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FOREWORD

National Water Summary 1985—Hydrologic Events and Surface-Water Resources is the third
in a series of annual reports that describe the conditions, trends, availability, quality, and use of
the Nation’s water resources. This year’s report presents an overview of the occurrence, distribu-
tion, and use of surface-water resources in each State, the District of Columbia, Puerto Rico, the
U.S. Virgin Islands, the Trust Territories of the Pacific Islands, Saipan, Guam, and American Samoa.

Surface-water resources have played a central role in the history, culture, and economic
development of the United States. Rivers carried the first explorers into the interior of the continent
and continue to serve as a major means of transportation for various commodities. Today, surface
water provides 65 percent of the freshwater withdrawn for municipal water supplies, 3 percent of
rural drinking water, 60 percent of irrigation water, and 74 percent of the water used by industry,
excluding thermoelectric power uses. If the water used for thermoelectric power generation is in-
cluded, the percentage of water withdrawn from surface water directly by industry increases to 94
percent. In addition to offstream uses of water, surface water serves a variety of instream uses such
as the support of riverine wildlife habitat, sport and commercial fishing, navigation, recreation,
and hydroelectric power generation. At present, hydroelectric power generation is the only instream
use for which information is readily available. Hydroelectric powerplants often are located downstream
of one another; consequently, the same water is reused a number of times as the water flows to
the ocean. The aggregate amount of water that passes through these plants is over 2 1/2 times the
entire flow of the conterminous United States.

The factors that presently control and regulate the flow of the Nation’s rivers and the effects
of water use and development on surface-water resources are emphasized in the report. Also discussed
are trends in some institutional and management practices that may dramatically change the ways
in which water is allocated and lead to the more efficient use of available resources.

The 1985 National Water Summary contains several items of particular interest. First, a map of
average precipitation in the United States for the 30-year period 1951-80 (fig. 27) was prepared
by the National Weather Service to update previous maps. A companion map that shows average
runoff for the same 30-year period (fig. 28) was prepared by the Geological Survey; this map also
updates previous maps. Both maps have been digitized by the Office of National Water Summary.
Parts of these maps, locally modified and adjusted, are included in the State summaries of surface-
water resources. The State outlines, river-basin boundaries, and hydrography on the maps in each
State summary are examples of computer graphics prepared from files in the Geological Survey’s
1:2,000,000 National Digital Cartographic Data Base.

A second item of interest is the increased use in this third National Water Summary of other
agency expertise to assist in the synthesis and presentation of available information and knowledge
about particular aspects of water resources. For example, the table of significant hydrologic and
water-related events (table 1) draws on reports from the U.S. Coast Guard National Response Center,
the U.S. Environmental Protection Agency, and the National Oceanic and Atmospheric Administration
to supplement material gathered by Geological Survey offices in each State. Agencies represented
by authors in this year’s report include the National Oceanic and Atmospheric Administration, the
U.S. Coast Guard, the Department of the Interior’s Office of Environmental Project Review and
Office of Policy Analysis, and the Interstate Commission on the Potomac River Basin. We plan
to draw upon contributions from other agencies in future reports.

Suggestions about themes for future National Water Summary reports and comments regarding
the contents, style, and usefulness of this series of reports are welcomed and encouraged. Remarks
should be addressed to the Chief Hydrologist, U.S. Geological Survey, 409 National Center, Reston,
VA 22092.

Director
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National Water Summary 1985 — Overview

OVERVIEW OF

NATIONAL WATER SUMMARY 1985

he surface-water resources of the

United States, the focal point for this

National Water Summary, are

extensively developed and managed to
provide water supplies, hydroelectric power,
navigation, recreational opportunities, and
sufficient instream flows to maintain fish and
wildlife habitats and adequate water
quality. Surface water represents 77 percent of
the Nation’s total freshwater withdrawals, 65
percent of public supplies, 74 percent of self-
supplied industries, excluding thermoelectric
power generation, and 60 percent of irrigation.
In only 10 States does surface water provide less
than half of the total withdrawals.

Are we running out of water? Certainly not
on a national level. Total annual renewable
supply for the conterminous United States is
about 1,380 bgd (billion gallons per day) or
enough to cover the land to an average depth of
8.5 inches each year. Of that enormous quantity
of water, only about 8 percent or 117 bgd is
consumed or not available for immediate reuse
downstream. The spatial and temporal distri-
bution of this water, however, is very uneven.
In the New England Water-Resources Region,
for example, less than 1 percent of the annual
renewable water supply is consumed. In contrast,
nearly the entire annual renewable supply is
consumed in the Colorado River basin.

Precipitation is the source of essentially all
freshwater, and it is the single most important
factor controlling the variability and avail-
ability of surface-water resources. Average
annual precipitation in the United States is about
30 inches per year and ranges from a few tenths
of an inch per year in desert areas of the
Southwest to about 400 inches per year at some
locations in Hawaii. In any given year, however,
departures from average conditions may be
extreme.

The 1985 water year presented several
examples of the effects of the variability of
precipitation on surface water. Below-normal

- precipitation resulted in deficient streamflows
and drought along much of the West Coast, the
northern Rocky Mountains and northern High
Plains, central Texas, and most notably, along
the entire East Coast. These hydrologic condi-
tions marked a significant change from the
normal to above-normal pattern of precipitation

and streamflows that prevailed during the
previous two water years. Above-normal
precipitation and streamflow patterns did persist
in some parts of the country, causing, for ex-
ample, a continuation of record high water levels
in Great Salt Lake. Record high monthly mean
water levels in Lakes Michigan, Huron, St.
Clair, and Erie also were recorded. Coupled with
spring and fall storms common to the Great
Lakes area, the high water levels exacerbated
flooding and erosion along shorelines. Despite
the acute dryness in some areas, the combined
yearly average flow of the Nation’s three largest
rivers—the Mississippi, the St. Lawrence, and
the Columbia—was 9 percent above normal.

During the 1985 hurricane season, six
hurricanes struck the United States mainland, the
largest number to make landfall since 1916.
Although socially and economicaily costly, these
hurricanes provided considerable relief to the
drought-plagued East Coast by replenishing soil
moisture, increasing runoff, and restoring
reservoir levels. For example, in September
1985, Hurricane Gloria contributed sufficient
precipitation to bring Delaware River basin
reservoirs to near-normal levels and to end
water-use restrictions and the reduced diversions
for the New York City and northern New Jersey
area that had been in effect since May 1985.

Ice and climate are closely related. Sea level
is rising globally at an average rate of 4 to 8
inches per century, but it is not clear whether
the present rise in sea level is caused by ice
wastage. Climate models, however, indicate that
a predicted doubling of carbon dioxide con-
centrations in the atmosphere during the next
century may increase global air temperature from
3 to 8 °F, which would increase glacial
recession and melting. The resulting global sca-
level rise is likely to be in the range of 0.6 to
2.7 feet by the year 2100. Such a rise in sea level
will have an appreciable impact on low-lying
coastal regions, such as the Southeastern United
States.

Events having long-term implications for the
world’s climate continued in water year 19835.
Columbia Glacier, for example, in south-central
Alaska continued its rapid retreat begun in 1983,
the onset and rate of disintegration of which had
been predicted by U.S. Geological Survey com-
puter models. Those who live and work along



the world’s coastlines should have special interest
in what is happening to the ice masses in high
elevations and in the polar regions.

Snowmelt runoff is a major component of
surface-water supply in many parts of the United
States. Management of snowpack can assist
agriculture by optimizing soil moisture and
minimizing frost penetration. Forecasts of
snowmelt runoff are especially important in the
mountainous West, where most runoff is
provided by snowmelt. Floods, as a result of
rapid snowmelt, can cause major economic
losses as well. To improve forecasting, emphasis
is being given to developing improved tech-
niques for large-scale, all-weather determination
of snow mass by remote sensing.

Not all significant hydrologic events are
caused by nature. The grounding on a rocky
shoal of the tanker Grand Eagle in the Delaware
River on September 28, 1985, spilled more than
435,000 gallons of crude oil that spread over a
25-mile stretch of the river, impacting wetlands,
waterfowl, recreational facilities, boat docks, and
commercial traffic. Containment and cleanup of
the oil spill cost an estimated $4.5 million and
involved a multitude of Federal, State, private,
and volunteer resources.

Surface-water reservoirs, a major water-
supply source in many parts of the country, are
used to provide reliable water supplies and to
help smooth out the seasonal or annual variations
in streamflows. In the United States, 2,654 reser-
voirs and controlled natural lakes with capacities
over 5,000 acre-feet provide about 480 million
acre-feet of storage. Storage capacity is
dominated by large reservoirs—the 574 largest
reservoirs account for almost 90 percent of the
total. In addition there are perhaps as many as
50,000 smaller reservoirs with capacities rang-
ing from 50 to 5,000 acre-feet and about 2
million smaller farm ponds. Reservoirs also help
reduce the size of floods and increase the amount
of water in river channels during low flow; they
also trap the sediment carried by the rivers. Con-
sequently, river channels downstream from dams
will change in response to new patterns of
streamflow imposed by releases from the reser-
voirs. A good example of changes that occur as
a result of water development is provided by the
Platte River basin in Colorado, Wyoming, and
Nebraska, which has 130 large reservoirs. Since
reservoir construction, there has been both an
increase in the magnitude of low-flow
discharges, a result of reservoir releases during
periods of low flow, and a decrease in the
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magnitude of high flows, a result of reservoir
storage during periods of flooding.

The high cost of construction for major
water projects, environmental concerns, legal
constraints, economic considerations, and in-
creasing competition for water all point to an
urgent need for better management of existing
water supplies. New projects generally are
designed and developed independently of existing
projects, with limited attempts at operating
water-supply projects as integrated regional
systems. Water-supply systems in several parts
of the country have been improved by imple-
menting coordinated management techniques.

In the Washington, D.C., metropolitan area,
water supplies were increased by implementing
better management procedures instead of major
new construction. The suppliers coordinated
operation by adopting new flexible operating
rules, which provide that when Potomac River
flows are high, withdrawals from local reservoirs
are reduced well below their safe yield. The
“‘saved’’ water is stored to support withdrawals
from the reservoirs at rates well above safe yields
when the Potomac flows are low. The joint
operation of supplies solved a water-supply
problem of almost 30 years standing and was
between $200 million and $1 billion less
expensive than previously evaluated aiternatives.

Computer simulations of coordinated opera-
tion of three water-supply reservoirs with
ground-water pumping in the Houston, Texas,
area indicated that, if the coordinated manage-
ment techniques were used, the total system yield
could be increased by over 18 percent. In the
North Platte River basin, another computer
simulation showed that if substantial changes in
operating policy were adopted and water-supply
facilities were jointly operated, the total annual
shortages could be reduced threefold each year.
These simulations demonstrate that the reliability
of an existing water right can be substantially in-
creased or additional water rights can be
allocated without affecting the reliability of
existing rights. Doing so, however, involves the
difficult task of institutionalizing a substantial
change in operating policy.

Water is becoming increasingly a valuable
economic commodity. Water transactions, which
can be a change in the location of, or in the type
of, water use that is undertaken voluntarily to
the mutual benefit of the involved parties, are
becoming more commonplace. Water pre-
viously used for irrigation in the U.S. Bureau
of Reclamation’s Emery County Project in Utah,
for example, has been leased by the Utah Power

3
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and Light Company for use in a coal-fired
thermoelectric powerplant for cooling purposes.

Water banks also are becoming more com-
mon. During the 1976-77 drought in California,
42,544 acre-feet of water was sold, with an
average price of $61 per acre-foot. Idaho’s Water
Supply Bank leased 276,167 acre-feet on the
upper Snake River in 1984. Members of the
Northern Colorado Water Conservancy District
frequently trade water at fair market prices.

Water transactions are easier when suppliers
and buyers have accurate estimates of the amount
of water available. Likewise, timely knowledge
of hydrologic conditions is a key element in
improving water management. Data on floods
and other extreme hydrologic events must be
collected and transmitted without delay. Some
water-resources agencies have begun to imple-
ment very sophisticated communications and
data-processing technologies to collect and
analyze up-to-date hydrologic data so that
management decisions can be made on a day-by-
day or even hour-by-hour basis. Hydrologic data-
collection instruments automatically collect and
communijcate data from hydrologic gaging
stations to the Geostationary Operational
Environmental Satellites (GOES). Relay of
environmental data via these satellites can be
accomplished at any time from virtually any
point in the Western Hemisphere. In 1985, about
1,500 hydrologic stations reported through
GOES. These stations are connected together
through the U.S. Geological Survey’s network
of approximately 70 minicomputers.

These improvements in the timely com-
munication of information on hydrologic condi-
tions should enable water managers to increase
the efficiency of water-supply system operations
and more closely match water supply and water
demand. A major challenge in the future will be
to overcome the institutional and legal barriers
that prevent managers from taking full advan-
tage of new water-management technologies.

The State summaries of surface-water
resources, which comprise the final part of the
1985 National Water Summary, reinforce the
importance of surface water to the Nation by
portraying the availability, use, and development
of surface-water resources and related manage-
ment activities in each State, the District of
Columbia, Puerto Rico, the U.S. Virgin Islands,
the Trust Territory of the Pacific Islands, Saipan,
Guam, and American Samoa. These State sum-
maries point out the many similarities as well as
the differences among the States regarding their
surface-water resources.

The future availability of the Nation’s water
supplies depends, in large part, on future
demands and the legal and institutional
arrangements that are used by the States to
manage and allocate water. But whatever specific
techniques are adopted by each State to manage
and develop its water resources, increasing
competition for available supplies will increase
the demand and underscore the need for water
information and knowledge about the hydrologic
processes that control the availability, quantity,
and quality of the Nation’s water supplies.
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end of each article and State summary to supplement
the information provided. Numerous references are
made throughout the text to cubic feet per second
(ft3/s), millions of gallons per day (Mgal/d), and acre-
feet per year (acre-ft/yr). All are measures of the rate
of movement of water volumes. In the United States,
cubic feet per second is the conventional unit used by
hydrologists to measure streamflow. Water managers
in the East generally discuss water use in terms of
millions of gallons per day. In the West, where irri-
gated agriculture has traditionally been the dominant
water use, acre-feet per year commonly is used to
measure amounts of water used. To assist readers from
both regions of the country, a conversion table of
measurement units follows the Glossary. Maps of
water-resources regions and subregions of the United
States, Puerto Rico, and the U.S. Virgin Islands and
a listing of their names are included to assist readers
in locating major river basins discussed in the articles.
The report is concluded with a table of statistics on
selected rivers in the conterminous United States and
Alaska.
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was the large number of hurricanes to affect the
mainland. Between June 1 and November 30 (the
official hurricane season), six hurricanes struck the
Nation, the most since 1916. Although the effects of
these storms were more socio-economic than
hydrologic, there were some important hydrologic
consequences, which in many instances were of a
positive nature. For example, Hurricane Bob, the first
of the season, moved across south Florida and into
South Carolina during late July. Flooding from Bob,
although serious in a small region of northeastern
Alabama (table 1, event 67), was largely minor
elsewhere. A more important consequence of the rains
produced by the storm was the replenishment of
seriously depleted soil moisture in the Southeastern
and Middle Atlantic coastal areas. Hurricane Elena,
in late August and early September, caused extensive
coastal and small-stream flooding from west Florida
to Mississippi. Elena, however, broke the persistent
pattern of dryness and below-normal streamflows that
had plagued central Florida since September 1984
(table 1, event 80). Finally, Hurricane Gloria, which
spread extensive damage along the eastern seaboard
from North Carolina to New York in late September,
also was responsible for breaking the year-long
drought in the Delaware River basin. (See article in
this volume ‘‘Drought in the Delaware River Basin,
1984-85.”") Thus, given the pervasive and persistent
dryness that affected most of the East Coast during
the 1985 water year, the active hurricane season,
although socially and economically costly (35 people
dead and $3 to $4 billion in damage), produced distinct
hydrologic benefits. It has been suggested that
hydrologic benefits also have clear social and

economic value and should be balanced against losses
in assessing hurricane damage (Sugg, 1968).

In looking broadly across the country, despite
the moderate dryness along the West Coast and the
acute dryness in some areas along the East Coast, the
Nation’s overall streamflow condition for water year
1985 was slightly above normal. The combined yearly
average flow of the Nation’s three largest rivers—the
Mississippi, the St. Lawrence, and the Columbia—
was more than 1. 12 million cubic feet per second, or
9 percent above normal.

Highlighting the broad pattern of surface-water
conditions nationwide were a number of specific
significant events. A chronological listing and descrip-
tion of these occurrences appears in table 1, and their
geographic locations are plotted in figure 4. Table 1
represents a culling of some hundreds of hydrologic
happenings, generally omitting, for example, flood
events where the recurrence interval is less than 10
years, toxic spills that involve less than 2,500 gallons
of oil, and fishkills of less than 5,000 fish. The selec-
tion of events for inclusion in table 1 was affected to
some extent by both the degree of media coverage,
including National Weather Service and U.S.
Geological Survey periodicals, as well as by com-
munications from Geological Survey field offices
alerting the national office that significant hydrologic
events had occurred. Toxic-spill data were provided
by the U.S. Coast Guard National Response Center.
Fishkill data are based on information provided to the
Geological Survey by the U.S. Environmental Pro-
tection Agency. The reporting of fishkills by the States
to the Environmental Protection Agency is voluntary,
and not all States presently report such data.

Table 1. Chronology of significant hydrologic and water-related events, October 1984 through September 1985

[The events described below are representative examples of hydrologic and water-related events that occurred during water year 1985. Toxic-spill data were provided
by the U.S. Coast Guard National Response Center. Fishkill data were provided by the U.S. Environmental Protection Agency on the basis of reports transmitted
by State agencies. Meteorological data mostly are from reports of the National Oceanic and Atmospheric Administration. Abbreviations used: Mgal/d = million
gallons per day; ft*/s = cubic feet per second; m? = square miies]

EVENT

No.
{fig. 4)
OCTOBER 1984 OCTOBER 1984

On October 6 in Obion County in northwestern Tennessee,
flash flooding from 10 inches of rain occurred in the
Union City and Fulton areas. County roads and bridges
were damaged, and in South Fulton about 100 homes and
several businesses were flooded, especially along
Harris Fork Creek (Obion River basin).

Near the Indiana-Illinois border in west-central Indiana, about
15 miles north-northwest of Terre Haute, xylene (an
industrial solvent) that had leaked from a chemical
pipeline killed about 25,000 fish on October 11 in
Brouillettes Creek, a tributary of the Wabash River.

A series of storms October 11 to 27 caused severe flooding in
Texas, Louisiana, and Arkansas. Estimated overall
damage, including that from wind and hail, was $190
million; more than $6 million was flood-related. Eleven
persons died, and more than 1,000 people evacuated their
homes as floodwater inundated many areas. Although the
intense rains raised the low water levels in streams and
lakes in the region, water restrictions continued in most
of Texas. Three of the especially severe storm events
occurred in southeastern Texas: (a) intense rains and
flooding south of Houston on October 20 and 21 with

3 (con.)

nearly 10 inches of rain along the Gulf Coast between
Freeport and Galveston; (b) intense rains (as much as 15.5
inches) and flooding in northern Houston on October 25
and 26 inundated about 650 homes and caused one drown-
ing; and (c) on October 19, extremely intense rain and
a flash flood at Odem, 15 miles north of Corpus Christi.
Odem was deluged with a reported total of 25 inches of
rain in 3% hours (one of the maximum rainfalls of record
in the United States), forcing about 600 people from their
homes. As a result of the Houston storm on October 25,
the highest peak discharge in the 32-year period of record
on Greens Bayou (drainage area, 69.6 mi?), 12,000 ft*/s,
was recorded.

In southern Louisiana, intense rains and consequent flooding
on October 22 to 23 were especially severe and were
centered on New Iberia and included Vermilion, Iberia,
Lafayette, and St. Martin Parishes (west of Baton Rouge).
Rains of 10 to 15 inches fell in a 24-hour period, caus-
ing one death, forcing evacuation of hundreds of
people, and flooding almost 1,000 structures. The peak
streamflows had 10- to 25-year recurrence intervals.
About 70 miles northwest of New Iberia, the peak flow
of the Calcasieu River near Oberlin on October 23 was
the highest for October in 48 years of record.
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Table 1. Chronology of significant hydrologic and water-related events, October 1984 through September 1985 — continued

No. EVENT
{fig. 4)
OCTOBER 1984 NOVEMBER 1984
8 (con.) nearly 19,000 fish (about 70 percent game fish) along 17 (con.) from a ruptured transfer line as the oil was being unloaded
3.5 miles of the drainage channel. from a barge on the Ohio River. Recovery efforts
A accounted for 16,000 gallons; about 1,400 gallons were
9 Two pipelines broken by earth movement that resulted from lost to the river.
heavy rains in south-central Oklahoma spilled about
60,000 gallons of crude oil on October 27. The oil 18 Along the east coast of Florida on November 22 and 23, a
traveled downstream in Caddo Creek near Fox, Carter strong coastal storm that produced flooding, gale-force
County, entered the Washita River and Lake Texoma, winds, and high tides caused extensive damage, beach
and created a light sheen on parts of the Tishomingo erosion, and evacuation of about 1,000 people. As much
Wildlife Refuge north of the lake. as 7 inches of rain accompanied the storm over the
e . . In th o out
10 In southw?stem Mississippi, about 25 miles south of Ngtchez, ?:::};?gt ?lzjigufs:?:e,ssta}::wll i 10?)2?2?&1 e?lgu?\l:ivt dzt(})lg
an estimated 17,000 fish (60 percent game ﬁs.h) dle.d on storm. Several northeast Florida rivers rose to flood levels
October 30 and 31 along 7 miles of Homochitto River, as high tides backed up the flow of fresh water
a tributary of the Mississippi River. The fishkitl s g s up :
apparently was caused by depletion of dissolved oxygen 19 In Hawaii, intense rains (on November 26 and 27) associated
in the river by debris from soybean and cotton fields that with a stalled cold front caused flooding mainly over
had been defoliated. windward portions of the islands of Kauai and Oahu.
11 In Hawaii, drought conditions worsened during October. Rainfall generally was in the 6- to 15-inch range, and
Flows at key stream-measurement sites on the islands of flooding was most severe in the Lanikai area of wind-
Oahu, Maui, and Hawaii, were the lowest for the month ward Oahu: The rains gave at least temporary relief to
in more than 50 years of record. drought-stricken areas.
12 Near the end of October, a large landslide, which covered 20 A fishkill of some 30,000 fish (nearly all nongame fish)
more than 40 acres, blocked Powder River canyon about occurred on November 30 in central Illinois near
25 miles east of Baker in northeastern Oregon and Heyworth (10 miles south of Bloomington) along 2.5
threatened to impound a lake in the narrow mountain miles of Short Point Creek, a tributary of the Illinois River
gorge. The landslide became active in September, (via Kickapoo and Salt Creeks and Sangamon River).
dammed the main river channel, and pushed the Powder Cause of the fishkill was discharge into the stream of
River out of its banks onto an ancient river terrace. Mov- water having a high content of ammonia.
ing debris enlarged the landslide dam. Oregon offjcials
closed a dam on the Powder River above the landslide,
reducing flow to about 50 percent of normal at the land- DECEMBER 1984
slide barrier. As a result of the landslide, a major reloca-
tion of Oregon Highway 86 onto the canyon rim, 400 21 A storm system with considerable inflow of subtropical
feet above the river, is planned. moisture produced 1 to 3 inches of rain on December
27 and 28 over much of Arizona and southwestern New
NOVEMBER 1984 Mexico. In southwestern New Mexico (Catron, Grant,
Hidalgo, and Luna Counties), runoff from snowmelt and
13 Along the northern California coast, winds and rain associated the warm rains that began the evening of the 27th
with a Pacific cold front blew down power lines and caused the Gila, the San Francisco, and the Mimbres
uprooted trees on November 2. A 24-hour rainfall of 13.7 Rivers to reach flood stages in the early hours of the next
inches was reported by an unofficial observer at Wilder day. Damages reportedly.totaled more than $15 million.
Ridge, 40 miles south of Eureka. Wind speeds as much B.ndges, crops, and public wost were destroyed. The
as 58 miles per hour were measured in Eureka. high ﬂ°°d. flows along the Gila River had a 75-year
. recurrence interval. In Arizona, flood damage was mostly
14 On November 3, extremely intense rains on Puerto Rico— confined to the southeastern part of the State (Greenlee,
ranging from 3 to 5 inches in 3 hours to 6 to 8 inches Graham, and Pima Counties), especially along the Gila
in 24 hours—triggered evacuations, numerous landslides, and the San Francisco Rivers, which have their head-
and one drowning. Toa Baja-Dorado, at the mouth of waters in southwestern New Mexico. At Duncan, Ariz.,
the Rio de la Plata, was inundated by as much as 4 feet near the State border and east of Safford, 125 homes were
of water. On November.6 and 7, tropical storm Klaus evacuated before a dike broke along the Gila River,
battered eastern Puerto Rico and the U.S. Virgin Islands. sending waters as much as 3 feet deep surging through
St. Thomas and St. John, V.1, received 8 to 12 inches the town. Homes and businesses sustained major damage,
of rain. and estimates of damage to public structures alone was
15 In Lake Catherine, about 30 miles west of Orlando, Fia., more than $200,000.
0}? I(;Iovember 1.2 and 13 a fishkill Olf 15’00%:0 20’090 22 In northwestern New York, intense rain fell on December
shad occurred in an area of a bout I acre. The ﬁs.hklll 28 and 29, and in central New York again on the morn-
was caused by a severe.drop.m water temperature in an ing of December 31. The eastern Lake Ontario counties
isolated area of the lake in which aquatic weeds prevented  Oswego. Lewis. and Jefferson received from 3 to 6
thermal mixing with the main body of the lake. o £0, LCWIS, & ©
inches of rain. About 1,000 persons were evacuated from
16 In northeastern Washington, 50 miles north-northwest of their homes along the Salmon River in Oswego County.
Spokane, an estimated 5,000 fish (80 percent game fish) On the 31st, the Black River at Watertown (near the east
died on November 16 and 17 along 4 miles of Stranger end of Lake Ontario) crested at its highest stage in the
Creek, a tributary of the Columbia River, as a result of 64-year period of record; and this stage and that on several
discharge of dairy waste. other tributaries of the lake represented recurrence
17 On November 21, at Freedom, Pa., 30 miles northwest of intervals of about 100 years. Flood damages from these

Pittsburgh, 17,400 gallons of lubricating oil was spilled

storms were estimated to be more than $14 million.
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Table 1. Chronology of significant hydrologic and water-related events, October 1984 through September 1985 —continued

No.
{fig. 4)

DECEMBER 1984

FEBRUARY 1985

23

24

In southern Texas on December 31, as much as 6 inches of

rain fell in Kimble and Kerr Counties and as much as
9 inches in Real and Uvalde Counties. These rains
caused widespread flash flooding and accompanying
damages along tributaries of the Llano River and the head-
waters of the Guadalupe, the Frio, and the Sabinal Rivers.
The city of Kerrville, northwest of San Antonio, lost
portions of a dam as water undermined a part of the
spillway.

Much of southwestern Florida remained especially dry dur-

ing December—the area received 10 percent or less of
normal precipitation for the month. This dryness was
reflected in the low flows of the Peace River at Arcadia
(about 40 miles east of Sarasota) where the stream
discharge on December 16 was only 63 ft*/s (41 Mgal/d;
drainage area, 1,367 mi?), the lowest for any December
day in the 53 years of measurement at that site.

JANUARY 1985

25

26

27

On the western border of South Carolina, south of the town

of Calhoun Falls, Abbeville County, some 200,000 to
500,000 bass and herring died on January 8 and 9 along
22 miles of shoreline of Clark Hill Lake (reservoir). The
lake is a continuation of the Savannah River and is a
source of municipal water supply. Cause of the fishkill
is not known.

On January 22, gale-force winds caused ice jams along the

Niagara River in western New York. More than 50
persons were evacuated from the town of Wheatfield and
from Cayuga and Grand Islands (upstream from Niagara
Falls) because of the flooding from unprecedented ice
buildups. The winds and ice were part of an extremely
severe storm from January 19 to 23 that reached bliz-
zard proportions on the 2lst and 22d and
blanketed eastern Lake Ontario counties with as much
as 5 feet of snow.

About 20 sinkholes developed in the Dover area of southern

Florida (15 miles east of Tampa) after heavy pumping
for frost protection temporarily lowered ground-water
levels 19 feet on January 22. Damages to highways,
homes, and other structures were estimated to exceed
$300,000, and wells for over 100 homes temporarily went
dry as a result of the drop in water level.

FEBRUARY 1985

28

29

30

On February 10 at a powerplant in southern Nassau

County, Long Island, N.Y., a valve failure on a
450,000-gallon storage tank and subsequent failure of a
diked area resulted in spillage of 100,000 gallons of fuel
oil into Barnums Channel. The channel separates Ocean-
side and Island Park, N.Y ., and is 2 miles north of coastal
Long Beach. Booms held much of the oil in a small area
during cleanup.

Accidental grounding of two tank barges on a dike on the

Mississippi River, about 50 miles north of Memphis,
Tenn., on February 12 caused a spill into the river of
more than 200,000 gallons of fuel oil and jet fuel. The
site was near river mile 792 and the hamlet of Golddust,
Lauderdale County. A heavy sheen was visible for 20
miles downstream. Cleanup was not feasible.

On the island of Oahu, Hawaii, on February 14 flooding

occurred in many areas along the northeastern coast from

Waimanalo to Kahuku as a result of 5- to 10-inch rains on

and east of the adjacent Koolau Range. The thunderstorm
rains developed over the mountains during the early
morning hours and again during the late afternoon and
evening. The rains resulted in lifting of water restrictions
imposed because of predominantly dry conditions of prior
months.

Between February 21 and 25, warm temperatures, as high

as 12° above normal and accompanied by intense rains,
caused serious flooding from the central Great Plains to
upper New York. Snow cover was rapidly depleted
except in northern parts of the Great Lakes. The storm
systems produced the most rainfall over parts of
Oklahoma (totals of 5 to 7 inches were common) and
Arkansas on February 22 and 23 and continued into
Louisiana. Widespread flash flooding occurred, causing
one death and driving many people from their homes.
Some rivers peaked at 10 feet above flood stage. The most
serious flooding in southeastern Kansas was along the
Marais des Cygnes River downstream from Osawatomie
and along the Neosho River downstream from Parsons.
Severe flooding occurred in southern Missouri where a
few streams had peak discharges exceeding those
estimated to have 100-year recurrence intervals.

In parts of Michigan and Indiana, rapid snowmelt and about

2 inches of rain combined to produce peak stream
discharges with recurrence intervals equal to or in
excess of 100 years, such as on the Tippecanoe River
(tributary to the Wabash River) in Indiana. Locally severe
flooding occurred along the Illinois, Wabash, and
Kankakee Rivers in Illinois and Indiana. Ice jamming
contributed to the flooding, particularly in Vermilion,
Ohio, where ice borne by the floodwaters caused $10
million in damages to the city. In Defiance, Ohio, 200
persons were evacuated and damages were estimated at
$2 million.

Ice jams also worsened the flooding and damages in western

New York State. The areas affected most severely were
in Erie, Chautauqua, and Genesee Counties, and western
parts of Monroe County. The flood along Ellicott Creek
in Erie County caused a massive evacuation, with many
fleeing by boat. In northern Chautauqua County at the
mouth of Cattaraugus Creek, residents claimed to have
suffered the worst ice-jam flooding since 1963. Flood
damages in New York were estimated to be about $12
million. The Governor of New York declared six
northwestern counties adjacent to Lake Erie and the
Niagara River a disaster area.

In eastern Oklahoma on February 25, a faulty valve on an

oil and water separator at an oil- and gas-storage facility
caused nearly 9,000 gallons of crude oil to enter an
unnamed stream tributary to the Canadian River. The spill
affected about 150 yards of the tributary and 5 miles of
the Canadian River. Containment and cleanup prevented
some of the oil from entering the river. The spill
occurred near Sasakwa in Seminole County.

MARCH 1985

A severe weather system marked mainly by high winds and

drifting snows from March 3 to 5 affected at least eight
States from northern Texas to southern Michigan and was
partly concurrent with massive snows blanketing the
northern Great Plains States. The storms in Illinois,
however, were characterized mainly by rain instead of
snow, resulting in major flooding of several rivers. The
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Table 1. Chronology of significant hydrologic and water-related events, October 1984 through September 1985— continued

No. EVENT
{fig. 4)
MARCH 1985 MARCH 1985
33 (con.) rains fell on ground saturated from snowmelt and from 40 (con.) Searcy Counties. Four low-water bridges were washed
rains of the previous week, with the most intense added out in Boone County, and many road beds and low-water
rainfall (more than 5 inches at La Harpe, Hancock bridges were eroded in the other counties.
County) occurring in west-central Illinois in the head-
waters of the La Moine River. Peak discharge of that river APRIL 1985
at Colmar (drainage area 655 mi2) was estimated to have
a recurrence interval greater than 100 years. The major
flooding along the Illinois River was at near-record levels: 41 On April 10 and 11 in southern Texas, the second severe
second highest since 1943 from La Salle (80 miles west- flood to hit San Patricio County (near Corpus Christi)
southwest of Chicago) to Peoria and the worst since 1943 in 6 months occurred as intense rains fell, with amounts
further downstream, from Havana to Meredosia. Fifty ranging up to nearly 10 inches, mainly between 4 p.m.
houses along the Illinois River were destroyed, and more and midnight on the 10th. Some 200 rural homes in
than 1,200 others were damaged. the Sinton-St. Paul-Papalote area were flooded and
By the end of the month, rivers in northern Illinois were below marooned by the high water. Intense rains of more than
flood stage, but in the southern part of the State intense 6 inches fell on parts of adjacent Neches County.
rains near the end of March kept rivers above flood stage. 42 On April 21, intense rains associated with thunderstorms
Many rivers in and bordering Illinois ‘were flooding at washed out crops in parts of southwestern Minnesota and
some time during the mth (mostly during the. first week) some county roads in Lincoln County. Rainfall of 6.5
including the Pecatonica, Rock, Des Plaines, Fox, inches in a 2-hour period was reported at Lake Benton
Sangamon (lower reac.hes), Spoon, Kaskaskia, Big in southern Lincoln County, about 55 miles north-
Muddy, and Wabash Rivers. northeast of Sioux Falls, S. Dak. A few miles west of
34 On March 5, an estimated 21,000 gallons of light crude oil Sioux Falls near Brandon, flash flooding occurred as more
discharged into the Atchafalaya River near Morgan than 3 inches of rain fell in less than 2 hours onto already
City in southern Louisiana (70 miles west of New saturated ground, washing out some roads in the area.
Orleans) v.vhen a barge tank was ruptufed by a sub- 43 South of Lake Superior on Michigan’s Upper Peninsula, rain
merged object. Week-long cleanup operations recovered . ing al
75 percent of the oil. and rapid snowmelt caused ﬂqodmg ong many streams
in Marquette County from April 20 to 24. At eight stream-
35 On March 11 in the Mississippi River near Cairo, Ill., a barge measurement sites, the flows had recurrence intervals
ga(r)%)% ta:]l; Cm];@laﬁ?h:giking ﬂal highwa;zjl;ridge. About equaling or exceeding 100 years.

,000 gallons of oil spilled into the river. Cleanup opera- . . .
tions along the shoreline were completed in 3 days, but 44 In southern Ingwna on April 22, more than 5 -000 fish died
only 20 gallons of oil was recovered. along 5 miles of Brock Creek in Washmgtp‘n County,

: . . apparently as a result of pollution by fertilizers from
36 Day-long rains on March 12 in northwestern New Mexico agricultural operations. Brock Creek enters West Fork
on the snowpack above Ramah and Zuni in the Zuni Blue River at Salem. The Blue River is a tributary of the
Mountains caused flooding along the Zuni River west of Ohio River about 70 miles east of Evansville.
the Continental Divide. The water came through the . . .
spillway at Ramah Reservoir causing estimated damages 45 In central Kansas on April 26 and 27, intense rainfall at
of $200,000. Durham in western Marion County 50 miles north of
. . . Wichita, measured 7.45 inches in 12 hours. The
37 Rainfall on March 17 and 21 on much of Florida provided downpour washed out a quarter-mile section of railroad
a temporary respite to the prevailing very dry conditions track near the town.
in much of that State, but the drought conditions
returned and persisted, especially in the southwestern part 46 As much as 6 inches of rain on April 26 and 27 in western
of the State. Kentucky caused flooding of homes and businesses in
38 In south.e.a\ster.n Minnf,sota, as a result of sgu_nra;ed soil ;E;kglfa?ﬁ:sug;nni;rr:}z ’ ﬁiéggs"i;;er;i:?l;hrﬁfeg
conditions in late winter, above-average precipitation, and . Lo
. . miles to the north near Wickliffe (Ballard County), a
much-above-normal early spring temperatures, the highest .
daily flow for March during 51 s of tecord culve;t collapsed on Kentgcky State Highway 121 about
y Zow flor harch cunng oS! years of re 10 miles southeast of Cairo, Ill.
occurred on March 19 on the Minnesota River near ’
Jordan (drainage area 16,200 mi2). Jordan is about 20 47 Intense thunderstorm rains blanketed most of northern Texas
miles southwest of Minneapolis. In the west-central part in the late evening of April 27 and early morning of April
of the State, monthly mean flows were the highest of 28. About 10 inches of rain fell between 9 and 11 p.m.
record for March on the Pomme de Terre River, near Rockwall in Rockwall County a few miles northeast
Chippewa River, and Minnesota River (at Montevideo). of Dallas. Other areas received less rainfall, but overflow-
Monthly mean flows of these streams were highest of ing of creeks and rivers was common. Eight people
record (48 to 70 years of record) also for the 4 months drowned as a result of driving cars into high water.
October through January—a result of excessive late 48 In parts of central and western Oklahoma, intense rains of
summer-early autumn precipitation in west-central 2 to 6 inches on April 29 and 30 caused flooding in many
Minnesota. areas. Damage estimated at $500,000 occurred on the
39 Southwest of Alexandria in northern Virginia on March 24, 30th at Skiatook (north of Tulsa) in Tulsa County from
leakage of fuel oil killed about 3,400 fish along 3 miles floodwaters overflowing Bird Creek. About 40 miles
of Dogue Creek. The creek enters the Potomac River south of Tulsa in Henryetta, Okmulgee County, 4 to 5
between the Fort Belvoir military reservation and the inches of rain caused flooding of Coal Creek and the
Mount Vernon area of Fairfax County. evacuation of many residents.
40 In northwestern Arkansas on March 30, rains of 4.5t0 7.5 49 Below-average precipitation conditions persisted during April

inches fell on Boone, Carroll, Marion, Newton, and

in much of the northeastern and middle-Atlantic parts of
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Table 1. Chronology of significant hydrologic and water-related events, October 1984 through September 1985 continued

No.
(fig. 4)

EVENT

APRIL 1985

MAY 1985

49 (con.)

the country. Pennsylvania, New Jersey, and New York
City declared drought emergencies affecting more than
20 million people. Streamflow and contents of reservoirs
in the Delaware River basin were the lowest for April
in many years of record. (See article in this volume,
“‘Drought in the Delaware River Basin, 1984-85.”")
Much of the Southeast also was unusually dry for this
time of year.

MAY 1985

50

51

52

53

54

56

During the period of May 5 to 15, rapid runoff from above-
normal snowpack in north-central New Mexico
damaged roads, bridges, and irrigation ditches from the
Taos area to below Pilar in Taos and Rio Arriba
Counties north of Santa Fe.

On May 6 on the jsland of Oahu, Hawaii, 8 to 10 inches
of rain from eastward-moving thunderstorms (mostly
between 2 and 4 a.m.) fell on the Koolau Range causing
flash flooding and many rock and mud slides. Although
some roads were blocked temporarily, the rains were
welcome because of low water levels in reservoirs
dependent upon runoff from mountain streams.

In Woodward County, Okla., 100 miles northwest of
Oklahoma City, rains of up to 6 inches on May 6 and
7, as well as hail, caused flooding and an estimated
$750,000 damage to roads, bridges, farm machinery, and
crops, including complete destruction of an area of crops
0.5-mile wide and 15 miles long.

On May 14, in south-central Nebraska, 4 to 7 inches of rain
caused flash flooding along School Creek in Clay
County from east of Harvard through Sutton, damaging
a number of homes, businesses, bridges, and farms. The
area is about 70 miles west of Lincoln, Nebr.

In extreme southern Texas, between S and 10 inches of rain
fell on May 15, causing extensive flooding in and around
the town of Mission, Hidalgo County, and forcing the
evacuation of 150 persons. Rainfall at Rio Grande City
(30 miles west of Mission) was measured at nearly 8
inches for May 15 and 16. Some flooding occurred along
the nearby Rio Grande. Northwest of San Antonio, as
much as 6 inches of rain fell on May 16 and 17 and caused
flash flooding in parts of four counties—Bandera, Kerr,
Kimble, and Real. Substantial rises in water level occurred
along the Medina and the Guadalupe Rivers.

Dry conditions continued in much of the Southeast. Forest
fires plagued some areas, especially Florida, where
150,000 acres burned from May 17 to 20 with damages
estimated to exceed $30 million. Mandatory water restric-
tions were in effect in eight southwestern counties of
Florida.

Puerto Rico was deluged by as much as 25 inches of rain
from May 15 to 19. The greatest rainfall occurred in the
western interior and about 14 inches fell in the eastern
interior, lessening to about 4 inches along coastal areas.
The most significant floods occurred in the Rio Grande
de Arecibo, Rio Tanama, Rio Grande de Manati, Rio
Grande de Jayuya, Rio Orocovis, Rio Turabo, upper Rio
Grande de Loiza, Rio Cibuco, Rfo de 1a Plata, and Rio
Grande de Afiasco basins. Peak flows along some of these
streams had recurrence intervals of once in 50 years. The
severe flooding resulted in at least two deaths and more
than $50 million in property damage. About 3,500 to
4,000 persons were evacuated from the affected towns,
including Manati, Arecibo, Barceloneta, Jayuya, and

56 (con.)

57

58

59

Utuado. Major damage was sustained by coffee, citrus,
and other crops.

On May 18 in the Kahului industrial area on the island of
Maui, Hawaii, about 175,000 fish (nearly all Tilapia) died
in a settling pond contaminated by 10 percent ammonia
solution. Kahului is the port city on the northern coast
of Maui, about 12 miles east of the west end of the island.

On May 21, Great Salt Lake, northeast of Salt Lake City,
Utah, reached its seasonal peak for the year of 4,209.95
feet above sea level. This high level is 0.7 foot above
the 1984 peak and only 1.65 feet below the all-time high
elevation for the 139 years during which such
measurements have been made. The high level is the result
of a series of years of above-average precipitation—
principally occurring as snowfall—in the region that drains
into the lake.

Water levels of Lakes Michigan, Huron, and Erie equaled
or exceeded the highest monthly levels of record for
March, April, and May as a result of above-average
precipitation in the Great Lakes basin from autumn 1984
to spring 1985. (See article in this volume, ‘‘Great Lakes
Set Record High Water Levels.”)

Occasional rains on May 2, 12, 16 to 18, and 30 to 31,
temporarily relieved the drought situation in some areas
of the Northeast, but water supplies were still far below
normal for this time of year. Water rationing
remained in effect in New York City and in 93 New
Jersey communities. The Governor of New Jersey
declared a drought emergency for the remainder of the
State. An example of low streamflow in New York State
was the Susquehanna River where the flow as measured
at Conklin, N.Y., and draining an area of more than 2,200
mi2, was the lowest May flow in the entire 73 years of
record.

JUNE 1985

61

62

Runoff from as much as 5 inches of rain on June § and 6
caused severe flooding in parts of south-central and
northeastern Oklahoma and southern Missouri. On June
6 the flow of Washita River near Dickson in the
northeastern part of Carter County, Okla., and draining
more than 7,200 mi2, was the highest daily June discharge
in the entire 57 years of record at that site. Four lives
were lost as a result of floods in Ardmore, Carter
County, 90 miles south of Oklahoma City. On June 7,
as much as 8 inches of rain fell in localized areas around
San Antonio in southern Texas.

On June 17 in south-central Missouri, flooding of streams
caused by as much as 7 inches of rain in the Rolla area,
Phelps County, forced evacuation of many residents of
that area. Local flooding also occurred in southern
Arkansas on the 17th and in southeastern Texas on the
18th. Monthly mean streamflow for June in Missouri
showed a wide variation from one part of the State to
another. In the south-central part of the State, for
example, the June discharge of the Gasconade River at
Jerome (Phelps County), 10 miles west of Rolla, Mo.,
(drainage area 2,840 mi?), was nearly 10 times the
median flow for June and the second highest for the month
in 65 years of record. This high flow was in sharp
contrast to the discharge of the Grand River near Gallatin
(Davies County) in northwestern Missouri (drainage area
2,250 mi?), where the flow was only 15 percent of
median and the sixth lowest flow for June in 64 years.
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Table 1. Chronology of significant hydrologic and water-related events, October 1984 through September 1985 continued

No.
{fig. 4)

EVENT

JUNE 1985

JULY 1985

63

In southeastern Pennsylvania on June 28, more than 6,000

fish (35 percent game fish) were killed along several miles
of an unnamed tributary to Big Beaver Creek near
Quarryville in Lancaster County. The fishkill resulted
from chemicals washed into the stream by water used to
put out a fire at a Quarryville industrial site. Big Beaver
Creek is a tributary of Pequea Creek, which in turn flows
into Lake Aldred (part of the Susquehanna River) about
10 miles north of the Pennsylvania-Maryland State line.

Below-average precipitation and streamflow conditions

persisted in many areas of the northern Great Plains
States, especially in Montana. In Helena, Mont., for
example, the month was the driest June in the 106 years
of record and was the eighth consecutive month with
below-average precipitation. In the East, dry conditions
were eased somewhat, but drought warnings remained
in effect in the New York City area, and forest fires
continued to be a problem in parts of the Southeast.
Florida received some welcome rains on June 12 and 13.

69 (con.)

70

71

restrictions in New Jersey were removed on July 11. New
York City remained under a drought-warning alert and
restarted its Chelsea pumping station (as a source of
supplemental water supply) on the Hudson River for the
first time since the 1966 drought. The contents of the
city’s reservoirs continued to decline and remained far
below average. In southern Florida, water-use restric-
tions imposed by various water management districts were
lifted as a result of normal or above-normal rainfall in
July in most counties.

Dry conditions persisted in many parts of western and

northern Great Plains States. Streamflow was far below
normal for July in much of Idaho and Montana.

In Alaska, intense rains and flash flooding in the Alaska Range

on July 30 and 31 caused damage to bridges and culverts
and washed out the highway near Tok, 180 miles
southeast of Fairbanks. Several streams near Tok had peak
flows with recurrence intervals of 50 years or greater.

JULY 1985

AUGUST 1985

65

66

67

68

69

July 9 in the Lawrenceville area of Pittsburgh, Pa.,
vandalism to a storage tank caused 2,500 gallons of fuel
oil to discharge into the Allegheny River. Cleanup
operations recovered 1,800 gallons of the oil by the next
day. Lawrenceville is on the southeast side of the river
about 3 miles upstream from where the Allegheny joins
the Monongahela River to form the Ohio River.

In northwestern Illinois on July 21 and 22, drainage from

agricultural operations killed about 19,000 fish (26
percent game fish) along 3.8 miles of Brandywine Creek
near Williamsfield, Knox County. In that vicinity, the
creek flows south into Spoon River, a tributary of the
Illinois River. Williamsfield is 25 miles northwest of
Peoria.

Tropical storm Bob, after moving eastward from the Gulf

In

and crossing southern Florida with rains of 8 to 10
inches on July 23, moved northward and then inland (as
a hurricane) at South Carolina on July 25. Runoff from
rains associated with the storm caused minor flooding
in central and coastal South Carolina, but on July 24 in
northeastern Alabama, rains of 6.5 to 8 inches on the
periphery of the storm system caused extensive, damag-
ing floods in Cherokee and DeKalb Counties. The
estimated peak discharge of 50,000 ft3/s on Little River
near Blue Pond (drainage area, 199 mi?), tributary to the
Coosa River via the Weiss Reservoir, was the highest
flow for the 27-year period of record and had a recur-
rence interval greater than 100 years. This stream-
measurement site is in Cherokee County about 85 miles
northeast of Birmingham. The storm system caused in-
tense rains from Virginia to New York as it continued
up the East Coast.

southwestern Georgia on July 30 and 31 on the
Chattahoochee River (about 60 miles south of
Columbus, Ga.), about 30,000 fish died from low
dissolved-oxygen conditions resulting from release of de-
oxygenated water (hypolimnion water) from the dam
holding the waters of the Walter F. George Reservoir
along the Chattahoochee River. About 28 miles of the
river were affected by the fishkill (mostly of nongame
fish).

Near-normal rainfall in July reduced the severity of the long-

term dry conditions on the East Coast. Water-rationing

72

73

74

75

76

Powerful thunderstorms over Cheyenne in southeastern

Wyoming on August 1 caused severe flooding. A total
of 6.06 inches of rain fell in less than 4 hours (a new
record for the State); winds as much as 70 miles per hour
were noted; and hail accumulated in drifts several feet
deep in some places. Twelve lives were lost, and
property damage reportedly exceeded $61 million. (See
article in this volume, ‘‘Storm and Flood of August 1,
1985, in Cheyenne, Wyo.””)

At Port Neches near the Gulf Coast of southeastern Texas

on August 6, about 20,000 gallons of light crude oil was
spilled into the Neches River through a faulty valve system
during the transfer of cargo. More than 4,000 gallons
were recovered, and cleanup was completed by August
13. Port Neches is 5 miles upstream from the
junction of the Neches River and the Sabine River and
10 miles downstream from Beaumont, Tex.

Unseasonably frequent or intense rains in parts of eastern

Kansas and southeastern Nebraska in July and early
August caused unusually high flows in some streams for
this time of year. In northeastern Kansas, for example,
the daily discharge of Little Blue River near Barnes
(drainage area 3,324 mi2), Washington County, on August
7 was nearly 20,000 ft%/s, more than twice the highest
daily flow for August in the preceding 58 years of record.

August 12 a pipeline rupture south of San Luis Obispo
near the coast of southern California discharged about
2,500 gallons of crude oil into San Luis Obispo Creek.
The creek enters the ocean at Avila Beach about 10 miles
south-southwest of San Luis Obispo and 150 miles
northwest of Los Angeles. Spill cleanup operations
included containment by a sorbent boom, berming of the
creek in several locations, and removal of contaminated
soil.

Hurricane Danny came ashore in Louisiana on August 15,

was downgraded to a tropical storm, and moved
northeastward through Mississippi and northern and
western parts of Georgia and the Carolinas and southern
Virginia before moving out to sea. Major damages were
generally limited to the Gulf Coast and were the result
of the high winds and tidal flooding. Between August 15
and 18, up to 8 inches of rain (but generally less than
5 inches) fell over the lower Mississippi valley and from
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Table 1. Chronology of significant hydrologic and water-related events, October 1984 through September 1985-—continued

No.
{fig. 4)

EVENT

AUGUST 1985

SEPTEMBER 1985

76 (con.)

77

78

79

2 to 5 inches of rain from the southern Appalachian
Mountains to southern Virginia. In northern North
Carolina, the peak discharge of the Dan River (a tributary
of the Roanoke River) near Francisco, exceeded the
100-year flood-recurrence interval.

On August 26 in northwestern Georgia, drainage from hog

manure killed about 18,000 fish (24 percent game fish)
along 5.6 miles of Canton Creek south of Buffington in
Cherokee County. Canton Creek flows into the Etowah
River at Canton and is tributary to the Coosa—
Alabama—Mobile Rivers system. Buffington is about 30
miles north of Atlanta, Ga.

In late August in north-central Florida (30 miles northeast

of Ocala, Marion County) more than 8 million fish (77
percent game fish) died in Rodman Pool—the part of
Oklawaha Lake immediately upstream from Rodman
Dam several miles west-southwest of Rodman, Putnam
County. Oklawaha Lake is on the Oklawaha River, a
tributary of St. Johns River. The cause of the several
massive fishkills between August 22 and 30, was a
combination of sequential circumstances that greatly
magnified the severity of the event. Prolonged dry
conditions prior to August were accompanied by a series
of forest fires that destroyed trees and undergrowth in
the Oklawaha River basin, leaving a heavy residue of
organic material on the forest floor. Above-normal rainfall
in August caused surface runoff to deposit large amounts
of organic material from the floor of the forest into
Oklawaha Lake. The fishkills resulted from the inter-
related effects of the overload of organic material,
prolonged cloud cover, high temperatures, low oxygen
levels, and an abundance of water hyacinths (hydrilla).

In the East, August rains generally alleviated previously dry

conditions. However, reservoir storage (including the
New York City system) remained below average in some
areas as was also true of the flow of some streams. For
example, the discharge of the upper Hudson River at
Hadley, N.Y. (45 miles north of Albany), drainage area
1,664 mi?, was the lowest August monthly flow in the
64 years of record. In the West, abnormally dry condi-
tions continued and were especially persistent in northern
and southeastern California, east-central Washington, and
large areas of Montana and Wyoming.

SEPTEMBER 1985

80

Tropical storm Elena formed on August 28 over central Cuba,

reached hurricane level the next day, moved northwest,
then east, stalled August 31 within 50 miles of the Florida
Keys, then moved north and made landfall at Biloxi,
Miss., on September 2 as the first major hurricane of
1985. Hurricane-spawned rains were reportedly as high
as 12 inches in 3 days at Apalachicola, Fla. Rainfall on
September 3 at Biloxi, Miss., was reported to be 3.53
inches in 24 hours. The hurricane caused damages
estimated at hundreds of millions of dollars from Florida
to Louisiana and forced over 1 million people to evacuate
affected areas—actually two evacuations occurred, each
involving more than 500,000 people. Although five
people died, timely forecasting and evacuation probably
kept the death toll at a relatively modest level for a storm
of this magnitude. Some flash flooding was reported. The

80 (con.)

81

82

84

85

86

President declared 38 counties in Florida, Alabama,
Mississippi, and Louisiana eligible for Federal disaster
aid. The rains of Elena did benefit what had been water-
short parts of the Southeast, especially Florida.

In the Flint area of southeastern Michigan, rainfall of up to

12 inches during an 8-hour period caused extensive
flooding with estimated damages of at least $10 million.
The peak discharges of the Flint River near Flint and of
Kearsley Creek near Davison (east of Flint) had recur-
rence intervals of about 25 years. Peak stage of the Flint
river was 0.6 foot higher than the previous maximum,
reached in 1947.

Discharge of the upper Mississippi River near Anoka, Minn.

On

In

(drainage area 19,600 mi?), on September 10 was the
highest daily flow for September during 53 years of record
at the site. The unseasonably high flow resulted from
above-normal rainfall in the headwaters during August
and early September. Anoka is about 10 miles north-
northwest of Minneapolis, Minn.

