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[WHITE PAPER]  

Summary 

California is the only state in the nation with no statewide groundwater regulation. It is clear that for California to 

address current and future water challenges, the state must adopt a more comprehensive approach to groundwater 

management. California has recently taken bold steps to re-think its approach to groundwater. Yet, a commitment to 

sustainable groundwater management is only as good as the metrics that will be used to assess progress. Further, 

climate change is already altering the timing and reliability of California’s water supplies. Groundwater 

management must incorporate the state’s changing hydrology and its impact on groundwater recharge and use. This 

paper reviews a number of approaches to groundwater management. California’s groundwater policy can benefit 

from the lessons learned elsewhere. Specifically, California’s groundwater policy should provide clear metrics to 

define and measure sustainable yield, explicitly incorporating climate change.  

Background 

A growing body of scientific research concludes that increased temperatures along with changing precipitation 

patterns are altering the timing and availability of water resources in the Western United States (DWR 2009, IPCC 

2013, Walsh et al. 2014). Over the last several decades, remote satellite data shows that groundwater use has 

substantially increased during dry periods (Figure 1). For instance, during the 2007-2009 drought period in 

California, more than 1 million acre-feet of groundwater storage was lost (Famiglietti et al. 2011). With longer and 

more severe droughts projected for the Western U.S. (Seager et al. 2007, Sheffield and Wood 2008, Karl et al. 

2009), groundwater will play an increasingly important role in both climate change mitigation and adaptation 

efforts. Up until now, however, California has been the only state without statewide groundwater management. 
 

The current drought conditions in California are increasing reliance on the state’s aquifers and groundwater tables 

are dropping significantly (California Water Foundation 2014). These challenges highlight the inadequacies of 20th 

century approaches to water planning and management in the 21st century. While there are increasingly urgent calls 

for better groundwater management in the state, there is little discussion of how this would be measured despite the 

common recognition that you can’t manage what you don’t measure. This white paper briefly reviews a number of 

technical approaches to quantifying sustainable groundwater management, including safe yield and sustainable 

yield. There are some important lessons to be learned from the successes and challenges associated with the 

application of these approaches in different contexts. Specifically, California should consider setting a quantifiable 

sustainable yield policy. Such a policy should explicitly incorporate climate change and address managed recharge.  
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FIGURE 1. SIMULATED CUMULATIVE ANNUAL CHANGES IN AQUIFER STORAGE BETWEEN WATER YEARS 1962 AND 2003 FOR 

THE CENTRAL VALLEY, CALIFORNIA  

 

DATA SOURCES (FAUNT ET AL. 2009). 

NOTE: THE CENTRAL VALLEY HYDROLOGICAL MODEL WAS USED TO SIMULATE CHANGES IN GROUNDWATER STORAGE. DETAILS OF THE MODEL ARE EXPLAINED IN THE USGS 

PUBLICATION GROUNDWATER AVAILABILITY OF THE CENTRAL VALLEY AQUIFER, CALIFORNIA (FAUNT ET AL. 2009). THE MODEL DEMONSTRATES THAT, GENERALLY, 
GROUNDWATER STORAGE DECREASES DURING DRY PERIODS (INDICATED BY A GREY OR WHITE BACKGROUND) AND INCREASES DURING WET PERIODS (INDICATED BY A BLUE 

BACKGROUND). 
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GROUNDWATER IS CRITICAL FOR CLIMATE CHANGE ADAPTATION AND MITIGATION 

As the California Department of Water Resources (DWR 2009) points out, ―For California water managers, the 

future is now. Climate change is already having a profound impact on water resources as evidenced by changes in 

snowpack, river flows and sea levels.‖ While more is known about the potential impacts on surface water, climate 

change also influences groundwater systems both directly through changes in recharge (or how much precipitation 

and surface water  percolates into groundwater over a specified time period) and indirectly through changes in 

groundwater use patterns (or where and how much groundwater is pumped over a specified time period). Studies 

show that California is already experiencing the impacts of climate change. Average early spring snowpack in the 

Sierra Nevada decreased by about 10 percent during the last century, a loss of 1.5 million acre-feet of snowpack 

storage (one acre-foot of water is enough for one to two families for one year) (DWR 2009). If global warming 

emissions remain at today’s levels, snowpack is expected to decrease by approximately 80 percent by the end of the 

century (Cayan et al. 2007), drastically reducing the state’s surface water supplies. Groundwater is clearly critical 

for climate change adaptation: ―Groundwater can provide a buffer against climate extremes and is consequently 

essential to global food security…The value of groundwater is expected to increase in coming decades as temporal 

variabilities in precipitation, soil moisture and surface water are projected to increase under more frequent and 

intense climate extremes associated with climate change‖ (Taylor et al. 2013). 
 
