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SUMMARY

The purpose of this technical memorandum is to document the construction, calibration, and application of a groundwater flow model developed for the Westside Basin in the San Francisco Bay Area for the San Francisco Public Utilities Commission. The objective of this modeling effort is to evaluate various water management alternatives for their impact on groundwater conditions in the Westside Basin and Lake Merced water levels. 

The model encompasses the entire Westside Basin and was developed using available hydrogeologic data. It was calibrated to historic groundwater elevations from 23 wells distributed throughout the Westside Basin and to Lake Merced elevations. To demonstrate the application of the model, three scenarios were evaluated:

1. Golf Course Use of Reclaimed Water - Four Lake Merced area golf courses cease groundwater pumping and use reclaimed water for irrigation.

2. In Lieu Groundwater Arrangement Between Daly City and San Francisco - Daly City reduces groundwater pumpage by 50 percent during average and wet years. 
3. Cessation of All Westside Basin Groundwater Pumping - All groundwater pumpage in the entire Westside Basin ceases. 

All three scenarios were run for a 20-year period (1975 to 1995) based on the water record for the past 20 years projected into the future. These results were compared to a run with current (1995) pumping conditions projected over the same 20-year period. Results from the first and second scenarios are similar and indicate that the level of Lake Merced could rise 1 to 1.5 feet and groundwater levels in the vicinity of Lake Merced could rise 1 to 10 feet by the end of the 20‑year evaluation period. Results from the third scenario indicate Lake Merced could rise 5 feet and groundwater levels in the vicinity of Lake Merced could rise 5 to 35 feet by the end of the 20 year evaluation period.

The results of model calibration and these scenario runs indicate that the elevation of Lake Merced is primarily controlled by precipitation and evaporation and to a lesser degree by groundwater pumping. Implementing management strategies will support restoring Lake Merced, but other strategies, such as increasing aquifer storage, should also be considered.

INTRODUCTION

A groundwater model has been developed for the San Francisco Public Utilities Commission as a tool to be used in evaluating the groundwater and surface water response to implementing various groundwater management strategies in the San Francisco Westside Basin, see Figure 1.

This technical memorandum documents development of the model, application of the model, and its potential uses and limitations.  Three scenarios have been evaluated using the model:

1. Lake Merced area golf courses use of reclaimed water

2. In lieu groundwater arrangement between Daly City and San Francisco

3. Cessation of all Westside Basin groundwater pumping

Use of the model to evaluate additional alternative groundwater management strategies will be documented in subsequent technical memoranda or addenda to this memorandum.

This technical memorandum comprises several sections to provide flexibility relative to the interest level of the reader.  The main body of this technical memorandum, TM‑18, provides general information about the model and some technical information to support the decis​ions that were made in the general construction of the model.  Additional information and technical details are provided as attachments.  The attachments to TM-18 are listed in Table 1.

Table 1

Technical Memorandum 18 Attachments
Westside Basin Groundwater Model

Attachment
Title
Subject

A
Westside Basin Cross Sections
Development and location of cross sections developed during preliminary modeling, presentation of three of the cross sections

B
Westside Basin Recharge Package
Summary of the inputs and operation of the recharge package and linkage to the Westside Basin Model

C
Lake Merced Water Budget Routine

Summary of the inputs and operation of the recharge package and linkage to the Westside Basin Model

D
Westside Basin Model Operation
Summary of the operation of the Westside Basin Model

BACKGROUND

Several numerical groundwater models have been developed to simulate various areas of the Westside Basin groundwater flow system.  These models have generally focused on limited geographic areas of the basin, for example Lake Merced (Geo/Resource Consultants, 1993) or the Daly City Well Fields (Applied Consultants, 1991).  However, as an understanding of Westside Basin hydrogeology increases, it has become apparent that management of the Westside Basin may not be achieved by focusing on any of its singular components.  None of the previously existing numerical models would allow a compre​hensive evaluation of the interaction of the different areas of the basin, including Lake Merced and the northern and southern groundwater users.  The Westside Basin ground​water model has been developed as a tool to allow such basinwide evaluations.

