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About This Report

This report is the second in a series of reports to the U.S. Congress on the progress toward a
National Assessment of Water Availability and Use (also known as the USGS National Water
Census). These reports are required by the SECURE Water Act (PL. 111-11, Section 9508 (d))
(42 USC 10368). The first report, “Progress toward establishing a national assessment of water
availability and use, U.S. Geological Survey Circular 1384" (Alley and others, 2013), was deliv-
ered in March 2013. It described the initial steps taken by the U.S. Geological Survey (USGS)
toward accomplishing a national census of water resources. The USGS National Water Census
(the Water Census) is designed to systematically provide information that will allow resource
managers to assess the supply, use, and availability of the Nation’s water. This second report
explains how the Water Census has progressed toward this goal from 2013 to 2017. This report
describes the critical work that is underway to understand, assess, and deliver information
about water availability, as well as the collaboration and coordination with other agencies and
organizations that are essential for the Water Census to succeed. This report describes the
on-going regional framework for presenting water-availability data through a set of geographic
focus area studies and regional groundwater assessments, and the national framework for
providing uniform information on water-budget components across the country through targeted
topical studies. This report also documents the information management and delivery activities
that are being conducted as part of the Water Census. Finally, this report describes the initia-
tives that are planned as part of the Water Census for the next 5 years.
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of Water Availability and Use

By Eric J. Evenson, Sonya A. Jones, Nancy L. Barber, Paul M. Barlow, David L. Blodgett, Breton W. Bruce,
Kyle Douglas-Mankin, William H. Farmer, Jeffrey M. Fischer, William B. Hughes, Jonathan G. Kennen, Julie
E. Kiang, Molly A. Maupin, Howard W. Reeves, Gabriel B. Senay, Jennifer S. Stanton, Chad R. Wagner, and

Jennifer T. Wilson

Executive Summary

The Omnibus Public Land Management Act of 2009
(Public Law 111-11) was passed into law on March 30, 2009.
Subtitle F, also known as the SECURE Water Act, calls for the
establishment of a “national water availability and use assess-
ment program” within the U.S. Geological Survey (USGS).
The USGS issued the first report on the program in 2013.
Program progress over the period 2013—17 is reported herein
to fulfill the requirement to inform Congress on implementa-
tion of the national water availability and use assessment
program, also referred to as the USGS National Water Census
(the Water Census).

Much work has been accomplished during 2013—17 on
producing water budgets for the nation, a goal USGS out-
lined in its first report on program progress to Congress. The
USGS has completed three geographic focus area studies and
has begun three others. Work has advanced on nationwide
efforts in streamflow analysis, groundwater assessment and
research, evapotranspiration studies, water use, environmental
water science, and drought science (inside front cover). The
USGS works with Federal and non-Federal agencies, univer-
sities, and other organizations to ensure that the information
can be aggregated with other types of water-availability and
socioeconomic information, such as data on food and energy
production. The USGS has also made great strides in measures
for delivering data and information on the Water Census to
stakeholders and the public.

Much work remains to be accomplished for the Nation to
have a comprehensive, ongoing Water Census. In this report,
the USGS lays out activities to be accomplished in the next
5 years (2017-22), based upon current funding levels. These
include selecting new focus area studies, conducting hydro-
logic modeling to complete water budgets for the contermi-
nous United States, expanding groundwater modeling efforts,
mapping a national classification system for environmental
water science, and developing an inventory of interbasin water
transfers. All of these steps are necessary in order for the
Water Census to achieve the goals outlined by Congress in the
SECURE Water Act.

Introduction

Water has never been of greater importance to the health
of our Nation, to its economies, and to the natural environ-
ment. As the United States population increases to more than
325 million, our Nation faces a growing set of water-resource
challenges resulting from increased demand, fluctuations in
supply, and intensified competition for limited resources. The
Nation has added 10 million people to its population in the
time frame of this report, 2013—17 (https://www.census.gov/
popclock/). In the face of these challenges, the need for more
sophisticated information and tools to aid water-resource
managers has increased as well. The U.S. Geological Survey
(USGS) Water Census was created to meet that need. This
report informs the reader of the progress that has been made
over the last 5 years to advance our knowledge of water avail-
ability and use through improved methods of information
analysis and delivery.

Summary of the SECURE Water Act

Subtitle F of the Omnibus Public Land Management Act
0f 2009 (Public Law (P.L.) 111-11), which was passed into law
on March 30, 2009, helps address the Nation’s need for water
availability and use information. Also known as the SECURE
Water Act, it contains substantive mandates for both the USGS
and the Bureau of Reclamation (Reclamation).

Section 9508 of the SECURE Water Act calls for the
establishment of a “national water availability and use assess-
ment program” within the USGS to:

* provide a more accurate assessment of the status of the
water resources of the United States;

* assist in the determination of the quantity of water that
is available for beneficial uses;

* assist in the determination of the quality of the water
resources of the United States;

¢ identify long-term trends in water availability;
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 use each long-term trend to provide a more accurate
assessment of the change in the availability of water in
the United States; and

* develop the basis for an improved ability to forecast
the availability of water for future economic, energy-
production, and environmental uses.

The national water availability and use assessment
program called for by the SECURE Water Act also is referred
to as the Water Census. It is one of six major science direc-
tions identified by the USGS in 2007 in its Science Plan for
the next decade (U.S. Geological Survey, 2007). Additionally,

in 2016, the USGS initiated the Water Availability and Use
Science Program (WAUSP) and combined all of its activi-
ties that are directly related to water availability and use

in that one programmatic line item. This action was taken
for the most part to accomplish the task set for the USGS
by the U.S. Congress under Section 9508 of the SECURE
Water Act.

Included in the SECURE Water Act is a requirement
to report to Congress every five years on progress made in
implementing the national water availability and use assess-
ment program (see Box A). This report summarizes progress
for the second 5-year period.

Box A. Report Requested in SECURE Water Act (P.L. 111-11)

surface water storage;

B
C. groundwater reserves; and
D

of water as a result of global climate change;

A. the agricultural sector;
municipalities;
the industrial sector;

thermoelectric power generators; and

m O 0O w

hydroelectric power generators;

4. significant trends relating to each water
use sector, including significant changes
in water use due to the development of
new energy supplies;

5. significant water use conflicts or
shortages that have occurred or are
occurring; and

6. each factor that has caused, or is causing,
a conflict or shortage described in
paragraph (5).

Not later than December 31, 2012, and every 5 years thereafter, the Secretary shall submit to the appropriate
committees of Congress a report that provides a detailed assessment of—

1. the current availability of water resources in the United States, including—

A. Thistoric trends and annual updates of river basin inflows and outflows;

estimates of undeveloped potential resources (including saline and brackish water and wastewater);

2. significant trends affecting water availability, including each documented or projected impact to the availability

3. the withdrawal and use of surface water and groundwater by various sectors, including—

Shoal Lillies (Hymenocallis coronaria), Anthony Shoals, Broad River, Lower Broad
River Wildlife Management Area, Wilkes County, Georgia. Photograph by Alan
Cressler, U.S. Geological Survey

/




Role of Other Federal Agencies in Studies of
Water Availability and Use

The USGS works with a number of other Federal agen-
cies on the issues of water availability and use. This collabo-
ration is an extremely important part of serving the Nation’s
need for water availability and use information. In September
2007, the Subcommittee on Water Availability and Quality (at
the time, a part of the Committee on Environment and Natural
Resources within the U.S. Office of Science and Technol-
ogy Policy [https://www.whitehouse.gov/ostp]) published
“A Strategy for Federal Science and Technology to Support
Water Availability and Quality in the United States” (National
Science and Technology Council, 2007). Appendix I of that
strategy identified 18 Federal agencies, at the bureau/service/
authority level, that play an important role in assessing water
availability for the Nation. Some of these agencies are major
water-resource managers and purveyors of water, such as the
U.S. Army Corps of Engineers, the Bureau of Reclamation,
and the Tennessee Valley Authority. Some of these agencies,
such as the U.S. Department of Energy, the U.S. Environ-
mental Protection Agency (EPA), and the U.S. Army Corps
of Engineers, fill a regulatory role. Others, such as the U.S.
National Park Service, the U.S. Fish and Wildlife Service,
and the U.S. Forest Service, are land-management agen-
cies also serving as stewards of the water on that land. Still
others, such as the USDA Agricultural Research Service, the
National Oceanic and Atmospheric Administration (NOAA),
the National Aeronautics and Space Administration, and the
National Science Foundation, are agencies with a science mis-
sion complementary to that of the USGS. This report provides
a detailed description of the water availability work done by
three of these agencies and their ongoing collaborations with
the USGS.

Bureau of Reclamation

Both the USGS and Reclamation have substantive
responsibilities under the Department of the Interior WaterS-
MART initiative. The primary USGS WaterSMART activity
is the Water Census. WaterSMART activities in Reclama-
tion include the River Basin Supply and Demand Studies;
the WaterSMART Grants Program, which concentrates on
water conservation and sustainability grants; and the Title
XVI Program, which concentrates on water recycling and
reuse projects. WaterSMART activities under the Department
of the Interior require close coordination between these two
agencies. There is a natural synergy between the Reclama-
tion’s River Basin Supply and Demand Studies and the USGS
Geographic Focus Area Studies, which are described later in
this report. The USGS and Reclamation have been active par-
ticipants in the planning and execution of the studies that are
of joint interest. This joint interest is directly apparent in the
Colorado River Basin studies—the USGS Geographic Focus
Area Study of the Colorado River Basin was designed to fulfill
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data needs identified during the execution of the Bureau of
Reclamation River Basin Supply and Demand Study of the
Colorado River. Other studies of interest to both agencies are
being conducted on the Red River (of the south) Basin and
the Upper Rio Grande River Basin; studies are discussed later
in this report. Reclamation has been an active participant in
the evaluation and selection of USGS Geographic Focus Area
Studies and in the evaluation and ranking of Water Use Data
and Research Cooperative Agreements. The collaboration
between the USGS and Reclamation on WaterSMART is a
model for Federal agencies working toward a common goal.

National Oceanic and Atmospheric
Administration

NOAA delivers water information and predictions
about hydroclimatic conditions from floods to droughts. The
agency’s analyses of snow pack and precipitation, forecasts
of streamflow and warnings of flooding are indispensable
with respect to saving lives and managing water resources. In
recent years, NOAA has developed the National Water Model
(NWM), a hydrologic model that forecasts streamflow over the
entire continental United States (http://water.noaa.gov/about/
nwm). The NWM simulates the water cycle with mathematical
representations of the various water-budget components and
how they fit together. Models such as the NWM are powerful
tools for examining near-term predictions of how water avail-
ability may change in the future. The USGS has been working
directly with NOAA to enhance the scientific underpinnings
of the NWM and provide ways to more effectively incorporate
certain components of the hydrologic cycle, such as human
water use and groundwater contributions, in the NWM. NOAA
also supports research to improve climate prediction for
hydrologic applications and the use of information on climate
variability and change by water-resource managers.

U.S. Environmental Protection Agency

The EPA is responsible for ensuring that drinking water
is safe and that watersheds, coastal oceans, and their aquatic
ecosystems are protected and restored to provide healthy
habitat for fish, plants, and wildlife; to support economic
and recreational activities; and to ensure a healthy environ-
ment for people. To do this, the EPA administers a variety
of regulatory programs pursuant to the Safe Drinking Water
Act and Clean Water Act. Under these regulatory programs,
the EPA collects information about water withdrawn for the
purposes of public drinking water supply and the discharge
of contaminants in water, including the water volume that is
discharged. The databases maintained by the EPA for these
purposes provide invaluable information for estimating water
use associated with public water supply systems, the third
largest sector of water use in the Nation, and on the volume of
return flows in wastewater discharges from both municipal and
industrial wastewater treatment facilities. This information is
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vital to understanding human influence on the water cycle and
how people move water on the landscape. The USGS has a
long-standing collaboration with the EPA on water-use science
and works closely with the agency to improve methods for
estimating water use.

Many other Federal agencies routinely interact with the
USGS on information and issues related to water availability
and use. The data, information, and collaboration of these
agencies are vital to the success of the Water Census.

National Water Census

In the broadest sense, water availability has four compo-
nents: (1) the need for a certain volume of water to meet the
intended purpose, (2) the timing characteristics with which
water is delivered, (3) the adequate quality of the water for
the intended purpose, and (4) the need for water to meet both
human and environmental/ecological uses. The Water Cen-
sus is complex and must synthesize and report information
at various spatial scales, from small watersheds to national
compilations, with an emphasis on compiling and reporting
this information in a way that is useful to local water manag-
ers, states, and others responsible for water management and
natural-resource issues. A water-availability analysis of any
given area must consider the quantity of water, the timing
of water delivery, the quality of the water given the need the
water is intended to satisfy, and the human and ecological
needs for water in that area. The focus must be on the scien-
tific aspects of water availability.

As the primary Federal agency responsible for scien-
tific evaluation of the natural resources of the United States,
including its water and biological resources, the USGS has
the lead role in the Water Census. Because the USGS utilizes
a water-budget approach to water-availability analysis, it has
a unique capability to assess water-availability conditions
across the Nation and report to the Congress on the questions
posed in the SECURE Water Act. The USGS has an existing
infrastructure that allows it to conduct a regular inventory
of natural resources and water use, including water quantity,
water quality, and environmental water needs. The USGS
accomplishes this task through partnerships with local, State,
and regional water and environmental agencies. And, as the
Nation’s authoritative source on water-use information, the
USGS can characterize the demand of the Nation’s population
on the water resource.

Water Budgets as a Unifying Theme

Much of the information that makes up a Water Census
is essentially the components of water budgets for watersheds
and aquifers. Water budgets account for the inputs to, outputs
from, and changes in the amount of water in the various com-
ponents of the water cycle. They are the hydrologic equiva-
lent of the deposits to, withdrawals from, and changes in the

balance of a checking account and provide the hydrologic
foundation for analysis of water availability (Healy and others,
2007). The hydrologic concept of “closing the water budget”
involves balancing all components of the water budget within
a given watershed area or aquifer so that the sum of the supply
terms equals the sum of the demand terms. Basic components
of water budgets are the supply terms (precipitation, surface-
water inflow, groundwater inflow, and human return flows

to the watershed) and the demand terms (evapotranspiration,
surface-water and groundwater flow out of the watershed, and
human withdrawals). Other components, such as change in
surface-water and groundwater storage, change in snow and
ice storage, and interbasin transfers can be either supply or
demand terms depending on the specific conditions (fig. 1). As
with a monetary budget or checking account, knowing where,
when, and how much water (or money) is “flowing” into or
out of a water budget (or checking account) can illuminate
how much remains for other uses (water availability) and
reveal where stresses to the budget (the unpaid bills or water
shortages) exist or are developing.

During the first 5 years of the Water Census (2009-13),
much work has been conducted to independently estimate
various water-budget components. In particular, the Water
Census has worked to estimate flow in streams across the
Nation where streamflow is not currently measured, evapora-
tion from land and water surfaces and transpiration from crops
and other vegetation, groundwater components in regional
aquifer studies, and many different components of human
water use. Precipitation, provided by the Water Census for all
watersheds as a time series of data extending back to 1980,
was obtained from the Daymet datasets produced by the Oak
Ridge National Laboratory of the U.S. Department of Energy
at http://daymet.ornl.gov/.

The Water Census has also conducted substantial work in
the development of full hydrologic cycle models. The National
Hydrologic Model (NHM) (Regan and others, 2018), which
simulates the full hydrologic cycle, is one example. This
model is capable of providing complete-budget simulations for
historical reproductions and far into the future. The impor-
tance of models like the NHM is that they provide the USGS
with the capability to test the boundaries of hydrologic budget
components, estimate their magnitude, simulate them in
historical and current context, and forecast them under future
stresses. Additionally, the historical and current simulations
can be compared to actual measurements to improve under-
standing of the uncertainty associated with the models. This
ability provides the USGS with unique insights into the natural
and anthropogenic processes that influence the water budget.

The next 5 years of the Water Census (2017-22) will be
devoted to demonstrating how USGS can close the water bud-
get, thus improving the accuracy of water budgets, in major
areas throughout the Nation. The USGS will also work to
identify, quantify, and communicate the uncertainty associated
with the various water-budget components so that users of the
information understand the reliability and limitations of using
this information in water-availability assessments.


http://daymet.ornl.gov/

Surface-water inflow,
imported water
(pipelines, canals)

Groundwater inflow

Figure 1.

Characterizing Uncertainty

Uncertainty is an important concept in the science of
water availability. Uncertainty is an inherent factor in all
hydrologic data collection, estimation techniques, and simula-
tions used in water-availability analysis. Although estimates
of water availability are commonly stated as specific values,
there is always a degree of uncertainty associated with the
estimate and that uncertainty must be understood and commu-
nicated to those making resource-management decisions. As
stated in the first report to Congress, “Errors associated with
measurement techniques arise from the inability to accurately
measure specific aspects of the hydrologic system, such as
streamflow, the water level in a well, or soil properties that
control evapotranspiration and runoff. Uncertainty arises from
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the inability of our data-collection networks to fully character-
ize the natural spatial and temporal variability associated with
hydrology, geology, climate, and land use. Uncertainty also is
present in hydrologic models because it is impossible to repro-
duce a natural hydrologic system in a model with complete
accuracy.” (Alley and others, 2013, p. 7). The USGS made a
commitment to both quantify and communicate uncertainty
associated with Water Census products, and it has made prog-
ress on that commitment.

Observational uncertainty is error associated with mea-
surement of, in this case, specific aspects of the hydrologic
cycle. One of the primary components of the hydrologic cycle
is streamflow, and the Water Census has recently made efforts
to quantitatively assess the uncertainty associated with indi-
vidual measurements of streamflow (Kiang and others, 2016)
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and with estimates of streamflow. With regard to observational
uncertainty, Kiang and others (2016) found that uncertainty is
highly variable across streamgages in the Nation. In an earlier
study, Kiang and others (2013) assessed the ability of the
USGS streamgaging network to support estimation of stream-
flow statistics at ungaged locations. For each of the statistics
used in this study, variability was generally greatest in the arid
and semiarid central and southwestern United States. These
two studies support the need for more observations of stream-
flow and a more complete coverage with streamgages across
the Nation to reduce the uncertainty of streamflow informa-
tion. And, because streamflow is generally considered one of
the most accurately measured components of the hydrologic
cycle, the need for more observations of other hydrologic-
cycle components, such as soil moisture or evapotranspiration,
is implicit. The USGS is also investigating different ways

of effectively communicating uncertainty associated with
hydrologic observations. The USGS will implement means of
communicating uncertainty with hydrologic observations in
the next 5 years. For example, an estimate of streamflow at an
ungaged location can be reported as a value with an associated
probability of uncertainty, indicated by the range around the
reported value (fig. 2).