September 14, a train derailed while crossing the Medina
River about 10 miles southwest of San Antonio in southern
Texas and discharged a large but unknown quantity of
sulfuric acid into and near the river. Of the 29 derailed
tank cars, 21 contained a total of 300,000 gallons of the
acid. People were evacuated from over a 1-mile radius
of the accident site. In order to neutralize the acid, 950
tons of lime were dumped into the river thereby
averting a greater magnitude of an already large fishkill.
Vacuum trucks had recovered 55,000 gallons of the acid
from along the river banks by September 18.

east-central Indiana near Muncie, effluent from a
combined storm sewer overflowed into the White River
(a tributary of the Wabash River) on September 24, caus-
ing 61,000 fish to die along a 5-mile reach of the river.

Hurricane Gloria, moving northward off the coast of the

Carolinas, caused high winds and intense rains on coastal
areas of North Carolina beginning on September 26 and
continued to spread these effects through the coastal States
to New England during the next 2 days, passing over Cape
Hatteras, N.C., and moving inland at low tide on Long
Island, N.Y., on September 27. The strongest winds
remained over the ocean. Coastal and small-stream
flooding was common from North Carolina to New
England, September 26 to 28. The most extensive damag-
ing effects of the hurricane were along the immediate
coastline, including beach erosion and power outages.
Substantial evacuations were made from exposed areas.
Sixteen deatbs were attributed to the hurricane. On the
positive side, Gloria’s rains helped reduce the problems
of below-average water supplies in the Northeast.
Although the storm provided 3 to 5 inches of rain to New
York City reservoirs, the reservoir contents had still not
reached normal levels, and water-use restrictions
remained in effect.

September 28 on the Delaware River near Chester in
southeastern Pennsylvania, an oil tanker grounded and
ruptured, discharging more than 435,000 gallons of crude
oil. Parts of the spill spread downstream during cleanup
and recovery operations. The spill was in the estuarine
part of the river about 10 miles northeast of Wilmington,
Del. (See article in this volume, ‘‘Major Oil Spill on the
Delaware River, September 1985.”’)
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DroucgHT IN THE DELAWARE RiIVER BasIiN, 1984-85
By William E. Harkness, Harry F. Lins, and William M. Alley

Dry conditions prevailed over much of the
northeastern United States during 1984 and 1985. In
particular, drought conditions in the upper Delaware
River basin adversely affected the water supplies of
New York City and northern New Jersey. This article
examines the climatological and hydrological condi-
tions that were associated with the drought from June
1984 through October 1985 and describes the manage-
ment actions taken in response to the drought.

BACKGROUND

The Delaware River basin comprises a 12,765-
square-mile area in New York, New Jersey, Penn-
sylvania, Delaware, and a very small part of north-
eastern Maryland (fig. 9). The river originates as the
East and West Branches of the Delaware River in the
Catskill Mountains of New York and flows generally
south-southeast to a point between Cape May, N.J.,
and Cape Henlopen, Del. The basin lies between the
Susquehanna River basin on the west and the Hud-
son, the Passaic, and the Raritan River basins on the
east. For the purpose of managing the basin’s water
resources, the drainage area upstream of Montague,
N.J., is referred to as the upper Delaware River basin,
and the drainage area downstream of Montague is
referred to as the lower Delaware River basin.

In addition to providing water for municipal
and industrial use for about 7 million basin residents,
the Delaware River also supplies water to about 17
million persons in parts of New York and New Jersey
that lie outside the basin. New York City, for exam-
ple, obtains about one-half of its total water supply
from three reservoirs in the upper Delaware River
basin—Pepacton, Cannonsville, and Neversink. Water
from these reservoirs is diverted from the basin via
three tunnels to Rondout Reservoir in the Hudson
River basin. From Rondout Reservoir the water flows
through the Delaware Aqueduct to the New York City
water-distribution system.

The New York City diversions are regulated
by the 1954 U.S. Supreme Court Decree in New
Jersey vs. New York, 347 U.S. 995 (hereafter referred
to as the decree). The decree authorizes diversions of
as much as 800 Mgal/d (million gallons per day) from
the Delaware River basin to New York City. It also
authorizes the State of New Jersey to divert as much
as 100 Mgal/d out of the basin. New Jersey diverts
water from the Delaware River via the Delaware and
Raritan Canal to supply water systems in central and
northern New Jersey. In addition to authorizing the
above diversions from the basin, the decree requires
New York City to make downstream releases of water
to the river at rates designed to maintain a flow of
1,750 ft3/s (cubic feet per second) at the U.S.
Geological Survey streamflow-gaging station at Mon-
tague, N.J. This commonly is referred to as the
“*streamflow objective’” at Montague. The terms and
conditions of the decree are administered by the U.S.
Geological Survey through the Office of the Delaware
River Master.

In November 1982, following 4 years of delib-
erations, the Governors of the four basin States and
the Mayor of New York City agreed to the ‘“Interstate
Water Management Recommendations of the Parties
to the U.S. Supreme Court Decree of 1954.”” These
recommendations, commonly referred to as the *“Good
Faith Agreement,’” provide alternative operating pro-
cedures to those specified by the decree for implemen-
tation during water-supply shortages. The agreement
also specifies that the combined storage levels in the
three Delaware River basin reservoirs serving New
York City would be used to trigger the declaration and
termination of drought warnings and emergencies.
These levels, which vary from month to month, define
the operating curves for the reservoirs (fig. 10). The
schedule of reductions in diversions and streamflow
objectives to be implemented at different reservoir
storage conditions is shown in tables 2 and 34. The
agreement also specifies that during drought warning
and drought, minimum required releases from each
reservoir (conservation releases) will be reduced.

The three Delaware River basin reservoirs
serving New York City compose about 75 percent of
the available reservoir storage in the basin. The re-
maining 25 percent is split about evenly between power
company reservoirs in the upper basin and four reser-
voirs in the lower basin. The power company reser-
voirs in the upper basin—Lake Wallenpaupack and the
Mongaup River system—are upstream from Mon-
tague. Therefore, releases from these reservoirs are
considered in the design of releases to be made from
the New York City reservoirs to meet the Montague
streamflow objective. Releases from the lower basin
reservoirs—Francis E. Walter, Blue Marsh, Beltzville,
and Nockamixon—are used to meet the Trenton flow
objective (see tables 2, 34) and to maintain streamflow
and water quality in the Lehigh and Schuylkill Rivers.

CLIMATOLOGICAL CONDITIONS
ASSOCIATED WITH THE DROUGHT

Although in retrospect it is often easy to asso-
ciate established drought conditions with features of
the general atmospheric circulation, identifying the
onset of drought (especially in a real-time sense)
generally is very difficult. This difficulty was par-
ticularly true in the northeastern United States during
the summer and early fall months of 1984. At that
time, the monthly pattern of upper-air flow at the
700-mb (millibar) level (approximately 10,000 feet),
which strongly influences the distribution of surface
precipitation and temperature, was quite variable over
North America. In June, for example, a weak upper-
air ridge of high pressure over the eastern United States
brought hot and dry conditions to the upper Delaware
River basin. In July, however, this ridge was replaced
with a shallow but persistent trough that brought
above-normal amounts of precipitation to the upper
basin. By August, the trough was replaced by a more
zonal (east-west) upper-air flow, again resulting in dry
conditions over the Northeast. Dryness continued in












summer growing conditions in the upper Delaware
River basin and near-normal streamflow by mid to late
summer. These summer rains had little effect on reser-
voir conditions within the basin, however, because
they occurred during the period of high
evapotranspiration and relatively low streamflow. By
the end of August, the water-supply index was 6 in-
dicating that water-supply conditions were worse in
only 6 out of the last 58 years. As a result of late-
September precipitation, the water-supply index had
risen to 11 by the end of September. At the end of
October the water-supply index was 26, suggesting
close to median conditions.

Although in a meteorological sense the Dela-
ware River basin drought was broken by the return
to normal precipitation conditions in May and June,
the hydrologic drought continued late into the sum-
mer season. This dichotomy arose from several fac-
tors. First, after 9 consecutive months of below-normal
precipitation, reservoir reserves had been severely
depleted. (See figure 12.) Second, a period of above-
normal precipitation was needed to restore depleted
soil moisture and ground-water resources. Finally, the
difference in time between the ending of the
meteorologic drought and hydrologic drought in this
particular instance had to do with seasonality. The
restoration of reservoir levels in response to normal
amounts of precipitation was slow owing to the high
summer rates of evapotranspiration. Had the return
to normal precipitation occurred at almost any other
time of year, the lag in the ending of the hydrologic
drought probably would have been less.

MANAGEMENT ACTIVITIES IN RESPONSE
TO THE DROUGHT

At the beginning of the water-supply operation
year, June 1, 1984, the three Delaware River basin
reservoirs, which have a combined capacity of 271
billion gallons, were spilling (fig. 10). The below-
normal precipitation beginning in August 1984,
coupled with normal releases to maintain the Mon-
tague flow objective and the New York City diver-
sion rates specified by the decree, caused the storage
to decline rapidly reaching the drought-warning level
on November 27, 1984, Heavy rainfall, averaging
almost 2 inches over the upper basin, occurred on
November 29 to 30 causing the storage to increase
above the drought-warning zone. This increase averted
the need to impose restrictions on diversions and
releases at that time, but the delay was short lived,
and the storage again declined to the drought-warning
level on January 18, 1985.

On January 23, 1985, per the “‘Good Faith
Agreement,”’ the streamflow objective at the U.S.
Geological Survey streamflow-gaging station at Mon-
tague, N.J., was reduced from 1,750 ft3/s to 1,655
ft3/s. In addition, maximum allowable diversions to
the New York City water-supply system were reduced
from 800 Mgal/d to 680 Mgal/d; allowable diversions
from the Delaware basin to the State of New Jersey
were reduced from 100 Mgal/d to 85 Mgal/d; and con-
servation releases from each of the reservoirs serving
New York City were reduced.

On February 7, 1985, combined reservoir
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storage declined into the lower half of the drought-
warning zone. In response, the streamflow objective
at Montague, N.J., was reduced to 1,550 ft3/s, New
York City diversions were reduced to 560 Mgal/d,
and New Jersey diversions were reduced to 70 Mgal/d.

During the next 5 months, from February to
June 1985, the water-supply situation worsened. The
5-month precipitation was about 4 inches below
average, bringing the total shortage since August 1984
to almost 11 inches. Reservoir storage continued in
the drought-warning zone of the rule curve (fig. 10).
On May 13, 1985, the Delaware River Basin Com-
mission declared a state of water-supply emergency
which, in addition to instituting restrictions on
nonessential water uses in the basin, temporarily
placed all stored waters in the basin including the
power company reservoirs in the upper basin under
Commission control. In effect, this action put the
operating schedules of the hydroelectric facilities under
Commission control to help augment river flows and
conserve reservoir storage. In addition, the Commis-
sion reduced conservation releases from all reservoirs
and entered into a contract with the U.S. Army Corps
of Engineers to store additional water in Francis E.
Walter Reservoir for use at a later time if the drought
worsened. The restrictions on nonessential water uses
included a ban on car washing, lawn watering, golf-
course irrigation, and street and driveway cleaning.

On July 5, 1985, the Executive Director of
the Delaware River Basin Commission, with the con-
sent of the parties to the U.S. Supreme Court decree,
set aside 1.29 billion gallons (2,000 ft3/s-day) of stored
water for release by the New York State Department
of Environmental Conservation to control water
temperatures and prevent possible fishkills
downstream from the reservoirs. This volume was in-
creased subsequently by Commission action on July
24, 1985, to 2.26 billion gallons (3,500 ft*/s-day). This
water was released from the New York City reser-
voirs in addition to amounts released according to the
Montague formula, during the period July 9 to August
15, 1985. Also on July 24, 1985, the Delaware River
Basin Commission, with the consent of the parties to
the decree, passed a resolution to temporarily amend
the schedule of reductions in diversions and streamflow
objectives contained in the ‘‘Good Faith Agreement’’
for periods of reservoir storage in the drought-warning
zone (table 3B). The amended schedule was placed
in effect as of July 25, 1985, and immediately reduced
allowable diversions to New York City and New
Jersey to 540 and 68 Mgal/d, respectively.

The amended schedule also adjusted the flow
objectives for the Delaware River at Montague and
Trenton, N.J., to be contingent on time of the year
and location of the 7-day average 250 mg/L
(milligrams per liter) chloride concentration in the
Delaware estuary (table 3B). The 7-day average
chloride concentration (‘‘salt front’’) was located
downstream of river mile 82.9. Therefore, the
streamflow objective at Montague, N.J., was reduced
to 1,350 ft3/s and to 2,600 ft3/s at Trenton, N.J., as
required by the amended schedule. On September 1,
1985, the “‘salt front’” was still located downstream
of river mile 82.9 so that the Montague streamflow
objective was further reduced to 1,300 ft3/s. On
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GRrREAT LAKES SET REcorD HicH WATER LEVELS
By Kerie J. Hitt and John B. Miller

Record high monthly mean water levels in
Lakes Michigan, Huron, St. Clair, and Erie during
calendar year 1985 prompted the International Joint
Commission to reduce outflows from Lake Superior
beginning on May 2, 1985. Such an emergency action
has been deemed necessary only once before since
1921 when the control structures were completed at
the outlet of the lake. Coupled with spring and fall
storms common to the Great Lakes area, the high
water levels exacerbated flooding and erosion along
shorelines.

PROFILE OF THE GREAT LAKES SYSTEM

The Great Lakes system is comprised of the
Great Lakes—Superior, Michigan, Huron, Erie, and
Ontario—and their connecting waterways—St. Marys
River, Straits of Mackinac, St. Clair River, Lake St.
Clair, Detroit River, Niagara River and Welland
Canal, and St. Lawrence River (fig. 13). For the pur-
poses of this article, Lake St. Clair is considered to
be one of the Great Lakes. The volume of water stored
in the Great Lakes, about 6,020 trillion gallons or
5,472 cubic miles, represents 20 percent of the world’s
and 95 percent of North America’s fresh surface water
(table 4). These surface-water resources and their role
in commerce have attracted 40 million people to live
in the Great Lakes basin—about one-seventh of the
total population of the United States and about one-
third of the total population of Canada. As a result,
over 20 percent of the Great Lakes shoreline has been
developed as residential property (International Joint
Commission, 1985a, p. 5-6).

Water in the Great Lakes system flows from
Lake Superior (elevation 600.59 feet) to Lake
Michigan and Lake Huron (elevation 578.27 feet).
From a hydrologic point of view, Lakes Michigan and
Huron are considered to be one lake because the eleva-
tion of their water surfaces is the same (fig. 13). From
Lakes Michigan-Huron, water flows through Lake St.
Clair to Lake Erie. Leaving Lake Erie, water
plummets over Niagara Falls into Lake Ontario (eleva-
tion 244.71 feet). The outflow of Lake Ontario moves
down the St. Lawrence River and ultimately empties
into the Atlantic Ocean. Niagara Falls, between Lake
Erie and Lake Ontario, precludes changes in the water
level of Lake Ontario from influencing the level of
the upstream lakes. On the other hand, the small dif-
ference in elevation between Lakes Michigan-Huron
and Lake Erie allows changes in the water levels of
Lakes St. Clair and Erie to be transmitted to Lakes
Michigan-Huron (International Joint Commission,
1985b, p. 3).

REGULATION OF THE GREAT LAKES

To provide adequate water depths for navi-
gation and to assure dependable flows for the produc-
tion of hydroelectric power, the outflows of Lakes
Superior and Ontario are regulated by control struc-

tures at their outlets. These structures are operated in
accordance with rules established by the International
Joint Commission, an organization set up by the Boun-
dary Waters Treaty of 1909 between the United States
and Canada.

Control works in the St. Marys River near
Sault Ste. Marie, Mich., have regulated outflows from
Lake Superior since 1921. These flows through the
St. Marys River represent, on the average, 40 per-
cent of the total inflow to Lakes Michigan and Huron.
The works are operated under the International Joint
Commission’s Regulation Plan 1977, whose overall
goal is balancing the levels between Lake Superior and
Lakes Michigan-Huron. Plan 1977 has the following
objectives (International Joint Commission, 1985b,
p. 27):

¢ The monthly mean level of Lake Superior shall not
exceed an elevation of 602.0 feet.

¢ The monthly mean level of Lake Superior shall not
fall below 598.4 feet and impair navigation.

¢ When the level of Lake Superior is less than 600.5
feet, the outflow of the Lake shall not be greater
than flows before the regulating works were
constructed.

® The maximum outflow of Lake Superior in the
winter shall be 85,000 ft3/s (cubic feet per se-
cond) [54,945 Mgal/d (million gallons per day)]
to minimize ice jams on the St. Marys River.

The International Lake Superior Board of Control
monitors and reports the flows of the St. Marys River
and the levels of Lakes Superior, Michigan, and
Huron.

Lake Ontario has been regulated since 1960
by control structures in the St. Lawrence River near
Ogdensburg, N.Y. These structures have no effect on
the upper Great Lakes because of Niagara Falls. The
control structures are operated under the International
Joint Commission’s Regulation Plan 1958-D. Plan
1958-D outlines the following objectives (International
Joint Commission, 1985b, p. 35):

® Provide adequate depths and acceptable velocities
for navigation.

 Provide dependable flow for hydroelectric power
generation.

¢ Reduce ranges of levels on Lake Ontario.

The International St. Lawrence River Board of Con-
trol monitors and reports outflows from Lake Ontario.

Levels and outflows of the middle lakes—
Michigan-Huron, St. Clair, and Lake Erie—are deter-
mined by the discharge capacities of the rivers that
drain them. These are the lakes that experienced the
brunt of the high water levels during 1985.

DIVERSIONS OF WATER

Five major diversions transfer water into, out
of, or between the Great Lakes and the connecting
waterways (fig. 13). The first two, Long Lac (com-
pleted in 1941) and Ogoki (completed in 1943), take
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Table 4. Selected facts about the Great Lakes system

[Abbreviations: mi=miles; mi? = square miles, mi* = cubic miles. Source: Inter

national Coordinating Committes on Great Lakes Basic Hydraulic and Hydrologic Data, 1977)

Water

Shorehne

Dranage length
Lake vﬂl#ira?e sl;rrféage areag [u?clgdes Outlet Remarks
imi) {me3} islands}
{mi)
Superior ............ 2,900 31,700 49,300 2,726 St. Marys River to Lake Largest surface area of all the
Huron. freshwater lakes in the
world. Outflow controlled
by St. Marys River Com-
pensating works.
Michigan ... 1,180 22,300 45,600 1,638 Straits of Mackinac to Sixth largest surface area of
Lake Huron. world's freshwater lakes.
Huron ................ 850 23,000 51,700 3,827 St. Clair River to Lake Fifth largest surface area of
St. Clair. world's freshwater lakes.
St. Clair ... 1 430 4,800 257 Detroit River to Lake Erie. Shallowest lake in the Great
Lakes system.
Erie oo 116 9910 22,720 871 Niagara River and Falls Eleventh largest surface area
10 Lake Ontario. of world's freshwater lakes.
Ontario ............... 393 7,340 23,400 712 St. Lawrence River to QOutfiow controlled by St. Law-
Atlantic QOcean. rence Seaway and Power
Project.
Total ... 5,440 94,680 197,520 10,031

water supply, which depends on inflow to and outflow
from the system. Inflow to the system is from
precipitation falling on the surface of the lakes, runoff
from the Great Lakes drainage basin, inflow from
ground water, and artificial diversions into the system.
Outflow from the system occurs by evaporation from
lake surfaces, by the discharge of the St. Lawrence
River, and by diversions from the system.

The enormous storage capacity of the Great

RECENT HIGH WATER LEVELS
At the beginning of water year 1985 (October

1984), monthly mean water levels of Lakes Superior,
Michigan-Huron, St. Clair, and Erie were above their

Table 5. Water levels of the Great Lakes, 1900-84

[Levels are referenced to International Great Lakes Datum 1956. Source: National Oceanic and

Atmosphenc Administration, National Ocean Service]

Lakes generally absorbs most of the variations in water
supply; however, the water levels of the lakes co fluc-
tuate from year to year and from season to season. Lake
Normally, the range in water levels is only a few feet

Lake surface elevation, in feet

Monthly range

Monthly mean {from winter low to summer high)

with the overall range in annual levels about 6 feet Average  Mawmym _ Minimum fveroge  Madmum  Mwimum
(table 5; figs. 14, 15). In the early 1950’s and early  Superior ............. 600.59 602.02 598.23 1.2 2.1 0.4
1970’s, the mean annual levels of the Great Lakes  Michigan-Huron ... 578.27 581.04 575.35 1.2 2.1 4
reached record highs after periods of record low levels 573.34 576.23 569.86 17 33 B
in the mid-1930’s and the mid-1960’s (International 570.44 §73.51 367.49 1.6 28 3
244.711 248.06 241.45 2.0 36 7

Joint Commission, 1985b, p. 8).

The lakes usually are at their lowest seasonal
levels in the winter (fig. 14). As precipitation and
snowmelt increase runoff in late winter and spring,
the lake levels rise. Smaller lakes, such as Erie and
Ontario, usually reach their highest levels in June.
Lake Superior generally reaches its maximum level
in September. The lake levels begin their seasonal
decline when high evaporation and low runoff cause
the net inflow to the system to become negative (In-
ternational Joint Commission, 1985b, p. 9).

The precipitation and air temperature regimes
prevailing over the Great Lakes basin strongly in-
fluence the levels of the lakes. Lower air temperatures,
for example, result in more runoff for a given amount
of precipitation because evaporation and transpiration
are less. Since 1940, precipitation generally has been
above average, although below-average precipitation
in the early 1960’s led to record low lake levels (fig.
15). From the late 1960’s to the present, the combi-
nation of above-average precipitation and below-
average air temperatures has caused lake levels
generally to rise (International Joint Commission,
1985b, p. 13-18).

respective long-term (1900-84) monthly averages for
October (fig. 14). The October 1984 monthly mean
water levels for Lakes Michigan-Huron and Erie were
about 1.5 feet above their long-term average levels.

Above-average precipitation from December
1984 to March 1985 coupled with a major snowmelt
during February caused April and May monthly mean
water levels in Lakes Michigan-Huron and Erie to ex-
ceed their previous record high levels. Lake St. Clair
also set new record highs in March, April, and May
1985. The monthly mean water levels of Lakes
Michigan-Huron and Erie were more than 2 feet above
their respective long-term averages for April and May.

To mitigate flooding and erosion due to high
water levels in the middle lakes, several management
actions were taken. The International Joint Commis-
sion ordered outflows from Lake Superior reduced by
30 percent below the normal flow prescribed by Plan
1977 beginning on May 2, 1985. This reduction was
intended to last until October 1985. The purpose of
this action was to reduce inflows into Lakes Michigan-
Huron—and thus reduce their levels—without raising
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tions it was negative. (The ice would float if it had
broken loose.) This thinning implies not only high rates
of iceberg calving, but also high rates of ice flow ac-
cording to our current understanding of basal ice
sliding. The high rate of ice flow means that further
reduction in ice thickness will occur and that the reduc-
tion will lead to further increases in calving and rate
of ice flow. Thus, in spite of this increase in rate of
ice flow caused by the rapid drawdown (thinning) of
its ice reserves, increasing iceberg discharge is causing
the terminus of the Columbia Glacier to retreat.

Columbia Glacier is the first opportunity for
scientists to observe and study a rapidly moving,
rapidly disintegrating glacier. A controversial scenario
has suggested that the West Antarctic Ice Sheet might
disintegrate as a result of higher air and water
temperatures caused by the ‘‘greenhouse effect’” in-
duced by increases in atmospheric carbon dioxide con-
centrations (See article in this volume ‘‘Snow, Ice,
and Climate—Their Contribution to Water Supply.”’)
If this disintegration were to happen, the effect on
global sea level would be major (National Academy
of Sciences, Committee on Glaciology, 1985). Iceberg
calving and rapid glacier flow, necessary for the
hypothesized ice-sheet disintegration, unfortunately,
are not well understood. However, observation of the
disintegrating Columbia Glacier should add to basic
knowledge of these processes and provide a basis for
an improved evaluation of the global consequences of
glacier retreat.
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downstream from the Delaware Memorial Bridge,
deploying protective booms at key locations in an at-
tempt to prevent oil from entering numerous creeks
and wetlands, including Federal and State wildlife
refuges.

In theory, protective actions taken during an
oil spill may appear to be clear cut and relatively
simple. In real life, the effectiveness of such actions
is tempered by the river currents, number of booms
available, wind direction, properties of the oil, and
many other variables. For example, for some areas
such as the Salem Cove and Salem River area, it
proved difficult to devise a protective strategy because
of the configuration of the marshlands at the mouth
of the river. In addition to the use of containment and
protective booming, several skimmers (vessels de-
signed specifically to remove floating oil from the
water) were deployed in the Delaware and Christina
Rivers. The efforts of the skimmers met with limited

success.
In addition to protective actions by the ship’s

owners, the USCG, and local governments, several in-
dustries, including two powerplants and a chemical
company, set out their own floating booms to help pro-
tect their water intakes from the oil. No public water-
supply intakes were threatened by the spill.

By September 30, considerable volumes of
oil floated in uncontrolled slicks-from the oil facility
at Marcus Hook downstream to New Castle, Del., and
to Pennsville, N.J. The slicks were described as rib-
bons of oil as much as 20 feet wide and 1 to 2 miles
long. By October 1, the oil had reached Delaware City,
near the Chesapeake and Delaware Canal that links
the Delaware River with Chesapeake Bay.

Twelve days after the accident, it appeared
that all of the free-floating oil had washed ashore and
would stay there. Much of the oil, which had been
deposited during the initial high flow caused by the
Hurricane Gloria rainfall, remained stranded on the
shoreline as the water receded. Between October 10
and November 7, when the USCG and State officials
determined that cleanup actions had been adequate,
private contractors spent many hours raking up and
disposing of oiled debris and sand, and using water
jets or steam to remove oil from seawalls, riprap, and
other artificial structures.

Damages caused by this oil spill came in a
variety of forms. A total of 78.5 acres of wetlands
along the river received a moderate to heavy deposi-
tion of oil. The most severely affected area was along
the State of Delaware shoreline between Deemers
Beach and Edgemoor, including the city of New
Castle. More than 90 cormorants, ducks, and geese
affected by the oil were captured by the U.S. Fish and
Wildlife Service, by the New Jersey Division of Fish,

- Game, and Wildlife, and by the Delaware Division

of Fish and Wildlife and taken to an emergency center
staffed by trained volunteers to be cleaned of the oil
and nursed back to health. About 40 percent of the
birds survived. As many as 200 additional birds may
have been affected by the oil but were not brought to
the rescue center, either because they could not be cap-
tured or because the effects of the oil had already been
fatal. Battery Park, a high-use recreational area in New
Castle, received heavy oil deposition. Numerous
recreational and commercial vessels were affected by
the oil, and river traffic was restricted during the
cleanup operations.

Although spill-response efforts began imme-
diately after the incident, there were inevitable
damages. It is virtually impossible to completely pre-
vent impacts during a spill of this magnitude on a river
that sustains commerce, recreational uses, and signifi-
cant fish and wildlife habitats. However, the en-
vironmental impacts of the oil spill were mitigated by
the dry, sunny weather during the first 2 days of the
spill, which hastened the evaporation of the more toxic
hydrocarbons and reduced the total volume of oil by
an estimated one-third. The fall bird migrations that
would bring thousands of waterfowl and shorebirds
into the area had not yet begun, and it was almost the
end of the growing season for the marsh grasses and
other wetland plants. Compared to losses that could
conceivably have accompanied a 435,000-gal oil spill,
the actual losses were relatively small. As a follow-
up to the spill, three research studies were initiated
by Rutgers University, the State of Delaware, and
NOAA. The studies are to determine the effects of oil
spills on downstream Delaware Bay oyster beds, on
aquatic habitat and fish populations in the Wilmington,
Del., area, and on Delaware River wetlands.
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INTRODUCTION TO
HyproLocic PeErSPECTIVES ON WATER ISSUES

The articles in ‘“Hydrologic Perspectives on Water Issues”” of the 1985 National
Water Summary are grouped under the headings ‘Water-Availability Issues’” and ‘‘Institutional and
Management Issues.”” The first article under ‘*Water-Availability Issues’’ focuses on the factors
that control the spatial and temporal distribution of the Nation’s surface-water resources and, by
the use of examples, provides information that can be used to interpret the monthly and annual
hydrographs, precipitation maps, and runoff maps presented in the State summaries. This is followed
by an overview of the role of snow and ice as natural forms of water storage. Of particular concern,
in the longer term, is the issue of climatic change and its impact on sea level and water resources.
There now appears to be a consensus among scientists that fossil-fuel combustion and other human
activities are releasing large enough quantities of carbon dioxide and other gases into the atmosphere
to increase global air temperature over the next 50 years. The projected warming is expected to
lead to higher sea level and probably will alter future precipitation and runoff patterns. Such changes
could have significant economic and social ramifications and are the topic of increased research
by Federal and academic scientists.

The storage and consumptive use of water in a river basin can significantly affect the
streamflow characteristics, channel stability, water quality, and wildlife habitat downstream. The
third article illustrates these changes by examples drawn from an examination of 29 dams in the
Central and Western United States. The fourth article describes similar changes in the Platte River
basin.

Water management is undergoing major changes (Freshwater Society, 1985). These changes
are driven by several factors: increasing water demands, a fixed but renewable resource base whose
physical limit is being approached in a number of areas of the country, the increasing costs of adding
additional water-supply capacity, and limited budgetary resources to fund capacity expansion. A
search for solutions to these problems has led to the emergence of water-management strategies
based on (1) demand management through water conservation measures, water prices, and withdrawal
permits; (2) management of water supplies by reuse or recycling of existing water supplies, by in-
creasing system yield through the conjunctive use of ground water and surface water, and by the
operation of individual projects in the same region or river basin as a single system; (3) the reallo-
cation of water through the development of water markets, negotiated water transfers, or other volun-
tary transactions in water. The increased emphasis on water-resources management has increased
the need for hydrologic data for management purposes.

The first article under the ‘‘Institutional and Management Issues’” heading describes the
growing availability of real-time data and the related communications system used to distribute the
data to water managers and provides some examples of applications. The final two articles present
several innovative approaches to some of the water-management issues facing the States. These ap-
proaches will intensify the demand for water information and the need to obtain greater understanding
of the hydrology of the water-resources systems being managed.
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This situation results in very low winter flows followed
by high runoff when the snow and ice melt. Examples
are the Boise River in Idaho and Clarks Fork
Yellowstone River in Montana (fig. 32, sites 4 and
5). The monthly distribution of flow in arctic streams
is similar, except that small streams there usually cease
to flow during winter,

If seasonal snow packs were the only type of
water storage in a drainage basin, streams would cease
to flow between times of snowmelt and storm runoff.
For most streams, however, other types of natural
storage, such as meltwater from perennial snowfields
and glaciers, drainage from lakes and swamps, and
springflow and seepage from ground-water systems,
sustain streamflows during periods of low flow.

In some basins of the Western United States,
especially in Alaska and Washington, glaciers strongly
influence the dry-season water supply and provide
natural regulation of the streamflow to balance the
seasonal and year-to-year variations in precipitation.
The effects of ice and snow are discussed in greater
detail in another article in this volume entitled ‘‘Snow,
Ice, and Climate—Their Contribution to Water
Supply.”’

Wetlands and lakes also regulate local stream-
flows in the short term by storing water during periods
of high flow and releasing it during periods of low
flow. The degree of regulation depends largely upon
the volume of water that can be stored temporarily
in relation to the rate of inflow and the degree to which
evapotranspiration losses deplete the stored water.

The natural freshwater storage that has by far
the greatest effect on streams in most of the Nation
is the ground-water system. Ground-water reservoirs
(aquifers) are replenished, or recharged, mainly by
infiltration of part of the precipitation and by seepage
from stream channels whenever stream levels are
higher than ground-water levels. When stream levels
drop lower than ground-water levels, ground water
seeps into the channels and becomes part of the
streamflow. This storage effect of ground-water reser-
voirs is so great that ground water seeping into stream
channels may provide an average of 40 percent of the
annual streamflow in some areas and nearly all the
streamflow during periods of lowest flow (base flow).

Whether the response of streamflow to rainfall
is prompt or prolonged, therefore, depends partly on
the character of the soil and the underlying rocks.
Water falling on impervious soil or rock runs off
quickly to stream channels with little loss to infiltration
and evaporation. In moderate climates, average
monthly runoff closely follows the time distribution
of precipitation. Also, the magnitude of runoff relative
to the precipitation is greater than that from a basin
having a more pervious soil. Conversely, when most
of the precipitation soaks into the ground, its ap-
pearance as streamflow is considerably delayed, and
the variation among average monthly runoffs is
moderated. Some basins in which most of the
precipitation passes through the ground before ap-
pearing as streamflow are those in the Delmarva
Peninsula of Maryland and Delaware, in the Sandhills
region of Nebraska, and in the volcanic regions of
Idaho, Oregon, California, and Hawaii.

Inasmuch as low flows usually occur at times
when the only contribution to streamflow is ground
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water and when evapotranspiration is high, the amount
of an annual low flow depends on the amount of
ground water stored and on the rate at which it moves
to the stream; both of these factors are functions of
the topographic and geologic characteristics of the
basin. Streams sustained by large and permeable
aquifers tend to have relatively higher low flows and
also to be less variable from year to year than those
streams supplied by smaller aquifers or those that are
less permeable. For example, the flow of the Dismal
River in the Sandhills region of Nebraska is supplied
almost entirely from ground water that enters more
or less uniformly along the stream channel. Monthly
flows are very evenly distributed throughout the year.

Streamflow from limestone regions may show
large seasonal variation, or it may be unusually
uniform, depending on the extent and character of frac-
tures and solution channels in the limy rocks. Most
of the large springs issuing from limestone are con-
centrated in Florida, the Ozark region of Missouri and
Arkansas, and in the Balcones Fault belt in Texas.
Silver Springs in Florida, with an average discharge
of 813 ft3/s (cubic feet per second), probably is the
largest limestone spring in the United States (Vineyard
and Feder, 1974). Silver Springs and other springs
in Florida have relatively constant flows, whereas
those in the Ozark region fluctuate considerably. Big
Spring in Missouri, for example, has an average flow
of 438 ft¥/s, but daily flows ranged from 294 ft3/s on
March 2, 1984, to 1,500 ft3/s on March 20, 1984, in
response to heavy rains (U.S. Geological Survey,
1984a).

In arid and semiarid regions, ephemeral
streams—those having no flow for some period during
most years—are typical. Exceptions in such regions
usually are large streams that head in mountainous
areas and that are fed by perennial snow and ice
storage or that are fed by a large ground-water system.

ANNUAL FLOW VARIATION, DROUGHT,
AND FLOODS

NATURAL INFLUENCES AND FLOW FREQUENCIES

Year-to-year variations in runoff from a
drainage basin are caused by changes in weather pat-
terns and precipitation. Such variations are greatest
in arid and semiarid regions where a small change in
precipitation has a large effect on runoff. For example,
a 20-percent increase in annual precipitation in a river
basin with an average of 20 inches might increase
runoff by about 150 percent (fig. 29), whereas the
same percentage increase in a basin with an average
precipitation of 50 inches might increase runoff by
about 30 percent.

In some regions, the variability in the size of
storms results in high variability among annual
discharges. The average discharge of the Middle Con-
cho River in Texas for 1931-68 was 34.9 ft3/s, but
for 1962-68 it was only 8.8 ft3/s (fig. 33). The prin-
cipal cause of the unusually low runoff during the
1962-68 period was the lack of long-duration, high-
intensity rainfall (Sauer, 1972).

Average monthly mean flows, discussed pre-
viously, are even more variable than annual mean
flows. The precipitation and temperature for a
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Certain other characteristics of a basin also
can contribute to floods and, in fact, have contributed
to some of the most disastrous floods in history. Moun-
tain glaciers, a potential for landslides on steep
unstable land, the occurrence of earthquakes, and the
presence of lakes and reservoirs in conjunction with
these other potentially hazardous factors provide a set-
ting for catastrophic flooding. For example, the sud-
den failure of a dam impounding a sizable reservoir,
or the sudden displacement of water in a lake or reser-
voir by a landslide or mudflow, can create a flood of
disastrous proportions for downstream areas.

The greatest likelihood for catastrophic flooding
probably exists for rivers that drain large mountain
glaciers on active volcanoes. For such streams, the
possibility exists for occasional floods and mudflows
from outbursts of glacier meltwater (Richardson,
1968) or even mudflows of huge proportions that are
caused by an increase in volcanic activity. Mudflows
can be especially dangerous because of their possible
large size, their ability to travel long distances, and
their relatively high speed (some reported at 20 to 55
miles per hour). Not only do they constitute a special
type of flooding, but they can severely damage dams,
fill reservoirs, and cause catastrophic floods farther
downstream by displacing reservoir water, causing it
to overspill a dam (Crandell, 1973). Mudflows also
can make certain areas flood prone by reducing the
carrying capacity of stream channels. Mudflows that
resulted from the eruption of Mount St. Helens in
Washington in May 1980 produced in-channel deposits
so extensive and voluminous that they obstructed the
shipping channel of the Columbia River about 70 river
miles from the volcano. Even after it receded, the main
volcanic mudflow left a residual flood hazard along
the channels of the Toutle and the lower Cowlitz
Rivers in Washington, which were so choked with
mudflow deposits that even normal wet-season runoff
could have caused severe overbank flooding (Foxwor-
thy and Hill, 1982, p. 68, 115).

Floods are among the most destructive natural
hazards. About 6 percent of the land area of the con-
terminous United States is prone to flooding and nearly
21,000 low-lying communities have flood problems.
Floods cause about 10 times more deaths, on the
average, than any other natural hazard. During water
year 1985, however, estimated economic loss from
flood damage in the United States was about $500
million, the lowest amount since 1971 (U.S. Army
Corps of Engineers, 1986).

Flood flows at various exceedance probabilities
(frequencies of recurrence) are determined from
streamflow records and from historical flood heights.
Also, for places where weather-station data may be
available for periods longer than the streamflow
record, the magnitude of flooding may be estimated
from the amount of runoff likely to be produced by
a storm of a certain frequency, or from the most in-
tense foreseeable storm. The extent of flooding (in-
undated land) for various flood flows can be deter-
mined from historical evidence (high-water marks and
observations of residents) or can be estimated by in-
direct methods that may include surveying the chan-
nel dimensions and slope and then mathematically
modeling floods of various magnitudes.

Sufficient streamflow records have been ob-

tained by the U.S. Geological Survey, in cooperation
with various State and other Federal agencies, to pro-
vide reliable flood-frequency estimates for nearly all
major rivers in the United States. In addition, regional
analyses of the flood-flow records and of natural
features that control the flows have produced methods
for estimating the magnitude and frequency of floods
at any site on a natural (unregulated) stream. Similarly,
maps of flood-prone areas (mostly related to the
100-year or 1-percent-chance flood) along most major
rivers have been prepared and are available from the
U.S. Geological Survey District Offices and other
agencies such as the Federal Emergency Management
Agency, U.S. Army Corps of Engineers, U.S. Soil
Conservation Service, and various State agencies.

Of course, the estimated exceedance proba-
bilities imply that it is entirely possible for two or more
major floods to occur within a period of a few years
or even within the same year. Conversely, a major
flood may not occur for several decades—long enough
for flood-plain residents to forget that a flood hazard
exists.

Intensive use has significantly modified flood
plains and streamflow characteristics from their natural
(predevelopment) condition. Almost every conceivable
land use occurs on the Nation’s flood plains. It is now
clearly established that virtually every change in land
use (conversion of open land to urban areas, for ex-
ample) alters, to some extent, the water quality and
the flow regimen of a stream system.

Flow conditions have been artificially modified
by dredging and mining of channel deposits, rerouting
and lining of channels, construction of locks, dikes
and levees, and dams and reservoirs, and by encroach-
ment onto the flood plains. The purpose of the locks
and much of the dredging is to maintain and improve
navigation on the rivers. Many of the dams and reser-
voirs were constructed to store water supplies. Other
dams and reservoirs and most other channel modifi-
cations, such as levees, were constructed to provide
flood protection to low-lying lands.

Because of obvious shortcomings, undesirable
side effects, and high costs of physical flood-control
measures, the emphasis in flood protection has shifted
to nonstructural measures. These measures include im-
proving flood forecasts, installing community flood-
warning systems, zoning or limiting land uses in flood-
prone areas, and delineating flood hazards. In the last
effort, interpretations of flood-frequency and the
mapping of flood-prone areas are continuing by the
U.S. Geological Survey and other agencies and are
being refined through ongoing programs of data col-
lection and research.

Despite these measures and the significant
benefits provided by existing flood-control projects,
average annual flood damages generally continue to
rise, although water year 1985 was an exception.
Much of the increase in economic losses can be attri-
buted to continuing encroachment onto the flood plain.

People are attracted to the flood plain by its
obvious advantages—the flat land, desirability for
transportation routes, access to water, and, commonly,
the best agricultural soils. Once people are established
on the flood plain, governments have characteristically
tried to contro] the damages from flooding by means
of dikes, dams, reservoirs, and other flood-control



works. Often, these flood-control measures success-
fully reduce damage from small and moderately sized
floods and, in so doing, provide incentives for addi-
tional development on the flood plain. Thus, when a
flood occurs that is greater than the capacity of the
flood-control works, losses often are much greater than
if development had been limited by periodic small-
-scale flooding. Moreover, the dikes and modified
channels that partially protect adjacent lowlands may
worsen flood problems in downstream areas (Dunne
and Leopold, 1978, p. 403-404). Even the presence
of buildings in the flood channels tends to constrict
flood flow and raise flood crests; and urban develop-
ment, which increases runoff via the paving and storm-
sewering of a substantial part of a stream’s drainage
basin, can cause a drastic increase in the frequency
and intensity of flooding (Leopold, 1968). These ef-
fects of urbanization alone can largely offset the
benefits derived from expensive flood-control
construction.

Although floods are a hazard, the storms that
cause floods replenish soil moisture and recharge the
ground-water systems, which in turn discharge to
streams between storms. Because a large part of the
annual runoff of some streams occurs during floods,
floods play a major role in replenishing reservoirs and
are important elements in the management of water
supplies.

USE AND MODIFICATION OF SURFACE-
WATER RESOURCES

OFFSTREAM AND INSTREAM USES

Uses of water are characterized as instream
uses and offstream or diversion uses. Each use has
an impact on the streams, although for some uses, prin-
cipally certain instream uses, the impact may be small
and not necessarily undesirable.

Principal offstream uses of surface water are
for supplies for irrigation, industrial, municipal, and
energy-production purposes. For all but irrigation
diversions, most of the water, following its use, even-
tually returns to the stream system, usually with some
aspect of its quality (such as temperature, chemical
quality, or sediment load) changed. The part of the
diverted water that does not return to streams is con-
sumed, mostly by vegetation, or evaporated during
use; this is referred to as ‘‘consumptive use.”’

The diverted water sometimes is used in a
drainage basin other than the one in which it originates;
typically, water is transferred from regions with large
supplies to others with smaller supplies or larger water
demands. For example, waters from streams in north-
ern and central California and from the Colorado River
currently are transferred to and used in southern
California. Such interbasin transfers of water, of
course, are equivalent to a totally consumptive use
within the originating basin.

Intensive withdrawal of ground water also can
divert water from streams. In the fairly common situ-
ation where an aquifer system is in hydraulic contact
with a stream, pumping from the aquifer not only can
intercept ground water that otherwise would seep in-
to the stream channel but also can (if ground-water
levels are lowered below stream levels) induce water
to flow from the stream channel into the aquifer. Flow-
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reduction effects of ground-water pumping, however,
occur some time after the onset of pumping and, unless
the wells are very near the stream, usually do not coin-
cide with times of maximum direct diversions from
the stream.

Instream uses of water include navigation, fish
and wildlife propagation, waste transport, hydropower
generation, and recreational activities. They usually
require some minimum flow rate and are largely com-
petitive with diversion uses, which reduce the flow.
For example, streamflows must not fall below some
minimum rate if navigation is to continue, if fish
habitat is to be preserved, or if waste loads are to be
adequately assimilated. Flows needed for hydropower
generation may change hourly, daily, and seasonally.
Flows that are optimum for recreational activities de-
pend on the particular activity; they range from some
minimum for fishing and esthetics to higher flow for
white-water canoeing and rafting.

ARTIFICIAL STORAGE

The amounts of water needed for each of the
major uses of stream water change throughout the
year, but rarely do periods of high demand occur at
times of high streamflow. Consequently, when the de-
mand for water is greater than the dependable flow
of the stream, the flow regimen commonly is modified
by constructing reservoirs for storing water during
high flows and releasing it later as needed. At pres-
ent there are 2,654 reservoirs and controlled natural
lakes with capacities of 5,000 acre-ft (acre-feet) or
more in the United States and Puerto Rico. These have
a combined normal storage capacity of more than 479
million acre-ft (table 6), and the 574 largest reservoirs
account for almost 90 percent of the total storage. In
addition there are least 50,000 smaller reservoirs with
capacities ranging from 50 to 5,000 acre-ft and about
2 million smaller farm ponds used for storage (U.S.
Army Corps of Engineers, 1981).

The change in flow regimen by operation of
a storage reservoir for irrigation is shown in figure
37 by the monthly flows of the Crooked River in
Oregon, above and below Prineville Reservoir. The
effect of reservoir operation also can be shown by
comparing the distributions of daily flows for periods
of years before and after the reservoir was established.
Usually, reservoir operation increases minimum flows
and reduces maximum flows, as indicated by the dura-
tion curves for periods before and after construction
of a reservair. For example, figure 38 shows that,
before construction of a reservoir on the East Fork
Clarion River in Pennsylvania, a daily mean flow of
about 350 ft*/s or greater could be expected 10 per-
cent of the time, whereas after reservoir construction
a daily mean flow of only 230 ft3/s or greater could
be expected 10 percent of the time. The lower parts
of the curves show that, before construction, the daily
mean flow that could be expected 90 percent of the
time was only about 12 ft3/s, but the comparable value
after construction increased to about 23 ft3/s. That is,
the low flows nearly doubled. The character and ex-
tent of changes in the flow regimen due to reservoir
operation depend on the capacity of the reservoir
relative to the annual flow and on the purposes of the
flow regulation.
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Table 7. Generalized water budgets for 1980, by water-resources region

[Data in billions of gallons per day. Sources: Average annual stream outflows from Graczyk and others, 1986; annual depletion
of ground-water storage estimates from U.S. Geological Survey, 1984b; offstream consumptive use from Solley, Chase, and Mann,
1983; net reservoir evaporation estimates based on data from Hardison, 1972, and U.S. Army Corps of Engineers, 1981]

Annual
Average depletion of Offsieam Ner Anntel
Water-resources region and no. ;T(;g?rl\ groutnd—water consumptive e\;g;grf‘;?iltr)n marﬁ:'
ouflows (e:tim%gd) use lestimated) supply
New England (1) 78.7 0.0 04 0.2 113
Mid-Atlantic (2) ......... 94.6 0 17 2 965
South Atlantic-Gulf (3) 207 0 5.1 5 213
Great Lakes {4) 75.2 0 13 3 7658
Dhio (5) {exclusive of autflows from region 6) . 138 0 1.7 4 140
Tennessee {B) ..oo.ooooooviins . 29 0 4 0 43.3
Upper Mississippi (7) fexclusive of autflows from region 10} ............. 77.6 0 15 6 %7
Lower Mississippi 8] (represems candiions in regions 5, 6, 7, 8,

10, 1) 433 5.8 36.3 6.0 470
Souris-Red-Rainy (9) . 7.2 0 A 4 Ll
Missauri (10} 50.2 22 16.0 3.3 81.3
Arkansas-White~Red (11} 56.3 3.6 96 1.4 83.7
Texas-Gulf {12) 30.7 31 6.5 1.8 4y
Rio Grande (13) 18 0 24 8 50
Upper Colorada {14) 8.3 0 2.3 17 123
Lower Coloradn (15] {represems conditons in regions 14 and 18....... 25 21 72 3.8 1z
Great Basin (16) 42 0 39 2 83
Pacific Northwest (17) 278 0 12.0 B 291
California {18) 62.8 1.4 25.0 5 869
Alaska (19) ?m 0 .04 0 821
Hawaii {20} .... 13.6 0 7 0 143
Caribbean (21) 48 0 3 0 5.1

consumptive use and net reservoir evaporation from
table 7). This consumptive use ranges from less than
1 percent of the renewable supply in the New England,
Tennessee, and Alaska Regions to nearly 100 percent
in the Colorado basin, where virtually the entire
renewable supply is used. About 30 percent of the
renewable supply in the Missouri, Upper Colorado,
and California Regions, 49 percent in the Great Basin
Region, and 64 percent in the Rio Grande Region is
consumptively used. Even in regions where consump-
tive use is a small percentage of renewable supply,
the regional aggregation of consumptive use and water-
supply estimates may mask local areas where the
percentage is high. Conversely, in regions where con-
sumptive use is a large percentage of renewable
supply, there may be river basins where the available
water resources are underutilized. Nonetheless, for
most of the country, consumption is a relatively small
percentage of supply and, aside from institutional and
distribution constraints, considerable increases in con-
sumptive use could be sustained. Exceptions are the
Great Plains and the Southwest, where the high percen-
tages of renewable water supply that are consumptively
used (table 8) clearly show that additional consump-
tive use will be constrained by water availability.
The intensity of surface-water development
in a region can be determined by comparing normal
reservoir capacity to annual renewable supply, ad-
justed for interregion water imports and exports. The
adjustment, which is made by subtracting imports and
adding exports to the renewable supply, reflects the
fact that most large interbasin transfers are made from

reservoir storage located in the exporting basin. The
net imports and exports shown in table 8 depict 1980
interbasin transfers (Mooty and Jeffcoat, 1986; Petsch,
1985).

Reservoirs often are characterized as having
a ‘‘safe yield,”” which represents the amount of water
that can be continuously withdrawn from storage with
an acceptably small risk of interrupting the supply.
Hardison (1972) found that the safe yield of reservoirs
in water-resources regions of the conterminous United
States reaches a maximum when storage represents
160 to 460 percent of the average annual renewable
water supply of the region. Further additions to reser-
voir capacity actually will decrease the net safe yield
because evaporation losses associated with the in-
creased reservoir surface area exceed increases in safe
yield associated with increased reservoir capacity.

Reservoir storage as a percentage of annual
renewable supply (table 8) is greatest in the entire
Colorado River basin (421 percent), followed by the
Upper Colorado (261 percent), the Rio Grande (189
percent), the Missouri (112 percent), the Souris-Red-
Rainy (93 percent), and the Texas-Gulf (61 percent)
regions. According to Hardison (1972) the maximum
safe yield of a region falls within the range of 160 to
460 percent of the annual renewable supply. Hence,
the data shown in table 8 suggest that there may be
considerable potential for increasing basin safe yields
by expanding reservoir capacity in most regions. On
the other hand, environmental constraints, economic
considerations, and a lack of good reservoir sites may
hinder future expansion of reservoir capacity.
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Table 8. Comparison of surface-water resources development criteria, by water-resources region

[Bgd = billion gallons per day. Sources: Annual renewable supply from table 7; net imports and exports from Petsch, 1985, and
Mooty and Jeffcoat; 1986, normal reservoir storage capacity from U.S. Army Corps of Engineers, 1981, and U.S. Geological

Survey, 1984b}

Consumptive use Normal reservoir storege capacity

Annual Net imports
Weter-resources region and no. reneweble or exports Percent of Million Peu;:em of
! supply -1, 1980 Bgd' tenewable Renk acre- atstad Rank
{bgd) {bgd! supaly fest renewable
supply?
New England (1) 773 0.0 0.6 08 20 13.0 15 14
Mid-Atlantic {2) 96.5 -1 1.9 20 17 10.3 4.5 17
South Atlantic-Gulf (3) =... 213 0 5.6 2.8 14 38.7 16 13
Great Lakes {4} 76.8 -1.3 16 2. 16 6.9 18 18
Ohio (5} lexclusive of outflows
from region B) 140 0 2.1 15 18 19.6 12 16
Tennessee (6} 43.3 0 A A4 19 1.2 23 1
Upper Mississippi {7} (exclusive of outflows
from 1egion 10) ..o 79.7 2.0 2.1 2.6 15 122 14 15
Lower Mississippi {8} (represents conditions
in regions 5, 8, 7, 8, 10, 1 coovveevovren 470 0 42.3 9.0 9 164.8 3 10
Souris-Red-Rainy (3} o.cccovvorrrnre 11 0 5 b5 10 8.0 93 5
Missouri {10} 67.3 2 19.3 29 5 84.3 112 4
Arkansas—White-Red (11) 63.7 A 1.0 17 8 31.8 4 7
Texas-Gulf (12} ....... 359 0 8.3 23 7 24.7 g1 [
Rio Grande (13) ... 50 A 3.2 54 2 10.4 189 3
Upper Colorado (14) ..o, 12.3 -6 4.0 33 4 31.7 261 2
Lower Colorado (15} (represents conditions
in regions 14 and 150 .coovooeerrovrreeeer 11.2 -3.7 10.8 96 1 70.4 427 1
Great Basin {16} ........cooovvomccee 8.3 0 4.1 49 3 33 35 9
Pacific Northwest {17} . 291 0 12.8 4.3 13 60.9 19 12
California (18} .......... 86.9 3.7 265 29 6 38.8 42 8
Alaska (19) .. pal 0 .04 0 21 15 - 20
Hawaii (20 ..... 14.3 0 7 5 12 0 0 21
Caribbean (21) 5.1 0 3 il " 3 52 19

'Sum of offstream consumptive use and net reservoir eveporation shown in teble 7.

Annual renewable supply edjusted by subtracting net imports to, or adding net exponis from, the water-resources region.

OUTLOOK FOR THE FUTURE

The adequacy of available stream supplies to
meet future demands depends on the following factors:

® quantities of available surface water,

¢ future demands and types of water use,

¢ water-quality constraints on future stream uses,

® legal, institutional, and management influences on
future water supplies and demands.

SupPPLY AND DEMAND

The renewable water supply of the conter-
minous United States amounts to about 1,380 billion
gallons per day. Even though the total offstream
withdrawals of surface water more than doubled during
1950-80 (fig. 39), withdrawals still remained less than
21 percent of the renewable supply in 1980. Despite
major droughts, such as the one in the Eastern United
States in 1985, and chronic water shortages in some
localities, the Nation is not ‘‘running out’’ of water.
Periods of drought will be followed by periods of
above-normal precipitation and runoff in the future as
in the past. Many of the concerns about water short-
ages arise because of uneven distribution of water in
relation to the regional and seasonal distribution of
water demands; concerns also arise because of in-
creasing demand for existing supplies and related diffi-

culties in distribution. In some situations, changes in
engineering, management, or institutional procedures
can improve the situation.