Although none of the existing groundwater models were determined to be of a sufficient areal extent to evaluate basinwide groundwater management strategies, information from these groundwater models was used during development of the Westside Basin ground​water model. In addition to the information contained within the groundwater models discussed below, data from the following sources also were used during the development of the Westside Basin groundwater model:

· Recent United States Geological Survey (USGS) data

· Recent City groundwater data

· Historical and current groundwater extraction data provided by Daly City, San Bruno, and the California Water Service for their respective wells

Figure 2 depicts the areal extent of the existing groundwater models and a brief description of each follows.

Lake Merced Model 

This model was developed as part of the Lake Merced Water Resource Planning Study (Geo/Resource Consultants, 1993) to evaluate potential alternatives for restoring Lake Merced water levels to an elevation optimal for an emergency water supply and recreational and wildlife habitat needs. The MODFLOW code (McDonald and Harbaugh, 1988) was used to develop a three-layer groundwater flow model.  This model was devel​oped specifically to focus on the elevation of Lake Merced.  The southern boundary of the model is a cone of depression created by the cemetery irrigators. The location of this boundary was found to be inconvenient in terms of evaluating the full effects of reducing or increasing pumping in this particular area for a given groundwater management evaluation. 

Daly City Groundwater Model 

Daly City conducted its groundwater investigation to evaluate the potential response of the aquifer to future changes in pumping and recharge conditions.  Again, the MODFLOW  code was used to develop a two-layer groundwater flow model (Applied Consultants, 1991). This model covers only a portion of the Westside Basin south of Lake Merced. 

Saltwater Intrusion Model 

This model was developed by the City of San Francisco (CH2M HILL/AGS, 1995) as part of the development of its Groundwater Master Plan to evaluate the potential for saltwater intrusion.  It covers the northern portion of the Westside Basin from Golden Gate Park to just north of Lake Merced.  The model was developed using the finite-element Micro-Fem code (Hemker and Van Elburg, 1988).  The three-layer model used an interactive approach to evaluating the potential migration of the freshwater-saltwater interface, which entails using incremental head solutions from Micro-Fem as input into a groundwater density routine.  This model is limited in that it does not allow direct interaction between Lake Merced and the area of the model.  

OBJECTIVES AND SCOPE

The primary objective of the Westside Basin modeling effort was to evaluate various water management alternatives for their impact on groundwater conditions in the Westside Basin and Lake Merced water levels.  The model used for this evaluation is also a tool that the City can continue to use as it evaluates future groundwater management options. The Westside Basin Model can be used to address the following issues:

· Approaches to implementing conjunctive-use practices, including injection of groundwater for short-term or long-term storage and in lieu exchanges between communities, such as Daly City and San Francisco.

· The potential for saltwater intrusion into the basin.

· Benefits resulting from replacement of groundwater irrigation with reclaimed water. 

· The response of the elevation of Lake Merced to changes in groundwater pumping and/or groundwater recharge.

In addition, the following secondary issues were considered during development of the numerical model:

· The model would include the entire basin, enabling evaluation of large-scale interactions between different portions of the basin.

· The Lake Merced water budget could be evaluated separately from the groundwater budget.

· The model would be flexible for use in future applications.

· The model could be periodically updated as new information became available.

WESTSIDE BASIN HYDROGEOLOGY

Details of Westside Basin hydrogeology are described in previous San Francisco Groundwater Master Plan (GWMP) technical memoranda (TM-4, Groundwater Resources, and TM-17, Lake Merced Field Study). The brief discussion of Westside Basin hydrogeology provided in this technical memorandum is included to facilitate discussion of the model.

Westside Basin Hydrostratigraphy

In the Westside Basin, three unconsolidated, water-bearing units are underlain by rocks of the Franciscan Complex and the Great Valley Sequence. The unconsolidated units are (from oldest to youngest) the Merced Formation, the Colma Formation, and the locally occurring dune sands.  The Merced and Colma Formations primarily comprise fine- to medium-grained sands that interfinger with intervals of discontinuous silt and silty sand. Similar characteristics between these formations often make field identification difficult. The total thickness of the three unconsolidated units is up to 500 feet thick in the Golden Gate Park, up to 700 feet thick near the San Francisco International Airport, and up to 3700 feet thick in the area southeast of Thornton Beach.  