Simulation uncertainty is the error associated with
estimating hydrologic components for time periods or for
locations where measurements are not available. Apart from
observational uncertainty, hydrologic models can frequently
introduce bias when used to produce statistics for water-
resources management (Farmer and Vogel, 2016). The Water

Census has recognized a need for improved quantification of
simulation uncertainty and has made strides toward quantify-
ing uncertainty in the simulated hydrologic cycle. Building on
the work of Farmer and Vogel (2016), the USGS has under-
taken studies to apply a novel technique for the quantification
of simulation uncertainty in daily streamflow (Bourgin, 2015;
Farmer and Levin, 2017). For components of the hydrologic
cycle, this technique estimates total uncertainty across all
components in order to inform site-specific simulations and
forecasts. Originally developed for streamflow simulation,
this work is being expanded to consider uncertainty in other
components of the hydrologic cycle. Effectively communicat-
ing simulation uncertainty supports water-resources manage-
ment when observations are not available. The USGS will use
visual means similar to those employed in figure 2 to depict
model uncertainty, although the ranges associated with model
uncertainty will probably be larger than those associated with
observational uncertainty.

The USGS remains committed to addressing uncertainty
in water-availability information. Efforts ongoing at USGS
will be to quantify uncertainty of observations; to reduce
uncertainty through improved observations (enhanced mea-
surement precision and accuracy), as well as improved spatial
and temporal coverage, of hydrologic variables and improved
estimation techniques resulting in less model uncertainty; and
to communicate uncertainty in the most useful ways possible.
Through these measures, the users of Water Census water-
availability information will be fully informed of the context
of the information.
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Coordination and Collaboration

The USGS continues to receive guidance on the Water
Census through the Advisory Committee on Water Informa-
tion (ACWI) (https://acwi.gov/). The Water Census does this
through periodic meetings to inform agencies and organiza-
tions on the progress to date and to gain advice and guidance
on the types of water-availability and -use science that are
most needed to answer society’s questions on that topic. The
Water Census has collaborated with and received input from
the following agencies and organizations:

* American Water Resources Association

» American Water Works Association
 Association of Fish and Wildlife Agencies
 Association of Metropolitan Water Agencies
 Association of State Drinking Water Administrators
* Interstate Council on Water Policy

* National Ground Water Association

* The Nature Conservancy

* Sustainable Water Resources Roundtable

» Water Systems Council

* Western States Water Council

» U.S. Army Corps of Engineers

» U.S. Department of Agriculture—Natural Resource
Conservation Service

» U.S. Department of Agriculture—Economic Research
Service

» U.S. Department of Agriculture—National Agricultural
Statistics Service

* U.S. Department of Agriculture—U.S. Forest Service

» U.S. Department of Energy—Climate Change Policy
and Technology

» U.S. Environmental Protection Agency

 National Aeronautics and Space Administration

» National Oceanic and Atmospheric Administration
* Bureau of Reclamation

 U.S. Fish and Wildlife Service

The USGS also has a long history of working with State,
county, regional, and Tribal agencies on water-availability
studies through the Cooperative Matching Funds mechanism
of the WAUSP. Cooperative Matching Funds are federally
appropriated dollars used to match State, county, regional, and
Tribal agency dollars to conduct assessments and research
into water-availability and -use questions. In reality, the
WAUSP Cooperative Matching Funds are matched at a ratio
of approximately 1:2 (one Federal dollars to two non-Federal
dollars) by State, county, regional, and Tribal agencies for this
purpose, thereby tripling the monetary investment. The studies
are conducted by the USGS, with input into the scope of work
from the participating agencies. This mechanism, which was
known as the Cooperative Water Program prior to fiscal year
(FY) 2016, has funded hundreds of millions of dollars of work
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on water-availability and -use science and assessment since

its inception in 1895 (Taggart, 2004). In FY 2017, the USGS
allocated $12.4 million in Federal dollars for this purpose, and
these dollars were matched by $23.7 million in non-Federal
dollars. The WAUSP Cooperative Matching Funds have been
used to conduct extensive assessments and research on water
use; water budgets; groundwater availability, storage, and
recharge; environmental water science; and evapotranspiration
(https://water.usgs.gov/coop/products/availability/index.html).
Starting in FY 2015 and continuing through FY 2017, as
much as $2 million of the USGS Cooperative Matching Funds
were directed for water use research. Cooperative projects
funded by the water use research funds typically addressed
water-use and the impacts that use had on hydrology and water
allocations. In the “Topical Studies” section of this report,
examples of two water-use research studies are provided,
demonstrating the collaborative scientific contribution that

is provided by these cooperatively funded efforts with state,
local, and Tribal agencies. The availability of WAUSP Coop-
erative Matching Funds is a major benefit to the program, to
the stakeholders of the program, and to the advancement of
water-availability and -use science.

Programmatic Resources

The SECURE Water Act authorized $20 million per year
for the national assessment of water availability and use (here
called the Water Census) for FY 2009 through FY 2023. This
report documents the activities under the Water Census from
FY 2013 though FY 2017. During that period, the Congress
appropriated the following funds in the respective fiscal years:

Fiscal year Funding
2013 $ 6.1 million
2014 $ 6.1 million
2015 $11.5 million
2016 $13.7 million
2017 $14.6 million

These appropriations represent $52 million of the
$100 million that the U.S. Congress authorized through the
SECURE Water Act during this period. This funding provided
for the activities described in this report. The USGS also
leveraged existing studies and activities from ongoing USGS
programs to enhance efforts toward a Water Census. The
USGS engaged stakeholders to establish priorities for work
in surface water, groundwater, evapotranspiration, water use,
and environmental water science—all key areas for the Water
Census. The studies of surface water and groundwater are fun-
damental to addressing items (1) and (2) in the periodic reports
requested by the SECURE Water Act (see Box A), whereas
evapotranspiration estimates, water use, geographic focus area
studies, regional groundwater evaluations, and environmental
water science are fundamental to items (3) to (6). Below, the
current and completed Geographic Focus Area Studies are
discussed first, and are followed by the Topical Studies.
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Geographic Focus Area Studies

The SECURE Water Act mandated an assessment every
5 years of “significant water use conflicts or shortages that
have occurred or are occurring” (see Box A). The USGS
interpreted this mandate as the need for information on areas
of the Nation experiencing significant competition over water
resources. Water-use conflicts or shortages are area-specific,
and detailed information is needed to gain a full understanding
of the situation. As described in USGS Circular 1348 (Alley
and others, 2013), the Water Census developed the concept
of Geographic Focus Area Studies (FAS) to serve this report-
ing purpose. Each FAS is conducted for a period of 3 years,
followed by a year of report publication and products rollout.
FAS serve other purposes for the Water Census as well. They
(1) contribute to ongoing assessments of water availability
in large watersheds with potential water-use conflicts, (2)
provide opportunities to test and improve approaches to water-
availability assessment that can be transferred to other areas,
and (3) inform and “ground truth” the Water Census with
local information. Watershed stakeholders in each Geographic
Focus Area are seeking a comprehensive technical assess-
ment of water availability using the best available tools. The
Apalachicola-Chattahoochee-Flint, Colorado, and Delaware
River Basins were the first three Geographic Focus Area
Studies conducted by the USGS Water Census; these studies
are now completed. In 2015, an intensive process was con-
ducted to identify three new FAS; consequently, studies were
begun in the Carolina Coastal region, Red River of the south,
and Upper Rio Grande River Basins. The completed FASs,
including the work that has been accomplished and published
as part of these studies, are discussed below, and are followed
by a discussion of the ongoing FASs. Appendix 1 contains
a comprehensive bibliography produced as part of the com-
pleted FAS.

An important aspect of each FAS is stakeholder involve-
ment. During the development of each FAS work plan, the
USGS hosts stakeholder meetings to gather input on the
study objectives from as many stakeholders as possible. The
USGS takes this input into consideration when developing the
work plan for each FAS. Stakeholder meetings are also held
throughout the execution of the study to provide updates on
the progress and solicit input on future work that would be
most applicable and useful to the stakeholders.

Apalachicola-Chattahoochee-Flint River Basin
(2011-15)

The Apalachicola-Chattahoochee-Flint (ACF) River
Basin covers 20,230 square miles in Georgia, southeastern
Alabama, and northwestern Florida. The basin’s population
was 3.8 million in 2010, but many people outside the basin
rely on water from the ACF.

Litigation over appropriation of water among the three
states that occupy parts of the basin has been ongoing for
nearly 30 years. Most recently, a Special Master recommended
denying the State of Florida’s request for equitable apportion-
ment of waters in the ACF Basin in a case against the State of
Georgia that will ultimately be decided by the U.S. Supreme
Court. The likelihood of litigation among the states is high, as
continuing population growth in the Atlanta metropolitan area
and development of agricultural irrigation in the lower Flint
and Chattahoochee Basins is likely to continue to be a concern
for water users downstream; for ecological needs in streams
and rivers; and for the oyster fishery in Apalachicola Bay,
Florida (fig. 3).

Historically, resources for resolving the interstate conflict
over water availability have focused primarily on the manage-
ment of large reservoirs that are operated by the U.S. Army
Corps of Engineers and on flows in the major rivers in the
basin. The ACF FAS provides scientific information on the
many other important water-availability influences—specifi-
cally, estimates of water withdrawals and wastewater returns,
groundwater pumping for irrigation, interbasin transfers,
storage in unmanaged reservoirs, and effects of increases in
impervious surface and climate variability on water availabil-
ity. In addition, the FAS has studied flows in smaller streams
that have received little attention in the past, but are critical to
aquatic ecosystems throughout the basin. A complete bibliog-
raphy of the ACF River Basin FAS is presented in appendix 1.

Synoptic Effort

During the first year of the study (2011), exceptional
drought conditions prevailed in the lower Apalachicola-Chat-
tahoochee-Flint and adjacent Aucilla-Suwannee-Ochlockonee
River Basins during the summer months. Cumulative rain-
fall departures from 1981-2010 climate normals were in the
range of 17 to 27 inches, providing an excellent opportunity
to measure streamflow and groundwater levels under extreme
dry conditions. Measurements indicated that water levels in
12 of 43 surficial aquifer wells and 128 of 312 Upper Floridan
aquifer wells were at record lows. Most streamflows measured
were below normal (<25th percentile), with 286 miles of
streams losing flow in the downstream direction and 606 miles
of streams being dry. These data are important for under-
standing how the hydrologic system functions under low-
flow conditions and were used to calibrate surface-water and
groundwater flow models. The results of the synoptic study are
published in a USGS Scientific Investigations Report (Gordon
and others, 2012).

Water-Use Component

Water-use estimates and water returns for the ACF Basin
were compiled by category and location for calendar year
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2010. Categories included public supply, self-suppled domes-
tic, self-supplied commercial, industrial, mining, agricultural
(crop irrigation, livestock, and aquaculture), and thermo-
electric-power generation use. These data were compiled at
the 8-digit hydrologic unit code (HUC-8) subbasin scale and
published in a USGS Scientific Investigations Report (Law-
rence, 2016).

In 2010, an average of 1,645 million gallons per day
(Mgal/d) was withdrawn in the ACF Basin, with about
35 percent of withdrawals derived from groundwater sources
and 65 percent derived from surface water. About 564 Mgal/d
(34 percent of withdrawals) was returned to streams and riv-
ers in the basin (mostly as treated wastewater), and less than
4 percent of withdrawals was transferred outside the ACF
Basin (interbasin transfers). Although population in the basin,
particularly in the Atlanta metropolitan area, increased by
45 percent from 1990 to 2010, surface-water use declined dur-
ing that period, most likely as a result of conservation mea-
sures. Groundwater use, in contrast, has steadily increased as a
result of increases in pumping for agricultural irrigation, with
spikes in use during drought years.

Agriculture is the largest water use in the ACF Basin and
estimates of agricultural water use are typically complex, with
high levels of uncertainty. To address this uncertainty, three
different methods were tested in the ACF FAS to compare
their ability to match estimates of irrigation water use derived
from metered wells. These methods include (1) crop demand,
(2) geostatistical methods with variography and conditional
simulation, and (3) remote-sensing technology to identify
irrigated lands. Results are presented in a USGS Scientific
Investigations Report (Painter and others, 2015) and indicate
that information on local agricultural practices and spatial
and temporal distribution of irrigated lands are critical for all
three methods.

Simulating Surface-Water and Groundwater
Flow

The USGS evaluated hydrologic flows in the ACF Basin
by using linked groundwater (MODFLOW) and surface water
(Precipitation Runoff Modeling System, PRMS) models.
These are tools that resource managers can use to evaluate
the availability of freshwater to meet the competing needs
throughout the basin. The models greatly enhance the ability
to simulate the effects of groundwater pumping on stream-
flows under a variety of climate and water-use scenarios and
help to evaluate adequate instream flow for ecological needs
throughout the basin. The models are documented in USGS
Scientific Investigations Reports (Jones and others, 2017;
LaFontaine and others, 2017). In addition, enhancements to
the PRMS were made to facilitate the incorporation of water-
use data (described in the preceding section), stream and lake
flow routing, and simulation of surface-depression storage
and are published in a USGS Techniques and Methods Report
(Regan and LaFontaine, 2017).

The simulation results indicate that recharge to the
groundwater system is much more dynamic than previously
believed, with nearly all recharge occurring during winter
months or infrequently during periods of intense rainfall
during the remainder of the year. Streamflows simulated for
2008-12 with flow components from the linked models pro-
vided improved estimates for the warm season months, when
irrigation is active, and underestimated streamflow volumes
during the cool season months. The linked models indicated
that groundwater storage in the Floridan aquifer in the study
area declined by about 3.6 percent, and the decline is likely
the result of dry conditions during the simulation period. The
model was not used to simulate long-term changes in storage,
but the simulated changes in groundwater storage coupled
with a more realistic simulation of the dynamics of the sys-
tem indicate that the model will be useful for future water-
resources management.

Environmental Water Component

The environmental water project in the ACF Basin
improves understanding of the ways in which changes in
streamflow conditions may affect an important aspect of the
health of streams and rivers—specifically, the local diversity
of fishes. Many studies over the last two decades have shown
correlative evidence that streams with more altered flow
regimes also support diminished fish communities; how-
ever, little is known about the mechanisms underlying these
patterns. By quantifying how well fishes can persist through
periods of unusually low or high flows, or recover follow-
ing stressful events, scientists can help managers forecast
water-management effects on future diversity and abundance
of fishes, enabling them to make effective resource-man-
agement decisions (Freeman and others, 2013; Peterson and
Freeman, 2016).

To provide data on the mechanisms by which streamflows
affect fish assemblages, the USGS completed 233 surveys of
fishes at 40 ACF sites over a period of 6 years, including years
of exceptionally low and relatively high streamflows. The ACF
is a useful ecological setting for studying streamflow effects
on fishes not only because the basin is home to a high diversity
of fishes (at least 100 native species), as well as a variety of
stream types, including low-gradient, sand-dominated streams
in the Coastal Plain and higher gradient, cobble-dominated
streams in the Piedmont and Blue Ridge Provinces. Therefore,
analyses of the survey data have focused on understanding
how streamflow variation affects persistence and resiliency of
fishes that have differing habitat requirements, in physically
different environments.

Important findings of this work include new evidence that
fishes show an increasing likelihood of loss from stream sites
as seasonal streamflows dip below long-term averages, but
that these losses may be balanced by species re-establishing
during periods of above-average flow (Wheeler and others,
2017, 2018). However, fishes which primarily inhabit streams



do not appear equally resilient, and populations of the same
species may recover more readily in some streams than oth-
ers. In particular, fishes that commonly inhabit a wide range
of aquatic habitats (including lakes, wetlands, and streams),
such as many sunfishes and mosquitofishes, may be more
likely to re-establish at a site following local extirpation than
are stream-dependent fishes, including many minnow and
darter species. Additionally, populations of the same species
show greater resilience to local losses in Coastal Plain streams
than in higher gradient upland (Piedmont and Blue Ridge)
streams. These findings imply that effective streamflow-
management strategies for protecting biological diversity
may differ depending on the types of fishes present and the
physical setting.

Colorado River Basin (2011-15)

The Colorado River is about 1,450 miles long with a
drainage-basin area that covers about 246,000 square miles in
parts of seven states (fig. 4). Because of many factors, includ-
ing that the most downstream portion of the river crosses the
international border with Mexico, water management, water
law, and flow regulation are a complex system involving
international treaties, interstate compacts, and Supreme Court
decrees. Within the United States, the water diverted from the
Colorado River serves more than 30 million people, many
located outside the hydrologic basin in California, Colorado,
New Mexico, and Utah, and irrigates more than 4 million
acres of agricultural land. Flow in the Colorado River also
supports a multibillion dollar tourist and recreational industry.
The Colorado River is a critical resource for a substantial por-
tion of the mostly arid southwestern United States. Declin-
ing streamflows, increasing population, and a projected drier
future climate present additional challenges to an already
stressed water-delivery system.

Reclamation plays a major role in the control and dis-
tribution of surface water across the Colorado River Basin
through the management of large Federal water projects like
Glen Canyon Dam (Lake Powell) and Hoover Dam (Lake
Mead). These and several other reservoirs and diversions
throughout the basin are operated as a single system to facili-
tate the beneficial use of the annual runoff, which originates
largely as snow melt in the Rocky Mountains. Effort is made
each year to track the annual “natural” flow and monitor
the consumptive surface-water use to meet litigated rights
(part of what is referred to as “The Law of the River”), meet
contractual obligations for water delivery, and to generate a
substantial amount of hydropower for customers in the south-
western United States. In 2012, Reclamation and its partners
completed a Colorado River Basin Water Supply and Demand
Study (https://www.usbr.gov/lc/region/programs/crbstudy.
html). Early discussions with Reclamation and other stake-
holders in the Colorado River Basin identified several aspects
of the basin water budget that were in need of additional
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study and information after the Supply and Demand Study.
Improved understanding of water use in the basin (especially
agricultural consumptive uses); an increased understanding

of snowpack development, runoff, and sublimation losses;
and the relative importance of regional groundwater flow and
groundwater discharge supporting streamflows were identified
as primary components needing attention during the Colorado
River Basin FAS. These components became the focus of the
Colorado River Basin FAS. The following subsections provide
a short summary of the USGS contribution to these topics.

