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The Groundwater Project Foreword 

The United Nations (UN) -Water Summit on Groundwater, held from 7 to 8 December 

2022, at the UNESCO headquarters in Paris, France, concluded with a call for governments 

and other stakeholders to scale up their efforts to better manage groundwater. The intent of 

the call to action was to inform relevant discussions at the UN 2023 Water Conference held 

from 22 to 24 March 2023 at the UN headquarters in New York City. One of the required 

actions is strengthening human and institutional capacity, for which groundwater education is 

fund amental. 

The UN -Water websitek states that more than three billion people worldwide depend on 

water that crosses national borders. There are 592 transboundary aquifers, yet most do not have 

an intergovernmental cooperation agreement in place for sharing and managing the aquifer s. 

Moreover, while groundwater plays a key role in global stability and prosperity, it also makes 

up 99 percent of all liquid freshwater ɭaccordingly, groundwater is at the heart of the 

freshwater crisis. Groundwater is an invaluable resource. 

The Groundwater  Project (GW-Project), a registered Canadian charity founded in 

2018, pioneers in advancing understanding of groundwater and, thus, enables building the 

human capacity for the development and management of groundwater. The GW-Project is not 

government funded and relies on donations from individuals, organizations, and companies . 

The GW-Project creates and publishes high-quality books about all-things-groundwater that are 

scientifically significant and/or relevant to societal and ecological needs. Our books synthesize 

knowledge, are rigoro usly peer reviewed and translated into many languages . Groundwater 

ÐÚɯȿÏÐËËÌÕɀ and, therefore, our books have a strong emphasis on visualization s essential to 

support the spatial thinking  and conceptualization in space and time of processes, problems, 

and solutions. Based on our philosophy that high quality groundwater knowledge should be accessible 

to everyone, The GW-Project provides all publications for free.  

The GW-Project embodies a new type of global educational endeavor made possible 

by the contributions of a dedicated international group of over 1000 volunteer professionals 

from a broad range of disciplines , and from 70 countries on six continents. Academics, 

practitioners, and retirees contribute by writing and/or reviewing books aimed at diverse 

levels of readers including children, youth , undergraduate and graduate students, 

groundwater professionals, and the general public.  

The GW-Project started publishing books in Aug ust 2020; by the end of 2024, we have 

published 55 original books and 77 translations (55 languages). Revised editions of the books 

are published from time to time. In 2024, interactive groundwater education tools and 

groundwater videos were added to our website,  gw-project.orgk. 

We thank our individual and corporate sponsors for their ongoing financial support. 

Please consider sponsoring the GW-Project so we can continue to publish books free of charge. 

     The Groundwater Project  Board of Directors , January 2025 

https://www.unwater.org/
https://gw-project.org/
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Foreword 

Conjunctive water management (CWM), is at the heart of what is most limiting to the 

effective use of freshwater resources for societal and environmental good. CWM refers to the 

planned, coordinated  use of surface water, groundwater , and any other water sources within  

the management area, along with the  management of demand for water , land use, and energy, 

to optimize use of the water resources and sustain ecological systems. The better-known term, 

conjunctive use (CU), excludes the well -being of ecosystems as an objective and may also 

exclude some sources of water. CWM and CU represent the movement and use of all the water 

everywhere and all the time with in the area of interest, and as such, the water is considered 

to be in compartments of a single system with  water continually mov ing within  and 

exchanging between these compartments.  

In practice, this integrated approach to purposeful management rarely occurs 

primari ly because the main water sources (groundwater and surface water ) are not clearly 

understood to be part of a single hydrologic system with continual exchanges. Typically, l aws 

and regulations consider groundwater and surface water separately which results in 

conflicting policies  and ineffective management. In practice, groundwater  is commonly 

ignored  or discounted because it is unseen while the visible surface water gets the attention 

even though groundwater constitutes nearly all of the water in most watersheds. Documented 

examples of CWM being fully accomplished in a purposeful manner are largely unknown and 

even CU is rarely accomplished according to a prescribed plan, nevertheless in some places 

efforts to conjunctively manage water have been successful.  

The authors of this book, Dr. Richard Evans, based in Australia as a principal 

hydrologist with the multinational consulting firm Jacobs , and Randall Hanson, an emeritus 

research hydrologist with the US Geological Survey, have produced a book with a balanced 

perspective on water management that encompasses both groundwater and surface water. 

Their deep insights arise from their exceptional diversity of experience, each having spent 

more than 40 years engaged in projects involving a combination  of groundwate r and surface 

water management, policy issues, environmental assessments, and integrated hydrologic 

numerical modeling.  

John Cherry, The Groundwater Project Leader 

Guelph, Ontario, Canada, June 2025 
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Preface 

Conjunctive use of groundwater and surface water is the process of using water from 

multiple sources for consumptive purposes  for humanity and the environment  in a broader 

sustainability framework . In this book, this process is called Conjunctive Water Management 

(CWM) , ÈÕËɯÛÏÐÚɯÙÌÍÌÙÚɯÛÖɯÛÏÌɯÜÚÌɯÈÕËɯÔÖÝÌÔÌÕÛɯÖÍɯɁÈÓÓɯÛÏÌɯÞÈÛÌÙȮɯÌÝÌÙàÞÏÌÙÌȮɯÈÓÓɯÛÏÌɯÛÐÔÌɂ. 

CWM also includes the more widely  known term of  Conjunctive Use that traditionally has 

referred just to human uses. 

The planned conjunctive use of all water, including groundwater and surface water, 

has the potential to offer major benefits in terms of economic, social, and environmental 

outcomes through significantly improved efficiencies in water management and use  that will 

support sustainability of water resources . Conjunctive use can be planned (where it is 

practiced as a direct result of management intention in formal water -resource frameworks) or 

spontaneous (where it occurs at a grass root level in informal water -resource frameworks). 

Adopting a planned approach results in an operational framework  that provides the 

greatest potential for the optimal capture, storage, abstraction, and reuse systems for 

agricultural irrigation , urban delivery , and ecosystem maintenance of all water sources, plus 

the management of surface and sub-surface drainage. Collectively , these attributes contribute 

significantly to achieving sustainable economic, social, and environmental outcomes when 

combined in a sustainability framework with land -use and energy management to foster 

foodɬwaterɬenergy security for humanity and the surrounding natural environment.  

Conjunctive use is common in many parts of world; however , integration  with land -

use and energy management is generally incidental, arising from informal or independent 

actions rather than being an outcome of a robust integrated planning process within a resource 

management framework  for sustainability . Consequently, despite being heralded as a major 

new advance in water management over the last 30 years, planned CWM is rarely practiced. 

This lack of practice has contributed to overexploitation of resources  as well as conflicts over 

use and sharing of resources. 

In most cases, surface water and groundwater are considered by both managers and 

users as separate resources with policy and management, as well as institutional and 

governance arrangements also evolv ing separately. The effect has been the establishment of 

boundaries within the existing policy, statutory , and regulatory framework that apply to 

surface-water and groundwater resources by adjacent or overlapping  management groups. 

These boundaries and isolated frameworks are problematic as adoption of a full CWM  model 

is dependent upon a single holistic and integrated institutional framework and a robust 

governance structure that incorporates authority, accountability, transparency, stakeholder 

participation in planning , and regulatory/compliance arrangements.  

A poor understanding of the technical aspects of CWM  may be an impediment to its 

adoption ; however, it is the absence of integrated institutional and governance arrangements 
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that is likely a greater barrier to the development of a sustainable and holistic framework for 

resource management. Potentially significant benefits would be achieved by adoption of a 

holistic planning approach to groundwater and surface-water management when combined 

with land -use, climate, and energy contingencies. The potential for benefits within most urban 

and irrigation systems around the world is yet to be realized. Achieving the benefits requires 

reform of institutional structures, policy objective s, funding mechanisms, monitoring 

networks, data and analysis sharing, and regulatory arrangements. 

This CWM book is intended to not only inform and educate on the current aspects of 

CWM, but to also provide a roadmap and pathway forward for those who endeavor to 

develop, modify , or expand current resource-management systems that include CWM. The 

coordinated use of all water sources, including groundwater and surface water, to maximize 

the total available water resource for consumptive and environmental purposes requires a 

broader and more holistic approach than is presented in this book. CWM needs to be 

considered within a  framework of sustainability that includes land-use management, 

consideration of climate change and variability , and alignment of governance that will 

provide a management mechanism over multiple timeframes . This broader objective can be 

facilitated  through understanding of the ongoing and past barriers to CWM  that need to be 

overcome to successfully move forward with humankind and the environment in better 

harmony . Ultimately , this book provides a new, more holistic way o f thinking of water, land, 

and energy resources and their many linkages with in the hydrosphere and to other supp ly-

and-demand drivers.  

A list of cross-referenced acronyms and abbreviations is included in this book to help 

the reader with their use throughout the text and in related references. By using the 

Navigation Pane, readers can easily jump to an acronym or abbreviation in the list and back 

to their place in the text. 
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1 What is Conjunctive Water Management? 

Immense resource-sustainability  issues face the entire world over the next decades to 

centuries owing to the combined influences  of climate change and variability, population 

growth, water pollution, land development, and environmental degradation. To mitigate the 

impact of these factors, breakthrough water-management technologies combined with 

changed practices and governance are urgently required.  

Conjunctive Water Management (CWM) can be a vital component of these new 

approaches. The ultimate goal of a CWM  framework is to develop monitoring, analytical, 

operational, and governance systems that are regionally integrated in a sustainability  

framework . This book describes the considerable advantages of CWM over conventional 

water management approaches and explains how it can be an integral part of a larger 

resource-management framework that includes land use, energy use, and climate for more 

complete and more flexible sustainability . 

CWM is the planned and coordinated use of all water resources, including 

groundwater and surface water, to optimize  their combined use and minimize  any 

undesirable physical and environmental effects that may result  from the use of one or the 

other. Thus, a new holistic definition is required to encompass the broader components of 

supply and demand that are connected within CWM. Various authors have used slightly 

different terms, such as Conjunctive Use, Conjunctive Use Management, or Conjunctive 

Management. This book has adopted the term Conjunctive Water Management (CWM) 

purely to emphasi ze that this book focuses on water planning and management as a 

contribution to achieving sustainability goals (van der Gun, 2020), as distinct but not 

independent from other natural resource management issues. 

While this management approach is intended to be proactive, it is not independent of 

the other aspects of resources management that include the environment, land and energy 

use, and climate. Other organizations have used slightly different definitions.  For example: 

¶ US Bureau of Reclamation (USBR) defines the approach as ɁÛÏÌɯÊÖÖÙËÐÕÈÛÌËɯÜÚÌɯÖÍɯ

surface water ÈÕËɯÎÙÖÜÕËÞÈÛÌÙɂ (US Bureau of Reclamation, 2022),  

¶ United Nations Educational, Scientific and Cultural Organization (UNE SCO) 

defines it as Ɂcombined use of surface water and groundwater to optimize the use of 

ÞÈÛÌÙɯÙÌÚÖÜÙÊÌÚɂ (UNESCO-WHO , 2012), and 

¶ California Department of Water Resources (CA-DWR) defines it as Ɂthe planned 

use of both surface water and groundwater resources to maximize total water availability 

in a region long-termɂ (California Department of Water Resources, 2016a). 

The Food and Agriculture Organization of the United States (F AO, 1995,) describes the 

concept as, ɁConjunctive use of surface water and groundwater consists of harmoniously combining 

the use of both sources of water in order to minimize the undesirable physical, environmental and 

economic effects of each solution and to optimize the water demand/supply balance.ɂ The 
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Groundwater ProjectɀÚɯÉÖÖÒ Glossary of Hydrogeology (Sharp, 2023) also defines these terms, 

although  in a less descriptive form. Additional differences between conjunctive use (CU) and 

conjunctive water management (CWM) are also briefly summarized by Dudley and Fulton 

(2006) (Conceptual Exercise 1?). 

Imported water can represent any form of water that is brought into a watershed from 

outside of the watershed. This can represent surface water sources as, for example, for Los 

Angeles, USA, by the Water Replenishment District from the Owens River and by 

Metropolitan Water  from the  Colorado River , or from the Sierra Nevada mountains where 

water from Hetch Hetchy reservoir is imported to the City of San Francisco and the Santa 

Clara Valley. However, imported water can also represent groundwater sources from 

planetary basins as from Avra Valley to Tucson Basin in Arizona , USA, basins north of Las 

Vegas Valley in Nevada, USA, and from the Conejos-Medanos to adjacent Ciudad Juarez, in 

Chihuahua, Mexico. In contrast, many locations export large volumes of wastewater as 

discharge to the ocean or as irrigation supply as in the Tule Valley adjacent to Mexico Valley 

in central Mexico. 

