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FOREWORD

ational Water Summary 1990-91—Hydrologic Events and Stream Water Quality is the

seventh in a series of reports that describe the conditions, trends, availability, quality, and use

of the water resources of the United States. This volume continues a discussion on surface-

water resources begun in the 1985 National Water Summary by assembling information on
water-quality conditions and determining water-quality trends during the past decade. The topic of the
present volume is particularly timely because the U.S. Congress is considering reauthorization of the
Clean Water Act.

The U.S. Geological Survey (USGS) interest in water quality can be traced to 1879 when it first re-
ported analyses of natural waters. Between 1884 and 1901, the USGS published 25 reports containing infor-
mation on the geologic control and the chemical and physical properties of water. Given an increase in the
demand for water-quality information, the USGs established the Division of Hydro-Economics in 1902 to
review and extract information contained in existing board-of-health reports and from other sources that
could be used to describe ambient water quality. Despite some controversy, M.O. Leighton, chief of the
new unit and later Chief Hydrographer, directed that pollution studies were a proper component of the USGS
inventory of water resources because sewage and industrial wastes degraded the quality of water for many
uses. Much of the effort during this time was devoted to differentiating between “normal” and “polluted”
water and determining the degradation of municipal water supplies caused by municipal and industrial wastes.

The first USGS systematic nationwide monitoring program for assessing the mineral character of
streams and lakes was begun in 1905 and continued until 1907. Two USGS water-supply papers, one pub-
lished in 1909—*The Quality of Surface Waters in the United States—Part 1, Analyses of Waters East of
the One Hundredth Meridian” by R.B. Dole—and the other published in 1911—"“Some Stream Waters of
the Western United States, with chapters on Sediment Carried by the Rio Grande and the Industrial Appli-
cation of Water Analyses” by Herman Stabler-—have become classic reference volumes. They also pro-
vided the historical data used in one of the articles in this volume, “Factors Affecting Stream Water Qual-
ity, and Water-Quality Trends in Four Drainage Basins in the Conterminous United States, 1905-90.” These
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and other studies of the period provided the first scientific estimates of the amounts of dissolved solids and
sediment transported by the Nation’s rivers to the oceans. Contamination studies continued to be a major
component of the USGS water-quality program until 1912, when Congress established the U.S. Public Health
Service with the mandate to study sanitary water quality.

During the intervening years, the USGS continued to publish much information about the suitability
of the Nation’s water supplies for public use and for agricultural and industrial purposes. However, it wasn’t
until the 1960’s that water-quality programs of the USGS again addressed the effects of contaminants on
water resources. With the passage of the Water Quality Act of 1965 and the Clean Water Act of 1972, the
need to assess the quality of the Nation’s water resources became apparent. The USGS established several
nationwide networks of stations to evaluate trends in water quality over time; however, the data are limited
because the stations are limited in number and the measurements do not include the toxic and ecological
indicators that have emerged in the past decade as major environmental issues.

Decisionmakers now recognize that the available information is insufficient for sound environmen-
tal decisions and national water-quality policy. However, a number of programs recently implemented or
planned by the USGS and by other agencies, such as the U.S. Environmental Protection Agency (EPA), the
U.S. Fish and Wildlife Service, the National Oceanic and Atmospheric Administration, and many State
agencies, will do much to provide the information needed for future decisions and policy. For example, the
USGS recently established the National Water Quality Assessment Program (NAWQA) to help close the gap
in understanding the degree to which the surface- and ground-water resources of the country are contami-
nated and to monitor water-quality change over time. Full-scale implementation of NAWQA began in fiscal
year 1991 with the investigation of the first 20 of 60 stream basins that eventually will be included in the
program. These 60 basin assessments, which in aggregate represent about 45 percent of the land area and
70 percent of the population and water use in the United States, together with the national syntheses that
will generalize the results of these studies to other stream basins in the country, will do much to support
future national, regional, and local water-quality-management decisions.

The USGS also is coordinating the water-information activities of the Federal Government, as part of
the responsibilities of the Water Information Coordination Program (WICP), which was delegated to the USGS
by the Federal Office of Management and Budget. WICP has established the Intergovernmental Task Force
on Monitoring Water Quality under its Interagency Advisory Committee on Water Data. The task force,
which consists of representatives of Federal, State, and interstate agencies and is chaired by the EPA, has
the ambitious goal of developing a nationwide strategic plan to meet the country’s water-quality informa-
tion requirements more effectively and economically. This goal will be achieved by improving the com-
parability of information collected by Federal, State, and local agencies, Indian tribes, and the private sec-
tor; by improving the accessibility to existing information; and by building a framework within which to
integrate and coordinate existing monitoring efforts on a State-by-State and stream-basin basis.

By the end of the decade the United States will have much-improved documentation of crucial
environmental and statistical trends in water quality.

Aoetm T/t
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VERVIEW AND INTRODUCTION

Footbridge to Theodore Roosevelt Island in the Potomac River. The island,
named for the 26th president of the United States, is a peaceful nature-study area
in the Washington, D.C., area. (David F. Usher, U.S. Geological Survey)
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Public Law 92-500
% 92nd Congress, S, 2770
October 18, 1972

An Act

86 STAT. 816

To amend the Federal Water Pollution Control Act.

Be it enacted by the Senate and House of Rff)reaeﬂtati-ves of the
United States of Americain Congress assembled, That this Act may be
cited as the “Federal Water Pollution Control Act Amendments of
19727,

Skc. 2. The Federal Water Pollution Control Act is amended to read
as follows:

“TITLE I—RESEARCH AND RELATED PROGRAMS

“DECLARATION OF GOALS AND POLICY

“Skc. 101. (a) The objective of this Act is to restore and maintain
the chemical, physical, and biological integrity of the Nation's waters.
In order to achieve this objective it is hereby declared that, consistent
with the provisions of this Act—

“(1) it is the national goal that the discharge of pollutants into
the navigable waters be eliminated by 1985 ;

“(2) 1tisthe national goal that wherever attainable, an interim
goal of water quality which provides for the protection and
propagation of fish, shellfish, and wildlife and provides for recrea-
tion in and on the water be achieved by July 1,1983;

*(3) it isthe national policy that the discharge of toxic pollut-
ants in toxic amounts be prohibited;

“(4) it is the national policy that Federal financial assistance
be provided to construct publicly owned waste treatment works;

“(5) it is the national policy that areawide waste treatment
management planning processes be developed and implemented
to étssure adequate control of sources of pollutants in each State;
an

“(6) it is the national policy that a major research and demon-
stration effort be made to develop technology necessary to elimi-
nate the discharge of pollutants into the navigable waters, waters
of the contiguous zone, and the oceans.

“(b) It is the policy of the Congress to recognize, preserve, and
protect the primary responsibilities and rights of States to prevent.
reduce, and eliminate pollution, to plan the development and use (in-
cluding restoration. preservation, and enhancement) of land and
water resources, and to consult with the Administrator in the exercise
of his authority under this Act. It is further the policy of the Congress
to support and aid research relating to the prevention, reduction, and
elimination of pollution. and to provide Federal technical services and
financial aid to State and interstate agencies and municipalities in con-
nection with the prevention, reduction. and elimination of pollution.

“(c) It is further the policy of Congress that the President, act-
ing through the Secretary of State and such national and international
organizations as he determines appropriate, shall take such action as
may be necessary to insure that to the fullest extent possible all for-
eign countries shall take meaningful action for the prevention, reduc-
tion, and elimination of pollution in their waters and in international
waters and for the achievement of goals regarding the elimination of
discharge of pollutants and the improvement of water quality to at
least the same extent as the United States does under its laws.

“(d) Except as otherwise expressly provided in this Act. the Ad-
ministrator of the Environmental Protection Agency (hereinafter in
this Act called ‘Administrator’) shall administer this Act.

Federal Water
Pollution Cone
trol Act Amend-
ments of 1972,
70 Stat, 4983
84 Stat, 91,

33 USC 1151
note.

Administration,
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ational Water Summary 1990-91—

Hydrologic Events and Stream Water

Quality was planned to complement

existing Federal-State water-quality

reporting to the U.S. Congress that is re-
quired by the Clean Water Act of 1972. This act, for-
mally known as the Federal Water Pollution Control Act
Amendments of 1972 (Public Law 92-500), and its
amendments in 1977, 1979, 1980, 1981, 1983, and 1987,
is the principal basis for Federal-State cooperation on
maintaining and reporting on water quality in the United
States. Under section 305(b) of the Clean Water Act, the
States must designate uses for waterbodies, biennially
assess whether the waterbodies meet designated uses,
and report to the U.S. Environmental Protection Agency
(EPA), which in turn summarizes the findings of the State
assessments in a biennial National Water Quality Inven-
tory report to the Congress.

This volume of the National Water Summary uses
a nationally consistent data base and methods of statis-
tical analysis to document stream water quality in the
United States, Puerto Rico, and the Western Pacific Is-
lands. As a basis for preparation of this report, the U.S.
Geological Survey (USGS) created a data base of water-
quality data from about 2,900 stream water-quality
monitoring stations in the United States (Lanfear, 1993).
These data, which were extracted primarily from the
USGS National Water Information System (Nwis) and
supplemented with data from the EPA national data base
known as STORET, consisted mostly of water-chemistry
and physical-sediment data. About 1,400 of these sta-
tions met a criterion, used in this volume for trends analy-
sis of data, of having a period of record that began before
water year 1980. (A water year is the period from Oc-
tober 1 through September 30 and is identified by the
calendar year at the end of the period.) Inasmuch as the
determination of trends requires about 10 years of data,
few biological data were suitable for trends analysis
because biological indicators of water quality were not
being collected extensively by water year 1980. Also,
because of the lack of long-term data, an assessment of
the water quality of lakes and reservoirs is not included
in this National Water Summary. Constituent and water-
property data were selected from this data base and
analyzed with statistical techniques that have been used
extensively by the USGS to summarize conditions and
trends in water quality. (Throughout the remainder of
this article, the term “constituent” is used also to repre-
sent water properties, such as pH and alkalinity.) Se-
lected results from this analysis are presented graphi-
cally, both by State and nationally, in this volume.

The data base created for preparation of this vol-
ume and the resulting nationally consistent statistical
analysis of these data provide a unique opportunity to
compare and contrast stream water-quality conditions
and trends nationally and State by State. Because of the
complexity of water quality and the natural seasonal
and diurnal variations in the concentrations of water-
quality constituents, the determination of trends in wa-
ter quality requires a relatively long period of record.
Trends in constituent concentrations in the State sum-
maries in this volume were calculated for one or more
of four periods—water years 1970-89, 1975-89, 1980
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89, and 1982-89. Unfortunately, few water-quality
monitoring stations have periods of record of more than
10 or 15 years, and therefore most analyses in the State
summaries were done for 8- or 10-year periods. Al-
though interest in water quality has continued to
heighten since passage of the Clean Water Act, funds
for support of data-collection programs are limited and
data records of many of the constituents now of current
concern, especially organic constituents, do not exist or
are less than 10-years long; consequently only a mod-
est number of organic constituents are presented in this
volume. Discussion of conditions and trends in water
quality in this National Water Summary also draw upon
information about land use, population, water use, ap-
plication of agricultural chemicals in rural areas, the
siting of industrial facilities, and other ancillary infor-
mation. Because the results of analysis of a restricted
number of constituents are presented in this volume,
State 305(b) reports also are cited in the discussion of
water quality in each State.

The following discussion is an overview of the
three parts of this 1990-91 National Water Summary—
“Hydrologic Conditions and Water-Related Events, Wa-
ter Years 1990-91,” “Hydrologic Perspectives on Water
Issues,” and “State Summaries of Stream Water Quality.”

HYDROLOGIC CONDITIONS AND WATER-
RELATED EVENTS, WATER YEARS 1990-91

Data on national hydrologic conditions and
water-related events during water years 1990 and 1991
are presented in a format that is consistent with previous
volumes of the National Water Summary to maintain the
continuity of the description of hydrologic conditions
and events. During these water years, one of the most
persistent weather conditions in the United States was
the drought in parts of the West. Although intense
precipitation in California in March 1991 provided
temporary relief, some parts of California were sub-
jected to a continuing drought that began in 1987.
Drought also persisted in the northern and western parts
of Nevada, which, except for near-average conditions in
1989, also have suffered drought since 1987.

WATER YEAR 1990

Annual precipitation was near average and tem-
peratures were above average for water year 1990 for
much of the country because of a northward displace-
ment of the jetstream during much of the year. As are-
sult, storm tracks were displaced somewhat north of
normal, and weather systems moved more rapidly from
west to east. This trend was reflected in below-median
streamflow for most of the West, as in California, for
example, where precipitation was less than half of aver-
age in the central southern part of the State and
streamflow was accordingly low. Streamflow also was
below median in a large part of the North-Central States
and in northern and central Florida. In contrast, pre-
cipitation in parts of the Southwest, central Rocky Moun-
tains, southern Great Plains, middle Mississippi Valley,
and the lower Great Lakes region was above average for
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the year. This increase resulted in above-median com-
bined flow for the Mississippi, St. Lawrence, and Co-
lumbia Rivers—the three largest rivers in the contermi-
nous United States.

Drought in the West and parts of the Southeast
continued to spread during the water year. Water levels
were below median in Folsom Lake in California, the
Rye Patch Reservoir in Nevada, the San Carlos Reser-
voir in Arizona, and the Colorado-Big Thompson
Project in Colorado; and by the end of the year the Rye
Patch Reservoir was down to 1 percent of capacity.

To compound the effects of drought in many ar-
eas of the country, annual average temperatures were
above normal, and 779 new daily maximum tempera-
ture records were set during June to September. Tem-
peratures were above to much above average along the
southern Atlantic Coast and in the central Appalachian
Mountains, southern California, the Southwest, the Pa-
cific Northwest, the central and northern Rocky Moun-
tains, and the northern Great Plains.

WATER YEAR 1991

Stronger-than-average anticyclonic conditions
prevailing over the conterminous United States during
water year 1991 resulted in the continuation of drought
conditions and above-average temperatures from the
previous year in several western areas of the country.
Below-average precipitation occurred in northern Cali-
fornia and parts of the Pacific Northwest, western Ari-
zona, and the central Great Plains. South-central Nozth
Dakota, northwestern South Dakota, and most of the
Middle Atlantic Coast States also experienced below-av-
erage precipitation. Temperatures slightly above aver-
age occurred from the Cascade Mountains in Washing-
ton to central Oregon, in the Southwest, and from the
northern Great Plains southeastward toward the central
Gulf Coast. Temperatures much above average occurred
from Florida to the lower Great Lakes. Streamflow was
below median for northern California, most of Nevada,
southern Idaho, and southern Oregon, as welt as most of
Kansas, much of North Dakota, northeastern South
Dakota, and northwestern Minnesota.

In other areas of the country, precipitation was
above average. Streamflow for the year also was above
median in the lower Mississippi Valley northward into
the western and eastern parts of the Ohio Valley and from
the Texas Panhandle into central New Mexico, eastern
Arizona, and southern Colorado. The combined flow of
the three largest rivers in the conterminous United
States—the Mississippi, St. Lawrence, and Columbia—
was 17 percent above the median.

The continued drought in the West resulted in
below-median reservoir levels in that area. The levels
of Pine Flat Lake in California, the Fort Peck Lake in
Montana, and the Conchas Lake in New Mexico were
much below median for water year 1991. Lake Tahoe,
which is on the California—Nevada boundary, had no
usable storage during the entire water year.

HYDROLOGIC PERSPECTIVES ON WATER
ISSUES

The “Hydrologic Perspectives on Water Issues”
part of this volume consists of two sections—*“Hydrol-

ogy of Stream Water Quality” and “Institutional and
Management Aspects.” Collectively, the five articles in
this part provide information about stream water qual-
ity in the United States and water-quality assessment and
reporting by the States and the Federal Government; they
also provide background information for understanding
the State-by-State summaries in the “State Summaries
of Stream Water Quality” part of this volume.

HYDROLOGY OF STREAM WATER QUALITY

Variations across the United States of climate,
geology, soils, topography, patterns of naturally occur-
ring vegetation, and other natural factors affect stream
water quality. As a result, stream water quality was
highly variable across the continent even before the
growth of population, agriculture, and industry during
the last 2 centuries. As streams became extensively used
for domestic, commercial, industrial, and agricultural
water supply, they received point-source contaminants
from irrigation-system return flows, municipal and in-
dustrial wastewater-treatment facilities, and nonpoint-
source contaminants from urban and agricultural areas.
Additionally, the construction of dams, reservoirs, diver-
sion canals, and other civil engineering works, drainage
of wetlands, deforestation, urbanization, air pollution,
and the results of other human activities have affected
the flow and water-quality characteristics of streams. In
recent decades, the continued growth of population and
industrial and agricultural activities, and floods and
droughts increased pressure on water resources to the
point where numerous waterbodies became temporarily
or permanently unsuitable for human use and as wild-
life habitats.

Geographicai Variations and Temporal Trends
in Stream Water Quality

Streams convey a dynamic mixture of water, dis-
solved constituents, and particulate-matter under the in-
fluence of gravity across the Earth’s surface. As are-
sult, streams convey dissolved constituents and
particulate matter to the oceans from a variety of sources,
which can be considered as reservoirs, that consist of the
atmosphere, the solid rocks of the Earth’s surface (the
lithosphere), all of the plants and animals at or near the
surface of the Earth (the biosphere), and soils. Oceans
also are reservoirs. Because these reservoirs are not
uniformly distributed and they vary in time, the mixture
of water, dissolved constituents, and particulate matter
in streams can be highly nonuniform.

Little scientific evidence exists about stream
water quality in the United States before the 20th cen-
tury. From the spring of 1905 until the spring of 1907,
the USGS conducted a program of systematic once-daily
sampling and chemical analysis of composites of the
daily samples of principal streams in the United States.
The analytical results of sampling for about 100 water-
quality stations on streams east of the 100th Meridian
in 1906-7 and another for 55 stations in the West in
1905-7 were documented by Dole (1909) and Stabler
(1911), respectively. Perhaps reflective of the expansion-
ist attitude of the time, Dole stated that the program of
sampling and analysis was undertaken to support “a
detailed study of the quality of industrial water supplies,



both surface and underground, and it became advisable
during this investigation to procure information regard-
ing the chemical composition of the waters and of the
lakes and streams of the United States.”

Although other scientific and anecdotal informa-
tion exists about the status of stream water quality in
particular streams or restricted geographical areas at
particular times, little other systematic scientific evi-
dence is available about overall water quality in the
United States in the early part of the 20th century. The
article Factors Affecting Stream Water Quality, and
Water-Quality Trends in Four Drainage Basins in the
Conterminous United States, 1905-90 in this volume
discusses the natural circulation mechanisms and rates
of carbon, sulfur, chlorine, and nitrogen between streams
and the reservoirs cited above, describes human-induced
circulation of these elements, and contrasts selected data
collected in the early 1900's with more recently collected
data for four reaches of streams in the conterminous
States to determine what changes occurred in their drain-
age basins during the century. The reaches are the St.
Lawrence River near Ogdensburg, N.Y., in the Great
Lakes basin; the Columbia River near The Dalles, Oreg.,
in the Columbia River basin; the Allegheny River up-
stream from Pittsburgh, Pa., in the Allegheny River ba-
sin; and the Mississippi River at and near New Orleans,
La., in the Mississippi River basin. Because stream
water quality varies from year to year due to variations
in weather and stream discharge, evenif all other factors
remain constant, interpretation of 1 year of data collected
almost 90 years ago must be done cautiously.
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Water quality of the St. Lawrence River at Ogdensburg,
N.Y., 1906-7, as documented by Dole in 1909

The yield of sulfate in the St. Lawrence River
apparently has increased from about 10 tons per square
mile per year during the early part of this century to about
25 tons per square mile per year in 1980, at which time
it seems to have become more constant. This increase
was caused primarily by increased atmospheric sulfur
deposition on the Great Lakes drainage, and the level-
ing off of the sulfate yields indicates that the discharge
of sulfate by the St. Lawrence River has come into equi-
librium with the human-induced atmospheric loading on
the drainage area.

Although the average annual discharge of the
Columbia River at The Dalles, Oreg., approximates the
average annual discharge of the St. Lawrence River at
Cornwall, Ontario, Canada, the concentration and yield
of sulfate in the Columbia River have changed less
during the century than in the St. Lawrence. Human-
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induced effects at Northport, Wash., in the upper part of
the basin are minor, which also is true to a lesser degree
at The Dalles, Oreg.

Runoff of acid mine drainage from coal mines
caused the concentration of sulfate in the Allegheny
River in the reach immediately downstream from
Kittanning, Pa., to increase from about 17 mg/L (milli-
grams per liter) in the early 1900’s to about 200 mg/L
in 1947; additional effects of acid drainage from the
Kiskiminetas River also were found in the Allegheny
downstream from the confluence of the rivers below
Kittanning. Use of water-storage reservoirs to provide
dilution during periods of low flow and other remedial
measures provided substantial improvement in water
quality between 1947 and 1989.

Concentrations of sulfate in the lower Mississippi
River appear to have about doubled since 1905-6 and,
similar to the Great Lakes drainage, have leveled off in
recent years, indicating that the transport of sulfate by
the river to the ocean could have come to equilibrium
with regard to human-induced loading of sulfate. Be-
cause the amount of data is modest and there are many
uncertainties in quantifying human-induced loading in
the Mississippi River basin and in understanding the re-
sponse of the basin to these loads, the foregoing find-
ings are tentative. Much additional work is needed to
quantify and understand elemental circulation rates and
to understand the effects of a century of development on
these basins and the Nation as a whole.

Although numerous water-quality data-collection
programs have come into existence during the last de-
cades of the 20th century, few have been national in
scope. The USGS Hydrologic Bench-Mark Network
(Leopold, 1962) and the USGS National Stream Quality
Accounting Network (NASQAN) (Ficke and Hawkinson,
1975) were established only in the 1960’s and 1970’s,
respectively. The Hydrologic Bench-Mark Network,
which began in 1964, monitors 55 of the Nation’s
streams that are minimally affected by humaninfluence.
NASQAN, which began in 1973 and which monitors the
quantity and quality of water that flows from the Nation’s
major drainage basins, increased from an original set of
50 water-quality monitoring stations in 1973 to a maxi-
mum of 518 stations in 1979, and then it declined to 410
stations in 1992. The Federal-State Cooperative Pro-
gram (Gilbert and Mann, 1990), operated by the USGS
in cooperation with about 1,000 State and local agencies,
supports the operation of additional water-quality
stations in the United States, but most of them have
relatively short periods of record. As aresult, data from
water-quality monitoring stations that are suitable for
analysis of trends in concentrations of water-quality
constituents infrequently exceed 10-15 years in length,
and some stations are no longer in operation.

Comparability of data from different data-col-
lection networks is highly problematical. Data from the
Hydrologic Bench-Mark Network and NASQAN and data
collected under the USGS Federal-State Cooperative
Program generally are comparable because standard
methods of data collection and analysis were used.
However, because State agencies operate their own data-
collection networks, with resulting differences in sam-
pling methods, preservation and shipment of samples,
and laboratory analysis, use of State-based data might
not be comparable from State to State for regional or na-
tional analysis and thus cannot be used.
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Statistical Analysis and Quality Assurance of
Water-Quality Data

Interpreting water-quality data is challenging.
The concentrations of water-quality constituents are
variable in time and throughout a particular waterbody,
and errors—even unavoidably small errors—are made
in sampling and in the shipment and chemical analy-
sis of samples. Such natural and human-induced influ-
ences add uncertainty to data.

Statistics is the science that deals with uncer-
tainty. It strives to separate patterns, such as a change
in the concentration of a constituent over time, from the
uncertainty inherent in all observations of natural sys-
tems. When applied to water-quality data, the separa-
tion of patterns from uncertainty generally is accom-
plished by describing data characteristics such as the
average, determining the variation of the constituent
over time, and comparing data collected at two or more
locadions. The article Statistical Analysis of Water-
Quality Data in this volume discusses the characteris-
tics of water-quality data, appropriate statistical and
graphical methods of representing water-quality data
distributions, and the determination of trends in water-
quality data.

Water-quality data have characteristics that
make them inappropriate for analysis by some statis-
tical techniques. Data sets of other natural variables
can have a so-called normal distribution, which is a
symmetrical distribution having a particular set of
mathematical properties. However, water-quality data
usually are not normally distributed, are never less than
zero, and cannot be known below the minimum report-
ing limit of the method of measurement. Water-qual-
ity data sets also contain outliers, which are data of
considerably higher or lower value than most of the
data.

The article discusses non-normal distributions
of water-quality data and the attributes of box plots—
which are graphical representations of data distribu-
tions—and discusses how outliers and data below a
minimum reporting limit are represented in box plots.
Box plots are used extensively to represent data distri-
butions of selected constituents for water years 1987—
89 in the State summaries.

The article also describes the seasonal Kendall
test, which is a statistical method for determining the
existence of trends in the concentration of water-qual-
ity constituents. It is called a “seasonal” test because
it takes into consideration the natural seasonal variation
in water quality by making comparisons of data only
from like seasons. Thus, data from all of the winter
seasons in a water-quality station record are compared
to determine trends. Indications of trends for all of the
seasons then are aggregated to determine if an overall
trend exists. The seasonal Kendall test was applied
extensively in the State summaries, and the results are
displayed graphically.

One of the potential pitfalls in the determination
of trends in water quality is that the concentration of a
water-quality constituent tends to vary with streamflow,
and, thus, the effects of streamflow must be determined
and concentration data adjusted for it. The article “Sta-
tistical Analysis of Water-Quality Data” describes the
basis for determining the effects of streamflow and ad-
justing concentration data for the effects.

The article Assuring the Reliability of Water-
Quality Data in this volume describes the obstacles to
collection of water-quality data, quality-assurance
techniques to minimize the effects of these obstacles,
and the quality-assurance programs of the USGS.
Analysis of water-quality data is based on the assump-
tion that the data accurately represent the waterbody of
interest, within an acceptable margin of error. Unfor-
tunately, data collected for one purpose can have a
level of uncertainty that is appropriate for the purpose
for which the data were collected but that might not be
appropriate for other purposes. An approach to solv-
ing this problem is to maintain quality-assurance pro-
grams that assure that the collection, shipment, and
laboratory analysis of water samples and the documen-
tation of the data are done to carefully defined stan-
dards.

Assuring the quality of water-quality data is
much more challenging than assuring the quality of a
manufactured item, because the specifications of the
latter are known to a great degree of certitude whereas
itis not possible to know beforehand the exact mixture
of water, dissolved constituents, and particulate matter
that is collected in a water sample. Additionally, more
than one sample could be needed to characterize the
status of a waterbody. Even when a representative
sample is collected, there is always the risk that the
sample could be contaminated by the method of col-
lection, the container in which it is stored before analy-
sis, and by handling during analysis. This is particu-
larly problematic for collection of trace-element
constituents, such as lead, mercury, and other metals,
which by their nature are present in water in very small
concentrations.

Because water from streams is a complex mix-
ture and it is not possible to know before analysis what
it contains, the analysis for a constituent using a par-
ticular laboratory method or machine could be inter-
fered with by the presence of another, unsuspected con-
stituent. Moreover, errors can occur if operators are
improperly trained, laboratory equipment and chemi-
cals are not to standard, and documentation is im-
proper.

By their very nature, national water-quality
data-collection programs cover large geographical ar-
eas and operate for many years. Because of the large
geographic extent, personnel from widely separated lo-
cations operate elements of the program and can be un-
aware of the effects of any errors that they might com-
mit, and, moreover, personnel change during the long
time periods of the program. Additionally, new meth-
ods of data collection and laboratory procedures might
be adopted. Since no two methods are exactly alike,
the adoption of new methods by a program adds risk
that an apparent change in value of a constituent could
be caused by a change in the method instead of by a
change in the concentration of the constituent in
streams. Finally, if data-collection methods are not ad-
equately documented, it is not possible to analyze his-
torical data and determine the circumstances under
which they were collected.

The USGS has been collecting water-quality data
almost from its inception in 1879. Over the years, the
USGS has developed a data-collection quality-assurance
program that defines standards for data collection,
analysis, and documentation; developed programs to



assure that USGS personnel are adequately trained; and
established standard reference samples for laboratory
analysis.

The article Stream Water Quality in the Conter-
minous United States—Status and Trends of Selected
Indicators During the 1980's in this volume describes
analyses of water-quality data from Federal and State
monitoring programs. Data are selected to provide a
national and regional description of water-quality con-
ditions and trends to assist decisionmakers and the pub-
lic in assessing progress toward water-quality goals.
The data sources examined are (1) UsGs data on tradi-
tional indicators of chemical and sanitary conditions in
streams collected at 313 to 424 stations in the conter-
minous United States from 1980 to 1989, (2) U.S. Fish
and Wildlife Service (FWS) data on concentrations of
pesticides and trace elements in finfish tissue collected
at 113 station on major rivers in the conterminous
United States and the Great Lakes between 1970 and
1986, and (3) UsGs data collected from 1989 to 1991
for selected herbicides in 149 streams in a 10-State area
of the agricultural Midwest and at locations on the Mis-
sissippi River and its major tributaries.

The most plentiful water-quality data for analy-
sis of conditions and trends of the Nation's streams ex-
ist for traditional chemical and sanitary indicators.
Analyses of selected indicators, based on USGS data for
streams of the conterminous United States, are a ma-
jor component of the article. The article begins with a
presentation of six sets of maps that show the range of
concentrations and trends in concentration of six tra-
ditional indicators of water quality—dissolved oxygen,
fecal coliform bacteria, dissolved solids, nitrate, total
phosphorus, and suspended sediment; box plots that
show the average concentration of the constituents in
stream basins that are predominately of one of four
land-use types (agricultural, urban, forest, and range);
and graphs that show trends in concentration in these
indicators nationally and by land use.

Concentrations of several of the traditional wa-
ter-quality indicators decreased during the 1980's and,
collectively, provide evidence of progress in pollution
control during the decade. The most notable improve-
ments occurred in concentrations of fecal coliform bac-
teria, an important indicator of the suitability of stream
water for contact recreation, and total phosphorus,
which usually is the nutrient controlling the process of
eutrophication in freshwater. However, despite wide-
spread declines in these indicators, more than a third
of the streams sampled in 1989 had annual average
concentrations of total phosphorus and fecal coliform
bacteria that exceeded desirable limits. Thus, water-
quality goals for these indicators are not yet being met
in a significant percentage of streams.

Trends in other traditional indicators provide
evidence of slight improvement or little change in
stream water quality during a decade when the
economy and population showed significant growth.
For example, dissolved-oxygen concentrations nation-
ally changed little from 1980 to 1989, but streams in
urban areas showed slight improvement in dissolved-
oxygen conditions, possibly reflecting the effect of im-
proving point-source controls. Similarly, nitrate con-
centrations remained nearly constant nationally, which
represents a significant departure from the pattern of
widespread increases in nitrate reported for 1974-81 at
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USGS stream water-quality stations.

The article also describes the transport of nitrate,
total phosphorus, and suspended sediment from large
land areas of the conterminous United States as defined
by 14 water-resources regions and hydrologic catalog-
ing units classified according to major land uses. Es-
timates of yield and change in yield during the 1980's
are presented for these constituents and land areas. The
geographic variation in yields of these constituents re-
sults from differences in the land-use characteristics of
the regions. Yields are highest in the Ohio-Tennessee
and Upper Mississippi regions, for example, due to the
combined influence of agricultural activity and popu-
lation density. Yields of nitrate and total phosphorus
are Jowest in forest and range basins where cultural
sources of nutrients are small.

The transport of these constituents can influence
the ecological health of lakes, reservoirs, estuaries, and
other coastal waters through the accumulation of nu-
trients and sediment-attached contaminants in the
plants and animals of the waterbody. The deposition
of sediment also can have costly effects on the
waterbodies by reducing reservoir storage or clogging
navigable channels. For the conterminous United
States, the article describes the transport of total phos-
phorus and suspended sediment to a selected set of 85
large reservoirs, and the transport of nitrate, total phos-
phorus, and suspended sediment to 6 coastal segments.
During the 1980's, widespread declines occurred in the
loads of total phosphorus transported to these
waterbodies, whereas loads of suspended sediment ei-
ther declined slightly or remained the same for most of
the waterbodies. Loads of nitrate transported to the
Gulf of Mexico decreased, but they increased or re-
mained the same in other coastal segments.

Also discussed is water quality in stream basins
where there is significant domestic, industrial, and ir-
rigation water use. Results of the analysis are dis-
played graphically and show the percentage of stations
in basins having significant domestic, industrial, and ir-
rigation water use where the annual average concen-
tration of selected indices and constituents exceeded
particular limits.

Few regional and national stream water-quality
data exist for toxic trace elements and for organic com-
pounds such as herbicides and pesticides. Selected
findings from two of the more geographically compre-
hensive data sources are summarized in the article.
The first provides national-level information on trends
in toxic trace elements and pesticides in finfish tissue
in major rivers of the United States and the Great Lakes
as compiled by the Fws. Contaminant concentrations
in finfish tissue are integrative measures of water qual-
ity and can reflect long-term average contaminant con-
centrations in stream water and sediment. Since the
1970's, these data show declines in concentrations of
the toxic trace elements arsenic, cadmium, and lead
and the organic compounds chlordane, dieldrin, DDT,
toxaphene, and total PCB's.

The second data source, consisting of recent
UsGs studies of herbicide concentrations in streams in
a large agricultural area of the Midwest, provides im-
portant regional information on the magnitude and dis-
tribution of herbicides in streams. The concentrations
of four herbicides—alachlor, atrazine, cyanazine, and
simazine—are summarized in the article. Samples col-
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lected during the spring and early summer of 1989 fol-
lowing herbicide application show, for example, that
concentrations of atrazine and cyanazine exceeded ap-
plicable EPA drinking-water criteria at approximately
one-half of the sites. Additional data collected in the
spring of 1991 on atrazine in the Mississippi River and
several of its major tributaries quantify the amounts of
atrazine transported to the Mississippi River by major
rivers and discharged to the Gulf of Mexico.

Federal-State Water-Quality Assessment and
Reporting

Before the 1972 Clean Water Act, State and
Federal agencies and private parties collected informa-
tion on water-quality conditions and progress on restor-
ing water quality on an as-needed basis. The article
Nationwide Water-Quality Reporting to the Congress as
Required Under Section 305(b) of the Clean Water Act
in this volume describes the background to reporting
before the passage of the act, the evolution of the report-
ing process during the last 20 years, and selected find-
ings from the 1990 National Water Quality Inventory
report to the Congress.

During the first 10 years of State reporting under
section 305(b), EPA had difficulty in aggregating State-
based water-quality assessments because the reports,
known as State 305(b) reports, were inconsistent. Be-
ginning in 1983, EPA issued comprehensive guidelines
to the States on report content and format (U.S. Envi-
ronmental Protection Agency, 1983). These guidelines
were based on recommended assessment measures de-
veloped by the EPA in cooperation with the Association
of State and Interstate Water Pollution Control Admin-
istrators (Association of State and Interstate Water Pol-
lution Control Administrators, 1984). These guidelines
recommended that the States report the sum of the ar-
eas of surface waterbodies that support, to varying de-
grees, the waterbodies' designated use; the extent to
which dischargers cause waterbodies to not support their
designated use; relative rankings of water contaminants;
and the relative ranking and sources of ground-water
contaminants. The article also discusses subsequent re-
finements of the guidelines to include reporting on wet-
lands and estuaries and to increase report consistency.

Despite the improvement of 305(b) report con-
sistency in recent years, the article notes that it is still
impossible to aggregate information from the reports and
define national trends in water quality for the following
reasons. The States use different criteria in defining the
geographical extent and designated uses of the
waterbodies; design and operate their own data-collec-
tion programs to monitor their particular water-quality
problems, and hence interpret a wide variety of data to
assess the waterbodies; use their own criteria to deter-
mine whether the waterbodies meet designated uses; and
inconsistently follow EPA guidelines in preparing their
reports.
Finally, the article cites the findings from the 1990
Water Quality Inventory Report to the Congress (U.S.
Environmental Protection Agency, 1992) and notes the
assessed waterbodies that support their designated
uses—70 percent of assessed river lengths, 60 percent
of assessed lake areas, and 67 percent of assessed estua-
rine areas. Most of the States reported that nutrients were
among the top contributors to nonsupport of waterbody

designated use, and toxic substances—such as metals,
pesticides, and organic chemicals—cause severe prob-
lems where they occur, but they are less widely reported.

STATE SUMMARIES OF STREAM
WATER QUALITY

The “State Summaries of Stream Water Quality”
part of this 1990-91 National Water Summary describes
water-quality conditions and trends in each State, the
District of Columbia (combined with Maryland), Puerto
Rico, and the Western Pacific Islands. Each State sum-
mary contains the following information:

* Overview of stream water quality,

« Discussion of water-quality monitoring,

 Description of water-quality conditions, as represented
by statistical summaries of data on concentrations of
amaximum of 8 water-quality constituents at a maxi-
mum of 10 selected water-quality monitoring sta-
tions, during water years 1987-89,

» Description of trends in concentrations of as many as
8 water-quality constituents for one or more of four
periods—water years 1970-89, 1975-89, 1980-89,
and 1982-89—at a maximum of 20 water-quality
monitoring stations (trend analysis was not possible
for the Western Pacific Islands because of insufficient
data),

» Description of water-quality management, and

» Selected references—State, local, and general—on
stream water quality.

Each State summary also includes a table and four

multicolor illustrations (the same table and figure num-

bers are used for each State) that show:

« Selected water-quality constituents and their source and
environmental significance (table 1),

« Land use, physiography, and population (fig. 1),

« Location of selected water-quality monitoring stations,
type of statistical analysis performed on station data,
and geographic features mentioned in the text (fig. 2),

*Water-quality conditions of selected streams during
water years 1987-89 (fig. 3; see example on page 9),
and

« Trends in water quality of selected streams as reflected
by selected constituents during one or more of four
periods—water years 1970-89, 1975-89, 1980-89,
and 1982-89 (fig. 4; see example on page 9).

Interpretation of the analysis of constituent data
for water-quality conditions is by stream basin, whereas
the interpretation of trends is by constituent. This inter-
pretation is facilitated by maps of land use, physiogra-
phy, and population and other ancillary reports or data
that are available for each State. The distribution and
trends in constituent concentration are influenced by a
wide range of natural and human-induced changes
within a stream basin. These changes include relatively
long-term fluctuations in streamflow, precipitation, and
temperature and changes in agricultural and industrial
activities, construction of waste-treatment plans, urban-
ization, and other land uses. If sufficient ancillary infor-
mation or published references were available to inter-
pret water-quality conditions or trends, State-summary
authors attribute a cause-and-effect basis for the water-
quality characteristics.

Stream water quality is influenced by land use and
human activities more often within stream basin rather
than within a State boundary. However, analysis of
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stream water quality was done by State and not by ba-
sin boundary in this volume to facilitate comparison of
the State summaries of stream water quality with State
summaries on other water-resources topics in previously
published volumes of the National Water Summary.
Accordingly, no attempt was made to duplicate the
analysis of data on the basis of national or regional
stream basins of like land or water use that was under-
taken in the article Stream Water Quality in the Conter-
minous United States—Status and Trends of Selected
Indicators During the 1980’s wherein national and re-
gional displays of conditions and trends of selected
water-quality constituents are given. For every State,
except Delaware, data for dissolved solids and nitrate
plus nitrite (as nitrogen) were analyzed because these
constituents have an extensive data base and are broad
indicators of the effect of natural and human-induced
processes on water. In Delaware, these data were not
available; however, total-nitrate data were available and
were analyzed as a surrogate for nitrate plus nitrite. Most
States analyzed for dissolved oxygen (31 States), fecal
coliform bacteria (38), phosphorus (25), and suspended
sediment (31), and the conditions and trends of these
constituents in the State summaries can, in general, be
compared to the national analysis discussed in the ar-
ticle cited above.

Only selected findings from State 305(b) reports
are cited in the State summaries because the length of
the summaries was limited. However, the 305(b) re-
ports are a major source of information on stream wa-
ter quality in most States.

The results displayed in the State summaries and
the article Stream Water Quality in the Conterminous
United States—Status and Trends of Selected Indicators
During the 1980’s represent the findings of a nationally
consistent and scientifically rigorous analysis of water
quality in the United States. The statistical methods of
analysis and display of results provide an opportunity
to compare and contrast water quality State by State and
nationally. Such analyses will be more comprehensive

when data consistently collected from a broader range
of constituents over a longer period of time become
available.
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INTRODUCTION

his volume, National Water Summary 1990—

91—Hydrologic Events and Stream Water

Quality, is organized into three parts, follow-

ing the format of the six previous volumes in

the National Water Summary series (see in-
side front cover for previous volumes). The first part,
“Hydrologic Conditions and Water-Related Events, Wa-
ter Years 1990-91,” provides a synopsis of the Nation’s
water-resources conditions during the 1990 and 1991
water years (October 1, 1989, through September 30,
1990, and October 1, 1990, through September 30, 1991).
A brief review of each water year is supplemented by maps
of annual streamflow and precipitation and a chronologi-
cal list of significant floods, droughts, and other water-
related events and by seasonal summaries that contain
maps of streamflow, precipitation, temperature, and upper-
air atmospheric-pressure patterns.

The second part, “Hydrologic Perspectives on Wa-
ter Issues,” contains articles on the hydrologic and insti-
tutional and management aspects of stream water quality.
These articles deal with the availability of stream water-
quality data and their suitability for national assessment,
the limits of what can be determined about water-quality
conditions and trends from available data, and statistical
methods to use in the analysis and quality assurance of
water-quality data. Additionally, one article discusses the
role of the States and the Federal Government in biennial
assessments of water quality and in reporting these assess-
ments to the Congress.

The third part, “State Summaries of Stream Water
Quality,” describes water quality in each State, the Dis-
trict of Columbia (combined with Maryland), Puerto Rico,
and the Western Pacific Islands. The description of water
quality is based on the statistical analysis of data on wa-
ter-quality constituents and properties that were derived
from a data base prepared specifically for this National
Water Summary and created from the U.S. Geological
Survey (USGS) National Water Information System and the
U.S. Environmental Protection Agency (EPA) storage and
retrieval system (STORET). Because biological indicators
of water quality have not been collected extensively, vir-
tually all the dataincluded in the data base are water-chem-
istry data. See the article “Introduction to State Summa-
ries of Stream Water Quality” in this volume for
information about the contents of the State summaries.

The basis for any assessment of the highly variable
water quality in the United States is nationally consistent
data. Water quality is highly variable because of climate,
geology, topography, soils, land cover, and other natural
factors that vary across the continent. In the more than
200 years since its foundation, the United States has be-
come a technologically advanced nation with large indus-
trial, agricultural, and urban areas, all of which are highly
dependent on withdrawals of surface and ground water.
These human uses of land and water also affect the qual-
ity and quantity of ground- and surface-water resources
and, in some locations, have seriously degraded the re-
sources. Nationally consistent data by which to assess the
Nation’s water resources and evaluate the effects of natu-
ral and human-induced factors are relatively sparse, and
only during the last two decades have data been collected
specifically to evaluate the changes from earlier times to
the present.

From the spring of 1905 until the spring of 1907,
the USGS conducted a program of systematic once-daily
sampling and chemical analysis of weekly composites of
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the daily samples of principal streams in the United States.
During sampling in 1906-7 and 1905-7, about 100 water-
quality stations on streams east of the 100th Meridian and
55 stations in the western part of the country were docu-
mented by Dole (1909) and Stabler (1911), respectively.
Although other scientific and anecdotal information exists
about the status of stream water quality in particular
streams or restricted geographical areas at particular times,
little other systematic scientific evidence is available about
overall water quality in the United States in the early part
of the 20th century.

National water-quality monitoring networks such
as the USGS Hydrologic Bench-Mark Network (Leopold,
1962) and the National Stream Quality Accounting Net-
work (NASQAN) (Ficke and Hawkinson, 1975) were estab-
lished in the 1960’s and 1970’s, respectively. The Hydro-
logic Bench-Mark Network monitors the quality of 55
streams that are minimally affected by human influence.
NASQAN monitors the Nation’s major drainage basins; it
started with 50 water-quality monitoring stations in 1973,
increased to 518 stations by 1979, and then decreased to
410 stations in 1992. Additional water-quality monitor-
ing stations have been operated by the USGS as part of the
Federal-State Cooperative Program (Gilbert and Mann,
1990). These stations, which are operated by the USGS in
cooperation with many of the 1,000 State and local agen-
cies that participate in the program, have relatively short
periods of records (rarely exceeding 10-15 years) and
some are no longer operational.

In 1972, passage of the Clean Water Act, formally
known as the Federal Water Pollution Control Act Amend-
ments of 1972 (Public Law 92-500), and its subsequent
amendments, provided the legislative foundation of much
of EPA’s water-pollution-control activities. The act also
defined the State’s roles in identifying waterbodies, assign-
ing designated uses, and establishing water-quality stan-
dards. Because the act gave the States the responsibility
for monitoring, States operate many data-collection pro-
grams and draw upon a wide variety of information in
assessing whether waterbodies meet designated uses.
However, much of the data are not comparable from State
to State because there are no national data-collection stan-
dards under which the State monitoring programs operate.

Since the U.S. Water Resources Council’s Second
National Water Assessment was published in 1978 (U.S.
Water Resources Council, 1978), few efforts have been
made to document stream water quality on a national scale.
However, beginning in 1974, the EPA has prepared a se-
ries of biennial National Water Quality Inventory reports
to Congress (see for example, U.S. Environmental Protec-
tion Agency, 1992), which are based on individual reports
prepared by the States as required by section 305(b) of the
Clean Water Act. In 1984, the Association of State and
Interstate Water Pollution Control Administrators devel-
oped a set of uniform responses from the States to a set of
questions about the status of waterbodies so that progress
in pollution control could be measured in terms of river
lengths or lake areas that meet designated uses (Associa-
tion of State and Interstate Water Pollution Control Ad-
ministrators, 1984); the Association plans a revised as-
sessment of progress made by the States during the last
20 years.

Several other assessment programs have periodi-
cally reviewed the status of water quality nationwide. In
particular, the U.S. Forest Service (1981) and the U.S.
Department of Agriculture (1982) assessments of soil,
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water, forest, rangeland, and related resources have drawn
on existing reports and data sources.

