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WHY AN ISSUE ON CALIFORNIA? BOTH OF US HAVE 
lived in California—Lisa for her entire life and Michael 
for seven years (Santa Cruz and Truckee). We’ve had a 
close-up look, therefore, at how California moves water 
like few other states. With the Endangered Species 
Act curtailing historic allocation of water supplies, 
groundwater has picked up some of the slack so as not 
to imperil California’s incredible agricultural production 
and its industries. This shift toward groundwater use has 
come at a high cost: land subsidence redux and more 
unsustainable groundwater pumping. The state has now 
mandated groundwater management by passing the 2014 
Sustainable Groundwater Management Act (SGMA). SGMA 
could be a bellwether--or a warning.

California’s groundwater issues have attracted a 
plethora of groundwater experts, and we have assembled 
a stellar cadre of authors who have carved time from 
their schedules to contribute to this issue. William M. Alley 
knows it is difficult to address California’s (or any other 
place’s) groundwater issues without acquiring knowledge 
of the state’s hydrogeology. Bill, who formerly headed the 
U.S. Geological Survey’s Office of Groundwater, provides 
a foundation for understanding some of the issues and 
problems facing the state now and in the future in his 
piece “California’s Groundwater: The 30,000-Foot View.” 
Then, in “California Dowsin': Fact, Folklore, or Freedom of 
Speech?” Todd Jarvis sings a different tune by placing his 
imprimatur on a tale of California’s relationship with this 
controversial method of locating groundwater. 

Although SGMA seems to promise a new era of 
groundwater management, contributors to two articles 
argue that the law falls short. Susan Lea Smith’s trip to 
the Klamath Basin and the Oregon-California border 
prompted her Willamette water law students to wonder 
about California’s groundwater management. Read all 
about it in her article “Too Little, Too Late: How California‘s 
Failure of Nerve Perpetuates Unsustainable Agricultural 
Pumping and Water Injustice.” Linda E. Méndez-
Barrientos, Meghan Klasic, and Amanda Fencl explore the 
deficiencies of a key component of California’s landmark 
groundwater law—local control—in “The False Premise of 
Local Control in California Groundwater Management.” 
The article identifies the structural and institutional 
barriers to achieving sustainability, inclusion, and equity. 
William Blomquist argues that we must commit to learn 
more from the experience of implementing SGMA in his 
article “Taking Greater Advantage of California’s Grand 
Groundwater Experiment.” He asks, in this era of global 

unsustainable groundwater pumping could the SGMA be 
a worldwide model?

Looking ahead, California water resources and water 
users face several sources of risk, as several authors 
explain. In “Climate Change Impacts on California 
Groundwater,” Abhishek Singh and Lisa Porta conclude 
that while groundwater resources are expected to be 
impacted by climate change by storing excess surface 
water they can be valuable assets in developing resilient 
and robust water supplies. Yiqing “Gracie” Yao and Jay 
Lund note that irrigation is a critical element of California’s 
renowned agricultural economy in their piece “Managing 
Water and Crops with Groundwater Salinity: A Growing 
Menace.” Even if groundwater overdraft is tamed, 
they warn, groundwater salinity will drive changes in 
groundwater management for agricultural production. 

At the same time, new tools are coming online to help 
California water managers address challenges. In “How 
Is Flood-MAR Shaping California’s Water Management?” 
Daniel Mountjoy describes Flood-MAR—flood water for 
managed aquifer recharge—which expands thinking 
about comprehensive surface water–groundwater 
management. In “Airborne Electromagnetic Surveys: 
One More Tool in California’s Journey to Sustainable 
Groundwater Management,” Lisa Beutler, Max Halkjaer, 
Tim Parker, Paul Thorn, and Don Zdeba share how AEM 
surveys can develop reconnaissance-level, coarse-grid 
maps to provide regional-scale aquifer information. 

Finally, two articles address ways of approaching 
politically contentious and economically difficult dilemmas 
in groundwater management. In “Groundwater Storage 
in the Los Angeles Coastal Plain,” Michael S. Gagan 
poses the 64 acre-foot question: Who can store water 
underground—pumpers, landowners, or someone else? 
Does it matter? Anna Schiller notes that sustainable 
groundwater use will require, in some regions, shifting 
to less water-intensive agriculture or taking land out 
of production. Her article “The San Joaquin Valley at a 
Crossroads: A Strategic Approach to Repurposing Land 
for Groundwater Sustainability” points out that at least 
500,000 acres, primarily in the San Joaquin Valley, may 
suffer the latter fate as local agencies and water managers 
transition to sustainable groundwater management.  ■
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PRESIDENT’S MESSAGE

AWRA IS PLEASED TO OFFER THIS ISSUE OF WATER 
Resources IMPACT on California groundwater. I have spent 
a good portion of my career managing groundwater 
for long-term sustainability along with my colleagues 
in Florida, New Jersey, Texas, and elsewhere. For 
those outside of the West who wonder why this topic 
would be of interest, I note that for years many water 
resources professionals viewed California’s approach 
to groundwater as the Wild West. In 2014, after years of 
battles and negotiations, California finally adopted the 
Sustainable Groundwater Management Act (SGMA)—
viewed by some as a Grand Experiment. The law is 
complex and requires collaborative efforts by more 
than 100 groundwater sustainability agencies (GSAs) 
to develop groundwater sustainability plans (GSPs). In 
addition to creating a completely new class of water 
acronyms, GSAs are a new form of local government that 
did not exist before SGMA. This issue of IMPACT offers a 
point-in-time reflection on both the technical and social 
aspects of groundwater management since the passage 
of the act. We will continue to watch with interest as 
this experiment progresses and as Californians learn 
from implementation and wrestle with the inevitable 
challenges along the way.

As the nation’s premier multidisciplinary professional 
water association, AWRA has long promoted the 
concept that groundwater and surface water are often 
interconnected resources, and achieving sustainable 
water management requires full recognition of their 
linked nature. AWRA’s 2018 policy statement on fresh 
groundwater recommends 10 interrelated actions 
groundwater users, water and land resource planners 
and managers, and decision makers can use to advance 
sustainable groundwater management (see box on page 
5). These actions provide a useful measuring stick for 
viewing what happens in California.

In other news, exciting things have happened since 
our last issue. We launched our first special workshop 
series for early-career professionals and students. 
The sessions focused on navigating those first years 
of professional life: negotiating a salary, mastering a 
multistep interview, becoming an ally in the workplace, 
building a brand, and much more. I had the privilege of 
participating as a speaker, as did several members of 
the Board of Directors. Early-career professionals, AWRA 

wants to be your go-to resource for advancing your 
water career! A special shout-out goes to AWRA member 
Jillian Young, one of our own up-and-coming early-
career professionals, for organizing this well-received 
program. Look for it to be a regular offering in the future.

That’s not all—the 2021 Virtual Joint AWRA & 
National Capital Annual Water Symposium, entitled 
“Human Dimension to Resilient and Sustainable Water 
Management: Promoting Integrated Collaboration,” 
was also a resounding success. The April 15–16 
event focused on the idea of circular economies, 
managing for the unknown such as the COVID-19 
pandemic, social hydrology, environmental justice, and 
innovations in water resource management.  Many 
thanks to conference co-chairs Tamim Younos and 
Sandra Pavlovic; finance chairs Seth Lawler, Devan 
Mahadevan, and Mathini Sreetharan; Technical 
Program Committee members Tolessa Deksissa, 
Keara Moore, María Nariné Torres Cajiao, Jason 
Giovannettone, Juneseok Lee, and Alaina Armel; and 
student activities coordinator Lorena Kowalewski. This 
was yet another example of the timely and high-quality 
content you receive by being part of AWRA.

And the beat goes on! As part of our commitment 
to providing a safe and welcoming community for the 
underrepresented in the water space, we are looking 
forward with anticipation to the July 18 Diversity, 
Equity, and Inclusion (DEI) Workshop. This interactive 
workshop is designed to create a deeper understanding 
of the meaning and value of DEI. It will begin by offering 
a foundation for defining diversity, equity, and inclusion 
and considering unconscious obstacles to meaningful 
DEI. The second objective of this workshop is to provide 
actionable strategies for creating a DEI-focused work 
environment. Finally, it will focus on how to improve the 
perception of your organization’s DEI brand and how to 
develop and establish DEI advocates in the workplace 
and beyond. Participants receive a workshop recording 
and fillable certificate for self-reporting professional 
development hours (PDHs)/continuing education units 
(CEUs). Don’t miss out! Click here to register.

This will be followed on July 19–21 by the 2021 Virtual 
Summer Conference, “Connecting Land & Water for 
Healthy Communities” (featured in the March–April 

Scott Kudlas, AWRA 2021 President

https://www.awra.org/iCore/Events/Event_Display.aspx?EventKey=DEI2021
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issue of IMPACT), which will bring together stakeholders 
across multiple disciplines, types of organizations, and 
professions to address the design, integration, and 
implementation of programs for better connecting land 
and water planning and policy. This topic resonates 
with me personally. Trained as a landscape architect 
and planner, I began my career seeking opportunities 
to connect land-use decisions to water-quality 
improvements. It was these connections, and the 
opportunity to discuss implementation policy with like-
minded people, that brought me, and perhaps you too, 
to AWRA. We are tremendously excited to collaborate 
with several other land and water associations to bring 
some outstanding speakers and content to you at this 
event. Register here. 

Lastly, plans for our 2021 Annual Water Resources 
Conference are in full swing. We hope to be able to meet 
in person November 8–11, 2021, in sunny Kissimmee, 
Florida (in the Orlando area), to soak in another technical 

program with a depth and scope that have earned 
AWRA a reputation for presenting one of the most 
diverse and inclusive conferences in water resources 
management. We are working on a plan B in case public 
health concerns override this goal, but our aim is to once 
again assemble as a community to share dinner or a 
beverage and to engage in conversations with friends 
and colleagues in a way that happens only out in the hall 
or at the exhibit areas.

I conclude this message with a word on our 
upcoming Board elections. We had a tremendous 
response to our call for leaders, and I understand 
that an outstanding slate of nominees is coming for 
consideration by the membership. Please take the time 
to embrace your duty as members to look at these 
candidates and determine whom you want to represent 
you on the Board. Please accept your franchise and 
vote! More than a few of our elections have been 
decided by the slimmest of margins.  ■

AWRA’s 10 Interrelated Actions for Sustainable Management

1. ASSESS RESOURCES. States and related political subdivisions should assess their groundwater resources, 
including the health of their groundwater basins, to determine static and dynamic water budgets and to 
identify the nature, timing, and extent of water withdrawals each aquifer system can sustain over time. 
Working with groundwater users and other stakeholders, processes to measure/monitor the sustainability 
of withdrawals and inflows should be defined and implemented.

2. BUILD PARTNERSHIPS. The appropriate political subdivisions should work with groundwater users and 
other stakeholders to develop, or encourage development of, agreements and management/governance 
strategies to protect groundwater resources and fully acknowledge transboundary resources.

3. LEGAL FRAMEWORK. Groundwater law, and those policies and regulations based upon it, should stay 
aligned with the most current concepts and understanding of groundwater science.

4. THINK GROUNDWATER. Policies for agriculture, energy, environment, land-use planning, and economic 
and urban development should incorporate groundwater considerations.

5. MAINTAIN SUSTAINABILITY. In those areas where groundwater use is unsustainable but necessary, efforts 
should be made to seek sustainable supplies and/or mitigate groundwater use.

6. RESPECT ECOSYSTEMS. The role of groundwater as an essential component of ecosystems and freshwater 
systems should be respected in management actions and policies.

7. ENGAGE STAKEHOLDERS. Authentic stakeholder engagement should be incorporated in establishing and 
implementing groundwater management and governance.

8. COMMIT TO UNDERSTAND. Congress, the states, and all levels of government should make a commitment 
to understand and improve governance of the nation's groundwater and its basins and connected surface 
waters based on an understanding of hydrology and hydrogeology.

9. PROTECT THE ASSET. Groundwater basins need to be managed with care. Users and managers 
should protect against the loss of capacity from subsidence, pollution, or saltwater intrusion. When 
a groundwater basin is polluted, remediation should be a top priority. Environmental and social 
considerations should be taken into account in the management of groundwater assets.

10. UTILIZE INTERDISCIPLINARY APPROACHES. To achieve sustainability, groundwater users, managers, 
decision makers, and other stakeholders should promote and utilize the best scientific, engineering, 
collaborative, and research practices available.

Click here for a full copy of the 2018 Policy Statement. 

https://www.awra.org/iCore/Events/Event_Display.aspx?EventKey=SUMMER2021
https://www.awra.org/Members/Publications/Policy_Statements/Fresh_Groundwater.aspx
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CALIFORNIA’S GROUNDWATER IS both a precious and 
an abundant natural resource, providing about 40% of 
the state’s water supply in most years, and as much as 
60 percent during droughts. Much of this water is used 
for agricultural irrigation, often to supplement surface 
water. Groundwater also provides a significant part of 
the state’s drinking water supply. 

Water development in California has been heavily 
influenced by geography and climate. Population 
and precipitation are mismatched. While 60% of the 
population lives in Southern California, more than two-
thirds of the precipitation falls in Northern California. 
Furthermore, the state’s water resources largely depend 
on precipitation that falls during some 5 to 15 days each 
year. 

In an effort to correct the geographic mismatch 
among population centers, agricultural land, and water 
availability, California developed surface reservoirs 
with the capacity to store more than 40 million acre-
feet of water and built a massive network of canals to 
move water from north to south. The federal Central 
Valley Project serves mainly agriculture, while the State 
Water Project conveys water primarily to Southern 
California cities. These immense feats of engineering 
are only partly up to the task. In many recent years, 
droughts and requirements for environmental flows in 
the Sacramento–San Joaquin Delta have caused water 
deliveries to be drastically cut. A large part of the water 
deficit resulting from the cuts in surface-water supplies is 

FEATURE

California’s Groundwater: The 30,000-Foot View 

William M. Alley

The conversion of row crops to orchards, which cannot be fallowed during droughts, has exacerbated groundwater overdraft in the Central Valley. Source: 
Claudia Faunt, U.S. Geological Survey.

https://www.mdpi.com/2073-4441/3/2/445
https://www.mdpi.com/2073-4441/3/2/445
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made up by pumping more groundwater from the state’s 
already overdrafted aquifers. 

California was among the first places in the world to 
use groundwater intensively, yet until passage of the 2014 
Sustainable Groundwater Management Act (SGMA), it 
was the only Western state without a comprehensive 
program for managing its groundwater. Several special 
water districts (such as Orange County in the south 
and the Santa Clara Valley in the north) 
were notable exceptions to this lack of 
management. In more than two dozen 
groundwater basins, mostly in Southern 
California, water conflicts ended up in 
court, with withdrawal rights assigned to 
each user through adjudication.  
Hydrogeologic Provinces

Although California is one of the 
country’s most geographically and 
geologically diverse states, some broad 
generalizations can be made about its 
groundwater resources. To begin with, 
California consists largely of mountains 
and unconsolidated alluvial basins. The 
alluvial basins form most of the principal 
aquifers. Nonetheless, consolidated 
sedimentary, igneous, and metamorphic 
rocks are critically important for water 
supply in many areas. Figure 1 shows 
10 hydrogeologic provinces based on 
broad geologic, climatic, and hydrologic 
characteristics. From my 30,000-foot 
perch, I will highlight some salient 
features of each province.

