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Preface

The U.S. Geological Survey (USGS) has a long and distinguished record as a source of
unbiased data, information, and scientific results that support wise use and management of water
resources. The “customers” of the Water Mission Area (WMA) of USGS range across a spectrum
of agencies and actors, from federal, state, tribal, and local agencies, to academic research
scientists, to private companies both large and small, and even to individuals who want to plan a
fishing or rafting outing. For much of their work related to water resources, these customers
fundamentally rely on USGS.

There is broad agreement that solving problems related to use of water resources will be of
paramount importance in coming decades. In a 2017 policy statement, for example, the American
Meteorological Society summarized the consensus view of scientists: “The provision of adequate
fresh-water resources for people and ecosystems will be one of the most critical and potentially
contentious issues facing society and governments at all levels during the 21st century.”! In the
United States, the issues with which we are currently grappling—such as the widespread depletion
of groundwater in the High Plains, the fact that the Colorado River rarely reaches the ocean any
longer, and the persistent, harmful algal blooms in Lake Erie—are harbingers of the potential
impacts that can occur in the future if steps are not taken to avoid negative consequences. The
many water resources challenges of the nation have related science challenges because the data
and results stemming from scientific work provide a basis for the difficult trade-off decisions that
will be necessary.

Given the seriousness of looming water challenges, the work of WMA and other USGS
mission areas will become even more important over the next decades and beyond as changing
water resources conditions are experienced. But it would be ill-advised for WMA to spread its
work thinly across all possible questions about water resources. What are the strategic water
science and research opportunities for WMA that would address the highest-priority national water
challenges in the future? These opportunities will evolve substantially from what they have been
in the past as “big data” accumulates and as rapid advances in technology for measurement and
computation continue apace. WMA will have to make wise decisions about choosing key
opportunities and be flexible and nimble in order to adapt to new challenges and apply new
advances as they occur. The Committee on Future Water Resource Needs for the Nation: Water
Science and Research at the U.S. Geological Survey was appointed in August 2017 by the Water
Science and Technology Board (WSTB) and charged with identifying key water resources
challenges and the corresponding strategic opportunities for USGS, particularly WMA, over the
next 25 years. This report represents the consensus views of the committee that were developed
over 9 months of study. Committee members reviewed published documents and other sources of
information, including material gained through interactions with selected stakeholders who
routinely depend on collaboration with WMA in their work and with USGS and academic
scientists.

! See https://www.ametsoc.org/index.cfm/ams/about-ams/ams-statements/statements-of-the-ams-in-force/water-
resources-in-the-21st-centuryl; accessed September 17, 2018.
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Summary

Water is essential for humans and the environment, yet maintaining and providing water
in sufficient quantities and at consistently high quality is a growing challenge. Over the next 25
years, growing populations, climate change, aging water-related infrastructure, and the demands
of agriculture, industry, and energy production and use will increase the need for and threaten the
available quantity and quality of water supplies. Next-generation tools and technology and
collaboration at multiple levels will be needed to understand changes to the water environment
and determine how society can ensure clean, safe, and ample water for all uses.

The Water Mission Area (WMA) of the U.S. Geological Survey (USGS) has a long-
established reputation for collecting and delivering high-quality, unbiased scientific information
related to the nation’s water resources. Federal, state, and local agencies, the private sector,
nongovernmental organizations, academia, and the public rely on WMA for information such as
water quantity and quality and use this information for several purposes, ranging from rapid
responses during emergencies such as hurricanes, floods, and forest fires to the long-term
management of water resources. While WMA is the nation’s leader in water-related research and
information, needs remain and opportunities exist to improve on the services it provides to the
nation.

REPORT APPROACH

USGS asked the Water Science and Technology Board of the National Academies of
Sciences, Engineering, and Medicine to assemble a panel of experts to (1) identify the nation’s
highest-priority water science and resources challenges over the next 25 years, (2) summarize
WMA'’s current water science and research portfolio, and (3) provide recommendations on the
strategic water science and research opportunities for WMA that would address the highest-
priority national water challenges. The complete Statement of Task is presented in Box 1.1. The
Committee on Future Water Resource Needs for the Nation: Water Science and Research at the
U.S. Geological Survey developed this consensus study report to inform WMA on the broad,
complex, and interdisciplinary challenges facing water science and resources.! Federal, state, and
local agencies, nongovernmental organizations, industry, and other groups that work with WMA
will also find this report to be of value.

The committee identified the highest-priority water science and resources challenges over
the next 25 years by consulting with a wide variety of experts from the federal, state, local,
nongovernmental, and academic communities. The committee agreed that the challenges of the

! Biographical sketches of the committee members are provided in Appendix B.
1
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2 FUTURE WATER PRIORITIES FOR THE NATION

future are likely to be similar to, though likely more urgent than, those of today and that emerging
technologies will help advance the response to each of these challenges, which fall into several
cross-cutting categories, as noted below. Next, the committee identified 10 overarching science
questions that, if addressed, would make the most significant contributions to these water science
and resources challenges in the future. This set of questions was further narrowed to five priority
questions that would best utilize USGS strategic scientific resources for the benefit of the nation.

WATER SCIENCE AND RESOURCES CHALLENGES

The committee identified the following water science and resources challenges, which are
global in scope and encompass many interrelated issues:

e Understanding the role of water in the Earth system: As water moves through the
atmosphere, lithosphere, and biosphere, it facilitates physical, chemical, and biological
processes. Understanding how the water cycle responds and feeds back to global
change remains a key challenge in Earth system research.

e Quantifying the water cycle: Effective management of water resources demands
knowledge of how much water there is, its state, and where it is located. Quantification
of the hydrologic cycle is exceedingly difficult because the stocks, flows, and residence
times of water vary spatially and temporally.

e Developing integrated modeling: Models are essential tools for integrating and
synthesizing disparate observations, for understanding complex interactions and testing
hypotheses, and for reconstructing past conditions and predicting future trajectories of
co-evolving systems.

e Quantifying change in the socio-hydrological system: Understanding how human
activities influence water resources is critical to managing these resources in the United
States and globally.

e Securing reliable and sustainable water supplies: Society is dependent on the
availability of clean, reliable, and affordable surface water and groundwater for
drinking water, food and energy production, industrial activities, healthy ecosystems,
and recreational activities and tourism.

e Understanding and predicting water-related hazards: Water-related hazards
represent some of the world’s costliest natural disasters in both economic and human
terms and are increasingly exacerbated by human activities and climate change.

QUESTIONS TO ADDRESS GLOBAL ISSUES AND ADVANCE
USGS STRATEGIC SCIENCE

The committee defined 10 questions that can help address these global, interrelated
challenges, and then focused on a subset for which USGS science could make the most difference.
To narrow these questions, the committee developed and applied a rubric that scored questions
based on the following criteria: scientific importance, societal need, relevance to the USGS
mission, and relevance to USGS partners. The five questions that would have high potential to
benefit USGS strategic science are:
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1. What is the quality and quantity of atmospheric, surface, and subsurface water, and

how do these vary spatially and temporally?

How do human activities affect water quantity and quality?

3. How can water accounting be done more effectively and comprehensively to provide
data on water availability and use?

4. How does changing climate affect water quality, quantity, and reliability, as well as
water-related hazards and extreme events?

5. How can long-term water-related risk management be improved?

no

The other five questions, while still highly important, may be addressed by the broader water
research and resources communities, including USGS, as resources allow. These are:

6. How does the hydrologic cycle respond to changes in the atmosphere, the lithosphere,
and the biosphere through Earth’s history and in the near future? And how do the
hydrologic responses feed back to and hence accelerate or dampen the changes in the
atmosphere, the lithosphere, and the biosphere?

7. How can short-term forecasting for climate, hydrology, water quality, and associated
social systems be improved?

8. How do institutions and governance and institutional resilience impact the quantity
and quality of water?

9. How can understanding of the connections between water-related hazards and
human health be improved?

10. How can competing uses for water resources be managed and maintained to sustain
healthy communities and ecosystems in a changing world?

EMERGING AND INNOVATIVE TECHNOLOGIES

Over the next 25 years, new opportunities will emerge that will allow for observations that
come from an array of sources, are more affordable, offer data from previously inaccessible
locations, provide “fit-for-purpose” temporal and spatial resolution, and deliver measurements of
new parameters. Associated with the wide adoption of those technologies is a need to develop
systems (e.g., hardware, software, management frameworks, protocols) that can rapidly collect
data from disparate sources, assess those data for quality, store and process them, and share them
in near real-time in formats that are informative and accessible for users.

New space- and ground-based sensors, from drones to “lab-on-a-chip” sensors, will
advance observations and analyses of water resources, but many technical challenges exist with
respect to measuring and monitoring water quality. Microsensors remain an area of research and
development that shows great promise, and the technology in this realm will continue to develop,
improve, and become more affordable. Environmental DNA (eDNA) methods can already detect
invasive species from a single sample of water; new insights into environmental health and
resilience will follow. Developments in managing “big data” and integrating data from multiple
sources and of different types will support improved scientific understanding, development of
improved models, and interdisciplinary model integration. An area of great interest is improved
coupled modeling of the natural-human water system. Projections of future human impacts and
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4 FUTURE WATER PRIORITIES FOR THE NATION

water-related risks, however, are inevitably associated with large uncertainties; therefore, a need
exists to develop improved models to support decision-making under uncertainty. Improvements
in water-resources data access and presentation will continue to be needed, as will the expansion
of opportunities for citizen scientists to fill data gaps and supplement existing data networks
through collection of basic water-quality measurements or water sampling for later analysis.

RECOMMENDATIONS FOR WMA

Based on the cross-cutting water science and resources challenges and the overarching and
high-priority questions identified above, the committee arrived at the following recommendations,
which are not presented in any order of importance. The committee also presents recommendations
to help WMA align with USGS strategic directions and provide opportunities for collaborations
among WMA and other USGS mission areas, other federal agencies, and state and local partners.
These recommendations provide a framework to help guide the evolution of WMA, so that USGS
can effectively address the current and future water resources challenges that will face the nation
over the next 25 years. Recommendations 1.1-5.1 are numbered to reflect their relevance to the
five priority questions above (e.g., Recommendation 2.1 is associated with priority question 2:
“How do human activities affect water quantity and quality?”). Recommendations 6-8 are
additional, overarching recommendations.

Recommendation 1.1: Enhance data collection, include citizen science, and develop Web-based

analytical tools.
To enable the nation to meet future water resources challenges, WMA should (1)
strategically enhance the temporal and spatial collection of water quantity, quality,
and water-use data using robust, innovative technologies to develop readily accessible
“fit-for-purpose” information; (2) further infuse citizen science into USGS data-
collection activities to augment traditional monitoring networks; and (3) develop
innovative, intuitive Web-based data analysis and visualization tools for the nation to
better understand the status and trends of its water resources.

Recommendation 1.2: Coordinate with agencies and organizations on data delivery.
As part of the national effort to deliver water quantity and quality data and
information, WMA should coordinate with other agencies and relevant organizations
to co-develop accessible, open, and codified data formats, protocols, interoperability,
and software tools. This will allow integration across data streams and encourage
synthesis of multiple observations in order to detect trends, patterns, and changes in
water quantity and quality.

Recommendation 2.1: Increase focus on the relationships between human activities and water.
WNMA should prioritize investigations of the relationships between human activities
and changes in surface water and groundwater quantity, quality, and water-related
hazards through a careful synthesis of observations and coupled natural-human
systems models forced by climate and socioeconomic factors.
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Recommendation 3.1: Develop a robust water accounting system.
WMA should conduct studies to understand how to best and most efficiently execute
water accounting and how to assess and present uncertainty in the reported data.
Water accounting should go beyond measurement of the resource itself to consider
the biophysical and societal constraints on water use and should include estimates of
consumptive versus non-consumptive water use.

Recommendation 3.2: Collaborate with agencies and organizations on water-data standards
and categories of use.
As part of the national effort to collect water-use data and information, WMA should
collaborate with other agencies and relevant organizations to co-develop standards,
protocols, and clear definitions for categories of water use, and should adhere to
common format standards across states, counties, and watersheds.

Recommendation 4.1: Ensure that monitoring networks provide adequate information to assess
changing conditions.
USGS should periodically assess the state of surface water and groundwater
monitoring networks to ensure that these networks can provide data for hydrologic
impact analyses as environmental conditions change due to climate, agriculture and
other land uses, and urbanization.

Recommendation 5.1: Focus on long-term prediction and risk assessment of extreme water

conditions.
WMA should prioritize activities that address long-term prediction and risk related
to hydrologic causes such as floods, droughts, and water-borne contaminants. WMA
should seek to understand how climate change, land-cover and land-use change, and
other biophysical and socio-economic factors affect the nation’s water resources,
including water quantity and quality, extreme events, and other hydrologic hazards.
USGS should further develop integrative models that can help predict future
hydrologic conditions under these changing climate conditions. These activities will
require integrative studies with other USGS mission areas and should include
resource managers, decision makers, and social scientists.

Recommendation 6: Develop multiscale, integrated, dynamic models that encompass the full
water cycle.
WMA should prioritize multiscale and integrated modeling efforts that dynamically
couple above- and below-ground hydrologic stores and fluxes, water quantities and
qualities, and natural and human drivers and interactions, and utilize diverse
observations ranging from ground-based sensing to Earth observations from
airborne and space-borne platforms.

Recommendation 7: Collaborate as appropriate both within and outside of USGS, including
agencies and the private sector.
Given that water resources challenges are inherently interdisciplinary, WMA should
continue to build and maintain strong collaborations. WMA should maintain and
strengthen ties with other USGS mission areas to maximize the impact of its work on
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observing, understanding, predicting, and delivering water data and issues. WMA
should maintain and strengthen ties with other federal and state agencies, and as
appropriate, international agencies (especially regarding transboundary water
issues) to meet these water resources challenges. WMA should also evaluate and,
where deemed advantageous, engage in private-sector collaborations to develop new
data sources and platforms, and in the dissemination of data and information, models,
and other products.

Recommendation 8: Build a workforce who are ready to take on new water challenges.
WMA should align its current and future workforce to meet critical strategic needs,
specifically building capacity for improved water monitoring; coupled natural-human
systems modeling; and data analysis, analytics, visualization, and delivery using reliable,
accurate, robust, and innovative methods.
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1
Introduction

Water is essential to life and is integral to the development, health, and growth of
communities and ecosystems throughout the United States and the world. Water of specific
qualities and quantities is needed for the production of food, energy, and industrial products; for
the development and operation of infrastructure and transportation systems; and to satisfy basic
human needs in all settings, from the rural to the urban. Thus, water resources are closely linked
to economic development (Brown and Lall, 2006). Natural terrestrial environments and aquatic
ecosystems are also critically dependent on water and its replenishment through the nation’s
interconnected watersheds and their various contributing rivers, lakes, streams, snowpacks, and
aquifers.

In addition to daily water demands and needs for freshwater, perturbations to the
hydrologic system may result in too much or too little water, causing flooding or drought. These
changes to the system, often exacerbated by human-made circumstances, affect the safety,
economy, and wellbeing of people in every part of the country. Flooding, for example, may occur
in response to extreme precipitation, rapid snowmelt, or storm surge. In 2017, the extreme
precipitation from Hurricane Harvey inundated more than 300,000 structures in Houston, Texas,
causing the evacuation of hundreds of thousands of people, with the costs of flood damage from
the event estimated to exceed $125 billion.*

Just as too much water in the wrong place at the wrong time can lead to human, economic,
and ecological losses, too little water also poses risks. While there are several definitions of
drought, climate and weather variability, together with human pressures on water resources, can
combine to cause water scarcity. By many measures, drought risks are on the rise (e.g., Strzepek
etal., 2010; Cook et al., 2015, 2018; Diffenbaugh et al., 2015). Even without the extreme variations
in weather that are linked to the changing climate, growing populations and economies are placing
increasingly greater pressure on water resources (Vorosmarty et al., 2000). California recently
experienced a severe 5-year drought that had significant effects on forest health and fisheries and
led to groundwater overdraft and cutbacks in water availability for agriculture and municipalities
(Griffin and Anhukaitis, 2014; Diffenbaugh et al., 2015).

Although the United States is much better off than much of the world with respect to
deleterious water-related health effects, there is still work to be done (Patel and Schmitt, 2017).
Water contaminants, including microorganisms such as bacteria and viruses and chemical products
produced by modern society, are consistently found in both natural waters and municipal and rural
water supplies (e.g., Kolpin et al., 2002; Focazio et al., 2008; Malham et al., 2014; Campos et al.,
2015), whether through natural breakdown and disposal of these substances or through accidental
or intentional spillage or runoff. However, the quantities, fate, and transport of this large range of

! See https://www.ncdc.noaa.gov/billions/overview; accessed September 4, 2018.
7
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contaminants are not known with certainty. With the advent of new analytical instrumentation,
chemicals that were not previously detectable have been discovered in waterways. Over the past
two decades, it has been shown that these emerging contaminants can pose a threat to both human
and ecosystem health (e.g., Fields et al., 2006). Particularly in the case of emerging contaminants,
their effects on the health of human and natural systems and the ways in which they may transform
or degrade in the environment are not yet well established, in part because the ability to detect and
monitor them is still developing (Richardson and Ternes, 2009).

