several additional options to constrain
and prioritize water-supply deliveries, to internally calculate surface-water and
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groundwater deliveries needed to meet water-supply demands, and to simulate transient
land uses and land ownership of developed and native landscapes.

e Both models have limitations in how they simulate real-world hydrologic systems, but the
watershed-simulation processes and daily time-step discretization available in GSFLOW
make it possible to simulate hydrologic processes such as overland runoff, snowpack
dynamics, soil-zone processes, recharge, surface-depression storage, and streamflow more
comprehensively and in a more physically-based manner than those available in OWHM.
Because of this, GSFLOW is more appropriate for application to environmental-flow,
streamflow-generation, and other watershed-process issues than is OWHM.

e Both codes have been applied to field settings. GSFLOW has been applied to several types
of hydrologic-process and water-management studies, including irrigated agriculture, in a
range of climate and hydrogeologic settings. A benefit of GSFLOW is that both headwater
and valley settings can be simulated simultaneously, so that flows throughout a watershed
can be simulated comprehensively. OWHM also has been applied to a similar range of
climate and hydrogeologic settings, but more typically in the lower watershed areas of arid
to semi-arid settings where agricultural processes associated with alluvial-aquifer systems
are relatively important and natural rates of runoff and snowmelt are small or nonexistent.
Flows from headwaters to the lower valleys can be simulated externally from OWHM by use
of an independent watershed model such as PRMS. The primary purpose of OWHM
applications has been to estimate water budgets in irrigated agricultural areas and to
evaluate conjunctive use of groundwater and surface-water supplies in agricultural areas.
Both codes also have been used to evaluate the effects of climate change and climate
extremes on hydrologic and anthropogenic water-resource systems.

e GSFLOW is developed and supported by the Water Mission Area (WMA) of the USGS for
simulation of coupled groundwater, surface-water, and watershed hydrologic processes.
The WMA has made a long-term commitment to support, develop, and enhance its
capabilities. GSFLOW is designed to be stable, broadly applicable to a wide range of
problems, and thoroughly vetted both within and outside the USGS. The Farm Process was
developed in response to a need for better representation of crop-demand and water-
supply components of agricultural irrigation in MODFLOW. OWHM, which includes the Farm
Process, has been developed and supported by a core team of hydrologists in the USGS
California Water Science Center working in collaboration with contributors from within and
outside the USGS.

e Through the Farm Process, OWHM provides several specialized capabilities to represent and
manage the surface-water and groundwater deliveries to farms that extend beyond the
core water-withdrawal and irrigation-application capabilities of MODFLOW, MODFLOW-
NWT, and GSFLOW. OWHM also provides options for simulating the effects of land
subsidence on coupled groundwater and surface-water systems with irrigated agriculture.
However, if these capabilities are not needed, the WMA recommends use of GSFLOW for
most projects requiring hydrologic simulation and analysis of coupled groundwater/surface-
water/watershed systems.
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1. Introduction

Over the past decade the U.S. Geological Survey (USGS) has developed two numerical codes for
simulation of groundwater and surface-water systems—the coupled Groundwater and Surface-
water FLOW model (GSFLOW) model and the One-Water Hydrologic Flow Model (OWHM). Both
codes are referred to as ‘integrated hydrologic models’ and both are part of the USGS
MODFLOW suite of simulation software. Both codes have made important contributions to the
understanding of coupled groundwater and surface-water systems, conjunctive use and
management of these systems, and—importantly—improved quantification of water budgets
across the hydrologic continuum from atmospheric inputs to watershed, surface-water, and
subsurface compartments. Although the two codes have many similar capabilities, and can
meet similar needs in some cases, there are important differences in the functionality,
applicability, development history, and user support between the codes that may make them
better suited to particular hydrologic settings or water-management issues.

Prospective users of the codes have asked for guidance to determine which code is more
appropriate for a particular application. The purpose of this Guidance document is to
summarize key similarities and differences between the two codes as they relate to coupled
groundwater/surface-water/landscape processes and water-resources management, describe
examples of the types of water-resource issues to which the codes have been applied, and
provide bibliographies for each of the codes. Section 3 of this document summarizes key
similarities and differences between the two codes; Table 1, in section 4 of this document,
provides a side-by-side synopsis of the hydrologic processes simulated by each code. The
Guidance is based on the most up-to-date versions of the two codes available through the USGS
Groundwater Software webpage during preparation of the document (2016): GSFLOW version
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1.2.0, released August 1, 2015; and OWHM version 1.00.00, released November 5, 2014. Those
versions were publically available and had received formal review and approval for distribution
through the USGS software-review process (USGS Groundwater

Software: http://water.usgs.gov/software/lists/groundwater/). It is recognized that there are
ongoing updates being made to each code that are intended for eventual public distribution.

The following is a brief summary of each code; additional details about the several codes that
are referenced in the summary paragraphs are provided in the remainder of the document:

GSFLOW: GSFLOW was first released in 2008 (Markstrom and others, 2008). GSFLOW has two
components, a watershed component that uses the Precipitation Runoff Modeling System
(PRMS; Leavesley and others, 1983, and Markstrom and others, 2014) and a groundwater
component that uses MODFLOW (Harbaugh, 2005) and (or) MODFLOW-NWT (Niswonger and
others, 2011). The coupled model represents three inter-connected regions: Region 1 includes
the plant canopy, land surface, and soil zone, and is the primary link between atmospheric
forcings (precipitation, temperature, solar radiation) and the simulated hydrologic system;
Region 2 includes the surface-water zone (streams and lakes); and Region 3 represents the
unsaturated and saturated subsurface zones. The watershed and groundwater components of
the models are linked hydrologically through the soil zone, unsaturated-flow zone (if present
and simulated), and surface-water zone. GSFLOW simulations occur at a daily time step, but the
stress-period concept of MODFLOW is retained so that stresses and boundary conditions for
the groundwater system, such as pumping rates, can be held constant over longer periods (such
as monthly). GSFLOW can be run in PRMS-only simulation mode, MODFLOW-only simulation
mode, or fully coupled GSFLOW simulation mode.

OWHM: OWHM was first released in 2014 (Hanson and others, 2014a). OWHM includes the
Farm Process for MODFLOW-2005 (Schmid and others, 2006; Schmid and Hanson, 2009) for
simulating the use and movement of water across irrigated and other landscapes. OWHM also
incorporates and enhances many capabilities from various independent versions of MODFLOW.
These include MODFLOW's Local Grid Refinement capability (MODFLOW-LGR; Mehl and Hill,
2007, 2013), MODFLOW-NWT (Niswonger and others, 2011), Surface-Water Routing Process
(SWR; Hughes and others, 2012), and the Riparian Evapotranspiration Package (Maddock and
others, 2012). The core concept of the Farm Process is based on a farm irrigation water budget
(Schmid and Hanson, 2007; Hanson and others, 2010). The Farm Process estimates farm crop
demands and irrigation requirements within user specified water-balance subregions and then
determines available water supplies from precipitation, surface-water and groundwater
deliveries, and root uptake from groundwater to meet those demands. A key feature of the
Farm Process is the internal calculation of this residual irrigation demand, and automatic
activation of user specified wells to meet that demand. Water from precipitation and irrigation
in excess of consumptive use is either directed as overland runoff (return flow) to the stream
network or to the underlying saturated or unsaturated zones as deep percolation. The Farm
Process provides several options that allow the user to constrain surface-water and
groundwater supplies and to conjunctively manage surface-water and groundwater allocations.
OWHM also uses the time-step and stress-period concepts of MODFLOW, and can be run with
or without the Farm Process active.