Information about historical climates and spec-
ulation about the possibility of future climatic changes
related to human activities allow interesting conjec-
ture, but provide no real guidance to water-resources
planners as to the future availability of water.
Knowledge about past climatic conditions has been ex-
tended by means of tree-ring data and, more recently,
by the study of ice cores from the thick ice sheets of
Greenland and Antarctica. The data indicate that
swings in climatic conditions (and, therefore, in runoff
conditions) in North America were greater in the past
than any measured in the past 100 years or so.
However, these data have not yet provided the basis
for helping to predict the onset of significant climatic
changes. Similarly, widely publicized hypotheses
about climatic changes that may result from pollution
of the upper atmosphere, from a thinning of the ozone
layer, or from the increase in the concentration of car-
bon dioxide in the atmosphere (the ‘‘greenhouse ef-
fect’’), are controversial and somewhat contradictory.
(See article in this volume, ‘‘Snow, Ice, and
Climate—Their Contribution to Water Supply.”’)
Therefore, pending more definitive guidance from
ongoing research, a reasonable assumption about
future availability of stream supplies is that the pres-
ent average renewable supplies can be expected to re-
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In the industrial sector, conservation measures
associated with pollution-control measures under the
Federal Water Pollution Control Act Amendments of
1972 (Public Law 92-500) probably accounted for
much of a 4-percent decline in the ‘‘other industrial
withdrawals’’ between 1970 and 1975 and for a lack
of change in withdrawals between 1975 and 1980 (fig.
39), despite a doubling of manufacturing income (ex-
pressed in constant dollars) (U.S. Bureau of the Cen-
sus, 1984, p. 744). Many industries that used large
amounts of process water simply increased the re-
cycling of water in their plants to reduce the volume
of waste discharges and the associated costs of treating
the discharges (David, 1984). A similar trend seems
to be present in the use of water for thermoelectric
generation. The percentage increase in that water use
between 1970-75 and 1975-80 declined from 18 per-
cent to 9 percent, whereas the percentage increase in
electrical power production declined only from 25 per-
cent to 20 percent for the same time periods (U.S.
Bureau of the Census, 1984, p. 564). Some of the
slowing in the growth of water-use withdrawals for
thermoelectric use is related to a reduction in once-
through cooling, largely to reduce the discharge of
waste heat to streams. Further increases in recycling
of cooling water for powerplants by using cooling
towers should further slow the growth of withdrawals
but probably will increase consumptive use.

Demands for public water supplies are increas-
ing (fig. 39), reflecting the continued growth of
population. Many factors, however, will influence the
future per-capita demand for water. Overall, the in-
creased use of water-conserving appliances and fix-
tures over the next few decades, expected increases
in the cost of water, and a general awareness of the
need to conserve water should stabilize or reduce
future per-capita use rates.

It should be noted that development of water
resources to the full extent of their normal availability
increases the probability of failure to meet demands
during droughts. Alternative, temporary supplies
should be identified unless demands can be reduced
during drought periods. For example, domestic water
use generally can be reduced with minimal inconve-
nience for short periods of time by eliminating lawn
watering and car washing. During the 1976-77
drought in California, surface-water supplies were
supplemented by ground water, and the use of water
for irrigation was greatly curtailed (Matthai, 1979,
p. 71-72). For some areas, an increase in water use
may be possible only if additional supplies can be ob-
tained by interbasin transfers.

WATER QUALITY

Water-quality degradation has been widely
publicized but has not become a major limitation on
water availability nationwide. Actually, the Nation is
blessed with a relative abundance of good-quality sur-
face water. Although serious water-quality problems
have developed in some stream reaches and although
some streams do not always maintain a quality suitable
for all desired uses, quality problems have not imposed
extensive limitations on water use nationwide or even
in most regions.

Growing perceptions of water-quality problems

in the United States during the 1960’s led to the
passage of several water-quality-related pieces of
Federal legislation in the 1970’s, including the Federal
Water Pollution Control Act Amendments of 1972
(Public Law 92-500; amended in 1977 and 1981) and
the Safe Drinking Water Act of 1974 (Public Law
93-523). In support of this legislation, billions of
dollars have been spent by the public and private sec-
tors on different types of pollution-abatement programs
designed mainly to reduce point-source pollution and
improve stream-water quality. For example, more than
$100 billion was spent for pollution control between
1974 and 1981 (U.S. Environmental Protection
Agency, 1984). In the decade following passage of
the Federal Water Pollution Control Act of 1972, total
biological oxygen demand (BoD) loads from
municipal discharges reportedly decreased an
estimated 46 percent, and industrial loads decreased
at least 71 percent (Association of State and Interstate
Water Pollution Control Administrators, 1984; U.S.
Environmental Protection Agency, 1982) despite in-
creases in population and real Gross National Product
of 10 percent and 27 percent respectively.

In general, significant improvements apparently
have been made in the quality of the Nation’s waters
(U.S. Environmental Protection Agency, 1985, p. 1).
Observed trends at 294 National Stream Quality Ac-
counting Network (NASQAN) stations (operated by the
U.S. Geological Survey) and 94 National Stream
Quality Surveillance System (NWQsS) stations
(operated by the U.S. Environmental Protection
Agency) between October 1974 and October 1984
showed widespread decreases in fecal bacteria con-
centration and, to a lesser degree, in phosphorus
downstream of large point-source discharges (Smith
and others, 1986). These trends provide some evidence
of the beneficial effects of improved treatment of point-
source effluents on water quality. However, similar
relationships between trends in dissolved-oxygen
deficit and changes in point-source BOD loads were
not observed.

In many regions, nonpoint sources of pollution
contribute significantly to water-quality problems.
Widespread increases in chloride, nitrate, and, to a
lesser extent, sulfate are thought to be related to non-
point sources. Increases in the use of salt (chloride)
on highways and of nitrogen fertilizer, and regionally
variable trends in coal composition (sulfate) and pro-
duction appear to be reflected in water-quality changes
at the NAsQAN and Nwqss stations. Of particular in-
terest is evidence that atmospheric deposition of a
variety of substances has played a large role in water-
quality changes of surface water (Smith and others,
1986). The off-farm effects of cropland erosion also
are a concern in many parts of the country (Clark and
others, 1985). Thus, water-quality programs that
formerly emphasized control of point-source pollution
are now shifting to programs that emphasize the con-
trol of nonpoint sources of pollution, the protection
of ground-water quality, and the cleanup of toxic-waste
disposal sites.

The protection of ground-water quality is parti-
cularly important, not only because ground water sup-
plies much of the Nation’s drinking water, but also
because it is the source of about 40 percent of the Na-
tion’s streamflow. This hydraulic connection between



streams and aquifers implies that if a pollutant gets
into an aquifer and is not adsorbed or degraded by
chemical, physical, or biological processes, the pollu-
tant will eventually be discharged to a surface-water
body.

As yet, surface-water quality has not greatly
affected offstream water uses. Most water can be
treated to remove contaminants, although there is some
concern about the effectiveness of conventional water-
treatment processes in removing synthetic organic
substances.

In terms of instream uses, water quality, in-
cluding sediment content, significantly affects fish and
wildlife. The impact of water quality on the capability
of streams to support sport fish does not seem to have
changed appreciably over the past 5 years. About 67
percent of the Nation’s stream miles are reported to
be capable of supporting sport fisheries (Judy and
others, 1984, p. 52-53). Nonpoint-source pollution
from agricultural lands, however, is 2 major constraint
to improving stream-habitat conditions for fish (resi-
dent and migratory) and other wildlife.

A particularly difficult problem is the reuse
of irrigation return flows which may be contaminated
by pesticides and fertilizers. Because of the high con-
sumptive use in irrigation, the mineral content of the
return flows often is increased substantially. Subse-
quent reuse of irrigation water may not be possible
unless the return flow is diluted with fresher water to
lower these salt concentrations. Such salt buildups have
affected a number of western rivers, most notably the
Colorado and the Arkansas Rivers (U.S. Geological
Survey, 1985, p. 74-84). The salinity of irrigation
return flows always has been a major problem in irri-
gation management. Recently new concerns have
arisen about toxic substances, such as selenium, in
waters associated with agricultural drainages, and the
possibility that such substances may accumulate in the
aquatic food chain to the point where they are toxic
to fish and wildlife (U.S. Geological Survey, 1985,
p. 45-46; Presser and Barnes, 1985).

It is obvious from the foregoing that improving
or even maintaining stream water quality, in the face
of population growth and more intensive use and reuse
of the water, will be one of the major challenges of
the coming decades. These challenges are only part,
however, of the overall challenge of meeting future
water demands in the context of evolving legal and
institutional arrangements, and of resolving the com-
peting and often conflicting demands for limited sup-
plies of water.

MANAGEMENT INFLUENCES

Water management is undergoing major
changes (Freshwater Society, 1985). These changes
are driven by several factors: increasing water
demands; a fixed but renewable resource base whose
physical limit is being approached in some river basins;
increased costs of expanding water-supply capacity;
and a changing view of the Federal role in water-
resources development. Several strategies appear to
be emerging as a means of coping with these factors.

® Demand management—use of water-conservation
measures, water pricing, and withdrawal per-
mits to match demands to available supplies.

National Water Summary 1985 — Water-Availability Issues

¢ Supply management—use of recycling and reuse of
existing supplies, conjunctive use of surface and
ground water, and the joint operation of in-
dividual water projects in a river basin as a
system in order to increase the beneficial use
of existing supplies.

¢ Water reallocation—use of water markets, negotiated
water transfers, and other voluntary transfers
to set priorities for meeting competing water
demands.

The existing institutions, water laws, and con-
ventions evolved during a period in history when water
demands generally could be met by allocations from
a relatively abundant supply. State water-rights
systems originally were designed to preserve a static
pattern of use, once that pattern was established
(Brown and others, 1980). The new challenge to State
water managers is to facilitate the transfer of existing
water rights to new users while also protecting other
water-right holders. Innovative approaches already
have been used by several Western States as described
by the article in this volume, ‘‘Voluntary Transfers
of Water in the West.”” Recognition of water rights
or the access to water supplies as a negotiable and
transferable property right that may be sold or leased
in the market place seems to be one of the keys to
resolving many of today’s ‘‘water crises”” (U.S. Coun-
cil on Environmental Quality, 1986, p. 312).

Regardless of the management techniques
adopted by each State to manage its water resources,
the development and management of water resources
in the face of increasingly competitive water demands
are likely to increase the demand for water information
and knowledge about hydrologic systems.

SELECTED REFERENCES

Association of State and Interstate Water Pollution Control
Administrators, 1984, America’s clean water—The
States’ evaluation of progress 1972-1982: Washington,
D.C., Association of State and Interstate Water Pollu-
tion Control Administrators, 16 p. (Appendix).

Barksdale, H. C., O’Bryan, Deric, and Schneider, W. J.,
1966, Effect of drought on water resources in the North-
east: U.S. Geological Survey Hydrologic Investigations
Atlas HA-243 (1 sheet).

Brown, L., McDonald, B., Tysseling, J., and Dumars, C.,
1980, Water allocation, market proficiency, and con-
flicting social values: Albuquerque, N. Mex., Bureau
of Business and Economic Research, University of New
Mexico for John Muir, Inc., 126 p.

Clark, E. H., II, Haverkamp, J. A., and Chapman, William,
1985, Eroding soils, the off-farm impacts: Washington,
D.C., The Conservation Foundation, 252 p.

Crandell, D. R., 1973, Map showing potential hazards from
future eruptions of Mount Rainier, Washington: U.S.
Geological Survey Miscellaneous Geologic Investiga-
tions Series Map 1-836 (map with text).

David, E. L., 1984, A quarter century of industrial water
use and a decade of discharge controls: Water Resources
Bulletin, v. 20, no.3, p. 409-416.

Dunne, Thomas, and Leopold, L. B., 1978, Water in en-
vironmental planning: San Francisco, W. H. Freeman
and Company, 818 p.

Federal Interagency Task Force on Irrigation Efficiencies,
1979, Irrigation water use and management:
Washington, D.C., U.S. Government Printing Office,
133 p.

67



National Water Summary 1985 — Hydrologic Perspectives

Foxworthy, B. L., and Hill, Mary, 1982, Volcanic erup-
tions of 1980 at Mount St. Helens—The first 100 days:
U.S. Geological Survey Professional Paper 1249,
125 p.

Frederick, K. D., 1982, Water for western agriculture:
Washington, D.C., Resources for the Future, 241 p.

Freshwater Society, 1985, Water management in transition
1985: Navarre, Minn., The Freshwater Foundation,
80 p.

Gebert, W. A., Graczyk, D. J., and Krug, W. R., 1986,
Average annual runoff in the United States, 1951-80:
U.S. Geological Survey Open-File Report 85-627,
24 p.

Graczyk, D. J., Krug, W. R., and Gebert, W. A., 1986,
A history of annual streamflows from the 21 water-
resources regions in the United States and Puerto Rico,
1951-83: U.S. Geological Survey Open-File Report
86-128, 66 p.

Hardison, C. H., 1972, Potential United States water-supply
development: American Society of Civil Engineers Pro-
ceedings, Irrigation and Drainage Division Journal, v.
98, no. IR3, p. 479-492.

Hoyt, J. C., 1936, Drought of 1930-34: U.S. Geological
Survey Water-Supply Paper 680, 106 p.

1938, Drought of 1936, with discussions on the
significance of drought in relation to climate: U.S.
Geological Survey Water-Supply Paper 820, 62 p.

Iseri, K. T., and Langbein, W. B., 1974, Large rivers of
the United States: U.S. Geological Survey Circular 686,
10 p.

Judy, R. D., Jr., Seeley, P. N., Murray, T. M., Svirsky,
S. C., Whitworth, M. R., and Ischinger, L. S., 1984,
1982 National Fisheries Survey, v. 1, Technical report,
initial findings: U.S. Fish and Wildlife Service, Report
No. FWS/OBS-84/06, 140 p.

Langbein, W. B., 1959, Water yield and reservoir storage
in the United States: U.S. Geological Survey Circular
409, 5 p.

Leopold, L. B., 1968, Hydrology for urban land planning—A
guidebook on the hydrologic effects of urban land use:
U.S. Geological Survey Circular 554, 18 p.

Matthai, H. F., 1979, Hydrologic and human aspects of the
1976-77 drought: U.S. Geological Survey Professional
Paper 1130, 84 p.

Mooty, W. S., and Jeffcoat, H. H., 1986, Inventory of in-
terbasin transfers of water in the eastern United States:
U.S. Geological Survey Open-File Report 86-148,
53 p.

Nace, R. L., and Pluhowski, E. J., 1965, Drought of the
1950’s—With special reference to the Midcontinent:
U.S. Geological Survey Water-Supply Paper 1804,
88 p.

Osborn, C. T., Schefter, J. E., and Shabman, Leonard, 1986,
The accuracy of water use forecasts: evaluation and im-
plications: Water Resources Bulletin, v. 22, no. 1,
p. 101-109.

Petsch, Harold, Jr., 1985, Inventory of interbasin transfers
of water in the western conterminous United States:
U.S. Geological Survey Open-File Report 85-166, 47 p.

Presser, T. S., and Barnes, Ivan, 1985, Dissolved consti-
tuents including selenium in water in the vicinity of
Kesterson National Wildlife Refuge and the West
Grassland, Fresno and Merced Counties, California:
U.S. Geological Survey Water-Resources Investigations
Report 85-4220, 73 p.

Richardson, Donald, 1968, Glacial outburst floods in the
Pacific Northwest: U.S. Geological Survey Professional
Paper 600-D, p. D79-D86.

Sauer, S. P., 1972, Factors contributing to unusually low
runoff during the period 1962-68 in the Concho River
basin, Texas: U.S. Geological Survey Water-Supply
Paper 1999-L, 48 p.

Smith, R. A., Alexander, R. B., and Wolman, M. G., 1986,

An analysis and interpretation of water-quality trends
in major rivers of the United States, 1974-81: U.S.
Geological Survey Water-Supply Paper 2307. [in press]

Solley, W. B., Chase, E. B., and Mann, W. B., IV, 1983,
Estimated use of water in the United States in 1980:
U.S. Geological Survey Circular 1001, 56 p.

Thomas, H. E., and others, 1962-63, Drought in the

Southwest, 1942-56: U.S. Geological Survey Profes-

sional Paper 372, Chapters A-H.

A, The meteorologic phenomenon of drought, 43 p.

B, General effects of drought on water resources of the

Southwest, 55 p.
C, Effects of drought in central and south Texas, 31 p.
D, Effects of drought in the Rio Grande basin, 59 p.
E, Effects of drought in basins of interior drainage,
51 p.

F, Effects of drought in the Colorado River basin, 51 p.

G, Effects of drought along Pacific Coast in California,
25 p.

H, General summary of effects of the drought in the
Southwest, 22 p.

Army Corps of Engineers, 1981, National inventory

of dams (computerized data base; updated by U.S.

Geological Survey in 1985).

_____ 1986, Annual flood damage report, fiscal year 1985:
U.S. Army Corps of Engineers Report DAEN-CWH-
W, 12 p.

U.S. Bureau of the Census, 1984, Statistical abstracts of the
United States 1985: Washington, D.C., U.S. Govern-
ment Printing Office, 991 p.

U.S. Council on Environmental Quality, 1986, Environmen-
tal quality, the fifteenth annual report of the Council
on Environmental Quality together with the President’s
message to Congress: Washington, D.C., U.S. Govem-
ment Printing Office, 719 p.

U.S. Environmental Protection Agency, 1982, National water
quality inventory, 1982 report to Congress: U.S. En-
vironmental Protection Agency, Report no. EPA
440/2-84-006, 63 p.

__ 1984, The cost of clean air and water, report to
Congress 1984: U.S. Environmental Protection Agen-
cy, Report no. EPA 230/05-84-008.

1985, National water quality inventory, 1984 report
to Congress: U.S. Environmental Protection Agency,
Report no. EPA 440/4-85-029, 77 p.

U.S. Geological Survey, 1970, National atlas of the United
States of America: Washington, D.C., U.S. Geological
Survey, 417 p.

1981, Water resources data—Washington: U.S. Geo-

logical Survey Water-Data Report WA-81-1, 337 p.

1984a, Water resources data—Missouri: U.S. Geo-
logical Survey Water-Data Report MO-84-1, 329 p.

____1984b, National water summary 1983—Hydrologic
events and issues: U.S. Geological Survey Water-
Supply Paper 2250, 243 p.

1985, National water summary 1984—Hydrologic
events, selected water-quality trends, and ground-water
resources: U.S. Geological Survey Water-Supply Paper
2275, 467 p.

Vineyard, J. D., and Feder, J. L., 1974, Springs of Missouri:
Missouri Geological Survey and Water Resources,
Water Resources Report no. 29, 226 p.

Williams, G. R., and others, 1940, Natural water loss in
selected drainage basins: U.S. Geological Survey
Water-Supply Paper 846, 62 p.

U.S.

ACKNOWLEDGMENTS

The authors acknowledge the contribution of
Henry C. Riggs, who furnished drafts of some of the text
and provided many of the examples used in this article.



National Water Summary 1985 — Water-Availability Issues

Snow, Ice, AND CLIMATE—THEIR CONTRIBUTION

TO WATER SUPPLY
By Mark F. Meier

INTRODUCTION

The surface-water components of the hydro-
logic cycle usually are considered to be rainfall and
subsequent runoff. Yet, in many parts of the United
States and the world, for a major part of the year, the
more appropriate concept is precipitation and storage
(as snow and ice), followed by melting, followed by
runoff. The timing involved in these two concepts is
very different: Runoff follows rainfall almost im-
mediately, whereas the time between snowfall and melt
can range from days to months for seasonal snow
covers and from years to millenia for glaciers. The
predictive analysis of runoff also is very different:
Prediction of runoff from rainfall requires knowledge
of the precipitation pattern in time and space, whereas
the prediction of runoff from snow and ice melt re-
quires (for seasonal snow) knowledge of the amount
of snow in storage (measurable) and the meteorological
conditions that cause melt. The fact that snow and ice
accumulate and melt to produce runoff in a very dif-
ferent way than does rainfall commonly is ignored in
simple hydrologic analyses. This article discusses the
nature of global snow and ice, the role of snow and
ice in the hydrologic cycle, possible consequences to
global sea level of large-scale melting of snow and
ice, the concept of snow and ice as a water resource,
and the influence of snow and ice on human activities.

Although the Sun is the energy source that
drives the global hydrologic cycle and the circulation
of the atmosphere and oceans, our planet’s present
climate would not be possible without snow and ice
to help maintain energy equilibrium. In the tropical
lower latitudes, more radiant energy is received than
is lost; the opposite situation must exist in other areas
of the world in order to maintain equilibrium and to
help drive the atmospheric and oceanic circulation.
This compensatory loss is provided in the high
latitudes, where ice and snow dominate the environ-
ment. Snow has the highest reflectivity of solar radia-
tion (in visible-light wavelengths) of any widely
distributed natural material on the Earth’s surface, yet
it is an almost perfect radiator of energy at infrared
and longer wavelengths. Thus, snow absorbs little
solar energy, and it radiates heat to outer space.

Sea ice on the polar oceans plays a similar role
in radiating energy and also greatly inhibits the transfer
of water mass and energy between air and ocean. In
polar regions, the seawater, which is more saline than
secawater in other regions, spreads throughout the
world oceans, with the result that 75 percent of the
world’s ocean water has properties determined by pro-
cesses that take place at the surface in very narrow
zones in the high latitudes. Atmospheric and oceanic
circulation are driven by the contrasts between heat
gain at low latitudes and radiative heat loss at high
latitudes.

The amount of ice on Earth is immense, greatly

exceeding the amount of liquid freshwater on the sur-
face and in soil, in ground-water reservoirs, and in
the atmosphere (table 9). If the ice were to melt, global
sea level would rise by about 250 feet, and the oceans
would inundate about 600,000 mi? (square miles) of
land. Even very small changes in the mass of ice on
Earth could cause changes in sea level capable of af-
fecting the habitation of coastal areas. Sea level is
rising globally at an average rate of 4 to 8 inches per
century. The cause and rate of sea-level rise are ques-
tions of vital importance to present and future
generations.

Tabla 9. Freshwater of the Earth

{Sources: Meier, 1983; UNESCO, 1971, and Shumskiy and
others, 1964]

Mass Approximata
M e
Glaciers and ice
sheets .......... 7,000,000 Hundreds to tens of
thousands of years.
Ground ice ....... 50,000-120,000  Hundreds to thousands of
years.
Seasonal snow ... 2,500 Months.
lcebergs .......... 1,800 One year.
Lakes, reservoirs,
swamps ........ 31,000 Years to tens of years.
Rivers ............ 400 Weeks.
Ground water ... 11,000,000 Days to tens of thousands of
years.
Soil moisture....... 16,000 Weeks to several years.
Water in the
atmosphere ..... 3,100 One week.

"Mass estimatas, including the water daap within tha Earth that does not actively
participate in the hydrolagic cycle, range to as much as 14,000,000 cubic milas.

Ice and climate are closely related. Glaciers
and ice sheets, which contain most of the world’s ice
(and freshwater), grow and shrink as the climate
changes. It is not clear, however, whether the pres-
ent rise in sea level is caused by ice wastage or not.
The largest ice mass—the Antarctic Ice Sheet—is
thought by most glaciologists to be growing, thereby
taking water out of the ocean (National Academy of
Sciences, Committee on Glaciology, 1985). The
volume of the second-largest ice mass—the Greenland
Ice Sheet— seems to be stable under present climatic
conditions. However, the remaining 3 percent of
Earth’s glacier ice, consisting of mountain glaciers and
the small ice caps, clearly has been wasting away since
the beginning of this century. Although small in com-
parison with the two huge ice sheets, this glacier ice
has lost a thickness equivalent to about 1.2 feet of
water per year, averaged over its total area of 211,000
mi2. This water, lost from the frozen reserves,
augmented streamflow during the first part of this
century and has caused between one-fourth and one-
half of the observed rise in sea level (fig. 40). The
cause of the remainder of the global sea-level rise is
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ErrecTs oF DAMS AND RESERVOIRS ON SURFACE-WATER
HyproLocYy— CHANGES IN R1iVERS DOWNSTREAM FROM DAMS

By Garnett P. Williams' and M. Gordon Wolman?

INTRODUCTION

Dams are constructed and rivers are impounded
to provide many benefits to society. At the same time,
dams typically bring about changes in the downstream
environment. These downstream changes—discharge
of water and sediment and size, shape, and habitat of
the river channel—may have positive or negative
effects, depending on the location and interests of those
affected. An understanding of the factors contributing
to these changes can help anticipate many of the
changes and can permit an evaluation of the associated
potential damages or benefits. This article presents a
hydrologic perspective on changes in river channels
downstream from dams.

Dams and reservoirs are built to store water
for many purposes—to control flood waters, to
generate power, and to provide water for irrigation,
water supply, navigation, and recreation. The timing
and amounts of water released from a reservoir de-
pend on how the water is to be used. For example,
if the water is used for irrigation, the water usually
is stored during most of the year and is released to
the river downstream from the reservoir only during
the irrigation season. At some dams, enough water
is withdrawn directly from the reservoir—for example,
for municipal water supply—so that releases to the
downstream channel almost never are made, and only
dam-face and ground-water seepage and rare floods
provide water to the reach immediately downstream
from the dam. Water releases from hydropower dams
are likely to be varied throughout the day (that is, high
in the morning and afternoon and low at night) to meet
peak demands for electricity.

Dams and reservoirs, then, regulate the irreg-
ular pattern of flows provided by nature and permit
the release of water to meet specific needs. In general,
reservoirs tend to even out the flow, reducing the size
of floods and often increasing water in the channel
during low flow. Moreover, sediment carried by the
rivers may be trapped in the reservoirs.

Normally, the size and shape of river channels
adjust to the quantities of water and sediment provided
by precipitation and runoff from the drainage basin.
Therefore, river channels downstream from dams will
change in reaction to new patterns of streamflow im-
posed by releases from the reservoir.

The magnitude of these changes generally is
greatest nearest the dam and diminishes with distance
downstream. For example, changes such as bed
lowering, modification of channel width, and increases
in riparian vegetation commonly occur in the reach
nearest the dam. This can vary, however, because the
pattern of flow releases from each dam, which depends
on the purpose of the dam and the frequency and
magnitude of arriving flood flows, is unique.
Moreover, each channel has its own characteristics,
such as sizes of sediment particles in the bed and
banks, locations of bedrock outcrops, types and

'U.S. Geological Survey. 2The Johns Hopkins University.

distribution of vegetation, and channel configuration.
Differences among these characteristics, combined
with the variability in the frequency and magnitude
of flow releases from a dam, make it difficult to predict
the precise changes that will occur or to generalize
about expected future effects of a newly built dam.
Despite these uncertainties, experience suggests that
changes in downstream river channels will occur and
should be anticipated. Although channels change
naturally even without the influence of upstream dams,
the changes described below have been found to be
largely attributable to dams (Williams and Wolman,
1984).

CHANGES IN RIVERS DOWNSTREAM
FROM DAMS

WATER DISCHARGE

The construction of dams and reservoirs mod-
ifies the magnitude, duration, and timing of
downstream flows. One such modification is the
decrease in the magnitude and frequency of
downstream floods (Petts and Lewin, 1979; Williams
and Wolman, 1984; Harrison and Mellema, 1984).
In the Central and Western United States, for example,
average annual peak flows downstream from 29 dams
range from about 3 percent to about 90 percent, and
average 40 percent, of pre-dam values (Williams and
Wolman, 1984, p. 8). Other characteristics of
downstream flows, such as average discharge, may
also change after a dam has been built.

SEDIMENT LOADS

Rivers customarily transport large amounts
of sediment. Large reservoirs generally trap most of
this sediment load—in some instances, more than 99
percent. Hoover Dam on the Colorado River in
Arizona is a good example (fig. 57). Suspended-
sediment Joads on the Colorado River were measured
upstream (Grand Canyon station) and downstream
(Topock station) from Hoover Dam, both before and
after dam construction (fig. 58). Before closure of
Hoover Dam in 1936, annual loads at the two stations
were similar. After closure, sediment inflow,
represented by the data for the upstream (Grand Can-
yon) station, continued to be large and variable.
Downstream from the dam at Topock, both the amount
and the annual variations of sediment load were
markedly decreased by the dam. Although a few dams
have provisions for sluicing some of the trapped sedi-
ment downstream, the downstream reach even in these
instances usually receives much less sediment than it
formerly did.

Aside from observable changes in channel
size (described below), trapping of sediment in ma-
jor reservoirs may significantly deplete the amount of
sediment carried by a river for hundreds of miles
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A and a regulated increase in low flows that may enhance
the survival and development of plants.

In addition to changing the appearance of the
channel, the increase in vegetation that commonly
occurs downstream from a dam may block parts of
the channel and impede the flow of water. This
vegetation reduces—in some instances very
significantly—the ability of the channel to convey
water. An example of this phenomenon is the
Republican River in Nebraska downstream from
Trenton and Harlan County Dams (Northrop, 1965).
The result of such channel blockage could be over-
bank flooding, at least where the released flows are
too large for the new channel capacity.

A potential effect of more vegetation, although
not well documented, is a possible increase in water
losses by evapotranspiration. Another effect involves
the binding properties of the new roots which may
enhance the stability of the channel bed and banks.

CONSEQUENCES OF CHANGES

The changes downstream from a dam may be
favorable, unfavorable, or insignificant from an envi-
ronmental standpoint, depending on the proximity and
interests of the people affected. Bed degradation, for
example, when accurately predicted, can be used to
increase the fall or head of water available for
hydropower. Similarly, degradation on some rivers
can improve navigation capability. On the other hand,
degradation may undermine bridges, railroad piers,

Figure 61. Width of channel of the Republican River
at Culbertson, Nebr., 12 miles downstream from Tren- e ,
ton Dam, before and after the 1953 dam closure. (A)  and retaining walls, and may require the abandonment

July 1932; (B) July 1980. Note man inlower right comer  of water intakes. Along the Missouri River, lowering

of B for scale. The broad, sandy channel shown in A is : _
characteristic of many rivers on the Great Plains. Following of the river bed (and, hence, of the water table) ap

control af high flows, the channel contracted, a process  parently eliminated a number of lakes on adjacent bot-
enhanced by encroaching vegetation. (Photographs by (A)
U.S. Geological Survey, (B) C. R. Liggett, U.S. Geological
Survey.)

Where changes in channel width occur, the
process may proceed for many decades. However, as
with bed degradation, most of the changes take place
soon after the dam has been built. Half of the estimated
total widening or narrowing typically happens within
1 or 2 years after dam closure; occasionally, much
of the eventual total change may take place within the
first few months.

VEGETATION

Changes in flow and sediment regimen
commonly have resulted in major changes in the
distribution and density of downstream riparian
vegetation after construction of some dams. These
vegetation changes are especially evident where the
channel has narrowed (figs. 61, 62). The new vege-
tation may be distributed in a relatively thin strip along
each bank (Turner and Karpiscak, 1980), particularly
in narrow, rocky valleys; in extensive stands on
bottomlands that cover most of the former streambed
(figs. 61, 62); or in higher parts or shifting sand bars
of the former streambed that become stable islands

(fig. 63). Figure 62. Vegetation along the Washita River in Oklahoma, about 0.9 mile downstream
TW? factors appear to encourage the growth from Foss Dam, before and after the 1961 dam closure: A, February 1958; B, May
of vegetation in channels downstream from dams: 1962; C, March 1967; D, February 1970. These photographs show the progressive en-

iminati ‘odi croachment of vegetation associated with narrowing of the channel. In A {pre-dam), the chan-
Elimination of most floods that perIOdlca“y would nel 1s an estimated 15 feet wide, whereas in D, 9 years after closure of the dam, the channel

erode the channel bed and banks and remove seedlings; 1s an estimated 3 feet wide. (Photographs by U.S. Geological Survey.)
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Figure 63. Republican

River, about 10 miles
downstream from Harlan
County Dam in
Nebraska, before and
after the 1952 dam
closure. White reach in
1949 photograph is the full
width of the sandy channel;
white reaches in 1956
photograph are threads of
the channe!, braided around
vegetated islands. (Photo-
graphs courtesy of U.S.
Department of Agricuiture.)

tomlands. Moreover, in some places sediment is
scoured from reaches downstream from dams and is
deposited at a downstream site of flatter gradient,
thereby raising the streambed and waterlogging adja-
cent farmlands. The same effects on dammed rivers
can result from the deposition of sediment from
tributaries, as has occurred on the Rio Grande. Chan-
nel widening in some regions may be of no conse-
quence; in others, it may destroy homes and
farmlands. Channel narrowing might provide in-
creased acreage for farming in formerly unused
bottomlands.

Dams also tend to alter stream habitat. For
example, the decrease in peak flows and marked
reduction in sediment loads downstream from a dam
commonly change the character of the streambed.
Finer particle sizes gradually are removed from the
bed, commonly leaving only an armor of larger sizes
(fig. 59). Water released from the reservoir may not
only have less sediment but also may have a different
temperature, usually a higher one, than the water of
pre-dam flows. These changes may mean that fish that
formerly occupied the reach downstream from the dam
no longer can survive in the new environment. At the
same time, a species that formerly was incompatible
may move in or may be stocked to provide prime
fishery, such as downstream from Glen Canyon and
Hoover Dams on the Colorado River in Arizona.

A more noticeable change in habitat can occur
in the riparian environment as a whole. Commonly,
at least in semiarid regions, a wide, shallow channel
with little riparian vegetation is changed to a narrow,
heavily vegetated channel (figs. 61, 62). Wildlife
species at home in the former habitat may not be able
to live in the latter one. Where important or en-
dangered species are involved, mitigation measures
may be required to assure maintenance of the species.
As with the fish, a new variety of wildlife may move
into the new environment.

CONCLUSIONS

Changes in the characteristics of the river and
in the environment downstream from dams are in-
evitable. The magnitude and significance of such
changes vary from place to place, depending upon the
climate and geology of the region and upon the

purposes and mode of operation of the dam and reser-
voir. Changes in river channels also can occur from
variations associated with natural events, such as
floods, droughts, and climatic changes—that is, some
of the channel changes observed downstream from
dams might occur regardless of construction of the
dam. Nevertheless, several characteristics are common
in connection with dam construction:
® Frequently, major changes in a channel occur
immediately after dam closure.
® The greatest changes occur, in many instances,
just downstream from the dam, with progressive
decrease or recovery with distance downstream.
® Progressive change toward an apparent new
stability at a site occurs in the years after dam closure.
® The changes at many locations are continuous
or do not reverse themselves.
® The climatic and physiographic regions in which
these features have been observed are diverse.
These characteristics all point to the alteration of the
flow regimen of rivers by water-regulating dams and
reservoirs, along with the virtual elimination of sedi-
ment into downstream reaches, as primary causes of
channel changes on many rivers. Even given the uncer-
tainties of prediction of the changes, change can and
should be anticipated.

Should new dams be constructed in the United
States, attendant changes will occur in the regime of
water and sediment in the river channels downstream.
In large parts of the Midwest and the Great Plains,
dams and reservoirs have altered permanently the
hydrologic systems of large and small rivers. An
awareness of these changes and of potential future
changes can provide a useful framework for
developing and managing our Nation’s surface-water
resources.
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Figures 71-74. Average annual discharge at—

71. North Platte River at North Platte, Nebr.,
1931-84.

72, Platte River near Overton, Nebr.,
1931-84.

73. Platte River near Grand Island, Nebr.,
1935-84.

74 . South Platte River at North Platte, Nebr.,
1932-84.

(Source: Compiled by J. E. Kircher from U.S.

Geological Survey data.)
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Figures 67-70. Annual peak discharge at—

67. North Platte River at North Platte, Nebr.,
1895-1980.

68. South Platte River at North Platte, Nebr.,
1897, 1914-15, 1917, and 1921-80.

69. Platte River at Overton, Nebr., 1915-18,
1920-23, and 1926-83.

70. Platte River near
Nebr., 1934-83.

(Source: Compiled by J. E. Kircher from U.S.

Geological Survey data.)
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Platte River also has changed. Channel width in 1952
averaged only about 15 percent of channel width in
1867.

The overall morphology of the channel in the
Platte River system changed with time from broad
channels interspersed with numerous small islands to
a series of relatively narrow, well-defined channels
intertwining among large islands. This change is ef-
fected by the processes of island formation and subse-
quent attachment of islands to either the flood plain
or to other islands (Eschner and others, 1983).

By 1938, width of the Platte River system
was decreased by the formation of islands in the chan-
nel. In addition, the banks of the rivers had shifted
toward the center of the channels, as a result of island
formation and attachment to the flood plain. Island at-
tachment resulted from channel abandonment rather
than from a migration of the river course. Most of the
small islands have the same form as the adjacent sand-
bars, and it is concluded that the majority of the islands
in the Platte River formed when vegetation established
itself on these sandbars and stabilized them (Eschner
and others, 1983). Once an island formed, it tended
to perpetuate itself. The presence of vegetation pro-
moted further aggradation by increasing roughness and
decreasing flood-water velocity over the bar when the
island was submerged. Thus, island elevation
increased until it was at or above high-water stage.

Sets of maps and photographs made after 1938
show similar, continued development of islands.
Although the number of islands diminished, over time
the size of the islands increased. Islands merge as the
channels between islands gradually lose their water-
and sediment-carrying capabilities.

CONCLUSIONS

Flow in the Platte River basin is affected by
transmountain diversions in the headwaters, by dams
that create onstream reservoirs, by structures that
divert water to offstream reservoirs, by ground-water
pumpage from lands bordering rivers, by return of
water to channels from irrigation and hydropower
releases, by possible gain or loss of water by seepage,
and by water demands of an increasing population.
These human activities in the Platte River system prob-
ably explain the observed changes in flow as illustrated
by the flow-duration curves.

Channel widths along the Platte and the North
Platte Rivers have decreased primarily because of a
change in river regime since about 1940. The 1979
channe] width at Cozad, Nebr., was only 8 percent
of the 1860 channel width. The magnitude of channel-
width reduction decreases downstream. At Grand
Island in Nebraska, the 1979 channel width was 35
percent of the 1860 channel width.

Hydrologic and channel changes have occurred
in such a manner that the upstream reaches were af-
fected earliest during the period of record. Observing
the 10-year flow-duration curves and low flows at the
sites studied indicates that stations upstream of the
Platte River near Overton, Nebr., are relatively stable

National Water Summary 1985 — Water-Availability Issues

whereas sites downstream from Overton still are being
affected by changes in the hydrologic system upstream
(Kircher and Karlinger, 1983) as demonstrated by the
Platte River near Grand Island, Nebr,, where it ap-
pears the flow and channel are still adjusting toward
stability.
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GOES DCP’s are forwarded to the NWS from NOAA’s
master Earth station. These data are used for
streamflow forecasting by 12 NwS River Forecast
Centers across the United States; these centers are
responsible for making several daily forecasts of
streamflow in virtually every major river and stream
in the United States. In times of high flows and poten-
tial flooding, these forecasts are particularly impor-
tant to private citizens; to local, State, and Federal
civil-defense organizations; and to private industry.
Accurate, plentiful, and up-to-date hydrologic data
provide the information needed for timely issuance of
flood warnings.

Other countries also are users of GOES. Of
these countries, Canada is the greatest user; the Water
Survey of Canada and the Province of Quebec use
GOES to gather hydrologic data. The Canadians have
found that the use of satellite technology is particularly
suitable for collecting data from remote stations, par-
ticularly during the spring when many rivers thaw and
flows increase. This information is critical to com-
mercial interests who need to know when rivers
become navigable. Many Canadian rivers have a
relatively short navigable period in the summer;
vessels may be trapped in ice-prone areas by traveling
too soon or too late, and the delay of shipping when
rivers are ice free or the cessation of shipping too soon
can result in economic losses.

FUTURE PROSPECTS

During the last 10 years, the use of advanced
meteorburst and satellite-communications technologies
by water-resources agencies has evolved from ex-
perimental to operational. Many agencies now have
direct access to advanced communications techniques
that support telemetry of hydrologic data from virtually
any area in the Western Hemisphere. Data on
streamflow, some surface-water-quality char-
acteristics, lake and reservoir levels, and precipita-
tion characteristics can be measured and telemetered
in real time by reliable and relatively inexpensive elec-
tronic systems.

The applications briefly described here demon-
strate the tremendous potential of future real-time data-
collection and telemetry systems. Major improvements
will be made in the cost, efficiency, reliability, and

flexibility of the electronics, communications, and
computer technologies used by these systems. Even-
tually real-time applications will monitor on a con-
tinuous basis the characteristics and distribution of
water resources throughout the entire United States.
Many technical problems must be solved before such
a system can be realized. The reliability of water-
quality and water-quantity sensors must be improved
and new measurement technologies developed. In ad-
dition, more advanced analytical approaches and in-
stitutional mechanisms must be developed. Never-
theless, great progress has been made in recent years,
and technologies that are being implemented now can
be expanded to collect and analyze hydrologic data
from the Nation’s present network of thousands of
data-collection stations.

There is reason to believe that eventually we
will be able to monitor our water resources and our
water-management activities almost as efficiently as
a modern industry monitors and controls its manufac-
turing processes, and to treat the natural and managed
water resources of the United States as an integrated
process-control system that can be used to maximize
economic benefits and protect the environment. We
are challenged to alter our traditional ways of thinking
on the local and regional level into perspectives that
are national in scope and to take advantage of the op-
portunities presented by new technologies.
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MANAGING WATER SUPPLIES TO INCREASE WATER AVAILABILITY

By Daniel P. Sheer!

INTRODUCTION

In the past, water managers generally met
increasing water demands by building additional
storage reservoirs or by drilling more wells. Today,
it is increasingly difficult to find additional sources
of water suitable for development. The best sites for
surface-water storage are already in use, and the costs
per unit storage at the remaining sites are high. In ad-
dition, environmental concerns may inhibit new
storage projects, and construction funds may not be
available.

Although much attention has been given to
water conservation and other techniques to balance
water demands with available supplies, at least over
the short-term, few attempts have been made to operate
water-supply projects as integrated systems. There are
many reasons for this situation. Reservoirs, often
hundreds of miles apart, may be viewed as individual
projects, each with its own set of objectives and
operating rules. The independent operation of water-
management projects also is due to their ownership
by different organizations and their location in different
States.

The developers of new projects generally tend
to avoid the legal complications that might arise if the
new projects have adverse effects on the operations
of the existing projects. Therefore, the developers
design and operate the new projects as if no changes
will be made i the operation of existing projects. Joint
management of water supplies may never be seriously
examined as an option because of the institutional and
legal obstacles surrounding such proposals.

The three cases described in this article have
been chosen to represent a variety of water-supply
situations. The Potomac River case study deals with
water supplies in the humid East where reservoir
development is less extensive than in the West and
where cities depend to a great extent on direct
withdrawal of water from rivers whose flows may be
highly variable at times. Joint management of the
supplies under the jurisdiction of three agencies can
increase water yields by over 30 percent as shown in
the Potomac River example. The Houston, Tex., case
study describes a situation where the conjunctive use
of surface- and ground-water supplies might increase
system yields by 20 percent even though both water
sources are highly developed. Finally, the North Platte
River study shows how joint management of supplies
might reduce water shortages by about 30 percent in
a semiarid region with extensive irrigated agriculture,
even if additional water withdrawals are permitted.

The procedures described in the Potomac River
case study are already implemented (Sheer and
Meredith, 1984). The Houston, Tex., and North Platte
River examples, however, are hypothetical. These ex-
ploratory analyses were sponsored by the U.S. Bureau
of Reclamation to assess the potential of joint opera-
tions to imprave the yield of existing water systems
and to identify problems that might arise if procedures
similar to those developed for the Potomac River were

! The Interstate Commission on the Potomac River Basin.
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implemented elsewhere (Sheer, 1985a,b). None of the
examples use highly sophisticated techniques to
manage water supplies. They show that by improving
communications between management agencies and
by applying simple, commonsense guidelines to the
management of systems of reservoirs, substantial
benefits for all parties can be obtained. They also show
how questions of equity, water-rights ownership, and
responsibility can present obstacles to the considera-
tion of such guidelines to the management of water-
supply systems. Yet, as demonstrated by the Potomac
River case study, problems associated with institutional
constraints can be overcome. Although the arrival at
mutually beneficial solutions takes persistance and pa-
tience, the rewards are enormous.

POTOMAC RIVER AND WASHINGTON,
D.C., METROPOLITAN AREA

WATER-SUPPLY FACILITIES AND
ANTICIPATED DEMANDS

The Washington metropolitan area and the
Nation’s Capital sit astride the Potomac River at its
transition from a free-flowing river to an estuary.
Three million people, 75 percent of the population of
the entire Potomac River basin, live in the metropolitan
region. Nearly all the water-supply needs of the
Washington area are provided by three suppliers: the
Washington Suburban Sanitary Commission (wsSC),
which provides water for suburban Maryland; the Fair-
fax County Water Authority (FCWA), which provides
water for most of the Fairfax and northeastern Prince
William Counties in Virginia; and the Washington
Aqueduct Division, U.S. Army Corps of Engineers
(waD), which wholesales finished water to the
District of Columbia and to Arlington County and
the city of Falls Church in Virginia (fig. 80).

The Washington area has three primary sources
of raw water—the Potomac River, the Occoquan
River, and the Patuxent River. Prior to 1982, the
FCWA relied almost entirely on the Occoquan Reser-
voir near the mouth of the Occoquan River to meet
water demands. The reservoir, which has about 11,000
Mgal (million gallons) of usable storage and a safe
yield of 55 Mgal/d (million gallons per day) delivers
water to two treatment plants that have a combined
peak capacity of 112 Mgal/d. In 1982, to augment this
supply, FCwA tapped the Potomac River through a
new 200-Mgal/d intake and a 50-Mgal/d treatment
plant.

The wssc takes most of its supply from the
Potomac River through a 400-Mgal/d intake and
240-Mgal/d peak-capacity treatment plant located just
downstream of the new FCwA intake. In addition, the
wsscC has the Duckett and the Triadelphia Reservoirs
on the Patuxent River; these reservoirs have a
combined usable storage of about 10,000 Mgal and
a combined safe yield of 45 Mgal/d of which 10
Mgal/d is committed to maintaining flow below the
downstream dam. The Patuxent treatment plant, which






It is the third highest dam east of the Mississippi, yet,
because of the steep gradient of the stream, the reser-
voir impounds only 31,000 Mgal of water for purposes
of flood control, recreation, and conservation storage.
Of the conservation storage, 55 percent is allocated
for water-quality control in the North Branch and 45
percent is purchased by Washington metropolitan area
water companies. The safe yield of Bloomington is
135 Mgal/d (table 14).

The total water available to the Washington
metropolitan area is the sum of the independent opera-
tional supplies listed in table 14. Wastewater collected
from the customers of all three water suppliers is
discharged to the tidal Potomac below Little Falls and,
consequently, is not available for reuse.

The combined safe yield of Bloomington Lake
and the Potomac River provides 523 Mgal/d. From
this total, a required minimum Potomac instream flow
of 100 Mgal/d must be subtracted. This leaves 423
Mgal/d of Potomac flow for water supply. Adding the
safe yields of the reservoirs on the Patuxent River and
the Occoquan River gives a yield of 513 Mgal/d for
the Washington metropolitan area’s water supply.

In 1977, average demands for the summer
months were often in the range of 450 to 470 Mgal/d.
Peak day demands had well exceeded the sum of the
safe yields, even counting water from Bloomington
Lake, which was 4 years from completion. The U.S.
Army Corps of Engineers (1975) predicted the
possibility of regional shortages as large as 80 Mgal/d
by 1980 and 365 Mgal/d by the turn of the century.
The FCwaA, as yet without a Potomac intake, nearly
emptied the Occoquan Reservoir that year, and Fair-
fax County considered closing schools and businesses
in a desperate attempt to save water.

SEARCH FOR SOLUTIONS

In the late spring of 1977, the Interstate Com-
mission on the Potomac River Basin (ICPRB) realized
that altering operations of existing water-supply
facilities had not been adequately considered in
previous regional water-supply planning efforts. Con-
sequently, it performed an analysis that concentrated
on the maximum yield that could be derived if reser-
voirs on the Patuxent and the Occoquan Rivers were
operated in concert with the free-flowing Potomac.
This analysis abandoned the concept of ‘‘safe yield”’
operation of these reservoirs, which generally is
defined as not exceeding that constant rate of
withdrawal that will just empty the reservoir given a
repeat of the worst drought in the historical record.

ICPRB estimated total water requirements in the
Washington area in the year 2000 to be 750 Mgal/d.
The 90-day, 50-year recurrence interval low flow in
the Potomac River was 580 Mgal/d. This 90-day dura-
tion flow was used to estimate the worst-case water-
supply deficit. The total water deficit over the 90-day
period is the difference between demand and supply:

Demand (750 Mgal/d x 90 days = ) 67,500 Mgal
Supply (580 Mgal/dx 90 days = ) 52,200 Mgal

Deficit 15,300 Mgal

However, reservoir storage on the Occoquan and the
Patuxent Rivers totals 21,000 Mgal. Conclusion: the
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Table 13. Capacities of local water-supply facilities in the Washington, D.C.,

metropolitan area

[Mgal/d=million gallons per day; - - - =not applicable]
Peak "
; ; Cepecity o
Facilities F&%ﬁm (Jﬂ}d) "g?;',l‘é"‘
Mgal/d)
Reservoirs
Triadelphia and Duckett (Patuxent River) 10,000 '35 65
Occoquan {Occoguan Creek ................. 11,000 b5 12
Little Senece 4,000 24 -
Potomac River Intakes
Fairfax County Water Authority ..........ccocccoveeene. 200 200 50
Washington Suburban Senitary Commission ........... 400 400 240
Washington Aqueduct Division:
Great Falls ... 200 200 ]
Little Falls ..... 400 400 ]

igld is 45 Mgal/d but 10 Mgelid are reguired for instream flows and water-quelity maintenance.
*Peek cepecity of treatment plents is more than sufficient to meet projected peak demands. Therefore, the treatment plent

capacity is not e limiting factor.

Teble 14. Summary of the safe yields of independently
operated water supplies in the Washington, D.C.,
metropolitan area

[Mgal/d=million gallons per day]

Sefe

Source of water yield
(Mgalid)

Potomac River lincluding Savage River Reservoir) ........... 388
Bloomington LaKe ........cc.coocovivvveriinrioniomnreienereens e 135
Pgtomac River minimum instream-flow requirement ......... -100
SUBtOTAl .. . 423
Triadelphia and Duckett Reservoirs 35
Decoquen Reservoir 55
TOMAl oo e 513

Washington metropolitan area was not short of water
if a way could be found to efficiently use the existing
local storage.

One way to make the water in the local reser-
voirs more accessable was to improve the existing
distribution system (finished-water interconnections).
An ICPRB study of the finished-water interconnec-
tions, which involved modeling the major distribution
systems in the Washington area, was based on the con-
cept that when Potomac River flows were high,
withdrawals from local reservoirs would be reduced
well below their safe yield. The water thus “‘saved”’
would be stored to support withdrawals from the reser-
voirs at rates well above safe yield when the Potomac
flows were low.

The conclusions of the finished-water inter-
connections study were unexpected. Construction of
new distribution lines would not improve yield as a
result of altering operations of the water system. To
the contrary, the existing distribution systems, with
proposed improvements required for normal non-
drought operations, could be operated to ensure the
availability of water to support the peak capacity of
the reservoir treatment plants whenever the Potomac
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was low. In fact, simulation of operations during the
worst drought of record using year 2030 demands
failed to lower the local reservoirs below 40 percent
of capacity.

Existing system capacity was underutilized.
Major parts of the distribution system are designed
to handle peak demands (160 percent of the
Washington area’s average demand), which occur
quite infrequently. Smaller system components are
designed to accommodate fire-fighting requirements,
which proportionally are even larger than the peak
demands. This excess capacity is available nearly all
the time to accommodate flexible operating rules
designed to maximize system yield.

Another reason for the flexibility of the ex-
isting water-supply system is that minimum flows in
the Potomac River generally occur in the fall and do
not coincide with peak demands which occur in July
and August. Consequently, more water than might be
expected from just considering minimum Potomac
flows will be available to meet peak demands most
of the time.

The reason for the availability of water in the
Patuxent River and Occoquan River reservoirs to
support withdrawals over and above the safe yield,
given a flexible operating rule, is a result of assump-
tions made in the design of the reservoirs. The critical
period used for safe-yield analysis of the local reser-
voirs is approximately 9 months. The critical period
of low flows in the Potomac River is much shorter,
about 4 months; it is a much larger river than those
that feed the local reservoirs, and the demands on it
are a much smaller percentage of the average flow.
Therefore, the flexible operating rules called for the
‘“‘saving’’ of water in the local reservoirs when
Potomac flows were sufficient to meet demands and
the taking of water from the local reservoirs at a higher
rate than allowed under a safe-yield constraint on
withdrawals, but only for short periods of time, during
low Potomac flows. The total volume of water taken
from the reservoirs is still the same as under previous
rules, but the timing of withdrawals is different.

The flexible operating rules were called “‘rereg-
ulation,’” and the WSSC and FCWA immediately in-
dicated that they would implement such procedures.
The rules increased the yield of the Patuxent River
for water supply from 35 Mgal/d to 65 Mgal/d (the
capacity of the Patuxent treatment plant). The Occo-
quan Reservoir yield increased from 55 Mgal/d to 112
Mgal/d. The combined increase in yield is nearly 90
Mgal/d, or 100 percent.

The increase in system yield through greater
use of the Potomac River is nearly cost free. Pumping
costs for the FCWA are lower inasmuch as its Potomac
intake is at a higher elevation than the Occoquan in-
take. These savings are offset by a small increase in
operating costs for the WSSC because pumping costs
from the Patuxent River are somewhat less than from
the Potomac.

Another opportunity to improve the manage-
ment of the region’s water supply was to integrate the
operations of the upstream reservoirs to meet
downstream demands. In late 1977, the Department
of Geography and Environmental Engineering at the
Johns Hopkins University, in cooperation with ICPRB,
received grants from the Maryland Department of

Natural Resources, the Virginia State Water Control
Board, and the Maryland Water Resources Research
Center (through the U.S. Office of Water Research
and Technology) to investigate future operating rules
for Bloomington Lake that would increase its water-
supply yield. The first work used linear programming,
an optimization technique, to establish upper bounds
on reservoir yield. Assuming perfect forecasting of
demand and flow on a weekly average basis, and
perfectly coordinated operation of upstream and
downstream reservoirs, the study evaluated the
tradeoffs between safe-yield operation and upstream
operations to meet downstream demands.

The results were surprising. The upper bound
on yield was over 1,000 Mgal/d, far in excess of pro-
jected demands. Moreover, this yield could be
achieved while still meeting upstream demands of
more than twice that predicted.

