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INTRODUCTION
In 2014, California enacted the Sustainable Groundwater Management Act (SGMA), which requires local agencies to develop and
implement groundwater sustainability plans (GSPs) in all groundwater basins designated by the California Department of Water
Resources (DWR) as high or medium priority1 by 2020 or 2022, depending on basin condition.2 For the first time in California’s
history, agencies managing groundwater under SGMA must assess the impacts of groundwater pumping on water supply and
surface water flows and avoid “significant and unreasonable adverse impacts on beneficial uses of the surface water.”3
SGMA’s legal and regulatory requirements pertaining to interconnected surface water – defined in SGMA as, “surface water that is
hydraulically connected at any point by a continuous zone to the underlying aquifer and the overlying surface water is not completely
depleted.”4 – represent a significant step forward in recognizing the interconnected nature of surface water and groundwater and
for managing this resource accordingly. However, because groundwater-surface water connectivity was not a common management
consideration prior to the enactment of SGMA, many basins lack data or models or technical capacity to adequately characterize
interconnected surface water (ISW) and evaluate the impacts of groundwater pumping on these systems. Thus, meeting legal and
regulatory requirements related to ISW may be hindered by a lack of information about both the location and timing of such waters,
as well as the many beneficial uses and users that they support.
In March 2018, Water in the West, The University of Victoria, Foundry Spatial, The Nature Conservancy (TNC) and Environmental
Defense Fund co-hosted a workshop on tools to assess ISW under SGMA. The workshop, which included a small, select group of
hydrologists, water managers, water lawyers, nongovernmental organizations (NGOs) and academia, focused on four main areas:
1) Accounting for beneficial uses and users in GSP development and implementation;
2) Identifying physical or analytical approaches for characterizing, quantifying and monitoring ISW;
3) Using hydrological modeling to assess the effects of groundwater pumping on ISW and streamflow depletions; and
4) Understanding the functionality and use of decision support tools from other jurisdictions
This report summarizes key findings from the one-day workshop and a short questionnaire completed by workshop participants
during the day. A list of workshop attendees, the workshop agenda and workshop questionnaire can be found in Appendices A-C,
respectively.

1

The California Department of Water Resources (DWR) assigns all 517 of California’s alluvial groundwater basins to one of four categories. These
categories are high, medium, low and very low priority (See California Water Code (CWC) §10722.4(a)). Groundwater basins designated as medium
and high priority basins are subject to SGMA and must develop groundwater sustainability plans.

2

Groundwater sustainability plans (GSPs) must be completed by January 31, 2020, for the 21 groundwater basins that the DWR has designated
as being in a state of critical overdraft. GSPs for all remaining high and medium priority basins must be completed by January 31, 2022. (CWC
§10720.7.)

3

CWC §10721(x)(6)

4

23 California Code of Regulations (CCR) §351(o)
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FOCUS AREA SUMMARIES
1) Accounting for beneficial uses and users in GSP development and
implementation
SGMA requires GSPs to avoid undesirable result #6, which is “significant and unreasonable adverse impacts on beneficial uses
of the surface water.” The State Water Resources Control Board (SWRCB) formally defines 23 beneficial uses of surface water
and groundwater.5 In addition to agricultural, domestic and municipal water uses, many beneficial uses of surface water may be
impacted by depletions of interconnected surface waters, including habitat, refuges and reserves, cold or warm water ecosystems,
estuarine and terrestrial ecosystems and others. For more detail on beneficial uses and the legal and regulatory requirements
related to ISW under SGMA see Belin (2018), Cantor et al. (2018), and Tables D1 and D2 in Appendix D.
In addition to avoiding impacts on beneficial uses of surface water, SGMA also requires groundwater sustainability agencies
(GSAs) (the local agencies developing GSPs) to “consider the interests of all beneficial uses and users of groundwater [emphasis
added]”, including, but not limited to: (1) Overlying groundwater rights holders, including agricultural and domestic well owners;
(2) Municipal well operators and public water systems; (3) Land use planning agencies; (4) Environmental groundwater users; (5)
Hydrologically connected surface water users; (6) The federal government; (7) California Native American tribes; (8) Disadvantaged
communities; and (9) Entities monitoring and reporting groundwater elevations in all or a part of a groundwater basin managed by
the groundwater sustainability agency.6
Evaluating the impacts of groundwater depletions on beneficial users of surface water and groundwater will require GSAs to
undertake several actions. First, GSAs will need to develop a comprehensive understanding of the location, quantity and timing
of ISW 7 as of the SGMA benchmark date (January 1, 2015) and thereafter. Second, GSAs will need to assess what the beneficial
users of groundwater and surface water in each basin are, understand the conditions under which groundwater depletions in
the basins would result in “significant and unreasonable impacts” on these users and translate these impacts into measurable
objectives, interim milestones and minimum thresholds that can be incorporated into their GSPs.8 Finally, GSAs will need to develop
a monitoring network with data of sufficient quality, frequency and distribution to characterize ISW in the basins and evaluate how
they change as a result of Plan implementation.9 GSAs should take an iterative approach to understanding and monitoring the
impacts of groundwater pumping on surface water and groundwater uses and users in their basin.

Findings
• Only basins with ISW are potentially vulnerable to undesirable result #6; thus GSAs will need to establish if there is ISW in their
basins. At present, there is limited information about the spatial and temporal connectivity of surface water and groundwater
systems in many groundwater basins throughout the state. 23 CCR §§353.2 and 354.16 require DWR to provide information,
where possible, to identify ISW and “estimate the quantity and timing of depletions in those systems.”
• Uncertainty about the extent and timing of ISW should not hinder management actions and the development of meaningful

5

California State Water Resources Control Board (2014). Beneficial Use Definitions. Available at: https://www.waterboards.ca.gov/about_us/
performance_report_1617/plan_assess/docs/bu_definitions_012114.pdf. Some Regional Water Resources Control Boards have identified additional
beneficial uses that have also been approved by the SWRCB. Id., p. 5.

