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Climate change alters weather patterns, leading to 
extreme weather events, unpredictable water availability, 
water scarcity, and water contamination. Humans, 
animals, plants, ecosystems, and other living forms feel 
LWV�LPSDFWV�WKURXJK�ZRUVHQLQJ�ȵRRGV��ULVLQJ�VHD�OHYHOV��
VKULQNLQJ�LFH�ȴHOGV��ZLOGȴUHV��DQG�GURXJKWV��$V�D�UHVXOW��
millions are impacted 
daily and are at risk. 

When we talk about 
climate change, we 
often picture drying 
lakes and rivers, 
low water levels in 
reservoirs, and dried-
RXW�DJULFXOWXUDO�ȴHOGV�
and wetlands. However, 
many water resources 
are largely hidden from 
view. For example, 
groundwater, a crucial 
freshwater source for 
humanity, is found underground in aquifers—porous 
rock or sediment saturated with water. It is underneath 
our feet and invisible, everywhere and nowhereat 
RQFH��%XW�WKLV��LQYLVLEOH��UHVRXUFH�FDQ�KHOS�ȴJKW�
FOLPDWH�FKDQJH��DQG�ZH�FDQQRW�DRUG�WR�ZDLW��$V�WKH�
world spotlights groundwater by "making the invisible 
visible" on behalf of the UN, a promising and innovative 
approach to sustainable groundwater management and 
resilience—managed aquifer recharge (MAR)—is gaining 
fame.
Groundwater: An Invisible Resource 

Because groundwater is an "invisible" resource, it 
remains little understood and undervalued. Two-thirds 
of the Earth is covered by water, yet less than 1% of 
the world's freshwater is accessible for human use. 
Groundwater is the largest component (about 70%) of 

accessible freshwater. The amount of water stored in 
groundwater systems or aquifers is greater than that of 
all rivers, lakes, and the largest human-made reservoirs 
combined. Groundwater resources supply nearly half 
the world's drinking water and support the agricultural 
activities that provide food for billions of people. 
But that is not all: various industrial processes use 

groundwater, including 
data centers, livestock, 
energy, mining, oil 
and gas, engineering, 
construction, and 
manufacturing facilities. 

Despite its crucial 
role, the general public 
and most decision 
makers know and 
understand very little 
about groundwater. 
But this is changing. As 
groundwater becomes 
an increasingly 

important resource worldwide, more people than 
ever are learning about its value and functions. Views 
about how groundwater systems are linked with other 
systems are changing accordingly. An important piece 
of this puzzle is the problem of groundwater depletion.
Groundwater Depletion: A Global Problem

Groundwater depletion�LV�RIWHQ�GHȴQHG�DV�ORQJ�
term water-level declines caused by continuous 
groundwater pumping. Many areas of the United 
States and other parts of the world are experiencing 
groundwater depletion. According to the U.S. Geological 
Survey (USGS), the water stored in the ground can be 
compared to money kept in a savings bank account. 
If you withdraw money faster than you deposit new 
money, you will eventually start having account-
supply problems and deplete your savings intended 
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https://www.un-igrac.org/news/groundwater-making-invisible-visible-theme-world-water-day-2022
https://www.usgs.gov/special-topics/water-science-school/science/groundwater-decline-and-depletion%23:~:text=Some%20of%20the%20negative%20effects,deterioration%20of%20water%20quality
https://www.usgs.gov/special-topics/water-science-school/science/groundwater-decline-and-depletion
https://www.usgs.gov/special-topics/water-science-school/science/groundwater-decline-and-depletion
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for emergency use. Most aquifers take thousands of 
\HDUV�WR�UHȴOO��UHO\LQJ�RQ�VQRZPHOW�DQG�UDLQ�WR�TXHQFK�
depleted reservoirs. But with climate change and 
drought pressuring arid communities, agriculture, and 
energy grids, reliance on groundwater is increasing. 
This means that aquifers are being drained faster 
than natural systems can replenish them, and the 
UDPLȴFDWLRQV�DUH�IDU�UHDFKLQJ��ΖQWHQVLYH�JURXQGZDWHU�
withdrawals can lead to a host of problems: depletion 
of streams, land subsidence, irreversible reduction of 
storage area, drying up of pumping wells, increased 
cost of pumping from deep aquifers, aggravated 
seawater intrusion at the coastal basin, disconnected 
stream-aquifer systems, compromised groundwater 
quality, and the formation of sinkholes.