A series of three cross sections was prepared to evaluate the basinwide stratigraphy.  These cross sections were constructed using existing cross sections, existing well logs, and new well logs from monitoring wells installed in Golden Gate Park and the Lake Merced area.  Attachment A contains discussion related to construction of these cross sections and the three cross sections. 

The cross sections indicate that the basin stratigraphy is highly variable. A discontinuous low-permeability unit locally separates the Colma and Merced Formations in the vicinity of Lake Merced creating shallow and deep aquifers. The extent of this low-permeability unit is not known, but it has been identified as far south as the Olympic Club production wells.

Westside Basin Groundwater

Groundwater occurs in and is extracted from each of the three unconsolidated units of the Westside Basin. Westside Basin groundwater is generally of high quality and is potable.  A comprehensive set of water level measurements were collected from available groundwater wells to evaluate groundwater flow patterns throughout the Westside Basin. These data are presented in TM-17 and Attachment A (Table A-4). In general, the direction of groundwater flow north of Lake Merced is from east to west, from the highlands toward the Pacific Ocean. South of Lake Merced, groundwater extraction in the vicinity of Daly City causes extensive cones of depression in the water table. Near the airport, groundwater flows toward the San Francisco Bay.  

Recharge to the Groundwater System.  
Westside Basin groundwater recharge occurs as a result of infiltration and subsurface inflow.  Infiltration sources include precipitation, leakage from surface water bodies (creeks and lakes), irrigation return-flow, and leakage from underground pipes.  Subsurface inflow occurs from the Pacific Ocean (southwest of Lake Merced) and from localized zones in the bedrock along basin boundaries.

Discharge from the Groundwater System.  

Groundwater is extracted from the Westside Basin by numerous public and private entities for both potable supply and irrigation.  The quantity of groundwater extracted annually is difficult to estimate because many wells are not equipped with flowmeters. Table A-1 in Attachment A summarizes the known groundwater production wells in the Westside Basin. 

The interval in which groundwater production wells are screened varies widely.  However, the Merced Formation is the generally the unit from which groundwater is extracted.  Frequently, groundwater is extracted from more than one unit by the same well.   

WESTSIDE BASIN GROUNDWATER MODEL

Model Overview

The Westside Basin Model was constructed using information from existing models, published reports, new data collected during the Lake Merced Field Study (summarized in TM-17) and additional water level and pumping data provided by Westside Basin groundwater users.

Model Assumptions and Limitations

Simplifying assumptions need to be made throughout the process of translating the complexities of site hydrogeology into a numerical groundwater flow model. Assumptions made during construction of the Westside Basin groundwater flow model include:

· When historic pumping data did not exist for a particular extraction well, it was initially assumed that the pump operated at full capacity for the duration of operation. The magnitudes of pumping in some of these wells were changed during calibration of the model.

· The land use pattern, as described by the USGS (1993) during water year 1989, was assumed to be constant between water years 1975 and 1995, inclusive.

· The horizontal anisotropy in transmissivity was assumed to be 30 to 1 in the northwest‑southeast direction (i.e., sub-parallel to the San Andreas and other local faults). In other words, the “fabric” of the porous medium is oriented in the northwest-southeast direction.

· Horizontal-to-vertical hydraulic conductivity ratios in most of the Westside Basin are assumed to be approximately 3 to 1 (i.e., the porous medium resists flow in the vertical direction three times more than it resists flow in the horizontal direction). However, locally where fine-grained units up to 50 feet thick occur, the horizontal-to-vertical hydraulic conductivity ratios were assumed to be as great as 50 to 1.

The Westside Basin groundwater flow model has the following limitations:

· The spacing between cells in the model does not always allow each well to be represented by a single node; the area contained within one cell may contain multiple wells and may exceed the area of influence for a single well. Each node represents an average of the water levels within that cell. Therefore, this model represents general groundwater conditions and trends and should not be used to predict the precise groundwater level or the exact magnitude of drawdown at a single well (especially in the immediate vicinity of extraction wells). This model should instead be used as a tool for making basinwide estimates.

· The Lake Merced water budget is not internally computed by Micro-Fem.  The lake water level is calculated at the end of each Micro-Fem time step (i.e., water-year quarter) rather than iteratively within each step.