6

CWC §10723.2

7

23 CCR §354.16

8

23 CCR §§ 354.28 and 354.30

9

23 CCR §354.32
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measurable objectives and interim milestones. To account for this uncertainty, local agencies will need to take a conservative
approach in developing the measurable objectives and minimum thresholds to ensure that they are protective of beneficial uses
of groundwater and surface water. These thresholds can be revised over time as understanding of the system increases and the
impacts of groundwater pumping on beneficial users becomes clearer.
• SGMA does not override preexisting laws that protect specific beneficial uses or users. For example, the Federal or State
Endangered Species Act may have certain instream conditions (e.g., flow or temperature) that are impacted by groundwater
pumping. Instream flow criteria to protect state or federally listed endangered species will need to be maintained regardless
to what conditions existed on Jan 1, 2015. See Belin (2018) and Cantor et al. (2018) for more information on other legal
requirements related to ISW under SGMA.
• GSAs will need to identify all beneficial uses and users of surface water and groundwater within a basin. Beneficial users
should be included in discussions to define significant and unreasonable adverse impacts and the design of protective minimum
thresholds.
• In some basins, existing instream flow criteria adopted by the SWRCB will serve as the basis for minimum thresholds for surface
water depletions.10 However, even where instream flow criteria exist, GSAs will need to consult with local beneficial users to
ensure that these criteria are protective of all interests.
• In basins without existing instream flow criteria, insight from DWR, SWRCB, the California Department of Fish and Wildlife and
other state and federal agencies on the methodologies used for the development of instream flow criteria may be helpful in
guiding GSA development of minimum thresholds for ISW.
• Research by Carlisle et al. (2016) provides estimates of natural monthly streamflow for streams throughout California which may
be useful in estimating impacts to streamflow resulting from groundwater pumping and other factors.
• The Groundwater Resources Hub (TNC) provides maps, guidance and case studies of groundwater dependent ecosystems
(GDEs) – one category of beneficial users of groundwater listed in CWC §10723.2.11

2) Identifying physical or analytical approaches for characterizing, quantifying
and monitoring ISW
The technical challenges in determining the location and timing of ISW are substantial (Barlow and Leake 2012). These challenges
are particularly acute in California because groundwater and surface water are considered legally separate resources governed by
different legal regimes. This legal separation is partially responsible for the lack of information about the spatial extent and timing
of ISW in most groundwater basins in the state. Additionally, there is a lack of technical expertise about the tools, methods and
techniques to identify and monitor for ISW at the local and regional scale. Building on work by Cantor et al. (2018), workshop
participants developed Table D3 in Appendix D, which provides an overview of some of the field- and model-based methods for
assessing ISW, their benefits and their limitations.
SGMA allows for multiple GSAs and GSPs within a single groundwater basin.12 Where multiple GSPs exist within a basin, GSAs
must use the same data and methodologies in developing their water balance, sustainable yield, groundwater extraction data and
other assumptions.13 Data related to ISW are not explicitly addressed in this section of the legislation. However, inconsistencies
in data and methods used to quantify ISW and the impacts of groundwater pumping on ISW may lead to conflicts between

10 California Department of Fish and Wildlife, (2018) CDFW Instream Flow Recommendations Map. Available at: https://www.wildlife.ca.gov/
Conservation/Watersheds/InstreamFlow/Recommendations.
11 More information on the Groundwater Resources Hub can be accessed at: https://www.scienceforconservation.org/products/groundwater-resourcehub.
12 CWC §§10723(d) and 10727(b)
13 CWC §10727.6

WATER IN THE WEST

Tools for Assessing Groundwater-Surface Water Connectivity Under the Sustainable Groundwater Management Act

3

groundwater pumpers and surface water users. GSAs should seek to develop consistent and integrated data, methodologies and
modeling approaches for assessing ISW within a basin and between hydrologically connected basins.

Findings
• Many of the methods described in the Table D3 in Appendix D are summarized in Barlow and Leake (2012); Rosenberry and
LaBaugh (2008); and at the U.S. Geological Survey (USGS) Hydrogeophysics Branch website.14
• The importance of high quality, high resolution stream gauging data for understanding and modeling a watershed cannot be
overstated. Despite having the technology and knowledge of its importance, insufficient stream gauge data remains a major
limitation in watershed hydrology research and management in California. Federal, state, regional and local agencies should
work together to support the ongoing maintenance and expansion of California’s stream gauging network. These efforts should
include installing more gauges and ensuring adequate long-term funding for the maintenance of stream gauge networks.
• The majority of stream gauge data in California comes from the California Data Exchange Center and the U.S. Geological Survey
(USGS). Despite the importance of stream gauge data for the evaluation of ISW, recent analysis by TNC found that 86% of the
significant streams in California (those that drain over 1,200 acres) are poorly gauged, and that the number of gauged streams
across the state has declined substantially over time.15
• Recent work by Miller et al. (2018) highlights the importance of stream gauge data to support water management decisions,
including water infrastructure operation.
• Meeting the legal and regulatory requirements related to ISW will require significant technical expertise and resources. DWR
should develop expertise and guidance on local-scale identification, assessment and monitoring of ISW under SGMA. Developing
this expertise at the state level and sharing this expertise with resource-strapped GSAs would significantly improve their ability to
meet the legal requirements relating to ISW under SGMA.
• Local agencies should seek to develop consistent and integrated data, methodologies and modeling approaches for assessing
ISW within a basin and between hydrologically connected basins. Whenever possible, state and federal agencies, NGOs and
academic institutions should support the development of consistent ISW assessment and monitoring efforts by coordinating their
work on the topic to ensure consistency in messaging and outputs.
• DWR and the SWRCB should take an iterative approach in evaluating GSPs, particularly with respect to ISW.
• During GSP development GSAs should focus on: 1) correctly characterizing ISW that occurs within their basins; 2) installing
a monitoring network capable of providing insight into spatial and temporal exchanges between the surface water and
groundwater systems over time; 3) identifying all beneficial uses of groundwater and surface water in the basin, and conditions
that would constitute significant and unreasonable impacts; 4) translating potentially significant and unreasonable impacts into
minimum thresholds that are protective of beneficial users; and 5) developing a model that can be used to quantify the impacts
of groundwater pumping on ISW.

14 United State Geological Survey, (2018). Hydrogeophysics Branch website. Available at: https://water.usgs.gov/ogw/bgas/.
15 The Nature Conservancy, (2018). Gage Gap Map. Available at https://water.usgs.gov/ogw/bgas/.
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3) Using hydrological modeling to assess effects of groundwater depletion on
ISW and streamflow depletions
Well calibrated hydrologic models can be used to understand how hydrologic systems are likely to respond to future changes in
climate, land use or other factors and to estimate the impacts of groundwater pumping on interconnected surface water (Barnett et
al. 2012).
23 CCR §354.28(c)(6)(B) requires the use of a numerical groundwater and surface water model, “or an equally effective method,
tool, or analytical model” to quantify surface water depletion in GSPs. Workshop discussions focused on the relative advantages and
disadvantages of using numerical hydrological models and analytical models to model streamflow depletions. See Box 1 for more
information on the differences between analytical and numerical model codes.