Although the lack of national data sets has severely
constrained the preparation of national assessments, a
number of recent attempts have been made to evaluate
water quality of specific river basins and draw general con-
clusions from the results. Patrick (1992) reviewed infor-
mation from the Delaware River, the Neches Estuary, and
the Flint River and concluded that significant progress had
been made in the past 20 years to reduce the discharge of
many wastes and nutrients to these waterbodies and to
improve their oxygen content. Toxic metals have been
reduced in the water but have accumulated in sediments—
a potentially major future problem. Becker and Neitzel
(1992) have compiled a set of reports on human modifi-
cations of 12 river ecosystems in North America. Those
reports give graphic evidence of the ways in which human
activities affect river basins. Finally, in an attempt to pro-
vide an assessment of global freshwater quality, Meybeck
and others (1989), under the auspices of the United Nations
Global Monitoring system, reviewed information on pol-
lution issues and presented a synoptic view of the environ-
mental situation in several waterbodies, such as the River
Danube, the Great Lakes, and Lake Nasser. All these stud-
ies note the lack of information and the need to improve
water-quality monitoring before problems can be assessed
and the effects of pollution-control policies evaluated.
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YDROLOGIC CONDITIONS AND
WATER-RELATED EVENTS,
WATER YEARS 1990-91

Subsidence of the land surface resulting from ground-water depletion created a
fissure one-half mile long and 12-feet deep on a runway on Rogers

Dry Lake at Edwards Air Force Base, California.

(Anne Gordon, Edwards Air Force Base)
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REVIEW OF WATER YEAR 1990 HyDrROLOGIC CONDITIONS
AND WATER-RELATED EVENTS

By Gregory J. McCabe, Jr., Judy D. Fretwell, and Edith B. Chase

Surface-water hydrologic conditions and many
water-related events are controlled primarily by meteoro-
logic and climatic factors. The following annual and
seasonal summaries of hydrologic conditions for
water year 1990, therefore, are described in a climatic
context. Streamflow, which is expressed as a percent-
age of median streamflow for the reference period
1951-80, and precipitation, which is expressed as a
percentage of average annual precipitation for the ref-
erence period 1931-90, are depicted on maps (fig. 1)
to provide an overview of the water year. Quarterly
streamflow and precipitation data also are presented
(figs. 5A, B; 6A, B; 7A, B; 84, B) in the “Seasonal
Summaries” section and are accompanied by maps
showing temperature as a departure from average
1931-90 reference-period conditions (figs. 5C, 6C,
7C, 8C) and atmospheric-pressure conditions near
10,000 feet (about 3,048 meters) as compared to aver-
age 1948-70 reference-period conditions (figs. 5D,
6D, 7D, 8D). Departure from the average temperature
is depicted in terms of standard deviations, which is a
statistical measure of the dispersion of values around
an average. The distribution of high- and low-pressure
areas across the United States at about 10,000 feet,
which are recorded in terms of the 700-millibar pres-
sure surface, or height field, influences the distribu-
tion of surface temperature, precipitation, and, thus,
streamflow. Usually, excessive precipitation and
droughts that persist throughout a season will be ob-
served in conjunction with persistent low- and high-
pressure conditions in the upper atmosphere. Because
these maps depict conditions averaged over a 3-month
period, ephemeral events, such as a single flood re-
sulting from an individual storm, might not be associ-
ated easily with the general upper-level circulation.

The dataused in preparing these summaries were
taken from the following publications: the National
Oceanic and Atmospheric Administration’s (NOAA)

“Climate Impact Assessment, United States™; “Daily

Weather Maps. Weekly Series”; “Monthly and Seasonal
Weather Outlook™; “Storm Data””; and “Weekly Weather
and Crop Bulletin” (the last publication is prepared and
published jointly by NOAA and the U.S. Department of
Agriculture); and the U.S. Geological Survey’s (USGS)
monthly “National Water Conditions” reports. Geo-
graphic designations in this article generally conform to
those used in the “Weekly Weather and Crop Bulletin”
(see map showing geographic designations).

For water year 1990. streamflow was above me-
dian for a large part of the Southeastern States (fig. 14)
and in isolated sections of the Northeastern States; it was
below median for most of the Western States and in a
large part of the North-Central States and north and cen-
tral Florida. Although a large area of the country had
below-median streamflow during water year 1990, the
combined flow of the three largest rivers in the conter-
minous United States—the Mississippi, St. Lawrence,
and Columbia—was 15 percent above median. Annual
flow of the St. Lawrence River was 1 percent below
median, flow of the Mississippi River was 25 percent
above median. and flow of the Columbia River was 7
percent below median.

Annual precipitation for water vear 1990 was near
average for much of the country (fig. 18). However, in
California and in parts of the Pacific Northwest, the cen-
tral Rocky Mountains, the upper Mississippi Valley, and
the southern Atlantic Coast States, the annual precipita-
tion was below average. in the Tennessee Valley, the
Middle Atlantic Coast States, and the Gulf Coast, pre-
cipitation was slightly below average. Central southern
California received less than half the average precipita-
tion for the water vear. In contrast, parts of the South-
west, central Rocky Mountains, southern Great Plains,
middle Mississippi Valley, and the lower Great Lakes
region received above-average precipitation for the wa-
ter year.

Temperatures for water year 1990 were above
average for most of the country. Along the southern At-
lantic Coast, and in the central Appalachian Mountains,
southern California. the Southwest. the Pacific North-
west, the central and northern Rocky Mountains, and the
northern Great Plains, temperatures were above to much-
above average. In central Washington and Oregon, and
southern Nevada. temperatures were at least 2 standard
deviations above the average. Only the lower Great
Lakes region, Ohio Valley, central Tennessee Valley,
central Gulf Coast, west-central Texas, and northern
New England had temperatures that were cooler than
average. Nationally, water year 1990 was one of the
warmest years on record. During the late spring and
summer of 1990, oppressive heat in many parts of the
country was the result of higher-than-average atmo-
spheric pressures. In all, 779 new daily maximum tem-
perature records were set between June and September
1990.
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A. Streamflow — Water Year 1990
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Figure 1. Streamflow (A) and precipitation (B) in the United States and Puerto Rice in water year 1990. Streamflow is shown as a
percentage of median, and precipitation as a percentage of average. (Sources: A. Data from U.S. Geological Survey. B, Data from the National
Oceanic and Atmospheric Administration, National Climatic Data Center.)
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Figure 2. Monthly discharges for selected major rivers of the United States and Puerto Rico for water
years 1989 and 1990 compared with monthly median discharges for the reference period water years

1951-80.

(Source: Data from U.S. Geological Survey files.)
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Figure 3. Month-end storage of selected reservoirs in the United States for water years 1989 and 1990
compared with median of month-end storage for reference period. The reference period, which varies
but is a minimum of 17 years, for each reservoir or reservoir system is shown on the graph; the beginning year
for a reservoir system is the year records began for the newest reservoir in the system. The location of indi-
vidual reservoirs is shown on the map by a black dot; the general location of reservoir systems (multi-reser-
voirs) is shown by an open circle. Principal reservoir and water uses are shown in parentheses: F, flood con-
trol; |, irrigation; M, municipal; P, power; and R, recreation. (Source: Data from U.S. Geological Survey files.)



Below-average precipitation and above-average
temperatures prevailed over the United States during
water year 1990 in response to the northward displace-
ment of the jetstream during most of the year. When the
jetstream is located more northward than normal, storm
tracks also are displaced somewhat north of normal and
weather systems generally move more rapidly from west
to east. The situation also produces above-average at-
mospheric pressures, which cause above-average tem-
peratures.

Drought conditions continued to spread in the
Western States and in parts of the Southeast. California
entered the fourth consecutive year of drought. In
Florida, the drought also intensified; southwestern
Florida had a second consecutive year of drought.
Drought that began during fall 1987 continued in areas
in central North Dakota.

The regional and local patterns of hydrologic
conditions can be seen in the graphs of monthly dis-
charges for selected rivers (fig. 2) and storage of selected
reservoirs (fig. 3). The drought that prevailed in the
Western States during water year 1990 is illustrated by
the monthly discharge of the Green River at Green River,
Utah (fig. 2). Discharge of the Green River, as well as
other western rivers, was below median for the entire
water year. In contrast to the drought in the Western
States, the effects of above-average precipitation in ar-
eas in the Southeastern States and parts of the Ohio Val-
ley are seen in the monthly discharge of selected rivers.
For example, monthly discharges of the Pascagoula
River at Merrill, Miss., and the French Broad River at
Asheville, N.C., were above median for most of the
water year.

The drought in the Western States also is illus-
trated by the month-end reservoir storage of Folsom
Lake in California, Rye Patch Reservoir in Nevada, San
Carlos Reservoir in Arizona, and the Colorado-Big
Thompson Project in Colorado (fig. 3). Storage was
below median for the entire water year in each of these
reservoirs. Storage in Rye Patch Reservoir was less than
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10 percent of maximum usable capacity for most of the
water year. By the end of water year 1990 the storage of
Rye Patch Reservoir was 1 percent of maximum capac-
ity, and storage of the San Carlos Reservoir was 4 per-
cent of maximum capacity.

During the 1990 water year, many significant
water-related events, both natural and human induced,
occurred throughout the United States. A representative
set of these events is listed chronologically in table 1,
and their geographic location is plotted in figure 4.
Table 1 represents a culling of some hundreds of these
hydrologic occurrences, generally omitting, for example,
floods whose recurrence interval is less than 10 years,
toxic spills that involve less than 2,500 gallons, and
fishkills of less than 5,000 fish. The selection of events
for inclusion in table 1 was affected to some extent by
the degree of media coverage, including National
Weather Service and USGS periodicals, and by commu-
nications from USGS 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. Reporting of weather-related
events and damage estimates is subjective. Therefore,
table 1 might be inconsistent with other national com-
pilations of hydrologic events, such as the annual flood-
damage report to the Congress by the U.S. Army Corps
of Engineers (1990). Weather-related events (excluding
drought, storm surges, and coastal flooding) were esti-
mated to have caused damage in excess of $2.5 billion.
Of this amount, flood damage was about $1.6 billion
(U.S. Army Corps of Engineers, 1990).

REFERENCE CITED

U.S. Army Corps of Engineers, 1990, Annual flood-damage
report to Congress, fiscal year 1990: U.S. Army Corps
of Engineers report prepared in cooperation with the
National Weather Service. [Available from the U.S.
Army Corps of Engineers, Engineering Division, Wash-
ington, D.C.]
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as documented in table 1.



20 National Water Summary 1990-91—Stream Water Quality: HYDROLOGIC CONDITIONS AND EVENTS

Table 1. Chronology of significant hydrologic and water-related events, October 1989 through September 1990

[The events described are representative examples of hydrologic and water-related events that occurred during water year 1990. Toxic-spill data were provided by the
U.S. Coast Guard National Response Center. Fishkill data generally were provided by the U.S. Environmental Protection Agency on the basis of reports transmitted by
State agencies. Meteorological data are mostly from reports of the National Oceanic and Atmospheric Administration. Abbreviations used: ft3/s=cubic feet per second;
miz=square miles; mph=miles per hour; mg/L=milligrams per liter; Mgal/d=million gallons per day; ppm=parts per million]

No. EVENT

(fig. 4)

OcTOBER 1989

OCTOBER 1989 (con.)

In late September and early October, in the aftermath of Hur-
ricar:e Hugo, about 5 million fish died in lakes and streams
in the eastern third of South Carolina. Areas affected were
the Santee Cooper lakes, the Santee, Black, Lynches, and
Little Pee Dee Rivers, oxbow lakes along these rivers,
small streams and lakes, and some farm ponds. The fish
deaths occurred when organic material and untreated sew-
age were washed into the water from land or when water
stirred the organic material on the river bottom and depleted
the oxygen to levels that affected all species of fish.

Severe flooding in northeastern and north-central Georgia fol-
lowed intense rains on September 30 and October 1. On
September 30, more than 4 inches of rain fell in 6 hours
and flooded creeks, including Sweetwater Creek (tributary
to the Chattahoochee River) near Atlanta and the Toccoa/
Ocoee River on the Tennessee-Georgia line. Rainfall ex-
ceeded 10 inches for the week in some parts of the State.
Recurrence intervals were less than 10 years except at three
streamflow stations—Broad River near Bell, Kettle Creek
near Washington, and Sope Creek near Marietta—where
peak discharges had recurrence intervals of 50 years. In
Atlanta, where a wastewater-treatment plant was flooded,
200 million gallons of raw sewage was discharged into the
Chattahoochee River. Damage to the treatment plant was
estimated at $1 million. In Paulding County, northwest of
Atlanta, a small bridge collapsed and was washed away.
In northern Georgia, flooding and mudslides caused many
road closings. In Putnam County, the Little River reached
arecord height of 28.7 feet on October 2, breaking the 1971
record by 0.3 foot, and flooded houses and covered bridges.
The Little and Etowah Rivers in Cherokee County crested
above flood stage as did the Flint River in Clayton County,
the Yellow River in Newton County, and the Ocmulgee
River in Bibb County. Allatoona and Lake Lanier Reser-
voirs were both above average October levels after the
rains. Two deaths were attributed to flooding. Several tor-
nadoes touched the ground during the storms.

Rainfall during September 29 to October 1 in much of North
Carolina caused local flooding of roads, homes, and crop-
lands as creeks overflowed their banks and drainage sys-
tems became plugged. In Henderson County, crop dam-
age to vegetables was estimated at $6 million. About half
of the hay and vegetable crops in Transylvania County
were damaged.

On October 1, a pipe ruptured at a pig farm and discharged
about 5,000 gallons of pig manure into Cryder Creek,
which flows into the Genesee River near Wellsville, N.Y.
Because the Genesee River is the source of the town’s
water supply, residents were asked to conserve water for a
few days until the waste dissipated and pumping could be
resumed.

As a result of intense rain on September 29 and 30, rivers and
creeks in Bledsoe County, Tenn., reached flood stage.
Three people drowned because their car was swept off a
bridge on October 2. The creek level was 2 feet above the
bridge at the time of the accident.

On October 3, shellfishing was temporarily banned along the
South Carolina coast because waste was being discharged
into rivers and carried to the coast from 10 major sewage-

treatment plants in the Charleston area. The plants were
not yet fully operational because of damage by Hurricane
Hugo in late September.

Along the east coast of Florida, urban areas were flooded be-
tween Melbourne (Brevard County) and St. Augustine (St.
Johns County) on October 9 and 10. A stalled weather front
produced 11.17 inches of rain at Rockledge and Cocoa
(Brevard County) in just 12 hours on October 9 and 10.
The most rain ever recorded in St. Augustine for a 24-hour
period occurred October 10, with a total of 16.08 inches
in 14 hours. The previous 24-hour record was 9.52 inches
on September 18, 1963. Many roads into downtown St.
Augustine and a bridge to Anastasia Island were closed to
traffic because of washouts and flooding. On the west side
of town, 4 feet of water covered many roads, and in the
historic district, streets were covered with 1.5 to 2 feet of
water. Many buildings and homes also were flooded. At
the closest gaging station (Moultrie Creek, drainage area
19.8 mi?, about 5 miles southwest of St. Augustine) peak
discharge was 194 ft*/s; the 2-year recurrence interval flood
for this site is 351 ft¥/s.

On October 13, the California Department of Fish and Game
announced that about 150,000 steelhead trout had died
within a few weeks at the Mokelumne River fish hatch-
ery, due to the quality of water released from an upstream
reservoir. Water released from the reservoir contained hy-
drogen sulfide (a natural byproduct of decaying material
in the bottom of the reservoir) and silt, which denied oxy-
gen to the fish.

On October 14, a fishkill was reported in the Colorado River
upstream from its confluence with the San Saba River be-
tween San Saba and Mills Counties, in central Texas.
Thousands of dead fish were reported along the banks of
the river. State biologists blamed the kill on an alga
(Prymnesium parvum) known as golden alga, because of
the coloring it imparts to water. The alga, which can pro-
duce several toxins that are lethal to fish but not to other
aquatic life, is found in water having salinity equal to that
released from the E.V. Spencer Reservoir upstream from
the kill. The kill included yellow and channel catfish,
buffalo carp, and other fish that ranged from 4 to 40 pounds
in weight. Similar fishkills were reported on August 12
and September 28 along the Colorado River as the alga
moved downstream from the reservoir. The fishkill began
in late August near Ballinger in Runnels County and moved
downstream until it arrived at Shaw Bend in mid-October.
Tens of thousands of fish were estimated to have been
killed.

On October 15, Hurricane Jerry crossed the Texas coast dur-
ing the time of the highest predicted tides of the year and
caused flooding of coastal areas. The hurricane, which had
average winds of 85 mph and gusts to 100 mph, came
ashore 10 miles southwest of Galveston Island. Tides were
6 to 7 feet above normal; however, only 1.46 inches of rain
fell. Three people died in a pickup truck that was swept
off a seawall. Damage was estimated at $8.25 million.

The Loma Prieta earthquake, magnitude 7.1 on the Richter
scale, shocked the San Francisco, Calif., area on October
17. The epicenter was located about 8 miles northeast of
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Table 1.

Chronology of significant hydrologic and water-reiated events, October 1989 through September 1990—continued

No.
(fig. 4)

EVENT

NOVEMBER 1989 (con.)

DecemMBER 1989 (con.)

23

In November, saltwater was detected in a new well at Port

Hueneme (near Oxnard), in southern California at depths
where freshwater has long been believed to be unaffected
by the ocean. Preliminary testing of water from depths of
700 to 800 feet showed a chloride concentration in excess
of 7,000 mg/L, well above the U.S. Environmental Pro-
tection Agency drinking-water limit of 250 mg/L.

DecemMBER 1989

24

25

26

27

28

29

A 3-day storm in early December produced as much as 8 inches

of rain in parts of western Washington and caused severe
flooding. More than 500 people (including all the residents
of Hamilton) were evacuated from their homes on Decem-
ber 4 after a dike broke and the Skagit River overflowed
its banks. One State highway and many county roads were
closed because of high water and mudslides. Southeast of
Seattle, the floods caused one death when a car was driven
off a road into the Green River. In a separate incident, a
driver was rescued from the Tolt River near Carnation more
than 1 hour after the driver’s car was swept from the road
by floodwaters.

A Mission Viejo, Calif., wastewater-treatment plant was closed

on December 5, when an estimated 100 to 500 gallons of
acetone contaminated the wastewater system and killed mi-
croorganisms that are an integral part of the system. Ten
days after the contamination, wastewater samples showed
45 ppm acetone. Cost to repair the system was estimated
at $40,000 to $50,000.

On December 14, Redoubt Volcano erupted after 23 years of

quiescence. The eruption was preceded by only 24 hours
of intense seismic activity. The eruption-generated
volcaniclastic flow eroded snow and ice from Drift Gla-
cier and flooded the Drift River valley. An oil-storage fa-
cility on the banks of Drift River was not damaged by this
flow, which was estimated to be between 600,000 and
700,000 ft*/s.

Because rainfall was as much as 13 inches less than average

in many areas of southern Florida, which is at the 100-year
recurrence interval for western Palm Beach County, the
governing board of the South Florida Water Management
District imposed mandatory restrictions for water use on
south Florida water users, effective December 18. These
were the first-ever restrictions for the 4 million residents
on the lower east coast of Florida. Water utilities reduced
line pressure because of declining ground-water levels.
Water levels in Lake Okeechobee were 2 feet lower than
average for the first week in December.

During the first 3 weeks of December, more than 40,000 fish

died in a newly impounded 195-acre public fishing facil-
ity at the Big Lazer Creek Wildlife Management Area, near
Talbotton, Ga. Dissolved oxygen depletion in the water,
which could be partly attributed to rapidly changing tem-
peratures, caused the fish to die. The most affected spe-
cies was bluegill. Other affected species were shellcracker,
largemouth bass, and catfish.

Between 50 and 90 percent of 30,000 rainbow trout died in

net pens in the reservoir just above Little Falls Dam, Wash.,
on the Spokane River, a tributary to the Columbia River.
The fish had been taken from relatively warm (48 °F) fish-

30

31

ery waters and put into 36 °F river water and according to
officials at Eastern Washington University, the trout died
as a result of temperature shock. The fish were planted in
the pens on December 22, and the first deaths were noticed
December 25. The deaths continued for 6 to 10 days.

Between December 30 and 31, in east-central Illinois, an esti-

mated 750,000 gallons of water containing benzene, tolu-
ene, styrene, and nephthalene spilled from a broken pipe-
line leading from a chemical company sludge pit. The spill
flowed overland to a drainage ditch, which carried it to the
Kaskaskia River upstreain from several water-supply in-
takes. The river supplies water for the communities of
Tuscola and Arcola, and the chemical company, and all
three water supplies were contaminated. Residents were
warned not to drink or cook with the water and the water-
supply treatment and distribution systems were flushed to
remove the contaminants. Another 855,000 gallons of
partly treated water was discharged from the sludge pit on
January 8 and 9. These discharges did not further contami-
nate water supplies because river intake pumps had re-
mained closed since the December spill. Effects of the spill
and discharge on plant and fish life are unknown and no
plans were made to clean up the river.

In December, scientists on the California Central Valley Re-

gional Water Quality Control Board reported a link be-
tween farm runoff contaminated with pesticides and a pre-
cipitous decline in the Sacramento River striped bass fish-
ery. Striped bass reproduction was at an all-time low in
the Sacramento-San Joaquin River Delta. Prized as a game
fish, the bass have value as an indicator of the estuary’s
biological health. The pesticides linked to the drainage
from the Sacramento Valley rice fields are carbofuran,
methyl parathion, and malathion.

JANUARY 1990

32

33

34

As of January 1, according to the U.S. Soil Conservation Ser-

vice, Arizona had the least reservoir storage since 1978,
due to deficient precipitation in all but southeastern Ari-
zona. Precipitation in the last quarter of 1989 was 25 per-
cent of average in the northwest Colorado River watershed,
50 percent of average in the Gila River watershed, and
about 81 percent of average in the Santa Cruz and San
Pedro watersheds. The drought cycle started about 2 years
earlier.

About 10,000 gallons of unleaded gasoline spilled into the

Monongahela River upstream from Pittsburgh, Pa., on
January 1 after a barge hit a bridge and ruptured. The barge
was one of about 50 that broke loose from their moorings
by ice and rushing water. Rising waters caused by warm-
ing temperatures also forced about 200 people from their
homes near Maxwell Dam in Fayette County, where about
30 of the barges were jammed.

Redoubt Volcano in Alaska erupted on January 2 and filled

more than 20 miles of stream channels with viscous mud.
The volcano triggered the largest flooding in the century
along the Drift River when volcaniclastic flows incorpo-
rated great quantities of ice and snow from Drift Glacier.
The flow was estimated to be between 350,000 and
2,000,000 ft %/s. In turn, the flooding damaged a riverside
oil facility about 20 miles downstream and 90 miles south-
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Table 1. Chronology of significant hydrologic and water-related events, October 1989 through September 1990—continued
No. EVENT
{fig. 4)

OcTOBER 1989 (con.)

NOVEMBER 1989 (con.)

Santa Cruz. It was the largest earthquake to occur in the
San Francisco area since the great earthquake of 1906. One
section of a fault that extended 12 miles deep moved hori-
zontally about 5 feet. Damage was extensive and 66 people
died. The earthquake and rainfall that followed on Octo-
ber 23 caused some landslides in the Santa Cruz area and

occurred along a 14-mile stretch of Muddy Creek (tribu-
tary to the Lamine River) and its tributary Long Branch in
Johnson County western Missouri, when ammonia laden
chicken-manure effluent (used to irrigate nearby farmland)
flowed into the creek from a poultry farm as a result of a
spraying machine malfunction. Ammonia killed some fish

directly and others indirectly by oxygen depletion of the
water. Most fish killed were catfish and carp. Also killed

~ were crayfish, black bass, crappies, flatheads, bullheads,

sunfish, and suckers. The kill was discovered November
8 but had probably begun a few days earlier.

flooding and landslides blocked some streets. Despite the 18 In northwestern Washington, record rainfalls drench_ed
rain, many Santa Cruz mountain residents were without Whlat‘:’m County ﬁnl;llovimb;r&. 'I\vo]glaa{(s ofwdar}n ;mﬂl:s
water for several weeks, because of ruptured pipes and ze tlis srllol;vi on’; © anfosrl?s Iogflctme »:;t:; froem th:
cracked reservoirs that serve small subdivisions. The earth- ooksack River’s three - >
quake also damaged some private lvlve“‘sll::lo;i are:.e South Fork ran several feet deep over Highway 9. An 80-
foot section of a bridge over the Nooksack River at
: . P Nugent’s Corner was washed away by floodwaters. The
Remnants of Hurricane Jerry produced 4 to 6 inches of rain in 2 .away by
N L. North Cascades Highway was closed November 9 after a
12h K d - ghway
tobe;mlr7S la?nflasltgmande 22:3&;?;2;“23;:;?; slide deposited tons of rocks and debris on the highway.
$11.4 million in I’( entucky and $3 million in Virginia. Hun- Other slides closed Mount Baker Highway. More than 7
dreds of families were evacuated, more than 600 homes inches of rain fell nlegrhSnoqua]rme‘ Pa;s mn 2 4 hours. 1;11
and a school were damaged or destroyed, and hundreds of ZVha;com g(;l(')ng’ tai egme's suzt:;l: em%'g:hsﬁun(l:(u;rn d
bridges and roads were washed ot by floading in Pike, <pring Chinook salmon populations in the Nooksack River
oyd, Clay, Letcher, ie, and Jackson Counties in Ken- . N
tucky and Buchanan County in Virginia. In Kentucky, tl))z\:l::lasystetrp w:re .de%ls}slte:ted aza resul;lof high w;t;g
several hundred students were temporarily stranded when illi 8¢ es in;a ©s 1n Yha (;l(:mb ‘guntyt None w:veée .
the Frasure and Left Beaver Creeks spilled over their banks ﬁi::;né:;c& :gg;?::]illrlti(:m)e S oﬁg %a;fge: i‘; Sol::;iri
- h Idings. - .
;inet;) a(;?: c:)efdﬂl:; i e ?1(:)1 ogzlixtrl-legi{ngttth e};;(gixg‘:l:kg;:;n County was estimated at $1.4 million. Damage to roads
and Perry. The 10 counties in Kenn’x cky were, decl. are);i and other facilities in the extreme northern part of the
disaster are as by the Governor. :tlggn; ];ai.:(l?(r);Snoqualmie National Forest was estimated

Thousands of fish died in Palm Beach County, Fla., on Octo- 19 Bleach was poured into the Quileute Tribal Hatchery’s water
ber 21 and 22, due to a sudden drop in temperature that supply in LaPush, Wash., on November 10 or 11 and killed
lowered the oxygen level in ponds and suffocated the fish. 60,000 to 80,000 newly hatched summer run Chinook
In all, 18 fishkills (10-1,000 fish each) were reported. salmon, valued at $18,000. The fish were to be released
Among the dead fish were largemouth bass, speckled into the Quileute River. The act was thought to have been
perch, bluegill, and sunfish. deliberate.

About 100,000 fish were found dead in the Burnham Canal of 20 Within 48 hours between November 10 and 12, extensive rain-
the Menomonee River, Wis., on October 23. The mas- fall (4.98 inches on Marias Pass) caused flooding in north-
sive fishkill (mostly gizzard shad) was blamed on low dis- western (Lincoln and Flathead Counties) Montana. Riv-
solved-oxygen levels. Other fish killed included channel ers and creeks reached flood stage on November 12, due
catfish, walleye, northern pike, alewives, crappies, and to the intense rains and out-of-season snowmelt runoff. As
panfish. aresult of the flooding, a hunter’s trailer was washed into

the Flathead River near Columbia Falls, a few homes were

damaged in the West Glacier area, two bridges over

NOVEMBER 1989 Sullivan and Soldier Creeks on the west side of Hungry
Horse Reservoir were destroyed, and a house was washed

. . few hundred feet down Libby Creek near Libby in Lin-

In Jefferson Parish, La. (near New Orleans), 15 to 16 inches a . Y. "
of rain fell on November 6 and flooded homes and roads. ;:gln Cgung;dA fzg sections &fﬂ;\? Mfdl:lf io.rk ll:'l’laﬁeag
Hundreds of residents were forced from their homes, and Co‘fr:ty :g d da;:)a :gay:rt(;nof ;e ]_}" at():eck :ikeurllearaE\?:r-
school :;hl}dren were temporarily stranded; one death was green. The Burlinggto: Northern Ra}i’lroad line was closed
;.leg::% - In St. Charles Pans h, nearly 2,000 }.10'm ©8 were "because of two large washouts and widespread damage to

ed and damage was estimated at $7.4 million. railroad embankments along the Middle Fork

On November 7, a landslide blocked the Pacific Coast High- 21 About 250 barrels of crude oil spilled i i i

v i ' - = pilled into the Sabine River
way in Pacific Palisades near Los Angeles, Calif. The slide just south of White Oaks, Tex., on November 17. The spill
was blamed on water that seeped from a natural spring be- was caused by a leaking or broken pipeline. Longview,
neath a mansion on a bluff 150 feet above the highway and which uses the river as a source of drinking water, tempo-
destabilized the bluff. The highway remained completely ily deferred f : til i &
closed for almost 2 days. The cost of repair was $100,000. ;:;y deferred use of the river waer until it was declared

A major fishkill (more than 18,000 fish worth about $20,000) 22 An overturned truck leaked 8,600 gallons of gasoline into a

creek adjacent to Interstate 40 in Nashville, Tenn., on No-
vember 22. Because gasoline also flowed into a culvert
under the highway, the interstate was closed for several
hours, homes and businesses were evacuated, and a kin-
dergarten was closed and students moved to a nearby el-
ementary school.
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35

36

37

38

39

west of Anchorage. The flood changed the course of the
Drift River, causing it to flow on the back side of the oil
facility.

On January 8, thousands of dead alewifes (small fish similar

to minnows) were found in the Youghiogheny River about
25 miles below the dam in Connellsville (Fayette County),
Pa. About 350 walleyes, some crappies, and bluegills also
died. The first dead fish were noticed December 27. The
fish were believed to have been sucked into the intake pipes
of a new powerplant (opened December 7, 1989), which
occurred concurrently with the release of large volumes
of water from the dam.

About January 9, a ruptured valve at an agricultural chemical

firm caused about 7,500 gallons of 28-percent nitrogen fer-
tilizer to spill into a small tributary that flows into White
Lick Creek (a tributary of the White River) in southern
Boone County, Ind., near the Hendricks County line. Thou-
sands of fish, some large, died in 13.5 stream miles as a
result of the spill.

Three rainstorms, the last and most severe (100-year recurrence

interval) of which occurred on January 9, caused flooding
in an area extending from Seattle, Wash., to Tillamook,
Oreg. Many rainfall records were set during these storms,
which also brought large quantities of snow to the moun-
tains (28 inches at Stevens Pass the night of January 9).
Hundreds of people were evacuated from Centralia, Wash.,
when a dike was breached by the Skookumchuck River.
In all, flooding caused about 3,000 people to flee their
homes in Washington. The storms caused four people to
drown in Washington and three deaths in weather-related
accidents in Oregon. Mudslides and flooding forced the
closing of many roads. Washouts and fallen trees along
rail lines near Vader, Wash., suspended rail service between
Seattle and Portland for several days. In Washington, dam-
age was estimated at $17 million for roads, sewers, and
other public facilities. In Oregon, initial estimates placed
damage at $15.5 million in Tillamook County alone (in-
cluding $2.5 million in publicly owned facilities losses, $1
million in agricultural losses, and $4.2 million in dairy-
farm losses). Peaks of record were exceeded at six
streamflow stations, including two at which the flood had
a recurrence interval of 100 years—Puyallup River near
Electron, Wash., and Nehalem River near Foss, Oreg. Peak
discharges at the other four sites (on the Chehalis and
Willapa Rivers in Washington) had recurrence intervals of
25 to 75 years.

On January 12, roads were flooded locally when the Sacra-

mento, Calif., area received a record 2.53 inches of rain-
fall in 24 hours. The rainfall broke the previous record for
January 12 of 1.65 inches, set in 1906. Before the rain-
fall, runoff in the area had been only 35 percent of aver-
age. The rainfall helped to temporarily alleviate conditions
of a 2-year-long drought. Several auto accidents that caused
four deaths were attributed to the weather. Rains associ-
ated with the same storm caused several mudslides in Los
Angeles County and closed the San Francisquito Canyon
Road near Lake Elizabeth.

A massive fishkill was reported on January 12 at No. Seven

Wildlife Area near Charleston, Mo. About 209,000 fish
were killed in a 2-mile stretch. Most of the fish were small
shad, but some fish were estimated to weigh 6 pounds.
Bass, bluegill, sunfish, crappie, catfish, drum, gar, and min-

nows also died. Shallow water covered by ice is suspected
as the cause of the kill.

Several thousand fish were killed on January 14, when a

nuclear powerplant in New Jersey, shut down for safety
tests. The shutdown caused a 20-degree decrease in water
temperature adjacent to the plant.

In a 24-hour period beginning on the morning of January 24,

4 to 10 inches of rain fell in the southern half of Missis-
sippi and caused flooding. The Pearl River near
Monticello, the Bogue Chitto near Tylertown, and the
Buffalo River near Woodville each had a peak discharge
that had recurrence intervals of about 25 years. At23 gag-
ing stations in south Mississippi, peak discharges exceeded
a 2-year recurrence interval.

About January 27, flooding forced the closing of more than

30 roads and highways in southeastern Louisiana after a
week of rain. Inthe Denham Springs area, 850 homes (350
in East Baton Rouge Parish and 500 in Livingston Parish)
were damaged by rising waters. Rivers contributing to
flooding were the Comite River, the Pearl River near
Slidell, and the Bogue Chitto near Franklinton. On Janu-
ary 27, the gaging station Amite River near Darlington
(about 35 miles northeast of Baton Rouge, La.) had arecord
peak discharge of 104,000 ft*/s (recurrence interval greater
than 50 years), which exceeded the old maximum of 76,400
ft’/s. The station Amite River near Denham Springs, about
15 miles east of Baton Rouge, had a peak discharge of
96,600 ft*/s, which also had a recurrence interval greater
than 50 years. Peak discharges of other streams in south-
eastern Louisiana had recurrence intervals of about 10
years. Flood damage was estimated at $80 million to $100
million.

About January 29, thousands of fish died when Muddy Creek

Lake, about 25 miles southeast of Wichita and 6 miles
northeast of Douglas, Kans., was drained. Although the
reason for draining the lake was unknown, it was theorized
that someone drained the lake to make it unsuitable as a
beaver habitat.

On January 30, the National Park Service reported thousands

of dead fish in the Chesapeake and Ohio Canal in a sec-
tion from Old Angler’s Inn, in Maryland, to Georgetown,
in Washington, D.C. Carp, catfish, smallmouth bass, and
bluegill died of suffocation. Because repairs were being
made to the canal floor, the water level of the canal had
been lowered and the water froze to a depth of 9 inches,
which left little dissolved oxygen in the water for the fish
to breathe.

In Washington County, Oreg., 4 million gallons of raw sew-

age flowed into the Tualatin River in Tualatin on January
30 and 31 because grease and plastic foam combined to
clog a 30-inch sewer line and force sewage to overflow into
the river.

Between 3,000 and 10,000 dead fish were discovered on Janu-

ary 31 in a 5-mile stretch of West Branch Creek, a tribu-
tary of the Verdigris River, which flows into Lake Oologah
about 25 miles northeast of Tulsa, Okla. The dead fish
included carp and bullhead and the game fish crappie and
bass. According to a game ranger with the Oklahoma De-
partment of Wildlife Conservation, the fish had been dead
for several days. The deaths seemed to be related to a spill
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from a sewage-treatment plant 5 to 6 miles west of the
creek. The spill affected the water supply of at least 6,000
Nowata County residents; however, the spill was not con-
sidered to be dangerous to humans.

FEBRUARY 1990

47

48

49

50

51

In early February, warm, intense rain contributed to flooding

and mudslides in Washington and Oregon. In Washing-
ton, a nursing home and about 100 other homes in
Centralia were evacuated on February 10, when the
Skookumchuck River reached a peak stage more than 1
foot higher than during the January flood. In Lewis
County, high water and mudslides closed about 15 roads,
mostly south and east of Chehalis. Twenty miles east of
Naselle, on February 11, a 300-foot section of State High-
way 4 collapsed. A mudslide swept away 300 yards of
Ocean Beach Highway (State Route 4) at KM Mountain
about 4.5 miles northwest of Skamokawa. Slides also
buried U.S. Highway 2 with as much as 50 feet of mud
near Stevens Pass. State Highway 112 was destroyed at
Deep Creek just west of Twin Rivers and about 20 miles
west of Joyce when a slide washed away about 200 feet
of the road. In Oregon, overflow of the Nehalem and Wil-
son Rivers caused mudslides and minor flooding. One lane
of U.S. Highway 101 was closed because it was covered
by 6 to 8 inches of water. Flooding and slides were also
reported throughout Clatsop County.

In Douglas County, Oreg., an electrical outage caused a spill

of about 120,000 gallons of untreated sewage into Elk
Creek on February 7. Douglas County Health Department
warned residents not to drink inadequately treated water
from Elk Creek or the downstream Umpqua River.

On February 8, a tanker truck overturned, spilling 3,500 to

5,000 gallons of hydrochloric acid into Camas Creek near
Ukiah, Oreg. The creek flows into the North Fork John Day
River, which is tributary to the Columbia River. The spill
killed fish in a 12-mile stretch of the North Fork and people
were warned not to fish or eat fish from a 50-mile stretch
of the river from its confluence with Camas Creek to be-
low Spray in Wheeler County. Residents were also warned
to keep livestock away from the spill. Most of the 20,000
to 100,000 fish killed were nongame fish such as dace,
suckers, squawfish, and shiners. However, about 4,700
were game fish: 1,700 juvenile Chinook salmon, 2,300
juvenile steelhead, 400 whitefish, and 300 bull trout. Also
killed were 10,000 Pacific lamprey eels, a ceremonial and
subsistence food of local Indians.

In Alaska, the February 15 eruption of Redoubt Volcano caused

the second largest mudflow down the Drift River since the
volcano’s eruptions began in December 1989.
Volcaniclastic flows eroded less snow and ice from Drift
Glacier, which had been heavily eroded by the January 2
eruption, and the peak discharge was estimated to be be-
tween 350,000 and 900,000 ft*/s. Channel filling near the
Drift River Oil Terminal caused the flow to breach con-
tainment dikes around the oil storage tanks.

As much as 8.5 inches of rain fell in a 48-hour period (Febru-

ary 15 and 16) and caused flooding in north and west-cen-
tral Alabama. Less than 1 inch of rain fell in the southern
half of the State during the same period. Many roads and
bridges were washed out by floodwaters and many schools

52

53

were closed. Lake Purdy was above its capacity and spilled
water over the Cabaha River Dam. Flooding was reported
throughout the Birmingham area and all along the Coosa,
Black Warrior, and Tallapoosa Rivers in northern Alabama.
Flooding also occurred along the Sucarnoochee River in
Sumter County, the Tennessee River in Morgan County, and
the Alabama and Cahaba Rivers in Selma. Floods affected
virtually every major river in the State. Peak flows of
record were established at gages on several streams hav-
ing less than 300 mi? of drainage area. Recurrence inter-
vals for peak discharges ranged from about 5 years to more
than 100 years. Discharge exceeded both the 100-year flood
and the previous peak of record (since 1900) on Mulberry
Fork near Garden City (about 30 miles north of Birming-
ham) on February 16, where the peak discharge was 66,500
ft*/s at a gage height of 25.04 feet. As of February 19, floods
had caused three deaths. State officials estimated damage
from the floods at $2.5 million. Six counties (Bibb, Greene,
Russell, Shelby, Talladega, and Tuscaloosa) were declared
disaster areas by the President.

Between February 15 and 20, intense rainfall of 4 to 9 inches

in a 48-hour period caused flooding in Mississippi; 2
deaths were attributed to the floods. Flash flooding along
a creek in Mendenhall forced 250 to 400 people from their
homes on February 15. On February 19 and 20, more than
100 people were forced from their homes in Shubuta,
Clarke County, by flooding along the Chickasawhay River.
Recurrence intervals ranged from 10 years to slightly more
than 25 years on most streams from the southwest to the
east-central part of the State; no record-breaking peaks
were reported.

Between February 16 and 19, storms caused major flooding in

Georgia, Tennessee, and North Carolina. In Georgia, as
many as 1,000 people were evacuated from their homes in
Trion, in the northwestern part of the State, after as much
as 12 inches of rain fell on February 15-16, causing the
Chattooga River to overflow its banks. On the Chattooga
River at Summerville (53 years of record), the peak dis-
charge of 30,100 ft*/s exceeded the 1951 peak of record by
about 25 percent and was equal to the discharge of the 100-
year flood. Three storm-related deaths occurred. The mayor
of Trion estimated damage to the high school and an elemen-
tary school alone to be $1 million. In McCaysville, in ex-
treme northern Georgia on the Georgia-Tennessee bound-
ary, flooding of the Toccoa/Ocoee River forced 500 people
from their homes. Damage to municipal buildings in
McCaysville was estimated at $1.6 million. The town of
Resaca, Ga., on the Oostanaula River suffered its worst
flooding in 40 years according to the National Weather Ser-
vice. On the Oostanaula River, peak discharge was the sec-
ond highest in 97 years of record at Resaca and the fourth
highestin 51 years of record at Rome. The Conasauga River
near Eton (33 years of record) peaked at 33,200 ft*/s on Feb-
ruary 16, equal to the discharge of a 100-year recurrence-
interval flood and about 30 percent greater than the previ-
ous peak discharge in 1973. Peak discharges of two tribu-
taries of Conasauga River—Mill Creek near Crandall (5
years of record) and Holly Creek near Chatsworth (30 years
of record)—also exceeded previous peak discharges of
record by 150 and 125 percent, respectively. Recurrence
intervals on the two creeks were 50 years and 2.1 times the
100-year flood, respectively. Weather (including tornadoes)
caused an estimated $15.7 million in damage in nine coun-
ties (Carroll, Chattooga, Cobb, Douglas, Fannin, Gilmer,
Gordon, Murray, and Walker).
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54

55

56

In Tennessee, Copperhill (Polk County), which is just across

the river from McCaysville, was completely under water.
Damage to Polk County was estimated at $5.3 million.
Flooding on the Ocoee River in Tennessee came close to
the records set in 1906. Parts of Highway 64 were washed
out through Ocoee Gorge, and the Ocoee Power Plant was
extensively damaged. Several Tennessee Valley Author-
ity workers at the plant were airlifted to safety. More than
200 people evacuated homes in Chattanooga and East
Ridge, as the Chickamauga and Spring Creeks rose and the
Tennessee River flooded. Near-record flow occurred at
South Chickamauga Creek near Chickamauga, Tenn., be-
tween February 17 and 18. Many homes and businesses
were damaged, roads were flooded, bridges were washed
out, and mudslides and rockslides were reported in the
mountains.

In North Carolina, in associated flooding, one person drowned

on February 16 in the French Broad River after being swept
away from a fish hatchery in Transylvania County. More
than 200 people were evacuated from their homes in low-
lying areas, mostly in Macon, Jackson, Clay, and Chero-
kee Counties in the southwestern part of the State. The
roof of a science building at the University of North Caro-
lina at Asheville collapsed, apparently from the weight of
water that collected on the roof. Agricultural officials re-
ported that flood damage in North Carolina was in the mil-
lions of dollars. Non-agricultural damage from flooding
was expected to exceed $1 million. Preliminary estimates
of road and bridge damage totaled $1.81 million.

On February 18, as much as 6 feet of snow fell in the Sierra

Nevada and contributed to a mudslide that closed more
than 85 miles of Interstate Highway 80 from the Nevada
border to Applegate in northern California. This was one
of the most severe storms on record for this area. Precipi-
tation at Sacramento on February 16 (2.05 inches) ex-
ceeded the 1986 record of 1.84 inches. The storm even
produced snowflakes in Sacramento, a rare occurrence.
Snowstorms also closed Interstate Highway 5 through the
Grapevine, which links the northern and southern sections
of the State. In related storms in southern California, tons
of mud and rock rolled onto Malibu Canyon Road, forc-
ing its closure to the Ventura Freeway near Los Angeles.

Temporarily closed oyster beds in Mobile, Ala., were closed

indefinitely, on February 21, by State health officials be-
cause fresh floodwaters entering the saltwater oyster beds
were contaminated with human and animal fecal bacteria.

By the end of February as the drought of 1989 continued into

1990, half of southwest Florida was under Phase I water-
use restrictions and the area around Bonita Springs and
north Naples was under Phase II water-use restrictions.
Phase I restrictions allow watering and car washing only
from 4:00 a.m. to 8:00 a.m. 3 days a week, and Phase II
restrictions allow those activities only 2 days a week. Pre-
cipitation was 15-16 inches below average in 1988 and 6~
7 inches below average in 1989. All artesian aquifers in
southwestern Florida were extremely low or at all-time
record low water levels. Inthe Hawthorn aquifer, used by
three water companies in Lee County to provide water af-
ter reverse osmosis treatment, water levels had declined 5
feet since October 1, 1989, after declining almost 20 feet
in the year prior to October 1. Chloride concentrations in
monitoring wells in the Lower Tamiami aquifer in the
Bonita Springs area had slowly increased, leading water

management officials to be concerned about saltwater in-
trusion.

By the end of February, streamflow in eastern South Dakota

was beginning to be severely affected by the less-than-av-
erage precipitation received during the preceding 2 years.
At the Big Sioux River near Castlewood gaging station, in
the upstream part of the basin, no flow had been recorded
since early January 1990. Expected discharge for this time
of year is about 10 ft*/s. The recurrence interval for no flow
for a 60-day period during this time of year is greater than
100 years. Downstream from the Big Sioux River at Sioux
Falls gaging station, streamflow averaged 12 ft¥/s from De-
cember 1 to February 28. The recurrence interval for this
discharge for a 90-day period is about 30 years.

MARCH 1990

Rains exceeding 3.6 times average in February and near aver-

age in March falling in east-central Illinois caused severe
flooding in Danville, when the Vermilion River overtopped
the water-treatment plant below Lake Vermilion causing
the suspension of water service for nearly a week. A peak
discharge of 20,100 ft*/s occurred on the North Fork Ver-
milion River at Bismarck on March 11 and had a recurrence
interval of greater than 100 years. The resultant flooding
necessitated the evacuation of people living along the river
and caused $1 million in property damage to homes and
businesses.

