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America’s water resources—streams, rivers, wetlands, estuaries, lakes
and coasts—are at the heart of our environment, our economy and out
history. The quality and quantity of water resources affect all levels of our
society from the national to the individual citizen.

A nation that fails to plan intelligently for the development and
protection of its precious waters will be condemned to wither because of
its shortsightedness. The hard lessons of history are clear, written on the
deserted sands and ruins of once-proud civilizations.

President Lyndon B. Johnson
Message submitting to Congress the first assessment
of the Nation’s water resources, 1968



For the men and women who toil in the Nation'’s water world.



Preface

This book is about how water managers in the United States are
responding to the call for increased effort to achieve sustainable supplies
of clean fresh water for the present and future generations. Water
managers face many barriers in their efforts to achieve sustainability in
the supply of this resource. While water is indeed one of life’s most
essential commodities, in many parts of the country it is one of, if not
the, most stressed resources. Americans traditionally have shown a dis-
regard for the way they treat the finite supply of water. Streams and lakes
are still considered by too many to be convenient places to discard waste.

Today, water managers must deal with a multifaceted complex of
water-related challenges. Water management has been most concerned
with eliminating water pollution. But recent climate trends have shown
that our concerns can no longer be just about ensuring the water we
drink and use for our showers is safe to drink.

There will always be a need to ensure first the fresh water we drink
and use in the production of our food is clean and safe for human
consumption. At the same time, however, we find better ways to supply
sufficient water needed to generate the electricity we use to power our air
conditioning and light our cities and to irrigate the food crops needed
for sustenance.

Water resource management is the human activity of planning,
developing, processing, storing, distributing, and managing the

ix
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optimum use of the available water resource—whether it is for a local
water utility service area, a watershed, a state, a multistate region, or for a
nation, water resource managers must consider the competing demands
for current and future availability of water in order to arrive at a solution
that assures equitable allocation of available water on a sustainable basis.

Water management is as much about what is mistakenly called waste-
water as it is about the water for consumption; what was once considered
to be wastewater is increasingly being into recycled into water for reuse
in our homes, industries, and farms. This important resource at is now
an integral component of water management, just as has the stormwater
that refreshes our aquifers even while it often floods huge swaths of land,
and pollutes our rivers, lakes, and aquifers. In many coastal areas,
advanced technology has made desalinated seawater is now a valued
addition to the overall water supply.

The core theme in the book is the need to manage all aspects of these
limited sources of supply in an increasingly hostile environment. It seeks
to explain how the men and women working in water management are
bringing the once separate classes of water together in ways that will be
need to achieve sustainability of the resource. Water managers must
consider effects of water supplies on the economy, environment, and
society in an integrated way. The goal for all of us is to ensure that a
reliable supply of clean, safe water is available when and where it is
needed by today’s generation and those that will follow. We can get by
without a lot of things, but we can’t get by without water.

What do we mean by water management? According to the World
Bank, water resource management is the human activity of planning,
developing, processing, storing, distributing, and managing the opti-
mum use of available water resource. The responsibilities of water
managers are the same, regardless of whether it is for a local water utility,
a watershed, a state, a multistate region, or for a nation, water resource
managers must consider the competing demands for current and future
availability of water in order to arrive at a solution that assures equitable
allocation of available water on a sustainable basis (World Bank 2003).

The US water management story, in a sense, begins with an assess-
ment of the state of the resource in the major basins in the first decades
of this century. It goes on to paint a picture of how the industry, its
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regulators, and its major stakeholders arrived at this critical juncture. It
concludes with several chapters on how water managers are moving
toward a more holistic, innovative, and collaborative approach to mana-
ging the resource so that the elusive goal of a sustainable resource is there
for today, tomorrow and for future generations as well. The task is not
an easy one. In many ways, the cards are stacked against water managers
achieving their goals. Global warming, changing precipitation patterns,
population growth, and continuing urbanization place barriers in the
way of overcoming these challenges and others.
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1

The State of America’s Water Resource

As a whole the nation has abundant water resources with average
annual precipitation of 30 inches for the conterminous United States,
average natural runoff of 1,200 billion gallons per day, and large
reserves of water underground. However, the Nation is less fortunate
in the distribution and timing of the water resources.

USWRC 1968, First National Assessment of the Nation’s Water

Resources

The Water Resources Council (WRC), established by the US Water
Resources Planning Act of 1965, prepared two national assessments of
the state of the water resource, the first was published in 1968 and the
second in 1978. The council was made up of Department Secretaries and
agency heads that monitored national and regional water supplies, coor-
dinated federal, state, regional, and river basin water programs and admi-
nistered grant and loan program to states for water resources planning.
The assigned functions of the WRC included requirements to “maintain a
continuing study and prepare periodically an assessment of the adequacy
of the supplies of water necessary to meet the water requirements in
each water resources region in the United States. .. [and] to maintain a

© The Author(s) 2017 1
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2 1 The State of America’s Water Resource

continuing study of the relation of regional or river basin plans and
programs to the requirements of the larger regions of the Nation”
(WRC 1968, xi). The Council was dissolved on October 31, 1982,
with most of the recording and management responsibilities returned to
the US Geological Survey (USGS) in the Department of the Interior.

Today, the USGS collects water data for 21 water resource regions
(hydrologic units) of the United States (Fig. 1.1); 18 of the units are in
the conterminous 48 states, with a separate region each for Alaska,
Hawaii, and for the Puerto Rico and the American Virgin Islands.
Data are collected for such information categories as stream flow,
groundwater and surface levels, precipitation, temperature, and water
use and quality, among others.

The water industry is facing an increasingly complex and challenging
future: suppliers must surmount daily operational challenges associated
with pumping, treating, and supplying safe and affordable water supplies

5 Water Resource Regions

Upper
Mississippi

Hawau
Caribbean
-

Fig. 1.1 USGS water resource regions (hydrologic units) of the United States
Source: USGS
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to a growing population while many are finding their traditional supplies
fast disappearing. Planning for sustainability is absolutely necessary for
sourcing, treatment, storage, and delivery of freshwater and for the collec-
tion, treatment, and the recycling and discharge of wastewater in this
exceedingly challenging environment has never been more vital than it is
today.

The United States is blessed with a large and reliable supply of
freshwater. Only Brazil and Nepal have a greater supply (Table 1.1).
Yet, large portions of the United States are finding it increasingly
difficult to find reliable sources of potable water to supply their customer
base during what has become a period of global climate change. Some
communities have to deal with excessive rainstorms with insufficient
stormwater collection and discharge facilities, while others must cope
with declining supplies while living through longer and longer periods of

Table 1.1 Top ten nations with available water resources and 5-year precipitation
averages

Total available freshwater Annual precipitation®
Rank Nation Cubic kilometers? US Gallons Inches Millimeters
1 Brazil 8,233 2,174,928,497,875,386 69.33 1,761
2 Nepal 4,508 1,190,887,606,998,936 59.06 1,500
3 United 3,069 810,744,025,261,698 28.15 715
States®
4 Canada 2,902 766,627,292,704,284 21.14 537
5 China 2,840 750,248,625,527,280 25.39 645
6 Colombia 2,132 563,214,813,247,944 127.56 3,240
7 Indonesia 2,019 533,363,371,457,598 106.38 2,702
8 Peru 1,913 505361,134,025,946 68.43 1,738
9 Russian 1,911 504,832,789,923,462 15.11 460
Federation
10 Congo, Dem. 1,283 338,932,741,743,486 60.75 1,543
Rep.
Notes

®0ne cubic kilometer = 264.17 US gallons

PIncludes rain and snow, 2011-2015 averages

“Excludes Alaska and Hawaii

Sources: CIA World Fact Book, World Bank, Conversion Tables
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severe drought. The world may still have plenty of water; but, only
something like 2.5 percent of all that water is potable water. Moreover,
not all of the freshwater is available when and where it is needed. This
chapter takes a basin approach to describing the state of the resource
within the lower 48 states.

Freshwater in a Salt Water World

The USGS has described the globe as indeed “a watery place,” but adds
that nearly all of it is not available as drinking water for human
consumption. More important, current misuse of the existing freshwater
supplies has resulted in contamination of many of the limited sources of
supply of water that is potable while long-term droughts and higher
temperatures are drying up many of the traditional resources.
Contamination from man-made and natural causes has made many
existing freshwater sources no longer fit for human consumption with-
out extensive treatment. A recent example of a combination of human
and natural effects groundwater is the damage done to the groundwater
supplies in sections of California. That state’s s rich agricultural Central
Valley has been particularly hard hit. Drought has reduced the avail-
ability of surface water, resulting in over withdrawal of the groundwater
aquifer. In addition, water pumped from private and municipal wells in
many sections of the Valley has been found to be contaminated by high
levels of naturally occurring uranium. Similar problems are surfacing in
other areas of the country’s Western states as a result of drought condi-
tions and over-pumping primarily for irrigation.

Close to 96.5 percent of all Earth’s water is in the world’s oceans. The
freshwater that is available for human use is stored in the air as water
vapor, in rivers and lakes, in icecaps and glaciers, in the ground as soil
moisture and underground aquifers. These freshwater resources pro-
vided the earth’s 7.3 billion people in 2015 with the water they needed
every day to live, and will have to continue to do so for the estimated 11
billion inhabitants alive at the end of this century.

The combined forces of climate change, population growth, and popu-
lation relocation are, as expected, making it increasingly difficult to serve
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customers with all the freshwater they need as a price they can afford.
Desalination can generate enough water to augment demand in coastal
regions, but not for residents hundreds and thousands of miles inland.
Clearly, the country’s water suppliers must find new resources. One still
somewhat controversial source that is becoming increasingly viable is
recycled or reclaimed water. One of the country’s early programs is the
El Paso Water Utilities (EPWU) advanced water purification system. In
good water supply years, El Paso gets its water from stored surface water
and groundwaters. However, the continuing drought in the Southwest has
left the district’s reservoirs at 10 percent of their capacity or less. The
EPWU has long used reclaimed water for non-potable reuse and for
recharging the local aquifer. In 2012, the utility began a feasibility study
of the increasing the capacity of advanced wastewater purification for use
in aquifer recharging and other potential uses.

People in the United States and most of the water-scarce regions of
the world are still far from accepting the direct reuse of reclaimed
wastewater directly into municipal freshwater delivery systems. This
reluctance to accept recycled water is what is often referred to as the
“yuck factor” (Stenekes et al. 20006). Still, water suppliers are finding
more and more non-human consumption uses for recycled water.
Industry leaders and federal regulators agree that until a global standard
for membrane technology that produces the desired water quality is
accepted and strict guidelines, the reuse of treated wastewater is not
likely to become a sizeable quantity of new supply for the municipal
water utilities of the country. Climate change has brought that accep-
tance much closer than might otherwise have been the case.

Water Statistics

Water use statistics in the United States have been recorded and published
by the USGS every five years since 1950. These statistics record how these
eight categories of water users consume: fresh and saline water, public
supply (domestic, commercial, and municipal supplied by public and
private utilities), domestic (self-supplied or by public suppliers) irrigation,
livestock, aquaculture, industrial, mining, and thermoelectric power
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generation). Water withdrawals are measured when water is removed from
a source for any use and measured in gallons per day in acre feet (enough
water to cover one acre of water one foot deep).

As later chapters will support, water resources and its policies in the
United States are both dynamic and diverse. The key product of this is
that the United States continues to lack a single, cohesive national water
policy. However, the many diverse governance and policy structures at
the federal, state, and local levels this may be an impossible task to
accomplish (Reimer 2012).

The water and wastewater sectors of the nation are facing an increas-
ingly complex and challenging future, and the very people who should
be solving the problems are making them worse.

Planning for sustainability is absolutely necessary for sourcing, treat-
ing, storing, and delivering freshwater and for the collection, treatment,
and the recycling and discharge of wastewater in this exceedingly chal-
lenging environment affected by climate change has never been more
vital than it is today.

River Basins and Watersheds’

Hydrologists and other water management scientists in the United
States evaluate the state of the resources by taking a basin approach.
River basins are important from hydrological, economic, and ecological
points of view. They absorb and channel most the runoff from snowmelt
and rainfall that can ultimately supply fresh drinking water as well as
support hydropower, agricultural irrigation, and recreational opportu-
nities. River basins have also formed a critical link between land and sea,
providing transportation routes for people, and making it possible for
fish to migrate between marine and freshwater systems.

"This discussion of the factors that influence selected regions of the US water supply has been
adapted from a number of federal weather and natural resource sources, including NOAA, USGS,
Bureau of Reclamation, the EPA, and the US Global Change Research Program’s National
Climate Assessment (NCA), and other cited in-text.
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Rivers, streams, and wetlands in a composite basin act as natural filters
and sponges, cleansing and storing water for later use. Basins play a role
in water purification, water retention, and regulation of floods. These
often very large-scale ecosystems include forest and grassland and
marshes as well as rivers, lakes with other components.

Hydrologists around the globe employ the integrated river basin
approach when analyzing a surface water system for its sustainability
for human use and for maintaining a healthy natural environment. This
coordinated approach focus on the economic and social benefits derived
from the human use of water resources while conserving and, where
necessary, restoring freshwater ecosystems. In the United States, the
Bureau of Reclamation is largely responsible management of the river
basins in the Western United States; in the Eastern half of the country,
the USGS provides much of the same service.

The USGS gathers water data from 21 separate regions, including 18
in the 48 contiguous states and one each in Alaska, Hawaii, and the US
Caribbean islands (Fig. 1.1). Agencies dealing with the nation’s river
basins divide the country into a smaller number of distinct regions: 9 in
the lower 48 states and one each in Alaska and Hawaii. The following
pages use data from both sources to describe the state of the resource in
several of the larger basins and watersheds, beginning with the
Northwest/Pacific region with its Columbia River and Snake River
Basin. This is followed by the California Region and its two great
Central Valley watersheds, the Southwest and its Upper and Lower
Colorado River Basin (LCRB), considered to be the most important
watershed in the Southwestern United States. Also discussed are the
Great Plains/Northern Rockies region, the Midwest/Great Lakes region,
and the Northeast and Southeast regions.

The Pacific Northeast and the Columbia River
Basin

The 1,240-mile long Columbia River Basin extends across the states of
Idaho, Montana, Nevada, Oregon, Washington and Wyoming, and
parts of southern British Columbia, Canada (Fig. 1.2). The dominant
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US Army Corps of Engineers

Fig. 1.2 Map of the Columbia River Basin with location of major dams
Source: USGS

watersheds in this region are built around the two main rivers, the
Columbia and the Snake, their tributaries and such other important
rivers as the Willamette, Klamath, and Umpqua in Oregon and the

Yakima, Chehalis, and the Skagit in Washington. The Columbia River
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and its tributaries supplies water for municipal suppliers serving eight
million people, irrigation water for approximately 7.8 million acres, and
hydropower that meets from 60 to 70 percent of the electric power needs
of the needs of the Pacific Northwest. While there are something like 400
dams in the region, the most important ones are the 31 major federal
dams of the Federal Power System. The Bureau of Reclamation manages
more than 50 dams and reservoirs in the Pacific Northwest region, with a
combined storage capacity of more than 18 million acre-feet.

The Northwest is often considered an “excessively rainy place,” but
that is true only for the Pacific coastal regions of the Oregon and
Washington, as much as 200 inches of rain per year can be found.
Most of the precipitation falls west of the coastal mountain ranges and
the Cascade Mountain range, keeping the eastern half of Oregon and
Washington in a rain shadow. Most of the precipitation falls between
October and March, with summers often quite dry. The mountain
snowpack has historically functioned as natural storage for summer
water needs. However, the region’s warmer climate is resulting in far
less snow, particularly at lower and mid-level mountain regions.

The 1964 Columbia River Treaty

Currently, both the United States and Canada play a role in managing
the basin’s water. The Columbia River Treaty was signed in 1961 and
went into effect in 1964. Flooding and a steady water supply for hydro-
power generation were the two main concerns that led to the treaty.
However, use of the water for municipal supplies and for irrigation were
not included in the negotiations leading to the treaty. And now, the
treaty is close to expiring. Since September 16, 2014, both countries
have been able, with 10 years’ notice, unilaterally to opt out of the treaty.
The United States and Canada entered into the treaty in 1964. At that
time, the focus was on flood control and hydroelectric power generation.
Because warmer temperatures limited snowpack and summer water
supply limits on the horizon in Washington, Oregon and Idaho, a
greater concern has become the use of Columbia Basin water to irrigate
the region’s many farms and ranches. The Columbia River Treaty
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(CRT) grew out of the United States’ and Canada’s mutual interest in
controlling and harnessing the Columbia River system.

The CRT has two key components: (1) Canada’s pledge to provide
more than 15 million acre-feet of reservoir space that can be used for
improving the flow of the Columbia River, and to operate that storage to
maximize hydroelectric power generation and limit flooding in the United
States and Canada and (2) the United States’ promise to pay Canada for
the benefits. The growing need for irrigation water and the failure of the
treaty to take irrigation needs into effect were described thus:

The original CRT used the word “irrigation” only once, and “consump-
tive use” twice. The phrase “water supply” does not appear at all. In other
words, the CRT, which focused almost solely on hydropower and flood
control, gave virtually no thought to consumptive water uses. That the
CRT largely ignored out-of-stream water uses, however, is not to say they
are unimportant in the Columbia Basin. Far from it, in the United States
alone, approximately 7.1 million acres are currently under irrigation in the
Basin. As measured at The Dalles, Oregon, 9 percent of the Columbia’s
flow is diverted for agriculture. Right now, there is considerable demand
among irrigators for more (MacDougal and Kearns 2014).

From 2014 forward either the United States or Canada may terminate
the CRT with 10 years’ notice. And, even if neither nation opts out,
important provisions relating to flood control will expire automatically
in 2024, and possibly no provisions for other important water uses will
be negotiated. The Bureau of Reclamation voiced its concern in 2016
that, due to changes in water supply due to climate change, there is
growing concern that the Columbia River system will not be able to
meet the future water needs already allotted, let alone allow for increases
in withdrawals for irrigation. Key findings released in 2016 by the
Pacific Northwest Region Hydromet and included in the Reclamation
Bureau’s 2016 climate change and water supply study were:

¢ Pacific Northwest temperatures are predicted to continue increase
rapidly over the rest of the century with the greatest changes in the
summer months.
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* Projected precipitation models suggest the Pacific Northwest will see
drier summers and wetter autumns and winters. Precipitation falling
as rain instead of snow will increase winter runoff and reduce summer
runoff, reducing water availability for irrigation.

* Snowpack accumulations will decline due to warmer temperatures;
snowmelt will begin earlier in many subbasins, particularly in low and
mid-level elevations. The shift in snowmelt runoff threaten problems
with flood control and irrigation supply as more water runs off in late
winter and early spring.

* The decreased snowpack may result in decreases in groundwater
infiltration, further reducing river flows in summer months.

* The expected longer growing season will result in increased demands
for irrigation water.

* Warmer temperatures will increase demand for power for air con-
ditioning when less water is available.

California and the Central Valley River Basins

The state of the water resource in California is monitored by the USGS,
with an emphasis on the two major river basins in the California Central
Valley, the Sacramento and the San Joaquin Rivers. The EPA, which is
responsible for maintaining water quality in all surface and groundwater
resources, includes the entire Central Valley in the San Francisco Bay
Delta watershed (Fig. 1.3). This river basin covers more than 75,000
square miles and includes the largest estuary on the west coasts of North
and South America. It also contains the only inland delta in the world.

The watershed extends nearly 500 miles from the Cascade Range in
the north to the Tehachapi Mountains in the south, and is bounded by
the Sierra Mountain Range to the east and the Coast Range to the west.
Nearly half of the surface water in California starts as rain or snow that
falls within this watershed and flows downstream in the two main rivers
to the Pacific Ocean at San Francisco. In addition, the watershed
provides a primary source of drinking water for 25 million
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Fig. 1.3 The San Francisco Bay watershed and three major river basins
Source: EPA

Californians, irrigation for 7,000 square miles of agriculture, and
includes important economic resources such as California’s water supply
infrastructure, ports, deepwater shipping channels, major highway and
railroad corridors, and for energy generation. In the Delta, declining
water quality and increasing demand for limited water resources is the
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subject of research and planning to protect this valuable resource for the
future; some scientists worry that the efforts to save the Delta are too
little and too late. The watershed includes a diversity of freshwater,
brackish water, and saltwater aquatic habitats. Several endangered and
threatened aquatic species are found here including delta smelt, steel-
head, spring run Chinook salmon, winter run Chinook salmon, and
others.

Monitoring and reporting of the water supply of the basins is man-
aged by the USGS, together with other federal, state, and local agencies.
However, a much large consortium of agencies has organized to study
the system and recommend steps to preserve its sustainability. The
Sacramento and San Joaquin Basins Study (SSJBS) is a partnership
between the U.S. Reclamation Bureau, California Department of
Water Resources, California Partnership for the San Joaquin Valley,
Stockton East Water District, El Dorado County Water Agency, the
Madera County Resources Management Agency, and several other local
and regional associations also participate. The scope of the SSJBS takes
in the entire Central Valley of California with an area of more than
22,500 square miles from the Tehachapi Range in the South to the
Klamath Mountains in the north. The Central Valley Project (CVP) and
the California State Water Project (CSWP) are the main water manage-
ment operations in the Central valley. The CVP includes of 20 dams,
11 power plants, and more than 500 miles of canals. The State-owned
and operated CSWP distributes water from Lake Oroville on the feather
river to municipal and agricultural water users in the central valley and
the central and southern coastal areas.

The largest rivers in the watershed are the 455-mile-long Sacramento
that drains the northern half of the state, and the 366-mile-long San
Joaquin that drains the central and southern portions of the Valley. Both
rivers low into the Sacramento Delta which exits into San Francisco Bay.
With the smaller Tulare River basin in the southern Central Valley, the
watershed covers come 60,000 square miles. Agriculture, which with-
draws an annual average of 5.4 million acre feet of the total water in
the watershed, is the major user of water from the three river basins
and irrigates about three million acres of land. Hydropower, municipal
water supply, recreation, and flood control are other major users. The
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Sacramento and San Joaquin River watersheds supply, either directly as
surface water or indirectly via groundwater recharge, much of the water
used by California cities and farms.

The California Drought

The water years of 2012-2014 (extending through the winter months of
2015) were California’s driest three consecutive years in terms of state-
wide precipitation. The previous drought of statewide scale that occurred
in 2007-2009 was the first for which a statewide proclamation of
emergency was issued; the three-year 2012-2014 period was the second.

California’s most significant historical statewide droughts were the six-year
drought 0f 1929-1934, the two-year drought of 19761977, and the six-year
event of 1987-1992. Those droughts stand out in the observed record due to
their duration or reductions in precipitation. The 1929-1934 event occurred
within a decade-plus dry period in the 1920s—1930s, and was one of the most
severe dry periods in more than a thousand years of reconstructed Central
Valley data. The drought’s impacts were small by present-day standards,
however, because the state’s development at the time was small compared to
modern times. The 1976-1977 drought, although brief, was notable for the
dryness of the period. The 1987-1992 drought was California’s first
extended dry period since the 1920s—-1930s, and provides the closest com-
parison for drought impacts under a present-day level of development.

The drought that began in 2012 set other records in addition to that of
driest three-year period of statewide precipitation. The drought occurred at a
time of record warmth in California, with new climate records set in 2014 for
statewide average temperatures. Records for minimum annual precipitation
were set in many communities in calendar year 2013. Calendar year 2014
saw record-low water allocations for State Water Project and federal Central
Valley Project contractors. Reduced surface water availability triggered
increased groundwater pumping, with groundwater levels in many parts of
the state dropping 50-100 feet below their previous historical lows. Heavy
rains and a substantial Sierra snowpack over the 20162017 winter alleviated
drought, but California water planners must continue to expect more and
longer drought periods.
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California’s Water Supply

California’s proximity to the Pacific Ocean and major mountain ranges
from the state’s hydroclimate setting. Most of the water vapor that provides
the state’s precipitation comes from the Pacific Ocean; as moist air moves
over mountains such as the Sierra Nevada or Transverse Ranges the air is
lifted and cooled, resulting in condensation and rain or snow. Snowpack in
the Cascade Range and Sierra Nevada contributes to the runoff in the
state’s largest rivers and to the groundwater basin recharge that support
much of California’s urban and agricultural water use.

On average, about 75 percent of the state’s average annual precipita-
tion of 23 inches falls between November and March, with 50 percent
occurring between December and February. The state experiences high
annual variability in precipitation. Much of this variability stems from
the role of a relatively small number of storms in making up the state’s
water budget. An imbalance between surface water supplies and the
location of major population centers and agricultural production areas
has been central to the history of water development in California,
leading to the development of major federal, state, and local water
projects.