Box 1. Overview of analytical and numerical model codes
Analytical model codes describe the physical processes of groundwater flow or contaminant transport using one or
more governing equations. These model codes are generally a greatly simplified version of a three-dimensional flow
problem and generally assume that the system remains uniform through space and time.
While analytical model codes are not typically used to represent changing conditions (DEQ 2014), they are much faster
and cheaper to build and run than their numerical counterparts. Importantly, they provide valuable insight into the
fundamental behavior of an aquifer system in response to pumping, recharge or groundwater-surface water connection
and how it relates to its hydrogeologic properties.
Numerical model codes solve the same mathematical equations as analytical models. However, to accommodate
complex aquifer system and boundary condition geometries, numerical models divide the physical system being modeled
into discrete cells or elements. The ability to model across both space and time enables the simulated environment (e.g.,
hydrogeologic conditions, pumping rates, etc.) to change.
Because of the complexity of aquifer systems and the extensive input requirements for numerical models, these model
codes can be labor-intensive to build and calibrate (Anderson et al. 2015). Additionally, numerical model codes require
sufficient data for model input and calibration (DEQ 2014). However, when developed and calibrated appropriately
numerical models can serve as a powerful tool to simulate geologically complex or more developed hydrologic systems
and to forecast long-term changes to the system.

The simplifying assumptions used in analytical models generally mean that these models require less data than numerical models
and are faster and easier to build, run and maintain. Thus, analytical models are commonly used in regions where data is sparse
(Barnett et al. 2012), to evaluate the impacts of pumping on surface water bodies in relatively underdeveloped regions (Huggins et
al. 2018), or as a “screening” tool or “first-order” estimate of pumping impacts (Reeves et al. 2009).
By contrast, numerical models are capable of representing more complex aquifer systems and thus can provide a much more
nuanced understanding of a system. Well-developed and calibrated numerical models can serve as a powerful tool to simulate
geologically complex or more developed hydrologic systems and forecast long-term changes to the system. However, these models
are labor-intensive to develop and calibrate, and require extensive data inputs.
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Integrating the use of analytical and numerical models, as is done in other states, may be a means of capturing the best attributes
of both model types. For example, analytical models, which produce rapid, accessible information can be used as screening level
tools across larger areas. More complex, detailed numerical models can be developed in areas with more data and with more
complex management structures. See Section 4 for an example of an analytical model used as a screening tool in Michigan to
differentiate between groundwater withdrawals that are not likely to cause an adverse resource impact upon streams and those that
may have an adverse impact.

Findings
• There are many good summaries on the use of hydrologic models for estimating ISW, guidelines for their use and descriptions of
model limitations, including Barlow and Leake (2012); Barnett et al. (2012); and Rathfelder (2016).
• There are advantages and disadvantages to using analytical versus numerical hydrological models for identifying and quantifying
the impacts of groundwater pumping on streamflow. Integrating the use of analytical and numerical models across groundwater
basins may be a means of capturing the best attributes of both model types. For example, in Michigan, an analytical model is
used as a “screening tool” to identify groundwater withdrawals that are likely to have an adverse impact on fish populations,
which then triggers a site-specific review that includes the use of a numerical model. Section 4 has more information on the
Michigan Tool.
• As discussed in section 2, stream gauge data plays an essential role in developing and calibrating both analytical and numerical
hydrologic models. Funding to support and expand the maintenance and development of the stream gauging network in
California would provide foundational data to GSAs with ISW, as well as support many other hydrologic analyses.
• DWR is currently developing the Sacramento Valley Groundwater-Surface Water Simulation Model (SVSim) to, among other
things, evaluate ISW in California’s Sacramento Valley (CDWR 2018). Similar steps should be undertaken to improve the
California Central Valley Groundwater-Surface Water Simulation Model (C2VSim) – DWR’s hydrological model for California’s
Central Valley. Doing so would improve consistency in groundwater modeling efforts within and between hydrologically
connected basins, reduce redundancy and inefficiencies in model development and improve evaluation of ISW in California’s
Central Valley.
• Further research to assess the performance of analytical and numerical models in similar scenarios could provide insight and
guidance on the level of model complexity necessary and useful for groundwater management decisions in different hydrologic
and institutional environments.

4) Understanding the functionality and use of decision support tools from other
jurisdictions
There is a growing interest in using data integration, visualization and modeling tools to guide water management decisions. In
this session, workshop participants heard from people involved in the development of two online tools used to support water
management decisions in Michigan and British Columbia, Canada. These tools are the Michigan Water Withdrawal Assessment Tool
(WWAT),16 an online screening tool used to identify new or increased groundwater withdrawals that may have adverse impacts on
fish populations in Michigan (Hamilton and Seelback 2010), and the BC Water Tool,17 which integrates public, water-related data to
support decisions for water use approvals and licenses.

16 http://www.deq.state.mi.us/wwat/(S(acxkwjuipqawhap521vwyq4m))/default.aspx
17 http://www.bcwatertool.ca/

WATER IN THE WEST

Tools for Assessing Groundwater-Surface Water Connectivity Under the Sustainable Groundwater Management Act