Recharge to the Groundwater System

Recharge to the groundwater system, as a result of precipitation and infiltration, varies spatially and temporally. In 1991 as part of a larger study of the western portion of San Francisco, the USGS developed a hydrologic routing model to compute groundwater recharge. The original USGS recharge model, called SMB_SF.FOR, uses a series of soil-moisture calculations based on precipitation and land use data to estimate groundwater recharge. In 1996, this FORTRAN model was modified and renamed SMB_CH.F90 by CH2M HILL for use in estimating recharge to groundwater within the bounds of the Westside Basin model. The USGS version of the model (SMB_SF.FOR) was modified by CH2M HILL to compute groundwater recharge on a monthly basis for each of the years to be modeled, creating output for each node within the model. Monthly recharge data were summed and output in terms of water-year quarters for the Westside Basin model. Figure B‑1 in Attachment B is a flow diagram showing the logic behind the soil-moisture budget calculations. A more detailed description of the original USGS model can be found in Geohydrology, Water Quality, and Estimation of Ground-Water Recharge in San Francisco, California, 1987-92, USGS (1993); a detailed discussion of the modified USGS model can be found in Attachment B. 

Geo/Resource Consultants (1993) stated that approximately 440 acre‑feet per year (ac‑ft/yr) of groundwater recharge occurs near the hilly bedrock areas east of Lake Merced and enters the Westside Basin as subsurface inflow. This information was merged with the modified USGS recharge model.

Lake leakages from the Golden Gate Park lakes that reside within the bounds of the Westside Basin were also merged with the USGS recharge model. Leakage rates were obtained from the Golden Gate Park Lake Leakage Study written by the City of San Francisco (1994).

Discharge from the Groundwater System

Discharge from the groundwater system results from groundwater pumpage by municipal and irrigation wells, outflow to the Pacific Ocean and San Francisco Bay, seepage to surface water bodies (e.g., Lake Merced), and seepage to surface streams (e.g., Colma Creek). 

Attachment A provides the pumping information for Westside Basin groundwater users incorporated into the groundwater model. The remaining discharge components mentioned in the previous paragraph are computed internally by Micro-Fem.

Model Code

The Westside Basin groundwater flow model was developed using Micro-Fem Version 3.0 (Hemker & Nijsten, 1996). Micro-Fem is a PC-based groundwater modeling package that computes steady-state or transient hydraulic head solutions for a three-dimensional flow system. 

Micro-Fem was chosen for the Westside Basin Model for the following reasons: 

· The finite element approach allows the construction of a model grid covering approximately 66 square miles while maintaining node spacings as small as 100 feet.  This approach also allows nodes to be placed around and in irregular features such as basin boundaries, lakes, and streams.

· The graphical interface allows rapid assignment of aquifer parameters and allows proofing of these values by graphical means. 

Model Construction

The hydrogeology in the Westside Basin was simplified and translated into a three-layer model with a finite-element mesh of 6,674 nodes and 12,814 elements. Figure 3 shows the model grid, which consisted of a relatively fine node spacing (~100 ft) around Lake Merced and along the Pacific Ocean shoreline, with a relatively coarse node spacing (~1,000 ft) in other regions of the model. The higher density of nodes around the lake and along the shoreline allows for a more refined evaluation of the groundwater levels around the lake, and enhances the evaluation of the potential for saltwater intrusion.

Generally, the model layers mimic the geologic layering in the Westside Basin. It is not critical that the model layering exactly match the geologic layering in the Westside Basin. Model layering is simply a means of mathematically sampling the vertical distribution of hydraulic properties and conditions. Table 2 provides the range of hydraulic parameters assumed in the model. Model Layer 1 represents the unconfined aquifer containing the locally occurring dune sands and, in general, the upper Colma Formation. The thickness of Layer 1 in the model varies spatially and is up to 430 feet thick. Layer 2 corresponds to the discontinuous clay layer between the Lower Colma and Merced Formations. The thickness of Layer 2 is a uniform 50 feet. Layer 3 contains the remaining subsurface deposits above the bedrock of the Franciscan Group and Great Valley Sequence (primarily the Merced Formation). Layer 3 is up to 1,400 feet thick. Figure 4 shows a map of the alluvial aquifer thickness in the Westside Basin. Figure 5 shows a map of the total aquifer transmissivity resulting from the hydraulic parameters assumed in Table 2 and the thicknesses shown in Figure 4.