The role of groundwater in climate change mitigation is less well understood. Growing attention to the water-energy 

nexus is bringing to light the significant amount of energy embedded in water, and the water required for energy 

generation. For instance, water is required for much of the state’s electricity generation (e.g., hydropower and 

thermoelectric cooling) and moving and treating water consumes a great deal of energy. According to the California 

Energy Commission (2005), water-related energy use in California (e.g., pumping, transporting, treating, and 

heating water) consumes approximately 20 percent of the state’s electricity, and 30 percent of the state’s non-power 

plant natural gas.  

 

Yet, the energy intensity of groundwater pumping remains unknown as there is no statewide reporting of 

groundwater use. And the energy intensity of groundwater pumping is changing as groundwater levels continue to 

decline throughout much of the Central Valley (Famiglietti et al. 2011), requiring more energy to pump from greater 

depths. Thus, groundwater pumping may be an increasing source of global warming emissions with longer and more 

frequent droughts expected in the future and, therefore, may be important when considering how to reduce statewide 

carbon emissions. 
 
As of this writing, California is unique in that it is the only state in the nation without comprehensive statewide 

groundwater regulation. However, there is reason for optimism: a number of policy documents and pieces of draft 

legislation have been released recently acknowledging the critical role of groundwater in climate-resilient water 

management. For example, the California Water Action Plan points to current unsustainable groundwater uses and 

their consequences, concluding that better groundwater management is an important element of climate change 

adaptation. 

 
“Groundwater accounts for more than one-third of the water used by cities and farms—much more in 
dry years, when other sources are cut back. Unfortunately, much of California’s groundwater is not 
sustainably managed. Climate change is exacerbating ongoing problems with groundwater resources in 
California, including overdraft, seawater intrusion, land subsidence, and water quality degradation. 
Taking more than is returned lowers groundwater levels which makes pumping more expensive and 
energy intensive...Well-managed groundwater has the potential to buffer against the impacts of climate 
change on our water resources.” (California Water Action Plan 2013). 
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FIGURE 2.  IN 1980, 11 GROUNDWATER BASINS WERE SUBJECT TO CRITICAL OVERDRAFT 

 

DATA SOURCES (DWR 1980)  

 
GROUNDWATER PLANNING IS FRAGMENTED AND LACKS STATEWIDE STANDARDS 

Despite the importance of groundwater in climate change adaptation and mitigation, groundwater management is 

currently highly fragmented in California. Authority over groundwater has been largely left to local entities with the 

intent of avoiding one-size-fits-all solutions. Today, groundwater management plans cover about 130 of more than 

400 groundwater basins in the state. In addition, there are about 30 counties with groundwater ordinances, 22 

adjudicated basins, and 13 special districts with groundwater management authority (Table 1).  
 
While local groundwater management plans are the most common form of governance, they vary widely in their 

authority, implementation and effectiveness. Numerous studies have concluded that groundwater management plan 
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requirements are out of date, do not match modern principles of groundwater planning, and do not compel action 

even in the most extreme cases of groundwater overdraft (Nelson 2011). The last comprehensive assessment of 

groundwater overdraft (Bulletin 118) was conducted in 1980 and found 11 groundwater basins subject to critical 

overdraft (Figure 2). Existing legislation allowing groundwater management planning lacks clear measures of 

success to ensure that groundwater management meets certain state requirements such as the prohibition against the 

waste and unreasonable use of water (California Constitution, Article X, Section II) and the state has not played a 

significant role in providing oversight of groundwater planning efforts to date (Nelson 2011).  