Imported Colorado River Surface Water

Imported surface supplies make up only a small part of the state’s water
budget. The Colorado River is by far the largest of the imported
surface water sources. The state has consistently received its basic
interstate apportionment of 4.4 million acre-feet (MAF) of Colorado
River water annually, and up until 2003 was also able to receive
additional water from hydrologic surpluses or from the unused appor-
tionments of Nevada and Arizona. The Colorado River has been the
most reliable of the three major sources of imported water used by
urban Southern California, thanks to storage capacity in the reservoir
system; the Colorado River basin reservoir storage capacity is equiva-
lent to about four times the river’s average flow. Recent prolonged dry
conditions in the Colorado River Basin are the driest period of the
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historical record in terms of inflow to Lake Powell. Lake Powell inflow
was below average in 11 of the past 14 water years through water year
2013, with water year 2014 just under average. The single driest year of
record for inflow to Lake Powell was 2002 (the prior dry year record
had been set in 1977). The decade of the 2000s (2000—-2009, inclusive)
was the driest decade in the historical record. During these prolonged
dry conditions, total system storage dropped to just below half of
capacity.

California Groundwater

Under average hydrologic conditions, close to 40 percent of California’s
urban and agricultural water needs are supplied by groundwater, an
amount that increases in dry years when water users whose surface
supplies are reduced increase their reliance on groundwater. The state’s
515 designated groundwater basins support the majority of California’s
groundwater development, although an estimated 90 percent of the
groundwater used in California is from only 126 of these 515 ground-
water basins. The amount of water stored in California’s aquifers is far
greater than that stored in the state’s surface water reservoirs, although
only a fraction of that groundwater can be economically and sustainably
extracted for use.

Future Availability Estimates

The average temperature in California throughout the watershed has
increased by about 2°F since 1900. The pace of that increase has
accelerated since 1970 and is expected to increase even more rapidly in
the future. Future precipitation is expected to remain similar to the
recent past, but will occur more as rain and less as snow. This is likely to
decrease natural recharging of the groundwater resource, further stres-
sing groundwater supplies and quality. Runoffs off expected to increase
and to shift from spring to occur more during late fall and winter.
Reductions in supply from evaporation during warmer summers are
expected to be much greater from reservoirs. As flows change, greater
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withdrawals from surface water in the Basin occur and water quality is
expected suffer even more so in the Delta, where salinity is projected to
increase by 20 percent over the rest of this century.

The Southwest and the Colorado River Basin

The water supply of the American Southwest is the nation’s most
endangered. Most of the region depends upon the Colorado River for
human consumption and agricultural use. The Colorado River Basin
covers about 246,000 square miles, including parts of the seven “basin
states” of Arizona, California, Colorado, Nevada, New Mexico, Utah,
and Wyoming (Fig. 1.4). The 1,450-mile long river eventually flows
into Mexico’s Gulf of California. The basin supplies water to at least six
major United States cities: Albuquerque, Denver, Las Vegas, Los
Angeles, Phoenix, Salt Lake City, and San Diego.

The Colorado River is considered to be most heavily regulated river in
the world. The basin’s supply is ruled by a complex body of decrees,
rights, court decisions, international treaties, and laws that is together
referred to as the Law of the River. The keystone of the Law is the 1922
Colorado River Compact, an interstate agreement among the seven
basin states with general water allotments. The 1922 Compact divided
the Colorado River Basin into the Upper Basin and the Lower Basin,
with Lees Ferry, just downstream of Glen Canyon Dam, the dividing
point (USBR 2012). The Upper Basin includes those parts of the states
of Arizona, Colorado, New Mexico, Utah, and Wyoming within and
from which waters naturally drain into the Colorado River system above
Lees Ferry. The Lower Basin includes parts of the states of Arizona,
California, Nevada, New Mexico, and Utah where waters naturally drain
into the Colorado River system below Lees Ferry. The Colorado River
Compact allocated to each of the two basins the use of 7,500,000 acre-
feet of water per year from the Colorado River system in perpetuity, did
not apportion water to any state. Six years later, the Boulder Canyon
Project Act of 1928 named the US Secretary of the Interior as lower
basin water master, with responsibility for distributing all Colorado
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Fig. 1.4 The Colorado River Basin from Wyoming to Mexico
Source: US Dept. of the Inferior, Bureau of Reclamation
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River water below Hoover Dam. From that date on, major water users of
Colorado River water had to contract with the Secretary of Interior for
annual deliveries.

The first formal state allocations had to wait until 1948, when the
Upper Basin States established the Upper Colorado River Basin com-
pact. That agreement permitted Arizona to use 50,000 acre-feet of water
annually from the Upper Colorado River system. The remaining water
was allocated to the Upper Basin States in these percentages: Colorado,
51.75 percent; New Mexico, 11.25 percent; Utah, 23 percent; and
Wyoming, 14 percent. The Lower Basin states were unable to come to
agreement on how to allocate the Lower Basin river water. Tired of
waiting, Arizona then filed suit in the US Supreme Court to make the
determination. In October of 1964 the Supreme Court awarded the first
7,500,000 acre feet in the Colorado River mainstem: California was
entitled to 4,400,000 acre feet, Arizona 2,800,000 acre feet, and
Nevada, 300,000 acre feet. Current allocations are shown in Table 1.2.

The International Boundary Water Commission between the United
States and Mexico in 1944 guaranteed Mexico 1.5 million acre feet of
Colorado River water as its share. A 1973 agreement guaranteed the

Table 1.2 Colorado River Water apportionments by state, in acre feet and
percent of the total

Upper basin Percent (%) Million acre feet/year
Arizona 0.3 0.05
Colorado 23.4 3.86
New Mexico 5.1 0.84
Utah 10.4 1.71
Wyoming 6.3 1.04
Upper basin total 455 7.50
Lower basin

Arizona 7.0 2.80
California 26.7 4.40
Nevada 1.8 0.30
Lower Basin Total 45.5 7.50
Seven state total 91.0 15.00
Mexico 9.0 1.50
Total for entire basin 100 16.50

Source: US Bureau of Reclamation
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quality of the Colorado River water Mexico was to receive. A point of
contention today is that those allotments were established during the
end of what was the wettest 10-year-long period in a hundred years of
recorded precipitation when the annual average supply from all sources
was18.8 million acre feet. The negotiators, allowing for variation, used
as a base an annual flow of 16.5 million acre feet and established 15.0
million acre feet as the amount for allocating shares, while flows from
2001 to 2009 averaged closer to 12.1 million acre feet.

The river supplies water to nearly 40 million people, irrigates close to
4.5 million acres of farmland in the United States and Mexico, and
supplies hydropower plants that generate more than 10 billion kilowatt-
hours annually. Water from the river also provides for recreation use and
environmental benefits that include supporting a wide diversity of fish
and wildlife and their habitats and preserving flow and water-dependent
ecological systems. Major problems facing the basin are meeting the
water needs of rapidly increasing population, decreasing stream flows,
and the uncertain effects of a changing climate.

The USGS (2013a) coordinated its most recent Colorado River Basin
Focus Area Study with the Bureau of Reclamation’s Basin Study
Program (both agencies are part of the US Department of the
Interior). The study began in January 2010 and was completed in
December 2012. It defined current and future imbalances in water
supply and demand in the Colorado River Basin and the adjacent
areas of the Basin States that receive Colorado River water for approxi-
mately the next 50 years, and developed and analyzed adaptation and
mitigation strategies to resolve those through the year 2060. The options
were separated into four main categories based on their approach for
resolving the imbalance: increased supply, reduced demand, modify
operations, and governance and implementation. The Reclamation
study also examined strategies to resolve those imbalances under a
range of conditions that could occur during the study period. The
USGS portion of the study focused on the following three elements:
(1) estimates of current water use and historical trends in water use into
the future; (2) regional and field scale assessments of evapotranspiration
and the dynamic variation in snowpack water content (including volume
and timing of snow-water releases); and (3) estimations of groundwater
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discharge to streams and rivers. Although groundwater contributions to
streams in the Colorado River Basin is a relatively poorly understood
component of the regional water budget, preliminary estimates by the
USGS ranged between 20 and 60 percent of the surface-water flow in
the upper Basin was dependent upon groundwater.

The Upper Colorado River Basin

The Upper Colorado River Basin (UCOL) is divided into two distinct
regions into an upper and a lower basin. The upper basin covers
approximately about 17,800 square miles, beginning where the
Colorado River originates in the mountains of central Colorado and
continues about 230 miles southwest into Utah (Fig. 1.5). The major
tributaries of the Upper Basis are the Green, San Juan, Escalante,
Gunnison, and Dolores rivers. This section of the total river basin is
itself divided into two regions: the Southern Rocky Mountains and
the Colorado Plateau. The north—south dashed line in the map in
Fig. 1.5 marks the divide. Because of differences in altitude of about
10,000 feet from east to west, the climate ranges from alpine condi-
tions to semiarid/arid conditions in the southwest. Precipitation
ranges from 40 inches or more per year in the eastern part of the
basin to less than ten inches per year at low elevations in the western
part of the basin.

Irrigation accounts for 97 percent of the water use in the UCOL
(Spahr et al. 2000). Ninety-nine percent of the water withdrawn is
derived from surface-water sources. Groundwater only accounts for
one percent of water use and is an important resource in remote and
rural areas where the water is used primarily for domestic purposes.
Water diverted eastward from the UCOL is used by many municipa-
lities in the eastern plains of Colorado. This diverted water from the
UCOL has accounted for about 35 percent of the water supply for the
city of Denver and about 65 percent of the water supply for Colorado
Springs. In addition, the Colorado Big Thompson project, using water
diverted from the UCOL, provides complete or partial supply for more
than 30 cities and towns in northern Colorado. Individual state
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Upper Colorado River Basin

Fig. 1.5 USGS map of the Upper Colorado River Basin
Source: USGS (2013). http://co.water.usgs.gov/nawqga/ucol/

allotments of Colorado River Water in millions of acre feet (maf) per
year are show in Table 1.1. Total allotted for all state and Mexico users
is 16.5 million acre feet, although the average annual withdrawals have
seldom exceeded 15 maf, not because states are taking less than they
have been allotted, but under the existing drought conditions, the
system cannot provide the full allotted amounts. A 2012 study of
the supply and demand of the entire river system identified drought-related
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lower stream flows of the Upper Basin tributaries were the maid
cause for shortages in the Upper Colorado. Because not all the users
allocated Upper Basin were as yet withdrawing all of their allocations,
upper Basin growth is expected to exacerbate the shortages in the near
future.

The Lower Colorado River Basin

The LCRB is that portion of the river below Lee’s Ferry, just below
Glen Canyon Dam. Lake Mead behind Hoover Dam is the main
storage location for the Lower basin. Almost all of Arizona, Southern
California, Nevada, and Mexico are included in this portion of the
Basin. The most important tributaries are the Paria, Virgin, Little
Colorado, Bill Williams, and Gila rivers. The water supply of Lower
Basin is also the most threatened supply source of the substantially
over-allocated system.

USGS and the USBR have made extensive studies of the supply and
demand factors in both the Upper and Lower basins. The USBR 2012
study contained results of a variety of future states of basin water and
supply and demand with projections to 2060. The projections were the
result of four different models, with results according to various degrees
of probability, for a total of 48 different scenarios (4 supply levels,
6 demand levels, and 2 post-2026 lake Power and Lake Mead operation
assumptions). The Lake Mead and Lower Basin projections reached as a
result of the analysis included the following:

* Lakes Powel and Mead elevations both show a wide range of future
levels. At Lake Mead under all scenarios except one, elevations from
the 2012 level range from an increase of 5 feet to a decrease of 75 feet
by 2060. The one not in that range projects all lake levels to decline
by 90-140 feet.

* Projections of Lower Basin shortages reflect the increasing differences
between supply and demand. Shortages increase from 550 thousand
acre feet (Kaf) in 2012 to a range of 1.8 maf by 2060 at the 50th
percentile. The 2012 and future increasing shortages are primarily
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driven by the remaining allocated demands above the lower-level
allocations. Meeting unused allocations because of continued growth
in the Upper Basin can only be met by surplus conditions (such as
greater precipitation or other supply sources such as desalination,
reuse, and conservation)

State of the Great Plans Watersheds

The Great Plains, the region west of the Mississippi and east of the
Rocky Mountains, west of the Mississippi River and East of the Rocky
Mountains extends across the central United States from Canada to
Texas. Although once believed to be an endlessly flat terrain of high
isolated grasslands, the region is more geographically diverse than it was
thought to be. It includes rocky hills, mountains, rivers, lakes, and
thousands of acres of irrigated cropland. In its northern regions is also
the site of America’s latest oil and gas boom—made available by the
process of fracturing deep underground deposits by injecting water and
chemicals. The region is drained by two major river watersheds: the
Missouri and the Upper Mississippi, along with two smaller rivers,
the Republican and Platte Rivers, and their hundreds of tributaries.
The Great Plains reaches north into the Canadian provinces of Alberta
and Saskatchewan, where the Saskatchewan River is the major basin, and
extends as far south as northern Texas.

Mississippi River

The Mississippi River flows for 2,320 miles from Lake Itasca,
Minnesota, down to the Gulf of Mexico (Fig. 1.6). For most of its
northern half, the river serves as the eastern border of the Great Plains
region. The Environmental Protection Agency states that more than 50
cities depend on the Mississippi for their daily water supply, while
groups like the Upper Mississippi River Conservation Committee and
the Upper Mississippi River Basin Committee say that millions of
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Fig. 1.6 Map of the Mississippi River Basin
Source: USGS

people in the river’s basin use it as a daily water source. Agriculturally,
the region also depends on the river as a water source: The river-supplied
Mississippi basin supplies more than 90 percent of the country’s agri-
cultural exports. The river includes several major tributaries, such as the
Missouri, Arkansas, and Ohio rivers.

Missouri River

The Missouri River (Fig. 1.7) is the longest river in North America. It
flows more than 2,340 miles through the states of Montana, North and
South Dakota, Nebraska, Iowa, and Missouri, where it joins the
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Fort Peck Lake S

Fig. 1.7 Map of the Missouri River Basin showing major reservoirs
Source: USGS

Mississippi River. The Missouri itself is formed by three smaller rivers in
Montana: the Gallatin, Madison, and Jefferson rivers. It joins the
Mississippi River near St. Louis, Missouri. About 10 million people
live in its river basin. The Missouri River flows through or by several
major cities, including Omaha, Nebraska and Kansas City and St. Louis,
Missouri. The importance to the river to the region is signaled by the
seven major reservoirs providing flood control and water supply for
agriculture and municipal uses.

Two smaller River Basins

The Republican River, surrounded by slopes and ridges, begins in
southwest Nebraska and flows 200 miles east to Kansas and eventually
into Milford Lake. The river is relatively slow flowing and regularly
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reduced by the stretches of dry weather and local irrigation practices that
utilize the water source.

The Platte River, about 310 miles long, flows through the north
Nebraska city of North Platte, then turns southeast. It eventually
empties into the Missouri River, about 20 miles from Omaha. The
river has long been extremely shallow for most of its length. The Platte
River remains an important source of water for local agricultural
irritation, as more than 12 dams help regulate the river’s water flow.
Overland migration west over the Oregon Trail after the Civil War
followed the course of the Platte to the South Pass in the Rocky
Mountains.

The Saskatchewan River

The Saskatchewan River winds through the northern Great Plains
region that stretches into Canada. It is Canada’s fourth largest river
and the largest river system in both Albert and Saskatchewan. The river
flows for more than 1,240 miles from Canada’s Rocky Mountains to
eventually reach Lake Winnipeg. Drought conditions in Alberta have
forced the Alberta Energy Regulator (AER) to restrict water withdrawals
from the Saskatchewan River system. The restrictions to current holders
of 2015-2016 temporary diversion licenses (TDLs). The AER also
began encouraging oil and gas operators to voluntarily reduce their
consumption in areas with no mandatory restrictions but where stream
flows were lower than normal. Water withdrawals from the river system
are used in oil fracturing processes.

Alberta Environment and Parks department also issued a low flow
advisory in June of 2015 for the Upper Athabasca River basin. The
advisory notified water users in the region that current temporary TDLs
were suspended and no new applications would be accepted. The AER
has applied this restriction to oil and gas operators in the Saskatchewan
Basin. Restrictions on TDLs for watercourses (e.g., rivers, creeks)
were also put in place for other river basins in Alberta. No applications
for temporary withdrawal licenses were being accepted for any water
course in the North Saskatchewan River basin; TDFL application is
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process were suspended until further notice. The AER is working with
Alberta Environment and Parks department to monitor water flow in all
Alberta’s rivers.

Ogallala Groundwater and Surfacewater

Groundwater contained in the Ogallala or Great Plains aquifer is water
left by the several periods of glacial coverage over the upper portion of
the central North American continent. This water supply extends under
eight states from South Dakota to Texas. If it were above ground, its
174,000-square-mile surface area would be nearly double all the water in
the five Great Lakes. About one-fifth of all US cattle, corn, cotton, and
wheat depend on water from the Ogallala. It is one of the Nation’s
critical natural resources.

However, the aquifer is in trouble; more is being taken out than is
replenishing the resource. In a word, is not being recharged; it will have
to wait for another ice age for that to happen. About 30 percent of the
aquifer’s water has already been pumped out of the ground. An addi-
tional 39 percent is expected to be gone in the next 50 years.
Replenishing it would take a thousand years or more. It is particularly
problematic in its southern sections.

The aquifer that lies under all or parts of eight central plains states
is named after the Ogallala band of the Dakota Sioux Indian tribe that
once roamed over that part of Nebraska and Wyoming. It is watered
at the surface by the South and the North Platte Platt Rivers. Stored
surface water in these and other High Plains rivers is used to augment
well withdrawals. Both the North and South Platte rivers, for exam-
ple, are extensively dammed. What was to be the world’s second
largest earth filled structure, Kingsley Dam, was completed in June
of 1941. The dam stores floodwaters of the catchment basin of the
North Platte to form Lake McConnaughy. The North Platte and
South Platte Rivers join to create the Platte River in western
Nebraska near the city of North Platte. The Platte River then flows
to the Missouri River, which joins the Mississippi River to flow to the
Gulf of Mexico.
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The Resource in the Midwest and Great Lakes
Regions

The US Midwest and the Great Lakes Region are sometimes considered
to be elements of the same great region of the United States. However,
others consider them to be separate areas; they are treated as one here.
The combined section discussed here includes 12 states and has a
population of approximately 68 million people (about 21 percent of
the 2015 estimated national total of 321.6 million). The Midwest region
is home to expansive agricultural regions, forests in the north, the Great
Lakes, substantial industrial activity, and major urban areas, including
eight of the nation’s 50 most populous cities. The Great Lakes region
has experienced shifts in population, socioeconomic changes, air and
water pollution, and landscape changes. Portions of the region have long
been referred to as America’s Rust Belt, as segments of the once large base
of heavy industry has either moved to other locations or simply no long
exists.

The Midwest Region

Americans disagree on which states belong in the Midwest and which
belong in the Great Lakes region, but tend to agree that these six make
up the core of the Midwest: North and South Dakota, Nebraska, Iowa,
Kansas, and Missouri. Precipitation in the Midwest is greatest in the
east, tapering off the farther one moves to the west. Precipitation occurs
about once every seven days in the western part of the region and once
every three days in the southeastern part of the region. The ten rainiest
days can contribute as much as 40 percent of total precipitation in a
given year. Generally, annual precipitation increased during the twen-
tieth century by up to 20 percent in some locations, with much of the
increase driven by intensification of the when rainfall is heaviest., This
tendency towards more intense precipitation events along with warmer
temperatures is projected to continue in the future.

Snowfall varies across the region, comprising less than 10 percent of
total precipitation in the south, to more than half in the north, with as



30 1 The State of America’s Water Resource

much as two inches of water available in the snowpack at the beginning
of spring melt in the northern reaches of the river basins. When this
amount of snowmelt is combined with heavy rainfall, the resulting
flooding can be widespread and catastrophic. The 2008 flooding in
the Midwest caused 24 deaths, $15 billion in losses via reduced agricul-
tural yields, and closure of key transportation routes. Water infrastruc-
ture for flood control, navigation, and other purposes is susceptible to
climate change impacts and other forces because the designs are based
upon historical patterns of precipitation and stream flow, which are no
longer appropriate guides. Weather records in the region reveal declines
in the frequency of high snowfall years over much of the Midwest, but
an increase in lake effect snowfall in the Great Lakes portion of the
country.

Large-scale flooding occurs more or less regularly in the Midwest,
largely due to extreme precipitation, often occurring when snowmelt is
not a contributing factor. Examples include the August 2007 Rush
Creek and the Root River floods in Minnesota and with multiple rivers
in southern Minnesota in September of 2010. These warm-season events
are projected to increase in number and extent.

Changing land use and the expansion of urban areas are reducing
water infiltration into the soil and increasing surface runoff. These
changes exacerbate impacts caused by increased precipitation intensity.
Many major Midwest cities are served by combined storm and sewage
drainage systems. As surface area has been increasingly converted to
impervious surfaces (such as asphalt) and extreme precipitation events
have intensified, combined sewer overflow has degraded water quality, a
phenomenon expected to continue to worsen with increased urbaniza-
tion and climate change. The EPA estimates there are more than 800
billion gallons of untreated combined sewage released into the nation’s
waters annually. The Great Lakes, which provide drinking water to more
than 40 million people and are home to more than 500 beaches, have
been subject to recent sewage overflows. For example, stormwater across
the city of Milwaukee recently showed high human fecal waste levels at
all 45 outflow locations, indicating widespread sewage contamination.
One study estimated that increased storm events will lead to an increase
of up to 120 percent in combined sewer overflows into Lake Michigan
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by 2100 under a very high emissions scenario leading to additional
human health issues and beach closures. Municipalities may be forced
to invest in new infrastructure to protect human health and water
quality in the Great Lakes, and local communities could face tourism
losses from fouled near-shore regions.

While there was no apparent change in drought duration in the
Midwest region as a whole over the past century, the average number
of days without precipitation is projected to increase in the future. This
could lead to agricultural drought and suppressed crop yields. This
would also increase thermoelectric power plant cooling water tempera-
tures and decrease cooling efficiency and plant capacity because of the
need to avoid discharging excessively warm water.

The Resource in the Great Lakes Region

The water resource in this section of the country is dominated by the
extremely large amounts of surface water stored in the Great Lakes.
However, US and Canadian river basins and groundwater are also
important to the overall supply. These six are the states considered to
be in the Great Lakes region: Minnesota, Wisconsin, Michigan,
Illinois, Indiana, and Ohio. The Ohio River watershed drains
much of the region and is the most significant river in the six-state
region.

The Ohio River Basin

The Ohio River Basin is a region of 204,000 square miles covering parts
of 14 states and including a population of nearly 25 million people,
many in such major cities as Pittsburgh, Columbus, Cincinnati,
Louisville, Indianapolis, and Nashville. The Ohio River flows 981
miles from Pittsburgh, Pennsylvania to Cairo, Illinois, where it joins
with the Mississippi. The entire river basin is shown in Fig. 1.8.
Water-related problems in the Ohio River Basin include dealing with
the effluent from municipal wastewater treatment plants, combined
sewage and stormwater overflows, urban stormwater, acid (coal) mine
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Fig. 1.8 Map of the Ohio River Basin
Source: Ohio River Basin Consortium

drainage, agricultural and forest lands runoff, sedimentation, toxic
industrial pollutants, problems from oil and gas recovery brines, reser-
voir sedimentation, groundwater pollution, drinking water contamina-
tion, emerging pathogens, and exotic aquatic species. The region has
been cited as a major contributor of acid precipitation for areas to the
northeast and has a number of hazardous waste disposal sites.

Groundwater in the Great Lakes Region

The water supply of the Great Lakes region is made up not only of the
lakes themselves, but also of the network of rivers and their tributaries
and the groundwater on which the lakes depend.
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Groundwater is a major natural resource in the Great Lakes
Region that helps link the Great Lakes together with their watershed.
The Lakes constitute the largest concentration of unfrozen fresh
surface water in the western hemisphere. Because the quantity of
water in the lakes is so large, groundwater in the Great Lakes Basin
is often overlooked when evaluating the hydrology of the region.
Groundwater, however, is more important to the hydrology of the
Great Lakes and to the health of ecosystems in the watershed than is
generally recognized (USGS 2013b).