Our  updated definition of CU encompasses all water sources and uses: 

CU is the combined use of precipitation, surface water, recycled, imported, 

saline water, and groundwater to optimize the use and quality of all water 

resources throughout the watershed and connected aquifer systems for human 

and environmental uses that promote sustainability . 

Our related updated definition of CWM presents this more holistic view in the broader 

supply -and-demand paradigm of all the water everywhere all the time:  

CWM is the integral resource management of consumptive use from all water sources 

for all uses providing a diverse portfolio that facilitates reliable mechanisms for 

adaptation, mitigation, replenishment, and sustainability within a supply-and-demand 

framework for human and environmental needs and is connected to other potential 

drivers of supply and demand including land use, population, industry, climate, and 

transboundary governance. 

The concepts presented in these definitions are illustrated on the cover of this book. 

Thus, the aim of CWM is to maximize the benefits arising from the innate 

characteristics of surface water and groundwater use; characteristics that, through planned 

integration of both water sources, provide complementary and optimal productivity and 

water-use efficiency outcomes. It is recognized that the optimal situation is dynamic and 

frequently depends on stakeholder perspectives; hence the necessity of good stakeholder 

engagement where different interests are balanced. For example, this balance may include  

honoring treaties or other transboundary agreements, such as river compacts, as well as 

reducing the potential for water conflicts to develop with neighbors who  share these resources 

(Conceptual Exercise 2?). 
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Most recently , the World Bank Group (2023a, 2023b) summarized groundwater as the 

hidden wealth of nations with examples of aquifers from Europe, Africa, and South America . 

It also reemphasized not only access to water resources, but also the management and 

development of water resources are subject to different economic theories in these settings, as 

well as consideration of multi -risk insurance of groundwater, and the  policy and management 

instruments  implemented through different governmental frameworks . This summary of 

groundwater in times of climate change also revisits other important aspects of CWM 

including its interrelation with : groundwater dependent ecosystems (GDEs), urban supply to 

cities, and the exponential threat of groundwat er-quality degradation , which are illustrated 

on the cover of this book. 

The concept of planned CWM is not new but must now be viewed in the context of 

supply  and demand as well as sustainability ; however, this view is not frequently applied 

globally  due to technical, institutional, monetary, and policy impediments , as described in 

this book. The primary focus of this book is on the coordinated use of groundwater and 

surface water to maximize  the total available water resource for consumptive purposes. 

However, it also discusses the use of other resources such as land, minerals, and habitat in the 

context of this management framework . Considering other resources in CWM has major 

economic, social, and environmental benefitsɭwhil e minimiz ing adverse impacts to human 

and environmental sustainability. For example, a recent workshop by the United Nations 

Economic Commission for Europe (UNECE) on Conjunctive Water Managementk reviewed 

selected aspects of considering other non -water resources in CWM with examples from 

Europe, Africa, and South America. 

In this context, we provide new definitions of both CU and CWM  so as not to conflate 

the two concepts. In addition, the outdated paradigm of simply stewarding resource 

development has been superseded by modern concepts of sustainability as originally 

discussed in a sequence of papers: Bredehoeft and others (1982) and Bredehoeft (1997, 2002). 

The modern emphasis on sustainability  started with !ÙÌËÌÏÖÌÍÛɀÚ seminal editorial paper on 

ÛÏÌɯɁSafe Yield and the Water Budget MàÛÏɂɯ(Bredehoeft, 1997). This was further explored by 

others in the context of sustainability (Alley & Leake, 2004) and conjunctive use (Hanson et 

al., 2010). 

In other settings (such as India), the Green Revolution that promoted the installation 

of millions of wells has ended, as it severely diminished groundwater resources and resulted 

in substantial groundwater depletion and reduced stream  flows  (Uttar Pradesh: India  - 

Box 1?). Similarly, Vorosmarty  and others (2010) showed how the additional stresses of 

population growth (and , indirectly , land-use growth) and climate change are the two major 

stressors on the sustainability of water resources in a supply-and-demand framework 

(Figure 1). In Figure 1, Q is accumulated runoff as river discharge from the mean annual 

surface and subsurface (shallow aquifer). It is assumed to constitute the sustainable water 

https://unece.org/media/documents-download/events/374652
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supply to which local human populations have access. DIA  is the combined domestic, 

industrial , and agricultural demand on a mean annual basis. 

  
Figure  1 - Maps of the change in water reuse index (ВDIA/Q) predicted by the CGCM1/WBM model 
configuration under a) Scenario 1 (climate change alone), b) Scenario 2 (population and economic development 

only), and c) Scenario 3 (both effects). Changes in the ratio of scenario specific DIA/Q (ВDIA/Qscenario) relative 

to contemporary (ВDIA/Qbase) conditions are shown. A threshold of 120 percent is used to highlight areas of 

substantial change (Vorosmarty et al., 2010). Areas that are not blue indicate extreme stress. Q is accumulated 
runoff as river discharge (i.e., the sustainable, accessible, water supply for local human populations. DIA is 
mean annual combined domestic, industrial, and agricultural demand. 
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The summation of DIA in Figure 1 represents the aggregate upstream water use 

relative to discharge (Q); this ratio represents the relative degree of human interaction with 

the sustainable water supply. Values ranging from <0.8 to 1.2 represent medium to high 

sustainability stress and values above 1.2 represent severe water limitations (Vorosmarty  et 

al., 2010). So, conjunctive use and conjunctive water management must be developed in 

formal systems in the context of sustainability that manages and acknowledges the limits and 

variability of the resources and other related stresses. 

Other water sourcesɭsuch as urban storm water, treated sewage, desalinated water, 

and irrigation runoff ɭshould be considered in the context of CWM. These other water 

sources tend to have specific quantity, quality, temporal , and spatial characteristics that 

require different types of  assessment for each source. These other sources are increasingly 

important to developing a diversified portfolio of sources within CWM that provide 

redundancy, reliability, and resilience from the increasing and variable stress ors of water 

demand, as illustrated on the cover of this book. 

Managing w ater demand spans a wide spectrum of uses. It is necessary to consider 

the temporal and spatial disparities between supply and demand and indirect drivers that 

may grow or sustain demand  as well as provide additional supply . These are collectively 

assessed in the context of a dynamic water budget, which represents estimates of all the 

inflows and outflows. Th e budget also includes changes in storage such as changes in 

groundwater, reservoir, or soil moisture storage. Compiling and understanding al l the 

demands of a hydrologic system is key to developing a suite of water-flow  budgets that 

includes defining all types of demands: urban, agricultural, and environmental. The budget 

might need to include transboundary demands, for example, upstream or downstream 

demands on a river or groundwater underflow between watersheds or jurisdictions . 

Estimating projected future demands of these categories is critical for  determining potential 

future surpluses or deficits  and managing sustainability over longer time periods . 

Quantifying peak seasonal demands is also important in many (probably most) areas 

as well as measuring the disparity between peak demands and peak supply periods . Indirect 

drivers of demand can include urbanization, industrial growth, planting permanent crops 

(hardening demand), and potential water exports as well as  changes of land use, climate 

cycles, and climate. 
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2 Fundamental Concepts of Conjunctive Water 

Management 

Conjunctive use of groundwater and surface water in an irrigation or urban setting is 

the process of using water from multiple sources for consumptive purposes that collectively 

mitigate s the potential disparity between the timing and magnitude of supply and demand 

for water resources. It can refer to the practice of spontaneously extracting water from both a 

well and an irrigation delivery canal or river  that is commonly referred to as an informal system. 

Alternatively, it can point to a strategic approach to irrigation demands at the aquifer, river 

basin, watershed, or city level where surface water and groundwater inputs are centrally 

managed as an input to irrigation or water -supply systems, commonly referred to as a formal 

system. The latter approach is a planned or formal systems of CWM. 

Accordingly, CWM can be characterized as being either planned (where it is practiced 

as a direct result of management intention, generally with a top -down and orchestrated 

approach referred to here as a formal system) or spontaneous (where it occurs at a grass roots 

level, generally from the  bottom-up without consideration  of resource sustainability  and 

referred to here as an informal, or unplanned,  system). The significant difference between 

unplanned and planned CWM is explored in  Section 4 of this book. Informal (unplanned) and 

highly planned (formal) water systems represent the two ends of the spectrum, with most 

cases falling somewhere in between and more toward informal systems . The informal systems 

commonly evolve into more formal frameworks  with increased demands and limited 

supplies. 

Both informal and formal systems may occur at different levels of size (local v ersus 

regional) and sophistication. There are examples of successful sustainable sophisticated local 

systems and examples of the opposite on a large regional scale. The important factors of CWM 

are planning; coordination; understanding and incorporation of physical, economic, and 

institutional frameworks; monitoring; flexibility; and community participation . These factors 

can occur at different scales, and may be driven by and evolve from a developing recognition  

of all of the factors as informal systemsɭor groups of informal systemsɭevolve into formal 

systems. 

Where both surface water and groundwater sources are directly available to the end 

user without overarching CWM resource management, monitoring, or limitations, 

spontaneous (informal) conjunctive use generally proliferates, with individuals 

opportunistically mak ing decisions about water sources at the local scale. This tendencyɭ

combined with outside drivers like expansion of land use, population, or climate drivers such 

as drought or flooding ɭgenerally results in resource overexploitatio n. 

The classic example of this exploitation is in the Punjab state in northwest  India  (noted 

earlier), where the Green Revolution resulted in the installation of millions of wells, diversion 

of rivers, storage depletion, and degradation of water quality from salinity and other 
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chemicals. In contrast, the state of CaliforniaɀÚ (USA) Sustainable Groundwater Management 

Act  (SGMA), enacted in 2014 (SGMA, 2014; University of California at Davis [UC-DAVIS], 

2023), sets limits on conjunctive use and includes six criteria as deleterious effects that must 

be prevented, managed, and mitigated to insure sustainability over five-year periods of 

recurring assessment (Pavely, 2014a; Pavely, 2014b; Dickinson, 2014; California State 

Assembly Bill  [CA-AB], 1739). The six criteria are: 

1. groundwater -level declines, 

2. groundwater -storage reductions, 

3. seawater intrusion , 

4. water-quality degradation , 

5. land subsidence, and 

6. depletions of interconnected surface water and groundwater.  

Additional physical and regulatory issues may also need  to be considered, including : 

¶ climate change/variability including drought contingencies ; 

¶ changing/expanding land use and agricultural demands (including hardening of 

demand); 

¶ US National Marine Fisheries Service (NMFS) fish passage streamflow and stage 

requirements;  

¶ habitat maintenance including Groundwater -Dependent Ecosystems (GDEs); 

¶ alternate water sources (runoff, reuse/recycle, imported, and desalination); 

¶ supply management ( Water Reuse and Aquifer-Storage-and-Recovery, ASRs);  

¶ demand management such as land-use, crop-type, and saline-water irrigation 

restrictions; 

¶ US Environmental Protection Agency ( US-EPA) and California Environmental 

Protection Agency (Cal-EPA) water-quality requirements; and 

¶ transboundary impairment of groundwater or surface water resources. 

This legislation resulted in the recognition  that too much land -use development and 

ÙÌÓÈÛÌËɯÈÎÙÐÊÜÓÛÜÙÌɯÞÈÚɯÈÓÓÖÞÌËɯÐÕɯÈÙÌÈÚɯÚÜÊÏɯÈÚɯ"ÈÓÐÍÖÙÕÐÈɀÚɯCentral Valley, Borrego Valley , 

and Cuyama Valley. Like the Punjab situation in India, semi -arid regions in North America ɭ

such as Baja California, Mexico (Mireya , 2023) and the Yuma and West Salt River Valley, 

Arizona , USAɭhave seen salinity as another emerging issue that will require additional 

supply -and-demand management within  a CWM  sustainability framework . 

The absence of both sustainability planning and a strategic agenda within 

governments to capitalize on the potential for planned CWM is a significant impediment to 

meeting national goals as they pertain to water supply, food  and energy, security. There is an 

urgent need to maximize production within the context of sustainable management of all 

water sources, including groundwater and surface water. 