 

TABLE 1. A summary of groundwater-related state planning efforts and associated actions or funding   

Management Approach Approximate Count Authority 

Groundwater management plan 130 AB 3030 (1992), Section 10750-10756 of the California Water 
Code 

County groundwater ordinances 30 County Police Powers (Baldwin v. Tehama County, 31 Cal. App. 
4th 166, 1994) 

Legal adjudications 22 California Constitution, Article X, Section II (Katz v. 
Walkinshaw, 114 Cal. 116, 1903) 

Special district laws to manage groundwater 13 Numerous parts of the California Water Code allow the 
establishment of Special Districts  

DATA SOURCES (DWR 2003, NELSON 2011) 

 

In some areas with rapidly declining water tables, counties have recently used their police powers to halt additional 

groundwater extraction temporarily. For example, San Luis Obispo County is in the process of developing a cap-

and-trade approach to groundwater pumping. The San Luis Obispo County Board of Supervisors approved a 45-day 

emergency groundwater ordinance in 2013 — later extended to two years — that prohibits new pumping from the 

basin unless it is offset by an equal amount of conservation. The emergency ordinance states that all new water use 

in the basin must be offset using a 1:1 ratio (with several supervisors arguing for a 2:1 offset ratio). In addition, any 

new irrigation wells must be metered and monitored to track water use (Sneed 2013). However, county boundaries 

do not line up with basin boundaries and it is unclear if these new rules will be effective basinwide. 

 

Recently, there has been growing interest in determining the proper role of the state in encouraging more sustainable 

groundwater management in California. Several different proposals have been made in policy documents over the 

last year. For instance, the Governor’s proposed budget for fiscal year 2014-2015 recommends allocating $7.8 

million to sustainable groundwater management and monitoring efforts along with $472.5 million for integrated 

regional water management programs, which can include groundwater-related efforts.  

 

“The administration will take steps, including sponsoring legislation, if necessary, to define local 
responsibilities and to give local agencies the authority necessary to manage groundwater sustainably 
and ensure no groundwater basin is in danger of being permanently damaged by over drafting. When a 
basin is at risk of permanent damage, and local and regional entities have not made sufficient progress 
to correct the problem, the state should protect the basin and its users until an adequate local program 
is in place.” (California Water Action Plan 2013).  
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The interagency Water Action Plan recommends updating Bulletin 118, including anticipated impacts of climate 

change on surface water and groundwater resources. In addition, the Water Action Plan commits the state to a more 

proactive role in protecting groundwater from overdraft. In addition, the State Water Resources Control Board’s 

draft groundwater work plan assesses existing state authorities to compel better groundwater management and how 

these authorities could be expanded or strengthened. And, finally, proposed legislation would require local 

groundwater planning with a role for the state if basins do not set up groundwater management plans within a 

specified timeframe or are unable to sustainably manage the resource (SB 1168 and AB 1739). 

Sustainable Groundwater Management Metrics 

While it is widely acknowledged that groundwater management must be improved, there is less clarity around what 

constitutes sustainable groundwater management (Rudestam and Langridge 2014). The remainder of this paper 

focuses on different metrics used to measure and monitor sustainable groundwater management. Groundwater 

management has progressed in many countries over the latter half of the last century, concurrent with a change in 

emphasis from resource exploitation to resource management (Kalf and Woolley 2005). California can benefit from 

these experiences in setting its own sustainable groundwater management policies. 

There are two prominent concepts in groundwater management: safe yield and sustainable yield. Both concepts, 

generally, proscribe a relationship between groundwater withdrawal (outputs) and groundwater recharge (inputs). 

Safe yield was originally defined as the quantity of water that can be withdrawn regularly and permanently without 

dangerous depletion of the storage reserve (Lee 1915). Safe yield is, therefore, focused primarily on groundwater 

storage and levels, and does not fully consider the multiple benefits that groundwater provides. Often the objective 

of safe yield has been to match groundwater withdrawal to groundwater recharge (USGS 1999). However, this was 

found to overly simplify the complex hydrological, ecological, and social context of groundwater management (see 

the case study of Kansas).  

In the late 1980s, the concept of sustainable development — meeting the needs of the present without compromising 

the ability of future generations to meet their own needs — informed a shift to the concept of sustainable yield. The 

concept of sustainable yield is an attempt to determine a metric that can ensure the long-term resilience of a 

groundwater system (Rudestam and Langridge 2014). Sophocleous (1997) defines sustainable yield as groundwater 

withdrawal that allows for environmental sustainability. Sustainable yield protects not just groundwater levels but 

the multiple ecological and social benefits that groundwater provides such as contributing to stream baseflow 

(Maimone 2004), maintaining groundwater dependent ecosystems, and serving as a protection against land 

subsidence and seawater intrusion. Therefore, sustainable yield typically allows only a portion of groundwater 

recharge to be withdrawn. 