6

Michigan Water Withdrawal Assessment Tool
The Michigan Water Withdrawal Assessment Tool (WWAT) is an online tool used to assess proposed new or increased water
withdrawals. This tool was developed as part of the water-withdrawal process mandated by State of Michigan Public Act 34 of
2006, which sought to determine “whether the proposed [water] withdrawal may cause an adverse impact to the waters of the
state or to the water-dependent natural resources of the state.”
The WWAT combines three models: an analytical groundwater model, a streamflow model and a fish impact model, which rely on a
mix of public and proprietary data (Huggins et al. 2018). Users input information about the proposed pumping withdrawal, including
withdrawal source, pumping capacity and location, well depth, aquifer type and pumping schedule (Reeves et al. 2009). Withdrawal
impacts are categorized into one of four adverse resource impact categories, which range from Zone A (low risk) to Zone D (high
risk). Withdrawals categorized as Zone D are subject to additional agency review (Reeves et al. 2009).
WWAT has been in use for approximately 10 years and is considered to be the most prominent online conjunctive management
screening tool to date (Huggins et al. 2018). It has relatively low data requirements and is easy to use. Despite its success, there
are some lessons that have been learned during tool implementation. First, when developing online screening tools, agencies
need to anticipate the resources and expertise necessary to conduct site-specific reviews when they are triggered, including the
capacity to develop and run more complex models of the system, and processes for reviewing data and analysis from applicants.
Second, tool development and implementation must include stakeholder outreach and communication to ensure transparency in
the screening process. Finally, relatively minor differences in interpretation of the system can lead to distrust in the tool. Maintaining
dialogue with users is essential to ensure these discrepancies are caught and addressed before they come issues.
BC Water Tool
Developed by Foundry Spatial for the British Columbia Ministry of Forests, Lands, Natural Resource Operations and Rural
Development and the British Columbia Oil and Gas Commission, the BC Water Tool is a map-based water information tool used by
applicants and the province to make decisions about water withdrawal permits.
The BC Water Tool uses analytical models to estimate streamflow depletions over the simulation period. Inputs to the BC tool
include surface water data, groundwater extraction data and hydrogeologic data. Many of these inputs are pulled from publicly
available sources, which can then be supplemented with higher-resolution data where available. For example, stream networks and
flow rates have been mapped globally by Lehner et al. (2008). Similarly, some hydrogeologic data such as porosity and permeability
have been mapped globally (Gleeson et al. 2014). The intent of the BC tool is to provide users with the ability to consider questions
relating to water supply, demand and ecosystem needs at the stream, aquifer or well scale.
The ability to overlay higher resolution data enables the BC tool to be used in different settings; however, tool limitations exists.
These limitations include data availability and the simplifying assumptions necessary to facilitate the use of all available data
(Huggins et al. 2018). Unlike the WWAT, the BC tool does not serve as a screening tool for approving new water rights: rather, it
outputs streamflow depletions that can be used by resources managers to support management decisions.
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The WWAT and the BC Water Tool demonstrate the value of online decision support tools to guide water management decisions.
Key findings and lessons learned from these tools are summarized below.

Findings
• Data and visualization tools can help inform water management decisions. However, these tools require significant time, data
and resources to develop. Thus, agencies developing tools should ensure sufficient budgetary and personnel commitments for
tool development, ongoing support/maintenance and tool outreach and communication.
• Additionally, when developing online screening tools, agencies need to anticipate the resources and expertise necessary to
conduct site-specific reviews when they are triggered, including the capacity to develop and run more complex models of the
system, and processes for reviewing data and analysis from applicants.
• Bearing in mind the considerations outlined above, the state should consider developing screening or decision support tools to
support the management of ISW.
• The development and implementation of screening or decision support tools should include extensive and ongoing stakeholder
outreach and communication to ensure that tools meet user needs, are simple to use and understand, and communicate
outputs in a comprehensible manner. Additionally, the stakeholder outreach process should seek to identify and address issues
associated with tool development or implementation early in the process before they cause distrust in the tool.
• Tool developers should clearly convey data sources, methods, model assumptions and tool limitations.
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SUMMARY
Groundwater and surface water are physically connected and are manifestations of the same resource. Developing a comprehensive
understanding of the timing, nature and extent of this connection, as the basis to assess streamflow depletions resulting from
groundwater pumping and other impacts on beneficial uses and users, as required under SGMA, will not be easy. However, it is
essential for sustainable water management. Taking a thoughtful and systematic approach to developing a coordinated groundwater
monitoring network that can serve as the basis for model development and project planning to address SGMA’s ISW requirements
will provide local and state agencies with the data and tools necessary to manage this precious resource for all users in the future.

Summary findings and recommendations
For GSAs
• Only basins with ISW are subject to undesirable result #6, thus GSAs will need to establish whether there is ISW in their basins.
At present, there is limited information about the spatial and temporal connectivity of surface water and groundwater systems in
many groundwater basins throughout the state.
• GSAs with ISW should assess existing stream gauge networks in their basin and prioritize additional stations, where necessary.
• For existing guidance on legal challenges see Belin (2018) and Cantor et al. (2018). Building on work by Cantor et al. (2018),
workshop participants developed Table D3 in Appendix D, which provides an overview of the some of the field- and model-based
methods for assessing ISW, their benefits and their limitations.
• There are advantages and disadvantages to using analytical versus numerical hydrological models for identifying and quantifying
the impacts of groundwater pumping on streamflow. Integrating the use of analytical and numerical models across groundwater
basins may be a means of capturing the best attributes of both model types. For example, in Michigan, an analytical model is
used as a “screening tool” to identify groundwater withdrawals that are likely to have an adverse impact on fish populations,
which then triggers a site-specific review that includes the use of a numerical model. Section 4 has more information on the
Michigan Tool.
• GSAs should take an iterative approach to understanding and monitoring the impacts of groundwater pumping on surface water
and groundwater uses and users in their basin.

For state and federal agencies
• DWR should develop expertise and guidance on local-scale identification, assessment and monitoring of ISW under SGMA.
Developing this expertise at the state level and sharing this expertise with resource-strapped GSAs would significantly improve
their ability to meet the legal and regulatory requirements relating to ISW under SGMA.
• Additional guidance, data and support from state and federal agencies and others would dramatically improve GSAs’
assessments of ISW in their basins. Specifically,
– As outlined in 23 CCR § 354.16(f), DWR should provide data on ISW for all high and medium priority basins.
– DWR, SWRCB, the California Department of Fish and Wildlife, NGOs and other institutions should summarize the
methodologies used for the development of instream flow criteria to assist GSAs in basins without existing instream flow
criteria with the development of minimum thresholds for ISW.
– Similar to work done on the Sacramento Valley Groundwater-Surface Water Simulation Model (SVSim), DWR should modify
the California Central Valley Groundwater-Surface Water Simulation Model (C2VSim) to better evaluate ISW.
– DWR and/or the State Board should consider developing an online decision support tool for ISW.
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• The importance of high quality, high resolution stream gauging data for understanding and modeling a watershed cannot be
overstated. Despite the availability of gauging technology and the understanding of its importance, insufficient stream gauge
data remains a major limitation in watershed hydrology research and management in California. Federal, state, regional and
local agencies should work together to support the ongoing maintenance and expansion of California’s stream gauging network.
These efforts should include installing more gauges, providing more grants to support the existing gauge network, and ensuring
an adequate long-term funding stream for the maintenance of stream gauge networks.
• DWR and the State Board will need to take an iterative approach in evaluating GSPs, particularly with respect to ISW.
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APPENDIX B. WORKSHOP AGENDA