A complete bibliography of the Colorado River Basin Focus
Area study is presented in appendix 1.

Water-Use Component

The USGS is conducting a basin-specific water use
study, analyzing uses by category and HUC-8, including
analysis of trends, at 5-year increments from 1985 to 2010.
This study will also identify all major transfers of water out
of the Colorado River Basin to adjacent areas for years 2000,
2005, and 2010. Water-use information from the seven basin
states is being compiled and quality-assured, and consistent
water use estimates provided on surface-water diversions and
withdrawals, groundwater withdrawals, and surface-water
return flows. Particular emphasis will be placed on analyzing
trends in water use over this 25-year period. The water-use
study presents water-withdrawal information aggregated at
the HUC-8 level for the following water-use sectors: public
supply, self-supplied domestic, self-supplied commercial,
industrial, livestock, mining, aquaculture, irrigation, ther-
moelectric and hydroelectric water, and wastewater return
flows. Consumptive use estimates are included in the study for
irrigated agriculture and thermoelectric power generation—
the only two categories of use for which USGS methods for
estimating consumptive have been updated since 1995. These
two water-use categories are the largest water uses nationally
and in the Colorado River Basin. The study, when completed,
will provide an improved understanding of the major sectors
of water use and the spatial distribution of those uses within
the Colorado River Basin.

Groundwater and Base-Flow Component

Historically, management of water resources in the Colo-
rado River Basin has focused on surface water; however, sur-
face-water flow is sustained, in part, by groundwater discharge
to streams. In light of recent droughts and ongoing landscape
change, groundwater and surface water must be understood
and managed as a single resource. Compared with surface-
water flows, groundwater discharge to streams is difficult to
measure, and is a less well understood component of the water
budget. A series of studies was conducted using instream
water-quality data to estimate the fraction of streamflow that
is supported by groundwater discharge to streams across the
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Upper Colorado River Basin. The methods included continu-
ous estimation of groundwater discharge to streams at selected
sites for periods of as long as 30 years (Miller and others,
2014; Miller and others, 2015; Rumsey and others, 2015), and
the development of a watershed model that predicted ground-
water discharge to streams at more than 10,000 stream reaches
in the basin (Miller and others, 2016). Results indicate that, on
average, more than half the streamflow in the Upper Colorado
River Basin is sustained by groundwater discharge to streams,
and much of this groundwater discharge to streams originated
as precipitation that fell in the past 10 to 100 years (Solder and
others, 2016). These results indicate that streamflow depends
on groundwater discharge to streams and that the joint ground-
water/surface-water resource in the Upper Colorado River
Basin may respond rapidly to future anthropogenic and natural
changes in the environment.

Snow Pack and Sublimation Component

Water available for ecological and human needs in the
Colorado River Basin is derived largely from high mountain
snow (the “snowpack™) that accumulates during the winter and
spring and melts during the summer each year. These annual
mountain snowpacks serve as large natural water reservoirs,
and their melting snow provides 70 to 85 percent of the annual
surface-water runoff in this region. Determining the amount
of water stored in mountain snowpacks each year is important
for successfully managing and forecasting water resources
in the Colorado River Basin. The USGS utilized two exist-
ing models for estimating snowpack water resources as part
of the Colorado River Basin FAS - SNODAS (https://data.
noaa.gov/dataset/dataset/snow-data-assimilation-system-
snodas-data-products-at-nsidc) and SnowModel (Liston and
Elder, 2006). The Colorado River Basin FAS also investigated
factors affecting snowpack distribution, such as snowmelt tim-
ing and losses of snowpack water by snow sublimation. Peak
snowmelt in Colorado is occurring 2 to 3 weeks earlier than in
recent history (Clow, 2010), and upward trends in the deposi-
tion of windblown dust (a solar heat concentrator) onto moun-
tain snowpacks is contributing to changes in snowmelt timing
(Clow and others, 2016). Additionally, physical measurements
of snow sublimation (Sexstone and others, 2016), combined
with simulated estimates, show that snow sublimation is
highly variable and an important component of the water bal-
ance in the Colorado River Basin, with losses of as much as
27 percent of winter precipitation (G.A. Sexstone and others,
U.S. Geological Survey, written commun., 2017). Results of
these Colorado River Basin FAS snowpack water-resources
investigations have important implications that can be used for
improving water resources forecasting and management in the
Colorado River Basin.
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Delaware River Basin (2011-15)

The Delaware River Basin covers 13,500 square miles
in parts of four states—New York, New Jersey, Pennsylva-
nia, and Delaware (fig. 5). The population within the basin is
approximately 7.3 million.

The basin has the largest interbasin withdrawal of water
east of the Mississippi River and provides water to more
than 15 million people, half of them outside the basin. Two
Supreme Court decrees and coordination by an interstate river
basin commission are just part of the history of allocating
water resources in the basin. Concerns about the effects of
new natural-gas development and the freshwater requirements
for endangered sturgeon and a recently discovered mussel spe-
cies have added new complexities to water management in the
upper part of the basin.

With input from more than 60 stakeholder groups, includ-
ing Federal, state, and local governments, non-governmental
organizations, academics, and others, the following issues
were identified as priorities in the Delaware River Basin:

* acquisition, management, and integration of improved
water-use and water-supply data;

» development of environmental water science that
includes enhancement of the existing Decision Support
System (DSS) for parts of the Delaware River, defini-
tion of relations between streamflow processes and
aquatic-assemblage responses in tributaries, and devel-
opment of a streamflow-estimation tool for ungaged
sites (Archfield and others, 2010); and

+ development of a hydrologic watershed model to
evaluate the effects of water stressors, such as growth
of population centers, land-use change, and climate
variability and change, on water resources in the basin.

In response to these needs the Water Census developed
the following publications and tools. A complete bibliography
of the Delaware River Basin FAS is presented in appendix 1.

Improved Water-Use and Water-Supply
Information

Water-use information for 2010 from the four basin states
was compiled and quality assured, and consistent water-use
estimates were provided for surface-water diversions and
withdrawals, groundwater withdrawals, and surface-water
return flows. In addition, estimates of unreported domestic
use were developed. A report on water use in the basin was
published (Hutson and others, 2015), and data on thermoelec-
tric, public-supply, agricultural, commercial, and other uses


https://data.noaa.gov/dataset/dataset/snow-data-assimilation-system-snodas-data-products-at-nsidc
https://data.noaa.gov/dataset/dataset/snow-data-assimilation-system-snodas-data-products-at-nsidc
https://data.noaa.gov/dataset/dataset/snow-data-assimilation-system-snodas-data-products-at-nsidc

14 Continuing Progress Toward a National Assessment of Water Availability and Use

75° 74°
I I
,J”p).
Cany '.nsville
servoir
Pepacton
_ o ,.\?'/ Reservoir *: pa _ |
NEW YORK

PENNSYLVANIA j

=

=4
< : 7

41° —

-~
A

% <
A
.. NEWJERSEY ¢
e ’;ren}\_
§
@)
N
&
\
50 MILES

50 KILOMETElRS

Base modified from U.S. Geological Survey
1:100,000-scale digital data

Figure 5. Location of the
Delaware River Basin. (From
Alley and others, 2013, fig. 6)



are reported for 427 12-digit hydrologic unit code (HUC-12)
subbasins. This was the first time USGS studies provided
yearly water-use estimates at the detailed HUC-12 scale (a
goal of the Water Census). Data for the HUC-12 subbasins are
available (Hutson and others, 2016a) as Excel® tables at the
Water Census ScienceBase-Catalog (https://www.sciencebase.
gov/catalog/item/5762a410e4b07657d19a71cb).

Basin Hydrologic Model

The Water Availability Tool for Environmental Resources
(WATER) is a hydrologic watershed model developed by the
Water Census for the non-tidal Delaware River Basin (see
Box B). The model includes information on water use, and
projections of future land use and climate change for the years
2030 and 2060. The model and developed datasets have been
published and are publicly available (Williamson and others,
2015; Williamson and Lant, 2015). Model scenarios describ-
ing possible future effects of climate and land-use change on
basin water resources are also contained in these publications.
The model is currently being used in a detailed assessment of
how changes in climate might affect management of future
reservoir releases.

Environmental Water Science on Mainstem

Flow on the mainstem of the Delaware River is con-
trolled, to a large extent, by waters released from drinking-
water reservoirs and power-supply reservoirs. Releases are
regulated to meet a variety of needs, including water-supply
demands, protection of downstream fisheries habitat, and
repelling the upstream movement of saltwater in the Dela-
ware Estuary. These releases need to be managed to protect
the cold-water fisheries on the Delaware River and maintain
aquatic community diversity, structure, and function. The
Delaware FAS developed a tool to evaluate the relation among
flows, environmental variables (such as temperature), and
ecological response. The Water Census study on the mainstem
of the Delaware River determined the environmental water
needs of a variety of freshwater species such as fishes, mus-
sels, and submerged aquatic vegetation in the Upper Delaware
River Basin. This information was incorporated into a DSS
that allows managers to evaluate how different flow scenarios
might affect the amount of habitat that is available for each
species to spawn, grow, and reproduce (Maloney and others,
2015). The DSS tool has been published and is being used
to assist the Flexible Flow Management Committee of the
Delaware River Basin Commission in evaluating how releases
could affect fish communities on the Delaware River (Talbert
and others, 2014).

Environmental Water Science on Tributaries

Environmental data are typically collected on tributaries
where no flow information is available. To assist ecologists
in the Delaware River Basin interested in studying relations
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between major components of streamflow (magnitude, dura-
tions, frequency, timing, and rate of change) and the response
of aquatic assemblages (environmental waters), Delaware
River Basin Streamflow Estimator Tool (DRB-SET) was
developed (Stuckey, 2016). This tool can be used to assist
managers in making decisions about meeting human water
needs while maintaining healthy ecological communities in
streams. A user’s manual developed for the DRB-SET has
been published and the tool is available to the public (Stuckey
and Ulrich, 2016).

Coastal Carolinas Basins (2015-19)

The coastal regions of the United States are substantially
more crowded than the United States as a whole, and although
these growing coastal areas represent a nexus of natural
resources and economic opportunity, they also represent areas
of increasing conflict over these resources. Although other
areas of the United States are also growing, the land limita-
tions in coastal regions often lead to higher population densi-
ties and a sharper, more focused interface between fresh- and
saltwater ecosystems. Population growth has tripled since the
1970s in the Coastal Plain portions of the Lower Cape Fear
River and Lower Yadkin/Pee Dee/Waccamaw River Basins
in North Carolina and South Carolina, a region bounded by
the Atlantic Ocean, Atlantic Intracoastal Waterways, and
tidally affected brackish rivers (fig. 6). Coastal areas of the
southeastern United States, particularly in the Carolinas, are
experiencing increased annual pulses of tourist populations
that often place unanticipated stresses on the natural resources.
This confluence of people and a geography that is highly
susceptible to the effects of hurricanes, routine droughts, and
climate change/sea-level rise has presented unique challenges
to water-resource managers and environmental regulators. To
further highlight and confirm the water conflict in this region
of the Carolinas, in 2015 (just prior to the beginning of the
Coastal Carolinas FAS), the North Carolina General Assem-
bly passed a bill (NC House Bill 186, March 10, 2015, http://
www.ncleg.net/Sessions/2015/Bills/House/PDF/H186v6.
pdf) calling for “...an evaluation of the adequacy of currently
available supplies to meet the expected long-term needs for all
water demands... of the portions of the Cape Fear River Basin
within Brunswick, New Hanover, and Pender Counties ...”.

The Coastal Carolina Basins FAS (fig. 7) has four
major components: (1) refined water-use data and estimates
of HUC-8 water use; (2) a groundwater-flow and saltwater-
intrusion model of the surficial, Castle Hayne, Crouch Branch/
Peedee, and McQueen Branch/Black Creek aquifers for the
study area; (3) surface-water models of the Cape Fear River
and Yadkin/Pee Dee/Waccamaw River Basins to simulate
watershed/streamflow response to various future scenarios of
climate and land-use changes and water use; and (4) ecologi-
cal response models relating fish and macroinvertebrates to
streamflow and land use in the Cape Fear River and Yadkin/
PeeDee/Waccamaw River Basins. Additionally, existing popu-
lation change forecasts from the U.S. Census Bureau (U.S.


http://www.ncleg.net/Sessions/2015/Bills/House/PDF/H186v6.pdf
http://www.ncleg.net/Sessions/2015/Bills/House/PDF/H186v6.pdf
http://www.ncleg.net/Sessions/2015/Bills/House/PDF/H186v6.pdf
https://www.sciencebase.gov/catalog/item/5762a410e4b07657d19a71cb
https://www.sciencebase.gov/catalog/item/5762a410e4b07657d19a71cb
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Box B. Applying the Science to Water Management in the Delaware

River Basin

The Delaware River Basin Commission (DRBC) is
a federal-state compact agency established in 1961 and
charged with conservation, utilization, development, man-
agement, planning, control, protection, and preservation of
the waters of the Delaware River Basin and Estuary. The
DRBC works collaboratively with the basin states (Dela-
ware, New Jersey, New York, and Pennsylvania) on all
aspects of integrated water resource management including
water allocation and the protection of drinking water and
other water intakes.

In the 1960s, after eight consecutive years of below
normal precipitation and a severe drought, the DRBC
worked with the states and stakeholder to develop flow and
drought management plans and actions that would ensure
that the basin would be resilient to a similar drought of
record. While the states are responsible for many aspects
of the plans related to water conservation, the DRBC has
the overall responsibility to preserve regional storage for
the purposes of water supply, flow augmentation, and
water quality in the Delaware River, and salinity control in
the Delaware River Estuary. These plans were adopted in
1983 and have been modified over time to address different
stakeholder issues, including minimum releases for ecolog-
ical protection and some limited spill mitigation, without
impacting other reservoir purposes such as water supply.

With the predicted trends in precipitation and tem-
perature during this century, the DRBC has embarked on
a project to assess the potential risks to DRBC’s overall
flow and drought management goals. Then, plans and
programs will be developed to adapt to identified risks.

To do this, DRBC will use the Water Availability Tool for
Environmental Resources (WATER), developed during the
Water Census pilot project for the Delaware River Basin
and the DRBC’s Water Management Planning Support
Tool (DRB-PST). Used together, the DRBC will be able
to assess future water availability and drought resilience
to educate decision makers about risks to the basin and
begin the process of adaptive management planning and
implementation.

With WATER, it is possible to generate the inflows
and associated water use information, which are the major
factors that determine water availability with DRB-PST.
Precipitation, temperature, soil characteristics, land use,

N\

slopes, and other relevant information are used by WATER
to develop a water budget for sub-basins and calculate the
amount of runoff (streamflow) expected to reach the vari-
ous streams and reservoirs in the basin. The streamflows
are used by DRB-PST to simulate the flow and drought
management programs and assess how well they perform
under the future conditions.

Preliminary results indicate that the changes to
streamflows, which enter reservoirs, streams, and rivers,
are primarily seasonal and increase by a modest amount
in the future. However, the seasonality of the streamflow
shifts and is primarily related to changes in the snow pack
and evaporation. The change in snow pack is primarily
related to the change in temperature and not the lack of
precipitation. The precipitation falls as rain rather than
snow and arrives at the reservoir as runoff within days
rather than snow melt weeks or months later. As a result,
the timing of reservoir refills is likely to change rather than
the overall amount of water that reaches the reservoirs.
Streamflows in the summer are reduced, but indications
are that those reductions are primarily due to the increased
evapotranspiration resulting from increased temperatures.

The DRBC also uses hydrodynamic and water quality
models to evaluate salinity and chloride concentrations in
the Delaware Estuary. Salinity and chlorides are prob-
lematic for drinking water and other water intakes due to
the potential for increased corrosion and the complexity
of treatment technologies. Model results indicate that the
Sea Level Rise (SLR) in the Delaware Estuary may hinder
the ability of the existing flow management programs to
control salinity. DRBC will be using a linked combination
of WATER, DRB-PST, and these other models to evaluate
how freshwater inflows into the estuary will alter the salt
water—fresh water interface.

Once the risks of increased precipitation, tempera-
ture, and sea level rise have been evaluated, DRBC can
determine if existing flow management programs can meet
stakeholder needs and also maintain the current level of
salinity control. If additional storage or other infrastructure
is needed, combinations of flow management and infra-
structure programs can be developed, constructed, and/or
implemented to address the impacts of predicted trends in
climate and SLR

—Amy Shallcross, Delaware River Basin Commission

J




Census Bureau, 2012) and spatial urban-growth scenarios
based on research from North Carolina State University and
the USGS are being applied to the study area to drive various
land-use and water-use change scenarios that will be simulated
with the groundwater, surface-water, and ecological-response
models. Stakeholder input was important in establishing these
major study components.

The water-use component includes developing a site-
specific database of water use for the study area, refining

79°30'
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county-level estimates and aggregating site-specific water-
use data to the HUC-8 level, exploring improved methods to
estimate agricultural withdrawals, and compiling available
water-use projections. The study is focusing on water-use data
for the period 1995-2015.

An updated and refined groundwater-flow model of the
study area will be used to inform resource decisions based on
various current and future climate, land-use, and groundwater-
use scenarios. The groundwater-flow model will be converted
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Figure 6.

Location of the Coastal Carolina Basins Focus Area Study.
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Figure 7.

to a model that can be used to evaluate potential saltwater
intrusion into the aquifers resulting from groundwater pump-
ing scenarios for as many as two localized population centers
within the study area.

Surface-water models built using the Soil and Water
Assessment Tool (SWAT) model (Arnold and Fohrer, 2005)
will be used to simulate streamflows at ungaged ecological
sampling sites and key locations for water-supply in the study
area, while also accounting for water-use and climate-change
scenarios. The simulated streamflow data from the Yadkin/
Pee Dee/Waccamaw River surface-water model will be
incorporated into the existing Pee Dee River and Intracoastal
Waterway Salinity Intrusion Model-Decision Support Sys-
tem (PRISM-2 DSS) (Conrads and others, 2013), which was
developed to evaluate the salinity dynamics of the Atlantic
Intracoastal Waterway and the Waccamaw River on the basis
of variability of streamflow resulting from climate change and
the effects of sea-level rise. The PRISM-2 DSS, with updated
streamflow information, will be used to simulate the effects

U.S. Geological Survey Coastal Carolina Basins Focus Area Study webpage. (From U.S. Geological Survey, 2017a)

of future climate, land-use, and water-use changes on the fre-
quency, magnitude, and duration of saltwater intrusion.