Water, in all of its natural and constructed environments, represents a fundamental and
sometimes limited resource and a continuous challenge in terms of monitoring and predicting its
behavior, flow, transport, and composition. At present, the state of knowledge is incomplete
relative to how the various stocks of water are organized across the landscape, how flows among
them change, and how and why water quality varies temporally and spatially. Understanding the
natural processes related to water, the ways humans influence and control these processes, and the
related changes in water quality and quantity over time is key to sustaining human health and
prosperity and maintaining environmental quality. A central opportunity for humanity in the 21st
century is to understand the nature of water resources challenges and to develop and apply the
solutions, both institutional and technological, capable of addressing them successfully.

THE U.S. GEOLOGICAL SURVEY AND THE WATER MISSION AREA

Water resources needs of the nation are persistent, dynamic, and require holistic
approaches that depend on multiple lines of science- and engineering-based evidence to help
conserve and sustain water availability for society. The U.S. Geological Survey (USGS) is a
scientific agency housed within the U.S. Department of the Interior and is tasked by the U.S.
Congress to provide scientific information to describe and understand geological processes; water,
biological, energy, and mineral resources; natural hazards; ecosystem and environmental health;
and impacts of global change. As such, USGS is the prime federal agency to inventory, monitor,
and conduct scientific research on the nation’s water resources.

The Water Mission Area (WMA\) is one of seven interdisciplinary mission areas within
USGS. WMA'’s strategy is to provide water resources monitoring, assessment, modeling, and
research data and tools that are relevant to (1) preserving the quality and quantity of the nation’s
water resources; (2) balancing water quantity and quality in relation to potential conflicting uses;
(3) understanding, predicting, and mitigating water-related hazards; and (4) quantifying the
vulnerability of human populations and ecosystems to water shortages, surpluses, and degradation
of water quality. To address this strategy, WMA collects, assesses, and disseminates hydrological
data and analyzes and researches hydrological systems.

WMA works closely with federal, state, and regional partners to coordinate and conduct
scientific studies and is the most important national source of basic water resources data for other
federal agencies such as the Federal Emergency Management Agency (FEMA), the National
Aeronautics and Space Administration (NASA), the National Oceanic and Atmospheric
Administration (NOAA; in particular, the National Weather Service), the U.S. Army Corps of
Engineers (USACE), the U.S. Bureau of Reclamation, the U.S. Department of Agriculture, the
U.S. Environmental Protection Agency (EPA), and other agencies within the U.S. Department of
the Interior. WMA also plays an active and important role as part of the broader research
community and the private and nongovernmental sectors by contributing significant data,
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observations, and analyses to support scientific advances and understanding with respect to water
and to inform water policy and decision-making at the national, regional, state, and local levels
(e.g., NRC, 2009). WMA'’s operational structure fosters interaction with partners at all levels and
ensures that USGS provides focused and relevant national scientific expertise to states and
localities. As an example, WMA is monitoring nitrate levels? at more than 60 sites in the
Mississippi—Atchafalaya River Basin as part of the strategy to reduce hypoxic areas in the Gulf of
Mexico.® WMA serves as a consistent national resource for advancing water science while setting
critical research priorities to meet the persistent and dynamic challenges to the nation’s future
water systems.

As of 2018, WMA has a workforce of approximately 3,750 staff at state and regional Water
Science Centers and headquarters. More than 60 percent of WMA personnel are classified as
hydrologists or hydrologic technicians, with other personnel classified as administrators,
biologists, chemists, computer scientists, and ecologists. As the primary federal agency for water
information, WMA monitors and assesses the quantity and characteristics of the nation’s water
resources, investigates the sources and behavior of natural solutes and contaminants in water (often
with state cooperators and partners), and develops practical tools to improve understanding and
management of this resource. WMA personnel respond to strategic national priorities set by
headquarters as well as regional, state, and local needs determined largely by collaborative
partners. A more thorough discussion of WMA goals and capabilities is provided in Appendix A.

COMMITTEE CHARGE

In 2013, USGS released its Water Science Strategy plan, which examined societal issues
and developed a strategy that “observes, understands, predicts, and delivers water science by
taking into account the water science core capabilities of the USGS” (Evenson et al., 2013, p. v).
Furthermore, WMA seeks to provide water resources monitoring, assessment, modeling, and
research data and tools through observing the water cycle, improving understanding of critical
processes, predicting changes in water availability and quality over time, and delivering water
science data and information to federal, state, and local agencies, the public, tribes, and industry
to support informed decision-making.*

To support its efforts to implement that strategy and to refine it in light of the significant
water challenges the nation continues to face, USGS requested that the National Academies of
Sciences, Engineering, and Medicine’s (the National Academies’) Water Science and Technology
Board undertake a study to examine future water resources and science challenges over the next
25 years and to determine strategic research opportunities on which WMA could focus to address
these challenges (see the Statement of Task in Box 1.1). With a foundation in several prior reports
about water resources and the hydrologic sciences (NRC, 1991, 2009, 2012a), the National
Academies convened the Committee on Future Water Resource Needs for the Nation: Water
Science and Research at the U.S. Geological Survey to respond to this request. (See Appendix B
for the biographical sketches of committee members.)

2 See https://sparrow.wim.usgs.gov/marb/; accessed September 4, 2018.

3 See https://www.epa.gov/sites/production/files/2017-
11/documents/hypoxia_task_force_report_to_congress _2017_final.pdf; accessed September 4, 2018.

4 Data provided to the committee by Dr. Don Cline, USGS Associate Director for Water, at the committee’s first
meeting on September 18, 2017.
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BOX 1.1
Statement of Task

The U.S. Geological Survey (USGS) plays an essential role in meeting the nation’s
water resource needs through its well-established observational network and renowned
water science and research activities. A study by the National Academies of Sciences,
Engineering, and Medicine would provide guidance to the USGS Water Mission Area (WMA)
as it works to address the most compelling national water resource and science needs
during the next several decades. In particular, the study will:

1. ldentify the nation’s highest-priority water science and resource challenges over the next
25 years. This effort should be visionary, and should consider new science and emerging
technologies.

2. Summarize the current water science and research portfolio of WMA. This summary will
include describing WMA'’s primary roles, responsibilities, and capabilities in observing,
understanding, predicting, and delivering water science; organizational infrastructure;
data science, management, and hydroinformatics; range and balance of scientific and
technical expertise; and primary collaborations with several U.S. government agencies
(e.g., NOAA, USACE, Bureau of Reclamation, FEMA, and others), state and local
government agencies, academic institutions, nongovernmental organizations, and the
private sector.

3. Provide recommendations on the strategic water science and research opportunities for
WMA that would address the highest-priority national water challenges identified in (1)
and would have high potential to benefit USGS strategic science and other U.S.
government priorities. This analysis will include discussion about tools WMA may
employ for observing, understanding, predicting, and delivering water science, and will
identify opportunities for collaboration between WMA and other mission areas in USGS,
and other entities (e.g., U.S. government agencies such as NOAA, USACE, Bureau of
Reclamation; state; local; and academic institutions).

The study will consider opportunities for integrating across disciplines and will address
water science and research at multiple scales. The final report will provide visionary
guidance on what directions WMA should pursue to be most relevant to society over the
next several decades.

A VISION FOR THE FUTURE

All components of the water cycle continually respond and adjust to change, from local to
global scales. Over the next 25 years, the technological landscape (including data and modeling)
will look substantially different, and the capability to access and visualize complex data will be
commonplace. In terms of water resources, high-resolution models will integrate data from dense
arrays of ground-based and satellite sensors and remotely sensed measurements, and will in turn
provide accurate, real-time, globally available data products. These products will include not only
customizable and specialized current and forecast precipitation, surface water flows, groundwater
levels, and water quality, but also emergency warnings for floods, droughts, and related hazards.
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From a societal perspective, stronger integration of natural and social sciences with
hydrological, climatological, and ecological analyses will improve understanding of the values,
governance, and instruments that underlie water policy and management, including the needs and
tradeoffs among important water-use sectors. Directed water research will deepen understanding
of the human health and ecosystem consequences of water-related risk, whether from emerging or
known contaminants (including pesticides and pharmaceuticals), increased coastal flood risk,
contaminated floodwaters, water-related diseases, or drought.

With these thoughts in mind, the committee developed a concise vision to help guide its
approach:

The challenges of providing water of adequate quantity and quality for all uses and of
providing protection from water-related hazards are well recognized today. These
challenges will expand in importance over the next 25 years. Technological and
institutional advances and integrated and interdisciplinary approaches and policies will
provide water scientists and managers with the tools they need to meet these challenges.

COMMITTEE APPROACH

The committee convened three information-gathering meetings (September 18-19, 2017,
Washington, DC; November 30—December 1, 2017, San Diego, California; February 8-9, 2018,
Chicago, Illinois) and an additional closed session meeting to develop and finalize this report
(April 19-20, 2018, Washington, DC). The committee heard presentations from leaders in fields
related to many aspects of the Statement of Task (SOT), including those from state and federal
agencies, the private sector, and nongovernmental organizations. In addition, the committee held
several webinars on topics such as hydroinformatics, water management, and technological
advances in water research and monitoring and gathered information from a questionnaire
distributed to Water Science Center directors and to state geologists. Appendix C lists the
presenters and participants at these information-gathering meetings and webinars, as well as the
questionnaire respondents. The committee also consulted peer-reviewed research literature, state
and federal government reports, and international documents to provide a strong scientific
foundation for this report.

Although the committee heard several presentations from USGS WMA personnel about
their ongoing work, a complete review of WMA programs and an evaluation of the effectiveness
of current WMA programs was outside the scope of its Statement of Task (see Box 1.1). Rather,
the committee focused on how new science research and emerging technologies might be used in
coming decades, whether applied to current topics or to new directions for WMA, and provided
suggestions for how WMA can position itself to take advantage of these changes.

The report structure is as follows: Chapter 2 identifies the highest-priority water resources
and science challenges for the nation for the next 25 years (SOT 1) and Chapter 3 identifies, among
those challenges, where and in which formats WMA can add unique value through its scientific
work (SOT 3). Appendix A provides a high-level summary of WMA activities and partnerships
(SOT 2).
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2
Water Science and Resources Challenges for the Next 25 Years

The United States and the world face critical issues that put increasing pressure on water
resources, including growing populations, climate change, extreme weather, aging water-related
infrastructure, and demands for food, energy, and industrial production. These issues can create
threats to water quantity and quality and result in greater exposure to hydrologic extremes and
hazards, affect economic and policy decisions, and exacerbate the balance of tradeoffs between
human and ecological water uses and needs. Scientific and technological advances to help
quantify, characterize, understand, and predict water resources will be key to address these issues
nationally and globally, helping inform and support balanced water use, management approaches,
and access to safe water for people and ecosystems.

The Water Mission Area (WMA) tasked the committee to identify the highest-priority
water science and resources questions for the United States over the next 25 years. As it considered
this quarter-century perspective, the committee spent considerable time deliberating about whether
the pressing water issues of today will still be relevant in 25 years or whether an entirely new set
of water science and resources questions will emerge. The committee’s consensus is that the
fundamental water issues of today, as well as their societal relevance, will only become more
significant and far-reaching as time proceeds.

As part of its information gathering, the committee considered the significant body of work
represented in previous National Research Council reports such as Toward a Sustainable and
Secure Water Future: A Leadership Role for the U.S. Geological Survey (NRC, 2009), Global
Change and Extreme Hydrology (NRC, 2011), Challenges and Opportunities in the Hydrologic
Sciences (NRC, 2012a), and Preparing for the Third Decade of the National Water-Quality
Assessment Program (NRC, 2012d). The committee also discussed a wider variety of water
science and resources issues with experts and stakeholders from government agencies, academia,
and nongovernmental organizations.

On the basis of these resources, coupled with its knowledge and additional background
research, the committee identified six cross-cutting water challenges:

Understanding the role of water in the Earth system;
Quantifying the water cycle;

Developing integrated modeling;

Quantifying change in the socio-hydrological system;
Securing reliable and sustainable water supplies; and
Understanding and predicting water-related hazards.

13
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A discussion of each of these challenges is presented below. Another theme that was consistently
raised by the spectrum of stakeholders who provided input to the committee was the continuing,
rapid expansion of technologies to observe, process, and visualize water-related information.
Based on consideration of these six water science and resources challenges and the opportunities
provided by technological advances, the committee compiled a set of high-priority science
questions to address the challenges. These priority questions are presented in the last section of
this chapter.

WATER SCIENCE AND RESOURCES CHALLENGES
Understanding the Role of Water in the Earth System

The water cycle is of central importance in Earth system functions and is a primary driver
of energy and biogeochemical cycles (e.g., Eagleson, 1986). As water moves through the
atmosphere, the lithosphere, and the biosphere, it facilitates many physical, chemical and
biological processes and carries with it latent heat, sediment, nutrients, and carbon that regulate
the Earth’s climate system from diurnal to geological time scales (Schlesinger and Bernhardt,
2013; Korenaga et al., 2017). The hydrologic cycle has undergone profound changes throughout
Earth’s history, responding to changes in the atmosphere (e.g., radiative budget from orbital and
greenhouse gas forcing), the lithosphere (e.g., plate tectonics, orogeny, subsidence, weathering),
and the biosphere (e.g., evolution and upland colonization of land plants, the emergence of
angiosperms). Changes in the hydrologic cycle feed back to the energy and biogeochemical
budgets of the atmosphere, the lithosphere, and the biosphere through complex interactions (Clark
et al., 2015; Good et al., 2015). Understanding how the water cycle responds and feeds back to
global change in the past and in the near future, and with increasing human pressure on water and
other parts of the global system, remains a key challenge in global change research (Haddeland et
al., 2014; Kaushal et al., 2014). It also presents opportunities to transform the knowledge and
improve the predictive capabilities of the Earth as a system. This fundamental scientific knowledge
is needed for the effective management of water resources.

Quantifying the Water Cycle

Effective management of water resources demands knowledge of where and how much
water exists in key stocks (e.g., in glaciers, snowpacks, aquifers, lakes, rivers, soils) and how water
moves within and among these different stocks (NRC, 2012a). Quantifying the water cycle is
exceedingly difficult because the stocks, flows, and residence times of water vary spatially and
temporally, as do the relevant parameters that influence their residence time and location (e.g.,
soil, land cover, aquifer characteristics, topography, dam and reservoir management, agricultural
practices). Accurate measurements of the physical and chemical properties of water are needed, as
well as an understanding of the biogeochemical transformations that affect water quality
(Michalak, 2016). Land-cover and land-use change, infrastructure such as dams and levees, and
climate change intersect with and alter the water cycle, adding more complexity to efforts to
quantify it.
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Developing Integrated Modeling

Models are essential tools for integrating and synthesizing disparate observations, for
elucidating complex interactions and testing hypotheses, and for reconstructing past conditions
and predicting future trajectories of co-evolving systems. Models can aid in assessing the potential
for rapid environmental change and can help harness vast amounts of data in visually compelling
ways that can provide information to decision-makers. Historically, hydrologic simulation has
focused on individual components of the hydrologic cycle (e.g., groundwater models, surface
water models); consequently, an urgent need exists for improved, integrated models of water
systems (Davies and Simonovic, 2011). Such models can simulate multiple parts of the hydrologic
cycle simultaneously, and build on the explosion of information and advances in data and
computation technology. These models can ideally link to other models of the terrestrial system,
such as those for land use and land-use change, ecosystems, and the biosphere; geochemical
components such as carbon and nitrogen; and the atmosphere, including weather.

These types of integrated models are needed as society faces mounting pressure over
competing demands for limited natural resources and the need to improve predictive capabilities
of the state and behavior of the water system, as well as the delivery of that knowledge to users.
Integrated modeling for water will need to link groundwater and surface water (Refsgaard et al.,
2010); provide measurements of water quantity and quality, land-atmosphere feedbacks, and
precipitation; and represent human decisions explicitly (Davies and Simovic, 2011; Jaeger et al.,
2017). Such models will need to be constrained by observations (NRC, 2008) and provide outputs
that can be tuned to user needs at a range of scales (Garcia et al., 2016).

Given the complexity and range of spatial-temporal scales of water movement through the
hydrologic cycle, it may be impractical to integrate all stocks and fluxes in a single model,
especially when also integrating complicated, scale-dependent suites of natural and human drivers
and feedbacks. The challenge will be to formulate problem-driven conceptual models that identify
key drivers and responses at relevant scales and to remove barriers among different disciplines
(e.g., vadose zone, surface water, groundwater, water quantity, and specific quality) to develop
integrated modeling approaches.

The National Water Model (NWM) is one example of the potential for integrated water
models to help support and enhance decisions about flooding, droughts, and other societal risks in
real-time (see Box 2.1). This integrated model was recently developed jointly by the National
Oceanic and Atmospheric Administration’s (NOAA'’s) Office of Water Prediction, the National
Center for Atmospheric Research (NCAR), the academic community (i.e., Consortium of
Universities for the Advancement of Hydrologic Sciences, Inc.), the U.S. Geological Survey
(USGS), the U.S. Army Corps of Engineers (USACE), and other federal agencies.
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BOX 2.1
The National Water Model

The National Water Model (NWM) is designed to forecast streamflow in real-time
across the nation by mathematically describing the physics of water movement from
precipitation to streamflow. The input variables include real-time analysis and assimilation
of precipitation data, USGS streamgage information, and land-surface properties such as
terrain slope and river channel morphology. The output variables are streamflow in real-time
with 18-hour, 10-day, and 30-day lead times at millions of stream reaches across the nation.