Seven to 16 inches of rain beginning on March 15 and con-

tinuing through March 20, caused severe flooding in parts
of Alabama, Florida, and Georgia. Peak discharges at some
gaging stations exceeded those for both the period of record
and the 100-year flood. Recurrence intervals of peak dis-
charges on the Pea, Choctawhatchee, and Blackwater Riv-
ers ranged from 1.2 to 2.1 times those for the 100-year
flood. Recurrence intervals were greatest on streams hav-
ing drainage areas of less than 500 mi’.

In Alabama, predominantly in the southeastern part, property

damage was extensive and many bridges and roads were
flooded. Atleast 11 people drowned, most of them in cars
that went through barricades on flooded roads and were
swept away by floodwaters. Elba, Ala., along the PeaRiver
(about 70 miles southeast of Montgomery), received the
greatest damage. It was submerged under 12 feet of water
after an earthen levee collapsed. Emergency management
officials said that flooding did more than $100 million dam-
age in the State.

In Florida, about 1,200 people in the northwestern part of the

State were evacuated from low-lying areas. Most were
from the town of Caryville, where the entire population of
630 residents was evacuated because of flooding by the
Choctawhatchee River. Flooding also caused evacuations
along the Apalachicola River near Blountstown, the
Escambia River near Cantonement, and the Blackwater
River near Milton. A record-breaking peak discharge oc-
curred on the Yellow River at Milligan, where both the peak
discharge of 51,500 ft*/s, which had a recurrence interval
of 100 years, and the peak stage of 19.00 feet exceeded
those for the 1975 record discharge of 38,600 ft*/s and stage
of 17.71 ft. Peak discharges on other streams had recur-
rence intervals of 50 years or less. Three flood-related
deaths occurred.
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In Georgia, flooding was worst in the northwestern and west- During the preceding winter, 35 tanks having a combined
central parts of the State. The most severe flooding oc- capacity of 635,000 gallons were installed and filled with
curred on Upatoi Creek near Columbus where the record- diesel fuel and gasoline. An estimated 31,000 gallons had
breaking peak discharge of 46,300 ft*/s was 3.1 times the leaked into soils surrounding the complex, which is sev-
discharge of the 100-year flood. Other severe flooding eral hundred yards from Mol Heron Creek, an important
occurred on the Yellow River, Chatahoochee River, cutthroat trout spawning stream that flows into the
Kinchafoonee Creek, and in the upper Flint River basins. Yellowstone River. The church had the tanks pumped and
Flood-related traffic accidents claimed four lives, with sev- excavated for repair.
eral million dollars in damages to roads, bridges, and per-
sonal property reported. 63 On April 23, a tank barge struck a submerged object in the Ohio

River at Owensboro, Ky., and spilled 18,000 gallons of

Flooding also occurred in Jackson County, Miss., on March unleaded gasoline. No cleanup was feasible because the
20 after 14 inches of rain fell in 2 days. About 35 homes gasoline rapidly dissipated.
were flooded and several roads were washed out.

64 On April 24, as a result of a pipeline rupture, 50,000 gallons of
60 About 80,000 gallons of diesel fuel, gasoline, and kerosene crude oil spilled into Millsap Lake in Millsap, Tex. Millsap
spilled into a tributary of the Allegheny River when a pipe- continued drawing water for public supply by lowering the
line split on March 31 as the result of a landslide in intake from 30 to 48 inches below lake level and by draw-
Freeport, Pa. (35 miles north of Pittsburgh). The petroleum ing the water through particulate filters and carbon-bed ab-
products mixed with water as it poured over six dams be- sorbers. Intense rain and local flooding hampered recov-
tween Freeport and Pittsburgh. The 41-mile long slick ery efforts and caused some oil and absorbent pads to be
caused as many as seven communities, which normally washed into the Brazos River.
draw water from the river, to temporarily discontinue us- ; . .
ing the river for public supply. Several communities had 65 On April 25, the Southwest Florida Water Management Dis-
no running water and were supplied water from portable trict imposed a 3-month cap on water permits in an 800-
tankers; others were forced to draw water from other mi? area in southern Hillsborough and Manatee Counties,
sources. Conservation was urged in areas where the stored where the water table had dropped below sea level and al-
supply was insufficient. In all, 11 communities and as lowed seawater to seep inland. Under this measure, the Dis-
many as 1 million people were affected by the spill. As of trict would issue 1o new permits to pump water from the
April 6 clean up was completed. aquifer. About 80 percent of the permitted water use in this
area is for crop irrigation.
APRIL 1990 66 Six people drowned as a result of flash flooding from
Brownwood to Dallas, following a series of thunderstorms
and tornadoes in central and northern Texas on April 25.
61 In California, the Metropolitan Water District (a six-county Authorities said that flooding was the worst in the
agency in the southern part of the State) warned govern- Brownwood area since 1954. As much as 16 inches of rain
ments and businesses on April 4 that it might no longer be fell in 24 hours. About 1,300 people were evacuated from
able to provide a limitless supply of water, because Cali- the low-lying areas of Brownwood, in Brown County, and
fornia was then in its second-longest sustained drought of rural parts of Parker County as waters continued to rise on
record. Restrictions were placed on sources of water to the April 26. Recurrence intervals of the floods were greater
north, the Sierra Nevada mountains, and the Colorado than 100 years at gaging stations on Pecan Bayou at
River. Supplies to the Metropolitan Water District were Brownwood and Pecan Bayou near Mullin, both in the
expected to be cut by one-third from the Colorado River Colorado River basin. A flow of 30,000 ft%/s was the larg-
and 60 percent from Mono Basin and Owens Valley in the est of record at the Leon River near DeLeon in the Brazos
Sierras. Only 50 percent of the usual agricultural allotment River basin (previous record of 7,540 ft*/s was set in 1968).
from the California State Water Project from the north A four-lane bridge on U.S. Highway 377, about 15 miles
would be available. The District also predicted a 5- to 10- southwest of Roanoke in Denton County, was closed be-
percent reduction in allotments to urban users. Southern cause of high-water damage. Water was 7.4 feet above the
California farmers had begun to drill wells after being no- Lake Brownwood spillway on April 26, a record for the 80-
tified that they would receive only half their usual water year-old dam. In Wise County, Lake Bridgeport was at its
allotment from the north. Water-supply conditions were highest level ever on April 29, and water was released at a
even worse in other parts of the State. During the coming record rate of 14,000 ft*/s into the West Fork Trinity River.
summer, the San Francisco Bay area and central Califor- Parker County, battered by tornadoes, floods, and an oil
nia were projected to experience severe shortages of wa- spill, was declared a disaster area by the Governor. Over-
ter and would be implementing water-rationing programs. all damage estimate was in the millions of dollars.
Some water districts in the central valley and central coast
had cut agricultural allotments to zero, forcing farmers to 67 On April 26, a pipeline ruptured and 294,000 gallons of crude
use ground water or shift what little water they had to long- oil spilled into the Sabana River near Gorman, Tex. Al-
term crops such as fruit trees. though cleanup efforts were hampered by intense rain and
accompanying flooding, 42,000 gallons of oil were recov-
62 On April 16, the Montana Water Quality Bureau reported a fuel ered as the floodwaters receded. The oil threatened water

leak from underground tanks used to store fuel for under-
ground nuclear fallout shelters of the Church Universal and
Triumphant in Corwin Springs, Mont. The underground
complex is on church property, bordering the north edge
of Yellowstone National Park near the Yellowstone River.

supplies of communities in Erath and Comanche Counties,
which take their drinking water from Proctor Lake about
10 miles downstream from the spill. Local pasture lands
along the flood plain of the river were contaminated with
the oil.
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68

More than 43,000 mostly nongame fish died in Cedar Creck

near Frankenstein in Osage County, Mo., between April
28 and 30, when 1.5 miles of the creek were polluted with
hog manure. The dead fish included sunfish, bass,
bullshead, minnows, suckers, darters, and madtoms.

May 1990

69

70

71

72

73

On May 2, the mayor of Los Angeles, Calif., announced a man-

datory water- conservation program, the first in the city in
12 years. The conservation measures involved reducing
1986 water-use levels by 10 percent. The program was the
result of 4 years of drought in the area.

Intense rains on May 1-3, caused severe flooding May 3-6 in

the southeastern part of Oklahoma as the State experienced
the wettest January—April period since 1892. Five gaging
stations reported peak discharges that exceeded previous
records and recurrence intervals greater than 100 years—
Muddy Boggy near Unger (8 years of record) and near
Farris (54 years of record), Wishita River near Dickinson
(62 years of record), Kiamichi River near Clayton (9 years
of record) and Canadian River near Whitefield (52 years
of record). Other gaging stations that had peak discharges
that exceeded previous records were Baron Fork at Eldon
(42 years of record) and Kiamichi River near Antlers (18
years of record). On May 3, the water level at Lake Eufaula
in eastern Oklahoma reached a record high of 599.72 feet
above sea level, and authorities released a record 230,000
ft¥/s of water through floodgates. Lake Texoma reached a
record level of 27 feet above flood stage. This was the first
time since 1957 that water had flowed over the spillway at
Lake Texoma Dam. Several bridges were washed out or
damaged and one flood-related death was reported. In
Marshall County alone, officials estimated $3 million in
damage. Federal disaster assistance was requested by 39
counties.

Despite floods in northern and eastern Texas, western Texas

entered its fourth drought-like year by May 8 with defi-
cient rainfall of 2 to 4 inches. Increased pumping from the
Edwards aquifer drew down the water table and flow of
the San Marcos and Comal Springs, which receive water
from the Edwards aquifer. Some perennial creeks in
Presidio that recharge the aquifer had not flowed in 2 to 3
years.

Extensive rains caused flooding in Illinois in early May. Rain-

fall of 3 to 4 inches over Lake, Cook, and DuPage Coun-
ties on May 9 and 10 produced substantial flooding in parts
of northeastern Illinois. New peak gage heights for the
period of record were established at 11 gaging stations. As
much as 6 inches of rain, in the 48 hours ending May 17,
fell on already saturated soil and caused severe flooding
in localized areas of central and southern Illinois. Dis-
charges were a record maximum at six gaging stations. At
two of those stations—Skillet Fork at Wayne City in the
Wabash River basin and Whitley Creek near Allenville in
the Kaskaskia River basin—peak discharges had a recur-
rence interval that exceeded 100 years.

Floods, mainly in the Arkansas River basin and along the Red

River, occurred in Arkansas during early May. However,
flooding also was significant in the Ouachita River basin
in the vicinity of Hot Springs later in the month. Over-
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night rainfall of 3 to 5 inches on May 2 to 3 in the north-
west quarter of Arkansas caused flooding that resulted in
many road closures. The Arkansas River at Little Rock
peaked at about 400,000 ft*/s, the greatest discharge since
navigation began in the 1970’s. Damage to roads and
bridges was estimated at $7 million in the Fort Smith area.
More than 300 families were forced from their homes in
central Arkansas owing to the worst flooding since 1957.
Thirty-three counties were declared disaster areas. Dis-
charge of the Red River near Index equaled the 100-year
recurrence interval. Rainfall of 12.97 inches in less than
24 hours, May 19 and 20, caused severe flooding in Hot
Springs. Downtown Hot Springs, which lies in a steep val-
ley, was flooded when runoff overwhelmed the drainage
systems. City officials in Hot Springs estimated damage
at $5.3 million. Peak discharge on the Ouachita River at
Malvern (about 20 miles southeast of Hot Springs), broke
the previous record discharge setin May 1923. The Ameri-
can Red Cross estimated that 335 homes in Hot Springs
and Garland County were flooded.

From May 12 to 13, a storm swept through south Mississippi

and produced more than 8 inches of rain, almost all of
which fell in an 18-hour period beginning at noon on May
12. As aresult of the intense rainfall, substantial flooding
occurred. Bouie Creek near Hattiesburg and White Sand
Creek near Oak Vale experienced the largest floods since
1974. Five had peak discharges that exceeded a 15-year
recurrence interval. In all, 25 gaging stations experienced
floods that had a recurrence interval greater than 2 years.
Estimated damages exceeded $800,000.

Flooding on the Red River, with recurrence intervals of 25 to

50 years, occurred between Shreveport and Alexandria,
La., between May 15 and 22 following intense rainfalls.
Flooding affected as much as 600 mi? and about 80,000
acres of crops and pasture. Agricultural damage was esti-
mated at $7 million, not including the cost of rebuilding
and replanting.

As much as 15 inches of rain about May 19 in south-central

Indiana caused flooding in southern Indiana and forced
dozens of people from their homes. As a result of flood-
ing along the White River and smaller tributaries, the Pe-
tersburg water main was severed, leaving the mining and
farming community without freshwater for 2 weeks.
Flooding of small basins was the most severe since 1979,
and mainstem flows were the greatest since 1961. Flood-
ing was the most severe in the French Lick and English
areas. As a result, the Governor declared southern Indi-
ana as eligible for State disaster assistance.

Intense rains on May 19 in lowa caused the most severe flood-

ing in 40 years in Sioux City along Perry Creek, where the
peak discharge was estimated at 8,670 ft*/s. Seventeen
homes were destroyed, another 256 had major damage, and
201 had minor damage. More than 50 business establish-
ments were affected by the floods, but none were de-
stroyed.

The second most intense rainfall in Texas since 1898, when

records began, caused severe flooding in May. On April
28, 6.5 inches of rain in 36 hours in Wichita Falls contrib-
uted to May flooding on the Red River. By May 3, about
2,300 homes had sustained damage as a result of 2 weeks
of rainfall. Record flows occurred at 12 gaged streams,
and record stages occurred at nine reservoirs between May
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Table 1.

Chronology of significant hydrologic and water-related events, October 1989 through September 1990—continued

No.
(fig. 4)

EVENT

May 1990 (con.)

MaY 1990 {con.)
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2 and May 21. Recurrence intervals were greater than 100
years at six sites in the Red and Trinity River basins: Little
Wichita River above Henrietta (in the Red River basin),
Red River at Denison Dam near Denison, Red River at
Arthur City, West Fork Trinity River at Grand Prairie, East
Fork Trinity River near Crandall, and West Fork Trinity
River near Boyd. Six flood-related fatalities were con-
firmed. On May 10, the Trinity River near Crockett had a
record discharge, and flooding on the Trinity River was the
most severe in 80 years. Forty-six counties qualified for
Federal assistance for flooding that occurred in late April
and May. More than 1,500 people were forced from their
homes because of flooding of the Trinity River, mostly
south of Dallas. Texas received 4 to 5 inches of rain on
May 12, as flooding continued along the Trinity River
below Oakwood. The contents and stage of the Livingston
Reservoir on the Trinity River, reached record maximums
for the period of record, which began in 1968. Officials
released a record 108,000 ft*/s of water through floodgates
on May 17. A flow of 20,000 ft*/s can cause flooding.
About 380 people were evacuated from homes below the
dam. As of May 9, estimated damage to roads and bridges
in the State was $7 million. Damage to agriculture was
$500-700 million and damage to residences in northern,
northeastern, eastern, and central Texas (along the Red and
Trinity rivers) was $60 million. As of May 8, according to
the National Weather Service, the flooding was the most
severe since 1908.

On May 24, a freighter struck the Jackson Avenue Ferry Land-

ing near the French Quarter (at Algiers Point) in New Or-
leans, La. and then collided with some barges. The acci-
dent, which occurred about 8:25 p.m., ripped three holes
in the freighter and ruptured several tanks. As a result, an
estimated 40,000 gallons of No. 6 fuel oil spilled into the
Mississippi River and caused a slick that stretched 60 miles
downstream. The leading edge of the slick was at Point
Sulphur by noon on May 25. The spill threatened the water
supply for the town of Pointe a la Hache, which has an
intake from the river. About 140 cubic yards of contami-
nated debris and 3,000 gallons of oil and water mixture
were recovered. Damage to the ferry landing was an esti-
mated $200,000.

On May 29, about 150,000 gallons of fuel spilled into the

Goldstream Creek valley when a tanker train of the Alaska
Railroad derailed about 40 miles south of Fairbanks,
Alaska. Fuel apparently drained into Goldstream Creek,
which flows into one of the richest waterfowl nesting ar-
eas on the North American coast. Officials of the Alaska
Department of Environmental Conservation and the rail-
road were quickly on site to contain the fuel.

At the end of May, after several months of deficient rainfall,

ground-water levels and spring discharges were at record
minimums in parts of northeastern Florida. All-time low
water levels of 53.12 feet and 33.01 feet below land sur-
face were measured at two representative wells in the
Floridan aquifer system in Seminole County. These lev-
els were 1.20 and 0.94 foot lower, respectively, than pre-
vious record-minimum measurements made in 1989.
Records at the two wells began in October 1951 and No-
vember 1985, respectively. In addition, May discharges
were the lowest of twice-yearly collected data (May and
September) since 1961 at two of the six artesian springs
measured in Seminole County. Discharge of the other four
springs was at or near the lowest measured since 1980, the
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time of the previous lows. Before 1961, the six springs
were measured only during the high-flow period (Septem-
ber) in most years back to 1930. Because of low water
levels on May 30, the St. John’s Water Management Dis-
trict imposed water-use restrictions in Seminole County,
bringing the number of counties in northeast Florida un-
der mandatory restrictions to 12.

In May, several hundred thousand steelhead smolt were killed

by gas supersaturation below John Day Dam on the Co-
lumbia River, Oreg. Gas supersaturation can occur below
Columbia River dams when water is spilled from the res-
€IVOIr.

JUNE 1990
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On June 3, more than 7,700 dead fish were found in a 30-mile

section of Tar Creek, Drowning Bear Creek, and the
Conasauga River near Dalton in Whitfield County, Ga. An
industrial pollutant, a form of 1-Tridecanol that is used as
a wetting agent, caused the deaths. More than half of the
fishkill was game or commercial species. Fish killed in
largest numbers included sunfish, bluegill, drum, shad,
stonerollers, catfish, crappie, redhorse, carp, bullhead,
minnows, shinners, bass, mosquitofish, and warmouth.

In early June, spring rains washed large amounts of nitrates from

farm fields into several river systems used for municipal
water supplies in Iowa. Iowa City uses the Iowa River and
the city of Des Moines uses the Des Moines and Raccoon
Rivers as sources of surface water. The two cities blended
their surface water with ground water to keep nitrate con-
centrations within allowable levels for their municipal water
supplies. On June 9, the nitrate level in the Iowa City drink-
ing water was 10.2 mg/L, which exceeded Federal standards
for drinking water of 10 mg/L.. Towa City issued an alert to
advise that children less than 6 months old and pregnant
women should not drink the water and provided bottled wa-
ter from ground-water supplies. The city of Des Moines
also alerted their customers.

Flash floods in Las Vegas, Nev., caused two deaths on June

10. Maximum reported rainfall was about 1.5 inches in a
1-hour period at several locations, which caused peak flows
having recurrence intervals equal to or less than 10 years.
Total damage was estimated at $2.6 million.

On June 14-15, flash flooding occurred in Belmont, Harrison,

and Jefferson Counties in Ohio, in an area adjacent to the
West Virginia panhandle. The flooding was caused by 3
to 5 inches of rain within 3 hours on the evening of June
14 ; most damage occurred on Wegee and Pipe Creeks in
Belmont County, where 26 people were killed and 58
homes and trailers were destroyed. Homes were swept off
foundations, and cars were washed away. Both creeks flow
through steep, narrow valleys and drain into the Ohio River.
In Harrison and Jefferson Counties, floods on Short Creek
and its tributaries damaged adjacent towns. Peak discharge
at the gaging station Short Creek at Dillonvale (48 years
of record) had a recurrence interval that exceeded 100 years
and was greater than the previous record set in 1945. The
previous peak of record also was exceeded on Wheeling
Creek near Blaine (7 years of record). The three counties
were declared Federal disaster areas. Damage in the Pipe
and Wegee Creek basins was estimated at about $2 mil-
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Table 1. Chronology of significant hydrologic and water-related events, October 1989 through September 1990—continued

EVENT
No.
(fig. 4 JUNE 1990 (con.) JUNE 1990 (con.)
lion. Lesser flooding caused by the same storm occurred 91 On June 26, southern California’s leading water agency, the
across a wide area of central and eastern Ohio, northern Metropolitan Water District (MWD), signed a landmark
West Virginia, and western Pennsylvania. agreement to pay for conservation measures in one farm-
ing district (the Imperial Irrigation District) and send the
87 As much as 11 inches of rain fell during June 13 to 16 in north- water saved to urban customers. The MWD agreed to pay
eastern Nebraska and caused major flooding along Shell for flow-regulating reservoirs and improved canal lining,
Creek in the Platte River basin and along Maple Creek and and to provide more flow monitors in return for the 106,000
Union Creek in the Elkhorn River basin. On June 17, the acre-feet of water that would be saved annually at a cost
peak discharge of 8,000 ft*/s at a stage of 22.76 feet at Shell of $225 million. The measure was spurred by the continu-
Creek near Columbus (40 years of record), broke the pre- ing 4-year drought, which was the most severe in 60 years.
vious record and exceeded the 100-year recurrence inter- At the end of the 1990 rainy season, California had received
val. On June 16, the peak discharge of 15,100 ft’/s at a only 65 percent of average precipitation, and 400 local
stage of 25.72 feet at Union Creek at Madison (12 years water agencies had imposed restrictions. State-aquaduct
of record) broke the previous record and had a recurrence water allotments to agriculture, which uses about 80 per-
interval of 60 years. Peak discharges on June 17 were cent of the available water, were decreased severely. Some
23,000 ft¥/s at a stage of 23.90 feet at Pebble Creek at of the deficit could be overcome by pumping ground wa-
Scribner (12 years of record) and 11,600 ft*/s at a stage of ter at increased costs. In Santa Barbara, some residents
16.30 feet at Maple Creek near Nickerson (39 years of spray painted their dead lawns green. Water levels in res-
record). Both discharges had recurrence intervals of 50 ervoirs continued to fall as maximum temperatures ex-
years and broke previous records. Much of the peak flow ceeded 100°F and set new records in much of southern Cali-
bypassed the gaging station near Nickerson after breaking fornia and Arizona. These conditions only aggravated the
through dikes upstream from the gage. The six counties forest fire situation in the two States. Eleven deaths were
of Platte, Colfax, Dodge, Madison, Stanton, and Cuming blamed on the heat and fires. The summer fire threat was
were declared disaster areas by the State. Damage was es- very high to extreme throughout the Southwest. Tempera-
timated at $50 million for these six counties alone. One tures exceeded operational limits of aircraft used to fight
death was attributed to the flooding. forest fires and aircraft were grounded on June 26 as tem-
. . peratures exceeded 115°F at 2 p.m. in Phoenix.
88 Intense rainfall contributed to flooding during June 17 to 22
in central I(')Wﬂ. Peak discharges exceeding the 100-y.ear On June 28-29, severe storms and flooding caused an esti-
recurrence interval set records on June 17 at seven gaging e . ;
. . . . mated $13 million in damage in seven southwestern Wis-
stations: Wapsipinicon River near DeWitt in east-central . .
i N consin counties. On June 30, the Governor declared a state
Iowa (56 years of record); Crow Creek at Bettendorf in . .
i of emergency in 13 counties affected by severe weather
east-central Jowa (13 years of record); Clear Creek near . .

. since June 22. Most of the damage was to crops, bridges,
Coralville in east-central Iowa (38 years of record); Squaw and roadways. One person was killed by flooding in the
Creek at Ames in central Iowa (32 years of record); North Green Ba a};e:a 4 4
River near Norwalk (50 years of record); South River near Y ’

Ackworth in central Iowa (50 years of record); and Boyer .
River at Logan in west-c elgtralylow a (58 ye a.r)s of rec orlc/j). A 1_()0—year rainfall record for Jupe was prokcn when. 9.82
Record peak discharge of Old Mans Creek near Iowa City mcl}es was recorded at thef Minneapolis-St. Pa'ul atrport
in east-central Jowa (18 years of record) had a recurrence during the mcfnth’ thus ending a 3'-ycar drought in Minne-
interval that was between 50 and 100 years. Recurrence sota. June rainfall was only 1.4 inches less than average
intervals of other flooded streams ranged from 2 to about for June, July, anfi Aug}lst. Streamflow was deficient for
25 years. Forty-one counties were declared disaster areas most of the State mAprll., but was excessive in most of the
by the State and 18 were declared eligible for Federal as- central half of the State in June.
sistance. Two people were killed and damage was esti-
mated at $83 million.
JuLy 1990
89 On June 19, an industrial discharge of an ammonium refriger-
ant entered McKenzie Creek in the St. Francis River ba- . A
sin near Greenville in Wayne County, Mo., and killed On July 1, a major petroleum spill into the Chesapeake.Bay
27,000 fish. All fish including minnows, darters, sculp- 9ccurred near Hampton Roads, Va., when two container-
ins, sunfish, suckers, bullhead, bass, and shad as well as ized cargo vessels collided. About 3.5,300 gall(?ns of No.
tadpoles were killed in a 1-mile section of the creek. 4 fue:] oil flowed from one of t_he ships. The oil affecte.;d
public beaches at Ocean View in Norfolk, a marsh area in
90 On June 22, the water level of Lake Okeechobee in Florida Lynnhaven inlet, and the banks of the Elizabeth River near

was at 10.47 feet above sea level, about 2.7 feet below
average for that time of year. The record low of 9.75 feet
was set on July 26, 1981. The lake reaches a critical level
at about 10.5 feet, wherein there is little pressure to push
the freshwater southward to the coast to replenish ground
water and to keep saltwater from moving up canals, thus
threatening well fields. The lake continued to lose water
through evaporation, withdrawals for the irrigation of sugar
cane and vegetable fields south of the lake, and withdraw-
als for the saw grass marshes of Everglades National Park.
As of late June, the Lake Okeechobee region had received
only 55 percent of the average precipitation for the month.

the confluence of the southern and eastern branches.
Cleanup of the beaches was completed by July 9. Cleanup
of the shore and facilities in the Elizabeth River continued
until July 27. About 10,400 gallons of oil and 3 tons of
oiled sea grass were recovered.

The explosion and fire of a waste tank containing benzene,

styrene, crude feed stock oil, and methyl tert-butylethene
on Saturday, July 7, in Channelview, Tex., killed 14 people.
A resultant major chemical spill (quantity unknown) into
the San Jacinto River forced its closure to marine traffic.
Most of the spilled product burned or eva ; some was
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Table 1. Chronology of significant hydrologic and water-related events, October 1989 through September 1990—continued
EVENT
No.
{fig. 4) JuLy 1990 JuLy 1990 (con.)
secured with booms and a dike. The spilled material that Finchford (45 years of record) exceeded the old record of
was not contained was expected to dissipate rapidly, aided 17.25 feet set in 1951. The peak discharge of 23,300 ft¥/s,
by high air temperatures. The river was re-opened on Sun- however, was less than the 31,900 ft*/s that also occurred
day. in 1951.

96 In an unnamed pond in Wailuku, Maui, Hawaii, 60,000 com- 101 Low streamflow and above—avejrag.e temperature§ thrgughout
mon tilapia (fish) died in early July as a result of the death July caused numerous fishkills in the Snake R,lver inIdaho
of algae and low dissolved-oxygen concentrations in the fro{n Swan Falls Dam to Brownlee Reservoir. Abundant
pond. whitefish and several largg sturgeon, as well as large quan-

tities of nongame fish, died. Among 28 dead sturgeon,

97 On July 11, more than 13,000 fish were killed when ammonia some were as much as 8 feet long and about 50 years old.
laden swine feedlot wastes entered Fausett Creek near
Whitestone in Gilmer County, Ga. The fish died in a 4-mile
stretch of the creek. About 16 percent of the fish were game AUGUST 1990
or commercial species. Among the species killed in larg-
est numbers were stonerollers, Notropis, hogsucker, bass, 102 Between August 3 and 13, about 1 million fish died in the Mu-
sunfish, shiner, redhorse, darter, sculpin, and minnows. latto Bayou near Milton in Santa Rosa County, Fla. Cause

of the kill is uncertain but industrial discharges were sus-

98 In the early morning of July 16, more than 2 inches of rain from pected. Ninety-five percent of the dead fish were Menha-
a storm centered in the Flamingo Wash basin west of Las den, a commercial species. Other species killed included
Vegas, Nev., caused the highest floods in the wash in 20 spot, croaker, speckled trout, and sea robins.
years. One fatality resulted from the flood. Damage ex-
ceeded the $2.6 million caused by the flood of June 10, 103 In early August, rainfall caused localized flooding and a
1989. mudslide in Putnam County in southeastern N.Y., near

Carmel and Kent. Peekskill Hollow Creek near Tompkins

99 On July 4 and 23, intense rainfall caused by severe localized Corners, (drainage area of 14.9 mi?), about 5 to 10 miles
thunderstorms caused flash flooding in the high elevations west of maximum flooding and the mudslide, had a record
across north-central Vermont. Six counties (Franklin, peak flow of 1,050 ft’/s and accompanying gage height of
Chittenden, Lamoille, Caledonia, Washington, and Orange) 4.77 feet on August 7. This represents a 25-year recur-
were declared a Federal disaster area on July 25. Damage rence-interval flood. Records began at this site in 1975.
was primarily confined to public facilities such as roads,
bridges, and culverts and totaled an estimated $2.6 million. 104 Minor ﬂood]ng accompanied a frontal system that moved

through New England in early August. Generally only
100 In late July, intense rainfall flooded parts of sonthwestern and small streams and urban areas were flooded and only for
northeastern Iowa. On July 27, the Nishnabotna River near short periods of time. However, on August 6, several en-
Hamburg reached a peak stage of 28.06 feet, just 0.21 foot gines and cars on a freight train were derailed in Vermont
below the record set in September 1989. Many roads were when a section of track washed out due to flooding asso-
closed and agricultural areas flooded. Flooding occurred ciated with intense rain (as much as 2 inches overnight).
in the Cedar River basin in northeastern Iowa on July 29.
Most residents of Finchford, about 15 miles northwest of 105 On the evening of August 6, storm cells over the Mojave

Waterloo, were evacuated during flooding along the West
Fork Cedar River. A new maximum stage of 18.45 feet at
the gaging station on the West Fork Cedar River at

Desert, Calif., caused at least one flash flood. On that date,
the stage was 8.3 feet (about 10,000 ft¥/s) on the Mojave
River at Lower Narrows near Victorville. The next day
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Chronology of significant hydrologic and water-related events, October 1989 through September 1990—continued

No.
(fig. 4)

EVENT

AUGUST 1990 (con.)

SEPTEMBER 1990

106

107

108

110

the stage was 4.3 feet (about 88 ft*/s) as water infiltrated
almost immediately into the dry stream channel.

A series of storm events produced heavy precipitation from
August 7 to 11 throughout the central and northern parts
of New Hampshire. Eight of New Hampshire’s ten coun-
ties (Coos, Grafton, Carroll, Sullivan, Merrimack,
Belknap, Cheshire, and Hillsborough) were declared a
Federal disaster area on August 29. Damage caused by
flash flooding was principally confined to the steep up-
land areas. Total storm damages were estimated at $1.2
million and were primarily to public facilities such as
roads, bridges, and culverts.

Tomah in Monroe County, Wis., received more than 8 inches
of rain on August 17 and 18, which caused flooding that
forced 1,500 residents from their homes and threatened the
Lake Tomah Dam on the Lemonweir River. Losses of per-
sonal property and damage to city streets were estimated
at about $3 to 5 million. However, no serious injuries or
deaths were reported.

Intense rains on August 20 near the Colorado-New Mexico
line destroyed a gaging station on the La Plata River near
Farmington, N. Mex. The estimated stage of 12.5 feet is
the maximum for the 51 years of record.

In Wyoming, intense thunderstorms southwest of Wheatland
caused extreme flooding of Sybille Creek and its tributar-
ies on August 20. Discharge was determined indirectly at
three sites; one to aid in the evaluation of bridge scour. The
peak discharge at one gage was 19,900 ft’/s, which is
nearly six times the discharge having a recurrence inter-
val of 100 years.

USGS personnel in California documented a substantial rate
of subsidence in Antelope Valley: an average annual rate
of 0.1 foot with elevation differences of as much as 5 feet
in some places. An intense desert rainstorm and the re-
sultant erosion and runoff on the evening of August 17
produced numerous new fissures at the land surface and
obvious subsidence in a broad area south of the main playa
runway used for space shuttle landings.

111

112

113

On September 3, intense rains caused severe flooding in the

Havasu Creek Canyon, about 80 miles northwest of Flag-
staff, Ariz. In Supai Village, home of about 800 Havasupai
Indians, about 60 tourists and 100 Supai residents were air-
lifted to safety before the village was inundated by an esti-
mated 14-foot wall of water. A few injuries and severe dam-
age to homes and crops resulted from the flooding. The peak
discharge near the mouth of the Colorado River was esti-
mated at 20,300 ft*/s. Many cottonwood and ash trees that
lined the banks of the Havasu Creck were swept into the
Colorado River. The Governor declared a state of emer-
gency for the area on September 4.

Rainfall during the latter part of September produced flooding

in several areas of Texas. The city of Menard was flooded
September 17 for the fifth time during the year as a result
of 5 to 6 inches of rainfall upstream near Eldorado. At 4
p.m. the stage of the San Saba River at Menard rose to 19.4
feet, which corresponds to a discharge of 66,000 ft*/s. This
stage was less than the maximum discharge for the period
of record of 130,000 ft¥/s with a stage of 22.2 feet, which
occurred in July 1938. Maverick (between Bronte and
Ballinger) received 9 inches of rain, which caused the Colo-
rado River near Ballinger to peak at 27.5 feet on the morn-
ing of September 20 (equal to the maximum gage height of
record at this site). After 6 to 8 inches of rain fell on the
upper watershed, the South Concho River at Christoval
crested at a stage of 14.1 feet (the highest since 1962) on
September 23 and had a discharge of 24,300 ft¥/s. The maxi-
mum stage ever recorded at this gaging station was 20.5 feet
in 1936.

The 1990 water year was the fourth consecutive drought year

in northern and western Nevada. Streamflow ranged from
about 40 to 50 percent of average in streams draining the
east flank of the Sierra Nevada and in the Humboldt River
basin. The Lake Tahoe level fell below the rim in Septem-
ber for the first time since 1978. Water-use testrictions in
the Reno-Sparks area were implemented. - Irrigators rely-
ing on reservoir storage were particularly hard hit by the cu-
mulative effects of the drought.
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SEASONAL SUMMARIES OF HYDROLOGIC CONDITIONS,
WATER YEAR 1990

By Gregory J. McCabe, Jr.,' William O. Brown,? and Richard R. Heim, Jr.2

FALL 1989

Streamflow for fall 1989 was above median in the
Southeast, near to above median in the Northeast, and near
to below median in the Plains States, the Rocky Mountains,
and the Western States (fig. SA) The combined flow of the
three largest rivers in the conterminous States—the Mis-
sissippi, St. Lawrence, and Columbia—was near median
having discharges that ranged from 21 percent above me-
dian during October to 19 percent below median in Decem-
ber.

The southeastern region, from North Carolina to
Louisiana (except for west-central Florida), was wetter than
average, and parts of this area received more than 150 per-
cent of average precipitation (fig. SB). As a result, severe
flooding occurred in parts of northern Georgia between Sep-
tember 30 and October 1 when intense rainfall occurred.
More than 4 inches of rain fell during a 6-hour period in
some areas (table 1, event 2). On October 9-10, 11.17
inches of rain fell at Rockledge and Cocoa in Brevard
County, Fla., in just 12 hours (table 1, event 7). On Octo-
ber 10, more than 16 inches of rain fell in 14 hours at St.
Augustine, St. Johns County, Fla. (table 1, event 7). These
intense rainfalls were the result of a stalled cold front that

moved slowly through the area and then reversed direction
and moved back through the area as a warm front. Many
streets were flooded by as much as 4 feet of water, but no
major damage was reported. The previous maximum 24-
hour rainfall (9.52 inches) at St. Augustine was recorded
on September 18, 1963.

Areas in eastern Kentucky also received intense
rainfall during October, and, for the season, this region
along with central and southern West Virginia reported
more than 100 percent of the average rainfall. On October
17-18, remnants of Hurricane Jerry produced as much as
6 inches of rain in parts of eastern Kentucky, causing flood-
ing, more than $11 million in damage, and the evacuation
of hundreds of people (table 1, event 12). Despite these
rainfall amounts, eastern Texas averaged only 57 percent
of average October-December precipitation. Parts of the
central and northern Great Plains and High Plains, how-
ever, received precipitation amounts in excess of 150 per-
cent of average, the only such values west of the Missis-
sippi River (fig. 5B).

Conditions in the West were drier than normal (fig.
5B), except for central and eastern Montana, the western

A. Streamflow — Fall 1989
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Figure 5. Hydrologic conditions during the fall (October-December 1989) of water year 1990. (Sources: Streamflow data from the U.S.
Geological Survey; meteorological data from the National Oceanic and Atmospheric Administration, Climate Analysis Center and National Climatic Data Center.)

! U.S. Geological Survey. 2National Oceanic and Atmospheric Administration, National Climatic Data Center.
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Dakotas, and northern Wyoming; most of the remainder of
the West received significantly less than the average pre-
cipitation. Southern California, southern Nevada, the pan-
handles of Texas and Oklahoma, northwestern lowa, south-
western Kansas, and northwestern Arkansas received less
than 25 percent of the average seasonal rainfall, and the
Southwest region had the third driest November on record.
Low reservoir storage in the Western States was indicative
of the dry conditions. At the end of December, Lake Tahoe,
which is on the California-Nevada border, had no usable
storage. and both the Rye Patch Reservoir in Nevada and
the San Carlos Reservoir in Arizona had only 6 percent of
maximum storage. In southern Florida, the South Florida
Water Management District imposed water-use restrictions
during December. In many areas of southern Florida, rain-
fall was as much as 13 inches below average (table 1, event
27).

Precipitation was low during November from the
Southwest through the southern Plains to the central Mis-
sissippi Valley. This was the result of a ridge of high pres-
sure over the Gulf of Alaska, which blocked Pacific storms
from the west, and a strong west or northwest flow of air
over the Plains, which kept Gulf moisture eastward so that
it was not pulled into storm systems until they reached the
Southeastern States, where above-average precipitation
occurred. This above-average precipitation was further
enhanced by southerly air flow on the western side of aridge
of high pressure over the western Atlantic Ocean and the
Eastern States. For example, 15 to 16 inches of rain fell in
Jefferson Parish, La., on November 6 and nearly 2,000
homes were flooded (table 1, event 15).

Temperatures across the conterminous United States
reflected the fall 1989 ridge-trough pattern of atmospheric
circulation (fig. 5C, D). From the Pacific, eastward to the
eastern slopes of the Rocky Mountains, temperature depar-
tures were mostly positive. Fall temperatures generally were
much-above average over southern Nevada and north-west-
ern Arizona, central Washington, and north-central Idaho.
At the same time, temperatures generally were much-be-
low average (0.5 to 1.28 standard deviations) across much
of the eastern half of the country (fig. 5C). The central Ohio
valley, western Virginia, most of New England, the west-
ern mid-Atlantic region, and the Mississippi Gulf coast all
recorded temperature departures in excess of 2 standard
deviations below the average. December was especially
cold for points east of the Mississippi. For the Nation, it
was the fourth coldest December since 1895, and at least
592 daily record-low temperatures were established. At one
time in December, more than 50 percent of the Nation was
covered by at least 1 inch of snow, and parts of the South-
east had their first white Christmas ever—southeastern
North Carolina had as much as 19 inches of snow Decem-
ber 22-24.

5B. Precipitation in the conterminous United States ex-
pressed as a percentage of average fall total precipitation.
5C. Temperature in the conterminous United States ex-
pressed as a departure from average fall conditions.
(Much above, at least 1.28 standard deviations above the
average; above, between 0.52 and 1.28 standard devia-
tions above the average; near average, between -0.52 and
0.52 standard deviations from the average; below, be-
tween 0.52 and 1.28 standard deviations below the aver-
age; much below, at least 1.28 standard deviations below
the average.)

5D. Average height of 700-millibar pressure surface (blue
line) over North America and departure from average
(1948-70) fall conditions (black dashed line). Data in
meters.
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WINTER 1990

The spatial distribution of streamflow across the
conterminous United States for winter 1990 was not much
different from that which occurred during fall 1989 (com-
pare figs. 5A and 6A). Streamflow was near to above me-
dian for the eastern third of the country and the southern
Plains, near to below median for the central and northern
Plains, and below median for most of the Western States
with areas of near-median streamflow in the Northwest and
the Great Basin. The combined flow of the 3 largest riv-
ers—the Mississippi, St. Lawrence, and Columbia—was 11
percent above median in January, 41 percent above median
in February, and 29 percent above median in March.

In January, as a result of intense rainfall, flooding
occurred in areas from Seattle, Wash., to Tillamook, Oreg.
(table 1, event 37). Peaks of record were exceeded at six
gaging stations, including two at which the 100-year flood
was equaled (Puyallup River near Electron, Wash., and
Nehalem River near Foss, Oreg.). Flood damage was esti-
mated to be $17 million in Washington and more than $15
million in Oregon. Near Sacramento, Calif., 2.53 inches of
rain fell on January 12 and broke the previous January 12
rainfall record of 1.65 inches that was set in 1906 (table 1,
event 38). In southeastern Louisiana, flooding caused by
several days of rain during the last week of January resulted
in damage of $80 million to $100 million (table 1, event
42).

Intense rainfall also produced flooding in parts of
the Southeast during February and March. In February,
rainfall caused severe flooding in Georgia, Tennessee, and
North Carolina (table 1, event 53). In some streams in
northwest Georgia, peak discharges exceeded both the
peaks of record and the 100-year floods. About 1,000

people were evacuated from their homes in Trion, Ga., when
as much as 12 inches of rain fell on February 15-16 and
the Chattooga River overflowed its banks (table 1, event
53). Also on February 15-16, as much as 8.5 inches of rain
fell in northern Alabama causing flooding, and one stream
(Mulberry Fork near Garden City) reached a peak discharge
in excess of the 100-year flood; six counties were declared
disaster areas by the President (table 1, event 51). During
the same time period, 4 to 9 inches of rain fell in east-cen-
tral Mississippi causing flooding but no record-breaking
peak discharges (table I, event 52).

In March, intense rainfall again caused flooding in
Georgiaand Alabama and in some parts of Florida and Mis-
sissippi. Peak discharges at some gaging stations in north-
western and west-central Georgia, southeastern Alabama,
and northwestern Florida exceeded both the record and 100-
year flood. In Alabama, property damage was extensive,
and about 1,200 people in northwestern Florida were evacu-
ated from low-lying areas. Flood damage was estimated to
be as much as $100 million in Alabama alone (table 1, event
59).

Precipitation generally was above average from the
Gulf Coast to the southern Great Plains to the Great Lakes
(fig. 6B). Atmospheric circulation around the western mar-
gins of a strengthening Bermuda High brought warm, moist
air into the southeastern and central United States (fig. 6D).
Alabama, Louisiana, and Oklahoma had the wettest or sec-
ond wettest winter on record, and winter 1990 was the sev-
enth wettest winter on record for the conterminous 48
States. The dry pattern from the fall season, however, con-
tinued across most of the West as higher-than-average at-
mospheric pressures persisted in association with a ridge
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over the Western States (fig. 6D). Much of the western third
of the country, from the eastern Rocky Mountains and the
northern Great Plains to the Pacific coast recorded less than
average precipitation for the season (fig. 6B). By the end
of winter 1990, Lake Tahoe on the California-Nevada
border had no usable storage for four consecutive months,
and the contents of the Rye Patch Reservoir in Nevada and
the San Carlos Reservoir in Arizona had been below 20 per-
cent and 10 percent of maximum capacity, respectively, for
four consecutive months. In January, the U.S. Soil Con-
servation Service stated that reservoir storage in Arizona
was the lowest since 1978 (table 1, event 32). In southern
Florida, dry conditions continued and water levels in all
artesian aquifers in southwest Florida were extremely low
or at all-time record lows (table 1, event 56).

During most of winter 1990, the atmospheric circu-
lation did not exhibit pronounced troughs and ridges, and
intrusions of cold Arctic air into the United States were in-
frequent (fig. 6D). For the conterminous States, this win-
ter had the second warmest January on record since national
statistics beganin 1895. There were no reports of new daily
record-low temperatures for the entire month. However, at
least 250 new daily record highs were set in the contermi-
nous States. Nationally, February was the 15th warmest
February, and March was the 10th warmest March on
record. At least 211 new daily record highs were reported
in February and 377 in March. February also had 60 new
daily record low temperatures whereas March had only 13.
The only parts of the country having slightly below-aver-
age temperatures for the season were extreme southern
Arizona and southwestern New Mexico, along with north-
central and central coastal California. At the other extreme,
the northeastern quarter of the country, except for Maine
(fig. 6C), had winter temperature departures of 2 to 3 stan-
dard deviations above the average, which is a very rare oc-
currence.

6B. Precipitation in the conterminous United States ex-
pressed as a percentage of average winter total precipita-
tion.

6C. Temperature in the conterminous United States ex-
pressed as a departure from average winter conditions.
{(Much above, at least 1.28 standard deviations above the
average; above, between 0.52 and 1.28 standard devia-
tions above the average; near average, between -0.52 and
0.52 standard deviations from the average; below, be-
tween 0.52 and 1.28 standard deviations below the aver-
age; much below, at least 1.28 standard deviations below
the average.)

6D. Average height of 700-millibar pressure surface
(blue line) over North America and departure from average
(1948-70) winter conditions (black dashed line). Data in
meters.
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SPRING 1990

Streamflow for spring 1990 was above median for
the middle and lower Mississippi Valley and southern Great
Plains and below median for Florida and most of the West
(fig. 7A). A strong ridge of high pressure developed over
Alaska and Canada that prevented any significant intru-
sions of relatively cool, moist Pacific air into the Western
States (fig. 7D), which resulted in a generally warm spring
for the West (fig. 7C). The flow of the three largest rivers—
the Mississippi, St. Lawrence, and Columbia—was near to
above median throughout the season.