Table 2

Range of Hydraulic Parameters Used in Westside Basin Groundwater Flow Model


Parameter
Horizontal Hydraulic Conductivity (ft/day)
Vertical Resistance (days)
Storage      Coefficient

Layer 1
10
---
0.12

Layer 2
0.5 - 10
0.25 - 3,300
5x10-2 - 5x10-4

Layer 3
10
3 - 5,700
2x10-3 - 2x10-8

NOTE: The horizontal-to-vertical hydraulic conductivity ratio was assumed to be 3 to 1 throughout the model area, except in locations where laterally extensive clay layers were assumed to exist. In these regions a horizontal to vertical hydraulic conductivity ratio was assumed to be 50 to 1.

Simulating Lake Merced

Lake Merced has a complex pattern of seepage. Surface-water leakage from Lake Merced occurs under two conditions. The first condition occurs when the groundwater elevation is above the elevation of the bottom of the lake. Flow resulting from this condition is a function of the head difference between the lake elevation and the groundwater elevation and the hydraulic conductivity of the material at the bottom (and sides) of the lake. When this condition is present, the relationship between the lake and the groundwater system is 

said to be coupled. The second condition occurs when the groundwater elevations are below the elevation of the bottom of the lake. Flow resulting from this condition is no longer a function of the head difference between the lake and the groundwater system, but rather is a function of the hydraulic conductivity of the lake bottom and the unsaturated zone. When this condition is present, the relationship between the lake and the groundwater system is said to be decoupled.

Some portions of Lake Merced are coupled with the underlying groundwater system and other portions (particularly to the south) are decoupled with the underlying groundwater system. Figure 6 illustrates the general relationship between Lake Merced and the groundwater system.

The Lake Merced water budget in the Westside Basin Model is tracked and updated by a code written by CH2M HILL that runs interactively with the Micro-Fem groundwater flow code. A detailed discussion of this code and the Lake Merced water budget is provided in Attachment C.

Boundary Conditions 

The Westside Basin is an elongated trough on the western half of the San Francisco penin​sula. The boundaries of the model correspond to natural groundwater features in the Westside Basin (Figure 1). These boundaries affect groundwater flow and are simulated in the model as boundary conditions. Boundary conditions are mathematical instructions that specify the hydraulic head or the groundwater flux at particular locations within the model. There are three main types of boundary conditions: (1) constant-head boundaries where the hydraulic head is constant, (2) constant-flow boundaries where the groundwater flux is con​stant, and (3) head-dependent flow boundaries where, given head values, the groundwater flux is calculated across the boundary (Anderson & Woessner, 1992). The following paragraphs describe the boundary conditions used in the Westside Basin groundwater model.

The northern boundary of the basin corresponds to a ridge of bedrock that is partially exposed in and around Golden Gate Park. It is modeled as a no-flow boundary. Some groundwater flow may occur across the subterranean bedrock ridge that defines this boundary, but it is assumed that the volume of flow is not a significant component of the groundwater budget, and is therefore not simulated. 

The eastern boundary of the model follows the bedrock ridge that includes Twin Peaks, Mount Sutro, Mount Davidson, the San Bruno Mountains, and a portion of San Francisco Bay south of Oyster Point to south of San Francisco International Airport.  The northern portion of this boundary is simulated as a no-flow boundary along the bedrock ridge and as a constant-head boundary along San Francisco Bay, where the head is held at mean sea level (msl) (i.e., 0 feet msl).  Geo/Resource Consultants (1993) stated that 440 ac-ft/yr of subsurface inflow occurs across portions of the Westside-Islais Valley Basin divide through small bedrock valleys. This flow is accounted for with constant-flux nodes located adjacent to the eastern boundary of the Westside Basin, east of Lake Merced in Layer 1 of the model.

The southern limit of the Westside Basin corresponds to the San Andreas fault zone. The grain sizes of sediments in active fault zones are typically reduced as adjacent geologic units slide past each other and grind the alluvium into fault gouge. It is assumed that this 

shear zone acts as a barrier to groundwater flow and this boundary is simulated as a no-flow boundary.