The Central Valley is the agricultural 
heartland of the state and home to most 
of the groundwater basins designated 
as medium and high priority under 
SGMA. In the San Joaquin Valley, which 
makes up the southern two-thirds of 
the Central Valley, groundwater pumping has caused 
extensive drawdowns, particularly in the Tulare Basin 
in the far south. The land subsidence resulting from 
overpumping—sometimes referred to as the largest 
human alteration of the Earth’s surface—has caused 
significant problems for water-delivery and flood-control 
canals in the valley. Buildups of salts, nitrates, and 
naturally occurring contaminants are also major issues. 
Many shallow domestic wells in the Central Valley are 
vulnerable both to the lowering of the groundwater table 
and to contamination by nitrate, arsenic, uranium, and 
other contaminants. Drinking-water quality has become 
a major issue of environmental justice in the Central 
Valley and other agricultural areas of the state, as many 

of the people adversely affected live in disadvantaged 
communities. 

The principal aquifers of the Transverse Ranges 
and Selected Peninsular Ranges province underlie 
the coastal plains of Los Angeles, Orange, and Ventura 
Counties along with adjacent inland valleys. In this 
heavily populated region, groundwater for public supply 
is an important resource, and depletion, saltwater 

intrusion, and contamination pose major issues. Since 
the 1950s California has successfully addressed the 
problem of saltwater intrusion in Los Angeles and 
Orange Counties through well injection barriers (using 
both imported water and advanced treated wastewater), 
spreading basins (using imported water, stormwater 
runoff, and treated wastewater), and reductions in 
pumping. Orange County’s Groundwater Replenishment 
System is the largest advanced water treatment system 
in the world for indirect potable reuse. 

Groundwater contamination in Southern California 
cities has been particularly problematic. During and 
after World War II, rapid industrial growth coincided 
with extensive use of chlorinated solvents and other 
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synthetic organic chemicals. Poor handling and disposal 
practices led to large-scale groundwater contamination 
that persists to the present day. Many of the large 
contamination plumes are 
located in the San Gabriel and 
San Fernando Valleys. In the San 
Gabriel Valley, groundwater is the 
primary source of drinking water 
for more than 1 million people, 
requiring advanced treatment 
for much of the supply. The San 
Fernando Valley relies largely on 
imported water, including from 
Owens Valley. Groundwater 
cleanup in both valleys will 
continue for decades.

In the Santa Cruz, Monterey, 
and Santa Barbara areas of the 
Southern Coast Ranges province, 
groundwater has played a central 
role in agricultural and urban 
development. Groundwater 
withdrawals for irrigation in the Salinas Valley (known 
as the Salad Bowl of the World) and Pajaro Valley have 
caused extensive saltwater intrusion that is being 
addressed, in part, by increasing use of recycled water. 
Further inland, the Santa Clara Valley is the first area 
in the United States where land subsidence due to 
groundwater pumping was recognized, and the first 
to take remedial action to effectively halt subsidence 
through conjunctive use of surface water and 
groundwater.   

The primary areas of groundwater use in the 
Northern Coast Ranges province are the Sonoma Valley 
north of San Francisco and the Russian River watershed. 
Population growth and expansion of vineyards in the 
Sonoma Valley have led to a significant increase in 
groundwater withdrawals from the underlying complex 
aquifer system. Major groundwater issues in the 
Russian River center on the connection of groundwater 
and surface water as it relates to water supply and 
threatened and endangered salmon and steelhead trout. 
In the Santa Rosa Plain, the Russian River includes one 
of the world’s largest bank filtration systems, augmented 
by an inflatable dam to capture water for recharge in 
infiltration ponds along the river. Bank filtration pretreats 
water by pulling it through the coarse alluvial sediments. 

Groundwater is the dominant source of water supply 
in the sparsely populated Basin and Range province. 
The principal aquifers are alluvium with interbedded 
lacustrine deposits. Many of the basins are deep with 
highly variable well yields. Groundwater recharge derives 
from precipitation and runoff in the higher altitudes of 
the surrounding mountains. 

The Desert province includes the Mojave and 
Colorado Desert geomorphic provinces. Throughout 
much of the northern desert area, the Mojave River is the 

primary source of groundwater 
recharge from precipitation 
and runoff generated near its 
headwaters. Rapid population 
growth in the western Mojave 
Desert and in the Coachella 
Valley area near Palm Springs has 
resulted in declining groundwater 
levels and increased competition 
for water supply. 

The Sierra Nevada province 
is dominated by low-permeability 
rocks with some isolated 
groundwater basins. Of the 10 
hydrogeologic provinces, it has 
the largest number of public-
supply wells located outside 
alluvial basins. 

Much of the water for San 
Diego and nearby cities in the San Diego Drainages 
province is imported surface water. Groundwater is an 
important resource, however, for inland homeowner 
wells.

The Modoc Plateau and Cascades province is unique 
in that most of the aquifers are composed of volcanic 
rocks. Groundwater is found primarily in fractures, 
rubble zones, and sand and gravel layers interbedded 
between lava flows and in groundwater basins 
composed of volcanically derived deposits. 

Finally, the Klamath Mountains province consists 
almost entirely of relatively low-permeability rocks. Of 
the 10 provinces, it has the fewest public supply wells.  

The Future
The future of California’s groundwater in the Central 

Valley and other critically stressed aquifers depends, 
in large measure, on the success of SGMA and how the 
state adapts to climate change. Critically overdrafted 
basins appropriately receive considerable attention. But 
groundwater in many other areas of California is also 
important for public supply and agriculture.  ■

William M. Alley  (walley@ngwa.org) is director of science 
and technology for the National Ground Water Association. 
Previously, he served as chief of the Office of Groundwater 
for the U.S. Geological Survey for almost two decades. 
He has cowritten several general interest environmental 
science books with his wife, Rosemarie, including High 
and Dry: Meeting the Challenges of the World’s Growing 
Dependence on Groundwater. 

California developed 
surface reservoirs with 

the capacity to store more 
than 40 million acre-feet of 
water and built a massive 
network of canals to move 
water from north to south. 

These immense feats of 
engineering are only partly 

up to the task. 

mailto:%28jholway%40lincolninst.edu?subject=
mailto:walley%40ngwa.org?subject=
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California Dowsin': Fact, Folklore, or Freedom 
of Speech? 

CALIFORNIA IS FAMOUS BOTH FOR ITS INNOVATIVE 
groundwater institutions and for its water folklore. 
The germinal work on governing the commons, 
Elinor Ostrom's 1965 UCLA Ph.D. dissertation, “Public 
Entrepreneurship: A Case Study in Ground Water Basin 
Management,” served as the foundation for the state’s 
Sustainable Groundwater Management Act of 2014. Yet 
Californians also have a rich history in water dowsing—a 
way of searching for underground water by observing 
the movement of a forked stick, a pair of bent wires, or a 
pendulum. According to the American Society of Dowsers, 
California has the largest number of active chapters:

• Gold Country Dowsers
• Golden Gate Dowsers
• Northern California Dowsers
• San Jose Dowsers
• Santa Cruz Dowsers
• Sierra Dowsers
• San Diego Dowsers (active in 1970s,  

currently inactive)

We hydrogeologists and groundwater engineers feel 
the competition getting stronger when our competitor 
makes it into the Wall Street Journal. On August 3, 2007, 
an article called “In Race to Find Water, It's Science vs. 
'Witchers'” profiled a California dowser charging $200 an 
hour, plus $10 for each gallon per minute produced in a 
well he located. He made up to $7,500 in a day's work! 

Cognitive psychologist Ray Hyman and anthropologist 
Evan Vogt wrote Water Witching, U.S.A. while they were 
research fellows at Stanford University in the late 1950s. 
They showed that nearly every tool imaginable has been 
used to divine water, including pitchforks, car keys hung 

as pendulums from bibles, pliers from a toolbox, the 
classic forked stick, and custom-built devices that might 
serve as the first tangible examples of multitasking in the 
earth sciences in California.

In November 1977 a San Diego Reader article called 
"The Dowsers of San Diego" reported, "The practice 
certainly had reached San Diego by 1887, when the 
San Diego Union reported the ‘witched’ location of an 
abundant supply of good water at sixty-one feet below 
the ground surface at Ocean Beach.” 

Today perhaps the most famous dowser in California 
is the self-proclaimed “winemaker and water witch 
extraordinaire” Marc Mondavi. In December 2012, SF Gate 
reported on Mondavi’s success locating wells in the Napa 
region. Apparently Mondavi had at one time offered 
his services as a water witch for free, but he had since 
raised his rate to $10 per gallon a minute for pumped 
discharge—like the dowser profiled in the Wall Street 
Journal. For example, if the site he selected produced 50 
gallons of water a minute, he charged $500. Mondavi also 
launched The Divining Rod varietals of wines to celebrate 
his skill as a dowser with the tagline “More than natural, 
supernatural."

In my book Contesting Hidden Waters: Conflict Resolution 
for Groundwater and Aquifers, I recounted a case in which 
I was asked to review existing hydrogeologic reports 
for a ranch located in Southern California. Just about 
any groundwater professional working in California 
knows that this area is famous for the complex geology 
composing the Coastal Range—folds and faults contort 
the strata into vertical and overturned orientations. 

FEATURE

Todd Jarvis

All the ground is brown,
And the sky is blue.
I've been for a walk
Along the dowser's forked-stick sway.
I'd be safe and don't need no storm,
If I was drillin' deep in L.A.
California dowsin',
On such a rainless day.

—To the tune of “California Dreamin'” (with apologies to the Mamas and Papas)

https://www.amazon.com/Water-Witching-U-S-Evon-Vogt/dp/0226862984/ref=sr_1_1?dchild=1&keywords=water+witching+usa&qid=1619830523&s=books&sr=1-1
https://www.sfgate.com/news/article/A-Mondavi-branches-out-to-water-witching-4156378.php
https://www.amazon.com/Contesting-Hidden-Waters-Resolution-Groundwater/dp/0415632935
https://www.amazon.com/Contesting-Hidden-Waters-Resolution-Groundwater/dp/0415632935
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Over a couple of days I selected a few potential drilling 
sites—and given the area’s complex geology and the 
clayey composition of the bedrock, there were very few. 

A few weeks later I was asked to return to the ranch 
to finalize a few drilling locations. I found a small garden 
of surveyor’s pin flags at each location. These, I was told, 
were the locations of potential drilling locations selected 
by a water witch. When I asked to see the water witch's 
report, I was handed a piece of paper about the size of 
a cash register receipt listing the depths where water 
would be encountered. The depth of the deepest reading 
was 1,080 feet.

The tilted greenish-gray, clay-rich serpentinite 
bedrock was challenging to drill. At 1,000 feet the drilling 
contractor became concerned the drill pipe would 
become permanently stuck in the slow, sticky drilling 
conditions in the borehole. The landowner contacted 
the water witch about the lack of water at the “witched” 
depths only to be told that the driller had not drilled to 

the target depth. 
Recalling the clayey rock that the driller reported 

prompted me to dig into my library of water-witching 
literature for an answer. In The Complete Guide to 
Dowsing, George Applegate reports that clay-rich 
rocks can interfere with the dowser’s “reading” of 
a landscape. I prepared a short report describing 
the drilling conditions, clay-rich drill cuttings, and 
Applegate's assessment, resulting in a satisfied 
customer ready to move to one of my suggested 
locations based on hydrogeologic mapping.

Despite considerable skepticism, dowsing is a 
global practice. So who is right—the hydrogeologists 
or the water witches? Some people consider “finding” 
groundwater to be a gift endowed to those with 
powers of magical divination. Other schools of 
thought consider dowsing a learned skill. 

In 1999 the editors of National Driller called water 
dowsing “bad news” for groundwater yet stated, 
“Obviously it is an issue we must be cognizant of 
to be effective in our business, and to be better 
communicators with dowsers and our clients.” Water 
witching and dowsing confront the professional 
hydrogeologist with the paradoxes that lie at the 
intersection of faith-based and science-based 
ideologies in the real world. 

Whether water witches can offer their services 
as “professionals” remains debatable; in 2004 the 
California Board of Geologists and Geophysicists won 
a permanent injunction against a water witch. Yet 
in the Wall Street Journal article, the California Board 
acknowledged that water witchers are protected 
by the First Amendment of the U.S. Constitution 
regarding free speech.  ■

Todd Jarvis (Todd.Jarvis@oregonstate.edu) is the first 
Oregon-based member of the Board of Directors of the 
Groundwater Resources Association of California (GRAC). 
He is the director of the Institute for Water & Watersheds 
at Oregon State University (water.oregonstate.edu).

Clarence V. Elliot of Los Angeles demonstrates dowsing equipment of his own design. 
The forked metal rod has a detachable top in which can be fitted samples of the 
substance sought; the containers are carried, ready to hand, in a cartridge belt. Source: 
E. Z. Vogt and R. Hyman, Water Witching USA (Chicago, IL: University of Chicago Press, 
1979). Image used by permission, University of Chicago Press.

"You can't find water if you're thirsty."
—California dowser Rob Thompson, 2007

"You have it or don't."
—California water witch Marc Mondavi, 2012

https://www.amazon.com/Complete-Guide-Dowsing-Definitive-Underground/dp/1843331152
https://www.amazon.com/Complete-Guide-Dowsing-Definitive-Underground/dp/1843331152
mailto:Todd.Jarvis%40oregonstate.edu?subject=
http://water.oregonstate.edu
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FEATURE

Climate Change Impacts on California 
Groundwater
Abhishek Singh and Lisa Porta  

CALIFORNIA’S PAST AND PRESENT WATER MANAGEMENT 
challenges are inextricably linked to its unique climate. 
Success in the future will depend on planning for changes 
to this climate. Groundwater forms an essential part of 
the total available water supplies and can be critical in 
mitigating the impacts of climate change. The Sustainable 
Groundwater Management Act (SGMA), signed by 
Governor Jerry Brown in 2014, acknowledges this 
reality and mandates that the projected effects of 
climate change be incorporated into sustainable 
groundwater management and planning over a 50-
year planning and implementation horizon.
California’s Climate

Much of California has a Mediterranean-type 
climate, with warm dry summers and cool wet 
winters. Precipitation in California tends to be highly 
variable both spatially and temporally. One-third 
to one-half of the state’s precipitation is linked 
to atmospheric rivers (like the famed Pineapple 
Express)—long, narrow regions in the atmosphere 
that transport concentrated water vapor from the 
ocean, delivering intense bursts of rainfall or snow 
on land. Whereas most of the rain and snow are 
concentrated in the north and in the east (along the 
Sierra Nevada), the areas with the highest water 
demand are in the Central Valley and Southern 
California. As a result, California has developed one 
of the most highly engineered water conveyance 
and storage systems in the world. 
A Changing Climate

California’s climate, like the rest of the planet’s, 
is changing. A recent report from the California 
Department of Water Resources (DWR) and another 
from the Office of Environmental Health Hazard 
Assessment (OEHHA) summarize recent trends 
in key climate change indicators, collected from 
historical datasets across the state. Over the past 
century, mean temperatures across the state rose 
by 1.1 to 2ºF, with minimum temperatures (+1.6 to 
+2.5ºF) rising more than maximum temperatures 
(+0.4 to 1.6ºF) (Figure 1). The hottest year on 

record was 2014, followed by 2015, 2017, and 2016. 
Precipitation patterns have undergone several changes:
• A higher percentage of rain than snow fell in recent 

years (Figure 2). 
• Earlier snowmelt runoff was observed in the 

Sacramento River system, California’s largest water-

Figure 1. Statewide annual average (top) and decadal temperatures (bottom) trends 
relative to long-term average (1949–2005). Source: California Office of Environmental 
Health Hazard Assessment (OEHHA), Indicators of Climate Change in California 
(Sacramento, 2018).

https://cawaterlibrary.net/document/california-climate-science-and-data-for-water-resources-management/
https://oehha.ca.gov/climate-change/document/indicators-climate-change-california
https://oehha.ca.gov/climate-change/document/indicators-climate-change-california
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supply watershed (Figure 3). Some of the largest 
glaciers in the Sierra Nevada have lost an average of 
70 percent of their area over the past century. Sea-
level rise has been observed at several coastal cities, 
including San Francisco (7 inches since 1900) and La 
Jolla (6 inches since 1924). 