Many existing irrigation systems obtain their water supply from both catchment 

runoff and aquifer s. Typically, water has been sourced from either surface water or 
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groundwater supplies, with the primary supply supplemented by the alternative source over 

time. (ÕɯÓÌÚÚɯÈÙÐËɯÙÌÎÐÔÌÚȮɯÛÏÐÚɯÐÚɯÈÓÚÖɯËÖÕÌɯÐÕɯÛÏÌɯÈÎÙÐÊÜÓÛÜÙÈÓɯÊÖÕÛÌßÛɯÖÍɯɁËÙà-ÓÈÕËɯÍÈÙÔÐÕÎɂɯ

where the primary source can be precipitation that is then supplemented with other sources 

when needed. Accordingly, governance settings, infrastructure provisions , and water 

management arrangements have emphasized primary sources of supply needs; this inevitably 

requir es the retrofitting of management approaches onto existi ng irrigation or urban supply 

systems to incorporate supplementary water sources over time. Optimizing the management 

and use of such resources, which have been developed separately, will in some situations 

require substantial investment in capital infrastructure and reform of institutional structures  

and financial support for CWM . 

Put simply, planned CWM is relatively simple with greenfield ( i.e., new development ) 

sites but harder to achieve within existing (i.e., brownfield ) physical and institutional/social 

systems. However,  the Distrito De Riego Del Rio Yaqui, Sonora, Mexico 

(http://www.drryaqui.org.mx/ k this link may not be accessible in all regions), provides an 

excellent example of a retrofitted system transformed into a smart valley, combining the 

centralized control of over 530 wells and several reservoirs, plus hydrologic, climate, land-use 

monitoring, and conveyance canals from a centralized server complex (Figure 2). 

 
Figure  2 - Rio Yaqui Server command room for control of the entire water, climate, security, and 
demand system for agriculture. 

Whil e these challenges and the associated benefits of a strategically planned approach 

are well understood and the subject of numerous studies, papers, and reports on CWM 

(Kemira, 2023; Lautze, 2018; CD-DWR, 2016b; Jakeman et al., 2016; Ziaja et al., 2016; 

Thompson, 2011; Cosens, 2010; Roberts, 2010; Valdez & Maddock, 2010; Peltier, 2006; World 

Business Council for Sustainable Development  [WBCSD], 2006; SWRCB, 2005), the current 

http://www.drryaqui.org.mx/
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status of water management and planning around the world suggests that widespread 

implementation is just beginning. This book explores some successes and failures as well as 

some of the reasons underpinning the apparent lack of full integration in the management 

and use of all water sources, and the absence of more coordinated monitoring, analysis, and 

planning.  TÏÌÙÌɯÙÌÔÈÐÕɯÚÐÎÕÐÍÐÊÈÕÛɯÎÈ×ÚɯÐÕɯÞÈÛÌÙɯÔÈÕÈÎÌÙÚɀɯÜÕËÌÙÚÛÈÕËÐÕÎɯof what aspects of 

the contemporary management regime need to be overhauled to achieve integrated 

management and the improved outcomes that could be expected, compared to separate 

management arrangements for the different sources of water supply and water demand.  

To compound this problem, conservation  in many settings is not an option as it leads 

to revenue shortfalls that will not cover operation al and maintenance (O&M) costs. Such lack 

of understanding and lack of appropriate  business models to provide funding are serious 

impediments to governance, and institutional and physical infrastructure reforms required to 

facilitate planned CWM , an approach that could improve existing management and 

regulatory arrangements. While many locations do not charge for groundwate r and supply 

surface water for agriculture at reduced costs, typically  the revenues do not cover O&M costs. 

Reforms may also be impeded by different ownership models of groundwater and 

surface water delivery infrastructure and the associated entitlement regime ( i.e., private 

and/or public) as well as transboundary competition for these resources. This situation has 

implications for social and institutional behavior where transboundary conflicts may 

ultimately lead to the adoption of a CWM approach . An  example of this was summarized for 

the International Shared Aquifer Resources Management (ISARM) of the Americas by 

UNESCO (Rivera, 2015). 

Even though the primary focus of this book is surface water and groundwater , 

additional  important aspects of CWM  involve other components of the hydrologic cycle  as 

well as supply -and-demand drivers . Conjunctive water  management includes large-scale 

areas of the world where artificial drainage intentionally lowers the groundwater level to 

combat water logging as well as salinization . In these situations, groundwater is usually (but 

not always) an environmental factor rather than a usable resource. 

However, shallow groundwater levels  indirectly support and sustain habitat related 

to groundwater -dependent ecosystems (GDEs) adjacent to surface water networks. Such 

successful groundwater-level management can only exist in conjunction with surface water 

management. Where groundwater levels are in decline, intermittent surface water sources 

may be used to augment recharge to sustain supplies and prevent saline intrusion provided 

the groundwater depletions are not impeding conveyance  of surface-water deliveries to areas 

where it is needed. 

Groundwater -level management in agricultural settings include s dewatering to 

prevent waterlogging of agricultural areas with shallow groundwater levels within the root 

or soil zone without damaging any adjacent habitat that relies on shallow groundwater 

ÒÕÖÞÕɯÈÚɯÎÙÖÜÕËÞÈÛÌÙɯËÌ×ÌÕËÌÕÛɯÌÊÖÚàÚÛÌÔÚɯȹ&#$ɀÚȺ. This type of drainage control can be 
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achieved using French or tile drains buried beneath the fields, groundwater drainage -capture 

canals peripheral to the fields, or by pump ing groundwater . Unfortunately , the groundwater 

captured from inefficient irrigation or natural shallow conditions is not always reused, and is 

commonly high in nitrates , salinity , trace elements, and other agricultural byproducts.  

Drain water captured beneath agricultural fields  was demonstrated to be an unused 

resource in the analysis of future CWM within the Pajaro Valley , California, USA, where 

French drains are used (Hanson et al., 2014c). In contrast, the use of peripheral drain canals in 

the Lower Rio Grande (spanning the border of Mexico and the USA states of Texas and New 

Mexico) helped with the reuse of inefficient irrigation water for downstream deliveries 

(Hanson et al., 2020). The active pumpage of shallow groundwater from the Gila and Yuma 

Valleys, USA, in the Lower Colorado River Basin reduces soil-zone waterlogging and is used 

to supplant treaty deliveries of the Colorado River from the USA to Mexico (Hanson et al. 

2015). The Andrate Drain was constructed to help mitigate shallow groundwater in the 

Mexicali Valley, Mexico , just south of the USAɬMexico border, but this is now less useful 

following  the lining of the All -American Canal, which stopped water leakage from the All -

American  Canal. This transboundary example demonstrates how CWM and related 

infrastructure change and evolve through time and can result in some sources no longer being 

a problem or new sources becoming available for reuse. 

CWM includes water quality management. Though there are many different 

mechanisms for water quality management , a common one is where surface waterɬ

groundwater interaction directly influences water quality ; this is primarily in terms of salt 

levels but also in terms of pollution management in both agricultural and urban 

environments.  Salinity and nutrient degradation of groundwater and surface water resources 

is a common problem affecting supply -and-demand aspects of conjunctive use that includes 

water quality . Mitigation is possible, such as the program being implemented in Central 

Valley, California (CVSALTS, 2023), to minimiz e the effects of salinity and nutrient  depletion 

on supply and demand. In conjunction  with California ɀÚ Sustainable Groundwater 

Management Act (SGMA) of 2014, this approach provides comprehensive sustainability 

innovations combined with conjunctive use (Quinn & Oster, 2021). 

In other regions, emerging anthropogenic contaminantsɭsuch as antibiotics and other 

urban contaminants, plus agricultural contaminants from fertilizers, soil amendments, 

insecticides and herbicides, and geogenic contaminants like trace metals and radionuclidesɭ

are being mobilized from water  resource development. This action may impact the 

sustainability of CWM and related urban and agricultural water supplies. Groundwater 

quality may be improved by recharging aquifers with fresh water , thereby restoring otherwise 

unproductive aquifers, but salinity flushing ca n dramatically increase the demand for 

irrigation water and further contaminate the aquifers.  CWM strongly influences 

environmental water requirements for ecosystem maintenance and protection, like  the items 

described above.  
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Another aspect of CWM  that needs to be considered relates to surface waterɬ

groundwater interaction where avoidance of double counting is fundamental to total water 

management. Double accounting refers to the inclusion of either groundwater or surface 

water that moves from one system to the other and is accounted for in both systems. 

At a practical level , planned CWM considers water supply options in both  a spatial 

and temporal context. With respect to the spatial sense, Figure 3 (Foster et al., 2010) shows 

typical schemes for both urban and irrigation supply where the contrast between spontaneous  

(informal /unplanned ) and planned (formal) CWM is depicted  at the local and watershed 

scale, which is the fundamental unit of supply and demand in most settings . Figure 3a shows 

the typical unplanned  (informal)  urban supply case where intensive local groundwater use is 

often added later, causing local interference and hence reducing the available water resources 

from surface water capture and groundwater storage. Figure 3b (planned/formal ) 

incorporates an external wellfield and therefore increases the total available water resource, 

but to provide a sustainability framework, the resource cannot exceed the rate of groundwater 

replenishment  (Mendoza - Argentina - Box 2?). 
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Figure  3 - Typical schemes of conjunctive use of groundwater and surface water resources for a) urban water 
supply and b) irrigated agriculture, evolving from spontaneous (informal) occurrence to planned (formal) 
development. Blue outlines in (b) separate regions by type of supply: mostly surface water, surface water and 
groundwater, and only groundwater (Foster et al., 2010). 

Similarly, for Figure 3b (the irrigated agriculture situation), the planned CWM case 

involves an improved canal water distribution network and more widely spaced groundwater 

use, resulting in greater water availability and flexibility and less environmental impact  

(Queensland - Australia  - Box 3?). The effectiveness of this approach is contingent on whether 

land use increases without limit or if conversion to permanent crops such as orchards, nuts, 

and vineyards are hardening demand over decades that may also be subject to climate 

variability and drought -related restrictions of supply. The spatial considerations of a formal 

CWM framework may also require supply -and-demand considerations at the regional scale 

downstream from the formal system , including various levels of transboundary obligations.  
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Considering the temporal sense, in practice CWM involves relying more on surface 

water when it is available during wetter years  or months (including  recharge groundwater) 

and relying more on groundwater during dr ier years or months and droughts. Retrofitting 

existing water  supply systems for CWM practices is much easier with respect to the temporal 

than spatial aspect. Deciding when, and to what extent, groundwater use is preferred over 

surface water use and vice versa requires considerable monitoring, forecasting skill, analysis, 

and judgment  (Indus Basin - Pakistan - Box 4?). Some of the advantages of CWM 

infrastructure were initially summarized for watersheds of Australia and the USA by Ross 

(2012) (Conceptual Exercise 3?) and for Spain (Other CWM Management Examples - Box 5?). 

For example, many more arid regions (e.g., the southern parts of the Central Valley, 

California, USA ) shift sources seasonally, using surface water from snowmelt runoff in the 

early months of the growing season followed by groundwater irrigation in the lat er summer 

and fall months (Faunt et al., 2009). The magnitude and timing of the combined use of these 

two water supplies is also affected by climate variability and changing land use.  In addition, 

the other element of SGMA within regional and local hydrologic systems within California  is 

to develop indicators and thresholds that are monitored , assessed, and potentially acted upon  

regularly as a measure of sustainability for all  the components plus the secondary effects 

related to water resource use, quality,  and development (Shilling et al., 2013; Central 

Valley  - California, USA  - Box 6?). 

Thus, monitoring  networks  connected to hydrologic  budget assessmentsɭwith 

related indicators and thresholdsɭhelp to create a framework for assessment and decision 

making  within  CWM  (CA-DWR, 2020). Analysis through a combination of monitoring and 

modeling is one of the available decision tools that are discussed in Section 8 of this book. 

Several examples of approved a Groundwater Sustainability Plan (GSP) in California include 

the Pajaro Valley which is used to provide  examples in this book and the Napa Valley 

Subbasin (NAPA, 2022). Pajaro Valley was classified as a critically over-drafted basin, but 

because of decades of monitoring, modeling, analysis, and management, the Pajaro Valley 

Water Management Agency (PVWMA , 2024) was granted a GSP. Alternative assessment was 

granted under SGMA  (CA-DWR, 2024a).  