Guidance for Determining Applicability of OWHM and GSFLOW
May 18, 2017


http://water.usgs.gov/software/lists/groundwater/

Both codes have capabilities to simulate land-surface hydrologic processes. These processes are
referred to variously in the literature as ‘surface-water,” ‘precipitation-runoff,” ‘watershed,” or
‘landscape’ processes. The term ‘watershed’ is used throughout this document because it best
describes the comprehensive nature of these processes. Descriptions for GSFLOW in this
document assume a fully coupled GSFLOW simulation (that is, using both PRMS and MODFLOW
simulation capabilities), as opposed to a PRMS-only or MODFLOW-only simulation, unless
noted. For clarity, OWHM-FMP’ is used when the Farm Process capabilities of the code are
discussed. Prospective users of the codes should recognize that because of the advanced
nature of the software, both codes have extensive data-input requirements.

2. Development, User Support, and Availability of the Codes

GSFLOW is developed and supported by the Water Mission Area (WMA) of the USGS for
simulation of coupled groundwater, surface-water, and watershed hydrologic processes and
conjunctive management. The WMA has made a long-term commitment to support, develop,
and enhance its capabilities. Support for development of the software also has been provided
by cooperating agencies. GSFLOW is designed to be stable, broadly applicable to a wide range
of problems, and thoroughly vetted both within and outside the USGS. There have been nine
releases of GSFLOW since its initial release in 2008. All versions of GSFLOW have been released
on USGS groundwater-software pages following USGS software review and approval, and are
permanently archived for future reference and use by the WMA.

The Farm Process was developed in response to a need for better representation of the crop-
demand and water-supply components of agricultural irrigation in MODFLOW. The software
was initially developed by researchers at the University of Arizona working in collaboration with
USGS scientists (Schmid, 2004; Schmid and others, 2006). OWHM, which includes the Farm
Process, has been developed and is supported by a core team of hydrologists in the USGS
California Water Science Center working in collaboration with contributors from within and
outside the USGS. Development of OWHM and the Farm Process is done primarily in response
to specific applications or research needs, particularly related to agricultural systems, and these
developments have filled an important modeling niche. As with GSFLOW, these developments
have been supported by cooperating agencies. There have been three official versions of the
Farm Process released on the USGS pages since its initial release in 2006, one for each of the
first and second versions of the Farm Process and one for the initial version of OWHM. More
recent versions of OWHM have been released on non-USGS web sites.

3. Summary of Key Similarities and Differences between the Codes

The core capabilities and key similarities and differences between the two codes are discussed
in this section. Two primary conclusions can be drawn from the discussion: First, GSFLOW has
greater flexibility to simulate watershed processes such as overland runoff, soil-zone processes,
and streamflow generation, whereas OWHM has greater flexibility to simulate subsurface
processes such as land subsidence and seawater intrusion. Because GSFLOW is capable of
simulating a wider range of watershed processes than is OWHM-FMP, and—importantly—
simulates these processes on a daily basis, GSFLOW is more appropriate for application to
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environmental-flow, streamflow-generation, and watershed-process issues than is OWHM or
the Farm Process (Harter and Morel-Seytoux, 2013; Wu and others, 2014). This is particularly
relevant for rapidly changing streamflow conditions that occur in response to highly variable
precipitation events, or for studies in which there is an interest in determining the timing of the
various sources of water that contribute to streamflow—overland runoff, soil interflow,
recharge, and groundwater discharge. Second, OWHM-FMP has a supply-and-demand
framework not available in GSFLOW that provides more options to simulate management of
groundwater and surface-water systems under changing land use and other changing landscape
conditions. Both models have capabilities for the user to specify many types of water-
management conditions such as streamflow diversions and groundwater withdrawals to meet
agricultural, municipal, and industrial needs; aquifer storage and recovery systems; and farm-
conveyance systems. The OWHM-FMP Process, however, has several additional options to
constrain and prioritize water-supply deliveries, to differentiate between crop transpiration and
bare-soil evaporation, and to internally calculate surface-water and groundwater deliveries
needed to meet water-supply demands.

A. Core MODFLOW Capabilities of Each Code

Both codes are based on the MODFLOW-2005 (Harbaugh, 2005) and MODFLOW-NWT
(Niswonger and others, 2011) core groundwater-flow simulation capabilities, including model
discretization, internal groundwater-flow packages, many of the core stress and boundary
packages, and output options. These capabilities include the Unsaturated-Zone Flow (UZF)
Package and Newton (NWT) Formulation developed for MODFLOW by Niswonger and others
(2006 and 2011). These two packages have enhanced MODFLOW's ability to simulate
unsaturated-zone flow, flow in unconfined aquifers, and groundwater/surface-water
interactions. Both codes also include the Multi-Node Well (MNW) Packages developed for
MODFLOW by Halford and Hanson (2002; MNW1) and Konikow and others (2009; MNW?2). The
most current version of MODFLOW-NWT (version 1.0.9, released June 24, 2014) includes
coupling with the Surface-Water Routing Process (SWR1; Hughes and others, 2012) and the
Seawater Intrusion Package (SWI2; Bakker and others, 2013). The SWR1 Process was developed
as an alternative to the SFR2 Package to simulate surface-water systems in which flow can be
bidirectional (that is, in either the same direction or opposite to the channel slope; typically in
very flat areas) or highly managed systems with pumps and control structures. The SWR1 and
SWI2 capabilities available with MODFLOW-NWT have been incorporated into OWHM but not
into the current version of GSFLOW.