The western model boundary extends beyond the Pacific Ocean shoreline to facilitate later evaluations involving estimates of saltwater intrusion. However, the western limit of the Westside Basin is marked by the shoreline of the Pacific Ocean. This boundary is simulated as a constant-head boundary with the head of the Pacific Ocean held at msl. 

The surface boundary of the model is a prescribed-flux boundary with a specified recharge rate that represents areal recharge from precipitation, lake leakages, and other sources. Groundwater recharge is computed on a node-by-node basis using the modified USGS recharge model, as described in Attachment B.

The bottom of the model corresponds to the contact between the alluvial aquifer and the underlying bedrock, across which it is assumed that no groundwater flow occurs. There​fore, this contact is simulated as a no-flow boundary. This assumption is valid as long as groundwater flow to and from the bedrock is not a significant component to the groundwater budget. 

Primary surface water bodies in the Westside Basin model include Lake Merced, Colma Creek, and the Golden Gate Park lakes. The manner which Lake Merced is modeled is discussed in detail in Attachment C. Colma Creek is modeled as a head-dependent boundary, where groundwater flow feeds the creek as a function of the head difference between the creek and the underlying groundwater surface. Nodes representing Golden Gate Park lakes were simulated as constant-flux nodes. Flux values for each Golden Gate Park lake were obtained from the Golden Gate Park Lake Leakage Study Report written by the City of San Francisco (1994).

Groundwater Budget

A groundwater budget is an itemized account of all inflows, outflows, and storage changes that occur in a groundwater basin over a given duration of time. The components of the groundwater budget for the Westside Basin groundwater flow model include the following:

· Inflow (Recharge)

· Deep percolation of precipitation

· Deep percolation of applied irrigation

· Leakage from pipes

· Seepage from Lake Merced (and other lakes)

· Seepage from streams

· Inflow from Pacific Ocean

· Subsurface inflow

· Outflow (Discharge)

· Pumpage

· Subsurface flow to the ocean or bay

· Seepage into Lake Merced

· Discharge to surface streams

Figure 7 depicts the magnitudes of the recharge components to the groundwater budget. The largest recharge component of the groundwater budget is deep percolation of precipi​tation, which averages approximately 8,600 ac-ft/yr. Deep percolation of applied irrigation water makes up the second largest recharge component to the groundwater budget averag​ing approximately 4,300 ac-ft/yr. Inflow from the Pacific Ocean, according to the model, averages around 1,300 ac-ft/yr and seepage from subsurface inflow from the eastern margin of the model, seepage from lakes, and leakage from the pipes each account for around 400 to 600 ac-ft/yr. The average total groundwater recharge is approximately 6 to 7 inches/year (in/yr).

Figure 8 depicts the magnitudes of the discharge components of the groundwater budget. The largest discharge component of the groundwater budget is from groundwater pump​age, which averages approximately 11,000 ac-ft/yr. The average outflow to the Pacific Ocean and San Francisco Bay is approximately 2,600 ac-ft/yr. Approximately 95 ac‑ft/yr of groundwater seeps from Lake Merced and approximately 450 ac-ft/yr of groundwater discharges to surface streams. The total average groundwater discharge is approximately 14,000 ac-ft/yr.

On the whole, water-budget calculations indicate that the Westside Basin has been in a slight state of overdraft during water years 1975 through 1995 (the calibration period). Figure 9 shows the annual change in the Westside Basin aquifer storage during the calibration period. The total groundwater storage in the Westside Basin, assuming the area of the basin to be approximately 26,000 acres, is around one million acre-feet. The change in annual storage, as shown in Figure 9, is within (6,000 acre-feet. This change in annual storage makes up less than 1 percent of the total storage in the Westside Basin. Figure 10 shows the cumulative change in annual storage. The trends in Figure 10 generally coincide with annual precipitation in the Westside Basin.

Attachment D summarizes the overall operation of the Westside Basin Model.

Model Calibration

Approach.  Model calibration is a process of demonstrating that the simulated hydraulic heads from the numerical model are consistent with field-measured heads to a user-defined degree of accuracy. Calibration is achieved when a set of boundary conditions, aquifer parameters, and initial conditions satisfies the user-defined degree of accuracy. Parameters adjusted during the calibration process are typically those that the most uncertain.