CASE STUDIES 

In California, some local groundwater management efforts draw on the earlier concept of safe yield, but fewer have 

considered how to implement a sustainable yield. Relying on safe yield alone has proven detrimental in some cases, 

leading to unacceptable environmental outcomes (see case study of Kansas). It is, therefore, useful to consider the 

experience of other states and countries in setting metrics for the monitoring and measurement of sustainable 

groundwater management. Below, we review some illustrative groundwater management efforts, starting with 

Kansas, which was among the first states to adopt safe yield policies and later switched to sustainable yield, and 

ending with Australia, which launched its Sustainable Yields Project in 2007 to consider how to set sustainable 

diversion limits for groundwater extraction that incorporate climate variability. 
 
KANSAS: “SAFE YIELD” TO “SUSTAINABLE YIELD”  
Kansas is heavily reliant on groundwater and was among the first states to adopt safe yield policies for its 

groundwater reserves (Sophocleous 2012). Kansas allocates both surface water and groundwater based on the 

doctrine of prior appropriation, or seniority. By the 1960s, the Kansas Legislature was concerned that too many 

groundwater rights had been permitted, leading to the depletion of local groundwater reserves. Thus, they passed the 

Groundwater Management District Act in 1972, requiring that local entities be established to preserve existing 

groundwater rights. Two of the five districts that were created by the act developed safe yield policies. These 
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policies required that new groundwater withdrawals not exceed long-term average annual recharge rates. If the sum 

of existing and new groundwater withdrawals exceeded long-term average annual recharge, the permit would be 

denied.  
 
Unfortunately, recharge rates were overestimated by not taking into account naturally occurring discharge, such as 

groundwater that contributes to the baseflow of streams. Thus, the districts modified their safe yield policies to 

sustainable yield by incorporating groundwater flows that feed baseflow into the calculation of existing 

withdrawals. In the 1990s, Groundwater Management District 5 codified a new requirement to include baseflow in 

the calculation of existing withdrawals in their rules and regulations. This change has led to much lower levels of 

groundwater extraction in relation to recharge.  
 
EUROPEAN UNION: TESTS TO DETERMINE SUSTAINABILITY 
The European Union regulates water under the overarching EU-wide statute: the Water Framework Directive. The 

Directive sets a series of targets, such as achieving ―good‖ ecological status of all water bodies (including 

groundwater bodies) by 2018, and provides guidance on how to measure, monitor, and report progress. Each 

member state has transposed this Directive into its own national law and has some flexibility on how it chooses to 

meet the Directive’s targets. The Directive’s Common Implementation Strategy suggests a series of tests (see below) 

to assess the chemical and quantitative status of a groundwater body. If a groundwater body fails any of these tests, 

then the basin is not considered to be in ―good‖ status. There are criteria specifically related to sustainable yield of 

groundwater:  
 

● No long-term intrusion of saline (or poor quality) water due to withdrawals, 
● No significant harm to groundwater-dependent ecosystems, 
● No significant degradation of surface water flows, chemistry, or ecology due to withdrawals, and 
● Groundwater withdrawals may not exceed long-term average recharge minus long-term ecological 

flow needs.   
 

AUSTRALIA: INCORPORATING CLIMATE CHANGE INTO SUSTAINABLE YIELD 
Australia began to consider sustainable yield definitions and measures in the late 1990s during the country’s 10- 

year-long ―millennial drought,‖ which led to a series of significant water policy reforms. The Australian National 

Groundwater Committee defined sustainable yield as: ―The groundwater extraction regime measured over a 

specified planning time frame that allows acceptable levels of stress and protects dependent economic, social and 

environmental values.‖ The National Water Commission is attempting to operationalize this definition through its 

Sustainable Yields Project. This project represents the world's largest basin-scale investigation of the impacts of 

climate variability and climate change on future water availability (Chiew et al. 2008). Results from the project 

analyses will be used to develop sustainable diversion limits for groundwater, which require that groundwater 

extraction not compromise the productive base of the groundwater resource, groundwater quality, baseflow to 

streams or groundwater-dependent ecosystems (CSIRO and SKM 2011). The process of developing sustainable 

diversion limits that incorporate climate change scenarios is summarized in Table 2. 
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TABLE 2. Process followed by Australia’s Sustainable Yields Project 

Step of Process Data Required Climate Change Considerations 

Estimation of groundwater 
use 

Includes all forms of groundwater use, including 
stock and domestic take. Groundwater use data was 
obtained from the jurisdictions. This consisted of 
metered data where available. 