OWHM also includes the Farm Process (Schmid and others, 2006; Schmid and Hanson, 2009),
MODFLOW-LGR (Mehl and Hill, 2007, 2013), the Riparian Evapotranspiration (RIP-ET) Package
(Maddock and others, 2012), advanced MODFLOW parameter concepts, and the capability to
simulate subsidence and aquifer-system compaction with three MODFLOW subsidence
packages: IBS (Interbed Storage; Leake and Prudic, 1991), SUB (Subsidence; Hoffman and
others, 2003), and SUB-WT (Subsidence and Aquifer System Compaction for Water-Table
Aquifers; Leake and Galloway, 2007). An important contribution of OWHM is the integration of
land-subsidence simulation capabilities with other simulated processes and hydraulic
properties of groundwater flow (Hanson and others, 2014a; Schmid and others, 2014). This was
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accomplished by modifying the Subsidence (SUB) Package so that the vertical displacements
that occur in response to compaction from interbed-storage changes are passed to (1) the
watershed processes simulated by the Farm, Drain (DRN), Drain Return Flow (DRT; Banta,
2000), and RIP-ET Packages; (2) the surface-water components simulated with the SFR2 and
SWR Packages; and (3) aquifer transmissivity and storage properties simulated by the Layer-
Property Flow (LPF) and Upstream-Weighting Flow (UPW) Packages. The integration of these
deformation-dependent processes is unique to OWHM and allows simulation of the effects of
vertical displacements due to aquifer deformation on model-layer tops and bottoms; land-
surface elevations and slopes; streambed elevations and the slopes of stream reaches, drains,
and canals and other water-conveyance structures. These changes, in turn, can affect water-
budget components such as the rates of root uptake from groundwater, runoff from farms,
surface-water deliveries for irrigation, canal conveyance, and streamflow.

B. Simulation of Surface-Water Systems

One of the primary benefits of both codes is their ability to simulate groundwater interactions
with surface waters. The primary MODFLOW packages used by both codes to simulate surface-
water systems and their interactions with groundwater are the Streamflow Routing (SFR2;
Niswonger and Prudic, 2005) and Lake (LAK; Merritt and Konikow, 2000) Packages. The SFR2
Package, which is an update to the STR (Prudic, 1989) and SFR1 (Prudic and others, 2004)
Packages, is used to simulate unidirectional (‘downstream’) channel flow for conditions where
surface-water flow is predominantly a function of topographic variation. In addition to
simulating streams and rivers, the SFR2 Package has been used to simulate groundwater
discharge to springs and drains, and groundwater interactions with canals. Because many
streams have reaches that are hydraulically disconnected from underlying aquifers, particularly
in arid and semi-arid regions, SFR2 includes the ability to simulate unsaturated flow beneath
streams (Niswonger and Prudic, 2005). SFR2 also provides options for adding water to or
diverting water from simulated stream reaches at user-specified rates. These options can be
used to simulate diversions of streamflow to farm canals, pipes, or offstream municipal and
industrial uses; or additions to streamflow from wastewater-treatment plants (Prudic and
others, 2004). Options also are available to prioritize the rates of streamflow diversions, which
may be necessary when there is insufficient water available to meet all diversion stipulations.

The LAK Package is used to simulate groundwater interactions with lakes and reservoirs, and
the Package is linked with SFR2 to simulate lake-stream interactions. GSFLOW has additional
capabilities to simulate the effects of numerous, small unregulated water bodies such as farm
ponds, prairie potholes, or storage-retention structures that occur within a watershed through
the use of surface-depression storage areas on the land surface.

OWHM also includes the SWR Process (Hughes and others, 2012), which solves the continuity
equation for one-dimensional and two-dimensional surface-water flow routing. SWR uses a
simple level- and tilted-pool reservoir routing and a diffusive-wave approximation of the Saint-
Venant equations. Within the SWR Process can be an independent, refined time-stepping
scheme that allows greater accuracy of the surface-water flow. SWR uses a generic approach to
represent surface-water features (called reaches) and allows implementation of a variety of
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geometric forms. One-dimensional geometric forms include rectangular, trapezoidal, and
irregular cross-section reaches to simulate one-dimensional surface-water features, such as
canals and streams. Two-dimensional geometric forms include reaches defined using specified
stage-volume-area-perimeter (SVAP) tables and reaches covering entire finite-difference grid
cells to simulate two-dimensional surface-water features, such as wetlands and lakes. The SWR
Process can be used with the Unsaturated Zone Flow (UZF) Package to permit dynamic
simulation of runoff from the land surface to specified reaches; SWR also can be used with the
SFR2 Package.

OWHM also retains the MODFLOW-2005 Stream (STR) Package for legacy purposes but does
not recommend its use because STR has been superseded by SFR and SWR. OWHM also
includes the River (RIV) Package, which can be used to simulate groundwater interactions with
streams and rivers but is not capable of simulating streamflow routing or accounting. OWHM
also includes the two MODFLOW drain packages (Drain, DRN, and Drains with Return Flow,
DRT) for simulation of drains and the Reservoir (RES) Package to simulate shallow reservoirs.
The DRT Package within OWHM can be used to send drain flows as either direct recharge to a
model cell, to a specified SWR reach as runoff, or to an FMP water-balance region to be used
either as applied water or calculated runoff. The RES Package is used to simulate changes in
leakage from stage-dependent reservoir levels. This package can be used in lieu of the LAK
Package and in combination with specified inflows with the SFR package. Finally, connections to
canals or other surface-water bodies or structures simulated with the SWR Package as points of
diversion for surface-water deliveries or farm return flows are indirectly available through a
linkage between SFR and SWR; this enables simulation of water reuse.

C. Simulation of Watershed Processes

Both models have limitations to how they simulate real-world hydrologic systems, but the
watershed-simulation processes available in GSFLOW make it possible to simulate hydrologic
processes throughout a watershed more comprehensively and in a more physically-based
manner than those available in OWHM. This is particularly true for the approaches used to
simulate the soil zone, runoff and infiltration, and snowpack dynamics for each of the models.
OWHM does not simulate snowpack dynamics, uses simple options for surface runoff of excess
irrigation that are based on fractions of precipitation, applied water, or local slope calculations
(Hanson and others, 2010), and is based on a steady-state conceptualization of well managed
soil moisture to represent soil-zone processes that does not include soil-water storage
(interflow and cascading flow from upslope model cells also are not simulated). GSFLOW on the
other hand simulates snowpack initiation, accumulation, melt, and sublimation through
estimates of water and energy balances; soil infiltration on the basis of antecedent soil-
moisture conditions; surface runoff on the basis of a variable-source-area concept; and soil-
zone processes on the basis of coupled continuity equations for three storage reservoirs that
represent different components of soil-water content (Markstrom and others, 2008 and 2015;
Huntington and Niswonger, 2012).
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Limitations to the approach used to represent soil-zone storage in the OWHM Farm Process
require that applications of the code use time steps that are a minimum of several days; in
practice, most applications of the code have used time steps of two weeks. The use of relatively
long time steps can be problematic because water-budget components are sensitive to time-
step size, with simulated drainage rates below the soil zone that are based on weekly or
monthly time steps often being less than those based on daily time steps (Healy, 2010, p. 19
and 47). For example, precipitation can be highly episodic, and under certain conditions,
particularly in areas underlain by a shallow water table, recharge to the water table can occur
rapidly, within one day of a precipitation or snowmelt event. The use of relatively long time
steps makes OWHM less well suited than GSFLOW for simulations that require fine time-
stepping to capture short-term episodic events. OWHM is therefore most appropriate for
simulating seasonal to inter-annual hydrologic variability within changing landscapes of natural,
urban, and agricultural land uses.