Empirical models relating fish and macroinvertebrate
metrics to flow metrics and land use will be developed for
the Yadkin/Pee Dee/Waccamaw and Cape Fear River Basins
by using daily streamflows obtained from the surface-water
models. These models will also be used to predict aquatic-
biota community changes associated with the various water-
use, land-use (urbanization), and climate-change scenarios.
The ecological-flow response models will also be used to test
the efficacy of various alternatives for flow objectives for the
protection of ecological integrity in streams by adding these
actual or hypothetical ecological-flow objectives into current
and projected flow and water-use scenarios.

Combined, these new data and tools can be used by
resource managers to plan future surface-water allocations and
groundwater development and withdrawals as stakeholders
evaluate potential consequences on ecology and susceptibility
of the aquifers to saltwater contamination.



Red River Basin (2015-19)

The Red River Basin is an area of about 93,200 square
miles with a population of about 4.3 million people. The basin
is characterized by flat agricultural land and is relatively arid,
with annual precipitation ranging from less than 30 inches in
the western headwaters to 50 inches at the confluence with the
Mississippi River (fig. 8). Concerns and conflicts about water
in the Red River Basin have been growing because of increas-
ing needs for freshwater in the rapidly expanding Dallas-Ft.
Worth, Texas, area; cycles of severe drought in the basin;
and increases in water use for power generation and other
purposes. The Red River Compact, authorized by Congress
in 1955 and signed by the States of Arkansas, Louisiana, Okla-
homa, and Texas in 1978 (P.L. 92-500, 33 USG, 33 U.S.C,,
sections 1251 et seq.), documents the volume of water each
state in the basin can use or store from the Red River Basin.
Despite the compact, litigation over water use among mem-
ber states recently occurred: Tarrant Regional Water District
v. Herrmann—U.S. Supreme Court, 2012 (https:/www.
supremecourt.gov/opinions/12pdf/11-889 5ie6.pdf); State of
Oklahoma, Choctaw Nation, Chickasaw Nation, Oklahoma
City Settlement, 2016 (https://www.waterunityok.com/).

The USGS worked collaboratively with Federal, State,
and local governments, Tribes, regional water managers, and
other stakeholders to develop an approach to comprehensively
assess water budgets and water availability under current
hydrologic, land-use, and water-demand conditions and for
a range of future conditions. To achieve the aforementioned
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comprehensive assessment, the Red River FAS is divided

into four objectives: (1) refinement and enhancement of water
withdrawal estimates (1980-2015) to provide a detailed pic-
ture of water use in the basin, (2) development of a groundwa-
ter-flow model to quantify groundwater/surface-water inter-
actions and likely effects of increased withdrawals upstream
from the Denison Dam on Lake Texoma, (3) construction of

a rainfall-runoff model to simulate streamflow and compute
daily water balances for each hydrologic response unit within
the basin, and (4) develop an understanding of the relation
between changes in water availability and the fish-community
response for the basin within Oklahoma and Texas. Products
of this study will include a water-use database, complementary
groundwater and surface-water models, and an assessment of
environmental water needs for the Red River Basin (fig. 9).

Upper Rio Grande Basin (2015-19)

The growing gap between water supply and demand in
the Upper Rio Grande Basin has resulted in ongoing conflict
and litigation among Federal, Tribal, State, and local users.
The USGS Upper Rio Grande FAS is assessing existing
knowledge and contributing new scientific data and interpreta-
tion to help stakeholders address these critical water issues.

The Upper Rio Grande River drains 32,000 square miles
and flows 670 miles from its headwaters in Colorado (peak
elevation 14,351 feet [ft]) to an area sixty miles downstream
from El Paso, Texas (elevation 3,450 ft) (fig. 10). The Upper
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Figure 9. U.S. Geological Survey Red River Basin Focus Area Study webpage. (From U.S. Geological Survey, 2017b)
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Figure 10. Location of the Upper Rio Grande River Basin.

Rio Grande Basin is an arid to semi-arid region where disputes
over water shortages have occurred for more than 100 years.
Basin features vary from alpine and forested mountains and
river gorges in the Southern Rocky Mountains, to riparian for-
ests (bosque) and the broad valleys and high desert of central
New Mexico, to the Chihuahuan Desert along the boundary
between Texas and Mexico.

The conjunctive use of water in the Upper Rio Grande
Basin takes place under a myriad of legal constraints, includ-
ing the Upper Rio Grande Compact between the States,
an international treaty with Mexico, and several Federal
water projects. The conveyance and use of surface water in
the Upper Rio Grande River Basin is achieved through an
engineered system of reservoirs, diversions, and irrigation
canals. The region is experiencing a decrease in water supply
and a trend toward less and earlier snowmelt due to extended
drought and climate change. These conditions have led to
diminishing snowmelt and groundwater recharge. At the same

time, changes in climate and an extended period of drought
have reduced reservoir water supplies, leading to increased use
of groundwater for irrigation, municipal, and industrial uses.
A decrease in water supply at a time of increasing demand
from population growth and shifting agricultural cropping
patterns means that current groundwater withdrawals exceed
recharge rates. The growing gap between water supply and
demand has resulted in continued conflict and litigation among
Federal, Tribal, State, and local users. Quantification of key
water-budget components as part of this study will support
many regional efforts to understand and sustainably man-

age finite water resources in the Upper Rio Grande River
Basin, including updates to the New Mexico State Water

Plan (http://www.ose.state.nm.us/Planning/state_plan.php),
the Rio Grande Transboundary Integrated Hydrologic Model
(https://nm.water.usgs.gov/projects/program.areas/files/R-G.
transboundary.integrated.model. PNG), the Upper Rio Grande
Water Operations Model (http://www.spa.usace.army.mil/


http://www.ose.state.nm.us/Planning/state_plan.php
https://nm.water.usgs.gov/projects/program.areas/files/R-G.transboundary.integrated.model.PNG
https://nm.water.usgs.gov/projects/program.areas/files/R-G.transboundary.integrated.model.PNG
http://www.spa.usace.army.mil/Missions/Civil-Works/URGWOM/
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Missions/Civil-Works/URGWOMY/), and the Rio Grande Basin
of the USGS National Hydrologic Model (https://wwwbrr.
cr.usgs.gov/projects/SW_MoWS/index.html).

The Upper Rio Grande FAS is compiling and interpreting
the spatial distributions and temporal trends of key water-
availability and -use components to help stakeholders address
water issues. Compilation of water-use data by sector (such
as public supply, irrigation, and domestic) from 1985 to 2015
for the 22 HUC-8 subbasins will inform local, regional, and
State water planning. Water losses from actual crop and land-
scape evapotranspiration are being quantified with a USGS
remote-sensing-based model with Landsat satellite images,
and verified with measured evapotranspiration data. Ground-
water status and trends throughout the basin are being assessed
through development of a basin-scale hydrogeologic frame-
work, water-level surface and change maps, and geostatistical
trend analysis. Improved snow-process modeling will provide

Figure 11.

more accurate estimates of snow accumulation, sublimation
losses, and snowmelt rate and timing. Streamflow trend analy-
ses and new base-flow separation methods are quantifying the
connection between groundwater and surface water through-
out the basin. Data and results from each component will be
integrated in a regional calibration of the USGS national-scale
watershed model, built on the precipitation runoff modeling
system (PRMS) (Regan and others, 2018), which will provide
a new tool to synthesize and visualize historical, current, and
future water availability and use across the basin.

The spatially distributed water-budget products of each
component of this study will be compiled within a national-
scale database and integrated to improve understanding of
interactions occurring within the basin. Summarized results
will be publicly displayed on interactive maps at the “Real-
Time Map” tab on the project webpage, depicted in figure 11
below (https://webapps.usgs.gov/watercensus/riogrande_fas/).

U.S. Geological Survey Upper Rio Grande River Basin Focus Area Study webpage. (From U.S. Geological Survey, 2017¢)


http://www.spa.usace.army.mil/Missions/Civil-Works/URGWOM/
https://wwwbrr.cr.usgs.gov/projects/SW_MoWS/index.html
https://wwwbrr.cr.usgs.gov/projects/SW_MoWS/index.html
https://webapps.usgs.gov/watercensus/riogrande_fas/

Topical Studies

Six topical studies key to the Water Census are discussed
below. As described earlier, some topical studies, such as
surface water, groundwater, evapotranspiration, and water use,
provide uniform information about specific water-budget com-
ponents for a consistent national framework of information
vital to the understanding of water availability. Other topical
studies provide research and innovative tools for environmen-
tal water science and drought science. For each topical study,
this report explains the information needs and past and ongo-
ing Water Census efforts to fill them.

Surface Water

The SECURE Water Act calls for annual updates of
river-basin flows and analysis of historical trends. The USGS
Groundwater and Streamflow Information Program provides
a strong and essential foundation for this type of streamflow
information. The USGS operates more than 8,000 streamgages
to provide information on floods, droughts, and current
water availability across the United States. This network of
streamgages provides real-time information and historical con-
text for water-resources planning and assessment. For studies
of trends in streamflow and water availability, long historical
records are critical.
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Flow at Ungaged Locations

Because the streamgage network cannot provide direct
observations of streamflow at every location of interest,
information about streamflow at ungaged locations is needed.
To meet this need, the USGS has long published information
through its WaterWatch (https://waterwatch.usgs.gov) and
StreamStats (https://water.usgs.gov/osw/streamstats/) web
tools, which provide estimates of streamflow and streamflow
statistics using well-established methods. The Water Cen-
sus seeks to improve upon the information that is currently
available for ungaged locations by providing estimated time
series of daily streamflow for subwatersheds nationally. Initial
exploratory work was conducted to assess the feasibility of
using different statistical models for this type of work (Farmer
and others, 2014, 2015). On the basis of these results, the most
promising methods have been refined and used to develop
models for the entire conterminous United States. These statis-
tical models will be applied to ungaged locations throughout
the Nation and the results will be publicly available in 2018.

In addition to the statistical models, a daily determin-
istic precipitation-runoff model has been developed for the
conterminous United States. This USGS model simulates
the processes that generate runoff on the landscape (see fig.
12) and routes the resulting flow through the river system.
Because it simulates hydrologic processes with physically
based code, this model can be used not only to simulate
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historical streamflow time series, but also to gain insight into
all components of the water budget (such as soil-moisture stor-
age or snowmelt in specific parts of the country). The model
can also be used to explore “what-if”” scenarios; for example,
what if land use changes—how does that affect hydrologic
processes and water availability? What if climate changes—
how will water supply be affected? A complete description

of the USGS NHM is given by Regan and others (2017). For
daily simulation, the USGS NHM-PRMS was built using the
USGS Precipitation Runoff Modeling System (Markstrom and
others, 2015) and a geospatial fabric that ties the model to the
river network and observational data (Viger, 2014; Viger and
Bock, 2014). Recent improvements to the USGS NHM-PRMS
include improved parameterization of snowmelt, depression
storage, and groundwater discharge. Improved methods for
regional calibration of the model have also been developed

to allow application at ungaged locations (Bock and others,
2016; Markstrom and others, 2016).

Figure 13 shows results for June 1, 2010, from the USGS
NHM-PRMS built using PRMS version 5 and the default
parameters published by Driscoll and others (2017). The
river reaches are colored on the basis of whether flows were
low, normal, or high for that time of year. For example, in the
USGS NHM-PRMS simulation, the orange river reaches along
the west coast are flowing at less than the 10th percentile for
this date, whereas the blue reaches in the central United States
are flowing at greater than the 90th percentile for this date.
Additional results from the USGS NHM-PRMS will be avail-
able for download in FY 2018.

Although most existing work is focused on the conter-
minous United States as a result of limitations in the avail-
able data for other states and territories, some work is also
proceeding in Alaska and Hawaii. For example, an extension
to PRMS to simulate glacial runoff was developed to enhance
the model’s suitability for simulating runoff and streamflow in
Alaska (Van Beusekom and Viger, 2016). In addition, ongoing

Figure 13. U.S. Geological Survey National Hydrologic Model-Precipitation Runoff Modeling System simulated streamflow for June 1,
2010, using the default parameters and model setup described in Regan and others (2018) and Driscoll and others (2017). The colored
stream reaches show the flow percentile in each reach relative to simulated flow throughout the 1980-2010 simulation period for that
day of the year.



studies of low flow in Hawaii will provide information on the
limits of the streamgage network for transferring information
to ungaged locations in the islands

For all models, the uncertainty in the modeled streamflow
varies widely depending on the region. Accurate characteriza-
tion of uncertainty can improve water-resource decision mak-
ing, and quantification of these uncertainties is a critical next
step in this work.

Analysis of Change in Streamflow

A second major activity of this component of the Water
Census is to evaluate trends in streamflow over time. Changes
in surface-water hydrology can result from a wide variety of
causes, including changes in water-management strategies,
land-use changes, and climate variability or change. Changes
in hydrology can affect water availability for public sup-
ply, industry, power generation, or agricultural use, and can
affect water quality and aquatic ecosystems. Characterizing
trends in streamflow and developing a greater understand-
ing of the causes of trends are therefore critical to under-
standing future water availability and conducting effective
water-resources planning.

Many studies are based on streamgages included in two
USGS products: the HydroClimatic Data Network (HCDN)
(Slack and Landwehr, 1992; updated in Lins, 2012) and the
GAGES-II dataset (Falcone, 2011). The HCDN designates
a set of streamgages as suitable for study of the effects of
meteorological conditions on streamflow. The GAGES-II
dataset similarly designates a set of streamgages as being
of “reference” quality, whose upstream watersheds are least
disturbed by human modifications and diversions. GAGES-II
also provides a set of basin characteristics that can be used for
further analysis. Continued maintenance of a national dataset
of such gages is necessary to allow scientists to efficiently
conduct studies to detect and understand streamflow change.
An update of the GAGES-II dataset is planned within the next
several years.

Analyses of streamflow records have revealed temporal
changes in some aspects of flow. For example, many river
basins that are snow-dominated in winter have shown a shift
toward earlier spring runoff peaks associated with snowmelt
(Stewart and others, 2005; Hodgkins and Dudley, 2006; Dud-
ley and others, 2016). Studies analyzing trends in the magni-
tude of peak flows have been less conclusive, with the most
recent USGS publications showing that the largest detectable
changes may be in smaller, more frequent flooding events
rather than the largest, most catastrophic events (Hirsch and
Ryberg, 2012; Hirsch and Archfield, 2015; Hodgkins and oth-
ers, 2017b). These and other potential changes to streamflow
resulting from various causes are the subject of continuing
research. USGS analysis and data have been used in the EPA’s
suite Climate Change Indicators (https://www.epa.gov/cli-
mate-indicators/climate-change-indicators-streamflow). These
indicators are intended to show whether water-management-
relevant variables are changing over time.
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Because streamflow is highly variable, analyzing trends
in streamflow records is difficult. Moreover, changes in many
different characteristics of flow may be important to different
water managers or to different local ecological communities.
For example, changes in seasonality of flow or day-to-day
variability in flow may be just as important as shifts in annual
mean streamflow, depending on the storage available in a
particular water-resource system. Still other flow characteris-
tics may be important for other specific purposes or concerns.
Future studies will need to consider these factors and their
effects on water management and water availability. USGS
is also conducting work to better understand the causes of
observed trends, which may arise from human modifications
to upstream land use, river channels, and water management
or water use, or from climate variability or change.

Groundwater

Any national assessment of water availability requires an
assessment of the Nation’s groundwater reserves. The Water
Census has leveraged a long history of groundwater studies
and applied resources to accelerate ongoing regional studies
to achieve this goal. These groundwater assessments provide
consistent and integrated information that enables the resource
to be viewed and understood on aquifer-wide scales that cross
political boundaries.

Regional Groundwater Evaluations

For 2010, USGS estimated that groundwater was the
source of 37 percent of water withdrawn for public supply,
43 percent of water withdrawn for irrigation, and more than
98 percent of water withdrawn for self-supplied domestic use
(Maupin and others, 2014). Groundwater is especially impor-
tant during periods of climatic drought because in many areas
it is used as backup supply when reservoirs or rivers cannot
meet demands. The USGS has long recognized the impor-
tance of groundwater to provide water resources to the Nation
and has historically reported to the U.S. Congress and the
Nation on the status of groundwater resources (Meinzer, 1923;
McGuiness 1951, 1963; Sun and Johnston, 1994; Johnston,
1999). In 2004, a program of regional groundwater availability
studies was initiated under the former Groundwater Resources
Program (Reilly and others, 2008). These studies are built
around the estimation of groundwater budgets (Healy and oth-
ers, 2007) for principal aquifer systems and typically quantify
the response of the system to changes in pumping and varia-
tions in climate. In 2009, the Water Census funded an assess-
ment of the glacial aquifer system, a principal aquifer system
present in parts of 26 northern and midwestern states, and,
in 2016, the regional groundwater availability studies from
these programs were brought under the Water Availability and
Use Science Program (WAUSP). The regional groundwater
availability projects deliver information required for sound
environmental decision making.


https://www.epa.gov/climate-indicators/climate-change-indicators-streamflow
https://www.epa.gov/climate-indicators/climate-change-indicators-streamflow

26

A recently completed regional groundwater availability
study illustrates the information delivered through this effort
(Masterson and others, 2016). The Northern Atlantic Coastal
Plain aquifer system is one of the Nation’s smallest principal
aquifers by area, but it is 7th largest in terms of population
served and 13th largest in overall groundwater use. In addi-
tional to industrial and agricultural uses, it supplies drinking
water for 40 percent of the population in the region, which
extends from Long Island, New York, to northeastern North

78°
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Carolina and from the Atlantic Ocean westward to the Fall
Line, where the Coastal Plain sediments abut the Piedmont
Physiographic Province. Results of this study highlight two
opposite responses of aquifer systems to pumping (fig. 14). In
the northern part of the study area—Long Island, New York,
for example—pumping has not produced large declines in
groundwater levels because the aquifer system is shallow and
well connected to surface water, including streams, lakes, and
the ocean. In this part of the study area, pumping reduces the
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flow of groundwater to these surface-water features. In the
southern part of the study area, including Virginia and North
Carolina, the aquifers are deep and separated from streams
and lakes by layers of material that impede groundwater flow.
Consequently, pumping in this part of the system has pro-
duced large declines in groundwater levels. These declines
can cause seawater to migrate into the aquifer, as well as land
subsidence that may exacerbate the effects of sea-level rise on
coastal communities.