These trends in climate change indicators are 
expected to continue into the future and could intensify. 
Global circulation models (GCMs) predict a 3 to 6ºF 
increase in average temperature by 2070 compared with 
1985–1994 (Figure 4). Warmer conditions are expected to 
lead to more intense dry periods with longer droughts. 
Most GCMs predict drier conditions in the south and 

heavier and warmer winter 
precipitation in the north 
of the state. Precipitation 
is expected to become 
more volatile, as higher 
temperatures lead to 
more intense, warmer, 
and wetter atmospheric 
river events. Consistent 
with historical trends, 
precipitation is expected 
to shift from snow to rain, 
with snowpack in the 
Sierra Nevada expected 
to decrease by 48 to 65 
percent compared with 
the 1960–1990 average. 
Sea levels are expected to 
rise up to 2.5 feet by 2050 
relative to 2000 levels. 
Climate Change and 
Groundwater
Climate change is expected 
to impact California’s water 
resources both above and 
below ground. Impacts on 
surface-water resources 
will be more direct. Higher 
temperatures will lead to 
higher evaporative losses 
from surface-water bodies. 
More snowmelt runoff 
as well as more volatile 
precipitation patterns will 
lead to “flashier” flows 
in streams and rivers. 
Snowpack serves as a 
natural reservoir for the 
state’s water, releasing 
water slowly during 

spring and early summer. Earlier snowmelt would lead 
to higher volumes of flows during the flood protection 
season, in turn reducing the stored water available to 
meet peak summer demands. At the same time, higher 
temperatures are expected to increase water demand, 
further stressing supplies during summer months. 
Rising sea levels may constrain State Water Project (SWP) 
and Central Valley Project (CVP) deliveries owing to an 
increase in groundwater salinity and subsequent effects 
on vulnerable ecosystems in the Sacramento–San Joaquin 
Delta (Delta).

Climate change is expected to impact groundwater 
systems by altering the water budget of basins in direct 

Figure 2. Percentage of precipitation falling as rain over California’s 33 main water supply watersheds. Blue bars indicate 
below-average rain as a share of precipitation; red bars indicate above-average values. Source: California Department of 
Water Resources, California Climate Science and Data for Water Resources Management (Sacramento, 2015).

Figure 3. Monthly average runoff of Sacramento River system. Source: California Department of Water Resources, 
California Climate Science and Data for Water Resources Management (Sacramento, 2015).

https://cawaterlibrary.net/document/california-climate-science-and-data-for-water-resources-management/
https://cawaterlibrary.net/document/california-climate-science-and-data-for-water-resources-management/
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or indirect ways. The timing and magnitude 
of these changes will depend on the natural 
and anthropogenic recharge and discharge 
processes in each groundwater system. 
Figure 5 summarizes key potential impacts 
of climate on groundwater through natural 
and human-induced processes. These 
impacts can be categorized as follows: (1) 
changes to the natural hydrologic variables 
(temperature, precipitation, and unimpaired 
streamflows) in the basin; (2) changes to 
surface-water operations (imported water 
deliveries, reservoir releases, or inter-
basin water transfers); and (3) changes 
to groundwater demands or extractions 
and land-use practices. With shallow 
systems, higher temperatures may lead 
to increased groundwater losses due to 
evapotranspiration. An increase or decrease 
in net precipitation and the timing and 
duration of precipitation events would 
increase or decrease net groundwater 
recharge. Higher-intensity, shorter-duration 
rainfall and “flashier” streamflows could 
cause more water to exit the basin as runoff, 

leading to less groundwater recharge. In 
some areas, more snowmelt may increase 
net groundwater recharge, essentially shifting 
storage from the snowpack to the aquifer. 
It is important to note that for groundwater 
systems with confined aquifers or a thick 
vadose zone, it may take years or even 
decades for precipitation or streamflow events 
to translate into recharge through deep 
percolation. 

Reductions in imported surface-water 
deliveries may cause increases in localized 
demand for groundwater and extractions 
and reduced return flows from the applied 
surface water. Higher temperatures and 
longer droughts would likely lead to more 
groundwater extractions due to increased 
agricultural and urban water demands. Future 
changes in land use and agricultural practices 
could significantly impact groundwater 
recharge and extractions. These changes, 
however, are not easy to predict and may 
depend on socioeconomic factors as well as 
water-management decisions made within 
the basin. Rising sea levels and increased 
groundwater extractions may impair coastal 
groundwater quality owing to seawater 
intrusion along the coastline. 

Figure 4. Projected changes in average air temperature and precipitation for 2070 compared 
with 1995 historical conditions. Source: California Department of Water Resources, Guidance for 
Climate Change Data Use During Groundwater Sustainability Plan Development (Sacramento, 2018). 

Figure 5. Conceptual representation of potential impacts of climate change on groundwater. 
Source: Adapted from R. Taylor, B. Scanlon, P. Döll, et al., “Ground Water and Climate Change,” 
Nature Climate Change 3 (2013): 322–329.

https://data.cnra.ca.gov/dataset/sgma-climate-change-resources/resource/f824eb68-1751-4f37-9a15-d9edbc854e1f
https://data.cnra.ca.gov/dataset/sgma-climate-change-resources/resource/f824eb68-1751-4f37-9a15-d9edbc854e1f
https://www.nature.com/articles/nclimate1744
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Managing California Groundwater Resources into the 
Future
Conjunctive use of groundwater and surface water 
can provide an opportunity to better manage the 
total available water resources in a more volatile 
hydroclimatic regime. The SGMA legislation 
acknowledges this, stating, “Sustainable groundwater 
management in California depends upon creating more 
opportunities for robust conjunctive management of 
surface water and groundwater resources. Climate 
change will intensify the need to recalibrate and 
reconcile surface water and groundwater management 

strategies.” Managed aquifer recharge (MAR) would 
allow for the capture and storage of excess surface-
water flows (from more intense stormflows or earlier 
and higher snowmelt runoff) that might otherwise be 
lost as runoff to the ocean. 

Overall, then, although climate change is expected 
to impact groundwater resources, these resources 
can be a valuable asset in developing resilient and 
robust water supplies. SGMA lays out this path: “When 
properly managed, groundwater resources will help 
protect communities, farms, and the environment 
against prolonged dry periods and climate change, 
preserving water supplies for existing and potential 
beneficial use.”  ■

Abhishek Singh  (asingh@intera.com) is a principal water 
resources engineer and vice president with INTERA 
Incorporated in Torrance, California. He leads INTERA’s 
Western Regional Team and has more than 17 years of 
research and consulting experience in the area of water 
resources. Lisa Porta (lporta@elmontgomery.com) is a senior 
water resources engineer with Montgomery & Associates, 
in Sacramento, California. She has more than 13 years 
of groundwater modeling and integrated water planning 
experience. She is a director of the Groundwater Resources 
Association of California (GRA) and currently chairs the GRA 
Technical Committee. 

This article was adapted from an article published in the spring 
2018 issue of HydroVisions, a publication of the Groundwater 
Resources Association of California. 

Future changes in land use and 
agricultural practices could 

significantly impact groundwater 
recharge and extractions. These 
changes, however, are not easy 
to predict and may depend on 

socioeconomic factors as well as 
water-management decisions.

mailto:asingh%40intera.com?subject=
mailto:lporta%40elmontgomery.com?subject=
https://www.grac.org/media/files/files/42c7bb62/hv-fall-2018-digital.pdf
https://www.grac.org/media/files/files/42c7bb62/hv-fall-2018-digital.pdf
https://www.awra.org/Members/Events_and_Education/Events/2021_Annual_Conference/2021_Annual_Water_Resources_Conference.aspx
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Too Little, Too Late: How California‘s Failure of 
Nerve Perpetuates Unsustainable Agricultural 
Pumping and Water Injustice
Susan Lea Smith

FEATURE

ABOUT A DECADE AGO, I BEGAN TAKING MY WILLAMETTE 
water law students down to the Klamath Basin, which 
straddles the California-Oregon border. The Klamath 
Basin provides a magnificent case study of early 21st-
century water issues: endangered salmon, steelhead, 
and suckers; federal wildlife refuges and migratory 
birds; tribal reserved rights; reclamation project 
contracts; water adjudication and watermasters; 
agricultural water conservation; hydroelectric dam 
relicensing and removal. 

One highlight, before 2014, was taking my students 
to State Line Road to witness half a dozen water wells 
pumping water to fill pipes two feet or more in diameter 
located just on the California side of the line. These 
wells were withdrawing groundwater from the shallow 
aquifer that underlies the basin. Then, I revealed 
to my students’ amazement that California had no 
(meaning zero) regulation of groundwater. The state 
encouraged local water agencies to prepare groundwater 

management plans but would not allow the agencies to 
limit groundwater pumping. Witnessing those massive 
groundwater withdrawals, my students immediately 
understood the impact of the water wells on small local 
farm operations and small towns on both sides of State 
Line Road and the salmon who depend on the rivers for 
their very lives. 

When I heard about California’s Sustainable 
Groundwater Management Act (SGMA) in 2014, I was 
thankful that our iconic, environmentally friendly, 
progressive neighbor state was finally addressing 
groundwater regulation—until I became more familiar 
with that legislation. 
A History of Excessive Pumping

Imagine the situation facing our neighbor to the 
south. California, the country’s number-one producer of 
agricultural products, was then in the midst of a deep 
drought, and it is in drought again now. Portions of the 

The Lower Klamath National Wildlife Refuge lies on the border between California and Oregon. Before the 2014 passage of the Sustainable Groundwater 
Management Act (SGMA), overpumping of groundwater threatened agricultural and ecological activities in the area. Unfortunately, SGMA does not meet the 
demands of sustainability and water justice. Source: istockphoto.com, Samson1976.
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state are suffering from what scientists now consider a 
“mega-drought”—a drought exceeding 20 years—with 
no end in sight. Overall, California is unusually prone 
to drought, and the state has 
become increasingly susceptible 
to drought as global warming 
further disrupts the climate. 
California agriculture uses 80% 
of the groundwater in the state, 
and the long-standing response 
to drought by California’s farmers 
has been, naturally enough, to 
pump more groundwater. 

Unsurprisingly, this practice 
has led to widespread and long-
term groundwater overdrafts. 
The state has 21 critically 
overdrafted alluvial basins, which 
contain more than 100 critically 
overdrafted sub-basins. These 
basins provide 63% of the state’s 
groundwater supply. Another 73 
high- and medium-priority basins 
are also experiencing substantial 
overdrafts. Together these basins amount to 98% of all 
groundwater pumped in California.

Unfortunately, California is deeply dependent on 
groundwater for more than agriculture. Nearly 85% of 
public water systems, serving roughly 20% of the state’s 
population, rely on groundwater as their primary water 
supply. In addition, thousands of residents depend on 
private wells to meet their drinking water and other 
household needs. Overall, 33 million Californians, 
amounting to 82% of the state’s population, use 
groundwater for drinking water or other household uses. 
In a 2020 report from UC Davis, Darcy Bostic and her 
coauthors estimate that 1.5 to 2.5 million Californians 
rely on domestic wells. During the 2012–2016 drought, 
3,500 domestic wells in the San Joaquin Valley and 
hundreds more in the rest of the state went dry, leaving 
households and communities without water. 

Moreover, California’s decision in the last drought to 
prioritize agricultural withdrawals over protecting rivers 
for fish has driven endangered and threatened salmon 
closer to extinction. To deal with the current drought, the 
state plans to truck millions of young hatchery salmon to 
the ocean because the rivers they would normally travel 
to reach the ocean are drying up. State officials say that 
convoys of tanker trucks are the only way to ensure the 
three-inch Chinook smolts make it to sea.

The Faint-Hearted Solution 
Into this desperate situation ride California’s finest 

thinkers with SGMA, a legislative scheme to save the 

day. SGMA mandates that each high- or medium-priority 
basin create a groundwater sustainability agency (GSA) 
to prepare its own groundwater sustainability plan 

(GSP). The state quickly identified 
94 high- and medium-priority 
basins. So far so good. 

SGMA also mandates that 
GSPs set measurable objectives 
to achieve a sustainable level of 
groundwater pumping in which 
pumping balances with recharge. 
Great! 

Finally, SGMA mandates 
that plans must achieve 
sustainability within 20 years 
of implementation (or with 
extensions, up to 30 years). 
Not so good. Two decades is a 
very long timeline for achieving 
sustainable groundwater 
withdrawals. What happens 
to groundwater supplies in 
the meantime? They diminish 
substantially, causing land to 

subside, surface flows to drop, water tables to fall, and 
shallow wells to run dry. 

To make matters worse, SGMA allows local agencies 
to delay formulating and implementing their plans. 
Plans for critically overdrawn basins were due not until 
2020, and plans for other high- and medium-priority 
basins are not required until 2022. Until those plans 
are in place and are actually implemented, the signal 
to the agricultural community is “Pump, baby, pump!” 
On top of the time lags permitted by SGMA, judicial 
challenges to the plans are likely to cause further delays, 
adding more years to the implementation process. All 
told, achieving sustainable groundwater withdrawals 
in many areas of California will extend far past 2050. In 
the meantime, land subsidence and salt-water intrusion 
can permanently damage aquifers, and excess water 
for recharge is not always available. Will an appreciable 
amount of groundwater remain? It is an open question.

Water Justice Denied
Apart from inexplicably delaying the advent of 

sustainability, SGMA perpetuates enormous water 
injustice. By allowing enormous overdrafts to continue 
for another 20 or 30 years, SGMA permits excessive 
agricultural pumping that will exacerbate the problem 
of ever-declining water tables and saltwater intrusion. 
That pumping will come at the expense of dry wells for 
an ever-increasing number of small community water 
systems and individuals who depend upon groundwater 
for drinking water and other household uses. For those 

I revealed to my students’ 
amazement that California 

had no (meaning zero) 
regulation of groundwater. 
The state encouraged local 
water agencies to prepare 
groundwater management 

plans but would not 
allow the agencies to limit 

groundwater pumping.

https://regionalchange.ucdavis.edu/report/sustainable-whom-impact-groundwater-sustainability-plans-domestic-wells


May/June 2021   VOLUME 23  •  NUMBER 3  |  19

who still have water, their supplies are more likely to 
be poisoned by farm runoff and by natural toxins in the 
soil that have surfaced because of the extensive drilling 
and pumping. As always, the 
communities and individuals left 
behind by the SGMA sustainability 
plans will be predominantly 
Latinx. Susie Cagle’s investigative 
reporting for the Guardian 
confirms that sustainability plans 
drafted under SGMA will allow 
thousands of wells to go dry.

