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Abstract: The Precipitation-Runoff Modeling System (PRMS) is a semi-distributed hydrologic
model that can be used to assess surface-water resources. Such assessments often are made with
a simplistic representation of ground-water interaction with surface water. While the awareness
of ground-water and surface-water interactions has increased through field observations and
modeling studies, the ability to simulate these interactions has been limited by a lack of coupled
models applicable at a range of spatial and temporal resolutions. To address this limitation,
PRMS was coupled with the U.S. Geological Survey (USGS) ground-water flow model
(MODFLOW). The coupled model (GSFLOW) consists of the integration of three parts: (1)
partitioning of precipitation, snow melt, and soil moisture into overland flow, infiltration,
evapotranspiration, interflow, and recharge; (2) routing of surface flow in channels; and (3)
computing unsaturated flow and ground-water discharge. This paper discusses the modifications
necessary for coupling PRMS to MODFLOW and an example of its application.

The modifications to couple PRMS and MODFLOW include: (1) development of algorithms
relating the spatial discretization of MODFLOW to PRMS; (2) development of a new algorithm
for routing overland- and inter-flow to the streams; (3) development of a feedback scheme where
ground-water and surface-water interact in the soil zone; (4) combining the PRMS soil-moisture
and subsurface-reservoirs into a single soil-zone reservoir; and (5) distributing runoff and
interflow to associated stream reaches.

Energy and water states at and above the land surface (precipitation, radiation, interception,
snowmelt, sublimation, and potential evapotranspiration) are computed by PRMS at the
beginning of each time step. The interaction between the soil zone, stream beds, and unsaturated
and saturated ground-water zones require that common states and fluxes be solved
simultaneously. Consequently, GSFLOW incorporates the PRMS surface-runoff, infiltration, and
soil-zone calculations within the MODFLOW iteration scheme.

GSFLOW was applied to Sagehen Creek, a USGS Hydrologic Benchmark Network Basin
located on the eastern slope of the northern Sierra Nevada. The basin drains an area of 27 square
kilometers and ranges in elevation from 1,926 to 2,663 meters above sea level. Mean annual
precipitation for the basin is about 970 millimeters. GSFLOW is being used to assess ground-
water contribution to stream discharge and the accuracy of low-flow simulations.
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INTRODUCTION

The need for assessing ground-water and surface-water interactions has increased as a result of
competing demands for water. Watershed models, such as the U.S. Geological Survey (USGS)
Precipitation-Runoff Modeling System (PRMS) (Leavesley, et al., 1983), have been used to
assess surface-water resources and to make management decisions regarding natural- and
engineered- watershed systems. Such assessments and decisions are often made with a simplistic
representation of the ground-water hydrology and its interaction with surface and atmospheric
hydrology. Similarly, ground-water flow models, such as the USGS MODFLOW model
(McDonald and Harbaugh, 1988), have been used to assess ground-water resource problems and
to manage and develop ground-water supplies. These models often make simplistic
representations of surface water and energy budgets for spatial and temporal partitioning of
precipitation and snowmelt into evapotranspiration, runoff, interflow, and recharge. These
processes are important for assessing the effects of ground-water development on basin-scale
water resources.

While knowledge of ground-water and surface-water interactions has increased through field
observations and modeling studies, the ability to simulate these interactions has been limited by a
lack of integrated models. The issues of different spatial and temporal resolutions, incompatible
software, and dynamic feedback between the models have hindered development of integrated
models. To address these limitations, the Ground-water/Surface-water FLOW model, GSFLOW,
was developed by integrating PRMS and MODFLOW-2005 (Harbaugh, 2005). Specifically,
GSFLOW can be used to address the following questions:

What are the effects of fine spatial and temporal resolution on evaporation, soil moisture, and
infiltration information on ground-water simulations?

What are the effects of a rising or falling water table on surface-water processes?

What are the dynamics of surface-water and ground-water interaction in springs, wetlands, and
riparian areas?

What are the sources of streamflow?

What are the effects of different climate scenarios (e.g., floods and droughts) on a surface-water
and ground-water system?

What are the effects of different management scenarios (e.g., conjunctive use, urbanization, and
irrigation) on the surface- and ground-water system?

GSFLOW consists of the integration of five model components (Figure 1): one component
spatially distributes precipitation, temperature, and solar radiation and computes potential
evapotranspiration, interception, snowmelt, and surface evaporation (PRMS); a second
component partitions precipitation into surface infiltration, overland flow, evapotranspiration,
interflow, and shallow seepage (PRMS Soil Zone); a third component routes flow in channels
and streambeds (SFR2); a fourth component computes vertical unsaturated flow below the soil
zone (UZF); and a fifth component computes ground-water flow (MODFLOW-2005). See
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Niswonger and others (2005, 2006, in press) for a more detailed description of components three
and four.