Compared with the early generation of river forecast models, the NWM is being
developed to predict not only high flows and flooding, but also low flows and drought
conditions, and has expanded the number of stream reaches along which these forecasts
can be made from less than 4,000 to more than 2.7 million. The NWM is built on an Earth
system modeling platform—the NCAR Water Research and Forecasting Hydrologic Model
(WRF-Hydro) framework—which enables modular development and multiple, new process
coupling in the future, such as water quality forecasting.

USGS played an important role in the conception of the NWM and continues to be a
key partner in its ongoing design, development, and testing. The current version of the NWM
assimilates streamflow observations provided by USGS at more than 7,000 streamgages.
USGS is leading the development of the subsurface model to simulate soil water and
groundwater movement, the latter buffering flooding and providing baseflow to streams.
USGS is also envisioned to play a critical role in providing foundational datasets such as
subsurface porosity and permeability. Opportunities exist to integrate new and innovative
approaches to mapping subsurface geology and hydrostratigraphy in three dimensions,
which could provide natural links to other USGS activities such as the National Cooperative
Geologic Mapping Program. USGS could also help to improve the NWM through additional
data collection, which could be used to test and validate the model, and through
incorporating management complexities in the nation’s rivers, such as reservoir operations.

Quantifying Change in the Socio-Hydrological System

Human activities and actions can affect water resources in a variety of ways. Water
infrastructure and its operations (e.g., dams, groundwater wells), coupled with urban and
agricultural land-use change, can affect water quantity and quality; while land-use management
practices and contaminants from human activities also alter its quality. These activities influence
water resources availability and quality across the United States and globally (Gleick, 2003a;
Nilsson et al., 2005), and can reduce or enhance flood risks. For example, global changes in the
freshwater discharges from land to the oceans are a reflection of alterations to the hydrologic cycle
in response to climate change (Syed et al., 2010; Durack et al., 2012) and to continued human
alteration of water flows through ongoing reservoir construction (Chao et al., 2008). Changes in
climate that result in warmer temperatures, stronger storms, more droughts, and changes to water
chemistry can further alter water quality (Georakakos et al., 2014). These effects, and others such
as nutrient pollution leading to harmful algal blooms (including cyanobacterial), can influence the
economy by affecting riparian development, ecosystem health (and their services), recreation and
tourism, water treatment, and public health and well-being (Repetto, 2012; Michalak, 2016).
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Securing Reliable and Sustainable Water Supplies

Society depends on the availability of clean and reliable surface water and groundwater for
the provision of safe drinking water, food and energy production, industrial water supply, healthy
ecosystem functions, and support of recreational opportunities and tourism (NRC, 2012a).
Reliability of water resources, in turn, depends on efficient and effective infrastructure for water
delivery and conservation (EPA, 2016). The impact of extreme weather events such as drought
and floods, as well as the effects of climate change, represent threats to water resources (Boehlert
et al., 2015). In addition, natural and managed water systems are increasingly affected by land and
water management decisions (NRC, 2009).

To manage water resources in ways that can meet societal and environmental needs, the
amount of water available has to be quantified and the reliability of water sources in the face of
pressures from extreme events and failing infrastructure has to be understood (Gleick et al., 2013).
Real-time information is also needed to effectively manage these resources to guard against
overuse. A sound science base can inform management decisions regarding aquatic ecosystems
that have to respond to changing flow regimes and water quality (Vorésmarty et al., 2010; NRC,
2015, 2016). In addition, ensuring that environmental flows of water are adequate necessitates
interdisciplinary work to quantify ecosystem habitat and processes (Novak et al., 2016).
Considering water resources in the context of integrated resources management can bring an
integrative understanding of the feedbacks between water and these other resources that will
ultimately affect water security (Barthel and Banzhaf, 2015).

Understanding and Predicting Water-Related Hazards

Water-related hazards represent some of the world’s costliest natural disasters in both
economic and human terms (see Box 2.2) and are increasingly exacerbated by human activities
and global change. Scenarios of climate change predict, for example, that the United States will
see an increase in heavy precipitation, regionally varying changes in flood hazard, and increased
risk of chronic long-term drought in the western United States (USGCRP, 2017). Understanding
these complex interactions, managing the effects of human activities on water-related hazards and
extreme events, and communicating the associated risks for lives, livelihoods, and the environment
will need science informed by high-quality, long-term data and analysis and high-resolution
modeling tools. Impacts from human activities are not limited to climate; for example, widespread
use of de-icing salt on roadways in the northern United States has resulted in increased chloride
concentrations in freshwaters, which can degrade ecosystems and compromise drinking water. The
highest contamination is associated with urban land use and impervious surfaces (Boutt et al.,
2001; Kaushal et al., 2005). Better understanding of local impacts can also be complemented by
increased understanding of large-scale feedbacks and the implications for atmospheric and
terrestrial systems. Understanding the hydrological impacts of humans on water-related hazards is
a continuing challenge (Gleick et al., 2013).
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BOX 2.2
Water Related Hazards and Their Impacts

Too much or too little water can be immensely damaging. California’s 5-year drought
(2012—-2016) caused a range of environmental and economic effects, including disruptions
to agricultural production and access to domestic water, loss of hydropower (which led to a
$2.5 billion increase in electricity costs), and major drawdown of groundwater resources
(Mann and Gleick, 2015; Gleick, 2017). This followed Texas’ worst 1-year drought on record
in 2011, which harmed agricultural production and crop prices (Nielsen-Gammon, 2012).
New York City suffered $19 billion in damages from Superstorm Sandy, which led to the
adoption of flexible adaptation plans for the future (Rosensweig and Solecki, 2014). Such
disasters affect human health, infrastructure, and social functions, as well as agricultural
and industrial production, and can have regional and even global economic consequences.
Severe flooding in Thailand in 2011 was estimated to have caused $46.5 billion in economic
losses due to disruption of global supply chains for key electronic components (World Bank,
2012).

Extreme weather can have direct effects on soil moisture, river flows, and
groundwater, as well as degradation of water quality. Extreme precipitation events include
freezing rain in winter climates, which can disrupt transport and threaten powerlines that
supply large populations. Water-quality hazards arise from short-term accidental releases,
such as a pipeline break, long-term release of pollution from contaminated sites, or non-
point source pollution from nutrients (e.g., Kling et al., 2011; Michalak, 2013; Jetoo et al.,
2015; Compton et al., 2016; Steffen et al., 2017). Hurricane Harvey even affected
groundwater when contaminated floodwaters seeped into water wells (Stuckey, 2017).
These direct effects may have multiple and interconnected secondary outcomes, such as
landslides from excess rain, pest outbreaks, dust storms, and wildfires due to drought.

EMERGING TECHNOLOGIES

New technologies will emerge over the next 25 years that will allow for observations that
come from a wide variety of sources, are more affordable, offer previously inaccessible location
data, provide “fit-for-purpose” (i.e., designed to meet the specific requirements of its intended
purposes) temporal and spatial resolution, and deliver measurements of new parameters. Together
with the wide adoption of those technologies, there will be a need to develop systems (e.g.,
hardware, software, management frameworks and protocols) that can rapidly bring together
disparate datasets from a wide variety of sources, assess the data for quality, and then process,
store, and share them, in near real-time ways that are informative and accessible for users. The
growing field of hydroinformatics will also be critical for combining the societal issues related to
water use and need with large volumes of scientific datasets to provide innovative new insights
into water resources.

While it is impossible to foresee all the advances in techniques and equipment that might
occur over the next 25 years, great gains in the ability to understand and predict water quantity
(surface and subsurface), quality, flow directions and rates, and residence times have come from
observations related to satellite-based or airborne platforms, shallow-earth geophysical techniques,
miniaturization of sensors, and data acquisition in remote settings. Biogeochemical markers (e.qg.,
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viruses, genetic material) used as environmental tracers and environmental DNA (eDNA) are
poised to change the landscape of understanding environmental dynamics, including water
resources. High throughput genetic sequencing of eDNA samples (e.g., application of
metagenomics methods) could revolutionize the detection of pathogens and invasive species and
provide important insights into aquatic ecosystem health and the cumulative impacts of multiple
stressors. As new technologies gain hold or become established, there will be opportunities for
greater analytical precision, accuracy, and lower costs for almost all laboratory methodologies.
Real-time data processing, real-time links among data sources (e.g., between satellite observations
and land-based sensors) and better analysis and visualization capabilities will increase the value
of each sample collected.

Sensors for making ground-based observations have advanced significantly in ways that
will allow high-density sensing in the future. These include applications such as the use of
ultrasound to determine river stage, radar for measuring stream velocity, and the application of
autonomous vehicles (both airborne and ground-based) as platforms for lidar and other remote-
sensing applications. Distributed temperature sensing allows measurements to be made over time
and space in streams and aquifers (in wells), which can also be used to indirectly measure soil
moisture. Improvements are also likely in the quality and resolution of real-time precipitation
measurements at locally relevant scales using radar and other remote-sensing tools. Snowpack
measurement can be conducted using sensors that are able to determine snow depth, density, grain
size, and albedo. Geophysical tools currently in use and in development (e.g., ground-penetrating
radar, passive seismic, magnetic resonance imaging, optical and acoustic borehole imaging) can
acquire valuable information about the subsurface including the presence, general composition
(i.e., saline versus fresh), and flow of water. There are likely to be leaps in the application of
artificial intelligence approaches to maximize autonomous, decentralized systems such as sensor
networks.

Chemical measurements by deployable sensors are currently limited to only a basic set of
water quality parameters (e.g., temperature, pH, dissolved oxygen). Probes to measure nitrate have
been in existence for some time but remain relatively expensive to deploy and maintain.
Commonly used water-quality probes require frequent field maintenance, which substantially adds
to their costs (Wagner et al., 2006). Sensors that measure light absorbance can indirectly measure
other water quality parameters, such as dissolved organic carbon and algae (Wymore et al., 2018).
There have been promising developments in sensors that can measure other chemical species by
voltammetry and microfluidic lab-on-a-chip technologies (Buffle and Tercier-Waeber, 2005;
Cogan et al., 2015; Barton et al., 2016; ter Schiphorst et al., 2018). Other advances, including the
miniaturization of instruments such as mass spectrometers, could make them field-deployable over
the next 25 years (Snyder et al., 2016). However, issues regarding powering and hardening these
sensors have been challenging.

The use of space-based Earth observation platforms supported by the National Aeronautics
and Space Administration (NASA), NOAA, USGS, and international agencies have dramatically
changed observations of the water cycle (NASEM, 2018a). Current missions that are sensing
critical water parameters include the follow-on missions of the Gravity Recovery and Climate
Experiment (GRACE-FO),* the U.S. Soil Moisture Active Passive (SMAP),% and the Global
Precipitation Measurement (GPM)?® satellites. The Surface Water and Ocean Topography

! See https://gracefo.jpl.nasa.gov; accessed September 4, 2018.
2 See https://smap.jpl.nasa.gov; accessed September 4, 2018.
3 See https://[pmm.nasa.gov/GPM and https://svs.gsfc.nasa.gov/Gallery/GPM.html; accessed September 4, 2018.
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(SWOT)* Mission to survey the topography of the Earth’s oceans and terrestrial surface waters is
expected to launch in 2021. The Moderate Resolution Imaging Spectroradiometer (MODIS)® and
the Visible Infrared Imaging Radiometer Suite (VIIRS)® can measure snow-covered area, Snow
grain size, and snow albedo. Passive microwave sensors can estimate snow water equivalent over
relatively flat, treeless regions, although global space-based measurement of snow water
equivalent remains elusive. The application of space-based observations will continue with the
advanced sensors developed and launched by NASA and international partners, as well as rapid
deployment of large numbers of private-sector-funded satellite missions.

PRIORITY RESEARCH QUESTIONS

Given the water science and resources challenges and emerging technologies described
above, the committee identified 10 science questions that, if addressed, would make the most
significant contributions to respond to these and other challenges in the future. The questions
below are not presented in any order of priority, as each is of critical importance for science and
society. Although USGS could potentially contribute to advancing any of these questions, the
committee further refined this set of questions in Chapter 3 to a smaller set representing those that
would have the highest potential to advance USGS strategic science and other government
priorities.

1. What is the quality and quantity of atmospheric, surface, and subsurface water, and how
do these vary spatially and temporally?

Measuring water quantity is fundamental to the management of water resources.
Understanding the amount and reliability of water sources is also key to water treatment and energy
production and to industries that depend on water to produce their goods. As noted by Vogel et al.
(2015), traditional approaches to water resources planning have centered on water quantity, while
water quality assessments and the effects of human activity over time are assessed independently.
There is growing awareness of the need to consider integrated water quantity and quality from a
multidisciplinary perspective, including coupled interactions and human influences on both
(Tundisi et al., 2015). Integrated understanding will become more pressing in the coming decades
as water security issues become even more urgent. Water stocks, fluxes, and water quality
parameters (including a range of natural chemicals, the contaminants introduced by human
activities, and the water temperature of streams, rivers, and lakes) need to be measured, analyzed,
and modeled. However, new technologies and methods used to measure water quantity and quality
need to be fully validated before these data can be used in an interpretative manner.

Groundwater is increasingly being relied on for drinking water, agriculture, and industrial
and energy production (e.g., Alley et al., 1999) and integrated studies will increasingly be desired.
For example, understanding interactions between surface water and groundwater over time has
grown in importance as water withdrawals from both surface and subsurface sources have
increased. Because this interface is a highly reactive biogeochemical zone, it influences important
functions such as the processing of major elements (e.g., carbon, nitrogen, phosphorous) and the
attenuation of organic contaminants (Berner, 2003; Zeng et al., 2012; Schlesinger and Bernhardt,

4 See https://swot.jpl.nasa.gov; accessed September 4, 2018.
> See https://modis.gsfc.nasa.gov; accessed September 4, 2018.
b See https://jointmission.gsfc.nasa.gov/viirs.html; accessed September 4, 2018.
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2013). Coordinated programs to monitor, assess, and model the individual and joint effects of
changes in the use of surface and subsurface waters and of the introduction of contaminants to
these waters will continue to be essential. However, making improvements in all aspects of the
programs as technologies advance in the coming decades will be a major challenge.

2. How do human activities affect water quantity and quality?

Many human activities affect the quantity of water available over time and space (Khatri
and Tyagi, 2014). Effects of water use range in scale from very large—such as the major water
diversions associated with the Colorado River Aqueduct or the Central Arizona Project (Zuniga,
2000) that bring water to arid regions of the country—to much smaller and less obvious transfers,
such as water lost from leaking infrastructure (e.g., irrigation canals, water mains, and sewers).
Human influences can also affect water quantity issues such as flood risk. Urbanization and
agricultural land use can enhance rapid runoff from storms and rapidly channel stormwater to
streams and rivers. Flood protection works can remove natural attenuation processes, increase
flood risk downstream, and increase floodplain inundation levels (Wheater, 2006).

In addition to knowing the volumes available in surface water and groundwater and the
flows within and between them, a critical science need is to learn how human activities affect these
sources and sinks so that future impacts can be anticipated. Threats to water quantity are regional
in nature and typically occur in areas that are both arid and population-dense and in agricultural
regions that are heavily reliant on groundwater for irrigation (MacDonald, 2010). Additionally,
many regions rely on sufficient winter snowpack in mountainous regions to deliver water
throughout the rest of the year and to recharge deep aquifers (Barnett et al., 2005; Mankin et al.,
2015); yet, snowpacks are continuing to decline (Allchin and Déry, 2017; Mote et al., 2018). Even
humid regions with normally abundant resources are still susceptible to sustained drought and
increased demand (e.g., the Delaware River Basin’ or New York City [NASEM, 2018b]).

Urban land uses can affect water quality by increasing non-point storm water runoff and
point sources of wastewater effluent (NRC, 2009); degrade groundwater quantity and quality
through excessive drawdown, induced infiltration, reduced recharge, and multiple contaminant
sources; and mobilize sediment. The expansion and intensification of agricultural land use has
negatively influenced water quality at local, regional (Hansen et al., 2018), and continental scales
(Diaz and Rosenberg, 2008), and also reduced the availability of water. Efforts in the United States
to remove low-head dams and to return streams to their natural flows could mobilize stored
sediments. The effect of these sediments to downstream environments could be deleterious to
benthic ecosystems (e.g., Mbaka and Mwaniki, 2017), but the limited evidence to date show little
impact with respect to legacy organic contaminants (Cantwell et al., 2014). Providing new data
and science to address these issues is a critical need, given the increasing urbanization of the world
and the need to produce more food as the global population expands.

Water is also used to transport human and industrial waste and is an essential component
of numerous industrial processes (Peters and Meybeck, 2009). Produced and flowback water as
byproducts of unconventional hydrocarbon development have become more prevalent over the
past decade, raising water quality and quantity concerns (Vidic et al., 2013; NASEM, 2017).
Excess nitrogen, phosphorus, and pesticides from agricultural runoff, organic solvents that
contaminate groundwater, microbial contaminants such as E. coli, per- and poly-fluoroalkyl
substances (PFAS), and thermal pollution from power plants, municipalities, and reservoir releases
all affect water quality in freshwater systems across the nation.