Limitations in the methods used in OWHM to simulate watershed processes are particularly
relevant to upland, mountainous, and headwater areas where precipitation rates for many
basins are greatest, particularly those in arid and semi-arid settings. Precipitation as either rain
or snow in these upland areas is subsequently partitioned into snowmelt, runoff, interflow, ET,
soil-water infiltration, and groundwater recharge, all of which can be simulated by GSFLOW.
Water in the uplands then reaches the lowlands as overland runoff, groundwater flow, or
streamflow. These processes often occur rapidly, in part because of the steep topographic relief
and relatively shallow, permeable aquifers that overlie low-permeability bedrock in upland
areas (Huntington and Niswonger, 2012). Examples of where GSFLOW models were developed
to simulate rapid and highly variable (“flashy”) hydrologic response to precipitation events
include the Santa Rosa Plain watershed in Sonoma County, California (Woolfenden and
Nishikawa, 2014), and Sardon Catchment of western Spain (Hassan and others, 2014).

The approaches used in OWHM make the code most suitable for simulating watershed
processes generally found in lower-watershed, valley settings, where the topography is often
relatively flat and runoff generally is controlled. Typical OWHM applications rely on output from
rainfall-runoff simulations of the surrounding mountains from watershed models. The results
from such models are used as peripheral inflows through surface-water networks or
groundwater underflows. For example, some applications of the Farm Process (Hanson and
others, 2012; Faunt and others, 2015; Hanson and others, 2015) have accounted for upland
watershed processes by using the Basin Characterization Model (BCM; Flint and others, 2004;
Flint and Flint, 2007) externally to OWHM to determine monthly inflows of runoff and
groundwater underflow from upland mountainous areas along the boundaries of the OWHM
grid. Within the modeled region, the FMP provides several options for dynamically distributing
overland runoff to adjacent streams or routing it to specified locations for engineered-runoff
settings.

Guidance for Determining Applicability of OWHM and GSFLOW
May 18, 2017



D. Simulation of Agricultural Crop Demands and Irrigation Supplies

Both codes are capable to varying degrees of simulating the effects of irrigated agriculture on
coupled groundwater/surface-water systems, and both codes have been applied to agricultural
settings. GSFLOW applications include those by Ely and Kahle (2012), Woolfenden and
Nishikawa (2014), Niswonger and others (2014), Wu and others (2014; 20154, b), and Tian and
others (20153, c); OWHM applications include those by Faunt (2009), Traum and others (2014);
Phillips and others (2015), Hanson and others (2012; 2014b,c; 2015), Faunt and others (2015),
and U.S. Bureau of Reclamation (2016).

A core benefit of OWHM that is provided by the Farm Process is its ability to internally calculate
crop irrigation requirements (crop demands) and to then allocate surface-water and
groundwater irrigation supplies to meet those demands as part of the larger and overarching
supply-and-demand structure provided by OWHM. The process by which OWHM-FMP makes
these calculations is described in several reports, including Faunt (2009) and Hanson and others
(2014a): Cell-by-cell crop demands are calculated “as the transpiration from plant-water
consumption and related evaporation [that is, crop ET demand]. The FMP then determines a
residual crop-water demand that cannot be satisfied by available precipitation and (or) by root
uptake from groundwater. The FMP then equates this residual crop-water demand with the
crop-irrigation requirement for the cells with irrigated crops (exclusive of natural vegetation)”
(Faunt, 2009, p. 134). Total irrigation (delivery) requirement for a particular farm is then
calculated by increasing the crop-irrigation requirement by the amount of evaporative losses
from irrigation and other on-farm irrigation inefficiencies. The Farm Process then attempts to
satisfy the irrigation-delivery requirement for each farm by use of surface-water deliveries and
groundwater withdrawals. One of the primary contributions of the Farm Process is its ability to
estimate unmetered groundwater pumping for irrigation through this crop-demand/water-
supply link. If the total delivery requirement cannot be met by the available surface-water and
groundwater supplies (referred to as an “operational drought”), several options are provided to
optimally distribute the available supplies. If the pumping is metered, then it can be used as a
calibration observation to help refine landscape attributes such as on-farm efficiencies or stress
factors for crop coefficients. This ability to internally estimate unmetered irrigation pumping
gives OWHM flexibility in simulating future scenarios under different climate conditions and
changing landscapes. Finally, any excess water from irrigation and (or) precipitation that is not
evaporated or consumed for plant growth then becomes either overland runoff to nearby
streams or deep percolation to the underlying unsaturated or saturated zones. Water Balance
Subregions (WBS) are the fundamental accounting unit used for the supply-and-demand
architecture of the Farm Process.

The Farm Process provides several capabilities to represent and manage the surface-water and
groundwater deliveries to farms that extend beyond the core functionality provided by
MODFLOW and MODFLOW-NWT simulation capabilities. Surface-water supplies can be
simulated as either non-routed or routed transfers of surface water, and farms can receive both
non-routed and routed deliveries. Non-routed transfers are used to represent specified sources
of water that are available from an external source of water, such as an interbasin transfer; the
actual conveyance process of the non-routed source to the area of use is not simulated. Routed
10

Guidance for Determining Applicability of OWHM and GSFLOW
May 18, 2017



transfers are simulated by the SFR2 Package, and are specified as either semi-routed or fully-
routed deliveries. Semi-routed deliveries occur for cases in which the diversion point from a
stream or canal is remote from the farm location; fully-routed deliveries are used when the
diversion occurs directly to the farm. The actual amounts of routed deliveries will be limited by
available (simulated) streamflow, conveyance losses, or by constraints imposed by a water-
rights system. OWHM-FMP allows for complete balance of supply-and-demand under the “zero
scenario” or deficiency scenarios that allow for deficit irrigation, water stacking, or crop-area
optimization. The supply options in OWHM also include additional non-routed deliveries as
user-specified deliveries or demand driven deliveries from other farms or “external water”
under the balanced “zero scenario.”

Maximum pumping rates can be specified for Farm wells through the use of water-level
constraints defined in the MNW Packages, or through scaling used with the NWT formulations.
Furthermore, groundwater allotments also can be simulated for each water-accounting area, in
which each area is given a pumping volume per stress period as an additional constraint that
represents the portion of the demand that can be derived from groundwater sources.