Precipitation was below average for the western
Great Plains, parts of the Gulf Coast, the eastern slopes of
the Appalachians, and much of the Southeast (fig. 7B). Iso-
lated pockets of subnormal precipitation also occurred in
the California deserts, central Oregon, northern Minnesota,
and the central parts of the mid-Atlantic States. The remain-
der of the country had above-average precipitation, and
many areas received in excess of 150 percent of average.
These areas included the middle Mississippi Valley, east-
ern South Dakota, southeastern Oklahoma, northwestern
Arkansas, the eastern slopes of the southern Rocky Moun-
tains, south-central Nevada, the northern California coast,
and northern Washington. On a national scale, spring 1990
had the 4th wettest May, 18th driest June, and 8th wettest
April-May period on record.

Intense rainfall occurred in Illinois, Iowa, and the
south-central States from mid-April through mid-May. Be-
tween April 15 and May 19, as much as 24 inches fell in
the area between the Gulf Coast and Lake Michigan (table
1, events 66, 70, 72-78). Severe flooding occurred and peak
discharges at many gaging stations in Oklahoma, Arkan-

sas, Texas, [llinois, and lowa exceeded previous records or
the 100-year flood (table 1, events 66, 70, 72, 73, 77, and
78). In Wichita Falls, Tex., on April 28, 6.5 inches of rain
fell in 36 hours, which was the second most intense rain-
fall on record (table 1, event 78). Peak discharges exceeded
the 100-year recurrence interval at six sites in the Red and
Trinity River basins. More than 2,300 homes sustained
damage, and flooding along the Trinity River was the worst
in 80 years. Estimated damage was $500-700 million to
agriculture and $60 million to residences; 46 counties quali-
fied for Federal assistance. In June, intense rainfall occurred
again in areas of Nebraska, Iowa, and Ohio. Discharges
from some streams in these areas exceeded previous record
flows and 100-year floods (table 1, events 86, 87, 88). Some
flooding also occurred in Nevada (table 1, event 85). On
June 14-15, severe floods occurred in Belmont, Harrison,
and Jefferson Counties, Ohio; about 3 to 5 inches of rain
fell in a 3-hour period during the evening of June 14 (table
1, event 86). Peak discharges at some stations exceeded the
peak of record, and peak discharge at the Short Creek gag-
ing station at Dillonvalle, Ohio, exceeded the 100-year re-
currence interval, as well as the previous peak of record (set
in 1945). The three counties were declared Federal disas-
ter areas.

As muchas 11 inches of rain in a 4-day period, June
13-16, fell in northeastern Nebraska and caused major
flooding (table 1, event 87). Six counties were declared
State disaster areas (Platte, Colfax, Dodge, Madison,
Stanton, and Cuming). Peak discharges exceeded the pre-
vious peaks of record at two gaging stations and the 100-
year recurrence interval at one site. Estimated damage for
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the six counties exceeded $50 million.

On June 17-22, severe flooding occurred in parts
of Iowa; 41 counties were declared disaster areas by the
State and 18 were declared eligible for Federal assistance.
Estimated damage was $83 million. Peak discharges ex-
ceeding the 100-year recurrence interval were measured at
seven gaging stations on June 17 (table 1, event 88). On
June 28-29, severe storms and flooding caused an estimated
$13 million in damage in seven southwestern Wisconsin
counties. On June 30, the Governor declared a state of
emergency in 13 counties (table 1, event 92).

Although several areas received large amounts of
rainfall during the spring, most of the rain fell in areas al-
ready saturated, and little fell in drought-stricken areas. Dry
conditions continued in the West, and severe to extreme
drought spread in areas west of the Mississippi, in Florida,
Wisconsin, Michigan, the Dakotas, and adjacent parts of
Montana and Minnesota (fig. 74). By the end of June, a
quarter of the conterminous United States was in severe to
extreme long-term drought. In California, drought intensi-
fied through the spring, and streamflow decreased to lev-
els below 40 percent of median. In the area of California’s
central coast, runoff decreased to only 10 percent of me-
dian; it had been only 20 percent of median during the pre-
vious 3 years. Reservoir contents also continued to be low
in the West. Contents at the San Carlos Reservoir in Ari-
zona dropped to 3 percent of maximum usable capacity in
May. In Florida, water-use restrictions were in effect by
May 30 for 12 counties (Seminole, Volusia, Marion, Flagler,
St. Johns, Clay, Nassau, Duval, Bradford, Putnam, Baker,
and Alachua), and voluntary water-use restrictions were
called for in Orange, northern Osceola, Brevard, Lake, Polk,
Indian River, and Okeechobee counties (see also table 1,
event 81).

Temperatures in the eastern half of the country were
cooler than average, and in the Ohio and Tennessee Val-
leys temperatures averaged at least 1 standard deviation be-
low average (fig. 7C). At the same time, temperatures in
the West were above normal. These temperature departures
reflected the persistence of a strong ridge of high pressure
over Alaska and western Canada and the formation of a
trough over the eastern United States during spring 1990
(fig. 7D).

April had 78 new daily record-low temperatures
along with 178 daily record-high temperatures. Nationally,
May 1990 was the 15th coldest on record; 47 daily record-
low temperatures were set. May temperatures for the coun-
try as a whole were cooler than average as a result of the
formation of a stronger-than-average trough over the cen-
tral United States during May that produced widespread
precipitation and northerly air flow from Canada. June was
the 15th warmest June on record; 174 daily record-high
temperatures were set.

7B. Precipitation in the conterminous United States ex-
pressed as a percentage of average spring total precipita-
tion.

7€. Temperature in the conterminous United States ex-
pressed as a departure from average spring conditions.
{Much above, at least 1.28 standard deviations above the
average; above, between 0.52 and 1.28 standard dewviations
above the average; near average, between -0.52 and 0.52
standard deviations from the average; below, between 0.52
and 1.28 standard deviations below the average; much
below, at least 1.28 standard deviations below the average.)
7D. Average height of 700-millibar pressure surface (blue
line) over North America and departure from average (1948-
70) spring conditions (black dashed line). Data in meters.
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SUMMER 1990

Streamflow during summer 1990 was above me-
dian in the northern parts of the Ohio and Mississippi
Valleys and below median in the Southwest and South-
east (fig. 8A). The combined flow of the three largest riv-
ers continued in the near to above-median range. Much
of the West and some areas in Georgia, South Carolina,
Florida, and the northern Great Plains remained in ex-
treme drought during the summer months.

Atmospheric pressure generally was higher than
average for most of the United States (fig. 8D), and pro-
duced higher-than-average temperatures for much of the
country, although a weak trough was present just off the
West Coast. Temperatures were below average for the
northeastern quarter of the country except for parts of New
England, where temperatures were above average (fig.
8C). A triangular area from central Texas to eastern Colo-
rado to southern Arizona also had below-average tem-
peratures. Temperatures for much of the remainder of the
country generally were warmer than average, with much-
above-average temperatures in the northwestern quarter
of the country and much of Florida (1.28 standard devia-
tions or warmer). In the extreme coastal areas of Wash-
ington, central Oregon, and west-central Idaho, tempera-
tures were very warm and generally were 3 standard
deviations above average. On a statistical basis, a +3 stan-
dardized departure can be expected, on average, less than
once every 100 years.

Because of higher-than-average atmospheric pres-
sures, oppressive heat covered many parts of the coun-
try. On July 2, Valentine, Neb., recorded a new all-time
record-high temperature of 114 °F. During August,
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Medford, Oreg., had 10 consecutive days of temperatures
equal to or greater than 100 °F, and Sacramento, Calif.,
recorded 7 consecutive days of temperatures equal to or
greater than 105 °F. During the latter part of August, tem-
peratures in Kansas averaged 12 °F above average. Dur-
ing September, temperatures were 9—12°F above average
in the central Great Plains and the middle Mississippi
Valley. Several high-temperature records were set in ar-
eas of the Great Basin, Rocky Mountains, the Great
Plains, and the Southeast. In contrast, abnormally cool
air moved into the north-central and northeastern States
during August and September. In September, 24 low-tem-
perature records were broken or equaled from Michigan
to southern New England and in North Carolina. In total,
159 new daily record-high temperatures were set nation-
wide in July, 172 in August, and 274 in September. At the
other extreme, 92 new daily record lows were set in July,
99 in August, and 74 in September.

Rainfall was below average for the southeastern
quarter of the country, except for the central Appalachian
region and south-coastal Florida (fig. 8B8). The northern
and eastern part of the Great Plains, the central Rocky
Mountains, parts of the Great Basin, central California,
and parts of the Pacific Northwest also reported a deficit
in rainfall. Most of these areas received from one-half to
three-quarters the average rainfall for the period, and
southwestern North Dakota, southeastern Montana,
south-central Idaho, and coastal Washington received less
than one-half the average summer rainfall. Isolated pock-
ets of excess rainfall also were reported. In contrast, the
central and eastern parts of the Ohio Valley received in
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excess of 150 percent of average summer rainfall as did
south-central Washington, extreme northeastern Califor-
nia, southeastern Wyoming, south-central Colorado, and
southern Nevada. The Big Bend area of western Texas
and south-central Arizona recorded in excess of 200 per-
cent of the average summer rainfall.

In various parts of the country during the summer
season, extremes in rainfall occurred. On July 16, intense
rains fell west of Las Vegas, Nev., and caused the high-
est floods of the last 20 years in the Flamingo Wash drain-
age basin (table 1, event 98). Also in July, intense rains
in northeastern Iowa caused severe flooding, which re-
sulted in the evacuation of residents living along the West
Fork Cedar River in Finchford, Iowa (table 1, event 100).
During August, stagnant weather systems brought 4 to 12
inches of rainfall to areas along the Atlantic Coast, and
thunderstorms caused intense rainfall in much of the Great
Plains and upper Ohio and Mississippi Valleys. Although
much of the Southwest continued to suffer extreme
drought, some areas received local excessive rainfall. For
example, on August 14, Desert Hill, Ariz., received 3.42
inches of rain in less than 2 hours.

8B. Precipitation in the conterminous United States ex-
pressed as a percentage of average summer total precipi-
tation.

8C. Temperature in the conterminous United States
expressed as a departure from average summer condi-
tions. (Much above, at least 1.28 standard deviations
above the average; above, between 0.52 and 1.28 stan-
dard deviations above the average; near average, between
-0.52 and 0.52 standard deviations from the average; be-
low, between 0.52 and 1.28 standard deviations below the
average; much below, at least 1.28 standard deviations
below the average.)

8D. Average height of 700-millibar pressure surface (blue
line) over North America and departure from average
(1948-70) summer conditions (black dashed line). Data in
meters.
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ReviEwW OF WATER YEAR 1991 HyprOLOGIC CONDITIONS
AND WATER-RELATED EVENTS

By Gregory J. McCabe, Jr., Judy D. Fretwell, and Edith B. Chase

Surface-water hydrologic conditions and
many water-related events are controlled prima-
rily by meteorologic and climatic factors. The
following annual and seasonal summaries of hydrologic
conditions for water year 1991, therefore, are described
in a climatic context. Streamnflow, which is expressed
as a percentage of median streamflow for the reference
period 1951-80, and precipitation, which is expressed
as apercentage of average precipitation for the reference
period 1931-90, are depicted on maps (fig. 9) to pro-
vide an overview of the water year. Quarterly
streamflow and precipitation data also are presented
(figs. 134, B; 14A, B; 15A, B; 16A, B) in the “Seasonal
Summaries” section and are accompanied by maps
showing temperature as departure from average 1931~
90 reference-period conditions (figs. 13C, 14C, 15C,
16C) and atmospheric-pressure conditions near 10,000
feet (about 3,048 meters) as compared to average 1948—
70 reference-period conditions (figs. 13D, 14D, 15D,
16D). Departure from average temperature is depicted
in terms of standard deviations, which is a statistical
measure of the dispersion of values around an average.
The distribution of high- and low-pressure areas across
the United States at about 10,000 feet, which are re-
corded in terms of the 700-millibar pressure surface, or
height field, influences the distribution of surface tem-
perature, precipitation, and, thus, streamflow. Usually,
excessive precipitation and droughts that persist through-
out a season will be observed in conjunction with per-
sistent low- and high-pressure conditions in the upper
atmosphere. Because these maps depict conditions av-
eraged over a 3-month period, ephemeral events, such
as a single flood resulting from an individual storm,
might not be associated easily with the general upper-
level circulation.

The data used in preparing these summaries were
taken from the following publications: the National
Oceanic and Atmospheric Administration’s (NOAA) “Cli-
mate Impact Assessment, United States™; “Daily
Weather Maps, Weekly Series”; “Monthly and Seasonal

Weather Outlook™; “Storm Data””; and “Weekly Weather
and Crop Bulletin” (the last publication is prepared and
published jointly by noaa and the U.S. Department of
Agriculture); and the U.S. Geological Survey’s (USGS)
monthly “National Water Conditions” reports. Geo-
graphic designations in this article generally conform to
those used in the “Weekly Weather and Crop Bulletin”
(see map showing geographic designations).

Streamflow for water year 1991 was above me-
dian in parts of the upper Mississippi Valley, through-
out the lower Mississippi Valley westward through the
Texas Panhandle into central New Mexico, southern
Colorado, and eastern Arizona, in parts of the Tennes-
see and Ohio Valleys, and in south-central Georgia and
north-central Florida (fig. 94). It was below median for
northern California, most of Nevada, southern Idaho, and
southern Oregon, as well as most of Kansas and adja-
cent States, much of North Dakota, northeastern South
Dakota, northwestern Minnesota, and southwestern
Texas. The combined flow of the three largest rivers in
the conterminous United States—the Mississippi, St.
Lawrence, and Columbia—was 17 percent above me-
dian. Annual flow of the St. Lawrence River was 4 per-
cent above median, flow of the Mississippi River was
28 percent above median, and flow of the Columbia
River was 4 percent above median.

Annual precipitation for water year 1991 was
about average for a large part of the country. However,
in northern California and parts of the Pacific Northwest,
the Southwest, and the central Great Plains, precipita-
tion was below average (fig. 98). Slightly below-aver-
age precipitation occurred in south-central North Dakota,
northwestern South Dakota, and most of the Middle At-
lantic Coast States. In the remainder of the country,
precipitation was above average. In western Texas, parts
of northern and extreme southern Louisiana, northeast-
ern Mississippi, east-central Georgia, and central South
Carolina, precipitation was greater than 150 percent of
average.

Annual-average-temperature departures for wa-
ter year 1991 reflected a classic trough=ridge pattern that
caused below-average temperatures in the central and
southern Rocky Mountains, southern Great Plains, the
Pacific Northwest, and central California. Temperatures
were slightly above average from the Cascade Moun-
tains in Washington to central Oregon, in the Southwest,
and from the northern Great Plains southeastward toward
the central Gulf Coast. From Florida to the lower Great
Lakes region, temperatures averaged at least 2 standard
deviations above the average.

The spring was especially warm in the Eastern
States. In April alone, 219 new maximum-daily-tem-
perature records were set. Nationally, the January-May
period was the seventh warmest on record. Because of
the unusually warm conditions in the East, nearly 700
tornadoes were reported during March through May,
more than twice the average for that period. In the
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A. Streamflow — Water Year 1991
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B. Precipitation — Water Year 1991
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Figure 9. Streamflow (A) and precipitation (B) in the United States and Puerto Rico in water year 1991. Streamflow is shown

as a percentage of median, and precipitation as a percentage of average.
National Oceanic and Atmospheric Administration, National Climatic Data Center.)

(Sources: A, Data from U.S. Geological Survey. B, Data from the
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Figure 10. Monthly discharges for selected major rivers of the United States for water years 1990
and 1991 compared with monthly median discharges for the reference period water years 1951-

80.

(Source: Data from U.S. Geological Survey files.)
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Figure 11. Month-end storage of selected reservoirs in the United States for water years 1990 and
1991 compared with median of month-end storage for reference period. The reference period, which
varies but is a minimum of 20 years, for each reservoir or reservoir system is shown on the graph; the
beginning year for a reservoir system is the year records began for the newest reservoir in the system.
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parentheses: F, flood control; 1, irrigation; M, municipal; P, power; R, recreation; and W, industrial.  (Source:
Data from U.S. Geological Survey files.)



Southeastern States, not only were temperatures high,
but precipitation was much above average in many lo-
cations due to the flow of warm, moist air from the Gulf
of Mexico into the Southeastern States. For water year
1991, one of the largest rainfall totals ever measured in
any major American city was 110.93 inches at New
Orleans; the average annual-—January through De-
cember—total is 59.74 inches.

Stronger-than-average anticyclonic conditions
prevailed over the conterminous States during water year
1991 and resulted in above-average temperatures and
drought conditions in several areas of the country. Cali-
fornia and much of the Western States had the fifth con-
secutive year of significant precipitation deficit. In ad-
dition to the drought in the West, the persistence of an
upper-air ridge over the Northeastern States during the
spring and summer contributed to drought in some ar-
eas of the Ohio Valley and Middle Atlantic Coast States.
The only hurricane to hit the United States during water
year 1991 was Hurricane Bob, which developed in the
northern Bahamas and struck eastern Long Island, N.Y.,
and New England on August 19. It produced 3 to 9 inches
of rain and was accompanied by wind gusts of as much
as 120 miles per hour. Total damage caused by Hurri-
cane Bob was estimated to be $1.5 billion.

The regional and local patterns of hydrologic
conditions can be seen in the graphs of monthly dis-
charges for selected rivers (fig. 10) and storage of se-
lected reservoirs (fig. 11). The monthly discharge of
rivers illustrates regional hydrologic conditions. Forex-
ample, the drought conditions that affected the Middle
Atlantic Coast region in the latter part of the water year
are illustrated by the monthly discharge of the Allegheny
River at Natrona, Pa., and by the Scioto River at Higby,
Ohio. During the spring and summer, the discharge of
these rivers was below median. In the west, intense
rainfall in California relieved the drought for a short
period in March. The effects of the March rainfall are
shown by the discharge of the Arroyo Seco near Pasa-
dena, Calif. (fig. 10). The monthly discharge of this river
was below median during the entire 1990 water year and
the first part of water year 1991. After March, discharge
of this river exceeded the median monthly values for two
consecutive months.

The continued drought in the Western States is
illustrated by the month-end reservoir storage of selected
reservoirs (fig. 11). For example, the storage of Pine Flat
Lake in California, Fort Peck Lake in Montana, and
Conchas Lake in New Mexico were much below me-
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dian for water years 1990 and 1991. The contents of
Conchas Lake was just above median during Septem-
ber 1991. Lake Tahoe, which is on the California—Ne-
vada boundary, had no usable storage during the entire
water year. The monthly storage of the Wanaque Res-
ervoir in New Jersey reflects the drought that affected
the Middle Atlantic Coast States during the spring and
summer. In contrast to the drought-affected areas, the
month-end reservoir storage of the Little Tennessee
Projects (Nantahala Lake, Thorpe Reservoir, Fontana
Lake, and Chilhowee Lake) and the International
Amistad Reservoir in Texas illustrates the effects of
above-average precipitation in the Southeast during
water year 1991.

During water year 1991, many significant water-
related events, both natural and human induced, oc-
curred. Arepresentative set of these events is listed chro-
nologically in table 2, and their geographic location is
plotted in figure 12. Table 2 represents a culling of some
hundreds of these hydrologic occurrences, generally
omitting, for example, floods whose recurrence interval
is less than 10 years, toxic spills that involve less than
2,500 gallons, and fishkills of less than 5,000 fish. The
selection of events for inclusion in table 2 was affected
to some extent by the degree of media coverage, in-
cluding National Weather Service and USGS periodicals,
and by communications from USGS field offices alert-
ing the national office that significant hydrologic events
had occurred. Toxic-spill data were provided by the U.S.
Coast Guard National Response Center. Reporting of
weather-related events and damage estimates is sub-
jective; therefore, table 2 might be inconsistent with
other national compilations of hydrologic events, such
as the annual flood-damage report to the Congress by
the U.S. Army Corps of Engineers (1991). Weather-re-
lated events (excluding drought, storm surges, and
coastal flooding) were estimated to have caused dam-
age in excess of $4.3 billion. Of this amount, flood dam-
age was about $1.7 billion (U.S. Army Corps of Engi-
neers, 1991).

REFERENCE CITED

U.S. Army Corps of Engineers, 1991, Annual flood-damage
report to Congress for fiscal year 1991: U.S. Army Corps
of Engineers report prepared in cooperation with the
National Weather Service. [Available from the U.S.
Army Corps of Engineers, Engineering Division, Wash-
ington, D.C.]
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Figure 12.

Location or extent of significant hydrologic and water-related events in the United States and Puerto Rico, October 1990

through September 1991, as documented in table 2. Some events listed in table 2 are not shown in figure 12 because of the areal extent

of the event.
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Table 2. Chronology of significant hydrologic and water-related events, October 1990 through September 1991

[The events described are representative examples of hydrologic and water-related events that occurred during water year 1991. Toxic-spill data were provided by the
U.S. Coast Guard National Response Center. Fishkill data generally were provided by the U.S. Environmental Protection Agency on the basis of reports transmitted by
State agencies. Meteorological data are mostly from reports of the National Oceanic and Atmospheric Administration. Abbreviations used: ft3/s=cubic feet per second;
miz=square miles; mph=miles per hour; mg/L=milligrams per liter; Mgal/d=million gallons per day; ppm=parts pér million; USGS=U.S. Geological Survey]

No. EVENT
fig. 12
ffig. 12) OCTOBER 1990 OCTOBER 1990 (con.)
(not shown) During late September and early October, new minimum 2 Between October 11 and 23, two periods of flooding occurred

records for stream discharges, ground-water levels, and
lake levels were established after several months of defi-
cient rainfall from Jacksonville to Pensacola in northern
Florida and from Savannah westward across southern
Georgia. Total rainfall at Jacksonville airport for the 1990
water year was 25.53 inches below average. In Florida,
new minimum stream discharges occurred at 8 of 40 USGS
gaging stations; drought recurrence intervals at some sites
exceeded 50 years. Ground-water levels were record mini-
mums in 16 of 29 wells completed in the Upper Floridan
aquifer; the levels ranged from about 0.1 to 2.6 feet below
previous lows of record. Water levels at 5 of 7 lakes in
the area also were at record lows, ranging from about 0.6
to 4.2 feet lower than previous records. In Georgia, mini-
mum-stream-discharge records were set or equaled at S of
20 USGS gaging stations; at some sites drought recurrence
intervals exceeded 50 years. Record minimum ground-
water levels were reported in 13 of 32 wells completed in
the Upper Floridan aquifer. Levels ranged from about 0.1
to 5.6 feet below previous lows of record. Drought condi-
tions in the area were alleviated somewhat by intense rain-
fall during mid-October.

Tropical storm Klaus caused severe flooding, deaths, and mil-

lions of dollars in damage in parts of South Carolina and
Georgia during mid-October. In localized areas in South
Carolina, rainfall was intense between October 10and 12.
As much as 8 inches fell in 6 hours near Sumter, S.C., and
parts of Orangeburg, Sumter, and Kershaw Counties re-
ceived about 12 inches within 24 hours. The rainfall in-
tensity had a recurrence interval of about 100 years. Peak
discharges at 10 gaging stations exceeded both the 100-
year recurrence interval and previous peaks of record. Four
people were killed when a stranded car was swept off U.S.
Highway 1 after failure of the dam on Kendall Lake near
Camden (about 25 miles northeast of Columbia), S.C. On
October 11, caskets were carried by floodwaters out of a
cemetery at Rafting Creek Baptist Church near Sumter in
Sumter County.

In Georgia, rainfall ranged from 7 to 10 inches in the eastern

and central parts of the State. Local flooding was severe
on small streams in the Augusta area, where about 8.5
inches of rain fell within 24 hours. About 9.5 to 10 inches
of rain fell in Thurman and Modoc. Four people drowned
in rising floodwaters in the flood-effected area. One per-
son was swept away during an attempt to leave a stranded
car at a flooded railroad crossing and three people drowned
in Jefferson County, about 50 miles southwest of Augusta.
At many gaging stations, discharge exceeded peaks of
record and the 100-year recurrence interval. Recurrence
intervals for the peak discharges were 50 years or less on
streams having drainage areas less than 200 mi?2. Limited
flooding occurred on the Savannah River near Augusta.
The city of Augusta and nine counties in Georgia were de-
clared Federal disaster areas. Flood damage was estimated
to be $40 million in the vicinity of Augusta. A 3-day maxi-
mum total rainfall of 19.9 inches at Louisville set a new
record for the State.

in Virginia, primarily along the eastern slope of the Blue
Ridge Mountains. The first period, October 11 to 15, re-
sulted in peak discharges having recurrence intervals of less
than 2 years, except in the Rappahannock River basin
where recurrence intervals were 5 to 10 years. During the
second period, on October 21 to 23, discharges were
greater. Recurrence intervals were about 2 years in the
Shenandoah River basin, 2 to 5 years in the Rappahannock
and middle James River basins, and 2 to 10 years in the
Roanoke River basin. Monthly average flows in the
Rappahannock and James River basins were the greatest
for October since 1980. Along the mainstem Dan River,
flows were the greatest since 1960. On the lower Roanoke
River, at Randolph, the flow set a new record for October
for the period of record (1928-90).

On October 14, about 11,500 gallons of No. 2 fuel oil spilled

into the Galveston Bay at Texas City, Tex., during the re-
pair of a 20-inch pipeline. About 6,300 gallons of the spill
was recovered in cleanup operations.

About 164,000 gallons of kerosene spilled into the Hudson

River on October 26, when a tank barge became grounded
on Diamond Reef near New Hamberg, N.Y. A total of
30,000 gallons was recovered.

On October 26, about 250,000 gallons of petroleum products

was discovered in the ground water at a tank terminal in
Fairfax, Va., and in a nearby stream. An estimated 18 feet
of petroleum products was floating on the ground water;
the exact areas affected were undefined. The spill, which
extended under about 250 homes, was potentially danger-
ous as it could cause explosions if the petroleum products
seeped into basements. An underground pipeline leak is
suspected as the source. Above-ground storage tanks in
the area hold gasoline, diesel, and aviation fuel. Oil was
recovered through 91 wells and removed from Crook
Branch Creek. The spill was expected to be contained by
February 1992, but could take as long as 10 years for final
cleanup.

The drought continued in California. October precipitation at

207 reporting stations averaged 69 percent below the long-
time average for the month. Average storage in 155 reser-
voirs was at 34 percent of capacity at the end of the month
(60 percent of the long-term October month-end average).
Storage was 24 percent less than at the end of October 1989.

NovemBER 1990

On November 2, a tank barge ran aground in the Gulf

Intracoastal Waterway near Houma, La., and spilled 85,000
gallons of crude oil. A 5-mile stretch of the waterway was
closed to vessel traffic, and a containment boom was de-
ployed. An estimated 52,000 gallons of oil was recovered
as of November 8 when the waterway was partly reopened.
As of November 15, all the spilled oil had been recovered
and the waterway had been reopened to unrestricted traf-
fic.



Table 2.

National Water Summary 1990-91—Stream Water Quality: REVIEW 1991 WATER YEAR 47

Chronology of significant hydrologic and water-related events, October 1990 through September 1991-—continued

No

(fig. 12)

NoVEMBER 1990 (con.)

NoOVEMBER 1990 (con.)

9

10

11

On November 5, about 300,000 gallons of crude oil spilled near

Ethel, Mo., when a 12-inch pipeline ruptured. A 10-acre
field was saturated and an unknown quantity of oil entered
Turkey Creek and migrated to the Chariton River, a tribu-
tary to the Missouri River. After containment, a slight
sheen was observed on the Missouri River.

The “Pineapple Express,” a name given by the National

Weather Service to the fall storm route from Hawaii to the
Pacific Northwest, brought two major tropical storms into
Washington on November 9 and 24. As a result, a wide
area of western Washington and part of eastern Washing-
ton were flooded. During the first storm, intense rainfall
and warm temperatures caused snowmelt, which contrib-
uted to major flooding in most basins draining high eleva-
tions north and west of Seattle. Flooding also occurred in
lowland areas of the drainage basins of the Snoqualmie,
Snohomish, Stillaguamish, Skagit, and Nooksack Rivers
north of Tacoma and also to the west in the Skokomish and
Queets basins in the less populated Olympic Peninsula.
During the second storm, record rainfalls and snowmelt
caused by high temperatures produced high water in most
river basins east and west of the Cascade Range. Arecord
24-hour rainfall of 5.82 inches occurred in Olympia and a
November 24-hour record of 3.56 inches occurred at the
Seattle-Tacoma International Airport. Flooding was wide-
spread in western Washington, from the Canadian border
to south of the Columbia River. In eastern Washington,
flooding was confined to the Stehekin, Wenatchee, and
Yakima River basins. The Puget Sound area was the hard-
est hit, with major flooding from the Nooksack basin north
of Bellingham to the Chehalis basin south of Chehalis.
Flows were peaks of record at eight stations, with recur-
rence intervals ranging from 25 to about 100 years. Peaks
of record in excess of the 100-year recurrence interval were
recorded at three gaging stations in the Wenatchee River
basin—at Plain, Peshastin, and Monitor. One person
drowned after being swept into the Snoqualmie River near
Duvall while attempting to leave a stalled automobile on a
flooded county road. An old pontoon bridge linking Se-
attle with its eastern suburbs sank and severed cables an-
choring the new seven-lane I-90 bridge to the lake bottom.
Total damage for the two storms was estimated at $100
million. A total of 17 counties were declared disaster ar-
eas by the Governor.

On November 17, about 94,000 gallons of asphalt flux petro-

leum product was spilled into Piney Point Creek (tributary
to the Potomac River) near Piney Point, Md. A boom de-
ployed just downstream from the spill site contained the
spilled product. Cleanup was completed as of December
14.

Flooding on Oahu, Hawaii, on November 20 followed a week

of steady rainfall that ended with a sudden thunderstorm
that left more than 9 inches of rain in 2 hours near Waimea.
A USGS gaging-station shelter on Kamananui Stream at
Maunawai was swept downstream, but the digital recorder
was recovered. The last punched gage height of 12.70 feet
at 8:00 a.m. has a corresponding discharge of 10,500 ft*/s
and recurrence interval of 100 years. Because the peak
flow was estimated to have occurred at about 9:30 a.m.,
the actual peak discharge likely had a recurrence interval
greater than 100 years. The previous peak of record had a
recurrence interval of about 50 years. At Hilo, on the is-

land of Hawaii, 23.10 inches of rain fell during the same
week; maximum intensity was 10.63 inches in 24 hours.

Between 3 and 5 inches of rain fell on November 26 and 27 in

Cook, Will, and DuPage Counties in Illinois and contrib-
uted to flooding in northeastern and central parts of the
State on November 28 and 29. The flooding was most sig-
nificant in northeastern Illinois, south of Chicago. Peak
flows at gaging stations on Butterfield Creek at Flossmoor
and the Little Calumet River at South Holland had respec-
tive recurrence intervals of 17 and 20 years. In Matteson,
one person drowned while trying to drive an automobile
through flood water.

At the end of November, a 4-year drought continued unabated

in California and northern Nevada. During the month,
precipitation lagged far behind average throughout Cali-
fornia. In the Sacramento basin, precipitation was about
25 percent of average for the water year. At Lake Tahoe,
on the California-Nevada border, the water surface was
about 1.0 foot below the natural rim, the lowest level since
the winter of 1934-35, when the lake surface was 1.26 feet
below the rim.

DECEMBER 1990

On December 16, a 4-inch pipeline, damaged by a passing

vessel, spilled 20,400 gallons of crude oil into Black Lake
in Hackberry, La. About 12,600 gallons had been recov-
ered by January 4, when cleanup operations ceased.

Several days of steady rain on saturated soil caused flooding

on December 20 to 30 in the northern and western parts of
Alabama and the south-central part of Tennessee. Continu-
ing showers the following week exacerbated the flooding
in many areas. In Alabama, Huntsville had 7.7 inches of
rain and Muscle Shoals, 10.7 inches. Similar quantities
fell across Tennessee. The peak stage of record was ex-
ceeded at the gaging station on the Tombigbee River at
Bevill Lock and Dam near Pickensville, Ala., on Decem-
ber 26. The maximum stage of 144.05 feet was 2.00 feet
above the previous peak of May 23, 1983. The correspond-
ing discharge was 160,000 ft*/s (discharge for the 1983
peak was 130,000 ft*/s). Peak discharges equaled or ex-
ceeded those having recurrence intervals of 100 years at
four gaging stations near Huntsville—Paint Rock River
near Woodville, Flint River near Chase, Cotaco Creek near
Athens, and Big Nance Creek at Courtland. Peak flows
also were recorded at gaging stations on Luxapallila Creek
at Millport (in the Mobile River basin, about 50 miles west
of Birmingham) and West Fork Flint Creek near Oakville
(in the Tennessee River basin about 35 miles southwest of
Huntsville). Peaks of record or 100-year recurrence inter-
vals were exceeded at three stations in south-central Ten-
nessee—Sequatchie River near Whitwell, East Fork Mul-
berry Creek at Lynchburg, and Elk River above
Fayetteville.

On December 27, a 6-inch underground pipeline was discov-

ered to be leaking at a pumping station in Baytown, Tex.
Before the leak was secured, about 14,600 gallons of crude
oil was released. Of the total, about 8,400 gallons spilled
into Goose Creek; some of the oil reached Hog Island
Beach and the mainland shore. An estimated 10,000 gal-
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Table 2.

Chronology of significant hydrologic and water-related events, October 1990 through September 1991—continued

No.
(fig. 12)

EVENT

DeceMBER 1990 (con.)

DecemBER 1990 (con.)

17

18

19

20

(not shown)

21

lons of the product had been recovered from the beach as
of December 31.

Two to three inches of rain falling on snow-covered ground
caused flooding in many areas of Ohio during the period
December 28-31. Flooding conditions were exacerbated
by significantly above-average precipitation earlier in the
month. Average precipitation in Ohio for the month of De-
cember was 7.78 inches (5.20 inches above the long-term
average), making it the wettest December in more than 100
years of record keeping. Flooding was reported in at least
20 counties spread throughout Ohio. Rising flood waters
forced the evacuation of residents in Butler, Cuyahoga,
Franklin, Marion, and Pickaway Counties. County com-
missioners declared Marion County a disaster area. Peak
discharges recorded at gaging stations in the Lake Erie
basin had recurrence intervals that generally ranged from
10 to 25 years. In contrast, peak discharges recorded at
gaging stations in the Ohio River basin had associated re-
currence intervals that generally ranged from 2 to 10 years.

Widespread flooding in Indiana resulted from 3 to 6 inches of
rainfall on December 28 to 30. The rain melted snow cover
having depths of 2 to 9 inches. Because rainfall was steady
and of limited intensity, peak flows in small drainage ba-
sins were broad and sustained. Flows of most small rivers
had peaked and were receding by December 31. However,
as of January 3, flows of the major rivers including the
Wabash, White, and Kankakee Rivers, were still rising in
the middle and lower reaches. Low-lying areas along these
rivers and the cities of Noblesville, Indianapolis, Colum-
bus, and Terre Haute were most seriously affected by the
flooding. Between 3,000 and 4,000 people were displaced
by the floods. The White River at Noblesville had the peak
discharge of record (27,000 ft*/s, a recurrence interval of
40 years). The Tippecanoe River near Ora peaked at a stage
of 15.10 feet (0.02 foot below the previous maximum) on
January 1. Discharge on the Tippecanoe River was about
7,000 ft/s, which had a 15-year recurrence interval. The
State asked the Federal Government to declare 40 of the
State’s 92 counties as disaster areas.

On December 30, one person drowned and another was res-
cued from the floodwaters of Buffalo Creek in Butler
County, Pa. The high water was the result of rains and
snowmelt in the western part of the State. Streamflow at
the gaging station near Freeport had a recurrence interval
of about 11 years.

On December 30, more than 1 million gallons of sludge seeped
into New York Harbor after a municipal barge collided with
a ship carrying molasses. The sludge leaked from a hole
below the barge’s waterline. No molasses was spilled.

At the end of December, much of Florida continued to have
record or near-record minimum streamflow, lake levels, and
ground-water levels. Water levels in 10 percent of more
than 300 wells in southwest Florida were at all-time lows.

Drought continued in California in December despite some
relief from month-end snowfall and rains. During the week
of December 16 to 22, Santa Maria reported its first snow-
fall since weather records began in 1942. However, in the
mountains, snowfall had little water content (about one-
fourth of average). Precipitation in the northern Sierra
Nevada was the fourth lowest in 70 years, according to the
California Department of Water Resources. As of Janu-

ary 1, statewide runoff was 20 percent of average. State-
wide reservoir storage at 155 major reservoirs was about
54 percent of average.

JANUARY 1991

22

23

24

(not shown)

25

On January 6, oil was discovered seeping from a cracked pipe

under the Tacoma tidal flats in Washington. The pipeline
carries crude oil nearly a mile from the Blair waterfront to
arefinery. An estimated 483,000 gallons of crude oil was
spilled. Most of the oil was contained in a drainage ditch
by a hastily constructed earthen dam that apparently saved
Commencement Bay and Puget Sound from major envi-
ronmental damage. A relatively small quantity of oil (200
to 500 gallons) flowed into Blair Waterway, which is con-
nected to Commencement Bay, where it was contained by
aboom. Most of the environmental damage was to the soils
and to water in an aquifer immediately beneath the drain-
age ditch, where the water table is only 1 to 2 feet below
land surface. Fortunately, no drinking water is drawn from
the aquifer.

On January 8, about 13,000 gallons of No. 6 oil was spilled as

aresult of overfilling of the cargo tank of a freight ship in
the East Basin Channel in Long Beach, Calif. Subsequent
rainfall helped to flush oil from under piers. Establishment
of a safety zone temporarily prohibited vessels from using
the East Basin Channel, where the patches of oil were great-
est. Qil also affected the Cerritos Channel and the Los
Angeles breakwater. Several oiled birds were observed in
the spill area. An estimated 4,926 gallons of oil had been
recovered by April 18, when cleanup was discontinued.

On January 9, a tank barge carrying about 440,000 gallons of

1,1,1 trichloroethane collided with a tugboat in the lower
Mississippi River near Baton Rouge, La., causing a spill
into the river. Sampling indicated 125 ppm of the product
in the water. As a precaution, drinking-water intakes be-
tween Baton Rouge and New Orleans were closed and traf-
fic on the Mississippi River was temporarily halted.

January streamflow from north-central to west-central South

Dakota was uncommonly low, owing to dry conditions.
Reaches of the Moreau River, the Grand River at Little
Eagle, and the Belle Fourche River near Elm Springs be-
came dry. The average monthly flow at Elm Springs is 31
ft’/s. The Cheyenne River at Cherry Creek (average
monthly discharge of 112 ft*/s) had a discharge of 5.61
ft’/s, and the White River near Oacoma (average monthly
discharge of 62 ft*/s) flowed at 0.05 ft*/s on January 7 and
0.38 ft*/s on January 14.

At the end of January, the California State Water Project had

declared the harshest restrictions in its 30-year history by
ordering an immediate decrease in water deliveries to its
farm customers and by warning urban users that they might
receive only one-half the normal supply. The State Water
Project is the major provider of irrigation water to farmers
in the southwest San Joaquin Valley and to cities in south-
ern California. California, in its fifth year of drought, had
generally received only 25 percent of average precipitation.
Runoff was about 20 percent of average, and storage in 155
reservoirs decreased to 54 percent of average. Water level
in Lake Tahoe was 1.30 feet below the natural rim eleva-
tion, the lowest level of record dating back to 1900. The
drought also continued in northern Nevada and was espe-
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Table 2. Chronology of significant hydrologic and water-related events, October 1990 through September 1991—continued
No. EVENT
(fig. 12) JaNUARY 1991 (con.) FEBRUARY 1991 (con.)
cially severe in the Sierra Nevada basins. By the end of water pumping. Smaller, but extensive ground fissuring
January, spring and summer flow projections ranged from also was documented in Lancaster. By the end of Febru-
15 to 20 percent of average. ary, streamflows were at record lows at two-thirds of the
USGS index gaging stations in the State. Contents of 90
(not shown)  Drought continued in parts of Florida during January. Much percent of the index reservoirs were below average, and
of the State had record or near-record minimum usable storage in Lake Tahoe was zero for the sixth con-
streamflow, lake levels, and ground-water levels. secutive month. A new low, 1.35 feet below the rim, was
reached in February. Also, water levels in index wells in
alluvial basins were at new record monthly lows.
FEBRUARY 1991
(not shown) In Florida, water levels in many wells in the Upper Floridan
26 About 900,000 gallons of No. § jet fuel was spilled on Febru- aquifer reached new February lows. The ground-water
ary 10 when a storage tank was overfilled at Cecil Air Field conditions were caused by long-term drought in the State.
Naval Air Station near Jacksonville, Fla. Most of the fuel
reached the St. Johns River and Sal Taylor Creek, a tribu- MARCH 1991
tary to Yellow Water Creek. About 680,000 gallons of the
fuel had been recovered by February 19.
31 On March 3, rupture of a 34-inch pipeline near Grand Rapids,
27 On February 15, about 11,000 gallons of No. 4 fuel oil spilled Minn., caused a major oil spill. Five acres of frozen marsh
from an underground storage tank into a sewer system that was covered by 1.7 million gallons of crude oil having an
emptied into the east branch of Stamford Harbor, near estimated thickness of 7 to 12 inches. An unknown guan-
Stamford, Conn. Cleanup efforts were discontinued on tity of oil flowed through a storm sewer into the frozen
June 25. Prairie River. Qil was flowing both above and below the
ice surface. Most of the oil had been recovered from the
28 In parts of Mississippi and Alabama, intense rainfall in Feb- river when cleanup was discontinued on April 25.
ruary resulted in flooding. In Mississippi, recurrence in-
tervals for peak discharges generally were about 10 years. 32 On March 6, a tank barge sank in 1,800 feet of water about 30
In Alabama, several streams flooded when about 6 inches miles east of St. Kitts, West Indies. The sunken barge re-
of rain fell between February 18 and 22. On February 23, leased an estimated 500,000 gallons of bunker oil, a fuel
the peak of record was exceeded in the Mobile River ba- used by ships and boats. Although much of the fuel evapo-
sin at the gaging station Tombigbee River at Bevill Lock rated soon after the spill, the residue spread across 300
and Dam near Pickensville (11 years of record), which is miles of the Caribbean, fouling tourist beaches on the prin-
about 40 miles west of Tuscaloosa, Ala. The maximum cipal islands of Puerto Rico and the U.S. Virgin Islands (St.
stage of 44.30 feet was 0.25 foot above the previous record Thomas, St John, and St. Croix). More than 500 workers
peak of December 26, 1990. The February peak discharge used small shovels and garbage bags to remove tar balls
of 180,000 ft¥/s was 20,000 ft*/s greater than during De- from the island beaches. Beach contamination was great-
cember 1990. est on the northeastern side of St. John. Minor coastal con-
tamination by tar balls was reported on St. Croix, St. Tho-
29 On February 22, the casing of a pipeline booster pump burst mas, the east side of Saba Island, and Culebra, Puerto Rico.
during transfer operations from a tank ship near Fidalgo As of March 28, this oil continued to affect both Puerto
Bay, Anacortes, Wash. About 210,000 gallons of crude Rico and the U.S. Virgin Islands. Most cleanup operations
oil was spilled of which about 17,600 gallons flowed were discontinued April 17.
through a series of ditches and culverts into Fidalgo Bay. .
Washington State Fish and Wildlife personnel recovered 33 Because of intense rainfall, areas of northern Florida and south-
113 dead birds and reported 100 more in distress from the e Georgia were flooded during the week of March 3. In
spill. About 300,000 gallons of oily water had been re- Florida, rainfall in excess of 7 inches within 24 hours
covered as of March 4. Cleanup efforts were discontin- caused flooding on many major streams and creeks in
ued on June 12. Calhoun and Jackson Counties and along Munson Slough
in Leon Courty. Peak flows had recurrence intervals of
30 Rain finally fell in California in February—3 to 5 inches along about 25 years. In Georgia, on March 7, the Satilla River
the coast and as much as 15 inches in the mountains—and at Waycross crested at 21.52 feet, which is almost 1 foot
brought some short-term relief from the drought. The du- below the record stage of April 1948. Fifteen counties in
ration and intensity of rainfall did not do much to offset southern Georgia were declared Federal disaster areas.
the long-term effects of a 5-year water shortage. Through
the end of February, the water year was the third driest on 34 Three storms hit the Hawaiian islands between March 19 and

record, after 1977 and 1924. At month’s end, the State’s
reservoir storage was 48 percent of average and runoff was
15 percent of average. The drought was being called the
worst water crisis in the history of southern California. The
Federal Government announced plans to drain the Califor-
nia reservoirs under its jurisdiction to meet minimum needs
of urban and farm customers. A huge fissure had closed a
runway on the 44-mi’> Rogers Dry Lake at Edwards Air
Force Base. The half-mile long, 12-foot deep fissure,
which could be the largest in the State, was a surface mani-
festation of a system being extensively stressed by ground-

23. Intense rains caused severe flooding, mudslides, and
a power outage that lasted for several hours on the island
of Oahu. Rainfall ranged from 9 inches along the Waianae
leeward coast—the normally dry side of Oahu—to about
34 inches at Waiahole close to the mountains near the north
end of Kaneohe Bay. As much as 19 inches of rain was
recorded during 24 hours on the northern part of the island.
Property damage due to flooding was estimated at $20
million. A USGS gaging station on Punaluu Stream near
Punaluu was washed away. Peak discharges exceeded
those of record at two gaging stations. Discharge of Kipapa
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Table 2. Chronology of significant hydrologic and water-related events, October 1990 through September 1991—continued

No.
(fig.12)

EVENT

MARCH 1991 (con.)

APRIL 1991 (con.)

35

Stream near Wahiawa (35 years of record), on March 20,
was 6,400 ft*/s, which has a recurrence interval of about
75 years, at a stage of 12.67 feet. The peak was 720 ft*/s
greater and 0.38 foot higher than the 1963 peak of record.
Discharge of Punaluu Stream near Punaluu (39 years of
record), on March 21, was 7,180 ft*/s, which has a recur-
rence interval of 1.29 times that of the 100-year event, at
a stage of 8.34 feet. The peak was 1,480 ft*/s greater and
0.74 foot higher than the 1974 peak of record.