A further example is the Napa Valley Subbasin, California, USA, which is categorized 

by the CA-DWR as one of 46 high-priority groundwater basins statewide. Medium - and 

high -priority basins are subject to the SGMA requirements (Napa County Groundwater 

Agency, n.d.), along with participation in the statewide groundwater monitoring program: 

California State Groundwater Monitoring (CASGEM; CA-DWR, 2024b). With the initiation of 

the SGMA law in 2014 in California, Napa County was required to form a Groundwater 

Sustainability Agency (GSA) that would steward CWM activities . These activities includ e the 

development  of a GSP and provide continuous monitoring, reevaluation of sustainability 

every five  years, and help initiate needed mitigation activities to help achieve sustainability 

by 2040.  



Conjunctive Water Management Richard S. Evans and Randall T. Hanson 

 

14 

The GROUNDWATER PROJECT ©The Authors Free download from gw-project.org 

Anyone may use and share gw-project.org links. Direct distribution of the book is strictly prohibited. 

3 Technical and Management Differences Between 

Surface Water and Groundwater 

The characteristics of the two primary water sources associated with CWM ( i.e., 

groundwater and surface water) are inherently differen t and those differences must be 

appreciated to optimize  their combined use. Table 1 summar izes the typical characteristics 

associated with each of these water resources. There are considerable disparities between the 

timing and magnitude of supply and demand of groundwater and surface water, and these 

differences can be advantageous in CWM  (Conceptual Exercise 4?). 

Table  1 - Typical characteristics of relative response of groundwater and surface water supply systems. 

Characteristic  Groundwater  Surface water  

Response time to flow events Slow Quick 

Time lag between supply-and-demand 

components 
Long Short 

Size of storage Large Small 

Security of supply High Low 

Spatial management scale Diffuse Generally linear 

Flexibility of supply 
Very flexible in localized 

regions 

Not flexible without more 

infrastructure 

Adaptability to progressive increase in 

demand or sources of supply 
Usually very adaptable Not usually adaptable 

Time to recover from a depleted resource Years to decades Months to years 

Time to recover from seawater Intrusion Decades to never Years to never 

Time to recover from land subsidence Never Never 

Time to recover from quality degradation Decades to never Months to years 

Response to drought, climate cycles, 

and climate change Years to centuries Months to decades 

Given the extent and diversity of irrigation and urban supply systems covering a vast 

range of physical environments throughout the world, in many situations the 

surface/groundwater components of local water do not reflect the typical characteristics 

presented above. Areas with informal water supply and localized demands can rely on direct 

use of rainfall for Ɂdry -landɂ agriculture, rely on numerous small lakes for localized supply, 

or have annual access to snowmelt; in these situations, formal groundwater and surface water 

systems may be less important or even unnecessary, depending on other external drivers such 

as land use and climate. 
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Nonetheless, physical differences as well as differences in the history and growth of 

formal system development of the two resource types provide both challenges and benefits to 

CWM. They also reveal how enhancing groundwater with occasionally available surface 

water can help to replenish the groundwater resource and improve its quality  and 

sustainability . Also, irrigation return flows from groundwater sources can supplement the 

reuse of surface water for downstream users potentially helping with the conjun ctive reuse of 

commingled groundwater and surface water supplies.  

To make progress on CWM, the specific characteristics of groundwater and surface 

water in the target region must be assessed. Such an assessment includes the social (and 

cultural), economic , and environmental aspects (the so-called triple bottom line)  plus 

governance frameworks so as to evaluate how the particular characteristics of the hydrologic 

environment can be integrated to achieve optimum and flexible outcomes that help promote 

sustainability through organized adaptation and mitigation. Such an assessment also needs 

to include the types of uses (industrial, agricultural, and public and private supply), land use, 

and existing infrastructure such as surface water storage capacity, delivery and return -flow 

networks, wastewater -treatment operations, as well as other reclamation operations such as 

recycling or desalination facilities. The distribution , depth, and types of wells must also be 

assessed and managed under a complete CWM framework  (Conceptual Exercise 5?).  
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4 Informal and Formal Systems 

UNESCO categorizes water agreements, water use, and related human settlements 

and agriculture into informal  and formal systems (UNESCO, 2023). These categories also span 

related activities of water use and sharing, including water markets, governance, and related 

developments (Marston & Cai, 2016; Hadjigeorgalis, 2009; Conceptual Exercise 6?). 

Sections 1 through 3 of this book highlight the two fundamentally different approaches 

to conjunctive use; however, CWM evolves from informal 

(spontaneous/incidental/unplanned) to formal (planned) use along a continuum . For 

example, at one end of the CWM planning spectrum, an informal system typically starts with 

one water source such as streamflow diversion for local or single use that is potentially n either 

reliable nor sustainable owing to increased demand and variable supply. This may transition 

into mo re management of runoff such as improved catchment management to reduce erosion 

and flooding ; increased soil moisture also has the effect of enhancing recharge. Finally 

multiple sources and multiple users can evolve an initial informal system into conjunctive use 

with the goal of more reliability and sustainability  (as discussed for Mendoza, Argentina  in 

Box 2). At the other end of the planning spectrum is an intentional  recharge enhancement 

called managed aquifer recharge (MAR), designed to increase groundwater supplies, improve 

their quality, or sustain groundwater -dependent ecosystems (Dillon et al., 2009a). This 

concept also includes the use of aquifer-storage-and-recovery systems (ASR) as well as 

capture and recharge runoff during wetter periods called FloodMAR.   

Commonly not included in these examples and related assessments of CWM and 

related MAR , is the role and importance of multi -aquifer wells. These wells have been 

documented to provide direct recharge conduits to deeper aquifers with groundwater that 

can be thousands to tens of thousands of years old and commonly impaired from receiving 

modern recharge. As such, these wells contribute to enhanced streamflow infiltration, deep 

aquifer recharge, enhanced water quality, reduced storage depletion, reduced 

groundw ater-level declines, and reduced land subsidence. The wells depicted in the 

spontaneous (informal)  and planned (formal)  settings (Figure 3) would both benefit from 

conjunctive use through the movement of water as vertical wellbore flow down multi -aquifer 

wells. 

Analysis of municipal wellfields from San Jose, California , USA, was present by 

Hanson (2015).  

Figure 4 and Figure 5 show how clusters of multi -aquifer wells provide modern water 

at depths of 1,000 ft (305 m) while multi -level monitoring wells a mile (1.6  km) away show 

that these deeper aquifers contain water that is over 10,000 years old and lack modern 

recharge. Similarly, taking multi -aquifer wells out of production in coastal regions with the 

irrigation water supply replaced with municipal recycled water can help reduce groundwater 

depletion and related seawater intrusion (Hanson et al., 2014b, 2014c). Finally , multi -aquifer 
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wells can provide recharge conduits as part of conjunctive use throughout entire regional 

aquifer systems as demonstrated for a variety of regions in California , such as the Santa Clara 

(Hanson, 2015), Pajaro (Hanson et al., 2014b, 2014c; Hanson et al., 2010), Cuyama (Hanson et 

al., 2014d), and the Central Valley with wellbore inflow contributing as much as 20  percent of 

the inter-aquifer vertical flow. For example, in the Central Valley it was determined from the 

initial Central Valley Hydrologic Model ( CVHM 1; Faunt et al., 2009) that, over the entire 

period of simulation , wellbore inflow represents 17  percent of wellbore outflow with variation 

from  seven percent during the end of the growing /irrigation season to more than 20 percent 

during the end of the non -growing season. The percentage of vertical flow as wellbore flow 

in CVHM1 ranged from a few percent to more than 35%, (Figure 5a) suggesting that this is an 

important component of vertical flow. With the addition of all farm wells simulated by the 

Multi -Node-Well package (MNW2 ) in CVHM2 (Faunt et al., 2024), the percentages for some 

regions increased to as much as 70% of total vertical flow (wellbore flow plus interlayer flow ) 

(Figure 5b). 
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Figure  4 - Wellbore flow examples with  a diagram showing distribution of wellbore flow in the 12th Street No. 10 
water supply well, and its relation with adjacent water-supply wells in the well field known as the CCOC multiple-well 
monitoring site in the small, coastal Santa Clara Valley, California, USA (Figure 10 within Hanson, 2015). The 
numbers in red represent uncorrected carbon-14 ages-before-present for water at that depth and the lavender 
arrows represent the directions of wellbore flow.  
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Figure  5 -  a) Selected time series of the percentage of downward flow from simulated wellbore flow for the CVHM1 
model of the inland Central Valley, California, USA (Faunt et al., 2009). b) Selected time series of the percentage 
of downward flow from simulated wellbore flow for the CVHM2 model of the inland Central Valley, California, USA 
(Faunt et al., 2024). 

Foster and others (2010) report that informal conjunctive use of surface water and 

groundwater resources most commonly occurs where canal-based irrigation systems are: 

¶ inadequately maintained and unable to sustain design flows throughout the 

system; 
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¶ poorly administered, allowing unauthorized or excessive diversions ; 

¶ overstretched with respect to surface water availability for dry season diversion ; 

and 

¶ tied to rigid canal water delivery schedules and unable to respond to crop needs  

or drought conditions . 

Yet, the biggest driver of conjunctive use is fueled by a growth business model that 

fundamentally conflicts with sustainability of natural resources  given the related continued 

development of land use for agriculture, industry, and urban growth. Demand also may 

exceed supply or timing of supply from canal systems due to increases in land use 

development or intensification of crop -water demand, such as hardening of demand from the 

need to irrigate permanent crops over decades. Additionally, informal conjunctive use is also 

driven to a large degree by poor reliability of water quality in surface water supply channels. 

While wells have become viewed as an insurance against this unreliability, doing so has 

resulted in overexploitation with groundwater mining and additional agricultural 

development and urbanization , as well as capture through increased infiltration of surface 

water supplies that were previously assumed to arrive downstream for use . 

Poor water quality is a common factor at the tail of most irrigation canal systems and 

beneath agricultural areas. It  usually reflects concentration of salinity owing to irrigation 

evaporation as well as salt flushing from runoff and deep percolation return flows.  These 

factors lead to inadequate irrigation services because of the increased demand for irrigation 

for salt flushing. For example, the degradation of groundwater below the agricultural lands 

in the Oxnard Plain  (coastal region of the Santa ClaraɬCalleguas Basin, California, USA, is due 

to accumulation from inefficient irrigation that resulted in perched groundwater that is saltier 

than seawater (Izbicki, 1996). Consequently, drilling of private water wells usually 

proliferates, often followed by a growing reliance on groundwater (Foster et al., 2010). 

Foster and van Steenbergen (2011) report informal (spontaneous) conjunctive 

groundwater and surface water use in Indian, Pakistani, Moroccan, and Argentinean 

irrigation -canal surface water systems (aka commands), which  have largely arisen due to 

inadequate surface water supply to meet irrigation demand. This situation does not only occur 

in developing countriesɭit is also an inherent problem wherever canal -based irrigation is 

practiced and where there are challenges in terms of the reliability and quality of the water 

supply. These examples also exemplify the unplanned expansion of demand that, combined 

with climate variability, commonly drives the supply shortages from related additional 

land-use development in agricultural regions  (Uttar Pradesh - India  - Box 1). 

In summary, the spontaneous (informal) approach to the conjunctive use of surface 

water and groundwater sources reflects a legacy of history. However, many Indigenous 

cultures have administered these water distribution systems for centuries , with some still in 

use today. Yet some of the most elaborate systems, such as Mayan ones, were also prone to 

supply -and-demand failures, owing to overexploitation combined with climate variability 
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(Fagan, 2008); there are other examples of the decline of Indigenous groups related to 

multi -century climate variability (Renteria et al ., 2022). 

The focus for greenfield irrigation developments is primarily access to water, rather 

than the efficient and optimal use of that water; a consideration that does not gain attention 

until competition for water resources intensifies. Advancing beyond the far m-scale informal 

(spontaneous) access to each water source to a formal (planned) CWM approach entails 

significant technical, economic, institutional, and social challenges that can only be overcome 

with an effective governance and funding model combined wi th comprehensive scientific 

monitoring and analysis.
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5 Highly Versus Poorly Connected Systems 

When groundwater and surface water are hydraulically connected, the interchange of 

the resource and the drivers that affect it must be considered during the monitoring, analysis, 

and governance of the sustainability framework management process. Accordingly, their 

degree of connectivity with one another must be considered within a CWM framework . The 

degree of connection can shape the available options and hence define the optimal approach 

and potential contingencies needed for adaptation and mitigation in order to achieve a 

sustainable CWM framework that minimize s disparities between supply and demand, 

promotes sustainability, and reduces potential  conflict between transboundary neighbors  

(Conceptual Exercise 7?). 