Evaporation Sink/Source
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PRMS Streams
Soil Zone
Ground-
MODFLOW Water Flow

Figure 1. A schematic diagram showing the integration of the five PRMS and MODFLOW
components in GSFLOW.

These five components are tightly integrated using the existing MODFLOW-2005 and the
Modular Modeling System (MMS) (Leavesley, et al., 1996). These programs are both modular
programming frameworks that allow modelers to add their own software to easily extend or
replace existing functionality. Each component, which comprises a MODFLOW package(s) or
MMS module(s), represent processes within the hydrologic cycle. Additional components can be
developed that provide new or alternative analytical and numerical solutions for hydrologic
processes, and integrated within GSFLOW. New components must be compatible with the
spatial and temporal resolution of existing components, that is, the MODFLOW finite-difference
grid and solution matrix, PRMS hydrologic response unit (HRU) delineation, and daily time step.
Internally, components can use different time steps or spatial domains as long as their states and
fluxes are available on a daily time step and integrated to the existing spatial units, for example,
to a MODFLOW cell or a PRMS HRU. In addition, development of GSFLOW is according to
the following principles:

Modular design to allow new and existing simulation techniques to be added.

Standard PRMS and MODFLOW source code and data files are used without modification.
Spatial discretization is according to the requirements of each component.

Isolate integration algorithms from components.

Use geographical information system (GIS) tools to relate spatial features between components.
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Common states and fluxes between components are well defined.
ENHANCEMENTS TO PRMS FOR GSFLOW

The GIS Weasel (Viger et al., 1998), a software tool for the development of spatial information
used in physical-process modeling, has been enhanced to generate the spatial data necessary to
run GSFLOW. Figure 2 shows the discretization of model features (HRUs, stream reaches, and
grid cells) used by the GSFLOW model. The delineation procedure consists of developing
geographically referenced feature maps using the following steps: (1) determination of the spatial
domain of the model; (2) development of a MODFLOW grid-cell map; (3) development of a
stream segment network map based on flow accumulation analysis; (4) determination of flow
planes for each stream segment; (5) development of an HRU map by intersecting the flow plane
map with specified elevation band(s) and depth to ground-water contour(s); (6) development of
the stream reach map by intersecting the stream segment network map with the MODFLOW

grid-cell map.
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Figure 2. A schematic diagram showing the spatial features for the integration of PRMS and
MODFLOW components in GSFLOW.

Data defining these spatial features and the relations between them are input to GSFLOW as
model parameters derived by the enhanced GIS Weasel. These parameters are of two basic types:
attribute and topology. Attributes are physical properties of the features such as slope and length
of the stream reaches, aspect and soil type of the HRUs, and land surface elevation of a grid cell.
Topologies describe connectivity between features such as connectivity of the stream reaches,
degree of intersection of the HRUs and grid cells, and identification of the down-slope HRU or
stream reach.

A new PRMS module (soilzone) was developed that combines and extends the soil-moisture
balance module (smbal) with the subsurface reservoir flow module (ssflow). The soil zone and
subsurface reservoirs were merged into a single-partitioned reservoir at the HRU spatial
resolution. Extensions include the addition of soil moisture flow paths to account for macropore
flow, slow and fast interflow, ground-water discharge, and excess soil moisture to surface runoff.
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The soilzone module partitions infiltration and antecedent soil moisture by subdividing the
PRMS soil zone into three reservoirs: field capacity, macropore, and gravity flow (Figure 3).

Evapotranspiration

Macropore
Reservoir Fast
i
Field Capacity
Reservoir
Gravity Flow Slow
Reservoir
D

Ground-Water

Figure 3. A schematic diagram showing the conceptual model of the GSFLOW soil zone module
for a single HRU.

The field capacity reservoir contains soil moisture below the specified field capacity and above
the wilting point. This moisture is partitioned between evapotranspiration (ET), percolation to
ground-water storage, and storage. The macropore reservoir contains a specified percentage of
infiltration which is partitioned into fast interflow and storage. The gravity flow reservoir
contains water when soil moisture is above field capacity. Fast interflow is computed when soil
moisture is greater than or equal to a specified threshold, whereas, slow interflow and ground-
water percolation are computed when soil moisture conditions are less than the threshold. Soil
moisture exceeding fully saturated conditions is exfiltrated as surface runoff.

Based on this system of soil moisture reservoirs, interflow occurs after precipitation and/or
snowmelt, and for a period that depends on specified flow-routing parameters, whenever water
exists in the macropore and gravity flow reservoirs. Ground-water percolation occurs only when
total soil moisture exceeds field capacity and is dependent on the available water in the gravity
flow reservoir.

A cascading flow-routing procedure was added to the soil moisture modules (srunoff_smidx and
soilzone) that routes surface runoff and interflow from HRU to HRU and/or to stream reaches.
Cascading surface runoff is treated as infiltration to down slope HRUs for partitioning into soil
zone reservoirs. Cascading interflow is applied only to the field capacity reservoir.