Nor did SGMA deal with other 
water justice issues, such as 
irrigation for smallholders and 
water for fish. Small farmers 
dependent on shallow irrigation 
wells find their wells are drying 
up but cannot afford to drill 
deeper. Without water, they must 
fallow their lands and risk losing 
their farms. Similarly, agricultural 
withdrawals of surface water and 
groundwater threaten the very 
existence of the iconic salmon, 
perhaps driving them to extinction.

Not a Compensable Taking
The drafters of SGMA cannot defend their timidity 

with respect to sustainability and water justice by arguing 
they were trying to avoid regulatory takings claims. 
Holders of common law groundwater rights do not have 
a private property right to extract groundwater at an 
unsustainable rate. California common law recognizes 
the correlative rights doctrine with respect to percolating 
groundwater. “Correlative rights” means that overlying 
irrigators can make reasonable and beneficial use of 
their fair share of an aquifer up to the “safe yield” of the 
aquifer. Courts define users’ fair share by considering 
the size of their landholdings as well as other equitable 
factors. When overlying landowners are using less than 
the safe yield, appropriators can claim groundwater up 
to the safe yield and may secure a prescriptive right to 
use water appropriated as against overlying landowners 
who have not historically used their share of the aquifer. 
However, no aspect of California groundwater rights law 
suggests that any water user can claim a right to extract 
water in excess of safe yield.

In adjudicating groundwater rights, courts usually 
define “safe yield” (SGMA uses "sustainable yield") as 
the maximum quantity of water that can be withdrawn 
annually from a groundwater supply without causing a 
gradual lowering of groundwater levels that will result 

in the eventual depletion of the supply. Groundwater 
users are limited to an equitable share of the safe yield 
of a basin considering acreage owned, crops planted, 

and other factors. Given the 
limitations on their rights, 
groundwater users, whether 
appropriators or overlying 
landowners, cannot show they 
are entitled to a greater amount 
of water than that provided by 
a sustainability plan prioritizing 
sustainability, the human right to 
water, and water justice.

It is time for California 
to come to grips with 21st-
century water reality and the 
demands of water justice. The 
legislature should amend SGMA 
to mandate that sustainability 
plans prioritize satisfying the 
human right to water by assuring 
groundwater availability for 
the small community water 
systems and individuals who 
use groundwater for drinking 

water and household uses. It should also mandate that 
sustainability plans prioritize groundwater use by small 
farmers who desperately need small amounts of water 
to sustain their livelihoods, providing these farmers 
with adequate water throughout plan implementation. 
Finally, and perhaps most important, the state must 
mandate that sustainability plans immediately prevent 
any groundwater withdrawals that reduce surface flows 
so that the rivers upon which salmon rely do not dry up 
entirely. 

Californians must face the fact that SGMA is deeply 
flawed. The state cannot afford to spend 20 years 
learning just how poorly designed the law is to meet 
the crises that the state must survive. We can only 
hope that the legislature will directly confront the hard 
choices this mega-drought poses—and that when it 
makes those choices, it will not put profit over people 
and the planet.  ■

Susan Lea Smith (susanlsmithor@gmail.com) is a 
professor in the College of Law, Willamette University, 
Salem, Oregon. She teaches environmental, energy, and 
natural resources law and directs the Certificate Program 
in Sustainable Environmental Energy and Resource Law. 
Her current research focuses on water justice, ethics, 
governance, and law. 

Plans for critically 
overdrawn basins were 
due not until 2020, and 

plans for other high- and 
medium-priority basins are 

not required until 2022. 
Until those plans are in 
place and are actually 

implemented, the signal to 
the agricultural community 

is “Pump, baby, pump!”

https://www.theguardian.com/environment/2020/feb/28/california-water-wells-dry-sgma
https://www.theguardian.com/environment/2020/feb/28/california-water-wells-dry-sgma
mailto:susanlsmithor%40gmail.com?subject=
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FEATURE

How Is Flood-MAR Shaping California’s Water 
Management?

Daniel Mountjoy

CALIFORNIA IS SUBJECT TO BOTH FLOODING AND 
droughts, and these events are likely to increase in 
a changing climate. The Sustainable Groundwater 
Management Act (SGMA) of 2014 has created incentives 
to bring together flood management and groundwater 
management through new strategies that can benefit both 
sectors. 

For decades, conjunctive water use projects—that is, 
projects using both surface water and groundwater—

have relied on dedicated recharge basins to capture 
available surface water in order to replenish groundwater 
for later pumping. Building on this practice is a relatively 
new approach known as flood water for managed 
aquifer recharge (Flood-MAR). Initiated by the California 
Department of Water Resources (DWR) in 2017, Flood-
MAR is a voluntary approach that directs flood water to 
agricultural lands, working landscapes, and managed 
natural lands (such as refuges, floodplains, and flood 

bypasses) where the water will be likely to percolate 
through soils and recharge underlying aquifers. 

It is evident from the recharge projects 
proposed in the first round of SGMA groundwater 
sustainability plans (GSPs) that water managers 
are ready to maximize recharge to achieve their 
sustainability goals. In 2020, however, the Public 
Policy Institute of California reviewed initial 
San Joaquin Valley GSPs and cautioned that the 
proposed water supplies and regional conveyance 
needed for recharge do not reflect a “realistic 
assessment of the potential for these solutions to 
end overdraft.”

In short, there are strong policy incentives to 
increase groundwater recharge, but the amount 
of water available for recharge is subject to 
scientific and legal uncertainties. Flood-MAR offers 
a path forward, but while charting that path, it is 
important to recognize what Flood-MAR can do to 
boost groundwater sustainability, what it can’t do, 
and what more needs to be learned. 

Addressing the Unknowns
It was clear to DWR and the nonprofit 

Sustainable Conservation that implementing Flood-
MAR projects would be highly complex. Therefore, 
to identify the knowledge gaps and research 
and guidance needs related to uncertain project 
implementation factors (Box 1), the two entities 
convened a Research Advisory Committee (RAC) 
bringing together more than 200 academic, agency, 
policy, and NGO technical specialists.

In October 2018 water from the Mokelumne River was applied for recharge on Al 
Costa’s vineyard in the North San Joaquin Water Conservation District. This site 
recharged 16 feet of water per acre over 33 days. Source: Sustainable Conservation.

https://water.ca.gov/Programs/All-Programs/Flood-MAR
https://water.ca.gov/Programs/All-Programs/Flood-MAR
https://www.ppic.org/wp-content/uploads/ppic-review-of-groundwater-sustainability-plans-in-the-san-joaquin-valley.pdf
https://www.ppic.org/wp-content/uploads/ppic-review-of-groundwater-sustainability-plans-in-the-san-joaquin-valley.pdf
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In 2019 the RAC produced a Research 
and Data Development (R&DD) Plan 
that identified 39 high-priority actions to 
address information, data, and tool gaps. 
Interestingly, most actions did not require 
new research but instead involved compiling 
existing information into actionable 
guidance and decision-support tools for 
landowners, water managers, and policy 
makers (Figure 1). The cost of developing 
this body of knowledge was estimated to 
be $147 million. To carry out portions of the 
recommended action, many participating 
organizations have been securing individual 
state and federal grants and pooling their 
own resources, but more funding is needed. 

Box 1: Factors That Will Affect Implementation of Flood-MAR 

Before developing high-priority actions to support implementation of Flood-MAR, the RAC evaluated a 
number of factors to identify gaps in data, tools, and guidance:

Governance and Coordination
How will the project be coordinated?

• Landowner willingness
• Water system needs and opportunities
• Project lead
• Partnerships and agreements
• Coordination and operations decisions
• Legal/regulatory setting

Funding and Incentives
How will the project be funded and landowners be 
compensated?

• Available funding sources, including additional 
support for low-income areas

• Landowner incentive or compensation programs
• Recharge quantification and compensation
• Land use and avoided costs

Source Water
Where will the water come from?

• Hydrology: base and high flows
• Reservoir reoperation
• Timing, quantity, and quality of flows
• Water rights
• How are flows expected to change in the future?

Conveyance
How will the surface water get to the site?

• Existing natural and built infrastructure location 
and capacity

• New infrastructure needs
• Water quality, such as sediment transport, 

suspended sediment, algae
• Maintenance and management of natural or built 

infrastructure 

Site Suitability
Where are good candidates sites for recharge?

• Soil suitability
• Crop suitability
• Aquifer suitability, capacity, and water quality
• Vadose zone water quality
• Site history, use, and access
• Social needs and impacts

Recharge Method and Site Management
How will water get into the ground?

• Potential methods, including on-farm (active or 
fallowed land), dedicated basins, in lieu, direct 
injection, floodplains, urban infrastructure

• Site preparation
• Land management and cultural practices (e.g., 

planting and plant care)
• Headwater management

Groundwater Use
How will groundwater be recovered and otherwise 
used?

• Groundwater extraction wells
• Beneficial uses, such as water supply for human 

and environmental uses
• Augmentation of river baseflows
• Water quality improvement objectives

Feasibility Analysis and Adaptive Management
Is the project feasible?

• Benefits and beneficiaries
• Costs and impacts
• Final agreements, assurances, and assigning 

responsible parties
• Permitting and environmental analyses
• Monitoring and evaluating project outcomes, 

adapting methods as necessary

Figure 1. The Flood-MAR Research and Data Development Plan prioritized 39 action items 
needed to advance the implementation of projects. They are shown here by type of action 
needed.
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To achieve the goals of the 
R&DD Plan, multiple institutions 
will need to work together to 
produce guidance and tools for 
people working on the ground. 
Thus the RAC recommended 
that the collaborative working 
relationships formed during the 
development of the R&DD Plan 
continue through establishment 
of a Flood-MAR Network.

Work to develop the Flood-
MAR Network got underway in 
2020. Participants include not 
only the RAC members but also 
other interested researchers, 
practitioners, and beneficiaries. 
People are joining the network 
for reasons as varied as the 
missions of the organizations they represent. Some 
are focused on research, some are interested in policy 
change, and some wish to learn from others. Some are 
skeptical, some are practical, and others are big-picture 
idealists. The collective value of the network lies in the 
way it brings diverse perspectives together to realize the 
potential of Flood-MAR. 

At their recent planning workshops, participants 
defined three key functions of the network:

1. Coordinate compilation of data and development 
of guidance and tools to fill knowledge gaps and 
track progress. 

2. Create and maintain a gathering place to expand 
the collective Flood-MAR body of knowledge.

3. Provide external outreach and education to share 
information and case studies with Flood-MAR 
implementers. 

While the network is critical for compiling, producing, 
and sharing guidance, its work is just the first step. 
Implementation of Flood-MAR will happen when network 
members apply the information at the scale of their local 
watersheds and groundwater basins.
Pointing the Way to What’s Possible

To advance the use of Flood-MAR, DWR—in 
partnership with Sustainable Conservation, local 
agencies, consultants, and others—is conducting 
watershed-scale studies and carrying out demonstration 
pilot projects. The watershed studies evaluate Flood-
MAR’s potential to increase recharge and manage flood 
risk in response to climate change while demonstrating 
other environmental and social benefits. 

One such study has taken place on the Merced River 
and several of its smaller watersheds, where a technical 
team has developed an integrated set of models to 

evaluate the effect of 30 climate 
change scenarios on the timing 
and availability of surface flows 
and on water demand by crops. 
The team uses the projected 
values for water supply and 
demand to model the capacity 
of existing local conveyance 
infrastructure to deliver surface 
water at the right time to 
compatible crops on suitable 
soils for recharge. The team 
then assesses the applied 
water’s fate in the aquifer. 
The models can also prioritize 
recharge delivery to different 
locations to raise groundwater 
levels for groundwater-
dependent ecosystems, 

ensure reliable domestic well water supplies, or target 
subsidence-prone areas or areas that will result in return 
flows to rivers. In addition, the models can adjust the 
timing of river diversions to support salmon-rearing 
floodplain habitat, to manage downstream San Francisco 
Bay Delta salinity, or to achieve other habitat goals.

The Merced study and others like it will inform 
how Flood-MAR can be used to achieve different 
environmental, social, and economic outcomes in the 
face of climate change. The models can then be adapted 
to support operational decisions about when and where 
to recharge in advance of reservoir releases based on 
forecast-informed reservoir operations (FIRO).

The second strategy for advancing Flood-MAR 
supports on-the-ground demonstration pilot projects. 
The RAC acknowledged that pilot projects are needed to 
determine evolving information needs, gain experience, 
and produce data to meet real-world challenges. DWR is 
partnering with the Nature Conservancy, River Partners, 
and Sustainable Conservation to extend collective, 
practical experience with private landowners to consider 
the following questions:

• Can recharge on agricultural land at critical times 
be used to provide habitat for migratory shore 
birds?

• Which crops are compatible with recharge, and 
can recharge be timed with production activity to 
minimize nitrate leaching and negative effects on 
the health of crops?

• What are the recharge and habitat benefits of 
inundating restored floodplains?

Together, these pilot projects and studies will yield 
new knowledge about what is possible. The Flood-MAR 
Network will be able to use that knowledge to create 

Flood-MAR offers a path 

forward, but while charting 

that path, it is important to 

recognize what Flood-MAR 

can do to boost groundwater 

sustainability, what it can’t 

do, and what more needs to 

be learned.
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informed guidance and tools to support a variety of 
Flood-MAR project types throughout the Central Valley 
and beyond.

The Promise of Flood-MAR
It is important to be realistic about how successful 

Flood-MAR can be in addressing California’s increasingly 
stressed water system. Will Flood-MAR help groundwater 
sustainability agencies meet all their groundwater 
sustainability goals? No, there is simply not enough 
runoff to meet current pumping demand. Several 
reports suggest that recharge will address only 25–30% 
of the San Joaquin Valley’s average annual groundwater 
overdraft. Flood-MAR’s advantage over capital-intensive 
surface water storage strategies lies in its potential for 
immediate implementation, as almost 100 years of 
groundwater overdraft has left affordable underground 
storage capacity in California’s aquifers. 

Can Flood-MAR help divert enough floodwater to 
avoid the catastrophic flooding anticipated with climate 
change? No, peak flows are already too extreme to be 
captured through existing canal diversions. Future flood 
management will require floodplain expansion and FIRO. 
More reservoir space will be needed for flood readiness, 
and the Merced study shows that reservoir releases 
in advance of storm runoff can be recaptured through 
recharge for groundwater storage.

Realizing Flood-MAR’s potential depends on aligning 
science and policy on several key factors:

1. Defining environmental flows. In response to a 
SGMA-driven rush to claim “unused” floodwater to 
replenish aquifers, researchers and policy makers 
are defining the functional flows necessary for 
ecological processes. This essential information will 
define when and how much water can be diverted 
for recharge and help evaluate the effects of 
climate change on flows.

2. Establishing water rights. Defining water 

availability is a first step in determining diversion 
water rights, but the State Water Board also must 
arbitrate among existing water rights holders and 
new competing applications. DWR and the State 
Water Board will need to collaborate to use climate 
change and groundwater models when evaluating 
water rights and the beneficial uses of water.

3. Measuring potential recharge benefits in order 
to prioritize public funding. As the Merced study 
and the pilot projects show, Flood-MAR projects 
have the potential to achieve multiple benefits. Not 
all sites, however, have the same potential, and a 
watershed Flood-MAR strategy will likely involve a 
portfolio of projects and benefits. Project selection 
for public funding should consider trade-offs 
among benefits and prioritize projects with the 
greatest public benefits and fewest unintended 
impacts on social and environmental factors.