The different time scales that apply to groundwater and surface water typically lead 

to groundwater buffering fluctuations in surface water availability. The World Bank Group 

(2023a, 2023b) summarized the economic accessibility, resource availability, and buffering 

capacity of groundwater systems for four general types of aquifer systems: 

1. local shallow , 

2. major alluvial , 

3. complex, and 

4. karstic. 

Local shallow aquifers typically are highly connected to surface water, while major alluvial 

aquifers may be well connected their magnitude relative to the surface water system renders 

the connection less dynamic. Complex aquifer systems are typically not as well connected to 

surface water, while karstic aquifers are often an integral part of surface water flow.  Because 

the dynamics of connectivity may affect supply and demand disparities and ecological health, 

all of these systems potentially require some degree of institutional involvement relative to 

CWM sustainability.  

Other factors that influence the connectivity groundwater and surface water systems 

include the layering of alluvial systems and the nature of  openings in complex aquifers (e.g., 

fractured bedrock aquifers with  secondary permeability and karst aquifer s with tertiary 

permeability ). The key message from  the World Bank analysis underline s the utility of 

groundwater systems as buffers for human and environmental uses in the context of climate 

ÊÏÈÕÎÌɯÈÚɯÕÈÛÜÙÌɀÚɯÐÕÚÜÙÈÕÊÌ, helping to protect food security, reduce poverty, and boost 

resilient economic growth.  Yet the connectivity between surface water and groundwater 

systems and the related vertical distribution of well screens relative to layering or other forms 

of permeability will largely control the extent  of interchanging flow  between groundwater 

and surface-water systems. 

Hydraulic connectivity between these types of aquifers and their watershed comprises 

two important components: the degree of connection between the two resources (Figure 6) 

and the time lag for extraction from one resource to affect the other. A highly connected 
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system has a relatively short time lag for transmission of impacts : on the order of days or 

weeks. A fundamental tenet of connectivity is that, essentially, all surface water and 

groundwater systems are connected and that it is just a matter of time for impacts to be felt 

across the connection (Technical Question 1?). 

 
Figure  6 - Streamïaquifer interaction connections (Evans & Dillon, 2017). Pumping can increase recharge to 
the aquifer by lowering the water table and thus both reducing evapotranspiration and increasing seepage from 
streams, which in turn reduces streamflow and evapotranspiration.  

An important exception to this analogy is the use of lined  canal-dominated irrigation 

that is now automated and monitored across the entire distribution system. Where the water 

table is below the water level in an unlined canal system or where the water table is shallow, 

groundwater extraction may also capture groundwater that previously outflo wed as 

evapotranspiration (ET) or groundwater outflow.  

In other systems, either tile drain age systems a few meters below the land surface and 

below the typical root depth of the crops or unlined peripheral canals are commonly used as 

drain networks to capture groundwater from inefficient irrigation and rainfall. This use helps 

reduce groundwater l evels that potentially waterlog the interval of root zone for 

non-phreatophyte crop types causing anoxia and reduced crop production as, for example, in 

the Lower Rio Grande Valley  of the southern USA and northern Mexi co (Hanson et al., 2020). 

In such areas, artificial recharge may also be dominated by the inefficient irrigation -induced 

root zone drainage, and hence vertical unsaturated-zone flow and shallow lateral 

groundwater flow may control the interaction/connectivity process.  

In these latter areas, the canal distribution systems may provide a significantly 

reduced contribution to groundwater extraction. When these canal systems are used for 

drainage control, they can also substantially contribute to the reuse of precipitation a nd 

irrigation return flow from runoff and inefficient irrigation recharge. For example, in the 

Lower Rio Grande of New Mexico and Texas, USA, about 20 to 30 percent of this water is 

captured and reused downstream (Hanson et al., 2020; Lower Rio Grande, New  Mexico, 

Texas, USA, and Conejos-Medanos, Chihuahua, Mexico - Box 7?). 

The salient issue for CWM, especially in a planned environment, is to understand the 

nature of connectivity as a factor in resource use optimization and to ensure that connectivity 

is understood when considering water  resource accounting in a conjunctively managed water 
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system. This water resource accounting now commonly requires automated data collection 

and very well managed irrigation scheduling (down to minutes to days duration) with the 

help of soil -moisture or plant -stomatic pressure sensor networks to guide irrigation and even 

drive deficit irrigation. So, conjunctive use now includes the agricultural demand referred to 

as the total farm delivery requirement combined with the ephemeral storage and drainage of 

the soil and root zones. 

Impact timing is also very important. Bredehoeft (2011) showed that timing is 

important to water -resource managers whether the impacts from groundwater pumping on a 

stream occur within an irrigation season or over a longer period. Connectivity will control the 

timing and the lag for groundwater recharge and the timing of changes in discharge from 

groundwater to the streams due to groundwater abstraction and climate variability. This 

timing can result in capture of groundwater discharge as well as additional  capture of 

streamflow that can exacerbate secondary impairment issues noted above, for example, fish 

passage flows, GDEs, and floodplain habitat. 

In connected systems, a serious issue of double accounting often arises. Double 

accounting occurs where the same volume of water is potentially attributed to both the surface 

water and groundwater resources. It is a common occurrence throughout the world due to 

the evolution of water  resource development and associated regulatory arrangements, and it 

may reflect an absence of a proper water resource assessment, poor understanding of the 

water balance, or the undertaking of independent resource assessments for surface water and 

groundwater.  

There are two common double accounting situations, the first being when surface 

water-based irrigation canals cause recharge to the groundwater system. This groundwater 

recharge is seen as a loss from a surface water point of view. A typical water  resource 

management response may be to invest in improved sealing canals or constructing  pipelines; 

however, doing so may not be the most efficient way to save water and energy. In some 

regions, canals are being used for groundwater recharge, such as in the Lower Rio Grande 

Valley , New Mexico, USA, and the Central Valley, California , USA. Combined now with 

complete automation of headgates and diversion gates, these more modern surface water 

networks save water and labor. 

When unlined canals result in conveyance losses, this is an additional  form of 

groundwater recharge, and the water may infiltrate as artificial recharge to the depths being 

pumped. But in settings with  fine-grained layers, such infiltration is  often prevented or 

retarded, so groundwater is not recharged and waterlogging  occurs from perching of 

conveyance losses. This may also require other forms of capture such as tile or French drains 

below the fields, adjacent peripheral drain canals to capture the excess water, or even 

dewatering wells.  

In situations where groundwater recovery is financially viable, it may be more efficient 

to utilize aquifer storage capacity and diffuse distribution of the resource provided by the 
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groundwater system. However, aquifer storage and recovery systems also require 

infrastructure  and maintenance and have an energy footprint.  If in such situations, canal 

leakage (carriage losses) has already been allocated to surface water users, then it should not 

also be allocated to groundwater users or a combined surface water and groundwater 

allocation or water rights may impose additional limits within a conjunctive-use governance 

framework. Instead, mechanisms such as trade should be used to transfer entitlements from 

one user to another and, hence, maintain the integrity of the water accounting framework.  

These water transfers can occur as leases or sales and may also require government 

review and approval as well as restrictions that may prevent or control basin exports. 

Furthermore, any decision to reduce leakage and recharge through canal lining  would require 

revision to the water -resource assessment and may require appropriate adjustments to 

entitlements, particularly if such recharge had been allocated to groundwater users. However, 

some linings have deleterious effects in transboundary settings, such as the lining of the 

All -American Canal, California, USA, which terminated on the order of 60,000 ac-ft/yr 

(74 Mm 3/yr) of groundwater recharge that benefited the replenishment of groundwater in the 

Imperial Valley , USA, and adjacent Mexicali Valley, Mexico (Hanson et al., 2015). 

The second double accounting situation relates to the classic surface waterɬ

groundwater interaction where groundwater is recharged through streamflow infiltration 

and also discharges as stream base flow. Both captured surface water as groundwater 

recharge and captured groundwater discharge as surface water base flow are part of the safe 

yield myth and have an impact on sustainability (Bredehoeft, 1997, 2002; Bredehoeft et al., 

1982). Considered in isolation, this situation may be deemed as a loss from a groundwater 

management perspective and a basis for allowing groundwater pumping to substantially 

reduce stream flow. However, in other settings such as the Lower Rio Grande Valley , New 

Mexico, USA, the effects of surface water capture from groundwater pumpage interferes with 

surface water conveyance and related surface water allotments of downstream users (Hanson 

et al., 2013, 2020). 

Similarly, from a surface water management perspective, the significance of 

groundwater discharge in maintaining stream flow during the dry season may be poorly 

recognized. There are many examples from around the world where not recognizing such 

interaction has contributed to the depletion of rivers, as well as infringement on water supply, 

GDEs, riparian habitat, and fish passage flows. The interaction requires an integrated resource 

assessment, with the water balance considering all extraction regimes and the consequential 

impacts on both groundwater and surface water resources. 

Eliminating double accounting requires integrating water entitlements with a water 

balance that reflects the full hydrological cycle, and hence fully appreciating the amount and 

timing of the interaction between groundwater and surface water. It is also critical to 

appreciate the temporal variability of the process. In this case, it is important that the 

conjunctive planning time frame be long term and aligned with common climate cycles, for 
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example 60 years or more could represent a positive plus negative Pacific Decadal Oscillation 

(PDO) that drive s winter recharge in North America. However, some variable planning 

horizons over different time periods may be needed with other climate cycles, expansion of 

conjunctive use frameworks and water components, and other demand drivers, such as land 

use development and population growth. As shown for the transboundary regions of the USA 

and Mexico in the Rio Conchos, Mexico, watershed (Renteria et al., 2022), aligning a 

management/governance framework with climate cycles for these planning horizons can fall 

into four categories that are subject to different cycles of climate variability, land use, and 

governance: 

1. annual -interannual , operations; 

2. interannual -decadal, operations/governance in climate variability/ change; 

3. multi -decadal, infrastructure for bi-national climate change; and 

4. multi -century , bi-national sustainability and adaptation . 

Short-term planning to meet political or social objectives will not achieve effective 

CWM and related sustainability. There are some relatively rare situations where there is 

effectively no interaction between groundwater and surface water such as the largest known 

fossil-water aquifer system in the Nubian Sandstone Aquifer System of northeastern Africa. 

In such situations, CWM is relatively less complicated but nonetheless important in terms of 

achieving optimal water management outcomes. Planning, management, and governance 

may also need to account for the potential adverse effects of climate change and land use 

(Mendieta-Mendoza et al., 2021). 

In cases where the two water resources are highly connected with short time lags, 

CWM may be supported by a transparent water  accounting framework that can be reported 

on for both surface water and groundwater on a monthly to annual basis. The Rio Yaqui 

Irrigation District in Sonora, Mexico , USA, is a potential example of a formal CWM system 

with  this operational framework that is connected to a Supervisory Control and Data 

Acquisition  (SCADA) system and centralized control of all resources supplied. This 

framework may provide flexibility in the way surface and groundwater is allocated on an 

annual basis and could facilitate the development of a robust two -way water -trading regime 

between the groundwater and surface water systemsɭprovid ed that third -party and 

environmental impacts are understood and effectively managed and monitored.  

CWM in an environment where surface water and groundwater systems are poorly 

connected is unlikely to provide such a degree of integration. Whil e there are opportunities 

for integration (such as the application of MAR, recycled, direct reuse, seawater desalination, 

and stormwater  runoff capture) and for taking advantage of the unique attributes of 

groundwater and surface water (such as storage, distribution,  and reliability in dry periods ), 

the opportunities and benefits that have the potential to arise fro m CWM will be different, 

reflecting differences in the hydrological environment. In other words, within poorly 

connected systems, CWM will be framed around the task of complementary and integrated 
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management of water use. However, even in poorly connected systems, both sources of water 

are commonly affected by the same demand drivers and may still require integration to 

consider natural hydrological linkages of the water sources within a supply -and-demand 

framework. Engineered solutions enable better (anthropogenic) connection between the two 

parts of the water system, and the climate, land use, industry, and public supply drivers are 

part of the capacity and flexibility of the engineered solutions. Additional  governance, 

transboundary agreements, or treaties to facilitate management and sharing of resources may 

also be needed.
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6 Benefits of CWM 

Planned conjunctive management of surface water and groundwater is usually 

practiced at the state or regional level and can optimize water allocation with respect to 

surface water availability and distribution. While reducing evaporative losses in surface water 

storages and minimizing energy costs of irrigation in terms of kW /hr/ha (Foster et al., 2010) 

are some of the ancillary benefits of CWM, the overall distribution and management of water 

is fundamentally based on availability and related rights and indirectly by land use and 

climate variability. More modern integrated CWM  also includes other sources of water and 

combined water management with climate  assessments and monitoring. It also includes 

land-use management such as limiting additional land -use development (e.g., the smart valley 

developed by the Rio Yaqui Irrigation District in Sonora, Mexico ; Distrito de Riego del Rio 

Yaqui, 2023) for agricultural CWM  (Conceptual Exercise 8?). 