March precipitation in California resulted in an addition of 2

million acre-feet of water to its largest reservoirs. Nearly
7 inches of precipitation fell on Sacramento during the first
week of March (average March precipitation is 1.8 inches).
Although some precipitation fell in the northern part of the
State, the greatest effect was in the central and southern
parts. Water-use limitations set earlier in the month by
officials of drought-stricken cities were reevaluated. How-
ever, the need for conservation practices remained because,
despite the precipitation, the contents of most large reser-
voirs was still at only 50 percent of average. Although 40
inches of snow fell at Donner Summit in the Sierra Ne-
vada, the moisture content (41 percent) was less than av-
erage. Nevertheless, March precipitation brought some re-
lief from the 5 consecutive years of drought.

APRIL 1991

36

37

38

Intense rainfall along the Oregon coast, on April 4, caused

about 1 million cubic yards of debris to break loose from
an active slide area at mile post 31 of Oregon Highway 6.
The slide closed the highway and created a landslide dam
across the Devils Fork Wilson River 4 miles upstream from
its confluence with the South Fork. About 800 people were
evacuated from the area downstream from the dam. The
Wilson River was about 3 feet above flood stage and still
rising when the evacuation was ordered. However, the
emergency was downgraded when the river was discov-
ered to be draining around one side of the dam. The high-
way was closed for about 7 weeks until a single-lane road-
way could be cleared through the slide.

Spring thunderstorms produced rain across the southern one-

third of Texas during the latter part of the first week of
April, as a strong onshore flow of moist air collided with
a front stalled over eastern Texas. As much as 19 inches
of rain inundated the southern tip of the State, while more
than 12 inches deluged Victoria. Rain fell at the rate of 3
inches an hour at some locations. As much as 13 inches
of rain fell within 24 hours in Brownsville, forcing clo-
sure of the airport. Wind gusts of 70 mph accompanied a
storm that moved through Houston. Another storm left as
much as 6 inches of hail near Marfa. Widespread flash
flooding along the Texas Gulf Coast from Houston to
Brownsville forced the closure of numerous roads near
Houston and the evacuation of residents in Harlingen (just
northeast of Brownsville). The San Bernard River over-
flowed its banks near Brazoria, and the Guadalupe River
rose 15 feet in 5 hours.

On April 9, warm weather combined with intense rain to

produce ice-jam flooding on the St. John River in
Aroostook County in northern Maine. The flooding
forced the evacuation of nearly 200 people near Dickey.

39

40

41

42

43

The ice jam was nearly 20 feet deep near the town and
nearly 30 feet deep in other places. Depth of water near
one gage was almost 40 feet. The ice jam destroyed two
bridges and two USGS gaging stations and damaged 130
homes as it moved downstream. The county was de-
clared a Federal disaster area on April 19. Damage was
estimated at $14 million.

In Arkansas and Oklahoma, storms brought intense rains of

short duration that caused local flash flooding from April
11 to 14. Highway 71 near Mena, in the west-central part
of Arkansas, was closed after 3 feet of water covered the
road. River flooding generally was minor and limited to
lowlands adjacent to the river. Flooding also washed out
a bridge in Antlers in the southeastern part of Oklahoma,
after 4 inches of rain fell in 6 hours.

On April 12, three people drowned in Durango, in Dubuque

County in the north-east part of Jowa, as a result of flood-
ing of the Little Maquoketa River. The victims were at-
tempting to drive across a water-covered bridge on Para-
dise Valley county road just south of U.S. Highway 52
when the car stalled. Two victims were swept away in the
car and the third was swept from the roof of the vehicle.
The peak discharge of 21,400 ft¥/s, the fourth largest of
record at the gaging station on the Little Maquoketa River
near Durango, had a recurrence interval of 35 to 40 years
(record began in 1934). The greatest 24-hour precipitation
associated with the flooding was 4 inches at a station sev-
eral miles from the gaging station.

Shreveport and Bossier City, La., were flooded on April 12 after

numerous storms brought 80-mph winds and a record 12-
hour rainfall of 10.42 inches on already saturated ground.
In Shreveport, as much as 3 inches of rain fell within 2
hours. The flooding caused two persons to drown and
damaged 500 homes. Total damage was estimated at $5
million.

On April 23, failure of a flange gasket on an 8-inch pipeline at

afacility in Los Angeles Harbor, Calif., caused 11,300 gal-
Ions of gasoline to spill into a storm drain that flows into
the harbor. Cleanup was completed on May 3 with the re-
covery of about 1,260 gallons.

Storms of April 28 to 29, which produced 6 to 11 inches of rain

in 48 hours, caused severe flooding in southern Arkansas
and northern Louisiana. In Arkansas, the peak discharge
of 24,300 ft¥/s at the gaging station on Smackover Creek
near Smackover in the south-central part of the State ex-
ceeded the 40-year recurrence interval on April 29 but was
less than the peak of record (52,700 ft*/s on June 8, 1974).
The peak stage of 25.25 feet on Bayou Bartholomew near
McGehee, in southeastern Arkansas, was the second high-
est stage since at least 1930; the highest stage occurred on
May 11, 1958. In Arkansas, one life was lost and 100
people were evacuated from their homes because of the
flooding. Estimated damage toroads, bridges, and culverts
was $3.5 million in Ashley and Union Counties. In Loui-
siana, flooding was especially severe along the Ouachita
River through Morehouse Parish. At many locations,
stages were 4 to 5 feet above previous records. On April
30, in the north-central part of the State, Bayou D’ Arbonne
Lake at Farmerville had a gage height of 50.38 feet (4.95
feet above the previous record) and Lake Claiborne near
Aycock had a gage height of 16.00 feet (4.00 feet above
the previous record).



National Water Summary 1990-91—Stream Water Quality: REVIEW 1991 WATER YEAR 51

Table 2. Chronology of significant hydrologic and water-related events, October 1990 through September 1991—continued

No. EVENT
(fig. 12) APRIL 1991 (con) May 1991 (con)
44 Rainfall during the month of April was excessive in Missis- inches within 24 hours) caused some flooding along tribu-

sippi. April 1991 was the wettest month on record at 18
precipitation stations and it was the wettest April on record
at 56 precipitation stations. The rainfall totals for the State
ranged from 6.5 inches at Merrill to 23 inches at Rolling
Fork. As aresult of the record rainfall, flooding occurred
in all the river basins in the State, and in the Delta Region
of northwestern Mississippi, about 2 million acres of land
was underwater. Dollar estimates of the total damage
caused by this flood were in the hundreds of millions.

A record accumulated winter snowfall of 147.6 inches (hav-

ing a water content of 12 inches) in the Chena River basin
and other local basins in Alaska began to melt about April
21. Because of limited drainage, runoff from the snowmelt
began flooding basements and first floors of more than 300
homes in communities southeast of Fairbanks during the
last week in April. Regulated flow of the Chena River at
the Moose Creek Dam (releases of 7,500 to 8,000 ft*/s
throughout the week) combined with flow from the Little
Chena River to create a discharge of 11,550 ft*/s. The
combined streamflow was the greatest since May 1975,
which was 5 years before the first operation of the Moose
Creek Dam. Areas just downstream from the dam on the
Chena River had minor flooding when ice jams formed
on bridge crossings. Also, about 40 homes in the Rosie
Creek subdivision, southwest of Fairbanks, were flooded
when a 3-mile long ice jam created backwater on the
Tanana River. Residents were evacuated by boat. Sev-
eral flooded locations were declared disaster areas by the
State. Damage was about $2 million.

May 1991

On May 3, mooring operations at Braintree, Mass., caused a

tank vessel to spill about 16,000 gallons of No. 2 diesel
oil into the Weymouth Fore River. Most of the spilled oil
was contained with a boom and an estimated 14,000 gal-
lons of oily water was removed.

taries to the North Platte River. Peak flow at Bed Tick
Creek south of Douglas was 3,300 ft%/s on May 15, a re-
currence interval of 50 years. Significant flooding also oc-
curred along Crow Creek in the southeastern corner of the
State during the first few days in June. Also, spring snow-
falls of 110 to 130 percent of average for this time of year
relieved the concern for drought that had prevailed earlier
in the year. However, in southern and eastern Wyoming,
snowpack was still only 70 to 90 percent of average.

On May 19, intense rain and full storage of McKay Reservoir

upstream from Pendleton, Oreg., combined to force the
evacuation of more than 100 families from low-lying ar-
eas along McKay Creek and the Grande Ronde River.
Record inflows (peak estimated at 5,010 ft¥s) to the reser-
voir (73 years of record) resulted in record outflow (3,500
ft*/s) from the reservoir. These flows represent recurrence
intervals of 25 and 100 years, respectively. The previous
peak discharge of 3,250 ft*/s was recorded in February
1921.

Flooding of headwater streams in the Sangre de Cristo Moun-

tains between Santa Fe and Taos, N. Mex. occurred during
May 21-22 with reported property damage in the thousands
of dollars. Atmospheric conditions held intense thunder-
storms stationary over this areas resulting in 24-hour rain-
falls of more than 2 inches in the foothills to more than 3
inches in the mountains. In some streams, peak discharges
exceeded the 50-year recurrence interval for flood flows.

For the second consecutive month, record amounts of rain fell

in Mississippi. May 1991 was the wettest month on record
at 4 precipitation stations and the wettest May on record at
22 precipitation stations. Rainfall totals for the month
ranged from 5.9 inches at Clarksdale to 23.4 inches at
Guntown. From May 25 to 27, 8 to 12 inches of rain fell
in the northeastern corner of the State, which resulted in
extreme flooding in the Tombigbee River basin. Four gag-
ing stations had peak discharges, which had recurrence
intervals of about 100 years. Twentymile Creek near

Guntown had a peak discharge that greatly exceeded the

47 Two tugs collided on the lower Mississippi River north of 100-year recurrence interval.

Baton Rouge, La., on May 5. The result was a spillage of

about 47,000 gallons of toluene. 53 In much of northwestern Montana, intense rainfall during May

caused streamflows having recurrence intervals of 2 to 5

48 On May 10, as much as 7 inches of rain produced extreme years. Peak discharge of 3,180 ft¥s at the gaging station

flooding along the White River in northwestern Nebraska.
At the gaging station White River at Crawford, the peak
stage was 16.3 feet, 8.6 feet greater than the previous
maximum which occurred in 1958. Peak discharge was
based on slope-area and road-overflow measurements and
was determined to be 13,300 ft %/s, 4 times the 100-year
recurrence interval. Flooding caused extensive damage to
railroad tracks and destroyed Crawford’s water system, a
new $1 million golf course scheduled to open the next day,
a camping area at a State park, a mobile home park, and a
cattle sale barn. Damage was estimated to be as much as
$15 million. One person died when the mobile home park
was flooded.

In the Upton-Osage area of Wyoming, torrential rains caused

the highest peak flow since 1978 on Beaver Creek near
Newcastle on May 14. A measurement made on June 1
showed a peak discharge of 4,130 ft*/s, a recurrence inter-
val of 25 years. As much as 5 inches of rain reported in
the Glenrock-Douglas area during May 15 and 16 (3.5

Tobacco River near Eureka was the maximum of record,
which spanned 33 years. Peak discharges in the North Fork
Sun River and Badger Creek basins had recurrence inter-
vals of 25 years.

JUNE 1991

Thunderstorms on June 3 and 4 produced as much as 6 inches

of rain in the central part of Iowa. The rainfall caused flood-
ing of Indian Creek near Mingo in Jasper County. A stage
of 19.16 feet was the highest since May 1944 when the stage
was 21.4 feet.

Flooding in east-central Nebraska resulted from 4 to 7 inches

of rainfall on June 4. Colfax and Dodge Counties received
the most rain. Howells, a town located in Colfax County,
received 7 inches of rain in 1 hour. Floodwaters topped a
15-foot high dike and flooded downtown Howells to a depth
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Table 2. Chronology of significant hydrologic and water-related events, October 1990 through September 1991—continued
No. EVENT
(fig-12) JUNE 1991 (con.) JUNE 1991 (con.)

of 4 feet. On June 5, at Pebble Creek at Scribner located 21,000 gallons of acetone was spilled after a tug collided

in Dodge County, the peak stage was 24.15 feet, 0.25 foot with a barge at Bayonne, N.J. The acetone dissipated

higher than the peak stage established just the previous quickly and was unrecoverable. On June 18, about 17,000

year, and the discharge of 27,900 ft*/s broke the previous gallons of No. 2 fuel oil spilled from a tank barge when a

record that had been established in 1990. The flooding tank was overfilled during loading operations. The spill

closed U.S. Highway 275 near Scribner for about 11 miles. was immediately contained by a boom and the affected

The library housed in the Community Center lost all but areas cleaned by June 20.

300 of its 12,300 books. One man, who refused to leave

his home, died when the walls of his basement collapsed. 62 On June 20, about 9,000 gallons of crude oil overran a con-

Damage was estimated at $28 million. tainment wall and spilled into Goose Lake and Goose
Creek near Baytown, Tex. Heavy oil affected 1 mile of

56 On June 4, No. 2 diesel oil was released when the flange on a 6- beach on the north side of Goose Creek. Cleanup was dis-

inch bunker pipeline began leaking at a fuel dock in Westlake, continued on July 1.

La. and an estimated 14,500 gallons of fuel was spilled into

the Calcasieu River. The Calcasieu Ship Channel on the 63 On June 25, an estimated 124,000 gallons of waste oil was

north side of Clooney Island was closed to vessel traffic until spilled at a tank farm in Houston, Tex. About 30,000 gal-

June 7. Cleanup was discontinued on June 11. lons escaped containment and affected 20 acres of land and
marsh. Of that quantity, 21,000 gallons entered the San

57 On June 7, a 10-inch pipeline ruptured in the Brazos River near Jacinto River.

Seymour, Tex., and caused a major spill of an estimated

630,000 gallons of light crude oil. The oil was widely 64 A pipeline rupture on June 27 spilled crude oil in Park City,
distributed in flood-plain areas over 150 river miles. A Utah. More than 92,000 gallons of oil spilled into Silver
light sheen and oiled debris were sighted 176 miles down- Creek and the Weber River and about 34,000 gallons went
stream at Possum Kingdom Lake. However, the oil that into nearby wetlands and irrigation ditches. Standing oil
reached the lake was not of sufficient quantity to threaten was removed by controlled burns. An estimated 71,000
the lake. Most of the oil was not recoverable because of gallons was recovered by flushing the creek and diverting
rapid dispersion and dissipation in the rain-swollen river. oil to collection points.

58 Two days of intense rain on June 10 and 11 flooded streets and 65 As of June 30, drought continued to be widespread in the West.
houses, interrupted transit service, and closed the City Hall Califomia, the most severely affected of the Western States,
in New Orleans, La. Two children drowned in rain-swol- set a record for the driest 5-year period of record. The to-
len ditches. One precipitation gage in the middle of town tal rainfall for the 5-year period ending June 30 totaled
recorded 9.85 inches of rain in 6 hours on June 10, 6 inches 77.43 inches (75 percent of average), which was 1.32 inches
of which fell within 2 hours. Rainfall in some areas ex- less than the former mark of 78.75 inches set from July 1,
ceeded 12 inches. The 6-month precipitation in New Or- 1929, to June 30, 1934. California reservoirs were at their
leans of 71.22 inches far exceeded the average annual pre- lowest levels since 1977; inflow was only 50 percent of
cipitation of 59.74 inches. average. North Dakota was still in extreme drought condi-

tions despite some rainfall. Water levels in several wells

59 Widespread flooding occurred during early June in the Wind near Mountain Home, Wyo., had become dry because water
River basin, Wyo., as a result of snowmelt runoff aug- levels had dropped below the depth of the wells.
mented by rainfall. Floods at gaging stations generally had .
peak discharges with recurrence intervals of 15 to 50 years. (not shown)  Herbicides were detected in the Mississippi River and several
Record peak discharges of 14,300 ft*/s and 2,230 ft*/s oc- major tributaries throughout April, May, and June. The
curred June 13 on the Wind River at Crowheart and South herbicide atrazine was detected in each of 146 water
Fork Little Wind River above Washakie Reservoir, near samples collected at eight locations on the Mississippi,
Fort Washakie, respectively. Recurrence intervals were 50 Ohio, and Missouri Rivers and on three smaller tributar-
and 40 years, respectively. ies—the Illinois, Platte, and White Rivers. More than

three-fourths of these samples also contained the herbi-

60 On June 14 and 15, locally intense rainfall of 6 to 13 inches cides alachlor, cyanazine, and metolachlor. Atrazine con-
flooded much of Iowa. Flooding was extensive in the East centrations exceeded the U.S. Environmental Protection
Nishnabotna River basin in southwestern Iowa. In north- Agency’s Maximum Contaminant Level for public water
eastern Iowa, flood stages exceeded those of record at three supplies continuously for several weeks in rivers as large
stations in the Turkey River basin on June 14 and 15: as the Missouri and Mississippi. These rivers drain areas
Turkey River at Garber (78 years of record), Roberts Creek of more than 500,000 mi2. The increase in concentrations
above Saint Olaf (6 years of record), and Silver Creek near was coincident with the application of herbicides to crop-
Luana (6 years of record). Flow of the Turkey River at lands in April and May. The increases likely were caused
Garber had a recurrence interval greater than 100 years. by late spring and early summer rainfall washing some of
Flooding of the Turkey River and its tributaries destroyed the herbicides into the streams. However, these samples
several bridges and flooded several towns. Clayton County were collected before treatment, whereas the Maximum
was declared a disaster area by the Governor. Between Contaminant Levels apply to water supplied to users after
mid-June and mid-July the U.S. Secretary of Agriculture treatment.
had declared 94 of Iowa’s 99 counties agricultural disas-
ter areas. By mid-July, flooding caused the President to (not shown)  On June 28, Pennsylvania issued a drought warning for 33
declare 13 counties as Federal disaster areas. counties in the Susquehanna River basin and a drought

watch in 22 counties in the Ohio River basin and 7 coun-

61 Two spills were reported within 2 days in the Kill Van Kull ties in the middle and upper Delaware River basins. Only

between New York and New Jersey. On June 17, about

five counties in the State escaped drought designations.
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Chronology of significant hydrologic and water-related events, October 1990 through September 1991—continued

No.
(fig. 12)

JUNE 1991 (con.)

JuLy 1991 (con.)

The smallest June discharge recorded in 97 years of record
occurred at the gaging station Susquehanna River at
Williamsport this month. Second, third, and sixth small-
est discharges occurred at three other stations in the basin
having records ranging from 52 to 101 years.

Jury 1991

66

67

68

69

70

High water from widespread showers from June 20 to July 2
washed out roads and topped gaging stations from Fort
Peck to Miles City, Mont., an area that normally is arid.
The Frenchman River, Porcupine Creek, Rock Creek, Deep
Creek, Cherry Creek, and the Milk River were most af-
fected. For example, the Frenchman River at the interna-
tional boundary had a peak discharge of 2,820 ft*/s, the larg-
est recorded peak flow since 1954. On June 21, streamflow
of Razor Creek, south of Roundup, swept across U.S. High-
way 87; one motorist who was caught in the floodwaters
died. This flood peak from a drainage area of only 17 mi?,
was calculated by indirect measurement to be 6,330 ft¥/s.

In Kentucky, as much as 6 inches of rain fell during the first
week of July. The resulting flooding damaged several
homes in Compton, caused extensive damage to the water
plant in Scott County (north of Lexington), and closed
several roads in Frankfort that were under as much as 6
feet of water.

Three inches of rainfall during the first week of July caused
flooding that necessitated the closing of Interstate High-
way 25 near Springer, N. Mex. During the same storm, 6
inches of hail accumulated on the ground in the area be-
tween Maxwell and Raton.

On July 12, after intense rains, a house in Frostproof, Fla.,
collapsed into a sinkhole. Rainfall of 5.5 inches in Polk
County probably triggered the development of this and five
other small sinkholes in the county.

On July 14, a major inland chemical spill occurred 8 miles north
of Dunsmuir, in northern California. A seven-car train de-
railment resulted in the release of about 19,500 gallons of
metham sodium (a weed and tree killer) from a tank car
into the Sacramento River. The river empties into Lake
Shasta, the State’s largest reservoir and a major source for
area drinking water. More than 70 people were treated for
headaches, dizziness, nausea, and eye irritation that were
caused by a noxious cloud of gas (hydrogen sulfide and
methylisothiocyanate) that resulted from the spill. Flow
of the river was decreased within the affected areas, and
diversion dams were constructed to force the remaining
flow through spillways lined with activated charcoal.
‘Where the chemical concentrated in pools, the pools were
pumped. The product also was diluted by aeration in the
spill area. By July 24, the metham sodium had broken
down into methylisothiocyanate, a pesticide that has the
same toxicity as metham sodium. The product had strati-
fied on a thermal layer below the river surface and had not
dispersed as expected. The concentration was not harm-
ful to humans but was harmful to aquatic life. More than
100,000 fish were killed along a 45-mile stretch of the river.
Insects and birds along the river also were killed, and ce-
dar and maple trees turned yellow. When the river became
safe, the California Fish and Game Department released
hatchery fish into the river, which is habitat for osprey who
feed along it.

Torrential weekend rains of 4 to 6 inches in west-central Florida

on July 13 and 14 caused flooding of the Little Manatee
and Alafia Rivers in Hillsborough County. On July 15, the
Alafia River crested at 16.8 feet, almost 4 feet above flood
level. On the same date the Little Manatee River crested
at 14.5 feet, more than 3 feet above flood stage.

During July 1415, flooding occurred in the Pecos River near

Roswell, N. Mex., as a result of intense local rainfall.
Roswell received 5.35 inches of rain during these 2 days.
The streamflow in the Pecos River locally peaked at more
than 8,000 ft*/s, which is 5 times the previous maximum
flow for the month of July, and exceeded the flood flow
with a 10-year recurrence interval.

On July 21, flash flooding in Garvin Brook inundated the small

community of Stockton, Minn., about 4 miles southwest
of Winona. The flood resulted from a 1-hour rainfall of 6
inches (about twice the 100-year, 1-hour rainfall) in the
area. Virtually the whole town was under about 5 feet of
water within hours of the rainfall. More than 90 of the 100
homes in Stockton were damaged and two were destroyed.
Damage was severe to crops, farming equipment, and farm-
related buildings. At the gaging station on Garvin Brook
near Minnesota City, about 4 miles downstream from
Stockton, stage of the river rose 17 feet and the gage shel-
ter was destroyed.

On July 22, the collision of a Chinese freight vessel with a

Japanese fishing vessel caused a major oil spill 20 miles
west of Cape Flattery, Wash., in Canadian waters. The fish-
ing vessel, which contained 364,000 gallons of fuel, sank
in 90 fathoms of water. A slick 500 yards wide and 5.7
miles long quickly formed from the leaking sunken vessel
and drifted southeast into U.S. waters. By July 24, a slick
4 miles wide and 10 miles long and another slick were
spotted east and north of the wreck. Skimming operations
recovered about 36,600 gallons of oily water and 34,200
bags of oily waste. By August 2, the leading edge of slick
was 10 miles south of Grays Harbor, and oil affected
beaches 2 miles south of La Push. By August 8, the spill
affected shores south of Sand Point, north of Saddle Rock,
and at Cape Alava. On August 15, the Canadian Coast
Guard reported that pumping from the sunken vessel had
begun. By August 16, 12,500 gallons had been recovered
from the vessel. Bioremediation was rejected because of
possible adverse effects on natural resources in the area.
Hundreds of birds died as a result of the spill.

A spill of 11,500 gallons of crude oil occurred in Bayou Sor-

rel, La., on July 22. About 10,500 gallons of oil was re-
covered from the water by July 27, when cleanup was dis-
continued.

On July 24, the Governor declared a drought emergency in 67

counties of Pennsylvania. The area encompassed the en-
tire Susquehanna and Potomac River basins, the northern
Delaware River basin, and two counties in the Ohio River
basin. Water restrictions were implemented in 39 coun-
ties in central Pennsylvania, where officials declared the
drought to be the worst in 60 years. Several streams in the
area were flowing at 70 percent below average.

During the last week in July, several storms caused flooding

in North Carolina. On July 27, as much as 4 inches of rain
fell within 1 hour in Avery County, N.C., and caused
mudslides and flash flooding. Three days of intermittent
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Table 2.

Chronology of significant hydrologic and water-related events, October 1990 through September 1991—continued

No.
(fig. 12)

EVENT

Juty 1991 (con.)

AUGUST 1991 (con.)

76

77

but locally severe thunderstorms between July 29 and 31
produced more than 10 inches of rain in parts of Wilson,
Wayne, Johnston, and Sampson Counties. In Rockridge,
7 inches of rain fell in 3.5 hours and washed out sections
of State Road 1123. Dozens of other roads were flooded,
several bridges and culverts were destroyed, residents of
low-lying areas were evacuated, and hundreds of acres of
cropland were inundated as a result of the runoff.

Rare summer thunderstorms and showers set records and

caused flooding in southern California. Flash flooding in
LaMesa forced the evacuation of 24 people from a trailer
park. July monthly rainfall in San Diego and Los Angeles
set new records.

On July 31, about 12,600 gallons of crude oil spilled from a

leaking pipeline into the lower Mississippi River at Norco,
La. Most oil pooled along the west bank along a 5-mile
stretch of the river, and two of three water intake tanks at
the St. Charles Parish Water Facility were contaminated.
The third tank was drawn down to the 5-foot level, which
introduced sediment into the public supply system; a pub-
lic notice was issued to users to not consume the water. On
August 2, absorbent booms and various filtration tech-
niques were used to control the level of contamination at
the plant, and users were warned of possible drinking wa-
ter contamination.

AUGUST 1991

78

(not shown)

On August 11 and 12, a glacial-outburst flood occurred from

Strandline Lake, about 70 miles west of Anchorage,
Alaska. Strandline Lake is dammed by the Triumvirate
Glacier, which originates in the Tordrillo Mountains.
Outbursts from Strandline Lake occur at intervals of about
every 1to 5 years. Previous outbursts occurred when the
Triumvirate Glacier was floated by the lake.

On August 16, 16 counties in Pennsylvania were added to the

39 already designated by the Governor as drought emer-
gency areas. Only a few counties in the southwestern part
of the State remained unaffected by the drought conditions.
Departures from average precipitation ranged from 4 to 8.5

(not shown)

(not shown)

79

80

inches, and streamflow generally was only 50 percent of
average for this time of year. Ground-water levels also
were reported to be below average in 26 counties. Two
water companies in Cameron County began rationing sup-
plies to customers.

Hurricane Bob, which developed as a tropical depression north-

east of the Bahamas on August 16, grazed the North Caro-
lina coast and caused damage from New York to Maine
before moving into southeastern Canada as it weakened.
Wind gusts of as much as 120 mph and 3 to 9 inches of
rain were deposited by the storm. The hurricane, which
came ashore along the coast of Rhode Island and Connecti-
cut on August 19, and associated thunderstorms, produced
as much as five times the average rainfall in New England.
In Westerly, R.I., 200 coastal homes and businesses were
flooded. Intense rains in Goreham, Maine, washed out five
bridges and flooded many roads. However, as a result of
the dry antecedent conditions, peak flows of New England
rivers had recurrence intervals only in the 1- to 7-year
range. Urban runoff contributed to the highest flows. The
rainfall (an August record of 15.22 inches in Portland,
Maine) ended the extreme low-flow conditions that existed
in Maine before the storm. Total hurricane damage was
estimated to be $1.5 billion.

On August 21, Louisiana State and Federal environmental of-

ficials reported that a chemical used by sugar-cane grow-
ers to control pests had caused the deaths of about 750,000
fish in southern Louisiana waterways during the summer.
Intense rains contributed to the massive kills by washing
azinphosmethy] into rivers and bayous before it could de-
compose. In one incident, all aquatic life along nearly a
10-mile stretch of Bayou Lafourche was killed. The chemi-
cal had been applied extensively because mild winter
weather had led to infestations of the sugar-cane borer, an
insect that can severely damage crops.

On August 24, about 10,500 gallons of No. 6 fuel oil was spilled

in the Corpus Christi Inner Harbor, Tex. All free-floating
oil was recovered, and minor shoreline cleanup was com-
pleted.

About 20,000 gallons of asphalt spilled into the St. Lawrence

River after a boat carrying 2.4 million gallons of the prod-
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Chronology of significant hydrologic and water-related events, October 1990 through September 1991—continued

No.
(fig. 12)

AugusT 1991 (con.)

SEPTEMBER 1991(con.)

(not shown)

uct collided with the Snell Lock approach wall near
Massena, N.Y., on August 29. Most of the asphalt was con-
tained within the lock. The lock was closed for several days
to facilitate draining the lock and recovering of the asphalt.

On August 27, all 88 counties in Ohio were declared natural
disaster areas by the President. The action was necessi-
tated because of drought conditions that ranged from se-
vere to extreme for the summer.

SEPTEMBER 1991

81

82

83

84

On September 5, about 30,100 gallons of crude oil spilled into
the Intracoastal Waterway near High Island, Tex., when a
10-inch pipeline ruptured. Cleanup was discontinued on
September 11.

Copious rains and intense thunderstorms produced severe
flooding widespread in central and locally in northeast-
ern Minnesota about September 7. Rainfall quantities
were 11.0 inches just west of Glencoe, 9.5 inches at
Glencoe, 7 inches at Hector, and more than 4 inches at
Duluth. No lives were lost and very little property dam-
age occurred, other than loss of crops in depressions and
on flood plains.

North Ogden, Utah, north of Salt Lake City, received 8.4
inches of rain September 8 and 9, breaking a 24-hour
record of 6.0 inches set in 1970. Six inches had fallen in
2 hours on September 7. According to the National
Weather Service, the storm generating the rain was the
largest storm documented in 130 years. The Weber
County Commission declared North Ogden a disaster area
when 325 houses in North Ogden and 100 homes in
nearby Harrisville were flooded. A canyon mudslide was
caused by the rain. Flooding in Salt Lake City streets
caused the closing of the Utah State Fair for 3 hours. In
Price, in central Utah, damage to lawns, parking strips, and
streets was extensive.

Intense rainfall early in the week of September 8 caused flash
flooding in Hobbs, N. Mex. Some roads were submerged
by 2 feet of water. Additional rain at the end of the week

caused more flood damage to property located within the
100-year flood plain in Hobbs and 4 miles north of Hobbs.

Ten thousand rainbow trout were killed by vandals at the West
Virginia State Hatchery at Marlinton on September 15. The
fish were killed by trout food laced with hydrated lime that
was dumped into rearing ponds.

In New York, high temperature and deficient rainfall through-
out the summer and into the fall, and resultant low reser-
voir levels, contributed to various levels of drought con-
cern, especially in the southeastern part. On September 12,
the Susquehanna River Basin Commission declared a
basinwide drought emergency, the fourth stage in a five-
stage State Drought Index. The five stages are: Normal,
Alert, Warning, Emergency, and Disaster. An emergency
constitutes mandatory restrictions on water use. At earlier
levels, voluntary constraints are strongly urged. On Sep-
tember 13, the Delaware River Basin Commission declared
a basinwide drought warning. On September 17, the
Westchester County Water Agency of White Plains, N.Y.,
urged residents to use water prudently. The action was
necessary because the Catskill-Delaware and Croton Res-
ervoirs, normally at 77.9 percent of capacity at that time
of year, were at 55.7 percent of capacity. These warnings
were preceded by a drought alert issued by the Environ-
mental Conservation Commissioner for all of Long Island
and 11 southeastern counties on August 30.

Thunderstorms, which produced as much as 6 inches of rain
in western Texas during the period of September 13-19,
caused the worst flooding since 1978 along the Rio Grande
at Presidio. Several roads and much farmland were under
water. Some lowlands along the Frio River at Concan also
were flooded.

Drought conditions continued and intensified in northern and
western Nevada for the S5th consecutive year. Streamflow
ranged from about 30 to 60 percent of average for the 1991
water year. Use restrictions became more stringent in the
Reno-Sparks area. Irrigators continued to bear the eco-
nomic brunt of the drought conditions. The Lake Tahoe
level remained below the rim of the lake the entire water
year, the first time since records began in 1900.
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SFASONAL SUMMARIES OF HYDROLOGIC CONDITIONS,
WATER YEAR 1991

By Richard R. Heim, Jr.," Gregory J. McCabe, Jr.,2 and William O. Brown'

FALL 1990

Streamflow for fall 1990 was above median for most
of the area between the lower Mississippi Valley and north-
ern Maine and below median for a large part of the West, the
central and northern Great Plains, and part of the Southeast
(fig. 134). Drought in the West and parts of the Southeast and
northern Great Plains continued from the summer into the fall.
During October, precipitation in California generally was 69
percent below the average for the month; at month end stor-
age in 155 reservoirs averaged 34 percent of capacity, which
is 40 percent below average for the end of October (table 2,
event 6). By the end of the fall, reservoir storage remained
well below median and precipitation remained well below
average in California. For locations from northern to south-
ern California, the fall precipitation ranged from 48 to 100
percent below average.

In Florida, several record low discharges and water
levels in wells occurred as a result of deficient rainfall. By
the end of December, about 10 percent of the wells in south-
west Florida had all-time low-water levels. Although drought
conditions persisted in parts of the West and Southeast, the
combined flow of the three largest rivers in the conterminous
States—the Mississippi, St. Lawrence, and Columbia—was
above median for the entire fall season.

Precipitation was below average for a large part of the
country (fig. 13B) in response to above-average atmospheric
pressures (fig. 13D). Except for northwestern Washington,
northern Idaho, northwestern Montana, and the central and
southern Rocky Mountains, precipitation in the area from the
eastern Great Plains to the Pacific was average to below av-
erage, with parts of southern California and southern Nevada
receiving less than 25 percent of average fall precipitation
(fig. 13B). All of California, most of Nevada, southern Or-
egon, and the eastern two-thirds of North Dakota had pre-
cipitation values at least 50 percent below average. The wa-
ter level of Lake Tahoe on the California-Nevada border was
the lowest since the winter of 193435 (table 2, event 13).
From central Texas eastward along the Gulf Coast, includ-
ing all of Florida, precipitation generally was about 80 per-
cent of average for the fall. In contrast, the southern shore of
Lake Michigan and central South Carolina received more than
twice the average rainfall for this period. From eastern Texas
northeastward to Maine (except for coastal Virginia, Mary-
land, and Delaware), most precipitation values were well
above average with large parts of the area reporting at least
150 percent of average.

During mid-October, tropical storm Klaus moved

A. Streamflow — Fall 1990
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Figure 13. Hydrologic conditions during the fall (October-December 1990) of water year 1991. (Sources: Streamflow data from the U.S.
Geological Survey; meteorological data from the National Oceanic and Atmospheric Administration, Climate Analysis Center and National Climatic Data Center.)

! National Oceanic and Atmospheric Administration, National Climatic Data Center. 2 U.S. Geological Survey.
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through the Southeast producing intense rainfall and flood-
ing in parts of South Carolina and Georgia (table 2, event 1).
Peak discharges at 10 stations exceeded previous peaks of
record and the 100-year recurrence interval. Some areas of
South Carolina received about 12 inches of rain in a 24-hour
period.

During November, two severe storms from the Pacific
brought intense precipitation and severe flooding to Wash-
ington (table 2, event 9). The first storm moved into north-
western Washington on November 9 and produced flooding
in a wide area of western Washington and a part of eastern
Washington; on November 24, another storm brought warm
temperatures as well as intense precipitation. Warmer-than-
average temperatures and record rainfall caused snow to melt
in the Cascade Mountains, which contributed to greater flood-
ing. A record 24-hour rainfall of 5.82 inches was recorded in
Olympia, and a November 24-hour record rainfall of 3.56
inches was recorded at the Seattle-Tacoma International Air-
port. Peak discharges at eight stations exceeded previous
records, and recurrence intervals ranged from 25 to 100 years.
Total damage from the two storms was estimated to be more
than $100 million, and 17 counties were declared State di-
saster areas. Also in November, intense rainfall and severe
flooding occurred in Hawaii (table 2, event 11). On Novem-
ber 20, a week of steady rain ended with a strong thunder-
storm that dropped more than 9 inches of rain in 2 hours in
northern Oahu. Peak discharge on the Kamananui Stream at
Maunawai had at least a 100~year recurrence interval. In Hilo,
on the island of Hawaii, 23.10 inches of rain fell during the
same period—10.63 inches of which fell in a 24-hour period.

In Tennessee and the northern and western parts of
Alabama, late-December floods resulted from several days
of steady rain falling on saturated soils. The 100-year recur-
rence interval or peak of record was exceeded by peak dis-
charges at three stations in Tennessee and five in Alabama
(table 2, event 15). Widespread flooding also occurred in
Indiana when 3 to 6 inches of rain fell during December 28—
30 (table 2, event 18). The rainfall and melting snow com-
bined to produce flooding that caused 3,000 to 4,000 people
to be evacuated in Noblesville, Indianapolis, Columbus, and
Terre Haute.

The fall 1990 temperature pattern consisted of above-
average departures for the East and below-average departures
for the West (fig. 13C). These temperature departures resulted
from higher-than-average atmospheric pressures over the East
and slightly lower-than-average atmospheric pressures over
much of the West (fig. 13 D). Much of the Atlantic Coast had
much-above-average temperatures. In the West, temperatures
were slightly above average across parts of Arizona and New
Mexico; however, temperatures were as much as 2 standard
deviations below the average in parts of western Oregon. For
the season, at least 686 new daily record-high temperatures
were set and 374 daily record lows occurred. Nationally,
November 1990 ranked as the sixth warmest November on
record, and December ranked as the nineteenth coldest De-
cember.

13B. Precipitation in the conterminous United States ex-
pressed as a percentage of average fall total precipitation.
13C. Temperature in the conterminous United States ex-
pressed as a departure from average fall conditions.
(Much above, at least 1.28 standard deviations above the
average; above, between 0.52 and 1.28 standard devia-
tions above the average; near average, between -0.52 and
0.52 standard deviations from the average; below, be-
tween 0.52 and 1.28 standard deviations below the aver-
age; much below, at least 1.28 standard deviations below
the average.)

13D. Average height of 700-millibar pressure surface (blue
line) over North America and departure from average
(1948-70) fall conditions (black dashed line). Data in
meters.
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WINTER 1991

Streamflow for winter 1991 was below median for
much of the West and the central and northern Great Plains,
and above median for areas from western Arizona across New
Mexico, Texas, and southern Oklahoma to western Missis-
sippi, from southeastern Missouri northeastward to the Great
Lakes, in north-central lowa, northwestern Wisconsin, and
north-central Florida (fig. 14A). The combined flow of the
three largest rivers in the conterminous United States—the
Mississippi, St. Lawrence, and Columbia—was above me-
dian for the entire winter season. In January, the flow of the
Mississippi River was a record high.

Although a large part of the country had above-me-
dian streamflow, California and parts of Florida still were
affected by severe to extreme drought. By the end of Janu-
ary, the California State Water Project cut water deliveries to
farmers and warned urban users that water supplies could be
cut 50 percent. The water level of Lake Tahoe continued to
drop, to the lowest level on record (1.35 feet below the natural
rim elevation) (table 2, event 30). At the end of February, a
major storm system brought much needed rain to parts of
California, however, the general conditions were still ex-
tremely dry. The period of October 1990 to February 1991
ranked as the third driest October-February period on record
for California. By the end of February, there had been no us-
able storage in Lake Tahoe for six consecutive months (table
2, event 30). This was the beginning of the fifth consecutive
dry water year for California. Also by the end of February,
the Metropolitan Water District, which serves 15 million
customers in southern California, reduced water supplies by
50 percent to agricultural users and by 20 percent to resi-
dential customers. In the Central Valley, where irrigation is
extensive, water deliveries were cut 75 to 100 percent as a
precaution in case the drought continued into a sixth year.

In March, California received some relief from
drought as precipitation in California was almost 3 times the

monthly average, increasing the seasonal precipitation from
35 to 75 percent of average statewide and increasing
streamflow to near the median. In addition, reservoir storage
in the State increased from 48 to 60 percent of average. By
the end of the winter, streamflow conditions in Florida also
had increased to the near-median and even above-median
range.

During the first part of March a trough developed over
the West Coast and produced a strong onshore flow of mois-
ture laden air from the subtropical South Pacific. This situa-
tion often is termed the “Pineapple Express” and is the wet-
test possible atmospheric circulation pattern for California.
The result was much-above-average precipitation in Califor-
nia. Later in March, aridge developed in the Gulf of Alaska
that disrupted the “Pineapple Express,” and replaced the flow
of maritime tropical air into California with the flow of mari-
time pacific air. The result was a continuation of much-above-
average precipitation.

Although California had a month of extreme precipi-
tation, in general, extreme precipitation events were not as
common during winter 1991 as they were during fall 1990.
During February 18 to 22, however, intense rains fell in the
Southeast, particularly in Mississippi and Alabama (table 2,
event 28). In general the peak discharges of streams were
close to the 10-year recurrence interval. One peak of record
was measured on the Tombigbee River at Bevill Lock and
Dam, near Pickensville, Ala. During the first week of March,
intense rainfall in southern Georgia and northern Florida
caused flooding. In Florida, rainfall intensities were as much
as 7 inches in a 24-hour period (table 2, event 33).

During March 19 to 23, intense rains in Hawaii caused
severe floods, mudslides, a power outage on the island of
Oahu, and millions of dollars of damage (table 2, event 34).
Peak discharges exceeded record peaks at two gaging stations
on Oahu. Over Oahu, the rainfall varied from 9 inches along

A. Streamflow — Winter 1991
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Figure 14. Hydrologic conditions during the winter (January—-March 1991) of water year 1991. (Sources: Streamflow data
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Climatic Data Center))
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the Waianae leeward coast, which is normally the dry side of
the island, to 34 inches at Waiahole close to the mountains
near the north end of Kaneohe Bay. The rainfall came in three
different periods. The first and most severe episode started
during the afternoon of March 19 and continued into the early
morning of March 20. Moisture was brought from the tropi-
cal oceans by southeasterly winds. The rains from this epi-
sode primarily affected the windward side of the islands. The
Ahuimanu Loop rain gage near Kahaluu on Central Kaneohe
Bay recorded 14.27 inches of precipitation in 13 hours. The
second period of rain occurred during the early morning of
March 21. A stationary storm cell remained over the islands
for several hours and caused intense rainfall. No rain gage
was in the area of most intense rain, but it is believed that as
much as 10 inches of rain fell in a 3-hour period in some ar-
€as. On March 21, the peak discharge of Punaluu Stream near
Punaluu was about 1.29 times the 100-year flood. The third
episode occurred on March 23 when a band of intense show-
ers moved from the south.

For the season, precipitation was average to below
average for much of the northern two-thirds of the country
except for the middle Mississippi Valley (fig. 14B). In parts
of central North Dakota, southwestern Wyoming, northern
Oklahoma, and southern Kansas, precipitation was as much
as 50 percent below average. Isolated pockets of below-av-
erage precipitation occurred in south-central Indiana, north-
ern South Carolina, extreme southern Texas, and the Florida
Keys. Precipitation was above average over the remainder
of the country and as much as twice the average over central
Arizona and the panhandle of Florida and southern Georgia.
The remainder of the Gulf Coast region received more than
150 percent of the average winter precipitation, as did south-
ern California, southern Arizona, and west-central Iowa.

Temperature departures were fairly uniform across
the country for winter 1991 (fig. 14C). Above average tem-
peratures prevailed in response to above average atmospheric
pressures (fig. 14D), and only the central Rocky Mountains
had slightly below average temperatures. Temperature depar-
tures in the High and Great Plains, central Washington, cen-
tral Oregon, southern Florida, and the middle and northem
Atlantic Coast, except for Maine, averaged at least one stan-
dard deviation above average.

The winter temperature and precipitation patterns re-
flect the winter atmospheric circulation. In general, the mean
winter atmospheric circulation exhibited higher-than-average
pressures over the western Atlantic Ocean and over the Gulf
of Alaska. Flow along the western margins of the strong Ber-
muda High generated higher-than-average temperatures in the
Central and Eastern United States (fig. 14D). In addition, this
flow enhanced the transport of warm, moist air from the Gulf
of Mexico into the Southeastern United States and produced
higher-than-average precipitation in the southern Mississippi
and Ohio Valleys. The tendency for ridges to develop near
the Pacific Northwest prevented the intrusion of Pacific mois-
ture and produced generally dry conditions in the West for
the fifth consecutive year.

14B. Precipitation in the conterminous United States
expressed as a percentage of average winter total precipi-
tation.

14C. Temperature in the conterminous United States
expressed as a departure from average winter conditions.
(Much above, at least 1.28 standard deviations above the
average; above, between 0.52 and 1.28 standard devia-
tions above the average; near average, between -0.52 and
0.52 standard deviations from the average; below, be-
tween 0.52 and 1.28 standard deviations below the aver-
age; much below, at least 1.28 standard deviations below
the average.)

14D. Average height of 700-millibar pressure surface (blue
line) over North America and departure from average
(1948-70) winter conditions (black dashed line). Data in
meters.
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SPRING 1991

Streamflow during spring 1991 remained near to be-
low median in a large part of the West and was below median
in much of the Northeast (fig. 15A4). Below-median streamflow
also occurred in isolated areas of the Great Plains. Above-
median streamflow occurred along the Gulf Coast and north-
ward through the Mississippi Valley and westward through
Texas, Oklahoma, New Mexico, and Arizona. The combined
flow of the three largest rivers in the conterminous States—
the Mississippi, St. Lawrence, and Columbia—was above me-
dian for the entire season.

Precipitation varied significantly across the contermi-
nous States—generally wet conditions in the Northwest and
Southeast and dry conditions elsewhere (fig. 15B). From the
Pacific Northwest eastward to the central Great Lakes region
precipitation was above average; eastern Montana, most of
South Dakota, and southern Wyoming received in excess of
150 percent of average. In northern and eastern Oregon pre-
cipitation was 150 percent of average. The Southeastern region
from central Texas through central North Carolina had in ex-
cess of 100 percent of the average rainfall, and rainfall along
the Gulf Coast was 150 percent of average (fig. 15B). The
wettest area of the country for the spring season was the lower
Mississippi Valley where more than twice the average rainfall
occurred. In contrast, precipitation in California, the desert
Southwest, the southern Rocky Mountains, the Ohio Valley,
and the middle and northern Atlantic Coast was below aver-
age. Central Pennsylvania, southern California, and Arizona
received less than 50 percent of average rainfall.

During April 1991, roughly one-sixth of the country
experienced much wetter-than-average conditions and one-
seventh experienced much drier-than-average conditions.
However, much of the above-average precipitation occurred
in areas that generally receive intense rainfall in the spring. Na-
tionally, April 1991 was the third wettest April on record. May
1991 ranked as the eighth wettest May on record.