Tools and Methods for Assessing Groundwater-Surface Water
Connectivity under SGMA
Stanford University
March 12, 2018
Water in the West, the University of Victoria, Foundry Spatial, The Nature Conservancy, and the Environmental Defense Fund are
co-hosting a workshop entitled, “Tools for Assessing Groundwater-Surface Water Connectivity under SGMA”. The full-day workshop
will take place on March 12, 2018 from 8:30 am to 5 pm at Stanford University.
This workshop seeks to:
1. Engage with individuals and entities working on groundwater and surface water connectivity and groundwater dependent
ecosystems under SGMA;
2. Examine recent research and tool development to assess research gaps and areas to coordinate or collaborate research effort to
help address surface water depletions under SGMA; and
3. Where new research or tools are necessary, identify their potential role in water management decisions, the data needs,
essential functionality, and potential users, locations and partners for pilot studies.
Meeting Details
When: March 12, 2018 (1 day)
Where: Room 299, Y2E2 Building, 473 Via Ortega, Stanford
Hotel: Stanford Guest House
Dinner Details
When: March 12, 2018, 5:00 pm
Where: Tea Room, Shriram Building, 443 Via Ortega
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AGENDA
Monday, March 12, 2018
8:15 – 9:00

Light Breakfast and Registration

9:00 – 9:20

Welcome and Introductions
Leon Szeptycki, Water in the West
Tara Moran, Water in the West
Tom Gleeson, University of Victoria

9:20 – 10:25

Session 1: Why are we here? (65 mins)
What are groundwater hydrologists, groundwater managers, the state and others most worried about with
respect to groundwater-surface water requirements under SGMA?
Moderator: Leon Szeptycki, Water in the West
Presentations:
• Groundwater-surface water connectivity in hydrologic science: Tom Gleeson, University of Victoria (15 mins)
• Legal and regulatory requirements of interconnected surface water under SGMA: Jessica Bean, California State
Water Resources Control Board (15 mins)
• Navigating Groundwater-Surface Water Interactions under the Sustainable Groundwater Management Act:
Michael Kiparksy, UC Water (15 mins)
Discussion (20 mins)

10:25 – 10:35 Time to fill out Session 1 questions
10:35 – 12:00 Session 2: Can we go with the flow, people? (85 mins)
What are the concerns in considering multiple beneficial uses of interconnected surface waters under SGMA?
How can these approaches address these concerns? Where is additional work needed?
Moderator: Tara Moran, Water in the West
Presentations:
• A Framework for Unimpaired Minimum Streamflow Requirements: Daren Carlisle, United States Geological
Survey (15 mins)
• EDF’s Proposed Approach for Compliance with Surface Water Depletion Requirements in SGMA: Christina
Babbitt, Environmental Defense Fund (15 mins)
• California’s Groundwater Dependent Ecosystems: Jeanette Howard, The Nature Conservancy (15 mins)
Discussion (40 mins)
12:00 – 12:10 Time to fill out Session 2 questions
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12:10 – 1:00

Lunch (50 mins)

1:00 – 2:40

Session 3: Tools of the trade (100 mins)
How can we leverage existing data and knowledge to improve water literacy? Is there a role for screening level
tools, to support decision making and identification of where more complex field investigations and numerical
modeling is needed?
Moderator: Mary Hill, The University of Kansas
Presentations:
• B.C. Water Tool: Ben Kerr, Foundry Spatial (30 mins)
• The Michigan Tool: Howard Reeves, United States Geological Survey (30 mins)
Discussion (40 mins)

2:40 – 2:50

Time to fill out Session 3 questions

2:50 – 3:10

Break (20 minutes)

3:10 – 4:20

Session 4: To model or not to model? (70 mins)
What level of model complexity is necessary and useful for groundwater management decisions in different
hydrologic and institutional environments?
Moderator: Laura Foglia, University of California, Davis
Presentations:
• Comparison of Analytical and Numerical Models: Tom Gleeson, University of Victoria (15 mins)
• Lessons Learned from Groundwater Modeling in California and Beyond: Graham Fogg, University of California,
Davis (15 mins)
Discussion (40 mins)

4:20 – 4:30

Time to fill out Session 3 questions

4:30 – 4:50

Summarize key findings and next steps (20 mins)
Leon Szeptycki, Water in the West
Tom Gleeson, University of Victoria

4:50 – 4:55

Wrap-up, next steps

4:55 – 5:00

Time to fill out wrap up questions

5:00

Reception and Dinner
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APPENDIX C. WORKSHOP QUESTIONNAIRE
Session 1
1. What are you most worried about with respect to groundwater-surface water requirements under SGMA?
2. How do you anticipate addressing (or think GSAs should address) the concerns outlined above in groundwater sustainability
plans under SGMA?
Session 2
1. What is appealing about the approaches presented during session 2?
2. Do you have outstanding questions about these approaches and their potential application?
Session 3
1. What is appealing about the tools presented during session 3 of the workshop?
2. Do you have outstanding questions about these tools and their potential application?
Session 4
1. What is appealing about:
a. Analytical models for addressing interconnected surface waters under SGMA?
b. Numerical models for addressing interconnected surface waters under SGMA?
2. Do you have outstanding questions about these models and their potential application under SGMA?
a. Analytical models
b. Numerical models
Wrap up
1. After today’s meeting, what are you most worried about with respect to groundwater-surface water requirements under SGMA?
Have your concerns changed or remained the same? Why?
2. What would most help you or others best address this concern on the necessary timeline?
3. Can we reach out to you for additional information? If so, please include your name below and your areas of interest or technical
expertise.
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APPENDIX D. SUPPLEMENTARY TABLES
Table D1. Legal and regulatory requirements for interconnected surface water
under SGMA.
Legal requirements
GSPs must:
• Avoid chronic lowering of groundwater levels that result in significant and unreasonable depletion of supply (CWC 10721(w)(1))
• Avoid depletions of interconnected surface waters that have significant and unreasonable adverse impacts on beneficial uses of
the surface water (CWC 10721(w)(6))
• Include impacts on GDEs (CWC 10727.4(l))
• Develop monitoring and management protocols to detect changes in surface flow…(CWC 10727.2(d)(2))
Regulatory requirements
GSPs must:
• Include a hydrogeologic conceptual model characterizing surface water-groundwater interactions (CCR 354.14)
• Identify interconnected surface waters in the basin, including estimates of quantity and timing of depletions (CCR 354.16(f)
• Include water budgets that include estimates of inflows and outflows to and from the groundwater systems by and to surface
water systems (354.18(b)(2&3)); historical and projected groundwater and surface water interactions using a numerical model
or an equally effective method, tool, or analytical model (CCR 354.18(e))
• Include minimum thresholds for depletions of interconnected surface water avoid undesirable results. Minimum thresholds must
consider the location, quantity, and timing of depletions (CCR 354.28(c)(6))
• Include a monitoring network capable of demonstrating the hydraulic gradients between principal aquifers and surface water
features using monitoring wells (CCR 354.34(c)(1)); characterizing spatial and temporal exchanges between surface water
and groundwater, and sufficiently calibrate models used to determine the impact of groundwater pumping on surface water
depletions (CCR 354.35(c)(6))
• Evaluate and modify monitoring protocols to ensure that adequate detail about “site-specific” surface water and groundwater
conditions and assess the effectiveness of management actions including in highly variable spatial and temporal conditions (CCR
354.38)
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Table D2. Regulatory code pertaining to the consideration of beneficial uses and
users under SGMA
Table provided by Melissa Rohde, The Nature Conservancy.
Beneficial Uses and Users