USGS scientists estimate that the amount of groundwater stored in
the Great Lakes Region is approximately equal to all the surface water
stored in Lake Michigan. This groundwater is released slowly to provide
a reliable minimum level of water flow in regional streams, lakes, and
wetlands. However, pumping groundwater from the Great Lakes aqui-
fers has a significant impact on this replenishment.

Most of the large public water supplies in the region are obtained
from the lakes themselves, but groundwater is the source of drinking
water for about 8.2 million people within the watershed. Much of the
surface water remains polluted from decades of industrial and toxic
waste, while agricultural runoff and rising water temperatures have
resulted in toxic algae blooms in some lakes.

Although most residents of Chicago use water from Lake Michigan,
many people in the Chicago suburbs residing outside of the lake use
groundwater as a source of supply. As the suburban areas near the
watershed boundary expand, more and more people will depend on
groundwater to supply housechold water needs. Small manufacturing
companies in suburban locations also are increasing their groundwater
use. In addition to water quantity issues in the Great Lakes Region,
water quality is also a concern. As development increases, activities that
could threaten the quality of groundwater also increase. Human health
needs to be safeguarded, as does the health of many other organisms
that rely on clean water. Thus, the major groundwater resource issues in
the Great Lakes Region revolve around: (1) the quantity of ground-
water, (2) the interaction of groundwater and surface water, (3) changes
in groundwater quality as development expands, and (4) ecosystem
health in relation to quantity and quality of water. In summary,
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groundwater is an essential part of the Great Lakes Region water-supply
system. It is a critical resource for maintaining human health and
healthy ecosystems.

Effects of Groundwater Withdrawals

Irrigation is the largest use of water in the Great Lakes watershed, and
groundwater sources contribute about half of the water used for irriga-
tion. In areas where surface water sources are not readily available, it is
likely that groundwater will be the water source if new irrigation systems
are installed.

The effects of groundwater withdrawals from Great lakes region
aquifers have been quantified at only a few locations. Chicago,
Milwaukee and Toledo, Ohio areas are among the several locations
where extensive groundwater studies have been published. The effects
of groundwater pumping in the Chicago-Milwaukee metropolitan
area where, in 1980, about 300 Mgal/d was withdrawn from a very
productive sandstone aquifer system. Prior to large-scale withdrawal
of groundwater, recharge and discharge for the aquifer were in
balance at about 350 Mgal/d. When wells were first drilled into the
sandstone aquifer along Lake Michigan, the initial ground-water level
at Milwaukee was reported to be 186 feet above the surface of Lake
Michigan; in Chicago, it was reported to be 130 feet above the lake
surface. By 1980, large-scale pumping had caused the water levels in
wells to decline as much as 375 feet in Milwaukee and 900 feet in
Chicago. At some locations, the quality of groundwater was altered
when water levels were drawn below the layer that confines the
aquifer. By 1994, groundwater withdrawals in Chicago for public
supply decreased to about 67 million gallons per day (Mgal/d) and
total ground-water withdrawals decreased to about 200 Mgal/d.
These withdrawals were concentrated west and southwest of the
earlier pumping centers. As a result, ground-water levels in some
parts of the Chicago area have risen by as much as 250 feet, although
levels continued to decline in the southwestern Chicago and the
Milwaukee metropolitan areas.



State of the Resource in the Eastern United States 35

The Toledo, Ohio metropolitan area obtains groundwater from
wells near Lake Erie. Pumping has lowered water levels in wells as
much as 35 feet below the average level of Lake Erie. In addition,
pumping has drawn water from Lake Erie into the groundwater
system and intercepted water that would have discharged from the
groundwater system to Lake Erie (USGS 2013). Although water-level
data indicated that these interactions were taking place, the amounts
of water being induced from the lake and intercepted by the pump-
ing have not been quantified.

Although small in comparison to the amount of water in storage in
the Great Lakes, groundwater directly and indirectly contributes about
80 percent of the water flowing from the watershed into Lake Michigan.
On the basis of these data, it is evident that groundwater is an important
component of the Great Lakes Region.

State of the Resource in the Eastern United
States

The eastern United States consists of two very different regions, the
Northeast and the Southeast. In the northernmost of the 12 states in
the Northeast, heavy snow and ice conditions characterize much of the
winter months. In the southeast heavy rainstorms and floods are com-
mon. Global warming will have very different effects upon the water
resources of the two regions. As a result, the water supplies of region
follow different themes.

In 2015, there were 10 weather and climate disaster events with losses
exceeding $1 billion each across the United States. The number was
nearly three times what has been normal for the country. Half of
disasters were in the eastern United States, three were in the south-
central section of the country; and two were in California. Overall, these
events resulted in the deaths of 155 people and had significant economic
effects on the areas impacted. The 1980-2015 annual average is 5.2
extreme weather events (CPI-adjusted); the annual average for the most
recent 5 years (2011-2015) was 10.8 extreme weather events.
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The State of the Resource in the Northeast

Heat waves, heavy downpours, and sea level rise pose growing challenges
to many areas of the 12 states that constitute the Northeast:
Connecticut, Delaware, Maine, Maryland, Massachusetts, New
Hampshire, New Jersey, New York, Pennsylvania, Rhode Island,
Vermont, and Virginia. Despite its reputation for a generous supply of
participation, the region has also suffered from periodic droughts; the
Northeast’s most severe drought in the last hundred and thirty years
occurred between 1961 and 1966, when the region suffered a precipita-
tion deficit of over 50 inches (Gellis 1985).

Although much of the Northeast is covered by forest, the region also
has large areas of grass and open croplands, coastal zones, beaches and
dunes, and wetlands, and several of the Nation’s largest metropolitan
areas and the Nation’s capital. In addition to being force to an increasing
number of severe weather events, rising sea levels are threatening much
more of the coastal areas, including the important wetlands. The region
has also been known for its rich marine and freshwater fisheries, much of
which is being impacted by the loss of tidal marshlands. The region’s
natural areas that contribute important ecosystem services to the
groundwater supplies and contribute and protect surface water supplies,
buffer shorelines, and sequester carbon in soils and vegetation are being
lost to population growth.

Precipitation in the Northeast

Average annual precipitation varies by about 20 inches throughout the
Northeast with the highest amounts coming in some coastal and moun-
tainous regions. During winter, storms bring bitter cold and snow and
ice, especially in the northern area. For example, Mt. Washington in
northern New Hampshire, the highest peak in the northeastern United
States at 6,288 feet, holds the record for the highest recorded wind speed
in the lower 48 states. On the afternoon of April 12, 1934, the
Mt. Washington Observatory recorded a wind speed of 231 miles per
hour (mph) at the summit, the world record for most of the twentieth
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century, and still a record for measured wind speeds not involved with a
tropical typhoon or a cyclone'. Winds on April 1, 2016, were 63 mph
with gusts to 74 mph.

Summers are warm and humid, especially to the south. The Northeast
is often affected by extreme events such as ice storms, floods, droughts,
heat waves, hurricanes, and major storms in the Atlantic Ocean off the
northeast coast, referred to as nor easters. The Northeast has experienced
a greater increase in extreme precipitation than any other region in the
United States; between 1958 and 2010, the Northeast saw more than a
70 percent increase in the amount of precipitation falling in very
heavy events (defined as the heaviest 1 percent of all daily precipitation
events).

Between 1895 and 2011, temperatures in the Northeast increased by
almost 2°F and precipitation increased by approximately five inches, or
more than 10 percent. Coastal flooding has increased as a result of a rise
in sea level of approximately one foot since 1900. Winter and spring
precipitation is projected to increase; projections for the end of this
century range from about 5 to 20 percent increases in winter precipita-
tion. Projected changes in summer and fall, and for the entire year, are
generally small at the end of the century compared to natural variations.
The frequency of heavy downpours is projected to continue to increase
as the century. Seasonal drought risk is also projected to increase in
summer and fall as higher temperatures lead to greater evaporation and
earlier winter and spring snowmelt. Global sea levels are projected to rise
one to four feet by 2100.

State of the Resource in the Southeast

The Southeast and Caribbean region is home to more than 80 million
people and draws millions of visitors every year. The region has two of
the most populous metropolitan areas in the country (Miami and
Atlanta) and four of the ten fastest growing metropolitan areas. Two
that are vulnerable to sea level rise and storm surge are in Florida (Palm
Coast and Cape Coral-Fort Myers) and one is in South Carolina (the
Myrtle Beach area). Management of river flow has deprived the coastal
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wetlands of the freshwater and sediment that are needed to allow the
lands to exist and grow. Dredging of canals through marshes for oil and
gas exploration and pipelines has led to erosion and intense saltwater
intrusion. This has resulted in additional wetland loss.

Groundwater Damage from Saltwater Intrusion

Many of the Southeast’s coastal areas are sinking while the sea level is
becoming higher. The result is extensive saltwater intrusion into impor-
tant groundwater aquifers. This problem is projected to continue over
the rest of the century, further reducing the availability of freshwater for
the increasing population and for local irrigation. For example, agricul-
tural areas around Miami-Dade County, Florida and southern Louisiana
with shallow groundwater tables are at risk of increased inundation and
future loss of cropland from a projected 27-inch rise in sea level. Climate
change is expected to increase harmful surface water algal blooms and
several disease-causing agents in inland and coastal waters, which were
not previously problems in the region. For instance, higher sea surface
temperatures are associated with higher rates of ciguatera fish poisoning,
one of the most common hazards from algal blooms in the region.

Decreasing Water Availability

Decreased water availability, exacerbated by population growth and
land-use change, will continue to increase competition for water and
affect the region’s economy and unique ecosystems. The Southeast has
the existing power plant capacity to produce 32 percent of the nation’s
electricity. Water used for steam and cooling in thermoelectric genera-
tion is nearly 30 percent of the total, water used in the southeast—more
than in any other region. Net energy demand is projected to increase,
largely due to higher temperatures and increased use of air conditioning.
This will potentially stress electricity generating capacity, distribution
infrastructure, and energy costs.

Water resources in parts the Southeast have generally been abundant
and sufficient to support large populations in urban areas, rural
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communities, unique ecosystems, and economies based on agriculture,
energy, and tourism. However, the region also experiences extensive
droughts, such as the 2007 drought in Atlanta, Georgia, that created
water conflicts among three states. In northwestern Puerto Rico, water
was rationed for more than 200,000 people during the winter and spring
of 1997-1998 because of low reservoir levels. Droughts are one of the
most frequent climate hazards in the Caribbean, resulting in economic
losses. In order to extend the availability of existing groundwater
resources, Florida is one of the four states most active in employing
recycled water wherever possible.

Water supply and demand in the Southeast and Caribbean are influ-
enced by many changing factors, including climate, population, and land
use., With projected increases in population, the conversion of rural areas,
forestlands, and wetlands into residential, commercial, industrial, and
agricultural zones is expected to intensify. The continued development
of urbanized areas will increase water demand, and threaten environmen-
tally sensitive wetlands bordering urban areas. Higher sea levels will
increase saltwater intrusion into freshwater supplies from rivers, streams,
and groundwater sources near the coast. With increasing demand for food
and rising food prices, irrigated agriculture will expand in some states.
Also, population expansion in the region is expected to increase domestic
water demand. Such increases in water demand by the energy, agricultural,
and urban sectors will increase the competition for water, particularly in
situations where environmental water needs conflict with other uses.

Summary

Large portions of the United States and many foreign countries are
facing the greatest challenge of all: securing reliable sources of potable
water to serve their growing populations during an age of dramatically
shifting climate. The world may plenty of water, but not all of that water
is available when and where it is needed. The globe may indeed be “a
watery place.” However, not all of it is directly available and usable for
human consumption. More important, current misuse of the existing
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freshwater supplies is resulting in greater contamination of many sources
of supply. Contamination from man-made and natural causes has made
taken existing supplies unfit for human consumption. A recent example
of a combination of human and natural effects groundwater is the
damage done to the groundwater supplies caused by a long drought
and over-pumping of wells for irrigation purposes taking place in
California’s rich agricultural Central Valley. Water pumped from private
and municipal wells has been found to be contaminated by high levels of
uranium (Box 1.1). Similar problems are surfacing in other areas of the
country’s Western states as a result of drought conditions and over-
pumping for irrigation.

Box 1.1 California farm-area water contaminated with uranium

There is danger in the drinking water in large sections of California’s rich
Central Valley. Growing levels of uranium is showing up in the well water,
according to a 2015 report in the San Jose Mercury News. Uranium is a
naturally occurring but unexpected byproduct of irrigation, of drought,
and of the overpumping of natural underground water reserves. An inves-
tigation in California’s central farm valleys by the Associated found that
authorities were doing little to inform the public at large of the growing
risk; long-term exposure to uranium can damage kidneys and raise cancer
risks, say scientists.

In California’s Central Valley one in 10 public water systems have raw
drinking water with uranium levels that exceed federal and state safety
standards, according to the U.S. Geological Survey. Many schools, hospitals
and other public agencies in the Valley draw all their water from their own
wells. And that water often exceeds the minimum levels of uranium.
Treatment to remove the danger is extremely expensive. As a result, some
Central California farm-region schools buy bottled water in place of drink-
ing fountains, which are off limits because of uranium and other
contaminants.

The city of Modesto, with a half-million residents, spent more than
$500,000 to start blending water from one its contaminated well to dilute
the uranium to safe levels. The city has capped a half-dozen other wells
found to have excess levels of uranium.

“The USGS calculates that the average level of uranium in public-supply
wells of the eastern San Joaquin Valley increased 17 percent from 1990 to
the mid-2000s. The number of public-supply wells with unsafe levels of
uranium, meantime, climbed from 7 percent to 10 percent over the same
period there.”

Source: Scott Smith, Mercury News, December 8, 2015
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The combined forces of climate change, population growth, and
population relocation are, as expected, making it increasingly difficult
to serve customers with all the freshwater they need as a price they can
afford. Desalination can generate enough water to augment demand in
coastal regions, but not hundreds and thousands of miles inland. But,
find new sources they must. One still controversial source that is
becoming increasingly viable is recycled water. One of the country’s
early programs is EPWU advanced water purification system. In good
water supply years, El Paso gets its water from stored surface water and
groundwaters. However, the continuing drought in the Southwest has
left the district’s reservoirs at 10 percent of their capacity or less. The
EPWU has long used reclaimed water for non-potable reuse and for
recharging the local aquifer. In 2012, the utility began a feasibility study
of the increasing the capacity of advanced wastewater purification for use
in aquifer recharging and other potential uses.

The country is still far from accepting the direct reuse of reclaimed
wastewater into municipal freshwater delivery systems. Until a global
standard for membrane technology that produces the desired water
quality is accepted and strict guidelines, the treatment and reuse of
wastewater is not likely to become a sizeable quantity of new supply in
the municipal water utilities of the country.

Water suppliers in the United States and elsewhere in the world are
facing massive challenges, many of which are attributable to the climate
change already under way. These changes are having an impact upon the
natural weather forces that include long-term droughts and stronger
intense storm conditions. There is little doubt that these adverse changes
to the world’s weather patterns are going to continue. Arid areas such as
the Western United States have become more arid and population
growth is already taxing the limited water supplies available in many
regions. In states such as Arizona and California freshwater resources are
already under strain, and no end is in sight. Similar drought conditions
are spreading to regions that have long enjoyed seemingly unlimited
underground supplies of freshwater. Among the many challenges facing
large and small water utilities today and which need to be addressed are
the problem of decaying infrastructure, declining water resources,
increases in water use, severe drought conditions in some areas and
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destructive rain storms in others, increasingly rigorous national, regional
and local environmental policies and the need to protect the security and
stability of supply, distribution systems, and records.

Additional Reading
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Internal Pressures on the Resource

Water use statistics in the United States have been recorded and
published by the US Geological Survey (USGS 2015) every five years
since 1950 for fresh and saline water withdrawals by eight categories of
water users: public supply (domestic, commercial, and municipal sup-
plied by public and private utilities), domestic (self-supplied or by public
suppliers), irrigated agriculture, livestock raising and processing, aqua-
culture, industrial, mining, and thermoelectric power generation. Water
withdrawals are measured when water is removed from a source for any
use and measured in gallons per day or acre feet. A 60-year history of
total water used in the United States is shown in Table 2.1. A steady
increase in withdrawals occurred from the 154 billion gallons per day
(bgal/d) in 1950 to 435 bgal/d in 1980, after which time water with-
drawals averaged 394.5 bgal/d. Withdrawals reached a low of 354 bgal/d
in 2010. The amounts of water used by major categories of use are
shown in Fig. 2.1; percentages are shown in Table 2.2.

The results of the 2010 survey were published in 2014. Withdrawal
percentages of the estimated average daily withdrawals of surface and subsur-
face (ground) fresh and saline water in 2010 for each category are shown in
Table 2.2. The estimated total daily water use for all states averaged of
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Table 2.2 Water use in the United States by sector in 2010 (percent)

Water use sector Percent of total use
Thermoelectric power generation 45
Agriculture irrigation and livestock 34
Public supply (parts, government, etc.) 12
Industrial 4
Aquaculture 3
Mining (including fracking) 1
Domestic (general household use) 1
Total 100

Source: USGS Estimated Water Use in the United States in 2010 (2015)

88 gallons per person per day. While this rate of water use is significant, the
important qualifier to remember is that the 2010 estimates were the lowest
since 1970. Freshwater use withdrawals consisted of 306 bgal/d or 86
percent of the total; saline water (any water with more than 1,000 million
parts per milligram of any dissolved solids) withdrawals were estimated to be
48.3 bgal/d or 14 percent of the total. Fresh surface water withdrawals were
nearly 15 percent lower than in 2005; fresh groundwater withdrawals were
close to 4 percent less than 2005. Saline surface withdrawals were 24 percent
below 2005; saline groundwater withdrawals were also lower, but at an
undetermined rate saline surface water is almost exclusively (97 percent of
the total) used for cooling thermoelectric generator plants, although a
measurable amount is also used in petroleum mining.

Public and Domestic Supply Water Use

Public supply describes water withdrawn by public and private water
suppliers that provide water to at least 25 people or have a minimum of
15 connections. In 2014, there were approximately 155,693 public
water systems subject to regulations administered by the
Environmental Protection Agency (EPA) in the United States. This
was down from the nearly 170,000 systems reported in the 2010 census.
Of these totals, there were close to 54,000 community water system in
2010 and 52,110 in 2014.
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Community water systems provide water to at least 25 people at their
primary residences, with water supplied to roughly the same population
all year. Another 103,583 systems are either one of two types of non-
community systems: transient non-community systems that provide
water to at least 25 or more people at least 60 days a year, but not to
the same people and not on a regular basis, or non-transient systems that
provide water for the same 25 or more people at least six months of the
year. Close to 15 percent of US residents get their water from their own
wells, although this number is declining as the country continues to
urbanize. Figure 2.2 shows the domestic use of water and percentage
population growth expected by 2030.

Domestic Water Use in Gallons per Day per Person and
Projected Percent population Change by 2030

Domestic Water Use

(Gal/day/person)
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Fig. 2.2 Average water use per person and projected percent population
change

Sources: Water use data by USGS (2005); population growth estimates by US Census
Bureau; published by EPA (2016)
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The USGS has estimated that in 2010 close to 42,000 million gallons
(47,100 thousand acre feet) were withdrawn for public supply, for
approximately 14 percent of the total freshwater withdrawals that year.
(The total is 22 percent of all freshwater withdrawals when water for
thermoelectric generation is not included.) In some states, public supply
water sources include desalinated seawater or brackish groundwater that
has been treated to reduce dissolved solids. San Diego, California,
opened that state’s largest seawater desalination plant in December of
2015. The reverse osmosis design plant in Carlsbad, north of San Diego,
will process up to 50 million gallons of freshwater a day, which is from
8 to 10 percent of the San Diego County’s total supply. Another 15
desalinization plants are planned for construction in California, suffering
a continuing series of severe drought. Additional plants are also planned
in Mexico. Water from the just-opened plant costs about twice as much
as water purchased from the Metropolitan Water District of Southern
California, the largest water wholesaler in the region; this supplier is fast
approaching its maximum available surface water resources. San Diego is
also looking at recycling wastewater for augmenting existing supplies of
tap water (Fikes 2015).

The nation’s public water system sector consists of two main seg-
ments: the utilities that distribute water to where it is needed and the
general services segment that provides water and wastewater-related
services to utilities and consumers. This chapter addresses the utilities
segment. The majority of systems in this segment are owned and
operated by local governments or special districts, accounting for
approximately 84 percent of all community water systems and 98
percent of all community wastewater systems. The utility systems are
heavily regulated, both for safety and sanitation and for environmental
impact.

Nearly all public supply water withdrawals are delivered to domestic,
commercial, and industrial users. Part of the total is used by cities and
counties for public services, including use for schools, public pools,
parks, golf courses, firefighting, and municipal structures, while because
of leaks and infrastructure failures and down times for repairs, some is
simply unaccounted for. Most people in the United States receive their
water from public suppliers—commonly a water district or a municipal
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public utility. In 2010, public suppliers provided consumers more than
23,000 million gallons of freshwater a day; approximately 87 percent of
domestic water is provided by public utilities.

Domestic (Privately Supplied) Water Use

Domestic water use is closely associated with public use, except it refers
to privately supplied water that is used exclusively for indoor and out-
door water use in single-family and multi-unit residences. Typical
indoor uses are bathing, drinking, food preparation, washing clothes,
and flushing toilets. Typical outdoor uses are watering lawns and gar-
dens, washing personal vehicles, driveways and sidewalks, maintaining
swimming pools and ponds, and other landscape used in a domestic
situation. Approximately 13 percent of the population, roughly 44.5
million people, is still self-supplied, either from private wells, cisterns, or
surface water sources.

Table 2.3 compares water delivery percentages for domestic self-
supplied water use and deliveries by public suppliers from 1955 to
2005. While population has almost doubled over this period, the
percentage of domestic self-supplied has been reduced by more than

half.

Non-domestic Users of Water

on-domestic users of water include water used for steam-powered an
Non-d t f wat lude wat d for st d and
gas turbine generation and for cooling of coal, natural gas, and nuclear
power generation.

Thermoelectric Power Generation Water Use

Thermoelectric generation plants were the largest users of water in 2010,
closely followed by water used for agriculture. Importantly, usage totals
for both sectors were lower than their 2005 consumption rates. With
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Table 2.4 Water withdrawals for thermoelectric generation in the United States,
2010

Withdrawals in million gallons per day by source and type

Ground water Surface water All types
State Fresh Saline”  Fresh Saline’ Total
Texas 38.8 0 10,400 661 11,100
lllinois 5.65 0 10,700 0 10,700
Florida 435 6.54 570 8,570 9,190
N. Carolina 0.37 0 7,660 1,360 9,020
Michigan 4.12 0 8,510 0 8,520
Alabama 0 0 8,250 0 8,250
New York 2.39 0 2,750 4,850 7,600
Ohio 23.0 0 7,190 0 7,220
California 33.1 48.4 32.2 6,490 6,600
Missouri 16.9 0 5,890 0 5,910
All 50 states 587 134 116,000 43,800 161,000
total?
Notes

Tincludes brackish and seawater
Zincludes Puerto Rico and the US Virgin Islands
Source: USGS data

public supply withdrawals in 2010, these three users accounted for 90
percent of the total withdrawals. Electricity generation withdrawals were
20 percent below 2005 and irrigation withdrawals were 9 percent below
2005. More than 50 percent of the total withdrawals in 2010 occurred in
just 12 states, led by California’s 11 percent of the total withdrawals
and 10 percent of the freshwater withdrawals. Texas 7 percent of the
total withdrawals, and together with Oklahoma, accounted for about
70 percent of the total saline groundwater withdrawals; most of this was
used in mining. The largest surface water withdrawals occurred in
California; California, Arkansas, Texas, and Nebraska were the four
largest fresh groundwater withdrawers, together accounting for 42 percent
of the national total (Table 2.4).

Production of electrical power by thermoelectric steam generators is
also one of the largest uses of water in all parts of the world; it is also a
large contributor to greenhouse gases formed from burning carbon-
based fuels. Thermoelectric power plants produce some 90 percent of
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the electricity in the United States. Water used in generating thermo-
electric power is used in steam-driven turbine generators. Surface water
has been the source for more than 99 percent of total thermoelectric
power withdrawals. The decade-long drought in the Southwest and
above normal summer heat levels has resulted in heavy use of ground-
water to supplement declining surface water sources. In coastal areas, the
use of saline water instead of freshwater expands the overall available
water supply (Averyt et al. 2011), In 2005, thermoelectric power with-
drawals accounted for 49 percent of total US water use, 41 percent of
total freshwater withdrawals for all categories, and 53 percent of fresh
surface water withdrawals. Water amounts used by thermoelectric power
plants in 2005 are included in Box 2.1.