" New Jersey v. New York, 347 U.S. 995 (1954).
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By increasing the export of dissolved nutrients downstream, land uses that disturb soils can
fuel harmful algal blooms with cascading implications on environmental and human health
(Rabalais et al., 2002, Kovacic et al., 2006). Harmful algal blooms threaten both potable water
supplies and aquatic ecosystems alike (NRC, 2011), yet the ability to predict their extent and
duration remains uncertain. Changing land use also affects large-scale hydrological cycle
functions. Changing urban and rural landscapes, including irrigated agriculture, alter the
evaporation feedbacks from land to atmosphere and have the potential to influence long-term
propagation of atmospheric moisture and storms (VorGsmarty et al., 2004; Sterling et al., 2013).

Emerging contaminants (e.g., viruses, pharmaceuticals, new pesticides, personal care
products, estrogenic compounds, nanomaterials) represent an unquantified potential threat to water
quality and public health. Much remains unknown about the fate and transport of these
contaminants (NRC, 2001, 2013). Research to minimize or mitigate negative effects of emerging
contaminants on both water quantity and quality is critically needed (Rosi-Marshall et al., 2014),
as the fate and ecosystem consequences of these compounds remain understudied (Boxall et al.,
2012; Rosi-Marshall et al., 2013).

3. How can water accounting be done more effectively and comprehensively to provide data
on water availability and use?

Accurately and completely accounting for water—understanding how much water is
available, how it changes throughout the year, and how it is allocated—is critical for effective
water management. However, current data-collection programs, including both measurement
methods and the resulting data, are not sufficient to allow for the comprehensive accounting of
water use and availability (Cooley et al., 2013). For example, in the United States, current water-
accounting reports generally quantify only water withdrawals and do not distinguish between
water that is returned to the hydrologic system or is used for consumption (Kenny et al., 2009). In
the United States, USGS has made efforts to quantify some of these water uses, including surface
water and groundwater use and trends in water use from 1950 to the present.® Many regions in the
world, however, completely lack basic water-use data. Even when data are collected, availability
tends to be limited and data quality may be questionable. Establishing consistent efforts for the
collection, compilation, analysis, and reporting of comprehensive water-use data is needed to allow
effective management of resources and avoid water catastrophes. Data from all countries will be
necessary as global interconnections in water resources become ever more prominent.

Countries across the world need to improve water accounting (Gleick, 2003a). In the
United States, for example, while there are direct measurements of domestic water withdrawals at
the local and state levels, the amount and type of data gathered is generally dependent on need
(Dieter et al., 2018). This is particularly true in many rural areas or areas where there is currently
an adequate water supply to meet all existing needs including human consumption, irrigation, and
power generation (Dieter et al., 2018). In areas where demands are high and water resources are
limited, water-use data are generally acquired at or near the end use (e.g., household or industry
delivery point) (Maier et al., 2016; Siegrist, 2017). Because “consumptive use” (defined as
withdrawn water that is no longer available for immediate use) is not generally quantified, it is
difficult to assess how these losses affect existing stocks, especially in areas experiencing water
insecurity. Finally, no standard protocol exists to delineate between direct (e.g., bathing, drinking,
agriculture) and indirect water use (e.g., used to produce goods, virtual water). Indirect water use

8 See https://water.usgs.gov/watuse; accessed September 4, 2018.
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can only be estimated, as there is no direct means to measure these stocks and these models are
reliant on USGS water-use reports (Blackhurst et al., 2010).

The procurement of adequate data is key to effective accounting systems. Data are needed
on national water use, streamflow, groundwater, water quality, and ecosystem needs in order to
accurately account for water resources.

4. How does changing climate affect water quality, quantity, and reliability, as well as water-
related hazards and extreme events?

Climate change is intensifying natural perturbations in the water cycle, as warmer
temperatures increase evaporation, precipitation, and the water-vapor holding capacity of the
atmosphere (Giorgi et al., 2011; Trenberth, 2011). When storms occur under such conditions, they
can be more intense and lead to floods; while during hot, dry seasons, these same effects amplify
drying of the land surface and contribute to droughts. Under current rates of carbon dioxide
forcing, average annual U.S. temperatures are projected to warm by 6°F to 7°F over the next 50
years, with disproportionate warming in mountain regions (Pepin et al., 2015). Glacier retreat and
reduced snowpack with earlier snowmelt will change the magnitude and timing of mountain river
flows. In northern regions, permafrost thaw will change landscapes and hydrological connectivity,
while earlier river ice breakup will change flood risk. More generally, the change to more intense
precipitation and faster runoff will likely reduce groundwater recharge and surface-water base
flows and climate-driven changes to terrestrial ecosystems, including carbon fertilization and
changing fire regimes, will further modify hydrological response.

Water quality is also being altered by climate change. Higher temperatures lead to warmer
water in streams and rivers, often negatively affecting cold-water fisheries, facilitating the success
of invasive species (e.g., sea lamprey in the Great Lakes), and potentially exacerbating the effects
of land-use change (e.g., deforestation) or industrial activities (e.g., water discharges from thermal
power plants). Intense rain events, especially those following severe wildfires, increase erosion
and sediment transport, which in turn mobilize contaminants. Warmer summers exacerbate
harmful algal blooms (including cyanobacteria blooms) in lakes as toxic algae proliferate in
warmer waters (Chapra et al., 2017). Rising sea levels can lead to saltwater intrusion into coastal
aquifers (Green et al., 2011). Changing water quantity and degrading water quality are already
presenting severe challenges to water resources management and are anticipated to accelerate as
climate continues to change. Changes in the water cycle in future climate scenarios will not affect
all parts of the world in the same way and could have significant and different impacts on a regional
scale. New science is needed not only to project expected changes in water resources in the future
but also to quantify, analyze, and explain the uncertainty surrounding future projections.

There is a need to understand the likely effects of climate change on extreme events. While
enhanced resolution of climate models will improve the explicit representation of precipitation
(Rasmussen et al., 2011), it is also likely that predictive uncertainty associated with scenarios of
future climate and their impacts on regional hydrological systems will remain high (Trenberth,
2010). Particular challenges arise for northern environments, where the hydrology is dependent on
cold-region processes of snow, ice, and frozen soils and where these regions are rapidly warming
with potentially large feedback effects (DeBeer et al., 2016).

Infrastructure design and risk-management practices in the United States and many other
countries are based on the assumption of climate and catchment stability (Milly et al., 2008).
Design methods for water infrastructure are based on observed flow and precipitation records,
which are typically very limited in record length in comparison with the frequencies of extreme
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events that are of concern (Galloway, 2011). A new paradigm is needed to guide new infrastructure
design and manage the increased risks associated with socioeconomic development and
accelerating environmental change (Milly et al., 2008). Furthermore, given the inherent
uncertainties associated with projections of future climate and land-use impacts on the hydrologic
cycle, there is a need to develop a framework for decision-making under uncertainty (Lempert and
Schlesinger, 2000; Lempert et al., 2003; Wheater and Gober, 2015).

5. How can long-term water-related risk management be improved?

A 2001 National Research Council report identified grand challenges for environmental
sciences (NRC, 2001). One of the challenges was “to predict changes in freshwater resources and
the environment caused by floods, droughts, sedimentation, and contamination in a context of
growing demand on water resources” (NRC, 2001, p. 31). Given the apparent continuing escalation
in water-related disasters (see Box 2.2), this remains an important challenge for water science in
the future. The report noted the following:

In meeting this challenge, science would draw on new high-resolution atmospheric,
surface, and subsurface data obtained as a result of rapid advances in remote sensing and
geophysical technology. Multidisciplinary collaboration, field measurements and
experiments, and data integration would enable the development of a new body of
hydrologic science, linking traditional hydrology, geomorphology, and aquatic/riparian
ecology. (NRC, 2001, p. 33)

All of these elements—new data, new integration, new science—will continue to grow apace in
the future. It is imperative to continue advances in the ability to make useful multi-decade forecasts
that can enable informed management of future risks to water supplies, water quality, and risks
from floods and droughts.

Risks from land and water management are often multifaceted, affecting water flows, water
quality, and ecosystem health. In addition, vulnerability to hydrological events is driven by societal
policy, not simply the physical system. For example, human exposure to risk may be affected by
choices such as installing engineering infrastructure for hazard mitigation (e.g., seawalls, levees),
providing flood insurance in flood-prone areas (which may encourage people to live in areas at
risk of more severe events [Gober and Wheater, 2015]), or using nature-based or green approaches
to reduce the risk of flooding (Zimmermann et al., 2016). Improving the scientific understanding
of these changes will be driven by more effective integration of physical sciences, social sciences,
and engineering. Projections of future risks, however, are likely to continue to be associated with
large uncertainty, especially when dealing with the human system. Interdisciplinary, integrated
models will be needed to understand and predict the influence of environmental and societal
change, as will tools that support decision-making under uncertainty, including vulnerability
assessment, robust decision-making, and adaptive management.

6. How does the hydrologic cycle respond to changes in the atmosphere, the lithosphere, and
the biosphere through Earth’s history and in the near future? And how do the hydrologic
responses feed back to and hence accelerate or dampen the initial changes in the atmosphere,
the lithosphere, and the biosphere?

The flow paths and residence times of water (and the resulting water-rock contact time) in
the shallow subsurface are highly sensitive to climate and topography, but they also regulate
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climate through weathering and the long-term carbon cycle and regulate topography through
weathering and erosion (Maher and Chamberlin, 2014). Water availability drives plant evolution
and adaptation and hence ecosystem structures and their functioning (Stebbins, 1952; Axelrod,
1972); and once established, ecosystems alter the water cycle through deep roots, transpiration,
and precipitation recycling (Boyce and Lee, 2017) and the carbon cycle through sequestration in
the soil (Shevliakova, 2017) and organic carbon burial (Berner, 2003).

Over shorter time scales, the water cycle regulates the Earth system through its
fundamental role in land-based ecosystem structure and productivity. In the coming decades and
centuries, the ability to predict the future climate trajectory rests on the ability to predict the
response of land ecosystems to carbon dioxide fertilization and warmer temperatures, which is
likely to enhance ecosystem productivity (Bonan and Doney, 2018). Many ecosystems, however,
are currently under water stress, and others are predicted to experience increasing water stress.
How water availability will shift in space and time in the near future, and how these shifts will
enhance or reduce an ecosystem’s capacity for carbon uptake and climate mitigation, are key
questions to be answered. Given the short length of records from historical observations, much
information can be gained from analysis of paleo records including tree rings, sediment cores, ice
cores, and pollen studies, among others (NRC, 2007).

7. How can short-term forecasting for climate, hydrology, water quality, and associated
social systems be improved?

Short-term hydrological forecasting (defined as forecasts over time spans of a few hours to
a few weeks) is critical to society, providing immediate predictions of extreme, high-risk
hydrologic events such as floods, as well as informing management and infrastructure decisions
related to droughts, river flows, groundwater levels, and water management. Such short-term
forecasting uses hydrologic models, which can assimilate current observations in real time (e.g.,
precipitation, river levels, snow water equivalent, groundwater levels, water quality, water use)
and make appropriate allowance for the loss of such information in extreme events (Young, 2002;
Cloke and Pappenberger, 2009). In the future, developments in the availability of spatial data can
be expected to improve current forecast reliability for river flows and lake and reservoir levels,
although these ultimately depend on the accuracy of meteorological forecasts, which are high for
short-term forecasts but degrade for seasonal forecasts. In the United States, a new national
weather forecasting model is being implemented (Adams, 2016) to augment existing National
Weather Service capability (see Box 2.1). There is significant further potential for delivery of
improved forecasting, for example of floodplain water levels, urban flooding, and high
groundwater conditions. Short-term forecasts that could warn of floods at any location, including
the identification of the potential for failure of flood-defense infrastructure, would be a major
advance. Global flood and drought warning products are currently being refined (e.g., Alfieri et
al., 2013; Sheffield et al., 2014) and will be enhanced as global data products improve. The scope
of water-related hazard warning systems can be expected to expand to include short-term (i.e.,
hours to days) threats from water quality (e.g., travel time of accidental pollution, warning of
harmful algal blooms and seasonal forecasts of groundwater levels).
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8. How do institutions and governance and institutional resilience impact the quantity and
quality of water?

Diverse institutions play roles in the management and regulation of water supply, use,
quality, and infrastructure, in the context of societal values and preferences. Whether formal or
informal, institutions encompass property rights, markets, regulations, policies, and socio-cultural
norms (Jaeger, 2015). They can function at the local level, such as municipal water pricing and
conservation measures; at the state level, such as the doctrine of prior appropriation with water
rights; and at the federal level, with implementation of regulatory environmental flows for
endangered species. Societies develop infrastructure (e.g., dams, canals, pipelines, wells, sewers,
treatment plants, reservoirs) to store, manage, deliver, and treat water for human needs.

Institutional resilience (the ability of an institution to adapt successfully to perturbations)
is a concept that has been used to describe the ability of water decision-making and management
bodies to create flexible solutions to new water resources challenges. In contrast, institutional
failures can have devastating impacts on water resources. Instances of lead contamination (e.g.,
Washington, DC [e.g., Renner, 2004] or Flint, Michigan [e.g., Campbell et al., 2016; Chavez et
al., 2017]) demonstrate failures in water-related decision-making. In another example, thousands
of gallons of a chemical used to remove impurities from coal spilled into West Virginia’s EIk River
in 2014, contaminating drinking water in Charleston, West Virginia, and several municipalities
downstream. Institutional failures, both before the spill and during its response, contributed to the
disaster (Lukacs et al., 2017). In cases such as the EIk River spill, stronger institutional resilience
could lead to more rapid and coordinated efforts by a variety of entities, including federal agencies
such as USGS WMA, to characterize and treat water-related contaminants (Whelton et al., 2015).

The challenges of managing water resources in the future are daunting. New approaches
that do not simply focus on strictly technical and single-objective solutions will need to be
developed. For example, adaptive governance, which explicitly integrates human dimensions and
institutional arrangements to develop management goals and plans for achieving those goals, could
be better integrated into the decision-making process (Akamani, 2016). To allow for wise use of
water resources, the development of management approaches that are practical and flexible in the
face of deep uncertainty are needed.

9. How can understanding of the connections between water-related hazards and human
health be improved?

Human health and well-being can be affected by water-related hazards in diverse ways
(Yusa et al., 2015), including physical injury or death, mental distress, and exposure to pollution
and diseases. Floods, for example, can be a direct threat to life and property and can cause stress
and consequent health responses. Hurricane Maria, for example, is estimated to be responsible for
more than 2,975 deaths in Puerto Rico (Milken Institute School of Public Health, 2018) and is
expected to cost at least $139 billion to rebuild property, the energy grid, and the water system,
among others.®

In addition to loss of life and property, floods are commonly accompanied by
contamination from human sewage and have been linked to waterborne disease clusters (Epstein,
2005; McMichael, 2006). As demonstrated by Hurricane Harvey in Houston, Texas, floods may
create pollution hazards through inundation of existing or former industrial sites or can mobilize

9 See https://www.npr.org/2018/08/09/637230089/puerto-rico-estimates-it-will-cost-139-hillion-to-fully-recover-
from-hurricane-m; accessed September 4, 2018.
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river sediments that contain legacy contaminants from mining or mineral and chemical processing
(EPA, 2017). Droughts can affect respiratory and mental health, infectious diseases (whether
through water, food, or vectors), and illnesses related to toxin exposures, as well as food and water
security (Yusa et al., 2015). Water quality may directly affect health through consumption of
unsafe drinking water. For example, dissolved organic carbon, when subject to chlorination, can
lead to carcinogenic disinfection byproducts (Pressman et al., 2010).

Substances in groundwater that affect human health and the health of ecosystems originate
from a variety of sources (e.g., Moody, 1990). Naturally occurring elements such as arsenic and
uranium can enter groundwater at unacceptable levels through geochemical processes (Nordstrom,
2002; Orloff et al., 2004). Elevated levels of nitrates and other nutrients in groundwater is a
significant problem in many shallow aquifers (Rivett et al., 2008), and contamination by persistent
manmade chemicals such as chlorinated solvents (Moran et al., 2007) is a nationwide concern. In
agricultural areas, pesticides are ubiquitous in surface waters and groundwater used as drinking
sources (Kolpin etal., 2002; Gilliom, 2007; Moschet et al., 2014). Harmful algal blooms can sicken
humans who ingest contaminated seafood and can have long-term health effects including liver
disease, cardiovascular disease, developmental defects, and neurobehavioral illness (Paerl and
Otten, 2013; Malham et al., 2014; Campos et al., 2015; NSTC, 2016). In addition, recreational
waters in close proximity to urban and agricultural areas could see increases in human exposure to
pathogens (Soller et al., 2010).

Human health connections to water are multifaceted. Understanding these connections
entails data assembly and analysis from sectors that are not typically seen as connected—
meteorological forecasting, disease vector mechanisms, pollution control, disaster management,
and water supply, among others. Coordination of the required interdisciplinary research in itself
represents a formidable challenge, particularly as the impacts of climate change and land-use
changes related to a growing global population occur in this century (Pandve, 2010; Khedun and
Singh, 2013).