GSP Regulation
Section

Required Consideration of Beneficial Uses and Users in Groundwater
Sustainability Plans

Admin Info

GSP Regulations §354.10 (a)
Each Plan shall include a description of the beneficial uses and users of groundwater in
the basin

Yes

GSP Regulations §354.16(d)
Each Plan shall provide a description of groundwater quality issues that may affect the
supply and beneficial uses of groundwater

Yes

GSP Regulations §354.18(e)
Each Plan shall rely on the best available information and science to quantify and evaluate
projected water budget conditions and the potential impacts to beneficial uses and users
of groundwater

Yes

GSP Regulations §354.26(b)(3)
Each Plan shall describe potential effects on the beneficial uses and users of groundwater
that may occur or are occurring from undesirable results

Yes

GSP Regulations §354.28(b)(4)
Each Plan shall establish minimum thresholds that quantify groundwater conditions
for each sustainability indicator and describe how minimum thresholds may affect the
interests of beneficial uses and users of groundwater.

Yes

Basin Setting

Sustainable
Management
Criteria

of
Groundwater

GSP Regulations §354.28 (c)(6)
The minimum threshold for depletions of interconnected surface water shall be the rate or
volume of surface water depletions caused by groundwater use that has adverse impacts
on beneficial uses of the surface water and may lead to undesirable results
GSP Regulations §354.34 (b)(2)
Monitor impacts to the beneficial uses or users of groundwater

Yes

Yes

GSP Regulations §354.34(c)(6)
When establishing a monitoring network for Depletion of Interconnected Surface water,
monitor factors that may be necessary to identify adverse impacts on beneficial uses of
the surface water
Monitoring
Networks

WATER IN THE WEST

of Surface
Water

Yes

GSP Regulations §354.34(f)(3)
The density of monitoring sites and frequency of measurements required to demonstrate
short-term, seasonal, and long-term trends are based shall be based upon impacts to
beneficial uses and users of groundwater that could affect the ability of that basin to meet
the sustainability goal

Yes

GSP Regulations §354.38(e)(3)
The Monitoring frequency and density of monitoring sites shall be adjusted to provide an
adequate level of detail about site-specific surface water and groundwater conditions to
assess the effectiveness of management actions under circumstances where adverse
impacts to beneficial uses and users of groundwater may exist

Yes

Tools for Assessing Groundwater-Surface Water Connectivity Under the Sustainable Groundwater Management Act

18

WATER IN THE WEST

Tools for Assessing Groundwater-Surface Water Connectivity Under the Sustainable Groundwater Management Act

19

Streamflow monitoring provides a
continuous record of stream discharge
at a particular site over time. I is
the combined interpretation of: 1)
stream gaging data, a continuous
measurement of surface water
height along a stream or river, and
2) discharge estimates, periodic
measurements of the volume of water
at a specific location along a stream,
which are related to one another
using a stage-discharge relationship.
Streamflow measurements taken at
two or more sites along a river can
be used to estimate streamflow gains
or losses between measurement
locations.

The long-term monitoring of
groundwater levels (typically via a
monitoring or production well) at a
particular location over time.

Groundwater level
monitoring

Description

Streamflow gaging

Tools/Methods

Table modified from Cantor et al. (2018).

Field-based methods

Groundwater level monitoring provides information
foundational to understanding a groundwater system
and its connection to the broader hydrologic system.
These data can:
1. Be used as an input for hydrologic models and for
model calibration,
2. Monitor change in groundwater levels through
time,
3. Be combined with groundwater levels throughout
the basin to determine hydraulic gradients and
flow patterns,
4. Be combined with groundwater pump tests to
determine hydraulic conductivity,
5. Be combined with streamflow monitoring to
assess the degree of hydrologic connectivity
between systems, and
6. Be combined with streamflow monitoring to
assess the impacts of groundwater pumping on
surface water depletions.

Streamflow data provides information foundational
to understanding a surface water system and its
connection to the broader hydrologic system. It can
be used:
1. As an input in hydrologic models and for model
calibration,
2. To determining impacts of groundwater pumping
on local surface water bodies,
3. To estimate and monitor surface water depletions,
4. To monitor streamflow for aquatic health (e.g.
instream flow requirements)
5. To estimate baseflow, and
6. To assess the impacts of changing conditions on
a stream (e.g. groundwater pumping, land use
change, climate change, etc.) when measured
through time.

Application/Use Case

Wittenberg, H., & Sivapalan, M. (1999).
Barlow and Leake (2012).

Hall et al. (2018).
Currell, M.J. (2016).
Rosenberry et al., (2008).
Taylor, C. J., & Alley, W. M. (2001).

BENEFITS
1. Relatively simple and low cost if existing
monitoring network is sufficient, and
2. Useful for monitoring long-term trends and
impacts to beneficial users when combined with
other approaches.
LIMITATIONS
1. May be overly simple for all analyses, particularly
where high spatial and temporal information about
interconnected surface water is required,
2. Highly dependent on the quality of the monitoring
network, including the types of wells being
monitored, the spatial coverage of the wells, the
temporal monitoring frequency, distance from
surface water bodies, and the complexity of the
system, and
3. May not account for time lags in groundwater
pumping.

Case Studies/Key References

BENEFITS
1. Relatively simple and low cost if streamflow gages
already exist at appropriate locations, and
2. Can provide an estimate of streamflow
contribution from groundwater.
LIMITATIONS
1. Requires continuous stream gaging at appropriate
(often multiple) locations, which can be difficult
and expensive to maintain,
2. May not provide a full picture of complex
groundwater dynamics, and
3. Changes in the system must be larger than
measurement accuracy to be detected.