Flood-MAR expands current thinking about multiple 
ecological processes in support of comprehensive 
management of surface water and groundwater for the 
benefit of humans and the environment. California’s 
reliance on uncertain water supplies in a changing 
climate dictates that this approach must be an essential 
part of its water management future.   ■

Daniel Mountjoy (dmountjoy@suscon.org) is director 
of resource stewardship at Sustainable Conservation, 
a California nonprofit that has been working to test, 
demonstrate, and promote on-farm recharge since 2011 
in ways that are just, make economic sense, and provide 
environmental benefits. He served as co-coordinator of the 
Flood-MAR Research Advisory Committee and is a member 
of the project development team for DWR’s Merced Flood-
MAR Study. 

mailto:dmountjoy%40suscon.org?subject=
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AFTER YEARS OF DISCUSSION, NEGOTIATION, AND 
controversy, the landmark Sustainable Groundwater 
Management Act, known as SGMA, was passed in the 
California State Legislature in 2014. One key element 
during deliberations was the issue of local control. 
In the context of SGMA and other natural resource 
management policies, local control is loosely defined 
as an aversion to state and federal involvement in 
resource management through top-down regulations 
and legal mandates. This concept of local control, which 
has roots in the perspectives of European settlers, is a 
common organizing principle for proponents of limited 
government. In the end, SGMA explicitly centered local 
control while calling for state intervention as a last-
resort backstop. But should local control be the guiding 
principle for future groundwater management?

Over the past several years we, individually and 
collectively, as members of the broader research 

community, have examined SGMA implementation, 
focusing on the intersection of equity and sustainability 
in groundwater management and drinking water access. 
Our work explores the challenges and opportunities 
facing local water managers, disadvantaged 
communities, and small farmers in implementing SGMA 
under drought conditions. We have observed that the 
implementation of California water policy is fraught with 
equity challenges resulting from historical processes of 
uneven development. New policies like SGMA, which 
build on this legacy, risk reinforcing inequities as the 
people of California address present and future water 
challenges.
The Historical Development of Local Control

A keystone of local control is autonomy and self-
determination with regard to lands, waters, and ways 
of life. The historical development of the Western 

FEATURE

The False Premise of Local Control in 
California Groundwater Management
Linda E. Méndez-Barrientos, Meghan Klasic, and Amanda Fencl

Historically, local management of water throughout California has relied on displacing Native Americans and excluding communities of 
color and other marginalized populations from decisions. The San Joaquin Valley (pictured) is the ancestral territory of the Tachi-Yokut 
Tribe (Yokuts). The Yokuts depended on Tulare Lake, once the largest freshwater lake west of the Mississippi, for food and water. However, 
Spanish and American colonists diverted water from Tulare Lake for agriculture, emptying it by the early 1900s. Now, even with reforms to 
groundwater law via SGMA, the continued emphasis on local control reinforces inequities. Image source: Campwillowlake, istockphoto.com.
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United States reflects this 
understanding. Federal programs, 
like the Homestead Act of 1862, 
offered land to settlers in return 
for improving the land with 
infrastructure and cultivation, 
essentially giving settlers incentives 
to appropriate land and water. 
Likewise, the very nature of Western 
water rights, based on “first in time, 
first in right” (the prior appropriation 
doctrine), reified white settler 
dominance and ideology and 
excluded Native Americans and later 
non-European immigrants. As these 
and other efforts were implemented, 
California and other Western states experienced massive 
population growth, rural and urban development, and 
widespread irrigation projects. The demand for state 
and federal investments to expand infrastructure soon 
followed. Under the auspices of economic development 
“for all,” the government funded vast projects and 
programs that cemented settler control. Present-day 
California water management is rooted in this historical 
development and continues to systemically exclude 
communities of color and other marginalized populations 
based on income and race. Local control is the means 
through which this historic legacy is protected.

Century-old local water districts mediate the 
ownership, distribution, use, and management of water 
and its infrastructure. Now, through SGMA’s local control 
provisions, these agencies have effectively expanded this 
control to groundwater. Although legislators consulted 
with environmental justice advocates during the creation 
of SGMA, the law adds an additional institutional layer 
to an already complex set of existing relationships that 
continue to exclude marginalized communities from 
water management decisions.
Equity Shortcomings in SGMA

SGMA mandates that any interested groundwater 
user can be involved in the planning process for 
groundwater sustainability. SGMA also recommends 
that plans consider the interests of disadvantaged 
communities and domestic well users. The law, however, 
designates groundwater sustainability agencies (GSAs) as 
the implementing entities and limits GSA creation to local 
public agencies (like those century-old water districts).

Despite equity concerns woven into the law, rules 
on who is eligible to become a GSA gave existing local 
public agencies primary access to and responsibility 
for steering implementation processes and allowed 
them to expand their local control to groundwater. 

Furthermore, GSAs can exert “the 
maximum degree of local control 
and flexibility consistent with the 
sustainability goals,” which studies 
show are inequitable for certain 
communities. For example, while 
84% of groundwater sustainability 
plans (GSPs) do discuss 
engagement with disadvantaged 
and other underrepresented 
communities, fewer than 20% 
of the 243 disadvantaged 
communities located in SGMA-
regulated groundwater basins are 
represented on GSAs.

In truth, by codifying 
local control in the development of SGMA, without 
more explicit recognition of the inherent structural 
disadvantages embedded in groundwater management, 
policymakers limited the kind of sustainability SGMA set 
out to achieve. Further, because SGMA calls for setting 
specific sustainability goals but not equity goals, GSAs’ 
institutional design failed to prioritize inclusion and 
representation. For example, consideration of drinking 
water for unincorporated communities was overlooked. 
As such, SGMA implementation extends disadvantages 
across racialized and segregated communities and 
groups. By expanding on the underlying historical settler 
paradigm embedded in local control, SGMA perpetuates 
the systemic inequities and barriers that its designers 
sought to avoid.
Moving toward  Equitable Groundwater Management

Looking forward, a radical and multifaceted 
approach is needed to ensure that future groundwater 
management, especially under a changing climate, not 
only recognizes inequities but is better designed to 
overcome systemic disparities and integrate traditional 
knowledge. The following are three broad considerations 
to assist in future policy design and implementation. 
These considerations are not meant to be prescriptive 
or exhaustive. Rather they are intended as a starting 
point for purposeful discussion around equitable and 
sustainable groundwater management and policy.

1. Expand the definition of local control to include 
diverse perspectives 
Perhaps most radical is the need to draw on 
alternative concepts and practices of local 
control. The colonial settler definition described 
above is only one way to define local control. 
A complementary approach to groundwater 
management could more intentionally consider 
differing perspectives. Policy experts must 
acknowledge the shortcomings of the European 

A decolonial and equity-
based approach to 

sustainable groundwater 
management and policy 

must meaningfully 
include racialized 

and disadvantaged 
communities

http://cagroundwater.org/wp-content/uploads/2021/03/NGO-Analysis-of-2020-GSPs-for-Key-Beneficial-Users.pdf
http://cagroundwater.org/wp-content/uploads/2021/03/NGO-Analysis-of-2020-GSPs-for-Key-Beneficial-Users.pdf
http://cagroundwater.org/wp-content/uploads/2021/03/NGO-Analysis-of-2020-GSPs-for-Key-Beneficial-Users.pdf
https://uccs.ucdavis.edu/events/event-files-and-images/copy2_of_UCCSPolicyBriefDobbin.pdf
https://uccs.ucdavis.edu/events/event-files-and-images/copy2_of_UCCSPolicyBriefDobbin.pdf
https://uccs.ucdavis.edu/events/event-files-and-images/copy2_of_UCCSPolicyBriefDobbin.pdf
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settler paradigm, grounded in human separation 
from and domination of nature. The very idea 
of an integrated human and natural system, as 
understood by some Native American tribes, is 
antithetical to how water has been developed and 
managed in the West.

2. Elevate equity as a co-equal goal to 
groundwater sustainability 
A decolonial and equity-based approach to 
sustainable groundwater management and 
policy must meaningfully include racialized and 
disadvantaged communities. Adequate policy 
engagement would acknowledge the structural 
inequality that has precluded historically 
disadvantaged groups from participating. Moving 
ahead, policy interventions should facilitate policy 
processes and outcomes that center vulnerable 
community needs.

3. Strengthen local capacity for empowerment 
and engagement 
While a great deal of effort has gone into building 
local capacity to truly empower marginalized 
voices, this has not been enough. One-size-fits-all 
policies that fail to acknowledge how uneven the 
playing field really is deter local capacity-building 
efforts. For example, during the California drought 
that started in 2012, the state water board’s 
conservation mandate disadvantaged smaller 
systems compared with neighboring large systems 
in the same groundwater basins. Larger systems 
with greater financial and other capacities could 
afford to pay overuse fines without pushing for 
community change. Smaller systems, however, 
had to abide by the strict conservation targets. 
Even when the state offered funding programs to 
help smaller systems, many managers lacked the 
capacity even to apply for the funding. The drought 
not only underscored the importance of securing 
sufficient quantity and quality of water from over-
stressed groundwater basins for communities’ 
health and safety needs but also exposed the 
accumulated contradictions of California’s 
inequitable water development mission.

Ultimately, neither top-down regulation, nor bottom-
up collective action is a panacea for water management. 
Siloed management approaches and policies cannot 
adequately address wicked water problems. Instead, 
policy design must acknowledge the complexity of 
achieving equity and sustainability by first grappling 
with other definitions of local control within their social-
ecological context. In doing so, water policy should 
leverage the interdependent nature of water sources, 
water-quality threats, and infrastructure needs and goals. 

Climate change and extreme weather events will only 
exacerbate underlying structural inequities unless SGMA 
implementation is intentional about pursuing equity and 
sustainability as mutually reinforcing goals.  ■

Linda E. Méndez-Barrientos (lemendez@ucdavis.edu) is 
an ecology Ph.D. candidate at the University of California, 
Davis, and incoming assistant professor with the Korbel 
School of International Studies at the University of Denver. 
Meghan Klasic (mrklasic@ucdavis.edu) is a Ph.D. candidate 
at UC Davis. Amanda Fencl (alfencl@tamu.edu) is a 
postdoctoral researcher at Texas A&M University.

For More on This Topic
For more information on the nexus of equity, drinking 
water, and implementation of SGMA from these 
authors, see the following: 
• Drought Management and Climate Adaptation of 

Small, Self-Sufficient Drinking Water Systems in 
California, Julia A. Ekstrom, Meghan R. Klasic, 
Amanda Fencl, Mark Lubell, Ezekiel Baker, Frances 
Einterz, 2018 

• “Implementing SGMA: Results from a Stakeholder 
Survey,” Linda E. Méndez-Barrientos, Darcy Bostic, 
and Mark Lubell, 2019

• The Struggle for Water Justice in California’s 
San Joaquin Valley: A Focus on Disadvantaged 
Unincorporated Communities, Jonathan London, 
Amanda Fencl, Sara Watterson, Jennifer Jarin, 
Alfonso Aranda, Aaron King, Camille Pannu, Phoebe 
Seaton, Laurel Firestone, Mia Dawson, and Peter 
Nguyen, 2018

• “Groundwater Management in California’s Central 
Valley: A Focus on Disadvantaged Communities,” 
Case Studies in the Environment, Clara MacLeod 
and Linda Esteli Méndez-Barrientos, 2019

• “Farmer Participation and Institutional Capture in 
Common-Pool Resource Governance Reforms: The 
Case of Groundwater Management in California,” 
Society & Natural Resources, Linda Estelí Méndez-
Barrientos , Alyssa DeVincentis , Jessica Rudnick, 
Ruth Dahlquist-Willard , Bridget Lowry, and 
Kennedy Gould, 2020

For more on the legal foundations of this issue, see the 
following:
• “The Exclusivity of Inclusion: Involving 

Environmental Justice Communities in California’s 
Central Valley in the Sustainable Groundwater 
Management Act,” California Water Law Journal, 
Shamba Panda, 2018 

• “Statutory Water Rights Law and Related California 
Code Sections,” California Water Boards, 2021
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Managing Water and Crops with Groundwater 
Salinity: A Growing Menace
Yiqing “Gracie” Yao and Jay Lund

FEATURE

SALINITY IS A LOOMING THREAT TO AGRICULTURE AND 
groundwater sustainability in many parts of the world 
and in California. According to Central Valley Salinity 
Alternatives for Long-term Sustainability (CV-SALTS), 
nearly 2 million tons of salt accumulate each year in the 
San Joaquin Valley, where more than 250,000 acres of 
irrigated land have been fallowed and 1.5 million acres 
are potentially salt impaired. In a March 2009 study, The 
Economic Impacts of Central Valley Salinity, the University of 
California, Davis reported that if salinity keeps increasing 
at the current rate, California’s Central Valley will 
experience reductions in income ranging from $1.2 billion 
to $2.2 billion a year by 2030. 

In arid and semi-arid areas, salts accumulate in soils 

and shallow groundwater with every pumping-and-
recharge cycle. During the irrigation season, higher 
evapotranspiration rates and lower precipitation leave 
salt in the soil, and more water—which also contains 
salts—is required to leach soil salinity to groundwater 
or drainage systems. Furthermore, recent research by 
Rich Pauloo and Graham Fogg shows that when low 
groundwater tables prevent salt from draining to rivers, 
salinity from soils tends to collect in underlying aquifers, 
and groundwater salinity increases. This is common in 
western parts of California’s San Joaquin Valley. Salts in 
soils and irrigation water reduce crop yields and quality, 
resulting in agricultural losses for the San Joaquin Valley. 

Conjunctive water management—that is, jointly 

Figure 1. As groundwater salinity increases, pumping gradually shifts from drier years to wetter years because farmers need to use surface water to dilute 
groundwater salinity. Results are based on maintaining groundwater storage.

https://www.cvsalinity.org/docs/committee-document/pubic-education-and-outreach-docs/3706-snmp-fact-sheet-final/file.html
https://www.cvsalinity.org/docs/committee-document/pubic-education-and-outreach-docs/3706-snmp-fact-sheet-final/file.html
https://www.waterboards.ca.gov/rwqcb5/water_issues/salinity/library_reports_programs/econ_rpt_final.pdf
https://www.waterboards.ca.gov/rwqcb5/water_issues/salinity/library_reports_programs/econ_rpt_final.pdf
https://californiawaterblog.com/2021/02/21/groundwater-salinization-in-californias-tulare-lake-basin-the-abcsal-model/
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managing surface water 
and groundwater—operates 
in fundamentally different 
ways when groundwater 
salinity is high and when 
it is low. Recent work by 
Yiqing Yao examines how to 
manage conjunctive water 
use and cropping patterns 
for extensive irrigated 
agriculture with increasingly 
saline groundwater to 
optimize profits in dry and 
wet years. The model, which reflects conditions similar 
to the western San Joaquin Valley, blends fresh surface 
water and more saline groundwater to irrigate crops and 
considers salinity’s long-term effects on crop yields. 

Groundwater Salinity Changes Pumping and Cropping 
Patterns 

The model shows that as groundwater becomes 
more saline, farmers must change how they manage the 
joint use of groundwater and surface water. To optimize 
profits, they need to shift from using groundwater to 
supplement surface water toward using surface water to 
dilute the increasingly saline groundwater. Accordingly, 
when groundwater salinity is low, farmers in arid and 
semi-arid agricultural regions tend to pump more 
groundwater in drier years (as shown by the red and 
yellow bars in Figure 1). As groundwater becomes saline 
enough to reduce crop yields, they shift to pumping less 
in drier years and pumping more in wetter years (as 
shown by the purple bars). 