SAGEHEN CREEK APPLICATION

Sagehen Creek is a USGS Hydrologic Benchmark Network Basin located on the east slope of the
northern Sierra Nevada (Figure 4). The basin drains an area of 27 square kilometers and ranges
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in elevation from 1926 to 2663 meters above mean sea level. The annual hydrograph is
controlled by snowmelt, and peak flows occur in late spring and minimum flows in the fall
(Rademacher et al., 2005). Daily discharge records are available beginning October 1953.
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Figure 4. Location map and discretization of the Sagehen Creek basin showing grid cells, HRUs,
stream network, and location of stream gage and climate stations.

A data file was assembled for the Sagehen Creek basin model for the time period from October
1, 1980 to April 25, 2004. This data file included both streamflow and climate data. Mean-daily,
stream-flow measurements were recorded at the Sagehen Creek near Truckee, California, USGS
stream gage. This record was used to calibrate and evaluate the GSFLOW model. The climate
data included in this file were from the Independence Lake SNOTEL station and Sagehen
National Weather Service Cooperative station. Both of these climate stations are located in the
basin; however, the Sagehen station was selected to provide input to the model because of a
longer and more complete temperature record.

The Saghen Creek basin was delineated into 128 HRUs, 5913 grid cells, and 201 stream reaches
(figure 4) using the GIS Weasel as described above. Parameters were estimated using available
spatial data sets, standard model default values, regional values determined by previous studies
in the area (Jeton, 1999), and best hydrologic principles. Additionally, some parameters were
adjusted by the Rosenbrock automated calibration procedure (Rosenbrock, 1960). While a
detailed analysis of model performance is beyond the scope of this report, preliminary results
indicate that the model performs well. Figure 5 shows a 2-year calibration period of mean-daily
measured and simulated streamflow for the Sagehen Creek stream gage.

Figure 6 shows the partitioning of the simulated hydrograph, shown in figure 5, into surface
runoff, interflow, and base flow. The surface runoff and interflow traces represent the basin total
response at the outlet. The base flow trace is the response of the ground-water system interacting
with the flow in the stream reaches. GSFLOW computes many more states and fluxes which also
are available as model output. Niswonger and others (2006) present more examples of GSFLOW
output from the ground-water perspective.
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Figure 5. Measured (blue) and simulated (red) mean daily stream flow for Sagehen Creek.
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Figure 6. Simulated components of total stream flow from the GSFLOW model for Sagehen
Creek. Direct surface runoff (blue), interflow (green), and base flow (red) are shown.

CONCLUSION

As sciences mature, their integration becomes increasing possible and powerful. Dr. Ven Te
Chow made the following statement in the preface of his classic book, Open-Channel
Hydraulics: “In a science that has reached so advanced a state of development, a large portion of
the work is necessarily one of coordination of existing contributions.” (Chow, 1959). While the
context for Dr. Chow's statement was open-channel hydraulics, it holds true for interdisciplinary
integration of hydrologic modeling that considers the hydrosphere, atmosphere, and biosphere as
coupled and interactive systems.

Addressing the ever increasing range and complexity of environmental resource management
and policy development requires interdisciplinary and adaptive approaches that build on existing
science and technology. Also, these approaches must provide mechanisms for modeling over
different spatial and temporal scales, and provide for the integration of science and management
objectives. These are the objectives of the GSFLOW model.

While the main reason for developing GSFLOW was to build a tool to quantify and predict
spatial and temporal variability of inter-dependent atmospheric, surface and subsurface
hydrologic fluxes of precipitation, solar radiation, evaporation, transpiration, runoff, infiltration,
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interflow, percolation, recharge, storage, and discharge, its modular structure allows for
integration with other scientific disciplines and environmental processes. Work is underway to
expand GSFLOW to include geochemical, water quality, conjunctive use and river system
management, full-hydrodynamic streamflow with fate and transport of constituents, and
ecosystem and habitat modeling.

REFERENCES

Chow, V.T. (1959). Open-Channel Hydraulics. McGraw-Hill Book Company, Inc., New York.
Harbaugh, A.W. (2005). “MODFLOW-2005. The U.S. Geological Survey modular ground-water

model—the Ground-Water Flow Process,” U.S. Geological Survey Techniques and
Methods, 6 A-16, 9 ch.

Jeton, A.E. (1999). “Precipitation-runoff simulations for the upper part of the Truckee River
basin, California and Nevada,” U.S. Geological Survey Water-Resources Investigations
Report 99-4282, 41 p.

Leavesley, G.H., Lichty, R.W., Troutman, B.M., and Saindon, L.G. (1983). “Precipitation-runoff
modeling system—USser’s manual,” U.S. Geological Survey Water-Resources
Investigations Report 83-4238, 207 p.