To aid in explaining the results of the study,
the Johns Hopkins University team developed the
Potomac River Interactive Simulation Model (PRISM).
At the heart of PRISM was a reasonably realistic
weekly simulation model of reservoir and utility raw-
water operations. The computer provided the water-
system operators with the information that they would
have during a real drought and asked them to make
operational decisions. The effects of those decisions
were then simulated, and the results were provided
as information upon which to base the next round of
decisions. Good decisions and good luck (the forecasts
were not always right) were needed to keep water
shortages from occurring and to minimize the amount
of water wasted.

The main cause of shortages and wasted water
was the long travel time between the upstream reser-
voirs and the Washington area. Releases made a week
in advance and based on a forecast of no rain were
almost always too large. The elimination of un-
necessary reservoir releases required that the local
water suppliers formally coordinate their operations.
In 1979, the water suppliers asked the ICPRB to
establish a Cooperative Water Supply Operations Sec-
tion (CO-OP) to develop, integrate, and formalize the
tools and techniques required for joint daily operations
of Washington metropolitan area water systems during
droughts.

€0-0P completely revamped the PRISM model
to develop daily operating rules. The simulation of
daily operations was necessary because (a) of the daily
nature of utility operations, (b) the latest information
from the U.S. Geological Survey indicated that travel
times from the upstream reservoirs were not 7 but 4
to 5 days, (c) forecasts changed from day to day, and
(d) water use varied substantially from day to day. The
first two factors were incorporated easily into the new
daily model.

CO-OP next entered into an agreement with the
National Weather Service to attack the forecast
problem. Working closely together, the two agencies
calibrated the National Weather Service River Forecast
System (NWSRFS) for the entire Potomac basin, and
modified the computer programs to produce the out-
put necessary for risk analysis.

C0-OP, the water suppliers, the Johns Hopkins
University, and the National Weather Service all con-



tributed to the development of techniques for
producing synthesized records of water demand. The
records had to preserve not only the variability of daily
demand, but also the cross-correlation of demand
between the water suppliers and the tendency of
demands to increase substantially during hot, dry
weather. The latest 10 years of demand and
meteorological data were analyzed using statistical
techniques to build the forecast model. The forecast
model was then used to simulate demands that varied
much more, on a day-to-day basis, than historical
demands and, thus, provided a greater challenge to
the operators of the water-supply systems to coordinate
their operations successfully.

In February 1980, the Washington Metropol-
itan Area Water-Supply Task Force, comprised of one
member each from the Montgomery and Prince
Georges County Councils, the Fairfax County Board
of Supervisors, and the District of Columbia City
Council, had its first meeting. It approved a work plan
that included the following tasks:

¢ Definition of the demands to be met

¢ Determination of the available supply

¢ Evaluation of alternatives for additional supply
¢ Selection of the most desirable alternatives

To assist the task force, two committees were
formed: a citizens advisory committee, with members
appointed by the executives of each of the jurisdic-
tions represented on the task force, and a technical
advisory committee, which consisted of the chief
operating officer of the wssc, waD, and FCWA. The
General Manager of the wSSC chaired both the task
force and the technical advisory committee. The first
task was completed when the committees quickly
agreed to use the U.S. Army Corps of Engineer’s
(1979) water-demand projections for the Washington
area.

co-op was asked to help determine the
available supply, using the new co-op model. The
first review of the model results made it clear that close
cooperation between CO-OP and the water-system
staffs was necessary to refine the co-op model to ac-
curately reflect all the constraints on daily water-
system operations. This effort resulted in increased
credibility for the model.

The Technical Advisory Committee and CO-OP
then began experimenting with different forms of
operating rules. One of the best, called the ‘‘difference
rule,”” also is one of the simplest. To determine
upstream releases under this rule, the natural flow in
the Potomac River at Washington on the date of the
release is subtracted from the total demand (including
required instream flow) from all sources expected on
the day the release will arrive in the Washington area.
The difference represents the total additional water that
will be needed to meet demands if the natural flow
remains constant. It is adjusted by subtracting the
amount to be taken from the local reservoirs and by
adding a safety factor.

The difference rule was used to evaluate the
supply capabilities of existing and proposed projects.
The rule was simple and practical. There was no
operational experience with the NWSRFS, then being
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calibrated for the Potomac by c0-0p and the National
Weather Service. Any improvement in operations
made possible by more accurate short-range (5-7 day)
forecasts would provide a margin of safety in the
estimates of system reliability. Because of the large
drainage area, low flows in the Potomac are relatively
stable, and thus, the assumption that flow would not
change over the time it took upstream reservoir
releases to reach Washington produced generally
reasonable forecasts for use in simulation.

The simulations demonstrated that it was
possible to meet the Washington area water re-
quirements, including a 100 Mgal/d instream flow,
through the year 2000—without the additional pipeline
and small reservoir (cost $100 million) recommended
by the Corps in their 1979 interim report on the
Washington area’s water supply (U.S. Army Corps
of Engineers, 1979). A critical examination of the
simulation results by the technical advisory commit-
tee, however, revealed that if the existing system was
not upgraded, there would be undesirable
consequences.

Several of the simulated droughts drew the
reservoirs down significantly during the late summer.
Such drawdowns might call into question the ability
of the water systems to meet their commitments during
those droughts. The reason for the drawdowns was
not lack of water but a lack of local operational
flexibility.

Reregulation provided the flexibility. When
releases from the upstream reservoirs (made 5-7 days
ahead) turned out to be inadequate, withdrawals from
the local reservoirs could be increased to take up the
slack. The increase was limited by the capacity (about
180 Mgal/d) of the treatment plants on the local reser-
voirs. Given the minimum withdrawals required from
the reservoirs, about 30 Mgal/d, the amount available
to augment Potomac flows, was on the order of 150
Mgal/d.

Unfortunately, 5- to 7-day flow forecasts are
not that accurate. To ensure enough water reaches
downstream intakes, the margin of safety in the
upstream releases must be about 100 Mgal/d. Most
of this water (almost 70 percent of the water released
from the upstream reservoirs) flowed by the intakes
unused. Further, because the extra release was in the
Potomac, the average use of the local reservoirs was
undesirably low. The local reservoirs stayed full,
whereas the upstream reservoirs dropped
precipitously.

A proposed small local reservoir eliminated
the operational problems. Simulations showed that the
ability to correct for errors in streamflow forecasts
by making releases directly to the Potomac River from
a small local reservoir would eliminate the need for
a large margin of safety in the upstream release, reduce
the unused portion of the releases from 70 percent to
about 10 percent, and allow full utilization of the
storage in the existing local reservoirs. The additional
water made available was sufficient to meet
Washington area water requirements through the year
2030, based on Corps projections (U.S. Army Corps
of Engineers, 1979). The utilities decided to build the
reservoir on Little Seneca Creek in Montgomery
County, Md.
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IMPLEMENTATION OF JOINT OPERATIONS

The implementation of the joint operating
scheme is designed to minimize interference with
normal water-system operations. Joint scheduling of
operations does not begin until drought conditions
exist. Drought conditions are defined in two ways:
flow in the Potomac River drops below 200 percent
of expected withdrawals, or the probability of meeting
all water requirements and refilling all reservoirs by
the following June falls below 98 percent. The prob-
abilities are defined using the NWSRFS and risk
analysis.

When drought conditions exist, releases from
Bloomington Lake are scheduled using the difference
rule explained above. The co-op demand model is
used to forecast demand. Desired withdrawals from
the Patuxent and the Occoquan reservoirs are set at
the safe yields, and, until Little Seneca Lake became
available, 2 margin of safety of 100 Mgal/d was used.
Little Seneca Lake was completed in the summer of
1985, and the 100 Mgal/d margin of safety is no longer
required.

Downstream operations strive to balance
storage between the Patuxent and the Occoquan reser-
voirs. Each morning, target Potomac withdrawals are
set for the wssc and FCWA. Both suppliers attempt to
meet their remaining requirements from their local
reservoirs. Mid-day reports are analyzed in the after-
noon, and modest corrections in withdrawals are made
to further balance the systems.

A convincing demonstration that the procedures
developed by CO-0OP actually work took the form of
a drought exercise in 1981, The NWSRFS was used to
produce a ‘‘quasi-historical drought”’ using artifically
set antecedent soil-moisture conditions and the actual
meteorological data from a year of deficient rainfall.
Because the drought was based on a historical
meteorological record, actual weather forecasts, com-
plete with inherent uncertainty, were available for use
by system’s managers.

The 1981 exercise also established lines of
communications, and tested operating procedures.
Problems were corrected as the exercise progressed.
Not only did the exercise establish beyond doubt that
coordinated operations were feasible and could pro-
vide adequate water, but they also prepared all par-
ties for dealing with an actual drought. A second
drought exercise, held in October 1982, tested the
reliability of the improved demand forecasting model.
Annual drought exercises have been held in subsequent

ears.

Y Writing the contracts to implement the joint
operations and the sharing of the costs for the opera-
tion of Bloomington Lake, Savage Reservoir, and
Little Seneca Lake was a formidable task. The in-
terstate nature of the agreements, the unique character
of the government of the District of Columbia, and
the congressionally mandated responsibilities of the
Corps of Engineers created an extraordinarily com-
plex situation. In large part due to their familiarity with
the situation gained through the simulations and the
drought exercise, the negotiators (the system
managers) were absolutely convinced of the feasibility
and desirability of joint operations. Eight separate but
interlocking contracts were executed on July 22, 1982
(table 15).

Table 15. Water-supply agreements signed by Maryland,
Virginia, Washington, D.C., and the U.S. Army Corps
of Engineers on July 22, 1982

{Source: Interstate Commission on the Potomac River Basin]

1. Water-Supply Coordination Agreement.
Binds all parties to joint operations during drought, assigns respon-
sibility for scheduling release withdrawals to Interstate Com-
mission on the Potomac River Basin Cooperative Water Supply
Operations Section.

2. Contract for Future Water Supply Storage in the Bloomington Lake.

3. Novation Agreement for Initial Water Supply, Bloomington Lake.
Reassigns ownership from Maryland Potomac Water Authority to
Washington Suburban Sanitary Commission, Fairfax County Water
Authority, and District of Columbia.

4. Novation Agreement Regarding District of Columbia’s Payment to the

Potomac Water Authority.

{Cancels a previous contract.}

5. Bloomington Lake Payment Agreement.
{Provides for legal remady in case of nonpayment.}

B. Little Seneca Lake Cost-Sharing Agreement.

7. Modification No. 1 Potomac River Low Flow Allocation Agreement.
{Removes “1988 Freeze” provision.}

8. Savage Reservoir Maintenance and Operation Cost-Sharing Agreement.
{Provides for Washington Suburban Sanitary Commission, Fairfax
County Water Authority, Washington Aqueduct Division, and Allegany
County, Md., cost sharing.)

CONCLUSIONS

Providing the Washington area with an adequate
water supply was a complex engineering, social,
economic, environmental, and institutional problem.
Large-scale structural solutions had been proposed and
found wanting. A fresh approach was required.

Joint operation of supplies, developed and tested
using new computerized techniques, provided the solu-
tion to a problem of almost 30 years standing. Between
$200 million and $1 billion was saved compared to
previously evaluated alternatives. Moreover, the solu-
tion was not achieved at great environmental expense.
In fact, the environmental benefits of increased
minimum instream flow and the recreational oppor-
tunities provided by Little Seneca Lake may outweigh
any other environmental impacts.

SAN JACINTO RIVER BASIN AND
THE HOUSTON, TEXAS, AREA

WATER-SUPPLY FACILITIES AND
ANTICIPATED DEMANDS

The city of Houston and its surrounding areas
historically have relied on ground-water supplies.
Growth in the area, explosive at times, has led to
pumping ground water in excess of natural recharge.
This depletion in turn has caused dramatic subsidence
with loss of land along the coast (Gabrysch, 1982).
Ground-water withdrawals peaked in the early 1970’s
but fell to 463,000 acre-ft/yr (acre-feet per year) in
1980 (U.S. Bureau of Reclamation, 1984b). This
figure still represents some 38 percent more than the
estimated average annual recharge capacity of the
aquifer, which is 337,000 acre-ft/yr.

In addition to ground water, the area has three
major reservoirs for water supply—Lake Houston and
Lake Conroe on the San Jacinto River and Lake Liv-
ingston on the Trinity River (fig. 81). Lake Houston









The simulation set the aquifer pumping rate on
the basis of storage in Lake Livingston. Simulated
storage in Lake Livingston was tested against a target
storage for a certain month (fig. 82). If simulated
storage fell below the curve, ground-water pumping
was increased from minimum to maximum. When
storage rose above the curve, ground-water pumping
was again set to the minimum level. The rule curve
is set to balance (a) the desire to minimize pumping
during noncritical droughts, and (b) the need to start
pumping early enough during critical droughts to max-
imize total pumping during the drought without ex-
ceeding the maximum monthly pumping rate.

Inclusion of ground water in the joint operating
scheme raised the total system yield to 2,220,000 acre-
ft/yr, compared to 1,870,000 acre-ft/yr for independ-
ent operations—an increase of over 18 percent.
Viewed another way, including ground water in in-
dependent operations increased total yield by 337,000
acre-ft/yr, but including ground water in joint opera-
tions increased total yield by 560,000 acre-ft/yr. This
represents an increase of more than 60 percent for the
effective yield of the ground-water component.

Average ground water pumping over the 39-
year record is only 245,000 acre-feet (less than three-
quarters of the independent yield). But the rule curve
is successful in pumping at the maximum rate of
600,000 acre-ft/yr during nearly the entire critical
period without violating the constraint that average
pumping not exceed the safe yield for any consecutive
10-year period.

Finally, provision for augmenting the Houston
area water supply by withdrawals from the Brazos
River at times when flows are above minimum flows
(flow skimming) was added to the simulation model.
Historical flows for the Brazos River at Richmond,
Tex., were used as the basis for the simulation. These
flows do not account for planned depletions, however.
In a coarse attempt to account for such depletions,
minimum flows were set before pumping could occur.
These minimum flows varied month by month as
follows: 25,000 acre-ft/month for October to April and
75,000 acre-ft/month for May to September. A max-
imum pumping rate also was arbitrarily set at 20,000
acre-ft/month (240,000 acre-ft/yr) to obtain the simula-
tion results described below.

The operating rule for flow skimming was
quite simple. Water was pumped (up to the maximum
rate) whenever it was available in the river (flows in
excess of minimums), unless inflows to the reservoirs
were sufficient to (a) meet all demands with minimum
ground-water pumping and (b) fill all the reservoirs.

The availability of a 20,000 acre-ft/month flow-
skimming facility, operated as described, could in-
crease the system yield by 180,000 acre-ft/yr, some
75 percent of the facility size. Because the reservoirs
are often full, and because there are periods during
which excess flows are not available in the Brazos
River, average pumping over the period was only
108,000 acre-ft/yr. Increasing the minimum flows to
75,000 acre-ft/month year round decreased the addi-
tional yield to the system by about 50 percent of the
capacity of the facility (120,000 acre-ft/yr). Whereas
the ground-water pumping rule attempts to use reser-
voir storage in order to leave water in the ground for
later use when reservoir inflows are small, pumping
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from the Brazos River makes additional water
available by reducing the draft on the reservoirs, thus,
making water available when flows in the Brazos River
are too low for pumping.

Because of the approximate nature of the
assumptions on flows, demands, and particularly on
ground-water yields, this exploratory analysis does not
provide firm estimates of the yield, or increases in
yield, that might be had from joint operations of sup-
plies available to the San Jacinto basin near Houston,
Tex. It does, however, suggest that relatively large
increases in yields are possible to meet the future water
demands of the region. Joint system operations should
be a major concern in the planning, design, construc-
tion, and operation of all future water-supply facilities
in the San Jacinto River basin.

The operating rules presented herein must be
modified before they can be implemented. In par-
ticular, the constraints imposed by local demands and
existing facilities must be taken into account, and the
operation of water-supply facilities must be simulated
in greater detail than presented above, especially with
regard to the response of the aquifer to pumping.

The potential for increasing yield from the
joint operation of water-supply facilities far exceeds
the potential for increasing the yield by adding more
surface-water storage in the San Jacinto River basin.
Because the length of the critical period is 4 years and
because Lake Livingston will continue to dominate the
system, 4,000 acre-ft of additional storage will pro-
vide less than 1,000 acre-ft of additional yield. If
evaporation losses are considered, the ratio of storage
to yield is likely to be closer to 5 to 1. The same is
true for storage in the Trinity River basin above Lake
Livingston.

It should not be concluded, however, that
additional storage in the San Jacinto River basin is un-
necessary. A reservoir in the basin might serve as a
reregulating lake for pumpage from the Brazos River
or as a source for a new treatment plant located at an
elevation where the plant could serve much of the area
by gravity, a decided advantage. Flood-control benefits
also may accrue. The water-supply benefits from new
projects in the San Jacinto River basin will depend
heavily on how such projects can improve system
operations rather than on their independent yield.

In conclusion, the water-supply facilities
already available in the San Jacinto basin can reliably
supply substantially more than the sum of their in-
dependent safe yields. This supply can only be
realized, however, if the necessary conveyance, treat-
ment, and distribution facilities are planned and
designed to take full advantage of the potential for joint
operation.

NORTH PLATTE RIVER BASIN, WYOMING

WATER-SUPPLY FACILITIES,
IRRIGATION DEMANDS, AND WATER RIGHTS

The North Platte River rises in north-central
Colorado and flows nearly due north into Wyoming.
There it turns to the east-southeast and flows to its con-
fluence with the South Platte River, west of Grand
Island, Nebr. The U.S. Bureau of Reclamation has
constructed and operates three major reservoirs—
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About 95 percent of the irrigation water
supplied by the North Platte River in Wyoming is used
by the owners of storage in the Bureau of Reclama-
tion projects. This amounts to an average of 1,120,000
acre-ft/yr for irrigation. In addition, some 50,000 acre-
ft/yr of irrigation water is used by irrigators with rights
senior to any of the Bureau’s project rights. Their
water withdrawals are reflected in the hydrologic
records used in the simulation of various operating
proposals.

Each irrigator with storage rights in Bureau
projects also has direct-flow rights to water from the
North Platte River. Seven water rights explicitly were
considered in this analysis; in order of priority these
rights were-

¢ Direct-flow irrigation rights for North Platte Project
irrigators.

¢ Storage rights in Pathfinder Reservoir for North Platte
Project irrigators.

¢ Storage rights in Guernsey Reservoir for North Platte
Project irrigators.

* Direct-flow irrigation rights for Kendrick Project irrigators.

¢ Storage rights in Seminoe Reservoir for Kendrick Project
irrigators.

¢ Direct-flow irrigation rights for Glendo Unit irrigators.

¢ Storage rights in Glendo Reservoir for Glendo Unit
irrigators.

In addition, 46,000 acre-ft are diverted from Guern-
sey Reservoir each March and April to refill Lakes
Alice and Minitare.

ANALYSIS OF OPERATING RULES

A monthly simulation model was used to
establish the performance of the reservoir system if
operated strictly in accordance with ownership
priorities and to meet existing water rights. The results
were then compared with simulations based on
operating rules that attempted to increase reservoir
yield and decrease periods of water shortages.

The details of the simulation, and simplifying
assumptions made about reservoir system operation,
are presented in recent reports to the U.S. Bureau of
Reclamation (Sheer, 1985a,b). Obviously, the multiple
purposes authorized for the reservoirs and the system
of water rights add considerable complexity to the
simulation. As with the study of water supplies in the
San Jacinto River basin near Houston, Tex., this ex-
ploratory analysis does not provide firm estimates of
the increases in yield or decreases in shortages that
might be derived from implementation of joint
operating rules for the existing water-supply facilities
in the North Platte River basin. The results, however,
do suggest that there are considerable benefits to be
derived from further study of joint operations.

Water rights define quantity of water delivered,
and the seniority of the right defines the reliability of
water delivery. Rights define an operating rule that
is the basis of the ownership simulations. Water
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demands in the ownership simulation averaged
1,154,000 acre-ft/yr while shortages averaged 38,100
acre-ft/yr.

A different operating rule based on the physical
characteristics of the system was incorporated into a
second simulation of the North Platte River system.
Its basic premise is that in order to increase yield,
water should be stored as far upstream as possible,
and that to have maximum use of existing storage, all
water should be treated uniformly and allocated to
meet any and all demands.

Simulation of joint-operation of water-supply
facilities significantly reduced total shortages from an
average of 38,100 acre-ft/yr to 12,300 acre-ft/yr.
Demands in both runs averaged 1,154,000 acre-ft/yr.
The joint-operation simulation demonstrates that the
reliability of an existing right can be substantially in-
creased. Doing so, however, involves the difficult task
of institutionalizing a substantial change in operating
policy.

Other runs of the joint-operation simulation
were made that met increased water demands without
increasing shortages over those experienced in the
ownership simulation. Demands of 1,240,000 acre-
ft/yr, a 7.5 percent increase, produced average
shortages of 37,000 acre-ft/yr in the joint-operation
simulation, an increase in yield of over 80,000 acre-
ft/yr. This demonstrates that additional quantities of
water could be allocated without affecting the
reliability of existing rights. Once again, doing so in-
volves the difficult task of institutionalizing a substan-
tial change in operating policy.

The simple rules in the joint-operation simu-
lation are not meant to be fully practical operating
rules. Before they can be implemented, they must be
modified to account for daily operations, availability
of flow forecasts, and impacts on the multiple objec-
tives of the water-resources projects in the basin.
Distribution of shortages, hydropower, flood control,
and recreation may be positively or negatively in-
fluenced by changing operating rules. There is reason
to believe, however, that these impacts will be small.

SUMMARY

The three studies discussed in this article show
that substantial increases in water yields may be ob-
tained by operating existing facilities as systems rather
than as independent projects. The Potomac River ex-
ample shows that the implementation of new operating
procedures requires substantial and lengthy negotia-
tions, whereas, the initial analysis of the water-supply
system requires a relatively small amount of work.
However, a substantial shift in perspective is needed
to recognize opportunities to improve system
operations.

Improving the management of existing projects
should be seen as a complement to, rather than a
substitute for, building new projects. New projects
may be built to provide water in new locations not
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served by existing projects. However, the benefits at-
tributable to new projects may be greatly enhanced
by operating them in full coordination with existing
projects. For example, the effective yield of Bloom-
ington Lake on the Potomac River almost doubled
when it was operated to augment supplies in
downstream reservoirs. In contrast, proposed flow
skimming from the Brazos River near Houston, Tex.,
has no safe yield at all unless it is considered in the
context of the larger supply system.

Improved water-resources management cannot
supply all our future water-supply demands. It can,
however, make a substantial contribution. Expend-
itures on improved management probably will be the
most cost-effective water-supply investment possible
over the next decade.
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VOLUNTARY TRANSFERS OF WATER IN THE WEST
By Richard W. Wahl' and Frank H. Osterhoudt’

INTRODUCTION

Competition for water increases with popu-
lation and economic growth, and it is further
influenced by technological changes, by preferences
of water users, and by governmental policies. Because
of the increasing demands for water, institutional and
management issues related to the allocation of available
water supplies are a concern, in varying degrees,
throughout the Nation. One method of allocating water
to meet increasing demands is the transfer of water
or water rights (U.S. Geological Survey, 1984, p. 3,
72-73). Several representative examples of such
transfers are presented in this article. As used here,
the terms “‘water transaction’’ and ‘‘water exchanges’’
mean a change in the location of, or in the type of,
water use that is undertaken voluntarily for the mutual
benefit of the involved parties.

The ‘“‘prior appropriation’ system of water
law, which predominates in the Western States, has
proved to be the most conducive to voluntary ex-
changes of water. In the Eastern States, most of which
use the ‘‘riparian’’ system, the possibilities for ex-
changes in water are just emerging. Thus, the case
studies presented here are from the Western States
where most transactions have taken place. These trans-
actions, which have occurred in a variety of situations,
are identified as follows: isolated, negotiated trans-
actions; short-term exchanges to alleviate drought;
transfers to and withdrawals from organized water
banks; and transactions involving established water
markets. Examples of each type of transaction are
described below. The general location of the case
studies is shown in figure 84.

ISOLATED, NEGOTIATED TRANSACTIONS

When the difference in the value of water to
two water users is large, an *‘isolated, negotiated trans-
action’’ may occur. As used here, the term refers to
the transfer of water as worked out by two or more
major water users, even though no established,
organized market exists. Such transactions commonly
involve a change in water use. In each case discussed,
the substantial difference in the value of water to the
parties involved made it worth the time and effort to
investigate the procedural requirements for a transfer
(requirements that may be far from standardized) and
to undertake what often are protracted negotiations.
Also, because of the costliness of the negotiation pro-
cess, isolated, negotiated transactions usually involve
fairly large amounts of water. In addition to the parties
exchanging the water, other parties may be involved,
such as the U.S. Bureau of Reclamation, which has
constructed major water-supply facilities in the

' U.S. Department of the Interior, Office of Policy Analysis.

Western States, or State agencies that regulate water
use.

The representative cases of isolated, negotiated
transactions discussed in this article are an exchange
between the Emery Water Conservancy District of
Utah and the Utah Power and Light Company, the pur-
chase of water by the Intermountain Power Project
in Utah from several water-rights holders, a transfer
between the Casper-Alcova Irrigation District and the
city of Casper, Wyo., and the ongoing negotiations
regarding a transfer of water between the Imperial Ir-
rigation District and urban water wholesalers on the
southern California coast.

SHORT-TERM WATER EXCHANGES
TO ALLEVIATE DROUGHT

Drought can be an impetus for short-term water
exchanges, because it can abruptly force an exami-
nation of water-conservation measures and the iden-
tification of water uses that might be temporarily
foregone with the least economic loss. Voluntary
market transactions are one way of allocating water
to areas of greatest need during a drought. For exam-
ple, during the 1976-77 drought in the Western States,
a Federal water bank operated in California to facilitate
transfers within the agricultural sector. The bank,
which in effect acted as a water broker, was authorized
to spend funds to make purchases from those willing
to reduce their own use temporarily. It then resold this
water to irrigators who wanted to protect long-term
investments in perennial crops, such as orchards.
Without the bank, some isolated, negotiated water
transfers undoubtedly would have occurred. However,
the bank facilitated exchanges because it had funds to
purchase water, and it also provided a central loca-
tion where trades between potential purchasers and
sellers could be consummated. In brief, the bank made
short-term water exchanges easier than isolated,
negotiated transactions.

ORGANIZED WATER BANKS AND EXCHANGES

During nondrought conditions, some formally
organized water banks and exchange pools have
developed on a more permanent basis. The term
‘‘water banking’’ is used loosely to cover a variety
of organized forms of water trading. As the name
implies, a water bank involves a clearinghouse
between the seller and the buyer of water, where the
seller can advertise the quantity of water he has for
sale. The rules governing water-banking operations
differ among the case studies. In California, the price
paid for water in the Arvin-Edison Water Storage
District exchange pool is limited to the district’s water






The transaction entailed a cooperative effort by
officials of several organizations, including individual
water-rights holders, the power company, two irri-
gation companies, a water-conservancy district, and
the U.S. Bureau of Reclamation. The water transfer
also involved a change in water use, which com-
plicated the transfer. Before contacting the Bureau of
Reclamation, the Utah Power and Light Company had
purchased primary water rights from several individual
landowners who were shareholders in irrigation
companies operating within the Emery Water Conser-
vancy District. The original contract (1962) between
the United States (via the U.S. Bureau of Reclama-
tion) and the Conservancy District covered use of
water for irrigation only. However, the Emery County
Project of the Bureau of Reclamation is a unit of the
Colorado River Storage Project, which had been
established by the Congress for irrigation and for
broader purposes. A 1972 amendatory contract
between the Conservancy District and the United
States, which holds the storage rights, expanded proj-
ect purposes to include water for municipal and in-
dustrial uses. Two irrigation companies in the Con-
servancy District contractually agreed to reduce their
allotments of project water in order to enable the Con-
servancy District to allocate project water to the power
company. In turn, the power company agreed to
assume payment of the irrigation companies’ cor-
responding share of project costs.

The shift of water from irrigation use to in-
dustrial use resulted in a reduction in irrigated land.
The U.S. Bureau of Reclamation had designated
18,755 acres of land in the district as irrigable. This
acreage was reduced by 4,604 acres as a result of the
water transaction, and since 1976, the actual acreage
irrigated by project water has decreased by a like
amount. More than 90 percent of the irrigated acreage
produces hay and grain, which support the local
livestock industry. The local economy also depends
heavily on coal production, the coal-fired thermo-
electric plant in the district, and associated economic
activity. An environmental impact statement (EIS) on
the proposed powerplant discussed the water transfer.
Public comments on the EIS generally indicated no
concern over the loss of agricultural production.
Rather, most comments supported construction of the
power company’s facilities.

Both the private sector and the Federal Govern-
ment benefited from this transaction, as well as the
trading parties. The United States received $120,000
a year from the power company for the 6,000 acre-ft
of water transferred—$20.00 per acre-ft/yr (acre-feet
per year)—plus a proportionate share of the annual
operation and maintenance costs. Although the 1972
amendatory contract reduced the irrigation repayment
obligation from $2,935,000 to $2,433,600, it added
$4,440,000 for industrial water—a net increase in the
total repayment obligation of $3,938,600. The
revenues to the United States have increased because,
under reclamation law, municipal and industrial users
must repay capital costs with interest, whereas irriga-
tion repayments bear no interest charges. The payment
made by the Utah Power and Light Company to the
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other parties involved is not known. At the end of the
40-year period, the contract may be renegotiated with
the Bureau of Reclamation. As of 1985, Utah Power
and Light was purchasing options to buy land in order
to acquire additional water for increasing its electric-
generation capacity (Deborah Linke, U.S. Bureau of
Reclamation, oral commun., 1985).

PURCHASE OF WATER BY THE
INTERMOUNTAIN POWER PROJECT

In 1980, the Intermountain Power Project (IPP)
agreed to pay $1,750 per acre-ft for permanent water
rights to 45,000 acre-ft of water near Delta, Utah,
about 125 miles southwest of Salt Lake City (fig. 84,
site 2). The water—about 39,500 acre-ft of surface-
water rights from five irrigation companies, together
with about 5,500 acre-ft of ground-water rights from
20 water-rights holders—supports a coal-fired thermo-
electric powerplant. The project, planned at 3,000
megawatts, was to have been the largest coal-fired
plant in the United States. However, because of a
reduction in electric power demand forecasts, the four
units were reduced to two with a total capacity of 1,500
megawatts, and the plant is expected to use only
18,500 acre-ft of water annually; the remaining water
is available for lease. Unit 1 is scheduled to begin
power production in July 1986 and Unit 2 in July 1987
(Manuel F. Perez, Intermountain Power Project, oral
commun., 1985).

Previous experience had acquainted the power
companies participating in IPP with the water-
purchase process. When the present site was selected,
the quantity of available water was recognized as the
key siting factor. There was no surplus water in the
area, and it appeared that sufficient water could be
obtained only by transfers of water from agricultural
uses. Those responsible for the water acquisition were
hesitant to act, but when local farmers discovered
IPP’s preferred site and its need for water, they took
the initiative in anticipation of the high income that
water sales might bring. In response, the water buyers
established a set of rules to govern subsequent trans-
actions (Clark, 1980, p. 102):

(1) 1pp will negotiate only with established water entities or
their representatives; we will not go behind anyone’s back.
(2) The existing water users will all have equal opportunities
to sell their water rights to 1pp. (3) Impacts on nonsellers will
be minimized. If you don’t want to sell, you don’t have to
and we will see that you are protected. (4) Acquisition will
be conducted so as to minimize the effect on agricultural pro-
duction. (5) ipp will endeavor not to become a water broker
because of excess water accumulated in high water years.

These rules were published in the local
newspaper and stated in all water purchase contracts.
Following these rules, all negotiations were conducted
with interested irrigators as a group—not separately.
However, inasmuch as water rights were held by in-
dividuals, contracts were made with individuals and
the transactions were covered by warranty deeds.

The initial sale offer of the irrigation companies
to IPP was $3,400 per acre-ft for permanent water
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Figure 85.
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Huntington
Unit of the Utah Power
and Light Company.
Water formerly used for
irrigation of lands similar to
those in the foreground has
been transferred for use by
the coal-fired thermoelectric
powerplant. Most of the
water is used for evaporative
cooling; note the water
vapor nsing from the cooling
tower. {(Photograph cour-
tesy of Utah Power & Light
Co., May 1978.)

rights, and 1pp responded with an offer of $550 per
acre-ft. The price at which the transaction finally took
place—8$1,750 per acre-ft—was about 2 percent of the
original estimated cost of the powerplant (Abbey and
Lucero, 1980, p. 8) and is equivalent to an annual cost
of $175 per acre-ft assuming a discount rate of 10
percent.

TRANSACTION BETWEEN THE CASPER-ALCOVA
IRRIGATION DISTRICT AND THE CITY OF
CAsPER, WYO.

Increasing urban demands for water in the city
of Casper, Wyo. (fig. 84, site 3), led to a mutually
beneficial transaction with the Casper-Alcova Irriga-
tion District. Under the agreement, the city is paying
for rehabilitation and lining of parts of the district’s
59-mile-long canal and its 190-mile-long lateral
systems in order to reduce seepage. The reduction in
canal seepage reduces water loss and therefore the
quantity of water diverted for agricultural use, while
maintaining the same quantity of water delivered to
crops. This arrangement has provided Casper with an
additional water supply of 7,000 acre-ft/yr from the
North Platte River. The United States, in whose reser-
voirs the water is stored, received repayment in full
for the debt outstanding on its facilities. Inasmuch as
only the amount of conserved water is transferred, the
reassignment is not considered to be a change of use
under Wyoming law. Rather, a ‘‘secondary supply
permit’’ was used to reassign storage rights from the
U.S. Bureau of Reclamation’s Seminoe and Alcova
Reservoirs, which are the sources of supply for the
irrigation district. During the Federal environmental
impact review process, there was some concern that
the proposed rehabilitation and improvement project
would eliminate the wetlands that existed due to canal
seepage. As a result of public concern, four of the
larger seepage areas (out of some 100) were
maintained.

NEGOTIATIONS REGARDING A TRANSFER OF
WATER BETWEEN THE IMPERIAL |IRRIGATION
DISTRICT AND METROPOLITAN WATER USERS
IN SOUTHERN CALIFORNIA

A proposal similar in effect to the Casper-
Alcova arrangement presently (1986) is under negotia-
tion in southern California (fig. 84, site 4). The
Metropolitan Water District of Southern California
(MWD), which supplies water to 27 member agencies
on the Pacific coastal plain, has held discussions with
the Imperial Irrigation District (11D) about funding
conservation improvements in exchange for receiving
the conserved water. (See figure 86.)

The 1D diverts about 2.9 million acre-ft/yr of
water from the Colorado River (nearly one-fifth of the
average flow) through the All-American Canal (a U.S.
Bureau of Reclamation project) and 1,627 miles of
main canals and laterals to irrigate 450,000 acres of
farmland. In 1980, one of the district’s farmers, whose
lands were being threatened by the increasing levels
of the Salton Sea, filed a complaint with the State
alleging that wasteful use of water by the district was
a contributing factor to the flooding. In accordance
with State law, the California Department of Water
Resources investigated and estimated that as much as
437,000 acre-ft of water could be conserved in 11D by
various means, including canal lining, spill-interceptor
canals, tailwater recovery systems, system automa-
tion, an increased number of regulatory reservoirs,
and a more flexible system of deliveries. The annual
costs of these various measures were estimated to
range from $8 to $115 per acre-ft of water conserved
(California Department of Water Resources, 1981; and
U.S. Bureau of Reclamation, 1983). In June 1984, the
State Water Resources Control Board used the Califor-
nia Department of Water Resources report in reaching
its decision that IID’s use of water was




‘‘unreasonable’’ and that conservation measures
should be implemented.

The MWD is interested in the water conserved
by 11D because MwD has been taking Colorado River
water allocated to, but unused by, Arizona. Under the
set of priorities governing use of the Colorado River,
MWD began losing these deliveries when the Central
Arizona Project began operation on November 15,
1985. A decrease in agricultural diversions to IID
from the river via the All-American Canal would allow
a corresponding increase in MWD diversions upstream
at the Colorado River Aqueduct.

Financing the conservation measures in IID
would appear to provide water to MWD at less cost
than would several other prospective alternatives
available to MwD (Stavins and Willey, 1983; Wahl
and Davis, 1986). In 1985, 11D held discussions with
an engineering firm that may plan the conservation
improvements and arrange for sale of the water to
MWD or to other metropolitan water users. The details
of any transfer are yet to be worked out. In this case,
however, the successful completion of a water trans-
action would appear to be facilitated by the following
factors:

¢ Irrigation return flows are contributing to increased
costs to some farmers.

e The State Water Resources Control Board’s order
to 11D would require the financing of certain
improvements to increase water conservation.

* A high value is placed on the water by potential ur-
ban wholesalers such as MwD.

® The 11D holds perfected rights to Colorado River
deliveries, and the State legislation encourages
water transfers.

® Water conveyance facilities of adequate capacity are
already in place.

FEDERAL WATER BANK IN CALIFORNIA DURING
THE 1976-77 DROUGHT

Drought can intensify interest in water ex-
change. Water users who would suffer the greatest
damage as a result of a water shortage may be able
to purchase water from those willing to reduce water
use temporarily for sufficient compensation. In
California, 1976 was the fourth-driest year in more
than 100 years, and 1977 was the driest year of record.
Statewide precipitation was 65 percent of normal in
1976 and 45 percent of normal in 1977. Runoff to
rivers and streams during those 2 years amounted to
47 percent and 27 percent of normal, respectively.

The 1976-77 drought presented a challenge to
the capability of the major water systems serving
California to distribute limited water supplies in a
manner that would minimize the adverse effects of
water scarcity (U.S. Bureau of Reclamation, 1978;
California Department of Water Resources, 1978).
The most severe water shortages were experienced in
the northern two-thirds of the State (fig. 84, site 5).
Much of this area lies in the Central Valley Basin of
California, which is served by the U.S. Bureau of
Reclamation’s Central Valley Project and by the
California State Water Project. The Federal Central
Valley Project is a multipurpose, integrated water-
management system comprising 16 storage dams, 3
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diversion dams, and about 600 miles of canals and
appurtenant works. It was through the facilities of the
Central Valley Project that a Federal water-banking
program operated in California to facilitate the transfer
of scarce water supplies from willing sellers to willing
buyers.

Following the severe drought of 1976 and the
worsening situation developing for 1977, the Congress
enacted Public Law 96-18 on April 7, 1977, which
authorized the operation of Federal water banks during
the drought. To implement the law, rules and regula-
tions were published in the Federal Register on April
16, 1977. The Secretary of the Interior was to to assist
willing sellers in transferring water to willing
irrigation-water buyers. The program was to be carried
out so that no ‘‘undue benefit or profit’’ would accrue
to water sellers. Toward that objective, the Secretary
was directed to establish a price paid by the buyer that
would recover all expenditures in acquiring the water,
and the price paid to sellers was allowed to be high
enough to cover not only the costs of water but also
the estimated net income usually derived from the
water. The rules also established allocation of the
following priorities among purchasers: preservation
of orchards and perennial crops, irrigation of support
crops for dairy and beef-cattle herds and other breeding
stock, and irrigation of all other crops. Funds made
available through Public Law 96-18 provided for
interest-free loans to irrigation purchasers for repay-
ment over a period not to exceed 5 years.

The bank that operated in California during the
1976-77 drought was established under this legislative
authority. The prices for the water exchanged in the
bank ranged from $15 to about $85 per acre-ft (table
17). Various methods were used to establish the price
paid for water. For example, the price of $25 per acre-
ft paid to Reclamation District No. 108 represented
the estimated cost to the district of pumping ground
water in lieu of its usual diversions from the
Sacramento River. The price of $70 per acre-ft for
Pleasant Grove-Verona Mutual Water Company’s
supply was intended to compensate farmers for
foregoing rice production (valued at $60 per acre-ft),
as well as to compensate those landowners who would
lease the associated tailwater (valued at $10 per acre-
ft). The price of $85 per acre-ft paid to the State of
California was based on State Water Project rates for
operation, maintenance, and capital repayment, plus
the power costs associated with compensatory water
diversions from the Colorado River to southern
California.

The Federal water bank spent a total of
$2,251,714 to purchase 46,438 acre-ft both from the
State Water Project and from the U.S. Bureau of
Reclamation’s Central Valley Project water contractors
(table 17). Of the 46,438 acre-ft purchased by the
Federal water bank, 42,544 acre-ft was sold (table 18).
The balance of 3,894 acre-ft represented deductions
for return-flow losses and conveyance losses. The
average price for water paid by purchasers was about
$61 per acre-ft, with prices ranging from about $55
to about $142 per acre-ft. The high end of the price
range reflected significant conveyance and pumping
costs necessary to get the water to the purchaser.

The U.S. Bureau of Reclamation, which
operated the water bank, also provided loans totaling
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Table 17. Sources of water sold to the Federal water bank in California during the

1976-77 drought

[Source: U.S. Bureau of Reclamation records]

Water sales
Saller Amount Cost
X P
{acre-feet) Total acre?f,uut
California Department of Water Resources ........... 8,185 $691,729 $84.51
Chaplin-Lewis-Lewis .............. 1,279 44,765 35.00
Pelger Mutual Water Company ........cccccccccovvrveee. 4,425 110,625 25,00
Pleasant Grove—Verona Mutual Water Company .. 15,762 1,102,640 70.00
Natomas Central Mutual Water Company ............ 6,000 90,000 15.00
Reclamation District No. 108 ... 5,000 125,000 25.00
Sacramento River Water Contractors’

ASSOCIAtION ..o 5,797 86,355 15.00

TO@l .o e 46,438 $2,251,714

$2,444,000 to water districts, so that they could pur-
chase water supplies directly from other entities. This
latter program resulted in the transfer of an additional
107,497 acre-ft outside of the federally operated water
bank. In addition, the State of California facilitated
a series of water exchanges among various entities
during the drought.

ARVIN-EDISON DISTRICT EXCHANGE POOL

Water *‘banking’’ or exchange operations also
have developed under nondrought conditions to
facilitate more efficient use of available supplies. The
Arvin-Edison Water Storage District, located on the
eastern side of the San Joaquin Valley in California
(fig. 84, site 6), operates a ‘‘water-exchange pool”’
among its contractors (Davis, 1985). The pool is ac-
tivated each year with offers and requests for water
received by December 15. If there is a surplus of offers
to sell water, then the pool is open to additional re-
quests for water until February 1, after which time
any surplus is made available on a first-come, first-
served basis. On the other hand, if requests to pur-
chase water exceed offers, then the exchange pool
reinains open until February 1 for additional water to
be offered for sale. If requests still exceed offers by
that date, then the available water is prorated among
the requesters, as shown in table 19. As table 19 in-
dicates, the water-deficient years of 1974 and 1977
showed the largest excess of demands over offers. Ex-
changes in the pool have been as much as 7.6 percent
of the district’s water supply of 128,300 acre-ft. Water
purchasers pay for their allocation from the exchange
pool at the district’s normal water rate. Those offering
water for sale receive refunds at the end of the year
for water distributed by the pool. Water exchanges
are limited to the boundaries of the district.

Water deliveries also can be exchanged after
the District’s water year begins on March 1. (Refer
to the last column of table 19.) This is done by sub-
mitting written notice to the district requesting or
offering water. The dispatcher’s office serves as the
clearinghouse for such ‘‘posted’” transfers. In addi-
tion, water exchanges are worked out between in-
dividuals without the aid of the posting process, and
the district subsequently is notified in writing. It is not
surprising that in-season transfers are sometimes more

heavily used than pre-season exchanges because of the
risk involved in forecasting water needs several months
in advance of the growing season.

STATE WATER SUPPLY BANK IN IDAHO

Idaho’s Water Supply Bank was established in
1980 to facilitate the leasing or renting of water (Idaho
Code, Section 42-1761 to 1765). In 1984, the bank
leased 276,167 acre-ft on the upper Snake River at
$2.50 per acre-ft to 13 lessees (table 20). Of this
amount, the Idaho Power Company leased 275,000
acre-ft to control the timing of water releases for
generation of hydroelectric power at its facilities.

The Water Supply Bank has legislative authority
to operate statewide with either short-term or long-
term leases, although not with permanent sales of
water. As presently operated, however, the bank is
confined to Water District No. 1 on the upper Snake
River above Milner Dam (fig. 84, site 7), and leases
are limited to 1-year duration. All the water in the
water bank is stored in U.S. Bureau of Reclamation
facilities—principally the American Falls, Jackson
Lake, and Palisades Reservoirs (fig. 87). Although
the Water Supply Bank in its present form is relatively
new, it has its roots in water rentals that reach back
into the 1930’s, and the bank is still occasionally
referred to as the ‘‘rental pool.”

The State’s Water Supply Bank functions under
the jurisdiction of the Idaho Water Resources Board.
Jurisdictional authority for the upper Snake water-
supply bank has been delegated to a local committee
called the “‘Committee of Nine.’> The Committee is
formed of representatives from various jurisdictions
within Water District No. 1, and, since 1919, the
Committee has acted as advisor to the water master
who operates the water bank. The water master is
elected by the water users of the district and works
closely with the U.S. Bureau of Reclamation’s
Minidoka Project superintendent. The Bureau current-
ly requires the price set by the Committee of Nine to
be based on space-owner costs and also requires leases
to be restricted to a 1-year duration. The Committee
of Nine has established the following priorities for leas-
ing water: existing canal companies that own storage
space, agricultural users that traditionally have used
rental pool water, new agricultural users, and any other
user (such as a power company). Water transfers are
facilitated by the fact that one water user cannot gain
rights to the return flows from stored water used by
another water user and by the fact that the bank deals
only with stored water (R. Carlson, Water Master,
Idaho Water District No. 1, oral commun., 1985).

Water is made available to the water bank by
individuals, corporations, irrigation companies, irriga-
tion districts, and cities. In order to encourage early
commitments of water to the bank, water made
available before July 1 is sold first, and the contributors
share proportionally in the revenues from the sales.
Water made available after July 1 is sold on a first-
come, first-served basis, and the water owners are
reimbursed in a like manner.

The incentive to place water in the bank is that
water users can recover the cost of some of the water
they do not wish to use that year. Each year, the price
for water from the bank is established on the basis of









action. As such, establishing a basis of exchange
facilitates transactions because it relieves individual
buyers and sellers from the burden of developing in-
formation regarding the effects of the water exchange.

WATER MARKETS WITHIN THE NORTHERN
CoLORADO WATER CONSERVANCY DISTRICT

Water frequently is traded among members of
the Northern Colorado Water Conservancy District
(NcwceD) (fig. 84, site 9) at prices established by the
market. Each year, about 65,000 acre-ft, or about 30
percent of the water delivered to the District by the
Colorado-Big Thompson Project moves through the
rental market (Howe and others, 1986). Annual rentals
require no more than a postcard to the NCWCD in
order to shift the water to a different use or location
(Harrison, 1984). Sales of water on a permanent basis
also are relatively frequent and straightforward. A
number of realtors have begun to specialize in
brokering these water transactions.

The NcwceD was founded in the 1930’s to con-
tract with the U.S. Bureau of Reclamation to serve
the water demands on the eastern slope of the Front
Range by using the more abundant water supplies of
the western slope. The Bureau’s Colorado-Big
Thompson Project was constructed to divert water at
the headwaters of the Colorado River and to transport
it across the Continental Divide to supplement the
water supplies of some 720,000 acres of irrigated land
and of several east-slope cities, which are served by
nearly 200 existing canal and reservoir systems. For
1957-82, the project provided an annual average of
220,000 acre-ft of water, or about 25 percent of the
total 865,000 acre-ft of water used in the district
(Northern Colorado Water Conservancy District,
1982).

) Water is traded with relative ease and frequency
in the NCWCD due to a combination of physical and
institutional factors. There are three principal types
of water rights in the NCwcCD area: rights to
Colorado-Big Thompson Project water imported from
the western slope; rights to water stored in irrigation
company reservoirs; and direct flow rights from
eastern-slope streams. Water companies typically hold
some or all three of these types of water rights.

Water from the Colorado-Big Thompson Proj-
ect is the most easily marketed water in the NCWCD.
This water is diverted under water rights filed for and
owned by the U.S. Bureau of Reclamation and is sold
under contract to the district. Each year, the NCWCD
divides the amount of available project water propor-
tionally among the owners of its 310,000 shares or
units. These shares can be bought, sold, and leased
within the district. The fact that project water is a sup-
plemental supply probably has enhanced its
marketability (Howe and others, 1986). Initially, dif-
ferent areas in the NCWCD had different demands for
the additional water. It became clear that a mandatory,
uniform assignment of water to land would not work:
Farmers wanted freely transferable allotments so that
they could recover water costs when the supplemental
supply was not needed. Transfers are facilitated
because return flows of project water belong to the
district (a provision of the NCWCD contract with the
U.S. Bureau of Reclamation). This arrangement was
possible because Colorado-Big Thompson Project
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water is imported from the western slope: because the
water was new to the region, no rights to return flows
had developed (Howe and others, 1986). Because there
is no legal basis for an objection by downstream par-
ties, market transactions of project water within the
district are greatly simplified.

Water held by mutual irrigation companies in
local reservoirs in the region also is relatively easy
to transfer. In Colorado, surface water is a property
right that is legally separable from the land. Also, once
water is captured by artifical means and reduced to
physical possession, it may be transferred, subject to
complaint of injury by third parties. Direct-flow rights
are more difficult to transfer, in part because the effect
of altering return flows on third parties must be con-
sidered. Transactions involving direct-flow rights
occur less frequently than those involving other types
of rights (Anderson, 1978).

Agriculture is a major industry in the NCWCD;
621,000 cropland acres were harvested in 1982. There
are many transfers of water among agricultural and
municipal and industrial uses in the NCWCD, and the
transfers seem to occur with a minimum of friction.
Several factors are responsible. Most municipal and
industrial uses consume relatively small amounts of
water. Thus, they return to the stream nearly as much
as they withdraw. Within NCWCD, most agricultural
lands are located downstream from urban areas and,
therefore, are able to utilize return flows from
municipal and industrial uses. Because of these fac-
tors, municipal and industrial withdrawals have only
a small effect on trrigation use. In 1978, for exam-
ple, the NCWCD manager estimated that with existing
(1978) water supplies the population of the district
could increase from 500,000 to 3,270,000 and farmers
could still irrigate about 560,000 acres of cropland us-
ing return flows (Anderson, 1978). In addition, ur-
ban growth generally encroaches on irrigated land;
when this change of land use occurs, water becomes
available for irrigation use elsewhere (Anderson,
1984).

Another factor facilitating the transfer of water
from agricultural to municipal uses may be recogni-
tion that, on the average, both direct and indirect
economic benefits of water used in agriculture are less
than the benefit realized from other uses (table 21).
This is true also for employment. The same amount
of water will support considerably more workers when
used in nonagricultural industries than when used in
irrigated agriculture (table 22) (Young, 1983).

The sales price of shares of Colorado-Big
Thompson Project water has varied widely. The
average price for permanent rights to project water
(expressed in 1980 dollars) was $99 per acre-ft in
1961; $504 in 1970; $2,895 in 1980; $2,445 in 1981
(Gardner and Miller, 1983); about $1,600 in 1983
(adapted from Howe and others, 1986); and about
$900 in 1985 (R. L. Anderson, U.S. Department of
Agriculture, Economic Research Service, oral com-
mun., 1985). A number of factors have contributed
to the fluctuations in water prices, although their
relative importance is unknown. Certainly, growth of
the Front Range region’s economy has increased water
demands with a concomitant rise in water prices.
However, urban development has slowed recently and
economic conditions have been unfavorable for

121



122

National Water Summary — Hydrologic Perspectives

farming, which has decreased the price of water and
agricultural land. Favorable growing conditions and
an ample water supply also have contributed to the
decline of water prices.

Rental rates rose slightly from 1961 to 1983,
but less than the rate of inflation. The predominant
annual rental price ranges from $5 to $7 per acre-ft.
Prices are slightly lower in the early part of the irri-
gation season as compared to late in the season (Howe
and others, 1986). Use of the rental market has been
stimulated by the practice of cities in the district, which
regularly acquire water in excess of present demands
to ensure sufficient supplies for the future. For in-
stance, the current development of the Windy Gap
Project in the Colorado-Big Thompson Project—
funded by municipal and industrial interests—will add
48,000 acre-ft of water annually to the Front Range.
This water is expected to be available for lease to irri-
gators until needed by the expanding cities (Harrison,
1984).

PAPAGO INDIAN SETTLEMENT AND
FORT PECK-MONTANA COMPACT

In a series of decisions dating from 1908, the
U.S. Supreme Court has held that when Indian reser-
vations are established, water is implicitly reserved
from unappropriated sources appurtenant to the reser-
vation in an amount necessary to fulfill the purpose
for which the reservation was established. The priority
of that reserved right is no later than the date on which
the reservation was established, and the right is not
subject to loss by nonuse. Determining the extent of
such reserved rights is considered to be a major fac-
tor affecting future water use in these States, and in
recent years, adjudications in many Western States
have been filed expressly for the purpose of
establishing the nature and extent of Indian reserved
water rights. Two recent Indian water-rights
settlements—those for the Papago Tribe in Arizona
(fig. 84, site 10) and the Assiniboine and Sioux Tribes
of the Fort Peck Indian Reservation in Montana (fig.
84, site 11)—include provisions for off-reservation
marketing of Indian water, and other tribes may ex-
plore similar provisions in their settlements.

Papago Settlement.—The Papago Indian Water
Rights Settlement, enacted by the Congress on October
12, 1982, provides a settlement of the Tribe’s claims
for the San Xavier Reservation and the Schuk Toak
District of the Sells Papago Reservation in southern
Arizona. The settlement provides for annual deliveries
of 66,000 acre-ft of water to the Tribe. The Tribe’s
initial entitlement consists of water from the Central
Arizona Project, as well as treated sewage effluent.
Section 306(c)(1) of the Act provides that the Tribe
may sell, exchange, or temporarily lease its water.
However, sales are limited to the Tucson Active
Management Area— one of four areas that the State
has established for ground-water management. The
marketing of this water also is limited to temporary
exchanges, because the Tribe is prohibited from per-
manently selling or ‘‘alienating’’ its water rights.

Fort Peck-Montana Compact.—In May 1985,
the Montana State Legislature ratified a compact
settling the reserved-rights claims of the Assiniboine
and Sioux Tribes of the Fort Peck Indian Reservation.
The settlement provides for annual Indian diversions
up to 950,000 acre-ft/yr of surface water from the
Missouri River and its tributaries that traverse or
border on the Reservation. Consumptive use of this
water is limited to 475,000 acre-ft. Under the agree-
ment, the Tribes are permitted to market as much as
50,000 acre-ft/yr off the Reservation, and greater
amounts can be marketed if the State is able to sell
more than 200,000 acre-ft/yr of its allocation. Con-
gressional ratification of the Tribes’ authority to
market water off the Reservation will be necessary.