The October 1990 to April 1991 period was the 19th
driest October-to-April period on record for California. Res-
ervoir storage in California remained so low that campgrounds
at State parks began charging 25 cents for 5 minutes of water
at public showers. At the end of June, San Francisco had ex-
perienced its driest S-year period ever. The S-year rainfall
ending on June 30, 1991, totaled 77.43 inches, which is less
than the former driest 5-year total of 78.75 set during July 1,
1929, to June 30, 1934 (table 2, event 65). Similarly, in Penn-
sylvania, drought warnings were declared in 33 counties in the
Susquehanna River basin, and drought watches were declared
in 22 counties in the Ohio River basin and in 7 counties in the
middle and upper Delaware River basin. The lowest June dis-
charge in the last 97 years was recorded on the Susquehanna
River at Williamsport.

While the drought continued in California and other
parts of the West, the lower Mississippi Valley and much of
the Southeast received large amounts of rain. During the first
week of April, thunderstorms produced intense rainfall over
southern Texas (table 2, event 37) where as much as 19 inches
of rain fell in some areas at rates as much as 3 inches per hour,
and caused widespread flashflooding. The Guadalupe River
rose 15 feet in just 5 hours. In Louisiana, Shreveport and
Bossier City had intense rainfall and subsequent flooding on
April 12 (table 2, event 41). The flooding damaged 500 homes.
During April 28 to 29, rainfall of 6 to 11 inches in southern
Arkansas and northern Louisiana produced flooding that
caused people to be evacuated from their homes (table 2, event
43). Flood stages along the Quachita River in Morehouse
Parish, La., were 4 to 5 feet above previous records. In north-
western Louisiana as much as 30 inches of rain fell between
April 12 and 20.

In northwestern Nebraska, as much as 7 inches of rain
fell on May 10 (table 2, event 48). Peak discharge of the White
River at Crawford was estimated to be 4 times the 100-year

A. Streamflow — Spring 1991
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Figure 15. Hydrologic conditions during the spring (April-June 1991) of water year 1991. (Sources: Streamfiow data from the U.S.
Geological Survey; meteorological data from the National Oceanic and Atmospheric Administration, Climate Analysis Center and National Climatic Data

Center.)
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recurrence interval. Intense rainfall also occurred in parts of T =
the Northwest. Parts of Wyoming received as much as 3.5 B. Precipitation — Spring 1991
inches of rainfall in a 24-hour period from a storm during May
15-16, and intense rain in northwestern Montana produced a
peak of record on the Tobacco River (table 2, event 53). On
May 19, intense rains near Pendleton, Oreg., and a full reser-
voir combined to force the evacuation of residents living in
low-lying areas along McKay Creek and the Grande Ronde
River (table 2, event 50). Outflows from the McKay Reser-
voir produced peak discharges equal to the 100-year recurrence
interval.

EXPLANATION
Percentage of normal
(1951-80) spring precipitation
] Lessthan50 [ 125-150
] 5075 B8 150-200
[ 7525 Bl Greater than 200

C. Temperature — Spring 1991

EXPLANATION
Departure from average

(1931-90) spring temperature
[ Muchbelow  [J Above
] Below 5 Much above
[] Nearaverage

15B. Precipitation in the conterminous United States
expressed as a percentage of average spring total precipi-
tation.

15C. Temperature in the conterminous United States
expressed as a departure from average spring conditions.
(Much above, at least 1.28 standard deviations above the
average; above, between 0.52 and 1.28 standard devia-
tions above the average; near average, between -0.52 and
0.52 standard deviations from the average; below, be-
tween 0.52 and 1.28 standard deviations below the aver-
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15D. Average height of 700-millibar pressure surface (blue D. 700-millibar pressure surface — Spring 1991 '\

line) over North America and departure from average
(1948-70) spring conditions (black dashed line). Data in
meters. Figure 15. Continued.



62 National Water Summary 1990-91—Stream Water Quality: HYDROLOGIC CONDITIONS AND EVENTS

SUMMER 1991

Streamflow was below median for a large part of
the country during summer 1991 (fig. 164). In July,
streamflow generally declined for most of the country;
and in August, for the first time in several months, the
combined flow of the three largest rivers in the conter-
minous United States—the Mississippi, St. Lawrence,
and Columbia—was below median. The flow of these
rivers continued to decline into September when the com-
bined flow was again below median.

For much of summer 1991, the mean 700-milli-
bar atmospheric circulation was characterized by higher-
than-average pressures over the central United States (fig.
16D), which led to warmer-than-average temperatures
in many areas of the western and eastern States (fig.
16C). Flow on the western margins of the Bermuda High
continued to bring warm, moist air from the Gulf of
Mexico into the Southeastern States and produced above
average rainfall (fig. 16B). The summer monsoon in the
Southwest, which was confined to areas east of the Rocky
Mountains, caused frequent summer showers in Colo-
rado, Texas, and New Mexico.

During July, the Southeastern United States con-
tinued to receive above average rainfall. New Orleans
received another 13.15 inches in July to bring the year-
to-date total rainfall to 85 inches. Columbia, S. C., re-
ceived 17.46 inches in July and Appalachicola, Fla., re-
ceived 17.40 inches. In contrast, conditions remained
relatively dry from northern Virginia northward. It was
the driest July on record in Caribou, Maine. In Pennsyl-
vania, the Governor declared a drought emergency in 67
counties, and water restrictions were implemented in 39

counties. Some officials declared the drought in Penn-
sylvania the worst in 60 years. Several streams were
flowing at 70 percent below median in July and only 50
percent of median by the end of August. In August, 16
more counties were declared drought-emergency areas.
Drought also was progressing in Ohio. By the end of
August, the President declared all 88 counties in Ohio
drought-disaster areas.

During August, Hurricane Bob brought rains to
parts of the Northeastern States, which eased some of the
dry conditions; no significant floods were caused by the
hurricane. However, the hurricane produced 3 to 9
inches of rain in some areas, and it was accompanied by
wind gusts as much as 120 miles per hour. Hurricane
Bob produced 7.83 inches of rain in Portland, Maine,
which pushed Portland’s total August precipitation to a
new record. On August 19, rainfall from thunderstorms
associated with the hurricane pushed August rainfall in
New England up to five times the average. Estimated
damage caused by the hurricane was $1.5 billion.

In August, areas in the Southeast continued to re-
ceive large amounts of rainfall. By the end of August, the
year-to-date rainfall in New Orleans rose to 92.23 inches;
the average annual total is 59.74 inches. Drought in the
Northeast continued, as reflected by the contents of the
New York City reservoirs. Contents of these reservoirs
fell to 64 percent of capacity during August. As August
ended, Raleigh, N.C., had experienced its 20th consecu-
tive month of warmer-than-average temperatures.

Precipitation for the summer season was below
average for a large part of the country (fig. 168). The
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Figure 16. Hydrologic conditions during the summer (July-September 1991) of water year 1991.

16A. Streamflow in the United States and Puerto Rico expressed
as a percentage of median summer conditions. 0
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(Sources: Streamflow data from

the U.S. Geological Survey; meteorological data from the National Oceanic and Atmospheric Administration, Climate Analysis Center and Naticnal Climatic
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Southwest deserts, California, the Pacific Northwest (ex-
cept for northwest Washington), and the northern Rocky
Mountains were all below average; extreme southwest
Arizona, central California, northern Oregon, northeast-
ern Kansas, and north-central Idaho averaged less than
50 percent of average precipitation. Parts of the central
Plains, Great Lakes region, Ohio and Tennessee Valleys,
and the mid-Atlantic region also had a deficit in summer
precipitation. At the other extreme, southeastern New
Mexico had more than twice the average summer rain-
fall, while the Texas panhandle, northeastern California,
east-central Georgia, central South Carolina, and the
coastal areas of New England had in excess of 150 per-
cent of the average rainfall for July through September.

B. Precipitation — Summer 1991
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ern third of the country (from central coastal California
through the southern Rocky Mountains to the northern
Great Plains) generally were above average. Central Or-
egon and central Washington had positive temperature de- C. Temperature — Summer 1991
partures of more than 2 standard deviations.
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16B. Precipitation in the conterminous United States
expressed as a percentage of average summer total pre-
cipitation.

16C. Temperature in the conterminous United States
expressed as a departure from average summer con-
ditions. (Much above, at least 1.28 standard deviations
above the average; above, between 0.52 and 1.28 stan-
dard deviations above the average; near average, be-
tween -0.62 and 0.52 standard deviations from the
average; below, between 0.52 and 1.28 standard de-
viations below the average; much below, at least 1.28
standard deviations below the average.) N

16D. Average height of 700-millibar pressure surface D.\Q)O—millibar pressure surface — Summer e 3180 <~ 0~
(blue line) over North America and departure from aver- ;
age (1948-70) summer conditions (black dashed line). Data
in meters. Figure 16. Continued.
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YDROLOGIC PERSPECTIVES
ON WATER ISSUES

Recreational use of the Potomac River at Washington, D.C., circa 1885 (black and white)

and 1992 (color). Both photographs show the Georgetown waterfront.

(Black-and-white photograph, Historical Society of Washington, D.C., photograph collection, number
3093: color photograph, David F. Usher, U.S. Geological Survey)
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INTRODUCTION

The “Hydrologic Perspectives on Water Issues” part of this 1990-91 National Water Summary contains five articles; the first four articles
concern the hydrology of stream water quality, specifically conditions and trends of water quality in the United States and water-quality data
collection and analysis, and the fifth article concerns water-quality reporting by the States and the Federal Government. The first article dis-
cusses the limited data that are available for the determination of national long-term water-quality conditions and trends and presents the results
and interpretation of the analysis of these limited data. The second article discusses the characteristics of stream water quality and the statistical
techniques that were used to summarize water-quality data in this National Water Summary. The third article discusses quality assurance in
collecting water-quality data and describes quality-assurance programs of the U.S. Geological Survey. The fourth article discusses a national
assessment of water quality in the 1980’s. The fifth article describes biennial reporting of water quality to the U.S. Congress by the States through
the U.S. Environmental Protection Agency as required by section 305(b) of the Clean Water Act and presents findings of the 1990 biennial report
to the Congress. A synopsis of each article is given below.

HYDROLOGY
OF STREAM
WATER QUALITY

INSTITUTIONAL
AND MANAGEMENT
ASPECTS

“Factors Affecting Stream Water Quality, and Water-Quality Trends in Four Drainage Basins in the Conter-
minous United States, 1905-90” describes the elements usually found in freshwater streams and the circulation of
these elements between freshwater streams and the atmosphere, lithosphere, soils, biosphere, and the oceans. The
article discusses the geochemical controls on the circulation of several of the elements and the natural and human-
induced processes that affect their concentrations in streams. Based on limited data from a year-long national water-
quality data-collection program begun in the spring of 1905 by the U.S. Geological Survey, the article compares
the concentrations, loads, and yields of selected water-quality constituents in the beginning of the 20th century
with more recently collected data in stream reaches in four river basins in the conterminous United States. The
comparison of data indicates that the effects of human activities, not surprisingly, have affected concentrations of
some elements over the course of the century, but not uniformly in each basin, and that consequently there have
been changes in water quality.

“Statistical Analysis of Water-Quality Data” describes the characteristics of water quality and statistical mea-
sures that are effective in representing data distribution and trends in concentrations of water-quality constituents.
It describes typical statistical distributions of constituents found in water and the use of box plots to graphically
and compactly portray the distributions. The article also discusses the variation of water-quality data over time
and with streamflow, a technique to remove the effect of streamflow on the analysis of temporal trends in water-
quality data, and the seasonal Kendall test, which is the statistical test used to detect trends in concentrations of
water-quality constituents.

“Assuring the Reliability of Water-Quality Data” discusses the obstacles to assuring the reliability of water-
quality data and the programs that have been designed to minimize such obstacles. These obstacles impede the
collection of representative water samples from waterbodies, the collection and shipment of water samples to a
laboratory for analysis without contaminating the sample, the analysis of samples within the error bounds of the
analytical method used, and the recording and documenting of data with ancillary information that characterizes
methods of data collection and analysis. The article describes training programs, standards of data collection,
analysis, and documentation as elements in assuring the reliability of water-quality data.

“Stream Water Quality in the Conterminous United States—Status and Trends of Selected Indicators Dur-
ing the 1980°s” discusses the types and geographic distribution of data that are ideal for an assessment of national
water quality. Although available data are far from ideal, the article assesses water quality in the conterminous
United States as represented by six common water-quality indicators—dissolved oxygen, fecal coliform bacteria,
dissolved solids, nitrate, total phosphorus, and suspended sediment—and estimates loads and (or) yields of ni-
trate, total phosphorus, and suspended sediment in stream basins by land use, in large regional water-resources
regions, and in drainage to selected reservoirs and the coasts. Analyses of water quality in basins having signifi-
cant domestic, industrial, and irrigation water uses, trends in concentrations of selected toxic trace elements and
organic compounds in finfish tissue, and concentrations of herbicides in agricultural areas of the Midwest also are
presented.

Until the latter part of this century, societal interest in water quality had been local or regional and focused
on improving the degraded condition of particular waterbodies and stream basins. As a result, few national pro-
grams of water-quality data collection and reporting existed. The passage of the Clean Water Act in 1972 defined
the Federal and State roles in water-quality protection. The article “Nationwide Water-Quality Reporting to the
Congress as Required Under Section 305(b) of the Clean Water Act” describes water-quality reporting by the States
under section 305(b) of the act and also presents the findings from the most recent, 1990, U.S. Environmental
Protection Agency report to the Congress.
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FACTORS AFFECTING STREAM WATER QQUALITY, AND
WATER-QUALITY TRENDS IN FOUR DRAINAGE BASINS IN THE
CONTERMINOUS UNITED STATES, 1905-90

By John D. Hem

INTRODUCTION

A major area of interest in recent studies of stream
water quality is the evaluation of trends over time in
certain constituent concentrations that can be attributed
to human activities, such as the disposal of waste, use
of fertilizers, burning of fossil fuels, control of
streamflow, irrigation, clearing of forests, and the deic-
ing of roads. To better control these sources of contami-
nation, it is important to know the influences of natural
processes on water that is thought to be natural or in
pristine condition. Thus, the objectives of this article are
to (1) review modes of expression of chemical analyses
and some general principles of stream water geochem-
istry, (2) provide some insights as to hydrologic and
geochemical controls of the chemical composition of
stream water and the ways some chemical constituents
can be influenced by human activities, and (3) demon-
strate cause-and-effect relations for differing natural and
human-influenced processes on stream water quality
using long-term records for four drainage basins in the
conterminous United States.

Concerns about water contamination are not new.
English poet Samuel Taylor Coleridge (1772-1834)
pondered the effect of a German city on the Rhine River
in his “Ode to the City of Cologne™:

In Koln, a town of monks and bones,

And pavements fang’d with murderous stones,
And rags and hags and hideous wenches,

I counted two-and-seventy stenches;

All well defined and several stinks!

Ye nymphs that reign o’er sewers and sinks,
The river Rhine, it is well known,

Doth wash your city of Cologne;

But tell me, nymphs, what power divine

Shall henceforth wash the river Rhine?

Concern for the Rhine River has been particularly strong
among water users in the lower reaches of the river,
where during the 150 years in which chemical analyses
of the water have been made, the records show large
increases in sulfate and chloride concentrations. It has
been estimated (Drever, 1982, p. 195) that by 1980 more
than 90 percent of the chloride and 75 percent of the
sulfate carried to the North Sea by the Rhine was con-
tributed by human activities. These and other constitu-
ents and their relation to human activities are as much a
concern in the United States as they are in Europe.

FACTORS AFFECTING STREAM
WATER QUALITY

GENERAL PRINCIPLES OF STREAM
WATER GEOCHEMISTRY

The composition of pristine stream water can
range from nearly that of rainwater, which is a very di-
lute solution containing a few tens of milligrams per li-
ter of dissolved material, to concentrations of as much
as several thousand milligrams per liter, which usually
are found in semiarid regions where saline springs con-
tribute chemical constituents derived from readily
soluble rock strata. In general, however, the dissolved-
solids concentrations of principal streams in humid and
subhumid regions of the conterminous United States
have a narrowerrange. Analyses (Hem and others, 1990)
showing maximum and minimum concentrations for a
recent 3-year period for 29 stream-sampling sites in the
United States recently were published. Seven of these
sites had maximum total dissolved-solids concentrations
greater than 1,000 mg/L (milligrams per liter); these high
concentrations are attributable to saline inflows, and
human activities probably intensified their effects.

Chemical analyses of stream water that have been
published since the early years of this century generally
include determinations for four positively charged ions
(cations) —calcium (Ca?*), magnesium (Mg*), sodium
(Na*), and potassium (K*)—and five negatively charged
ions (anions)—bicarbonate (HCO;), sulfate (SO),
chloride (CI-), fluoride (F-), and nitrate (NO;)—and un-
charged dissolved silicic acid (generally reported in
terms of silica, SiO,). These are the major constituents
in most natural stream water and are those considered
in this article. Minor constituents, present at concentra-
tions substantially less than 1 mg/L, include a wide va-
riety of inorganic and organic constituents and, although
these constituents commonly are influenced by human
activities, they are not considered in this article because
few historical data are available.

Chemical Reactions that Govern Stream
Composition

Weathering is a general term for mechanical and
chemical alteration of rock minerals that are exposed to
the atmosphere and circulating water at and near the land



surface. Chemical reactions that occur during weather-
ing produce both water soluble and non-water soluble
products; those that are water soluble are transported
from the reaction site in surface runoff. To a certain
extent, at least, the concentrations of dissolved elements
would be expected to reflect the relative abundance of
the elements in the rocks exposed at the reaction site.
Such a broad generalization has some validity for sili-
con (Si) and the four elements that form the major cat-
ions of most natural stream water. These five elements
are among the eight most abundant elements, with oxy-
gen being the most abundant, in igneous and sedimen-
tary rocks of the Earth’s outer crust. The other two of
the most abundant elements—aluminum (Al) and iron
(Fe)—form oxides or hydroxides of very low solubility
during normal rock weathering and, therefore, generally
are not present in large amounts in stream water. On the
other hand, major anions in stream water display a more
complex relation to rock composition. In the average
stream-water sample, the five most abundant anions rep-
resent the nonmetallic elements carbon, sulfur, chlorine,
fluorine, and nitrogen. Also, oxygen is included in three
of the anions of these elements.

Oxygen is by far the most abundant element in
crustal rocks, composing 46.6 percent of the lithosphere
(Goldschmidt, 1954, p. 512). In rock-mineral structures,
the predominant anion is O%, and water (H,0) itself is
almost 90 percent oxygen by weight. The nonmetallic
elements fluorine, sulfur, carbon, nitrogen, chlorine, and
phosphorus are present in lesser amounts in the
lithosphere. These elements all play essential roles in
life processes of plants and animals, and, except for
phosphorus and fluorine, they commonly occur in earth-
surface environments in gaseous form or as dissolved
anions.

In a very broad general sense then, the major
cationic constituents of stream water tend to reflect the
composition of associated rocks and the relative resis-
tance of the rock minerals to weathering. The anions,
which must be present in these water solutions in elec-
trochemical balance with the cations, tend to reflect the
influence of various chemical and biochemical processes
that have broken down the rock minerals as well as the
chemical, biochemical, and physical processes taking
place in the aquatic and surrounding environments. The
predominance of bicarbonate anions in most stream
water is related to cycling of carbon dioxide (CO,) from
air and to biological processes in soil. Dissolution of
carbon dioxide in water produces carbonic acid (H,CO,)
that attacks rock minerals. Bicarbonate anions are
formed in solutions participating in such reactions in
amounts equivalent to the amount of cations that are
released.

Sulfur and nitrogen participate in biologically me-
diated oxidation reactions producing hydrogen ions (H*)
that become available for weathering of rock minerals.
For example, pyrite (FeS,) can be converted to dissolved
ferrous iron and sulfate as a result of oxidation of sulfur
by dissolved oxygen, and the hydrogen ion is a major
byproduct. Carbonate or sulfate in sedimentary rocks
(limestone and gypsum, for example) can be taken di-
rectly into solution and can add substantially to the bi-
carbonate and sulfate contents in water that is in contact
with such rocks.

Chlorine plays a less significant role in chemical
weathering processes than do sulfur and carbon. Most
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geochemists believe that much, or most, of the chloride
in stream water in coastal areas is derived from sea salt
that is carried landward or deposited by rainfall. Farther
inland, however, a major part of the chloride loads in
streams is the result of human activities.

The final composition of stream water is the prod-
uct of the weathering reactions and related processes
outlined above. However, the chemical processes are
influenced and controlled by an intricate combination of
environmental factors that are characteristic for each
drainage system. Therefore, the composition of the bed-
rock in an area and the residual material left at the sur-
face as soil and subsoil exert a strong influence on the
chemical composition of runoff from the area. The re-
actions of water with this material are the ultimate geo-
logical control and are the source of soluble weathering
products.

Most igneous and metamorphic rocks are com-
posed predominantly of alumino-silicate minerals, in-
cluding feldspar such as albite (NaAlSi,O,) or anorthite
(CaAlSi,0,), and crystalline forms of silica such as
quartz (Si0,). Various mixed metal-plus-silicon oxides
such as olivine [(Mg, Fe),(SiO,)] and pyroxene
[Mg,(8i0,),] can be major constituents in darker colored
igneous rocks that are relatively low in total silicon.

Rocks that were deposited as sediment can con-
sist of unaltered fragments of a precursor rock body
(resistates, as described by Hem, 1985, p. 6) and are
represented by sandstone and conglomerate. The finer
grained sedimentary rocks, such as shale or siltstone, also
can contain some unaltered particles but also usually
have high proportions of slightly soluble alteration prod-
ucts, such as clay minerals, formed during weathering
of resistant silicate minerals. Such rocks are classified
as hydrolyzates. Another class of sedimentary rock of
major importance is the precipitates, such as limestone
and dolomite, which are predominantly composed of
calcium carbonate and calcium plus magnesium carbon-
ate, respectively. Evaporites are sedimentary rocks pro-
duced by extensive evaporation of water from weather-
ing solutions. Common examples are gypsum and
anhydrite, primarily composed of calcium sulfate, or ha-
lite (rock salt), primarily composed of sodium chloride.
Obviously the more readily soluble minerals of evapor-
ite or precipitate rocks can dissolve rapidly when ex-
posed to circulating water. Carbonates also can act as
cementing material between the mineral grains of
resistate and hydrolyzate rocks.

The extent to which minerals are attacked and
dissolved from igneous and metamorphic terranes de-
pends in large part on the availability of reaction sites
on solid surfaces and the length of time the solution-solid
contact is maintained. The effects of weathering are
controlled by kinetic factors, such as the rates of the
chemical reactions and the general rates of water and
sediment movement, and biologic factors that include the
effects of biotic growth in the weathering zone. Also,
the hydrologic properties of the drainage system (pre-
cipitation, evaporation, runoff, slope of the area), the
relative permeability of rocks and soils, and the degree
to which the surface drainage system is coupled to the
ground-water reservoirs are important modulating
forces. In rocks that contain more soluble minerals such
as calcite, the degree to which solids are dissolved and
carried off in the runoff is more likely to be governed
by chemical thermodynamic factors, and in carbonate



systems a state of chemical equilibrium could be closely
approached.

Mineral-dissolution reactions of importance gen-
erally require a continuous supply of hydrogen ions in
the incoming solution. To some degree reacting hydrogen
ions are supplied from the water itself, which always in-
cludes, to some extent, water molecules that have broken
apart (dissociated) into hydrogen and hydroxide ions.
Under standard conditions [25 °C (77 °F) and 1 atmo-
sphere pressure], the effective concentration of hydrogen
ions in pure water is 107"®moles per liter. (A mole of a
chemical element is a quantity in grams numerically
equal to the atomic weight. For hydrogen, 107% moles
per liter is equivalent to 0.1 mg/L).

The pH scale commonly used to express acidity
is defined as the negative base-10 logarithm of the ef-
fective concentration (activity) of hydrogen ions in a
solution. At neutrality under the conditions defined in
the preceding paragraph, the pH therefore will be 7.00.
A change of 1 pH unit represents a tenfold change in
hydrogen-ion activity. The activity of a dissolved ion is
exactly equal to its concentration only in very dilute so-
lutions. This topic has been discussed and explained
more extensively by Hem (1985, p. 14-17).

In natural systems the most effective sources of
hydrogen ions generally are chemical reactions involv-
ing dissolved constituents. An important source is car-
bon dioxide gas, which is present in weathering solutions
as a result of contact with air; it is produced in larger
quantities by plant-root respiration and decay of soil
organic matter and by the metabolic processes of vari-
ous organisms in water and sediment. Equation 1 shows
that some of the carbon dioxide that dissolves forms
carbonic acid (note that in the following equations the
arrows indicate the direction in which the reaction nor-
mally proceeds; reactants are on the left side and prod-
ucts on the right; double arrows indicate that reactions
can proceed in either direction)—

Cco, + HO - HCO, )

2
carbon dioxide  water carbonic acid

Equation 2 shows that the acid dissociates to form bi-
carbonate ions and hydrogen ions—
HCO, 2 HCO; + H* @
carbonic acid bicarbonate hydrogen

and carbonate anions can be formed in a second disso-
ciation step (equation 3)—

HCO; 2 CO4 + H* 3)

bicarbonate  carbonate hydrogen
The H* that is supplied by reactions in equations 2 and
3 can react with silicate minerals such as the sodivm-
bearing form of feldspar (equation 4)—
2NaAlSi,0, + 2H* + O9HO -~
albite hydrogen water
ALSL,O(OH), + 4HSiOaq + 2Na* (4)
kaolinite silicic acid  sodium

to produce the clay mineral kaolinite, undissociated si-
licic acid (H,SiO, which also can be written as 8i0,), and
sodium ions. This is essentially an irreversible process
(note the single arrow) in that albite is not readily syn-
thesized from the reaction products under ordinary natu-
ral weathering conditions, and the reaction will continue
to proceed to the right as long as reactants are available.
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The hydrogen-ion flux that is provided by car-
bonic acid dissociation also can attack calcite (CaCO,)
(equation 5)—

CaCO, + H' ¢
calcite hydrogen

+ Ca* ®)
calcium

HCO;,
bicarbonate

This reaction is relatively fast and readily reversible so
that in drainage basins in carbonate-dominated terranes
the stream water commonly will have near-equilibrium
concentrations of hydrogen, bicarbonate, and calcium
ions. At equilibrium, the rates of forward and reverse
processes represented in equation 5 are equal.

In effect, the forward progress of reactions such
as is shown in equations 4 and 5 will be controlled by the
availability of hydrogen ions, but the final result, as in-
dicated by the chemical composition of stream water
from any given drainage basin, will be influenced by a
complicated set of interrelated physical factors that influ-
ence the volume and rate of water movement, ecologic
and climatic factors that control the type and density of
plant and bacterial growth and soil development, and the
human development of water and land resources. Thus,
the geochemistry of stream water in any given drainage
basin is unique to that basin. The historical record of
water chemistry in a specific basin cannot be interpreted
without giving proper attention to the way various hydro-
logic and other environmental factors in the basin have
influenced the chemical composition of the water. An
extensive body of research on the topic of global stream-
water geochemistry is summarized by Meybeck and
Helmer (1989), who agree with the need expressed in
this paragraph for a broad consideration of cause and
effect when evaluating stream-water chemistry.

Effects of Human Activities

A considerable part of the currently existing
motivation for organized long-term water-quality stud-
ies has been public concern that human activities in many
drainage basins have induced destructive changes in
strearn water quality. From exarmples cited in this article,
such effects can indeed be documented in some basins.
Also, in some basins water-quality management has
succeeded in correcting some of the human-caused de-
terioration and is substantially restoring the quality of the
water. The concept of sustainability is relevant, and the
development goal for drainage systems is to maintain
suitable water quality while permitting levels of water
use that will sustain the basin’s existing and reasonable
future economic development.

Human activities that alter streamflow charac-
teristics, and thus cause water-quality changes, include
the building of structures that impound or regulate rates
of streamflow, diversion of water from one drainage
basin to another, irrigation of land adjacent to streams,
and lowering of tributary ground-water tables by
pumping from wells. Waste disposal, directly or indi-
rectly, into streams also influences water quality by
adding chemicals and suspended matter. Disposal of
untreated organic waste into streams was common in
urban and rural areas of the Nation until the early 20th
century. Besides pathogenic bacteria in the waste, large
amounts of organic chemicals and suspended material
depleted the dissolved oxygen of receiving waters and
killed much of the aquatic biota in some streams. Thus,
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the concentration of dissolved oxygen in stream water
also is considered a contamination index. Normally,
the dissolved-oxygen content is near the saturation
level that can be calculated for water that is in contact
with air at ambient temperature, but oxidizable material
in solution, especially organic waste, can substantially
deplete the dissolved-oxygen content. Additionally,
phosphate (PO,*) concentrations are indicative of con-
tamination from waste sources. Phosphate is a con-
stituent of domestic and industrial waste, in part, be-
cause of the widespread use of phosphate compounds

as detergent additives.

Land-use changes and related developments also
can affect stream water quality. Examples include urban-
ization, clearing of forests, various agricultural practices,
such as use of fertilizers and pesticides and return flow
of drainage water from irrigated fields, and industrial-
ization. Urbanization and industrialization lead to vari-
ous side effects. Mining for coal and metals generally
contaminates water during and after the mining activ-
ity. The smelting of ores to recover metals and the burn-
ing of coal to generate power release pollutants into the
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Figure 17. Generalized cycle of the various reservoirs and transport mechanisms and
pathways involved in the circulation of nutrient elements. The numbered arrows repre-
sent processes by which elements transfer among the reservoirs. Processes shown are those
considered to have the most important influence on stream water quality. (Source: Modified

from Meybeck, 1983.)

air, and eventually these pollutants find their way into
water supplies. Metal ores, coal, and other organic fu-
els commonly contain, or are associated with, reduced
sulfur. Oxidation of the sulfur by burning the fuel and
smelting the ores, and oxidation in the mines or in waste
dumps when sulfides are exposed to air, constitute ma-
jor sources of sulfate in stream water. High metal con-
centrations commonly are found in streams draining
metal-mining areas, and sodium chloride and calcium
chloride are dispersed widely by salt and sand mixtures
used to melt ice from highways.

CIRCULATION RATES OF ELEMENTS

The concept of cyclic circulation of individual
elements, in part coupled to the hydrologic cycle, has
been developed and quantified over the past half century.
Besides the total quantities of the elements present in
various reservoirs—bedrock (the lithosphere), soils, all
forms of living matter (the biosphere), the oceans, the
atmosphere, and freshwater—the rates of exchange and
mechanisms of movement from one reservoir to another
are considered in the cycle. This concept is highly rel-
evant in considering stream-water geochemistry and
related elemental fluxes.

A simplified diagram representing the various
reservoirs and transport mechanisms and pathways in-
volved in the circulation cycles of nutrient elements at
and above the surface of the Earth is given in figure 17.
The processes are those considered to be the most im-
portant in the context of this article, but others of lesser
significance can be postulated. For some of the elements,
notably carbon, sulfur, chlorine, and nitrogen, consider-
able research has been done to evaluate (quantitatively)
the amount of the various elements in the reservoirs and
the rates of transfer. Each of these elements is expanded
on in the following discussions.

Carbon

Most of the Earth’s supply of carbon is stored in
carbonate rocks in the lithosphere. Normally the circu-
lation rate for lithospheric carbon is slow compared with
that of carbon between the atmosphere and biosphere.
The carbon cycle has received much attention in recent
years as a result of research into the possible relation
between increased atmospheric carbon dioxide concen-
tration, most of which is produced by combustion of
fossil fuel, and the “greenhouse effect” or global warm-
ing. Extensive research has been done on the rate at
which carbon dioxide might be converted to cellulose
and other photosynthetically produced organic com-
pounds by various forms of natural and cultivated plants.
Estimates also have been made of the rate at which car-
bon dioxide is released to soil under optimum conditions
by various kinds of plant cover, such as temperate-zone
deciduous forests, cultivated farm crops, prairie grass-
land, and desert vegetation.

The efficiency of the weathering of rocks in us-
ing carbonic acid produced in the carbon cycle is affected
by various hydrologic, environmental, and cultural con-
trols. The fact that the principal anion in fresh surface
water worldwide almost always is bicarbonate attests to
the overriding importance of this process. Exceptions are



systems in which evaporite minerals are available for
dissolution by ground water, or where human activities
are major sources of sulfate or chloride inflow.

Quantitative estimates of the magnitude of the
carbon cycle (Hem, 1985, p. 108), based mainly on a
compilation by Lieth (1963), suggest that the total
amount of carbon dioxide converted to organic matter
during a year might be as great as 7 to 9 tons per acre in
midlatitude deciduous forests and about a tenth that
amount in native grassland. Cultivated farm crops pre-
sumably convert somewhat more carbon dioxide per unit
area than might be expected in native grassland. Respi-
ration of carbon dioxide by plant roots is at a rate equal
to about 25 percent of the total carbon dioxide used by
the plants, and the potential supply of carbon dioxide
from vegetation for weathering rock is about 1.65 tons /
acre/yr (tons per acre per year) on the average, over the
whole land area of the Earth (Lieth, 1963). This is
equivalent to about 1,060 tons/mi*/yr (tons per square
mile per year) of carbon dioxide. If all this carbon di-
oxide were dissolved in water, and the resulting carbonic
acid reacted with silicate minerals to maintain near-neu-
tral pH, the annual bicarbonate yield could be as great
as 1,200 tons/mi’. A drainage basin in a limestone terrane
theoretically could produce bicarbonate at an even higher
rate, as the reaction between dissolved carbon dioxide
and solid carbonate minerals produces two bicarbonate
ions per reacting dissolved carbon dioxide molecule.

As might be expected, the average rates of bicar-
bonate yield in drainage basins of the world are far be-
low these numbers, as only arelatively small proportion
of the carbon dioxide released in soil is likely to partici-
pate in rock weathering. A general indication of the role
of dissolved carbon dioxide in weathering processes in
streams can be obtained by calculating the average an-
nual bicarbonate yield from average concentration of
dissolved bicarbonate, average water discharge, and
drainage-basin area. Examples of this type of calcula-
tion can be obtained from published literature. Peters
(1984) studied 56 drainage basins in the conterminous
United States and Hawaii to determine the relative im-
portance of stream temperature, population density, at-
mospheric precipitation, and three rock types that rep-
resent extremes in the range of type and quality of
chemical-weathering products expected in streamflow
(limestone, 19 basins; sandstone, 12 basins; and crystal-
line rock, 25 basins) as controls of constituent yield. Of
the limestone basins, the Kalamazoo River at Saugatuck,
Mich., had the maximum annual bicarbonate yield,
which was about 324 tons/mi?; the population density for
this drainage basin was 183 persons/mi®, runoff was
14.1 in/yr (inches per year), and total precipitation was
34.0 in/yr. In the other 18 limestone-dominated drain-
age basins, annual bicarbonate yields were substantially
lower—15 had less than 225 tons/mi?, and the average
yield for the 19 basins was 114 tons/mi®

In general, bicarbonate yields reported by Peters
(1984) were much smaller for basins in crystalline
(noncarbonate) rock terranes than for those in limestone
or sandstone terranes. Most of the drainage basins in
crystalline rock had bicarbonate yields of less than
91 tons/mi* however, his data showed that bicarbonate
yields could be substantial under some conditions. For
example, a small igneous-rock drainage basin on the
island of Hawaii, which had 180 in/yr of precipitation,
147.8 in/yr of runoff, and no human occupants, had an
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annual bicarbonate yield of 235 tons/mi2. Other inves-
tigators also have reported relatively large bicarbonate
yields for certain igneous terranes. For example, Dethier
(1986) reported large bicarbonate yields from igneous
drainage basins in the Pacific Northwest. Among stud-
ies referred to by Dethier is a study by Reynolds and
Johnson (1972) for a basin having an active glacier in
the northern Cascade Mountains of Washington. In this
basin, the annual bicarbonate yield was near or slightly
greater than 100 tons/mi®.

The high bicarbonate yield in some of the Pacific
Northwest streams could be the result of glacial action
and mechanical erosion of rock material in basins hav-
ing steep slopes that produce large amounts of relatively
freshly fractured and fine-grained sediment that would
participate readily in dissolution and alteration reactions.
The rate at which such reactions would proceed is a func-
tion of net surface area of sediment available per unit
volume of runoff and the length of time such material
was exposed to water in the runoff process. Therefore,
the efficiency of solvent erosion under conditions in the
Pacific Northwest region could be considerably in-
creased by such factors.

Apparent trends in dissolved carbon dioxide and
bicarbonate and carbonate ions in water-quality records
are difficult to evaluate. For more than a century the
standard laboratory procedure for determining bicarbon-
ate and carbonate concentrations has been the titration
of a measured portion of the water sample with dilute
sulfuric acid of known strength to end points at two se-
lected pH values. The usual end point for the determi-
nation of carbonate is near pH 8.3 and for bicarbonate
near pH 4.5. These end points represent hydrogen-ion
activities at which the reactions shown in equations 3 and
2, respectively, have been displaced to the left, and neg-
ligible amounts of carbonate or bicarbonate remain.
Results of the titration commonly are expressed in terms
of concentration of bicarbonate ions, or of both carbon-
ate and bicarbonate. In a more strict sense, the titration
data represent the acid-neutralizing capacity, or alkalin-
ity, of the water, and assignment of the alkalinity solely
to bicarbonate and carbonate is an arbitrary assumption.
In this sense, the alkalinity is a property of the solution
and not a simple constituent concentration. Although
some other constituents can contribute to alkalinity, in
streams not significantly affected by human activities,
the assignment to bicarbonate and carbonate generally
is correct.

The proper end point pH of the alkalinity deter-
mination depends to some extent on total dissolved-con-
stituent concentrations and other factors. Modern titra-
tion and pH measuring equipment can correct for such
effects, but in past years colored indicator dyes were used
that did not allow for such corrections. For these and
other reasons, apparent differences in alkalinity over time
at a given sampling point are not always easily inter-
preted. A discussion of the chemistry of alkalinity de-
terminations and references to pertinent literature are
given in Hem (1985, p. 106-109).

Sulfur
The cycle of sulfur in weathering environments

is affected by a more diverse set of reactions than for
carbon. As is the case with carbon, most of the Earth’s



supply of sulfur is stored in the lithosphere (Hem, 1985,
p. 113). Although some sulfur actually is taken up by
vegetation, the growth and decay of plants does not tie
up large proportions of the total sulfur supply. The
element’s geochemical behavior in the environment is
summarized by Nriagu (1978). In igneous and metamor-
phic rocks, sulfur generally is present in the chemically
reduced sulfide form (S*-) and commonly is associated
with metals. Polysulfide minerals in which the nomi-
nal valence of sulfur is between -2 and 0 also are com-
mon. An example is pyrite (FeS,), which commonly
occurs in association with coal seams and other sedi-
ments laid down under conditions where free oxygen
was not available.

In weathering environments where oxygen is
continuously available, negatively charged reduced
forms of sulfur are converted to positively charged oxi-
dized forms such as sulfate (SO,*) in which the sulfur
is in the fully oxidized (S%*) state. Oxidation and reduc-
tion reactions of sulfur commonly are bacterially medi-
ated. The calcium sulfate minerals gypsum (CaSO, *
2H,0) and anhydrite (CaSO,) are common constituents
of evaporite rocks, and, in semiarid regions where such
rocks are near the land surface, stream water can con-
tain substantial concentrations of sulfate. However,
streams in humid regions generally carry relatively low
concentrations of sulfate unless human activities have
intervened. Weathering reactions that involve oxygen
are important in the development of soils, especially in
humid and subhumid climates. Commonly, oxygen is
in relatively short supply at shallow depths in the soil
zone, having been depleted by oxidation of organic
matter. In wetland soil and submerged sediments, oxy-
gen can be in very short supply and sulfur is in reduced
form. However, as noted by Nyborg (1978) and
Fitzgerald (1978), the sulfur in aerated soil is principally
a component of organic compounds. In any event, any
reduced species of sulfur may be converted to sulfate by
oxidation when wetlands are drained or soils are con-
verted from their natural state to agricultural cropland.
All these processes can increase the availability of sul-
fate for transport by streams and cause increased sulfate
loads in areas affected by development.

Geochemical studies of sulfate in streams have
been approached in various ways. Berner (1971), for
example, reviewed literature on sources of sulfate in the
dissolved loads of streams, especially in areas where
development effects are likely to be strong. He con-
cluded that for North America as much as 60 percent of
the average yield of sulfate carried to the ocean is related
to human activities. He assigned a higher proportion of
the total yield of sulfate in European streams to human
sources, but for other continents he thought the effects
of human activities to be relatively minor.

Some of the compounds produced in the sulfur
cycle are gases. For example, combustion of fossil
fuels, especially coal, produces sulfur dioxide gas (SO,),
which is further oxidized in the atmosphere to sulfur
trioxide (SO,) that combines with water to form sulfu-
ric acid (H,SO,). Reduction of sulfate in anaerobic soils
and sediment produces hydrogen sulfide (H,S) gas that
also is reoxidized to sulfate in the presence of air. Asa
result, precipitation from the atmosphere is a major
source of sulfate in streams in parts of North America
and Europe. The estimate by Berner (1971) for human
sources includes both sulfur dioxide and hydrogen sul-
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fide reaction pathways. A compilation by the U.S. En-
vironmental Protection Agency (1984), summarizing
research on acidic deposition, quoted estimates and mea-
surements of “excess sulfate” yields in precipitation and
in lakes and streams in the northeastern United States
and southeastern Canada. Among measured data cited
was a wet-plus-dry annual sulfate deposition rate for a
site in the Adirondacks that ranged from 8.2 to about
16 tons/mi?. Although a wide range of values was ob-
served, these rates probably can be considered reason-
able for much of the eastern half of the United States.
The term “excess sulfate” is defined as the amount “over
and above that supplied by sea salt cycling.” Peters
(1984) estimated that, on average, 60 percent of the sul-
fate yields observed for the stream basins he studied was
assignable to atmospheric sources.

Another source of sulfur in the global hydrologic
cycle that is not related to human activities is gaseous
emission of hydrogen sulfide and sulfur dioxide from
volcanoes and other geothermal sources. Although ef-
fects of these emissions can be locally intense, they gen-
erally are thought to be much less significant on a glo-
bal scale than the human sources.

Sulfate concentration in streams, and changes
over time, are discussed later in this article as one of the
principal indices of human influences on stream-water
composition. Also, it will be shown that differences and
similarities in sulfate yields help in attaining a reason-
able perspective on the importance of various hydrologic
and geochemical characteristics of individual drainage
systems.

Chlorine

Nearly all chlorine compounds are readily soluble
in water. As aresult, the major reservoir for this element
in figure 17 is the ocean (Hem, 1985, p. 117). Chloride,
as noted earlier, is naturally present at low levels in rain
and snow, especially over and near the oceans. Wide-
spread increases in chloride concentration in runoff in
much of the United States can be attributed to the ex-
tensive use of sodium chloride and calcium chloride for
deicing of streets and highways. Bubeck and others
(1971) pointed out the importance of the increased use
of deicing salt as a cause of increased chloride concen-
trations in streams of the northeastern United States and
the role of this factor in the chloride trends in Lake
Ontario. Increases in chloride concentration also can
occur as a result of disposal of sewage, oil-field brines,
and various kinds of industrial waste. Thus, chloride-
concentration trends also can be considered as an index
of the alteration of stream-water chemistry by human
development in the industrialized sections of the world.
Although chlorine is an essential element for animal
nutrition, it is of less importance for other life forms.

Nitrogen

About three-fourths of the Earth’s nitrogen is
present in the atmosphere as nitrogen gas. Because of
its importance as an essential element in plant and ani-
mal nutrition, nitrogen, in its various oxidation states and
its yield and concentration, is of considerable interest in
studies of human influences on stream-water composi-
tion. Certain small and medium-sized streams in the
intensively developed agricultural areas of the United



States have been strongly affected by nitrogen-bearing
runoff from fertilized soil. However, because of its use
by aquatic vegetation, the amount and form of nitrogen
tends to be seasonally variable, and, especially for larger
streams, it is more difficult to use than sulfate or chlo-
ride as an index of human effects on water composition.
Although nitrate concentrations are reported in some of
the streams evaluated in this article, no attempt at inter-
pretation of the nitrogen chemistry is made here; how-
ever, Turner and Rabalais (1991), using mainly U.S.
Geological Survey (UsGs) data, have evaluated nitrogen
trends since 1905 in the Mississippi River at St.
Francisville, La.

Trends in concentrations of nitrate plus nitrite,
which represent the total of dissolved N** and N** spe-
cies, are given in the State summaries in this volume
(1990-91 National Water Summary). This determination
commonly is used as an index of water contamination
from human sources. The nitrite concentration gener-
ally is much smaller than the nitrate concentrationin this
combined determination because nitrite is readily con-
verted to nitrate in oxygenated water.

STREAM WATER-QUALITY TRENDS IN
FOUR DRAINAGE BASINS

BACKGROUND

The first comprehensive nationwide study of the
chemical composition of surface water in the United
States was begun by the USGS in 1905. This program re-
ceived cooperative support from State agencies in Illi-
nois, Minnesota, Kansas, California, Oregon, and Wash-
ington and entailed collection of daily samples of water
at or near gaging-station sites on principal streams for a
period of about 1 year. The daily samples were com-
bined into 10-day composites, which were filtered to
remove suspended material and analyzed for principal
dissolved constituents. As a result of decreased fund-
ing and related factors, this work was substantially cur-
tailed after 1907; however, the studies did produce com-
pilations of analyses for about 100 stream-sampling sites
east of the 100th Meridian (Dole, 1909) and for about
another 55 sites in the western part of the country (Sta-
bler, 1911). Somewhat more detailed reports for each
of the six cooperating States also were issued in the USGS
Water-Supply Paper series, and Clarke (1924) used many
of the analyses from the program in his summary of the
composition of river and lake waters of the United States.