During calibration of the Westside Basin Model, one of the parameters with the greatest uncertainty was pumping rates.  Most of the production wells in the Westside Basin are not metered, except for the potable suppliers.  Where unknown, pumping rates for the model were estimated based on the 1988 estimates made by the USGS and general information provided by well operators.  Pumping rates were also adjusted based on irrigated acreage and estimated irrigation rates for land use.   

Results.  Methods of quantifying the degree of calibration rely on some form of comparison between simulated and measured groundwater levels. The Westside Basin groundwater flow model was calibrated to field-measured groundwater levels from 23 wells. Figure 11 shows the distribution of wells used for calibration. 

The degree of calibration for the Westside Basin Model was measured in two ways. First, simulated and measured hydrographs were compared. Figures 12 through 19 show simulated and measured hydrographs for the 23 calibration wells. In general, simulated hydrographs reasonably match observed groundwater elevations. The exceptions to this are in locations where calibration wells are immediately adjacent to pumping centers and/or the calibration well itself is a production well. Measured groundwater elevations from pumping wells (e.g., Holy Cross or SFGC West) seldom make good calibration heads.

For example, in Golden Gate Park most of the calibration points are production wells or monitoring wells very close to a production well.  Simulated groundwater elevations do not “match” as well as other areas of the model. This is likely due to uncertainties in the groundwater budget in Golden Gate Park resulting from the lack of documented historic flow rates and flow schedules from irrigation wells. 

In the Sunset District and Lake Merced area of the model, simulated and observed groundwater elevations match reasonably  well.  This area has the best hydrogeologic data, there are numerous monitoring wells from previous dewatering projects and the old Sunset District wells to provide good calibration data points, and there are fewer pumping wells.  The data from the calibration points in the Sunset District and Lake Merced area indicate the model matches well with observed conditions when there are data with fewer uncertainties (such as the quantity and timing of pumping from nearby wells) to measure the model’s response. 

The degree of calibration between simulated and observed groundwater elevations is less favorable in the southern portion of the Westside Basin, particulary near the Holy Cross irrigation well. This is a result of less hydrogeologic information and fewer pumping records to the south of the Lake Merced area. Obtaining more detailed hydrogeologic information in this region and updating the model would improve model calibration.

A second method of evaluating the calibration of the Westside Basin Model is to plot observed and simulated groundwater elevations on a graph with axes of equal scale. Data that fall on a line with a slope of 1 indicate a perfect match between observed and simulated groundwater elevations. Figure 20 shows this approach to the Westside Basin Model data, which is referred to as a scattergram of the observed versus simulated groundwater levels. Data on this scattergram are representative of the entire calibration period. The data shown in Figure 20 reasonably match the trend line. The exception to this is at irrigation wells south of Lake Merced, indicated by the points toward the bottom left of the scattergram. Again, the southern region of the model was constructed using  hydrogeologic and pumping data of lower quality than data from the Lake Merced area of the Westside Basin Model.

Calibration of the groundwater flow model was also measured by comparing simulated and measured hydrographs for Lake Merced. Figure 21 shows that simulated and measured Lake Merced elevations also match reasonably well for the calibration period.  In particular, the seasonal variation in lake levels and overall trends, particularly during the 1986 through 1992 drought.  Prior to 1986, only yearly ranges of the lake level were recorded, the average of which are shown on the graph.

SCENARIOS

Three scenarios were evaluated using the calibrated Westside Basin Model. These scenarios are:

1. Golf Course Use of Reclaimed Water - The four Lake Merced area golf courses (Olympic Golf Club, Lake Merced Golf Club and Country Club, San Francisco Golf Club, and Harding Park Golf Club) cease groundwater pumping and use reclaimed water for irrigation.

2. In Lieu Groundwater Arrangement Between Daly City and San Francisco - Daly City reduces groundwater pumpage by 50 percent during average and wet years. 
3. Cessation of All Westside Basin Groundwater Pumping - All groundwater pumpage in the entire Westside Basin ceases. This scenario is not a viable alternative for the Westside Basin; however, the results from this scenario provide a direct indication of the effects of groundwater pumping in the basin as a whole.  
For each of the scenarios evaluated, the results from the end of the calibration period containing water years 1975 through 1995 were used as the initial condition for a given scenario run. To predict future water elevations, it is necessary to forecast future climatic conditions. The climatic conditions from the historic period containing water years 1975 through 1995 were used in conjunction with the particular water demand for a given scenario. The assumption is that the climatic conditions over the 1975 through 1995 period will repeat over the 1996 through 2016 period. The results from the scenario runs were evaluated with regard to groundwater levels, the elevation of Lake Merced (i.e., the response of Lake Merced to a given scenario), and when applicable, the change in underflow to Daly City. The following sections describe the simulation results.