Leavesley G.H., Restrepo, P.J., Markstrom, S.L., Dixon, M., and Stannard, L.G. (1996). “The
modular modeling system - MMS: User's manual,” U.S. Geological Survey Open File
Report 96-151, 142 p.

McDonald, M.G., and Harbaugh, A.W. (1988). “A modular three-dimensional finite-difference
ground-water flow model,” U.S. Geological Survey Techniques of Water-resources
Investigations, book 6, chap. A1, 586 p.

Niswonger, R.G., Prudic, D.E., Markstrom, S.L., Regan, R.S., and Viger, R.J. (2006).
“GSFLOW—A basin-scale model for coupled simulation of ground-water and surface-
water flow—Part B. Concepts for modeling ground-water flow with the U.S. Geological
Survey MODFLOW model,” this issue.

Niswonger, R.G., Prudic, D.E., and Regan, R.S. (in press). “Documentation of the Unsaturated
Flow (UZF1) Package for modeling percolation between the land surface and the water
table with MODFLOW-2000,” U.S. Geological Survey Techniques and Methods Book 6,
Chapter A1X.

Niswonger, R.G., and Prudic, D.E., (2005). “Documentation of the Streamflow-Routing (SFR2)
Package to include unsaturated flow beneath streams—a modification to SFR1,” U.S.
Geological Survey Techniques and Methods Book 6, Chapter A13.

Rademacher, L.K., Clark, J.F., Clow, D.W., and Hudson, G.B. (2005). “Old groundwater
influence on stream hydrochemistry and catchment response times in a small Sierra Nevada
catchment: Sagehen Creek, California,” Water Resour. Res., 41, W02004,
doi:10.1029/2003WR002805.

Rosenbrock, H.H. (1960). “An automatic method for finding the greatest or least value of a
function,” The Computer Journal, Vol. 3, pp 175-184.

Viger, R.J., Markstrom, S.L., and Leavesley, G.H. (1998). “The GIS Weasel — An Interface for
the Treatment of Spatial Information Used in Watershed Modeling and Water Resource

Management,” Proc. of the First Federal Interagency Hydrologic Modeling Conference,
April 19-23, 1998, Las Vegas, Nevada, Vol II, Chapter 7, pp. 73-80.



3" Federal Interagency Hydrologic Modeling Conference, Reno, Nevada, April 2-6, 2006: Proceedings
URL://www.jfic.org/

GSFLOW—A BASIN-SCALE MODEL FOR COUPLED SIMULATION OF GROUND-WATER AND
SURFACE-WATER FLOW—PART B. CONCEPTS FOR MODELING SATURATED AND
UNSATURATED SUBSURFACE FLOW WITH THE U.S. GEOLOGICAL SURVEY MODULAR
GROUND-WATER MODEL

R.G. Niswonger, Hydrologist, U.S. Geological Survey, Carson City, NV, rniswon@usgs.gov; D.E.
Prudic, Hydrologist, U.S. Geological Survey, Carson City, NV, deprudic@usgs.gov; S.L. Markstrom,
Hydrologist, U.S. Geological Survey, Lakewood, CO, markstro@usgs.gov; R.S. Regan, Hydrologist, U.S.
Geological Survey, Lakewood, CO, rsregan@usgs.gov; and R.J. Viger, USGS, Physical Scientist, U.S.
Geological Survey, Lakewood, CO, rviger@usgs.gov

Abstract

MODFLOW is a ground-water flow model that can be used to assess ground-water resource problems and to make
management decisions on the development of ground-water supplies at a variety of scales. It also has the ability to
assess the effects of ground-water withdrawals on surface water using several options that simulate ground-water
interactions with streams and lakes. The surface processes in MODFLOW do not include surface-water and energy
budgets for partitioning precipitation into evapotranspiration, runoff, interflow, and unsaturated flow beneath the
soil zone. Typically, runoff, infiltration, and unsaturated flow reaching the water table (assumed ground-water
recharge) are estimated externally to MODFLOW. MODFLOW was coupled to the U.S. Geological Survey (USGS)
Precipitation-Runoff Modeling System (PRMS) to improve how recharge is estimated for ground-water modeling
studies and to provide a complete accounting of the water budget in a watershed or basin. This coupled model is
called GSFLOW. Additional code was added to GSFLOW to facilitate the coupling of the two models. The
connection in MODFLOW is through a new Unsaturated Zone Flow (UZF1) Package that is designed to route flow
from the soil zone used in PRMS to the water table.