Unlike the Farm Process, GSFLOW does not dynamically allocate surface-water deliveries and
groundwater withdrawals to irrigated areas to meet crop-water requirements. Instead, the
sources and application rates of irrigation are determined externally to the model and specified
as part of the input files. These estimates can be made by use of crop water-demand (CWD)
models that are similar to the calculations made internally by the Farm Process and take into
account crop type, crop coefficients, potential (or available) evapotranspiration, and soil-
moisture conditions. Such an approach was taken for the Santa Rosa Plain (SRP) GSFLOW model
described in Woolfenden and Nishikawa (2014; Appendix 1), in which estimated pumping rates
from agricultural wells and applied groundwater irrigation rates were calculated prior to the
GSFLOW simulations by use of a CWD model; their approach was noteworthy because the CWD
model used ET and soil-moisture conditions calculated by use of the PRMS model developed for
the basin. During the simulation, the applied irrigation is internally partitioned to crop ET, soil-
zone storage, overland runoff or interflow, drainage to the unsaturated zone, or recharge to the
groundwater system. An example of a publically available CWD model is the “Integrated Water
Flow Model - Demand Calculator” developed by the California Department of Water Resources
(2017).

4. Table of Hydrologic Processes Simulated by GSFLOW and OWHM

Table 1 provides a side-by-side synopsis of the hydrologic processes simulated by GSFLOW and
OWHM. The table is arranged into five sections: Model Discretization, Watershed Processes,
Surface-Water Processes, and Unsaturated and Saturated Zone Subsurface Processes.
Commonalities and differences between the codes are noted. It is difficult to make direct
comparisons for some of the hydrologic processes simulated by the two codes because of the
different conceptualizations used in the development of each code. This is particularly true for
the entries related to evapotranspiration, surface runoff and infiltration, and soil-zone features.
In those cases, separate entries and descriptions of the different conceptualizations are
provided.
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Descriptions for GSFLOW assume a fully coupled GSFLOW simulation (that is, using both PRMS
and MODFLOW simulation capabilities), as opposed to a PRMS-only or MODFLOW-only
simulation, unless noted.

Both codes offer a wide range of output options, including those provided with the Output
Control (OC), Gage (GAG), and HYDMOD Packages, and by the Observation (OBS) Process. The
Gage Package provides output for stream reaches simulated by the Streamflow Routing (SFR2)
Package and lakes simulated by the Lake (LAK) Package. The hydrograph capability (HYDMOD)
Package (Hanson and Leake, 1999) provides output from the Basic (BAS), SFR2, and SUB
Packages. The OBS Process is described in Table 1. Other, more specific output options are
described in the respective documentation reports.

Table 1: Summary of hydrologic processes simulated by GSFLOW and OWHM.

[*, simulated by code (blank otherwise); HRUs, hydrologic response units;]

Model Component | GSFLOW | OWHM | Remarks

Model Discretization

Discretization Domains

Both codes are based on finite-difference

Single domain: Finite-difference MODFLOW cells; both models use the
cells for groundwater and ® ® MODFLOW Discretization (DIS) Package to
surface-water systems specify the spatial discretization of the

groundwater domain

In GSFLOW, Hydrologic Response Units (HRUs) are used for
watershed processes and finite-difference cells are used for
groundwater and surface-water systems. In OWHM-FMP, finite-
difference cells are used for both the watershed (landscape) and
groundwater domains. In both codes, the watershed domain need
not extend over the entire active groundwater-model grid.

Two domains

GSFLOW allows discretization of the
watershed and groundwater systems to be
coincident (that is, there is a 1:1 correlation
between HRUs and MODFLOW grid cells) or
independent; HRUs are specified as either
land, lakes, or swales. In OWHM-FMP,
watershed and groundwater domains are
aligned

Both codes provide methods for water-
budget accounting in model sub-domains:
‘Subbasins’ in GSFLOW, ‘Farms’ or ‘Water
Balance Subregions’ (WBSs) in OWHM. The
Sub-domain water budgets [ ) [ ) WABSs can remain static or change at any
stress period, which provides a link between
the supply and demand for water and land
uses and ownership
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Model Component GSFLOW | OWHM Remarks
MODFLOW Grid Refinement
Globally refined or variably ® ® Traditional approaches for grid refinement

spaced

Local Grid Refinement (LGR and
associated Boundary Flow and
Head, BFH, Packages)

OWHM includes the MODFLOW-LGR
® capability, including simulation of Farm
processes for both parent and child models

Time Discretization

MODFLOW time-step and stress-
period concepts

Both codes use MODFLOW'’s concept of time
steps and stress periods. In GSFLOW, daily
time steps are used; in OWHM, time steps
can be of variable length, but the Farm

° ° Process requires time steps to be a minimum
of several days (in practice, time steps are
typically 14 days). OWHM also has sub-time-
stepping within the Surface-Water Routing
(SWR1) Package

Watershed Processes

Climate Data and Climate-
Distribution Methods

Climate data are needed to drive many of the hydrologic processes
simulated by the two codes. Climate data are either read into or
calculated internally by the two codes. GSFLOW has several options
to distribute climate data within the model domain. These options
include climate data that are (1) pre-distributed by the user to each
HRU, (2) read as a constant value for all HRUs, or (3) distributed to
each HRU by internal algorithms on the basis of the elevations of
each HRU and those of the available weather stations, distance of
each weather station from each HRU, and, optionally, latitude and
longitude or each HRU and weather station. In OWHM-FMP, climate
data are either pre-distributed to the cells within the model domain
for all time or by stress periods, are represented as a time series for
the entire model grid, or are read as a constant value for all cells
within the model domain

Precipitation as rain

Daily precipitation rates are specified for
GSFLOW; in OWHM-FMP, precipitation rates
are constant over a stress period or are
entered as a time series of daily (or other
time step) values that are summed for each
time step

Precipitation as snow or mixture
of rain and snow

Form of precipitation is determined by
GSFLOW on the basis of daily air
temperatures; OWHM-FMP does not
simulate snow processes, but relies on
linkages to models that do for areas beyond
the OWHM model domain

Air temperature

Daily maximum and minimum air
® ® temperatures specified for GSFLOW; in
OWHM-FMP, maximum and minimum air
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Model Component

GSFLOW | OWHM Remarks

temperatures can be entered as a time series
of daily (or other) values that are summed for
each time step, or, if not specified directly,
are part of the reference ET

Solar radiation

Daily values of shortwave solar radiation can
be either specified or calculated internally by
GSFLOW; not specified directly for OWHM-
FMP but are part of the reference ET

Evapotranspiration (ET)

GSFLOW and OWHM-FMP use different terminology to refer to ET
processes; therefore, these processes are differentiated below by
code

i. Potential ET (PET)

GSFLOW has six options to calculate PET
internally, including the Jensen-Haise,
Hamon, Hargreaves-Samani, Penman-

[ ) Monteith, Priestley-Taylor, and pan-
evaporation formulations. A seventh option is
to input pre-distributed daily values of PET to
each HRU

ii. Reference and Potential Crop
ET

In OWHM-FMP, reference ET is calculated
prior to a simulation (such as by the
Hargreaves-Samani, Priestley-Taylor, or
Penman-Monteith formulations) and
specified in the model input; potential crop
ET, which is used to determine actual crop ET,
can be either specified as a flux rate for each
crop type or calculated internally by
multiplying specified reference ET rates by
user-specified crop coefficients