During most of the 1920’s and 1930’s very few
detailed studies of stream water quality were made by
the USGS. Beginning in the 1940’s, a renewal of interest
and activity gradually developed, and an annual series
of Water-Supply Papers was begun in 1941 under the
general title “Quality of Surface Water of the United
States (year).” Growth of the surface-water-quality pro-
gram can be seen in the growth of the number of pages
in this annual report series from 74 pages in 1941 to
1,413 pages in 1950, 2,160 pages in 1960, and 5,259
pages in 1970. Since 1971, these records have been
published in the annual series “U.S. Geological Survey
Water Resources Data for (State and water year).” Col-
lectively, these publications form a major data base that
can be used to compare early and recent observations at
the same or nearby sampling sites.
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Strearn water quality commonly varies greatly in
response to water discharge; thus, a single year of record
is not adequate for reliable extrapolation, and, in any
exacting comparison of historical data, this factor needs
to be taken into account. From the beginning, it has been
a general policy in the USGS surface-water-quality pro-
gram to locate sampling sites at or near gaging stations
where records of streamflow are obtained. Until about
1970, many of the USGS water-quality records were based
on daily sampling, generally with determinations of
specific electrical conductance (an indicator of total
cation and anion concentration) on each sample, but with
extensive analyses performed only on composited daily
samples. Composites usually contained 10 daily samples.
However, where stream discharge and other factors
caused substantial day-to-day changes in specific con-
ductance, the composite period was shortened to prevent
mixing of chemically dissimilar samples and to give a
clearer indication of the stream-chemistry variability.
Annual averages of these analyses, weighted by time or
discharge, were used to summarize the records. After
1970, complete analyses were done on single samples
collected at various time intervals ranging from semi-
monthly to quarterly, and analyses of composite samples
were no longer made. Analytical procedures changed from
time totime as improved instrumentation and techniques
became available. (See article “Assuring the Reliability
of Water-Quality Data” in this volume.) In 1973, a com-
prehensive USGS program for stream water-quality stud-
ies, the National Stream Quality Accounting Network
(NAsQAN) was begun (Ficke and Hawkinson, 1975); it
was designed to give a national water-quality data base
that would be uniform in terms of sample-collection
methods and analytical procedures and that could be
examined by relatively refined statistical procedures.

It is instructive to identify and consider the impor-
tance of the various sources and controlling factors that
operate in specific drainage basins in the United States
to produce water having hydrochemical properties that
are characteristic of each basin. To that end, four drain-
age basins having long-term hydrologic and water-chem-
istry records were chosen for study in this article—the
Great Lakes—Upper St. Lawrence River at and near
Ogdensburg, N.Y., and Cornwall, Ontario, Canada; the
Columbia River at and upstream from The Dalles, Oreg.;
the Allegheny River upstream from Pittsburgh, Pa_; and
the lower Mississippi River at and upstream from New
Orleans, La.

The historical records mentioned above are com-
pared with more recent data for each of the drainage
basins in order to detect and explain major differences
between water composition observed early in the 20th
century and that observed more recently. Sulfate, as
mentioned earlier, is one of the principal indicators of the
effects of humnan activities on stream-water composition,
and it is the principal indicator used in the following dis-
cussions. The records selected for study display general
trends in concentrations and yields that appear to be well-
enough defined to outweigh the influences of different
sampling frequencies and changing compositing prac-
tices. Trends that can be detected in the data collected
in the past 20 years generally are too subtle to be evalu-
ated closely by the methods used in this article and are
more appropriately studied by the more sophisticated
procedures used in the State summaries in this volume,
which are described by Smith and others (1987) and in
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River); 1991c (Allegheny River); 1984 and 1991d (Mississippi River).]

two articles in this volume (“Statistical Analysis of
Water-Quality Data™; “Stream Water Quality in the
Conterminous United States—Status and Trends of Se-
lected Indicators During the 1980's”) and in the refer-
ences cited therein.

Selected analytical and related data for the drain-
age basins are given in tables 3-9. The location of these
basins is shown in figure 18, and the study areas are
shownin figures 19, 21, 24, and 26. Apparent trends with
time are evaluated by various means described in the
text. The annual minimum and average constituent con-
centrations and annual yields of sulfate in tons per unit
area of drainage basin are the focus of the discussion.

Descriptions of sampling and analytical proce-
dures for the early USGS data suggest that, in general, the
results for major constituents should be comparable in
precision and accuracy with those given in later records.
However, in some respects the procedures used in the
early work may have introduced inaccuracy and bias.
The daily samples were collected in 120-mL (milliliter)
capacity soft-glass bottles, which limited the volume of
water for analysis. The rather low sensitivity of some of
the procedures available at that time probably affected
the analytical accuracy for constituents present at small
concentrations. Analyses reported by Stabler (1911) for
stations in the West give only bicarbonate, chloride, and
total dissolved-solids concentrations for the individual
samples and weekly composites. Methods used to pre-
pare composite samples for more complete analysis for

these stations were inconsistent and introduced substan-
tial bias, hence cationic compositions given for these
waters probably are not geochemically useful.

Analyses given by Dole (1909) represent com-
posites of equal volumes of daily samples. Generally
there were three composites for each month. The com-
plete analyses for these stations are much more reliable
than those given by Stabler (1911) as indicators of the
actual water composition, but some bias is introduced
by compositing equal volumes for each day when stream
discharge was variable.

Both Dole (1909) and Stabler (1911) reported
difficulties in removing suspended sediment from the
composite samples before the analyses of dissolved con-
centrations were started. It is evident from the reported
concentrations that the various filtration and pretreat-
ment methods used sometimes left particulate material
in the samples and caused improbably high determined
concentrations for iron, silica, and possibly some other
solutes. Also, Dole (1909, p. 23) noted that the reported
values for nitrate concentrations were possibly not rep-
resentative of conditions in the stream at the time of
sample collection. A storage time of 3 to 8 weeks gen-
erally intervened before analyses were performed, and
some changes in nitrate concentrations might have oc-
curred. A similar uncertainty applies to most reported
nitrate concentrations in USGS sampling programs before
about 1970 and is one reason long-term trends in this
constituent are not evaluated in this article.
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Determinations of alkalinity reported by Dole
(1909) were made by titration with a standard solution
of potassium acid sulfate (KHSO,) using two indicators,
phenolphthalein, which changes from violet to colorless
near pH 8.2 and methyl orange, which changes from
yellow to pink at about pH 4.3. (These end points are
approximate, and depending on total constituent concen-
trations and other factors, they can be several tenths of
a pH unit higher or lower in actual analyses.) As noted
by Barnes (1964), some water samples might change in
pH and possibly in alkalinity during storage. Some of
the water sources sampled for Dole’s publication were
consistently reported to contain carbonate alkalinity, im-
plying a pH above 8.2 at the time of analysis. Measure-
ments of pH as such were not made on any of these
samples, as the pH concept had not yet been developed.
Whether any significance can be attached to the fact that
almost all samples from the lower four Great Lakes and
the St. Lawrence River analyzed for the Dole study con-
tained detectable concentrations of carbonate is impos-
sible to decide. More modern analyses show no consis-
tent occurrence of carbonate alkalinity for these sources.

‘Water analyses traditionally have included a sum-
marizing value termed “total dissolved solids.” A deter-
mined value specified as “residue on evaporation” (ROE)
is obtained by evaporating a measured volume of the
water sample to dryness in a dish whose weight is known
exactly, drying the residue at a specified temperature (in
USGS practice at 180 °C for 1 hour), and weighing the dish
and its contents after cooling in a moisture-free atmo-
sphere. The more modern analyses also include electri-
cal conductance, which is related to the total concentra-
tion of dissolved cations and anions, and electronic
determination of pH, which is a measure of the acidity
or hydrogen-ion (H*) activity. Although this ROE proce-
dure appears to be simple and direct, it has complicat-
ing factors. The bicarbonate in solution in the original
sample is converted to carbonate by drying, with loss of
an equivalent amount of carbon dioxide gas. However,
some types of water, such as those having high concen-
trations of dissolved calcium and sulfate, can deposit
residues that contain water incorporated in crystalline
minerals such as gypsum (CaSO, « 2H,0). To avoid this
problem, a calculated total dissolved solids (SUM) com-
monly is reported for water containing more than about
1,000 mg/L total constituent concentration. The sum
calculation is made by adding reported concentrations
for all the major constituents, with a correction factor
converting dissolved bicarbonate to an equivalent car-
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Figure 19. Sampling stations on the St. Lawrence River at Cornwall,
Ontario, Canada, and Ogdensburg, N.Y., from which data were obtained for
determining selected long-term water-quality trends.

bonate content of the dried residue. In the State summa-
ries in this volume, trends in dissolved-solid concentra-
tions are based on ROE analyses.

GREAT LAKES —UPPER ST. LAWRENCE RIVER

The St. Lawrence River, at the outlet of Lake
Ontario, represents the drainage from the Great Lakes
basin and has a relatively constant chemical composi-
tion, owing to the large storage capacity of the lakes and
their efficiency as mixing basins for inflow. The water
surface of the Great Lakes makes up a substantial frac-
tion of the basin area. The basin also has a relatively
constant water discharge. These characteristics make it
a good site for study of water-quality trends. Data from
two water-quality sampling and streamflow-gaging sta-
tions—Cornwall, Ontario, Canada, and Ogdensburg,
N.Y. (40 miles upstream from Cornwall)—are used to
show constituent change over time. Although the two
stations are 40 miles apart (fig. 19) and there is a small
amount of tributary inflow between them, the chemical
composition of the water at the sites does not differ sig-
nificantly and thus can be used for comparison of data
over time. At Cornwall, the drainage area of the St.
Lawrence River is 298,800 mi? and the long-term aver-
age discharge is 245,000 ft*/s (cubic feet per second)
(U.S. Geological Survey, 1989) (fig. 18).

Data from these stations are summarized briefly
in table 3, where each of the columns represents data for
aparticular year progressing from 19067 to 1990. The
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Table 3. Chemical composition of water and related data for the St. Lawrence River, representing outflow from

Lake Ontario, selected years 1906-90

[Concentration values are in milligrams per liter unless otherwise noted. Data from the Ogdensburg, N.Y., and Cornwall, Ontario, Canada, stations are
considered equivalent. Sources: Column 1, Dole {(1909); columns 2—4, Leverin {1942); column 5, U.S. Geological Survey (1960); column 6, U.S.
Geological Survey (1974); columns 7, 8, Hem and others (1990); column 9, U.S. Geological Survey district office (written commun., 1991). ---

data not available or not retrieved]

Ogdensburg, Cornwall, Ogdensburg, Cornwall,
Constituent, property, NY. Ontario, Canada N.Y. Qnmno, Canada
and related data 19067 1935 1937 | 11940 1956 | 1969 2977 | s | %1990
1 2 3 | 4 5 6 7 | 8 | 9
Silica (Si0;) 6.6 6.9 10 | 41 35 06 0.2 0.5 =
Calcium (Ca) 3 B % | ® 36 39 38 36 ---
Magnesium (Mg) 72 79 i 9.0 85 8.2 73 8.0 78 o
Sodium(Na) % £ & & _ 97 12 1 3. | 1B )} ===
Potassium (K) 52 12 i L L 15 13 16 14 .-
Alkalinity as bicarbonate -
{HCO)property) 122 110 113 97 112 110 110 99
Sulfate {SO,) 12 19 22 21 25 28 27 26 ' 27
Chloride (Cl) 17 15 16 16 21 26 27 26 ---
Fluoride {F) -- N — A 1 A b
Nitrate (NO,) 3 6 | 4 10 10 3 T
Dissolved solids 134 156 ‘ 160 158 179 ’ 169 7169 | *160 S5
Specific conductance, in micro- S - e -
siemens at 25 °C (property) 29 e 370 70 800
pH units {property) --- 8.0 79 | 8.0 6.8-79 i 7.3-80 78 71 ---
Drainage area, in
squ a?, amilos 295,200 298,800 298,800 298,800 295,200 295,200 298,800 298,800 298,800
Average discharge, in cubic | | ‘
feet per se wng 242,300 192,000 | 204,000 | 226,000 257,000 ‘ 270,000 250,000 296,000 264,800

1 Average of 11 monthly samples, September 1906-January 1907, March-August 1907.
2 Single sample collected en Aug. 30, 1935 (col. 2), Dec. 20, 1937 (col. 3), Aug. 22, 1940 (col. 4), June 27, 1977 (col. 7), and Sept. 29, 1980 (col. 8).

3 Average of 10-day composite samples collected daily during water year 1956.
4 Average of 10 individual monthly samples collected during water year 1969
5 Average of 5 bimonthly samples collected between October 1989 and July 1990.

6 Sodium and potassium not determined separately; total is equivalent amount of sodium.

7 Maximum total dissclved solids for period 1977-80.
8 Minimum total dissolved solids for period 1977-80.

data show that major dissolved-ion concentrations in the
river were nearly constant during the period 1968-80 and
that most of the change occurred between 1907 and
1955. Data for some major ions for samples from Lake
Ontario that were presented by Weiler and Chawla
(1969) indicate that relatively continuous increases oc-
curred until the 1960’s. An illustration in Hem and oth-
ers (1990) based on a graph from Dobson (1967) sug-
gests that sulfate concentration in Lake Ontario steadily
increased from 12 to 14 mg/L in 1906 to 28 to 30 mg/L
in the 1970’s. However, during the 1980’s, the sulfate
concentration in the lake as represented by the St.
Lawrence River at Cornwall did not show any further
upward trend, and it seems likely that the sulfate con-
centration had stabilized. NASQAN samples taken at 1-
or 2-month intervals during water years 1981-85 had
sulfate concentrations of 28 mg/L or more on 11 occa-
sions. During water years 1986-90 no sulfate concen-
trations greater than 27 mg/L were observed at Cornwall.
Possible factors explaining these observations are dis-
cussed in the section “Comparison of Results.”
Behavior of chloride concentration during the
period of record was somewhat similar to that of sul-
fate—about a threefold increase compared to the dou-
bling of sulfate. Weiler (1981) noted that calcium and
sodium concentrations in Lake Ontario increased dur-
ing the 190680 period by about 8 and 6 mg/L., respec-
tively. Although Weiler did not report a significant
trend for bicarbonate, he did note a seasonal variation
that he attributed to photosynthesis by aquatic biota.
The average alkalinity reported by Dole (1909) for 11
monthly samples was 122 mg/L as bicarbonate (table
3, col. 1). In their discussion of hydrogeochemistry of

North American surface waters, Hem and others (1990)
noted that the maximum and minimum concentrations
of bicarbonate observed in the river at Cornwall during
water years 1977-80 were 110 and 99 mg/L, respec-
tively (table 3, cols. 7, 8). These data indicate that a
long-term decrease in bicarbonate of 10 to 20 mg/L is
a reasonable estimate.

Table 4 summarizes the change in major ion con-
centrations in the outflow from Lake Ontario between
1907 and 1977 in terms of gains and losses in
milliequivalents per liter (meg/L). Milliequivalent units
are calculated from concentrations in milligrams per li-
ter by multiplying the latter by a conversion factor (Hem,
1985, p. 56) that takes into account the atomic or ionic
weight and electrical charge of each constituent. Be-
cause the totals of milliequivalent concentrations of
anions must equal the total for cations, analytical data
expressed in this form give a clearer picture of the rela-
tive magnitudes and chemical factors involved in gains
and losses of individual dissolved constituents than
would the simple gravimetric state of milligrams per liter.

Column 1 of table 4 gives average values in
milliequivalents per liter for calcium, magnesium, so-
dium plus potassium, bicarbonate, sulfate, and chloride
for the St. Lawrence River at Ogdensburg for 19067,
and column 2 gives values for constituents in the sample
collected at Cornwall on June 27, 1977. From these data,
most of the change in the cations is in calcium and so-
dium, and, for the anions, increases in sulfate and
chloride are partly balanced by a loss of bicarbenate.

Dobson (1967) and Weiler (1981) attribute the
historical changes in water composition of the Great
Lakes to human activities, which have increased as the



Table 4. Change in major cation and anion concentra-
tions in the St. Lawrence River outflow from Lake
Ontario, between 1906-7 and 1977

[Concentration values are in milliequivalents per liter. Sources: Column
1, Dole {1809, p. 88); column 2, Hem and others (1990); column 3,
calculated from columns 1 and 2]

Dgdensburg, C&:gv:iz;ll,
Constituent N.Y. Canada Change in
or property 1906 Ta77 concentration
1 2 3
Cations:
Calcium (Ca) 1.547 1.896 +0.349
Magnesium (Mg) 592 658 +.066
so::‘:;nsgi\:ﬁr)! (alg)das Na 21 607 #2333
Total 2413 3.181 +.748
Anions:
A ceeattoroe | v | ras | -aen
Sulfate (SO,) 250 562 +312
Chloride (CI) 217 162 +.545
Total 2465 3127 +.662

" Average of 11 monthly samples, September 1906-January 1907, March-August 1907.
2 Single sample collected on June 27, 1977.

population of the drainage basins of the lower four lakes
has increased since the beginning of the 20th century. In-
dustrial waste and incompletely treated sewage are
thought to be major sources of sulfate and chloride.
Other nonpoint sources are agricultural fertilizers and
fossil-fuel combustion and urban runoff that add sulfate
and sodium and calcium chlorides used for deicing
highways. The decrease in alkalinity of the water leav-
ing Lake Ontario can possibly be explained as a direct
consequence of the low pH of rain that falls on all the
lakes. However, because the loss of bicarbonate alka-
linity is only about two-thirds as great as the gain in
sulfate, the observed changes cannot be simply assigned
to sulfuric acid in this rainfall. It seems more likely that
some of the acidity in the rain that falls over the tributary
drainage is neutralized by reaction with sedimentary-
rock minerals, as calcium and sodium show increases.

During the 1960’s there was much concern about
the eutrophication of Lake Erie. The limiting nutrient
for aqueous microbiota in the Great Lakes was perceived
to be phosphorus (Weiler, 1981), and household syn-
thetic detergents containing sodium phosphate were
thought to be an important source. Consequently, a
concerted effort was made to decrease the sale of deter-
gents containing phosphate and to improve sewage-
treatment processes. By the 1980’s, some declines in
phosphate concentration had occurred in Lake Ontario
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fore analysis. Thus, the average silica concentration of
6.6 mg/L might be too high. However, a rather well-
defined downward trend is observable in more recent
silica-concentration records for the St. Lawrence at
Ogdensburg and Cornwall that has greater experimen-
tal certainty. Determinations of dissolved silica on in-
dividual samples collected during water year 1956
ranged from 1.1 to 6.8 mg/L (U.S. Geological Survey,
1960). A record of once-monthly samples from water
year 1969 (U.S. Geological Survey, 1974) shows silica
concentration that ranged from a low of 0.0 (below the
minimum reporting limit) to a maximum of 1.9 mg/L.
Samples taken during water years 1977-80 show con-
centrations of 0.2 and 0.5 mg/L (table 3, cols. 7, 8).

The Lake Superior drainage basin is underlain
predominantly by metamorphic and igneous rocks,
whereas most of the Great Lakes drainage area eastward
to the outlet of Lake Ontario is underlain by carbonate-
rich sediment. It would be expected, therefore, that the
water of Lake Superior would have different chemical
characteristics than those of the other Great Lakes be-
cause it has a different set of geochemical controls. Also,
the major ion composition of water in Lake Superior has
not changed significantly during the period of record.

Because carbonate minerals are readily available
in all the lake drainage basins except that of Lake Supe-
rior, the effect of acid rain and human-introduced con-
taminants is reflected in the increases in sulfate, chlo-
ride, calcium, and sodium concentrations in the other
lakes and the outflow into the St. Lawrence River. The
system is dynamic, and the outflow concentrations of
these ions also are influenced by the rate of water dis-
charge. Thus, a decrease in concentration, for example,
as indicated in table 3 (cols. 7, 8) for bicarbonate between
the June 1977 and September 1980 samples, could be a
dilution effect because the discharge on the 1980 date
was about 18 percent higher than that on the earlier sam-
pling date. The apparent leveling off of chloride and
sulfate concentrations in the 1980's decade might be at-
tributable to above-average rainfall and runoff during
some of that period.

Additional insight into changes in dissolved ma-
terial flowing from the lakes over time can be obtained
by calculating average annual yields of major constitu-
ents observed in the Great Lakes—St. Lawrence basin.
Thus, annual yields of the five constituents in the St.
Lawrence that have been shown to be affected most
strongly by human activities in the Great Lakes basins
are given in table 5.

(Weiler, 1981).

An accompanying effect of eutrophication that is
more readily observable in table 3 is a decrease in silica
concentration in Lake Ontario. Some decline in dis-
solved silica apparently has occurred in all of the lakes
except Lake Superior. This decline is brought about by
the growth of diatoms, a species of aquatic microorgan-

Table 5. Estimated annual yield of constituents, in tons per
square mile, St. Lawrence River outflow from Lake Ontario,
selected years 1906-90

[Calculated from data in table 3 using equation: tons per square mile = [annual aver-
age constituent concentration (milligrams per liter) x annual average stream dis-
charge (cubic feet per second) x conversion factor (0.9844) + drainage area
(square miles).] Column numbers are those used in table 3. ---, data not avail-
able for calculation]

isms in the upper layers of lake water that is widespread Ogdensbure,| Bwel | pogenshurg, | Comwall, Onterio,
in all types of water impoundments where the water is Consti NY. | Canada i e
clear and exposed to the sun. The silica is used by these o5 pRpEY 10067 | wwp [oten | s Lien | e fhei
n_li(froorganisms to form their skeletons an_d is later pre- Calciom iCa) 251_0 2:_2 3; g 355_ 1 3: 3 : 358_ T E_} "
cipitated and becomes part of the bed sediment. Sodium (Na) 51 '6.7 83 | 108 [ 107 | 127 | ---
Silica determinations on the 1906-7 St. Lawrence Bicarbonate (HCOJ| 986 759 | 960 | 990 | 906 | 965 | ---
samples (table 3, col. 1) might have been affected by Sulfate (S04 97 148 | 214 | 252 | 22 | 254 | 236
inadequate filtration, and possibly some silica was dis- CriackledCn £ ne i pes et TEAN =

solved from the glass sample bottles during storage be- " Equivalent amount of sodium from combined sodium and potassium.



Peters (1984) calculated the annual yields of
major constituents for 56 drainage basins and evaluated
the degree of correlation with four environmental fac-
tors—bedrock type, annual precipitation, population
density, and average stream temperature. His study
shows that in basins dominated by limestone bedrock,
the average annual yield for calcium was 36.0 tons/mi?
and for bicarbonate was 114.2 tons/mi%. Calcium yields
listed in table 5 for the 195680 period are close to the
averages reported by Peters and are significantly higher
than yields for 1906—7. However, the bicarbonate yields
indicated in table 5 are lower than the average reported
by Peters and show no well-defined trend. Eight of the
56 streams studied by Peters are tributaries of the Great
Lakes—St. Lawrence system, and the average of the an-
nual sulfate yield reported for these eight streams was
28.5 tons/mi’. This finding agrees approximately with
the sulfate yield of 25.4 tons/mi? given in table 5 (col.
8) for Cornwall during water year 1980, considering the
rather wide range of annual sulfate yields in the eight
basins that were selected by Peters.

A further indication of the influence of carbon-
ate geochemistry on the Great Lakes is noted by Weiler
(1981). He stated that calcite supersaturation occurs in
the lower lakes at times and noted that the solubility limit
for calcite as indicated by pH, bicarbonate, and calcium
concentrations commonly was exceeded in near-surface
water in all of the lakes except Superior; satellite imag-
ery at times provided evidence of calcium carbonate pre-
cipitating in the lake water.

Although the substantial effects of human activi-
ties on the composition of the Great Lakes water is well
documented by the data cited here, the system as a whole
has shown a substantial ability to maintain a relatively
high degree of chemical stability. The effect of acidic
precipitation, for example, has not significantly depleted
the capacity of the system to neutralize acid as has oc-
curred in smaller lakes and streams in noncarbonate ter-
ranes in other parts of the northeastern United States.
Although further increases in sulfate concentration in the
lower Great Lakes have been predicted by various in-
vestigators (Weiler, 1981), the concentrations of sulfate
and chloride in the St. Lawrence River just downstream
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Figure 20. Annual sulfate yields of the St.
Lawrence River at Cornwall, Ontario, Canada,
1906-90. (Source: Calculated from data in U.S. Geo-
logical Survey water-resources records and Leverin
(1942).)
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from the outlet of Lake Ontario appear from NASQAN
data to have remained the same or perhaps declined
slightly since about !980.

The annual yields of sulfate during 1906-90 for
the St. Lawrence—Great Lakes basin (fig. 20) are influ-
enced considerably by differences in water discharge
from year to year. The maximum values of about
25 tons/mi? in 1969 and 1980 and 23 tons/mi? in
1990 represent discharges substantially above the
long-term average. The minimum yield for 1960-70,
18.8 tons/mi?, occurred in 1966, a year that had below-
normal discharge. However, the yield more than doubles
between 1906 and 1956 and has an upward trend through
about 1970.

CorLumBiA RIVER UPSTREAM FROM
THE DALLES, OREGON

Another major river drainage system shared by
the United States and Canada is that of the Columbia
River. The total drainage area of the Columbia at its
mouth is 258,200 mi? and its long-term average dis-
charge is 281,200 ft*/s (Leifeste, 1974). Six stations—
four on the Columbia and two on the Snake River, a
major tributary to the Columbia—are used in this dis-
cussion to show constituent changes over time. On the
Columbia River, data from stations at Northport, Wash.,
and Cascade Locks, The Dalles, and Rufus, Oreg., are
used; the data from the three Oregon stations are con-
sidered equivalent. On the Snake River, the data from
Clarkston and Ice Harbor in Washington are considered
equivalent. The major downstream station used in this
discussion is The Dalles, which is about 80 miles up-
stream from the city of Portland and has a continuous
water-quality record from 1950 to 1982. However, in
some years only specific-conductance data were ob-
tained. Additionally, about 40 miles downstream from
The Dalles about 2 years of intensive sampling was done
at Cascade Locks, near and upstream from the present
site of Bonneville Dam, during 1910-12 (Van Winkle,
1914). The long-term average discharge at The Dalles
is 192,000ft*/s (U.S. Geological Survey 1991a), and the
drainage area upstream from the sampling station is
237,000 mi? (fig.18). Locations of these sampling
stations and tributary basins are shown in figure 21.

Although the drainage basin of the Columbia is
very different in many respects from that of the St.
Lawrence above Cornwall, the basins are similar in size,
discharge, and total runoff. The area drained by the St.
Lawrence above Cornwall is about 1.26 times greater
than that of the Columbia above The Dalles, and the
average discharge of the St. Lawrence River at Cornwall
is about 1.27 times greater than that of the Columbia at
The Dalles (fig. 18). Hence, the runoff per square mile
in the two systems is nearly the same.

Within the United States, the station farthest up-
stream on the Columbia is at Northport, Wash., about 8
miles from the United States—Canada International
Boundary (fig. 21). Water-quality records for this sta-
tion cover most of the period 1952-90, although for
some years the information obtained was minimal. In
addition, Van Winkle (1914) includes complete analy-
ses for major components in 10-day composites of daily
samples collected from February 1, 1910, to January 31,
1911. The drainage area of the Columbia at Northport
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Figure 21. Sampling stations on the Columbia and Snake Rivers, Washington and Oregon, from which data were ob-

tained for determining selected long-term water-quality trends.

is 59,700 mi*. However, not all of this area is in Canada,
as the Pend Oreille and Kootenai rivers that drain more
than 25,000 mi?of western Montana and northern Idaho
join the Columbia a few miles north of the International
Boundary. The average discharge of the Columbia at
Northport for 54 years of record ending in 1991 is 99,870
ft'/s (U.S. Geological Survey, 1992).

The water contributed by the Snake River, the
principal tributary in the reach between Northport and
The Dalles, is about 54 percent of the gain in discharge
of the Columbia at The Dalles. The remaining inflow is
contributed by smaller tributaries such as the Okanogan,
Spokane, Yakima, Umatilla, John Day, and Deschutes
Rivers. Irrigation is extensive in most of the tributary
basins, especially along the Snake River. Much of the
area of the Columbia drainage basin south of the Inter-
national Boundary, however, contributes very little di-
rect surface runoff. In Idaho, for example, large areas
are underlain by basalt and, although this terrane trans-
mits ground water readily, the stream drainage patterns
are poorly developed. Also, precipitation at lower eleva-
tions in most of eastern Washington and Oregon is too
low to contribute much runoff because moisture in air
masses from the west is removed by their passage over
the mountains in western Washington and Oregon (U.S.
Geological Survey, 1991b, p. 459-460, 551-552).

A general indication of the chemical characteris-
tics of the stream water in the Columbia River system is
shown in table 6. Data for Northport (table 6, cols. 1, 3,
6) for several years show that all constituents with the

exception of silica are at similar concentrations, although
the discharge in 1968, the year of lowest discharge, was
about 78 percent of that in 1954 (U.S. Geological Survey,
1959, 1973). Records for this station show that although
the annual maximum discharge during the 1950’s and
1960’s commonly was as much as 10 times as great as the
annual minimum discharge, the maximum annual sulfate
concentrations were only about twice as great as the annual
minimum sulfate concentrations. These relations suggest
that strong homogenizing forces are at work. Three such
forces are (1) the mixing effect of a large volume of natu-
rally stored surface water, such as in the Great Lakes, can
dampen out fluctuations in concentration related to dilution
by runoff or snowmelt, (2) regulation of flow by storage res-
ervoirs impounded by dams can contribute to decreases in
the range between yearly maximum and minimum concen-
trations, as demonstrated by records for the Colorado River
below Hoover Dam (Hem and others, 1990, p. 227), and
(3) the chemical interaction between runoff and surficial ma-
terial, especially where there is a large volume of streamflow
of which a considerable part is contributed by ground wa-
ter, can prevent extensive chemical variations. The third
factor probably is important in the area of the Columbia
basin upstream from Northport.

Changes in concentration between Northport and
The Dalles (as determined at Rufus, Oreg., about 20 miles
upstream from The Dalles) that occurred in water year 1954
are shown in columns 3 and 5 of table 6. The greatest in-
creases in concentration are in silica, sodium, and chloride.
The increased concentrations observed at The Dalles (table
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Table 6. Chemical composition and constituent annual yield of water and related data for the Columbia River at and near Northport, Wash.,
and The Dalles, Oreg., and the Snake River near its mouth, selected years 1910-68

[Concentration values are in milligrams per liter unless otherwise noted; annual yields in tons per square mile. Data from the Cascade Locks, Rufus, and The Dalles, Oreg., stations on the
Columbia River are considered equivalent as are data from Ice Harbor and Clarkston, Wash., stations on the Snake River. Sources: Concentration values in columns 1, 2, Van Winkle
(1914); columns 3-5, U.S. Geological Survey {(1959); columns 6-8, U.S. Geological Survey (1973). Yields are calculated from concentration values and discharge data. -—-, data not
available or not computed]

Columbia River Snake River Columbia River Snake River Columbia River
Northport, Cascade Locks, | Northport, Clarkston, Rufus, Northport, Ica Harbor, The Dalles,
) Wash. | Oreg. 1 Wash. Wash. Oreg. Wash. Wash. Oreg.
Constituent, i
dpﬂ:iope!;ya 1910-11 ! 1910 1954 1954 1954 1968 1968 1968
and relsted date Concen- ield | Concen- i | Concen- Concen- ' Concen- | Concen- i Concen- Concen-
tration Yisld | tration Vieks tration Yeeld tration Yield tration Yeld | tration Yinld tration Yield tration Viald
1 l z ! 3 4 5 ! 6 7 8
Silica (Si0;) 87 159 13 15 6.3 138 20 9.4 1 96 | 48 8.1 16 6.0 1 78
Calcium (Ca) 18 329 16 142 { 21 45.1 2 10.3 19 16.5 2 310 2 79 20 138
Magnesium (Mg) 47 8.6 42 37 | 50 108 79 37 49 43 44 74 76 28 51 35
Sodium(Na) 7 9 71 oy | '8 34| 18 84| B3 865 | 17 29 | 18 71 ] 63 43
Potassium (K) : ’ ’ ) } 8 17 23 11 21 1.8 o 12 25 .94 16 1.1
Alkehiihy as bicorbonate 3 1% 67 593 | 75 161 | 103 82 | 78 67 | ™ 124 | 106 396 [ 78 538
Sulfate (SQ:) 12 20 | 13 1ns ‘ 12 258 27 128 14 122 14 235 27 101 19 13.1
Chloride (Cl) 6 11 20 18 8 19 95 45 32 28 4 67 88 33 39 21
Flueride (F) --- - ‘ --- --- - =v= --- 2 2 - A --- --- ---
Nitrate (NO;) ] --- 1 A3 1 13 10 5 = e 11 --- o =mn
Dissolved solids 84 154 ‘, 89 787 | 8 183 159 744 103 89.5 88 148 160 59.8 102 703
Specific conductance, in micro- . =
siemens at 25 °C (property) === == === 182 =5z 247 L 167 cCE 149 252 .- 167 —-
rainage area, i “
0 ol b 59,700 BI000 | 59,700 103,200 237,000 59,700 108,500 237,000
|
- 3 o |
A“gg’,ﬂ;;,":g:g; B In.eubic 111,000 213000 | 130,400 49,060 209,100 102,000 21,210 166,000
Mitaghmasclion losw 92 , 187 , 109 769 22 8.8 6.50 165

' Sodium and petassium not determined separately; total is egiuvalent amount of sodium.
2 Average discharge was estimated by assuming that the ratio of the 1910 value to the long-term average discharge was the same for the river at Northport as it was at The Dalles.

6, col. 8) possibly are the result of the relatively large
silica and sodium concentrations in the Snake River as
determined at Clarkston, Wash. (table 6, col. 4), which
is the farthest downstream station on the Snake River.
Annual yields of the major constituents also are given
in table 6 for each of the sampling stations; however, the
yields at Northportin 191011 (table 6, col. 1) are based
on estimated discharge inasmuch as no measured-dis-
charge data are available for that year. The yields for the
Cascade Locks station (table 6, col. 2) are much lower
than those for the Northport station, which reflects the
fact that much of the tributary drainage area between the
stations is effectively noncontributing. Water-quality
data for the Columbia at The Dalles after the early 1970’s
are sparse for most years.

Trend lines for the annual maximum and mini-
mum sulfate concentrations observed at Northport rep-

30

LIRS TR SN Y L BN UL LN (NN LR

N
3]

LAELIELAN R S e

« Maximum .

20 » Minimum

15

\
\
]
TS BT W

N

{1} TN TR TN N TN SNY (NN O T SN VIR GRS QUM SN RN T
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
WATER YEAR

DISSOLVED-SULFATE CONCENTRATION,
IN MILLIGRAMS PER LITER

Figure 22. Annual maximum and minimum dissolved-
sulfate concentrations of the Columbia River at
Northport, Wash., 1910-85. (Source: U.S. Geological Survey
records of water-quality data.)

resent the optimum least-squares fit of all the values from
1910 to 1970 to astraight line (fig. 22). The significance
of the apparent upward trend in sulfate concentration is
uncertain because of the long gap in records between
1910 and 1952. If the trend lines are calculated for the
1952-70 values only, ignoring the 1910 values, and then
are extrapolated linearly to 1910, they intersect the 1910
coordinate at 9.2 mg/L for the minimum sulfate con-
centration and 16 mg/L for the maximum. These values
are close enough to the recorded 1910 values of 6.7 and
15 for the minimum and maximum sulfate concentra-
tions to lend support for the reality of the trend. Although
not shown here, the annual minimum and maximum
sulfate concentrations for the Columbia River at The
Dalles do not show well-defined trends, and a possible
explanation is given in the section “Comparison of
Results.”
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Figure 23. Annual sulfate yield of the Columbia River at
Northport, Wash., 1910-81. (Source: Calculated from U.S.
Geological Survey waterresources records.)



The historical increases in sulfate concentration
shown in figure 22 are much smaller in an absolute as
well as in a relative sense than the increases observed in
the St. Lawrence from 1906 to the 1970’s. The average
sulfate concentration in the St. Lawrence increased from
12 to 28 mg/L between 1906 and 1969 (table 3), an in-
crease of more than 130 percent. For the Columbia at
Northport, the increase in average sulfate concentration
was from 12 mg/L in 1910 to 14 mg/L in 1968 (table 6),
an increase of about 17 percent.

In contrast to the apparent upward trend for the
annual minimum and maximum sulfate concentrations
(fig.22), it is evident that the annual sulfate yields (fig.
23) for the drainage basin of the Columbia River at
Northport do not show any clearly defined trend. How-
ever, the sulfate yields have fluctuated between about
18 and about 26 tons/mi? for the years of record up to
1981, and this fluctuation could be interpreted as repre-
senting a rather poorly defined decreasing trend from
1960 tothe 1980’s. At The Dalles, the sulfate yields are
only about half as great, and possible explanations are
given in the section “Comparison of Results.”

ALLEGHENY RIVER NEAR PITTSBURGH,
PENNSYLVANIA

The Allegheny River drains an area of about
11,500 mi? in southwestern New York and western
Pennsylvania, and the long-term average discharge is
19,680 ft*/s (fig. 18). AtPittsburgh, the Allegheny joins
the Monongahela River to form the Ohio River. Four
stations (fig. 24) are used in this discussion to show con-
stituent changes over time. In downstream order these
are Kittanning, which is on the Allegheny about 40 miles
upstream from Pittsburgh and about 12 miles upstream
from the confluence of the Allegheny and the
Kiskiminetas River; Vandergrift on the Kiskiminetas
about 12 miles upstream from its confluence with the
Allegheny, which is about 28 miles above the
confluence of the Allegheny and the Monongahela; and

National Water Summary 1990-91—Stream Water Quality: HYDROLOGY

New Kensington and Sharpsburg, data from which are
equivalent, downstream from the confluence of the
Kiskiminetas with the Allegheny.

In the Allegheny drainage basin, the bedrock is
sandstone, shale, and limestone and contains extensive
deposits of bituminous coal (McCarren, 1967). Exploi-
tation of petroleum and natural gas has produced some
stream contamination through release of saline ground
water associated with the petroleum. For about 70 miles
upstream from Pittsburgh, the Allegheny receives
drainage from many active and abandoned coal mines
that has been affected by oxidation products of pyrite and
related sulfide minerals that accompany the coal. This
drainage is a solution of sulfuric acid and commonly
carries high concentrations of iron and other cations. The
Allegheny provides a part of the water for the city of
Pittsburgh, and the deterioration of water quality in the
river has been a matter of considerable concern for many
years.

The station at Kittanning, Pa., has the only ana-
Iytical data for the Allegheny River recorded during the
early 1900’s (Dole, 1909). As shown in table 7 (col. 1),
the time-weighted average sulfate concentration for
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1906-7 was 17 mg/L.. In contrast, McCarren (1967, a
study of water-quality records of the Allegheny and its
tributaries up to about 1965) reported that the average
sulfate concentration for water year 1962 was 48 mg/L.
Although this is a substantial increase, even larger sul-
fate and hydrogen-ion contributions to the river are re-
ceived farther downstream. Among other aspects of the
water-quality problems in the lower part of the Allegh-
eny basin, McCarren noted the large inflow of acid mine
drainage carried by the Kiskiminetas River. He men-
tioned that a plan for improvement of the water quality
in the lower Allegheny River was being implemented.
In general, the flood-control and multipurpose reservoirs
that had been constructed, or were planned for construc-
tion in the Allegheny basin, were to be operated in such
a way as to increase water-discharge rates in the lower
Allegheny at times of natural low flow. By providing
dilution water for such times, the effect of acid mine
drainage from streams such as the Kiskiminetas River
would be eased. At the same time, efforts to clean up
abandoned mines and waste-disposal sites, and decreas-
ing contamination from other sources, would continue.

Some effects of flow-management and other
contamination-abatement measures on water compo-
sition in the Kiskiminetas River are indicated by data
in table 8. The composite sample for November 11—
20, 1947 (1able 8. col. 1) represents an average dis-
charge about three-fifths as great as that for the 1976
sample (table 8, col. 2), The smaller sulfate concen-
tration in the 1976 sample was mainly the result of di-
lution, as the daily sulfate loads were about the same.
However, the pH values show a hundredfold decrease
in acidity in the 1976 sample. This demonstrates the

Table 7. Chemical composition of water and related data for
the Allegheny River at and downstream from Kittanning,
Pa., selected years 1906-89

[Concentration values are in milligrams per liter unless otherwise noted. Data from
the New Kensington and Sharpsburg stations are considered equivalent.
Sources: Column 1, Dole {1809); column 2, U.S. Geological Survey (1963);
column 3, U.S. Geological Survey (1976); column 4, U.S. Geological Survey
(1991¢). ---, data not available]

Allegheny River, Pa., at or near—

Constituent, property, Kittanning | Sharpsburg New Kensington
and related data '1906-7 4947 *1975 “1989
1 2 k] ) 4

Silica (8i03 79 .- 41 35
Calcium (Ca} 14 - 33 38
Magnesium (Mg} 30 - 7.3 10
Sodium (Na} 4 --- 14 23
Potassium (K} .- 26 23
Mgmystetorse | |0 | a w
Sulfate {SO,} 17 193-200 110 110
Chloride {CI} 14 46-49 14 24
Fluoride (F} --- --- 4 2
Nitrate (NO3) N 41-54 22 22
Dissolved solids 87 --- 224 232
Sheetc condystanee, o woez |
pH units {property} - 4.0-4.2 6.7 75
D’:A’:J‘ﬁg area, in 8473 1,410 (11500 11,500
Average discharge, in cubic I 3700 3740 3580

feet per second . ’ i

! Time-weighted average.

2 Range of values for 4 cross-section samples on Nov. 10, 1847

3Single sample collected on Aug. 25, 1975 (col. 3) and Sept. 5, 1989 (col. 4).

4 Sodiurn and potassium not determined separately; totat is equivalent amount of sodium.

Table 8. Chemical composition of water and
related data for the Kiskiminetas River at
Vandergrift, Pa., at times of low flow, 1947
and 1976

[Concentration values are in milligrams per liter unless oth-
erwise noted. Sources: Column 1, U.S. Geological
Survey (1953); column 2, U.S. Geological Survey (1877).
---, data not avaitable]

Kiskiminetas River at
Vandergrift, Pa.
Constituent, property, —
and related data '1947 1978
1 2
Silica (Si0z - .-
Calcium (Ca) --- 43
Magneswm (Mg} .- 16
Sodiumn (Na} ---
Potassium {K} s ---
Alkalinity, as bicarbanate 0 0
(HCOs} {property}
Sulfate {SO;} 360(1,027)  225(%1,086}
Chloride {CI} 12 t 21
Fluoride (F} n 2
Nitrate {(NO3) - -
Dissolved selids --- 325
Specific conductance, in micro-
siemens at 25 °C (property} el ) 0
pH units (property} 32 5.2
Drainage area, in 1825 1825
sgquare miles - -
Average discharge, in cubic 1,058 1,790
feet per second

1 Composite sample, Nov. 11-20, 1947.
2 Single sample, Jan. 22, 1976.
3 Sulfate load, in tons per day.

fact that the diluting water contained bicarbonate al-
kalinity that reacted to neutralize the acid, and the ef-
fect is not simply a matter of dilution.

In addition to the 19067 data mentioned above,
table 7 gives analyses for three samples from the Allegh-
eny below the Kiskiminetas—one from Sharpsburg
(November 10, 1947, col. 2) and two from New
Kensington (August 25, 1975, col. 3; September 5, 1989,
col. 4). Water discharge rates were about the same for
all three samples. However, the proportion of flow
coming from the Kiskiminetas probably was greater at
the time of the 1947 sampling than it was for the later
sampling dates because flow control became more ex-
tensive after 1950 (McCarren, 1967, p. 66). The water-
quality records for New Kensington indicate, in general,
an upward trend in alkalinity.

Figure 25 shows the dissolved-sulfaie concentra-
tion and pH of samples collected from the Allegheny
River below the Kiskiminetas at low-flow stages during
the period of record for water years 1948-89. The val-
ues represent single samples that were collected about
once a month, and the sample used for each year was the
one having the lowest reported stream discharge. No
special effort seems to have been made to collect samples
at minimum flow stages. However, for nearly all the
years of record, a reasonably representative sample was
obtained for low-flow conditions. In the 1948-52 period,
the stream discharges for samples represented in figure
25 ranged from 1,580 ft3/s in 1948 to 2,500 ft*/s in 1949.
After 1965, the discharges for most of the plotted data
values were considerably higher, although in 1967 the
flow was 2,960 ft*/s and in 1982 was 2,920 ft*/s. The pH
values measured in monthly samples from New
Kensington before 1970 were as high as 6.2 but only
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Figure 25. Dissolved-sulfate concentration and pH of
the Allegheny River at New Kensington, Pa., 1948-89.
Annual values shown were measured in samples collected
at the lowest discharge rate for each water year. (Source:
U.S. Geological Survey records of water-quality data.)

when stream discharges exceeded 5,000 ft*/s. In the
1980’s, the pH of the water was above 6.5 at all sampling
times, although discharges reported at those times were
as low as 2,920 ft¥/s.

The improvement in water quality in the Allegh-
eny River at low flow during the time period covered by
figure 25 is rather dramatic. Data in table 7 indicate a
nearly 50-percent decrease in sulfate concentration at
low flow in the 1975 and 1989 data compared to the 1947
data. The fact that discharge rates were about the same
for all three sampling dates means that the actual sulfate
loads at low flow in 1975 and 1989 were only about half
that observed in 1947.

Lower MississiPPl RIVER, LOUISIANA

The Mississippi River is the largest North Ameri-
can river in terms of both drainage area and discharge,
and the possible existence of long-term historical trends
in the chemical composition of the river is of great in-
terest. The water composition of the lower Mississippi
near its mouth reflects the effects of human activities in
the entire Mississippi drainage basin, and data collected
since 1954 at the St. Francisville, La., water-quality sam-
pling station (figs.18, 26), along with data collected in
1905-6 near New Orleans, La., are used in this discus-
sion. The contributing drainage area of the river near St.
Francisville is about 1,125,300 mi? and the average dis-
charge, which was determined from the nearest upstream
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gaging stations (Tarbert Landing, Miss., and Red River
Landing, La.; fig. 26), is 514,000 ft*/s for the years 1973—
82 (U.S. Geological Survey, 1984).