INTRODUCTION

The need for coupling MODFLOW to a precipitation-runoff model has increased as a result of concerns regarding
the effects of land-use and climate change on the distribution of ground-water recharge. Because the conditions of
flow and storage of water both above and below land surface affect recharge, these conditions often need to be
simulated together (coupled) to predict changes in water resources. Presently, there are few codes available for
modeling large-scale surface-water/ground-water interactions with capabilities of simulating time and space variable
precipitation, evapotranspiration, overland flow and interflow, soil-zone storage, and unsaturated flow beneath the
soil zone. For this reason, the Modular Ground-Water Model (MODFLOW,; McDonald and Harbaugh, 1988; and
Harbaugh et al., 2000) was coupled to the Precipitation-Runoff Modeling System (PRMS) (Leavesley et al., 1983)
for simulating these processes. The coupled model is named GSFLOW. GSFLOW is designed to conserve mass
throughout the model domain. An overall water budget is printed along with optional water budgets for each of the
main components.

A new module for PRMS and a new package for MODFLOW were developed for GSFLOW to facilitate the
coupling between PRMS and MODFLOW. The original soil-zone module in PRMS was rewritten to allow for
coupling to a new package in MODFLOW named the Unsaturated-Zone Flow (UZF1) package. Modification to the
soil-zone module in PRMS is discussed in a companion paper (Markstrom et al., 2006) along with the use of GIS
spatial data in developing the necessary datasets for GSFLOW. The soil zone is a relatively shallow zone that
typically includes the rooting depth of plants. Water stored in the soil zone within PRMS is partitioned into
evapotranspiration, interflow, and downward flow beneath the soil zone. Downward flow from the soil zone into the
deeper unsaturated zone (UZF1) is dependent on storage in the soil zone and the vertical hydraulic conductivity of
the deeper unsaturated zone.

This paper discusses the development of UZF1 (Niswonger et al., in press), which simulates unsaturated flow and
storage beneath the soil zone and head-dependent flow to the soil zone when the water table is at or above the
bottom of the soil zone. Additionally, adaptations to the MODFLOW Streamflow-Routing (SFR1) Package (Prudic
et al., 2004) are described for simulating distributed flow in channels and unsaturated flow beneath channels.
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Ground-water flow concepts are discussed with regards to an application of GSFLOW to a 27 km?basin in the
Sierra Nevada.

UNSATURATED FLOW BENEATH THE SOIL ZONE

Approach

Several approaches have been used to simulate unsaturated flow for the prediction of recharge in ground-water flow
models. A popular approach is to solve Richards’ equation using finite-difference or finite-element methods to
simulate three-dimensional (3-D) variably saturated flow (Panday and Huyakorn, 2000; Thoms et al., in press).
Richards’ equation is accurate for simulating unsaturated flow and evapotranspiration; however, Richards’ equation
is highly non-linear and can be impractical for large problems.

A simpler approach has been used to model unsaturated flow with a one-dimensional (1-D) form of Richards’
equation that is solved by the finite-difference technique (Pikul et al., 1974; Refsgaard and Storm, 1995). The 1-D
Richards’ equation is used to simulate vertical flow through the unsaturated zone, and flow across the water table
from the unsaturated zone is applied as recharge to the 3-D ground-water flow equation. This approach significantly
reduces the number of computations required to simulate unsaturated flow for large problems. However, this
coupling is not straightforward because Richards’ equation requires a much shorter length of time and space over
which to calculate a solution as compared to the ground-water flow equation. Furthermore, inconsistencies arise
among the two equations for the prediction of the water-table elevation.

Unsaturated flow in GSFLOW is simulated as vertical flow similar to the models of Pikul et al. (1974) and
Refsgaard and Storm (1995); however, Richards’ equation is simplified to resemble a kinematic-wave equation by
ignoring the diffusive term (Colbeck, 1972; Smith, 1983). This allows Richards’ equation to be solved using the
method of characteristics. Because the method of characteristics solution of the simplified Richards’ equation does
not require vertical discretization of the unsaturated zone, the aforementioned problems associated with coupling
Richards’ equation to the ground-water flow equation are avoided. This approach for simulating unsaturated flow
was implemented in UZF1.

UZF1 simulates 1-D vertical unsaturated flow, evapotranspiration, and ground-water discharge to the soil zone in
MODFLOW. Thus, it handles all fluxes of water between MODFLOW and the soil-zone module in PRMS. The
kinematic approximation of Richards’ equation can be written to consider evapotranspiration losses as (Colbeck,
1972; Smith, 1983; Charbeneau, 1984):

00 O0K(0) .
—t+—L+i=
Ot Oz

where 6 is the volumetric water content (volume of water per volume of rock); z is the elevation in the vertical
direction (length); K(9) is the unsaturated hydraulic conductivity as a function of water content (length per time); i is
the ET rate per unit depth (length per time per length); and ¢ is time. Application of the method of characteristics to
equation 1 results in the following set of coupled ordinary differential equations (Niswonger et al., in press):

0. ey

dz  0K(6)
Z T (), 2
Py v(0) (2a)
ﬁ:_i, (2b)
dt
do  —i
dz v(0)

Where v(6) is the characteristic velocity restricted to the downward (positive z) direction (Iength per time). Equation
2a provides the velocity of waves that represent wetting and drying in the unsaturated zone. Equation 2b provides
the change in water content at the front of a wave through time, and equation 2c provides the change in water
content along a wave profile (behind the front). Equations 2a, b, and ¢ are separable, and can be integrated to find
analytical expressions that are used by UZF1 to simulate vertical unsaturated flow.