Actual ET

Both codes simulate actual ET, but use different conceptualizations
of the ET process. In GSFLOW, actual ET is simulated through
canopy evaporation; snow sublimation; evaporation from surface
depressions and impermeable surfaces; ET from the soil, saturated,
and unsaturated zones; and by evaporation from lakes and streams.
Soil ET is based on soil type (sand, silt, or clay) and cover type (bare
soil, grass, shrub, or tree). OWHM-FMP also includes several ET
components. ET from consumptive use is composed of crop-
transpiratory and bare-soil evaporative components from three
sources: groundwater, precipitation, and applied irrigation water.
ET also can occur from the saturated and unsaturated zones and by
evaporation from lakes and streams. The ET components in OWHM-
Farm are further adjusted by areal fractions of transpiration and
evaporation that represent sub-grid canopy and non-vegetation
land use and by root uptake pressures. Positive pressures for ET
under flooded conditions (such as riparian vegetation or rice) can be
simulated, as can anoxia. Through the Riparian (RIP) ET Package,
OWHM-FMP also can model ET for multiple riparian plant types
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Model Component

GSFLOW

OWHM

Remarks

within a single model cell, and for flood conditions

Land Cover

GSFLOW allows for the definition of land
cover for each HRU. Land cover can be
simulated as bare soil, grass, shrub, or tree;
cover type is held constant over the entire
simulation period. OWHM-FMP allows for an
unlimited user-defined set of categories for
the definition of land cover for each cell, and
also allows for changing land cover/land uses
for each stress period. The user can design
any type of land cover needed for different
time periods or regions

Canopy Interception

In GSFLOW, the volume of rain or snow
intercepted by the plant canopy, evaporation
from the plant canopy, and net precipitation
throughfall from the canopy are calculated as
a function of summer or winter plant-cover
density and plant-storage capacity

Snowpack initiation, accumulation,
and depletion

GSFLOW simulates snowpack initiation,
development, storage, sublimation, and melt
for each HRU through water and energy
balances; OWHM-FMP does not simulate
snow processes, but relies on linkages to
models that do for areas beyond the OWHM
model domain

Surface runoff and soil infiltration

Overland-flow routing

i. Basic functionality

Both codes use the UZF Package for
MODFLOW, in which surface flows are routed
to user-specified stream reaches or lakes
when (a) the infiltration rate to the soil
exceeds the saturated vertical hydraulic
conductivity or (b) the elevation of the water
table exceeds land surface. In GSFLOW, this
functionality can only be used for an initial,
steady-state MODFLOW simulation in a
GSFLOW simulation.

ii. Cascading-flow procedure

GSFLOW also allows cascade routing of
surface runoff and interflow from upslope to
downslope HRUs, lakes, or stream segments;
the cascading-flow procedure allows for re-
infiltration of surface runoff and
replenishment of soil-water storage deficits
in lower-elevation HRUs; OWHM does not
include this capability

Surface runoff and soil infiltration
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Model Component | GSFLOW | OWHM Remarks

GSFLOW: Both infiltration-excess (Hortonian) and saturation-excess (Dunnian) surface-runoff processes
are simulated. Precipitation throughfall (that is, precipitation that exceeds the available canopy storage
capacity), snowmelt, and cascading Hortonian upslope surface runoff are partitioned to the pervious,
impervious, surface-depression storage, and preferential-flow reservoir portions of each land HRU.
Downslope runoff and evaporation are calculated for the impervious areas; downslope runoff and soil
infiltration are calculated for the pervious areas on the basis of antecedent soil-moisture conditions and
a variable-source-area concept of runoff. Surface runoff, gravity drainage to the unsaturated zone, and
evaporation are calculated for surface-depression storage areas.

OWHM-FMP: Inefficient losses of irrigation and precipitation in excess of consumptive use in farm areas
are partitioned into runoff return flow and deep-percolation components. Runoff return flows are
calculated separately for irrigation and precipitation as the product of the inefficient loss for each
component (that is, excess precipitation and excess irrigation) multiplied by user-specified inefficient-
loss coefficients (alternatively, these coefficients can be determined from land-surface slope). Runoff
return flows are then directed to the simulated stream network. Deep percolation to either the
unsaturated or saturated zones is then calculated as the remainder of the sum of excess irrigation and
precipitation less the sum of calculated runoff and ET from the unsaturated and saturated zones; deep
percolation may be limited by the vertical hydraulic conductivity of the unsaturated zone. In non-farm
areas, runoff and deep percolation are simulated by the UZF Package (see ‘Basic Functionality’ above).

Soil-Zone or Root-Zone Features |

Conceptualizations:

GSFLOW: In GSFLOW, the soil zone is conceptualized as extending from the ground surface to the base
of the average rooting depth of the dominant vegetative type covering the soil surface. The soil zone is
partitioned into three reservoirs that occupy the same space but represent different soil-water
processes at different soil-water content thresholds: the capillary reservoir (from wilting point to field
capacity), gravity reservoir (field capacity to soil saturation), and preferential-flow reservoir (that part
of the gravity reservoir from which “fast” interflow occurs, such as macropores). Soil water is
partitioned among the three reservoirs on the basis of coupled continuity equations among the three
reservoirs that are a function of soil and vegetation/crop characteristics, saturation status of the soil
and unsaturated zone, availability of water to the soil, ET demand, and groundwater levels in the
underlying MODFLOW cells.

OWHM-FMP: In the Farm Process, the soil zone is conceptualized as extending from the ground surface
to the base of the combined thickness of the root zone and capillary fringe. A total of six ET processes
can occur within the soil zone or from the land surface overlying the soil zone: root-zone uptake by
transpiration of precipitation (Tp), irrigation (Ti), and groundwater (Tgw) within the soil zone, as well as
evaporation of groundwater (Egw) if the groundwater level is above the base of the capillary fringe.
Bare-soil evaporation of precipitation (Ep) and irrigation (Ei) can occur from the land surface. The
transpiratory and evaporative fractions of total potential crop ET are defined by crop coefficients
specified as part of the model input. Options also are provided to reduce transpiration rates within the
active root zone caused by stresses from anoxia and wilting. The soil-zone processes are based on an
assumption of no soil-water storage changes within the root zone or capillary fringe based on
simulations of variably saturated flow in soil columns reported by Schmid (2004) and Schmid and others
(2006). OWHM also allows for properties such as the root depths to vary each stress period
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Model Component

GSFLOW

OWHM

Remarks

Sources of water to the soil zone

Inflows to the soil zone in GSFLOW are soil
infiltration, upslope interflow, upslope
surface runoff from saturated soils (that is,
Dunnian-type runoff), and groundwater
discharge where groundwater levels are
above the base of the root zone. For the
Farm Process, sources of water to
crops/vegetation within the root zone and
capillary fringe are precipitation, irrigation,
and groundwater