Groundwater use changes depending on 
surface water availability, which is 
climate-related. Need to estimate how 
future climate conditions will alter 
groundwater use patterns. 

Estimation of diffuse 
dryland recharge 

Diffuse dryland recharge was calculated across the 
Basin and formed the primary input into the 
development of SDLs. Diffuse dryland recharge is 
recharge that occurs across the broader landscape 
under non-irrigated land uses. Other forms of 
recharge include that from rivers, floods, lakes and 
irrigation. Where available, information on other 
forms of recharge was incorporated into the total 
recharge volume.  

Groundwater recharge rates are affected 
by precipitation and runoff. Need to 
estimate recharge under a range of 
climate scenarios. 

Definition of sustainability 
factors 

Sustainability factors were defined as the fraction of 
recharge that could be used for extraction without 
compromising: key environmental assets (based on 
assessment of the degree of groundwater 
dependency and sensitivity to groundwater 
extraction), key ecosystem function (based on 
assessment of the potential reduction in 
groundwater discharge to streams), productive base 
(based on the assessment of the relative volume of 
aquifer storage and aquifer recharge), and key 
environmental outcomes (based on assessment of 
the potential for an increase in groundwater 
salinity). 

Sustainability thresholds may be altered 
by climate change-related processes, 
such as increased rates of saltwater 
intrusion along coastlines due to rising 
sea levels. Need to consider climate 
change impacts on sustainability factors. 

Calculation of preliminary 
estimated extraction limits 

Calculation of the preliminary estimated extraction 
limit for high-use areas with a numerical model. A 
range of scenarios were used to explore the feasible 
level of extraction while allowing for groundwater 
levels to stabilize after 50 years.  

A number of climate projections can be 
used to examine the consequences of 
different groundwater withdrawals 
under a range of future climate 
conditions.  

DATA SOURCES (CSIRO AND SKM 2011) 

Lessons for California 

START WITH A QUANTIFIABLE DEFINITION OF SUSTAINABLE YIELD 

Despite the diversity of groundwater conditions and management structures, there is a need to be able to manage 

groundwater in a way that basins can be compared to themselves over time and to each other. Current groundwater 

policies (SB 1938) in California rely heavily on qualitative measures, such as adopting groundwater plans and basin-

specific management objectives. This has led to the proliferation of groundwater management plans that vary widely 

in their quality and effectiveness, often providing little data to track progress.  
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Many other countries have chosen to adopt, at least in part, quantifiable yield policies in order to assess whether 

sustainable groundwater management has, in fact, been achieved. Developing common metrics to assess 

groundwater management is critical to ensure effective implementation, even while the sustainable level of 

groundwater withdrawal will vary among basins. Groundwater elevations are often used to report progress; 

however, elevations can be subject to time lag and geomorphic variations that obscure trends (Kalf and Wooley 

2005). One relatively straight-forward approach to setting and tracking groundwater management targets is to set 

withdrawals as a percent of groundwater recharge over a specified time period (Equation 1). 
 

Equation 1:              
          

        
 

 

For example, a yield factor of 0.5 would indicate that sustainable levels of groundwater withdrawal are estimated to 

be around 50 percent of recharge; this also implies that the remaining 50 percent of recharge cannot be withdrawn 

without compromising sustainability such as negatively impacting water quality, land subsidence, groundwater-

dependent ecosystems, or saltwater intrusion rates (Smith et al. 2010).  