10
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Coupling UZF1 to MODFLOW

Recharge to the water table in an unconfined aquifer is subtracted from the right-hand side of the system of
equations that are solved by MODFLOW:

AX =B - QUZFl ' @)

where 4 is a matrix containing the coefficients of the conductance equations (HCOF array) that are solved by
MODFLOW; X is a one-dimensional vector containing the ground-water heads that are solved by MODFLOW; B is
a one-dimensional vector containing all known terms in the conductance equations that are not multiplied by
unknown head values (RHS array); and Quzr; is the volumetric rate (volume per time) of recharge computed in a
given model cell from UZF1.

Recharge simulated using UZF1 is dependent on the location of the water table and how it varies with time. This is
because MODFLOW does not account for storage in the unsaturated zone. Rather, MODFLOW uses specific yield
to estimate changes in ground-water storage. Thus when the water table increases, storage in the unsaturated zone
over which the rise occurred is added to recharge. When the water table declines, the thickness of the unsaturated
zone is increased and a wetting front must advance through the interval of the decline before there is recharge.

Thus, UZF1 is coupled to MODFLOW within the nonlinear iteration loop. However, because ground-water recharge
is dependent on the amount of storage and the downward flux rate in the unsaturated zone, there is no general
equation that defines the relation between recharge and ground-water head, such as the conductance equation in the
Stream (SFR1) Package (Prudic et al., 2004). Thus, UZF1 does not affect the HCOF array.

The UZF1 Package also allows for ground-water seepage into the soil zone whenever the water table in a cell is
higher than the elevation of the bottom of the soil zone. The volumetric rate of ground-water seepage to the soil zone
is calculated on the basis of the following equation:

0,.= A K. (h — celtop) 1(0.5¢celthk) @

where / is the water-table elevation; celtop is the elevation of the bottom of the soil zone; 4., is the map area of the

model cell (equal to the column length times the row length of the model grid); X, is the vertical hydraulic
conductivity of the model cell; and celthk is the thickness of the model cell. The value that is subtracted from the

HCOF array in MODFLOW (corresponding to the 4 matrix in equation 3) is equal to 4., K, /(0.5celthk) . The
value subtracted from the RHS array in MODFLOW (corresponds to the B matrix in equation 3) is equal
to A.. K celtop1(0.5celthk) .

STREAMFLOW

Distributed Streamflow Routing in Channels

Similar to the approach used to simulate unsaturated flow, a kinematic wave approximation of the Saint-Venant
equations was used to simulate streamflow (Lighthill and Whitham, 1955). However, unlike UZF1, the adapted
version of Stream Routing Package, named SFR2 (Niswonger and Prudic, 2006), solves the kinematic-wave
equation using the implicit finite-difference technique. The kinematic-wave equation for routing flow in streams can
be written:

00 o4 _
ox Ot

where Q is discharge (length cubed per time); A4 is the flow cross-sectional area (length squared); ¢ is the lateral
inflow per unit length (Iength squared per time); and x (length) and z (time) are space and time coordinates. SFR2
considers momentum associated with the bed slope and channel friction based on Manning’s equation, specified
rating curves, or general power law relationships as described by Leopold et al. (1992). Momentum due to the water-
surface slope and acceleration terms in the Saint-Venant equations are neglected in the kinematic-wave
approximation. SFR2 can route flow in non-prismatic channels.

q. (®)
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Coupling SFR2 to MODFLOW

Stream reaches are coupled to MODFLOW cells based on a Darcy-type equation for flow through a streambed,
which can be written as:

:KWL(
m

QL hs - ha )’ (6)

where Q; is a volumetric flow between a given section of stream and volume of aquifer (volume per time); K is the
hydraulic conductivity of streambed sediments (length per time); w is a representative width of stream (length); L is
the length of stream corresponding to a volume of aquifer (length); m is the thickness of streambed sediments
extending from the top to the bottom of the streambed (length); 4, is the head in the stream determined by adding
stream depth to the elevation of the streambed (length); and #, is the head in the aquifer beneath the streambed
(length).

The same method used to simulate unsaturated flow in UZF1 is used to simulate vertical flow beneath the channel
whenever the head in the aquifer is below the bottom of the streambed (Niswonger and Prudic, 2006). Nonlinearities
associated with the relation among stream depth, width, aquifer head, and flow between the stream and aquifer are
solved inside of the MODFLOW nonlinear iteration loop.