Storage in the soil zone

In GSFLOW, water can be stored in all three
of the soil-zone reservoirs for release in a
subsequent time step. The Farm Process does
not simulate soil-water storage under the
assumption of well managed soil moisture for
agriculture and urban landscapes

Outflows from the soil zone

Outflows from the soil zone for a GSFLOW
simulation are ET, interflow, saturation
excess (Dunnian-type) surface runoff caused
by a shallow water table, and gravity
drainage to either the unsaturated or
saturated zones depending on the
groundwater level in the underlying cell. For
OWHM-FMP, outflows are crop transpiration,
bare-soil evaporation, and deep percolation
to either the unsaturated or saturated zones
depending on the groundwater level in the
underlying cell

Swales

GSFLOW provides an option to simulate
swales, which are land-type HRUs for which
all watershed processes except surface runoff
and interflow components of lateral flow are
simulated

Surface-Water Processes

Streams and rivers

Streamflow routing

Both codes use the SFR2 Package for
streamflow routing; SFR2 also simulates
unsaturated flow beneath streams. In
OWHM, vertical displacements calculated by
the SUB Package can be passed to the SFR2
Package. OWHM also includes STR and RIV
Packages (RIV simulates stream-aquifer
interactions but does not simulate
streamflow accounting or routing)

Surface-water routing

OWHM also includes the SWR Process to
simulate bidirectional flow or highly managed
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Model Component

GSFLOW | OWHM

Remarks

systems with pumps and control structures.
Vertical displacements calculated by the SUB
Package can be passed to the SWR Package.
Connections also have been made between
the SWR Process and the SFR2 and UZF
Packages

Springs

Modeled using the SFR2 Package (both
codes) or DRT Package (OWHM only)

Lakes and reservoirs

GSFLOW uses the Lake (LAK) Package;
OWHM uses either the LAK or Reservoir (RES)
Packages

Surface-depression storage

GSFLOW provides an option to simulate
surface-depression storage areas within land-
type HRUs. These areas are used to account
for the effects of numerous, small
unregulated water bodies such as farm
ponds, prairie potholes, or storage-retention
structures. Surface runoff, gravity drainage,
and evaporation are calculated for these
areas.

Drains

GSFLOW uses the SFR2 Package; OWHM uses
the Drain (DRN), Drains with Return Flow
(DRT), or SFR2 Packages. In OWHM, vertical
displacements calculated by the SUB Package
can be passed to all of these Packages

Drain Return Flows

In OWHM, groundwater discharge to drains
(“drain return flow’) can be either returned to
the groundwater system, become part of the
Farm runoff, or directed to a reach simulated
by the SWR Process

Subsurface Processes: Unsaturated Zone

Unsaturated Zone Flow and
Storage

Both codes use the Unsaturated-Zone Flow
(UZF) Package of MODFLOW to simulate
water flow and storage in the unsaturated
zone. The UZF Package simulates 1-
dimensional, vertical flow in response to
gravity potential gradients only (negative
potential gradients are ignored)

Evapotranspiration

For GSFLOW, the UZF Package simulates ET
from the unsaturated and saturated zones
where soils are thin, the root depth extends
beneath the soil-zone base, and there is an
ET deficit in the soil zone. For OWHM-FMP,
ET is calculated as part of a cell-by-cell
landscape budget within each Water-Balance
Subregion (see ‘Soil-Zone Features’); the UZF
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Model Component

GSFLOW

OWHM

Remarks

Package can optionally be used to simulate
unsaturated-zone ET

Surface Runoff

Runoff can be generated by the UZF Package
when (a) the infiltration rate to the soil
exceeds the saturated vertical hydraulic
conductivity or (b) the elevation of the water
table exceeds land surface. Runoff is routed
to user-specified stream reaches or lakes.
OWHM-FMP provides additional options to
simulate runoff to surrounding streams

Subsurface Processes: Saturated Zone

Basic (BAS) Package of MODFLOW

Both codes use the MODFLOW BAS Packages

Observation Process

Both codes use the Head, General-Head
Boundary, and Constant-Head Boundary
observation processes; OWHM also uses the
Drain and River observation capabilities, as
well as SFR and subsidence observations with
HYDMOD

Parameters

OWHM supports MODFLOW parameter
capabilities (Parameter Values, Expression
Parser, and Multiplier and Zone arrays),
which have been enhanced for integration
with the SUB Package; estimation of aquifer
properties and output of all parameters; and
the use of hydraulic properties as
observations for direct parameter estimation,
versus as prior information, is facilitated.
GSFLOW does not support parameters

Internal Groundwater-Flow
Processes/Packages

Both codes include the Block-Centered Flow
(BCF), Layer-Property Flow (LPF),
Hydrogeologic-Unit Flow (HUF; including
KDEP and LVDA capabilities), Upstream-
Weighting (UPW), and Horizontal-Flow
Barrier (HFB) capabilities. In OWHM, vertical
displacements calculated by the SUB Package
are optionally passed to the LPF and UPW
Packages.

Wells

Basic functionality

Both codes support the Well (WEL) and
Multi-Node Well (MNW1 and MNW?2)
Packages. The MNW Packages provide
options to constrain the maximum pumping
rate at wells by specifying upper and lower
bounds on water levels at each well. OWHM
also allows the use of tabfiles (enabling
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Model Component

GSFLOW

OWHM

Remarks

standard date formats) for pumpage data for
the WEL and MNW?2 Packages

Farm wells

Farm wells are only used by OWHM-FMP to
meet irrigation-delivery requirements that
cannot be met by surface-water supplies.
Farm wells can be either user-defined single-
aquifer wells or multi-aquifer wells simulated
by links to MNW1 or MNW2

Recharge

Determined internally by code

In GSFLOW, recharge is simulated internally
as vertical flow from either the soil or
unsaturated zones; in OWHM-FMP, either
deep percolation rates below farmed areas
are calculated by the model or infiltration
rates to the unsaturated zone are simulated
by the UZF Package

Specified as model input

OWHM also retains the MODFLOW Recharge
(RCH) Package, in which recharge rates can
be specified directly to the saturated zone

Groundwater Evapotranspiration

Basic functionality

For GSFLOW, the UZF Package simulates ET
from the unsaturated and saturated zones
where soils are thin, the root depth extends
beneath the soil-zone base, and when there
is an ET deficit in the soil zone. For OWHM-
FMP, groundwater ET components are
calculated as part of a cell-by-cell landscape
budget within each Water-Balance Subregion
(see ‘Soil-Zone Features’); the UZF Package,
which simulates groundwater ET, is
connected with FMP at the base of the root
zone when used together in OWHM