Box 2.1 Thermoelectric power generation uses huge amounts
of water

A report prepared in 2011 for the Energy and Water in a Warming World
Initiative the Union of Concern Scientists included the following conclu-
sions about power plants and water use:

“Power plants are thirsty. Every day in 2008, on average, water-
cooled thermoelectric power plants in the United States withdrew
60 billion to 170 billion gallons (180,000 to 530,000 acre feet) of
freshwater from rivers, lakes, streams, and aquifers, and consumed
2.8 billion to 5.0 billion gallons of that water. Our nation’s large
coal fleet alone was responsible for 67 percent of those withdrawals,
and 65 percent of that consumption.

Where that water comes from is important. In the Southwest,
where surface water is relatively scarce, power plants withdrew an
average of 125-190 million gallons of groundwater daily, tapping
many alquaifers already suffering from overdraft. By contrast, power
plants east of the Mississippi relied overwhelmingly on surface water.”

Source: Averyt et al. (2011, 12)

Thermoelectric power plants use a variety of fuels to boil water to
make the steam used to drive the generators. The most common fuel
burned to generate heat has been coal, although nuclear fuel-powered
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generating plants produce close to 20 percent of the electricity. As older
coal-fired plants reached the end of their productive live over the last
decade, a growing number of generating plants have been converted to
natural gas. The steam used to drive turbines must be cooled so heat is
condensed and the water withdrawn can be reused or discharged back
into the source. Figure 2.3 shows steam evaporating from thermoelectric
power plant cooling towers.

This steam generation and cooling process is the major use for water.
Three methods are used for cooling water before its reuse or discharge: (1) a
once-through system in which the water is used once before cooling and
discharge; (2) a recirculation cooling process in which the water is used more
than once before returned to the source, or is retained in closed systems; and
(3) a dry cooling system in which air is blown across steam-carrying pipe.

Fig. 2.3 Aerial photo of Beaver Valley Power Station in Pennsylvania, show-
ing evaporation loss from the large cooling towers

Source: US Geological Survey, 2015; US Nuclear Regulatory Commission photo
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Once-through systems withdraw the largest amounts of water from
the surface sources usually used. Dry-cooled systems, most of which use
natural gas fuel, use almost no water. Of the three, the once-through
system requires the least amount of energy, least costly to construct, but
uses the most water. Hybrid systems use some combination of the three
cooling methods by dry-cooling systems when the outside air is too hot
for efficient cooling.

According to the USGS (2015), a significant amount of water is lost
due to evaporation during the cooling process, with more lost in plants
that use on-site cooling ponds. In closed-loop cooling systems, the total
volume of water withdrawals can be reduced by nearly 95 percent com-
pared to the water required for once-through cooling. The conventional
type of wet cooling system uses towers that are designed to remove heat by
pumping hot water to the top of the tower and then allowing it to fall
down while contacting the air which comes in from the bottom and/or
sides of the tower. As the air passes through the water, it exchanges some
of the heat and evaporates some of the water. In cooling towers, as much
as 50 percent or more of water is lost through evaporation. The air-cooled
water is collected at the bottom of the tower and is then pumped back
to the condenser for reuse. Cooling towers have been increasingly used
because they require much less water and land than once-through cooling
systems. Release of water into the atmosphere in the form of steam can be
seen in almost all nuclear power thermoelectric power plants.

Agricultural Water Use

Agricultural water is water that is used to grow grains, fruits and nuts,
fresh produce, sustain and process livestock, and provide clean water for
fish farms. The use of agricultural water makes it possible to grow and
process many vegetables and animal products that are main part of our
diet. Agricultural water is withdrawn for irrigation, and for mixing and
applying pesticide and fertilizer applications and for many other farm
uses. According to the USGS, water used for irrigation accounts for
nearly 65 percent of the world’s freshwater withdrawals other than
thermoelectric power.
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The US Department of Agriculture has computed the amount of land
used for each of six major designated regions in the 48 continuous
United States, as well as for Alaska and Hawaii as a separate unit. The
data are provided for each state and for a varying number of states
grouped into ten common regions. The data for 2007 in thousands of
acres for each of the regions are shown in Table 2.5 (the data do not
indicate whether the land is actually in use or currently inactive). The
region with the largest acreage in cropland was the Northern Plains with
97,699,000 acres, followed closely by the Corn Belt states with
97,018,000 acres. The two regions with the smallest area devoted to
cropland were the Southeast with 12,483,000 acres and the Northeast
with 12,967,000 acres. The Mountain states had the largest area in
pasture and range land (303,397,000 acres); The Mississippi Delta states
had the smallest area in pasture with 7,209,000 acres; The Mountain
states also had the greatest acreage devoted to forest land with
121,478,000 acres; the northern Plains had the smallest acreage in forest
land at 5,677,000 acres.

Water quality is often severely affected by agricultural use (CDC
2009). Pollution occurs as a result of poor planning of food processing
plant sites, animal farms and feedlots, barnyards, and stormwater. Poor
water quality can affect the quality of food crops and lead to illness in
those who consume them. For example, the water may contain the
bacteria that cause human disease. Irrigating crops with contaminated
water can then lead to contaminated food products which lead to illness
when eaten. In December 2006, fast food restaurants in 4 Northeastern
states emerged as a common link among 71 sickened people across 5
states, 52 of whom were ultimately confirmed by the Centers for Disease
Control to have tested positive the same E. coli strain. An E. coli website
reported that at least 33 people, many of them college students, became
ill with E. coli O145, a toxic strain of the Escherichia coli bacterium
which can cause serious illnesses, in April and May of 2010. The
illnesses were clustered around colleges and universities in Michigan,
Ohio, New York, and in Tennessee. On May 5, 2010, a food supplier
recalled packaged romaine lettuce due to E. coli O145 contamination.
Three patients developed a type of kidney failure, although no deaths

were reported. In 2015, an E. coli episode in a chain of ethnic food
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restaurants caused the temporary closure of restaurants in the California,
Oregon, and Washington state. More than 40 cases were traced to the
chain. Food researchers reported the outbreak was likely caused by
contaminated food products.

Sources of Agricultural Water

Agriculture is a major user of ground and surface water in the United
States, accounting for approximately 80 percent of the water for con-
sumption, and more than 90 percent is many arid and semi-arid
Western states. Agricultural water comes from a variety of sources.
Sources of agricultural water include surface water from rivers, streams,
irrigation ditches, open canals, and impounded water such as ponds,
reservoirs, and lakes; groundwater from private and community-owned
wells; and rainwater that is locally collected water such as cisterns and
rain barrels.

Municipal water systems such as city and rural water may also be used
for agricultural purposes but generally is not reported as agricultural
water withdrawals. Irrigation is critical to agriculture in the United
States: nearly 55 percent of the value of all crops sold comes from
irrigated farms accounting for only 30 percent of all harvested cropland.

The United States is the world’s third largest user of water for irrigation
(Table 2.6), let only by China and India.

Table 2.6 Agricultural irrigation freshwater withdrawals, 2010

Source and use Use in millions of gallons/day  Percent of the total
Surface water

Irrigation 80,000 31

Other agriculture use 182,000 69
Groundwater

Irrigation 56,900 68

Other agriculture use 26,400 32
Total

Irrigation 137,000 40

Other agriculture use 208,000 60

Source: CDC, USGS data (Use totals do not equal 100%)
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Agriculture accounts for over 80 percent of water withdrawn from
surface water or groundwater sources for comsumptive use. This means
that the water has been lost through evaporation, plant transpiration,
incorporation in products or crops, or consumption by humans or
livestock. Surface and groundwater withdrawals from the 2000 census
of agriculture are shown in Table 2.6. The USGS water use estimates
generally refer to withdrawals as the quantity of water withdrawn from a
water source, whereas the USDA reports on farm applied water use,
referring to estimates of the quantity of water applied to the field for a
particular crop with an on-farm irrigation application system.

Annual crop consumptive-use estimates refer to the quantity of water
actually comsumed (taken up) by the crop plant over its various crop-
growth stages for crop retention and evapotranspiration. Withdrawal
estimates generally reflect diversion system conveyance losses (such as
ditches and canals), while estimates of field water applied do not.
Consumptive-use estimates may or may not account for associated
system efficiency losses (e.g., evaporation, deep percolation, and runoff)
and salt-leaching requirements for a given crop, location, and irrigation
system. Which estimate to use and how to use it are important in
clarifying discussions of water use and policy (USDA 2013).

Irrigated farming is the major contributor to water use in the 17
Western United States, where irrigated farms accounted for 60 percent
of all crop sales in 2008, and 75 percent of all US irrigated cropland
acres. Farms in the Western states use a wide variety of irrigation
systems, about 36 percent of irrigated acres are irrigated with gravity-
based systems such as gated-pipe furrow systems or flooding entire
fields, while 67 percent are irrigated with pressure-sprinkler systems
such as center-pivot sprinkler or drip/trickle systems. Some acres are
irrigated with both system types. To improve irrigation efficiency,
federal and state agencies and local water management districts have
provided financial and technical assistance to producers to improve
water delivery on farms (such as the lining of open-ditch irrigation
systems) and/or promote more efficient application technologies (such
as low-pressure-sprinkler irrigation systems). About 18 percent of
irrigated farms in the West participated in these programs during
2003-2008 (USDA 2013).
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Water Used for Aquaculture

Aquaculture, the practice of fish or shellfish farming, includes the
breeding, rearing, and harvesting of plants and animals in all types of
water environments including ponds, rivers, lakes, and the ocean. It
includes the farming of all kinds of freshwater and marine species of fish,
shellfish, and plants. Products include food fish, sport fish, bait fish,
ornamental fish, crustaceans, mollusks, algae, sea vegetables, and fish
eggs (NOAAFisheries 2016).

The process includes the production of seafood from hatchery fish
and shellfish which are grown to market size in ponds, tanks, cages, or
raceways. “Stock restoration” is a form of aquaculture in which hatchery
fish and shellfish are released into the wild to rebuild wild populations or
coastal habitats such as oyster reefs and clam beds. Aquaculture also
includes the growing plant species used in a range of food, pharmaceu-
tical, nutritional, and biotechnology products. The activity takes place in
both fresh and salt water (Table 2.7).

Freshwater aquaculture produces species that are native to rivers, lakes,
and streams. US freshwater aquaculture is dominated by catfish but also
produces trout, tilapia, and bass. Freshwater aquaculture takes place
primarily in ponds and in on-land, man-made systems such as recircu-
lating aquaculture systems. Freshwater aquaculture occurs in ponds, flow
through raceways, cages, net pens, and closed-circulation tanks. Total

Table 2.7 Aquaculture water withdrawals in top five states and US totals, 2010

Withdrawals in million gallons per day by Source

State Ground water Surface water Totals
Idaho 65.6 2,690.0 2,750
North Carolina 11.5 1,450.0 1,470
California 171.0 802.0 973
Oregon 334 679.0 712
Virginia 9.4 286.0 295
All 50 states totals' 1,820.0 7,610.0 9,420.0
Notes

TIncludes 0.41 Mgal/day in Puerto Rico
Source: USGS data
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freshwater withdrawals for aquaculture during 2010 were 9,420 million
gallons per day (Mgal/day) or 10,000 acre-feet per year. Surface water is
the dominant source; much of this water is used in raceways and is
returned to the source after use. Source quantities and the top five states
where aquaculture occurs are shown in Table 2.7.

NOAA and its Office of Aquaculture focus on marine aquaculture,
although research and advancement in technology can be more broadly
applied. US marine aquaculture primarily produces oysters, clams, mus-
sels, shrimp, and salmon as well as lesser amounts of cod, moi, yellowtail,
barramundi, seabass, and seabream. Because these operations do not use
freshwater, no further discussion will be included here.

Industrial Users of Water

The manufacturing and processing industries that produce metals, wood
and paper products, chemicals, gasoline, and oils are major users of water
(USGS 2015). Probably every manufactured product uses water during
some part of the production process. Industrial water use includes water
used for such purposes as fabricating, processing, washing, diluting, cool-
ing, or transporting a product; incorporating water into a product; or for
sanitation needs within the manufacturing facility. Some industries that
use large amounts of water produce such commodities as food, paper,
chemicals, refined petroleum, or primary metals. Approximately 88 per-
cent of industries using water for manufacturing or processing supply their
own water. The data on industrial used supplied by local agencies or
utilities are included in the domestic data; industrial water withdrawals
with self-supplied water for 2005 and 2014 estimate are shown in
Table 2.8. Industrial water use has declined from 18,200 Mgal/day in
2005 to an estimated 15,950 Mgal/day in 2014.

Industrial use of both fresh and saline (or brackish) water account for
about 4 percent of total withdrawals, or about 9 percent of total with-
drawals when thermoelectric generation water use is excluded. Surface
water was the source for 83 percent in 2005 of total industrial with-
drawals and less than 78 percent in 2014. Industrial use of groundwater
accounted for about 17 percent of withdrawals in 2005 and less than
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Table 2.8 Industrial self-supplied water withdrawals by source and type, 2005
and 2014

2005 2014
Fresh Saline Fresh Saline
water water Total water water Total
Surface water 13,900 1,150 15,000 12,100 900 13,000
Ground water 3,070 40 3,110 2,900 50 2,950
Totals 17,000 1,190 18,200 15,000 950 15,950

Source: USGS (2015)

6 percent in 2014. In both periods, nearly all of the surface water
withdrawals and of the groundwater withdrawals for industrial use
were freshwater. For 2005, total industrial withdrawals were 8 percent
less than during 2000.

Water Used in Mining

This category of water users includes quarrying, milling (crushing,
screening, washing, and flotation of mined materials), re-injecting
extracted water for secondary oil and natural gas recovery, and other
operations associated with mining activities. All mining withdrawals
were considered self-supplied.

Mining has a long history in North America. Even before the first
European settlers set foot on this continent and mined coal to heat
their homes, the native population was using coal to bake the clay
they mined by hand for storage vessels. In modern times, mining
corporations use water during the process of mining, processing,
grading, and transporting of ores, oil and gas, sand and gravel and
similar resources secured by mining. Mining has also played an
important part in the development of what are known as “soft
rock;” industrial minerals such as clay, talc, and coal. The use of
water is used at one or more stage in the mining and processing
of these materials. The United States now produces a wide variety of
mined commodities from gold to coal to “exotic” minerals used in
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Table 2.9 Mining water withdrawals, by source and type, for the United States in
2005

Mining water withdrawals (in million gallons per day)

Saline
Source Freshwater Percent water Percent Total Percent
Surface water 1,300 56.3 190 1.1 1,490 37.1
Ground water 1,020 43.7 1,520 88.9 2,540 63.2
Total 2,310 100 1,710 100 4,020 100

Source: USGS (2015)

everything from pharmaceuticals to jewelry to high-tech products.
All these products would not be possible without the use of water in
mining (USGS 2014; Mavis 2003).

During 2005, an estimated 4,020 Mgal/day was withdrawn for
mining purposes. Mining withdrawals were about 1 percent of total
withdrawals and about 2 percent of total withdrawals for all categories
excluding thermoelectric power. Groundwater was the source for 63
percent of total withdrawals for mining. Nearly 90 percent of the surface
water withdrawals were freshwater. The source and type of water used in
mining activities is shown in Table 2.9.

Ten states account for two-thirds of all the water withdrawals for
mining in 2005. Three of these ten, Texas (16%), Minnesota (11%),
and California (8%), accounted for 34 percent of the total withdrawals
for mining. Other large users of water for mining activities included
Wyoming (6%), Alaska, Florida, and Oklahoma (5% each); Louisiana,
Ohio, and Utah (4% each). Sand and gravel operations in Indiana and
iron ore mining in Michigan and Minnesota accounted for the largest
fresh surface water withdrawals. Mineral salt extraction from the Great
Salt Lake in Utah accounted for the largest saline surface water with-
drawals for mining in the United States. Florida, Ohio, Nevada,
Arizona, and Pennsylvania accounted for 52 percent of fresh ground-
water withdrawals. Gas and oil operations in Texas, California,
Oklahoma, Wyoming, and Louisiana were responsible for the large
saline groundwater withdrawals in those States, where saline water is a
byproduct of mining operations (USGS 2014).
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According to the USGS, in 2010, about 355,000 Mgal/day or 397,000
thousand acre-feet per year, of water was withdrawn for use in the
United States. Freshwater made up 86 percent of the total, with saline
water used in thermoelectric power generation making up the remaining
14 percent. Surface water from rivers, streams, and lake made
up78 percent of the total. Thermoelectric power generation accounted
for 51 percent of the total fresh surface water withdrawals and irrigation
accounted for 29 percent. The largest surface water withdrawals
occurred in California, where irrigation accounted for 76 percent of
total fresh surface water withdrawals. Large quantities of fresh surface
water were also withdrawn for thermoelectric power generation in
Illinois, Texas, Michigan, and Alabama. Large saline surface water with-
drawals for thermoelectric power occurred in Florida, California,
Maryland, and New York; these four states accounted for 57 percent
of the national total saline surface water withdrawals. Thermoelectric
water is converted to steam with heat for turning turbines, and is
generated by burning coal or from nuclear power, and is also used for
cooling.

Agricultural irrigation accounted for 65 percent of the total fresh
groundwater withdrawals in 2010. California, Arkansas, Texas, and
Nebraska were the biggest users of water for irrigation. Fresh ground-
water irrigation withdrawals in these four states together accounted for
42 percent of the national total fresh groundwater withdrawals.
Irrigation used more than three times more fresh groundwater than
public supply, which was the next largest use of groundwater in the
Nation.

During this same year, more than 50 percent of all water withdrawals
in the United States took place in just 12 States: California, Texas,
Idaho, Florida, Illinois, North Carolina, Arkansas, Colorado, Michigan,
New York, Alabama, and Ohio. California alone accounted for 11
percent of the total for all categories and 10 percent of total freshwater
withdrawals for all categories nationwide. Texas accounted for about
7 percent of total withdrawals for all categories, predominantly for
thermoelectric power, irrigation, and public supply. Florida had the
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largest saline surface water withdrawals, 18 percent of the total, and used
primarily for thermoelectric power generation. Oklahoma and Texas
accounted for about 70 percent of the total saline groundwater withdrawals
in the United States, mostly for petroleum and natural gas mining.
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External Pressures on the Resource:
Climate Change

Increasing human demands for water and unsustainable rates of
water withdrawals are likely to worsen water shortages in the
United States as well as the rest of the world. Pollution of existing
[freshwater supplies exacerbates water constraints and shortages, even
while water management advances are improving water quality and

availability.
Global Environmental Management Initiative (GEMI), 2016

Much has been written over the past several decades to warn readers that
the Nation’s water supplies are limited and we must stop wasting what
we have. Water is simply our most precious resource. We are also
reminded that people, animals, and plants cannot live without water
in one form or another. We are warned regularly that the way we live is
resulting in climate warming, regional drought, and an increasing inci-
dence of extreme weather events. My goal in writing this and the next
chapter was to tell people more about how the mega-trends occurring as
a result of human activity are forcing a change in the way we think about
this critical resource. Where and how Americans chose to live, along
with warmer climate, are influencing changes in the weather cycle
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Fig. 3.1 External pressures affecting water resource management

and rates of precipitation, further stressing the water resource in many
locations.

Three mega-trends are forcing a change in the way we manage our
water resource are: (1) climate change is changing precipitation patterns
and increasing the number and severity of extreme weather events; (2)
the accelerating pace of population growth and its demographic shift;
and (3) the continuing urbanization of the nation. Figure 3.1 illustrates
that these three forces are key components in water resource manage-
ment planning. This chapter examines the impact they have on the
resource.

The Impact of Climate Change on the Resource

Despite the slow pace of a small and decreasing body of non-believers
willing to admit the veracity of the evidence, the larger scientific com-
munity accepts the available data and agrees that the world is undergoing
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a period of rapid climate change and global warming that is happening is
having a severe effect on much of the nation’s water supply (Arnell and
Lloyd-Hughes 2014). For example, the Environmental Protection
Agency (EPA) warned of the problem facing America in a 2016 report
on the predicted impact of climate change on the Nation’s water
resource: “Climate change is changing our assumptions about water
resources. As climate change warms the atmosphere, altering the hydro-
logic cycle, changes to the amount, timing, form, and intensity of
precipitation will continue. Other expected changes include the flow
of water in watersheds, as well as the quality of aquatic and marine
environments. These impacts are likely to affect the programs designed
to protect water quality, public health, and safety” (EPA 2016a).

There is no doubt about climate change in the minds of the many
scientists whose work was presented in the 2009 Global Climate Change
Impacts in the United States report to Congress. “Observations show that
warming of the climate is unequivocal,” they wrote. Their decades of
research led them to conclude “that climate change has already altered,
and will continue to alter, the water cycle, affecting where, when and
how much water is available for all uses. Floods and droughts are likely
to become more common and more intense as regional and seasonal
precipitation patterns change;: and that “climate change will place
additional burdens on already stressed water systems” (Karl, Melillo
and Peterson 2009).

The severity of the threat to water is not just a North American
concern; it is a global problem as on industry report indicated:
“Climate change is greatly affecting weather patterns and the world’s
ecosystem and, in particular, posing serious challenges to the world’s
water supply, causing poor water quality and scarcity and putting sig-
nificant stress on our water infrastructure. Climate change is having a
profound effect on how communities can reliably access clean water”
(Duffy 2013, 1). This unprecedentedly rapid shift in the temperature of
the planet is affecting the Nation’s water resources in three significant
ways:

1. The traditional precipitation distribution patterns and quantities are
changing. Some parts of the country are experiencing longer and
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more severe droughts, while others are seeing higher rainfall levels and
more extreme weather events, resulting in more and more damaging

floods.

. Warmer air and ocean temperatures are melting and polar region sea

and land ice, resulting in rising ocean levels. Rising sea levels endanger
habitat and infrastructure in coastal regions and intrusion into
supplies of freshwater.

. Changing weather patterns are exacerbating the trend already under-

way in the reduction in the quality of freshwater supplies. Extreme
rainfall events wash surface contaminants into existing water supply
resources, while drought in other parts of the country depletes surface
and groundwater supplies, concentrating contaminants in remaining
resources.

Impact of Climate Change

Managing water in the midst of a potentially catastrophic climate change
has become a major concern across the United States. In many parts of
the country, the concern is how to achieve sustainability of water
supplies as rainfall and snowpack patterns alter dramatically. In other
areas, the problem in being able to deal with heightened surface water
pollution from agricultural and/or urbanized area runoff during floods.
A report on the state of the climate in 2014 by scientists at the American
Meteorological Society indicates that the warming trend due to green-
house gasses in the atmosphere is having a significant impact on the
water supplies of the much of the United States (Box 3.1).

Box 3.1 Summary of the state of the climate in 2014 and 2015

Most of the essential climate variables monitored each year by the
American Meteorological Society continued to follow their long-term
trends in 2014 and 2015, with several setting new records. Carbon dioxide,
methane, and nitrous oxide—the major greenhouse gases released into
Earth’s atmosphere—again all reached record high average atmospheric
concentrations for the year. In 2015, the dominant greenhouse gases
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released into Earth’s atmosphere all continued to reach new high levels: at
Mauna Loa, Hawaii, the annual CO, concentration increased by a record
3.1 ppm, exceeding 400 ppm for the first time on record. The 2015 global
CO, average neared this threshold, at 399.4 ppm.

Accompanying the record-high greenhouse gas concentrations 2014 was
nominally the highest annual global surface temperature in at least 135
years of modern record keeping. However, due to the combination of El
Nifio and a long-term upward trend, in 2015 Earth observed record warmth
for the second consecutive year. The 2015 annual global surface tempera-
ture surpassed the 2014 record by more than 0.1°C.

Averaged sea surface temperatures continue to increase. In the winter of
2013/14, upper ocean heat content was record high for the year, reflecting
the continued increase of thermal energy in the oceans which absorb over
90 percent of Earth’s excess heat from greenhouse gases. Sea surface tem-
perature for 2015 was again record high globally; however, the North
Atlantic southeast of Greenland remained colder than average and colder
than 2014. Global annual ocean heat content and mean sea level also
reached new record highs. The global mean sea level in 2014 was also
record high and 67 mm (2.64 inches) greater than the 1993, when satellite
measurements began.

Across the Northern Hemisphere, 2015 late-spring snow cover extent con-
tinued to decline, with June being the second lowest in the 49-year satellite
record, with the Greenland Ice Sheet experienced melting over more than
50 percent of its surface for the first time since the record melt of 2012. An
above-normal rainy season in 2015 led to major floods in the United States;
in May, the country recorded its all-time wettest month in its 121-year
national record.

