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Memorandum Objective

The objective of this memorandum is to describe the construction of the Riverside-Arlington numerical groundwater model (Riverside-Arlington Model), based on the conceptual model of the Riverside and Arlington basins presented in the technical memorandum for Task 3.2.  The Groundwater Vistas (GV) program and MODFLOW groundwater flow model were used to prepare the transient Riverside-Arlington Model. 

Programs and Codes Used

The Riverside-Arlington Model is a saturated groundwater flow model.  The U.S. Geological Survey (USGS) groundwater flow code of MODFLOW-2000 and the pre- and post-processor program of Groundwater Vistas Version 5 were used to construct the Riverside-Arlington Model.  The California Department of Water Resources’ (DWR) Integrated Water Flow Model Demand Calculator (IDC) code was used for estimation of deep percolation from rainfall and irrigation. 

GV is a graphical design system for MODFLOW (Rumbaugh, 2007).  GV supports building MODFLOW input data files, running the MODFLOW model, and processing the results of the MODFLOW run.  GV was used to build the Riverside-Arlington Model input files.  Details of information used to build the model input files are described in the following sections.

IDC

DWR developed the IDC version 1.0 model in 2007 (Dogrul, 2007).  The IDC model is the stand-alone soil-moisture routing and agricultural-demand computation component of the Integrated Water Flow Model (IWFM).  The IWFM simulates groundwater flow, streamflow, and surface water–groundwater interactions.  DWR first released IWFM to the public in 2003 as “IGSM2” (Integrated Groundwater-Surface water Model, version 2).  IGSM2 was a revised version of IGSM, which was originally developed in late 1970s.  IGSM has been upgraded to a state-of-the-art, comprehensive hydrologic model through numerous project applications in California and other states (Taghavi, et al., 2003).

An important aspect of IGSM, which is also carried through to IWFM, is its capability to compute infiltration, evapotranspiration, and surface runoff based on precipitation and irrigation rates, as well as the distribution of land use and crop types over the model domain. IWFM simulates vertical movement of the soil moisture through the root zone and the unsaturated zone, and computes the recharge rates to groundwater.

The IDC model routes precipitation and irrigation water through the root zone using physically based simulation methods.  It also computes land-use-based water demands for user-defined crop distribution.  The model region is divided into multiple subregions based on land use and soil characteristics. The model defines acreages of agricultural crops, urban areas, and native vegetation lands in each subregion.  IDC uses the land-use acreages for routing of soil moisture in the root zone and crop irrigation demands.

The IDC model uses the following equation for soil moisture routing in the root zone.  The soil moisture in the root zone is a function of the moisture that is available in the root zone, the moisture inflow in terms of infiltration of the precipitation and applied water, and the moisture outflow in terms of evapotranspiration and deep percolation.

Dr (θt+1- θt)/Δt = Ip + IAW – ET - Dp
where
Dr = thickness of root zone

θt+1 = soil moisture content in the root zone at the end of time step

θt = soil moisture content in the root zone at the beginning of time step
Δt = length of time step
Ip = infiltration of precipitation
IAW = infiltration of applied water
ET = crop evapotranspiration
Dp = deep percolation
The amount of precipitation that infiltrates into the soil is equal to precipitation minus runoff.  In IDC, direct runoff is computed using the National Resources Conservation Service (formerly known as Soil Conservation Service) method of rainfall-runoff relation for ungaged watersheds.  This method is based on curve numbers (CN) developed for specific land use types, soil types, moisture conditions, and management practices.

Infiltration of applied water is equal to applied water minus return flow.  The amount of return flow from the agricultural lands and pervious portions of the urban lands is computed based on the soil moisture content and moisture fluxes in the root zone.

IDC has two options for computing the deep percolation: a physically based approach using soil properties, and a user specified, deep percolation fraction approach for distributing the soil moisture above field capacity between deep percolation and return flow.

IDC uses daily rainfall and evapotranspiration, soil, and land use information to calculate daily runoff and deep percolation for each subregion.  Deep percolation rates for each subregion are assigned to the corresponding MODFLOW model cells. 
MODEL DOMAIN

The model domain for the Riverside-Arlington Model is defined by the hydrologic and hydrogeologic settings of the study area, and with considerations for future applications of the numerical groundwater model.  The boundaries of the Riverside-Arlington Model are primarily based on the boundaries of the Arlington, Riverside, and Rialto-Colton basins, as defined by the DWR Bulletin 118 (Figure 1).  The Riverside-Arlington Model area covers a total of 95.5 square miles, consisting of 23.2 square miles in the Arlington Basin, 65.3 square miles in the Riverside Basin, and 7 square miles in the Rialto-Colton Basin.