Lake Merced Area Golf Courses Use Reclaimed Water for Irrigation

For the first scenario, pumping was removed from four Lake Merced area golf courses: Olympic Golf Club, Lake Merced Golf Club and Country Club, San Francisco Golf Club, and Harding Park Golf Club for the period containing years 1996 through 2016 . Groundwater pumpage removed from these four Lake Merced area golf courses averaged approximately 955 ac-ft/yr. Irrigation water for these golf courses was assumed to be provided from reclaimed water. 

Figure 22 shows an observed and simulated lake hydrograph resulting from this first scenario. The model predicts that the elevation of Lake Merced could rise to just over 1 foot over the 1996 through 2016 time period. Figure 23 shows the response of the groundwater table to the reduced Lake Merced area pumping under the first scenario. The predicted response of groundwater elevations to the reduced pumping in the vicinity of Lake Merced indicates that a rise of approximately 1 to 10 feet is possible over the 1996 through 2016 time period.

In Lieu Groundwater Arrangement Between San Francisco and Daly City

The first step in this second scenario was to establish which years were considered wet, average, and dry. To do this, precipitation data over water years 1975 through 1995 were plotted and a precipitation value of 16 inches was selected to be the threshold below which the time period was considered to be dry (i.e., drought conditions). Under the second scenario, Daly City continues pumping at their current demand of approximately 3.2 million gallons per day (mgd) during drought periods. During average and wet periods, pumping was reduced by 50 percent to 1.6 mgd.

Figure 24 shows an observed and simulated lake hydrograph resulting from this second scenario. The model predicts that the elevation of Lake Merced could rise to approximately 1.5 feet over the 1996 through 2016 time period. Figure 25 shows the response of the groundwater table to the reduced Daly City pumping under the second scenario. Similar to the first scenario, the predicted response of groundwater elevations to the reduced pumping in Daly City indicates that a rise of approximately 1 to 10 feet is possible over the 1996 through 2016 time period. Under the second scenario pumping scheme, groundwater underflow to Daly City over the 20‑year time period was reduced by 50 percent, or about 800 ac-ft/yr.

Cessation of All Westside Basin Groundwater Pumping

Groundwater pumpage averaging approximately 11,000 ac-ft/yr would completely cease and be removed from the third scenario. 

Figure 26 shows an observed and simulated lake hydrograph resulting from this third scenario. The model predicts that the elevation of Lake Merced could rise approximately 5 feet over the 1996 through 2016 time period. Figure 27 shows the response of the groundwater table to the cessation of groundwater pumping under the third scenario. The predicted response of groundwater elevations in the vicinity of Lake Merced indicates that a rise of approximately 5 to 35 feet is possible over the 1996 through 2016 time period.

CONCLUSIONS AND RECOMMENDATIONS

The Westside Basin groundwater flow model discussed in this technical memorandum is a useful tool for evaluating the effects of basinwide groundwater management alternatives. In terms of Lake Merced, the model indicates that lake water levels are controlled primarily by precipitation and evaporation and to a lesser degree by groundwater pumping. 

Additional groundwater management evaluations could be simulated with the model.  Examples of possible future scenarios are:

· Evaluate aquifer storage options, including Lake Merced receiving recharge water or injecting surplus water into the aquifer

· Evaluate impact of new pumping wells in various portions of the Westside Basin

· Evaluate effects of cemeteries converting to reclaimed water use for irrigation purposes

· Evaluate other Daly City in lieu cycles

Additional data collection could improve the calibration of the Westside Basin groundwater flow model. CH2M HILL recommends that a groundwater monitoring program be developed for the City and County of San Francisco. Information regarding groundwater elevations and magnitude of pumping from municipal and irrigation wells in the Westside Basin needs to be systematically recorded. Once such data are made available, the Westside Basin model could be periodically updated.
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