Source: Blunden and Arndt (2015, 2016)

The problem is exacerbated by population shifts from northern and
northeastern states to the very states in the South and West where water
supplies are already under stress. The EPA’s projection of domestic water
use and regional population change identified Idaho, Nevada, Utah, and
Colorado as states with the highest rates of domestic water use per
person, 151-200 gallons per person per day, followed by Arizona and
Texas and Nebraska with water use from 126 to 150 gallons per person
per day. Five of the six states with the third highest daily water use per
person (101-125 gallons per day) are in the West: Washington, Oregon,
California, Colorado, and New Mexico; West Virginia is the only eastern
state in this group.
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Changing Precipitation Patterns

The EPA’S 2014 Climate Change Adaptation Plan identified ten agency
priorities to be implemented for new water and other environmental
projects across the nation that are designed to ensure “adaptive capacity”
(readiness and resiliency) in preparation for the expected impact of
climate change.

According to the US Center for Disease Control and Prevention
(CDC) 2010 report, When Every Drop Counts: Protecting Public Health
During Drought Conditions, the nation’s water resources are facing a
number of supply sustainability challenges resulting from the effects of
climate change. Among these challenges is the need for the water
industry to be prepared to deal with severe drought conditions occurring
over an extended period. Another is to be prepared to cope with the
increasing number and severity of extreme weather events that result in
sustained heavy precipitation runoff and floods.

Effects of Drought

The effects of drought include the drying up of surface reservoirs,
reduced stream flows, and the over withdrawing of groundwater aqui-
fers. In some places in the country, the underground water reservoirs
that took thousands of years to accumulate are being exhausted in
decades. Water tables in some regions of the country have dropped as
much as 300 feet or more.

Drought and other changing weather patterns are not new to the world,
including the United States. Significant drought events have affected the
United States throughout history. Droughts that can last from a single
season to multiple decades and can impact from a few hundred to millions
of square miles. Studies of paleoclimatic indicators such as lake bottom
sediments, glacier ice deposits, and tree ring patterns reveal that cycles of
drought have affected North America for the last 10,000 years (National
Oceanic and Atmospheric Survey [NOAA] 2003).

Even more is known about droughts occurring during the more
recent years of the twentieth century. Perhaps the most notable and
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well-known US drought event during the last century was the
Southwestern states Dust Bowl drought of the 1930s. During those
eight years of severe drought, states located on the Great Plains had
to live under huge clouds of dust and sand that often blocked out
the sun as far as the East Coast for days at a time. In an average year
over the past century, hundreds of farms in Texas and Oklahoma
essentially disappeared as settlers packed their few belongings and fled
West.

In the first 15 years of the twenty-first century, something like
14 percent of the United States has been affected by severe or extreme
drought (it was as high as 65 percent during the Dust Bowl), and
recently has been as great as 35 percent for some regions. The historical
climate record shows that past droughts in North America have lasted
decades, and many were far more severe than has experienced over the
past century.

Effects of Extreme Weather Events

While the arid and semi-arid West and Southwest are having to cope
with drought, much of the middle and Eastern regions of the country are
having the opposite problems: more and more severe flooding from
extreme weather events. The Eastern United States consists of two
very different regions, the Northeast and the Southeast. In the north-
ernmost of the 12 states in the Northeast, heavy snow and ice conditions
have traditionally characterized winter months. In the Southeast, heavy
rainstorms and floods are increasingly common events. Global warming
is having very different effects upon the water resources of the two
regions. As a result, the water management activities in the section of
the country must address different challenges.

In 2015, there were ten weather and climate disaster events with losses
exceeding $1 billion each across the United States. The number was nearly
three times what has been normal for the country. Half of disasters were
in the eastern United States, three were in the south-central section of
the country; and two were in California. These events included a major
drought, two floods, five severe storm events, a devastating wildfire, and a
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Fig. 3.2 Connection between climate warming and extreme hot weather
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winter storm event. Overall, these events resulted in the deaths of 155
people and had significant economic effects on the areas impacted. The
1980-2015 annual average is 5.2 extreme weather events (CPI-adjusted);
the annual average for the most recent 5 years (2011-2015) was 10.8
extreme weather events. The connection between climate change and
extreme hot weather in the United States is shown in Fig. 3.2.

Dangers of Rising Sea Levels

Sea levels along the US coast are expected to rise as a result of global
warming anywhere from 1 to 4 feet or higher by 2100. There is little
disagreement on this concept, although estimates of how much they will
rise vary. Over the last decade of the twentieth century, as the tempera-
ture of the sea has continued to increase, sea levels appear to have risen
by from one-half inch to one inch per hear. Most of this rise has been
attributed to thermal expansion of the ocean as it warms (Church 2001).
The pace of the increase has risen due to melting of glaciers and melting
of the polar ice caps and Greenland ice sheet. According to one futurist,
many scientists think that instead of rising at the earlier predicted 2°C by
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2100, an increase of 6°C or more over the same period is possible
(Manien 2012). The current prediction of sea level rise by 2100 is 20
inches. However, melting of the West Antarctic ice sheet would see sea
levels rise as much as 16 feet; and should the entire Greenland ice cap
melt, sea levels are predicted to rise even more.

Effects of Seal Level Rise to US Coast Areas

The Southeastern United States and Caribbean region is home to more
than 80 million people and draws millions of visitors every year. The
region has two of the most populous metropolitan areas in the country
(Miami and Atlanta) and four of the ten fastest-growing metropolitan
areas. Two that are vulnerable to sea level rise and storm surge are in
Florida (Palm Coast and Cape Coral-Fort Myers), and one is in South
Carolina (the Myrtle Beach area). Management of river flow has
deprived the coastal wetlands of the freshwater and sediment that are
needed to allow the lands to exist and grow. Dredging of canals through
marshes for oil and gas exploration and pipelines has led to erosion and
intense saltwater intrusion. This has resulted in additional wetland loss.

Groundwater Damage from Saltwater Intrusion

Saltwater intrusion is projected to continue to reduce the availability of
fresh surface and groundwater for irrigation, thereby limiting crop pro-
duction in some areas. For example, agricultural areas around Miami-
Dade County, Florida, and southern Louisiana with shallow groundwater
tables are at risk of increased inundation and future loss of cropland from
a projected 27-inch rise in sea level. Climate change is expected to increase
harmful surface water algal blooms and several disease-causing agents in
inland and coastal waters, which were not previously problems in the
region. For instance, higher sea surface temperatures are associated with
higher rates of ciguatera fish poisoning, one of the most common hazards
from algal blooms in the region. Box 3.2 includes notice by the US Center
for Disease Control and Prevention (CDC) describes the effects of this
algae-related poisoning on humans.
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Box 3.2 Rising sea-level warming and algae-related fish poisoning
warning

The US Center for Disease Control and Prevention published this warning
regarding the harmful effects of consuming fish exposed to algae-related
toxins:

Ciguatera fish poisoning (or ciguatera) is an illness caused by eating fish
that contain toxins produced by a marine microalgae called Gambier
discus toxicus. People who have ciguatera may experience nausea,
vomiting, and neurologic symptoms such as tingling fingers or toes.
They also may find that cold things feel hot and hot things feel cold.
Ciguatera has no cure. Symptoms usually go away in days or weeks but
can last for years. People who have ciguatera can be treated for their
symptoms.

The following fish species have been found to be infected at different
times: barracuda, black grouper, blackfin snapper, cubera snapper, dog
snapper, greater amberjack, hogfish, horse-eye jack, king mackerel, and
yellowfin grouper have been known to carry ciguatoxins. Reports
of ciguatera fish poisoning have been published for coastal waters of
the states of Florida, Texas, South Carolina, and Vermont, and the
Bahamas.

Source: US CDC Harmful Algal Blooms (HABs), accessed July 17, 2016 at
http://www.cdc.gov/nceh/ciguatera/

Pressures on Water Resource Availability

Decreased water availability, exacerbated by population growth and
land-use change, will continue to increase competition for water and
affect the region’s economy and unique ecosystems. The Southeast has
the existing power plant capacity to produce 32 percent of the nation’s
electricity. Water used for steam and cooling in thermoelectric genera-
tion is nearly 30 percent of the total water used in the Southeast—more
than in any other region. Net energy demand is projected to increase,
largely due to higher temperatures and increased use of air conditioning.
This will potentially stress electricity generating capacity, distribution
infrastructure, and energy costs.
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The combined pressures of climate change and population growth are
having different effects on the regions of the country. Brief summaries of
the changes occurring now and predicted for the near future are
included here for the following six regions of the country: the
Northeast, Southeast, Middle West, Great Plains, the Southwest, and
the Northwest. The next chapter will address the impacts of population
growth on the water resources of the Nation.

Population and Water in the Northeast

The Northeast region extends North from West Virginia and
Washington, DC, to reach Maine and the Canadian Border. More than
64 million people live in the region. Table 3.1 lists the estimated 2016
population of the 12 states and the District of Columbia. Region is home
of one of the world’s most important financial centers, the nation’s capital,
while also a large number of historical landmarks and a large vibrant
agricultural industry that produces and processes $12 billion annually.

Table 3.1 Estimated population of each of the states in the Northeast

region

State Estimated 2015/2016 population
New York 19,378,102
Pennsylvania 12,702,379
New Jersey 8,791,894
Massachusetts 6,547,625
Maryland 5,773,552
Connecticut 3,524,097
West Virginia 1,852,994
Maine 1,328,361
New Hampshire 1,316,470
Rhode Island 1,052,567
Delaware 897,934
Vermont 626,741
District of Columbia 601,723

Source: US Census Bureau



76 3 External Pressures on the Resource: Climate Change

Much of the Northeast is covered by forest, but the region also has
large areas of grass and open croplands, coastal zones, beaches and
dunes, and wetlands. At the same time, rising sea are threatening much
more of the coastal areas’ ecosystem’s wetlands, however. The region
has also been known for its rich marine and freshwater fisheries, much
of which is being impacted by the loss of tidal marshlands. The region’s
natural areas that contribute important ecosystem services to the
groundwater supplies and contribute and protect surface water sup-
plies, buffer shorelines, and sequester carbon in soils and vegetation are
being lost to population growth.

Heat waves, heavy downpours, and sea level rise pose growing chal-
lenges to many areas of the 12 states that comprise the Northeast:
Connecticut, Delaware, Maine, Maryland, Massachusetts, New
Hampshire, New Jersey, New York, Pennsylvania, Rhode Island,
Vermont, and Virginia. Despite its reputation for a generous supply of
participation, the region has also suffered from periodic droughts; the
Northeast’s most severe drought in the last hundred and 130 years
occurred between 1961 and 1966, when the region suffered a precipita-
tion deficit of over 50 inches (Gellis 1985).

Summers are warm and humid, especially to the South. The
Northeast is often affected by extreme events such as ice storms, floods,
droughts, heat waves, hurricanes, and major storms in the Atlantic
Ocean off the northeast coast, referred to as noreasters. The Northeast
has experienced a greater increase in extreme precipitation than any
other region in the United States; between 1958 and 2010, the
Northeast saw more than a 70 percent increase in the amount of
precipitation falling in very heavy events (defined as the heaviest
1 percent of all daily precipitation events).

Effects of Warmer Temperatures

Between 1895 and 2011, temperatures in the Northeast increased by
almost 2°F and precipitation increased by approximately five inches,
or more than 10 percent. Coastal flooding has increased as a result of
a rise in sea level of approximately one foot since 1900. Winter and
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spring precipitation is projected to increase; projections for the end of
this century range from about 5 to 20 percent increases in winter
precipitation. Projected changes in summer and fall, and for the
entire year, are generally small at the end of the century compared
to natural variations. The frequency of heavy downpours is projected
to continue to increase as the century. Seasonal drought risk is also
projected to increase in summer and fall as higher temperatures lead
to greater evaporation and earlier winter and spring snowmelt. Global
sea levels are projected to rise one to four feet by 2100.

Climate Change and Water in the Southeast

Water resources in parts the Southeast have generally been abundant and
sufficient to support large populations in urban areas, rural commu-
nities, unique ecosystems, and economies based on agriculture, energy,
and tourism. However, the region also experiences extensive droughts,
such as the 2007 drought in Atlanta, Georgia, that created water con-
flicts among three states. In northwestern Puerto Rico, water was
rationed for more than 200,000 people during the winter and spring
of 1997-1998 because of low reservoir levels. Droughts are one of the
most frequent climate hazards in the Caribbean, resulting in economic
losses. In order to extend the availability of existing groundwater
resources, Florida is one of the four states most active in employing
recycled water wherever possible.

Water supply and demand in the Southeast and Caribbean are influ-
enced by many changing factors, including climate, population, and
land use., With projected increases in population, the conversion of rural
areas, forestlands, and wetlands into residential, commercial, industrial,
and agricultural zones is expected to intensify. The continued growth
of urbanized areas will continue to increase demands for water while at
the same time place greater pressure on the environmentally sensitive
wetlands bordering urban areas. Higher sea levels will increase saltwater
intrusion into freshwater supplies from rivers, streams, and groundwater
sources near the coast. With increasing demand for food and rising
food prices, irrigated agriculture will expand in some states. Also,
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population expansion in the region is expected to increase domestic
water demand. Such increases in water demand by the energy, agricul-
tural, and urban sectors will increase the competition for water, parti-
cularly in situations where environmental needs for water conflict with
other uses.

Climate Change and Water in the Midwest

Climate change in the Midwest is expected to result in summers of
extreme heat, heavy winter downpours, and flooding. These events in
turn will affect local infrastructure, health, agriculture, forestry, trans-
portation, air and water quality, and more. They will also amplify the
already-existing range of risks to the Great Lakes.

The Midwest has a population of more than 61 million people (about
20 percent of the national total) and generates a regional gross domestic
product of more than $2.6 trillion (about 19 percent of the national
total). The geography of the Midwest consists of vast stretches of
agricultural lands, forests in the North, the Great Lakes, substantial
industrial activity, and major urban areas, including eight of the nation’s
50 most populous cities. This once heavy industry heartland has experi-
enced depopulation of its rural areas, socioeconomic changes brought
about as a result of the collapse of much its base heavy industry, air and
water pollution. It is particularly susceptible to both climate variability
and climate change.

Most of the Midwest region’s population lives in cities, which are
particularly vulnerable to climate change-related flooding and life-threa-
tening heat waves. Climate change is also increasing atmospheric pollu-
tion, heat island (in cities) effects. Expected effects of climate change are
already visible; flooding, drought, late spring freezes on natural and
managed ecosystems, ecosystem disturbances, land-use change, land-
scape fragmentation, atmospheric pollutants, and economic shocks
such as crop failures or reduced yields due to extreme weather events;
these are all increasingly present in the region.

Weather records reveal that the rate of warming in the Midwest has
risen significantly over the past few decades. Between 1900 and 2010,
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the average Midwest air temperature increased by more than 1.5°F.
However, between 1950 and 2010, the average temperature increased
twice as quickly, and between 1980 and 2010, it increased three
times as quickly as it did from 1900 to 2010. Warming has been
more rapid at night and during winter. Projections for regionally
averaged temperature increases by the middle of the century (2046—
2065) relative to 1979-2000 are approximately 3.8°F for a scenario
with substantial emissions reductions and 4.9°F with continued
growth in global emissions. The projections for the end of the
century (2081-2100) are approximately 5.6°F for the lower emissions
scenario and 8.5°F for the higher emissions scenario. The frequency
of major heat waves in the Midwest has increased over the last six
decades. For the United States, mortality increases 4 percent during
heat waves compared with non-heat wave days. During July 2011,
132 million people across the United States were under a heat alert,
and on July 20 of that year, the majority of the Midwest experienced
temperatures in excess of 100°F. Heat stress is projected to increase as
a result of both increased summer temperatures and humidity.
One study projected an increase of between 166 and 2,217 excess
deaths per year from heat wave-related mortality in Chicago alone by
2081-2100.

Changing Precipitation Patterns

Extreme rainfall events and flooding have increased during the last
century, and these trends are expected to continue, causing erosion,
declining water quality, and negative impacts on transportation, agri-
culture, human health, and infrastructure. Precipitation in the Midwest
is greatest in the East, declining towards the West. Precipitation occurs
about once every seven days in the western part of the region and once
every three days in the southeastern part. The ten rainiest days can
contribute as much as 40 percent of total precipitation in a given year.
Generally, annual precipitation increased during the past century (by up
to 20 percent in some locations), with much of the increase driven by
intensification of the heaviest rainfalls.,
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Precipitation patterns affect many aspects of life, from agriculture
to urban storm drains. Flooding can affect the integrity and diversity
of aquatic ecosystems. Flooding also causes major human and eco-
nomic consequences by inundating urban and agricultural land and
by disrupting navigation in the region’s roads, rivers, and reservoirs.
For example, the 2008 flooding in the Midwest caused 24 deaths, $15
billion in losses from reduced agricultural yields, and closure of key
transportation routes.

Water infrastructure for flood control, navigation, and other purposes
is susceptible to climate change impacts and other forces because the
designs are based upon historical patterns of precipitation and stream
flow, which are no longer appropriate guides.

Snowfall varies across the region, comprising less than 10 percent of
total precipitation in the South, to more than half in the North, with as
much as two inches of water available in the snowpack at the beginning
of spring melt in the northern reaches of the river basins. When this
amount of snowmelt is combined with heavy rainfall, the resulting
flooding can be widespread and catastrophic. Historical observations
indicate declines in the frequency of high magnitude snowfall years
over much of the Midwest, but an increase in lake effect snowfall.
These divergent trends and their inverse relationships with air tem-
peratures make overall projections of regional impacts of the associated
snowmelt extremely difficult. Large-scale flooding can also occur due
to extreme precipitation in the absence of snowmelt (e.g., Rush Creek
and the Root River, Minnesota, in August 2007 and multiple rivers in
southern Minnesota in September 2010). These warm-season events
are projected to increase in magnitude. Such events tend to be more
regional and less likely to cover as large an area as those that occur in
spring, in part because soil water storage capacity is typically much
greater during the summer.

Changing land use and the expansion of urban areas are reducing
water infiltration into the soil and increasing surface runoff. These
changes exacerbate impacts caused by increased precipitation inten-
sity. Many major Midwest cities are served by combined storm and
sewage drainage systems. As surface area has been increasingly con-
verted to impervious surfaces (such as asphalt) and extreme
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precipitation events have intensified, combined sewer overflow has
degraded water quality, a phenomenon expected to continue to
worsen with increased urbanization and climate change. The US
EPA estimates that there are more than 800 billion gallons of
untreated combined sewage released into the nation’s waters
annually. The Great Lakes, which provide drinking water to more
than 40 million people and are home to more than 500 beaches, have
been subject to recent sewage overflows. For example, stormwater
across the city of Milwaukee recently showed high human fecal
pathogen levels at all 45 outflow locations, indicating widespread
sewage contamination. One study estimated that increased storm
events will lead to an increase of up to 120 percent in combined
sewer overflows into Lake Michigan by 2100 under a very high
emissions scenario (A1FI), leading to additional human health issues
and beach closures. Municipalities may be forced to invest in new
infrastructure to protect human health and water quality in the Great
Lakes.

Increased precipitation intensity also increases erosion, damaging
ecosystems and increasing delivery of sediment and subsequent loss of
reservoir storage capacity. Increased storm-induced agricultural run-
off and rising water temperatures have increased non-point source
pollution problems in recent years. This has led to increased phos-
phorus and nitrogen loading, which in turn is contributing to more
and prolonged occurrences of low-oxygen “dead zones” and to harm-
ful, lengthy, and dense algae growth in the Great Lakes and other
Midwest water bodies. Watershed planning can be used to reduce
water quantity and quality problems due to changing climate and
land use.

Climate Change and Water in the Great Plains

The Great Plains region includes the states of Kansas, Montana,
Nebraska, North Dakota, Oklahoma, South Dakota, Texas, and
Wyoming (Fig. 3.3). Daily, monthly, and yearly variations in the
weather can be dramatic and challenging. The region experiences
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Fig. 3.3 Location of the High Plaines (Ogallala) Aquifer in the Great Plains
region
Source: USGS

multiple climate and weather hazards, including floods, droughts, severe
storms, tornadoes, hurricanes, and winter storms. In much of the Great
Plains, too little precipitation falls to replace that needed by humans,
plants, and animals. These variable conditions already stress commu-
nities and cause billions of dollars in damage. Climate change will add to
both stress and costs. Rising temperatures are leading to increased
demand for water and energy. Projections suggest more frequent and
more intense droughts, heavy downpours, and heat waves, are to be
expected as a result of the climate change no underway.

Rising temperatures are leading to increased demand for water and
energy. In parts of the region, this will constrain development, stress
natural resources, and increase competition for water among commu-
nities, agriculture, energy production, and ecological needs. Changes to
crop growth cycles due to warming winters and alterations in the timing
and magnitude of rainfall events have already been observed; as these
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trends continue, they will require new agriculture and livestock manage-
ment practices.

The current trend toward more dry days and higher temperatures
across the Southern Plains will increase evaporation, decrease water
supplies, reduce electricity transmission capacity, and increase cooling
demands. These changes will add stress to limited water resources and
affect management choices related to irrigation, municipal use, and
energy generation. Increased drought frequency and intensity can turn
marginal lands into deserts.

Changing extremes in precipitation are projected across all seasons,
including higher likelihoods of both increasing heavy rain and snow
events and more intense droughts. Winter and spring precipitation and
heavy downpours are both projected to increase in the North, leading to
increased runoff and flooding that will reduce water quality and erode
soils. Increased snowfall, rapid spring warming, and intense rainfall can
combine to produce devastating floods, as is already common along the
Red River of the North. More intense rains will also contribute to urban
flooding.

A pattern of more precipitation in the northern Great Plains and less
in the southern Great Plains were seen in 2011. The southern portion of
the Great Plains was subjected to exceptional drought and recording-
setting temperatures in Texas and Oklahoma. Many locations in Texas
and Oklahoma experienced more than 100 days over 100°F, with both
states setting new high temperature records. Rates of water loss were
double the long-term average, depleting water resources and contribut-
ing to more than $10 billion in direct losses to agriculture alone. The
intensity of heat waves is expected to continue to grow.

The Northern Plains were exceptionally wet, with Montana and
Wyoming recording all-time wettest springs and the Dakotas and
Nebraska not far behind. Record rainfall and snowmelt combined to
push the Missouri River and its tributaries beyond their banks leaving
much of the Crow Reservation in Montana underwater. The Souris
River near Minot, North Dakota, crested at four feet above its previous
record, causing losses estimated at $2 billion.

Projected climate change will have both positive and negative con-
sequences for agricultural productivity in the Northern Plains, where
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increases in winter and spring precipitation will benefit productivity by
increasing water availability through soil moisture reserves during the
early growing season, but this can be offset by fields too wet to plant.
Rising temperatures will lengthen the growing season, possibly allowing
a second annual crop in some places and some years.

In the Central and Southern Plains, projected declines in precipita-
tion and greater evaporation due to higher temperatures will increase
irrigation demand and exacerbate current stresses on agricultural pro-
ductivity. Increased water withdrawals from the Ogallala and High
Plains aquifers would accelerate depletion of the aquifers and limit the
ability to irrigate., Holding other aspects of production constant, the
climate impacts of shifting from irrigated to dryland agriculture would
reduce crop yields by about a factor of two.

Farming has been the dominant industry in the Great Plains area
since the late 1880s. Farmers in the Plains States have long irrigated
using ground and surface water. For example, in the late 1800s, some
farmers were irrigating crops using surface water diverted from the Platte
and Arkansas Rivers, while others were irrigating using shallow ground-
water pumped to the surface by windmills. Through the early 1940s,
depth to water in the Ogallala or High Plains Aquifer and the slope of
the land surface were major factors controlling the distribution of
irrigated acres. The map in Fig. 3.3 shows the location of the aquifer
in the central portion of the Great Plains section of the county. By the
early 1960s, technological advances in pumps allowed irrigation in areas
with deeper (greater than 100 feet below land surface) groundwater, and
the development of center-pivot irrigation systems allowed irrigation on
rolling terrain.

In the area that overlies the High Plains aquifer, estimated acreage
irrigated with groundwater increased rapidly from the 1940s to 1980,
but did not change greatly beyond 1980. However, the proportion of
irrigated acreage in each state relative to total irrigated acres did change
substantially over time in some states: in 1980, 21 percent of irrigated
acres were in Kansas and 38 percent of irrigated acres were in Nebraska;
20 years later, 15 percent of irrigated acres were in Kansas and 45 percent
of irrigated acres were in Nebraska. Annual groundwater withdrawals
from the High Plains aquifer for irrigation compiled about every five



Regional Differences 85

years by the USGS and agencies in each State, increased from 4 to 19
million acre feet from 1949 to 1974; from 1980 to 2000, groundwater
withdrawals for irrigation have varied from 2 to 18 percent of 1974
withdrawals for irrigation in 2000 by county ranged from less than 0.01
million acre feet to more than 0.25 million acre feet. In 2015, ground-
water pumping in the High Plains aquifer supported 30 percent of the
irrigated agriculture.