At lower groundwater salinities farmers grow more 
permanent crops, such as almonds. As groundwater 

salinity rises beyond what 
the permanent crop can 
tolerate, groundwater 
becomes unable to furnish 
usable water for permanent 
crops in dry years, when 
there is little surface water 
available to blend with the 
more saline groundwater. 
Reduced pumping in 
drier years can also cut 
production of annual crops. 

To maintain groundwater 
levels, groundwater pumping increases in wetter years, 
but the additional pumping supports annual crops (which 
are lower in value than permanent crops) because using 
this additional pumping to support permanent crops 
would be unsustainable when drier years come around. 
Furthermore, with higher groundwater salinities, annual 
crop acreage in wetter years is limited by irrigation water 
salinity because irrigation results in deep percolation. 
The more annual crops farmers grow, the more water 
percolates to the underlying aquifer. To maintain 
the groundwater level, farmers must pump more 
groundwater, and this irrigation water has higher salinity 
that further reduces perennial crop yields. 

The Economic Value of Water with Groundwater Salinity
The model also shows how groundwater salinity 

affects the economic value of surface water and 
groundwater (Table 1). When groundwater salinity 
is low, groundwater has greater value, as it can help 
support more permanent crops in dry years. When 
groundwater salinity is high, groundwater no longer 
serves as a drought reservoir. Eventually, as pumping 

Table 1. Economic value of water in dry and wet years at different levels of groundwater salinity 
($ per acre-foot)

 Surface Water
Initial groundwater salinity Groundwater

(milligrams per liter) Event 1 event 2 Event 3 Event 4 Event 5

500 $213 $213 $213 $181 $98 $61

1,500 $224 $206 $206 $180 $97 $57

3,000 $500 $142 $105 $55 $10 -$115

4,500 $2,085 $131 $98 $52 $0 -$175

6,000 $2,652 $95 $63 $19 $0 -$308

Note: Values are based on maintaining groundwater storage. Events 1 through 5 represent a range of dry and wet years, with event 1 the driest and event 5 the 
wettest.

As groundwater becomes more 
saline, farmers must shift from 

using groundwater to supplement 
surface water toward using 
surface water to dilute the 

increasingly saline groundwater.

https://watershed.ucdavis.edu/shed/lund/students/Yiqing_Yao_dissertation2020.pdf
https://watershed.ucdavis.edu/shed/lund/students/Yiqing_Yao_dissertation2020.pdf
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makes irrigation water too salty for permanent crops, 
groundwater imposes a cost on agriculture. At the two 
highest levels of groundwater salinity, saline groundwater 
is pumped only to be discharged outside the basin—in 
other words, it imposes pumping and disposal costs 
without generating any profit.

Severe salination of groundwater raises the value of 
surface water. In the driest years, lack of surface water 
limits the acreage of profitable permanent crops, making 
farmers willing to pay much more for fresher water 
(which reaches roughly the cost of desalted water in 
this model). Salination of groundwater also widens the 
range of economic values for surface water across years, 
pushing the value up astronomically in the driest years 
and down to zero in the wettest years.  

Moreover, a drier climate will further increase the 
value of surface water in the driest years and reduce 
agricultural profits. In a drier climate, when groundwater 
salinity is relatively low (say 3,000 mg/L), the resulting 
increase in overall available irrigation water outweighs 
the negative effect of higher irrigation water salinity, 
so the value of groundwater rises. When groundwater 
salinity gets too high, however, the use of groundwater 
further reduces agricultural profitability in a drier climate. 

A Long-standing Menace
For the western San Joaquin Valley and other parts 

of the world without exterior drainage from a basin, 
increasing groundwater salinity portends a somber 
future for agriculture. Eventually, salinizing groundwater 
will not be able to serve as a drought reservoir for drier 
years. Profitable agriculture will still exist, but farmers will 
see their profits fall as a result of declining perennial crop 
acreage and wider fluctuations in annual crop acreage. 
Though costly, immediate restoration of the aquifer 
levels, with reduced pumping and increased surface 
water recharge, can slow salination of groundwater and 
prolong the value of the aquifer for agriculture. 

Salt accumulation has long been a menace for irrigated 
agriculture, from ancient times in Mesopotamia to the 
present day. After groundwater overdraft is tamed, 
it is groundwater salinity that will drive changes in 
groundwater management and in overlying agriculture.  ■

Yiqing “Gracie” Yao (yqyao@ucdavis.edu) recently completed 
her Ph.D. in civil and environmental engineering at the 
University of California, Davis, and is now a postdoctoral 
researcher. Jay Lund (jrlund@ucdavis.edu) is a professor 
of civil and environmental engineering at the University of 
California, Davis.  
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Airborne Electromagnetic Surveys: One More 
Tool in California’s Journey to Sustainable 
Groundwater Management
Lisa Beutler, Max Halkjær, Tim Parker, Paul Thorn, and Don Zdeba

FEATURE

THE SUSTAINABLE GROUNDWATER MANAGEMENT ACT 
(SGMA) requires agencies across California to develop 
and carry out groundwater sustainability plans (GSPs). 
Plans depend on the sustainability thresholds of 
groundwater basins, but determining these thresholds 
is a complex undertaking. One new tool for collecting 
groundwater data—airborne electromagnetic (AEM) 
surveys—uses aerial surveying technology to see 
what’s happening below ground. Widespread use of 
this technology is just getting underway, but it has the 
potential to produce a wealth of data that can help water 
managers balance inflows and outflows of groundwater. 

AEM surveys are a geophysical method of measuring 
the electrical properties of subsurface materials from 
helicopter-mounted equipment. The State of California 
has just initiated a statewide program to use this 
technology to generate reconnaissance-level, coarse-
grid subsurface maps of high-priority groundwater 
basins that will provide fundamental information about 
aquifer structures on a regional scale. 

The surveying effort, sponsored by the Department of 
Water Resources (DWR), will also provide a standardized, 
statewide dataset that will help develop or refine a 
hydrogeologic conceptual model and aid in identifying 
possible recharge areas. The state anticipates that this 
initial collection of coarse-grid AEM data will serve as the 
basis for the additional collection of fine-grid AEM data by 
local stakeholders in the future. 

AEM surveys have been used in other places, and 
particularly in Denmark. In California, efforts to advance 
its use have been led by the Stanford Groundwater 
Architecture Project (GAP) in collaboration with Max 
Halkjær (Ramboll), Niels-Peter Jensen (I-GIS), Esben 
Auken (Aarhus University), Jim Cannia (Aqua Geo 
Frameworks), the Kingdom of Denmark, and state and 
local project sponsors. GAP was the primary investigator 
in a two-year pilot project, ending in 2020, that 
generated critical information on how best to use the 
AEM method to support groundwater management in 
California. Under the guidance of Stanford geophysicist 
Rosemary Knight, GAP uses advanced geophysical and 

computational methods to develop the hydrogeologic 
conceptual models required by SGMA, which in turn help 
establish groundwater sustainability thresholds.

While in the end more data is better than less, the 
process used to collect and apply AEM data presents 
unique challenges. First, the information to be gathered 
in each survey depends on the geophysical location, 
management needs, and data requirements in each 

The SkyTEM AEM system during takeoff in Indian Wells Valley, California. SkyTEM 
is a geophysical survey company involved in implementing AEM surveys. Source: 
Ramboll Project File.

https://water.ca.gov/Programs/Groundwater-Management/Data-and-Tools/AEM.
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context. Second, studies of groundwater resources do 
not commonly use data of this scale and nature, so 
local agencies may require technical assistance to fully 
realize the value of the data. Third, AEM surveys consist 
of a physical process involving very low flyovers and 
the use of electromagnetic current, both of which are 
likely to create public interest well beyond the typical 
groundwater management stakeholders. 

Data Collection Goes Airborne
AEM equipment is housed in a large hoop frame 

that is hung from a helicopter flown by experienced 
pilots following all Federal Aviation Administration 
(FAA) regulations. The helicopter carries the equipment 
100–150 feet (30–50 meters) above the ground and 
collects data along a defined flight path. Significant 
pre-planning is required, and special care is taken to 
create flight paths over open spaces and away from 
metallic infrastructure that creates interference and from 
residential areas and structures containing people or 
confined livestock. 

To help interpret AEM data, it is important to gather 
local data and knowledge on the geologic structure, the 
hydrogeologic conceptual model, and the depth to the 

water table, and to have some lithologic, geophysical 
logs and water-quality data along the flight lines. 
Once collected, AEM data are interpreted to show the 
distribution of coarse-grained and fine-grained materials 
in the subsurface, structures such as faults, and fresh 
versus saline water. They are then used to characterize 
subsurface hydrogeology.

Can It Work in California?
Although the AEM technology has been used in other 

locations, it was important to determine the best way 
to execute the effort in the Golden State. Accordingly, 
a pilot study was conducted in three diverse locations: 
Indian Wells Valley, located at the southeastern corner 
of the Sierra Nevada; Butte County, in the northern 
Sacramento Valley; and San Luis Obispo County, along 
the central California coast. 

The planning team developed a process to identify 
local groundwater management questions, develop 
data management approaches, and gather existing 
data (Figure 1). This information was used to design the 
AEM survey and acquire the AEM data. The team then 
analyzed these data to obtain the resistivity model, 
interpreted the resistivity model to extract the needed 

Figure 1. How AEM surveys contribute to modeling the groundwater system. Source: Stanford Groundwater Architecture Project (GAP).
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information, and integrated all data to generate the 
conceptual model of the groundwater basin. This 
approach allowed the team to answer the management 
questions while at the same time acknowledging 
uncertainty.
Case Study: Indian Wells Valley

The Indian Wells Valley area (Figure 2), home to the 
largest naval air station in the 
world, is considered essential to 
U.S. national security. The State of 
California considers groundwater 
in the Indian Wells Valley 
Groundwater Basin (IWVGB) to 
be unsustainably managed—a 
security issue in that context. 
Overdrafting was documented 
as far back as the 1970s and has 
had various undesirable results, 
including the chronic lowering 
of groundwater levels and the 
reduction of groundwater in 
storage throughout the basin. 
Nearly two decades ago, the Indian 
Wells Valley Water District (IWVWD) 

initiated work to evaluate the 
development of the basin’s brackish 
water resources. The district needed 
information about the large-scale 
structure of the groundwater basin 
and the nature and distribution of 
brackish water. Based on the local 
need for information and on surface 
geophysics pilot studies conducted 
by Stanford researchers, the basin 
was incorporated into the GAP pilot 
project. 

Preparations for the survey 
included compiling and digitizing 
basin data, including more than 
1,000 well logs, 60 geophysical logs, 
groundwater level measurements, 
water-quality samples showing total 
dissolved solids, documentation 
of 150 miles (240 kilometers) of 
seismic lines, and the Stanford 
surface geophysics pilot tests. This 
information was then used to create 
the AEM survey lines (Figure 3). 

Community members expressed 
concern about whether the 
electromagnetic survey could affect 
health (it can’t), whether the heavy 
equipment would pose safety 
problems, and whether the AEM 

data would be reliable. Public outreach, therefore, was 
essential. This effort included sending news releases to 
local newspapers, holding public meetings before and 
immediately after the helicopter-based surveys, and 
meeting with the public again after the AEM data had 
been interpreted and the hydrogeologic conceptual 

framework based on the AEM 
data had been developed. While 
there was some public concern, 
the presence of the NAS 
means that the community is 
accustomed to frequent aircraft 
overflights and may have had 
less interest in the AEM survey 
than other communities would.
The IWVB pilot project produced 
some key lessons:
• Adequate data are essential 

to interpret the AEM data.
Legacy data in California (such 
as well completion reports and 
borehole geophysical logs) 
are often not digitized and are 

Figure 2. The Indian Wells Valley. Source: United State Geological Survey, Jim Nickles. 

One new tool for 
collecting groundwater 

data—airborne 
electromagnetic (AEM) 
surveys—uses aerial 

surveying technology to 
see what’s happening 

below ground. 



38  |  VOLUME 23  •  NUMBER 3  Water Resources IMPACT 

challenging to use. Location information is only 
minimally useful, and improving accuracy requires 
significant time and resources.

• AEM surveys rapidly capture good data without 
disturbing sensitive habitat areas.

• Information gathered is from various depths, 
averaging 500–1000 feet (150–300 meters), with 
a maximum of about 1,500 feet (500 meters), 
depending on subsurface materials and water 
quality.

• Not everyone believes in or understands the value 
of AEM surveys. For example, the work was not 
incorporated in the GSP and has not yet been 
considered in ongoing efforts in the basin.

Next Steps
In the coming months DWR plans to convene a technical 
advisory committee to provide input on project 
activities, such as survey design, data management, 
guidance documents, and AEM data use. Before 
surveys are conducted, DWR will also coordinate with 
local governments in the survey areas to inform local 
communities about the safety of the AEM survey 

method and why surveys are being conducted. Then 
the statewide program will launch: the agency plans to 
initiate flyovers in 2021 and extend them into 2023 and 
beyond.  ■

Lisa Beutler (lisa.beutler@stantec.com), an AWRA past 
president, has more than 20 years of experience in the 
water sector. After a decade as the associate director of 
the Sacramento State University Center for Collaborative 
Policy, she moved to Stantec, a global design and 
engineering firm. A significant focus of her work over 
the past six years has been assisting agencies with 
the implementation of the Sustainable Groundwater 
Management Act. Max Halkjær (maxh@ramboll.dk) is 
global service line leader in water resources management 
at the Danish company Ramboll. Tim Parker (tim@pg-tim.
com) is a principal with Parker Groundwater. Paul Thorn 
(path@ramboll.dk) is a senior consultant with Ramboll. 
Don Zdeba (don.zdeba@iwvwd.com) is general manager of 
the Indian Wells Valley Water District.

Figure 3. Indian Wells Valley AEM survey lines. Source: Stanford Groundwater Architecture 
Project (GAP).
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Taking Greater Advantage of California’s Grand 
Groundwater Experiment
William Blomquist

FEATURE

CALIFORNIA’S IMPLEMENTATION OF THE SUSTAINABLE 
Groundwater Management Act (SGMA), adopted in 2014, 
is still under way. Implementation is unfolding in phases. 
It started with the formation of groundwater sustainability 
agencies (GSAs) and reconsideration of groundwater basin 
boundaries. Next came the development and submission 
of groundwater sustainability plans (GSPs) in critically 
overdrafted basins; those plans are currently undergoing 
state review. Now agencies are developing GSPs for the 
rest of the groundwater basins covered by SGMA, with a 
submission deadline of January 31, 2022.

These phases, which are being 
carried out in more than 100 
California groundwater basins, 
have produced hundreds of GSAs 
and GSPs. This profusion and 
diversity of agencies and plans 
has rightly been called a “grand 
experiment” in groundwater 
governance. But what is the 
purpose of the experiment? Many 
answers may jump to readers’ 
minds: to control the state’s 
groundwater overdraft problem; 
to protect surface water sources, 
ecological systems, and physical 
infrastructure from further 
damage; to set California on a path 
to water sustainability; among 
others. Those are important 
policy goals, to be sure, but this experiment has given 
the hundreds of new local agencies in more than 100 
groundwater basins up and down the state a new set 
of powers, responsibilities, and deadlines—all without 
actually knowing what would happen.