The boundaries of the Riverside-Arlington Model consist of the groundwater divide with the Chino Basin at the northwestern boundary; Jurupa Mountains, Pedley Hills, and other surface topographic features at the western boundary; Arlington Narrows at the southwestern boundary; the Box Springs Mountains at the southern and eastern boundaries; the San Jacinto Fault at the northeastern boundary; and Rialto-Colton Basin at the northern boundary.  The internal boundary between the Arlington Basin and Riverside Basin is based on the 1969 Judgment boundaries.  The Rialto-Colton Fault represents the internal boundary between the Riverside and Rialto-Colton basins.  Riverside Basin is divided into Riverside North and Riverside South basins at the Riverside-San Bernardino county line.  This is also the boundary between the San Bernardino Valley Municipal Water District and the Western Municipal Water District (WMWD). 

The Riverside-Arlington Model area is primarily an urban area, although it has a significant agricultural area.  Historically, groundwater has been used for irrigation purposes and municipal water supplies.  Groundwater used in the Riverside-Arlington Model area is pumped from wells in both the model area and the Bunker Hill Basin to the northeast.  To meet the water demands in the Riverside-Arlington Model area, the groundwater supplies are supplemented in dry years by imported water from the Metropolitan Water District.  The general movement of groundwater in the Riverside-Arlington Model area is from the northeast to the west and southwest direction, towards the Chino and Temescal basins. 

Model Grid

The Riverside-Arlington Model grid was developed using GV (Figure 2a).  The model grid consists of 300 rows and 609 columns, or 182,700 cells per model layer.  The grid is rotated 51 degrees counterclockwise from the east to approximately align the column directions with the Rialto-Colton Fault and the row directions with the general groundwater flow direction.  The NAD 83 UTM coordinates of the lowest corner of the grid are: Easting (X) = 459,733 meters and Northing (Y) = 3,742,847 meters.  The grid cells are designated as “inactive” outside the model domain and as “active” inside the domain.  There are a total of 96,565 active cells in model layer 1 (Figure 2b).  Magnified views of the model area showing the Flume wells, RIX facility, and Arlington desalter wells are a reference for model grid resolution.

Numeric Solutions, LLC, in Ventura, California (Numeric Solutions) is developing geologic cross sections under a separate contract with the WMWD. These cross sections will be the basis for the model layering.  The model layers in MODFLOW are numbered downward with layer 1 at the top.  The top of model layer 1 will be equivalent to land surface and the bottom of the model will be equivalent to the bedrock surface.  For example, the bedrock surface of the Riverside Model (GeoTrans, 2003) and the following assumptions could be used for model layering: 

· Three model layers will be used.

· The top of model cells in layer 1 are at an elevation equivalent to land surface.

· The bottom of model cells in layer 1 are at the level of the bedrock surface or 700 feet, whichever is higher.

· The bottom of model cells in layer 2 are at the level of the bedrock surface or 500 feet, whichever is higher.

· The bottom of model cells in layer 3 are at the bedrock surface.

· If the bottom of a model cell is at the bedrock surface, then the corresponding cells in the same row and column of the model grid in the lower layers are inactive.

Using the above assumptions for model layering, the active model cells for layers 1 to 3, as generated by GV, are shown in Figures 2c, 2d, and 2e.  Layer 1 has 96,565 active cells; layer 2 has 54,198 active cells; and layer 3 has 15,202 active cells.  In total, there are 165,965 active cells.  The final number of model layers and final elevations of top and bottom of layers will be determined following the development of the geologic cross sections by Numeric Solutions. 

Simulation TIME Period

The simulation time period of the Riverside-Arlington Model is from 1976 to 2007.  This span consists of a calibration period from 1976 to 2005 and a two-year validation period from 2006 to 2007.  The simulation time in MODFLOW is divided into stress periods and time steps.  The stress periods are the time periods within which the aquifer stresses, such as pumping and recharge rates, do not change.  Depending on the availability of data, the stress periods usually range from one month to one year.  The available data for the Riverside-Arlington Model have various frequencies.  Rainfall and streamflow data are available on a daily basis, whereas, groundwater production data is only available annually.  Groundwater elevation data for most wells is available twice a year.  A stress period of one month will be used for the Riverside-Arlington Model.  Monthly averages of daily data will be used for each stress period, while the rates of the annual data will not change for the twelve monthly stress periods of each year.