Other ET Packages

OWHM also includes the Riparian
Evapotranspiration (RIP-ET) for mixed
riparian vegetation and Evapotranspiration
with a Segmented Function (ETS) Packages

Other Groundwater Stress
Packages

Both codes support the General-Head
Boundary (GHB), Time-Variant Specified-
Head (CHD), and Flow and Head Boundary
(FHB) Packages; OWHM includes extended
tabfiles for specifying boundary heads for
GHB cells

Subsidence and Aquifer-System
Compaction

OWHM has capabilities to simulate
subsidence and aquifer-system compaction
by use of the Interbed Storage (IBS),
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Model Component GSFLOW | OWHM Remarks

made to the Sub Package for OWHM so that
vertical displacements calculated by the
model are passed to other packages, and
elastic and inelastic compaction are output
separately

Subsidence (SUB), or Subsidence and Aquifer
System Compaction for Water-Table Aquifers
(SUB-WT) Packages. Modifications have been

Seawater Intrusion OWHM has capabilities to simulate seawater

[ ) intrusion by use of the Seawater Intrusion
(SWI2) Package

Solver Packages

Most GSFLOW applications use the NWT

a. NWT, PCG, GMG, SIP, DE4 ] ® solver, but other solvers are provided with
GSFLOW
b. PCGN ® OWHM also provides the PCGN solver

5. Example Applications of GSFLOW and OWHM to Field Settings

A bibliography of published papers and reports documenting applications of GSFLOW and
OWHM through October 2016 is provided in the “Applications” bibliography section of this
document. Those papers and reports provide examples of the types of problems to which the
codes have been applied and detailed information on the steps taken to develop and calibrate
GSFLOW and OWHM models for specific areas. A summary of several of those applications is
provided here.

GSFLOW has been applied to several types of hydrologic-process and water-management
studies in a range of climate and hydrogeologic settings. These applications include the effects
of stream-channel incision on montane meadows in the Sierra Nevada (Essaid and Hill, 2014),
groundwater-streamflow-lake interactions in the northern Midwest (Hunt and others, 2013;
including a link between GSFLOW results and one-dimensional stream-temperature modeling
for the study area), and lake-stage decline and lake salinization in response to agricultural
diversions for a terminal lake in a semi-arid desert basin of west-central Nevada (Niswonger
and others, 2014). As described previously, one of the benefits of the watershed-simulation
capabilities of GSFLOW is the usefulness of the approach for analysis of mountainous terrains
for which detailed processes of snow accumulation and depletion (sublimation and melt), soil-
zone flow and storage, and runoff are needed to understand (1) the flow of water on the land
surface and within the soil and subsurface zones and (2) the timing and sources of groundwater
recharge and streamflow (see, for example, Huntington and Niswonger, 2012; Surfleet and
others, 2012; Essaid and Hill, 2014; Hassan and others, 2014; and Allander and others, 2014).
Water-management issues to which the code has been applied include the evaluation of
groundwater and surface-water development for public supplies and for agriculture.
Applications to agricultural settings include those in Washington (Ely and Kahle, 2012),
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California (Woolfenden and Nishikawa, 2014), Nevada (Niswonger and others, 2014), and
northwest China (Wu and others 2014, 2015a,b; Tian and others, 2015a,b and 2016).

The primary purpose of the applications of either OWHM or the Farm Process has been to
evaluate water-management alternatives, including conjunctive use of groundwater and
surface-water supplies, in agricultural areas; specifically, the estimation of irrigation demands,
surface-water and groundwater deliveries to meet these demands, and residual irrigation
runoff and deep percolation. Several applications have been made to agricultural basins of
California where groundwater withdrawals are typically unmetered; in these cases, the Farm
Process was used to estimate groundwater pumping for irrigation (Faunt, 2009; Traum and
others, 2014; Phillips and others, 2015; Hanson and others, 2014b,c; Hanson and others, 2015;
Faunt and others, 2015). These include applications in arid to semi-arid settings where natural
rates of runoff and snowmelt are small or nonexistent. In some applications (Hanson and
others, 2012; Faunt and others, 2015; Hanson and others, 2015), runoff and groundwater-
inflow rates from mountainous areas adjacent to the model domains have been estimated
separately by use of a regional-scale precipitation-runoff model; those rates were specified
along the boundaries of the OWHM-FMP model. OWHM and the Farm Process have been used
with the SUB subsidence Package of MODFLOW in two applications, the Central Valley (Faunt,
2009) and Cuyama Valley (Hanson and others, 2015) models. Some of the advanced water-
allocation capabilities provided by the Farm Process are described by Schmid and Hanson
(2007) and applied to water-management conditions in the Pajaro Valley, California, by Hanson
and others (2014b,c). Schmid and Hanson (2007) describe the application of the Farm Process
to a prior-appropriation water-rights system for a hypothetical agricultural system having
multiple farms with both surface-water and groundwater sources. Hanson and others (2014b,c)
demonstrate the simulation of a coastal water-supply distribution system that is used to
replace coastal groundwater pumping. The system consists of alternative sources of
supplemental water from a managed aquifer recharge and recovery system, a wastewater-
recycle facility, and remotely placed supplemental wells. OWHM also is being used as part of
research studies of hypothetical agricultural systems to develop crop-optimization and related
water-allocation schemes (Fowler and others, 2015, 2016).

Both codes have been used to evaluate the effects of climate change and climate extremes on
hydrologic and anthropogenic water-resource systems. Applications of GSFLOW to the
evaluation of climate change have been made to snow-dominated mountainous regions in the
Sierra Nevada (Huntington and Niswonger, 2012; Albano and others, 2015); mixed rain-snow
precipitation climate in the Cascade Range in Oregon (Surfleet and Tullos, 2012); and a lake-
dominated system in the north-temperature regime of north-central Wisconsin (Hunt and
others, 2013). OWHM-FMP Process was applied to the evaluation of conjunctive management
of surface-water and groundwater supplies in the Central Valley of California by Hanson and
others (2012) and to the potential effects on project operations on the Lower Rio Grande (U.S.
Bureau of Reclamation, 2016). Projections of future water availability under historical climate
conditions similar to the recent past also have been made using both codes (GSFLOW by
Niswonger and others, 2014; OWH-Farm by Hanson and others, 2014b,c; Hanson and others,
2015; Faunt and others, 2015).
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6. Recommendations for Model Selection

Through the Farm Process, OWHM provides several specialized capabilities to represent and
manage the surface-water and groundwater deliveries to farms that extend beyond the core
water-withdrawal and irrigation-application capabilities of MODFLOW, MODFLOW-NWT, and
GSFLOW. OWHM also provides options for simulating the effects of land subsidence on coupled
groundwater and surface-water systems with irrigated agriculture. However, if these
capabilities are not needed, the WMA recommends use of GSFLOW for most projects requiring
hydrologic simulation and analysis of coupled groundwater/surface-water/watershed systems.
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