Additionally, groundwater depletion spells major 
economic losses in groundwater-irrigated agriculture. 
For example, California's Central Valley is one of the 
most productive agricultural regions in the world. 
0RUH�WKDQ�����GLHUHQW�FURSV�DUH�JURZQ�WKHUH��ZLWK�
an estimated value exceeding $17 billion per year. 
This multi-billion-dollar agricultural industry relies 
almost entirely on irrigation. If water supplies in the 
region are depleted—through climate change or poor 
management of groundwater resources—a loss of 
SURGXFWLYLW\�DQG�SURȴW�LV�QRW�IDU�EHKLQG�

Securing water availability, safeguarding 

groundwater-related environmental values, and 
sustainably managing groundwater resources are 
vital to the health of the environment, the economy, 
and society. If managed intelligently and sustainably 
at individual points of withdrawal (such as farms, 
irrigation districts, or industrial facilities), groundwater 
KDV�VLJQLȴFDQW�XQWDSSHG�SRWHQWLDO�WR�VHUYH�DV�D�SRWHQW�
source of climate resilience in uncertain years and 
decades. The rising global temperature, population, and 
need for more productive agricultural land reduce the 
HHFWLYHQHVV�RI�ZDWHU�VWRUDJH�LQ�VXUIDFH�UHVHUYRLUV�GXH�
to high evaporative loss, displacement of people, loss of 
high-quality agricultural land, changes in downstream 
ȵRZ�SDWWHUQV��DQG�DGYHUVH�LPSDFWV�RQ�DTXDWLF�ȴVK�
populations. Therefore, managing water storage in 
aquifers is an increasingly appealing alternative. Unlike 
surface reservoirs, groundwater is naturally insulated 
from surface evaporation and therefore protected—to 
some degree, at least—from climate change impacts. 
Storage in aquifers can be accomplished using 
practices with minimal impacts on land use and human 
displacement. In the face of climate change, sustainable 
use of "hidden" groundwater requires the strategic and 
creative use of existing techniques such as managed 
aquifer recharge.
Making the Invisible Visible

The concept of purposeful underground water 

8QGHUJURXQG�DTXLIHUV�DUH�OHVV�VXVFHSWLEOH�WR�WKH�HHFWV�RI�FOLPDWH�FKDQJH�WKDQ�VXUIDFH�ZDWHU�UHVHUYRLUV��%XW�DV�1$6$
V�GDWD�LQGLFDWHV��
many aquifers are being depleted faster than they can be recharged. Yellow, orange, and red indicate aquifers that are experiencing a net 
loss of water. Source: University of California Irvine/National Aeronautics and Space Administration (NASA).

https://blog.ucsusa.org/marcia-delonge/in-californias-central-valley-drought-is-a-growing-threat-to-farms-food-and-people/%23:~:text=The%20Central%20Valley%20alone%20produces,nearly%206%20million%20harvested%20acres.
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storage known as managed aquifer recharge (MAR) has 
been around for more than a century. But it has been 
gaining renewed attention and fresh prominence since 
the late 20th century as our worldwide climate crisis has 
LQWHQVLȴHG��0$5�LV�WKH�LQWHQWLRQDO�GLYHUVLRQ��WUDQVSRUW��
VWRUDJH��LQȴOWUDWLRQ��DQG�UHFKDUJH�RI�H[FHVV�VXUIDFH�
ZDWHU��VQRZPHOW��VWUHDPȵRZ��ȵRRGZDWHU��VWRUPZDWHU��
and other excess water (recycled wastewater, 
desalinated ocean water, and water from dewatering 
mining activity) into aquifers during a wet period for 
subsequent recovery during dry periods or for the 
HQYLURQPHQWDO�EHQHȴW��0$5�FDQ�EH�DFFRPSOLVKHG�
WKURXJK�D�YDULHW\�RI�DSSURDFKHV�VXFK�DV�LQȴOWUDWLRQ�
basins; aquifer storage and recovery (ASR); aquifer 
VWRUDJH��WUDQVIHU��DQG�UHFRYHU\��$675���ȵRRGLQJ�RI�ODQG�
�)ORRG�0$5���ȵRRGLQJ�RI�DJULFXOWXUDO�ODQG��$J0$5���DQG�
YDGRVH�]RQH�LQȴOWUDWLRQ�GHYLFHV�OLNH�GU\ZHOOV��

Managing Aquifer Recharge: A Showcase for Resilience 
and Sustainability, a new book edited by Yan Zheng, 
Andrew Ross, Karen Villholth, and Peter Dillon, presents 
real-life examples of MAR from around the world. 
The book details how people have collaborated, from 
the village to the state level, to improve the quantity 
DQG�TXDOLW\�RI�ZDWHU�VXSSOLHV�DQG�EXHU�WKHP�DJDLQVW�
drought and emergencies. MAR has been proven 
WR�SURGXFH�D�ZHDOWK�RI�EHQHȴWV�IURP�LQWHJUDWHG�
management of a wide range of conventional and 
unconventional water resources, paving the way for 
global adoption to achieve sustainable development 
goals for water. These MAR success stories are making 
the "invisible" resource of groundwater increasingly 
visible.  