MODFLOW solves the groundwater flow equation once for each time step.  The model results are sensitive to the length of each time step and are more accurate for smaller time steps.  Stress periods are divided into one or more time steps, with equal or variable durations.  Time steps of each stress period can be small initially and become larger by using a time step multiplier.  Three time steps of equal durations will be used for each stress period of the Riverside-Arlington Model.

Initial gROUNDWATER Elevations

Initial groundwater elevations are specified for every active model cell.  The initial groundwater elevations were estimated by interpolation method using Geographic Information Systems (GIS), from reported water levels for Spring 1976, and were specified for every active model cell.  Figure 3 shows a contour map of the initial groundwater elevations. 

Boundary Conditions

The Riverside-Arlington Model area is bounded on the northwest by the groundwater divide with the Chino Basin; on the west by the Jurupa Mountains, Pedley Hills, and other surface topographic features; on the southwest by Arlington Narrows; on the south and east by the Box Springs Mountains; on the northeast by the San Jacinto Fault; and on the north by the northern portion of Rialto-Colton Basin.  Figure 4 delineates the Riverside-Arlington Model boundaries.  The initial estimates of the flows through the specified boundaries will be based on estimated values presented in technical memoranda for tasks 1 and 3.2 and will be adjusted in the calibration process.  The model boundaries are represented as follows:

· San Jacinto Fault: Flow through the San Jacinto Fault is represented by a series of injection wells. 

· Boundary with Northern Portion of Rialto-Colton Basin: Represented as a general-head boundary condition, with the head values equal to groundwater levels in Rialto-Colton Basin immediately north of the boundary.

· Groundwater Divide with the Chino Basin: Represented as a no-flow boundary.

· Riverside Narrows: Represented as a time-variant, constant-head boundary with the groundwater levels based on historical levels at the boundary.

· Hole Lake Area: Represented as a time-variant, constant-head boundary, with the groundwater levels based on historical levels at the boundary.

· Arlington Narrows: Represented as a general-head boundary condition, with the head values equal to groundwater levels in the Arlington Narrows to the west of the boundary.

· Rialto-Colton Fault: Represented as a horizontal flow barrier.  The horizontal flow barrier is simulated with the MODFLOW-2000 Horizontal Flow Barrier (HFB) package.

· Santa Ana River: Simulated with the MODFLOW-2000 River (RIV) package.
Recharge

Groundwater recharge is calculated by IDC model.  The IDC model calculates groundwater recharge from: 

· Rainfall over the model area and the surrounding small watersheds 
· Applied water for irrigation of agricultural lands and urban landscape 
The model area is divided into 85 subregions and the surrounding small watersheds are divided into 29 subregions.  Divisions are based on land use and hydrologic soil characteristics (Figure 5).  Table 1 shows the soil characteristics and acreages of agricultural, urban, native, and park areas of 1993 and 2008 land use conditions of the subregions.

Calculated recharge rates of the subregions in the model area are applied directly to the model cells located in each subregion.  The small watersheds are a source of recharge to the model area.  Model cells along the edge of the active model cells are assigned to each small watershed subregion, so that all recharge within the watershed enters the model.  The recharge rates will be adjusted in the calibration process.  The range of recharge estimated for TM 1 will be used as reference for adjusting the recharge rates. 
Groundwater Production

Groundwater production in the model area is based on data received from the San Bernardino-WMWD Watermaster.  Figure 6 shows locations of the existing and former production wells in the Riverside-Arlington Model area.  Table 2 shows the annual groundwater production rates of these wells.  The groundwater production in the model area is primarily for municipal use.  Because the model stress period is monthly, the annual groundwater production rates are divided uniformly for each month.

In MODFLOW, groundwater production is simulated using the well (WEL) package and assigning pumpage to model cells.  GV provides a grid-independent analytical element (AE) tool for simulation of wells.  Wells are defined by their spatial coordinates (X and Y) rather than grid-cell (row and column) coordinates.  GV assigns the wells to model cells when it generates the model data files.

Aquifer Parameters

Aquifer parameters of horizontal and vertical hydraulic conductivity, storage coefficient, and specific yield will be assigned to each active model cell.  The following sources of aquifer parameter data are available for the Riverside-Arlington Model area:
· Aquifer parameter data reported by previous studies

· New aquifer parameter data from recent RPU aquifer test in the Flume wells area

· Zones with similar aquifer materials, as defined by the 3-D hydrostratigraphic model being developed by Numeric Solutions

WRIME will analyze the above data and develop a new set of aquifer zones for aquifer parameters.  The estimated aquifer parameter zones and values will be refined during model calibration process. 
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