CWM systems for municipal supply can include combinations of surface water, 

groundwater, imported water, desalination, and recycled water  sources as is the case for 

coastal urban centers such as Los Angeles, Orange, and San Diego Counties in coastal 

southern California , USA. While planned CWM is best implemented at the commencement of 

a development, optimal outcomes may be more difficult to achieve when attempts are made 

to redesign and retrofit the approach  once water-resource and land use development is well 

advanced. However, new technology is making retrofitting more possible  and more 

affordable. 

Where groundwater and surface water are used conjunctively in various parts of the 

world, informal (spontaneous) use still commonly prevails. Foster and van Steenbergen (2011) 

emphasize that informal (spontaneous) conjunctive use of shallow aquifers in irrigation 

systems is driven by the capacity for groundwater to buffer growth in land use combined with 

variability of surface water availability enabling:  

¶ greater water-supply security ; 

¶ securing existing crops and permitting new crop types to be established; 

¶ better timing for irrigation, including extension of the cropping season ; 

¶ larger water yield than would generally be possible using only one source ; 

¶ reduced environmental impact; and  

¶ avoidance of excessive surface water or groundwater depletion.  

Another benefit of CWM in many settings where supply  and demand of conjunctive 

use requires the active management of GDEs is globally summarized by Rohde and others 

(2017), who demonstrated how many locations have included management of GDEs as part 

of their sustainable groundwater policies. Managing and protecting GDEs has been highly 

developed in Australia  and includes risk assessment. Similarly, protection of GDEs in 

California , USA, is also tied to protection of endangered species and maintaining fish passage 
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and habitat, as well as sediment transport, flood protection, and river/runoff recharge 

infrastructure  (as discussed for Queensland, Australia  in Box 3). 

Informal systems in some cultural and social settings may not include consideration 

of environmental impacts or degradation of water quality . This has become part of the 

framework for CWM of many formal systems such as SGMA in California , USA, but issues 

remain in other formal CWM systems such as the MurrayɬDarling Basin of Australia (Pittock 

et al., 2023). 

The planned conjunctive management of groundwater and surface water has the 

potential to offer benefits in terms of economic and social outcomes through significantly 

increased water-use efficiency, but sustainability and reliability of resources cannot occur 

within an unlimited growth business model. This type of management must be linked to the 

other potential drivers of development and climate variability and require limits that facilitate 

managed growth within the capacity of the resources. Combined with these other 

sustainability and development constraints, CWM  can help support greater food and fib er 

yield per unit of water use, an important consideration within the international policy arena 

given the critical concerns for food security that prevail in many parts of the world.  

At the resource level, groundwater pumping for irrigation used in conjunction with 

surface water provides benefits that increase the water supply or mitigate undesirable 

fluctuations in it  (Tsur, 1990). This also control s shallow water  table levels with related water 

loggingɭand, consequently,  soil salinityɭand improve s fairness of access to water across a 

catchment or basin. Various requirements, such as improved access, can be a defined objective 

if it  is stipulated. These requirements within a CWM sustainability framework also need to 

consider environmental benefits and requirements .
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7 Role of Managed Aquifer Recharge 

An increasingly important tool used in CWM is managed aquifer recharge (MAR)  

(Dillon et al., 2016, 2019). This approach to artificial groundwater recharge is becoming more 

popular and is spanning the world from California, USA (Hanson et al. 2008. 2010, 2014b,c; 

Faunt et al., 2024) to South Africa (Braune and Israel, 2022) and Australia (Dillon et al., 2009a,b, 

2012). MAR is the intentional recharge of water to aquifers for subsequent human use or 

environmental benefit.  In many cases the primary water source is excess wet season surface 

water that can be stored in aquifers to secure or supplement dry season supplies and improve 

groundwater quality. It can be used by individual farmers to refresh their wells when there is 

flow in nearby ephemeral streams or perennial rivers but is increasingly used i n planned 

approaches to aquifer replenishment. 

MAR has emerged as an important linking technique that can often be used to 

encourage conjunctive management (Figure 7) particularly  where aquifers and surface water 

systems are poorly connected. As a supply-side measure, MAR can increase the available total 

water resource and help mitigate the disparity between the timing of supply and demand , but 

it is not a substitute for effective demand -side management as well as direct use or reuse. 

While many CWM settings have not formally included MAR, the practice of inefficient 

irrigation is commonly the largest form of artificial recharge and is implicitly a historical form 

of MAR in irrigated agricultural settings. CWM has not historically inc luded forma l MAR 

operations but doing so is now becoming a widespread practice that can also include 

incentives such as a recharge credit or permission to capture runoff  for recharge. For example, 

the California State Water Resource Control Board (CA-SWRCB) has formally implemented 

Flood-MAR in Executive Order N -4-23 (CA-SWRCB, 2023a) that includes permitting along 

with  specific regulations and restrictions (CA-SWRCB, 2023a, 2023b). In other regions of the 

southwestern United States where the USBR operates reservoirs, the capture of runoff (Ɂwild 

waterɂ) on rivers such as the Colorado and Rio Grande is another institutional mechanism for 

locals to use runoff before it enters the formal riverɬreservoir management system. 
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Figure 7 - The role of MAR in conjunctive water management (modified from Dillon & Arshad, 2016). 

In areas with  seasonal surface water excesses, supply-side measures such as MAR can 

protect, prolong, sustain , or augment groundwater supplies through recharge or direct use of 

this water. As one of a suite of integrated water resources management strategies, this 

approach expands local water resources, reduces evaporation losses, and assists with 

replenishing of depleted aquifers. The amount of recharge that is economically or technically 

achievable is generally less than the annual groundwater deficit , and a combination of 

demand management and recharge enhancement is essential to restore a groundwater system 

to equilibrium (Dillon et al., 2009b). The most effective mechanism is direct use of these 

captured, recycled, or imported water . When this water is used in a way that results in 

infiltration to shallow aquifers,  it has the additional indirect benefits that a) multi -aquifer 

wells may deliver some of the water to deeper aquifers through wellbore flow  and b) the 

passive nature of this activity reduces power consumption.  

There are many methods for recharging aquifers (e.g., Dillon et al., 2009a) and these 

are selected based on local hydrogeological characteristics, sources, and the quality of water 

available to be harvested or captured. Importantly , cost per unit volume needs to be 

competitive with the foregone net benefits of demand reduction, considering the costs of 

managing supply and demand.  The history of MAR is more recently summarized by Dillion 
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and others (2019) and UNESCO (Zheng et al., 2021). The relative costs of MAR for some 

examples across the world were summarized by Ross (2022). 

As an alternative to recharging the aquifer, groundwater supplies can be augmented 

or replaced by surface water supplies such as canals and pipelines. Doing so has the effect of 

reducing demand on the aquifer but is commonly perceived by groundwater users as supply 

augmentation. 

The complementary roles of demand management and expanding supplies and types 

of supplies, either via MAR  or by providing alternative supplies , are graphically depicted in 

Figure 7 for an over-allocated aquifer and for systems where demand exceeds all sources of 

local supply. Where surface water is in public ownership and groundwater in private 

ownership, MAR  effectively privatizes  public  good, so MAR is best implemented where water 

entitlements are divorced from land ownership.  

Some exceptions to this paradigm are occurring . For example, in the Pajaro Valley, 

California , USA, monetary credit can now be provided for recharge based on a recharge net 

metering program  (novel-effort -aid-groundwater -"ÈÓÐÍÖÙÕÐÈɀÚ-central-coastk). The 

synergistic effect of MAR  on demand management has much potential and is just beginning  

to be used systematically as shown for Pajaro Valley, California, USA, (CA-DWR, Water Users 

Handbook Revised 2020k) (Pajaro Valley, Conjunctive-Use Modeling ɬ Box 8?). 

Combining MAR with conjunctive use is growing in the face of increasing water 

demands and climate variability. For example, in a 445-km2 groundwater irrigation area of 

Central Valley , California,  a combination of MAR  and conjunctive use over a period of 

46 years (1968 to 2013) has helped to stabilize falling groundwater levels. Six of the ten 

water-banking operations recovered 4.1 km 3 of recharged groundwater during this period so 

the net replenishment was 9.4 km3 of the total 13.5 km3 replenishment (US Geological Survey, 

2022). 

The relationship between climate variability , water banking replenishment , and 

withdrawals for the Central Valley provide s a good example of banking in wet period s and 

withdrawals in drier periods as part of CWM ( Figure 8). This distribution of water banking 

and groundwater recovery from water banks along with climate variability indicates that 

these activities are closely linked and need to be part of an integrated CWM framework. Both 

measures are undertaken in the states of California and Arizona , USA, and contribute 

substantially to security of supply and sustaining groundwater levels (Scanlon et al., 2016) 

and at a cost substantially less than for constructing surface water storages (Perrone & Rohde, 

2016). However, the latest mega drought (2000 to 2021) and overexploitation of land useɭ

combined with overallocation of surface waterɭhave resulted in continued water shortages. 

This has been accompanied by over-pumping  of groundwater and has had secondary effects 

in the Central Valley with continued groundwater declines and related land subsidence, 

reduced stream flows, and increased salinity.

https://www.watereducation.org/western-water/novel-effort-aid-groundwater-californias-central-coast-could-help-other-depleted
https://www.pvwater.org/images/Operations/Water_Users_Handbook_Revised_2020.pdf
https://www.pvwater.org/images/Operations/Water_Users_Handbook_Revised_2020.pdf
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Figure  8 - Comparison of climate variability with water-banking spreading and recovery for the Central Valley, California, USA. a) Cumulative departure of 
precipitation from conditions starting in 1961 with positive slopes indicating increased precipitation. Gray regions with a negative slope generally indicate drier 
periods (USGS, 2022; CDEC, 2023). b) Time series of total water banking and recovery of groundwater from water banks (modified from Faunt et al., 2024). 
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In arid climates , the lack of availability of a water source constrains the opportunities 

for aquifer replenishment. Runoff is so infrequent in arid areas that investment in runoff 

collection and recharge facilities needs to be cost efficient as runoff is rarely available , and 

MAR is primarily for inter -year storage to increase long-term yield. However , alternative 

supplies such as treated wastewater and desalinated water as a byproduct  of energy 

production are increasingly being adopted as sources for MAR and these are relatively 

constant sources of supply. 

In semi-arid and Mediterranean climates, water availability is a smaller constraint and 

seasonal demand for water can be high, meaning that inter-season storage has high value in 

addition to inter -year storage. In both climates, factors other than climate are driving increases 

in water demand, including land -use development , and hardening of demand by switching 

to perennial higher -profit crops like orchards and vineyards. Also, many arid areas are now 

being developed to grow seasonal crops during the winter time, thus creating a new 

mechanism for overexploitation of resources with year -round farming . 

Inter -season storage can have immediate commercial benefits, whereas water banking 

for buffering against drought and climate change can have higher value but its benefits are 

not realized quickly, thus it requires  institutional support for governance  and costs of 

operation and maintenance, as well as additional infrastructure  (Rodella, 2023a; 2023b). In 

humid climates, opportunities for natural recharge are greater and the demand for storage is 

less, so MAR  is expected to have a minor or niche role. Yet capture and use of runoff does 

supplant most needs for development of groundwater resources in humid climates , too. 