SAGEHEN CREEK APPLICATION

GSFLOW was used to model surface and subsurface flow in the Sagehen basin, which is a USGS Hydrologic
Benchmark Network Basin located on the east slope of the northern Sierra Nevada near Truckee, California (Figure
4). The basin drains an area of 27 km? and ranges in altitude from 1,926 to 2,663 m above mean sea level. The
Sagehen basin consists of granitic rocks overlain by volcanic rocks and a thin veneer of alluvium. The aerially
averaged annual precipitation is about 970 mm and the annual hydrograph is dominated by snowmelt. Daily
discharge records are available beginning October 1953.

The simulation consisted of a single model layer with 73 rows and 81 columns in which all cells had a constant
width and length equal to 90 m. The top elevations of model cells were set equal to estimated altitudes of the soil-
zone bottom and the bottom elevations of the model cells were assigned altitudes that ranged from 100 m below the
soil zone in the valleys to as much as 200 m below the soil zone on the ridges. Bottom elevations of the model
ranged from 1,830 to 2,480 m above mean sea level. The results presented in this paper are based on a simulation
period that was one-year long beginning on March 7, 1983 and ending March 7, 1984. The simulation period was
divided into 365 one-day-long stress periods. Initial heads and unsaturated-zone water contents were taken from the
results of the steady-state MODFLOW simulation. One time step was simulated for each stress period. No flow was
allowed along the bottom and sides of the model except three cells beneath and adjacent to the stream at the basin
outlet were specified as constant-head cells.

Model Calibration

The Layer-Property Flow (LPF) Package in MODFLOW (Harbaugh et al., 2000) was used and both horizontal and
vertical hydraulic conductivity (K) values were specified. Because only one layer was specified in the model, the
vertical K of the aquifer only affected ground-water seepage to the soil zone and flow in the unsaturated zone. All
cells were specified as convertible (unconfined). The horizontal K ranged from 0.004 m/d on the ridges to 0.24 m/d
in the valleys for the initial simulation (Figure 1). A lower K was specified on the ridges because the volcanic rocks
are near the surface, whereas the volcanic rocks in the valleys are covered with alluvium. The K within each cell
was assumed isotropic. Specific storage was set to 5 x10” m™, and the specific yield was specified as 0.05 on the
ridges and 0.25 in the valleys near streams.

The development of the GSFLOW model for the Sagehen basin required calibration of a PRMS model and a
MODFLOW model. The calibration process was carried out by first calibrating the models independently; PRMS
was calibrated for a ten-year period and MODFLOW was calibrated as steady-state. The companion paper in this
issue (Markstrom et al., 2006) briefly describes the calibration procedure used for calibrating PRMS. Only the
calibration of the MODFLOW model is described in this paper.
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Figure 1 Modeled area of the Sagehen basin, spatial discretization,
and hydraulic conductivity (K) distribution.

The distribution of K used for UZF1 and MODFLOW was created initially on the basis of the surface geology and
was adjusted during calibration. The steady-state simulation assumed that the spatially varying ground-water
recharge was proportional to the distribution of mean annual precipitation. Precipitation was distributed according to
860 mm of precipitation below an altitude of 2,100 m and 1,140 mm of precipitation above an altitude of 2,100 m.
The range in ground-water recharge for the steady-state simulation was determined by approximating the mean daily
discharge at the outlet of the Sagehen basin in early December. Refinement to the independent model calibrations
was made during GSFLOW simulations to variables that control the exchange of water between PRMS and
MODFLOW. These variables are the coefficients on the rate equations that control flow between the soil zone and
the underlying unsaturated zone or between the soil zone and ground water when the water table is above the
elevation of the bottom of the soil zone.

The steady-state simulation resulted in a calculated water table that was as much as 80 m below land surface along
the ridges and at or slightly above land surface in the lowest parts of the valleys next to streams. Although no
observation wells have been drilled on the ridges in the basin, the maximum depth to ground water was based on
depths measured in wells near ridges elsewhere in the northern Sierra Nevada.

Sensitivity of Horizontal and Vertical Hydraulic Conductivity

Only those results associated with subsurface flow beneath the soil zone are presented herein. The companion paper
in this issue (Markstrom et al., 2006) includes comparisons between the measured and simulated streamflow. A
sensitivity analysis was done to analyze the effects of varying horizontal and vertical hydraulic conductivity beneath
the soil zone on infiltration, recharge, and ground-water discharge to the soil zone. Ground-water discharge to the
soil zone includes infiltration from the soil zone but is rejected because there no unsaturated zone. Results of
ground-water discharge to the soil zone are presented in this paper because this discharge is part of the ground-water
budget and is generated as a result of the distribution of hydraulic conductivity in the subsurface below the soil zone.