Table 21. Direct and direct-plus-indirect income per
unit of water consumed for selected sectors, Colorado,
1980

[Direct agricultural income is income from the sale of farm
products. Indirect agricultural income 1s income indirectly
associated with agriculture, such as that from the sale of
tractors to farmers and the processing of wheat into bread.
The principle is the same for nonagricultural sectors. Source:
Young, 1983. Price levels are 1980]

Consumptive i
S “sﬁeffdgﬂg‘,e' Idollars gfa?";%re-fum)
ector f outl
(;allgr?spuér Di Direct-plus-
daHarIp Irect indirect
Agriculture, irrigated .. 1,752.00 $184 $503
Nonagriculture:
Coal mining 1.74 186,000 413,000
Electronics 4 2,364,000 4,208,000

Tabla22. Water use per direct and direct-plus-indirect
worker employed in selected sectors, Colorado, 1980

[Water use per direct worker in irrigated agriculture consists of
the water used in irrigation of crops. Indirect water use for that
worker is the water employed in associated uses, such as the
water used to make the steel of the tractor that the farmer
drives. The principle is the same for nonagriculture sectors.
Source: Young, 1983]

Water use per worker
acre-feet

Sector

D Do g

Agriculture, irrigated ............ 142.000 210.000
Nonagriculture:

Coal mining . . .280 .390

Electronics 024 031

CONCLUDING REMARKS

A number of examples of transactions in water
have been discussed. Established markets, water
banks, and pooling arrangements commonly operate
under the auspices of a single district, such as in the



Northern Colorado Water Conservancy District, the
Arvin-Edison Water Storage District exchange pool,
and the water bank operating on the upper Snake River
in Idaho; in some cases the district covers a substan-
tial geographic area. Some of the examples of estab-
lished markets are in areas where the water supply was
supplemental (for example, Northern Colorado Water
Conservancy District and the water bank on the upper
Snake River) and where there was a clear realization
that the water supply would not be needed every year
or in a uniform amount by everyone within the district.
Individual ownership of water has clearly facilitated
trading, such as in the Utah mutual companies and in
the NcwcD; however, other forms of tradable
property in water have evolved, such as those specified
by water contracts in the Idaho Water Supply Bank
and in the Arvin-Edison Water Storage District
exchange pool. Exchanges also are facilitated where
the property rights to water are simplified by a district
owning its return flows, such as Colorado-Big Thomp-
son Project water in the NCWcD. This simplification
also occurs where the return flows have little or no
value, as in the case of four mutual companies on the
Sevier River in Utah and in the Imperial Irrigation
District in California.

Substantial transactions in water also have taken
place between districts or other water-using entities
under more difficult circumstances and where no
established market exists. The impetus that overcomes
these difficulties is the recognition, on the part of both
the buyer and the seller, that the value of water may
be substantially different between them. The result is
an individually negotiated transaction. In the cases
discussed here, these differences in value have arisen
in situations of increasing urban demands (for
example, in Casper, Wyo., and in southern California)
and for powerplant cooling water (for example, pur-
chase of water by the Intermountain Power Project
in Utah and the transaction involving the Utah Power
and Light Company).

The examples presented are diverse in their
geographic location and in the manner in which the
. exchanges were implemented, illustrating the variety
of circumstances under which water exchanges have
proved useful. Various State legislatures are
addressing ways in which to facilitate voluntary
transfers. For example, in 1982 California amended
its water code (through the Katz-Bates Bill) to establish
that conservation and subsequent sale of water is a
beneficial use and to direct all appropriate State
agencies to encourage voluntary transfers of water and
water rights. The Idaho legislature is considering
(1986) House Bill No. 369, which would further the
lease and sale of water. At the Federal level, the
Bureau of Reclamation is working to streamline its
response to transfer requests that involve Bureau proj-
ects, project operations, or Federal water contracts.
In the future, voluntary water exchanges may be ex-
pected to become more routine as a means of using
water efficiently to meet changing patterns of water
demands.
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INTRODUCTION TO

STATE SUMMARIES OF SURFACE-WATER RESOURCES

The United States enjoys an abundance of
surface-water resources. Total streamflow in the United States for
1951-80 averaged about 1,270 bgd (billion gallons per day), which
is more than 7 times the present (1980), total fresh ground- and
surface-water withdrawals of about 380 bgd and more than 28 times
the consumptive use of freshwater (Graczyk and others, 1986). Con-
sidering only the overall supply of fresh surface water without regard
to distribution or quality, there is no water shortage—the resource
far exceeds the present level of use. However, streamflow varies
areally and temporally, and there is no assurance that adequate sup-
plies of surface water of an acceptable quality will be available where
and when needed.

In the ‘‘State Summaries of Surface-Water
Resources’” part of the 1985 National Water Summary, the Nation’s
surface-water resources are described with emphasis on their oc-
currence, use, and development in each State, the District of Col-
umbia (combined with Maryland), Puerto Rico, the U.S. Virgin
Islands, the Trust Territory of the Pacific Islands, Saipan, Guam,
and American Samoa. (Hereafter, the term ‘“State’’ is used for all
of these geographic areas.) Each State summary includes the follow-
ing components:

® General setting—Highlights of the State’s physiography, climate,
hydrology, and other factors that control runoff patterns and
a discussion of fresh surface-water withdrawals of various
uses in relation to total use (table 1).

® Principal river basins—Description of the hydrologic setting,
selected streamflow characteristics, degree of regulation,
general surface-water quality where it constrains use, and
various water-related issues in the principal river basins of
the State. This component includes a tabulation of selected
streamflow characteristics at representative gaging stations
and the extent and effects of streamflow regulation within
the drainage basins (table 2). Also included are two illustra-
tions: one showing average annual precipitation and runoff
and average monthly precipitation and streamflow at selected
sites (fig. 1); and the other showing principal river basins,
major reservoirs, hydroelectric powerplants, and long-term
variations in stream discharge at selected sites (fig. 2).

¢ Surface-water management—Description of State laws and regula-
tions related to surface water and the identification of State
surface-water-management agencies and their functions.

¢ Selected references—Relevant reports on surface-water resources.

The State summaries use common hydrologic
terms, and reference is made without explanation to basic hydrologic
principles. Some of these principles, such as rainfall-runoff rela-
tions and the cause and significance of low flows, are discussed
in the article in this volume, ‘‘National Perspective on Surface-Water
Resources.”” Selected hydrologic terms are defined in the Glossary.

IMPORTANCE OF SURFACE WATER
TO THE NATION

Surface-water resources have played an im-
portant role in the exploration and economic development of the
North American continent. Native Americans and European ex-
plorers used rivers as principal transportation routes. The first set-
tlements were established along rivers, which served as trade routes
and sources of food, water supply, and power. Today, surface water

continues to be the major source of water for public supplies, ir-
rigation, and the generation of electricity. Some 25,000 miles of
waterways handled 2.1 billion tons of cargo in 1979, and water-
borne commerce is increasing (U.S. Army Corps of Engineers,
1981). Finally, rivers and lakes provide recreational opportunities
for tens of millions of people each year and support fisheries and
wildlife habitats.

Aside from recreation and fisheries, the largest
direct or instream use of surface water is for hydroelectric power,
primarily in the Pacific Northwest (Washington, Oregon, Califor-
nia, Idaho, and Montana), in the Tennessee Valley (Alabama, Ten-
nessee, and Kentucky), and in the Northeast (New York, Penn-
sylvania, and Maine). In 1980, an estimated 3,300 bgd was used
to generate about 277 billion kilowatt-hours of electricity (Solley
and others, 1983, p. 28). The 11 States named above account for
about 77 percent of the water used to generate hydroelectric power.

The relative importance of fresh surface water
in meeting the Nation’s demand for water may be shown by com-
paring surface-water withdrawals to total freshwater withdrawals
from both surface-water and ground-water sources (table 23). In
1980, fresh surface water represented-77 percent of the Nation’s
total freshwater withdrawals. Surface water was the source of 3
percent of of rural-domestic supplies, 45 percent of rural-livestock
supplies, 60 percent of irrigation supplies, 65 percent of public sup-
plies, 74 percent of supplies for self-supplied industries (excluding
thermoelectric-power generation), and 99 percent of supplies for
thermoelectric-power generation—by far the largest offstream-
withdrawal use of water. (Virtually all of the water withdrawn for
thermoelectric-power generation is returned to a watercourse after
use.) Withdrawals of fresh surface water in the United States, Puerto
Rico, and the U.S. Virgin Islands are shown graphically in figure 88.

The importance of fresh surface water differs
across the country and reflects the uneven distribution of precipita-
tion and runoff. In 1980, fresh surface-water withdrawals for all
categories of use ranged from 15 percent of total withdrawals in
Kansas to virtually 100 percent in the District of Columbia (Solley
and others, 1983). In only 10 States did surface water provide less
than half of total withdrawals. Eleven States withdrew more than
10 bgd of surface water for all offstream uses and accounted for
about 52 percent of the total surface-water withdrawals in the coun-
try. The largest withdrawals of surface water occurred in Califor-
nia (24 bgd), 1llinois (16 bgd), Pennsylvania (15 bgd), and Michigan
(14 bgd) (table 23).

In 1980, the largest offstream wuse of fresh
surface water was for thermoelectric-power generation (150 bgd).
Industrial uses other than thermoelectric-power generation accounted
for 29 bgd, and the States with the largest use for this purpose were
Louisiana, Pennsylvania, Indiana, and North Carolina. Because
large amounts of cooling water are required by thermoelectric
powerplants, many coastal States use saline water. As shown in
Solley and others (1983, p. 26), States with the largest withdrawals
of saline surface water for thermoelectric-power generation were
Florida (14 bgd), California (9.2 bgd), New York (8.5 bgd), New
Jersey (6.5 bgd), and Maryland (6.1 bgd).

The second largest use of fresh surface water
was for irrigated agriculture (90 bgd). In the West where irriga-
tion is a major activity, States with the largest surface-water
withdrawals for irrigation were California (19 bgd), Idaho (12 bgd),
Colorado (11 bgd), and Montana (10 bgd). In the East, Florida
withdrew the largest amount (1.4 bgd) of fresh surface water for
irrigation.
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Table 23. Summary of fresh surface-water offstream (withdrawal) use, by category of use, and instream {nonwithdrawal) use for hydroelectric-
power generation by State

[Data rounded to two significant figures. Data not included for Trust Territory of the Pacific Islands, Saipan, Guam, and American Samoa. Mgal =million gallons.
Sources: State data from table 1 in respective State summary, 1985 Nation Water Summary; national totals and percentages from Solley and others, 1983]

Offstream use : Instream use
Frash-surface-water withdrawals as a percentage® of total ' Surface
Total- fresh Parceiage Fresh fresh surface- and- ground-water withdrawals for— : water for
State surfa%e‘- and of -populs- surface: 2 P : ° hydroelectric-
ground-water tion served water Specific categories of use power
withdrawals by surtas withdrawals Al - eneration
per day ywater & per.day categon?s Public Rural supply. Indtési;nal i gper day
{Myal) Moall aof ‘use stpply P — sugpli;edl Imgauug {Mgall
Alabama ............. 11,000 45 10,060 87 -(8YH 74 g 2 83 192 73 170,000
Alaska 20 32 170 17478} 57 1 50 81195 108 770
Arizona ... 7.300 35 3,000 47 (40} 45 6 18 28 112 42 41,000
Arkansas ................ 6,300 48 2,900 41 {56} 57 g 64 83 {9 15 26,000
Californig ............... 40,000 54 24,000 61.-{58) 61 7 60 oo 514401 62 81,000
Colorado .. 16,000 84 13,000 8181 92 83 78 98 (99} 79 5,500
Connecticut 1,300 68 1,200 804800 83 8 81 98 193 80 4,000
Delaware ............. 140 40 57 41141 62 il a 23 :129) 37 0
District of
Columbia ............ 340 100 340 100-(1001 100 0 i 100 143 (i 8
Florida 7,300 10 3,600 4971331 13 il 34 73-:118) 47 15,000
Georgia 6:700 52 5,500 82 (48} 10 0 39 82 {48 34 52,000
Hawaii . 1,300 5 510 39441 8 19 4 241801 49 180
1daho ..o 18,000 13 12,000 67167} 10 4 58 516 74 76,000
oI ..., 17000 81 16,000 94- (64) 12 0 0 99 (71 g 26,000
Indiana .................. 14,600 38 13,000 9341} 53 6 45 95 184 g 9,500
lowa ... 3,200 18 2300 12119} 19 0 0 871291 17 28,000
Kansas . 6,600 37 880 15110} 52 0 57 64122 8 570
Kentucky ... 4800 58 4400 96 {/8) 87 10 95 98 -175) a 98,000
Louisiana ............... 12,000 31 11,000 861731 56 g 29 95 188} 59 1,400
Maing ................... 850 43 170 91::(90) 81 2 41 94 (85} g7 75,000
Maryland ... 1,400 72 870 7058 90 i} 5 93--180) 47 15,000
Massachusetts 2,500 68 2,100 844671 78 0 42 94 {1 LS 25,000
Michigan ................ 16,000 57 14:000 96 (75§ 83 0 23 9195} 52 65,600
Minnesota .............. 3,100 25 2,400 1750} 48 0 15 96 180} W 20,000
Mississippi 2,800 7 1,400 48 117) 14 it b7 11122 13 0
Missouri ... 6,900 66 6,400 83 164} 78 26 14 98 (83 23 13,000
Montana .. 11,800 45 11,000 98 {98} 63 2 68 81 (48 99 66,000
Nebraska ............... 12,000 18 8,200 42027 22 i 20 97 {18} 28 5,900
Nevada ................. 3,600 50 2,800 81-{80} 61 6 H 68 {531 64 1,200
New Hampshire ..... 380 49 320 841801 62 2 85 g5-194) 100 26,000
New Jersey ........... 2,900 54 2,100 12 . 160} 56 (1o REER 21 140
New Mexico... 3,800 7 2,100 53152} 10 3 50 52 56 430
New York ..... 8,000 il 7,200 90--181) 86 0 34 96 189} 54 310,000
North Carolina ....... 8,100 45 7.300 90179} 88 0 14 93 (83 70 40,000
North Daketa ......... 1,000 38 910 83 (131 56 2 39 100 75! 63 15,000
Ohig ... 14,000 58 13,000 93475} 71 10 49 98 .66) 64 380
QOkiahoma . 1,700 58 760 44--{39) 73 15 86 7563} 18 34,000
Oregon ......... 5,800 36 5,700 B4 (84} 70 13 73 85 {84) 85 490,000
Pennsylvania . 16,000 56 15,000 94 {83} 87 i} 11 96 {86) 88 81,000
Puerto Rico .. 720 73 480 ~B7- 160 80 42 50 0t b4 440
Rhode Island . 170 18 140 82 {82} 85 0 50 66 1661 80 23
South Carolina 5,800 58 5,600 96185} 78 { 45 89 {95) b 63,000
South Dakota 699 23 360 52152} 32 i 12 45 {45) 87 67,000
Tennessee .............. 10:000 52 9,600 96 {82 3 41 41 93 (89) 51 150,000
Texas ..oooovvevvn. 16,000 51 6,300 38438 61 17 51 778} 0 > 9,800
Utah o 4,100 37 3,400 81 (81 34 " 22 89 (82 86 3,400
U.S. Virgin
Islands ................ 6 58 5 82 (82} 88 0 160 (i | 0 0
Vermont 340 48 300 8751 65 15 38 98 65} 81 14,000
Virginia ...ooooveveane 5,800 59 5.200 93170 83 g 30 98 {78 5} 26,000
Washington ... 8,200 51 7,500 81181} 63 22 33 86 186! 96 940,000
West Virginia 5,600 47 5,400 96 - 1801 12 1 87 a8 (82 92 21,000
Wisconsin 5:800 30 5;200 80--(54) 43 0 4 98 {78! 4 71,000
Wyoming 5:300 48 4,800 91 14901 67 8 79 66 (24) 92 7,200
Total or ;
percentage ......... 380,000 49 290,000 77162 85 3 45 84 {74) B0 3,300,000

'Percentages calculated from unrounded numbers. 2Number in parentheses was calculated excluding withdrawals for thermoelectric-power generation.






Region. Eighteen of these regions are in the conterminous United
States. Alaska, Hawaii, and Puerto Rico and the U.S. Virgin Islands
comprise three additional regions. Because natural drainage divides
and political boundaries usually do not coincide, some States may
be located entirely within one region, whereas others may be located
in several regions. A full description of these regions and subregions
is given in Seaber and others (1984).

These hydrologic units provide a framework with which to
describe the principal river basins in each State. In most States,
principal river basins are either subregions, groups of subregions,
or parts of subregions. A few States, however, have adopted their
own schemes for defining principal river basins. River-basin bound-
aries in these States may differ from those shown on the maps in
the Glossary.

Table 2 of each State summary presents data
on average discharge, 7-day, 10-year low flow, discharge of the
100-year flood, and degree of regulation at representative
streamflow-gaging stations in the principal river basins. The 7-day,
10-year low flow is the minimum 7-day average discharge that has
a 10-percent chance of recurring in a given year or once in 10 years
on the average. This statistic commonly is used by water-resources
planners to estimate the reliability of a surface-water source for
water supply or for use in diluting waste discharges. The “‘100-year
flood”’ is the instantaneous peak discharge that has a 1-percent
chance of being equaled or exceeded in a given year or once in
100 years on the average. The stage or height of the water surface
of the 100-year flood is used to delineate “‘flood-prone areas’’ for
flood-insurance purposes. Some State summaries discuss peak flows
that exceed the 100-year flood discharge. The degree of regulation
of stream indicates how much the natural flow of the stream is con-
trolled by upstream reservoir storage. Additional information on
the significance of some of these statistics is given in the article
in this volume, ‘‘Natiomal Perspective on Surface-Water
Resources.””

Figure 2 in each State summary shows the
locations of major reservoirs and hydroelectric powerplants, the
principal river-basin boundaries, and the major rivers. Figure 2 also
contains bar graphs that show year-to-year variations in annual
discharge of principal rivers. The variations in streamflow are a
result of variations in precipitation as well as changes in consump-
tive use, regulation within the basin, and interbasin imports or ex-
ports of water. Annual variations in streamflow tend to be smaller
in the more humid eastern States, where streamflow is comparatively
well sustained by ground-water discharge to streams, than in other
parts of the country, where streamflow is derived largely from in-
termittent runoff or snowmelt.

Superimposed on the discharge bar graphs is
a curve that shows the 15-year, weighted moving-average discharge.
This curve illustrates long-term changes in streamflow that might
otherwise be obscured by the natural variability of the data. Long-
term variations that may influence trends in streamflow include
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variations in precipitation, consumptive water use, reservoir storage,
water diversions and transfers, and discharge of wastewater. For
example, cyclic variations in the curve are related to long-term
changes in precipitation (see California, fig. 2, sites 2 and 16); a
relatively rapid downward trend in the curve for the Canadian River
is the result of increased consumptive use following reservoir con-
struction (see New Mexico, fig. 2, site 1); and a rising trend in
the curve for the South Platte River is the result of water imports
from other river basins for irrigation and municipal supply (see Col-
orado, fig. 2, site 3). A discussion of the mathematics of weighted
moving averages is given by Chambers and others (1983,
p. 94-98).

SURFACE-WATER MANAGEMENT

Numerous pieces of legislation have been en-
acted and organizations created by the States to address a variety
of land- and water-resource-related issues. Descriptions of key State
surface-water-related laws and regulations and the management in-
frastructure established to implement and enforce them comprise
the final section of each State summary. In addition to the State
agencies mentioned in the summaries, a number of Federal agen-
cies, such as the Bureau of Reclamation, Army Corps of Engineers,
Soil Conservation Service, and Tennessee Valley Authority, have
major responsibilities for water-resources management. The roles
of these Federal agencies are not discussed in detail in the State
summaries.
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Alabama has abundant surface-water resources that are suitable
for public and industrial water supplies, agriculture, industry, navigation,
hydropower, and recreation. About 170,000 Mgal/d (million gallons per
day) or 263,000 ft3/s (cubic feet per second) of surface water is used to
generate hydroelectric power at 20 operating facilities. Offstream use of
surface water averaged 10,000 Mgal/d or 16,000 ft3/s in 1980, or 97 per-
cent of the total offstream water use in Alabama. Approximately 45 per-
cent of the population relies on surface water for its freshwater needs. Sur-
face water will continue to provide the majority of the water used in the
State because of its low cost and availability. Surface-water withdrawals
in Alabama in 1980 for various purposes, and related statistics, are given
in table 1.

Principal issues related to surface water in Alabama generally
concern the large variability of streamflows. At times, excessive flows cause
floods, and at other times, low flows barely supply sufficient water for
domestic, municipal, and industrial uses and for other uses, such as waste
assimilation and recreation. In some highly developed industrialized areas,
streamflow during droughts would not be sufficient for future industrial
development.

GENERAL SETTING

Alabama has a total area of 51,600 mi? (square miles)
about 500 mi? of which are inland water. The State is located in
five physiographic provinces—Coastal Plain, Piedmont, Valley and
Ridge, Appalachian Plateau, and Interior Lowland Plateaus (fig. 1).
The area north of the Fall Line, which delineates the contact of
the Coastal Plain with the other provinces, has a very diverse
topography, with altitudes that range from 200 to 2,400 feet above
sea level. In the Coastal Plain, altitudes range from sea level at
the Gulf of Mexico to about 1,000 feet above sea level in the north-
western part of the State. The land surface slopes to the south and
west.

Annual precipitation averages about 55 inches statewide,
and ranges from about 50 inches in central and west-central Alabama
to about 65 inches near the Gulf of Mexico (fig. 1). Rainfall in
Alabama generally is associated with the movement of warm and
cold fronts across the State during November through April and
isolated summer thunderstorms from May through October. Oc-
casionally, hurricanes, which usually enter the State along the gulf
coast, produce unusually heavy rainfall, and have caused some of
the more disastrous floods in Alabama,

Seasonal rainfall patterns, except near the gulf coast, are
similar to those at Birmingham and Huntsville where more than
half of the average rainfall occurs in the 6 months December through
May; March is usually the wettest month. Rainfall patterns near
the gulf coast are typically similar to those at Mobile, where more
than half of the average rainfall occurs during April through
September and July is the wettest month (fig. 1).

Runoff and precipitation vary areally and seasonally. With
the exception of the extensively urbanized greater Birmingham area
and the extreme northeastern part of Alabama where runoff is
relatively high, runoff and precipitation decrease northward away
from the Gulf of Mexico.

Flooding is common during March and April. Runoff ty-
pically decreases in response to a reduction in rainfall from
September through November. Streamflows generally are greatest

Table 1.

[Data may not add to totals because of independent rounding. Mgal/d = million
gallons per day; gal/d = gallons per day; < = less than. Source: Solley, Chase,
and Mann, 1983]

Surface-water facts for Alabama

POPULATION SERVED BY SURFACE WATER, 1980
Number (thousands} ..o 1,740
Percentage of total population..........covceoiiiiiiiiiniie e 45
From public water-supply systems:

Number (thousands)...........cooiiii 1,740

Percentage of total population..............coooeiniiiiieiniiiiieeen, 45
From rural self-supplied systems:

Number (thousands}...........coioiiiiiiiii i e 0

Percentage of total population.............ccocoiiiiiiini s 0

OFFSTREAM USE, 1980
FRESHWATER WITHDRAWALS

Surface water and ground water, total (Mgal/d)......................... 11,000
Surface water only {(Mgal/d} .. 10,000
Percentage of 10tal...........coiiiiiiii 97
Percentage of total excluding withdrawals for
thermoelectric POWET ... .....oiuiiiiii e 81

Category of use

Public-supply withdrawals:
Surface water (Mgal/d). ... 480

Percentage of total surface water.. 5
Percentage of total public supply... 74
Per capita {gal/d). ..o 264
Rural-supply withdrawals:
Domestic:
Surface water (Mgal/d}..........coooiiiiiiii 0
Percentage of total surface water... 0
Percentage of total rural domestic.. 0
Per capita (gal/d).......c.ooiiiiiiii 0
Livestock:
Surface water (Mgal/d)..........cooiiiiiii 83
Percentage of total surface water... 1
Percentage of total livestock...............oi 72
Industrial self-supplied withdrawals:
Surface water (Mgal/d}.........c.o i 9,700
Percentage of total surface water.............coovviii i 97
Percentage of total industrial self-supplied:
Including withdrawals for thermoelectric power...................... 99
Excluding withdrawals for thermoelectric power..................... 92
irrigation withdrawals:
Surface water (Mgal/d)................ 24
Percentage of total surface water.. <1
Percentage of total irfigation..............coeevieiiiniiis e 73
INSTREAM USE, 1980
Hydroelectric power (Mgal/d) ... 170,000

in February, March, and April, as shown by the average monthly
discharges for Coosa River (site 3), Black Warrior River (site 8),
and Choctawhatchee River near Newton (fig. 1).

PRINCIPAL RIVER BASINS

Alabama is in two water-resources regions—the South At-
lantic-Gulf Region and the Tennessee Region (fig. 2). The South
Atlantic-Gulf Region in Alabama includes four subregions—the
Choctawhatchee-Escambia, the Alabama, the Mobile-Tombigbee,
and the Apalachicola. Only the first three are described below; the
Apalachicola, which occurs along the southeastern edge of the State,
is discussed in the Florida Summary. The Tennessee Region in
Alabama includes the Middle Tennessee-Elk and the Middle
Tennessee-Hiwassee Subregions; (the Middle Tennessee-Hiwassee
Subregion in the northeastern corner of the State is not discussed).
These river basins are described below; their location, and long-
term variations in streamflow at representative gaging stations, are
shown in figure 2. Streamflow characteristics and other pertinent
information are given in table 2.
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SOUTH ATLANTIC-GULF REGION
Choctawhatchee-Escambia Subregion

Rivers in Choctawhatchee Subregion rise in the Coastal
Plain in southeastern Alabama and flow southward or southwestward
to the Gulf of Mexico. Streams in these basins generally are similar
in that they have low to moderate gradients and meander through
broad swampy flood plains. Principal surface-water users in this
primarily rural subregion are self-supplied industries and agriculture.
Two small reservoirs on the Conecuh River have a combined capa-
city of 2,700 acre-ft (acre-feet) or about 880 Mgal (million gallons)
and are used to generate hydroelectric power. Long-term variations
in streamflow of the Choctawhatchee River (fig. 2, site 1) are
highlighted by the damaging floods of 1929 and 1936 and the ex-
tremely dry years of 1954-55, 1968, and 1981. The general water
quality in this subregion is good and is suitable for most uses.

Alabama Subregion

The Alabama River rises in northwestern Georgia from
the headwaters of the Coosa and the Tallapoosa Rivers. From the
northeastern corner of the State, the Coosa flows 286 miles in a
general southwesterly direction and, near Montgomery, joins the
Tallapoosa to form the Alabama River. The length of the Tallapoosa
River in Alabama is 218 miles. Large dams and hydroelectric plants
are located on both streams in the steep reaches near the Fall Line.
The Alabama River meanders in a general westerly direction 100
miles to Selma and then 215 miles in a southwesterly direction to
its confluence with the Tombigbee.

A principal tributary of the Alabama River is the Cahaba
River, which rises northeast of Birmingham and flows 195 miles
in a southerly direction to its confluence with the Alabama River,
17 miles below Selma.

The Coosa and the Alabama River systems have long been
used for transportation as a link to Alabama’s port at Mobile. During
the Civil War era, steamboats transported goods from upstate
Alabama to the gulf coast. Beginning in 1914, dams were con-
structed for hydroelectric-power generation, flood control, and
navigation locks. Lay, Mitchell, and Jordan Dams, with a com-
bined storage capacity of 671,000 acre-ft or 219,000 Mgal, were
completed in the lower reaches of the Coosa River during 1914
to 1928. During the 1960’s, four additional dams—Weiss, H. Neely
Henry, Logan Martin, and Bouldin—were completed with a com-
bined storage capacity of 745,000 acre-ft or 242,000 Mgal. These
storage reservoirs, which dampen extremes in runoff, provide
uniform flow for hydroelectric and industrial uses, the principal
water users in the basin, and have increased recreational uses,

primarily fishing and boating. Data on streamflow characteristics
before and after regulation of the Coosa and the Alabama Rivers
are given in table 2 (sites 3 and 5). The average annual discharge
on the unregulated Tallapoosa River (site 4) is 2,594 {t3/s or a runoff
yield of 1.6 (ft3/s)/mi? (cubic foot per second per square mile) com-
pared with a runoff yield of 1.7 (ft/s)/mi? for the regulated Coosa
River (site 3). The 15-year moving average of average annual
discharge for the Coosa River (site 3) has gradually increased since
the late 1950’s and may reflect variations in regional precipitation
(fig. 2).

As part of the Coosa-Alabama River development, three
lock and dam projects with a combined storage capacity of 566,000
acre-ft or 184,000 Mgal were completed on the Alabama River be-
tween 1963 and 1970—a navigation lock and dam at Claiborne,
a combination navigation lock and hydroelectric-power dam at
Millers Ferry, and a combination navigation lock and hydroelec-
tric power dam at Jones Bluff.

Mobile-Tombighee Subregion

The Tombigbee River rises in northeastern Mississippi,
enters Alabama near the center of the western boundary of the State,
flows southward 254 miles, and joins the Alabama River 45 miles
north of Mobile to form the Mobile River.

The principal tributary to the Tombigbee River is the Black
Warrior River, which is formed by two smaller forks 20 miles west
of Birmingham and flows southwestward 178 miles to the Tom-
bigbee River at Demopolis. A series of locks and dams allows river
transportation of industrial products, such as coal, lumber, and
timber products, to Mobile. Although a few small hydroelectric
powerplants are located at control structures on the upper Black
Warrior, the primary use of the river is for navigation. The 15-year
moving average of average annual daily discharge for the Black
Warrior has gradually increased since the mid-1960’s and has re-
mained higher than the moving average for the previous years of
record and may reflect variations in regional precipitation.

Activities associated with completion of the Tennessee-
Tombigbee Waterway, which included construction of navigation
locks and dams near Gainesville and Aliceville and channel im-
provements downstream, have altered the streamflow characteristics
of the Tombigbee River in Alabama. The 15-year moving averages
for average annual daily discharges of Black Warrior River (site
8) and Tombigbee River (site 9) indicate a general increase in
streamflow since the mid-1960’s compared to other sites in Alabama
(fig. 2). Three of the five wettest years of record have occurred
since the mid-1960’s. The general water quality in this subregion
is good and is suitable for most uses.
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Table 2.

Selected streamflow characteristics of principal river basins in Alabama

[Gaging station: Period of analysis is for the water years used to compute average discharge and may differ from that used to compute other streamflow characteristics.
Streamflow characteristics: The 7-day, 10-year low flow 1s a discharge statistic; the lowest average discharge during 7 consecutive days of a year will be equal
to or less than this value, on the average, once every 10 years. The average discharge i1s the arithmetic average of average annual discharges during the period
of analysis. The 100-year fiood Is the peak flow that has a 1-percent chance of being equaled or exceeded n a given year. The degree of regulation i1s the effect
of dams on the natural flow of the river. Abbreviations: Do. =ditto; mi?2 =square miles; ft*/s=cubic feet per second; . . . . =insufficient data or not applicable.
Sources: Reports of the U.S. Geological Survey and Alabama State agencres]

Site Gaging station Streamflow characteristics
no. 7-day,
(see Drainage Period 10-year Average 100-year Degree
fig. Name and area of low flow discharge flood of
2) USGS na. {mi2 enalysis {fe¥fs) (f¥fs) (fts) regulation Remarks
SOUTH ATLANTIC-GULF REGION
CHOCTAWHATCHEE-ESCAMBIA SUBREGION

1. Chactawhatchee River 686 1923-26 88 983 40,900 Negligible Major water use is
near Newtan 1937-83 agricuitural.
(02361000).

2. Conecuh River at 500 1937-83 Kl 680 27,300 . do
Brantley
{02371500).

ALABAMA SUBREGION

3. Coosa River at 8,392 1915-68 2,000 13,860 157,600 Negligihle Regulation by reservoirs
Chifdershurg 1969-78 1,330 13,860 144,900 Appreciable upstream completed hetween
1024070001 1949 and 1968. Major water

uses are hydroelectric,
recreation, and industrial
supply.

4. Tallapoosa River at 1,678 1923-83 140 2,594 73,800 Neglgibie Major water uses are
Wadley hydroelectric and
{02414500) recreation.

5. Alabama River near 15,087 1927-68 5240 24,260 317,000 oodol Regulation by reservorrs on
Mantgomery 1969-83 3,860 24,260 219,500 Appreciable Coosa and Tallapoosa
{02420000). Rivers completed hetween

1929 and 1968. Major water

uses are industrial supply,

hydroetectric, and

recreation.
MosiLE-TOMBIGBEE SUBREGION

6. Cahaba Ruver at 1,027 1902-07, 143 1,633 117,000 Neghgible
Centrevilie 1931,

102424000). 1937-83

7. Mutherry Fork near 365 1928-83 49 681 51,300 Cdo ...
Garden City
{02450000).

8. Black Warrior River 4,820 1895-1402, 90 8,041 221,000 do. .. Some regulaton by Lewis Smith
at Northpart 1929-60 Lake {completed 1960).
(02465000). 1961-83 504 8,041 305,400 Appreciable Major water uses are

navigation, hydroelectric,
and industrial supply.

9. Tombighee River at 15,385 1928-83 685 23,500 Neghgible Major water uses are
Demapalis Lack nawvigation and mdustrial
and Dam near supply.

Coatopa
1024670001,
TENNESSEE REGION
MippLe TeENNESSEE-ELK SUBREGION
10. Flint River near Chase 342 1930-83 66 554 75,200 Negligihie
{035750001.
11, Tennessee River at 30,810 1894-1983 7490 51,300 Appreciable Flows regulated. Major water
Florence uses are nhavigation,
1035895001 hydroelectric, industrial

supply, and recreation.

'Food frequency information may be obtawed from the US Army Corps of Engineers.
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TENNESSEE REGION
Middle Tennessee-Elk Subregion

The Tennessee River enters Alabama at the northeastern
corner of the State, flows southwestward for about 60 miles to
Guntersville, turns westward, and leaves the State at its northwestern
corner. The drainage area of the Tennessee River at Florence is
30,810 miZ (22 percent of the State), approximately 6,700 mi? of
which is in Alabama. The principal tributary—the Elk River—enters
the State from Tennessee. A series of large dams regulate the Ten-
nessee River but only three—Guntersville, Wheeler, and Wilson—
are in Alabama, Combined storage capacity of these multipurpose
reservoirs, which were completed in 1939, 1936, and 1924, re-
spectively, is about 1,393,000 acre-ft or 454,000 Mgal. The flow
of the unregulated Flint River near Chase (table 2, site 10) is
characteristic of tributary flows in this subregion. The general water
quality in this subregion is good and is suitable for most uses.

SURFACE-WATER MANAGEMENT

Surface-water resources of Alabama are managed by both
public and private agencies. Because the State has enacted relatively
few water-related statutes, the administrative responsibility for en-
forcing statutory water laws is divided among several agencies. The
Alabama Department of Environmental Management (ADEM) is
responsible for the quality of public drinking-water supplies and
water-pollution control. Some streamflow requirements for river
management often are established by the Federal Energy Regulatory
Commission or State regulatory agencies through licensing pro-
cedures. The State Department of Conservation is responsible for
the water quality in game management areas of the State,

The Geological Survey of Alabama and the ADEM, in
cooperation with the U.S. Geological Survey, maintain a statewide
water-data network and conduct investigations of Alabama’s water

FOR ADDITIONAL INFORMATION

resources. The research, data collection, and analyses provided by
this cooperative program form an information base upon which
surface-water management decisions can be made.
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Alaska contains more than 40 percent of the Nation’s surface-water
resources, but most of the rivers and lakes are undeveloped and unaffected
by humans. However, water is not always available where and when it is
needed. For example, the most readily available and economical local water
sources will be insufficient to meet projected demands at Anchorage and
Juneau. Surface-water sources are not always dependable during the winter;
some streams freeze completely or have periods of very low flows or no
flow. Conversely, too much water occasionally is a problem. Ice-jam floods
are common on many rivers during periods of snowmelt, and summer floods
have caused extensive damage on other streams.

Generally, surface water is of suitable quality for most uses; but,
in some areas, local degradation occurs from human activities or from natural
causes. Suspended sediment in glacier-fed rivers makes the water unsuitable
for most uses without some treatment. Alaska’s principal surface-water issues
are to maintain its good water quality, to minimize adverse effects on water
resources when development occurs, and to improve conditions adversely
affected by development.

Surface water supplies 32 percent of the State’s population and
78 percent of the total water withdrawn for offstream use. Only 18 percent
of this use is for public supply; the remainder is for fish processing, pulp
mills, mining, and other industrial uses. In 1980, water used instream for
hydropower generation was 3.5 times more than that used offstream. Surface-
water withdrawals in Alaska in 1980 for various purposes and related statistics
are given in table 1.

GENERAL SETTING

Wabhrhaftig (1965) defined four major physiographic
divisions—Pacific Mountain System, Intermontane Plateaus, Rocky
Mountain System, and Arctic Coastal Plain (fig. 1). The Pacific
Mountain System contains the Coast Mountains, Alaska Range,
Aleutian Range, Aleutian Islands, and a parallel southern arc of
lower elevation mountains in the islands of southeastern Alaska and
along the Gulf of Alaska. The Intermontane Plateaus, which con-
sist of dissected uplands, broad alluvial valleys, and lowland basins,
lie between the Alaska Range and the Brooks Range of the Rocky
Mountain System.

Alaska has four climatic zones (Hartman and Johnson,
1978, p. 59-61)—Maritime, Transition, Continental, and Arctic
(fig. 1). The State’s high mountain ranges, extensive ocean bounds,
and vast size—one-sixth of the total area of the United States—are
the principal causes of the great differences in climatic conditions
and in the diverse patterns and amounts of runoff throughout the
State. From the southern part of the Maritime Zone to the northern
part of the Arctic Zone, average annual precipitation and
temperature range from 320 to S inches and from 45 to 10 °F
(degrees Fahrenheit), respectively. In the Maritime Zone, two-thirds
of the annual precipitation occurs from September through March;
October usually is the wettest month (fig. 1, bar graph for Annette).
The driest period is from mid-May through July. In the Continental
and Arctic Climatic Zones, about two-thirds of the precipitation
falls from June through November and the driest months are March
through May (fig. 1, bar graphs for Talkeetna and Barrow). In the
Transition Zone, seasonal precipitation patterns are not sharply
defined, fluctuate from year to year, and may resemble those of
either the Maritime or Continental Zones. In low-elevation areas
of the Maritime Zone, snow falls but usually melts fairly rapidly.

Table 1.

[Data may not add to totals because of independent rounding. Mgal/d = million
gallons per day; gal/d = gallons per day; < = less than. Source: Solley, Chase,
and Mann, 1983]

Surface-water facts for Alaska

POPULATION SERVED BY SURFACE WATER, 1980

NUmber {thousands).........coiiiiiii e 127
Percentage of total population.............ccooiviiiiiiiic 32
From public water-supply systems:
Number {thousands) ..o 113
Percentage of total population 28
From rural self-supplied systems:
Number (thousands)......ccivviieiiciiii 14
Percentage of total popuUlation.........ccciiiiiiiiiinniii 4

OFFSTREAM USE, 1980
FRESHWATER WITHDRAWALS
Surface water and ground water, total (Mgal/d).........................o. 220
Surface water only {Mgal/d) .
Percentage Of total.....o.oooiiiiiiic
Percentage of total excluding withdrawals for
thermoelectric POWEN.......icoiciiiiir i e, 78

Category of use

Public-supply withdrawals:

Surface water (Mgal/d)............... 30
Percentage of total surface water 18
Percentage of total public supply. Y
Per capita (gal/d)......coiirii 265
Rural-supply withdrawals:
Domestic:
Surface water (Mgal/d).......oooiiiiiii 01
Percentage of total surface water.. <1
Percentage of total rural domestic.. .. 1
Per capita (gal/d)....cc.ooiiiiiiii 10
Livestock:
Surface water (Mgal/d)........c.ociiiiiiiiinn 0.1
Percentage of total surface water.. Loo<1
Percentage of total livestocK..........oocciviiiiiiiei 50
Industrial self-supplied withdrawals:
Surface water (Mgal/d)........cooiiiiiiiii 140
Percentage of total surface water........ 82
Percentage of total industrial self-supplied:
Including withdrawals for thermoelectric power........................ 9
Excluding withdrawals for thermoelectric power........................ 95

Irrigation withdrawals:
Surface water (Mgal/d)......coooiiiiiii
Percentage of total surface water .
Percentage of total irrigation.........cooooviiiiiiiiciii

INSTREAM USE, 1980
Hydroelectric power (Mgal/d).......coooiiiii 770

Along the Arctic coast, snow generally falls from mid-September
to mid-June but may occur in July and August. At higher eleva-
tions, snow falls throughout the year. Glaciers cover 5 percent of
the State and are present mainly in the Coast Mountains, the Alaska
Range, and the mountains bordering the Gulf of Alaska.
Average annual runoff for the State is about 25 inches,
but the amount varies significantly depending on location (fig. 1).
In southeastern Alaska, average runoff is about 150 inches, but lo-
cally it may be as much as 300 inches (not shown on map). At the
other extreme, runoff averages about 8 inches north of the Brooks
Range, but the average is only 4 inches in some Arctic coastal areas.
No consistent statewide, long-term trend in streamflow is evident
in the bar graphs of average annual discharges in figure 2.
Seasonal variations in streamflow result from precipitation
and temperature fluctuations; ranges in basin elevation; and the ef-
fects of natural storage and release from the snowpack, glaciers,
and lakes. Most streamflow patterns in the Maritime Climatic Zone
are similar to those for Fish Creek (fig. 1); peak-flow periods occur
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in the fall and spring due to rainfall and snowmelt, respectively.
However, the seasonal flow distribution in some southeastern-
mainland streams, whose basins contain glaciers in their higher
elevations, are similar to those for other high-elevation mountain
streams throughout the State.

The seasonal flow pattern of the Susitna River (fig. 1) is
characteristic of most large major rivers and of streams in the State‘s
interior, but the temporal distribution in flow varies with basin eleva-
tion, latitude, and relative amounts of natural storage in lakes and
glaciers. Discharge increases when snowmelt at lower elevations
begins in late May or June, and it peaks in the following month;
flow is sustained through the summer by rain, snowmelt at higher
elevations, and runoff from glaciers. Most low-elevation basins have
two high-flow periods—during the spring snowmelt period and a
late-summer rainy period. The Kuparuk River (fig. 1) is
characteristic of streams on the Arctic Coastal Plain that have short,
intense, snowmelt-runoff periods but little response to summer rains.

According to Iseri and Langbein (1974), 16 rivers in Alaska
qualify as ““large’” rivers because average annual discharge exceeds
17,000 ft3/s (cubic feet per second) or 11,000 Mgal/d (million
gallons per day). Estimated average discharges at the mouth of the
16 rivers are shown in figure 1.

Lakes cover about 1 percent of Alaska. Ninety-five lakes
have a surface area larger than 10 mi? (square miles), eight are larger
than 100 mi?, and one (Tliamna Lake) has an area of 1,000 mi? (Bue,
1963). The State has an estimated 3 million lakes larger than *‘pond-
size,”” mainly in lowland areas of the Yukon-Kuskokwim Delta,
Yukon Flats, and Arctic Coastal Plain. Twenty-two reservoirs
(fig. 2) have usable storage capacities of more than 5,000 acre-ft
(acre-feet) or 1,600 Mgal (million gallons).

PRINCIPAL RIVER BASINS

The Alaska Water-Resources Region, which coincides with
the State of Alaska, contains six subregions (fig. 2). The tabula-
tion below (modified from Balding, 1976) summarizes runoff
originating in each subregion. If part of the drainage area is in
Canada, the drainage size and inflows to Alaska are given in
parentheses.

[m? = square miles; ft3/s = cubic feet per second]

Drainage Drainage

area Runoff area Runoff
Subregion {thousand (thousand Subregion (thousand (thousand

mi?) ft3/s) mi?) ft3/s)
Southeast. ... 45 (35) 500 (120)  Yukon..... 210 (130 154 (78)
South-Central 80 (1) 207 (50 Northwest 67 78
Southwest.... 108 224 Arctic..... 81 44

The location of the subregions, and long-term variations
in streamflow at representative streamflow-gaging stations, are
shown in figure 2. Streamflow characteristics and other pertinent
information are given in table 2. The Hydrologic Unit Map for
Alaska is being revised. Table 2 and figure 2 use provisional in-
formation from the proposed map. A few subregion boundaries and
names were changed from the previous map.

ALASKA REGION
Southeast Alaska Subregion

The Southeast Alaska Subregion encompasses the moun-
tainous, glaciated southeastern panhandle of Alaska and includes
hundreds of islands, which comprise 37 percent of the subregion’s
area. Most drainage basins in the subregion are smaller than 200
mi2; however, basins with headwaters in Canada are larger. Runoff
from the subregion (including inflow from Canada) is almost as
much as that of the Mississippi River.

Twelve hydroelectric reservoirs (mountain lakes that have
been dammed at their outlets) have a total usable storage capacity
of 624,000 acre-ft or 203,400 Mgal. Blue Lake (150,000 acre-ft
or 48,900 Mgal) and Long Lake (140,000 acre-ft or 45,600 Mgal)
have the largest usable storage capacities. The Snettisham Project
(Long Lake) has 70,000 kW (kilowatts) of power generation capa-
city; the capacity of each of the other powerplants is less than 25,000
kW. The largest natural lake is Bering Lake (surface area about
17 mi2) near Cordova. Offstream users are pulp mills at Ketchikan
and Sitka, seafood processors, and public water-supply systems.
The development of small, local streams to meet growing demands
in outlying areas is being considered at Juneau.

South-Central Alaska Subregion

The South-Central Alaska Subregion lies between the crest
of the Alaska and the Aleutian Ranges and the Gulf of Alaska and
includes Kodiak Island (Alaska’s largest island at 3,670 mi?) and
several smaller islands. The principal river basins—the Copper and
the Susitna—comprise 56 percent of the subregion. Tustumena Lake
(117 mi?) is the largest lake, and 15 other lakes are 10 mi? or larger
in area.

Four hydroelectric reservoirs have a total usable storage
capacity of 380,500 acre-ft or 124,000 Mgal. Eklutna Lake, with
163,300 acre-ft or 53,220 Mgal of usable capacity, is the largest
and supplies the Eklutna project (30,000 kW).

Offstream uses are for public water supply and industrial
use, primarily seafood processing. The Municipality of Anchorage,
home to half of Alaska’s population, has begun construction of a
pipeline to Eklutna Lake to augment the water supply in developed
areas. Water from the glacier-fed lake will have to be treated to
remove suspended sediment; also, an alternate means of power
generation will be provided to compensate for power lost in the
Eklutna project. The municipality recently has embarked on a pro-
gram to reduce pollution of urban streams.

Southwest Alaska Subregion

The Southwest Alaska Subregion includes basins that drain
to the southwest into Kuskokwim and Bristol Bays, the Aleutian
Islands (6,820 mi?), and many other islands. The principal river
basins—the Kuskokwim, the Nushagak, and the Kvichak—comprise
64 percent of the subregion. lliamna, Becharof, Naknek, Clark,
and Dall Lakes have surface areas of 1,000, 458, 242, 110, and
100 mi2, respectively; 50 more lakes are 10 mi? or larger. The in-
terconnected stream and lake systems draining to Bristol Bay con-
stitute the most productive area for salmon in Alaska. Floods, par-
ticularly those caused by recurrent ice jams, occur along the



Kuskokwim River and other large streams. Relatively small amounts
of water are withdrawn for domestic supply, mining, and fish
processing.

Yukon Subregion

The Yukon Subregion is virtually equivalent to the Yukon
River basin, which extends across interior Alaska between the
Alaska and the Brooks Ranges. Outflow at the mouth of the Yukon
River is about 225,000 ft3/s or 145,000 Mgal/d; inflow from Canada
(table 2, site 10) is about 83,000 ft*/s or 53,600 Mgal/d. Major
tributaries are the Tanana, the Porcupine, and the Koyukuk Rivers.
According to Bue (1963), the largest lakes in the subregion are Kgun
Lake (31 mi2) and Tetlin Lake (27 mi2). Eight other lakes in the
Yukon Delta and another farther upstream are 10 mi? or larger.
Floods on the Yukon River and its major tributaries are caused by
ice jams in May or early June and by rainstorms later in the year.
The maximum recorded discharge (1,030,000 ft%/s or 666,000
Mgal/d) on the Yukon River was at Kaltag (drainage area, 296,000
mi2) on June 22, 1964. Extreme floods in the Tanana River basin
occur in July or August from a combination of runoff caused by
melting of snow and glacier ice at high elevations and areawide
rainstorms. The State’s most damaging flood occurred August 15,
1967, on the Chena River, when about 95 percent of Fairbanks was
inundated. Floodwaters of the Chena River are temporarily stored
(since 1981) in Moose Creek Reservoir, which has a capacity of
160,000 acre-ft or 52,000 Mgal, and may be diverted to the Tanana
River when reservoir capacity is exceeded. Principal water uses
are for cooling fossil-fuel powerplants, placer mining, and public
water-supply systems. The principal surface-water issue in the
subregion concerns placer mining and its effects on water quality;
particularly, how to efficiently control the amount of sediment
downstream from the mining area.

Northwest Alaska Subregion

The Northwest Alaska Subregion consists of the drainage
basins of rivers that flow westward into Kotzebue and Norton
Sounds. The principal rivers are the Kobuk and the Noatak; their
basins comprise 36 percent of the subregion. Although their drainage
areas are similar, flow in the Noatak is only about three-fourths
that of the Kobuk River. Selawik Lake—a tidal, saline lake
(400-mi2)—is the largest in the subregion. The largest freshwater
lakes are Imuruk Lake (26 mi2) and Walker Lake (14 mi?) (fig.
2). Surface water is used mainly for rural domestic purposes and
for a few public water-supply systems.

Arctic Subregion

The streams in the Arctic Subregion flow northward from
the Brooks Range into the Arctic Ocean. The Colville River—the
subregion’s largest—flows eastward for 200 miles before turning
north; its basin comprises 29 percent of the subregion. Teshekpuk
Lake has a surface area of 315 mi2; two other lakes are larger than
10 mi2, Because of the underlying permafrost, more than half of
the flat, western parts of the coastal plain are covered by shallow
lakes. Water is used mainly for domestic purposes and for petroleum
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development and production. The rivers, except for a few that are
fed by springs, have no-flow periods during the winter. The larger
deep lakes are a more dependable water-supply source. If water
is withdrawn during the winter from shallow lakes or from rivers,
the ‘‘overwintering’’ habitat of fish can be impaired or destroyed.

SURFACE-WATER MANAGEMENT

The “‘Alaska Water Use Act’’ (Alaska Statutes 46.15.010-
270, enacted in 1966 and amended in 1980) defines the doctrine
of prior appropriation authorized by the State Constitution, and it
delegates administration of the act to the Alaska Department of
Natural Resources (ADNR). The act states ‘“Wherever occurring in
a natural state, the waters are reserved to the people for common
use and are subject to appropriation and beneficial use and to reser-
vation of instream flows and levels of water, . . .”> (Alaska Depart-
ment of Natural Resources, 1985, p. 39). The regulations provide
for certifying water rights for users prior to 1966 and for obtaining
rights to appropriate surface and subsurface waters thereafter. (‘‘Ap-
propriate’’ means to divert, impound, or withdraw water or to
reserve water for instream uses, including fisheries, navigation,
recreation, and water-quality purposes (Alaska Department of
Natural Resources, 1985, p. 48).) Dam safety is also covered in
the act.

The Alaska Department of Environmental Conservation
enforces Alaska’s Water Quality Standards established in Title 18,
Chapter 70 of Alaska Administrative Code. The standards identify
limits to allowable pollution (Alaska Department of Environmental
Conservation, 1979). The Alaska Department of Fish and Game,
Alaska Statutes 16.05.840 and 16.05.870, has permit jurisdiction
over activities that could affect fish (Alaska Department of Fish
and Game, 1984).

Alaska has 25 rivers in the National Wild and Scenic Rivers
System; 12 other rivers are being studied for possible inclusion.
The designated rivers are administered by the following U.S.
Department of the Interior agencies: National Park Service, Fish
and Wildlife Service, and Bureau of Land Management. These agen-
cies and the other Federal land-management agencies in Alaska—
the Forest Service (Department of Agriculture) and the Department
of Defense—also have water-related responsibilities. The U.S. Army
Corps of Engineers, U.S. Coast Guard, U.S. Fish and Wildlife Ser-
vice, National Marine Fisheries Service, and U.S. Environmental
Protection Agency have review and permitting responsibilities for
specific activities on navigable rivers, wetlands, anadromous fish
streams, and other water bodies.