Benefits/Limitations

Table D3.
Overview of tools and approaches for assessing interconnected surface water and streamflow depletions.
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Hydraulic potentiometers provide
an estimate of local-scale vertical
hydraulic conductivity in surface water
body sediments.

Fiber optic temperature sensors are
Fiber optic temperature sensor can:
deployed as long cables along the base 1. Identify gaining reaches in interconnected
of the river or stream or other surface
systems,
water body. Continuous temperature
2. Provide baseline information about a given system
measurements along the length of
and how it changes through time.
the cable can be used to estimate
groundwater discharge, which
generally has a distinct temperature
signal from the surface water, into the
surface water system.

Photographs of the same location over
time to track changes in infrastructure,
phenology of vegetation as a proxy
for groundwater, and other relevant
parameters at a site scale.

Hydraulic
potentiometers

Fiber optic
distributed
temperature
sensors

Onsite imagery

BENEFITS
1. Low cost and simple to use.
LIMITATIONS
1. Numerous sources of error exist,

Benefits/Limitations

Onsite imagery can:
1. Be used to ground-truth remote sensing-based
data, and
2. Provide baseline information about a given system
and how it changes through time if photos are
taken at the same location through time.

Hydraulic potentiometers can:
1. Provide information about relative changes in
local-scale, vertical hydraulic conductivity in
sediments of a surface water body, and
2. Be combined with measurements from a seepage
meter (see above) to estimate local-scale
hydraulic conductivity.

Rosenberry et al., (2008).

Case Studies/Key References

BENEFITS
1. Simple and intuitive for many users since it
requires very little expertise to obtain pictures.
LIMITATIONS
1. Small scale observation may be difficult to
extrapolate over larger areas.

BENEFITS
Mwakanyamale et al. (2012).
1. Real-time, high resolution data collection, and
Slater et al. (2010).
2. Tracks movement of groundwater through a
connected system in combination with other
methods.
LIMITATIONS
1. Deployment can be challenging depending on the
nature of the system and may result in disturbance
to the sediments, and
2. Can be labor-intensive to install.

BENEFITS
Rosenberry et al., (2008).
1. Provides insight into relative variation in vertical
hydraulic conductivity in sediments below surface
water bodies, and
2. Can be combined with seepage meters to estimate
flux.
LIMITATIONS
1. Numerous sources of error exist,
2. Not well suited for fast flowing waters or surface
water bodies with significant wave action,
3. Best suited for use as a reconnaissance tool.

3. Monitor surface water depletion, and
2. Not well suited for surface water bodies with
4. Be combined with data from hydraulic
currents or fast water, rocky sediment, or very soft
potentiometers (see below) to estimate local-scale
sediment, and
vertical hydraulic conductivity.
3. Provides localized information that cannot
generally be applied more broadly.

Seepage meters can:
1. Measure fluxes between surface water bodies and
groundwater,
2. Measure losses from unlined irrigation canals,

Seepage meters measure the
exchange of water between surface
water bodies and groundwater at a
point or site scale.

Seepage meters

Application/Use Case

Description

Tools/Methods

Table D3 (continued)
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Description

Handheld thermal imaging cameras
can be used to image streams and
lakes and to locate variations in
temperature. This information can
then be used to trace groundwater
discharge into a stream.

Vegetation and soil surveys are
typically conducted to characterize
plant and or soil types in a specific
area (e.g., a wetland or an upland at
the site or stream reach scale).

Stable and radioactive isotope
compares the unique isotopic signature
of sampled water against the unique
isotopic signatures of precipitation and
any adjacent surface water sources to
determine the source of the sampled
water. In this way, isotopic signature
can also be used to track flow direction
at a variety of scales (e.g. site, stream
reach, basin, and region).

Tools/Methods

Handheld thermal
imaging cameras

In-situ soil or
vegetation surveys

Stable and
radioactive isotopes

Table D3 (continued)

Stable and radioactive isotopes are necessary/
recommended for:
1. Tracking groundwater flow rates, contributions,
and source,
2. Establishing a site-specific geochemical baseline
for further analyses,
3. Establishing source inputs for different types of
models, and
4. Determining relative contribution of different
sources to baseflow, in combination with other
tools (e.g. streamflow gaging)

Isotopes and tracers

In-situ soil and vegetation surveys can:
1. Be used to identify and characterize riparian
species or habitats that may be too fine for other
methods to resolve, and
2. Ground-truth remote-sensing data.

Thermal imaging cameras can:
1. Help identify gaining reaches in interconnected
systems,
2. Be used to ground-truth remote sensing-based
data,
3. Optimize the location of more involved studies of
interconnected surface water, and
4. Provide baseline information about a given system
and how it changes through time if photos are
taken at the same location through time.

Application/Use Case

USGS, Hydrogeophysics Branch.
Briggs et al. (2013).

Case Studies/Key References

BENEFITS
USGS, Resources on Isotopes.
1. Tracks movement of groundwater through a
Phillips. (1995).
connected system in combination with other
methods.
LIMITATIONS
1. Possible need for more significant time and money
to capture temporal and spatial resolution.

BENEFITS
1. Provides explicit insight into local vegetation and
soil characteristics, and
2. Increases confidence in remote-sensing based
methods.
LIMITATIONS
1. Resource intensive,
2. Subject to sampling and human error.

LIMITATIONS
1. Best suited for use as a reconnaissance tool.

BENEFITS
1. Quick data collection, and
2. Can be used in difficult-to-access areas.

Benefits/Limitations
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Remote sensing broadly refers to any
Remote sensing can:
data collection technique that does
1. Help identify and monitor impacts on groundwater
not require the user to be physically
dependent vegetation, and
present. For interconnected surface
2. Provide an estimate of plant health, which can
water, remote sensing has primarily
serve as a proxy for groundwater levels.
focused on mapping of surface-based
indicators like vegetation (see mapping
groundwater dependent ecosystems
below). Surveys can be conducted
at a variety of scales and resulting
resolutions, including by drone and
airborne and space-based satellites.

Identification of groundwater
dependent ecosystems (GDEs) can
be done using a variety of methods,
including diurnal groundwater level
fluctuations, isotopic analysis, remote
sensing data, and the compilation of
vegetation datasets with local geology
and groundwater depth. Statewide
mapping of GDEs in California by The
Nature Conservancy was done using
latter methods.