10. How can competing uses for water resources be managed and maintained to sustain
healthy communities and ecosystems in a changing world?

At the heart of water resources challenges is the conflict among competing water uses. One
of the many such conflicts is between human societies and ecosystems. For example, widespread
groundwater depletion for irrigation poses threats to groundwater-fed streams, lakes, and wetlands,
as well as their dependent aquatic ecosystems (Winter et al., 1998). The alteration of natural flows
disrupts aquatic ecosystems, and the risk of ecological change increases with the magnitude of
flow alteration (Poff and Zimmerman, 2010). Water is also necessary to maintain ecosystem
function in terrestrial ecosystems such as forests, wetlands, and prairies, especially under changing
water regimes (Baron et al., 2002; Grant et al., 2013). Riparian floodplain forests, along river and
stream corridors, rely on seasonal inundation to maintain their structure and function and in turn
provide ecosystem services to adjacent freshwaters through shading, bank stability, carbon inputs,
and nutrient retention (Richardson et al., 2010). From uplands to lowlands, water science
challenges include measuring, monitoring, and understanding water quantity and quality needed
to maintain the structure and function of ecosystems and maintaining ecosystem services in the
face of environmental change.

An additional set of conflicts arises among competing human water uses, such as water
resource allocation for drinking water supply, industry, and agriculture, as well as the management
of reservoirs for hydropower, water supply, and flood protection. Conflicts arise at multiple scales,
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often involve many actors, and may cross jurisdictional boundaries, including among states or
international governments. The food-energy-water nexus was conceived to help clarify the
interdependence of and tradeoffs between some of these critical components (Beddington, 2009;
Perrone and Hornberger, 2014; Scanlon et al., 2017). Increasing pressures of climate change,
population growth, and technological shifts pose sustainability and management challenges to the
food-energy-water nexus. In particular, as noted by Vaux (2012, p. 145), “the allocation of water
between agriculture and the environment is a significant issue globally, nationally and locally and
can no longer be taken for granted.” To better understand the complex tradeoffs in the food-energy-
water nexus, USGS will need to bring together a broad spectrum of disciplines to provide data,
information, tools, and the expert knowledge necessary to manage competing uses of water. A
holistic approach will be needed to address the technological and non-technological issues to help
decision makers prioritize their efforts, such as engineering and technological innovations for
water allocation and resource management, as well as social issues such as environmental justice
and affordable access to high-quality water. There is increasing recognition that the social process
of stakeholder engagement with water science is as least as important as the knowledge yielded by
the science (Wheater and Gober, 2015).
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3
Priority Questions and Recommendations

In Chapter 2, the committee identified a broad suite of water science and resources
challenges and questions that are key for making significant advancements to address national and
global water issues. These 10 questions are highly important and addressing them would be
valuable for the nation. A subset of these questions, however, has been determined by the
committee to have the highest potential not only to address the critical water science and resources
challenges but also to advance the U.S. Geological Survey’s (USGS’s) strategic science priorities
and those of its partners (see Statement of Task 3 and Box 1.1).

To identify which questions among the 10 described in Chapter 2 would best achieve these
goals, the committee developed a rubric to highlight the questions with the (1) highest scientific
importance, (2) relevance to pressing societal needs, (3) alignment with USGS strategic directions,
and (4) opportunities for collaborations among the Water Mission Area (WMA) and its partners,
including other USGS mission areas (see Appendix A for a discussion of other mission areas),
other federal agencies, and state and local partners (see Appendix D). When the rubric was applied
to the questions in Chapter 2, five questions arose that met these qualifications to the highest
degree. Although the committee offers these five questions as the top priorities, it encourages
USGS to address the other questions as resources permit.

In addition, WMA asked the committee to consider tools and approaches WMA may
employ for observing, understanding, predicting, and delivering water science. These
technological innovations—sensors, new modeling approaches, data visualization, and citizen
science—are discussed below, as they set the context for how to address these high-priority
questions.

TECHNOLOGICAL INNOVATIONS
Sensors

New space- and ground-based sensors have the ability to advance observations and analysis
of water resources. Space-based sensors for global-scale observations of water stocks have made
great advances (Lettenmaier et al., 2015), but technical challenges exist with respect to measuring
and monitoring water quality. Integrated, multiagency initiatives (e.g., 3D-Nation?) that use tools
such as high-resolution lidar are expected to provide seamless topographic and bathymetric
elevation coverage across the nation. Drone-based platforms will advance monitoring of water

! See https://my.usgs.gov/confluence/display/3DNationStudy/3D+Nation+Requirements+and+Benefits+Study;
accessed September 17, 2018.
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quantity, quality, and ecosystem health. In the near term, nutrient monitoring using probes are
likely to remain expensive, and the reliability of electrochemical electrodes and *“lab-on-a-chip”
sensors are not yet known in long-term deployments (Banna et al., 2014). In the near future, the
application of sensors capable of continuously detecting and measuring organic (e.g., pesticides,
emerging contaminants) and inorganic micropollutants (e.g., certain metals) remains
technologically infeasible at environmentally relevant levels. Microsensors, however, remain an
area of research and development that shows great promise, and the technology will continue to
develop, improve, and become more affordable. The miniaturization of mass spectrometers may
enable field deployments that can be tailored to detect specific contaminants at environmental
levels (e.g., Snyder et al., 2015), while developments in environmental DNA (eDNA) analysis may
revolutionize monitoring of ecosystem health and resilience.

Big Data and New Modeling Approaches

While the recent past has seen unprecedented growth in computing capacity, enabling
models with high resolution and process fidelity at all scales, the future will depend on the
treatment of extremely large-volume data sets (i.e., “big data”). Data from multiple sources and
locations, including both biophysical and human-system information, will be assimilated into
models on a near real-time basis; and models developed by experts in individual domains will be
integrated, requiring attention to common data protocols and interoperability—the ability for
different data systems and software to communicate (Kingdon et al., 2014). Technologies such as
cloud computing (discussed in the next section) and the “Internet of Things” will continue to
advance and will need to be incorporated as part of water modeling platforms (Granell et al., 2016).
The field of data analytics, which uses algorithms to find correlations not previously considered
within datasets, will also be a critical area of future improvement.

These developments will support improved scientific understanding, development of
improved water models, and interdisciplinary model integration. Remotely sensed information on
surface-water levels, soil moisture, vegetation status, snow and ice, and groundwater storage could
provide new data products that will enhance model capability and improve both short-term
forecasts and longer-term projections of change. Models with national coverage, running at
multiple spatial and temporal scales that integrate weather, surface water, and groundwater
hydrology might provide the framework for delivery of these and other new data products. Such
models will allow cross-site interpolation and synthesis to provide hydrologic information at any
desired location and scale. These models will also support integration of a suite of other
components essential to the USGS water missions, such as human impacts, climate change,
ecosystems, water quality, and human health (Patterson et al., 2017).

Improved coupled modeling of the natural-human water system will need to include
infrastructure, operational management, and human values and preferences. Models that
incorporate decision-support systems will be able to assist natural resources managers and
policymakers to inform management and policy decisions, especially if they are user driven, co-
developed, and “fit-for-purpose.” Projections of future human impacts and risk are inevitably
associated with large uncertainties; therefore, there is a need to develop a framework for decision-
making under uncertainty.
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Cloud Computing and Data Visualization

There is a strong need to improve access to water resources data, computational tools, and
presentation. In the near future, such access will largely take place through mobile devices, social
media, Web-based tools, and intuitive visualizations, but opportunities also exist to employ
augmented and virtual reality. Options already exist to deliver time-sensitive, broadly useful data
through social media, such as the Twitter feed on USGS’s Texas Water Dashboard that shows
streamgages in flood stage? and the USGS FloodWatch app for mobile devices. These types of
outreach could be greatly expanded.

Web-based cloud services, which offer the multiple advantages of ready public access to
big data and open-source tools to easily manipulate and visualize data, avoid the need for major
investment in technological resources, expertise, and proprietary software. Such an approach
enhances opportunities for broader public engagement and actionable science. USGS is currently
in the early phase of developing cloud-computing services through its Cloud Hosting Solutions
enterprise. At the present time, the USGS cloud enterprise is intended for USGS Water Science
Centers and mission programs.® Future efforts will need to expand in order to facilitate public
access to cloud solutions. Cloud-based decision-support tools provided in easily accessible formats
could be used to allow interested citizens and professional managers to investigate the
consequences of different scenarios (e.g., flooding) within their areas of concern.

Data Outsourcing

Historically, USGS scientists and technicians were among the only groups in the nation
with the training and qualifications to collect consistent, accurate, and unbiased water resources
data, and USGS water programs were well supported in federal budgets. Now, more than half of
WMA funding comes directly from state and local sources (see Appendix A for more discussion),
and many state, local, and academic institutions have developed water resources research and
monitoring capabilities that rival or even surpass the resources available to USGS personnel.

Although there are a wide variety and quantity of data currently being collected by agencies
outside USGS, barriers exist to integrating these data into national databases due to long-
established USGS “gold standard” protocols (Crilley, personal communication*). WMA has not
only recognized these issues, but has begun to respond by providing cost-sharing to local
stakeholders and establishing uniform data protocols through programs such as the National
Ground-Water Monitoring Network and the National Water-Use Science Project (see Appendix
A). Such data outsourcing, for which USGS serves as a national data repository and manager,
rather than the main data collector, is likely to continue and expand in the future.

Citizen Science
The past decade has seen a huge growth in citizen science, when the public engages in data

collection and analysis using sensors, computers, and mobile devices. These crowdsourcing
science examples are an outgrowth of established citizen science programs, such as the Audubon

2 See https://txpub.usgs.gov/txwaterdashboard; accessed September 17, 2018.

3 See https://my.usgs.gov/confluence/pages/viewpage.action?pageld=568560396; accessed September 17, 2018.

4 Communication during committee’s open session in San Diego, CA on November 30, 2017, with Dianna Crilley,
Associate Director for Data, USGS California Water Science Center.
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Bird Surveys, with more recent versions examining where earthquakes were felt,® collecting
information about marine debris,® measuring precipitation,” analyzing data from the Hubble Space
Telescope,® and exploring underwater imagery.® Nascent efforts to use citizen science to improve
streamflow data already are underway and the ability to make ever more sophisticated
measurements is very likely to proceed apace over the next 25 years. In partnership with USGS,
CrowdHydrology° uses crowdsourced observations of stage-height data at numerous sites in 15
states, while Stream Tracker, a National Aeronautics and Space Administration (NASA)-funded
citizen science project, documents intermittent stream flow.!! The National Water Quality
Monitoring Council, also in partnership with USGS, provides information to organizations
interested in establishing citizen science monitoring programs.*2

The opportunity for citizen scientists to fill data gaps and supplement existing data
networks through collection of basic water-quality measurements or water sampling for later
analysis will continue to grow. Such citizen science data could provide crucial information to feed
into water-quality databases and could be used to corroborate predictive water-quality models. The
challenge, however, is how to make sure that the data quality is adequately understood, verified,
and documented. The role for citizen analysis is likely to keep expanding in the future and change
as technology evolves.

NEW APPROACHES FOR OLD PROBLEMS

As previously mentioned, critical water resource challenges for the coming decades are
unlikely to fundamentally differ from existing challenges. Looking forward 25 years, disruptive
changes (e.g., technological innovations mentioned above) and the continued development of
physical scientists, social scientists, and engineers who can utilize these advances and collaborate
with one another across disciplines will allow for novel approaches that can transform WMA. The
priority questions discussed below, and their attendant recommendations, should be read in this
context. Many of the topics discussed in the next section are already part of ongoing USGS
programs. Nevertheless, the committee believes it is worth noting that there is a clear need for a
forward-looking USGS to adopt a more flexible and nimble strategy to enable rapid changes in
data, technology, and workforce expertise.

5 See https://earthquake.usgs.gov/data/dyfi; accessed September 17, 2018.

6 See, for example, http://depts.washington.edu/coasst/what/vision.html; access September 17, 2018.
7 See https://www.cocorahs.org; accessed September 17, 2018.

8 See http://hubblesite.org/get_involved/citizen_science; accessed September 17, 2018.

% See, for example, https://squidle.acfr.usyd.edu.au/#; accessed September 17, 2018.

10 See http://www.crowdhydrology.com; accessed September 17, 2018.

11 See https://www.streamtracker.org; accessed September 17, 2018.

12 See https://acwi.gov/monitoring/vm/resources.html; accessed September 17, 2018.

PREPUBLICATION COPY

Copyright National Academy of Sciences. All rights reserved.


https://earthquake.usgs.gov/data/dyfi
http://depts.washington.edu/coasst/what/vision.html
https://www.cocorahs.org/
http://hubblesite.org/get_involved/citizen_science
https://squidle.acfr.usyd.edu.au/
https://www.streamtracker.org/
https://acwi.gov/monitoring/vm/resources.html
http://www.nap.edu/25134

Future Water Priorities for the Nation: Directions for the U.S. Geological Survey Water Mission Area
PRIORITY QUESTIONS AND RECOMMENDATIONS 33

PRIORITY QUESTIONS AND RECOMMENDATIONS

1. What is the quality and quantity of atmospheric, surface, and subsurface water, and how
do these vary spatially and temporally?

To effectively manage water resources and to provide clean and safe water for all, there is
a critical need for reliable, comprehensive data on the quantity and quality of the nation’s surface
water and groundwater resources. WMA is tasked with collecting water quantity, movement,
distribution, and quality data, which are archived in the National Water Information System. A
central element of this program is to deliver the data that the United States needs to manage and
protect surface water and groundwater resources and minimize water-related risks. WMA also
plays an essential role in providing information that is of great use for other USGS mission areas,
federal agencies, and state and local partners. For example, studies at USGS Northern Prairie
Wildlife Research Center (within the Ecosystems Mission Area) rely on hydrologic data collected
by WMA scientists, which have resulted in many successful collaborations (e.g., McKenna et al.,
2017; Levy et al., 2018, and references therein; Mushet et al., 2018). The upcoming NASA Surface
Water and Ocean Topography (SWOT) Mission will be dependent on USGS streamgage data,
which is used to ground-truth satellite measurements and calibrate stream discharge models
(Pavelsky et al., 2014; Solander et al., 2016). Collaborative efforts with the private sector may also
become important.

While USGS excels in the collection of high-quality water-resources data, current needs
for water data are unprecedented, and current technologies have raised the bar for water-data
delivery and interpretation. Therefore, a re-evaluation of the National Water Information System’s
strategic goals and capabilities is needed to ensure that WMA is nimbler in response to
environmental change; this includes monitoring relevant components of the hydrological cycle as
well as the interactions among them. Analysis of these observations leads to operational decisions
ranging from the federal to the local level, such as determining river flows or groundwater
withdrawals (McNabb, 2017). However, because no set protocol exists with respect to data
measurement and reporting, there are issues with interagency data sharing and cooperation; these
issues could be minimized by having different agencies agree on standard formats for measuring
and reporting data. The Water Quality Portal, sponsored by USGS, the U.S. Environmental
Protection Agency (EPA), and the National Water Quality Monitoring Council, exemplifies
cooperation among federal agencies, state agencies, and citizen groups. The panel serves data
collected for many diverse purposes by more than 400 state, federal, tribal, and local agencies.
Another example is the Advisory Committee on Water Information.*® As the lead agency, USGS
can advocate for uniform standards, guidelines, and procedures for the collection, analysis,
management, and dissemination of water information.

With all the pressures on the water environment, USGS will need to re-evaluate its current
capabilities in the context of new opportunities that may not necessarily always meet the agency’s
current strict guidelines with respect to data collection, data quality, and evaluation. These new
platforms include big data—driven model assimilation and integration, new applications of social
media, and expansion of citizen science (discussed in a previous section). Not all of these uses
necessarily need the “gold standard” of data collection that USGS is known to deliver, which may
provide an opportunity for USGS to assess the level of quality that could be needed for different
uses (i.e., “fit-for-purpose”). Innovative approaches will expand spatial and temporal monitoring
frequency and enhance the capability to deliver data that meet specific user needs. USGS could

13 See https://acwi.gov/acwi_factsheet_oct 2017.pdf; accessed September 17, 2018.
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also consider a training role, bringing together stakeholders to coordinate methodologies to
promote data consistency across USGS scientists and stakeholder groups. USGS is a natural fit to
prioritize the ever-increasing demands for all types of water quantity, quality, and use data.

Recommendation 1.1: Enhance data collection, include citizen science, and develop Web-based

analytical tools.
To enable the nation to meet future water resources challenges, WMA should (1)
strategically enhance the temporal and spatial collection of water quantity, quality,
and water-use data using robust, innovative technologies to develop readily accessible
“fit-for-purpose” information; (2) further infuse citizen science into USGS data-
collection activities to augment traditional monitoring networks; and (3) develop
innovative, intuitive Web-based data analysis and visualization tools for the nation to
better understand the status and trends of its water resources.