Managed Aquifer Recharge in Agricultural Regions
The 2014 Sustainable Groundwater Management 

Act in California requires groundwater basins with 
VLJQLȴFDQW�RYHUGUDIW��ODQG�VXEVLGHQFH��VHDZDWHU�
intrusion, water-quality degradation, or groundwater 
SXPSLQJ�LQGXFHG�UHGXFWLRQ�LQ�VWUHDPȵRZ�WR�GHYHORS�
sustainable groundwater management practices. 
Among these practices is agricultural managed aquifer 
recharge (AgMAR or FloodMAR), which can include 
winter irrigations in various forms, recharge through 
unlined canals and set-aside land (recharge basins), in 
lieu recharge, and other forms. This innovative method 
takes advantage of large sections of agricultural land to 
UHFKDUJH�ZLQWHU�UXQR�QRW�VWRUHG�RU�XVHG�EHIRUH�RFHDQ�
discharge, and has gained popularity in California. 
AgMAR utilizes in-place irrigation infrastructure to  
recharge excess water and replenish aquifers at large 
scales without changing land use. It can be practiced 
over broad agricultural regions due to connectivity 
with rivers and infrastructure used to deliver water for 
irrigation. Typically, however, there will be only a short 
SHULRG�ZKHQ�FURSV�DUH�QRW�JURZQ�LQ�DJULFXOWXUDO�ȴHOGV�
or are not under pre-growing preparation, depending 
RQ�WKH�FURS�W\SH��7KHUHIRUH��DJULFXOWXUDO�ȴHOGV�SURYLGH�
only a time-limited opportunity for MAR operation 
DQG�FDQ�PLVV�WKH�RSSRUWXQLW\�WR�FDSWXUH��ȵRRG��DQG�
recharge water during some seasons.

Another approach that is gaining prominence in the 
United States and beyond is drywell-MAR. A drywell 
is a vadose zone�LQȴOWUDWLRQ�V\VWHP��'U\ZHOOV��YDGRVH�
zone injection wells) are commonly used as low-impact 
development practices to capture urban stormwater 

As surface water reservoirs come under threat from climate change, AgMAR and drywell-MAR sites, such as this one in Fresno, California, are 
playing an increasingly visible role in water resource management. Sources: Travis Pacheco and Salini Sasidharan.

https://unesdoc.unesco.org/ark:/48223/pf0000379962
https://unesdoc.unesco.org/ark:/48223/pf0000379962
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/vadose-zone
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UXQR��'U\ZHOO�0$5�KDV�D�VPDOO�IRRWSULQW�DQG�LV��
therefore, a great solution where land availability is 
scarce. In contrast to AgMAR, drywells have minimal 
evaporation losses, and subsurface heterogeneity 
FDQ�HQKDQFH�LQȴOWUDWLRQ�DQG�UHFKDUJH�IURP�GU\ZHOOV��
Because of this, drywell-MAR is increasingly popular 
as an alternative or conjunctive MAR technology for 
AgMAR when poor surface soil or low permeable clay 
layers are present at shallow depths.
A Journey with Hurdles 

As with any innovation, there are still hurdles to 
the widespread implementation of MAR. Further 
investigations into aquifer storage capacity and 
HɝFLHQF\�ZLOO�EH�QHFHVVDU\�WR�HQDEOH�VLWLQJ�DQG�GHVLJQ�
of projects. These must be coupled with water-quality 
evaluation and assessment of environmental and 
infrastructure impacts. Management of groundwater 
quantity and quality will also require cooperation 
among government agencies. While the policy 
dimensions are relatively simple for short-term 
storage, water banking for drought relief requires 
agreed-on water-sharing plans and honoring of water 
entitlements. Community engagement may take 
time. Enrique Fernández Escalante and coauthors 
recently reviewed 22 regulations, guidelines, or MAR 
site operation rules to construct the monitored and 
intentional recharge (MIR) conceptual model. A vision 
for a successful MAR project relies on careful regional 
and site planning. 

Furthermore, there are other limits as well. MAR is 
not suitable for all locations—it is useful only in areas 
ZLWK�VXɝFLHQW�VXUIDFH�ZDWHU�UHVRXUFHV�RU�DOWHUQDWLYH�
water that could be used for recharge. Ultimately, MAR 
must be placed in a larger context, recognizing that 
it is one approach in a broader portfolio of methods 
necessary for managing sustainable quantities and 
groundwater qualities for generations to come. !
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Ecological Engineering, Oregon State University. She is an 
expert in managed aquifer recharge with a special focus on 
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MAR such as drywell-MAR.
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