Table 3.2 shows projections of groundwater in storage in the states in
20-year intervals to 2110 and the projected level of the water with-
drawals as a percentage change in groundwater level compared with the
level at the time of the pre-1930 development of the aquifer (Steward
and Allen 2015). Nebraska has the largest amount of groundwater
stored. The far right column shows the steady depletion of the High
Plains Aquifer from 1930 to its projected level in 2110. The average rate
of depletion appears to have peaked in 2996, but different times for the
states withdrawers, with a peak in 1999 for Texas; 2002 for New
Mexico; 2010 for Kansas; 2012 for Oklahoma; and a projected 2023
for Oklahoma. Peak withdrawals do not occur before 2110 for
Nebraska, South Dakota, or Wyoming

Water and Climate Change in the Southwest

The Bureau of Reclamation’s SECURE Water Report for 2016 identi-
fied climate change as a growing risk to western water management and
cites warmer temperatures, changes to precipitation, snowpack and the
timing and quality of stream flow runoff across major river basins as
threats to water sustainability. Water supply, quality, and operations;
hydropower; groundwater resources; flood control; recreation; and fish,
wildlife, and other ecological resources in the Western states remain at
risk. The Secure Water Act of 2009 required the Department of the
Interior to conduct regular studies on water supplies in regions where
the Bureau of reclamation was the primary manager of surface water
resources. The first report was produced in 2011; the second report was
published in 2016. Specific projections of the effects expected over the
rest of this century include:
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* A temperature increase of 5-7°F by the end of the century;

* A precipitation increase over the northwestern and north-central
portions of the western United States and a decrease over the south-
western and south-central areas;

* A decrease for almost all of the April 1 snowpack, a standard bench-
mark measurement used to project river basin runoff; and

* A 7 to 27 percent decrease in April to July stream flow in several
river basins, including the Colorado, the Rio Grande, and the San
Joaquin.

Climate Change and Water in the Northwest

Over the last 100 years, the average annual temperature in the
Northwest has risen an estimated 1.3°F. The effects of climate change
are not only expected to continue, they are expected to accelerate.
Projected increases are from 3°F to 10°F by the end of the century,
with the largest increased occurring in the summer months. Over the
remaining years of the century, a 30 percent decline in the amount of
rainfall in the summer months is predicted. The region has experienced a
decline in the amount of total snowfall and in the amount of precipita-
tion falling as snow. A record low snowpack was recorded in
Washington state in the winter of 2015.

Much of the Northwest’s supply of surface and groundwater is
stored in winter Cascade Range snowpacks. The effects of climate
change are altering this natural reservoir system by changing the
timing of the snowmelt and the total amount of water in streams
and rivers. Changes in stream flow are likely to strain water manage-
ment and worsen existing competition for water between municipal,
agricultural, industrial, and energy production users (40 percent of
the Nation’s hydropower is generated in the Northwest). Higher
temperatures and continued population growth are likely to result
in it becoming impossible to meet additional water demands with
existing water supplies.
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In 2004, the Climate Change journal published a report by Barnett
et al. on an evaluation of a series of computer simulations on the effects
of climate change on the western United States, with a focus on three
major western river basins: the Columbia, Sacramento/San Joaquin,
and the Colorado. Their analysis was based on the National Center
for Atmospheric Research Parallel Climate Model, a more conservative
model regarding the predicted degree of climate warming over a 50-year
period due to greenhouse gas concentrations. They considered this a
“best case” future scenario. The report’s conclusions began with the
following statement:

The clearest change indicated by the climate change simulation generated
by this project is a general large-scale warming over the West: a warming
that by the middle of the century reaches an addition 1-2°C as compared
to [the] present. The most significant impact of this warming would be a
large reduction in mountain snowpack and a commensurate reduction in
natural water storage. .. What this work shows is that, even with a con-
servative climate model, current demands on water resources in many parts of
the West will not be mer under plausible future climate conditions, much less
the demands of a larger population and a larger economy. (emphasis in the
original) (Barnett et al. 2004, 6)

The Pacific Northwest comprises the states of Washington Oregon, and
Idaho, with much of Northern California influenced by the same
climate conditions. The region is divided by the Cascade Mountain
range, resulting in a generally moist climate on the Pacific Coastal side
of the range and a dry, semi-arid rain-shadow climate East of the range.
The Oregon coastal range and the Olympic Mountains in Washington
produce a similar but less significant rain shadow effect West of the
Cascades. Two of the three major river basins in the western United
States, the Columbia and the Sacramento/San Joaquin basins, are
included in the region.

The Columbia/Snake River system is the most significant surface
water source in the Pacific Northwest. These rivers are major sources
of surface water used for irrigated agriculture and energy production in
Idaho and eastern Oregon and Washington. The system also supports a
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significant salmon run. Climate change-influenced changes in the snow-
melt feeding the Columbia River system are predicted to make it
impossible to support spring and summer salmon runs and summer
and fall hydroelectric power generation. Earlier snow-melt will also
make it impossible for other smaller but important snow-melt-fed rivers
such as the Yakima River in eastern Washington to meet current
demands for summer agriculture irrigation.

California’s Sacramento River rises in northern and flows South to the
Sacramento Delta and San Francisco Bay. Drought in the Central Valley
of California, one of the West’s most important agricultural and hydro-
power regions, has been shown to be unable to meet existing water
system demands. Declining amounts of freshwater and large withdrawals
for urban supplies is already resulting in incursion of saline water into
the delta and disruption of the existing ecosystem.

Applying Adaptation Water Management

The US Bureau of Reclamation (Reclamation) identifies climate change
as a major risk to effective western water management in the western
half of the United States. In recent decades, climate science has high-
lighted a broad suite of future challenges for managing western water,
in addition to risks already posed by natural variations in climate and
pressures associated with growing populations. In November 2014,
Reclamation published its Climate Change Adaptation Strategy to
build on existing actions and identify new activities that extend climate
change adaptation efforts across Reclamation’s mission responsibilities.
The report was included in its 2016 report to Congress (USBR
2016Db).

Since its establishment in 1902, Reclamation constructed and now
manages a large number of dams, power plants, and canals within the 17
western states (Fig. 3.4). Reclamation is now the largest wholesaler of
water in the Nation. It provides more than 10 trillion gallons of water
each year for municipal use and provides water to approximately 10
million acres of irrigated farmland that collectively produce 60 percent
of the Nation’s vegetables and 25 percent of its fruit and nuts.
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Fig. 3.4 The 17-state region of operations for the US Bureau of Reclamation
Source: USBR (2016)

Reclamation is also required to assess and report on the impacts of
climate change to water resources, as well as developing and implement-
ing actions to mitigate the impacts of this change. Reclamation’s climate
change mitigation strategy includes promoting adaption planning,
increasing water management flexibility, improve infrastructure resi-
liency, and expanding information sharing by water-interest government
agencies and other stakeholders.

The USBR 2016 report to Congress reviews possible adaptive strate-
gies for dealing with the effects climate change on water management in
five areas of operations: supply augmentation, demand management,
system operations, ecosystem resiliency, and data and information man-
agement. Individual options in each area are shown in Fig. 3.5.

Reclamation partners with the US Army Corps of Engineers, USGS,
the NOAA, and other agencies through the Climate Change and Water
Working Group in an effort to identify mutual science needs for short-
term water management decisions and long-term planning, including
adapting to climate change. By assessing the current state of knowledge,



91

(9102) uoneweday 40 neaing s :934n0§
abueyd arewp 0} Juawabeuew Jarem 1depe o1 suoie 3|qgissod jo salobaled g € "Bl

Regional Differences

swabeuew paysialepn

suoljelo]sal 1elqeH

suolealIpow
alnjoniiselju|

Bunexsew Jeyep

obeio)s
Jayempunolb pue aoeung

|043U0D S810ads BAISBAU|

uolez|uiapow
JamodolpAH

101u09 uonelodens

Ja1em pauodu|

ejep
uoleAlasqo panosdw|

syuswanosdu
Ayrenb Jarepp

Juswebeuew
Jayem aAnounfuo)

UoleAIoSUOD
Joyem [einynouby

uonisinboe syybu Jerep

s|00}
Buispow panosdu

Juswebeuew
MOJ} [BJUBWUIUOIIAUS
pue [euoneaioay

suonesado
JI0AIBSI PalIPOI

UOIBAISSUOD J9}EeM
|euisnpu| pue fedioiunpy

uoneulesap
pue sasnai Je1ep

$S900€ BlEp paroidu)

Aousijisay waysAsoog

suonesadQ walsAg

juswabeuepy puewag

uoneyuawbny Ajddng

uoljew.oju| pue ejeqg

SNOILOV Nv3adNg NOILV1034d 3719I1SSOd




92 3 External Pressures on the Resource: Climate Change

identifying where gaps exist, and finding opportunities to address those
gaps, the group develops new actions for water utilities use in adapting
to climate change.

Summary

Three mega-trends are forcing a transformational change on the way the
Nation’s water resource is managed. The trends are (1) shift in precipi-
tation patterns and overall climate warming brought on by releasing
carbon-based greenhouse gases into the atmosphere, (2) the accelerating
pace of population growth and migration into already water resource-
stressed regions in the South and Southwest, and (3) the continuing
urbanization of the Nation and the resulting increase in stormwater
runoff that, mixed with wastewater effluent discharges, is polluting
many of the Nation’s natural watercourses.

This chapter focused on the effects of climate change in the several
distinct geographical regions of the country. Climate change brought on
by warming of the atmosphere is changing global weather patterns
everywhere, resulting in more precipitation in already wet regions and
less rainfall in arid regions. In the United States, this is resulting in
further drying of the arid Southwest, reducing the percentage of annual
precipitation that falls as snow in the natural water resource reservoirs of
the western mountain ranges, and increasing the occurrence of extreme
weather patterns, particularly in the East and Southeast.

Climate warming is also resulting in melting of glaciers and polar sea
ice. This is resulting in an expected global sea level rise of from one to
four feet by the end of the century. Even more dire threats are predicted
if the Greenland ice sheet and arctic land ice caps completely disappear.

The combined forces of global warming and population growth and
regional shifts is having different effects on the various regions of the
country. The Northeast is expected to undergo small changes in overall
precipitation, but likely to have to cope with more extreme weather
events. The South and Southeast, where population and urbanization
are increasing rapidly, are subject to the incongruous mix of more severe
storms occurring more often and the declines in available water surface
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and groundwater supplies. The water supply in the Midwest is expected
to be least effected by climate change, although the pattern of spring
snowmelt will become earlier and possible result in greater flooding. The
semi-arid Great Plains, where excessive groundwater withdrawals for
irrigated agriculture, is already experiencing large drops in the water
level of the great Ogallala aquifer under eight states. That groundwater,
which took thousands of years to accumulate, will take at least as long to
be recharged. Water withdrawals for oil and natural gas fracturing is also
polluting some surface and groundwater supplies in the region. Water
supplies in the Southwest are essentially over allocated already. No new
sources of supply are readily available, except for some proposals for
desalination in states on the Gulf of Mexico. The Pacific Northwest is
expected to become warmer and dryer. Clearly, water managers in the
United States have their work cut out for them.

Additional Reading

CDC. (2010). When Every Drop Counts: Protecting Public Health During
Drought Conditions. Washington, DC: US Department of Health and
Human Services, Center for Disease Control and Prevention.

Fung, C. Fai and Ana Lopez (2010). Modeling the Impact of Climate Change on
Water Resources. Chichester, OK: Wiley-Blackwell.

Karl, Thomas R., Jerry M. Melillo, Thomas C. Peterson and Susan J. Hassol,
eds. (2009). Global Climate Change Impacts in the United States. New York:
Cambridge University Press. 2009.

Shrestha, Sangam, Mukand S. Babel and Vishnu Prasad Pandey, eds. (2015).
Climate Change and Water Resources. Boca Raton, FL: CRC Press.
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External Pressures on the Resource:
Growth and Urbanization

The American Water Works Association (AWWA) has warned for more
than a decade that population growth and demographic shifts in the
population are among the major trends that are altering the way the US
water industry manages the water resource. Water industry managers must
take these factors into account as they plan for the future. The number of
people in the United States is expected to grow from the 324.5 million
residents in 2016 to exceed 388.8 million in 2050 and only a little below
417 million by 2060 (Colby and Ortman 2015). Water utilities must plan
now for how they will meet the increases in demand for potable water
created by this population growth. The United States and global population
totals and 2016 estimates, percent yearly change, median age of the popula-
tion, percent of the US urban population, and the US share of the world
population from 1955 to 2016 are shown in Table 4.1. Notable trends are
the nearly doubling of the total US population from 1955 to 2016, the
increasing median age of the US population from 30 years of age to 38.1
years in 2016, and the large increase in the share of the US population living
in urban areas, from 67.2 percent in 1955 to 82.7 percent in 2016.
Clearly, more people are choosing to live and work in urban areas.
Most of this growth is occurring in the southeast and southwestern

© The Author(s) 2017 95
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sections of the country. Urbanization and climate change are said to be
contributing to more and more harmful flooding as stormwater runoff
reduces the normal stream flow and limits the natural absorption of
stormwater. Climate change, discussed in Chapter 3, is bringing unpre-
cedented changes to the supply of the water resource, in large part as a
direct consequence of human actions that continue to exacerbate the
global warming that scientists agree is now underway and speeding up.

High among the problems facing America’s water managers is deter-
mining how to affordably reduce the effects of these external phenomena
on their already aged infrastructure and in many cases, where to find the
funding necessary to pay for replacement of old infrastructure and to pay
for the new installations required by population growth, location move-
ments, and urbanization. Adding to these difficulties is that these effects
are not occurring at the same rate or in the same form in all parts of the
Nation. One often occurring result is too little water in the locations
that need it the most and too much water in regions generously supplied
with all the freshwater they need. Overall, however, the effects of climate
change on this critical resource have the very real potential for becoming
an environmental, economic and societal catastrophe.

In the not too distant past, it was common to believe that the
Nation’s supplies of this resource were under stress largely as a result
of prior mismanagement and wasteful husbandry. Surface water courses
were considered to be accessible repositories of human waste. Pollution
was thought to be the natural and unavoidable price of economic
development. The Nation’s resources were treated as if they were
unlimited. More to the point: no single government group or agency
was in charge of regulating the mismanagement. It was not until the
1960s that an awareness of the damages to human life occurring as a
result of air and water pollution resulted in an increasing number and
scope of a number of operational mandates were placed upon the way
the resources of the Nation emerged. The new regulatory controls forced
water resource managers to change the way they operated. More than a
dozen federal agencies and many state and local agencies with some role
in water resource management exist today. These agencies regularly
compete to exercise oversight to and control over the more than
150,000 organizations that provide water and wastewater services in
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the country. In addition to federal mandates and regulations, these water
providers are also under close regulation by state and local environmen-
tal and public health agencies.

From not enough attention to resource management, regulatory over-
sight has become both a guide and a problem for water managers,
including the regulators themselves. Not enough trained regulators are
having a difhicult time ensuring that rules and regulations are always
followed. In one Northwestern state alone, for example, there are 4,129
Group A (utilities serving 25 or more connections) water utilities, and
thousands more less-regulated smaller Group B utilities. In just one
semi-rural county, there are 338 of these regulated water utilities, and
just one public health officer to monitor water and wastewater treat-
ment. This is neither the most populous nor the largest county in the
state. This pattern is repeated throughout the Nation.

Population Growth

For many different but related reasons, population growth and urbani-
zation has made managing water a concern in all sections of the country.
How to achieve and retain sustainability of and safety of supply in light
of significant population changes today and even more expected in the
near future is high on the list of these concerns. According to the US
Census Bureau, by the middle of the century, the US population is
projected to reach more than 388.8 million and may even surpass 400
million, and by 2060, it is expected to grow to 417 million. If present
trends continue, most of that growth is going to take place in the
country’s already over-crowded urban areas. As the number of
Americans grows they will also become older; by 2030, 20 percent are

expected to be 65 or older (Colby and Ortman 2015).

Three Primary Problems

Water managers in all location have three primary problems they must
deal with every day: problems of supply, problems of quality, and

problems of the environment. Population growth is contributing to
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the problem of supply; many regions of the Nation have to find new
sources of supply in an environment where all existing supplies are
already over producing. Problems of quality are being affected by urba-
nization; surface water sources are often polluted by storm runoff in
cities and towns. Changes in precipitation patterns and warming of the
atmosphere occurring as products of climate change are having a tre-
mendous impact on water supply, quality and the environment.
Changes due to population increase may be easiest to measure.
Systems and resources designed to supply water and wastewater served
to a population limit when they were developed—often 50 years or
longer ago—must now be expanded if new customers are to be added.
Most of the big gains in population are occurring in states in the South
and the Southwest (Table 4.2). In 2016, 5 of the 11 fastest growing
cities were in Texas. All but one (Ankeny, Iowa) of these fast growing
cities in in a region of water supply concerns, and only two of the fast
growing areas (Fort Myers, Florida and Murfreesboro, Tennessee) are
located outside of the semi-arid west. The need for housing for this
population growth is problem enough for cities enduring this type of
growth, but because most if not all of the water and wastewater infra-
structure to serve the growing population was probably installed 50 or
more years ago, the water and wastewater systems are likely to be a bigger

problem.

Table 4.2 Top ten cities with largest increase in population, 2014-2015

Rank City State Numeric increase 2015 Total population
1 New York City New York 55,211 8,550,405
2 Houston Texas 40,032 2,296,224
3 Los Angeles California 34,943 3,971,883
4 San Antonio Texas 29,536 1,469,845
5 Phoenix Arizona 24,614 1,563,025
6 Fort Worth Texas 19,894 833,319
7 Dallas Texas 19,642 1,300,092
8 Austin Texas 19,117 931,830
9 Denver Colorado 18,582 682,545
10 Charlotte North 17,695 827,097
Carolina

Source: US Census Bureau (2016)
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There are two parts to the problem of supply: the first is locating and
preserving sustainable sources of supply. The second is the need for
installing, maintaining, repairing, or replacing the aging delivery system
that exists in most of the country. An associated problem is the addition
of housing units, which must then be supplied with water and waste-
water services. Texas alone added something like 162,000 new housing
units of this one-year period.

The Nation’s largest cities have their own versions of these same pro-
blems to deal with. Most of the country’s largest cities are growing larger
fast, while a few others have to spread the cost of service, including repair
and replacement, across a declining population. The ten large cities with the
greatest numeric increases in population between July 2014 and 2015 and
their estimated population in 2016 were led by New York (8,550,405), Los
Angeles (3,971,883), Chicago (2.720,547), and Houston (2,296,224) and
Table 4.3. New York had the greatest increase with 55,211 new residents.

Table 4.3 Population growth in the 20 largest US cities, 1960-2016

2014

Rank City 2016 estimate 2005 1980 1960

1 New York, NY 8,550,405 8,143,197 7,071,639 7,781,984
2 Los Angeles, CA 3,971,405 3,844,829 2,966,850 2,479,015
3 Chicago, IL 2,720,546 2,842,518 3,005,072 3,550,404
4 Houston, TX 2,926,224 2,016,582 1,595,138 938,219
5 Philadelphia, PA 1,567,442 1,463,281 1,688,210 2,002,512
6 Phoenix, AZ 1,563,025 1,461,575 789,704 439,170
7 San Antonio, TX 1,469,845 1,256,509 785,880 587,718
8 San Diego, CA 1,394,928 1,255,540 875,538 573,224
9 Dallas, TX 1,300,092 1,213,825 904,078 679,684
10 San Jose, CA 1,026,908 912,332 629,442 204,196
11 Austin, TX 931,830 690,252 345,496 186,545
12 Jacksonville, FL 868,031 782,623 540,920 201,030
13 San Francisco, CA 864,816 739,426 678,974 740,316
14 Indianapolis, IN 883,173 784,118 700,807 476,258
15 Columbus, OH 850,106 730,657 564,871 471,316
16 Fort Worth, TX 833,319 624,067 385,164 356,268
17 Charlotte, NC 827,097 610,949 314,447 208,564
18 Seattle, WA 684,451 537,911 493,843 557,087
19 Denver, CO 682,545 557,917 492,365 493,887
20 El Paso, TX 682,545 598,590 425,259 276,687

Source: US Census Bureau
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The Impacts of Urbanization

Urbanization—the altering of land for residential, commercial, industrial
or transportation purposes—has been identified as one of the major
sources of impairment of the Nation’s water resources. At a workshop
in 2002, representatives from federal, state, tribal, and local-area water
quality organizations came together to develop the Causal Analysis/
Diagnosis Decision Information System (CADDIS) to support investigators
in regions, states, and tribes in the determination of causes of damage to
water sources and environments. CADDIS is a decision support system
developed to help investigators find, access, organize, and share informa-
tion useful for causal evaluations in aquatic systems. Urbanization was
early identified as one of the major sources of water impairment.

Urban areas are defined in many different ways. One of the most
often used definition by the US Census Bureau is a geographic area in
which a population density of 1,000 or more people per square mile, and
with surrounding areas with population density of 500 or more people
per square mile. A definition used by the USGS in its national land cover
database is a defined area in which 30 percent or more of the area is
covered by “constructed materials,” such as asphalt, concrete, or buildings

(USGS 20106).

Quickening Pace

The pace of urbanization in the United States began to quicken after the
end of World War II, as the federal government stimulated suburban
housing construction and transportation system. Development required
removal of trees and other vegetation, bulldozing of land for housing,
industrial and commercial uses, filling of farm ponds, building of roads,
and paved parking area. Urbanization has significant impact on many
different elements of the Nation’s water supply. Increased impermeable
ground cover such as office buildings, factories, homes, and roads,
associated with urbanization alters the natural cycling of water.
“Changes in the shape and size of urban streams, followed by decreased
water quality, are the most visible effects of increased imperviousness.
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Greater frequency and severity of flooding, channel erosion, and destruc-
tion of aquatic habitat commonly follow watershed urbanization.
Alterations in the aquatic environment associated with these hydrological
changes greatly compromise the normal functioning of our waterways”
(Ruby nd).

Although the data from the 2010 census are a bit old now, the trends
they indicate are the same. In a news release updated in 2016, the US
Census Bureau reported the rate of urbanization in the US outpaces
the rate of population growth in the nation: population increased by
21.1 percent from 2000 to 2010, compared with the overall popula-
tion growth of 9.7 percent over the same period. Urban areas, which
the Bureau defines as “densely developed residential, commercial and
other nonresidential area,” were home to 80.7 percent of the US
population in 2010, up from 79 percent in 2000. The Bureau collects
data for two types of urban areas: “urbanized areas” with a population
of 50,000 or greater, and “urban clusters” with a population of at least
2,500 but less than 50,000. There were 486 urbanized areas and 3,087
urban clusters in the United States in 2010 (US Census Bureau
2016b).

The US population’s drift westward continues to have an impact
on the water resource; of the 10 most populated urbanized areas, none
were located in the already water-stressed West; seven of those were in
California. The Los Angeles—Long Beach—Anaheim, California area was
the most densely populated urbanized area with nearly 7,000 people per
square mile. The San Francisco-Oakland California was the second
most densely populated area with 6,266 people per square mile. The
third and fourth most densely populated areas were also in California:
San Jose (Silicon Valley) with 5,820 people per square mile and the
Delano area (in the California Central Valley above Bakersfield) with
5,483 people per square mile. The New York—Newark, New Jersey area
was the fifth most densely populated region with 5,319 people per
square mile. California was the most urban of all the 50 states, with
nearly 95 percent of the population living in urbanized areas. New Jersey
was second with 94.7 percent of the population residing in urban areas.
Maine with 61.3 percent and Vermont with 61.1 percent of their
populations in urban area were the states least urbanized.
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Table 4.4 United States total and urban population forecast, 2020-2050

Median Urban Urban population

Year Population Yearly change age pop (%) total

2050 388,864,747 1,478,090 42 90.1 350,338,147
2045 381,474,297 1,541,529 42 89.1 339,780,873
2040 373,766,653 1,700,087 41 88.0 329,038,034
2035 365,266,220 1,900,251 41 87.0 317,656,011
2030 355,764,967 2,136,083 40 85.8 305,356,412
2025 345,084,551 2,307,804 39 84.7 292,221,946
2020 333,545,530 2,354,380 39 83.6 278,758,373

Source: UN, Economic and Social Affairs Population Division data

The 2010 Census identified 36 new urbanized areas spread across the
Nation from the Cape Girardeau Missouri/Illinois area with a popula-
tion of 52,900, Grand island, Nebraska (50,440), Lake Havasu, Arizona
(53,427), Manhattan, Kansas (54,622), and Mankato, Minnesota
(57,784). Urbanization is projected to continue with no slowdown
foreseen at least as far ahead as 2050. Ten-year changes in percentages
of the country urbanized are: 2020, 83.6 percent; 2030, 85.8 percent;
2040, 88.0 percent; and 2050, 90.1 percent (Table 4.4).