Van Steenbergen and Tuinhof (2009) and van Steenbergen and others (2011) have 

reported a wide range of watershed interventions that enhance groundwater recharge, retain 

soil moisture, and reuse water, which they term the 3R concept for climate change adaption, 

food security , and environmental enhancement. These interventions have also been applied 

in relatively small -scale projects in arid and semi-arid areas of Africa, Asia, and South America 

with startling results for improv ement of the capability of land  and farm income. Applications 

range from the individual landholder scale up to sub-catchment and catchment scale, typically 

at very low cost and with active stakeholder participation and community ownership  (e.g., in 

Rajasthan and Gujarat, India; Maheshwari et al., 2014). However, t he largest concern of many 

farmers is the intensification of climate variability within climate change resulting in more 

severe wet and dry periods, a trend that has led to the widespread development of canopied 

agriculture and large industrial -scale growing warehouses to help offset these extreme events 

and reduce water consumption. For example, canopied agriculture is already widespread in 

several arid, Mediterranean, and tropical desert climate settings in Spain, Mexico, and the 

state of California , USA. With longer -term cycles from both the Pacific Decadal Oscillation 

(PDO), Atlantic Multidecadal Oscillation ( AMO ), and multi -century cyclesɭalong with 

millennial solar oscillation  (Renteria et al., 2022)ɭmitigation and adaptation within 
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agriculture will continue to look for more closed loop solutions that maximize productivity and 

minimize the effects of climate and water scarcity.  

MAR can increase the value of water resources by transferring surface water in times 

of abundance to add to groundwater storage and thereby conserve water, the technique of 

capturing runoff and excess reservoir storage water is commonly referred to as Flood-MAR. 

It replenishes depleted groundwater and avoids evaporative losses, salinity increase, and 

possibilities for blue green algal blooms if the water had been retained in surface reservoirs. 

The surface water used for MAR  can be excess water from reservoirs that have 

exceeded their capacity but also may include natural water from catchments, urban 

stormwater, water recycled from treated sewage effluent, desalinated water from brackish 

aquifers or the sea, and suitably treated industrial effluents.  Since treated effluent and 

desalination processes have a relatively constant production stream, it is critical to have a 

combination of recipients and additional surface or groundwater storage to accommodate the 

through put. This challenge became apparent in the Pajaro Valley (Figure 9a) where treated 

wastewater and MAR water was used to supplant groundwater pumpage to reduce 

groundwater overdraft and related seawater intrusion (Hanson et al., 2014b). In this example, 

most irrigation was scheduled at night and delivery targets were problematic until 

above-ground storage tanks provided a buffer between supply and demand. This approach 

allows analysis of the use of this scheme within an integrated hydrologic model ( Figure 9b) to 

further assess its efficacyɭsubject to sustained operations over decades into the future 

coupled with  climate change and variability (Hanson et al., 2014e; Pajaro Valley, Conjunctive 

- Use Modeling  - Box 8). 
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Figure  9 - a) Structure of local water deliveries, and b) hierarchy of simulated operation of water deliveries from 
the aquifer-storage-and-recovery (ASR) system and the Coastal Distribution System (CDS) to regions serviced by 
the CDS, Pajaro Valley, California, USA (modified from Hanson et al., 2014b). 
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For any aquifer, a range of recharge options can be ranked in order of increasing unit 

cost of supply. Similarly , foregoing extraction for each use of groundwater will have a range 

of unit costs that can be ranked in increasing order. Each element of the water uses is 

associated with a list of  ranked extractions that has an associated volume and unit cost. The 

two lists can be merged to a) identify the cheapest option and b) determine the volume of 

demand reduction or supply enhancement expected if that opt ion was implemented. 

Depending on the degree of over-exploitation, a series of options may be required to reduce 

groundwater  storage depletion and help promote the sustainability of groundwater resources 

subject to the forces of supply and demand ( Figure 10; Conceptual Exercise 9?). 

 
Figure  10 - The severity of the disparity between supply and demand within the dynamic nonequilibrium of an 
aquifer can be reduced by reducing extractions (demand), augmenting supplies, or both. Options for achieving 
this include groundwater replenishment, providing alternative sources of supply (conjunctive use), reducing land 
uses that have high water demand, and/or reducing other water demand drivers (modified from Dillon et al., 
2012). 

While water may be one of the lower  production costs in most agricultural and 

economic settings, improving water use efficiency and water productivity is generally the 

cheapest option, followed by MAR replacing high -consumption low -profit crops  (such as 

forage crops like alfalfa) with high -value and lower -consumption nut, orchard, grape, and 

seasonal fruit/vegetable crops. Integrated management of surface water and groundwater 

helps ensure that the benefits of recharge upstream outweigh decline in surface water 

availability for downstream delivery commitments . Flood mitigation may , in fact, be a 
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recharge benefit, as currently explored in the wetter climates of Thailand and India (Pavelic 

et al., 2012, 2015; Reddy, 2020). 

Flood management as a source of recharge in the USA is exemplified by  the new 

Flood-MAR program implemented in Pajaro, California , USA, as well as being implemented  

in the Central Valley, USA  (CA-SWRCB, 2023a), and its feasibility  investigated in selected 

agricultural regions of  California  (Dahlke et al., 2018; Kocis & Dahlke, 2017). For example, the 

availability of high -magnitude streamflow for groundwater banking was evaluated (Kocis & 

Dahlke, 2017). High-magnitude flows (HMF) are river discharges that exceed a specified 

threshold, typically the 90th or 95th percentile of historical streamflo w. HMF i n the 

Sacramento River and San Joaquin-Tulare Basins of the Central Valley, USA, were estimated 

using data from  93 streamflow gaging stations . HMF occurred in about 7 and 4.7 of 10 years, 

respectively, resulting in five to seven one-day peak events within flood flows  lasting 25 to 30 

days between November and April (Kocis & Dahlke, 2017). 

However, this recurrence-probability estimate ignores the temporal cycles of climate 

variability that also need to be considered for complete management strategies. Nonetheless, 

this analysis indicates sufficiently  unmanaged surface water is available to potentially 

mitigate long -term groundwater overdraft in the Central Valley  of California , USA (Kocis & 

Dahlke, 2017). In addition, the efficacy of Flood-MAR on various types of land use was 

evaluated for potential use (Dahlke et al., 2017, 2018) taking into consideration the combined 

application of precipitation and flood water for alfalfa fields and almond orchards with 

different soils (Figure 11). These study examples confirm that groundwater recharge from  

infiltration through  the soil zone typically occurs within weeks  to a month of the flood event. 
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Figure  11 - Field layout of the experimental sites for on-farm experiments at a) Plant Sciences Field Facility (Plant Sciences Research Farm), Davis, CA (California). 
For the Davis site, a randomized complete block design consisting of seven treatments with three replicates was implemented. The table in (a) summarizes the 
treatments for the Davis site. S is the control, and is the Grower Standard with precipitation only applied. The letters L and H stand for low and high applied diverted 
water amounts of 4 ft and 6 ft, respectively, which are combined with letters J, F, and M to indicate the month in which the winter recharge was performed (i.e., 
January, February, March); and b) Scott Valley, in Siskiyou County, California (Dahlke et al., 2017, 2018).
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Additional Flood -MAR infrastructure includes the use of inflatable dams on a footwall 

dam or gabions to enhance infiltration, provide intermittent diversions to recharge ponds 

such as on the Santa Ana River, California, USA, or to facilitate intermittent diversion of 

surface water from larger stream flows such as the Salinas River, California, USA. This type 

of infrastructure also allows for fish migration, sediment transport, and can be used as needed, 

based on streamflow and other environmental factors. For example, a footwall dam is also 

used to enhance diversions of reservoirs such as to Lake Casitas from the Ventura River, 

California , USA. 

Another significant consideration in water banking and CWM is water quality and 

salinity . Many previous strategies have advocated leaching for salinity management (Cahn & 

Bali, 2015; Ayers and Wescot, 1985; Rhoades; 1972, 1977, 2012; Rhoades & Merril, 1976). 

However, this approach generates additional demand for water to flush salinity from soils 

and can result in additional degradation of groundwater quality due to artificial recharge of 

saline water and saline runoff to surface water networks. More recently, management 

programs such as CVSALTS (2023) have also focused on source control to help minimize the 

accumulation of salinity in soils, increase groundwater recharge, and reduce surface water 

runoff from agricultural return flows through additional  management of conjunctive use. The 

increased demand related to salinity flushing was exemplified by modeling  that results in the 

potential for a 22 to 38 percent increase in irrigation water demands ( Figure 12a), with a 20 to 

80 percent increase in groundwater pumpage to facilitate salt flushing (Figure 12b), a 22 to 

43 percent increase in irrigation of  vegetable row crops, and a 24 to 34 percent increase in 

irrigation of  orchard crops (Figure 12c; Boyce et al., 2020). 
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Figure  12 - Relative increase of water use when leaching is used to flush salinity based on simulations using an 
example model both with and without flushing to control salinity: a) irrigation, b) groundwater pumpage, and c) 
additional irrigation for selected crops and farms (Boyce et al., 2020).
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8 Analysis and Modeling Approaches for CWM 

8.1 Integrated Surface water and Groundwater Models 

CWM involves the optimum use of all water sources, including surface water and 

groundwater While in some settings CWM may not necessarily involve surface waterɬ

groundwater interaction,  many systems that only have groundwater may have water sources 

that can be incorporated into the CWM framework such as precipitation, runoff, FloodMAR, 

recycled, MAR, imported, and desalinat ed. For example, locations like  the Pajaro Valley, 

California, only provided groundwater but more recently have included MAR from capture d 

runoff and recycled water sources (Hanson et al., 2014b, 2014c). CWM may only involve how 

and when to use any and all  independent resources and could involve a preference of some 

sources over others relative to the timing of demand and the potential disparity between 

supply and demand . Understanding the spatial and temporal aspects of demand and 

availability  (supply)  of all water resources is a key part of CWM and may include changes in 

sources with continued development of a sustainability framework within CWM beyond 

groundwater and surface water sources (Conceptual Exercise 10?). 

One way to understand how surface water and groundwater  sources can be used 

together and in concert with other natural and anthropogenic sources, and to define the 

amount and timing of the interaction  (if any) is through analysis of the output from an 

integrated hydrologic model that includes the simulation of climate, land use, as well as 

groundwater and surface water use and movement. Analysis in this context can also refer to 

the use of relatively simple analytical tools to initially understand the amount and timing of 

interaction s before using more complete model-analysis tools (Other Modeling Examples  - 

Box 9?). 

Use of data analysis and analytic tools is commonly an initial step to determine the 

most appropriate numerical modeling approach.  However, many hydrologic settings violate 

the simplifying assumptions of analytical  tools. Modeling is often used to determine the 

amount of interaction  between surface water and groundwater  as well as to simulate scenarios 

of different management approaches so as to optimize  use of the total water resource in the 

context of defined objectives and constraints. 

A very broad range of tools is available to analyze the integrated use and movement 

of all water everywhere all the time  in various settings and especially interactions between 

surface water and groundwater  supplies. This discussion divides the different approaches 

into two broad groups (Hanson & Schmid, 2013; Hanson et al., 2010; Nathan & Evans, 2011): 

1. analytical and other methods and 

2. numerical.  

Water balance approaches, the use of tracers, and hydrological (surface water) models 

are typically used to quantify surface water and groundwater  interactions at a single point in 
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time and may be site-specific, synoptic events, such as at a well or streamflow gaging site, 

whereas analytical and integrated hydrologic (numerical) models are usually used to 

understand and predict how the interactions change over time  (Conceptual Exercise 11?). 

8.2 Analytical and Field Methods 

Many analytical solutions are available to estimate the interaction of groundwater 

with streamflow , which is often a major component of CWM . These solutions are based on 

the original work by Glover and Balmer (1954), which were refined and modified by many 

authors, especially Hantush (1965), Neuman (1974), Neuman (1975), Hunt (1999), and Reeves 

(2008). Sophocleous and others (1995) provided some indication of the likely errors associated 

with using analytic solutions , which are based on idealized assumptions. 

The water balance approach is a quantification of a conceptual hydrogeological model. 

In many cases, this basic approach should be undertaken before any numerical modeling is 

carried out. Various flows between different components of the hydrologic cycle wouldɭ

ideallyɭneed to be quantified to better understand their interaction (Figure 13). However , 

every flow between the different components of the hydrologic cycle within such a water 

balance is subject to uncertaint y associated with both measurements and model assumptions 

that can be many times greater than the magnitude of the interaction flows of interest. 

A lthough a water balance approach coupled with an integrated hydrological model  (IHM) , 

may not be helpful in meaningfully quantifying the volume of the interaction , it can help 

evaluate uncertainty in the magnitude of these fluxes relative to other flo w components, to 

field measurements, and to related flux controlling properties within the model . Thus, a 

combination of analytical and IHM methods may be warranted for some settings and CWM 

evaluations of some events. 