The principal aquifer studies have examined the response
of the systems to development and variations in climate, and
through this work USGS is developing an understanding of
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how groundwater systems are responding to these drivers.
The studies also are examining trends in groundwater lev-

els across the country. More work is required to complete a
national assessment, but example results from the Appalachian
Plateaus (McCoy and others, 2015) and the glacial aquifer
system (Hodgkins and others, 2017a) illustrate how long-
term streamflow and groundwater data are being used to help
understand the processes of the aquifer systems. Streamflow
data may be analyzed to determine the component of the flow
attributed to groundwater, base flow, and runoff from the land
to the stream. Three sets of runoff and base flow time series
show how individual stations may show little trend (fig. 154),

Runoff, ininches

Runoff, in inches

Runoff, ininches

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

Calendar year

EXPLANATION

Loess lines

Figure 15. Time series of annual values of base flow and runoff at U.S. Geological Survey streamgaging stations A, 03051000
Tygart Valley River at Belington, W.Va.; B, 03208500 Russell Fork at Haysi, Va.; and C, 03118500 Nimishillen Creek at North

Industry, Ohio. (Modified from McCoy and others, 2015, fig. 34)
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may show increases in base flow with little change in runoff
(fig. 15B), or may show increases in both base flow and runoff
(fig. 15C). Differences in behavior among these three sta-
tions has been attributed to the combined influence of climate
and land-use change over the period 1920-2010 (McCoy and
others, 2015). Groundwater-level data for wells in the glacial
aquifer system east of the Rocky Mountains were examined
for trends (fig. 16). Mostly positive trends are noted in the
Northeast, indicating rising groundwater levels. In other parts
of the system, wells show both positive and negative trends
and many trends are significant if no underlying persistence in
the data is assumed (Hodgkins and others, 2017a). Hodgkins
and others (2017a) discuss these trends and the underlying
nature of the data.

Composite Hydrographs

At the present time (2017), there are no regularly updated
indicators for the Nation’s groundwater resources. In response
to this need, the USGS developed “composite hydrographs”

for many of the principal aquifers in the United States, utiliz-
ing groundwater-level measurements made by the USGS and
available publicly in the National Water Information System
(NWIS, https://waterdata.usgs.gov/nwis). A composite water
level is a statistical representation of an average water level
computed from multiple wells within each principal aquifer.
There are currently 23 principal aquifers for which composite
hydrographs have been calculated and are available to the pub-
lic through the USGS Groundwater Watch webpages (https://
groundwaterwatch.usgs.gov/compositehome.asp).

The composite hydrographs may be used by local stake-
holders who may be interested in whether the behavior of
water in a local well is consistent with the average behavior
of water in wells in the larger aquifer system. They also may
be compared to other regional data to explore how the system
is responding to climate or pumping. For example, the water
level in the composite hydrograph of the Northern Atlantic
Coastal Plain (NACP) principal aquifer is steadily decreas-
ing, perhaps in response to the large increase in groundwater
withdrawals from 1940 to 1980 (fig. 174). Wet and dry years
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Figure 16. Geographic distribution of trends in mean annual groundwater levels, 1984-2013 with the assumption of data

independence. (Modified from Hodgkins and others, 2017b)
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as indicated by the Palmer Drought Severity Index (PDSI)
also appear to lead to small increases or small decreases,
respectively, in the median composite water level, as shown
in figure 178, which uses the NACP wells for Virginia and
the PDSI for Virginia (National Oceanic and Atmospheric
Administration National Centers for Environmental Informa-
tion, 2017). In contrast to the slow decline in water levels

in the NACP, the composite hydrographs for the Coastal
Lowlands principal aquifer show an increase in water levels
(fig. 184,B). Examination of the pumping records and the
PDSI for Texas (National Oceanic and Atmospheric Admin-
istration National Centers for Environmental Information,
2017) indicates that the increase in groundwater levels is
associated with a decrease in pumping in the greater Houston,
Texas, area, which underwent large shifts in water use from
groundwater to surface water beginning in 1976 in Harris and
Galveston Counties (for pumping data and more information,

see Kasmarek and Johnson, 2013). The recovery in the median
composite water levels ceased in 2010 and water levels started
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to decline, presumably in response to severe drought condi-
tions in the region from 2011 to 2015. Finally, the California
Coastal Basins composite hydrographs appear to be strongly
related to wet and dry conditions in California as indicated
by the PDSI (National Oceanic and Atmospheric Associa-
tion National Centers for Environmental Information, 2017).
The median composite water level in these wells falls during
times of drought and recovers during wet periods (fig. 19).
These varying responses to the combined effects of climate
and pumping from principal aquifers as indicated by the
median composite water level show why groundwater-flow
modeling as described in the preceding section (Regional
Groundwater Evaluations) is so important. Through regional
models, hydrologists can test hypotheses regarding the
reasons for observed aquifer system responses and make pre-
dictions regarding system responses to future changes. This
information can help water managers and stakeholders make
informed decisions regarding groundwater-resource develop-
ment (see Box C).
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Box C. Testimonial

€ €The USGS report, “Volcanic Aquifers of Hawai’i—Hydrogeology, Water Budgets, and Conceptual Mod-
els” is a valuable summary of the current knowledge of Hawai’i’s groundwater, and a source for updated
estimates of groundwater recharge and water use. The USGS recharge estimates are an essential component
of the aquifer sustainable yields developed by the State of Hawai’i Commission on Water Resource Manage-
ment as part of the Water Resources Protection Plan of the Hawai’i Water Plan. o o

—Jeffrey Pearson, Deputy Director, Hawai’i State Commission on Water Resource Management

kNu’uanu Pali Lookout, Oahu, Hawai'i. Photograph by Alan Cressler, U.S. Geological Survey. )
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Tools for Groundwater Availability—Model
Sustainability

The primary tool used for quantitative analysis of
regional groundwater systems is numerical modeling. Numeri-
cal models provide a holistic representation of the water-bud-
get components of the Nation’s principal aquifers and enable
forecasting of the responses of groundwater resources to future
stress from groundwater development, land-use change, and
climate variability (Dennehy and others, 2015). For more than
50 years, the USGS has been a leader in the development and
application of numerical modeling software for analysis of
groundwater systems, and has made a long-term commitment
to the development and maintenance of modeling software
and ancillary tools that support the Water Census, the National
Water Quality Assessment Project, and other USGS programs.
The USGS also has developed a robust training program for
its staff and other Federal, State, Tribal, and local partners in
the use of its modeling software.

USGS software continually evolves to incorporate
advances in hydrologic research and computer technology into
operational tools that can better address the complex, inter-
disciplinary nature of water availability (see Box D). During
the past 5 years, the USGS made advancements in many of its
numerical modeling software, including its flagship ground-
water-simulation code MODFLOW. Named “MODFLOW 6,”
the code has been redesigned to provide greater flexibility
to simulate regional- and local-scale groundwater systems
simultaneously and for improved integration with other types
of watershed, chemical-transport, and water-operations models
(Hughes and others, 2017; Langevin and others, 2017). This
new multiscale modeling approach will be a key component
of the recently initiated groundwater-availability study of the

Box D. Testimonials

€ ¢The MODFLOW suite of codes is the most
widely used set of groundwater codes in the
world and the standard for litigation purposes
in the United States. MODFLOW has been
applied to numerous and diverse field problems
and is the focus of a series of international
professional conferences (http:/igwmc.mines.
edu/Conference.html).q o

—Anderson and others, 2015 (p. 100-101)

€ EMODFLOW gained broad acceptance
because it is a versatile, well tested, well docu-
mented, and in the public domain. ¢ ¢

k —Fitts, 2013 (p. 360)

Coastal Lowlands aquifer system extending along the Gulf
Coast from South Texas to the western part of the Florida pan-
handle. Advancements also have been made to the water-qual-
ity simulation capabilities of MODFLOW (Bedekar and oth-
ers, 2016), which are needed to improve understanding of the
suitability of groundwater resources for human and ecosystem
needs. The Water Census also supported the application of the
Soil-Water Balance software (Westenbroek and others, 2010)
to various parts of the country and the Groundwater Toolbox
(Barlow and others, 2014) to better quantify groundwater-
budget components such as recharge and discharge to streams.
These codes have been applied to several of the regional
studies, including the High Plains (Stanton and others, 2011,
2013), Appalachian Plateaus (McCoy and others, 2015; Nelms
and others, 2015) and glacial (fig. 20) aquifer systems. The
USGS has also continued development of software tools to aid
scientists in the process of building, calibrating, and visualiz-
ing model results (Welter and others, 2015; Bakker and others,
2016; White and others, 2016), and to link hydrologic models
with water-resource management and operations models (Ahl-
feld and Barlow, 2013; Morway and others, 2016; Niswonger
and others, 2017; White and others, 2018).

Increasing Access to Groundwater Information

In 2015, Congress provided increased funding to the
USGS to address groundwater sustainability through open
access to groundwater information, on the basis of work
proposed through the White House Office of Science and
Technology Policy and as required by the 2016 USGS Public
Access Plan (U.S. Geological Survey, 2016). Through the
Water Census, the USGS has enhanced access to its ground-
water models and borehole geophysical logs. Implementation
of consistent and standardized approaches for archiving and
public release of USGS models and geophysical data makes
these important and valuable products accessible, discover-
able, and usable by USGS scientists, cooperators, academia,
and the public, and illustrates the leadership provided by the
USGS in this area.

Since 1993, the USGS has required that groundwater
models developed as part of USGS studies be archived and
made available to the public upon request. These requirements
ensure that the data and related information that compose the
models remain available to support and validate model results
reported in USGS publications, and that working versions of
all models are available for future scientific use. During FY's
2016 and 2017, the USGS developed an approach and web-
page to assist USGS scientists in the public release of ground-
water models on the DATA.GOV cataloging site (https://cata-
log.data.gov/dataset?q=usgsgroundwatermodel), including the
release of several completed regional groundwater-availability
studies; work also continues on the development of methods
to display model results through USGS web pages. During FY
2017, the USGS publicly released “GeoLog Locator” (https://
webapps.usgs.gov/GeoLogLocator/#!/) (fig. 21), which is
a web-accessible, map-based viewing and retrieval tool to


http://igwmc.mines.edu/Conference.html
http://igwmc.mines.edu/Conference.html
https://catalog.data.gov/dataset?q=usgsgroundwatermodel
https://catalog.data.gov/dataset?q=usgsgroundwatermodel
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https://webapps.usgs.gov/GeoLogLocator/#!/
https://webapps.usgs.gov/GeoLogLocator/#!/
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Figure 20. Preliminary long-term average (1980-2011) groundwater-recharge rates estimated for the glacial
aquifers of the United States by use of the U.S. Geological Survey (USGS) Soil-Water-Balance (SWB) model as part
of the USGS Glacial Aquifers Groundwater-Availability Study. Recharge rates are lowest in the western United States
(red and orange areas) and generally increase eastward (yellow and green areas). (Modified from Westenbroek and
others, 2010)

Figure 21. Sites in New York State for which borehole-geophysical logs are available through the U.S. Geological
Survey Geolog Locator. (From U.S. Geological Survey, 2017e)
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publish USGS borehole geophysical logs. The initial release
of GeoLog Locator provides the public with access to nearly
7,000 geophysical logs—many for the first time. The appli-
cation uses underlying data from nearly 17,000 logs stored
within an internal database, and provides the necessary review
and approval flags to assure the proper workflow for publica-
tion of the data.

National Groundwater Monitoring Network

The SECURE Water Act, Section 9507, provided legal
authority for the USGS to implement the National Ground-
Water Monitoring Network (NGWMN). The NGWMN was
developed through the efforts of the Advisory Committee on
Water Information (ACWI, https://acwi.gov/), Subcommittee
on Groundwater (SOGW, https://acwi.gov/sogw/index.html).
The goal of the NGWMN is to integrate groundwater-level
and groundwater-quality data collected by Federal, State, and
local agencies to address groundwater availability questions at
the principal aquifer scale (https://water.usgs.gov/ogw/aquifer/
map.html).

The SOGW created a design for the NGWMN in the
document “A National Framework for Ground-Water Moni-
toring in the United States” (https://acwi.gov/sogw/ngwmn_
framework report july2013.pdf). In 2009, five pilot studies
were conducted to test the concepts of the proposed network.
As part of the pilot effort, a NGWMN Data Portal was devel-
oped to share NGWMN data, and feedback from the pilot
participants was used to update the original network design
described in the Framework document. Information about the
NGWMN and links to the NGWMN Data Portal are available
at https://cida.usgs.gov/ngwmn/.

After successful piloting, Congressional funds were
appropriated in FY 2015 to support implementation of the
NGWMN. These initial funds allowed 11 states to become
new data providers to the NGWMN, or to complete work
initiated during the pilot studies. A summary of the projects
supported during FY 2015 are available at https://cida.usgs.
gov/ngwmn/doc/NGWMN_FY 15 ProjectSummary.pdf. A
competitive process for future funding opportunities for data
providers was initiated in FY 2015, and the National Ground-
Water Monitoring Network Program Board was formed to
assist in evaluation of NGWMN proposals, as recommended
in the Framework document. The NGWMN Program Board
is composed of data providers, Federal agencies, and SOGW
members. In FY 2016, support was provided to 24 agencies
to become new data providers or to improve or enhance their
existing NGWMN sites. This collaborative funding approach
increases the number of data providers, increases the number
of groundwater-level and groundwater-quality sites in the
NGWMN, reduces data gaps, and improves the overall quality
of data supplied by NGWMN data providers. A summary of
the projects supported during FY 2016 are available at https://
cida.usgs.gov/ngwmn/doc/NGWMN _FY 16 ProjectSum-
mary.pdf. In 2017, awards were made to 19 State agencies. A

summary of the projects supported during 2017 is available at
https://cida.usgs.gov/ngwmn/doc/NGWMN_FY17 Project-
Summary.pdf.

To date (2017), these projects have resulted in NGWMN
growth from the 5 pilot project data providers in 2014 to 19
current data providers, with current projects supporting an
additional 12 agencies working to become NGWMN data
providers. The NGWMN has also supported data providers
to maintain their connection to the Portal and enhance data
available from their network wells. The number of wells in the
NGWMN has increased from 2,831 groundwater-level sites in
early 2015 to 5,792 sites in July 2017. The number of ground-
water-quality sites has increased from 534 in early 2015 to
1,325 in July 2017.

The SECURE Water Act also authorized the USGS to
expand the groundwater Climate Response Network (PL 111-
11, Sec 9507 (b)(3)(B)) into each of the 373 Climate Divisions
in the United States and its territories. The Climate Response
Network (CRN) provides near-real-time, continuous ground-
water levels in wells and springs designed to monitor the
effects of droughts and other climate variability on groundwa-
ter levels. Expansion began with the appropriation received in
FY 2015. As of 2017, Federal funds have supported instru-
mentation of 200 wells and springs, and instrumentation of 33
additional sites is in progress.

Brackish Groundwater

Secure, reliable, and sustainable water resources are
fundamental to the Nation’s food production, energy indepen-
dence, and ecological and human health and well-being. At
any given time, water resources are under stress in selected
parts of the country. In some regions, particularly arid and
semiarid regions, water supply is not adequate to meet
demand, and severe drought intensifies the stresses affect-
ing water resources. If drought conditions continue, water
shortages could adversely affect human health, economic
well-being, and minimum water flows necessary to maintain
ecosystem health. These risks can potentially be mitigated, at
least in part, by developing new water-supply sources.

Advances in desalination technology and increases in
demand for uses that do not need high-quality water (for
example, mining, oil and gas development, and thermoelec-
tric power generation) have led states such as Texas and
California to turn to brackish groundwater as an alternative
to freshwater. Brackish water refers to water that contains
more dissolved salts and minerals than freshwater, but less
than seawater (dissolved-solids concentration between 1,000
and 10,000 milligrams per liter [mg/L]). Brackish ground-
water resources can potentially meet many water-resource
needs. Identification of new sources of brackish groundwater,
especially in areas with limited freshwater resources, has
the potential to enhance the Nation’s water security. In some
areas, the use of brackish groundwater could reduce effects on
freshwater resources commonly used for drinking, business,
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and recreational activities. The strategic development and
treatment of brackish groundwater to produce new water sup-
plies for a variety of uses could help water-stressed regions
stretch their limited freshwater supplies. The use of brackish
groundwater, however, has been hampered by the lack of basic
knowledge concerning its geographic distribution, accessibil-
ity, chemical composition, use, treatment requirements, and
effects on the environment.

The USGS completed the National Brackish Groundwa-
ter Assessment to provide updated information about brackish
groundwater as a potential resource to augment or replace
freshwater supplies. For the national brackish groundwater
assessment, brackish groundwater was quantitatively defined
as having a dissolved-solids concentration between 1,000 and
10,000 mg/L. Study objectives were to consolidate available
data into a comprehensive database of brackish groundwa-
ter resources in the United States and to produce a summary
report highlighting the distribution, physical and chemical
characteristics, and use of brackish groundwater resources.
The assessment is contained in U.S. Geological Survey Pro-
fessional Paper 1833 entitled, “Brackish groundwater in the
United States” (Stanton and others, 2017). This assessment
was authorized by section 9507 of the Omnibus Public Land
Management Act of 2009 (42 U.S.C. 10367), passed by Con-
gress in March 2009. Funds supporting the assessment were
appropriated in FYs 2012 through 2017 and totaled $2.2 mil-
lion over that time.

This new assessment builds on a 1965 study (Feth, 1965)
which, for more than five decades, has served as the primary
source of information on the national distribution of brackish
groundwater. By incorporating data from more than 380,000
sites, compared to about 1,000 for the 1965 study, the 2017
assessment provides more comprehensive, nationwide data on
the quantity and quality of brackish groundwater across the
country. This compilation includes information such as the
chemical composition of the water and the amount of water
yielded by wells, which are necessary for understanding the
potential—at the National and regional scales—for expanding
brackish groundwater development and for informing decision
and policy makers.