The Alaska Department of Natural Resources, Division
of Geological and Geophysical Surveys (DGGS), is the designated
State agency responsible for water-data collection. Most long-term
surface-water data are collected and interpreted by the U.S.
Geological Survey in cooperation with other Federal, State, and
municipal agencies. Short-term, special-purpose data are collected
by the U.S. Geological Survey, DGGS, and other agencies. The
DGGS, in cooperation with the U.S. Geological Survey and other
State and Federal agencies, has developed and implemented an
Alaskan Water Resources Evaluation (AWARE) Plan to coordinate
water-data collection and water-resource studies in the State (U.S.
Geological Survey and Alaska Department of Natural Resources,
1985).
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Table 2, Selected streamflow characteristics of principal river basins in Alaska

[Gaging station: Period of analysis is for the water years used to compute average discharge and may differ from that used to compute other streamflow characteristics.
Streamflow characteristics: The 7-day, 10-year low flow is a discharge statistic; the lowest mean discharge during 7 consecutive days of a year will be equal
to or less than this value, on the average, once every 10 years. The average discharge Is the arithmetic average of annual average discharges during the period
of analysis. The 100-year flood is that flow that has a 1-percent chance of being equaled or exceeded in a given year. Abbreviations: Do. = ditto; mi?=square
miles; ft¥/s=cubic feet per second. Sources: Reports of the U.S. Geological Survey]

Site Gaging station Streemflow characteristics
no. 7-day,
(see Dreinage Period 10-yeer Average 100-year Degree
fig. Neme and erea of low flow discherge fiood of
2) USGS no. {mi?) anelysis {ftéls) {ft'is) {fes) reguletion Remerks
ALASKA REGION
SOUTHEAST ALASKA SUSREGION
1. Stikine River 19,920 1976-83 14500 58,674 1299,800 Maderate Flow crosses internetional
near Wrangell boundary. Major tributary
(15024800} is regulated.
2. Fish Creek near 321 21915-38 3 an 5,420 None Longest record in Alaske.
Ketchikan 1936-83 Representative islend
(15072000} stream.
SouTH-CENTRAL ALASKA SUBREGION
3. Copper River neer 20,600 1855-83 3,040 37,870 321,000 Nane Large streem dreining pert
Chitine of Alaske Range.
1152120001
4. Susitna River at 6,160 1949-83 723 9,724 115,000 Ldo. . Dreinege besin in Alaske
Gold Craek Renge. Proposed
(152920001 hydropower development.
Long-term record.
5. Susitna River et 19,400 1974-83 15,000 48,940 1230,000 .do. .. Large stream draining part
Susitna Station of Aleska Renge.
(152943501
SOUTHWEST ALASKA SUBREGION
6. Kvichek River at 6,500 1967-83 7,380 18,060 65,500 Nane lliamne Leke and other smaller
lgiugig lekes total 1,100 mi%.
(153005001
7. Nuyakuk River neer 1,480 1953-83 1,100 6,168 38,200 Ldo. .. Representetive long-term
Diliinghem record.
(15302000}
8. Nushagak River et 9,850 1877-63 18,000 23,840 '88,200 cdo. .. Large stream. Heedwaters of
Ekwok main tributary drain
(15302500 Aieutian Range.
9. Kuskokwim River at 31,100 1951-63 7,850 41,220 445,000 cdo. .. Large stream draining pert
Crooked Creek of Aleska Renge.
{15304000).
YUKON SUBREGION
10. Yukon River et 113,500 21811-13, 10,500 82,660 805,000 Negligible Flow crosses international
Eagle {15356000). 1850-63 boundery.
11. Porcupine River 29,500 1964-79 38 14,230 476,000 None Headwaters in Caneda.
near Fort Yukon
(16369000).
12. Chena River at 1,980 1946-83 150 1,384 438,800 Maderate Some flood control by Moose
Fairbanks Creek Dam since 1981.
{16514000).
13. Tanene River et 25,500 1962-83 4,740 23,560 $153,000 Negligible Lerge river draining part of
Nenene Alaske Renge.
116515500},
14. Koyukuk River at 18,700 1960-62, 267 14,540 332,000 None Lerge river draining part of
Hughes Brooks Range.
{16584300).
15. Yukon River et 321,000 1875-63 137,000 218,800 1751,000 Negligible Gaged at head of
Pilot Stetion distributary delta.
{16665447). Largest river in Alaska.
NORTHWEST ALASKA SUSREGION
16. Kobuk River near 9,620 1976-83 11,300 15,270 162,000 None Large river.
Kiana {15744500).
ARCTIC SUBREGION
17. Kuparuk River neer 3,130 1871-83 No 1,367 218,000 cdo. .. Longest record in subregion.
Deadharse fiow Representative streem.
(15896000}

'Less than 10 years of record. Mimmum discharge and maximum instantaneous discharge for period of record are shown.

Record interrupted.
Adjusted for no-flow periods.

“Adjusted for high-outher in period of record. Did not use 1981 peak because it was regulated.

“Adjusted for high-outker i period of record.
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Surface water, which is a limited resource in Arizona, serves
about 35 percent of the population of the State. The climate is arid throughout
most of the State, and high evapotranspiration reduces the availability of
surface-water resources. Virtually all surface water has been appropriated.
Major surface-water issues in Arizona include flooding, quantification of
Indian water rights, adjudication of water rights in the Gila and the Little
Colorado River basins, and the interaction of surface-water and ground-
water systems. Generally, surface water is of suitable quality for most uses.

Ephemeral streams typify drainage in most of Arizona. However,
the Colorado River, which provides about half of the surface water cur-
rently used in Arizona, contains perennial flow that represents runoff from
the Upper Colorado River basin. Other perennial streams that drain the moun-
tainous central part of the State provide the remaining half of the surface-
water supply. Ten major storage reservoirs regulate flow in perennial streams
such as the Little Colorado, the Gila, the Salt, the Verde, and the Agua
Fria Rivers; other smaller reservoirs on small tributaries also regulate flow.
Flow in the Colorado River is regulated by four storage reservoirs and three
diversion dams. In a few places in the State, water is diverted from
unregulated streamflow.

Of the total water withdrawals in 1980, about 42 percent—3,000
Mgal/d (million gallons per day) or 4,600 ft3/s (cubic feet per second)—
was from surface-water sources (table 1). Of this amount, about 2,700 Mgal/d
or 4,200 ft*/s or 90 percent, along with 88 percent of the ground-water
withdrawal, was used for irrigation of 2 percent of the land area, which
accounted for 7 percent of the income in the State in 1980 (Valley National
Bank of Arizona, 1983, p. 2). The principal crop in the State is cotton,
which represented 47 percent of the 1,343,000 acres of harvested land in
1980 (Arizona Crop and Livestock Reporting Service, 1981, p. 140); other
major crops include alfalfa, grains, vegetables, and citrus. In parts of
Arizona, ground water provides all or nearly all the useful supplies, and
during the last several decades increased water demand has been met by
increased withdrawals of ground water (U.S. Geological Survey, 1985,
p. 135). Only 9 percent of the total surface-water supply was for public-
supply use in 1980.

GENERAL SETTING

Arizona has been divided into three water provinces that
are virtually synonymous with its physiography—the Plateau
Uplands in the northern part of Arizona, the Basin and Range
Lowlands in the southern part, and the Central Highlands (fig. 1).
In each of these three water provinces, water conditions and pro-
blems are different because of the variety of geographic, geologic,
and climatic conditions.

In the Plateau Uplands, flat-lying sedimentary rocks under-
lie the province, and, in places, volcanic mountain peaks rise to
more than 8,000 feet above sea level. Annual precipitation ranges
from less than 10 to more than 25 inches. The Basin and Range
Lowlands province is characterized by broad alluvium-filled valleys
bounded by steeply rising mountain ranges, and annual precipita-
tion ranges from 4 to 12 inches. The Central Highlands province,
which is mostly mountainous and contains rock types of both adja-
cent provinces, has annual precipitation that ranges from 15 to more
than 25 inches.

Throughout Arizona, average annual precipitation varies
widely both geographically and seasonally (fig. 1). In general, two
seasons of precipitation are common. The summer season, par-
ticularly July and August, is the wettest, and precipitation occurs
as intense thunderstorms of short duration. The second rainy season
is December through mid-March. At the higher altitudes, much of
the winter precipitation falls as snow, which contributes large
amounts of spring runoff. May and June are the driest months.

More than 95 percent of the precipitation evaporates or
is transpired by vegetation (Harshbarger and others, 1966, p. 5).

Table 1.  Surface-water facts for Arizona

[The published total withdrawal {Solley, Chase, and Mann, 1983) has been re-
duced by the amount of surface water that is returned to the Colorado River
{U.S. Geological Survey, 1982). Data may not add to totals because of indepen-

dent rounding. Mgal/d = million gallons per day; gal/d = gallons per dayl

POPULATION SERVED BY SURFACE WATER, 1980
Number (thouSANAS). .. ... ittt 945

Percentage of total population... 35
From public water-supply systems:
Number (thousands) 945
Percentage of total population..............ccccoviiiiiiinn 35
From rural self-supplied systems:
Number (thousands)................... 0
Percentage of total population 0
OFFSTREAM USE, 1980
FresHwWATER WITHDRAWALS
Surface water and ground water, total (Mgal/d)........................ 7,300
Surface water only (Mgal/d) 3,000
Percentage of total..........coiiiiiii 42
Percentage of total excluding withdrawals for
thermMoeleCtriC POWEF. ... . oiii it 40

Category of use

Public-supply withdrawals:
Surface water (Mgal/d).........ooooiiiiiiiiiii 260

Percentage of total surface water. 9
Percentage of total public supply.. 46
Per capita (gal/d).. ..ot 275
Rural supply withdrawals:
Domestic:
Surface water (Mgal/d)..........coociiiiiiiiii 0
Percentage of total surface water. 0
Percentage of total rural domestic 0
Per capita (gal/d).........coooiiiiiniii 0
Livestock:
Surface water (Mgal/d).........o.ooiiviiiiii 1.8
Percentage of total surface water. . 0.1
Percentage of total liveStock.............coooiiiiiiiiiiiiii 18

Industrial self-supplied withdrawals:
Surface water (Mgal/d).........oooiii 69
Percentage of total surface water...
Percentage of total industrial self-supplied:

Including withdrawals for thermoelectric power . 28

Excluding withdrawals for thermoelectric power 12
Irrigation withdrawals:
Surface water (Mgal/d).. ..o 2,700
Percentage of total surface water. 90
Percentage of total irrigation..........ocoiiiiiiiiiiii s 42
INSTREAM USE, 1980
Hydroelectric power IMgat/d).........ooiiii 41,000

The high evaporation rates have a large effect on storage reser-
voirs. For example, during the 1982 water year, evaporation from
Lake Mead, which is the largest reservoir in the United States, was
787,600 acre-ft (acre-feet) or 257,000 Mgal (million gallons)
(N. D. White, U.S. Geological Survey, written commun., 1985).
Monthly evaporation rates vary significantly. Harbeck and others
(1958, p. 37) show that evaporation from Lake Mead ranged from
4.0to 11.7 inches or 41,300 to 140,200 acre-ft (13,500 to 46,000
Mgal) per month from March 1952 through September 1953.

Runoff patterns in Arizona also vary greatly (fig. 1). In
desert areas of the Basin and Range Lowlands and the Plateau
Uplands, average annual runoff is less than 0.1 inch. In contrast,
in the mountainous parts of these provinces and in most of the Cen-
tral Highlands, the annual runoff is as much as 5 inches. Runoff
from perennial streams in the Central Highlands is collected in
storage reservoirs that provide water for use in the Basin and Range
Lowlands. Some runoff infiltrates and recharges the ground-water
reservoirs.
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PRINCIPAL RIVER BASINS

The Colorado River Basin is divided into upper and lower
parts, with the dividing point near Lees Ferry. Almost all of Arizona
is in the lower part of the basin (the Lower Colorado Region). The
Colorado River Compact of 1922 provides for the legal apportion-
ment of water between the upper and lower basins. Nearly all
streams in Arizona are tributary to the Colorado, although the
amount of tributary inflow is small because of the intensive use
and storage within the State. Major tributaries to the Colorado River
that drain large parts of Arizona are the Little Colorado, the Bill
Williams, and the Gila Rivers (table 2); a few small streams drain
to Mexico. These river basins are described below; their location,
and long-term variation in streamflow at representative gaging sta-
tions, are shown in figure 2. Streamflow characteristics and other
pertinent information are given in table 2.

Lower COLORADO REGION
Lower Colorado River basin

The Colorado River, which is completely regulated, enters
Arizona at the State’s north boundary, flows southwestward through
the Grand Canyon, turns south and forms the western boundary
of Arizona, and flows into Mexico. The average annual discharge
of the Colorado River at Lees Ferry (fig. 2, site 1) varied signifi-
cantly before regulation by Glen Canyon Dam, but is now about
12,000 ft*/s or 7,800 Mgal/d. Before closure of the dam, the max-
imum discharge was 220,000 ft3/s or 142,000 Mgal/d, but since
regulation, it has been only 97,300 ft*/s or 62,900 Mgal/d.

In Arizona, the uppermost regulation point of the Colo-
rado River is Glen Canyon Dam (storage began in 1963). Other
lakes include Lake Mead (1936), which is formed by Hoover Dam,
Lake Mohave (1950), and Lake Havasu (1938). Total storage
capacity of these reservoirs is about 59,200,000 acre-ft or
19,300,000 Mgal. Other dams downstream are used to divert water
from the river for irrigation and municipal uses. Total diversion
of water to Arizona from the Colorado River for all uses other than
power development in water year 1984 was 1,663,000 acre-ft or
542,000 Mgal. Of this amount, about 779,000 acre-ft or 254,000
Mgal was returned to the river (N. D. White, U.S. Geological
Survey, written commun., 1985). As of December 1985, opera-
tion of the Central Arizona Project to import Colorado River water
to the central part of the State will allow for the use of the State’s
remaining entitlement. This increase in surface-water supply will
help slow the rate of depletion of ground-water resources.

In 1983, high runoff from the Upper Colorado River basin
necessitated flood-control releases at Glen Canyon and Hoover
Dams. Some damage occurred in the floodway between Davis Dam
and the international boundary. Although higher runoff occurred
in 1984, fewer problems resulted. To a lesser degree, high flows
and subsequent flood-control releases continued into 1985.

Little Colorado Subregion

The Little Colorado River, which heads in the mountains
of east-central Arizona, drains the northeastern part of the State,
flows generally north-northwestward, and joins the Colorado River
upstream from the Grand Canyon (fig. 2). Most of the tributaries
to the Little Colorado River are small ephemeral streams. The max-
imum discharge of the Little Colorado River near Cameron (fig.
2, site 5) for 1947-84 was 24,900 ft*/s or 16,100 Mgal/d; the river
has no flow at times each year (N. D. White, U.S. Geological
Survey, written commun., 1985). Flow near Cameron is affected
by reservoirs-on the Little Colorado River and on tributaries.

Upper, Middle, and Lower Gila Subregions

The Gila River enters Arizona at the State’s eastern boun-
dary and generally flows westward across the southern part of the
State. The river is perennial where it enters Arizona but becomes
intermittent farther downstream because of seasonal variations in

runoff and impoundment of runoff at Coolidge Dam. Major
tributaries include the San Pedro, the Santa Cruz, and the Salt
Rivers. In parts of its course, the Gila River can cause extensive
flood damage. For example, in October 1983 a peak discharge of
132,000 ft3/s or 85,300 Mgal/d occurred at the head of Safford
Valley; damages to agriculture in Safford Valley amounted to about
$14.5 million (Federal Emergency Management Agency, 1983).

The Gila River is regulated by Coolidge Dam. Upstream
from this reservoir, the basin consists of extensive mountainous
areas and limited grasslands. Water is diverted for irrigation in
Duncan-Virden Valley (partly in New Mexico) and in Safford
Valley. Coolidge Dam holds water for irrigation and power genera-
tion. Water for irrigation of the 100,000-acre San Carlos Project
is diverted from the Gila River by the Florence-Casa Grande Canal
at Ashurst-Hayden Dam. In the desert area farther downstream,
Gillespie Dam diverts water for irrigation, and Painted Rock Dam,
holds 2,492,000 acre-ft or 812,000 Mgal and stores water for flood
control. Total diversions from the Gila River in the 1984 water year
were 1,317,000 acre-ft or 429,000 Mgal (N. D. White, U.S.
Geological Survey, written commun., 1985), which represented the
entire flow from the basin. Only a small amount of flow from the
Gila normally reaches the Colorado River.

The San Pedro River heads in Mexico and flows north-
ward across the international boundary into Arizona about 4.5 miles
upstream from the gaging station at Palominas (fig. 2, site 8). Its
basin is long and narrow, and the landforms range from steep moun-
tains to rolling plains. Although the San Pedro River is not regulated,
its base flow is affected by ground-water pumping. It has no major
tributaries and is intermittent throughout most of its course. The
peak discharge in the San Pedro River near Mammoth was 135,000
ft3/s or 87,300 Mgal/d in October 1983,

The Santa Cruz River is a typical desert stream that is dry
much of each year but can flow at high rates in response to intense
thunderstorms. The river flows through Tucson, the second largest
city in Arizona. Flooding can cause extensive damage in Tucson
as well as in smaller towns south and north of Tucson. Based on
75 years of data, the average annual discharge at Tucson (fig. 2,
site 11) is less than 23 ft*/s or 15 Mgal/d (U.S. Geological Survey,
1982, p. 276); however, a peak flow of 52,700 ft3/s or 34,100
Mgal/d occurred in October 1983.

Salt Subregion

The Salt River basin includes more than 6,232 mi® (square
miles) where it meets the Verde River east of Phoenix. The Salt
River heads at the confluence of the Black (fig. 2, site 12) and the
White (fig. 2, site 13) Rivers in the mountainous eastern part of
Arizona (fig. 2). From its headwaters to Roosevelt Dam, which
is the upstream regulation point, flow in the Salt River is perennial.

The flow of the Salt River is controlled by a series of four
dams and reservoirs built during 1905 to 1930. The storage capa-
city of these reservoirs is 1,710,000 acre-ft or 557,000 Mgal.
Downstream from the lakes, streamflow is dependent on releases
from the reservoirs. Granite Reef Dam, about 25 miles east of
Phoenix, diverts the entire normal flow of the Salt and the Verde
Rivers for irrigation of about 250,000 acres in the Salt River Valley
and for municipal use by the city of Phoenix and other municipalities
in the valley. Average annual diversion at Granite Reef Dam during
1975-84 was 987,000 acre-ft or 322,000 Mgal (Salt River Project
personnel, written commun., 1985).

Downstream from the reservoirs, the Salt River passes
through metropolitan Phoenix, where the channel normally is dry.
Severe flooding, however, can occur when it becomes necessary
to release large volumes of water from the reservoirs. The reser-
voir system, which supplies water for irrigation and hydroelectric
power, was not designed for flood-control purposes. Consequently,
when storage in the reservoirs is near capacity and excessive
precipitation occurs in the basin, large volumes of water may be
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released. On three occasions in recent years, flooding occurred in Eychaner, 1984, p. 50), 126,000 ft3/s or 81,400 Mgal/d in
Phoenix and surrounding communities. Peak discharges were December 1978 (Aldridge and Hales, 1983, p. 40), and 170,000
122,000 ft¥/s or 78,900 Mgal/d in March 1978 (Aldridge and ft3/s or 110,000 Mgal/d in February 1980 (N. D. White, U.S.

Tabla 2.  Selected streamflow characteristics of principal river basins in Arizona

[Gaging station: Period of analysis is for the water years used to compute average discharge and may differ from that used to compute other streamflow characteristics.
Streamflow characteristics: The 7-day, 10-year low flow is a discharge statistic; the lowest mean discharge during 7 consecutive days of a year will be equal
to or less than this value, on the average, once every 10 years. The average discharge is the arithmetic average of annual average discharges during the period
of analysis. The 100-year flood is that flow that has a 1-percent chance of being equaled or exceeded in a given year. Abbreviations: Do. =ditto; mi?=square

miles; ft*/s=cubic feet per second; . . . . =insufficient data or not applicable. Sources: Reports of the U.S. Geological Survey]
Site Gaging station Streamflow_cheracteristics
no, T-day,
(see Drainage Pariod 10-year Average 100-yeer Degree
fig. Name and area of low flow discharge flood of
2) USGS no. Imi2) analysis {fts) ft¥fs) {ftifs) regulation Remarks

LOWER COLORADO REGION
Lower CoLorapo River Basin

1. Colorado Rivar 111,800 1912—-62 1,670 17,850 189,500 Nong Rivar unragulatad at this point
at Laas Ferry 1965—84 NN RN e Apprecieble befora March 15, 1963. Flow
{09380000). ragulated by laka Powall
16 milas upstraam.
2. Colorado Rivar 171,700 1935-84 2,550 13,590 e R T Unadjustad for storage in Lake
below Hoover Maad. Avarage dissolvad
Dam {09421500). solids in watar was 1,880
mg/l during 1850—82.
3. Bill Williams 4730 194088 0.72 92.3 325,000 P I Storaga hahind Alemo Dam bagan
River balow March 1968.
Atamo Oam
{08426000).
4, Colorado Rivar 246,700 195084 541 R RN c.odo, L Flow passing intamational
at northarly boundary. Flow ragulatad.
intarnational Avarage dissolved solids in
boundary, abova watar was 1,020 mg/L during
Moralos Dam 1950—82.
{09522000).
LiTTLE COLORADO SUBREGION
5. Littla Colorado 28,500 194784 R 244 32,800 Nagligibla Unusually high sadimant load
Rivar naar during high flow.
Camaron
109402000).
Upper GILA SUBREGION
6. Gila Rivar naar 4010 192884 8.15 182 30,600 Nona
Clifton
{094420001.
7. Gila Rivar at 7,896 181484 220 468 86,800 LoLdo.
haad of Safford
Valley, neer
Solomon
{094485001.
MiooLe GiLa SUBREGION
8. San Padro Rivar m 1950-81 0.03 321 21,800 Nona Flow occasionally contaminatad
at Palominas from mine-tailings pond spills
(094705001 in Maxico during high-flow
avants.
9. San Padro River 44N 1966—79 A 57.1 PN Loadol Ground watar is main source.
at Winkalman
{094735001.
10. Gila Rivar at 18,011 191284 0.82 484 244,000 Appraciabla Avarage discharge adjusted for
Kelvin storaga, Flow regulatad by
109474000). San Carlos Raservoir 48 miles
upstraam since Nov. 15, 1928.
1. Santa Cruz Rivar 2,222 191581 PR 227 20,300 Nona
at Tucson
{034825004.
SALT SUBREGION
12. Black Rivar naar 1,232 195884 16.7 412 58,100 Nona
Fort Apache
1094305001
13. White Rivar naar 832 185684 4.80 201 11,900 LoLdoL L
Fort Apacha
109494000}
14. Salt Rivar naar 4,308 1925—84 81.9 888 164,000 Lo.doL L Avaraga dissolvad solids in
Roosavalt watar was 1,140 mg/L during
{094985001. 1950—82.
15. Varde Rivar balow 5,872 1945—84 725 554 158,000 LootoL L
Tangle Creak,

sbove Horsashoe
Dam {09508500}.
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Geological Survey, written commun., 1985). All three floods caused
severe damage; however, the flood peaks were not nearly as large
as they would have been without the upstream reservoirs.

The Verde River heads at Del Rio Springs about 40 miles
southwest of Flagstaff in the Central Highlands province. Where
the Verde River meets the Salt River east of Phoenix, the drainage
area is about 6,600 mi2. The Verde River flows through wide valleys
and steep-sided canyons on its southeasterly course through the cen-
tral part of the State. It contains perennial flow throughout its length
to Horseshoe Dam (fig. 2). Downstream, the flow depends on
releases from the reservoir. Horseshoe and Bartlett Dams hold a
total storage capacity of 309,600 acre-ft or 101,000 Mgal. All the
normal flow is diverted at Granite Reef Dam except during extreme
flow events. The Verde River can cause severe flooding in and near
Phoenix. Part of the peak flows in the Salt River is attributable to
flow released at Bartlett Dam.

SURFACE-WATER MANAGEMENT

Surface-water resources available for use in Arizona can
be broadly categorized as water from the Colorado River and water
from other streams. The Colorado River Compact of 1922 and
subsequent agreements and court decisions provide for the appor-
tionment of water from the Colorado River to basin States and
Mexico.

The Arizona Department of Water Resources (ADWR) is
the legal administrator of water rights in Arizona. The Department
began developing a State Water Plan in 1974 to provide informa-
tion to State and local planners and legislators for decisions con-
cerning water management. Arizona operates under a prior ap-
propriation doctrine; thus, the earliest users of water have priority
over other users. All water in Arizona belongs to the public and
is subject to appropriation for beneficial purposes.

Surface water is administered or managed by many agen-
cies. The U.S. Bureau of Reclamation is responsible for the con-
trol and management of the Colorado River. Water use from the
upper Gila River basin above Coolidge Dam is administered by the
Gila Water Commissioner, Below Coolidge Dam, water is diverted
for irrigation on the San Carlos Irrigation Project, which includes
Indian and non-Indian land, and is administered by the U.S. Bureau
of Indian Affairs. Water from the Salt and the Verde River basins
is managed by the Salt River Valley Water Users” Association. The
ADWR has begun efforts toward comprehensive basinwide water-
rights adjudication in the Gila River basin. The process is ongoing
in the San Pedro River and the upper Salt River basins. The U.S.
Geological Survey cooperates with many State, local, and other
Federal agencies in the systematic collection of hydrologic data to
document the quantity and quality of surface-water resources
throughout the State.
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Arkansas has abundant surface-water resources. Forty-nine percent
of the population uses surface water for public supply, which amounts to
2,900 Mgal/d (million gallons per day) or 4,490 ft*/s (cubic feet per se-
cond). Ground water provides about 4,000 Mgal/d or 6,200 ft*/s of
freshwater needs in the State. The principal offstream use of surface water
in Arkansas is for thermoelectric power generation. Nuclear One Powerplant
near Russellville uses about 873 Mgal/d or 1,350 ft3/s of surface water.
The combined offstream withdrawals for all thermoelectric powerplants,
including Nuclear One, is 1,780 Mgal/d or 2,750 ft3/s. Surface-water
withdrawals for various purposes in Arkansas in 1980 and related statistics
are given in table 1.

Surface water in Arkansas is generally suitable for most uses,
although treatment is required for some uses. Dissolved salts, sediment,
and local contamination restrict use of surface water in some parts of the
State. Degradation of water quality in some streams and surface-water bodies
that receive municipal and industrial wastewater and nonpoint-source
discharges is a concern in the State. These discharges have adversely af-
fected the suitability of the water for drinking, recreation, and aquatic life.

Flooding of low areas, which sometimes destroys crops and buildings,
is a major concern in the State. Much of the farmland in eastern Arkansas
is in the flood plains of major streams. The last major flood in Arkansas
occurred in December 1982, when peak discharges at 13 gaging stations
exceeded the 100-year flood magnitude. Regulation of principal streams
in Arkansas has reduced the frequency and severity of floods and has in-
creased 7-day, 10-year low flows (table 2).

GENERAL SETTING

Arkansas has a diverse topography. The State is located
in the Ozark Plateaus, Ouachita, and Coastal Plain physiographic
provinces (fig. 1). The Ozark and Ouachita Mountains are as high
as 2,700 feet above sea level. Streams in the Ozark Plateaus and
in the southern half of the Ouachita Mountains tend to have sus-
tained flows during dry seasons, whereas streams in the Arkansas
Valley (fig. 1) and in the northern half of the Ouachita Mountains
generally become dry. The Mississippi Alluvial Plain and the West
Gulf Coastal Plain in the Coastal Plain province (fig. 1) comprise
the southeastern part of the State; this area is relatively flat, with
elevations that range from 55 to 500 feet above sea level, and is
used for agriculture. The parts of the State with higher elevations
are used mainly for raising cattle and poultry.

Arkansas has many springs, especially in the foothills of
the Ouachita and Ozark Mountains. Thousands of people bathe in
the water from Arkansas springs each year for therapeutic reasons.
The Eureka Springs area in the Ozark Mountains contains approx-
imately 65 springs. Mammoth Spring in the Ozarks is one of the
largest springs in Arkansas, with an average discharge of 314 ft3/s
or 203 Mgal/d. In the Hot Springs area in the Ouachita Mountains,
51 springs yield about 1.5 ft3/s or 1 Mgal/d.

The climate in Arkansas is mild and moderately humid.
Average annual precipitation ranges from about 40 to about 58
inches (fig.1). Monthly precipitation exhibits a pronounced seasonal
pattern; May usually has the most precipitation and January and
October the least. Runoff ranges from about 12 to 22 inches, de-
pending on the precipitation pattern (fig. 1). Average annual
evaporation from shallow lakes ranges from about 36 inches in the
northeast to about 44 inches in the southwest.

PRINCIPAL RIVER BASINS

Arkansas is in the Lower Mississippi and Arkansas-White-
Red Regions (Seaber and others, 1984). The Mississippi, the St.
Francis, the White, the Arkansas, the Red, and the Ouachita Rivers
are the principal rivers in these regions. These river basins are
described below; their location, and long-term variations in

Table 1.

[Data may not add to totals because of independent rounding. Mgal/d = million
gallons per day; gal/d = gallons per day. Modified from Hoiland and Ludwig,
1981]

Surface-water facts for Arkansas

POPULATION SERVED BY SURFACE WATER, 1980

Number (thouSaNdS)..........covvuiiiiie e 790
Percentage of total popuiation............o.coviiiiiiiviiniiii e 49
From public water-supply systems:
Number (thousands) . 790
Percentage of total population 49
From rural self-supplied systems:
NUMbBET {(thoUSANAS) ... .ovtiviiii e 0
Percentage of total population...............cooooiiiiii 0

OFFSTREAM USE, 1980
FRESHWATER WITHDRAWALS

Surface water and ground water, total (Mgal/d}......................... 6,900
Surface water only (Mgal/d) 2,900
Percentage of total............ . 41
Percentage of total excluding w
thermMOBIBCIIIC POWEL .. .. veieniinieiei it e 56

Category of use

Public-supply withdrawals:
Surface water (Mgal/d)........oooviiiiiiiiii 150

Percentage of total surface water.. 5
Percentage of total public supply... . 57
Per capita (Qal/d)....c.vviriiiis e e 190
Rural-supply withdrawals:
Domestic:
Surface water (Mgal/d)........ooooiiiiiii s 0
Percentage of total surface water... . 0
Percentage of total rural domestic.. . 0
Per capita (Qal/d)........ovivieeieiii e 0
Livestock:
Surface water (Mgal/d)........oooiiiiiiii 39
Percentage of total surface water . 1
Percentage of total lIVeStoCK.........ccoovevriiiiiiii 64
Industrial self-supplied withdrawals:
Surface water (Mgal/d)..................... . 2,100
Percentage of total surface water 75
Percentage of total industrial self-supplied:
Including withdrawals for thermoelectric power...................... 83
Excluding withdrawals for thermoelectric power..................... 9
Irrigation withdrawals:
Surface water (Mgal/d)......coooviiiiiiii 600
Percentage of total surface water.. . 21
Percentage of total irrigation.............ocoeviinii 15
INSTREAM USE, 1980
Hydroelectric power (Mgal/d)...........oocoi 26,000

streamflow at representative gaging stations, are shown in figure
2. Streamflow characteristics and other pertinent information are
given in table 2.

Lower MisSISSIPPI REGION
Mississippi River Main Stem

The Mississippi River forms the eastern border of Arkan-
sas. About two-thirds of the runoff from the State flows into the
Mississippi through the Arkansas, the White, and the St. Francis
Rivers. The U.S. Army Corps of Engineers has constructed levees
along the western bank of the Mississippi River to protect fertile
farmland in the St. Francis and the White River basins. The
Mississippi River, which drains about 40 percent of the conter-
minous United States, has a drainage area of 932,800 mi? (square
miles) at Memphis, Tenn. The average flow at Memphis (table 2,
site 1) is 474,200 ft3/s or 306,000 Mgal/d. The river has shown
little change overall in water quality in recent years and remains
suitable for most uses.
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Lower Mississippi-St. Francis Subregion

St. Francis River Basin.—The St. Francis River originates
in the hills of Missouri where it flows rapidly until it enters the
flatlands and gradually becomes sluggish and meandering. The river
enters the alluvial valley of the Mississippi River and flows into
the Mississippi River near Helena. The St. Francis River is 475
miles long and has a drainage area of 8,416 mi2, about 45 percent
of which is in Arkansas. Originally, the stream channel was poorly
defined as it flowed on the marshy and swampy flood plain of the
alluvial valley for a distance of about 100 miles.

During the past 150 years, many manmade changes have
occurred in the St. Francis River basin. Swamps have been drained,
levees built, and millions of acres of land cleared for cultivation.
Much of the fertile farmland is in the St. Francis River flood plain
and is protected from flooding by levees. Accumulation of pesticides
in bottom sediments of streams, lakes, and ponds, and the effects
of these compounds on the food chain is a concern in the St. Fran-
cis River basin.

Part of the floodflows in the St. Francis River is diverted
through the St. Francis River floodway at a diversion dam about
4.0 miles northwest of Marked Tree (fig. 2); the diverted flow is
returned to the St. Francis River downstream from Marianna. The
combined average discharge of the St. Francis River and the flood-
way is 8,020 ft¥/s or 5,180 Mgal/d. Some regulation in Missouri
has occurred since 1941. The capacity of Wappapello Lake is
625,000 acre-ft (acre-feet) or 203,700 Mgal (million gallons).

LOWER MisSISSIPPI REGION
Lower Red-Ouachita Subregion

Ouachita River Basin.—The Ouachita River is Arkansas’
largest tributary to the Red River. The Ouachita River originates
in the Ouachita Mountains in western Arkansas and flows to the
southeast where it meanders as the gradient and rate of flow
gradually decrease.

Tributaries of the lower Ouachita River continue to have
water-quality problems, which, at times, limit use of the river for
some purposes. These problems are related mainly to oil and gas
production.

The average flow in the Ouachita River near Malvern (table
2, site 3) and at Camden (table 2, site 4) is 2,380 ft3/s or 1,540
Mgal/d and 7,490 ft3/s or 4,840 Mgal/d, respectively. Most of the
streams in the upper part of the Quachita basin have continuous
flow (Hunrichs, 1983).

ARKANSAS-WHITE-RED REGION
Upper White Subregion

White River Basin.—The White River originates in the hills
of northern Arkansas and southern Missouri and meanders through
the steep hills and narrow valley flood plains to the Mississippi
alluvial plain. The river continues southward becoming more slug-
gish as it flows through the alluvial plain and into the Mississippi
River. Drainage area of the White River is 27,818 mi2, about 65
percent of which is in Arkansas. The flow of the river has been
regulated by Norfork Lake since 1943, Bull Shoals Lake since 1951,
Table Rock Lake since 1956, Clearwater Lake since 1948, Greers
Ferry Lake since 1962, and Beaver Lake since 1963. The total
capacity of the six lakes is about 15.2 million acre-ft or 4,950,000
Mgal. Long-term average streamflow is decreasing slightly at
Clarendon (fig. 2, site 13); this decrease is uniform along the river
and may reflect increased withdrawals for irrigation. The average
discharge at Calico Rock (table 2, site 9) and Clarendon (table 2,
site 13) is 9,830 ft3/s or 6,360 Mgal/d and 29,510 ft3/s or 19,100
Mgal/d, respectively. Streams in the upper part of the White River
basin are in the Ozark Plateaus province and have a high base flow.
During the 1980 drought, the low flows in streams in the Ozark
Plateaus province represented recurrence intervals of only 4 years,
whereas the recurrence intervals for the remainder of the State were
20 or more years (Hunrichs, 1983).

Nutrients from point and nonpoint sources have occasionally
resulted in the depletion of dissolved oxygen in the upper White
River. This problem, along with a rapid growth in population, has
caused concerns about the future water quality of Beaver Lake, in-
to which the upper White River flows. Nutrients, pesticides, and
silt from agricultural activities have slightly degraded the lower
White River.

Lower Arkansas Subregion

Arkansas River Basin.—The Arkansas River flows south-
eastward across Arkansas and passes Fort Smith, Little Rock, and
Pine Bluff before emptying into the Mississippi River. The drainage
area as it enters the State is 149,977 mi2 and at the mouth is 160,576
mi2. The average flow during the last 56 years for the Arkansas
River at Murray Dam (table 2, site 18) is 40,290 ft3/s or 26,000
Mgal/d. The Arkansas River has a length of 1,450 miles, 325 miles
of which are in Arkansas.

The Arkansas River is regulated by many locks, dams,
and reservoirs; eleven locks and dams are in Arkansas. Electrical
power is generated by turbines at the Dardanelle and the Ozark
Dams, which have a combined storage of 635,000 acre-ft or 207,000
Mgal. Water from the river is used for cooling at the nuclear
powerplant at Russellville. The primary purpose of the locks and
dams is for navigation. The locks and dams also help control low-
magnitude floods; however, they have little effect in reducing peaks
of large-magnitude floods. Most of the tributaries that flow into
the Arkansas River go dry during dry periods (Hunrichs, 1983).

The Arkansas River is being considered as a source of
water for public supply and irrigation. Seepage from natural salt
deposits in upstream areas increases the salinity of the river, which
may make the river unsuitable for some uses during low flow.
Municipal and industrial discharges to the river may contribute
wastes and chemicals that affect its potability. Impoundment of water
by the Arkansas River Navigation System and tributary dams have
moderated the effects of salinity and inflowing pollutants by main-
taining larger volumes of water in the river thus diluting the con-
centration of contaminants.

Red-Sulphur Subregion

Red River Basin.—The Red River forms part of the bound-
ary between Arkansas and Texas and flows southward into Loui-
siana. Although the main stem of the Red River is in Arkansas for
only a relatively short distance, about one-third of the State’s total
streamflow eventually drains into the Red River in Louisiana. The
total drainage area at Index (table 2, site 19) is 48,030 mi2. The
average flow at Index is 11,710 ft*/s or 7,570 Mgal/d. Flow of
the river has been regulated upstream in Texas and Oklahoma since
1943, Pat Mayse Lake since 1967, Wright Patman Lake since 1956,
Millwood Lake since 1966, and Hugo Lake since 1974. Total
storage of the five lakes is about 11.1 million acre-ft or 3,620,000
Mgal. The Red River Compact signed by representatives of Arkan-
sas, Louisiana, Oklahoma, and Texas in 1978, provides for the
equitable apportionment of water in the Red River and its tributaries.

Water in the Red River is of poor quality. High concentra-
tions of chloride, sulfate, and suspended sediment in the river as
it enters Arkansas, along with the addition of municipal and in-
dustrial wastes discharged into the river in Arkansas, limit its use
for domestic supplies. A relatively small amount of water is
withdrawn from the river for irrigation.

SURFACE-WATER MANAGEMENT

Because Arkansas has abundant surface-water resources,
there has not been a critical need to regulate surface-water use. The
general attitude is that the water in a stream belongs to riparian
land owners, subject to reasonable use.

Several State and local agencies have limited jurisdiction
over surface water. The Arkansas Department of Health is respon-
sible for protecting municipal and rural drinking supplies and
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Tabla 2.
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Selected streamflow characteristics of principal river basins in Arkansas

[Gaging station: Period of analysis is for the water years used to compute average discharge and may differ from that used to compute other streamflow characteristics.
Streamflow characteristics: The 7-day, 10-year low flow is a discharge statistic; the lowest mean discharge during 7 consecutive days of a year will be equal
to or less than this value, on the average, once every 10 years. The average discharge is the arithmetic average of annual average discharges during the period
of analysis. The 100-year flood is that flow that has a 1-percent chance of being equaled or exceeded in a given year. Abbreviations: Do. =ditto; mi?=square
=insufficient data or not applicable. Sources: Reports of the U.S. Geological Survey and Arkansas State agencies]

miles; ft*/s=cubic feet per second; . . . .

Site Gaging station Streamflow cheractaristics
no. 7-day,
(see Drainege Period 10-yaar Average 100-yeer Degree
fig. Neme and erea of low flow discharge flood of
2) USGS no. {mi?) analysis (feifs) {ftefs) {ft’ss) reguletion Remarks
LOWER MISSISSIPPI REGION
Mississippi River MaiN STem
1. Mississippi River et 932,800 1933-81 99,000 474,200 1,860,000 Apprecieble Flow regulated upstreem by
Memphis, Tenn. meny locks, dems, and
{07032000. TESerVOirs.
Lower MississippI-ST. FRANCIS SUBREGION
St. Francis River basin
2. St. Francis Bey 1936-75, 57 5,274 Appreciable Total drainage area of St.
at Riverfront 1978-81, Francis River and St.
{07047900). 1944-78, 83 Francis Bay, 6,475 mit.
1976-81 Flow regulated by
Weppapello Lake since 1941.
Lower Rep-QuacHITA SUBREGION
3. Ouachite River near 1,688 1928-84 105 2,380 194,000 Appreciable Flow regulated by one to four
Melvern 1954-84 244 lakes since 1925.
{07359500).
4, Ouechite River at 5,357 1826-84 238 7480 299,000 Moderete Flow reguleted by one to five
Cemden 1954-84 548 L. e lakes since 1925.
107362000},
5. Smeckover Creek near 385 1961-83 0.35 374 39,700 None
Smeckover
107362100}
6. Saline River neer Rye 2,102 1937-83 12.6 2,590 102,000 Ldo ...
107363500}.
7. Bayou Bartholomew 576 1939-42, 6.5 678 6,930 Ldo ...
near McGehee 1946-84
(07364150
ARKANSAS-WHITE-RED REGION
UpPer WHITE SUBREGION
White River basin
8. Buffelo River near 829 1939-84 18.5 1,027 178,000 None
St. Joe
{070560001.
9. White River at Celico 9,978 1939-83 894 9,830 352,000 Appreciable Flow regulated by one to four
Rock (07060500). 1945-83 973 e e lekes since 1943.
1958-83 1120 e RPN
10. Spring River at 1,183 1936-83 278 1,360 163,000 None
Imboden
(07069500}
1. Bleck River at 7,369 1929-31, 1,980 8410 176,000 Moderete Flow slightly regulated
Black Rock 1839-83 since 1948 by Cleerweter
(07072500 1950-83 1,990 P Ve Lake.
12. Middle Fork Little Red 302 1939-83 <0.19 467 140,000 None
River at Shirley
(07075000
13. White River at 25,665 1928-81 4,090 29,510 291,000 Appreciable Flow reguleted by one 1o six
Clerendon 1945-81 5,060 e FEEN lekes since 1943.
(07077600). 1956-81 6,020
Lower ARKANSAS SUBREGION
Arkansas River basin
14, Poteeu River at 203 1939-83 <01 215 47,100 Apprecieble Since 1948 fiow is reguleted by
Cauthron 1950-83 <01 e e 18 floodwater detention -
107247000). TESEIVOIrs.
15. Mulberry River near 373 1936-83 <0.16 534 62,400 None
Mulberry
{07252000).
16. Big Piney Creek 274 1950-83 0.15 398 112,000 .do. ..
near Dover
(07257000).
17. Petit Jean River at 764 1916-84 0.74 609 91,900 Appreciable Fow regulated since 1947
Danville 1949-84 18 e R by Blue Mountain Leke.
{07260500).
18. Arkanses River et 158,030 1927-84 1,230 40,290 588,000 .do. .. Flow reguleted upstream by
Murrey Dam many locks, dems, end
{07263450). TESEVOIrs.
Rep-Suierun SuBREGION
Red River basin
19. Red River et 48,030 1936-84 812 11,710 190,000 Apprecieble Flow reguleted by three lakes
Index {07337000). 1945-84 934 P PN in Oklahome and Texas since

196884

1,110

1943.
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regulating construction and use of septic tanks. The Arkansas Soil
and Water Conservation Commission is responsible for the Arkansas
State Water Plan, which evaluates surface-water and ground-water
resources, problems, and management strategies. The Commission
also requires the reporting of surface-water withdrawals. The
Arkansas Geological Commission provides geologic and hydrologic
data for water-resources planning in the State. The Arkansas Depart-
ment of Pollution Control and Ecology is responsible for controlling
surface-water quality and implementing Federally delegated pro-
grams, such as the Resources Conservation and Recovery Act, the
Clean Water Act, and construction-grant programs. The Arkansas
Plant Board, the Forestry Commission, and the Cooperative Ex-
tension Service also have responsibilities that affect surface water.
The U.S. Geological Survey works cooperatively with several of
these State agencies to maintain a statewide water-data network and
to investigate the State’s water resources.

In 1972, the Arkansas River Compact was signed by repre-
sentatives of Arkansas and Oklahoma to provide an equitable ap-
portionment of the waters of the Arkansas River and its tributaries
to the two States. The Arkansas River Compact is responsible for
the development and protection of the water resources of the Arkan-
sas River and its tributaries from pollution and for providing an
equitable apportionment of these resources to Arkansas and
Oklahoma, The U.S. Army Corps of Engineers is responsible for
issuing permits for construction of all facilities on streams that have
an average flow of 5 ft3/s or 3.2 Mgal/d or more.
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In California, surface water provides about 60 percent of fresh-
water needs—more than 20,000 Mgal/d (million gallons per day) or 31,000
ft3/s (cubic feet per second). About 54 percent of the population or 13 million
people relies on surface water (table 1). Offstream uses of surface water
include irrigation, industry, and municipal supply. Instream uses include
hydroelectric power, sport fishing and recreation, and navigation in the lower
Sacramento River and Sacramento-San Joaquin Delta. California has about
260 reservoirs that have a capacity of more than 5,000 acre-ft (acre-feet)
or 1,630 Mgal (million gallons) and 40 reservoirs with capacities of more
than 200,000 acre-ft or 65,200 Mgal. Many of the reservoirs are used to
generate hydroelectric power. Selected reservoir and powerplant sites are
shown in figure 2.

Most precipitation falls in the northern coastal region and the
northern and central mountains of eastern California, which make up less
than one-fourth of the State, but water use is heaviest in other parts of the
State. Agriculture is concentrated in interior valleys, and population and
manufacturing centers are principally in the Central Valley, in the San Fran-
cisco Bay area, and in the coastal region from Santa Barbara to San Diego.
The water needs of agriculture are greatest from mid-April through Oc-
tober. Because of the geographic and seasonal mismatch between supply
and demand, the storage and transfer of surface water is of great impor-
tance to the economy of the State.

Water quality in the State’s upland streams generally is suitable
for most uses, but some surface water has been degraded by human ac-
tivities. Streams that pass through irrigated lowlands receive return flows
containing organic substances and, in some places, minerals leached from
irrigated arid-land soils. In many areas, industry has introduced chemical
contaminants, and some waste-disposal sites contain toxic compounds that
are reaching surface waters. Deterioration of water quality in California’s
lakes and streams is of great concern to water-use planners. Because con-
tinued economic development requires dependable supplies of usable water,
water conservation and improvement of water quality are goals of the plan-
ning process.

Interbasin diversions have long been a source of controversy, as
have been the merits of flow regulation and storage and the proper alloca-
tion of water-management authority among private, State, and Federal
entities.

GENERAL SETTING

The three principal physiographic divisions in California
are the Basin and Range province, the Cascade-Sierra Mountains
province, and the Pacific Border province (fig. 1). Most of the Basin
and Range province is desert. The only principal streams that head
in that province are the Klamath and the Sacramento Rivers. All
other principal rivers of the State are in the Cascade-Sierra Moun-
tains or the Pacific Border provinces. In the eastern part of the
Pacific Border province, the Central Valley extends for more than
400 miles along the western foot of the Sierra Nevada. This valley
is one of the most productive agricultural regions of the world. The
Imperial and Coachella Valleys, draining to the Salton Sea more
than 200 feet below sea level in the southwestern part of the Basin
and Range province, also are rich agricultural areas. They depend
almost entirely on water from the Colorado River.

From early spring until early autumn, an area of high pressure
typically forms off the California coast, giving California its dry
summers. During the winter, storms occasionally move inland,
bringing most of the annual precipitation, as shown in the bar graphs
in figure 1. The northwest-to-southeast trend of the principal moun-

Tabla 1.  Surface-water facts for California

[Data may not add 1o totals because of independent rounding. Mgal/d = million
gallons per day; gal/d = gallons per day;, < = less than. Source: Solley, Chase,
and Mann, 1983; and California Department of Water Resources, 1983]

POPULATION SERVED BY SURFACE WATER, 1980

Number {thousands). ... 12,860
Percentage of total population...........oooi
From public water-supply systems:
Number (thousands)..... ..o 12,700
Percentage of total population................... 54
From rural self-suppled systems:
Number {thousands)............c.oii 160
Percentage of total population...................c 0.7
OFFSTREAM USE, 1980
FRESHWATER WITHDRAWALS
Surface water and ground water, total (Mgal/d)........................ 40,000
Surface water only (Mgal/d)................oooe, . 24,000
Percentage of total..............oooi 60
Percentage of total excluding withdrawals for
thermoelectric POWer.........cooi i 58

Category of Use

Public-supply withdrawals:
Surface water (Mgal/d)............... ... 2,700
Percentage of total surface water. .

Percentage of total public supply.. 61
Per capita {gal/d)........... 213
Rural-supply withdrawals:
Domestic:
Surface water (Mgal/d)............ 6.0
Percentage of total surface water.. <0.1
Percentage of total rural domestic. 7
Per capita (gal/d)h.........o 38
Livestock:
Surface water (Mgal/d)............... 54
Percentage of total surface water.. 0.2
Percentage of total livestock................oooi 60
Industrial self-supptied withdrawals:
Surface water (Mgal/d)..........coooiiiiii 1,400
Percentage of total surface water.......................o 6
Percentage of total industrial self supplied:
Including withdrawals for thermoelectric power.................... 51
Excluding withdrawals for thermoelectric power.................... 40
Irrigation withdrawals:
Surface water (Mgal/d)........... 20,000
Percentage of total surface water. . 83
Percentage of total irrigation............... 62
INSTREAM USE, 1980
Hydroelectric power (Mgal/d)...........c 81,000

tain ranges is almost perpendicular to the path of most storms, so
that westward-facing slopes receive much heavier precipitation than
the leeward slopes.

Average annual precipitation in California (fig. 1) ranges
from about 4 inches in the desert areas in the southeastern part of
the State to about 100 inches in the northwestern part (California
State, 1979). Average annual precipitation on the floor of the Cen-
tral Valley is less than 20 inches in the north and less than 10 inches
in the south. Annual precipitation throughout California also varies
greatly from year to year. Average annual potential evapotranspira-
tion ranges from about 35 inches on the northwestern coast to about
120 inches in Death Valley in the southeast (California State, 1979,
p. 13).

Much of the precipitation in the Sierra Nevada falls as
snow at altitudes more than 4,000 feet above sea level, and it does
not run off until late spring or early summer in most years. The
snowpack is a natural reservoir that has a significant effect on
management of the State’s surface-water resources.
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Selected streamflow characteristics of principal river basins in California

[Gaging station: Period of analysis is for the water years used to compute average discharge and may differ from that used to compute other streamflow characteristics.

Streamfiow characteristics: The 7-day, 10-year low flow is a discharge statistic; the lowest mean discharge during 7 consecutive days of a year will be equal

to or less than this value, on the average, once every 10 years. The average discharge is the arithmetic average of annual average discharges during the period
of analysis. The 100-year flood is that flow that has a 1-percent chance of being equaled or exceeded in a given year. Abbreviations: Do. =ditto; mi2=square

miles; ft®/s=cubic feet per second. Sources: Reports of the U.S. Geological Survey]

Site Gaging station Streamflow characteristics
no. 7-day,
(see Drainage Period 10-year Average 100-year Degree
fig. Name and area of low flow discharge fiood of
2) USGS no. (mi?) analysis ffeéfs) (fe’ss) (fe/st regulation Remarks
CALIFORNIA REGION
SACRAMENTO SUBREGION
1. Feather River at 5,921 194469 169 7,957 521,000 Appreciable Irrigation diversions.
Nicolaus 197083 1,061 9,424 332,000 L.o.do. Regulated by Oroville Dam
(114250001 {1969).
2. Sacramento River 21,51 1930-69 1618 18,240 177,700 ...do. .. Regulated by Shasta {1949)
at Verona 197083 5,732 22,680 194,700 coodo and Oroville {1969) Dams.
(11425500).
3. American River at 1,888 190655 64 3,735 257,000
Fair Daks 195683 428 3,942 150,000 do . .. Diversions. Regulated by
(114465001 Folsom Dam {1955},
TuLare— BUENA VIsTA Lakes AND SAN JOAQUIN SUBREGIONS
4, Kern River near 846 1912--84 104 762 45,800 Moderate Diversion affects low flow.
Kernville
{11186000}.
5. Kings River below 1,342 195383 m 2177 135,000 Appreciable
North Fork, near
Trimmer
{11218500).
6. Merced River near 1,273 1941—-83 52 733 14,400 .do. .. Much diversion at low flow.
Stevinson
{11272500}.
7. San Joaquin River 13,636 193083 4 4,783 99,900 cdo. .. All fiows affected by
near Vernalis regulation. Quality
{11303500). affected by irrigation
return flow.
SouTtHerN CALIFORNIA COASTAL SUBREGION
8. San Diego River at 377 1914-43 0.1 423 54,900 Moderate Some irrigation diversion.
Santee 194482 1.0 13.7 5,400 Appreciable Much diversion and
(110225001 regulation.
9. Santa Margarita 740 192448 0 433 46,000 Negligible After 1948, increased
River at Ysidora 194983 0 31.0 32,000 Moderate regulation and irrigation
(11046000} use.
10. Santa Ana River at 1,700 194284 0 52.8 33,800 Appreciable Constantly increasing
Santa Ana regulation, diversion,
{11078000}. and wastewater inflow.
1. Los Angeles River 827 1930—-40 i 10 192,000 Negligible Constantly increasing
at Long Beach 1941—82 3.8 222 118,000 Appreciable regulation, urban runoff,
{11103000). and imported water.
12. Santa Clara 625 1953-11 1 36.2 161,000 Maderate Irrigation diversions.
River at Los 197284 29 67.8 58,500 Appreciable After 1971, imported
Angeles—Ventura water and more
County Line regulation.
{11108500].
CentraL CaLiForniaA COASTAL SUBREGION
13. Salinas River near 4,156 1930—41 0.1 559 #145,000 Negligible Dams completed in 1941 and
Spreckels 194285 b 262 145,000 Moderate 1965. Heavy pumping in
{11152500]. 196684 B 590 145,000 Appreciable basin. Low flow mostly
industrial and municipal
waste.
14. San Lorenzo River 106 193784 92 140 39,600 Negligible Light irrigation use.

at Big Trees
(111606001

Runoff 18 inches.

'Sutter and Yalo Bypasses carry much of floodflow past Verona gage.

Regulation has fittle effect on high floodflows.
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Selected streamflow characteristics of principal river basins in California— Continued

[Gaging station: Period of analysis is for the water years used to compute average discharge and may differ from that used to compute other streamflow characteristics.
Streamflow characteristics: The 7-day, 10-year low flow is a discharge statistic; the lowest mean discharge during 7 consecutive days of a year will be equal
to or less than this value, on the average, once every 10 years. The average discharge is the arithmetic average of annual average discharges during the period
of analysis. The 100-year flood is that flow that has a 1-percent chance of being equaled or exceeded in a given year. Abbreviations: Do. =ditto; mi?=square
miles; ft?/s=cubic feet per second. Sources: Reports of the U.S. Geological Survey]

Site Gaging station Streamflow characteristics

no. 7-day,

(see Drainage Period 10-year Average 100-year Degree

fig. Name and area of low flow discharge flood of

2) USGS no. {mi?) analysis {ft¥s) [fte/s} (ftés) reguletion Remarks
KLamaTH-NORTHERN CALIFORNIA COASTAL SUBREGION

15. Russian River near 1,338 194058 7 2,230 108,000 Negligible Irrigation diversions.
Guerneville 195983 40 2,435 93,400 Moderate After 1958, imported
{11467000). weter.

16. Eel River at Scotie 3113 1911-84 43 7412 608,000 Negligible Much sediment et high flow.
{11477000).

17. Klemath River neer 12,100 191184 1,859 18,110 556,000 Apprecieble Fiood flows slightly
Klameth regulated.
{11477000).

18. Smith River near 609 193284 191 3,891 231,000 Naone More than 88 inches of
Crescent City runoff.
{11532500).

GREAT BASIN REGION
CeNTRAL LAHONTAN SUBREGION

19, Truckee River at 507 191084 24 240 2,830 Appreciable Completely controlled et
Tahoe City Leke Tahoe outlet, 500
{103375001. feet upstreem.

'Sutter and Yolo Bypasses carry much of floodfiow past Verona gage.
*Regulation has little effect on high floodflows.