 
Figure  13 - Schematic illustration using a hypothetical catchment for evaluation of surface waterï
groundwater interaction (from Nathan & Evans, 2011) with dots indicating nodes of a groundwater 
flow model. Other sources of water can include runoff from adjacent catchments, mountain-block 

recharge (peripheral groundwater underflow), and losses from evapotranspiration. 
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A range of field -based methods have been applied to measure the flux between surface 

water systems and groundwater. These techniques are generally local-scale and, although 

useful, the results are very locale-specific. Three major field techniques commonly used are: 

1. temperature studies, 

2. seepage meter measurements, and 

3. tracer studies. 

Additional indirect estimates on a more subregional to regional scale include the 

streamflow differences between upstream/downstream gaging stations as an estimate of gains 

and losses to groundwater between gaging stations and the measurement of surface water 

diversions and return  flows . These estimates indicate the level of loss to groundwater 

infiltration and related conveyance to the point of diversion  as well as any net returns from 

diverted water, respectively. 

Temperature studies can include vertical analysis of temperature profiles at specific 

points as was completed by the USGS at the Rillito River in Tucson, Arizona , USA (Hoffmann 

et al., 2007). Additional studies were performed along the Pajaro River and Corralitos Creek 

in Pajaro Valley, California , USA, to estimate flows and transmission properties (Hatch et al., 

2006) that could be used in integrated hydrologic models (Hanson et al., 2014b, 2014c). The 

USGS also provides extensive examples and guidance on how to design these measurements 

and measurement sites (Stonestrom & Constantz, 2003) with case studies provided by 

Stonestrom and others (2007). More recently the use of fiber optic cables buried across stream 

channels and towed thermal sensor arrays can yield  estimates of wetted perimeters as well as 

the timing and duration of groundwater infiltration or exfiltration events (Mohamed et al., 

2021). 

Examining changes in tracer concentrations in stream flow is useful in  quantifying 

groundwater contributions to streamflow but  requires tracers that potentially have a wide 

range of detection including very low concentrations . In addition, repeated synoptic seepage 

studies can be useful to monitor the gains and losses between groundwater and surface water 

flows as was done on the Lower Rio Grande for decades of annual winter seepage 

measurements (Hanson et al., 2020; Briody et al., 2016; Crilley et al., 2013; Byrd et al., 2002; 

Borland & Beal, 1988; Ortiz & Lange, 1996; Miller & Stiles, 2006). 

The seepage in this context is calculated as the difference in streamflow from nearby 

and sequential in-stream channel profile flow measurements. These types of gain and loss 

estimates not only provide estimates of surface water and groundwater interaction and 

changes in conditions but  also provide an additional set of higher-order observations needed 

for integrated hydrologic modeling  (Hanson et al., 2020). The gains and losses to streamflow 

for the Lower Rio Grande in New Mexico for selected years of winter streamflow when the 

reservoir is not releasing water is an example of how these observations were used to help 

calibrate the surface waterɬgroundwater interaction components of an IHM model  with field 

and model observations of groundwater seepage gains/losses (Figure 14). 
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Figure  14 - Simulated and observed streamflow hydrographs for selected Rio Grande winter-seepage 
estimates, where positive values represent seepage gains, and negative values represent seepage 
losses, Lower Rio Grande, New Mexico, USA: a) February 2006; b) February 2009; and c) February 
2014 (Hanson et al., 2020). 

8.3 Numerical Models 

Many numerical modeling  codes can simulate the exchange of water between 

groundwater and surface water bodies. They all have their advantages and disadvantages 

when considering different aspects of the hydrologic cycle , climate, and land use. Multiple 

levels of hydrologic models can represent and estimate different features and different 

degrees of coupling between features. They can be placed in three categories. 

¶ Models that simulate only one or the other of  groundwater or surface water and 

treats the other type of flow  as one of three types of user-specified boundary 
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condition s (i.e., specified flow , head-dependent flow , or a spatial or temporal 

mix ture of  specified flow  and head-dependent flow ). 

¶ Passively coupled groundwater and surface water models that use output from 

the companion model as input and do not receive feedback from  the flow  of the 

companion model . 

¶ Fully coupled hydrologic models that are either iteratively or fully integrated 

solutions of surface water and groundwater flow.  

Some of the integrated hydrologic models calculate and simulate additional flow 

features that cover all components of the use and movement of waterɭsuch as climate, land 

use, MAR, and ASRsɭas well as secondary effects such as land subsidence, unsaturated flow, 

conduit flow, salinity, transport, and seawater intrusion. These additional features and 

couplings are essential for meaningful CWM analysis in systems where such features have a 

large effect on water movement in the context of CWM . 

Most groundwater models typically simulate the presence of a surface water body 

through the implementation of a specified flow, head-dependent flow , or combination of them  

at the interface with the surface water body where the specified head is equivalent to the 

surface elevation of the water feature (i.e., its stage). Since the stage is a specified head, there 

is no coupling where the groundwater inflows or outflows would alter the stage . This is 

commonly called a one-way coupling. This kind of modeling  can be useful in setting s with  

perennial-flow  conditions , but are problematic in settings of intermittent or ephemeral flow  

conditions or  where there are human or natural changes to the surface water level and/or  

changes in channel form  (geometry, location, elevation, and hydraulic properties),  changes in 

augmentation and diversion of streamflow , or changes in flow related to climate variability  

and/or runoff . 

While running separate surface water and groundwater models may initially appear 

to be the most efficient modeling approach, most systems are coupled and require a coupled 

and integrated modeling approach  so that as one portion of the system changes the other 

portion responds . Integrated hydrologic flow models simulate the use and movement of 

water related to changing climate, land use, surface water, and groundwater with feedback 

between the systems, and internal estimation of all flows.  

When simulating  coupled processes such as climate, land use, and groundwaterɬ

surface water interactions, one of the first things to consider is how these processes may 

interact, affect the supply and demand of water, and contribute to the use and movement of 

water within a sustainability framework. For example, if the groundwater exchange flux is 

likely to cause a measurable difference in the flow or stage of a surface water body, that may 

affect the conveyance or delivery of the surface water, that, in turn, may be driven by variable 

climate and/or land use, then simulation of these processes and related couplings may be 

needed. 



Conjunctive Water Management Richard S. Evans and Randall T. Hanson 

 

45 

The GROUNDWATER PROJECT ©The Authors Free download from gw-project.org 

Anyone may use and share gw-project.org links. Direct distribution of the book is strictly prohibited. 

Conversely, if perennial, ephemeral, or intermittent surface water flows affect the 

delivery of water for agriculture, water supply, or environmental uses such as habitat or fish 

passage, then these processes need to be included in the model to fully simulate the 

interactions and related outcomes that will affect the sustainability framework. If a water body 

is perennial and holds or conveys a significant volume of water, then groundwater 

interactions are unlikely to cause the stage to change appreciably or affect the conveyance or 

delivery of water to downstream uses.  However, many reservoirs only contain a few years of 

water at typical use rates without additional replenishment, so climate and droughts can be a 

major consideration of how these features contribute over longer periods of time  (e.g., decades 

to centuries; Renteria et al., 2022). Changes in climate and drought can increase groundwater 

interactions by streamflow capture reducing streamflow conveyance as was exemplified on 

the Lower Rio Grande (Hanson et al., 2020). 

Passively-coupled models use a watershed (precipitation -runoff ) model to provide 

recharge as lateral runoff and mountain -block recharge as groundwater underflow from 

surrounding sub -watersheds that is computed first and then used as input to an IHM. Some 

examples include the: 

¶ Basin Characterization Model (BCM; Flint et al., 2021); 

¶ Variable Infiltration Capacity model (VIC; Liang et al., 1994, 1996; Nijssen et al., 

1997); 

¶ Hydrological Simulation Program -Fortran (HSPF; Donigian et al., 1995; Donigian, 

2002); 

¶ Soil-Water Balance model (SWB; Westenbroek et al., 2018); and 

¶ Precipitation Runoff Modelling System (PRMS; Markstrom et al., 2015). 

For example, the framework used for a Groundwater Sustainability Plan  shows how 

the watershed model and basin model are connected to inflows from surrounding 

sub-watersheds (e.g., CA-DWR, 2020), as well as providing climate, land use, 

supply -and-demand subregions, and climate change models (Figure 15). This approach 

involves running the two models in a series. Thus, the watershedɬclimate BCM model is run, 

then data are extracted and transferred to the IHM  as user-specified input . A lternate or future 

scenarios of climate or land use can be linked from global climate model data or land -use 

models. The approach can be referred to as a loose (or passive) coupling or non-dynamic 

coupling of the two models, which is typically defensible because the watershed model only 

simulates the mountain -block (groundwater underflow) recharge and runoff  from  

surrounding and higher elevation sub-watersheds surrounding  the basin-wide IHM  model. 

Thus, conditions in the IHM have little influence on mountain block recharge and higher 

elevation sub-watershed runoff so there is little to no need for feedback from the IHM to the 

rainfall -runoff model . The IHM simulates all coupled processes within the basin such as land 

use as well as surface water and groundwater flow in a supply -and-demand framework.  
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Figure  15 - MF-OWHM2 conjunctive-use modeling framework is a fusion/update/upgrade of the MF-2005 code family that incorporates land use, supply-and-demand 
subregions, and global climate model (GCM) data into a two-model watershed (BCM) and basin (IHM) framework (modified from Boyce et al., 2020). 
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The coupling of the processes within the IHM is essential to CWM  development  and 

for analyzing the effects and interaction between surface water and groundwater flows as 

demonstrated for the Lower Rio Grande (Hanson & Schmid, 2013; Knight , 2015; Figure 16). 

This model example demonstrates that streamflow capture occurs with increased 

groundwater pumpage within conjunctive use. This type of groundwater ɬsurface water 

interactionɭalso subject to potential climate change and variabilityɭwas further investigated 

by the US Bureau of Reclamation (USBR) in their Environmental Impact Statement that 

reviewed project operations , including  conjunctive use that may affect reservoir operations, 

treaty obligations, and other transboundary deliveries (US BR, 2016, 2017; Ferguson & 

Llewellyn, 2015). The water crisis is growing across numerous transboundary aquifers and 

watersheds with previous litigation in many such aquifers and ongoing US Supreme Court 

litigation in the Lower Rio Grande example of Texas v. New Mexico and Coloradok (Rivera 

& Hanson, 2022). Although  the IHM approach is very involved, it is  the most holistic approach 

for  modeling  and analyzing hydrologic budgets and sustainability that includes all the 

possible uses and movements of water needed for CWM analysis and development . 

 
Figure  16 - Lower Rio Grande Model Analysis showing impact of upstream agricultural use and pumpage on 
downstream streamflow and agricultural diversion deliveries. The nonlinear relation between streamflow, 
diversions, and pumpage demonstrates that conjunctive use requires analysis of all water use and movement with 

an IHM model where these processes are internally simulated and coupled. The R
2
 indicates the goodness of 

exponential (Expon.) model fit to the data. (Hanson & Schmid, 2013). 

A further example of this sustainability -assessment framework for setting multi -level 

hydrologic budgets for groundwater, surface water, land system, and climate was developed 

by the CA-DWR. In support of CaliforniaɀÚ Sustainable Groundwater Management Act 

(SGMA, 2014), CA-DWR produced a hydrologic budget guidance document (CA-DWR, 2020) 

that sets out the goals of good groundwater management and, in effect, directly and indirectly 

https://www.ca8.uscourts.gov/texas-v-new-mexico-and-colorado-no-141-original
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governs conjunctive use including limiting  the adverse indirect effects listed previously. 

CA-DWR considers sustainability through subregional water budgets of the connected 

hydrosphere, related land use, surface water, and climate systems (Figure 17) as subject to the 

six previously -listed criteria  (Section 2) that are deleterious effects on the sustainable 

conjunctive use of water resources. To comply with the C alifornia SGMA, all of these items 

need to be monitored, modeled, evaluated, and mitigated .



Conjunctive Water Management Richard S. Evans and Randall T. Hanson 

 

49 

The GROUNDWATER PROJECT ©The Authors Free download from gw-project.org 

Anyone may use and share gw-project.org links. Direct distribution of the book is strictly prohibited. 

 
Figure  17 - Factors considered in the Hydrologic Budget for groundwater sustainability analysis using an IHM modeling framework (modified from CA-DWR, 
2020).The hydrologic budgets estimated for any Groundwater Sustainability Agency subregion includes hydrologic budgets for the climate, land system, 
surface water, and groundwater flows within the subregion, as well as additional flows among these four systems within each water-budget subregion (WBS).






































































































































































