 

A review of groundwater yield policies across numerous countries found that safe yield policies tend to allow a yield 

factor of 1, or withdrawal of 100 percent of recharge, while sustainable yield policies typically limit withdrawals to 

15 percent to 85 percent of recharge (Smith et al. 2010). Criteria that were used to constrain withdrawals include: 

climate change; maximum reduction of baseflow to streams and rivers; maximum allowable drawdown of hydraulic 

head or minimum aquifer water level; maximum allowable seawater intrusion; maximum groundwater withdrawal 

rate; and maximum allowable land subsidence (Smith et al. 2010). While setting the thresholds for these criteria 

requires a detailed basin water balance, the yield factor approach offers a clear way of tracking and reporting on 

groundwater management efforts in a manner that can be easily-understood and compared between time periods. In 

addition, it requires that groundwater management entities determine the criteria by which they will limit 

withdrawals and explain the thresholds that have been chosen to preserve particular ecological and social benefits. 

Finally, the yield factor approach is dynamic and integrates climatic changes by being proportional to recharge. 

Conversely, a single volumetric measure of sustainable yield may become outdated quickly. 

 

INCORPORATE CLIMATE CHANGE 

Climate change is already altering the timing and quantity of both surface water and groundwater supplies. Thus, it 

will be critical to model the changes in surface water availability, groundwater recharge rates, and groundwater use 

under a range of future climate scenarios to inform sustainable groundwater management. Much of the data needed 

to run such analyses are already available; for instance, the Cal-Adapt website has downscaled climate projections 

(cal-adapt.org), the California Department of Water Resources’ Draft Reliability Report (2013) estimates of the 

reduction in State Water Project deliveries under a range of future climate conditions, and there is a variety of 

remotely sensed data on groundwater fluxes (see below).  
 

Australia’s process for using climate modeling to set sustainable diversion limits can be seen as a template for how 

climate change can be incorporated into sustainable yield policies (see Table 2). For groundwater management 

entities that do not have the ability to conduct modeling using climate projections, they can still employ the yield 

factor approach highlighted above, using recharge from representative dry periods to ensure policies will be 

protective of social and natural resources in future dry years (Equation 2). For example, rather than allowing 

withdrawals of 50 percent of normal recharge, a management entity could limit withdrawals to 50 percent of the 

average annual recharge during the 2007-2009 water years. Finally, it will be necessary to require adaptive 

management and comprehensive monitoring efforts to ensure that sustainable groundwater management is 

incorporating new climatic information. 

 

Equation 2:                                                         

 
TAKE ADVANTAGE OF EXISTING REMOTE SENSING DATA 

Collecting groundwater data has often been cited as a key obstacle to better groundwater management. Tracking 

numerous monitoring wells can be expensive and time-consuming. However, scientists are increasingly using 

remote sensing data to monitor groundwater flux. For example, scientists at Stanford recently used Interferometric 
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Synthetic Aperture Radar (InSAR) to measure groundwater levels in Colorado's San Luis Valley, finding that 

measurements from InSAR matched locally collected well data (Reeves et al. 2014). Despite the range of currently 

available remote sensing data for soil moisture, precipitation and other components of a water budget, "very few, if 

any, groundwater managers are tapping into any of the data‖ according to one of the InSAR study’s co-authors (Dr. 

Knight quoted in Jordan 2014). In addition, scientists have been using the Gravity Recovery and Climate 

Experiment (GRACE) satellite data for several years to remotely monitor groundwater storage variations in the 

Central Valley (Famiglietti et al. 2011, Scanlon et al. 2012). 

 

ADDRESS MANAGED RECHARGE 
Managed recharge, as opposed to natural recharge, requires human intervention. It can be direct in terms of injecting 

or percolating water into aquifer storage for later recovery or it can be indirect in terms of allowing ―in lieu‖ 

recharge or trading surface water use for groundwater use. Managed recharge is, for the most part, unregulated in 

California, but will be a key part of many regional approaches to sustainable groundwater management (Nelson and 

Casey 2013). Sustainable groundwater management will need to consider how to count managed recharge in a way 

that does not lead to perverse incentives. For example, in areas with active groundwater banking projects, recharge 

rates may be high, but much of the water in the bank may be the property of interests outside of the basin where the 

groundwater is banked and, therefore, should not be ―counted‖ as part of the recharge that benefits the basin. This 

creates another potential problem, which is that some basins may not be able to achieve a sustainable yield within 

their basin if much of the underground storage space is occupied by water for out-of-basin interests. Additional 

legislation may be needed to allow managed recharge to become part of sustainable groundwater management. 

References 

California Department of Water Resources (DWR). 1980. Groundwater Basins in California: A Response to the Legislature in 

Response to Water Code Section 12924. Sacramento, CA.   