Recommendation 1.2: Coordinate with agencies and organizations on data delivery.
As part of the national effort to deliver water quantity and quality data and
information, WMA should coordinate with other agencies and relevant organizations
to co-develop accessible, open, and codified data formats, protocols, interoperability,
and software tools. This will allow integration across data streams and encourage
synthesis of multiple observations in order to detect trends, patterns, and changes in
water quantity and quality.

Venues that USGS might explore for fostering coordination of activities related to the
provision of data needed to address key water resources challenges in coming decades include the
Advisory Committee on Water Information, which has played a coordinating role in some
instances, and the National Ground-Water Monitoring Network (see Appendix A), which
leverages data from state and local cooperators and supports local data collection and open data
formats.

2. How do human activities affect water quantity and quality?

Assessing the role of human activities in water quality and quantity is key to understanding
and managing water now and in the future. Human-induced changes to the land and water
environment include replumbing of the hydrologic cycle through water withdrawals and
diversions; changes in infiltration resulting from impervious surfaces in urban areas, which
influence runoff and contaminant delivery; changes in water, nutrient, and sediment delivery from
agricultural land use; and alterations to water quality through the release of nutrients, pathogens,
and deleterious substances to groundwater and surface water. USGS has a role to play in not only
basic water monitoring, but also in assessing and predicting the role of human and natural stressors
on water quality and quantity (Van Metre et al., 2017). Continuity in its surface water and
groundwater quantity and quality monitoring programs will enable USGS to elucidate trends in
water movement, storage, abundance, and quality as human activity continues to alter the
hydrologic cycle. These programs will provide the basis for implementing the necessary modeling
to project anticipated changes.

A major challenge for USGS to address this question for the entire nation will be to manage
the streamgage and observation well networks so that changes from anthropogenic activity can be
captured. There are opportunities for USGS to optimize its current water monitoring efforts and
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employ new technologies and methods to both better observe changes to water resources and fill
existing data gaps. For example, the USGS National Water-Quality Assessment Program
(NAWQA) has included a focus on human-impacted watersheds (NRC, 2012d). USGS also hosts
the National Ground-Water Monitoring Network Data Portal, which provides access to
groundwater data from multiple, distributed databases. In the future, it will be beneficial to
periodically reassess and optimize monitoring locations and sampling frequencies to capture
changes due to human activities.

USGS could bridge data gaps in the observation network through collaborative efforts with
other federal and state agencies. For example, cooperation between USGS and the U.S. Army
Corps of Engineers (USACE) occurs on a wide range of topics, from snowpack assessments to
flood mitigation efforts. USGS also collaborates with several federal agencies—including EPA,
the National Oceanic and Atmospheric Administration (NOAA), USACE, and the U.S.
Department of Agriculture (USDA)—to monitor drought conditions in the United States.
Opportunities exist where data shared between USGS and other agencies can be utilized to observe
trends in human activity that could affect water resources. In addition, tools used to predict land-
use change or plans for anticipated water infrastructure can be used to help guide USGS regarding
new locations for additional water measurements.

USGS could provide leadership in developing predictive models to assess future water
quantity and quality conditions under different land- and water-use scenarios. A regional-scale
predictive model of future groundwater storage, recharge, discharge, and human withdrawals,
under plausible future agricultural, conservation, and climate scenarios, can offer a forward-
looking vision on the water security of the region and food security of the nation. USGS has the
expertise to lead such future assessments, and through its regional Water Science Centers (e.g.,
Lauffenburger et al., 2018) can develop a set of predictive models for regions under future
significant water sustainability stress.

USGS is also poised to contribute significantly to understanding human impacts on water
quality. Past and current monitoring efforts through NAWQA were the first to detect emerging
contaminants in both aquifers and surface waters (Kolpin et al., 2002), and USGS analytical
capabilities make it particularly well suited to detect the effects of human activity on aquatic
ecosystems. For example, feminization of male fish by estrogenic compounds was first reported
by the USGS Ecosystems Mission Area (Blazer et al., 2007) and collaborations with WMA
through NAWQA has detected the presence of other pharmaceuticals in fish tissue (Schultz et al.,
2010). Given the critical human impacts on water resources, maintaining and strengthening
collaboration between WMA and other USGS mission areas will be important, as will
collaborations with local, state, federal, and transboundary agencies. USGS modeling to
understand and predict stressors on water quality, such as the SPARROW (Spatially Referenced
Regression On Watershed attributes) model for the Mississippi River Basin (e.g., Alexander et al.,
2008; Robertson et al., 2009), will continue to play an important role in setting water policy to
ensure clean water for all uses.

Recommendation 2.1: Increase focus on the relationships between human activities and water.
WNMA should prioritize investigations of the relationships between human activities
and changes in surface water and groundwater quantity, quality, and water-related
hazards through a careful synthesis of observations and coupled natural-human
systems models forced by climate and socioeconomic factors.
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3. How can water accounting be done more effectively and comprehensively to provide data
on water availability and use?

USGS currently faces challenges with respect to water accounting. The SECURE Water
Act of 2009 had specific mandates that included providing a more accurate assessment of U.S.
water resources, determining the quantity and quality of water available for beneficial use, and
identifying long-term trends in water availability. WMA produces 5-year water-use circulars*
(e.g., Hutson et al., 2004; Kenny et al., 2009; Maupin et al., 2014; Dieter et al., 2018) that provide
critical documentation in support of the SECURE Water Act of 2009 (42 U.S.C 8 10361). USGS
collects county-scale water withdrawal data for these summaries, organized by specific use (e.g.,
livestock, golf courses, aquaculture) as well as water sources (e.g., groundwater, surface water,
saline sources, total).

However, USGS has not tracked consumptive use since 1995; data gaps exist within
several water-use categories (e.g., industrial, livestock, mining) and withdrawals are based on
estimates. In addition, the 5-year reports are often significantly delayed (e.g., the most recent 2015
data assessment was released in 2018 [Dieter et al., 2018]). The current water-use program does
not appear to have a systematic approach to evaluating the accuracy of water-use data.

The current dependence on state and local partners to collect most water-use data has led
to inconsistent data collection and, in some cases, to significant data gaps. Water-use reporting is
mostly in response to state regulations (which vary across the nation), and USGS does not have
authority to mandate the collection of these data. Some states do not collect such data, while others
may not have the ability to share it with the federal government. For example, some local water
users may feel that their water consumption is a proprietary issue. This does not, however, make
coordination and communication between USGS, as a national reporting agency, and the states, as
data collectors, any less essential.

New methods are in use or development to aid in the estimates of water withdrawals. For
example, data from space-based Earth observation platforms can model water withdrawals based
on land use, evapotranspiration, and precipitation (van Eekelen et al., 2015). Satellite-based
measurements can be used in conjunction with water-use data to provide assessments of existing
and future available water stocks (Solander et al., 2017). These new tools, in conjunction with new
consumption models, can enable USGS to refine water use estimates in the future.

Understanding the extent and patterns of anthropogenic water withdrawals is critical
toward assessing available and future water stocks and their impact on aquatic and watershed
ecosystems (Vorésmarty et al., 2000, 2010; Gleick, 2003a,b). USGS’s efforts to quantify water
usage are an essential function to assess both current and future water needs for human use and
ecosystem function. Integrating resources management with remote sensing is important in efforts
to fill data gaps and bridge the nexus among water, energy, and food (Sanders and Masri, 2016).
Understanding how humans influence the water cycle through withdrawals to support energy and
food production, industrialized activities, and domestic consumption will have significant
consequences with increasing population, climate change, and globalization.

When coupled with climate change effects, factors such as population dynamics, the nature
of human-built water infrastructure, and decisions about water management and use will affect
total water demand and availability. Improvements to current water-accounting practices will be
needed to determine how much consumptive water is permanently lost to the hydrologic system
for a specific region. Furthermore, withdrawal values based on estimates will need to be
corroborated by other methods such as remote sensing.

14 See https://water.usgs.gov/watuse; accessed September 17, 2018.
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To better manage the nation’s water resources, models that predict water usage will need
to be refined in a manner that integrates “on the ground” assessments with data derived from
remote sensing. A combination of improved models and better-constrained datasets could lead to
policies that are better able to mitigate the impact of human water withdrawals and consumptive
use on sensitive watersheds that may not be able to sustain development and growth in the future.
USGS will need to collaborate closely with other federal agencies and states to collect, analyze,
and integrate critical data.

Recommendation 3.1: Develop a robust water accounting system.
WMA should conduct studies to understand how to best and most efficiently execute
water accounting and how to assess and present uncertainty in the reported data.
Water accounting should go beyond measurement of the resource itself to consider
the biophysical and societal constraints on water use and should include estimates of
consumptive versus non-consumptive water use.

Recommendation 3.2: Collaborate with agencies and organizations on water-data standards
and categories of use.
As part of the national effort to collect water-use data and information, WMA should
collaborate with other agencies and relevant organizations to co-develop standards,
protocols, and clear definitions for categories of water use, and should adhere to
common format standards across states, counties, and watersheds.

4. How does changing climate affect water quality, quantity, and reliability, as well as
water-related hazards and extreme events?

Natural and human-caused climate change will strongly influence the hydrologic cycle and
freshwater resources (IPCC, 2013; USGCRP, 2017). Such effects can now be observed in a wide
range of systems, including changing evaporative demand associated with rising temperatures,
dramatic changes in snow and ice, alterations in precipitation including the frequency of extreme
events, and rising sea levels (Bates et al., 2008; NRC, 2012b,c; Georgakakos et al., 2014;
Haddeland et al., 2014; Jiménez Cisneros et al., 2014).

WMA has fundamentally contributed to observing changes with its extensive, long-term
monitoring of the nation’s surface water and groundwater quantity and quality. This long-term
monitoring has provided the observational basis for scientists (including those within USGS) to
detect trends in water resources and frequency of water-related hazards and to make correct
attributions for these changes, and for practitioners to design infrastructures to mitigate and adapt
to the change. WMA is also collaborating with other federal agencies to develop predictive models
(e.g., the National Water Model; see Box 2.1) from local to national scales.

Looking ahead, USGS is well positioned to play a leadership role in monitoring, detecting,
understanding, and predicting climate-driven water quantity and quality changes and delivering
such knowledge to the end users and the public. WMA needs to strategically monitor indicators of
water quality and quantity at locations and timescales that will most likely be affected by climate
change in the coming decades and to use this information in developing and refining integrated
models that can be used to project potential hydrologic impacts of a changing climate.

USGS is a leader in synthesis activities to search for patterns and trends in climate change,
as well as their underlying causes. To further improve understanding in the future, WMA could
recommend critical water quality and quantity indicators that need to be more closely monitored

PREPUBLICATION COPY

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/25134

Future Water Priorities for the Nation: Directions for the U.S. Geological Survey Water Mission Area

38 FUTURE WATER PRIORITIES FOR THE NATION

and processes that need to be represented in predictive models. The USGS Powell Center for
Analysis and Synthesis®® is well positioned to solicit and support synthesis activities that can be
co-led by USGS and academic scientists.

To enable stronger predictive capabilities, WMA can continue to develop integrative
models that consider surface water and groundwater processes simultaneously. Such models can
treat water quantity and quality as co-evolving entities. Given the challenge of modeling large
areas while maintaining sufficient detail for local decision-making, models might nest small-scale
simulations in larger spatial contexts to provide meaningful information to managers from the
watershed to the national level. Future modeling efforts might also integrate human and climate
forcing and strategically use extensive USGS observations through parameter estimation, data
assimilation and model validation and benchmarking. At the national level, WMA can collaborate
with other federal agencies through projects such as the National Water Model (see Box 2.1) by
contributing expertise in process representation and by providing a national hydrogeologic
framework that supplies subsurface parameters such as porosity and permeability of the soils and
sediments.

To deliver this information, WMA needs to advance its work on interactive visualizations
that show patterns and trends of the hydrologic effects of climate and land-use change from the
national to the local level.

Recommendation 4.1: Ensure that monitoring networks provide adequate information to assess
changing conditions.
USGS should periodically assess the state of surface water and groundwater
monitoring networks to ensure that these networks can provide data for hydrologic
impact analyses as environmental conditions change due to climate, agriculture and
other land uses, and urbanization.

5. How can long-term water-related risk management be improved?

Environmental change and societal decisions alter the nation’s vulnerability to hydrologic
risk. Hazards such as floods, droughts, and water-borne contaminants, are driven by changes in
climate, land cover, hydrology, and biogeochemistry and are increasingly affected by how humans
manage land-use and water resources. A need exists to improve the scientific understanding of
how humans interact with the environment and how those interactions affect water resources and
risks. USACE and the U.S. Bureau of Reclamation have oversight of the construction of
engineered approaches to long-term hydrological risk (e.g., infrastructure such as dams and
levees), the Federal Emergency Management Agency (FEMA) has oversight over response to
immediate risks, and EPA regulates water quality. USGS produces the data and tools that inform
the actions of those agencies, such as producing models and software for predicting surface water
and groundwater flows, assessing water quality, and collecting data on and calculating recurrence
statistics for extreme events. These scientific tools also assist in state and local decision-making.

Models that integrate across human and natural systems will be needed to improve the
understanding and prediction of long-term, multi-decade, environmental, and societal impacts.
They can also inform policy and management decisions while accounting for deep uncertainty in
human decision-making. Interdisciplinary research to fully understand and predict linkages among
surface water and groundwater, water quantity and quality, and natural and human systems is
needed (Wheater and Gober, 2015). These models can be used to inform risk-management actions,

15 See https://powellcenter.usgs.gov/about; accessed September 17, 2018.
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such as informing communities of changing risks of floods and pollution, supporting the
management of complex water resources systems, and predicting how land-use change may affect
the climate and how extreme events will influence the global economy.

Given the complex interactions and feedbacks in the natural-human water system, better
prediction and risk management will need both new observational data and integration of models
across disciplines. Managing long-term water-related risks in the face of environmental and
societal change will require improved understanding of observed historical change. Models can
play a key role in the diagnosis of the complex interactions (whether societal policy, human
actions, or environmental change) that underlie the past. USGS should lead an effort that develops
improved process-based understanding of water and associated nutrient and contaminant
movement as a function of environmental change and that quantifies outcomes at a range of spatial
and temporal scales. Improving long-term water-related risk management will also require better
understanding of the likely effects of climate change on extreme events (e.g., Polade et al., 2017)
due to their impacts on regional hydrological systems. Models are also needed that consider both
the physical system and the human-economic constraints on the system to fully understand risks
of shortages in water availability.

Prediction of future hydrologic risks will be based on simulation and evaluation of potential
outcomes from environmental scenarios within social and economic constraints. Building capacity
for reliable long-term prediction and risk management requires developing a validated
understanding of complex socio-hydrological systems, developing models to simulate these
systems, and exploring a range of alternative future scenarios. The work will need to leverage new
data streams and computational technologies and adapt to changes as they occur over the next
several decades. USGS can lead this effort through improving the prediction of surface-water and
groundwater systems and developing new capabilities for integration of models to predict the
complex interactions that underlie water-related risks from future change.

Recommendation 5.1: Focus on long-term prediction and risk assessment of extreme water

conditions.
WMA should prioritize activities that address long-term prediction and risk related
to hydrologic causes such as floods, droughts, and water-borne contaminants. WMA
should seek to understand how climate change, land-cover and land-use change, and
other biophysical and socio-economic factors affect the nation’s water resources,
including water quantity and quality, extreme events, and other hydrologic hazards.
USGS should further develop integrative models that can help predict future
hydrologic conditions under these changing climate conditions. These activities will
require integrative studies with other USGS mission areas and should include
resource managers, decision makers, and social scientists.

ADDITIONAL RECOMMENDATIONS FOR THE WATER MISSION AREA
Integrated, coupled system models are necessary to better understand the complex water
systems—whether natural components, human impacts, or evolving states such as changing
climate and environmental conditions. Integrated models that incorporate appropriate temporal

and spatial scales will improve understanding of water quantity, water quality, and the linkages
and feedbacks among hydrologic components.
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Recommendation 6: Develop multiscale, integrated, dynamic models that encompass the full
water cycle.
WMA should prioritize multiscale and integrated modeling efforts that dynamically
couple above- and below-ground hydrologic stores and fluxes, water quantities and
qualities, and natural and human drivers and interactions, and utilize diverse
observations ranging from ground-based sensing to Earth observations from
airborne and space-borne platforms.

Given the growing importance of water resources challenges to lives and livelihoods,
economic development, and environmental health, and the increasing costs of water-related
disasters, there is a strong argument that water-related agencies should continue to work together,
and even strengthen their ties. Opportunities exist for WMA to provide scientific support to other
agencies within the U.S. Department of the Interior in areas such as potable water reuse,
desalination, and water use and disposal associated with unconventional hydrocarbon extraction.
The U.S. Bureau of Reclamation’s WaterSMART program is a prime example of how WMA can
collaborate and provide support to advance the science associated with water conservation.
Collaboration has always been a strong suit of WMA,; yet, it is critical to continue and expand
these collaborations and partnerships as resources become more limited. One of the areas ripe for
collaboration is integrated modeling—WMA could draw on the expertise of other USGS mission
areas, which hold some of the core data (e.g., modern geologic maps) that are needed for such
integrative efforts.