Effects on the Water Resource

The EPA has identified three pathways by which streams and other surface
water courses are affected by urbanization: channel and streambed altera-
tion, wastewater discharges into the steam system, and paved over surfaces
resulting in polluted surface runoff of stormwater. Streambed alteration
includes stormwater damage and removal of riparian vegetation, which in
turn reduces cover, warms water surfaces, and alters of destroys physical
habitat. The water supply is directly affected by the diversion of surface to
supply water and wastewater services for new homes, factories, and retail
centers, as well as the building of wastewater collection, treatment and
effluent discharges into local surface water courses. Changing a stream
channel can cause flooding and erosion. As the pace of urbanization
continued, dams and reservoirs had to be built to ensure that water was
available for the growing population. All this paving over of the land
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surface resulted in a new problem that had to be dealt with: stormwater
runoff. Stormwater was directed into newly constructed storm sewers,
then channeled with wastewater effluent into surface streams not
designed to handle that much water. The too-often result has been a
combination of flooding in urban and suburban areas and pollution of
streams and rivers.

Groundwater is affected by polluted storm runoff if urbanized
regions. More paved over areas means less water can be absorbed into
the ground, meaning that the underground aquifer will receive less
water for recharging. Cities and large industries must withdraw great
amounts of groundwater from larger and deeper to meet the needs
of the growing population. Recent climate change has forced many
large water suppliers to withdraw more groundwater as their surface
water reservoirs dry up. Greater withdrawals and more surface storm-
water runoff means a lower of the water table as withdrawals exceed
recharging.

Things are not getting much better in the near future. Urbanization
will continue to increase, and dramatically so in near future decades
(EPA 2016d). Urban development of land in the contiguous 48 states is
projected to increase from 5.2 percent of the country in 2015 to 9.2
percent of the total land base by 2040 or earlier. The percent of the US
population residing in urban areas is expected to grow from 83.6 percent

in 2020 to 90.1 percent in 2050 (Table 4.5).

How Urbanization Affects the Water Cycle

The water cycle, also known as the hydrological cycle, is the continuous
exchange of water between land, water bodies, and the atmosphere
(Ruby nd). When rain, sleet, or snow falls on the land, it follows various
routes: some evaporates, returning to the atmosphere; some is absorbed
into the ground or taken up by vegetation; the rest becomes surface
water. Hard and covered surfaces in urban areas that do not allow water
to penetrate the soil include rooftops, driveways, streets, swimming
pools, patios, and other hard surfaces. Runoff water that is not absorbed
by the ground or vegetation becomes the surface water that stored in
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Table 4.5 The 15 fastest growing cities with 50,000 or more residents, 2014-2015

Rank City State Percent increase 2015 total population
1 Georgetown  Texas 7.8 63,716
2 New Texas 6.6 70,543
Braunfels
3 Ankeny lowa 6.5 56,764
4 Frisco Texas 6.3 154,407
5 South Jordon Utah 6.0 66,648
6 Dublin California 5.5 57,721
7 Pearland Texas 5.3 108,821
8 Milpitas California 5.3 77,604
9 Broomfield Colorado 5.2 65,065
10 Mount South 4.7 81,317
Pleasant Carolina
11 Pflugerville Texas 4.5 57,122
12 Fort Myers Florida 4.4 747,013
13 Murfreesboro Tennessee 4.4 126,128
14 Goodyear Arizona 43 79,003
15 Buckeye Arizona 4.3 62,138

Source: US Census Bureau (2016)

rivers, streams, ponds, and lakes and back into the ocean. Too much of
this water in too short a time can quickly result in flooding. Precipitation
in developed areas falls on these impervious surfaces, where it becomes
stormwater runoff.

Changes in natural water courses that have occurred during the
process of development often alter their ability to handle large amounts
of water. Many of these streams are also where treated wastewater
effluent is discharged. When less water percolates into the ground,
groundwater aquifers are not recharged. The combination of an increase
in water volume and a decrease in quality of surface water from urban
pollution occurs. Flooding is also a result of these changes.

Creeks and rivers that absorb increased runoff are affected by greater
volume, velocity, and duration of water. This erodes stream banks and
increases erosion and sediment removed from the landscape and stream
banks and deposited elsewhere. This results in channel erosion, clogged
stream channels, and habitat damage. A description of how urbanization
affects the water cycle was described in a flyer on how urbanization
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affects the water cycle prepared for and released by a consortium of
California water agencies and associations:

Roots anchor soil, minimizing erosion runoff. Pollutants collected on imper-
vious surfaces are washed into streams, rivers, and lakes developed lands. Rain
pours more quickly off of city and suburban landscapes, which have high
levels of impervious cover natural lands. Trees, brush, and soil help soak up
rain and slow runoff in undeveloped landscapes. Pavement and rooftops shed
water and storm drains deliver water directly to waterways. Streets act as
streams, collecting stormwater and channeling it into waterways. Trees and
other vegetation break the momentum of rain and help reduce surface erosion.
Storm water pools in indentations in the ground and filters into the soil.
Vegetation helps collect stormwater by building organic, absorbent soil.

There is a larger volume and faster rate of discharge than in less developed
watersheds with large amounts of development cover. This often results in
more flooding and habitat damage. With natural groundcover, 25 percent of
rain infiltrates into the aquifer and only 10 percent ends up as runoff. Increased
surface runoff requires more infrastructure to minimize flooding. Natural
waterways end up being used as drainage channels, and are frequently lined
with rocks or concrete to move water more quickly and prevent erosion. In
addition, as deep infiltration decreases, the water table drops, reducing ground-
water for wetlands, riparian vegetation, wells, and other uses. (Rudy, nd)

Extreme Weather Events in Urban areas

Global warming has been identified as a direct contributor to the
increased occurrence and severity of extreme weather events around
the world. In the United States, these events have included heat waves,
prolonged periods of drought, larger than usual heavy downpours,
floods, hurricanes, and forest fires. The combination of global warming
and urbanization has resulted in an increase in the damage resulting
from these extreme weather events. Water sector managers have been
forced to prepare plans and carry out in-depth crisis response programs.

Extreme weather events are defined by the EPA as events that typically
do not regularly occur, such as the droughts, floods, and volcano erup-
tions that historically have occurred centuries part; events that vary from
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the norm in severity or durations, such as heat waves and heavy rain-
storms; and as events that result in severe damage to human life and
infrastructure, such as hurricanes, cyclones, and earthquakes.

A number of changes in some types of extreme weather events have
occurred in the United States over the last several decades, including
more intense and frequent heat waves, less frequent and intense cold
waves, and regional changes in floods, droughts, and wildfires.

Whether they are associated with climate warming, the number and
severity of such extreme events are becoming more frequent and more
destructive. Between 2011 and 2013 alone, the United States experi-
enced 32 weather events that each caused at least $1 billion in damages.

Floods as a result from hurricanes or heavy downpours are particularly
destructive to life and property. Four types of floods can occur; flash
floods occur in mall and steep watersheds and often occur in arid or
semi-arid regions without flood control protection. Other causes are
dam or levee failure such as what occurred during Hurricane Katrina.
Most flood-related deaths are the result of flash floods. Urban flooding is
usually associated with short duration but very heavy downpours.
Urbanized areas with their large areas of impervious surfaces contribute
to the severity of such storms. Box 4.1 describes the damage caused by a
2016 flood in urbanized northern Louisiana.

Box 4.1 The August 2016 flood in urbanized Louisiana

The rain that started on August 11, 2016 in northern Louisiana was later
determined to be the onset of what was to become a once in a thousand
year flood. More than 20 inches of rain fell in an area centered on the cities
of Baton Rouge and Lafayette; rainfall rates of two to three inches and
hour were reported. The source was a convection system around a low
pressure area and which became essentially stationary. The rainfall peaked
at nearly 31 and a half inches as measured in Watson, a small town north-
east of Baton Rouge. This was more than three times as much water as what
was dropped on Louisiana by Hurricane Katrina. Many rivers, including the
Amite and Comite rivers reach record heights. When the flood levels began
to drop over 10,000 people were in shelters, 20,000 had been rescued. The
flood caused an estimated $8.7 billion in damage, destroyed some 60,000
homes (later estimates raised this to 146,000 homes), and 13 flood-related
deaths were reported.
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An August 24, 2016 paper by the LSU Law School gave the following
explanation of why the effects of the flood was so severe: “As the area that
flooded in the August 2016 flood was developed over the past 100 years,
houses, businesses, and roads gradually filled in the watersheds of the rivers
that drain the area. As areas were paved and forests were replaced with
cropland and housing developments, rain would run off into the watershed
rather than being absorbed. The same amount of rain would produce more
runoff and increased stream levels after development. Feeder streams were
blocked or restricted to culverts, reducing the ability of local regions to drain
into the rivers. The rivers were restricted by levees and flood control projects,
which increases flooding upstream as the river height increases because the
river cannot spread through the floodplain. Highways and other infrastruc-
ture acted as dams, flooding areas upstream. Flooding gets progressively
worse for any given amount of rain because there is more runoff and less
ability for it to drain. Local areas, down to the level of individual homes,
which had never flooded before start to flood because their drainage is
blocked and there is more runoff with the same amount of rain”.

Source: LSU Law Center (2016)

According to the National Climate Assessment, heavy downpours have
increased significantly over the last three to five decades. The heaviest
rainfall events have become heavier and more frequent, and the amount
of rain falling on the heaviest rain days has also increased. Since 1991,
the amount of rain falling in very heavy precipitation events has been
significantly above average. This increase has been greatest in the
Northeast, Midwest, and upper Great Plains. There has also been an
increase in flooding events in the Midwest and Northeast, where the
largest increases in heavy rain amounts have occurred.

River flooding occurs often during spring snowmelts, rapid melting
after snow or ice accumulation and in occurrences of prolonged heavy
precipitation downpours such as that which occurred in Louisiana in
August of 2016. Development along streambeds results in removal of
natural riparian vegetation and redirecting natural water courses are hav-
ing severe impacts upon surface water courses. Coastal flooding occurs
most common as storm surges associated with hurricanes and cyclones
and other tsunamis that are caused by offshore earthquakes or volcanic
action. Rising sea levels as a result of melting of polar region icecaps is
expected to be a major cause of coast flooding in future decades.
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Prolonged heat waves and droughts are also included as weather
changes caused by global warming. Droughts in Southwestern and
High Plains states are placing heavy demands upon already over com-
mitted surface and groundwater resources. July 2015 was the warmest
month ever recorded, and it is expected to get even warmer throughout
the rest of the century.

Adapting to the Changing Operational
Environment

Of all essential natural resources, the Nation’s water supply resource is
clearly among the most adversely affected by climate change, population
growth, and the rapid pace of urbanization. Impacts on the resource
from the weather changes resulting from the warming of the atmosphere
include the increasing number of extreme weather events, sea level rises,
shifting precipitation and runoff patterns, the increasing number and
intensity of regional droughts, and withdrawals that far exceed the
natural recharging of important aquifers and river systems. In addition
to the increasing scarcity of this critical resource is the degrading of water
quality associated with over-use of supply.

Recognizing the importance of these challenges to sustainable
management of the resource, in 2009 the EPA initiated a program
to aid managers of utilities in the water and wastewater sectors of the
industry plan programs identify and overcome the many challenges
brought on by climate change. That program—the Climate Ready
Water Utilities Initiative—promotes adaptive planning and provides
decision support tools for resource management. An updated and
modified guide book was published in 2015. The new guide began

with this caveat:

Climate change presents several challenges to drinking water and waste-
water utilities, including increased frequency and duration of droughts,
floods associated with intense precipitation events and coastal storms,
degraded water quality, wildfires and coastal erosion and subsequent
changes in demand for services. While these impacts have been



110 4 External Pressures on the Resource: Growth and Urbanization

documented in numerous publications, finding the right information for your
type of utility or geographic region can be difficult and sometimes over-
whelming. Therefore, the goals of the Adaptation Strategies Guide are (1) to
provide drinking water and wastewater utilities with a basic understanding of
how climate change can impact utility operations and missions, and (2) to
provide examples of different actions utilities can take (i.e., adaptation
options) to prepare for these impacts. (EPA 2015b, v)

The adaptive strategies planning process guides drinking water, waste-
water, and stormwater utilities managers in identifying and evaluating
options for adapting to changing operational conditions. The options
adopted should be based on impacts particular to the utility’s capabil-
ities and the regional conditions and climate impacts currently occur-
ring and projected for its service area. Although example adaptation
options are described in the Guide, no one-size-fits-all solution for
adaptation planning is recommended. Managers are reminded that
they must use the information included to assist them in developing
plans that contain options suited to their specific needs. This includes
consideration of their location, climate impacts of concern, and avail-
able resources. Ultilities are encouraged to collaborate with state and
federal authorities, interdependent sectors, and other nearby utilities
early in the process.

To achieve the goals of an adaptive water management model in
dealing with uncertainties such as the three mega-trends discussed
here, Pahl-Wostl et al. (2007) recommended the following actions:

¢ The complex social-ecological nature of river basin environments and
the inherent uncertainties associated with their management have to
be taken into account in policy development and implementation.

* Water management strategies should be robust and perform well
under a range of possible, but uncertain, future developments. This
might imply the need for a diversification in management measures.

* The design of transparent and open social learning processes is a key
requirement of sustainable water management regimes.

* Effort has to be devoted to building trust and social capital for
problem-solving and collaborative governance.
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* An increase in, and maintenance of, the flexibility and adaptive capacity
of water management regimes should be a primary management goal.

* Entrenched perceptions and beliefs block innovation and change.
Space has to be provided for creative and out-of-the-box thinking
and experiments.

¢ There is a significant need to train a new generation of water manage-
ment practitioners skilled in participatory system design and
implementation.

Summary

Along with climate change, population growth and increasing urbaniza-
tion of the country are two of the three mega-trends affecting water
management in the early twenty-first century. To achieve the vital goal
of sustainability, water managers must adapt their systems to these
changing conditions. By the end of the century, the world is expected
to be from 7 to 10 degrees (F) warmer, resulting in significant changes in
precipitation patterns and rising of the sea level four feet or more. By the
middle of the century, the population will have to increase more than
388.8 million, most of whom will reside in coastal areas and in the south
and Southwest—many areas already facing water problems. In addition
to supplying water and wastewater systems to the increases in popula-
tion, cities in coastal area will have to rebuild much of their existing
water and wastewater systems to cope with the rise in sea level.
Changes in water resource management due to population increase
and urbanization are certain to far exceed the ability of most water
utilities to pay for them and to pay for the replacement of ageing
infrastructure already that is already a big problem. Systems and
resources designed to supply water and wastewater served to a popula-
tion limit when they were developed—often 50 years or longer ago—
must now be expanded if new customers are to be added. Most of the
big gains in population are occurring in states in the South and the
Southwest. The need for housing for this population growth is problem
enough for cities enduring this type of growth, but because most if not
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all of the water and wastewater infrastructure to serve the growing
population was probably installed 50 or more years ago, the water and
wastewater systems are likely to be a bigger problem.

The three mega-trends of climate change, population growth, and
urbanization now affecting water management are exacerbating three
basic problems they have already had to deal with: problems of supply,
problems of quality, and problems of the environment. Population
growth is contributing to the problem of supply; urbanization is affect-
ing both surface and groundwater supplies as water sources are often
polluted by storm runoff and flooding. Changes in precipitation patterns
and warming of the atmosphere occurring is having a tremendous
impact on water supply, quality, and the environment.

Maintaining sustainability of the water resource in all its forms in
light of these mega-trends and other challenges has resulted in a call for
new standards and new management processes. Adaptive management is
one of these processes. Adaptive management has been defined as a
systematic process for improving water management policies and prac-
tices by learning from the outcomes of previously implemented manage-
ment strategies and practices.
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5

Beginnings of Water Management
in the U.S.

Recognition of the need for federal involvement in managing the
Nation’s water resource began early in the United States. While the
earliest efforts of government were directed toward maintaining and
enhancing the Nation’s rivers and harbors, the need to improve the
availability of sustainable sources of water for human consumption and
for agriculture was soon recognized as an important function of the
central government. For decades, citizen involvement was been particu-
larly effective in petitioning the federal government to aid in water
management for agriculture. This chapter describes some of the federal
government’s earliest efforts at water management.

The Need for Water Management

As recognized 2015, water resource management is the activity of plan-
ning, developing, distributing, and managing the optimum collection,
storing, delivery, and use of water resources. Ideally, water resource
management planning has to consider all competing demands for
water and seeks to allocate the available water supply on an equitable
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basis to satisfy all uses and demands while ensuring adequate supplies are
available for future uses and following generations. Elected state admin-
istrators would ultimately have to create programs and develop the skills
needed to ensure that there was sufficient water to meet the needs of
people, agriculture, and industry. Ensuring adequate environment for a
healthy fish population was low on their priorities. Managing water
rights and setting in-stream transportation took precedence over dam
regulations and water conservation. Only much later did the states come
to recognize that, in addition to providing an adequate stream flow for
transportation, they would also have to protect water quality, ensure safe
drinking water, and support wildlife. But in the earliest days of the new
nation, water management referred almost exclusively to managing the
nation’s navigable rivers and streams for the sole purpose of
transportation.

Early Water Management Activities

The earliest attempts to manage the waters of the United States had little
to with providing a secure supply of clean, safe water for the growing
population. Rather, it was the desire of a few far-sighted Founding
Fathers to ensuring free transportation for everyone on the country’s
many rivers, lakes and other watercourses. This was also part of the
Federalists’ reasons for promoting a strong central government to coun-
ter the Confederation’s inability to fund desired improvements of those
critical transportation assets. Replacing the Confederation with a strong
central government was the only way the Trans-Appalachian West and
its abundant water courses could be preserved against British, Spanish,
and French incursions.

The first water-related law guaranteeing free use of the nation’s water-
ways, the Northwest Ordinance, was passed on July 13, 1787. Officially
titled “An Ordinance for the Government of the Territory of the United
States North West of the River Ohio,” is also known as the Ordinance
of 1787. The bill was sought by the northeastern states in order to
assure their citizens equal access to the new lands opening up to was
referred to as the “Trans-Appalachian West.” The Northwest Ordinance
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established a government for the Northwest Territory, comprised of
the current states of Ohio, Indiana, Illinois, Michigan, Wisconsin, and
parts of Minnesota and Pennsylvania, established the process for admit-
ting a new state in the what was then the Northwest to the Union. It
guaranteed that any newly created state would be equal in rights and
responsibilities to the original thirteen states.

Much of the Ohio region had been surveyed by George Washington
before the Revolutionary War. He toured the land again after the war
prior to the Constitutional Convention. Upon return he strongly sup-
ported a strong central government able to finance developments to the
region’s waterways. After the war, one of first acts of Congress under
the new Constitutional government was passage of amendments to the
ordinance to also apply to the Southwest Territory (the eventual states of
Kentucky, Tennessee, and Alabama). Later, it would then be applied to
water courses in all new states entering the Union.

Considered one of the most important legislative acts of the
Confederation Congtess, the Northwest Ordinance guaranteed naviga-
tion on all river and other waterways was to remain free of tolls and taxes
(the navigation clause of the ordinance). In this way, it came to be
“justifiably regarded as the cornerstone of water policy of the United
States” (Hull and Hull 1967, 3).

The First Rivers and Harbors Act

The next national expansion to gain federal attention occurred in the
1820s. Congress with the support of President James Monroe had
appropriated funds for a survey of the Mississippi and Ohio rivers and
their tributaries in 1820. The long series of bills that followed has been
collectively come to be referred to as the Rivers and Harbors Acts. The
first waterways improvements bill passed in 1824. Congress appro-
priated $75,000 to improve navigation on the Ohio and Mississippi
rivers by removing sandbars, snags, and other obstacles. The work was to
be administered by the U.S. Army Corps of Engineers (USACE). In
1825, newly elected President John Quincy Adams also announced his
support for federal navigation investments. This was followed just two
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years later with another bill in 1826 that combined authorization for
rivers and harbors for improving the waterway and harbor facilities on
the Ohio River transportation system. Although the 1824 act to improve
the Mississippi and Ohio rivers is often called the first of the rivers and
harbors legislation, it was the 1826 act that was the first to combine
authorizations for both surveys and the projects themselves, thereby
establishing a pattern that continues through the next two centuries.
In 1828, Congress then appropriated $1 million for construction of the
Chesapeake and Ohio Canal, a plan that George Washington had long
sought and invested in.

Early Department of Agriculture Water
Involvement

The story of the early work of the US Department of Agriculture was
focused on maintaining and improving agriculture—the nation’s most
important economic activity until after the First World War. Federal
involvement in support of agriculture did not become an important
function of the federal government until May 15, 1862, when
President Lincoln signed into law the act of Congress establishing a
Cabinet-level Department of Agriculture. The Department was
charged with acquiring and disseminating the latest information of
agriculture and distribute new and valuable seeds and plants to farmers
(Buie 1979).

The new department’s involvement in water occurred with passage of
the Hatch Act in 1887. This act established state agricultural experiment
stations. The work of those station included studies of the connection
between water and soil productivity that the Weather Bureau’s soil
surveys office was conducting (transferred to the Department of
Agriculture in 1889). This work expanded in 1894 with a Weather
Bureau bulletin describing how to preserve and reclaim watershed soils.

The Department’s long history of work on irrigation began in 1898
when Congress authorized research of this topic. The Division of
irrigation was established within the office of Agricultural Experiment
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Stations. Four years later, research on drainage and irrigation began in
the Western Agricultural Extension Service. That word was transferred
to the USDA’s Office of Public Roads and Engineering, and in 1921
transferred again, this time to the Division of agricultural Engineering.
This office was raised to Bureau status in 1931, with some functions
transferred to the Soil Conservation Service (SCS) in 1938.

Through its management of dams and other water projects in the
17 Western states, the Department of Agriculture’s Bureau of
Reclamation has had the greatest impact on the water resource in the
air and semi-arid West. This work began in 1905 when the Division of
Dryland Agriculture was organized in the Bureau of Plant Industry and
authorized to study methods of crop production under limited moisture
supplies and semi-arid conditions. Before long, 22 permanent substa-
tions were opened in the Great Plains states to study dryland agriculture
methods.

The Department’s work in forested lands and the water resource
was expanded with passage of the Weekes Act in 1911, authorizing
the Department to examine, locate, and recommend purchase of the
lands within the watershed of navigable streams to determine regula-
tion deeded to determine which were to be administered as national
forests.

Passage of the Federal Power Act of 1920

This important bill established the Federal Power Commission (FPC)
and authorized the committee to license non-Federal development of
water power on navigable waters and public lands. Amendments in 1925
authorized the FPC, working with the Army Corps of Engineers, to
prepare a list of navigable streams and their tributaries to establish on
which water power development appeared practicable. The 1927 Rivers
and Harbors act authorized the Corps alone to complete the surveys. In
1928, passage of the McSweeney-McNary Forest Research Act author-
ized the Department to come up with the best methods for maintaining
water flows and prevention of erosion.
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The Army Corps of Engineers and the First
Water Pollution Act

The Rivers and Harbors Act of 1899 was the first federal water pollution
act in the United States (Kenney 2000). It focused on protecting naviga-
tion, protecting waters from pollution, and set the stage for adoption of
the Clean Water Act of 1972. Section 13, referred to as the pollutions
section, states that it is unlawful to discharge, deposit, throw, or discharge
substances from shore or floating craft into tributary or navigable water.
The Corps interprets the section in the following way: “Section 13 of the
Rivers and Harbors Act of 1899... provides that the Secretary of the
Army, whenever the Chief of Engineers determines that anchorage and
navigation will not be injured thereby, may permit the discharge of refuse
into navigable waters. In the absence of a permit, such discharge of refuse
is prohibited. While the prohibition of this section, known as the Refuse
Act, is still in effect, the permit authority of the Secretary of the Army has
been superseded by the permit authority provided for administration by
the Environmental Protection Agency (EPA), and the states.” The Corps’
continued authority to protect, restore, and manage the environment
comes from the Rivers and Harbors Act of 1899 that assigned the
Corps the mission to prevent obstacles in navigable waterways.