Experiments are typically about learning. California’s 
grand groundwater experiment is thus an unparalleled 
opportunity to advance learning about water resource 
management and governance in practice—even if this 
learning is an unplanned outcome. Taking advantage 
of that opportunity requires an intentional effort on 
a large scale to maximize what we can learn from the 

development and implementation of the GSPs, the 
annual reports and the five-year updates, the state’s 
review processes and monitoring of progress toward 
SGMA’s sustainability goals, and the basin governance 
arrangements created by local governments and 
stakeholders through GSAs.

Decades from now, the success of that effort to 
learn—or the failure to make and sustain that effort—
will be another legacy of SGMA. The lessons learned 
or not learned will not make news headlines or be on 
the minds of the millions of Californians whose water 

supplies, health, food security, 
and environment are at stake. 
Most people will just want to 
know whether SGMA “worked.” 
Nonetheless, within and beyond 
California, other questions will be 
raised: What worked? Why? How 
do we know?

The state agencies charged 
with implementing and enforcing 
SGMA—the California Department 
of Water Resources and the State 
Water Resources Control Board—
have made admirable efforts 
to support the basin-by-basin, 
GSA-by-GSA work of organizing, 
participating, developing and 
using technical information, 
and planning. Workshops and 

webinars, site visits, provision of state funding for 
facilitator services and technical studies, and no doubt 
countless phone calls and emails have been poured into 
the effort to get SGMA up and running. In the days and 
years ahead, similarly prodigious efforts will be required 
at the local and state levels to fulfill the law’s monitoring, 
management, and reporting requirements.

In the face of all this work by so many individuals and 
organizations, it may seem unfair to ask any more. But if 
it’s an experiment—or to the extent it is an experiment—
then there is indeed more to do. We have to learn from 
it. And to learn the most from it, we should build the 

This experiment has given 
the hundreds of new local 
agencies in more than 100 
groundwater basins up and 

down the state a new set 
of powers, responsibilities, 
and deadlines—all without 

actually knowing what 
would happen.

https://waterinthewest.stanford.edu/publications/consolidate-or-coordinate-formation-groundwater-sustainability-agencies
https://waterinthewest.stanford.edu/publications/consolidate-or-coordinate-formation-groundwater-sustainability-agencies
https://www.tandfonline.com/doi/full/10.1080/08941920.2020.1833617
https://www.tandfonline.com/doi/full/10.1080/08941920.2020.1833617
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learning into the process rather 
than waiting 20–25 years for some 
overall assessment of results. 

Granted, important pieces 
are being put into place for 
learning from California’s great 
groundwater experiment. 
The Groundwater Resources 
Association of California (GRAC) 
convenes annual GSA summits 
where GSA representatives meet, 
listen, and talk to one another 
and to staff from the state 
agencies. DWR’s SGMA portal 
has information on the GSAs and 
GSPs and is a strong resource 
for stakeholders who wish to 
learn from and about one another, and for researchers 
performing comparative analyses. Organizations 
such as the Public Policy Institute of California have 
published initial assessments of the GSPs submitted 
in 2020 for the critically overdrafted basins. Centers 
within several universities have studied various aspects 
of GSA formation, GSP development, and prospective 
management actions.

So much activity is under way that one might be 
tempted to assume that nothing further needs to be 
done. It is not clear, however, that we will learn all we 
could from this experiment without additional measures. 

A host of questions suggest themselves: What 
outreach efforts are GSAs making, whom are they 
engaging, and how are GSAs affecting planning and 
implementation? How do governance and decision 
making work in multi-agency GSAs and in multi-GSA 
basins? How does groundwater management under 
SGMA compare with that under the state’s pre-SGMA 
institutions, such as groundwater management 
districts and adjudicated basins? How does SGMA 
implementation dovetail with other policy initiatives, 
such as salinity reduction, safe drinking water provision, 
habitat restoration, land repurposing, and surface-

water flows? Those efforts fall 
outside of SGMA, but we should 
want to know whether and how 
SGMA implementation advances 
or interferes with those other 
programs and vice versa.

Carrying out a learning agenda 
to accompany the groundwater 
sustainability agenda goes 
beyond asking the state to fund 
more research. The state could 
provide unprecedented funding 
for studies of groundwater 
management and outcomes 
under SGMA, with each 
researcher or research team 
going off and doing their own 

project, without our having taken maximum advantage 
of the learning opportunity the experiment provides. 
An intentional effort at learning will require more than 
funding from all of us—policymakers, GSA managers 
and board members, groundwater users, state agency 
personnel, advocacy organizations, researchers, and 
other interested members of the public. Together, we will 
need to discuss not only what we are learning from these 
hundreds of GSAs and GSPs, from the state's efforts to 
both support them and hold them accountable, and from 
the impacts we observe on groundwater conditions and 
related resources, but also, and just as important, what 
else we want and need to know. That kind of intentional 
learning effort could be worthy of the grand experiment 
on which California has now embarked and could help 
the rest of the groundwater-dependent world as well.  ■

William Blomquist (blomquis@iupui.edu) is a professor 
of political science and adjunct professor of public and 
environmental affairs at Indiana University–Purdue University 
Indianapolis. His areas of research are water resource 
management, institutions, and the policy-making process. 

Most people will just want 
to know whether SGMA 
“worked.” Nonetheless, 

within and beyond 
California, other questions 

will be raised:  
What worked? Why?  
How do we know?

mailto:blomquis%40iupui.edu?subject=
https://bit.ly/3up7w9K
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FEATURE

Groundwater Storage in the Los Angeles  
Coastal Plain

Michael S. Gagan

THE ABILITY TO STORE AND USE GROUNDWATER IS 
critical to resilience in Southern California. Perhaps 
nowhere is this truer than in the greater Los Angeles area, 
including the groundwater basins where Nobel laureate 
Elinor Ostrom did her fieldwork in the 1950s and 1960s, 
establishing the theory of cooperative management 
of common pool resources. The more recent story of 
these groundwater basins is the story of frustration 
and, eventually, solutions for better managing critical 
groundwater resources. 

California’s Central and West Coast Basins underlie 
an area of 430 square miles in the urban core of Los 
Angeles County. The political boundaries of the basins 
stretch from the Los Angeles Coliseum to the Orange 
County line and from the San Bernardino Freeway to 
the Pacific Ocean. The 4 million people residing in the 43 

cities overlying these basins comprise more than 10% 
of the state’s population. Once as high as 703,000 acre-
feet, water demand in the area is now 478,000 acre-feet 
annually, and roughly half of the demand is met by 
groundwater. 

Active pumpers once numbered in the hundreds, 
but there are now just 73 active pumpers in the Central 
Basin and 36 in the West Coast Basin. Larger pumpers 
are municipal utilities and investor-owned water 
companies. Many pumpers are private entities, like oil 
companies, that pump to meet their own needs. The 
area’s groundwater management agency is the Water 
Replenishment District of Southern California (WRD), 
which assesses each acre-foot pumped to fund its 
programs and projects.

More than 10% of the population of California lives atop the Central and West Coast Basins, where decades of strife over groundwater management have finally 
given way to more sustainable and legally durable solutions. Source: istockphoto.com, 35007.
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The basins are among the 22 in the state that 
are adjudicated. Central and West Coast Basin court 
judgments entered in the 1960s determined who is 
allowed to pump how much groundwater each year. 
When the courts adjudicated groundwater rights in these 
basins, they were silent with respect to groundwater 
storage. The concern at the time was how to respond to 
decades of overdraft, and the objective of adjudication 
was to limit extractions. The idea of storing water in times 
of surplus for use in times of drought was academic. Who 
could store how much water and the rules for extracting 
it were questions left for another day.

That day eventually came, but it led to a protracted 
set of processes aimed at answering the still unresolved 
questions. In 1999 the California Department of 
Water Resources (DWR) advised WRD that it was “very 
interested in exploring opportunities which the Central 
Basin presents for local management and conjunctive 
use that is beneficial to the 
Replenishment District, the Basin’s 
groundwater users, and the 
statewide water supply balance.” 
With groundwater conditions 
substantially improved by 40 
years of robust replenishment, 
WRD agreed to explore those 
opportunities. Thus began a 
journey that concluded 15 years 
later with judgment amendments 
that provide a legally certain 
framework for storing water 
underground and subsequently 
extracting it.
Tough Questions, Bitter Debate

The journey was dogged 
by controversy from the start. 
Because of perceived misbehavior 
by the water district’s board at the time, many pumpers 
did not trust WRD. They also saw WRD as a passive 
agency whose sole job was to buy replenishment water 
to replace water that was pumped. Their view was that 
WRD did not have the legal authority to manage anything, 
much less a new groundwater storage program. Many 
pumpers also believed that storage rights should be tied 
to groundwater rights, and like groundwater rights, they 
could be owned and freely bought and sold. In contrast, 
WRD saw itself as the exclusive storage management 
agency for the basins and viewed storage capacity as a 
public resource that could not be privatized. 

Complex institutional questions with differing answers 
punctuated often acrimonious debates over storage 
from beginning to end. How was storage capacity to be 
allocated? Who could legally store? Does the extraction 

of stored water count against one’s adjudicated rights? 
What different kinds of storage programs should be 
allowed? How could the diametrically opposed positions 
of many pumpers and WRD on such fundamental issues 
be reconciled?

There were technical issues as well. What does 
“conjunctive use” mean exactly? How does it work? Just 
how much storage space is available? How can one store 
water without causing material physical harm to the 
basin or to another pumper?

Not surprisingly, the technical issues were more 
readily resolved than were the institutional differences. 
In 2003, for example, a WRD hydrogeologist employed a 
groundwater flow model created by the U.S. Geological 
Survey and WRD to calculate storage capacity ranges 
based on different elevations below the land surface. At 
75 feet below the ground surface, the capacity was about 
450,000 acre-feet: 330,000 acre-feet in the Central Basin 

and 120,000 acre-feet in the West 
Coast Basin. Those numbers were 
quickly embraced by all parties 
and were embodied in judgment 
amendments adopted 11 years 
later.

The institutional differences 
played out in various forums: 
in an early DWR-encouraged 
stakeholder effort to collaborate, 
in the courts, in the state 
legislature, in a DWR-convened 
facilitation, and ultimately in a 
state-suggested mediation that 
lasted two and a half years. 
The stakeholder collaboration 
evaporated when a group of 
pumpers meeting with WRD 
abruptly announced they had 

gone to court to allocate storage rights based on water 
rights, challenging WRD’s view of its statutory authority in 
the process. The California Supreme Court upheld lower 
court rulings concluding that storage space was a public 
resource that could not be privatized and that WRD 
had storage management authority, a finding several 
pumpers would continue to dispute. The legislature 
rejected efforts to force a storage framework favoring 
pumpers hostile to WRD and enabling a municipal 
water district to emerge as a storage manager in the 
Central Basin. The state-sponsored facilitation became 
a poorly managed forum for pumper grievances against 
WRD. After two years of airing irreconcilable storage 
proposals from the Central Basin pumpers’ association, 
Metropolitan Water District member agencies, and WRD, 
the facilitation collapsed. 

The concern in the 1960s 
was how to respond to 
decades of overdraft, 
and the objective of 

adjudication was to limit 
extractions. The idea of 
storing water in times of 

surplus for use in times of 
drought was academic.
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Breaking the Impasse
In the end, mediation 

succeeded where previous 
efforts failed. Two years into the 
process, the mediators worked 
with the parties to answer two 
key questions: Is the potential 
storage space a public resource 
or a private commodity? And 
who should have the authority to 
evaluate, approve, and manage 
storage? A seemingly intractable 
impasse was broken when the 
mediators worked with the 
pumpers to drop their objective of 
privatizing storage space if WRD 
agreed to share approval authority for regional storage 
projects. To the surprise of the pumpers, WRD agreed to 
a bicameral arrangement under which regional storage 
projects would require approval from both the WRD 
board and some sort of pumper forum. 

The concessions enabled details of a storage 
agreement to quickly fall into place on who could store 
water, who could use it, and when. Different categories 
of storage were established for individual, community, 
and regional projects, a basin reserve was set aside for 
WRD, and acre-foot allocations were assigned to each 
category. The most flexible storage program (carryover 
into storage of unused rights) would not require approval 
of WRD or the pumper panels established for regional 
projects. A water rights panel of pumpers in each basin 
assumed DWR’s longstanding responsibility to enforce 
the judgments, and WRD assumed DWR’s role as 
administrative watermaster for both basins.

Agreement on the details resulted in broadly 
supported petitions to amend the judgments to create 

a legally certain framework for 
groundwater storage. Former 
adversaries became allies in 
seeking court approval, which 
came in 2013 in the case of the 
Central Basin and 2014 in the 
case of the West Coast Basin. 
The judgment amendments 
were unsuccessfully challenged 
by a handful of pumpers and 
a municipal water district that 
claimed storage management 
authority for itself.

Until the judgment 
amendments were adopted, 
groundwater storage in the Central 

and West Coast Basins was a lost opportunity. Since they 
were adopted, storage has become a significant water 
resource option. Eleven pumpers in the Central Basin have 
56,500 acre-feet in storage. Three pumpers in the West 
Coast Basin have 13,400 acre-feet in storage. This 70,000 
acre-feet represents a water resource insurance policy for 
more than a half million people. It’s a readily available local 
drought-proof water supply that is not subject to damage 
from earthquakes or loss from evaporation. It has proven 
to be a critical tool in creative water management, which is 
what the Department of Water Resources hoped for when 
the journey started 22 years ago.  ■

Michael S. Gagan (MGagan@kindelgagan.com) is with 
Kindel Gagan, a Los Angeles public affairs consulting firm. 
He designs, manages, and implements public advocacy 
strategies and is a policy advisor to many public agencies 
and jurisdictions. 

In the end, mediation 
succeeded where previous 
efforts failed. Concessions 

enabled details of a 
storage agreement to 

quickly fall into place on 
who could store water, who 

could use it, and when.

mailto:MGagan%40kindelgagan.com?subject=
https://bit.ly/3oWNYbJ
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FOR DECADES CALIFORNIA HAS BEEN ON A STEADY 
trajectory toward water scarcity, which is now 
exacerbated by climate change. More frequent and 
intense droughts and increased demands have affected 
the reliability of surface-water supplies. As a result, many 
have looked to groundwater to fill the gap. Groundwater 
overpumping has resulted in adverse impacts such as 
reduction in groundwater storage, land subsidence, 
water-quality degradation, seawater intrusion, and  
depletion of wells and of interconnected surface waters 
throughout many areas in California’s San Joaquin Valley. 
These impacts led to the passage of the Sustainable 
Groundwater Management Act (SGMA) by the State 
Legislature in 2014, which mandates sustainable use of 
groundwater by 2040 for the most critically overdrafted 
basins.

In some regions of the state, sustainable use of 
groundwater will require farmers to shift to less water-

intensive agriculture or take land out of production. 
Indeed, over the next several decades, as local 
agencies and water managers transition to sustainable 
groundwater management and deal with overall 
increased water scarcity, it is estimated that at least 
500,000 acres, primarily in the San Joaquin Valley, may 
need to be taken out of production.