CALIFORNIA REGION
Sacramento Subregion

The principal source of surface water in California is the
Sacramento River, which has a drainage area of 26,520 mi?, ex-
cluding the closed basin of Goose Lake. The river carries an average
annual outflow of more than 30,400 ft3/s or 19,600 Mgal/d to San
Francisco Bay; the outflow is more than 30 percent of the total flow
of all rivers in the State. The headwaters of the Sacramento and
its principal tributaries from the north—the Pit and the McCloud
Rivers—are regulated by Shasta Dam and Lake (completed in 1949
with a capacity of 4,500,000 acre-ft or 1,470,000 Mgal). The Pit
River is developed intensively for hydroelectric-power generation.
There is little regulation of the main stem of the Sacramento River
downstream from Shasta Dam, but a diversion from the headwaters
of the Trinity River in the upper Klamath River basin enters the
Sacramento River just downstream from Shasta Dam. The prin-
cipal tributaries—the Feather and the American Rivers—and other
smaller but important streams are heavily regulated by many reser-
voirs, which provide flood control and water for irrigation, power
production, and recreation. Chief among these reservoirs are Lake
Almanor (completed in 1927 with 1,300,000 acre-ft or 424,000
Mgal of storage) and Oroville Dam and Lake (completed in 1969
with 3,500,000 acre-ft or 1,140,000 Mgal of storage) in the Feather
River basin; Folsom Lake (completed in 1956 with 1,000,000 acre-ft
or 326,000 Mgal of storage) on the American River; and Clear Lake
(completed in 1914 with 420,000 acre-ft or 137,000 Mgal of storage)
and Lake Berryessa (completed in 1957 with 1,600,000 acre-ft or
521,000 Mgal of storage) on Cache Creek and Putah Creek, both
of which are tributary to the Sacramento River from the west.

Flooding, which at times has covered wide areas of the
lower Sacramento Valley, has been largely alleviated by upstream
reservoirs and by the Sutter and Yolo Bypasses. During unusually
wet years, the bypasses accommodate much of the floodflow from
north of the Feather River to the northern part of the Sacramento-
San Joaquin Deita, 25 miles southwest of Sacramento.

About 2.1 million acres are irrigated in the Sacramento
River basin by surface-water and ground-water sources. Irrigation
of field crops (including wheat, rice, and corn) and deciduous or-
chard crops depletes the main stem of the Sacramento River by
diverting water from tributaries and withdrawing ground water that
would seep into the river. Depletion of river flow for irrigation tends
to coincide with the natural period of low flow. The need to main-
tain streamflow during low flow has significantly affected reser-
voir construction and water management.

In the Feather and American River basins, gold mining by
hydraulic methods in the late 1800’s produced large volumes of
tailings in and near stream channels. Sediment washed from these
tailings and large sediment yields from many steep tributaries oc-
casionally impairs the quality of the rivers, especially during storms.
Quantities of organic compounds and other chemical constituents
in agricultural return flows are increasing in the lower reaches of
the Sacramento River.

Shasta Dam is the keystone of the Central Valley Project,
which was started by the State but was completed by the Federal
Government when local funding failed during the economic depres-
sion of the 1930’s. The project provides flood control, irrigation
supply, maintenance of riverflows, and hydroelectric power for
much of the Central Valley. Operation of Shasta Dain and Oroville
Dain is coordinated by State and Federal authorities. Surface water



162 National Water Summary — Surface-Water Resources

in this subregion generally is of good quality and suitable for most
uses. Water issues include regulation and possible diversion of flow
from the lower Sacramento River for supply to the California
Aqueduct.

Tulare-Buena Vista Lakes and
San Joaquin River Subregions

The southern Central Valley includes the Tulare-Buena
Vista Lakes and the San Joaquin River Subregions. The valley bot-
tom is arid, but large-scale farming is practical because of the low
topographic relief and an abundance of irrigation water from
aquifers, runoff from the Sierra Nevada, and surface-water imports
from the Sacramento-San Joaquin Delta. In 1980, more than 5
million acres in the valley were irrigated (California Department
of Water Resources, 1983, p. 144).

Tulare-Buena Vista Lakes form a closed basin of about
16,200 mi?. Irrigated lands in the basin total about 3.3 million acres.
The principal irrigated crop is cotton on more than 1.4 million acres.
Also important are grapes, grains, and alfalfa. In 1980, the Friant-
Kern Canal (fig. 2) brought 1,200 Mgal/d or 1,860 ft3/s of water
from the San Joaquin River basin, and imports from the delta
brought in about 2,590 Mgal/d or 4,000 ft3/s. Principal rivers
tributary to the basin are the Kings and the Kern; the Tule and the
Kaweah Rivers also drain the western slopes of the Sierra Nevada.
There is no drainage from the north, where a very low divide
separates this basin from the San Joaquin basin, and runoff from
the west and south is negligible. The chief reservoirs are Lake
Isabella (completed in 1953 with 570,000 acre-ft or 186,000 Mgal
of storage) on the Kern River and Pine Flat Lake (completed in
1954 with 1,000,000 acre-ft or 326,000 Mgal of storage) on the
Kings River, both of which are managed by the U.S. Army Corps
of Engineers.

The San Joaquin River basin (15,600 mi?) has an average
annual runoff of about 10,000 ft3/s or 7,060 Mgal/d, almost en-
tirely from the Sierra Nevada. Streamflow in the basin is affected
by melting of mountain snowfields, reservoirs, water import and
export, ground-water pumping, and irrigation return flow. The
Delta-Mendota Canal (fig. 2) and the California Aqueduct traverse
the western side of the basin, and the Friant-Kern Canal carries
water from the upper San Joaquin River basin into the Tulare-
Buena Vista Lakes basin. About 2.1 million acres in the San Joa-

quin River basin are irrigated; the chief crops are cotton, corn, grain,
and grapes.

Irrigation return flow from the western part of the Central
Valley in both the Tulare~-Buena Vista Lakes and San Joaquin River
basins has posed water-quality problems since the early 1900’s. The
San Luis Drain was authorized by Congress in 1960 to drain this
area (more than 1,000,000 acres) and to prevent mixture of irriga-
tion return flow with the San Joaquin River. The original plan was
to run the drain northward to the Sacramento-San Joaquin Delta,
but the project has been completed only as far as Kesterson Na-
tional Wildlife Refuge (fig. 2), about 70 miles short of its goal.
Small quantities of wastewater were released to Kesterson until
1978, when the quantity of subsurface drainage increased. In 1981,
the inflow to Kesterson was found to contain excessive amounts
of selenium salts (Presser and Barnes, 1984), which are toxic to
most organisms in large concentrations (National Academy of
Sciences, 1973).

Principal reservoirs in the San Joaquin River basin are
Millerton Lake (completed in 1947 with 520,000 acre-ft or 169,000
Mgal of storage) on the San Joaquin River, Camanche Reservoir
(completed in 1963 with 431,000 acre-ft or 140,000 Mgal of storage)
on the Mokelumne River, and Hetch Hetchy Reservoir (completed
in 1923 with 360,000 acre-ft or 117,000 Mgal of storage) on the
Tuolumne River. Camanche and Hetch Hetchy Reservoirs provide
the municipal water supplies of Oakland and San Francisco, respec-
tively, as well as many of the cities’ suburbs. The basin also con-
tains the San Luis Reservoir (completed in 1962 with 2,039,000
acre-ft or 664,000 Mgal of storage)—a facility operated jointly by
State and Federal authorities in managing the State Water Project
and the Central Valley Project.

Water quality generally is excellent in the Sierra basins
tributary to the Tulare-Buena Vista Lakes and San Joaquin River
Subregions. Surface water in the lowlands receives runoff from
agricultural areas and, during low flow, is often of poor quality
and may be unsuitable for some uses. Water issues include con-
troversy between those who desire flow regulation and others who
favor preservation of natural conditions on Sierra streams; and dif-
fering views as to the manner of handling irrigation return flow
of poor quality. The most significant concerns are the effect on
wildlife of organic substances in the irrigation return flow and the
composition and quality of inorganic salts being leached from
westside soils.
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Southern California Coastal Subregion

Although the southern California coastal basins encompass
only about 10,900 mi2, almost 13 million people or about 55 per-
cent of the State’s population resided there in 1980. Average an-
nual outflow from these basins is about 1,660 ft3/s or 1,070 Mgal/d,
which is less than 2 percent of the statewide total. To meet this
area’s water needs, a total of 1,939 Mgal/d or 3,000 ft3/s of water
was imported in 1980 from the Colorado River, from the
Sacramento-San Joaquin Delta through the California Aqueduct,
and from the eastern slopes of the Sierra Nevada through the Los
Angeles Aqueduct.

These basins were the first in California to be affected by
human activities when diversions irrigated the crops of the Spanish
missions starting about 1770. As the population of Los Angeles
grew, so did the need for water, and, in 1913, the Los Angeles
Aqueduct was completed. Increasing growth led to construction of
the Colorado River Aqueduct, which began operation in 1941, and
the California Aqueduct, which was extended into the area in 1972
(fig. 2). Many reservoirs in the region were constructed for storage
and flood control, but their importance in meeting surface-water
needs is negligible compared to surface-water imports. In this
region, the conjunctive use of surface and ground water has been
developed to a high degree. When excess water is available, it is
used to recharge ground-water basins; when surface supplies run
low, the recharged basins are pumped. In recent years, treated
wastewater has been used for landscape irrigation, industry, and
ground-water recharge.

About 365,000 acres in the basins are irrigated, principally
for citrus, avocado, and truck crops. Streamflows (table 2) are highly
regulated, especially in recent decades, and low flows are negli-
gible unless supplemented by imported water. Public-water sup-
plies throughout the area rely on imports. The bar graph of annual
flows of the Santa Ana River (fig. 2, site 10) demonstrates the great
variation of flow from year to year.

Except at times of low flow, from May to October, water
quality generally is good in the streams that do not traverse densely
populated or industrialized areas.

Water managers in the area are seeking ways to avoid
shortages, which may occur when entitled Arizona users divert more
water from the Colorado River (beginning in 1985).

Central California Coastal Subregion

The principal rivers of the central California coastal basins
are the Santa Ynez River, the Santa Maria-Cuyama River system,
and the Salinas River. By far the largest river in the basins, the
Salinas flows northwestward, parallel to the trend of the San An-
dreas fault and the Coast Ranges. The Salinas River enters Monterey
Bay from the south. The smaller San Lorenzo River enters Monterey
Bay from the north, where runoff increases because of the more
humid northern climate.

Lake Cachuma (completed in 1953 with 205,000 acre-ft
or 66,800 Mgal of storage) and two small reservoirs in the Santa
Ynez River basin—Jameson Lake and Gibraltar Reservoir—are used
for flood control and municipal supply for Santa Barbara and nearby
communities. In the Cuyama River basin, Twitchell Reservoir (com-
pleted in 1958 with 240,000 acre-ft or 78,200 Mgal of storage)
regulates the flow of the lower Santa Maria River. Nacimiento
Reservoir (completed in 1957 with 350,000 acre-ft or 114,000 Mgal
of storage) and San Antonio Reservoir (completed in 1965 with
348,000 acre-ft or 113,000 Mgal of storage) are in the headwaters
of the Salinas basin. Principal irrigated areas in the region include
the lower Santa Maria and the lower Salinas Valleys. The Salinas
Valley, for the 60 miles upstream from its mouth, is a productive
source of truck crops, such as lettuce, cauliflower, and broccoli,
and of grapes, tomatoes, and sugar beets. About 459,000 acres in
the region are irrigated, mostly with ground water. However, the
interchange of surface and ground water through the highly
permeable soils of the valleys makes precise separation of ground
water and surface water impossible. Water management in the
region is based on conjunctive use. Water quality generally is good.

Klamath-Northern California Coastal Subregion

The Klamath and northern California coastal basins drain
to the Pacific Ocean along the coastline for about 290 miles from
the Golden Gate to the Oregon border. Outflow from the basins
averages about 39,500 ft3/s or 25,500 Mgal/d; about 75 percent
of the total outflow is from the Russian, the Eel, the Klamath, and
the Smith Rivers. Runoff in the northern coastal basins is about
40 percent of the statewide total. Headwaters of streams in this area
are steep and carry large sediment loads, so that sediment deposi-
tion is a problem in some lower reaches. There is little regulation
of streams in the area, although there is a small diversion from the
upper Eel to the upper Russian River and, in the Russian River
basin, Lake Sonoma (completed in 1983 with 381,000 acre-ft or
124,000 Mgal of storage) (California Department of Water
Resources, 1984, p. 94), which provides flood control and flow
augmentation. Since 1967, an average annual flow of about 1,520
ft3/s or 982 Mgal/d has been diverted to the Sacramento River basin
from Clair Engle Lake (completed in 1962 with 2,448,000 acre-ft
or 798,000 Mgal of storage) on the Trinity River, tributary to the
Klamath River. Most of the streams of the Eel, the lower Klamath,
and the Smith River basins are protected under the State’s Wild
and Scenic Rivers Act of 1972 (California State, 1979, p. 92).

Ground water is the principal source for irrigation in the
Russian River basin. Some fodder crops are irrigated by surface
water in the lower Eel and the upper Klamath River basins, but
the effect on streamflow is slight. Small reservoirs are used to
generate hydroelectric power on the upper Klamath River. The
Klamath River brings an average annual flow of about 1,930 ft3/s
or 1,250 Mgal/d to California from Oregon.

The streams of this region, particularly in the northern
part, are used extensively for recreation and sport fishing. Water



quality in the subregion generally is good, although in the
downstream reaches of the Russian River it deteriorates during times
of exceptionally low flow.

GREAT BASIN REGION
Central Lahontan Subregion

The Central Lahontan basins of the Truckee, the Walker,
and the Carson Rivers are located east of the Sierra Nevada. The
Truckee River (fig. 2, site 19) is of chief interest because it has
the most flow and is associated with Lake Tahoe—the center of
population and economic activity in the region. The three rivers
head in the Sierra Nevada and flow into Nevada, carrying an average
annual total flow of about 1,660 ft3/s or 1,070 Mgal/d across the
State line. Many small basins are north of the Truckee River basin;
most are closed and none have appreciable flow.

Storage in the Truckee River basin in California includes
Lake Tahoe (745,000 acre-ft or 243,000 Mgal of storage) and
Stampede Reservoir {completed in 1970 with 225,000 acre-ft or
73,300 Mgal) on Little Truckee River, a downstream tributary.
Some reaches of Truckee River are used intensively for recreation,
and hydroelectric power is produced. The quality of water generally
is excellent.

Lower COLORADO REGION

The main stem of the Colorado River borders California
for about 200 miles in a desert area from which there is no signi-
ficant outflow. Water is diverted from the Colorado River in this
reach for use in California. In 1983, the Colorado River Aqueduct
provided 579 Mgal/d or 896 ft3/s for municipal supply to southern
California coastal cities, and the All-American and Coachella Canals
and other facilities provided about 3,040 Mgal/d or 4,700 ft3/s
(Landsman, 1983, p. 2 and 6) for irrigation of grains, alfalfa, cot-
ton, and truck crops. Litigation over rights to Colorado River water
has involved several States and the Federal Governments of the
United States and Mexico.

SURFACE-WATER MANAGEMENT

Surface-water management in California is perhaps as com-
plex as 1ts hydrology. At the State level are two major agencies
and several ancillary ones. In addition, several Federal and hun-
dreds of local agencies are responsible for water management and
distribution.

All surface-water resources in California, except those on
Federal lands, come under the purview of the California Depart-
ment of Water Resources (DWR). The DWR’s activities include (1)
construction and operation of the State Water Project, (2) construc-
tion and operation of energy-producing facilities, and (3) statewide
water-resources planning. The California State Water Resources
Control Board, which establishes and enforces water-quality plans
and standards and gives permits for certain uses of surface water,
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works with the DwWR. Nine Regional Water Quality Control Boards
grant permits for wastewater discharge and establish and enforce
water-quality policy and standards for their regions. The State
Departments of Health Services and Fish and Game also have
responsibilities and authority in certain aspects of water-quality con-
trol, streamflow monitoring, and restrictions on water use. One other
State group—the Colorado River Board—is concerned specifically
with protection of California’s interest in the Colorado River system.

The U.S. Bureau of Reclamation is the primary Federal
agency for surface-water management. The Bureau manages the
Central Valley Project and works in cooperation with State agen-
cies in striving for optimum use of California’s water resources.
Water quality is a concern of the U.S. Environmental Protection
Agency. The U.S. Army Corps of Engineers acts in matters per-
taining to navigation, flood control, and wetlands. The Corps also
is responsible for construction of certain federally owned facilities.
The Federal Emergency Management Agency has a strong voice
in flood-plain management. The U.S. Geological Survey maintains
a cooperative program for data collection and hydrologic investiga-
tions with several State and numerous local agencies.

The management of water shared between California and
its neighbors is the subject of three interstate agreements: (1) The
1922 Colorado River Compact (U.S. Congress, 1968) among
Arizona, Nevada, and California; (2) the 1956 Klamath River Basin
Compact (U.S. Congress, 1968) with Oregon; and (3) the
California-Nevada Interstate Compact (Ralph G. Allison, California
Department of Water Resources, oral commun., 1985), concerned
with the waters of Lake Tahoe and the Truckee, Carson, and Walker
River basins. The California-Nevada Interstate Compact has been
approved by both State legislatures but not yet by the U.S. Congress.

A 1944 treaty between Mexico and the United States (U.S.
Congress, 1968) affirms Mexico’s rights to Colorado River water,
and a subsequent 1973 international agreement established quality
criteria for deliveries to Mexico. The Winters Doctrine, established
by Federal authority in 1908, confirms the water rights of Indian
reservations.

During the late 1940’s and 1950’s, California embarked
on two major water programs. One program concentrated on col-
lecting basic data and developing a statewide water plan—the
California Water Plan (California Department of Water Resources,
1957; 1983). The other program considered specific projects,
starting with Lake Oroville on the Feather River—the initial step
in the State Water Project.

The California Water Plan, officially adopted in 1960, is
updated as circumstances warrant—most recently in 1983 (California
Department of Water Resources, 1983). Updating includes revised
projection of future conditions and consideration of changes in the
economic, legal, and social climate.

California has adopted a dual system of riparian and ap-
propriative rights with respect to surface water. The laws continue
to evolve as the State attempts to deal with the conflicts and com-
plexities that arise.



166 National Water Summary — Surface-Water Resources

SELECTED REFERENCES

California Department of Water Resources, 1957, The California water plan:
California Department of Water Resources Bulletin 3, 246 p.
1983, The California water plan—projected use and available water
supplies to 2010: California Department of Water Resources Bulletin

160-83, 268 p.

1984, Dams within jurisdiction of the State of California: Cali-
fornia Department of Water Resources Bulletin 17-84, 94 p.

California State, 1979, The California water atlas: 118 p.

California State Water Resources Control Board and Department of Water
Resources, 1982, Policies and goals for California water
management—The next 20 years: California State Water Resources
Control Board and Department of Water Resources Bulletin 4, 52 p.

Fenneman, N. M., 1946, Physical divisions of the United States: Wash-
ington, D. C., U.S. Geological Survey special map.

Gebert, W. A,, Graczyk, D. J., and Krug, W. R., 1985, Average annual
runoff in the United States, 1951-80: U.S. Geological Survey Open-
File Report 85-627, scale 1:2,000,000.

Hitt, K. J., compiler, 1985, Surface-water and related-land resources
development in the United States and Puerto Rico: U.S. Geological
Survey special map, scale 1:3,168,000.

Landsman, S. H., ed., 1983, Annual report for the fiscal year July 1, 1982,
to June 30, 1983: Los Angeles, Calif., Metropolitan Water District
of Southern California, 160 p.

National Academy of Sciences and National Academy of Engineering, 1973
[1974], Water quality criteria, 1972: U.S. Environmental Protection
Agency, EPA R3 73 033, 594 p.

National Oceanic and Atmospheric Administration, 1982, Monthly normals
of temperature, precipitation, and heating and cooling degree days
1951-80, California: Climatography of the United States No. 81.

FOR ADDITIONAL INFORMATION

Presser, T. S., and Barnes, Ivan, 1984, Selenium concentrations in waters
tributary to and in the vicinity of Kesterson National Wildlife Refuge,
Fresno and Merced Counties, California: U.S. Geological Survey
Water-Resources Investigations Report 84-4122, 26 p.

Raisz, Erwin, 1954, Physiographic diagram, p. 59, in U.S. Geological
Survey, 1970, National atlas of the United States of America:
Washington, D.C., U.S. Geological Survey, 417 p.

Seaber, P. R., Kapinos, F. P., and Knapp, G. L., 1984, State hydrologic
unit maps: U.S. Geological Survey Open-File Report 84-708, 198 p.

Solley, W. B., Chase, E. B., and Mann, W. B., IV, 1983, Estimated use
of water in the United States in 1980: U.S. Geological Survey Cir-
cular 1001, 56 p.

U.S. Congress, 1968, Documents on the use and control of the waters of
interstate and international streams: U.S. Congress, 90th Congress,
2d session, House Document 319, 815 p.

U.S. Geological Survey, 1953 [1954], Floods of November-December 1950
in the Central Valley basin, California: U.S. Geological Survey Water-
Supply Paper 1137-F, p. 505-789.

___ 1976-83, Water-resources data for California, water years 1975-82:
U.S. Geological Survey Water-Data Reports CA-75-1 to CA-82-1
(published annually; 4 vols.).

______1978a, Water-resources investigations in California, 1977: U.S.
Geological Survey folder, 6 p.

____ 1978b, Hydrologic unit map of California: U.S. Geological Survey
Hydrologic Unit Map, 2 maps, scale 1:500,000.

1984, National water summary 1983—Hydrologic events and issues:
U.S. Geological Survey Water-Supply Paper 2250, 243 p.

1985, National water summary 1984—Hydrologic events, selected
water-quality trends, and ground-water resources: U.S. Geological
Survey Water-Supply Paper 2275, 467 p.

District Chief, U.S. Geological Survey, Rm. W-2234, 2800 Cottage Way, Sacramento, CA 95825.

Prepared by John R. Crippen




CoLoraDO
Surface-Water Resources |

Surface water is sustained largely by snowmelt in the mountainous
western two-thirds of Colorado, and consequently, is not distributed
uniformly areally or temporally. In the mountainous western part of the
State where surface water is abundant, ground water is scarce; in the eastern
part of the State where surface water is scarce, ground water is abundant.
Ephemeral streams typify streamflow in most of the eastern one-third of
Colorado—the exceptions generally are streams that head in the mountainous
central part of the State and flow through the eastern part. About 2,210
ft3/s (cubic feet per second) or 1,430 Mgal/d (million gallons per day) of
streamflow enters Colorado from Nebraska, New Mexico, Oklahoma, Utah,
and Wyoming, and about 18,000 ft%/s or 11,600 Mgal/d leaves the State
as streamflow to Kansas, Nebraska, New Mexico, Oklahoma, Utah, and
Wyoming. In 1980, 84 percent of Colorado’s population was served by sur-
face water (table 1). Total surface-water withdrawals in Colorado in 1980
were 13,000 Mgal/d or 20,100 ft3/s; the largest withdrawals were for ir-
rigation, 11,000 Mgal/d or 17,000 ft*/s. The water quality of 94 percent
of Colorado’s stream miles that have been fully assessed supports their
classified uses (Colorado Department of Health, 1984). Waters that have
not been assessed are little affected by human activities and are believed
to have equal or better quality than those that have been assessed.

GENERAL SETTING

Colorado is located in five physiographic provinces (fig. 1).
The Great Plains province in eastern Colorado is characterized by
dissected plains, high plains, rolling hills, and sandhills. Average
annual precipitation in this province ranges from about 12 to 16
inches. The Southern Rocky Mountains province, located to the
west of the Great Plains province, is characterized by steep-sided
valleys that drain very high mountain ranges with scattered high-
elevation mountain parks (broad meadows). Average annual
precipitation ranges from about 7 to 60 inches; maximum precipita-
tion occurs in the mountains in local areas too small to delineate
in figure 1. The Colorado Plateaus province is located along the
western one-fourth of the State (except in the north) and is
characterized by sharply incised valleys that contain numerous
ephemeral streams which drain the lower mountain ranges. Average
annual precipitation ranges from about 8 inches in the lower valleys
to 40 inches locally along the mountain crests. The Wyoming Basin
province, located in northwestern Colorado, is characterized by
steep-sided valleys that drain mountain ranges along its eastern and
southern boundaries and by numerous slightly incised ephemeral
streams that originate in dissected plains. Average annual precipita-
tion ranges from about 12 to 40 inches locally (fig. 1). The Middle
Rocky Mountains province in extreme northwestern Colorado has
characteristics of both the Southern Rocky Mountains and the
Wyoming Basin provinces. Average annual precipitation ranges
from about 12 to 20 inches locally.

Extreme variations in monthly precipitation across the State
result from regional climatic variations and from the orographic
effects of mountains. Monthly precipitation is relatively uniform
in western Colorado but can be extremely variable locally. In con-
trast, monthly precipitation in eastern Colorado is highly variable
but is distributed relatively uniformly areally.

Evaporation from water surfaces ranges from less than 35
in./yr (inches per year) to about 65 in./yr (Farnsworth and others,
1982). Less evaporation occurs along the higher mountain ranges,
and more occurs in the valleys and along the eastern one-third of
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Surface-water facts for Colorado

Table 1.

[Data may not add to totals because of independent rounding. Mgal/d = million
gallons per day; gal/d = gallons per day. Source: Solley, Chase, and Mann,
1983]

POPULATION SERVED BY SURFACE WATER, 1980

Number {thousands)..............occ i 2,440
Percentage of total population..............coovoiiiii 84
From public water-supply systems:
Number {thousands}................ccocei 2,220
Percentage of total population 77

From rural self-supplied systems:
Number (thousands).. ... s 220
Percentage of total population..............ccooiiii 8

OFFSTREAM USE, 1980
FRESHWATER WITHDRAWALS

Surface water and ground water, total {(Mgal/d)........................ 16,000
Surface water only (Mgal/d) ... 13,000
Percentage of total............ccooii 81
Percentage of total excluding withdrawals for
thermoeleCtric poOwer. ... 81

Category of Use

Public-supply withdrawals:
Surface water (Mgal/dh....... 540

Percentage of total surface water. 4
Percentage of total public supply.. 92
Per capita {gal/d)........o i 243
Rural-supply withdrawals:
Domestic:
Surface water (Mgal/dh...........oocoi 62
Percentage of total surface water. 0.5
Percentage of total rural domestic 63
Per capita (gal/d}...................n. 281
Livestock:
Surface water (Mgal/d)......ooi i 86
Percentage of total surface water. 0.7
Percentage of total livestock............cooocoi 78
Industrial self-supplied withdrawals:
Surface water (Mgal/d)......c 890
Percentage of total surface water.......................o 7
Percentage of total industrial self-supplied:
Including withdrawals for thermoelectric power.................... 98
Excluding withdrawals for thermoelectric power.................... 99

Irrigation withdrawals:
Surface water (Mgal/d).........................
Percentage of total surface water.
Percentage of total irrigation...............c.coi

INSTREAM USE, 1980
Hydroelectric power (Mgal/d). ..o 5,500

the State. The highest rates of evaporation occur in the extreme
southeastern corper of the State.

Runoff in Colorado, like precipitation, is extremely variable
seasonally, annually, and areally. Average annual runoff ranges
from 0.1 inch or less over much of the eastern quarter of the State
to 40 inches at the headwaters of the Conejos River (maximum not
shown in fig. 1). A large percentage of runoff from the western
mountains is a result of snowmelt in the spring and early summer;
most runoff from eastern Colorado is from rainfall in spring and
summer.

PRINCIPAL RIVER BASINS

Colorado occupies parts of four major regions (Seaber
and others, 1984). These regions, and the principal river in each
region, are the Missouri Region (the North and the South Platte
Rivers); the Arkansas-White-Red Region (the Arkansas River);
the Rio Grande Region (the Rio Grande); and the Upper Colorado
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Region (the Colorado River main stem, the Green River, the Gun-
nison River, and the San Juan River). These river basins are de-
scribed below; their locations, and long-term variations in
streamflow at representative gaging stations, are shown in figure
2. Selected streamflow characteristics and other pertinent informa-
tion are given in table 2.

MiSSOURI REGION
North and South Platte Subregions

These subregions are the drainage basins of the North and
the South Platte Rivers. The North Platte River basin occupies about
2 percent of the State’s 104,247-mi? (square mile) area, and the
South Platte River basin occupies about 18 percent. The North Platte
River originates in the north-central mountains; it drains a high
mountain park and flows about 45 miles north into Wyoming. There
are no significant concerns about surface-water quality in the North
Platte River basin. Principal use of surface water is for irrigation
of hay meadows.

The South Platte River originates in the center of the State
and flows generally northeastward about 270 miles into Nebraska.
Water quality in this basin is suitable for most uses, except along
the South Platte River (and the lower reaches of tributaries) from
a few miles above Denver to a few miles below the mouth of the
Cache la Poudre River, where the classified uses are impaired by
fecal coliform bacteria, un-ionized ammonia (toxic to aquatic life),
and metals (Colorado Department of Health, 1984). The classified
uses along the upper reaches of Clear Creek are impaired by con-
centrations of trace metals. Principal use of water is for irrigation
of croplands and for municipal supply. About 65 percent of the
population of Colorado is concentrated in a 30-mile-wide area along
the South Platte River from the point where it enters the plains (18
miles southeast of Denver) to a point about 80 miles northward along
the eastern foothills (62 miles north of Denver). About 341 Mgal/d
or 528 ft3/s of water is imported annually from the Colorado River
basin (Harold Petsch, U.S. Geological Survey, written commun.,
1985), about 10 Mgal/d or 15.4 ft3/s from the Arkansas River basin,
and about 19 Mgal/d or 29 4 ft*/s from the North Platte River basin,
to supplement irrigation and municipal supplies. Because of water
imports, an increasing streamflow trend is indicated by the curve
of average discharge by water year in figure 2 for the South Platte
River (site 3). About 77 percent of the imported water also is used
to produce hydroelectric power. The South Platte River and its
tributaries in the Great Plains province are a major cause of severe
spring and summer flooding from thunderstorm activity in that part
of the drainage basin. Three large flood-control structures in the
drainage basin provide flood protection to much of the Denver
metropolitan area: Chatfield Lake (completed in 1975 with 235,000
acre-ft (acre-feet) or 76,600 Mgal (million gallons) of storage capa-
city) on the South Platte River; Cherry Creek Lake (completed in
1950 with 92,800 acre- ft or 30,200 Mgal of storage capacity) on
Cherry Creek; and Bear Creek Lake (completed in 1979 with 58,400
acre-ft or 19,000 Mgal of storage capacity) on Bear Creck. Recrea-
tional development has occurred at almost all storage and flood-
control reservoirs in the basin.

Surface-water issues in the South Platte River basin relate
to use of water rights granted in the South Platte River Compact
of 1926; effects of increased urbanization and industrialization on
water quality; effects of former mining and processing of metal ores,
radium, and coal on water quality; effects of hazardous waste sites
on ground-water quality (and probable resultant effects on surface-
water quality); catastrophic flash floods on streams flowing through

steep canyons in the eastern foothills; and flooding from
thunderstorms in the eastern plains.

ARKANSAS-WHITE-RED REGION
Upper Arkansas Subregion

The Arkansas River drains about 27 percent of the State’s
area. The Arkansas River originates in the central part of the State;
it flows to the south for about 75 miles, then flows generally
eastward for about 160 miles into Kansas. Water quality is suitable
for most uses, except for short reaches of the Arkansas River at
the headwaters and below Fourmile Creek, where the classified uses
are impaired by concentrations of trace metals; in short reaches
near the center of Fountain Creek and the Huerfano River, where
fecal coliform bacteria and metals impair classified uses; and along
the Arkansas River from Pueblo to the Colorado-Kansas State line,
where elevated fecal-coliform-bacteria counts have been found
(Colorado Department of Health, 1984). Principal water use is for
irrigation of croplands. About 114 Mgal/d or 176 ft3/s of water
is imported annually from the Colorado River Basin to supplement
irrigation and municipal supplies. About 10 Mgal/d or 15 ft3/s of
the imported water is exported to the South Platte River basin for
municipal use, and about 64 Mgal/d or 99 ft%/s of the imported water
is used to generate hydroelectric power. The Arkansas River and
its tributaries in the Great Plains physiographic province are a ma-
jor cause of severe spring and summer flooding from thunderstorm
activity in that part of the basin. The unusually high periodic average
discharge by water year shown in figure 2 for the Arkansas River
(site 6) are the result of these severe thunderstorms. The basin con-
tains three major flood-control structures: John Martin Reservoir
(completed in 1943 with 616,000 acre-ft or 201,000 Mgal of storage
capacity) on the Arkansas River, Pueblo Reservoir (completed in
1974 with 358,000 acre-ft or 117,000 Mgal of storage capacity)
on the Arkansas River, and Trinidad Lake (completed in 1977 with
92,000 acre-ft or 30,000 Mgal of storage capacity) on the Purgatoire
River. These reservoirs also are storage reservoirs for irrigation
supply. Most storage-and flood-control structures in the basin are
used for recreation.

Surface-water issues in the Arkansas River basin relate to
whether Kansas is receiving the authorized amount of water under
the Arkansas River Compact of 1948; the effects of increased ur-
banization and industrialization on water quality; the effects of
mining and processing (former and current) of metal ores, uranium,
and coal on surface-water and ground-water quality; and flooding
from thunderstorms in the Great Plains province.

Ri0 GRANDE REGION
Rio Grande Headwaters Subregion

The Rio Grande drains about 7 percent of the State’s area.
The Rio Grande originates in the southern Colorado mountains and
flows about 130 miles to the east and south into New Mexico. The
State’s smallest average annual precipitation (7 inches) occurs near
the center of the Rio Grande drainage basin. Water quality is suitable
for most uses, except for short reaches along the Rio Grande near
the headwaters; in a short reach of the Conejos River near its mouth,
where concentrations of trace metals impair the classified use; and
in a short reach of the Rio Grande below Alamosa, where fecal-
coliform bacteria are present (Colorado Department of Health,
1984). Principal uses of water are for irrigation of hay meadows
and other croplands. About 3.2 Mgal/d or 5 ft¥/s is imported an-
nually from the Colorado River Basin to supplement irrigation sup-
plies. Most reservoirs in the basin were built to provide storage
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Selected streamflow characteristics of principal river basins in Colorado

[Gaging station: Period of analysis is for the water years used to compute average discharge and may differ from that used to compute other streamflow characteristics.
Streamflow characteristics: The 7-day, 10-year low flow is a discharge statistic; the lowest mean discharge during 7 consecutive days of a year will be equal
to or less than this value, on the average, once every 10 years. The average discharge is the arithmetic average of annual average discharges during the period
of analysis. The 100-year flood is that flow that has a 1-percent chance of being equaled or exceeded in a given year. Abbreviations: Do.=ditto; mi2=square

miles; ft*/s=cubic feet per second; . . . . =insufficient data or not applicable. Sources: Reports of the U.S. Geological Survey]
Site (aging station Streamfiow characteristics
no. 7-day,
(see Drainage Period 10-year Average 100-year Degree
fig. Neme end area of low flow discherge flood of
2) USGS no. {mit} analysis ftsls) {ftss) iftéfs) regulation Remarks
MISSOURI REGION
NortH AND SouTtH PLATTE SUBREGIONS
1. North Platte River 1,431 191584 35 440 7,870 Negligible Irrigation development (hey
near Northgate meadows} upstream.
{06620000).
2. South Platte River 880 193384 33 78 2,410 Moderate Irrigation development (hay
above Elevenmile meadows) and storage
Canyon Reservoir, upstream.
neer Hartsel
(066950001
3. South Platte River 9,598 1901-84 81 834 40,400 Appreciable Affected by upstream
near Kersey regulation, irrigation
{06754000). diversion, bypass diversion,
and imported water.The
7-day, 10-year low flow and
100-year flood analyses
include effects of
regulation in diversion
period.
4, South Platte River 23138 190284 78 524 62,300 cdo . Affected by upstream
et Juleshurg regulation, irrigation
{06764000}. diversion, bypass diversion,
and imported water. The
7-day, 10-year low flow and
100-year flood analyses
include effects of
regulation in diversion
period.
ARKANSAS —WHITE—RED REGION
UppPer ARKANSAS SUBREGION
5. Arkensas River at 3Nz 1888—1981 129 75 14,300 Moderate Affected by upstream
Canon City regulation and imported
107086000} water.
6. Arkansas River et 12,210 1912—-73 4.8 244 96,300 Appreciable Affected by upstream
La Junta 197484 38 233 18,300 L.o.do L regulation, irrigetion
(071230001 diversion, bypass diversion,
and imported water. Flow
further affected by Pueblo
Reservoir 70 miles upstream,
since January 1974. The
7-day, 10-year low flow and
100-year flood enalyses
include effects of
reguletion in diversion
period.
7. Purgatoire River 795 1895—1976 2.7 83.3 34,400 Negligible Virtually natural flow prior to
at Trinided 1977-81 Ca 64.3 RN Appreciable requletion by Trinidad Lake,
{07124500). {August 1977).
8. Purgetoire River 3,503 18922-31, 0.34 18 94,000 Moderate Irrigation development upstream.
near Las Animas 1948—76 For 1922-31, 1948-76, the
{07128500). 197784 81.0 cdo . 7-day, 10-year low flow and
100-year flood enalyses in-
clude effects of regulation
in diversion period.
9. Arkansas River at 18,780 191342 1.1 301 131,000 Appreciable Sizable irrigation development
Lamer {07133000). 194884 0.63 93.6 35,500 oo upstream. For 1913—42, the
7-day, 10-year low flow and
100-year flood analyses include
effects of reguletion in diver-
sion period. For 1948—84,
analysis based on period
since regulation began.
RIO GRANDE REGION
Rio GRaNDE HEADWATERS SUBREGION
10. Rio Grande near Del 1,320 18891984 107 801 13,400 Moderate Affected by irrigation-storage
Norte {08220000}. reservoirs upstream.
11. Rio Grande near 7,700 1893—1984 7.1 575 18,800 Apprecieble Affected by irrigation

Lobetos
{08251500).

diversion and storage
upstream. Drainage area
includes 2,940 mi? in
closed basin in Colorado.
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Selected streamflow characteristics of principal river basins in Colorado— Continued

[Gaging station: Period of analysis is for the water years used to compute average discharge and may differ from that used to compute other streamflow characteristics.
Streamflow characteristics: The 7-day, 10-year low flow is a discharge statistic; the lowest mean discharge during 7 consecutive days of a year will be equal
to or less than this value, on the average, once every 10 years. The average discharge is the arithmetic average of annual average discharges during the period
of analysis. The 100-year flood is that flow that has a 1-percent chance of being equaled or exceeded in a given year. Abbreviations: Do. =ditto; mi?=square

miles; ft3/s=cubic feet per second; . . . . =insufficient data or not applicable. Sources: Reports of the U.S. Geological Surveyl
Site Gaging station Straamflow charactaristics
no. T-day,
(see Drainage Pariod 10-year Avarage 100-yaar Degrae
fig. Name ang area of low flow gischarga flood of
2) USGS no. {mi} enalysis {ftéfs) (fttfs) (fttfs) regulation Remerks
UPPER COLORADO REGION
CoLORADO HEADWATERS SUBREGION
12. Colorado River naer 4,394 194084 536 2,136 23,800 Appreciable Affected by storage reservoirs,
near Dotsaro exports of watar, and hydro-
(09070500). power genaration.
13. Colorado River 8,050 193384 997 3,900 41,900 ..o.do. L Affected by storage reservoirs,
near Camao exports of water and hydro-
{09095500). powar generation.
GUNNISON SUBREGION
14, Gunnison River 1,012 191028 148 888 11,500 Negligible Virtuelly neturel flow prior to
naar Gunnison 194484 115 709 9,000 Moderete raguletion by Taylor Park
109114500} Reservoir 11837). For
194484, the 7-day, 10-year
low flow end 100-year flood
enalyses based on pariod
since regulation bagan.
15. Gunnison River near 7,928 1896—1965 265 261 36,100 Negligible Virtually natural flow prior to
Grand Junction 196884 495 2,659 30,500 Modereta 1966. For 1968-84, the
(091525001 7-dey, 10-yaar low flow and
100- yeer flood analyses
based on period since
regulation bagan.
WHiTE— YaMPA SUBREGION
16. Yampa River naar 3,410 1916—84 39 1,573 19,900 Negligible Virtually natural flow.
Maybeli
{09251000).
17. White River neer 755 190184 179 626 6,570 co.do. L Do.
Megker
(093045001,
SanN Juan SuBREGION
18. Animas River at 692 191284 128 819 15,500 Nagiigible Virtually natural flow.
Durango
1093615001

for irrigation but now also are used for recreation. The decreasing
trend in average discharge by water year streamflow shown in figure
2 for the Rio Grande (site 11) is probably caused by withdrawals
of water for irrigation.

Deficiencies in delivery of water to New Mexico under
the Rio Grande Compact of 1938, and ways to ameliorate these
deficiencies, are the major surface-water issues in the basin.

UpPpER COLORADO REGION

The Upper Colorado Region encompasses 37 percent of
the State’s area. About 448 Mgal/d or 693 ft3/s of water is exported
annually to the Arkansas, the Platte, and the Rio Grande basins
to the east, and about 95 Mgal/d or 147 ft3/s of water is exported
annually to the Rio Grande basin in New Mexico. Severe flooding
is rare. Even during the 1984 runoff season (April through July),
which was much higher than normal (U.S. Geological Survey,
1985b), peak flows caused only minor flooding in Colorado. Most
reservoirs in the basin were built to provide storage for irrigation,
but they also provide recreation and flood control. Surface-water
issues common to all of the Upper Colorado Region in Colorado
are the use of water rights granted in the Colorado River Compact
of 1922 and in the Upper Colorado River Basin Compact of 1948,

the control of salinity in the Colorado River Basin (U.S. Geological
Survey, 1984), and the transfer of water to the eastern side of the
Continental Divide.

Colorado Headwaters Subregion

The Colorado River originates in the central mountains of
the State and flows about 230 miles westward into Utah. Water
quality in this subregion is suitable for most uses except for short
reaches of tributaries in the Blue and the Roaring Fork River basins,
in a short reach of the Colorado River above the Colorado-Utah
State line, and along the Eagle River (except at its headwaters) where
classified uses are impaired by concentrations of trace metals (Colo-
rado Department of Health, 1984). Principal uses of water are for
irrigation of hay meadows, croplands, and orchards. Surface-water
issues are the same as those discussed for the Upper Colorado
Region above, as well as potential hydrologic effects of oil-shale
development.

Gunnison Subregion

The Gunnison Subregion encompasses about 8 percent of the
State’s area. The Gunnison River originates in the south-central
mountains of Colorado; it flows generally westward for about 170
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miles, then to the northwest for 30 miles to the city of Grand Junc-
tion, where it flows into the Colorado River. Water quality is suitable
for most uses, except that classified uses are impaired by the oc-
currence of metals in short reaches in the Gunnison River head-
waters and by the fecal- coliform bacteria in the Uncompahgre River
below Montrose (Colorado Department of Health, 1984). Principal
water use is irrigation of hay meadows, croplands, and orchards.
Less than 3.2 Mgal/d or 5 ft%/s is exported annually from the Gun-
nison River. The Curecanti unit of the U.S. Bureau of Reclama-
tion Colorado River storage project is located on the Gunnison
River. The Curecanti unit is comprised of Blue Mesa Reservoir
(completed in 1965 with 830,000 acre-ft or 270,000 Mgal of storage
capacity), Morrow Point Reservoir (completed in 1968 with 117,000
acre-ft or 38,100 Mgal of storage capacity), and Crystal Reservoir
(completed in 1977 with 25,200 acre-ft or 8,200 Mgal of storage
capacity).

White-Yampa Subregion

This subregion encompasses about 8 percent of the State’s
area. The Yampa and the White Rivers are the principal Colorado
tributaries of the Green River. Water quality in this subregion is
suitable for most uses except for a short reach of the Yampa River
near its headwaters, where the classified use is impaired by trace
metals (Colorado Department of Health, 1984).

The Yampa River originates in the northwestern central
mountains of Colorado and flows generally westward for about 165
miles to its mouth at the Green River. Principal water use is irriga-
tion of hay meadows. The major surface-water issues in the Yam-
pa River basin are the effects of surface and underground coal
mining on salinity, and trace-element concentrations.

The White River originates to the west of the Yampa River
headwaters and flows westward for about 120 miles into Utah. Prin-
cipal water use is irrigation of hay meadows. Major surface-water
issues in the White River basin, other than those common to the
Upper Colorado River Basin, are the potential hydrologic effects
of oil-shale development.

San Juan Subregion

This subregion encompasses about 6 percent of the State’s
area. The rivers in this basin that originate in Colorado generally
flow to the south into New Mexico or to the west into Utah (fig.
2). Streams in the western part of the basin are mostly perennial,
have their origin in low mountains, and have tributaries that are
mostly ephemeral. Streams in the eastern part of the basin are peren-
nial, have their origin in the southwestern mountains (mostly along
the Continental Divide), and have tributaries that are mostly peren-
nial. Water quality in this subregion is suitable for most uses ex-
cept for a short reach of the Animas River headwaters, where the
classified uses are impaired by trace metals (Colorado Department

of Health, 1984). In the western part of the basin, principal water-

use is irrigation of croplands; about 106 Mgal/d or 164 ft¥/s is im-
ported annually from the Dolores River basin to supplement irriga-
tion supplies. In the eastern part of the basin, principal water uses
are irrigation of croplands and hay meadows, and limited
hydroelectric-power generation (on the Animas River). A small

amount of water (less than 2 Mgal/d or 3.1 ft%/s) is exported an-
nually from the eastern part of the basin to streams in the Rio Grande
headwaters, but about 95 Mgal/d or 147 ft%/s is exported annually
to the Rio Grande basin in New Mexico. The Animas River—the
largest San Juan River tributary in Colorado—originates in the
State’s southwestern mountains. The Animas River flows to the
south for about 70 miles into New Mexico.

Principal uses of water in the Animas River are irrigation
and hydroelectric-power generation. Major surface-water-related
issues in the San Juan River basin are those common to the Upper
Colorado Region, discussed earlier, as well as concerns of the Ute
Indians regarding their water rights.

SURFACE-WATER MANAGEMENT

The water law of Colorado is solidly based on the doctrine
of prior appropriation. According to sections 5 and 6 of Article
XVI of the State Constitution, the water of every natural stream
in the State of Colorado, not previously appropriated, is public pro-
perty and is dedicated to the use of the people of Colorado. The
right to divert unappropriated water for beneficial use cannot be
denied. Water for domestic use has preference over all other uses,
and water for agricultural use has preference over water for
manufacturing use.

The State Engineer (Colorado Department of Natural Re-
sources, Division of Water Resources) has general supervisory con-
trol over measurement, recordkeeping, and distribution of the public
waters of the State. The State Engineer also is charged with the
administration of the Interstate River Compacts and administers the
decisions of the Supreme Court of the United States that affect Colo-
rado’s interstate water relations. Title 37, Article 90, Sections
101-141, of the 1973 Colorado Revised Statutes established the
Colorado Ground Water Management Act and places the administra-
tion of ground water partly under the authority of the State Engineer
and partly under the authority of the Colorado Ground Water
Commission.

Many Federal, State, and local agencies are involved with
the management of surface water in Colorado. Federal agencies
with the largest management responsiblities are the U.S. Bureau
of Reclamation and the U.S. Army Corps of Engineers. The North-
ern Colorado Water Conservation District and the Southeastern
Water Conservancy District are the two largest recipients of water
from U.S. Bureau of Reclamation projects in Colorado; these
districts, in turn, are responsible for managing that water. The Board
of Water Commissioners, City and County of Denver, are managers
of the largest municipal supply in the State. Most Colorado cities
and some counties also manage municipal supplies. Several irriga-
tion districts, conservancy districts, and other State and Federal
agencies play a role in managing water.

The U.S. Geological Survey, in cooperation with Federal,
State, and local cooperators, maintains a network of 350 streamflow-
gaging stations in Colorado, most of which provide data that sup-
port cooperator’s water-management objectives. Hydrologic studies
conducted by the U.S. Geological Survey also provide significant
information needed by cooperators to manage Colorado water
resources.
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Surface water is a valuable natural resource that supplies 68 per- Table 1.  Surface-water facts for Connecticut
AN o
ce.nt of Connecticut’s 3.'1 million pelople. More than 6,000 lakes gnd 8,400 [Data may not add to totals because of independent rounding. Mgal/d = miltion
miles of streams are visually prominent features of the Connecticut land- gallons per day; gal/d = gallons per day. Source: Solley, Chase, and Mann,
scape. About 4,000 Mgal/d (million gallons per day) or 6,190 ft3/s (cubic 1983]

feet per second) of surface water is used to generate hydroelectric power

(Connecticut Department of Environmental Protection, 1981). Surface water POPULATION SERVED BY SURFACE WATER, 1380

provides 1,200 Mgal or 1,860 ft3/s or 92 percent of the total water withdrawn ggr’g‘é’ft; (é“gfstg TgIS)plé‘bLiI'a' o ! ,ggg
for offstream use. Industrial withdrawals of 860 Mgal/d or 1,330 ft3/s and From pug”c water-supply systems.
municipal withdrawals of 300 Mgal/d or 464 ft*/s dominate offstream sur- NUMber (thouSANAS}........ooiiiiiieie e 1,980
face water use. Other surface-water withdrawal statistics for Connecticut Percentage of 10tal POPUIBHION.........oooriiiierisiii 68
in 1980 are given in table 1. R e Y e 0
Streams in Connecticut generally are suitable for most uses be- Percentage of total population.. 0
cause of an intensive program of water-pollution control that was instituted
in 1967 (Connecticut General Assembly, 1967). The major water-related OFFSTREAM USE, 1980
issues in the State today concern maintaining the quality of the State’s streams FRESHWATER WITHDRAWALS
in light of increasing demands on the resource and how the resource should gur;age waier a”‘lj g(rr\c;luntlj /(\j/\;ater, total (Mgal/dh.....oooin 1388
be allocated. Legislative measures such as the passage of a COMPrEneNsiVe ~ Pagontage of (01l o e.vr. oo e 00
River Protection bill and a statewide surface- and ground-water-classification Percentage of total excluding withdrawals for
bill, and numerous local zoning ordinances are presently being used to protect thermoelectiic POWET........ooiiiiii 80
the quality of streams (Connecticut Department of Environmental Protec- . _ | Category of Use
tion, 1980). P Suriace water MG/ ... . a0
Percentage of total surface water 25
GENERAL SETTING e e G ) e SuPely ok
Rural-supply withdrawals:
Connecticut is located in the Taconic and New England Domesf)t?c:y
Upland sections of the New England physiographic province (fig.1). gggz%fag:tg; t(g/tlglals/udr)f'a‘éé-\}\}‘a‘t‘é}: e 8
Average annual precipitation is about 47 inches statewide. Average Percentage of total rural domestic.. 0
annual precipitation generally is equally distributed throughout the Lier CaPIta (Gal/d).vorveississii s 0
year. Bar graphs of average monthly precipitation for Norfolk in Surface water (Mgal/d)................ 18
the northwest, Hartford in central Connecticut, and Groton in the Percentage of total' SUfflalc_e-Watef~ 8?2
southeast, are shown in figure 1. mdui?{g?gﬁ%iu‘;fp}f;tj v;}{;?drgvvijf;’fk """"""""""""""""""""""
Streamflow in Connecticut varies significantly throughout Surface water (Mgal/d)...............ooioiiiii 1860
the year. The variability of average monthly discharge for Burl- Eiiﬁiﬁiigi of {gg: isn“drffsctﬁgl"’:éffrgs‘u‘bb“ed: """""""""""""" 72
ington Brook in the west, Quinnipiac River in central Connecticut, Including withdrawals for thermoelectric power...................... 98
and Yantic River in the east is shown in figure 1. Average annual ,mggfig'r‘:%?gu;"r’g\;‘/g{:)"’a's for thermoelectric POWer ... %
runoff ranges from about 22 inches in north-central and southwestern Surface Water (MQal/d)..... ..o oo 19
Connecticut to about 29 inches in southeastern Connecticut. Percentage of total surface-water. 16
Evapotranspiration ranges from 27 inches in the northwest to 22 Percentage of total irrigatien........ '
inches for central Connecticut, which is about 50 percent of the INSTREAM USE, 1980
precipitation in those areas. Hydroelectric power (Mgal/d)........occooviireeiiiiiiiiiiieeee e, 4,000
More detailed information on the relationship of rainfall,
runoff, and evapotranspiration in Connecticut can be found in a 2,400 Mgal/d of saline surface water is used for cooling of condensors
series of reports titled ‘“Water resources inventory of Connecticut,” and reactors.
published by the Connecticut Department of Environmental Pro- ) o
tection in Water Resources Bulletins 8, 11, 15, 17, 19,21, 24,27, ~ mined by regression analyses using data from 105 gaged sites in
29, and 31. Connecticut (Weiss, 1983).
Major flooding can occur at any time during the year. Drought conditions generally occur during the summer and

During the winter and early spring, increased snowmelt resulting early fall. The most notable drought of this century in Connecticut
from warm weather can combine with rainfall to cause major occurred in the middle 1960’s (Barksdale and others, 1966), when
flooding, such as the March 1936 flood on the Connecticut River 7-day, 10-year low flows of many streams declined to less than
(Grover, 1937). In the summer, locally severe thunderstorms often ~ lowest long-term average annual low flows of record.

result in flash flooding, and, during the late summer and fall, hur-

ricanes often produce severe flooding, such as the flood of PRINCIPAL RIVER BASINS
September 1938 (Paulsen and others, 1940) and the flood of August Virtually all of Connecticut is in the New England Region
and October 1955 (Bogart, 1960). Since the 1955 floods, 15 flood- (Seaber and others, 1984). Connecticut contains two subregions—
detention reservoirs have been built by the U.S. Army Corps of Connecticut and Connecticut Coastal (fig. 2). The Connecticut

Engineers (COE) to reduce peak runoff rates especially in the Subregion contains the lower 1,450 mi? (square miles) of the Con-
Quinebaug, Farmington, and Naugatuck River basins. In June 1982, necticut River basin. The largest rivers in the Connecticut Coastal
major flooding occurred in many basins in southern Connecticut Subregion are the Thames, Quinnipiac, Housatonic, and Saugatuck.
where there is no flood control and where the flood-recurrence in- The Thames and Housatonic originate outside of Connecticut. These

tervals greatly exceeded 100 years. Evaluations of flood peaks and rivers contribute about 94 percent of the average annual flow of
associated recurrence intervals for ungaged streams have been deter- 26,200 ft*/s or 16,900 Mgal/d of freshwater inflow to Long Island
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Sound. These river basins are described below; their locations and
long-term variations in streamflow at representative gaging stations
(Burlington Brook near Burlington, Salmon River near East Hamp-
ton, Mount Hope River near Warrenville, Yantic River at Yantic,
Housatonic River at Falls Village, and Saugatuck River near
Westport) are shown in figure 2. Streamflow characteristics and
other pertinent information are given in table 2.