Section 10 continued the policy of the navigation emphasis of the 1820s
by prohibiting obstructions that limit the navigable capacity of any waters.
More important, this section permitted the Corps of Engineers—and
today within EPA standards—to enforce compliance without the approval
of Congress. The restrictions spelled out in the Act are still in effect. The
complete language of Section 10 is shown in Box 5.1.

Box 5.1 Section 10 of the Rivers and Harbors Act of 1899

It shall not be lawful to construct or commence the construction of any
bridge, causeway, dam, or dike over or in any port, roadstead, haven, harbor,
canal, navigable river, or other navigable water of the United States until the
consent of Congress to the building of such structures shall have been
obtained and until the plans for (1) the bridge or causeway shall have been
submitted to and approved by the Secretary of Transportation, or (2) the dam
or dike shall have been submitted to and approved by the Chief of Engineers
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and Secretary of the Army. However, such structures may be built under
authority of the legislature of a State across rivers and other waterways the
navigable portions of which lie wholly within the limits of a single State,
provided the location and plans thereof are submitted to and approved by
the Secretary of Transportation or by the Chief of Engineers and Secretary of
the Army before construction is commenced. When plans for any bridge or
other structure have been approved by the Secretary of Transportation or by
the Chief of Engineers and Secretary of the Army, it shall not be lawful to
deviate from such plans either before or after completion of the structure
unless modification of said plans has previously been submitted to and
received the approval of the Secretary of Transportation or the Chief of
Engineers and the Secretary of the Army. The approval required by this
section of the location and plans or any modification of plans of any bridge
or causeway does not apply to any bridge or causeway over waters that are
not subject to the ebb and flow of the tide and that are not used and are not
susceptible to use in their natural condition or by reasonable improvement as
a means to transport interstate or foreign commerce.

Source: Included in Kenney (2006) (www.eoearth.org/view/article/155764)

A number of additional rivers and harbor-related acts followed more
or less regularly, with those of 1909, 1917, 1935, and 1958 particularly
important. The Rivers and Harbors Act of 1909 expanded the Corps’
Civil Works authority by authorizing the consideration of hydroelectric
power generation in the planning, design and construction of water

resource development projects (USACE 2007).

The 1917 Flood Control Act

The 1917 Flood Control Act was the first legislation to establish a role
for the Army Corps of Engineers in flood damage mitigation. This was
followed by the 1936 Flood Control Act, which gave the Corps a
national flood protection role for the Depression-era Civil Works pro-
gram. The Flood Control Act of 1944 gave the Corps a recreation role
that was added as part of flood control at Corps reservoirs. The 1962
River and Harbor Flood Act would expand this role by authorizing
the Corps to build recreational facilities as part of all water resource

development projects (Table 5.1).
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Table 5.1 Selected water-related legislation passed from 1928 to 1941

1928

1928

1928

1933

1933

1935

1936

Flood Control Act of 1928

McSweeney-McNary Act

Boulder Canyon Project Act

Civilian Conservation Corps
Reforestation Relief Act

Tennessee Valley Authority
Act

Soil Conservation and
Domestic Allotment Act

Flood Control Act of 1936

This act in a series of flood control acts
passed by Congress authorized the Army
Corps of Engineers to design and con-
struct projects for control of floods on
the Mississippi River and its tributaries as
well as the Sacramento River in
California

Authorized a comprehensive research
program for the US Forest Service,
including soil conservation, flood control
and surveys of navigable rivers and
streams This act was repealed and
replaced by the Forest and Rangeland
Renewable Resources Research Act of
1978

Authorized the Secretary of the Interior,
to construct, operate, and maintain a
dam and a main canal and appurtenant
structures for controlling floods, improv-
ing navigation and regulating the flow
of the Colorado River, providing storage
and for the delivery of the stored waters
for reclamation of public lands and other
uses, and for the generation of electrical
energy

Formed the Civilian Construction Corps for
flood control, irrigation, drainage, dams,
ditching, channel work, riprap projects,
planting trees and shrubs, timber stand
improvement, seed collection, nursery
work; stream improvement, fish stock-
ing, food, and cover

The Tennessee Valley Authority (TVA), a
federally owned corporation created by
Congress in May 1933 to provide naviga-
tion, flood control, power generation,
fertilizer manufacturing, and economic
development

Authorized programs to alleviate Dust
Bowl soil erosion, particularly in the high
Plains states

Authorized engineering projects such as
dams, levees, dikes, and other flood
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Table 5.1 (continued)

control measures by the Corps and other
agencies, dictated that Federal investi-
gations and improvements of rivers and
other waterways for flood control and
allied purposes will be supervised by the
Chief of Engineers

1937 Water Facilities Act of 1937  Authorized the Secretary of Agriculture to
plan and construct agricultural water
storage and utilization projects in the
arid and semi-arid area of the country on
either private or government land

1941 Flood Control Act of 1941  Another of the regularly passed flood
control acts. This one authorized con-
struction of three dams and required
construction of a flood control system in
Los Angeles

Source: Various US agency reports

The 1917 bill, the Ransdell-Humphreys Flood Control Act,
assigned the Corps of Engineers responsibility for flood control work
on the Mississippi River, the Ohio River, and the Sacramento River
plus some other smaller watercourses, with greatest emphasis on levee-
building on the lower Mississippi River. Funding was not to exceed
$45 million for all projects, with not more than $10 million being
spent in any one fiscal year. It included surveys and estimates to
determine the cost of protecting the Mississippi River basin from
floods. It also provided for the salaries, clerical, office, traveling, and
miscellaneous expenses of a newly appointed Mississippi River
Commission. Areas benefiting from the flood control work were to
contribute no less than one-half of the cost of construction. Once
constructed, the levees were to be locally maintained, but remaining
under direct federal government control. The act also required com-
prehensive studies of the watersheds on how the areas would be
“affected by the proposed improvement, the probable effect upon any
navigable water or waterway, possible economical development and
utilization of water power, and other uses properly related to or
coordinated with the project.”
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Federal Water Legislation in the Depression Era

After the 1929 stock market crash and onset of the Great depression, the
federal government enacted a series of water-related legislation that
involved the Corps of Engineers and Departments of Agriculture and
Interior. A selected list of these bills with a brief discussion of their
provisions are shown in Table 5.1.

In addition to a number of river and harbors projects across the
nation, in the Western states the Rivers and Harbors Act of 1935 had
as important objectives during the Great Depression both a public
works program and a plan to provide financial help to the nation’s
farmers by authorizing a number of dams and irrigation projects.
While many water projects in 1935 received approval, the House of
Representatives insisted on voting separately on authorization for the
Parker and Grand Coulee dams, as the following statement to House
Resolution indicates:

[For] the purpose of controlling floods, improving navigation, regulating
the flow of the streams of the United States, providing for storage and for
the delivery of the stored waters thereof, for the reclamation of public
lands and Indian reservations, and other beneficial uses, and for the
generation of electric energy as a means of financially aiding and assisting
such undertakings, the projects known as “Parker Dam” on the Colorado
River and “Grand Coulee Dam” on the Columbia River are hereby
authorized and adopted . . . and the President, acting through such agents
as he may designate, is hereby authorized to construct, operate, and
maintain dams, structures, canals, and incidental works necessary to
such projects, and in connection therewith to make and enter into any
and all necessary contracts including contracts amendatory of or supple-
mental to those hereby validated and ratified. The construction by the
Secretary of the Interior of a dam in and across the Colorado River at or
near Head Gate Rock, Arizona, and structures, canals, and incidental
works necessary in connection therewith is hereby authorized ... by the
Act. (H.R. 6250, 1935 Rivers and Harbors Act)

The 1932 election of Franklin D. Roosevelt as the Nation’s 32nd President
during the Great Depression brought on a number of new agencies,
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programs, and structural changes within the Departments with water-
related interests. An early change in August of 1933 saw the Soil Erosion
Service established as a temporary unit is the Department of the Interior.
The new agency’s charge was to carry out soil erosion prevention provisions
of the National Industrial Recovery Act of 1933. However, all people and
equipment of the agency was transferred to the Department of Agriculture
and assigned a number of existing Agriculture programs, including the
erosion control work camps that have been under control of the forest
Service and erosion control experiment stations. The agency was renamed
the SCS in a bill sighed on April 27, 1935. By the end of the year, the SCS
was operating the 489 Civilian Conservation Corps (CCC) work camps
providing technical assistance, manual labor and materials needed for new
water-related and erosion control actions on private properties. The work
included terracing, waterways improvements, check dams, gully controls,
stock ponds, wind breaks, tree and grass plantings, wildlife habitat, and
irrigation and drainage projects. Between April 1933 and March 1935,
CCC workers constructed 1,100 recreational dams, 3,600 farm ponds,
2,000 water holes, 1.15 erosion control dams, and 2,600 other small
reservoirs (Buie 1979, 10).

Flood Control Programs

With passage of the Flood Control Act of 1936, a new office was
established and a new administer assigned in the Department of
Agriculture: the Director of Flood Control. The office was given author-
ity over policies and work plans, allocation of project funds, coordina-
tion of the three bureaus working on flood control. These were:

* Soil Conservation Service: responsible for farm land, streams that
were a part of farm land management, and combined farm and forest
land (in cooperation with the Forest Service).

* Forest Service: responsible for forest lands, streams that were an
integral part of forest land management, and on intermingled farm
and forest lands.
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Bureau of Agricultural Economics: Assist in economic sections of
surveys, consider social and economic aspects of land use plans, and
serve as economic advisors to the Director of Flood Control

Authorization of specific projects, watershed surveys, and other pro-
grams was attained in the Flood Control Act of 1936 and its amended
acts in 1937, 1938, 1939, and 1941. Between 1937 and 1943 when
the program was stopped because of the war, 212 watersheds were
begun and 160 were completed. The completed surveys were expected
to provide guidance for public works projects in the post-war period.
An example, the Missouri River Basin Plan, is described briefly in
Box 5.2.

Box 5.2 The Missouri River Basin flood control program

River basin studies by the Corps of Engineers and the Bureau of
Reclamation in the 1920s and 1930s served as a foundation for the exten-
sive development on the Missouri river and its tributaries in the mid-1940s.
The Corps studies emphasized flood control and navigation. The
Reclamation studies emphasized irrigation and hydroelectric power. The
differences were ironed out, a plan was approved, and work was author-
ized by passage of the Flood Control Act of 1944.

Five dams were authorized on the Missouri River downstream of the Fort
Peck dam, which had been completed in 1940. Including the reservoir of the
earlier dam, the storage capacity of the six would exceed 75 million acre-
feet. Also authorized were 103 smaller dams and reservoirs on the head-
waters of the Missouri and its tributaries. The Corps was given responsibility
for all main-stem dams and smaller dams that were included in the flood
control and navigation package. The Reclamation Bureau was to be respon-
sible for upstream reservoirs with primary use for irrigation and hydro-
electric power generation.

Design of the combined system met with significant dislike by many
residents of the Basin. As called for, the plan would flood out some
20,000 people and permanently cover around 900,000 acres of Missouri’s
best farm land. Annual loss from lost farm production was predicted to
exceed $18 million, estimated to be three times the average annual losses
due to floods. The problem with the plan was that it was “lopsided because
all it did was to try to control and use the water by impounding it after it
had run off the land into the big rivers; but what was really needed was first
a program of land and water resource development that began to control
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and make use of the water on the land on which it fell and in the small
streams, thus using the water al the way from the time it fell on the fields,
forests and farms until it reached the big rivers.” A new plan that included
these concerns was submitted to Congress in 1949. This final plan “set forth
a broad program specifically designed to conserve and improve the soil for
sustained productive use, protect and enhance the forest resources, abate
flood and sediment damages, provide for more efficient land use through
irrigation and drainage, [and] protect the water resource.”

Source: Buie (1979)

Post-War Water Management

The Water Supply Act of 1958 gave the Civil Works Program the
authority to include water storage in new and existing reservoir projects
for municipal and industrial uses. The Flood Control and Coastal
Emergency Act and the Stafford Disaster and Emergency Assistance
Act gave the Civil Works program direct authority to help the nation
in times of national disaster. The Corps was also ordered to provide
emergency assistance during or following flood events to protect lives,
public facilities and infrastructure. The Stafford Act authorized the Corps
to support the Federal Emergency Management Agency in carrying
out the Federal Response Plan (now the National Response Plan),
which requires 26 federal departments and agencies to provide coordi-
nated disaster relief and recovery operations.

Title 10 of the US Code (Navigation and Navigable Waterways)
and Title 33 authorized the Civil Works program to provide services
to other federal entities, states, or local governments on a reimbur-
sable basis. This work includes flood control, the improvement of
rivers and harbors, research, and support to private engineering and
construction firms competing for, or performing, work outside the
United States. The Support for Others program involves the Corps
in reimbursable work that was determined to be in America’s best
interests.
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Clean Water Legislation

The availability of clean, safe water for most Americans is a relatively
recent event. And, for most of the history of the government’s concern
with the country’s water supplies, government was concerned with
maintaining the nation’s rivers as its major transportation arteries.
Public health was little understood and not something that governments
could do much to alleviate the periodic outbreaks that did occur. In
some parts of the country that closed thinking has not disappeared.

Major water-borne cholera epidemics that occurred in 1849 resulted
in 8,000 deaths in New York City and 5,000 deaths in New Orleans
resulted in a demand for clean water in America’s urban centers. One of
the earliest successful treatment effort occurred in Louisville, Kentucky,
in 1896.The Louisville water company installed a new water treatment
method that combined coagulation of solids and sand filtration
approach that remove 99 percent of bacteria from the water. Despite
this success, official federal water quality safety standards did not come
about until results of the first public water supply to be treated by
chlorine was upheld by the court in 1908. Chlorine had been proven
to be an effective disinfectant of drinking water during the 1890s in
Europe. The first continuous municipal application occurred in Belgium
in 1902. Chlorine had been added to the Boonton reservoir supply in
Jersey City, New Jersey. Another outbreak occurred in 1854, killing
approximately 2,000 people. It was in this year that the connection
between polluted water and the disease was made by a British physician,
Dr. John Snow. Snow was able to trace victims to a public pump in
England that victims of the disease had all used before contracting
cholera.

The last major cholera outbreak in New York City that occurred in
1866 resulted in the deaths of 1,137 individuals, most of whom were
recent European immigrants. About 40 percent of the approximately
1.2 million people crowded into the city were poor Irish immigrants.
The outbreak that had begun earlier in Europe was thought to have been
brought to the city by European immigrants. The relatively low death
toll for such a large population was credited to work in improving water
supplies and sanitation services by the work of the city’s Sanitation
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Department. Their successes and increased knowledge resulted in calls
for the federal government to do more to control such diseases.

Before a national standard could be put into place, however, Congress
had to first pass the Public Health Service Act in 1912. This act
authorized studies on the connection between water pollution and
human health. With Europe leading the way and more US municipal
water supplies opting for chlorination, the first water quality standards
were adopted in 1914. However, the standards only applied to water
supplies used in railroads that crossed state lines. The national applica-
tion of minimum standards for drinking water in the United States only
became required for all public water suppliers in the country in 1962.
Complying with the standards was not immediately followed, as a 1969
Public Health Service Community Water supply study revealed. This
resulted in passage of the Safe Drinking Water Act in 1974. This law
required all community water systems with 15 or more connections or
25 or more customers to comply with Department of Health standards.
Amendments in 1977, 1986 and reauthorization of the act in 1996
increased the scope of contaminants that had to be removed from water,
set deadlines for meeting standards, gave the government greater author-
ity to enforce standards, and authorized governments to take actions to
protect groundwater resources. The 1996 reauthorization also author-
ized the EPA to develop rules for community water systems for regulat-
ing arsenic, radon, and other household chemicals from their water
supplies.

The Clean Water Act of 1972 broadened the responsibility of the
Corps by giving it authority and direction to regulate dredging and
activities that result in fill being placed in the waters of the United
States, including many wetlands. Additional legislation passed in the
1986 Water Resources Development Act further expanded the Corps’
environmental role to include enhancing and restoring natural resources
at new and existing projects, and the Water Resources Development Act
of 1990 made environmental protection one of the Corps’ primary
water resources development missions.

Further EPA authorization on drinking water regulations and con-
taminants include the National Primary Drinking Water Regulations
that limits levels of more than 90 different contaminants in drinking
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water, and the National Secondary Drinking Water Regulations, which
are non-enforceable guidelines for contaminants that may cause cos-
metic effects (such as skin or tooth discoloration) or aesthetic effects
(such as taste, odor, or color) in drinking water. EPA recommends
secondary standards to water systems but does not require systems to
comply. However, states may choose to adopt them as enforceable
standards. The Safe Drinking Water Act (SDWA) also requires the
EPA to identify and list unregulated contaminants which may require
a national drinking water regulation in the future. The list must peri-
odically be published (called the Contaminant Candidate List) and
decide whether to regulate contaminants on the list. EPA uses this list
of unregulated contaminants to prioritize research and data collection
efforts to help us determine whether a specific contaminant should be
regulated. Regulations for bottled water are administered by the Food
and Drug Administration.

Evolution of Federal Involvement

Water policies initially involved the federal government as the only
source capable of funding rivers and harbors improvements and mana-
ging the waterways for transportation and flood control. Water was
considered a common resource, one subject to eminent domain, and
vital for providing access to and from the territories west of the
Appalachian mountains. Few of the new states or territories could
finance or engineer the large scale water development and use projects
of the early years of the Nation. As a result, federal agencies were
developed to take on that responsibility, beginning with the Army
Corps of Engineers. As Carriker and Wallace (2015, 1) have noted,
“A prime purpose of federal involvement has been to ensure national
economic growth by implementing and/or helping facilitate state water
resource development. The logic was that where abundant, inexpen-
sive, and high quality water exists, people will follow and prosper.”
Delivery of water to villages and towns was left to private enterprise,
while sanitation was generally ignored, a problem for individuals to
resolve.
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During the Progressive Era, the public’s concern attitudes evolved
to believe was that if the federal government did not take a leadership
role in the planning, coordinating, and implementing of water
resources policy, either no one else would or eventually, water sup-
plies would end up under private, monopolistic ownership. The
history of water supply, municipal public transportation, and railroad
expansion was supported this contention. Another argument in sup-
port of early federal involvement was that a centralized authority
would be necessary in times of national emergency. People’s experi-
ences dealing with natural emergencies such as floods or droughts
supported this idea.

The early arguments led to the early turning over management of the
nation’s water resources to such agencies as the Army Corps of Engineers
and the Departments of Agriculture, Health, and the Interior. By the
second half of the twentieth century, environmental and human health
concerns led to assigning authority over water quality to the new EPA.
The calls for government help in serious efforts to develop clean, safe
water supplies resulted in the new EPA developing management stan-
dards for public water utilities, corporate water users, and other stake-
holders at regional, state, and national levels. They radically had to
change its performance and develop ways to meet the new standard.
To their benefit, new practices for upgrading of old facilities and ways of
operating were available and could be adopted relatively quickly
(Cleveland et al. 2014).

The United States still lacks a national water policy. However,
Carriker and Wallace contend that there is ample evidence to suggest
that a national policy cannot survive under present private water rights
conditions. The Federal involvement in water management has evolved
piecemeal from governmental responses to specific needs, such as main-
taining rivers for transpiration in lieu of roads in the early years of the
nation, control of rivers for flood damage protection, and inland water-
ways improvements, eventually evolving to include irrigation for agri-
cultural development, environmental protection, public health, and
now, national security. Responsibility for these and other aspects of
water management remains in the hands of the many federal, state,
and local departments and agencies.
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Federal involvement today remains a random mix of policies grafted
onto one another rather than a structure designed and based on good
information about the nation’s water needs. The Army s Corps of
Engineers still manages rivers and harbors improvements and flood
control projects; the Bureau of Reclamation manages builds and man-
ages dams and reservoirs for flood control, power generation and irri-
gated agriculture in the Western half of the country. The EPA manages
water quality everywhere. Well-organized interest groups come together to
encourage their representatives in Congress to lobby with the authorizing
and appropriating committees.

Summary

The water management efforts of United States have undergone a
number of changes in direction and focus since the late nineteenth
century. For the last 40 years of the 1800s and first half of the twentieth
century, the nation’s policy was focused on investment in improving
water navigation and projects of reclamation and flood control projects
aimed at supporting interior economic development. This included
designing and constructing levies and hundreds of large dams for flood
control and agriculture irrigation. Rivers and Harbors Acts were passed
in nearly every legislative session, most directing Corps of Engineers
projects on named rivers or harbors.

Federal water management activity for soil conservation and flood
control began after the Department of Agriculture was formed in
1862. From 1862 to 1929, the Department underwent expansion in
its program activities, many of which included research on the effects
of surface water and soil erosion, irrigated agriculture, land drainage,
establishing surface water runoff relationships on small agricultural
areas, determining soil moisture relationships for selected crop types.
It worked with other departments and the states in selection of
possible dam sites and lands for designation as national forest.
Working with the Departments of the Army and Interior, it
participated in the licensing of the use of water for the production
of electric power.
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After the end of the World War II, the nation’s water policy took a
decidedly environmental and public safety direction. Much of the leg-
islation that guided water policy for the next fifty years came out of the
wave environmental concern that swept America in the late 1960s and
1970s. The third policy focus came to light in the first decade of the
twenty-first century, when passage of the Water Resources Development
Act and fears of declining supplies and global warming resulting in a
national concern on conservation and sustainability. Climate changes
with their pressures on water supplies may be quickly leading us into
another shift in water policy.
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Federal Regulators of the Resource

Government’s involvement in managing the nation’s water resources
began early in the history of the nation. In fact, the North American
colonies had a water policy long before there was a thought of an
independent nation in the new lands. The many fresh water rivers,
streams, and lakes in the Eastern colonies were the colonists’ first high-
ways; colonists and early colonial administrators agreed that those high-
ways should remain open to free access to all and should be improved at
government expense. Although the Articles of Confederation and
Perpetual Union that served to bind the 13 original states together,
and ultimately became the Constitutional government of the United
States was not strong enough to enforce free access and too poor to
finance the internal improvements necessary for interstate commerce.
The thought was there would always be plenty of water in the newly
independent states, even if sometimes drinking it made you sick, and we
will get around to using it when we can.

Without a steady supply of clean, fresh water, the new territories
could never have thrived, let alone become the preferred living environ-
ment of a growing majority of human populations. Without water to
drink, wash dishes, bathe or flush, disease could, and often did, quickly
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destroy modern society. When drinking water supplies become polluted
and wastewater systems fail, disease and death follow. Contaminated
water causes many types of diseases, including cholera, and serious
illnesses such as typhoid and dysentery. Water-related diseases cause
3.4 million deaths around the globe each year. The importance of
clean water has resulted in some of the earliest civil engineering feats,
including dams and aqueducts to store and move water for human
consumption and agriculture. Adequate water and wastewater systems
remain the sine qua non of all modern civilizations. At the heart of water
management everywhere are government agencies.

Regulating the Water Resource

A large number of stakeholders became involved in managing the
nation’s water supply. The problem with managing the Nation’s water
resource comprehensively is that we do not have a comprehensive water
resource regulatory policy. Neil Grigg pointed this out in his 2008 book
on total water management. Regulation is, he explained, a “mélange of
federal, state, and local laws and regulations that govern water service
providers and individual water users. Because much of the water services
are provided by local governments, regulation comes from federal laws
implemented by state agencies. Other regulation is informal, through
the political process” (81).

The federal agencies with early paramount responsibility for mana-
ging and protecting the nation’s water supplies include the Bureau of
Reclamation, US Army Corps of Engineers (USACE), the Department
of Interior, the US Department of Agriculture’s Soil Conservation
Service, the former Agricultural Stabilization and Conservation
Service, Cooperative Research and Extension Services, the US Forest
Service, the Environmental Protection Agency (EPA), the Public Health
Service, and the National Water Resources Council. These agencies
become involved in questions having to do with one or more issues or
specific aspect of the water and wastewater management world that
touch upon their particular congressional mandates.
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Often with mirror-image departments such as the EPA and Public
Health, the individual states have responsibility for administering most
federal regulatory mandates, although in some cases federal agency per-
sonnel may become personally involved in the resolution of a particularly
difficult problem. In keeping with the polycentric nature of water man-
agement in the United States, each of the major agencies is discussed
individually in the following pages. The discussion contains material for
and follows agency-provided histories and other open sources.

US Army Corps of Engineers

The USACE has the distinction of being the agency with the longest
hi