Data from the assessment indicates that brackish ground-
water can be present at some depth within 3,000 feet below
land surface in every state except New Hampshire and Rhode
Island. A conservative estimate for the volume of brackish
groundwater underlying the country is more than 35 times
the amount of fresh groundwater currently used each year
(Stanton and others, 2017). Consequently, it is reasonable to
consider brackish groundwater a substantial water resource
available for use by the Nation.

In addition to limitations caused by high concentrations
of salts and minerals, the presence of other chemicals can
have important implications for the feasibility, treatability, and
associated cost of using brackish groundwater. The study iden-
tified specific chemicals in brackish groundwater that require
specialized treatment beyond that required to reduce overall
salt content.
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Despite the availability of this new information, there is
still more to uncover on sustainable development of brackish
groundwater. For many locations, data have not been collected
for depths greater than 500 ft. The next challenge with regard
to possible development of brackish groundwater is to acquire
detailed information for specific aquifers that contain brackish
groundwater, which is needed to evaluate sustainable brackish
groundwater development, including the effects of brackish
groundwater withdrawals on adjacent water resources. This
assessment could be accomplished through the compilation
of additional existing data, collection of new data, and use of
additional tools for evaluating these potential resources.

Evapotranspiration

Evapotranspiration (ET) is the upward flux of water
from the land surface to the atmosphere, and is a combina-
tion of evaporation from the soil and transpiration by plants.
An essential component of water-budget determinations for
water availability, ET is also a fundamental variable of water
use, especially for irrigation, and has important implications
for administration of water rights and river-basin compacts.
Historically, reliable estimation of ET required site-specific
field measurements made by using specialized instruments.
However, because these measurement sites represent condi-
tions only in their immediate vicinity, quantifying ET over
broad areas such as irrigation districts, river basins, or states is
a difficult task. Substantial progress has been made in meet-
ing this challenge by using remote sensing to make estimates
of ET across the landscape. USGS is applying its satellite
remote-sensing resources and expertise to quantify ET for the
Water Census by developing and implementing the Opera-
tional Simplified Surface Energy Balance Model (SSEBop)
(Senay and others, 2013).

A new ET dataset has been constructed from these data
for the entire conterminous United States (Senay and others,
2013). Although temperature data are collected daily by satel-
lite, energy-budget calculations are made on 8-day composite
images to reduce problems of cloud cover. These results, in
turn, are accumulated into monthly, seasonal, and annual
summaries of ET from 2000 to 2015. Crop water use has been
estimated by using this dataset along with geographic infor-
mation system (GIS) layers and remote-sensing imagery for
identification of irrigated cropland (Savoca and others, 2013).
Monthly and annual GIS layers (2000-15) are posted at the
USGS Geo Portal site at https://cida.usgs.gov/gdp/. Anoma-
lies in recent ET for the conterminous United States are also
available online to assist with water management and drought
monitoring (https://earlywarning.usgs.gov/useta/etaseasonal.
php; see fig. 22).

Water-use reporting (irrigation consumptive use) requires
estimates of actual ET (ETa) at the scale of agricultural fields.
USGS Landsat thermal infrared imagery, with a resolution of
60 to 120 meters (197 to 394 ft), was used for this purpose in
the Colorado River Basin (Senay and others, 2016). Results
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Figure 22. Seasonal cumulative evapotranspiration anomaly for the conterminous United States, April 1-October 30, 2016. (From

U.S. Geological Survey, 2017d)

are available for one complete year at a monthly time step.
Application of Landsat data to ET estimation has been com-
pleted for four additional Focus Area Studies—the Delaware,
ACF, Rio Grande, and Red River Basins. Stakeholders have
shown a strong interest in using these detailed estimates. With
the experience gained from these studies, along with enhanced
computing power, USGS is preparing to estimate ET at the
Landsat scale for the entire conterminous United States. This
new dataset will be available online within a few years. Future
work will also include improved parameterization for complex
terrain and uncertainty estimation.

The California Department of Water Resources and
other stakeholders participating in the National Integrated
Drought Information System (NIDIS, https://www.drought.
gov/drought/what-nidis) California pilot study led by NOAA
identified information on fallowed land as being particularly
important to understanding effects of drought on water use.
In response, USGS developed the Fallow-land Algorithm
based on Neighborhood and Temporal Anomalies (FANTA) to

quantify fallowed-land extent by using remote-sensing imag-
ery (Wallace and others, 2017). The FANTA method compares
current greenness and historical greenness of individual pixels
derived from satellite imagery to classify land as fallowed.
Fallowed land assessment is an important tool for state water
resource agencies, enabling them to more accurately assess the
need for irrigation water in the current year. The method was
applied to the State of California for 200115, with verifica-
tion by field visits to more than 450 sites in 2014. Work is
ongoing to extend the method for use in other irrigation-
dependent agricultural regions of the United States.

Water Use

The SECURE Water Act places direct emphasis on
assessment of the use of surface water and groundwater for
understanding the demand side of water availability. As further
evidence of the interest in water use by the U.S. Congress,
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Section 9508 (d) (3 and 4) places specific reporting require-
ments on the USGS with regards to water use. Improved infor-
mation is needed on withdrawal, conveyance, consumptive
use, and return flow by sector of use as well as on the factors
that influence these components of water use. Such informa-
tion will allow water managers and planners to make more
effective decisions for the future.

The term “water use,” in a restrictive sense, refers to
water that is withdrawn by humans for a specific purpose, such
as public supply, irrigation, or thermoelectric-power cooling.
More broadly, water use pertains to the interaction of humans
with and their influence on the hydrologic cycle, and includes
elements such as water withdrawals, delivery, consumptive
use, wastewater release, reclaimed wastewater, return flow,
and instream use. The term “water withdrawals” in this report
refers to the removal of water from a groundwater or surface-
water body that is subsequently put to a beneficial use.

In addition to the many accomplishments that follow, in
2016, the USGS developed an interactive data visualization
that shows freshwater-use by state every 5-years from 1950 to
2010 (https://owi.usgs.gov/vizlab/water-use/). This tool allows
users to discover the most comprehensive national-scale data
on water use for the United States. The USGS compiles and
estimates this water-use information in cooperation with
State, Federal, and local agencies. The visualization presents
estimates by categories including public supply, irrigation, and
thermoelectric power. The visualization highlights how water
use differs from one part of the country to another. Water with-
drawal for thermoelectric power generation are most promi-
nent in the eastern half of the United States while irrigation
water use is dominant in the west. The data and software for
the visualization are publicly available and open source.

Water-Use Compilation 2015

Every 5 years since 1950, the USGS has compiled a
national estimate of water use by various categories and areas
for the United States, the District of Columbia, Puerto Rico,
and the U.S. Virgin Islands. The 2015 compilation is the 14th
report in this series and provides the most comprehensive
assessment of water withdrawals from available resources
(groundwater and surface water; fresh and saline) for eight
categories of use: public supply, domestic, irrigation, live-
stock, aquaculture, industrial, mining, and thermoelectric
power. This product, however, is the first since 1995 to also
include consumptive use for two of the largest categories of
use, irrigation and thermoelectric power. In 2016 and 2017,
the USGS made a deliberate effort to rapidly issue available
information on 2015 water use. Through this effort, public
supply withdrawals, domestic water use, and total population
information for 2015 were released both as a USGS Open-File
Report (Dieter and Maupin, 2017; https://doi.org/10.3133/
ofr20171131) and a data release (Dieter and others, 2017;
https://doi.org/10.5066/F7TB15V5) in October of 2017. These
products documenting water use in 2015 represent the most
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rapid data release possible given the project capabilities. The
national totals and trends report is produced when data for all
categories have been approved and summarized.

Data are compiled and synthesized using local, State, and
Federal data sources, as well as data provided by the National
Water Use Science Project (NWUSP). These data are checked
and verified, then entered into the USGS Aggregated Water
Use Database System (AWUDS), which has the capability
to store data by area (State, county, watershed, and aquifer),
and year for each state. Data required for the compilation are
reported at the county level as annual average withdrawals in
million gallons per day. The AWUDS database is the source of
the data available online at USGS Water Data for the Nation
(http://waterdata.usgs.gov/nwis), which displays the best avail-
able water-use data from AWUDS.

The 5-year compilations present water-use statistics,
aggregated by county, state, and the entire country for the
target year, for all eight categories of water use (public sup-
ply, domestic, irrigation, livestock, aquaculture, self-supplied
industrial, mining, and thermoelectric power). In addition,
the compilation presents an analysis of trends in water use
from 1950 through the target year for each category. The most
recent published compilation as of the time of this report
is “Estimated Use of Water in the United States in 2010”
(Maupin and others, 2014). By presenting this information, the
compilations fulfill two of the major reporting requirements of
the SECURE Water Act, sections 9508 (d) (3 and 4), relating
to the withdrawal and use of surface water and groundwater
by various sectors and the significant trends relating to each
water-use sector.

Water-Use Data and Research Program

The SECURE Water Act, Section 9508 (c), provided legal
authority for the USGS to establish the Water Use Data and
Research Program (WUDR). The overall goal of the WUDR is
to improve water-use data (in the broad sense) for the United
States by providing resources to State water-resource agencies
or their designees, to improve their water-use information.
This program will improve the accuracy of estimates of water
use in the United States, and provide information needed to
manage water resources and (or) forecast future water-use
needs. Improved data will also allow the USGS, other agen-
cies, scientists, and researchers to better understand which cat-
egories account for the most water, and work toward reducing
the “footprint” of water use in the high-use categories.

Much of the data used to compile water-use estimates
at the national level is reported to State agencies throughout
the United States. The WUDR Program promotes cooperative
work with State agencies by providing funding to them for
improving water-use data collection, methods development,
database development and data storage, and quality-assurance
activities. Improvements at the State level will, in turn,
improve estimates at the national level. WUDR cooperative
agreements also require collaboration between State agencies
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and USGS offices nationwide by requiring data from funded
projects be incorporated into USGS databases.

Between FY 2015 and FY 2017, 44 states, American
Samoa, the District of Columbia, and the U.S. Virgin Islands
each received $26,000 through WUDR to describe current
water-use information in each state or district, as well as the
priorities for improving water-use information and possible
approaches to addressing those priorities (fig. 23).

In FY 2016, 18 states (fig. 24) received WUDR funds
totaling $1.4 million through a competitive process to address
priorities for improving water-use information. A list of states
with project titles is available online at https://water.usgs.
gov/wausp/wudr/awardsFY 16.html. In FY 2017, 15 states
(fig. 25) received WUDR funds totaling $1.32 million through
a second competitive process. A list of states with project titles
and summaries is available online at https://water.usgs.gov/
wausp/wudr/awardsFY'17.html. The projects in both FY 2016
and FY 2017 include improving database systems, improving

reported data quality, and working to acquire more robust data.

The WUDR Program has led to many discussions
between State agencies and USGS, both in the exchange
of ideas with respect to which water-use data need to be
improved, and in improved data sharing. Additionally, WUDR
listening sessions were held in three locations across the
United States (Salt Lake City, Utah; Chicago, Illinois; and
Tuscaloosa, Alabama) in 2015; during those sessions, State
agencies identified the need to share expertise among State

agencies and the USGS. (Session notes are available online

at https://water.usgs.gov/wausp/wudr/stakeholders.html). To
address this need, a monthly webinar series, the USGS Water
Use Open Forum (WUOF), began in February 2016, and since
then 15 1-hour recorded sessions have been held (https://water.
usgs.gov/wausp/wudr/wu-forum.html). The WUOF provides
an excellent opportunity for State agencies to share informa-
tion on all aspects of water-use data, from database systems

to estimation methods, reported data, and so forth, with other
states and the USGS. All of these aspects of the WUDR
program actively build collaboration and cooperation between
State agencies and the USGS.

Thermoelectric Water Use

Water withdrawals for thermoelectric-power generation,
used predominantly in the cooling process, are the largest in
the United States, accounting for 45 percent of total withdraw-
als in 2010. Historically, thermoelectric cooling water with-
drawals have been reported by the Department of Energy’s
(DOE) Energy Information Administration (EIA) and state
regulatory agencies with responsibility for thermoelectric
generating plants. These agencies, however, have different
reporting, methods, and data sources requirements, which have
resulted in incomplete datasets, inconsistent water-use data,
and uncertain data quality.
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Figure 23. States that received funds ($26,000) from the Water Use Data and Research Program to describe current
water use and identify priorities for improving water-use data in their state.
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From FY 2011 to FY 2013 the USGS, in collaboration
with the EIA, developed models for estimating thermoelectric
water withdrawals that provide estimates that are independent
from EIA plant-operator-reported data. The NWUSP, as part
of the WAUSP, developed these models and has produced
estimates of withdrawal and consumptive use for approxi-
mately 1,300 thermoelectric power plants in the United
States to support the USGS 2010 and 2015 national water-use
compilations. The models are based on linked heat-and-water
budgets that are constrained by power-plant fuel consumption
and electricity production, generation technologies, cooling-
system technologies, and environmental variables. The
models provide a consistent method for estimating withdraw-
als and consumptive use across all plants in the United States.
The methods for estimating thermoelectric consumptive use
were published in Diehl and others (2013); the withdrawal
methods plus the 2010 model estimates for withdrawals and
consumptive use were published in Diehl and Harris (2014).

In addition to withdrawal and consumptive-use esti-
mates, the models also provide thermodynamically plausible
ranges of withdrawal and consumptive use for each plant,
thereby providing a quality-assurance check for the EIA
plant-operator-reported data, as well as for the USGS com-
pilation data that may be obtained from State agencies and
(or) plant operators. A journal article and associated data
release product, which shows a three-way comparison among
the 2010 USGS model estimates, the EIA-reported data, and
the USGS compilation data, were published in Harris and
Diehl (2017a,b).

USGS will continue to collaborate with EIA to improve
reported data, which in turn improves the thermoelectric
models. In 2016, EIA published a tool which allows users to
relate boilers, generators, and cooling systems to one another
at each plant. USGS requested this tool to enhance EIA data
for the models. The tool greatly improved the models by more
accurately mapping the heat path in a plant from fuel con-
sumption to cooling system.

This research has resulted in continued collaboration
among USGS, EIA, DOE, the national energy laboratories,
and other Federal and State agencies on matters related to
water and energy issues.

Water Use by Principal Aquifer, 2015

The Water Census has improved the understanding
of groundwater resources with regional analysis of princi-
pal aquifers that collectively account for a majority of the
Nation’s total groundwater withdrawals (https://water.usgs.
gov/ogw/gwrp/activities/gw-avail.html). However, groundwa-
ter studies continue to lack water-use data that satisfy needs at
the regional and local levels. To fill these data needs, ground-
water withdrawals reported for the USGS national compila-
tion for 2015 will be used to estimate water use by principal
aquifer for each county in the United States.

Sixty-six principal aquifers in the United States have
been defined as regionally extensive aquifers, or aquifer sys-
tems, with the potential to be used as sources of water of suit-
able quality and quantity to meet various water needs (Maupin
and Barber, 2005). In 2000, withdrawals from these principal
aquifers were estimated for three major categories (public
supply, self-supply industrial, and irrigation) that accounted
for more than 98 percent of all groundwater withdrawals for
all categories of use in the United States (Maupin and Barber,
2005). The 2000 estimates were reported as statewide totals
by category and principal aquifer, which is a very broad and
high-level scale assessment. For the new effort, a USGS team
will use the 2015 county groundwater withdrawals by cat-
egory, along with water-well records, aquifer maps, and other
ancillary data, to estimate withdrawals by principal aquifer
for each county for all major categories reported in the 2015
compilation. Along with the estimates, the team will develop
and document a variety of methodologies and protocols for
estimating withdrawals by principal aquifer that will cover a
variety of situations related to data availability in a state. A
long-term goal of the WAUSP is to report national groundwa-
ter use for all categories by principal aquifers at a high spatial
and temporal resolution. This ongoing study is collaborating
and coordinating data collection and reporting efforts for the
regional aquifer assessment with the NWUSP.

wateRuse R Programming Tools

Using open-source programming software (R), the USGS
has developed a package of quality-assurance/quality-control
(QA/QC) and visualization tools designed specifically to work
with NWUSP aggregate water-use data. This tool enables
users, absent of first-hand knowledge of the NWUSP aggre-
gated water-use data, to upload, plot, and visualize the data
with multiple spatial, temporal, and categorical specifications.
Data can be displayed using simple map plotting functions for
multiple years, categories, and areas, such as counties. The R
programming package (wateRuse) is available as an open-
source package from the USGS (http://usgs-r.github.io/) and
on github (https://github.com/USGS-R/wateRuse).

Irrigation Consumptive Use

One of the priorities of the Water Census for water-use
science and data improvements is to develop scientifically
sound and consistent methods for estimating consumptive use
on irrigated lands. Irrigation consumptive-use estimates have
not been provided nationally as part of NWUSP 5-year com-
pilations since 1995. Irrigation is not the largest category with
respect to withdrawals (thermoelectric use accounts for more
water withdrawals than irrigation), but more water is used
consumptively (evaporated, transpired, or locked up in crop or
soil material and otherwise not available for immediate use)
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for irrigation than for all other water-use sectors combined. In
1995, irrigation consumptive use was estimated to be at least
20 times that of thermoelectric consumptive use (Solley and
others, 1998). Beginning in 2015, the NWUSP worked col-
laboratively with other USGS scientists to develop irrigation
consumptive-use estimates (expressed as actual evapotranspi-
ration (ETa) and considered equivalent to consumptive use) by
using remote-sensing technologies and geospatial applications.

Scientists from the USGS Earth Resources Observa-
tion and Science (EROS) Center have provided the NWUSP
with 2015 estimates of ETa for the conterminous states plus
Hawaii, based on 1-kilometer (0.621-mile) resolution MODIS
satellite data analyzed by using the SSEBop model parameter-
ized for operational applications (Senay and others, 2013).
These values represent the spatial and temporal variation of
the consumptive use of water across the landscape, depicted as
average depth (in inches).

The SSEBop method results in ETa estimates that incor-
porate the spatial and temporal variation that occurs naturally
throughout the growing season. This national coverage of ETa
is scientifically defensible, is consistently generated on the
basis of remotely sensed data, and can be used as a foundation
for the 2015 compilation of irrigation consumptive use. This
analysis has shown the importance of the addition of both a
detailed GIS layer of irrigated lands throughout the United
States and implementation of the increased spatial resolution
provided by the use of LANDSAT imagery (30-meter [98.4-{t]
resolution) for future water-use compilation efforts.