With the need to remove farmland from production, 
the San Joaquin Valley faces a fork in the road. One 
path leads to a haphazard patchwork of barren, dusty 
lands and fields covered with invasive weeds and pests, 
which will further impair already poor air quality and put 
many farmworkers out of work. Another path leads to a 
region with a thriving agricultural economy, sustainable 
groundwater supplies, vibrant wildlife habitats, outdoor 
recreation and jobs, and healthy air and soil. Successfully 
following this second path will require taking a strategic 

FEATURE

The San Joaquin Valley at a Crossroads: A 
Strategic Approach to Repurposing Land for 
Groundwater Sustainability
Anna Schiller

Increasing scarcity of groundwater in California means that large swaths of water-intensive agricultural land will need to be repurposed. A thoughtful and strategic 
approach to repurposing land can lead to new uses—such as renewable energy generation, rangeland, and wildlife habitat—that offer a range of benefits. Source: 
Environmental Defense Fund.  
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approach to repurposing irrigated lands in order to 
maximize the benefits of change.
A Roadmap for Regional Land Repurposing

To help the groundwater sustainability agencies 
(GSAs), local governments, and land use planners who 
face land use changes, the Environmental Defense Fund 
(EDF) convened a series of four workshops. Participants 
included a whole range of stakeholders with an interest 
in groundwater: growers and farming interests, GSA 
leads, environmental justice groups, environmental 
interests, land trust representatives, and other key 
stakeholders representing land use planning. The 
workshops resulted in a guide titled Advancing Strategic 
Land Repurposing and Groundwater Sustainability in 
California, which synthesizes key insights, themes, and 
recommendations on land repurposing from the diverse 
stakeholders. 

As defined in the guide, land repurposing is any 
activity undertaken by a public or private entity that 
converts previously irrigated agricultural land to new 
uses that both (1) reduce groundwater demand or 
use and (2) provide some other measurable benefit 
to the environment or the broader San Joaquin Valley 
community. Potential benefits of land repurposing 
include improving air quality, creating habitat corridors 
and recreational spaces, creating new sources of revenue 
and local jobs, producing renewable energy, conserving 
topsoil, and facilitating groundwater recharge.

The guide provides a possible roadmap. It outlines 
practical and creative approaches to developing 
regionally coordinated land-repurposing strategies, 
including incentive-based voluntary programs that 
prioritize the health and resilience of communities 
and landscapes in the San Joaquin Valley. It can steer 
groundwater agencies and local planners through several 
steps that are critical to creating a successful regional 
land repurposing program, from exploring whether the 
time is right to pursue this strategy, to designing and 
implementing a program. It also offers links to technical 
tools and resources on stakeholder outreach and 
education and a financial analysis summarizing current 
and potential future funding options. One-page case 
studies offer real world examples.

Why Develop a Land Repurposing Strategy?
The development of any local or regional land 

repurposing strategy should begin with the question 
“why?” Why is a land repurposing strategy desired for 
this particular region, and what do program developers 
hope to achieve through this approach? Why should 
stakeholders engage in this process?

Given that the answer to the question “why?” will often 
be driven by the mandate to balance groundwater supply 
and demand, most land repurposing strategies will 
begin by considering groundwater supply and demand 
reduction objectives. When demand reduction goals are 
clear, stakeholders can better understand the economic 
and agronomic limitations and opportunities that may, 
over time, give rise to long-term changes in land use, 
crop choices, and water management options. Then they 
can explore additional values and opportunities and put 
them into context. It can be challenging for stakeholders, 
particularly growers, to weigh in on a relatively abstract 
concept like land repurposing without understanding 
the current context, alternative pathways, and defined 
implications for land management in their particular 
region.

Once the need to rebalance groundwater is 
established, a land repurposing strategy can deliver a 
wide variety of benefits, such as the following:

• creating valuable community assets, such as 
high-quality habitat, groundwater recharge, and 
recreation areas

• avoiding undesirable results, such as subsidence 
near infrastructure and lowered groundwater levels 
near shallow domestic wells

• avoiding and minimizing threats associated with 
land fallowing, such as erosion, pest infestations, 
and invasive weeds

• becoming more competitive for supplemental 
external funding, like state and federal grants, 
habitat mitigation payments, and solar development

• creating new opportunities for historically 
underserved communities and small growers who 
are likely to be the most affected under SGMA.

If even a fraction of the land transition projected for the San Joaquin Valley 
occurs, it will be imperative that groundwater sustainability agencies, land use 

agencies, landowners, and community advocates coordinate efforts to ensure this 
transition is socially equitable, environmentally responsible, and economically 

sustainable. Otherwise, we risk losing the San Joaquin Valley altogether.
—Danielle Dolan, Local Government Commission

https://www.edf.org/ecosystems/advancing-strategic-land-repurposing-and-groundwater-sustainability-california
https://www.edf.org/ecosystems/advancing-strategic-land-repurposing-and-groundwater-sustainability-california
https://www.edf.org/ecosystems/advancing-strategic-land-repurposing-and-groundwater-sustainability-california
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What Should Be Included in a Land Repurposing 
Strategy?

A diverse array of land repurposing options can 
produce groundwater savings while also providing water 
and land conservation and other benefits. These options 
might include switching irrigated crops to rangeland or 
dryland farming, providing valuable habitat for at-risk 
species, developing solar infrastructure, or installing 
groundwater recharge basins. Any practice incorporated 
into a land repurposing strategy needs to reduce 
groundwater demand. 

One size does not fit all, and land repurposing does 
not need to be all or nothing. Instead, land repurposing 
strategies should seek to create a mosaic of different 
values across the groundwater basin. This approach 
also applies to individual farms: a grower may choose 
to repurpose certain fields while continuing agricultural 
production on others. Agencies should seek direct input 
from residents on what kinds of land uses would most 
benefit their communities when forming ideas about how 
to develop a land repurposing program. 

Who Should Be Involved in a Land Repurposing 
Strategy?

Although multiple organizations will likely need to be 
involved, land repurposing opportunities can often best 
be coordinated through a groundwater sustainability 
agency or local land use agency. Every program will need 
a trusted organization as a champion to guide it. Land 
repurposing strategies should be co-developed with both 
potential participants and others who may be affected—
particularly low-income rural community residents, small 
farmers, and farmers of color. 

Effective community engagement can sometimes 
be challenging owing to language, geographic, 
technological, and other barriers. Nonetheless, 

broad, ongoing community engagement is essential 
to ensure that programs can achieve regional goals 
and avoid disproportionate impacts on already 

overburdened communities. Historic and ongoing 
exclusion of immigrants and Black, Indigenous, and 
other communities of color from planning processes and 
land and water use decision making poses a significant 
barrier to the development of equitable programs. Land 
repurposing planning efforts should actively work to 
include marginalized and underrepresented groups in 
any land-use planning and decision-making processes. 

It is EDF’s hope that program developers—such as 
groundwater sustainability agencies, local governments, 
and land use planners—will consider the strategies 
and concepts discussed in the guide and start the 
conversation early on the potential role of strategic 
land repurposing in long-term sustainable groundwater 
management. In doing so, strategic land repurposing can 
help to transform parts of the San Joaquin Valley into 
sustainable agricultural regions that not only put food 
on our plates but also ensure equitable outcomes for all 
community members while supporting wildlife, outdoor 
recreation, soil health, groundwater recharge, and other 
objectives.  ■

Anna Schiller is a project manager for the Environmental 
Defense Fund (EDF). The development of this article 
and the EDF guide was a collaborative effort. For more 
information, visit www.edf.org/CALandRepurposing. 
Questions may be directed to https://www.edf.org/expert/
email/24096.

In terms of “land repurposing,” there 
is not some magic formula separate 
from water. Rather, figuring out how 

much water each basin has is the 
magic formula that will sort out the 
economics of how and where land 

repurposing may make sense.
—Justin Fredrickson, California Farm 

Bureau Federation

Bringing together stakeholders to 
create a holistic vision of what our 
region can become is a critical first 

step toward repurposing some 
agricultural land to create benefits 
for farmers, farm workers, and the 

community as a whole.
—Mike Hagman, East Kaweah 

Groundwater Sustainability Agency

https://www.edf.org/ecosystems/advancing-strategic-land-repurposing-and-groundwater-sustainability-california
https://www.edf.org/expert/email/24096
https://www.edf.org/expert/email/24096
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IT IS WELL KNOWN THAT URBANIZATION TRANSFORMS 
landscape surfaces from pervious to impervious, with 
significant impacts on the hydrologic cycle, including a 
large increase in stormwater runoff. Less well known, 
however, are the impacts of stormwater runoff when 
it leaves the stormwater system and reenters the 
landscape. The discharge of concentrated stormwater 
can erode soils, destabilize stream banks, and carve 
and deepen channels. Solutions are available, but the 
problems, which can be seen in virtually every type 
of landscape where significant impervious surfaces 
or stormwater diversion occur, require much greater 
attention.

An Understudied Problem
Urbanization, with all of 

the residential, commercial, 
industrial, and transportation 
activities it entails, can result 
in landscapes consisting 
of 70–100% impervious 
surface areas. In locations 
with natural ground cover, 
only about 10% of water in 
the hydrologic cycle goes 
to runoff (about 40% goes 
to evapotranspiration, 25% 
to shallow infiltration, and 
25% to deep infiltration). 
In urbanized areas, in 
contrast, runoff can be 
as high as 55% (with 30% 
evapotranspiration, 10% 
shallow infiltration, 5% deep 
infiltration). The impervious 
surfaces in cities and towns 
collect stormwater runoff 
from an extended area and 
deliver it to storm drains. 
The drains in turn lead to 
a system of underground 
pipes that can concentrate 
water and release it, often 

onto the ground in the riparian zone. The area that 
extends from the end of the outfall pipe to the receiving 
watercourse is often subject to degradation owing to the 
velocity and amount of water being discharged and to 
poor construction and design practices. This problem of 
failed stormwater outfalls is not limited to any particular 
region, soil type, or landscape gradient; it can be found 
along almost any stretch of impervious surface (road, 
highway, parking lot, or commercial area). 

Despite the large spatial context of the problem, 
it appears to be understudied. To determine how 
much attention this topic has received, I conducted 
a thorough literature review, searching databases 
including Engineering Village, GeoRef, Water Resource 

GUEST ARTICLE

The Physical Impacts of Stormwater Outfall 
Runoff on Receiving Ecosystems

Salvatore J. DeCarli

This stormwater outfall has caused erosion so severe that it has undermined the outfall pipe, causing it to collapse under 
its own weight and fall into the ravine. Source: Underwood and Associates, Annapolis, Maryland.

https://www.nrcs.usda.gov/Internet/FSE_MEDIA/nrcs143_024824.jpg
https://www.nrcs.usda.gov/Internet/FSE_MEDIA/nrcs143_024824.jpg
https://www.nrcs.usda.gov/Internet/FSE_MEDIA/nrcs143_024824.jpg
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Abstract, Scopus, 
WorldCat, CabDirect, 
Accademic Search 
Premire, GreenFILE, 
and Biosis Review. 
I searched titles 
and abstracts 
using keywords: 
stormwater, erosion, 
outfall, culvert, pipe, 
gully, and discharge. 
My several searches 
returned thousands 
of results, of which 
I inspected about 
10% and read the 10 
most relevant. Only 
a few were specific 
to the topic. 
A Closer Look at 
the Impacts of 
Stormwater Outfall

Two examples 
show the impacts 
of poorly managed 
outfall in Anne 
Arundel County, 
Maryland. Carriage 
Hills is a residentially 
developed area 
located within 
the 757-acre 
Clements Creek 
watershed, a sub-
watershed of the Severn River. Erosion and incision 
have occurred throughout the 625-foot length of the 
channel that begins at the end of the outfall apron. The 
failed stormwater outfall has eroded more than 7,000 
cubic yards of sediment. The 75-foot-wide and 10-foot-
deep eroded ravine has narrowed to a width of about 
20 feet and has an average depth of over 12 feet. The 
excess sediment and nutrient loading that characterize 
the Clements Creek watershed are a microcosm of the 
water-quality problems associated with the Chesapeake 
Bay resulting from failed stormwater outfalls and poor 
infrastructure practices.

Riva 400 is the outfall location for a drainage area of 
about 21 acres consisting primarily of institutional use 
(Annapolis High School) and medium-density housing. 
Runoff from the high school was concentrated in a 
culvert running under Riva Road and discharged onto 
open land, creating a ravine. The runoff traveled down 

this ravine for about 255 feet, flowed through a 60-inch 
corrugated-metal pipe for about 140 feet, and then ran 
390 feet down the remaining length of the ravine to meet 
Gingerville Creek. Given the high velocity and volume of 
discharges from the pipe, the stream channel leading 
from the pipe outfall to Gingerville Creek has been 
severely eroded, resulting in a lowered groundwater 
table, sedimentation, channel incision, and bank 
destabilization. The floodplain below the eroded stream 
has been filled with sediment from various sources, 
including stormwater pipe erosion, development 
activities, and surface erosion in the form of associated 
bank destabilization from the surrounding ravine.

One Possible Solution
The September 2009 issue of Water Resources 

IMPACT highlighted one approach to remediating 
this problem. Sand-seepage wetlands—also referred 
to as regenerative stormwater conveyance (RSC) or 

The outfall at Carriage Hills has a visible riprap apron, which is not effective in protecting the landscape, as is evident from the eroded 
ravine under the fallen tree. The ravine at that point is about 15 feet deep and 25 feet wide. Source: Underwood and Associates, 
Annapolis, Maryland.
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coastal plain outfall (CPO) systems—can be used to 
mitigate and safely convey stormwater surface flows. 
Sand-seepage wetlands have been providing ecological 
services naturally 
for thousands of 
years, and current 
designs seek to 
mimic their natural 
function. Using 
a series of riffles 
and pools along 
with coarse woody 
debris, this system 
allows nutrients 
and sediment to 
settle out into the 
pools, dissipates the 
water’s energy, and 
allows stormwater 
to safely percolate 
through the soil 
layers and into the 
ground. In addition 
to safely conveying 
surface stormwater 
flows, sand-
seepage wetlands 
can recharge 
groundwater, 
improve water 
quality using sand 
filtration, allow 
greater vegetative 
nutrient uptake, and 
make stormwater 
less destructive. 
This approach has been implemented in several 
states, including Connecticut, Delaware, Maryland, 
and Massachusetts, as well as the District of Columbia. 
Nonetheless, many transportation departments and 
state and local governments still install outfall pipes with 
little to no consideration of what the water does to the 
landscape once the water reaches the terminus of the 
pipe or the riprap or armoring intended to dissipate the 
initial energy of the stormwater.

Conclusion
Failed stormwater outfalls can be found to various 

degrees all around the United States and the world, in 
any area that contains impervious and semi-impervious 
surfaces. Because the resulting problems occur just 
beyond the public eye, they can go unnoticed for years. 

Addressing the issue will require more research on 
the physical impacts of stormwater outfalls, including 
on the specific characteristics of impaired stormwater 

outfalls, such as outfall locations, outfall engineering 
and design techniques, soil types, slope gradient, and 
impacts to receiving ecosystems. It will also require that 
known solutions be implemented more widely, that new 
solutions be identified, and that practitioners, engineers, 
and policy makers think more holistically about the 
impacts of projects in their communities.  ■

Salvatore J. DeCarli  (sdecarli@eaest.com) is a scientist at 
EA Engineering Science and Technology Inc., PBC, where 
he conducts watershed planning and environmental 
assessments under the National Environmental Policy 
Act. A certified ecologist, he holds a master’s degree in 
environmental science and policy from Clark University. 

Stormwater outfall at Riva 400 has created a ravine hundreds of feet long, averaging 12 feet in depth and at times 30 feet in width. 
For scale, see the man standing in the ravine. The white object with graffiti is the top of a refrigerator. Source: Underwood and 
Associates, Annapolis, Maryland.
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