NeEw ENGLAND REGION
Connecticut Subregion

Connecticut River Basin.—The Connecticut River, the
longest stream in New England starts its 383-mile journey to Long
Island Sound from the Connecticut Lakes in northern New Hamp-
shire. Of the 66 miles of the Connecticut River in Connecticut, 55
miles are affected by the tides in Long Island Sound; 13 percent
or 1,450 mi? of the drainage area is in Connecticut.

The major city in Connecticut located on the river is Hart-
ford, about 47 miles from Long Island Sound. The downstream
stretch of river below Hartford has been protected from flood-plain
encroachment by the formation of a Connecticut River Gateway
Commission since 1973 (Connecticut State, 1973).

The flow of the Connecticut River as it enters Connecticut
is regulated by eight hydropower generation dams, by diversions
for water supply, and by several lakes and reservoirs with a com-
bined usable capacity of about 2.5 million acre-ft (acre-feet) or
815,000 Mgal (million gallons). In Connecticut, regulation is almost
entirely restricted to the Farmington River basin, where flood control
and water-supply reservoirs have a combined usable capacity of
270,000 acre-ft or 88,000 Mgal.

Public-water supply comprises 9 percent of total water use
in the basins. The remaining 91 percent of the total water use is
from streams, wells, and private reservoirs. These sources supply
water for industrial use (3 percent); domestic use (5 percent); com-
mercial use (2 percent); agricultural use (1 percent); and for cooling
water for nuclear and steam-generating powerplants (89 percent),
as described by Prisloe and Sternberg (1983) and Sternberg (1983).
Figure 2 shows the 15-year moving average of average annual dai-
ly discharge at Burlington Brook (site 2) in western Connecticut
and Salmon River (site 4) in eastern Connecticut. Readily apparent
are the 20-year cyclic periods of high flow of the 1930’s, 1950’s,
and 1970’s as well as the drought periods of the mid-1940’s and
1960°s.

The Metropolitan District Commission (MDC) furnishes
water to the greater Hartford area from the upstream part of the
Farmington River basin (table 2, site 3). The scenic Farmington
River provides class II and class III white-water kayaking areas,
as well as extensive opportunities for boating, swimming, and
fishing (Gabler, 1975).

The largest use of the Connecticut River in Connecticut
is for cooling water and steam generation in the production of ther-
moelectric power. Two active power stations are on the river: An
820-MW (megawatt) thermoelectric plant at Middletown, and the
600 MW Connecticut Yankee Nuclear Powerplant that has been
producing power since 1968. Flooding along the main stem of the
Connecticut River has been greatly reduced by reservoirs that control
runoff from 20 percent of the basin. Flood dikes were built in 1940
to protect Hartford and East Hartford from floods, such as the one
that occurred in March 1936. As a result of the devastating floods
of 1955, an intensive program of flood control was instituted in
the Farmington River basin, and, today, about 25 percent of the
basin is regulated by flood-control reservoirs. In spite of the flood
control in the basin, flooding of small uncontrolled streams and
the Connecticut and Farmington Rivers is expected to continue. One
such flood occurred on May 31, 1984, when the flow at Thomp-
sonville on the Connecticut River (table 2, site 1) reached 185,000
ft3/s or 120,000 Mgal—the third largest flow ever recorded.

Connecticut Coastal Subregion

Thames River Basin.—Headwaters of the Thames River are
located in Massachusetts about 93 miles upstream from its mouth
at Long Island Sound. Of the 69 miles of the Thames River in Con-
necticut, 16 miles are affected by the tides in Long Island Sound.
The Thames River and its tributaries in Connecticut drain 78 per-
cent of the 1,480 mi? drainage basin; significant tributaries—the
Quinebaug, Shetucket, and Yantic Rivers—drain undeveloped areas.

The flow of the Thames is controlled primarily for flood
protection by eight reservoirs built by the COE. These reservoirs
are located in the Quinebaug, Natchaug, and French River basins
and have a combined usable capacity of almost 150,000 acre-ft or
48,900 Mgal. These reservoirs were built following the floods of
August 1955. Many of the streams in the Thames were used during
early settlement times to power grist mills and, later, knitting mills.
Today, some of these sites are being considered for generation of
hydroelectric power with small dams. One such site—Quinebaug
River at Jewett City (table 2, site 7)—has recently been restored.
The river system supplies water for many cities and towns and for
industrial use. Long-term average discharges of Mount Hope River
in northeastern Connecticut (table 2, site 5) and Yantic River (table
2, site 8) in the southeastern part of the State both show the same
cyclic trends illustrated in figure 2, described earlier.

The Connecticut Department of Environmental Protection
(DEP) has classified many Thames River basin tributaries in Con-
necticut excluding the French River, as having water that is suitable
for drinking. The Quinebaug River downstream of the French River
is suitable for fishing, whereas the French River is unsuitable for
most uses between the Massachusetts—-Connecticut State line to the
confluence of the Quinebaug River (James Murphy, Connecticut
Department of Environmental Protection, oral commun., 1985).

Quinnipiac River Basin.—The Quinnipiac River basin en-
compasses 166 mi? in south-central Connecticut. The river is 39
miles long, 9 miles of which are affected by tide in Long Island
Sound. The river passes through a highly urbanized area that in-
cludes about 550,000 people and many industries. Large fluctua-
tions in concentrations of dissolved solids in streams and the elevated
bacterial content of the Quinnipiac River are evidence of human
activities.

The Connecticut DEP has classified the headwaters of the
Quinnipiac River and many of its tributaries as having water that
is suitable for drinking. The Quinnipiac River from Southington
to New Haven is acceptable only for fishing (James Murphy, Con-
necticut Department of Environmental Protection, oral commun.,
1985).

The basin does not contain significant flood controls and
in June 1982, 11 to 13 inches of rain fell on the Quinnipiac River
basin in 48 hours, resulting in a discharge of 8,200 ft3/s or 5,300
Mgal/d at Wallingford (table 2, site 9) that was greater than the
100-year flood (L. R. Johnston Associates, 1983). This storm caused
the most severe flooding in the basin since the great floods of 1807
and 1854 (Thomson and others, 1964).

Housatonic River Basin.—The Housatonic River begins
its 159-mile journey to Long Island Sound in western Massachusetts.
Of the 94 miles of river in Connecticut, 13 miles are affected by
tides in Long Island Sound. The Housatonic River basin drains 1,950
mi2, of which 64 percent is in Connecticut. More than half of its
population resides in major urban areas around Danbury, Water-
bury, and Stratford in the south. The largest tributaries are the
Naugatuck and Shepaug Rivers; the Shepaug is virtually
undeveloped, whereas the Naugatuck supports the industrial towns
of Torrington, Waterbury, and Beacon Falls.

The Housatonic River enters Connecticut at North Canaan.
In Connecticut, low to medium main stream flows are completely
regulated by hydroelectric powerplants at Falls Village, New
Milford, and Stevenson. In the lower reaches of the river, the basin
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Table 2.  Selected streamflow characteristics of principal river basins in Connecticut

[Gaging station: Period of analysis is for the water years used to compute average discharge and may differ from that used to compute other streamflow characteristics.
Streamflow characteristics: The 7-day, 10-year low flow is a discharge statistic; the lowest mean discharge during 7 consecutive days of a year will be equal
to or less than this value, on the average, once every 10 years. The average discharge is the arithmetic average of annual average discharges during the period
of analysis. The 100-year flood is that flow that has a 1-percent chance of being equaled or exceeded in a given year. Abbreviations: Do. =ditto; mi?=square
miles; ft¥/s=cubic feet per second. Sources: Reports of the U.S. Geological Survey and State of Connecticut Department of Environmental Protection]

Site Gaging station Streamflow characteristics
no. 7-day,
(see Drainage Period 10-yeer Average 100-year Degree
fig. Name end aree of low flow discharge flood of
USGS no. (mi# analysis {ft3s) {fts/s) {ft¥s regulation Remarks

NEW ENGLAND REGION
CONNECTICUT SUBREGION
Connacticut River basin

1. Connecticut River 9,661 1928-83 2,200 16,400 209,000 Appreciable Regulation by powerplants in
et Thompsonville Vermont and Mass. Diversion
{01184000). for water supply in Mass.

Flood control for approximately
20 percent of basin. Nationel
stream-quality accounting
station {NASQAN].

2. Burlington Brook 410 1931-83 0.7 8.3 1,250 Negligible Index station for fong-term
neer Burlington trends in netural streams.
{011860001.

3. Farmington River 590 1926-60 144 1,080 44,000 Appreciable Regulation by powerplant at
at Rainhow 1961-83 10 1,040 24,000 Reinbow. Diversion for water
(01190000). supply of Metropolitan

District Commission. Flood
control since April 1960.

4, Selmon River 100 1928-83 5.2 184 16,600 Negligible Index stetion for long-term
near East trends in netural streams.
Hampton
101193500).

ConNEecTicuT CoASTAL SUBREGION
Thames River basin

5. Mount Hope River 28.6 1940-83 0.9 51.2 5,620 Negligible Index station for long-term
near Warrenville trends in naturat streams.
(01121000

6. Shetucket River 404 1928-52 485 667 25,000 Moderate Flood control since March 1952,
near Willimentic 1953-83 4432 734 22,500 Diversion for water supply of
1011225001 city of Willimantic.

7. Quinebaug River 713 1918-58 19 1,260 29,500 Lo.do L Flood control since Sept. 1958.
at Jewett City 1959-83 90.0 1,330 26,500 NASQAN stetion.
{01127000).

8. Yantic River 893 1930-83 5.2 165 10,800 Negligible
at Yantic
1011275001

Quinnipiac River basin

9. Quinnipiac River 118 1930-83 328 m 6,340 Moderate Diversion for water supply of
gt Wallingford city of New Britain.
(011965001,

Housatonic River basin

10. Housatonic River 534 1912-83 118 1.090 24,000 Moderate Regulation by Falls Village
at Falls Village powerplant.
1011990001,

1. Shepaug River 132 1930-71 6.2 236 24,000 Appreciahle Diversion for water supply of
near Roxbury city of Waterhury.
{01203000).

12. Pompereug River 751 1932-83 6.0 128 19,900 Negligihle Minor diversion for water
near Southhury supply of town of Woodhury.
{01204000). Index stetion for fong-term

trends in discharge in
natural streams.

13. Housatonic River 1,544 1928-83 160 2,600 95,100 Appreciable Reguletion by powerplant et
at Stevenson Stevenson. Diversion for
101205500 weter supply for city of

Waterbury. Some flood
control. NASQAN station.

14, Naugatuck River 260 1928-59 61.2 484 46,000 L.odo. L Flood controf since December
at Beacon Falls 1960-83 59.4 857 23,000 1960. Diversion for water
101208500}, supply of city of Waterbury.

Saugatuck River basin

15. Saugstuck River 788 1932-67 2.25 19 13,400 Appreciable Diversion for water supply of
neer Westport Bridgeport Hydraulic Compeny.
101209500
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and impose additional demands on their supply by way of an inter-
connected pipe system such as the one to New Canaan.

There is no flood control in this basin and floods could
still occur, such as the one on October 16, 1955, where the peak
was 14,800 ft3/s or 9,570 Mgal/d.

The quality of water upstream from the Saugatuck Reser-
voir is excellent and is presently used for public supply. The water
quality of the Saugatuck River downstream from Saugatuck Reser-
voir is considered by the Connecticut DEP to be suitable for
drinking water (James Murphy, Connecticut Department of En-
vironmental Protection, oral commun., 1985).

SURFACE-WATER MANAGEMENT

The long-range plan for management of Connecticut’s water
resources, as set forth in Chapter 446i, Section 22a-352 of the Con-
necticut General Statutes (CGS), is the joint responsibility of the
DEP, the Department of Health Services (DOHS), and the Office of
Policy and Management (OPM). Specifically, these agencies are
directed to (1) establish a continuing planning process and (2)
periodically update a statewide long-range plan for the management
of water resources. Section 22a-2 of the CGS created DEP and gave
it jurisdiction over all matters relating to the preservation and pro-
tection of the air, water, and natural resources of the State.

Diversions and interbasin transfers of water are regulated
under Sections 22a-365 through 22a-378 of the cGs. The ad-
ministration of these statutes is the duty of the Commissioner of
pEP. The Commissioner of DEP is directed by section 22a-424 to
develop, administer, and enforce programs for the prevention, con-
trol, and abatement of new or existing pollution of the waters of
the State in compliance with the Federal Water Pollution Control
Act.

Sections 25-68b through 25-68h of the CGS (passed in
1984) requires the Commissioner of DEP to coordinate, monitor,
and analyze the flood-plain management activities of State and local
agencies. Among other specifics, this bill directs the Commissioner
to designate the 100-year flood where this base flood is not
designated by the National Flood Insurance Program.

The Commissioner of DEP is instructed to establish water-
quality standards for streams involved in the fisheries-stocking pro-
grams under Sections 26-14 1a through 26-141L, inclusive, of the
€GS. The DOHS has jurisdiction over purity of drinking-water sup-
plies under Section 25-32 of the ¢Gs. Surface-water sources supply
83 percent of the people served by public-water supplies in Con-
necticut. Under Section 22a-417 of the CGS, discharge of sewage
into tributaries of water-supply impoundments or into proposed
water-supply impoundments identified in the Long-Range Water-
Resources Management Plan under *‘Protected Watersheds,’’ Sec-
tion 22a-352, is not permitted.

Section 22a-364 of the cGs directs the Commissioner of
DEP to establish stream-gaging stations to supply data for water-
resources investigations. To provide these data, the U.S. Geological
Survey operates a network of 48 streamflow gaging stations, 44
of which are cooperatively funded by the DEP, the COE, various
local governments, and a private utility. The U.S. Geological Survey
also operates a network of 39 surface-water quality stations sampled
on a monthly basis in cooperation with the Connecticut pEp and
Federal agencies.

FOR ADDITIONAL INFORMATION
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Surface water is one of Delaware’s most important natural resources.
About 40 percent of the State’s population depends on surface water for
various uses. The remaining 60 percent relies on ground-water withdrawals.
Most streams flow perennially because of an abundance of ground water
in most areas of the Coastal Plain region that supports streamflow during
dry periods. Commercial navigation; recreation; numerous species of fish,
water fowl, and upland wild game depend on fresh and saline surface water
in Delaware. Freshwater withdrawals (offstream use) of surface water
averaged 57 Mgal/d (million gallons per day) or 88.2 ft3/s (cubic feet per
second) in 1980. This is about 41 percent of all fresh surface water and
ground water withdrawn each day. Instream freshwater use is negligible.
Surface-water withdrawals in Delaware in 1980 for various purposes and
related statistics are given in table 1.

Northern Delaware is heavily populated and industrialized. Some
ground water is available but not in sufficient quantity to supply demand.
Fresh surface water is used for public water supplies and industrial uses.
Large quantities of saline water from the Delaware River and its tida] estuaries
are used by industry and for thermoelectric-power generation.

Delaware normally does not have major water shortages except
during periods of regional drought. Then, appropriations of streamflow in
the Delaware River basin and conservation of water throughout the State
become important issues. The only major storage reservoir in Delaware
is Hoopes Reservoir (fig. 2) which is in the Red Clay Creek basin of north-
ern Delaware. The reservoir, constructed in 1932, has a storage capacity
of 6,140 acre-ft (acre-feet) or 2,000 Mgal (million gallons).

Brandywine Creek is the major source of water for the city of
Wilmington, but the stream may not be able to provide enough water to
supply the system during drought periods. The quality of water in Brandy-
wine Creek during some low-flow periods may be unsuitable for most uses
because of discharges or accidental chemical spills in upper reaches of the
basin (Woodruff, 1984). During these conditions, the city of Wilmington
withdraws water stored in Hoopes Reservoir.

Ground water is the main source of water supply south of the Pied-
mont area for public, domestic, and industrial uses; the quality in most areas
is suitable for human consumption and most other uses.

GENERAL SETTING

Delaware is known as the Diamond State because of its small
size and great value (Hoffecker, 1977, p. xiii). The land area of
Delaware is about 1,978 mi? (square miles), in addition to 79 mi?
of inland waters. This does not include the water-surface area of
that part of the Delaware River and Bay within the boundaries of
the State (Van Zandt, 1966). Two sea-level canals are part of the
inland waters—the Chesapeake and Delaware Canal which is used
primarily for commercial navigation, and the Lewes and Rehoboth
Canal, which is part of the Intracoastal Waterway. About 60
freshwater ponds, originally mill sites, are also included in the in-
land waters.

Delaware is divided into two well-defined physiographic pro-
vinces by a boundary referred to as the Fall Line (fig. 1). The Pied-
mont province, which is north of the Fall Line, is underlain by
crystalline bedrock, and comprises only 6 percent of the State. The
Coastal Plain province, south of the Fall Line, includes the
remaining 94 percent of Delaware and is underlain by alternating
layers of unconsolidated sand and gravel. A ridge line extending
from southern Delaware northward separates the Delaware River
drainage basin and the Atlantic Ocean from the Chesapeake Bay
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Table 1.  Surface-water facts for Delaware

[Data may not add to totals because of independent rounding. Mgal/d = million
gallons per day; gal/d = gallons per day. Source: Solley, Chase, and Mann,
1983]

POPULATION SERVED BY SURFACE WATER, 1980

Number (thouSands)...........ouiiiiiiii e 240
Percentage of total population................c 40
From public water-supply systems:
Number {thousands)..............o.iii 240
Percentage of total population..............oooci 40
From rural self-supplied systems:
Number (thousands).............coci 0
Percentage of total population...............ooco 0

OFFSTREAM USE, 1980
FRESHWATER WITHDRAWALS

Surface water and ground water, total (Mgal/d)................coooe 140
Surface water only (Mgal/d} Y
Percentage of total..........cooiii 41
Percentage of total excluding withdrawals for
thermoelectric POWEr. ... ..o 41

Category of Use

Public-supply withdrawals:
Surface water {Mg@al/d).........cooo i 48
Percentage of total surface water..
Percentage of total public supply.
Per capita (gal/d) .. ... 20
Rural-supply withdrawals:
Domestic:
Surface water (Mgal/d)........ocooiiiiiiiiii
Percentage of total surface water..
Percentage of total rural domestic..
Per capita (gal/d)........ooii
Livestock:
Surface water {(Mgal/d)...........
Percentage of total surface water..
Percentage of total livestock.........
Industrial self-supplied withdrawals:
Surface water (Mgal/db............o
Percentage of total surface water................cocooiii,
Percentage of total industrial self-supplied:
Including withdrawals for thermoelectric power........................
Excluding withdrawals for thermoelectric power........................
Irrigation withdrawals:
Surface water (Mgal/d).. ...,
Percentage of total surface water
Percentage of total irrigation..........c..cooiiiiiiiiii 37

1o ococo ocooo
N

TN
[N
~

INSTREAM USE, 1980
Hydroelectric power (Mgal/d)...........oooi 0

'Does not include withdrawal of 1,100 Mgai/d of saline water from the
Delaware River, Delaware Bay, and estuaries.

drainage basin. Many small basins along the east coast drain directly
into estuaries of the Delaware River and into Delaware Bay and
the Atlantic Ocean.

Stream-channel slopes are very low and some areas of
Delaware are poorly drained. The soils in the poorly drained areas
are composed of silty clays and organic silts. The well-drained areas
and prime farmland soils are underlain by loamy sands. One of
Delaware’s major industries is agriculture, and, during droughts,
farmers rely heavily on irrigation to grow corn, soybeans, and other
crops. The main source of water used for irrigation is ground water,
but some surface water also is used (table 1).

Precipitation is fairly uniformly distributed both areally and
temporally in Delaware (fig. 1). Average annual precipitation in
Delaware is about 43 inches and ranges from about 45 inches in
the southeast corner of the State to about 40 inches in a band across
north-central Delaware. Average monthly precipitation generally
ranges from 3 to 4 inches for most months (fig. 1). As a result of
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summer thunderstorms, most areas get the highest average monthly
precipitation in August. Despite thie uniform distribution of long-
term average precipitation, Delaware lias the normal short-term
precipitation deficiencies and excesses.

Annual evapotranspiration losses in Delaware range from 26
inclies in thie soutli to 24 inches in the nortli (Mathier, 1969) and
average about 25 inches. Mather’s data indicate thiat more tlian 90
percent of the evapotranspiration losses occur from April through
October.

Average annual runoff for streams in the Coastal Plain of
Delaware generally ranges from 17 to 20 inches (fig. 1). Annual
runoff from streams in the Piedmont averages 18 to 20 inclies, but
most of thie flow originates in Pennsylvania. Average monthily
discharge, unlike precipitation, is not uniformly distributed
throughout the year (fig. 1). Because of seasonal rates of
evapotranspiration and seasonal chianges in ground-water dischiarge
to streams and wells, average monthly stream discharge generally
declines from a liigh in March to a low in September or October.
This pattern then reverses as evapotranspiration losses decrease after
the growing season, resulting in an increasing contribution of
ground-water discharge to streamflow.

Coastal flooding in Delaware is usually caused by extreme
liigh tides and high northeast winds. One of tlie most destructive
“‘northeasters’’ on tlie eastern coast was thiat of March 1962 (U.S.
Army Corps of Engineers, 1963). Hurricanes and tropical storms
usually cause coastal and inland flooding from heavy rainfall
associated with these storms.

Runoff from lieavy rains and severe thunderstorms may cause
flooding of freshwater streams. This type of flooding is usually most
destructive to highway bridges, culverts, roadways, and millpond
spillways. Several of the most damaging floods of this type occurred
during August 1967 (Carpenter and Simmons, 1969).

PRINCIPAL RIVER BASINS

Delaware lies entirely in the Mid-Atlantic Region and is
about equally divided between the Delaware and Upper Chesapeake
Subregions (fig. 2). In the Delaware Subregion, tlie Cliristina River
basin contains the only major tributary to the Delaware River in
northern Delaware. The Nanticoke River and the Indian River basins
are the only significant drainages of the Upper Cliesapeake
Subregion in Delaware. These river basins are described below;
their location, and long-term variations in streamflow at represen-
tative gaging stations, are shown in figure 2. Streamflow
characteristics and otlier pertinent information are given in table 2.

MiD-ATLANTIC REGION
Delaware Subregion

The Delaware River (saline water in Delaware) is the largest
river in Delaware, flowing from its lieadwaters in southiern New
York State to its mouth at the Delaware Bay. The length of the
river is approximately 370 miles and tlie drainage area of the basin
is about 12,765 mi?. Flow from the Delaware River and Bay enters
the Atlantic Ocean at Cape Henlopen.
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Table 2.

Selected streamfiow characteristics of principal river basins in Delaware

[Gaging station. Period of analysis 1s for the water years used to compute average discharge and may differ from that used to compute other streamflow characteristics.
Streamflow characteristics: The 7-day, 10-year low flow 1s a discharge statistic; the lowest mean discharge during 7 consecutive days of a year will be equal
to or less than this value, on the average, once every 10 years. The average discharge is the arithmetic average of annual average discharges during the period
of analysis. The 100-year flood is that flow that has a 1-percent chance of being equaled or exceeded in a given year. Abbreviations: Mi*=square miles; ft*/s=cubic

feet per second. Sources: Reports of the U.S. Geological Survey]

Site Gaging station Streamflow characteristics
no. 1-day,
(see Drainage Period 10-year Average 100-year Degree
fig. Name and area of low flow discharga flocd of
2) USGS no. {mg) analysis [ft¥/s) {ft/s) {ft¥fs) requlation Remarks
MID-ATLANTIC REGION
DELAWARE SUBREGION
Christina River basin
1. Christina River at 205 1943-84 15 28.8 4,840 Negligible Major water uses are
Coochs Bridge municipal supply, fish
{01478000). and wildlife, and
recreation.
2. Brandywine Creek at 314 1946-84 75 488 34,300 Mederate Regulated 27 miles
Wilmingten upstream since 1973.
{01481500). Water uses are municipal
supply and recreation.
Upper CHESAPEAKE SUBREGION
Indian River basin
3. Stockley Branch at 5.24 1943-84 0.86 7.04 200 Nene Water uses are fish and
Stockley wildiife.
1014845001
Nanticoke River basin
4. Nanticoke River 754 1943-84 15 92.8 3570 Nene Water uses are irrigation,
near Bridgeville fish and wildlife
(01487000).

A millpond dam at the west end of Indian River Bay separates the
tidal and nontidal reaches of the Indian River.

The mouth of the Indian River is at Indian River Bay. Indian
River Bay and Rehoboth Bay are inland bays that are connected
by a shallow channel. Both bays are protected by a narrow barrier
island located between the bays and the Atlantic Ocean. A narrow
passageway—the Indian River Inlet—is an artery between the bays
and the ocean.

Land use in the headwaters of the basin is mainly agricultural;
however, surrounding the bays and along the ocean the primary
use of land is for recreation and summer resort purposes. Summer
resort communities along the Atlantic Coast are sometimes damaged
by flooding caused by coastal storms.

Nanticoke River Basin.—The Nanticoke River (fig. 2 and
table 2) is the largest Coastal Plain stream in Delaware. Flowing
south the river drains most of southwestern Delaware (490 mi?).
The river then crosses the State boundary and flows through
Maryland to the Chesapeake Bay. Land use in the basin is
agricultural, and about 75 mi? of the headwaters of the basin have
been drained by ditches constructed to improve farmland. Flooding

in the unditched part of the basin during the growing season occa-
sionally causes considerable crop damage. Downstream from the
ditched area, the river is typical of other Coastal Plain rivers—
low, swampy banks, and a meandering channel. The river is about
62 miles long and is affected by tides for a distance of about 45
miles upstream from its mouth. Total drainage area of the basin
in Delaware and Maryland is about 815 mi2. Deep Creek, Broad
Creek, and Marshyhope Creek are major tributaries to the Nan-
ticoke River.

SURFACE-WATER MANAGEMENT

The State of Delaware, through the Department of Natural
Resources and Environmental Control (DNREC), acts as trustee of
the State’s water resources under terms of the Delaware En-
vironmental Protection Act (7 Delaware Code, Chapter 60). DNREC
has the responsibility for conserving and protecting all water
resources within the State.

Diversions of surface water for any purpose require an
allocation permit. Criteria used by DNREC in granting a permit are
those of ‘‘equitable apportionment’” which protect existing uses,
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and restrict interference with downstream flows (Vaughn, 1981,
p. 6).

The Delaware River Basin Commission (DRBC) was created
to provide appropriate planning, development, management, and
use of water resources in the entire Delaware River basin. All
withdrawals of water from the basin that would have a substantial
impact on the water resources are subject to approval by DRBC. “‘In
the event of drought or other conditions that may cause actual and
immediate water shortage, DRBC may declare a water supply
emergency in all or part of the Delaware River basin, thereby
activating special regulatory systems that temporarily supersede State
and regular basin water allocation programs’’ (Caron and others,
1979, p. 26).

Water withdrawals from navigable waterways must be
approved by the U.S. Army Corps of Engineers in addition to
DNREC. The Department of Health and Social Services, Division
of Public Health; and the Public Service Commission are responsible
for regulating public water-supply systems. The Water Resources
Agency for New Castle County evaluates New Castle County’s
water systems, manages its water resources, and is striving to
develop new sources and new water storage facilities.

The Delaware Geological Survey (DGS) is actively involved
in preservation of Delaware’s water resources. The U.S. Geological
Survey, in cooperation with DGS, maintains a statewide surface
water data-collection network.
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ater Resources

The State of Florida has an abundance of surface-water resources,
including more than 1,700 streams and 7,700 freshwater lakes and reser-
voirs (Heath and Conover, 1981). Extensive wetlands, a prominent feature
in Florida, comprised an estimated 50 percent of the land area prior to
development. It is estimated that, in 1974, the area of wetlands was 8.3
million acres—a loss of 3.4 million acres since 1955 (Hampson, 1984).
Although many of Florida’s wetlands have been destroyed by drainage for
agricultural use, mosquito control, flood control, and urban development,
they are now protected by State statute.

In 1980, freshwater withdrawals in Florida totaled about 7,300
Mgal/d (million gallons per day) or 11,300 ft*/s (cubic feet per second),
of which 49 percent was from surface-water sources. Irrigation accounts
for 39 percent of total surface-water withdrawals. Surface water is the prin-
cipal source for 15 public-water supplies located mostly in central and south-
coastal Florida. About 10 percent of Florida’s population relies on surface
water for its freshwater needs. Instream water use for hydroelectric-power
generation was 15,000 Mgal/d or 23,200 ft3/s. Surface-water withdrawals
in Florida in 1980 for various purposes and related statistics are given in
table 1.

Florida’s surface water generally is suitable for most uses with
minimal treatment. Some streams originate in large swamps that contribute
undesirable acidity and color to the water—notably the St. Marys, the St.
Johns, the Withlacoochee, and the Suwannee Rivers (Florida Department
of Environmental Regulation, 1980). Sources of pollution of streams in
Florida are municipal sewage-treatment plants; pulp and paper mills; citrus-
processing plants; chemical-processing and production plants; and runoff
from croplands, dairies, and feedlots. Phosphate-mining activities have in-
creased phosphorus concentrations in the Peace and the Alafia Rivers and
in tributaries to the Suwannee River (Florida Department of Environmen-
tal Regulation, 1980).

GENERAL SETTING

Florida is located in the Coastal Plain physiographic pro-
vince (fig. 1). According to Snell and Kenner (1974), the variety
of surface-water features in Florida is the result of the State’s loca-
tion in the subtropical zone between the Atlantic Ocean and the Gulf
of Mexico, its average rainfall of 53 inches, its relatively flat terrain,
and the permeable nature of its soils and underlying rocks. Surface-
water features include extensive marshes and swamps; numerous
streams, lakes, and ponds (except in the interior peninsula where
streams are few); and an extensive network of ditches and canals,
particularly in the southeastern part of the State.

Rainfall is plentiful in Florida and varies geographically
as well as seasonally and annually. Average annual rainfall is about
53 inches but ranges from about 52 inches in central Florida to 60
inches in the southeastern part of the State and 64 inches in the
northwestern part (fig. 1). Average annual rainfall in Key West
is about 40 inches. The seasonal distribution differs from north to
south (fig. 1). Climatic conditions in Florida range from a zone
of transition between temperate and subtropical in the extreme north-
ern interior to tropical in the Florida Keys. Northwestern Florida
has two wet seasons—December through March and June through
September. On the peninsula, more than half of the annual rainfall
occurs during June through September. October and November are
the driest months in the northwest, whereas October can be one
of the wettest months in southeastern Florida and the Keys. A large
percentage of the rainfall (60 to 88 percent) is lost to evapotranspira-
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Table 1.

[Data may not add to totals because of independent rounding. Mgal/d = million
gallons per day; gal/d = gallons per day. Source: Solley, Chase, and Mann,
1983]

Surface-water facts for Florida

POPULATION SERVED BY SURFACE WATER, 1980

Number {thousands)..........coooviiiiiiii 990
Percentage of total population...........ccooviiiiiiii i 10
From public water-supply systems:
Number (thousands}............coovviiiieiei e e 990
Percentage of total popuiation................cooooiiiii 10
From rural self-supplied systems:
Number {thousands}. ..o 0
Percentage of total population............coeveiiiiiiiin 0

OFFSTREAM USE, 1980
FRESHWATER WITHDRAWALS

Surface water and ground water, total (Mgal/d)........................ 7.300
Surface water only (Mgal/d) ... 3,600
Percentage of total...............ii 49
Percentage of total excluding withdrawals for
thermoeleCtiC POWET. ... .ot e e e 33

Category of Use

Public-supply withdrawals:
Surface water (Mgal/d)..........oooiiiiiii 180

Percentage of total surface water.. 5
Percentage of total public supply... 13
Per capita (Qal/ad). ... 175
Rural-supply withdrawals:
Domestic:
Surface water (Mgal/d}..........ooooviiiiiiii 0.1
Percentage of total surface water... 0
Percentage of total rural domestic.. 0
Per capita (gal/d)..........ooiiii 128
Livestock:
Surface water (Mgal/d)...............ocooiii 20
Percentage of total surface water 1
Percentage of total livestock...............ccceviviiinnnnii. 34
Industrial self-supplied withdrawals:
Surface water (Mgal/d)..............coiiii 2,000
Percentage of total surface water...................o 56
Percentage of total industrial self-supplied:
Including withdrawals for thermoelectric power.................... 77
Excluding withdrawals for thermoelectric power.................... 33
Irrigation withdrawals:
Surface water (Mgal/d).............. 1,400
Percentage of total surface water.. 39
Percentage of total irfigation.................coi 47
INSTREAM USE, 1980
Hydroelectric power (Mgai/d)............coooooiiiiiiiin e, 15,000

tion. Annual evaporation from free-water surfaces ranges from 48
inches in the southeast to about 42 inches in the northwest (Farns-
worth and others, 1982).

Tropical cyclones and hurricanes, which are capable of
producing rainfall totals of several inches, usually occur from June
through October, with September having the highest average number
(three) annually.

Runoff, like rainfall and evaporation, varies geograph-
ically, as well as seasonally and annually. Statewide, average runoff
is 14 inches and ranges from about 5 inches in the Florida Keys
to 40 inches in northwestern Florida (fig. 1). In northwestern
Florida, the average monthly discharge of the Yellow River is
greatest from January through April (fig. 1) when the
evapotranspiration rate is low. Discharge of the St. Johns River
in east-central Florida is greatest from August through November.
Discharge in the Peace River in southwestern Florida is greatest
from July through October (fig. 1). Prolonged periods of deficient
rainfall have caused less-than-normal runoff—notably in 1956 and
1982 (fig. 2).
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PRINCIPAL RIVER BASINS

Florida is located entirely in the South Atlantic-Gulf Region
(fig. 2). Two principal rivers—the St. Marys, which is a State boun-
dary stream, and the Suwannee River—originate in the Okefenokee
Swamp in Georgia. Two other principal rivers originate in
Georgia—the Ochlockonee and the Apalachicola. Four other prin-
cipal rivers in the Choctawhatchee-Escambia subregion of the
Region—the Choctawhatchee, the Yellow, the Escambia, and the
Perdido—originate in Alabama. These river basins are described
below; their locations, and long-term variations in streamflow at
representative gaging stations, are shown in figure 2. Streamflow
characteristics and other pertinent information are given in table 2.

SOUTH ATLANTIC- GULF REGION
Altamaha-St. Marys Subregion

The St. Marys River forms the State boundary between
Georgia and Florida in the northeastern corner of the State. The
headwaters of the St. Marys are in the Okefenokee Swamp. The
river is about 175 miles long and has an average slope of 2.56 ft/mi
(feet per mile). The river is affected by tides for about 60 miles
upstream from the mouth. Principal uses of the river are boating
and fishing. Quality in the upper part is degraded by acidity and
color in drainage from headwater swamps. Quality in the lower
part also is degraded by industrial discharges. Accordingly, water
quality is better in the upper part than in the lower part (Florida
Department of Environmental Regulation, 1980), but the water in
both parts of the river still meets State drinking-water standards
with minimal treatment. The principal surface-water related issue
in the basins is the degradation of water quality by industrial point
discharges.

St. Johns Subregion

The St. Johns River, one of the few north-flowing rivers
in the United States, originates in a broad, marshy area south of
Blue Cypress Lake. The river parallels the Atlantic coast and is
never more than 30 miles inland. The St. Johns River is 273 miles
long—the longest river entirely within Florida—and drains an area
of 9,168 mi? (square miles). Because of the relatively flat stream
gradient (about 0.1 ft/mi), the river is affected by tides about 160
miles upstream from the mouth that can reverse flows for several
days each year (Snell and Kenner, 1974). During the last 50 years,
more than 60 percent of the flood plain in the upper St. Johns River
is believed to have been ditched, diked, and drained to provide fertile
muck for rangeland and agriculture (Fernald and Patton, 1984, p.
158). Principal uses of the river are barge transport; commercial
and sport fishing; and boating. Four thermoelectric powerplants
use the river for cooling purposes. Surface-water-related issues in
the basin include the contamination of the upper part of the St. Johns
River by runoff from agricultural areas; and contamination of the
lower part of the river by urban runoff, wastewater effluent, and
industrial discharges, especially in the Jacksonville area (Florida
Department of Environmental Regulation, 1980).

The Oklawaha River, the largest tributary to the St. Johns
River, drains an area of 2,769 mi2, or about one-third of the St.
Johns basin. The Oklawaha basin has several large lakes in its head-
waters that are regulated by canals and control structures constructed
in 1956. Rodman Dam and Buckman Lock, which were constructed
in 1968 as part of the Cross Florida Barge Canal, control a reser-
voir containing 82,000 acre-ft (acre-feet) or 26,700 Mgal (million
gallons) of water in a lake covering about 10,800 acres. Evapora-
tion from Lake Oklawaha and diversions through Buckman Lock
have contributed to the downward trend in average discharge by
water year for the Oklawaha River shown in figure 2. For example,
the average discharge by water year of the Oklawaha River at Rod-
man Dam (table 2, site 4) from 1944 to 1968 was 2,020 ft3/s or
1,310 Mgal/d. The average discharge from 1969 to 1983 was 1,550
ft3/s or 1,000 Mgal/d, approximately half of which represents
discharge from Silver Springs. Principal uses of the river are boating
and fishing. Water quality in the Oklawaha River generally meets
State standards for drinking water, with minimal treatment (Florida
Department of Environmental Regulation, 1980). Surface-water-
related issues include contamination of the chain of lakes in the upper
part of the Oklawaha River by effluent from sewage-treatment
plants, citrus-processing plants, and runoff from muck farms.

Southern Florida Subregion

The Kissimmee River is the main tributary to Lake Okee-
chobee and drains an area of about 2,900 mi2. The upper Kissim-
mee River, above Lake Kissimmee, passes through a series of
shallow lakes, most of which have outlet controls. During the
1960’s, the river downstream from Lake Kissimmee was
straightened and changed from a shallow, meandering river 90 miles
long to a river 50 miles long with a 30-foot-deep channel; the flood
plain also was altered by the addition of levees and water-control
structures (Fernald and Patton, 1984, p. 154). The leveling effect
that the levees and control structures have had on streamflow since
1964 is shown in figure 2 (site 6). Restoration of a 12-mile seg-
ment of the river is being undertaken as part of an overall plan to
divert water back into historic oxbows and marshlands to protect
and manage the natural resources of the Kissimmee River-Lake
Okeechobee-Everglades ecosystems.

Lake Okeechobee, at an elevation of 14 feet above sea
level, is the largest freshwater lake in the State. It has a surface
area of 681 mi2 and can store 2,700,000 acre-ft or 880,000 Mgal
of water (Fernald and Patton, 1984). At the end of the wet season,
the lake is regulated to a maximum stage of 17.5 feet above sea
level to store water for later release during the dry season. Flood-
waters are released to the east through the St. Lucie Canal and to
the west through the Caloosahatchee River. A series of coastal
canals, with controls, lead to the southeast and recharges the shallow
aquifers that serve the populous southeastern coast.

The subregion contains the Big Cypress Swamp and The
Everglades, extensive areas of marsh, sloughs, and tree islands that
form the largest wetlands in Florida. During the wet season, water
flows through these systems of marshes, broad sloughs, and tree
islands.
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Selected streamflow characteristics of principal river basins in Florida

[Gaging station: Period of analysis is for the water years used to compute average discharge and may differ from that used to compute other streamflow characteristics.
Streamflow characteristics: The 7-day, 10-year low flow is a discharge statistic; the lowest mean discharge during 7 consecutive days of a year will be equal
to or less than this value, on the average, once every 10 years. The average discharge is the arithmetic average of annual average discharges during the period
of analysis. The 100-year flood is that flow that has a 1-percent chance of being equaled or exceeded in a given year. Abbreviations: Do. =ditto, mi?=square

miles; ft*/s=cubic feet per second; . . . . =insufficient data or not applicable. Sources: Reports of the U.S. Geological Survey]

Site Gaging station Straamflow _charactaristics

no. 71-day,

(see Drainage Period 10-year Avarage 100-year Dagree

fig. Nama and araa of low flow discharge flood of

2) USGS no. {mi?) analysis (fe'fs) ftéss) {ftéfs} ragulation Remarks

SOUTH ATLANTIC-GULF REGION
ALTAMAHA-ST. MARYS SUBREGION

1. St. Marys Rivar 700 1927-83 18 672 40,500 None Upstream effected by high
naar Macclanny acidity and color from
(02231000). swamp drainage.

ST. JoHNS SUBREGION

2, St. Johns Rivar 1,639 1934-83 2 1,310 18,500 Nona
naar Christmas
{02232500).

3. St. Johns Rivar 3,068 1934-83 0 3,120 21,900 cdo ..
naar Deland
(02236000).

4, Oklawaha River at 2,747 1944-58 788 2,020 12,900 Moderate
Rodman Dam naar 1969-83 P 1,650 . Prior to 1969 at site 1 mila
Orange Springs downstream.
(02243960).

SOUTHERN FLORIDA SUBREGION

5. Fisheating Creek n 1932-83 0 257 21,400 None Minimum monthly flow zero in
at Palmdala most years.
{02258500}.

6. Kissimmae River at 2,886 1929-62 809 2,190 29,800 Appraciable High nutriant lavals in
S-65E near 1964-83 36 1,390 headwatars.
Okeachobae
102273000}

Peace-Tampa BAy SugreGioN

7. Paaca River at 1,367 1932-83 57 1,150 34,400 Nona Upstraam quaiity affected by
Arcadia sewaga-traatmant piants and
102296750). phosphata mines.

8. Hillsborough River 220 1940-83 53 259 10,300 cdo. .. Municipal water supply.
naar Zephyrhills
102303000}

9. Withlacoochae Rivar 1,828 1932-83 158 1,090 9,750 Ldo ... High acidity and color from
naar Holdar headwatars swamp drainage.
{023130001.

SuwANNEE SUBREGION

10. Suwannee River at 7,880 1932-83 1,790 6,940 68,000 Nona
Branford
1023205001

1. Santa Fa River near 1,017 1928-29, 730 1,610 16,400 .do. ..
Fort Whita 1933-83
{02322500).

12. Suwannee River near 9,640 1931, 4,020 10,400 66,400 .do. ..
Wilcox (023235001 1942-83
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Selected streamflow characteristics of principal river basins in Florida— Continued

[Gaging station: Period of analysis is for the water years used to compute average discharge and may differ from that used to compute other streamflow characteristics.
Streamflow charactenstics: The 7-day, 10-year low flow is a discharge statistic; the lowest mean discharge during 7 consecutive days of a year will be equal
to or less than this value, on the average, once every 10 years. The average discharge s the arithmetic average of annual average discharges during the period
of analysis. The 100-year flood is that flow that has a 1-percent chance of being equaled or exceeded in a given year. Abbreviations: Do. =ditto; mi2=square

miles; ft*/s=cubic feet per second; . . . . =msufficient data or not applicable. Sources: Reports of the U.S. Geological Surveyl
Site Gaging station Straamflow_characteristics
no. T-day,
(see Orainage Period 10-year Average 100-year Degree
fig. Name and area of low flow discharge flood of
2) USGS no. {mi2) anialysis (ftes) {ft¥fs} {ft¥s) reguiation Remarks

OCHLOCKONEE SUBREGION

13. Ochlockanee River 1,140 1927-83 30
near Havana

102325000

1,030 41,200 None Hydroelectric-power

generation.

APALACHICOLA SUBREGION

14. Apalachicola Rivar 17,200 1979-83 7,000
at Chattahoochee

102358000,

22,400 264,000 Moderate Hydroelectric-power

generation.

CHOCTAWHATCHEE-ESCAMBIA SUBREGION

15. Choctawhatchee River 4,384
near Bruce
102366500).

16. Yellow River et 624
Milligan
(02368000).

17. Shoal River near 474
Crestview
1023630001

18. Escambia River 3817
near Century
{02375500).

19. Perdido River et 394
Barrineau Park
(02376500).

1831-83 1,630

1839-83 184

1939-83 281

1935-83 m

1842-83 P

7,140 128,000 Nore

1.170 45,800 coodol L

1,100 33,600 Loodol L

6,360 179,000 co.dol L

766 34,200 .o.do. ..

Peace-Tampa Bay Subregion

This subregion is drained primarily by three major rivers—
the Peace, the Hillsborough, and the Withlacoochee—and by many
smaller streams that drain into the Gulf of Mexico and into coastal
bays. These three rivers have headwaters in a broad, swampy area
characterized by very low stream gradient and poorly defined basin
divides. The Peace River has elevated nutrient and total chlorophyll
concentrations, particularly in the upstream reaches where phosphate
mines, fertilizer-manufacturing plants, sewage-treatment plants,
agricultural operations, and runoff from urban areas adversely af-
fect the quality of the river (Fernald and Patton, 1984, p. 76). The
Hillsborough River is the primary water supply for the city of Tam-
pa. The Withlacoochee River drains an area of 2,020 mi? and has
a stream gradient of about 0.9 ft/mi. Along much of its course,
it is in hydraulic contact with the Floridan aquifer system (Sinclair,
1978, p. 9). The variation in the average discharge by water year
(fig. 2, site 9) of the Withlacoochee River is smaller than that of
the Peace River (fig. 2, site 7) because of the contribution of ground
water to base flow and the many lakes and swamps that provide
temporary storage of flood runoff.

Suwannee Subregion

The Suwannee River, which drains an area of 9,950 mi?,
has its headwaters in the Okefenokee Swamp and flows southward
to the Gulf of Mexico. Major tributaries are the Santa Fe, the
Alapaha, and the Withlacoochee Rivers. The basin has a low stream
density because porous limestone at or near the surface facilitates
rapid infiltration of rainfall. Much of this water discharges through
7 springs with average flows of more than 100 ft3/s or 64.6 Mgal/d,
and through 25 springs with average flows of 10 to 100 ft3/s (6.46
to 64.6 Mgal/d) (Rosenau and Faulkner, 1975). The Suwannee River
has been declared an ‘‘Outstanding Florida Water’’ by the Florida
Department of Environmental Regulation, which is responsible for
restoring (to 1978-79 conditions) and protecting water quality (Fer-
nald and Patton, 1984, p. 226). The principal uses of the river are
canoeing, boating, and fishing. One thermoelectric powerplant uses
the river for cooling. A tributary stream in the upper Suwannee
receives drainage from a phosphate mine. With the exception of
the area just downstream from this tributary, the water quality of
the Suwannee River is considered to be suitable for most uses. A
concern in the basin is a nonstructural flood-control plan, adopted
by the Suwannee River Water Management District, to limit
development on the flood plain.
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Ochlockonee Subregion

The Ochlockonee River, with headwaters in southwestern
Georgia, drains an area of 2,250 mi?, of which 1,170 mi? are in
Florida. Streamflow is variable and consists mainly of direct runoff
with a small contribution from ground water that sustains low flow.

Jackson Bluff Dam (completed in 1929), 65 miles upstream
from the mouth, forms a lake with a surface area of 6,850 acres
and a usable capacity of 69,800 acre-ft or 22,700 Mgal. From 1930
through 1970, the lake was used for hydroelectric-power genera-
tion. Since 1970, the lake has been a State park and is regulated
as a recreational area. New equipment has been installed, and power
generation will be resumed in 1985.

The Ochlockonee River basin is primarily forested land
that contains no significant point or nonpoint sources of pollution
(Florida Department of Environmental Regulation, 1980). The water
of the Ochlockonee River is suitable for most uses and requires
only minimal treatment to meet State drinking-water standards. The
adverse effects of drawdown in Lake Talquin during peak power
on recreational use of the lake is a local issue of concern.

Apalachicola Subregion

The Apalachicola River is formed by the confluence of
the Flint and the Chattahoochee Rivers at the Jim Woodruff Dam.
It then flows 107 miles southward to Apalachicola Bay in the Gulf
of Mexico. The lake behind Jim Woodruff Dam (completed in 1957
with 367,300 acre-ft or 119,700 Mgal of storage capacity) is used
for hydroelectric-power generation. About 4 miles downstream from
Jim Woodruff Dam, the river is used to cool a thermoelectric
powerplant. In the upper reach of the Apalachicola, periodic
dredging is required to maintain a 9-foot depth for navigation.
Groups comprised of concerned citizens monitor proposals for
development or other changes in the basin because the river emp-
ties into Apalachicola Bay—one of the most productive shellfish
regions in the United States (Mattraw and Elder, 1984, p. 56). The
Florida Department of Environmental Regulation has designated
the Apalachicola River as an **Outstanding Florida Water’’ and pro-
tects its water quality.

Choctawhatchee-Escambia Subregion

The northwestern part of Florida contains the area of
greatest runoff in the State (fig. 1)—from 20 inches to more than
40 inches annually. The northwestern part of Florida receives abun-
dant rainfall (about 64 inches annually). Ground water discharges
to tributary streams that are in hydraulic continuity with the sand-
and-gravel aquifer. This combination of factors produces the large

runoff. Principal rivers in this subregion include the Choctawhat-
chee, the Yellow, the Shoal, the Escambia, and the Perdido. These
basins are mostly rural and largely undeveloped, and the rivers are
used mainly for boating and fishing. The Escambia River is used
to cool a thermoelectric powerplant 3 miles upstream from Escambia
Bay. Florida’s western border with Alabama is formed by the Per-
dido River. Water quality of the rivers in this subregion meets State
drinking-water standards with minimal treatment.

SURFACE-WATER MANAGEMENT

Florida’s water resources are managed by the Northwest
Florida, St. Johns River, South Florida, Southwest Florida, and
Suwannee River Water Management Districts. The Water Resources
Act of 1972 (Chapter 373, Florida Statutes) created these districts
and gave them authority to manage surface-water and ground-water
use in the State. This act requires that permits be obtained for
surface-water withdrawals and that the applicant show that the pro-
posed use is a ‘‘reasonable-beneficial use’’—that is, the water will
be used for a purpose and in a manner that are reasonable and con-
sistent with the public interest. The Florida Administrative Code,
Rule 17-40, lists 10 factors that determine the ‘‘reasonable-
beneficial use’’ of water.

The Water Resources Act also requires that the manage-
ment districts adopt plans to deal with water shortages. Water-
shortage plans provide a means for the equitable distribution of water
resources among all water users during periods of water shortages.

The West Coast Regional Water-Supply Authority (WCRwW-
sA) (for the counties of Hillsborough, Pinellas, Pasco, and the
cities of Tampa and St. Petersburg) was formed in 1974 to deal
with water shortages and to reduce prior conflicts over the inter-
basin transfer of ground water. The WCRwWSA has examined the
possibility of transferring surface water to the Tampa Bay area from
the Suwannee River, 100 miles to the north (Fernald and Patton,
1984, p. 249).

The water management districts, under the 1972 Water
Resources Act (Chapter 373, Sections 196, 223, Florida Statutes),
are empowered to authorize the transfer of water across county
boundaries and outside the basin areas if the transfer and use are
determined to be consistent with the public interest.

The U.S. Geological Survey, through cooperative agree-
ments with local, State, and Federal agencies, conducts hydrologic
studies to define the quantity and quality of surface waters in the
State. These studies provide cooperating agencies with the infor-
mation needed to plan and manage the resource.
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Statewide, surface water provides more than two-thirds of the
withdrawals for public supply, more than 40 percent of the water for self-
supplied industry, and most of the water used for the generation of elec-
tricity. Fifty-two percent of the State’s population depends on surface water
for supply. The quality of surface water generally is suitable for most uses
throughout most of the State. Surface water is used most extensively in the
northern part of the State.

In southern Georgia, ground water is plentiful and is used for
various large industrial and manufacturing needs as well as for most public
supplies; surface water generally is not used for public supply, but is used
for about one-third of irrigation needs. Surface-water withdrawals in Georgia
in 1980 for various purposes, and related statistics, are given in table 1.

Periodic droughts cause competition for available surface-water
supplies and require careful control and treatment of wastewater to maintain
good stream-water quality. Flooding is a concern in many of the smaller
stream basins, especially in urban areas.

GENERAL SETTING

Georgia is located in four physiographic provinces (fig. 1).
Precipitation and runoff are highest in the Blue Ridge province in
the northeast, and are moderately high in the Valley and Ridge pro-
vince in the northwest (fig. 1). Precipitation and runoff are less
in the Piedmont province than in the provinces to the north. The
Coastal Plain in the south encompasses more than half of the State.
Precipitation there is about the same as in the Piedmont province
but runoff is considerably less (fig. 1). Statewide, average annual
evaporation is less than average annual precipitation.

Average annual precipitation ranges from less than 44
inches in the Coastal Plain to more than 76 inches in the Blue Ridge
province and is 50 inches statewide. Precipitation also varies greatly
from year to year, but average monthly precipitation is distributed
fairly uniformly throughout the year, as shown by the bar graphs
in figure 1. Graphs for Covington and Waycross indicate that the
least amount of monthly precipitation occurs in the fall. Annual
evapotranspiration losses range from 30 inches in the north to 40
inches in the south; accordingly, runoff tends to be lowest in the
south,

Average annual runoff for the State is approximately 15
inches (fig. 1), and ranges from less than 10 inches to more than
50 inches. Highest runoff rates occur in the mountainous Blue Ridge
province in the northeast. Runoff rates generally diminish from north
to south in the State; runoff rates are lowest in the Coastal Plain.
Seasonally, highest monthly average runoff occurs during winter
and spring months when evapotranspiration is low (fig. 1). Because
of the high rates of evapotranspiration, runoff is lowest during the
summer. Total runoff, like precipitation, varies greatly from year
to year, as shown in the bar graphs in figure 2.

PRINCIPAL RIVER BASINS

Most of Georgia is in the South Atlantic-Gulf Region (Sea-
ber and others, 1984). Several small areas in the north are in the
Tennessee Region (fig. 2). Surface water in the Ogeechee-
Savannah, the Altamaha-St Marys, and the Apalachicola Subregions
originates in the Blue Ridge and the Piedmont provinces and flows
in a southerly direction. The Suwannee and the Ochlockonee
Subregions in the south are entirely in the Coastal Plain. Surface
water in the Alabama Subregion originates in the Blue Ridge and
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Table 1.

[Data may not add to totals because of independent rounding. Mgal/d = million
gallons per day; gal/d = gallons per day. Source: Solley, Chase, and Mann,
1983; instream use data from files of public-utiiity companies.]

Surface-water facts for Georgia

POPULATION SERVED BY SURFACE WATER, 1980

Number (thousands)...............coooii 2,860
Percentage of total population..............c.oooiiiiiiiii 52
From public water-supply systems:
Number (thousands)..........coooiiiiiiii e 2,860
Percentage of total population.................cooo 52
From rural self-supplied systems:
Number {thousands}.............o.ooiii 0
Percentage of total population...................o 0

OFFSTREAM USE, 1980
FRESHWATER WITHDRAWALS

Surface water and ground water, total (Mgal/d)........................ 6,700
Surface water only {Mgal/d) .. 5,500
Percentage Of 101al........coooieiiiiiiii e 82
Percentage of total excluding withdrawals for
thermoelectric power