 

California Department of Water Resources (DWR). 2003, California’s Groundwater Bulletin 118, Update 2003. Sacramento, CA.  

 

California Department of Water Resources (DWR). 2009. Managing an Uncertain Future; Climate Change Adaptation Strategies 

for California's Water. Sacramento, CA. 

 

California Department of Water Resources (DWR). 2013. State Water Project Draft Delivery Reliability Report. Sacramento, 

CA.  

 

California Energy Commission. 2005. California's Water-Energy Relationship. Publication number: CEC-700-2005-011.  

 

California Water Foundation. 2014. Recommendations for Sustainable Groundwater Management: Developed through 

Stakeholder Dialogue. Online at: http://www.californiawaterfoundation.org/uploads/1399077265-GroundwaterReport-5-2014 

percent2800249329xA1C15 percent29.pdf 

 

Cayan, Daniel R., Edwin P. Maurer, Michael D. Dettinger, Mary Tyree, and Katharine Hayhoe. 2007. Climate change scenarios 

for the California region. Climatic Change. 

 

Chiew, Francis, Jin Teng, Dewi Kirono, Andrew Frost, Janice Bathols, Jai Vaze, Neil Viney, Kevin Hennessy and Wenju Cai. 

2008. Climate data for hydrologic scenario modelling across the Murray-Darling Basin: A report to the Australian Government 

from the CSIRO Murray-Darling Basin Sustainable Yields Project.  

 

Commonwealth Scientific and Industrial Research Organisation (CSIRO) and Sinclair Knight Merz (SKM). 2011. The 

groundwater SDL methodology for the Murray-Darling Basin Plan. Report to the Murray-Darling Basin Authority. Water for a 

Healthy Country Flagship Report series ISSN: 1835-095X.    

 

Famiglietti, J. S., M. Lo, S. L. Ho, J. Bethune, K. J. Anderson, T. H. Syed, S. C. Swenson, C. R. de Linage, and M. Rodell. 

(2011): Satellites measure recent rates of groundwater depletion in California’s Central Valley, 38, L03403, 

DOI:10.1029/2010GL046442. 

 

Faunt, C. C., R.T. Hanson, K. Belitz, W. Schmid, S.P. Predmore, D.L. Rewis, K. McPhearson. 2009. Groundwater availability of 

the Central Valley aquifer, California. US Geological Survey Professional Paper 1766. 



 

     UNION OF CONCERNED SCIENTISTS     11 
 
 
 

 

Hanemann, M., D. Lambe, and D. Farber (University of California, Berkeley). 2012. Climate Vulnerability and Adaptation Study 

for California: Legal Analysis of Barriers to Adaptation for California’s Water Sector. California Energy Commission. 

Publication number: CEC-500-2012-019. 

 

Intergovernmental Panel on Climate Change (IPCC). 2013. Summary for Policymakers. In: Climate Change 2013: The Physical 

Science Basis. Contribution of  Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate 

Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley 

(eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA. Online at: 

http://www.climatechange2013.org/images/report/WG1AR5_SPM_FINAL.pdf 

 

Jordan, Rob. June 18, 2014. Satellite data provides picture of underground water. Science Daily. Online at: 

http://www.sciencedaily.com/releases/2014/06/140618100618.htm 

 

Kalf, F. and D. Wooley. 2005. Applicability and Methodology of Sustainable Yield Determination in Groundwater Systems.  

Hydrogeology Journal 13 (1): 295-312. 

 

Karl, Thomas R., Jerry M. Melillo, and Thomas C. Peterson. 2009. Global Climate Change Impacts in the United States, 

Cambridge University Press. http://downloads.globalchange.gov/usimpacts/pdfs/climate-impacts-report.pdf  

 

Lee, C. H. 1915. The determination of safe yield of underground reservoirs of the closed-basin type. Transactions, American 

Society of Civil Engineers, Vol. LXXVIII, Paper No. 1315, 148-218. 

 

Maimone, M. 2004. Defining and managing sustainable yield. Ground Water 42 (6): 809-814. 

 

Nelson, R. 2011. Uncommon Innovation: Developments in Groundwater Management Planning in California. Water in the West 

Working Paper, Stanford University. 

 

Nelson, R. and M. Casey. 2013. Taking Policy from Paper to the Pump: Lessons on Effective and Flexible Groundwater Policy 

and Management from the Western U.S. and Australia.‖ Water in the West Working Paper, Stanford University. 