Recommendation 7: Collaborate as appropriate both within and outside of USGS, including

agencies and the private sector.
Given that water resources challenges are inherently interdisciplinary, WMA should
continue to build and maintain strong collaborations. WMA should maintain and
strengthen ties with other USGS mission areas to maximize the impact of its work on
observing, understanding, predicting, and delivering water data and issues. WMA
should maintain and strengthen ties with other federal and state agencies, and as
appropriate, international agencies (especially regarding transboundary water
issues) to meet these water resources challenges. WMA should also evaluate and,
where deemed advantageous, engage in private-sector collaborations to develop new
data sources and platforms, and in the dissemination of data and information, models,
and other products.

In 2015, USGS produced a Bureau Workforce Plan, in which it outlined some broad needs
for the future.

Moving into the future, it is paramount to maintain USGS scientific capability and
reputation and provide skilled and innovative science support.... [T]here are key skill sets
and capabilities that while currently found in the USGS, will be increasingly needed in the
future. There will be increasing demand for multidiscipline syntheses and landscape-level
science, which will require capabilities such as mapping, geospatial data integration,
remote sensing, predictive modeling, scenario development, forecasting, simulation, and
decision support.... The USGS will also need a workforce that can adapt to new technology
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and respond quickly, in both quantity and expertise, to changes in science and management
priorities. (USGS, 2015, p. 1)

Given the priority questions above, the committee emphatically endorses the aims outlined in that
USGS report.

The modern WMA workforce will need to reflect the priorities of emerging and future
science questions and technologies. In addition to WMA'’s current workforce strengths in
hydrology and water science, a highly trained workforce with expertise in data and computational
science (including big data, data analytics, and data delivery and visualization); modeling; remote
sensing; disciplines such as climate science, hydrology, geochemistry, and ecosystem science; and
interdisciplinary fields such as hydroclimatology and hydrochemistry will be needed. The future
workforce will need to be nimble, inter- or multi-disciplinary, collaborative, and adaptive.

Recommendation 8: Build a workforce who are ready to take on new water challenges.
WMA should align its current and future workforce to meet critical strategic needs,
specifically building capacity for improved water monitoring; coupled natural-
human systems modeling; and data analysis, analytics, visualization, and delivery
using reliable, accurate, robust, and innovative methods.

FINAL THOUGHTS

The committee was charged to identify the nation’s highest-priority water science and
resource challenges over the next 25 years. The committee is cognizant of the proverb “it is
difficult to make predictions, especially about the future,” but believes that there are clear trends
that lend support to these views of future water challenges. The global population will grow by 2
billion by 2040 and will place additional demands on natural resources. This growth in population
will be realized during a time of economic advances in the developing world, which will likely
amplify demands. Global temperatures will continue to increase over the next 25 years, and climate
change will continue its course. The world population living in urban areas will grow to about 60
percent by 2040. All these changes will add to the water resources challenges identified above,
with concomitant needs for new data, information, analyses, and science to address the challenges.

USGS has been the premier federal agency for water resources since its establishment in
1879 and continues to be so. The committee envisions that WMA will adapt in the future to deliver
the necessary data and science to enable the country to manage its water resources effectively and
to deal with hazards. The five high-priority questions identified above can provide a framework to
help guide the evolution of WMA, so that USGS can effectively address the water resources
challenges that will face the nation over the next 25 years.
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A
The U.S. Geological Survey Water Mission Area

Since its inception after passage of the Organic Act (43 U.S.C. § 31) in 1879, the U.S.
Geological Survey (USGS) has collected and stored scientific information that is compiled into
long-term continuous datasets accessible by federal, state, and local agencies, the private sector,
and the public. In general, USGS does not have regulatory authority® nor the authority to manage
large tracts of public lands, construct infrastructure, or modify waterways or habitat.

The Water Mission Area (WMA) is one of seven interdisciplinary mission areas at USGS
that emerged from a reorganization following the USGS 2007-2017 Water Science Strategy
(Evenson et al., 2013). It covers scientific activities that involve collecting, assessing, and
disseminating hydrological data and analyzing and researching hydrological systems. WMA is
recognized for its high-quality, unbiased hydrologic data and scientific information. USGS is the
world’s largest outlet of water data, integrating nearly 350 million sample results from more than
400 organizations.? In addition to the millions of monthly users of online data, USGS delivers
numerous scientific reports and journal articles annually.® These peer-reviewed publications are
highly regarded for their scientific integrity and lack of bias.

As of 2018, WMA has a workforce of approximately 3,750 staff at state and regional Water
Science Centers (WSCs) and headquarters.* More than 60 percent of WMA personnel are
classified as hydrologists or hydrologic technicians (see Figure A.1), reflecting its current
emphasis on collection and analysis of water resources data. Other important employment
categories under the current organization include computer scientists, chemists, biologists, and
ecologists, in addition to administrators. As the primary federal agency for water information,
WMA monitors and assesses the quantity and characteristics of the nation’s water resources,
investigates the sources and behavior of natural solutes and contaminants in water (often with state
cooperators and partners), and develops practical tools to improve understanding and management
of this resource.

! Following a 1954 Supreme Court ruling, USGS serves as River Master on the Delaware River, coordinating the
release of water (among Delaware, New Jersey, New York, New York City, and Pennsylvania) to ensure sufficient
water quantity to meet downstream flow objectives (https://webapps.usgs.gov/odrm).
2 Data provided to the committee by Drs. Nate Booth and Jordan Read, USGS WMA, at the committee’s third
meeting on February 8, 2018.
3 Data provided to the committee by Drs. Nate Booth and Jordan Read, USGS WMA, at the committee’s third
meeting on February 8, 2018.
4 Data provided to the committee by Dr. Don Cline, USGS associate director for water, at the committee’s first
meeting on September 18, 2017.
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Figure A.1 USGS WMA workforce. SOURCE: Dr. Don Cline, USGS associate director for water; as
presented to the committee on September 18, 2017.

WMA personnel respond to strategic national priorities set by headquarters as well as
regional, state, and local needs determined largely by collaborative partners. WMA maintains a
physical presence across the nation, with facilities in each state as well as in Puerto Rico, the U.S.
Virgin Islands, and the U.S.-affiliated Pacific Islands. Most scientific work is managed through
state or regional WSCs. Science support for these centers comes from a series of USGS laboratory
and technical facilities, such as the National Water Quality Laboratory in Lakewood, Colorado,
and the Hydrologic Instrumentation Facility at the Stennis Space Center in Mississippi. These
facilities help USGS personnel and cooperators conduct studies and analyze water quantity and
quality issues throughout the nation, its territories and the U.S.-associated Pacific Islands by
providing broad analytical services, assisting in processing samples, providing instrumentation and
training for deployment and maintenance of sensors, as well as processing data and making them
available to the public. This operational structure, partially determined by federal authority and
through U.S. congressional appropriations, helps to foster interaction with state, regional, and local
partners and ensures that USGS provides focused and relevant national scientific expertise to states
and localities® (Brooks, 2001). This cooperation helps USGS maintain awareness of water science
and resources challenges across the United States and ensures that national missions and goals
remain aligned with emerging trends (Blanchard, 1999).°

> See https://water.usgs.gov/coop/about/CWP.science.priorities.pdf; accessed September 17, 2018.
6 See https://water.usgs.gov/coop/about/CWP.briefing.sheet.pdf; accessed September 17, 2018.
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As noted in Chapter 1, WMA’s strategy is to provide water resource monitoring,
assessment, modeling, and research data and tools that are relevant to:

Preserving the quality and quantity of the nation’s water resources;

Balancing water quantity and quality in relation to potential conflicting uses;
Understanding, predicting, and mitigating water-related hazards; and

Quantifying the vulnerability of human populations and ecosystems to water shortages,
surpluses, and degradation of water quality.

The 2013 USGS Water Science Strategy document (Evenson et al., 2013) reframes the above
national objectives into five operational goals:

1. Provide society with the high-quality information it needs regarding the amount and
quality of water in all components of the water cycle at high temporal and spatial
resolution, nationwide.

Advance understanding of processes that determine water availability.

3. Predict changes in the quantity and quality of water resources in response to changing
climate, population, land-use, and management scenarios.

Anticipate and respond to water-related emergencies and conflicts.

Deliver timely hydrologic data, analyses, and decision-support tools seamlessly across
the nation to support water-resources decisions.’

N

SRR

WMA'’s various programs, subprograms, divisions, and WSCs work to achieve these five
stated goals through observing the water cycle, improving understanding of critical processes,
predicting changes in water availability and quality over time, and delivering water science data
and information to the federal, state, and local agencies, the public, tribes, and industry to support
informed decision-making. WMA activities related to each of the five goals are briefly
summarized below. In addition, a sixth goal that relates to cross-cutting issues with other USGS
mission areas is discussed.

WMA CAPABILITIES
Observing the Water Cycle

USGS water programs are perhaps best known for their long history of measuring and
monitoring streamflows, surface-water and groundwater levels, and water quality. Through
networks consisting of streamgages (some with continuous water-quality monitoring stations),
precipitation stations, and groundwater observation wells, WMA attempts to quantify water
availability and quality across the United States. At present, USGS has about 8,200 streamgages
located across the country. Data collected at each site vary based on federal, state, and regional
requirements. Additionally, USGS maintains 1,900 continuous water-quality sampling stations,

7 Data provided to the committee by Dr. Don Cline, associate director for water, at the committee’s first meeting on
September 18, 2017.

PREPUBLICATION COPY

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/25134

Future Water Priorities for the Nation: Directions for the U.S. Geological Survey Water Mission Area

60 FUTURE WATER PRIORITIES FOR THE NATION

with selected variables recorded every 15 minutes.® Local data collection intervals vary depending
on site conditions. Temperature, conductance, pH, dissolved oxygen, turbidity, nitrates, and
chlorophyll are some of the parameters measured.

USGS or its cooperators collect intermittent data from about 17,000 groundwater
observation wells across the country. The actual number of wells can vary from year to year, based
on access. About 1,800 of these provide real-time monitoring of water levels; these data are all
considered as part of the active groundwater-level network.®° About 1,000 of these wells provide
daily water level measurements. The remainder of these observation well data are collected
periodically, often by cooperators at state agencies. USGS awards up to $2 million annually*! in
cooperative agreements to support participation in the National Ground-Water Monitoring
Network (NGWMN). Since this program began in 2015, 30 agencies have either completed the
process of becoming a data provider to the network, have an ongoing project to become a data
provider, or have a project to enhance NGWMN sites. USGS maintains about 250 precipitation-
monitoring stations. Often these data are collected for local municipalities and help augment
National Weather Service or U.S. Army Corps of Engineers (USACE) networks. The networks
are maintained and operated through various programs funded through federal, state, and local
agencies. For example, the vast majority of streamgages in the USGS network are funded jointly
by USGS and state, regional, local, and tribal partners. These streamgages provide data beneficial
to localities and therefore require matching funds by local partners. While a majority of
streamgages are cooperatively funded, approximately 15 percent of U.S. streamgages are
considered essential due to their importance in fulfilling various missions within USGS or meeting
strategic long-term federal responsibilities within other agencies and are funded by USGS without
joint cooperator funding under the Federal Priority Streamgages designation administered by the
Groundwater and Streamflow Information Program (and its predecessor the National Streamflow
Information Program) (DOI, 2018). While this designation applies to 3,460 streamgages, in 2017,
only 1,176 gages were fully funded by USGS, while the remaining 2,284 were jointly funded by
USGS and partners (DOI, 2018).

In addition to hydrologic and observational networks, USGS collaborates with various
national research laboratories across the United States in various programs, including those at
USGS facilities such as the National Water Quality Laboratory and the Hydrologic
Instrumentation Facility. Numerous state and regional agencies and universities are engaged as
collaborators to facilitate monitoring, consistent data collection, and quality assurance procedures.
The USGS National Water-Use Science Project (formerly the National Water-Use Information
Program) assembles and distributes water-use data. This program, using data primarily supplied
by states and cooperators, analyzes the sources, uses, and fate of water at local, state, and national
scales, documents water-use trends, and prepares national water-use summaries on a 5-year basis.
These data are organized by water use categories. A related research program, the National Water
Census, develops analytical tools and explores links between water use and water quality. This
program distributes watershed- and county-based water budget data online through the National
Water Census Data Portal.

8 Data provided by Dr. Don Cline and Robert Moore, USGS WMA.,

% Data provided by Dr. Don Cline and Robert Moore, USGS WMA.,

10 See https://groundwaterwatch.usgs.gov/default.asp; accessed September 17, 2018.

11 See https://www.usgs.gov/news/usgs-seeks-national-ground-water-monitoring-network-proposals-2018; accessed
July 30, 2018.
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USGS observations involve all aspects of the water cycle. WMA personnel develop,
evaluate, and apply new measurement and characterization techniques for gathering water resource
information. Airborne, surface, and borehole geophysical techniques help characterize subsurface
geology and aquifer geometry to enhance groundwater studies. Chemical and isotopic tracing and
fingerprinting techniques are being applied to water quality and biogeochemical investigations.
Innovative equipment and sensors are used to monitor surface water flows and quality.

Understanding Critical Processes

WMA advances understanding of processes affecting water quality and availability
throughout the water cycle to inform decision making through its own research and through
collaborations with federal and nonfederal partners as well as through the administration of grants.
Active research activities include investigations of the water cycle, hydrodynamics, hydrological-
ecological interactions, water resources availability, and hydrogeophysics. Many of these
investigations are carried out in WSCs through the USGS Cooperative Matching Funds (Coop)
Program.

One of the most important programs to WMA, the Coop Program, supports applied science
through collaboration between WSCs and non-federal agencies within each state. Under the Coop
Program, federal funds are matched by nearly 1,600 local, municipal, county, state, regional, and
tribal partners to conduct water science and research activities across the United States and its
territories and protectorates. This state and local funding represents more than 50 percent of the
$314 million reimbursable budget of the WMA (see Figure A.2), a large percentage of the total
FY2017 $529 million budget, and has become a major driver of USGS programming.*? By using
consistent procedures and standards, WMA ensures that data collected from the Coop Program are
consistent across all of the regions and available within USGS databases for use at local, state,
regional, and national scales. These collaborations help keep the work of WMA focused on
practical needs of each county, state, and regional partner, while informing and providing visibility
to emerging issues. A majority of the streamgages in the network are funded through the Coop
Program.*® Likewise, the program helps manage data from networks of groundwater monitoring
wells in most states.

In most WSCs, the Coop Program supports multiple applied water science projects under
the broad umbrella of understanding the water cycle. These studies are usually focused on local or
regional needs and often have significant field components. Projects range in scope from large and
long term, such as integrated eco-hydrologic assessments of the California Bay Delta system
(Mueller-Solger, personal communication®#), to smaller and short term, such as an evaluation of
the water supply for a state-run fish hatchery in Wisconsin (Dunning et al., 2017). The Coop
Program allows cooperators to address local problems while tapping into national expertise,
capabilities, and equipment that might not otherwise be available. The program also keeps the
regional and local WSCs in touch with local and regional issues and fosters beneficial technology
transfer between USGS scientists and local experts.

12 Data provided to the committee by Dr. Don Cline, associate director for water, at the committee’s first meeting on
September 18, 2017.

13 See https://water.usgs.gov/coop/about/monitors.html; accessed September 17, 2018.

14 Communication during committee’s open session in San Diego, California, on November 30, 2017, with Anke
Mueller-Solger, U.S. Geological Survey.
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Figure A.2 Breakdown of total FY 2017 reimbursable funds from WMA partners, totaling $314 million.
SOURCE: Dr. Don Cline, USGS associate director for water; as presented to the committee on September
18, 2017.

An important connection between USGS water programs and university water science
programs is through the National Institutes for Water Resources. There are 54 water resources
research institutes, which were established through the Water Resources Research Act of 1964 and
are generally co-located within land-grant universities across the United States and its territories.®
The water resources research institutes distribute annual base grants, coordination grants, and
national competitive grants, as well as student internship opportunities. Coordinated by USGS
through the National Institutes for Water Resources, these institutes have historically received
modest base funding from WMA, which is then leveraged significantly by the universities, and
through extramural grants obtained by university scientists and students through the State Water
Research Grant Program; while the National Water Research Grants Program funds research of
national importance.'® The institutes serve as local hubs for promoting technology and information
transfer between university and USGS scientists, and the academic connections are critical for
helping train the next generation of water scientists and engineers, some of whom go on to have
careers within USGS.

In addition to the Coop Program, WSCs, and the National Institutes for Water Resources,
WMA collaborates extensively with federal agencies on a wide variety of national projects and
science related activities. From collaboration with the National Oceanic and Atmospheric
Administration’s (NOAA’s) National Weather Service on data related to flood forecasts,

15 See https://water.usgs.gov/wrri/index.php; accessed September 17, 2018.
16 See https://water.usgs.gov/wrri/2014-NIWR-USGS-Fact-Sheet.pdf; accessed September 17, 2018.
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coordination with the Federal Emergency Management Agency (FEMA) on disaster response or
making data readily available for use by other agencies, USGS works extensively to assist federal
agencies. These collaborations provide reimbursable income to USGS, helping to sustain its
programs and workforce beyond its own federal appropriations. While many examples can be
cited, a few are provided for context. In a major collaborative effort, USGS is working with NOAA
and USACE to develop a National Water Model in a modeling-method integration effort to
forecast streamflow over the continental United States in near real-time (see Box 2.1).1” USGS is
also leading the development of the subsurface hydrology model in the National Water Model.
Similarly, USGS and the U.S. Environmental Protection Agency (EPA) collaborated to develop a
new surface-water modeling tool, called the Surface Water Toolbox, designed to be of particular
use to regulators and watershed managers. It combines USGS’s Surface-Water Statistics software,
used to enable statistical analysis of water time-series data, with the EPA’s DFLOW tool, used for
estimating streamflows for low-flow analysis and water quality standards. USGS research and
partnerships with federal, state, and local collaborators provides innumerable benefits to USGS,
its cooperators, and the nation. These investigations improve understanding of processes
surrounding water quantity and quality and inform decisionmakers while providing publicly
accessible data.