The vertical and horizontal hydraulic conductivity (K) beneath the soil zone were increased uniformly by one order
of magnitude to create a medium-K distribution, and by two orders of magnitude to create a high-K distribution. The
hydraulic conductivity was not decreased below the initial values because it was determined that results were much
less sensitive to decreases in K than to increases in K. Steady-state simulations were run for each K distribution to
establish initial conditions that corresponded to each specific K distribution.
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Total infiltration rates into the unsaturated zone increased proportionately to the increase in K during times when
total water content within the soil zone was high due to spring snowmelt. The quantity of water available to infiltrate
into the unsaturated zone beneath the soil zone during spring snowmelt was limited by the value of the vertical
hydraulic conductivity in the unsaturated zone (Figure 2). However, total infiltration rates into the unsaturated zone
were less sensitive to the value of the vertical hydraulic conductivity following the spring snowmelt, because
infiltration was limited by the available water in the soil zone (Figure 2).

Ground-water recharge rates did not increase proportionately to the increase in hydraulic conductivity. The medium-
K distribution resulted in greatest total recharge rates during the snowmelt period (Figure 3). Much of this recharge
occurred where the water table was near the bottom of the soil zone. Maximum recharge rates were similar for the
high- and low-K distributions. These unexpected results are attributed to the thickness of the unsaturated zone on the
timing and rate of recharge, as well as to changes in lateral flow caused by increasing the horizontal hydraulic
conductivity.

The higher recharge rates for the medium-K distribution compared with the low-K distribution are because of
greater vertical flow through a similar thickness of the unsaturated zone. The lower recharge rates for the high-K
distribution compared with the medium-K distribution was caused by a much lower water table, which produced a
greater thickness of the unsaturated zone that delayed recharge. This is similar in manner to the slow drainage
through a less thick unsaturated zone for the low-K distribution. Additionally, the high-K distribution allowed for
more water to be stored in the unsaturated zone, which recharged ground water much longer after the spring
snowmelt than either the low- and medium-K distributions. Ground-water levels were the deepest in the upland
areas for the high-K distribution because ground water flowed more readily to the streams. The upland areas
comprise a larger proportion of the total basin area compared with the valley lowland areas; consequently, a change
in the K values in these areas can greatly change the timing and magnitude of recharge in the basin.

Ground-water discharge to the soil zone also did not increase proportionately to the increase in hydraulic
conductivity, and was similar in character as the recharge rates (Figure 4). Ground-water discharge was highest for
the medium-K distribution only during the period of high infiltration, because the water table was above the bottom
of the soil zone over a large area of the basin. Consequently, there was little delay between infiltration, recharge, and
ground-water discharge in those areas. Ground-water discharge to the soil zone was highest for the high-K
distribution once snowmelt ceased and the soil zone drained. Ground-water discharge following snowmelt was
limited to a few areas, primarily near the valley bottoms, for all three K distributions. Thus, the areas contributing to
ground-water discharge following snowmelt were similar for all three K distributions, although the quantity of
ground-water discharge increased proportionately to the increase in hydraulic conductivity.
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Figure 2 Effects of subsurface hydraulic conductivity on total infiltration
into the unsaturated zone beneath the soil zone.
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Figure 3 Effects of subsurface hydraulic conductivity on total recharge.
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Figure 4 Effects of subsurface hydraulic conductivity on total basin ground-water
discharge to the soil zone.

DISCUSSION AND CONCLUSIONS

GSFLOW is a coupled precipitation-runoff and ground-water flow model that provides mass balances and exchange
rates among different hydrologic zones, including land surface, soil zone, unsaturated and saturated subsurface
zones. GSFLOW is applicable for simulating coupled precipitation, runoff and ground-water flow over large areas
because it relies on an efficient method for simulating unsaturated flow. Coupled precipitation-runoff and ground-
water flow models that incorporate 3-D Richards’ equation to simulate flow in the subsurface require much smaller
grid cells and time steps, which constrains applications of such models to relatively small areas. The trade-offs of a
simpler model are that the unsaturated zone must be homogeneous in the vertical direction and capillary gradients
are neglected. However, the more rigorous equation may not provide more accuracy when modeling unsaturated
flow over large areas because of uncertainty in the many input variables that are required to solve the 3-D Richards’
equation.
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A sensitivity analysis of the effects of hydraulic conductivity in the subsurface zone below the soil zone on
infiltration, recharge, and ground-water discharge to the soil zone showed that the thickness of the unsaturated zone
can have a significant effect on the timing and rate of recharge in the Sagehen basin. These results would likely
apply to other basins that exhibit significant relief, such that the thickness of the unsaturated zone is sensitive to
hydraulic conductivity. The timing and rate of recharge affect changes in ground-water storage, and therefore, water
availability for human populations and wildlife.
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