 

Reeves, Jessica A., Rosemary Knight, Howard A. Zebker, Peter K. Kitanidis, Willem A. Schreüder. 2014. Estimating temporal 

changes in hydraulic head using InSAR data in the San Luis Valley, Colorado. Water Resources Research 50 (5): 4459, DOI: 

10.1002/2013WR014938 

 

Rudestam, K. and R. Langridge 2014. Sustainable Yield in Theory and Practice: Bridging Scientific and Mainstream Vernacular. 

Ground Water. DOI: 10.1111/gwat.12160. 

 
Seager, Richard, Mingfang Ting, Isaac Held, Yochanan Kushnir, Jian Lu, Gabriel Vecchi, Huei-Ping Huang, Nili Harnik, Ants 

Leetmaa, Ngar-Cheung Lau, Cuihua Li, Jennifer Velez, Naomi Naik. 2007. Model Projections of an Imminent Transition to a 

More Arid Climate in Southwestern North America. Science, 316: 1181–1184. 

 

Scanlon, B. R., L. Longuevergne, and D. Long. 2012. Ground referencing GRACE satellite estimates of groundwater storage 

changes in the California Central Valley, USA. Water Resour. Res. 48 (4): W04520, DOI:10.1029/2011WR011312. 

 

Sheffield, Justin, and Eric F. Wood. Projected changes in drought occurrence under future global warming from multi-model, 

multi-scenario, IPCC AR4 simulations. Climate Dynamics 31.1 (2008): 79–105. 

 

Smith, A.J., G. Walker, G and J. Turner. 2010. Aquifer sustainability factor: A review of previous estimates. Whitepaper. 

Commonwealth Scientific and Industrial Research Organisation (CSIRO). 

 

Sneed, D. August 27, 2013. Supervisors approve emergency Paso groundwater ordinance: Ordinance prohibits new development 

or the planting of irrigated crops unless water use can be offset on a 1-1 ratio. The Tribune. Online at: 

http://www.sanluisobispo.com/2013/08/27/2654250/emergency-paso-groundwater-ordinance.html#storylink=cpy 

 

Sophocleous, M. 1997. Managing water resources systems: Why "safe yield" is not sustainable. Ground Water 35 (4): 561. 

 

Sophocleous, M. 2012. The evolution of groundwater management paradigms in Kansas and possible new steps towards water 

sustainability. Journal of Hydrology 414–415 (11): 550–559.  

 

http://www.sciencedaily.com/releases/2014/06/140618100618.htm
http://www.sanluisobispo.com/2013/08/27/2654250/emergency-paso-groundwater-ordinance.html#storylink=cpy


 

     UNION OF CONCERNED SCIENTISTS     12 
 
 
 

Taylor, Richard G., Bridget Scanlon, Petra Döll, Matt Rodell, Rens van Beek, Yoshihide Wada, Laurent Longuevergne,  Marc 

Leblanc, James S. Famiglietti, Mike Edmunds, Leonard Konikow,  Timothy R. Green, Jianyao Chen, Makoto Taniguchi,  

Marc F. P. Bierkens, Alan MacDonald, Ying Fan, Reed M. Maxwell, Yossi Yechieli, Jason J. Gurdak, Diana M. Allen, 

Mohammad Shamsudduha, Kevin Hiscock, Pat J.-F. Yeh, Ian Holman and Holger Treidel. 2013. Ground water and climate 

change. Nature Climate Change, 3: 322-329. 

 

US Geological Survey (USGS). 1999. Circular 1186: Sustainability of Ground-water Resources. Denver, CO. 

 

Walsh, J., D. Wuebbles, K. Hayhoe, J. Kossin, K. Kunkel, G. Stephens, P. Thorne, R. Vose, M. Wehner, J. Willis, D. Anderson, 

V. Kharin, T. Knutson, F. Landerer, T. Lenton, J. Kennedy, and R. Somerville, 2014: Appendix 3: Climate Science 

Supplement. Climate Change Impacts in the United States: The Third National Climate Assessment, J. M. Melillo, Terese 

(T.C.) Richmond, and G. W. Yohe, Eds., U.S. Global Change Research Program, 735-789, DOI:10.7930/J0KS6PHH. 