Water Use Research Funded by Cooperative
Matching Funds

As discussed earlier in the Coordination and Collabora-
tion section of this report, the WAUSP is providing as much as
$2 million per year of Cooperative Matching Funds targeted at
water use research projects. The following are two examples
of projects with state agencies that are being jointly funded to
advance this area of research.

In the State of Georgia, the USGS is working with the
Georgia Environmental Protection Division to build on previ-
ous work related to the assessment and accounting of 2015
water use information. These assessments involve geospa-
tial analyses, database tools, and comparisons with related
published information for the purpose of (1) quantifying water
withdrawals, deliveries, and returns by county, hydrologic
unit, aquifer, and water planning region; (2) identifying cat-
egories of water use or regions of the state where refinements
to water use source data are needed for improving accuracy of
reported water use information; and (3) identifying sources of
information that, if collected at a different spatial or temporal
scale, would allow for a more complete and accurate water use
accounting for Georgia. USGS will provide alternate technolo-
gies or methodologies for collecting or estimating withdraw-
als, water use deliveries, and returns of water use information
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with the expectation that improved water use accounting will
be incorporated into the State of Georgia’s water management
strategies. This project is scheduled to end in FY 2018.

The Treasure Valley of southwestern Idaho is the agricul-
tural area that stretches west from Boise, Idaho into Oregon
and is commonly referred to as the lower Boise River hydro-
logic unit. It contains four of the largest cities in Idaho: Boise,
Meridian, Nampa, and Caldwell, respectively. The population
of the Treasure Valley is about 600,000, but is projected to
grow to 1.6 million by 2065. The objective of the USGS coop-
erative water use research study is to work with Idaho Depart-
ment of Water Resources (IDWR) to develop an updated
transient numerical groundwater flow model of Treasure
Valley and surrounding areas to be used for water-supply plan-
ning and management. As part of the groundwater-flow model
development, monthly water use data are collected from water
providers in Treasure Valley and entered into the USGS NWIS
Site-Specific Water Use Database System (SWUDS). These
data are crucial to the accuracy of the groundwater-flow model
and is the water-use research component to this project. This
project is scheduled to end in 2021.

Improving the Scale of Water-Use Information

USGS has completed a 6-year, $5 million project to
develop a site-specific database of public-water-supply sys-
tems and their groundwater and surface-water sources. This
project is the first part of the effort to refine the scale of avail-
able water-use information from county and State totals to
site-specific data, which can be used to analyze water use for
watersheds at multiple scales.

The public-supply database effort was coordinated with
the EPA and utilized a 2010 end-of-year dataset from the EPA
Safe Drinking Water Information System national database
(SDWIS/Fed), which contains public water system informa-
tion as reported by states to the EPA (https://www.epa.gov/
ground-water-and-drinking-water/safe-drinking-water-infor-
mation-system-sdwis-federal-reporting). SDWIS/Fed includes
system and water-source information, but does not have water
withdrawals. Under the agreement with the EPA, USGS treats
all public-water-source information obtained from SDWIS/
Fed as proprietary.

The information on systems and water sources from
SDWIS/Fed was first integrated into an interim database called
Public Supply Database (PSDB), which also contains a 2010
extract of public supply sources from the USGS NWIS. The
structure and development of PSDB is documented in Price
and Maupin (2014). PSDB was then used to provide system
and site information to USGS offices nationwide, where it was
more extensively compared to USGS site information and,
additionally, to public supply water-use information obtained
by USGS from State and local agencies. This work was done
to develop the final datasets for the NWIS Site-Specific Water-
Use Data System (SWUDS). Water sources and systems not
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already in SWUDS were added, as was information on water
movement or conveyances between the sources and systems,
and water withdrawal information for the year 2010, the most
recent available year at the start of this project. In cases where
specific source withdrawals were not available, water volumes
are aggregated and stored in SWUDS at the system level.

The SWUDS database provides a circa-2010 archive of
the site-specific data underlying the national 5-year report,
improving the consistency and quality of those estimates.

The site-specific data will be used in water-budget reports to
compare available water-use data for this sector to other water-
budget components.

Release of Pre-1985 Data and Statewide Totals

Beginning in 1985, the underlying data for the 5-year
report “Estimated Use of Water in the United States” was
developed at the county level (and at the hydrologic cataloging
unit level HUC-8 for 1985 to 1995) and stored in the USGS
Aggregate Water Use Data System (AWUDS), as part of the
NWIS. Prior to the 2010 report, AWUDS was enhanced to
support multiple datasets for a given year and state, allow-
ing for one dataset that supports a publication and another
that contains the “best available” data—that is, data that
incorporate corrections and improved estimates made after
publication. Publication datasets are linked to the reports
they support, and best available county data are made avail-
able through NWISWeb (https://waterdata.usgs.gov/nwis/
wu/) and the Water Census portal (https://cida.usgs.gov/
nwc/#!waterbudget).

With the additional capability of multiple datasets for
counties and watersheds in AWUDS, revisions to this impor-
tant set of water-use estimates can be tracked and documented.
However, the data for the reports from 1950 to 1980 were
not available in digital form, and information on revisions to
the data since publication was limited. In 2017, AWUDS was
enhanced to allow the storage of estimates at the State level
for the set of data elements used in the 1960 to 1980 reports
(http://water.usgs.gov/watuse/50years.html); data for the 1950
and 1955 reports were beyond the scope of this effort. Pub-
lished data from the 1960 to 1980 reports were used to develop
input data as the publication datasets, and available notes and
worksheets on revisions to these data were used to develop
“best available” datasets. AWUDS can now (2017) provide a
digital data source and a means of tracking revisions for the
1960 to 1980 estimates of water use at the State level, similar
to the functionality for 1985 to present county-level estimates.

Water-Use Science Training

Training needs for the water-use community in the
NWUSP have increased with improved computer and database
functionality, as well as the need for more accurate water-use
data for USGS studies. The NWUSP conducted a project from
2016 through 2017 to develop 1-hour online training modules

for all aspects of water-use science. These completed train-
ing modules are made available through the USGS Office of
Organizational and Employee Development (OED) websites
(https://www2.usgs.gov/humancapital/ecd/ecd_telavailcourses.
html). The target audience is USGS scientists who collect or
use water-use data, but can include scientists from cooperat-
ing agencies. The training modules encompass sessions about
the concepts of water-use science in USGS, as well as both
the aggregated (AWUDS) and site-specific (SWUDS) data-
base systems, and the categories of water use, which include
public supply, domestic, industrial, commercial, irrigation,
thermoelectric power, hydroelectric power, livestock, mining,
aquaculture, and wastewater treatment. The modules provide
user interaction with question and answer sessions, and links
to glossaries, guidelines, coding forms, and other resources.
The training modules are listed below.

» USGS Water Use—Introduction to the 5-Year Water-
Use Compilation (DOILearn module USGS-H-17-127)

* USGS Water Use—Water-Use Concepts (DOILearn
module USGS-H-17-126)

» USGS Water Use—Public Supply (DOILearn module
USGS-H-17-094)

» USGS Water Use—Thermoelectric Power (DOILearn
module USGS-H-17-129)

» USGS Water Use—Irrigation (DOILearn module
USGS-H-17-128)

Draft Water-Use Science Strategy

The Water Availability and Use Science Program is
producing a science strategy for the NWUSP in 2018. A Draft
Science Strategy is planned to be comprehensive of the many
aspects of the water-use project. The Draft Science Strategy
addresses both new scientific and programmatic directions for
the NWUSP, along with the resources necessary to address
those efforts both for the WMA headquarters and for the
USGS Water Science Centers (WSCs) which support and con-
tribute to the NWUSP. The Draft Science Strategy was guided
by a committee, with scientists from many programs across
the USGS, along with a representative of Reclamation and of
the Western States Water Council.

A Draft Science Strategy was developed around the
central theme that water use is an integral component of the
hydrologic cycle and, in order to understand that cycle, the
USGS must connect water-use information with it—at all
spatial scales. This objective means that, in both large and
small watersheds and aquifers, the USGS must be able to
provide fine-scale water-use information to describe the effects
of water use on the hydrology of the watershed or aquifer. The
Draft Science Strategy finds that, for most water-use sectors,
only site-specific water-use information will fulfill this need.

The USGS has always worked closely with States and
their agencies which deal with water use in the compilation
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and analysis of water use information and it will continue this
close working relationship. A Draft Science Strategy purports
the use of direct surveys of water users, along with the use of
statistical models, to provide the needed site-specific water-
use information in areas where it is not readily available from
other agencies. The USGS will work closely with its State
agency partners to produce the best survey approaches and
leverage and advance ongoing State activities to achieve these
water-use compilation goals. In order to fully implement these
measures, the USGS will have to comply with the require-
ments of the Paperwork Reduction Act (Pub. L. No. 96-511,
94 Stat. 2812, codified at 44 U.S.C. §§ 3501-3521) and will
have to invest substantial resources in the development of
trained personnel and information technology infrastructure.
Further, the Draft Science Strategy proposes relating water-
use information to socioeconomic information, a new area of
endeavor for the USGS. This effort is proposed to help expand
the National understanding of water use and the factors that
influence, or are influenced by, water use.

Environmental Water Science

The SECURE Water Act, Section 9508 (a) (6) calls for
the USGS *“...to develop the basis for an improved ability to
forecast the availability of water for future economic, energy
production, and environmental uses.” As further evidence
of the interest in environmental uses of water by the U.S.
Congress, Section 9508 (b) (1) (D) calls for “...a focus on
the scientific integration of any data relating to water use,
water flow, or water quality to generate relevant information
relating to the impact of human activity on water and eco-
logical resources.” Finally, Section 9508 (b) (2) (C) calls for
“...developing and applying predictive modeling tools that
integrate groundwater, surface water, and ecological systems.”
Such information will allow water managers and planners to
make more effective decisions in the future with regards to the
environmental uses of water.

Environmental water science is the study of the quan-
tity, timing, and quality of water flow and storage required to
sustain freshwater and estuarine ecosystems and the human
well-being and livelihoods that depend on them. Water flow
and storage include streamflows as well as variations in water
levels in lakes, rivers, streams, springs, wetlands, and aquifers.
Environmental water science has advanced greatly over the
past two decades, driven largely by a need to improve under-
standing of the relation between environmental water uses
and the environmental flows required to maintain those uses,
prevent degradation of freshwater ecosystems, and improve
the balance between human and environmental water needs.

In support of environmental water science at the national
scale, the USGS is developing innovative tools and web-avail-
able resources that provide stakeholders and environmental
water science practitioners with the hydrologic and ecologi-
cal information necessary for comparing natural and altered
hydrologic regimes and determining the effects of streamflow
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alteration and water withdrawals on aquatic ecosystems. To
support such comparisons, streamflow-simulation modeling
tools for building a national foundation of baseline hydro-
graphs (see Flow at Ungaged Locations) are being developed
that will ultimately provide hydrologic data for all ungaged
streams in the United States. A baseline hydrograph is a graph
that reflects fluctuations in key elements of the natural flow
regime (that is, duration, magnitude, timing, frequency, and
rate of change in streamflow). The development of a national
foundation of baseline hydrographs is an important step in
environmental water assessment because it provides a hydro-
logic reference point with which hydrologic alterations can
be considered (for example, comparing a current or modified
hydrograph to an unimpaired hydrograph).

Serving Hydrologic and Ecological Information

Hydrologic and ecological information is being served
nationally to stakeholders by means of the Water Census Data
Portal (https://cida.usgs.gov/nwc/), which is a data platform
and portal where stakeholders can access national estimates
of water-budget components for local watersheds, water-
withdrawal data for counties, tools to calculate statistics
of daily streamflow records, simulated daily streamflow at
ungaged stations, and records of aquatic biology observations.
Additionally, the Water Census Data Portal will enable con-
nections to other large data compilations through interactive
web services, including data collected by other Federal, State,
and Tribal organizations. These Water Census efforts provide
stakeholders, water purveyors, scientists, and environmen-
tal water practitioners with access to a broad range of data,
information, and statistical tools that can be used to support
hypothesis-driven experimentation; scientific advancement
and innovation; and sustainable water-management practices,
water-allocation plans, and water-governance policies.

Calculation of Streamflow Metrics

Estimates of daily streamflow as well as a suite of
ecologically relevant hydrologic measurements are currently
integrated with biological observations through the Water Cen-
sus Data Portal. As part of this national effort, the Water Cen-
sus has developed software that will calculate a broad suite
of ecologically relevant streamflow statistics for any USGS
gaging station within the National Water Information System
(NWIS; available at https://waterdata.usgs.gov/nwis) by using
the Streamflow Statistics Calculator. The Streamflow Statistics
Calculator is an online tool that was created to simplify the
process of generating hydrologic indicator statistics by using
daily streamflow records. Essentially, this tool is an update of
the USGS National Hydrologic Assessment Tool (Henriksen
and others, 2006) that uses daily streamflow data from NWIS
to calculate 183 ecologically relevant streamflow statistics
that address multiple aspects of the hydrologic regime. This
software tool is also available as a stand-alone open-source


https://cida.usgs.gov/nwc/
https://waterdata.usgs.gov/nwis

44 Continuing Progress Toward a National Assessment of Water Availability and Use

R package (available at https://github.com/USGS-R/Eflow-
Stats) and can be downloaded and used to calculate stream-
flow statistics on data that reside outside NWIS. Ecologically
relevant streamflow statistics that characterize the magnitude,
frequency, duration, timing, and predictability of streamflow
and flow levels and account for the full range of hydrologic
variability are critical for shaping riverine communities and
ecosystem processes and for maintaining the biodiversity of
aquatic, riparian, and wetland ecosystems. These ecologically
relevant streamflow statistics are also important in understand-
ing long-term trends in hydrology and climate and supporting
investigations that are concerned with the restoration of flow
characteristics that have been lost through flow regulation,
water impoundment, or water extraction.

National Classification of Streams

In addition to the Streamflow Statistics Calculator, a
national streamflow classification structure and a set of flex-
ible tools are being developed and will be implemented in
the Water Census Data Portal in the future. This classifica-
tion structure, which will give stakeholders the capability
to evaluate a region of interest at the scale necessary for
sound management, is offered by the Water Census as one
example of a means to classify streams for further environ-
mental water work. The classification structure is designed to

Figure 26.

a predetermined set of stream classes derived from a subset
of existing baseline hydrographs and, alternatively, to pro-
vide users with the option of deriving a set of stream classes
based on user-specified input. Water managers and practitio-
ners are also encouraged to explore their own classification
systems in considering future work. Streamflow classification
is one of the primary components of the Ecological Limits

of Hydrologic Alteration (ELOHA; Poff and others, 2010), a
scientific framework that outlines a multistep environmental
water process of building a hydrologic foundation, developing
streamflow classification, and constructing flow-ecology and
flow-alteration ecological response relations for stream types.
Components of the ELOHA framework have been adopted by
the Water Census as well as by State and basin agencies that
use it to assess hydroecological impairment and as a founda-
tion for prioritization of streamflow restoration.

Streamflow classification is a process of subdividing
reference streams by similar hydrologic responses into stream
types and is considered to be one of the first steps toward
developing environmental water goals. This process requires
the aggregation of daily streamflow data, digital watershed
boundaries, and datasets characterizing human activities and
natural features. The Water Census study by Archfield and oth-
ers (2013) classified 1,543 streamgages in the conterminous
United States (fig. 26) whose catchments are considered to be
minimally regulated. Each streamgage used in this study had

EXPLANATION

Streamgage classification
Group 1
Group 2
Group 3
Group 4

Hydroecological classification of 1,543 U.S. Geological Survey streamgages across the conterminous United States.

Four of the eight streamflow classes identified in Archfield and others (2013) are shown. Group 1 (blue) is characterized by the
lowest annual variability, fewer outliers, a high correlation with daily streamflow, and a large seasonal signal; group 4 (orange) is
characterized by the highest variability, more outliers, a lower correlation with streamflow, and a small seasonal signal.
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a minimum 20-year period of daily streamflow record from
1950 to 2009.

This novel classification approach, the first since Poff
(1996), uses seven fundamental properties of daily stream-
flow to represent the key elements of the natural flow regime.
Findings of this study indicate that classification based on the
seven fundamental properties of daily streamflow resulted in
a high level of stability in streamflow class membership. Addi-
tionally, the use of the classification variables allows scientists
to communicate results of hydroecological classifications to
stakeholders and basin managers effectively and efficiently
and provides a standardized classification structure across all
regions in the conterminous United States.

Aggregating Ecological Data from Multiple
Agency Sources

One of the fundamentals of environmental water sci-
ence is the ability to compare hydrologic data with datasets
of aquatic biota occurrence and abundance. It is the goal of
the Water Census to provide stakeholders with access to the
greatest extent of aquatic biological datasets by means of the
Data Portal. However, this type of access necessitates an in-
depth exploration of the comparability of ecological datasets
that extend across State, catchment, and regional boundaries.
The increasing availability of web-based data-mining sites
containing ecological data from multiple agency sources has
great potential for furthering understanding of the effects of
hydrologic alteration across broad spatial or temporal scales.
However, as access to and availability of such data sources
become more commonplace, there is a pressing need to
understand the effects of the preparation and use of these data
on comparability and applicability to environmental water
assessments, especially those that may have management or
regulatory implications. Inconsistencies in taxonomic data can
arise when data from multiple sources are combined. Such
inconsistencies can represent operational and management
challenges to State agencies and basin stakeholders because
they may affect the sensitivity of biotic indices and can reduce
their effectiveness for assessing environmental change. Prior
to the development of biotic indices, taxonomic data need to
be harmonized—that is, resolved to a common taxonomic
level across multiple data sources that may use similar
collection protocols, but do not necessarily identify organ-
isms to the same taxonomic level or use the same standard
organism count.

The Water Census initiated an effort to examine the
effects of important taxonomic data processing steps on
aquatic invertebrate assemblage structure among nine city,
State, interstate, and Federal agency sources within the Dela-
ware River Basin (fig. 27), a Water Census Focus Area. This
investigation by Cuffney and Kennen (2017) assesses how
differences in data processing can affect numerical criteria for
a common set of aquatic invertebrate assemblage metrics and
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presents how choices made during the data-processing steps
can potentially alter the interpretation of relations with known
landscape drivers (for example, urban land use, impervious
surface cover, and streamflow).