Predicting Changes in Water Availability and Quality

One of the most critical components of the work of USGS is to provide data, information
and tools for predicting long- and short-term changes to the water cycle for federal, state, regional,
tribal, and local stakeholders and managers. Data and observations are transferred in publications,
usable data science products, Web communications, and decision-support tools, which serve as
important resources for water managers and policymakers for predicting future outcomes. USGS
has developed numerous hydrologic and geochemical simulation models that are used to predict
changes in hydrologic systems of given various stresses, and these products are useful in
determining potential water quantity and quality impacts to surface and groundwater.

While numerous USGS models exist, three examples that are important to water resources
managers and scientists are the SPARROW (Spatially Referenced Regressions on Watershed
attributes) models, MODFLOW maodels, and the National Hydrologic Model. SPARROW models
provide statistical estimates about the origin, transportation, and fate of nutrients and contaminants
moving through watersheds, linking monitoring data to watershed hydrology.*® These models help
managers determine how to reduce contaminant loads, predict water quality changes, design
management strategies, and change policies. Similarly, the MODFLOW family of groundwater
flow codes allows simulation and prediction of groundwater conditions as well as groundwater—
surface water interactions.'® USGS also leads integrative modeling efforts, such as the National
Hydrologic Model, in addition to providing foundational support to the development of the
National Water Model led by the National Weather Service (see Box 2.1). The National
Hydrologic Model couples the USGS Precipitation-Runoff Modeling System with MODFLOW to
create integrated surface water—groundwater models over nested Hydrologic Response Units
across the nation (Regan et al., 2018). It is supported by the USGS National Geospatial Data Portal
and provides to the public calibrated model parameters, readily usable by local, state, and regional

17 See http://water.noaa.gov/about/nwm; accessed September 17, 2018.
18 See https://water.usgs.gov/nawga/sparrow; accessed September 17, 2018.
19 See https://water.usgs.gov/ogw/modflow; accessed September 17, 2018.
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water managers. Such tools provide invaluable resources for the private and public sectors to use
USGS data and science to make informed decisions about water resources.

Delivering Water Science Data and Information

USGS is known for long-term storage of historical water data and for delivery of real-time
data. WMA is responsible for data collection, quality assurance, and dissemination of data and
information on water activities across the United States. USGS collects large amounts of data on
the water cycle, generally within the broad categories of surface water and groundwater. “Super”
gages (also known as “sentry” gages), which represent a small subset of streamgages, can measure
data such as temperature, specific conductance, pH, nutrients (e.g., nitrogen, phosphorous), and
sediment concentration (Shoda et al., 2015). Such continuous water-quality gages allow USGS to
monitor streamflow conditions under average conditions as well as under storm or accidental spill
situations. Data on pesticides, emerging contaminants, and volatile organic compounds are
collected as part of the National Water-Quality Assessment (NAWQA) program. In addition to
critical data collection around surface water and groundwater quantity and quality, WMA provides
information on flood inundation; acid rain, atmospheric deposition, and precipitation; chemistry;
biological communities and physical habitat; reservoir sedimentation; and water-use data.

Much of these data are accessible through the National Water Information System (NWIS)
database containing water data collected at more than 1.5 million sites around the United States
and at some border and territorial sites.? These data provide opportunities to view changes in
water availability and quality overtime. NWIS stores numerous types of data; however, local
WSCs may need to be contacted to obtain some information. In 2017, USGS real-time water data
was requested 120 million times per month.?* In addition to the NWIS, WMA houses relevant data
through various sites, such as Water Watch,?> Water Quality Watch,?® Groundwater Watch,?* and
WaterNow.? Numerous other sites accessible through the WMA website allow academics,
scientists, managers, and other users to readily access data for use in academic and scientific study,
emergency management, and decision-making. The processes of data acquisition, storage, and
delivery are constantly evolving as instrumentation and sensors now collect more data more
rapidly than ever before and as stakeholders demand real-time, open-source data delivered.
Consequently, the NWIS system has evolved from a relatively static database in the 1970s to a
constantly updated real-time delivery system today (see Figure A.3). Understanding, interpreting,
and delivering this vast data collection has included advances in data informatics and data
visualization, which represent new frontiers for WMA.

20 See https://waterdata.usgs.gov/nwis; accessed September 17, 2018.

2L Communication during committee’s open session in San Diego, California, on November 30, 2017, with Dianna
Crilley, U.S. Geological Survey.

22 See https://waterwatch.usgs.gov/index.php; accessed September 17, 2018.

23 See https://waterwatch.usgs.gov/wqwatch; accessed September 17, 2018.

24 See https://groundwaterwatch.usgs.gov; accessed September 17, 2018.

% See https://water.usgs.gov/waternow; accessed September 17, 2018.
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Figure A.3 Splash page for USGS’s National Water Information System. The page allows users to select
various USGS monitoring sites across the United States and access data such as streamflow, discharge,
and field measurements at selected locations. SOURCE:
https://maps.waterdata.usgs.gov/mapper/index.html, accessed September 6, 2018.

Cross-Cutting Science with Other USGS Mission Areas

Because water science is a fundamental part of most Earth system studies, WMA programs
and activities are substantially linked to the work of other USGS mission areas (Evenson et al.,
2013). These crosscutting links include:

e Core Science Systems, which focuses on advances in modeling, data acquisition and
manipulation, visualization tools, and advances in Earth-science data collection such
as lidar, the National Hydrography Dataset, and remote sensing;

e Ecosystems, linking water resources to ecosystem health and stability;

e Energy and Minerals, exploring relationships between water-resources questions and
the energy cycle and the nation’s mineral resources;

e Environmental Health Science, coordinating research on water resources related to
human health, emerging contaminants, pathogens in the environment, and related
ISSues;

e Land Resources, in which WMA has roles in the National Water Census, predicting
future changes in floods and droughts, and long-term assessments of changing water
quality through the NAWQA program; and

e Natural Hazards, in which WMA has important roles in helping protect the safety,
security, and well-being of the nation by collecting data and carrying out research
related to flooding, landslides, erosion, debris flows, and other hazards.
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STAKEHOLDER ENGAGEMENT

Over the course of this study, the committee heard input from numerous USGS
cooperators, stakeholders, collaborators, and data users, which included federal and state agency
staff, state geological surveys, university and laboratory researchers, and nongovernmental
organizations (see Appendix B for a list of presenters and attendees of information-gathering
sessions). While USGS cooperators and data users expressed many opinions relevant to their
regional or local needs, a majority commended USGS for its extensive hydrologic monitoring
network, stdakeholder collaborations with USGS scientists on numerous investigations, and much
of the cooperative work that WMA does with local, state, and regional agencies. Overwhelmingly,
state and nongovernmental stakeholders praised USGS for the streamgage network and its critical
importance not just federally, but for localities, states, and regions. These stakeholders encouraged
USGS to continue to strategically maintain or expand this network, when feasible.

Federal Engagement

Numerous federal stakeholders repeatedly stated the importance of data sets maintained by
USGS and the importance of this information as a foundation for their own programs, decision-
making, and disaster and emergency response efforts. Federal staff across various agencies (e.g.,
EPA, FEMA, NOAA, U.S. Department of the Interior [DOI], USACE) stated the need to ensure
the integrity and continuity of these data to better inform their own decision-making. For example,
USGS provides water-use accounting data to the U.S. Bureau of Reclamation for dam releases,
provides water-quality assistance to tribes, and provides a more informed understanding of land-
use change across the United States. The streamgage network, storm-surge sensors, and
hydrographic maps provide federal agencies within DOI with the ability to manage river and
aquifer basins and to respond to emergencies.

Elsewhere within the federal government, staff value the collaborations with USGS on
model development with agencies (i.e., EPA, the National Aeronautics and Space Administration
[NASA], NOAA, the U.S. Department of Energy), data for water releases with USACE, and
emergency response with FEMA. Decision makers reiterated a continued need to look to USGS to
answer science questions regarding the decision-making tradeoffs that are implicit in water
decision making, such as mid- and long-range water prediction capabilities and the development
of new hydrologic models. Stakeholders urged USGS to increase its spatial and temporal coverage
of the hydrologic network to improve decision-making.

State-Level Engagement

At the state level, stakeholders noted USGS’s hydrologic monitoring network and data sets
and reiterated their continued need for basic water-data collection facilitated by USGS. Similar to
numerous federal staff, state agency staff value existing USGS data sets and expressed interest in
expansion of the existing monitoring networks. The committee heard from a number of state
agency representatives about issues that impact their ability to work with USGS, including
cooperator limitations, a concern about base funding for the streamgage network, and a perceived
pressure that USGS needs to work on any project with funding, whether within its purview or not.
There was also a sense that USGS could improve identification of roles and partnerships with other
federal agencies.
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Other Stakeholders

The committee heard input from numerous local and regional stakeholders who interact
with USGS in a variety of capacities. These stakeholders suggested that USGS focus on the core
competencies of:

1.

2.
3.
4.

Hydrologic data collection and the methods development that the data collection
entails;

Conversion of data into useful information;

Long-term studies of hydrologic processes; and

Development and application of models to gain insight into processes and to evaluate
past or potential scenarios.

The academic community expressed support for USGS and its collaborations with the
community through interactions on scientific research. A number of stakeholders believe the
USGS does an effective job within the public—private partnership realm. These interactions have
increased the understanding within the field and also brought in external funding for research
topics. However, there is concern that funding pressures could lead to the removal of monitoring
networks in smaller watersheds, despite their importance to long-term land use change in larger
basins. Other stakeholders expressed a desire for USGS to decrease the amount of time to process
and make data publicly available. Stakeholders at all levels encouraged USGS to work to improve
model integration between surface water and groundwater, emphasizing how beneficial this would
be in their own work.
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Robert E. Mace is associate director and chief water policy officer at The Meadows Center for
Water and the Environment and professor of practice in the department of geography at Texas
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the University of Cambridge and a Ph.D. in civil engineering and hydrology from the University
of Bristol.
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Kerry Rae, U.S. Department of the Interior

Jose Sanchez, U.S. Army Corps of Engineers

Michael Shapiro, U.S. Environmental Protection Agency

Nagy Zsolt, AECOM

Meeting 2: San Diego, California
November 30-December 1, 2017

Bill Alley, National Groundwater Association

Jerad Bales, Consortium of Universities for the Advancement of Hydrologic Science, Inc.
David Berger, U.S. Geological Survey, Nevada Water Science Center

Dianna Crilley, U.S. Geological Survey, California Water Science Center

Maurice Hall, Environmental Defense Fund

Joe Holomuzki, U.S. Geological Survey, Hydrological-Ecological Interactions Branch
Jeanine Jones, California Department of Water Resources

Matt Landon, California Water Science Center

Anke Mueller-Solger, U.S. Geological Survey, California Water Science Center

Steve Phillips, U.S. Geological Survey, California Water Science Center

Eric Reichard, U.S. Geological Survey, California Water Science Center

Julie Zimmerman, U.S. Geological Survey, The Nature Conservancy
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Webinar I: Hydrological Observations
January 23, 2018

Deb Agarwal, Lawrence Berkeley National Laboratory
Dermott Diamond, Dublin City University
Barbara Minsker, Southern Methodist University

Webinar I1: Stakeholders and Nongovernmental Organizations
January 26, 2018

Carlton Haywood, Interstate Commission on the Potomac River Basin
Eric Kuhn, Colorado River District
Beth McGee, Chesapeake Bay Foundation

Meeting 3, Chicago, Illinois
February 8-9, 2018

Amy Beussink, U.S. Geological Survey, Illinois-lowa-Missouri Water Science Center
Nate Booth, U.S. Geological Survey, Data Science Branch
Joe Brammeier, Alliance for the Great Lakes

Steve Cole, Great Lakes Commission

Jeff Frey, Indiana Department of Environmental Management
Ken Najjar, Delaware River Basin Commission

Jason Navota, Chicago Metropolitan Agency for Planning
Bob Newport, Metropolitan Planning Council

J. David Rankin, Great Lakes Protection Fund

Jordan Read, U.S. Geological Survey, Data Science Branch
Bill Schleizer, Delta Institute

John Selker, Oregon State University

Water Science Center Directors Questionnaire Respondents

William Andrews, U.S. Geological Survey, Oklahoma Water Science Center
Cynthia Barton, U.S. Geological Survey, Washington Water Science Center

David Berger, U.S. Geological Survey, Nevada Water Science Center

Kyle Blasch, U.S. Geological Survey, Idaho Water Science Center

John Bumgarner, U.S. Geological Survey, New Mexico Water Science Center

Jeff Conaway, U.S. Geological Survey, Alaska Water Science Center

James Crammond, U.S. Geological Survey, Oregon Water Science Center

Mary Foley, U.S. Geological Survey, Maryland-Delaware-DC Water Science Center
Mike Griffin, U.S. Geological Survey, Ohio-Kentucky-Indiana Water Science Center
John Kilpatrick, U.S. Geological Survey, Montana-Wyoming Water Science Center
James Leenhouts, U.S. Geological Survey, Arizona Water Science Center
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Keith Robinson, U.S. Geological Survey, New England Water Science Center
Eric Strom, U.S. Geological Survey, South Atlantic Water Science Center
Robert Swanson, U.S. Geological Survey, Nebraska Water Science Center
JoyceWate Williamson, U.S. Geological Survey, Dakota Water Science Center
Andrew Ziegler, U.S. Geological Survey, Kansas Water Science Center

Association of American State Geologists Meeting Participants and Questionnaire
Respondents

Mike Angle, Ohio Geological Survey

Jonathan Arthur, Florida Geological Survey

Richard Berg, Illinois State Geological Survey

Karen Berry, Colorado Geological Survey

Gale Blackmer, Pennsylvania Geological Survey

Mitch Blake, West Virginia Geological and Economic Survey
Jeremy Boak, Oklahoma Geological Survey

Erin Campbell, Wyoming State Geological Survey
Marjorie Gale, Vermont Geological Survey

Joseph Gellici, South Carolina Geological Survey

Joe Gillman, Missouri Geological Survey

Jeffrey Hoffman, New Jersey Geological and Water Survey
Stephen Mabee, Massachusetts Geological Survey

Robert Marvinney, Maine Geological Survey

Steve Masterman, Alaska Division of Geological and Geophysical Surveys
John Metesh, Montana Geological Survey

Dave Norman, Washington Geological Survey

Richard Ortt, Maryland Geological Survey

John Parrish, California Geological Survey

Jonathan Price, Nevada Geological Survey

William Prior, Arizona Geological Survey

David Spears, Virginia Geological Survey

Kenneth Taylor, North Carolina Geological Survey
Margaret Thomas, Connecticut Geological Survey

Todd Thompson, Indiana Geological Survey

Harvey Thorleifson, Minnesota Geological Survey

Mike Timmons, New Mexico Geological Survey

David Wunsch, Delaware Geological Survey

John Yellich, Michigan Geological Survey

Ronald Zurawski, Tennessee Geological Survey
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D

Prioritization Rubric

The committee developed the following rubric as a way to refine the water resource and
science challenges and questions identified for the next 25 years (see Statement of Task 1 and
Box 1.1) to those that would have high potential to benefit the U.S. Geological Survey’s
(USGS?’s) strategic science and other federal agency priorities (see Statement of Task 3). The
rubric addressed scientific importance, societal need, relevance to the USGS mission, and
relevance to partners; from these criteria, the committee was able to narrow the 10 questions
identified in Chapter 2 of this report to the five in Chapter 3. This rubric was based on a project
prioritization framework created by the Office of Quality Improvement at the University of

Wisconsin—Madison.!

Criteria

Scoring Value

Priority Questions
Identified in Chapter 3 of
Report

Scientific Importance (global,
national, regional, local)

Societal Need (global, national,
regional, local)

Relevance to USGS Mission

Observes

Understands

Predicts

Delivers

Relevance to Partners

Other parts of USGS

Other federal agencies

State, tribal, and local agencies

Stakeholders (nongovernmental
organizations, general public,
private sector)

Total Score:

« All four are high (4)
« Three are high (3)

* Two are high (2)

* One is high (1)

« All four are high (4)
* Three are high (3)

« Two are high (2)

* One is high (1)

« All four elements (4)
* Three elements (3)
» Two elements (2)

* One element (1)

« All four partners (4)
« Three partners (3)

» Two partners (2)

* One partner (1)

! Gosenheimer, C., B. Rust, and N. Thayer-Hart. 2012. Project Prioritization: A Structured Approach to Working on
What Matters Most. Office of Quality Improvement. University of Wisconsin—Madison.
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