Remote sensing of
vegetation

Mapping of
groundwater
dependent
ecosystems

2. Proper tracer preparation is essential, and
3. Tracer analysis must be compared against
baseline conditions.

BENEFITS
1. Can provide direct estimates of flow rate
and degree of connectivity in interconnected
hydrologic systems.
LIMITATIONS
1. Best used in a system with fast response times,

Benefits/Limitations

GDE mapping can:
BENEFITS
1. To identify and monitor areas interconnected
1. Provides a first-order estimate of GDE locations
surface water and gaining and losing reaches, and
across the state.
2. Monitor GDEs over time.
LIMITATIONS
1. Require groundtruthing and supplemental
analysis via vegetation and fauna surveys or other
methods.

BENEFITS
1. Provides data at a variety of scales, depending on
methods used,
2. Can be low or high-cost, depending on methods
used, and
3. Satellite data can provides historical data in some
cases.
LIMITATIONS
1. Can be difficult to interpret and requires groundtruthing, and
2. Spatial and temporal coverage may be limited for
some satellite data.

Geophysical measurements, remote sensing, mapping, and imagery

Tracer tests can:
1. Provide estimates of flow rate,
2. Provide insight into flow pathways, water sources
and destination,
3. Determine mixing rates, and
4. Be combined with other methods to provide
estimates of residence time at a variety of scales.

Tracer tests add tracers (e.g. dyes and
salts) a water body to determine flow
rates, characterize flow paths, source
and destination, and determine mixing
rates.

Tracer tests

Application/Use Case

Description

Tools/Methods

Table D3 (continued)

TNC, The Groundwater Resource Hub.
Rohde et al. (2017).
Klausmeyer et al. (2010).

Eamus et al. (2015).
Pai et al. (2017).

Taylor and Greene. (2008).

Case Studies/Key References
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Electrical resistivity is a technology that
uses electromagnetic properties of the
soil to map out subsurface electrical
properties, which can be interpreted to
give geology and subsurface structure.

Electrical Resistivity

Water Balance

A water balance is an accounting of
all inflows and outflows of water in
a system. Key components of the
water balance (e.g. groundwater
contribution, storage, etc.) can be
isolated for further analysis.

System-based approaches

Description

Tools/Methods

Table D3 (continued)

5. Assist in determining groundwater contribution
(via the balance of inputs and outputs) and gaining
and losing reaches in a system.

Water balances can:
1. Provide insight into the dominant hydrologic
processes influencing a system (e.g., surface
water contributions, groundwater pumping,
recharge),
2. Provide insight into the impacts of project, climate
change and human impacts when calculated and
compared through time,
3. Help identify areas of uncertainty in the system,
4. Help to assess spatial and temporal groundwatersurface water flow dynamics; and

Electrical resistivity can:
1. Estimate depth to the water table,
2. Image the salt and freshwater interface,
3. Provide insight into the degree of connectivity
between surface water and groundwater systems,
and
4. Be combined with lithological, physiochemical,
and geological information to develop a detailed
hydrogeological model.

Application/Use Case

BENEFITS
1. Relatively simple and low cost, but the complexity
of each water budget can vary substantially.
LIMITATIONS
1. May not provide a full picture of complex
groundwater dynamics, and
2. Relies upon accurate water balance data, which
may be limited.

BENEFITS
1. Provides non-invasive images of the subsurface.
LIMITATIONS
1. Requires lithological records from boreholes for
interpretation,
2. Requires expertise to interpret results, and
3. It can be difficult to differentiate changes
in lithology with changes in moisture values
particularly in areas with brackish or saline
water.

Benefits/Limitations

Healy et al. (2007).
Ruud et al. (2004).

USGS, Hydrogeophysics Branch.
Cardenas and Markowski. (2011).
Mwakanyamale et al. (2012).

Case Studies/Key References
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Description

Analytical models rely on significant
simplifications of the system (e.g.,
linear streams of infinite length,
fully penetrating streambeds,
homogenous aquifers, a single well) to
mathematically solve the groundwater
flow equation. These models are
relatively simple to run and provide a
good initial estimate of a system at the
reach or basin scale. More complex
analytical models have been developed
for semi-confined and layered aquifers,
partially penetrating streambeds, and
multiple wells.

Numerical models are computer
models of a groundwater system or
integrated hydrologic system that
allow for irregular groundwater basin
boundaries, irregular stream or river
geometry, complex pumping schedules
at multiple wells, and changing
boundary conditions. Simulated results
can be used to analyze different
management scenarios as well as test
hypotheses at the stream reach, basin,
and region scale.

Analytical and numerical models
can generate streamflow-depletion
response functions and capture maps,
which characterize the relationship
between localized pumping in an
aquifer and nearby stream depletion.

Tools/Methods

Analytical Models

Numerical Models

Response Functions
and Capture Maps

Table D3 (continued)

Barlow and Leake. (2012).
Foglia, L., et al. (2013).

LIMITATIONS
Response functions and capture maps can:
1. Provide insight into how a stream or stream reach 1. Accuracy depends upon quality of input data and
is likely to respond to pumping at a particular
model calibration, and
well.
2. Difficulty in separating depletion changes from
BENEFITS
streamflow responses to other changes (e.g.,
climate, surface water diversions upstream).
1. Provide insights into the relationship between
groundwater pumping and streamflow that may be
difficult to achieve via monitoring.

Oki and Meyer. (2001).
Huggins et al. (2018).

Case Studies/Key References

Barlow and Leake. (2012).
Moran (2016).
Fleckenstein et al. (2006).

BENEFITS
1. Allows for basic modeling of stream depletion,
2. Simpler and lower cost than a numerical model,
3. Provides good working knowledge of trends and
overall impacts, and
4. Can be developed with limited data.
LIMITATIONS
1. Requires significant simplifying assumptions that
limit predictive capabilities, and
2. Best suited for minimally developed systems or
systems with limited data or resources.

Benefits/Limitations

BENEFITS
1. Provides for the simulation and prediction of
the modeled system, including changes in
interconnected surface waters, and
2. Accounts for three-dimensional complexity of
groundwater system.
LIMITATIONS
1. Accuracy depends on quality of input data,
2. Requires high quality data with a long record for
predictive capabilities, and
3. Can be expensive and labor intensive to develop
and maintain.

Numerical modes can:
1. Provide insight into dominant process governing a
system,
2. Be used to identify gaining and losing reaches in a
system and model changes through time, and
3. Simulate changes to the system resulting from
projects (e.g., recharge basins), land use, climate
change or other factors, when well calibrated.

Analytical models can:
1. Provide insight into dominant hydrologic process
governing a system,
2. Provide a good initial estimate of pumping impacts
on streamflow, and
3. Be developed in areas with limited data and
resources.

Application/Use Case
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