Findings of this innovative Water Census study indicate
that great care should be exercised when harmonizing taxa
and subsample sizes prior to aggregating data across multiple
agency sources. Failure to harmonize taxonomic data can
overstate differences among assemblages, reduce the ability
to detect environmental change, and introduce methodologi-
cal discrepancies that can lead to erroneous interpretations of
flow-ecology response relations. An important component of
all State biomonitoring programs is the translation of an iden-
tified change in ecological condition into management goals
or actions.

Drought Science

In 2016, the Congress provided the USGS with funding
to improve water data and forecasting for drought. The USGS
has worked to create science-based information and tools with
the goal to make it easier to monitor, forecast, and provide
early warnings for drought. More accurate information about
the timing and duration of droughts can enable States, Tribes,
counties, and cities to plan more effectively and reduce the
effects of drought. The program is also looking to enhance
monitoring activities and data-delivery systems to create
a stronger link among the ground-based surface-water and
groundwater monitoring networks of the USGS, groundwater
networks of State agencies, and the soil moisture network of
the Natural Resources Conservation Service. The following
studies represent work conducted to date (2017) to achieve
these objectives.

The first study investigated the behavior of soil moisture
during droughts, as simulated in global circulation models
(Berg and others, 2017). The study results indicate that analyz-
ing soil-moisture changes on a layer-by-layer basis is impor-
tant in order to avoid overestimating total soil-water availabil-
ity. A second study (Dettinger, 2016; Albano and others, 2017)
is considering the periodicity of atmospheric rivers and its
role in producing humid (rainy) or arid (drought) conditions in
the western coastal regions of the Nation. It is postulated that,
if researchers can forecast the number of atmospheric rivers
that will arrive on the West Coast in coming years, they will
have the capability to forecast the majority of drought situa-
tions in the region months in advance. The third study focuses
on the periodicity of very large storms and medium storms
under future conditions and its role in drought occurrence. The
research indicated that the future drought regime in California
is likely to be one of longer precipitation deficits punctuated
by a few very large storms, with the precipitation deficits aris-
ing mostly from a decrease in the number of medium-sized
storms (Cayan and others, 2016; Dettinger and others, 2016;
Harpold and others, 2017).
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Figure 27. Aquatic invertebrate sampling locations aggregated from nine agency sources in the Delaware River Basin. (Modified from
Cuffney and Kennen, 2017)



Delivering the Data

To meet the objectives of the Water Census, data from
multiple disciplines and sources must be assembled and
integrated. Some of these data are obtained from existing
sources within the USGS and partner agencies, whereas
other data are developed directly as part of the Water Census
activities. Many of the “data” developed by the Water Cen-
sus are derived from models, statistical estimation, and other
transformation processes.

A data-management plan has been developed to provide a
framework that will guide and document these activities across
the entire Water Census effort. The Water Census was one of
the first major science efforts in the USGS to formally develop
a data-management plan, and the process of data-management
planning continues to evolve within the USGS. Data manage-
ment spans the entire data life cycle to include data acquisi-
tion, documentation, processing, analysis, preservation, and
delivery. The data-management plan emphasizes adoption of
existing international and Federal standards for data elements,
processing, preservation, and delivery to serve as unifying and
integrating criteria to facilitate interoperability with partners.

The Water Census could not be accomplished without the
solid framework of data and science that has been provided by
the USGS water programs over the past 125 years. Most of the
data used in water-availability analysis is stored in the USGS
NWIS database and served to the Nation. The database pro-
vides hydrologic data on 1.5 million sites and contains records
of surface water, groundwater, water use, and water qual-
ity. Additionally, the Water Census draws upon information
provided by data portals maintained by other USGS programs,
such as the EROS Data Center and the National Water Quality
Assessment Water Quality Portal.

Data Integration and Mapping

Many of the objectives of the Water Census involve
delivery of integrated data and information resources. Some of
these data, such as precipitation and evapotranspiration (ET),
are provided in a form that must be processed to watershed
units to be considered in a water budget. Others, like stream-
flow at ungaged locations, are generated through a combina-
tion of data assimilation and modeling and are inherently gen-
erated on a per-watershed basis. In both cases, water-budget
variables have been processed and cataloged, and are being
distributed, on a per-watershed basis.

Precipitation and ET datasets used for the Water Census
Data Portal (DP) are available as continuous gridded time
series. In the case of ET, each grid cell represents the cumula-
tive monthly ET for a 1-square-kilometer (0.39-square-mile)
area. In order to use this ET data in a watershed-based water
budget, the gridded time series must be attributed to water-
shed units by using spatial analysis to intersect grid cells
and watershed polygons. For both the SSEBop and Daymet
datasets, this attribution was accomplished by using the USGS
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Geo Data Portal (GDP) processing system. The GDP’s archive
(https://cida.usgs.gov/thredds/) serves as the primary host of
the SSEBop dataset. The project’s processing services (https://
cida.usgs.gov/gdp/) are compatible with the web services
provided from the GDP archives as well as those provided by
Oak Ridge National Laboratory (Oak Ridge, Tennessee) for
Daymet precipitation data.

The spatial analysis performed by the GDP requires a set
of watershed polygons. For the Water Census DP, HUC-12
units derived from the Watershed Boundary Dataset were
used for this purpose. HUC-12 units are “local-incremental”
watershed units, averaging about 35 square miles in size
across the Nation. Consequently, upstream HUC-12s must
be joined together in order to be representative of an entire
watershed. Data QA/QC of the connectivity between HUC-
12s was completed for the Water Census and published within
the Watershed Boundary Dataset. Software that joins the
HUC-12 units upstream from a given HUC-12 was devel-
oped and is available as an open-source R package at https://
github.com/USGS-R/HUCAgg. Aggregate watershed bound-
aries and water-budget variables are used to create Water
Census DP “accumulated” water-budget data resource pages
such as the one at https://cida.usgs.gov/nwc/#!waterbudget/
achuc/070900020703 for a watershed in Wisconsin. The image
in figure 28 depicts all of the area that is contributing flow
above the watershed of interest.

For data and model output developed by the USGS, a
WATER CENSUS data-management plan was developed that
provides requirements and guidance for data management.

It is used as a program-wide policy to ensure consistency in
planning, execution, and delivery of data from all WATER
CENSUS activities. By using the plan, projects have clear
guidelines for the data and metadata that will need to be
delivered and the repository that will be used if no enterprise
repository, such as the USGS’s NWIS, is available for the
project’s deliverables.

The USGS ScienceBase repository (https://www.
sciencebase.gov/catalog/item/5151f07ee4b0f0b3d011a817)
is being used as a catalog and data store to track projects and
their deliverables including publications, models, and datasets.
Many of the model and data outcomes of focus area and topi-
cal studies are available directly from ScienceBase, whereas
reports and data stored elsewhere are available through links
cataloged in ScienceBase. As mentioned above, SSEBop esti-
mates of evapotranspiration have been deposited in the GDP
model data archive, and water-use data are housed in NWIS.

The National Data Platform

As they are completed, WATER CENSUS data resources
are published through a single portal, the DP (https://cida.
usgs.gov/nwc/) that helps users discover information for 8-
and 12-digit HUC watersheds. The DP provides a map view
of HUC:s, allowing users to zoom to their area of interest and
select one of the Water Census watershed units. Once the
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Figure 28. An accumulated water budget for a watershed in Wisconsin showing precipitation,
streamflow, and evapotranspiration. (From U.S. Geological Survey, 2017f)

appropriate watershed has been selected, a user can explore
the dominant water-budget components of the watershed in
which they have an interest.

In the first 5 years of the WATER CENSUS, DP devel-
opment has included building infrastructure to catalog and
display completed nationally consistent water-budget data for
any HUC-12 watershed in the country. In the next 5 years, this
infrastructure will be leveraged to provide a complete, closed
water budget as discussed previously in this report. As of
2017, the DP contains precipitation data from Daymet and ET
data from SSEBop for every watershed in the lower 48 states,
and area-aggregated water-use estimates for counties from the
AWUDS database. Daymet data are available starting in 1980,
SSEBop data are available starting in 2000, and AWUDS data
are available starting in 1985. For watersheds that have an
NWIS streamgage near their outlet and for watersheds in part
of the southeastern United States, where modeling has been
completed, runoff data (represented as streamflow per unit
area) are also available. Streamflow data for the rest of the
country will be added in 2018. In the next 5 years, as progress
is made on modeling a complete, closed water budget, it is

expected that other terms, such as storage, snow water equiva-
lent, and site-specific water use, will be included.

The DP also includes pilot functionality to discover
aquatic-biology data and utilities to calculate streamflow
statistics for environmental water evaluation. As the DP
progresses, this functionality will be maintained but may be
combined into other data systems better suited to satisfying the
needs of environmental water studies. A view of the resources
in the ScienceBase project data inventory is also included in
the DP. It is expected that this functionality will be migrated
to the main WATER CENSUS web presence as the USGS
webpage infrastructure is updated in the coming years.

In order to facilitate use of the portal and its data
resources, a set of educational materials targeted at a college
hydro-informatics classroom was developed. The materials,
which are available at https://github.com/NWCEd/NWCEd,
provide a set of classroom activities that guide students
through the use of the portal and its data as well as introduce
them to basic hydro-informatics scripting concepts. These
materials are available publicly at https://github.com/USGS-R/
NWCEd and are documented in Nelson (2017).
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the form:

where

water-budget data resources and

Each water-budget data resource can be accessed from a unique URL of

https://cida.usgs.gov/mwc/#!waterbudget/achuc/070900020703,

“https://cida.usgs.gov/nwc/#!waterbudget/” is the portal entry to all

“achuc/070900020703” specifies the total accumulated upstream water-
shed view of hydrologic unit 070900020703.

Building the system by using these referenceable URLs allows the water-
budget data resources to be included in other information products and
will aid in future efforts to expose the system to search engines.

Planning for the Future

Progress toward a Water Census has been made by initiat-
ing new work and by integrating information from a number
of programs and ongoing national-scale efforts, such as the
USGS Groundwater and Streamflow Information Program and
the USGS Regional Groundwater Evaluations. USGS efforts
have also built upon the legacy provided by long-term moni-
toring and assessment programs funded under the previous
USGS Cooperative Water Program and the National Stream-
flow Information Program. Over the next 5 years, progress
will continue with the existing efforts and expand as funding
allows. In addition to completing the ongoing work described
in this report, priorities for future work are described below.

Future Geographic Focus Area Studies

The Water Census will complete the three ongoing FASs
and will initiate new FASs in the future. The three ongoing
studies are planned for completion by 2019 and the Water
Census will initiate a process prior to their completion to
select new locations for FASs. As stated earlier, the Water
Census has learned a great deal from the six FASs that are
either completed or ongoing. They (1) contribute to ongo-
ing assessments of water availability in large watersheds
with potential water-use conflicts, (2) provide high-reso-
lution water-use databases that can be used for a multitude
of purposes, (3) provide opportunities to test and improve
approaches to water-availability assessment that can be trans-
ferred to other areas, and (4) inform and “ground truth” the
Water Census with local information. The Water Census FASs
also fulfill USGS reporting on two of the primary assessments
that the U.S. Congress requested of the USGS in the SECURE
Water Act: where are the significant water-use conflicts or

shortages that have occurred, or are occurring, and what
are the factors that have caused, or are causing, the conflict
or shortage?

The Water Census has previously used a two-stage pro-
cess for soliciting and selecting candidates for new FASs. The
first stage involves soliciting USGS WSCs to nominate candi-
date river basins, through an efficient preproposal process, for
the future studies. The second stage involves full proposals of
candidates from the earlier stage. All proposals are reviewed
by a panel of experts from across the USGS and a representa-
tive of the Bureau of Reclamation. The final candidate FASs
are selected for project funding over a 3-year period.

Within the effort scoped for FASs, the emphasis will
remain on fulfilling the water-use data needs at the HUC-8
level. Continuing to compile water-use data for the major
categories (as reported since 2010), and potentially backfilling
in other categories of use, such as waste-water return flows,
would benefit the NWUSP as well as other Water Census
project objectives, such as closing the water budget. Collect-
ing as much site-specific data as possible for categories such
as public supply and thermoelectric water withdrawals will be
beneficial. These data will be stored in the appropriate USGS
NWIS databases, either aggregated or site-specific. These data
will help to improve the knowledge about water budgets and
assess trends in water use.

Modeling Approach

Over the next 5 years, the Water Census will place a
considerable effort on providing current and historical water-
availability information on a daily time step and at the scale of
HUC-12 subbasins. For context, HUC-12 subbasins average
approximately 35 square miles in area and there are approxi-
mately 88,500 of them in the conterminous United States.
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The Water Census strives to present a daily water budget for
each of these subbasins within the conterminous United States
within the next 5 years. The primary building blocks of the
water budget are precipitation, streamflow, ET, water use,

and change in storage. Today, the Water Census, through the
WATER CENSUS DP, presents a continuous coverage for the
conterminous United States of precipitation at a daily time
step and ET at a monthly time step. Streamflow is presented at
a daily time step only for the southeastern United States, and
water use is presented only on a county scale and at 5-year
time intervals for the conterminous United States. There is
much work to be accomplished in the next 5 years.

The first set of priorities will be to provide daily stream-
flow estimates for the remainder of the conterminous United
States and to increase estimation of ET from a monthly time
step to a daily time step. These tasks will be accomplished
through the application of a watershed model, which is
calibrated to physical measurements of water-budget com-
ponents at various locations across the United States and
simulates those components where measurements do not exist.
The watershed model will generate the daily estimates of
streamflow and ET at the scale of HUC-12 subbasins and the
estimates will be provided to the public through the WATER
CENSUS DP at https://cida.usgs.gov/nwc/. The ET estimates
from the model will incorporate information from ET estima-
tion using remote-sensing data from LandSAT.

As stated previously in this report, water budgets provide
the foundation for sound water-availability analysis. When all
of the water-budget components for a watershed have been
estimated, hydrologists work through a process to “close” the
water budget. This process involves balancing all components
of the water budget so that the sum of the supply terms equals
the sum of the demand terms, taking into account changes in
storage. During the next 5 years, the Water Census will use
a selected modeling application to close the water budget for
HUC-12 watersheds throughout the conterminous United
States at a daily time step.

In the area of environmental water science, ongoing
national classification work by the Water Census is leverag-
ing the findings of the Archfield and others (2013) study to
develop statistical models that will be used over the next
5 years to assign all ungaged rivers in the conterminous United
States to one of the published stream classes on the basis of
measured basin and climate characteristics within an estab-
lished range of uncertainty. Once completed, this follow-up
effort will provide a broad-based classification structure that
can be overlain onto a national mapping framework, such as
NHDPIlus, and used as a basis for understanding the full scope
of stream classes across the United States. Additionally, this
study is evaluating the degree of model misclassification (that
is, the level of uncertainty in stream-class assignment), which
will provide stakeholders with the information necessary to
make informed decisions about management actions that may
affect all streams of a given stream class.

The science of environmental water continues to prog-
ress, in part as a result of frameworks such as ELOHA, which

have provided a strong scientific foundation for stakeholders
and environmental water practitioners that support a better
understanding of the interdependencies between streamflow
and ecological response. Future Water Census efforts will
place a strong emphasis on the development of newer, more
dynamic statistical and process modeling techniques capable
of integrating components of the water cycle and accounting
for ecosystem response. These dynamic models will leverage
the availability of synthetic hydrographs developed by using
simulation modeling and the broader access to biological data
through web sources to support an improved understanding
of the relations between streamflow change and ecological
response. This type of approach is strongly needed and repre-
sents the fundamental underpinnings of environmental water
science and management in the future.

Future Databases Needed

In the next 5 years, the Water Census will create a
database of interbasin transfers of water in the United States.
Interbasin transfers are the movement of water from one
subregion (HUC-4) to another through manmade or artificial
conduits (tunnels, canals, pipes) in most cases, but also possi-
bly through natural conduits (rivers or reservoir connections).
In all of these cases, the transfer of water is under human man-
agement and control. Interbasin transfers are necessary when
water is moved to meet demands in regions outside the source
watershed. Because it is difficult, if not impossible, to account
for all of the individual categories and quantities of uses of
the water in the receiving subregion, this effort will focus on
accounting for the total quantities of water that are transferred,
to the smallest temporal scale (seasonal, monthly) possible
within the context of accuracy limitations. The USGS invento-
ried interbasin water transfers at the HUC-4 scale for calendar
years 1973 to 1982 in the western states (Petsch, 1985) and
the eastern states (Mooty and Jeffcoat, 1986). At the time of
these reports, 256 interbasin water transfers were inventoried.
Water transfers can have a substantial effect on the hydrology
of and water availability in both the exporting and importing
basins, and it is of great interest to the NWUSP to inventory
and assess the characteristics of interbasin transfers. Transfers
are also crucial to the understanding of water budgets in both
the exporting and receiving river basins.

The NWUSP will begin regular reporting of interbasin
transfers of water at the HUC-4 scale. Transfers of water that
exceed 100,000 gallons per day averaged over a calendar
month will be counted. This rate will be known as the volu-
metric threshold for interbasin transfers.

The NWUSP will identify the names and locations of
all conveyances that transfer water in excess of the volumet-
ric threshold between two HUC-4 basins on an annual basis.
The location data will include the latitude and longitude of
the point of origin of the conveyance and the initial point of
delivery in the receiving HUC-4 basin. Storing the locations of
these diversion sites as point locations in NWIS would enable
the water-transfer data to be provided to other WAUSP project
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activities, such as mapping water depletions for use in water-
budget analyses at the HUC-4 basin scale

This work will be a multiagency effort, with collabora-
tion and cooperation among the USGS, U.S. Army Corp of
Engineers, Bureau of Reclamation, and State agencies that are
responsible for the management and operation of interbasin
transfers. This effort will begin with forming a multiagency
committee to identify other agencies and organizations that
have purview over water transfers and the operation of the
infrastructure that enables the transfers. As part of an inven-
tory, an informational survey will be shared with the commit-
tee to update and improve the listing of interbasin transfers,
including assessing locational information and identifying
geospatial nomenclature.

Through these ongoing and planned future activities,
the USGS will add to the science of water availability and
incrementally work toward the goal that Congress articulated
in the SECURE Water Act—an ongoing national assessment
of water availability and use.
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