The earliest water-quality records for the Missis-
sippi near its mouth (Dole, 1909) are for the New Or-
leans public-water utility intake for the period April 29,
1905, to April 28, 1906; a shortcoming of the New Or-
leans record is a lack of discharge data (table 9, col. 1).
Detailed chemical-quality sampling on the lower Mis-
sissippi was not undertaken by the UsGS until 1954. The
sampling station, which later became a part of the
NASQAN sampling network, was located at a highway
ferry crossing 2 miles southwest of St. Francisville, about
35 miles upstream from Baton Rouge and more than 160
miles upstream from the New Orleans sampling station.
Beginning in 1957, these records were supplemented by
a daily sampling program at the Luling-to-Destrehan
ferry crossing, 17 miles west of and upstream from New
Orleans. However, the difference in drainage area be-
tween the St. Francisville station and the Luling-to-
Destrehan ferry crossing is considered to be insignifi-
cant, and, therefore, except for possible effects of
industrial activity and waste disposal at and near Baton
Rouge, the records for New Orleans and the Luling-to-
Destrehan ferry crossing should be essentially the same
as those for St. Francisville. Where data were obtained
at the two stations simultaneously, the sulfate and chlo-
ride concentrations at the downstream stations generally
were slightly higher than those at St. Francisville, but the
differences are mainly within analytical uncertainty. Be-
cause the data from the St. Francisville station are more
complete, they are used here as the basis for investigat-
ing historical changes in water composition.

As with all delta formation, the discharge chan-
nels of the Mississippi River delta continually migrate.
As sediment builds up in one channel, it eventually
forces the river to abandon that route and find another.
An example of the process can be seen in the develop-
ment of the Atchafalaya River. This stream probably was
first formed by ancient floods near the confluence of the
Red and Mississippi Rivers, and by the 19th century dis-
charge from the Mississippi River through the Old River
into the Atchafalaya River, later aided by navigation
channel-clearing improvements and flood-control activi-
ties had become significant (Shlemon, 1972). To pre-
vent the abandonment of the main Mississippi channel
through New Orleans, which had been predicted as a
possibility by 1975 (Wells, 1980, p. 6), the U.S. Army
Corps of Engineers designed and, by 1963, had installed
the Old River Control Structure (fig. 26). Since July
1963, the Old River Control Structure has been operated
to divert variable amounts of flow from the Mississippi
into the Atchafalaya. The amount of this diversion is
required to be at least 30 percent of the total flow of the
Atchafalaya, which also carries the entire discharge of
the Red River from a drainage area of 87,570 mi* (U.S.
Geological Survey, 1981). As a result of the diversion
by the control structure, the average flow of the Missis-
sippi at Tarbert Landing is decreased by about 20 per-
cent compared to the discharge upstream from the diver-
sion point (Wells, 1980). This would not be expected to
influence significantly the dissolved-sulfate or chloride
concentrations in the river near St. Francisville, but it
does influence calculation of yields of dissolved constitu-
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Figure 26. Sampling stations on the lower Mississippi River, La., from which data were obtained
for determining selected long-term water-quality trends.

ents because the effective drainage area upstream from
Tarbert Landing cannot be exactly determined due to the
variable amounts of flow routed down the Atchafalya
River.

Many other factors complicate the interpretation
of changes that have taken place in water composition
above New Orleans since 1906. In addition to many cul-
tural changes, agricultural and industrial development
changes, dams and reservoirs, channel controls, the ef-
fects of variable rainfall and runoff in the basin upstream,
and the possible effects of the Atchafalaya diversion,
there have been various changes in sampling protocol
over the years of record. A once-daily sampling sched-
ule prevailed in New Orleans in 1905-6, but each com-
posite covered only 1 week. In the years from 1955 to
1968, daily sampling continued but generally with a stan-
dard 10-day equal-volume composite period. Some
composites, however, contained a month of daily
samples if day-to-day variation was small. Beginning in
1969, the practice of compositing daily samples to pro-
vide a sufficient volume of water for chemical analysis
was discontinued, and complete analyses were subse-
quently made on single larger samples collected during
flow measurements in a cross section according to
NASQAN procedures to ensure reliable representations of
conditions. The sampling frequency generally was about
once a month, but in some years it was two or three times

amonth, and in a few years it was less than once a month.

For most years, daily average values of specific
conductance and temperature were taken from on-site
recorded data, and for some years other properties or
constituents, including sulfate and chloride, were mea-
sured daily. The number of determinations of sulfate
available per year ranged from 365 to as few as 6. The
approximation of historical sulfate concentration in the
Mississippi River made by Hem and others (1990) was
based on selecting from each water-year’s data the
complete analysis that showed the lowest total con-
stituent concentration (as indicated by total dissolved
solids or specific conductance) and using the sulfate
concentration in that analysis to represent that year.
When plotted against time, these values yielded what
appeared to be a consistent upward trend over the pe-
riod 1906—80. For each of the years of record (1905-89),
the average, minimum, and maximum sulfate values
were plotted (fig. 27). Trials of various curve-fitting
procedures appeared to give the most reasonable results
when a straight-line least-squares fit was applied to the
data up through 1967. Although the degree of correla-
tion is not extremely high, it is better than the one re-
ported by Hem and others (1990) that included values
from 1968 to 1981. For at least the daily samples and
10-day composites, sulfate seems to show a consistent
upward trend with time. Subsequent to about 1970, the



National Water Summary 1990-91—Stream Water Quality: HYDROLOGY

Table 9. Chemical composition of water and related data for the Mississippi River at New Orleans, La., 1905-6,
and near St. Francisville, La., water years 1966 and 1989

[Concentration values are in milligrams per liter unless otherwise noted. Sources: Column 1, Dole (1909); column 2, U.S. Geological Survey (1971);

column 3, U.S. Geological Survey (1990). ---, data not available]

New Orleans Water Works Intake Mississippi River near St. Francisville
Constituent, 19056 *Water year 1966 "Water year 1989
WY Lol “uly 30-Aug. 5, *Feb.4-10, | Annual |*Dec.1-10, |°Feb.12-20, | Annual | ®Nov.14, | °Mar.14, | Annual
1305 ' 1906 average 1965 1966 average 1988 | 1983 | average
[ 1 ] 2| I
Silica (Si0;) 13 18 11 18 84 76 a1 | 54 50
Calcium (Cal 33 B | @ | 43 ap u | 3
Magnesium (Mg) 85 68 84 n 93 13 19 66 1 i
Sodium (Na)_ B - w91 ‘ 078 ; wi3 28 ‘ A o 3 | - | 2
Potassium (K] L 4 | 20 3l 41 T
ARSS Bropary ™ 116 ] " B 16 s 162 7| s
Sulfate (SO,) " | vy u ngy | 3g 59 76 %29 44
Chloride (CI) 10 63 | 97 % 2 2 27 92 | 19
Fluoride (F) e S— F - 4 | 2 3 s o | 2
Nitrate (NO,) 27 25 | 28 18 | 386 17 26 a2 | 39
Dissolved solids 195 10| 168 30 | 20 250 --- --- | 200
13 i 1 | H |
e it || -- s 33 03 507 228 [ 349
pH units (property) aa- f e - 16 | 18 74 11 | 15 16
D':!']fl'jgﬁg A In 1,243,700 1,125,300 1,125,300
Aumme Ciophougy, aeubic R | <= |nz2a000 | "c01000 | "37000 | 15000 |*1120.000 | 560,000

¥ Analyses of weekly composites of daily samples, April 29, 1905-April 28, 1906.

2 Composite sample having the maximum dissolved-sulfate concentration during the 18056 penod.
3 Composite sample having the minimum dissolved-sulfate concentration during the 1905-6 period.

4 Analyses of 10-day composites of daily samples, water year 1966.

5 Composite sample having the maximum dissolved-sulfate concentration during water year 1966.
8 Composite sample having the minimum dissolved-sulfate concentration during water year 1966

7 Analyses of single monthly samples, water year 1989

& Monthly daily sample having the maximum dissalved-sulfate concentration during water year 1989.
¢ Monthly daily sample having the minimum dissolved-sulfate concentration during water year 1989.

10 Total sodium plus potassium as equivalent amount of sodium.
" Maximum dissolved sulfate for that year.

2 Minimum dissolved sulfate for that year.

13 Discharge at Tarbert Landing, Miss., for sampling dates.

values do not show a clear trend, and the linear least-
squares calculation yields a nearly level straight line for
all three sets of data.

Some evidence of the composition of the Missis-
sippi River water at New Orleans during the long gap
between 1906 and 1955 can be obtained from reports by
Collins and others (1934) and Lohr and Love (1954) on
quality of public water supplies in the United States. The
data given by Lohr and Love are for the chemical qual-
ity of the Mississippi River at the New Orleans water-
supply intake and include maximum, minimum, and
average total hardness values for the year 1950. A rather
well-defined linear relation between sulfate concentra-
tions and hardness can be developed from the analyti-
cal data for St. Francisville in the 1950’s over the range
in total hardness from 80 to 125 mg/L. If applied to the
minimum and average hardness values reported by Lohr
and Love (1954) for the untreated water at New Orleans
during 1950, calculated sulfate concentrations for 1950
are 30 mg/L for the minimum hardness and 44 mg/L for
the average hardness. These values are very close to the
trend lines in figure 27. The sulfate concentration given
by Collins and others (1934) for the 1931 sample fur-
nished by the New Orleans Water Utility is 42 mg/L. It
is not clear, however, whether this is an average value
for the entire year, and it lies somewhat above the aver-
age line in figure 27.

The most likely cause of the upward sulfate con-
centration trend from 1906 to 1967 in the Mississippi
River would seem to be the contamination of the river

and its tributaries by human activities, paralleling, as it
does, the upward trend in sulfate in the St. Lawrence
River and the lower Great Lakes during the same period.
However, factors other than simple waste-disposal prac-
tices might be responsible. For example, the records for
the Allegheny River above Pittsburgh demonstrate ef-
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Figure 27. Annual maximum, average, and minimum
dissolved-sulfate concentration of the Mississippi River
at New Orleans, La., 1905-6, and near St. Francisville, La.,
1955-89. (Sources: Refined from Hem and others (1890); data from
Dole (1909) and other U.S. Geological Survey data compilations.)
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fects of human activities that modified flow patterns by
releasing, during periods of low flow, water stored in
reservoirs during high-flow stages in order to dilute what
would normally have been a low flow having a high
sulfate concentration. Some of the sulfate behavior in the
Mississippi could possibly be ascribed to the holding
back of dilute flood water in storage facilities upstream
and releasing them at later times. The general effect of
storage on water quality at downstream points is to de-
crease the variability of constituent concentrations.

Annual maximum, average, and minimum con-
centrations of sulfate in the Mississippi all increased until
1980; therefore, the changes are probably not simply
related to flow control. The apparent disappearance of
the increasing trend during the 1980’s could also be ex-
plained as a long-term climatic effect, as some years in
the 1980’s did have high rainfall and runoffrates. How-
ever, there also were years of very low runoff in that
decade. Sulfate in the St. Lawrence also showed an
apparent leveling off of the increasing trend at about the
same time.

It also should be noted that beginning in 1968
there were changes in sampling protocol. The practice
of compositing samples taken on different dates was
disconiinued, and most of the subsequent data represent
single samples collected at monthly intervals, although
in some years sampling was more frequent. In 1970 and
again from 1975 through 1978, sulfate was determined
on adaily basis. These differences inject uncertainty into
statistical interpretations.

The records for the Mississippi near St.
Francisville also show a substantial increase in chloride
concentration since 1906. For the April 15-21, 1906,
New Orleans sample, which is not shown in table 9, the
minimum chloride concentration was 4.8 mg/L. Be-
tween 1955 and 1975, the annual minimums observed
near St. Francisville generally were between 11 and 15
mg/L, but no well-defined trend was discernible. From
1975 to 1989 annual minimums ranged from 9.0 mg/L
in 1979 to 17 mg/L in 1986 and 1987. The maximum
chloride concentration for 1906 at New Orleans was 17
mg/L. Records for St. Francisville in the 1955-75 pe-
riod show that annual maximum chloride concentrations
generally were nearly double the 1906 New Orleans
maximum. From 1975 to 1989, only 1 year (1986) had
amaximum chloride concentration as high as 28 mg/L..
In general, the records cited here imply a general upward
trend in chloride concentration in the Mississippi River
near St. Francisville and at New Orleans from 1906 to
about 1975, but most of the change was in place by the
mid-1950’s. More complete data consisting of daily
chloride determinations are available for the St.
Francisville sampling station for the period 197489, in
contrast to the monthly samples or 10-day composites
analyzed in previous years.

Table 9 gives an indication of the over-all change
in composition of the water of the lower Mississippi
during the 60 years following the 1905-6 record pub-
lished by Dole (1909). As noted in the discussion of
figure 27, the slopes of the fitted straight-line trends
appear to change at or shortly after 1967. Interestingly,
the average discharge for the minimum dissolved-sul-
fate concentration in water year 1989 was nearly eight
times as great as the discharge for the maximum dis-
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solved-sulfate concentration sample in that year. Also,
the average discharge for water year 1989 was near the
long-term average for the station (fig. 18).

In general, the historical data for the Mississippi
near St.Francisville show that minimum values for sul-
fate and chloride concentrations occur during high-flow
periods and maximum values occur at low flow, but the
relation of discharge and concentration is poorly defined.
In summary, a very large amount of data that suggests
water-quality changes have occurred in the lower Mis-
sissippi is available. However, interpretation of these
data in order to closely define the causes of the trends is
still rather uncertain.

COMPARISON OF RESULTS

The sensitivity of a drainage system to human-
induced water-quality degradation is a function of nu-
merous physical properties of the system relating to cli-
mate, bedrock geology, and rate of water circulation or
residence time. The interaction of these factors from the
time water reaches the land surface as precipitation un-
til it flows as runoff into a drainage channel leaves a
characteristic imprint on the amount and chemistry of
the stream water. The runoff per square mile, on a long-
term average basis, is an important factor affecting wa-
ter composition.

The three most abundant anions in most stream
water are bicarbonate, sulfate, and chloride. All of these
constituents influence geochemical and biochemical
processes that occur during the passage of water from
the precipitation stage to the point of discharge as stream
flow at a drainage-basin outlet. Sulfur appears to be par-
ticularly sensitive to various kinds of human activities,
and the tendency for it to be circulated into the atmo-
sphere in both oxidized and reduced forms lends mo-
bility to sulfate in the stream-water part of the hydro-
logic cycle.

The St. Lawrence River at the outlet of the Great
Lakes system shows a well-defined upward trend in
sulfate concentrations between 1906—7 and 1980 (table
3). The trend is less masked by seasonal or short-term
variability than for most other streams in the contermi-
nous United States because of the large volume of wa-
ter stored in the lakes and the effectiveness of seasonal
mixing that occurs in all of them. Also, the sedimentary
rocks and the glacial drift derived from them that under-
lie the four lowermost lake basins provide carbonate to
neutralize acid precipitation, and ample precipitation
sustains a large outflow.

The hypothesis that the doubling of the sulfate
concentration in the St. Lawrence River near the outlet
of Lake Ontario since 1906—7 was caused primarily by
increased atmospheric sulfur contributions to the Great
Lakes drainage basin appears to be reasonable. Table 4
shows that changes in cation and anion concentrations
between 1906-7 and 1977 fit the assumption that the
hydrogen ion contributed by precipitation is being neu-
tralized by reactions between the hydrogen ion and
solid-rock minerals as well as with dissolved alkalinity
in the Great Lakes. The increase in annual sulfate yield
between 1906 and the average value for the 1969-80
period is about 14.3 % 1.5 tons/mi? (table 5). Although
some of the sulfate yield in 1906 could have been



caused by atmospheric sulfur, the concentrations of sul-
fate in Lake Ontario that were determined at that time (12
mg/L) were thought by Weiler (1981) to represent the
natural condition extending back into the 19th century.

Calculated sulfate yields for the St. Lawrence at
Cornwall (fig. 20) and dissolved-sulfate data in table 3
indicate that the drainage system ultimately will reach
a steady-state sulfate concentration at the outlet if the
sulfate loading stabilizes. However, a considerable lag
period would seem likely before the drainage basin
response becomes stable. It appears from the sulfate-
yield data that the Great Lakes—St. Lawrence basin
has reached a relatively steady condition, having a
human-induced annual sulfate loading in the vicinity
of 14 tons/mi’ added to natural loading of about 10
tons/mi2. These figures agree with other estimates of at-
mospheric pollution-related sulfate deposition in the
Northeast, such as the range of 8.2 to 16 tons/mi? quoted
above (U.S. Environmental Protection Agency, 1984)
and the conclusion by Peters (1984) that about 60 per-
cent of the sulfate yield of streams in the United States
was from atmospheric sources.

The average annual discharge for the Columbia
River at The Dalles, Oreg. (fig. 18), is about the same
as that of the St. Lawrence River at Cornwall, Ontario,
Canada, but many of the other physical, hydrologic, and
geochemical characteristics of the two systems are very
different. A large part of the Columbia drainage in
eastern Washington and Oregon and in adjacent areas of
Idaho has a semiarid climate and contributes little direct
runoff to the Columbia. Although the Columbia and its
tributaries have some large natural lakes and many res-
ervoirs created by dams, the area of water surface in the
Columbia River basin is not nearly as large as the area
of the Great Lakes.

The bedrock in much of the Columbia drainage
basin that is in the United States is of volcanic origin,
mostly basaltic lava flows. Those lava flows in the Snake
River drainage are capable of transmitting ground wa-
ter, both vertically and laterally, at a relatively rapid rate.
This could be a significant factor in the stream water
quality of the lower part of the Columbia River drain-
age, especially with respect to the hydrogeochemistry of
water from the Snake River.

The average concentration of sulfate in the Co-
lumbia River at Northport, Wash., in 1910 was 12 mg/L.
In all subsequent years for which enough measurements
were made to permit calculation of a meaningful average
(requires at least one sample per month for this sampling
point), the annual average sulfate concentration ranged
from a low of 11 mg/L to a high of 14 mg/L, and the
sulfate concentration was inversely related to discharge.
As a consequence, a fairly constant annual yield of sul-
fate in tons per square mile was observed over the entire
period of record (fig. 23). Although discharge was not
measured at Northport in 1910, a reasonable estimate of
the average flow for that year can be computed by assum-
ing that the ratio of the 1910 discharge value to the long-
term average was the same for the Northport station as
it was for the station at The Dalles. The estimated av-
erage discharge obtained by this calculation is 111,000
ft*/s, and the estimated sulfate yield is 22 tons/miZ. This
yield is similar to the values of 25.8 and 23.5 tons/mi?
calculated for water years 1954 and 1968 (table 6).
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Changes in human contributions to the sulfate yield at
Northport during the period of record apparently are a
minor part of the total.

A substantial part of the discharge of the Colum-
bia at Northport is contributed by the two major tribu-
taries that drain areas of western Montana and northern
Idaho—the Clark Fork-Pend Oreille and the Kootenai.
The Kootenai River also drains a substantial area in
southeastern British Columbia. Both streams join the
Columbia a short distance north of the U.S.—Canada
boundary. Although historical water-quality records for
both streams are rather limited, they do provide a basis
for estimating sulfate yields.

A daily sampling record for the Kootenai River
at Porthill, Idaho, for water year 1950 (U.S. Geological
Survey, 1954) gave a calculated annual sulfate yield of
17.7 tons/mi% A calculation for the Pend Oreille at
Metaline Falls, Wash., based on daily sampling during
the same water year (U.S. Geological Survey, 1954) gave
a sulfate yield of 14.2 tons/mi2. The average water dis-
charge for these two tributaries in 1950 was 60,900 ft¥/s,
which is more than one-half of the 1950 average discharge
of the Columbia at Northport, Wash. (111,000 ft*/s).
Water-quality records were not obtained at that station
in 1950. However, the sulfate yield in water year 1952
was 21.8 tons/mi? (U.S. Geological Survey, 1957) and,
as shown in figure 23, generally has ranged from about
22 to about 25 tons/mi?. In order for annual sulfate yields
to be this high at Northport, the annual sulfate yield for
the Columbia basin upstream from the Kootenai and
Pend Oreille sampling stations must be substantially
greater than 30 tons/mi?. Using the 1950 and 1952 data
quoted above, the calculated annual sulfate yield for the
20,800 mi? of the Columbia basin that is upstream from
the two tributaries is 33.8 tons/mi®. Records for 1980
89 are incomplete, but generally they support this esti-
mate.

Mineral and thermal springs are among possible
sources of sulfate in the Canadian part of the Columbia
drainage basin. As noted by Van Everdingen (1972),
some of the springs in this region yield water having a
large enough sulfate concentration to approach satura-
tion with respect to gypsum. Extensive exposures of
sedimentary rock in the southern Rocky Mountains of
Canada, described by Norford (1969), could also yield
sulfate to weathering solutions.

Measurements of sulfate concentrations at four
sampling stations on the Columbia River (P.H.
Whitfield, Environment Canada, written commun.,
August 1991) from 1985 to 1991 provide some addi-
tional insights into sulfate sources. The data for a sta-
tion that is upstream from natural lakes and artificial
storage reservoirs show that annual minimum sulfate
concentrations near 10 mg/L are reached in most years
during June or July, when flow is augmented by melt-
ing snow. During the fall and winter seasons, sulfate
concentrations commonly are in the range of 25 to 40
mg/L, and a maximum concentration of 53.5 mg/L was
reported on February 11, 1986.

These sulfate concentrations are substantially
more variable and reach higher values than any at down-
stream stations on the Columbia. The highest sulfate
concentration observed at The Dalles in the 1951-74 pe-
riod was 34 mg/L, which occurred in 1972. The higher



maximums observed at the Canadian site suggest that the
high sulfate yield could come from ground-water inflows
and dissolution of sedimentary-rock minerals in the
upper part of the Columbia drainage basin.

In general, the human-induced effects on the
composition of flow in the Columbia at Northport
probably are relatively minor and are mostly masked by
the large amount of runoff available and by the effects
of storage and mixing in lakes and reservoirs. To a
somewhat lesser degree, the same is true of the flow at
The Dalles. At that site, the human effects are more
significant, but they are far less evident than those in the
lower part of the Great Lakes—St. Lawrence basin.

The average runoff of the Allegheny River basin
above New Kensington is 1.72 ft*/s/mi?, which is nearly
the same as the water yield of the Columbia basin above
Northport. However, the average discharge of the Al-
legheny is only about 19 percent of that of the Colum-
bia at Northport. Hence, one could predict the higher
sensitivity to point sources of contamination in the Al-
legheny that is demonstrated by the data for various sam-
pling stations in the Allegheny basin. The average of the
data published by Dole (1909) for the Allegheny shows
a relatively pristine condition in 1906-7 at the
Kittanning, Pa., sampling station (table 7). Minimum
and maximum sulfate concentrations reported by Dole
for the year were 10 mg/L and 35 mg/L, respectively.
McCarren’s (1967) analytical data for that station for
1961-62 show a range of sulfate concentrations from a
minimum of 32 mg/L to a maximum of 67 mg/L. These
data are substantial evidence of sulfate contamination at
Kittanning, and the contamination can be attributed to
atmospheric fallout. McCarren (1967) indicated that
most of the coal-mining activity was downstream from
the Kittanning station.

Major sources of mine-drainage and industrial-
waste contamination of the Allegheny River immedi-
ately upstream from Pittsburgh are located on the
Kiskiminetas River. As shown in table 8, during the
period November 11-20, 1947, the sulfate load in the
Kiskiminetas was 1,027 tons/day at an average discharge
of 1,058 ft*/s. On January 22, 1976, at an average dis-
charge of 1,790 ft*/s, the sulfate load was 1,086 tons/day.
The similarity of sulfate loads for these two sampling
periods contrasts with the decrease in sulfate concentra-
tion from 360 mg/L in 1947 to 225 mg/L in 1976. This
decrease in concentration can be attributed to dilution
brought about by release of water from upstream stor-
age reservoirs. The hundredfold decrease in hydrogen-
ion activity indicated by the concurrent increase in pH
in the 1976 sample indicates the diluting water had a
substantial acid-neutralization capacity.

An indication of the relative contamination sensi-
tivity of the Allegheny compared to the Columbia can be
gained by considering daily sulfate loads. The Columbia
at Northport in 1968 (table 6, col. 6) had an average sul-
fate concentration of 14 mg/L and an average discharge
of 102,000 ft*/s, which represents an average daily sul-
fate load of 3,850 tons. If the 1,027 tons/day sulfate load
equal to that of the Kiskiminetas was added to the
Northport sulfate load at a discharge of 1,058 ft*/s, the
average sulfate concentration at Northport would in-
crease to 18 mg/L. The complete analytical data for 1968
for this station (U.S. Geological Survey, 1973) show a
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minimum average discharge of 40,500 ft*/s for the com-
posite sample representing January 1-20 and a sulfate
concentration of 19 mg/L. Here, the addition of 1,058 ft*/s
of discharge carrying 1,027 tons/ day of sulfate would
have given a final sulfate concentration of 28 mg/L.
Although the effect on sulfate concentration at low flow
would be significant, the effect at the annual average
discharge rate is only a little greater than the analytical
uncertainty in the sulfate determinations.

A much more obvious effect of discharge on sul-
fate concentration can be seen for the Allegheny River.
From tables 7 and 8 it can be calculated that the sulfate
concentration in the Allegheny upstream from the
Kiskiminetas at low flow in November 1947 would have
been about 136 mg/L. As the data in column 2 of table
7 show, the sulfate concentration was about 200 mg/L
after receiving discharge from the Kiskiminetas. Ata
near-average discharge of 19,640 ft*/s and a typical sul-
fate concentration of 40 mg/L in the Allegheny upstream
from the Kiskiminetas, the effect of the inflow at the rate
of 1,058 ft*/s and a sulfate concentration of 360 mg/L
would be to increase the sulfate concentration of the
Allegheny below the river confluence to 57 mg/L.

Additional data in table 7 (cols. 2, 3, 4) show that
for similar flow stages in the Allegheny below the
Kiskiminetas, there was indeed a substantial improve-
ment in water quality between November 1947 and Sep-
tember 1989. The sulfate concentration decreased by
about one-half and pH increased from near 4.0 to 7.5.
Data in figure 25 indicate that most of the decrease in
sulfate and increase in pH at low flow had taken place
by 1975. Flow augmentation by timed reservoir releases
and related remedial measures have had an obvious ben-
eficial effect on the quality of the Allegheny at New
Kensington.

In the lower Mississippi River, data on concen-
trations of sulfate and changes between 1905-6 and 1989
(fig. 27) show an approximate doubling of annual mini-
mum, maximum, and average concentrations. Most of
the change occurred before 1980. The calculation of
sulfate yield for the whole Mississippi drainage basin is
fraught with many uncertainties, owing to the complex
nature of flow-control and water-diversion efforts and
incomplete discharge and water-quality data. However,
arough approximation of sulfate yield can be made us-
ing discharge data from the Tarbert Landing station and
the rather arbitrary contributing area assigned in USGS
water-data compilations of 1,125,300 mi? for the Tarbert
Landing station. The results obtained using the annual
average sulfate concentration for each year indicate that
for most of the years from 1964 to 1989 the annual yield
was between 20 and 25 tons/mi2. The 5 years in which
the yield was below 20 tons/mi2 were years of low mean
discharge.

These estimated annual sulfate yields are similar
in magnitude to those calculated for that general time
period for the Great Lakes—St. Lawrence basin (table 5).
However, if it could be estimated, the gain in yield be-
tween 1905-6 and the 196489 period is a more mean-
ingful figure. The discharge of the river at the New
Orleans sampling site during the 1905—6 period was not
measured. A further uncertainty relates to the amount
of flow that might have left the main river at the site of
the present Old River Control Structure. If itis assumed



this was a minor effect in 19056, the long-term aver-
age discharge (about 570,000 ft*/s) given by Wells (1980)
for the measuring point at Vicksburg, Miss., about 140
river miles upstream from the Old River Control Struc-
ture, could perhaps be assumed to approximate the
1905-6 average for the Mississippi at New Orleans. The
average sulfate concentration of 24 mg/L given for that
period leads to a calculated annual yield of 12 tons /mi?
of sulfate for the drainage basin.

Although this estimate has a substantial uncer-
tainty, the indicated increase in annual yield of sulfate
since 1906 is about 9 to 14 tons/mi? . This increase is
equivalent to the increase calculated for the Great Lakes—
St. Lawrence system from 1906 to the 1970’s and 1980’s
(fig. 20) and could be considered as possibly explain-
able by an increase in atmospheric contributions of sul-
fate. It also appears from the relatively minor changes
that have occurred during the 1970’s and 1980’s that the
river has reached an approximate steady state with re-
spect to present-day sulfate contributions from the drain-
age basin and effective transport of sulfate out of the
basin to the ocean. Continuing efforts to control sulfur
releases to the atmosphere and hydrosphere in the drain-
age basin could eventually decrease the sulfate concen-
trations and yields observed at St. Francisville to an
extent that will be more obvious.

Much more study of the historical data for the
Mississippi River system is needed before these tenta-
tive conclusions can be either verified or rejected. The
challenge presented by such studies is a major one, but
the increased understanding of the geochemistry of a
major river that would result is a worthy goal.

SUMMARY

Under pristine conditions, that is, in the absence
of human civilization and development, the chemical
composition of stream and lake waters is, ideally, con-
trolled by the alteration of rock minerals through
chemical weathering processes, which liberate soluble
products. These processes, in turn are controlled or
influenced by climatic factors such as rainfall, air tem-
perature, and evaporation, and by associated biological
or biochemical processes, such as photosynthesis and
transpiration by plants, decay of vegetative debris, and
the effects of aquatic-life processes. Circulation of es-
sential nutrient elements, including carbon, sulfur,
chlorine, and nitrogen, generally is bound to elemental
oxygen from the atmosphere and provides most anionic
species occurring in natural water, such as bicarbonate,
sulfate, chloride, and nitrate. Other constituents of natu-
ral surface waters, including calcium, magnesium, so-
dium, and potassium, can be correlated in general with
the chemical composition of rocks and soils in a given
drainage basin and are found as major cationic species
and are in electrochemical balance with anions in these
waters.

The influence of human activities in a stream
drainage basin can be relatively simple and direct, as in
the disposal of soluble organic and inorganic waste, or
more subtle and complex, as in the conversion of prai-
rie or forest land to agricultural use. Such effects can
be expected to increase as population density and agri-

National Water Summary 1990-91—Stream Water Quality: HYDROLOGY 89

cultural, industrial, and mining activities increase. How-
ever, the detection of long-term trends in surface-water
chemistry that can be expected to occur as a result of
human activities is difficult and uncertain for much of
the United States. Part of this difficuity is related to the
availability and reliability of the base historical surface-
water-chemistry data. However, another factor affect-
ing studies of surface-water chemistry is the intricate
nature of the interactions among the various
hydrogeochemical factors that are active in controlling
water composition. Because of this complexity, the
study of long-term water-quality trends in any river or
lake drainage system requires an organized evaluation
of the specific hydrologic properties of the system. It
seems that most systems have rather unique character-
istics that are not exactly duplicated in any other.

The earliest nationwide program for determining
in detail the chemical composition of surface waters in
the United States was operated by the USGS from about
1905 to 1907. It involved collection of once-daily
samples at about 155 sampling points for a period of 1
year. Analyses for major cations and anions were per-
formed on 10-day filtered composites of the daily
samples. After the termination of this program, the
collection of surface-water chemical-composition data
by the USGS was done at only a few scattered sites, and
it was not until the early 1960's that anything approach-
ing the intensity level of the early studies was attained.
As a result, for most sampling points there is a 30-year
or longer time gap with few or no data available between
the early and more recent data.

Because of changes in methods of sample col-
lection, transport, preservation, and laboratory chemical
analysis, the 19057 data may not be totally comparable
with more recently obtained data. However, the results
of the early work were carefully evaluated at that time
for accuracy, and it appears that results for the major
constituents—calcium, magnesium, sodium, sulfate, and
chloride—and probably also bicarbonate plus carbonate
alkalinity should be rather directly comparable with
more recent data. The most reliable values in the 1905—
7 data probably are those for sulfate and chlofide. For
the purpose of this article it should be recognized that
such uncertainty as may be present in the data for the
major ions is not a major obstacle to making or trying to
make serious use of the data. (See article "Assuring the
Reliability of Water-Quality data" in this volume for
more information on quality assurance.)

For the detailed comparison of stream-water
chemistry in the early years of the 20th century with
more modern conditions, four drainage basins having
diverse hydrologic characteristics were selected for
study. They were the Great Lakes-Upper Saint
Lawrence River basin (near the outlet of Lake Ontario),
the Columbia River basin (upstream from the Dalles,
Oreg.), the Allegheny River basin (upstream from
Pittsburgh, Pa.), and the Mississippi River basin (up-
stream from New Orleans, La.). Principal attention was
given to sulfate concentrations and annual yields in tons
per square mile, the reason being that major quantities
of sulfate are released to the atmosphere by fossil-fuel
combustion and various industrial activities, and the
sulfate is brought to the land surface in rain and dry
fallout.



In the Great Lakes—Upper St. Lawrence River
basin, for example, the yield of sulfate in tons per square
mile per year in the St. Lawrence River nearly doubled
between 1905 and 1956 and continued to increase, but
at a lesser rate, until about 1970, when the yield leveled
off or perhaps even declined slightly. The continuing
yield of between about 19 to 25 tons/mi” indicates that
the basin may have reached a steady state between the
natural and human-induced loading of sulfur to the ba-
sin and its removal by the St. Lawrence River. In con-
trast, sulfate concentrations in the upper Columbia River
basin at Northport, Wash., show less clearly defined
trends in sulfate concentrations and yields during the
century. These data indicate that human-induced effects
are largely masked by the large amount of runoff avail-
able in the Columbia River basin and by the effects of
storage and mixing in lakes and reservoirs.

Coal mining was extensive in the Allegheny
River drainage basin in Pennsylvania in this century, and
sulfate concentrations in the river near Pittsburgh in-
creased substantially between the early 1900’s and 1962
as aresult of drainage from many active and abandoned
coal mines. The operation of flood-control and multi-
purpose reservoirs in the basin has caused a nearly 50-
percent decline in sulfate concentration in the Allegheny
River near Pittsburgh at low flow, as shown in analysis
of samples collected in 1947 and compared to samples
collected in 1975 and 1989. This flow augmentation by
timed reservoir releases has had a beneficial effect on the
quality of the Allegheny River.

The Mississippi River drains more than 1,125,000
mi? of the conterminous United States and integrates the
effect on stream water quality of a large range of human
activities across a large continental area. The calcula-
tion of sulfate yield in the basin has many uncertainties
because water-quantity and water-quality data are in-
complete, and the effects of flow control and water di-
versions are difficult to measure. However, from the
available data it can be estimated that sulfate concen-
trations in the lower Mississippi River at and upstream
from New Orleans, La., probably have doubled between
1905-6 and 1989; most of this increase seems to have
occurred before 1980. Estimates of the increase in an-
nual sulfate yield due to human activities since 1905
ranging from about 9 to about 14 tons/mi? are consis-
tent with the increase in sulfate yields in the Great Lakes—
St. Lawrence River system. In both instances, yields
seem to have leveled off around 1970 or 1980 and to
have remained fairly stable since. Possibly, both
drainage systems have reached a steady state, and the
natural and human-induced sulfate loading to the basins,
much of it from atmospheric deposition, is now stable.

The study of the trends of stream water quality
is important because changes in certain constituent
concentrations can be attributed to human activities and
because the 20th century has been a time of great
population growth and development of agriculture, in-
dustry, and water-control facilities in the United States.
Intuitively, one can anticipate that these factors have had
anonuniform and frequently significant effect on stream
water quality. The sparse record of water-quality data
collected early in the century provides some—but far
from complete—insight into these effects. Although it
is not possible to compensate for the lack of plentiful
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water-quality data from early in the century, the in-
creased collection of water-quality data in more recent
times will be a valuable legacy to future generations that
seek to understand the effect of human activities on na-
tional stream water quality.
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HYDROLOGY OF STREAM WATER QQUALIT?

STATISTICAL ANALYSIS OF WATER-QUALITY DATA

By Dennis R. Helsel

INTRODUCTION

Statistics is the science that deals with uncertainty.
It strives to separate patterns, such as a change in some
measured variable over time, from the uncertainty in-
herent in all observations of natural systems. When ap-
plied to water-quality data, separating patterns from
uncertainty is accomplished in three primary activities:

* Describe data characteristics, such as the mean
or the median chemical concentration,

¢ Model the relations between two or more mea-
sured variables, such as chemical-concentra-
tion changes with time, and

* Compare groups of data, such as chemical con-
centration at two or more locations.

Assumptions about the characteristics of data are inher-
ent to statistical procedures. Therefore, the usefulness
of a procedure can be judged by how well its assump-
tions match the characteristics of the data being analyzed.
The commonly observed characteristics of stream
water-quality data and the statistical procedures used in
a nationally consistent analysis of stream water quality
inthe State summaries of this volume—~National Water
Summary 1990-91—Hydrologic Events and Stream
Water Quality—are presented in this article.

COMMON CHARACTERISTICS OF
WATER-QUALITY DATA

Water-quality data have several characteristics
that are significant to statistical analyses:

A base limit of zero.—Chemical concentrations
cannot be negative.

Presence of outliers—OQutliers are data of con-
siderably higher or lower value than most of the data.
These occur infrequently but regularly, and high outli-
€rS are more comMon.

Nonstandard distributions—The data distribu-
tion shows the frequency with which given values oc-
cur. One common type of distribution found in some
types of data sets is the normal distribution—the so-
called bell-shaped curve—shown in figure 28. This dis-
tribution is symmetrical and follows a pattern repre-
sented by a particular mathematical equation. (Some data
sets can have a symmetrical distribution that is not a
normal distribution.) Many water-quality data sets are
not symmetrical, however, and look more like the bars
of figure 28. The data are skewed, meaning that the right
and left halves of their distribution are not symmetrical.
Skewness is a direct result of the first two characteris-
tics—the data cannot include negative values and can
include outliers. Erroneous results may occur if statisti-
cal procedures that assume a normal data distribution are
applied to data that follow the distribution represented
by the bars in figure 28.

o
(=]

Skewed data
L distribution

S
o

Normal data |
distribution

-

FREQUENCY OF OCCURRENCE
S
T

-
o
T

1
DATA VALUES

Figure 28. Example of normal data distribu-
tion curve superimposed on skewed data dis-
tribution.

Data values below a minirmum reporting limit.—
Chemicals in water samples can be present in trace
amounts that a laboratory might not report because the
analytical procedure used is not sensitive enough to
measure very small concentrations. Instead, the labora-
tory reports only that a concentration is below some re-
porting limit, such as less than one (<1) part per million.
This type of value is difficult to incorporate into tradi-
tional statistical tests.

Human and natural influences—Water quality
is strongly affected by human-induced and naturally
occurring processes. These processes, such as changes
in upstream land use over time or the effects of a pro-
longed drought, may be of interest to the investigator.
Alternatively, the processes may be of little interest in
themselves, but they produce variations in data that must
be accounted for before correctly discerning the effects
that are of interest. The strong dependence of water-
quality concentrations on streamflow is one example.
Concentration variations due to short-term changes in
streamflow need to be considered before testing for long-
term trends in concentration.

Statistical methods described in the subsequent
sections, and used to analyze data for the State summa-
ries, were designed to work well with data having the
characteristics listed above.

GRAPHICAL METHODS FOR ANALYSIS
OF DATA

Large amounts of data can be understood much
more quickly if they are presented in graphical form
rather than in tabular form. Therefore, graphs are an
important and efficient way to gain insight into the data
being investigated. Two types of graphs are used in this
volume—box plots and smoothed-line scatter plots. Al-
though both types are becoming more common in sci-
entific literature, they are not as familiar to the general



public. As explained below, box plots effectively de-
scribe the characteristics of single groups of data and
reveal differences between groups. Smoothed-line scat-
ter plots display the relation between two variables.

Box PLoTs

Box plots of a data set provide concise visual
summaries of the—
¢ center value (median) of the data,
¢ variation in the middle half of the data, and
¢ skewness of the data.
Some types of box plots also show—
= presence or absence of unusual values.

The components of box plots are shown in fig-
ure 29 and are described here for two hypothetical data
sets. The box of a box plot displays percentiles of a data
set. The middle horizontal line within the box is the me-
dian, or 50th percentile. By definition, one-half of the
data values are equal to or less than the median, and one-
half are equal to or greater. The median splits the box
into two segments representing equal proportions (25
percent) of the data set, but the segments are often of un-
equal height.
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Figure29. Hypothetical box plots showing the compo-
nents of a box plot.

The 25th and 75th percentiles of the data, respec-
tively, form the top and bottom lines of the box. There-
fore, by definition, 25 percent of the data have a value
equal to or less than the bottom line of the box, and 75
percent have a value equal to or less than the top line of
the box. For example, the 25th percentile in case A of
figure 29 is 1.0 mg/L (milligram per liter), which indi-
cates that 25 percent of the data are equal to or less than
this value; and the 75th percentile of the A data is 2.1
mg/L, which indicates that 75 percent of the data are
equal to or less than this value. The range in concentra-
tion between the 25th and 75th percentile—the height
of the box—is called the interquartile range. For case A
the interquartile range is 1.1 (2.1 minus 1.0) and for case
B the interquartile range is 0.6 (1.1 minus 0.5).

Lines called whiskers extend vertically from the
top and bottom of each box out to the 10th and 90th
percentiles of the data. Therefore, the 10 percent of the
observations that lie above the end of the upper whisker
and the 10 percent that lie below the end of the lower
whisker are not shown on the plot. Upper and lower
whiskers of unequal length give further evidence that the
data represented by a box plot follow a skewed distri-
bution. This is the case with the B data set’s extended
upper whisker, which is caused by a single outlier.

The data of figure 29 are somewhat skewed, as
shown by the unequal size of the segments of box A and
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by the unequal whisker lengths for both boxes. A sym-
metric distribution would instead have a box with seg-
ments of similar size and have whiskers of similar length.
Because the data of figure 29 are not symmetrical, ap-
plication of statistical tests that assume a symmetrical
data distribution might produce inaccurate results.

A more traditional alternative to box plots for
portraying water-quality data is dot-and-line plots, which
can obscure important characteristics of the data. Figure
30 displays the data from figure 29 as a dot-and-line plot.
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Figure30. Example of dot-and-
line plot using hypothetical data
of figure 28.

In such plots, the mean data value is plotted as a dot, and
the variability of the data is shown by a vertical line that
extends plus and minus 2 standard deviations (or stan-
dard errors) above and below the mean, respectively.
Dot-and-line plots would be appropriate if the data were
symmetrical and had no outliers, but environmental data
usually do not have these characteristics. Note that fig-
ure 30 does not show the skewness of the data. Also note
that the large standard deviation for case B is the result
of the one outlier, whereas the small interquartile range
of figure 29 clearly shows this variation to be uncharac-
teristic of most of the data. Finally, the negative concen-
trations are impossible.

Types of Box Plots

Although there are a number of types of box plots,
the three most common versions are the simple, stan-
dard, and truncated (Helsel and Hirsch, 1992), and they
differ only in how data outside the boxes are shown (fig.
31). In the simple box plot, whiskers are drawn outward
from the box to the maximum and minimum data val-
ues. In the standard box plot, the whiskers are shortened,
and outliers are shown as distinct values. For the trun-

10

Figure 31. Three common versions
(simple, standard, and truncated) of the
box plot. Each box plot represents the same
data.
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Figure 32. Example of truncated box plots used in the State summaries of this volume of the National Water

Summary. (Site 9 not used for this analysis.)

cated box plot, the highest and lowest 10 percent of the
data are not represented, and whiskers are drawn to the
10th and 90th percentiles of the data (this is the type
shown in figure 29). Truncation allows the majority of
the data to be plotted without compressing the scale of
the box to show extreme outliers.

Truncated box plots are most appropriate when
the extremes are of less interest than is the majority of
the data. That is true of the data used in this volume, and
therefore truncated box plots are used in the State sum-
maries. Figure 32 is an example of the truncated box
plots used in the State summaries to show water-quality
conditions in selected drainage basins. This type of box
plot also was used to represent ground-water quality
throughout the Nation in the 1986 National Water Sum-
mary (U.S. Geological Survey, 1988). Further informa-
tion about the various types of box plots can be found in
Chambers and others (1983) and McGill and others
(1978).

Data that exhibit skewness often are plotted on
a logarithmic scale, a scale commonly used for scien-
tific data covering a wide range of magnitudes. Figure
32 is one example. A logarithmic scale compresses the
locations of upper data values by plotting multiples of
10 as adjacent tick marks on the vertical axis. Box plots
of skewed data often appear relatively symmetric when
plotted on a logarithmic scale.

Box Plots for Data Sets Containing Values
Below a Reporting Limit

Data sets that include values that are known only
to be below a reporting limit also can be shown effec-
tively by box plots. Because there is no way of know-
ing what the actual values are, no values below the re-
porting limit value are actually shown. A line is drawn
across the graph at the reporting limit value, and the
portion of the whisker and box segment below the re-
porting limit is masked. The resulting appearance is one
of box plots rising over a horizon. The proportion of the
box and whiskers seen above the reporting limit is in
direct relation to the amount of data whose values are
greater than the reporting limit value.

Figure 33 illustrates how box plots are modified
if they represent data that include values below a mini-
mum reporting limit. The data are dissolved-solids con-

centrations displayed as box plots for seven long-term
surface-water sampling sites along the Colorado River.
The (hypothetical) reporting limit of 600 mg/L is seen
as a horizontal dashed line across the entire figure. The
degree to which box plots are seen above this line is
related directly to the percentage of data at each site be-
low the reporting limit. For example, fewer than 10 per-
cent of data at the Hoover Dam through Morelos Dam
sites are below 600 mg/L, so that the reporting-limit line
is below the lower whisker. The box and whiskers are
completely portrayed. For the Colorado-Utah State line
and the Cisco sites, between 25 and 50 percent of the
data are below the reporting limit, so that the horizon-
tal line cuts off everything below part of the central box.
At the Lees Ferry site between 75 and 90 percent of the
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data are below the reporting limit, so that the entire box
and part of the upper whisker are obscured. For each site,
these box plots accurately portray both the distribution
of data above the reporting limit and the percentage of
data below.

SCATTER PLOTS AND SMOOTHED LINES

Scatter plots are perhaps the most common type
of graph used in scientific applications. Data are defined
by two variables (x, y) that are plotied to illustrate the
relation between the variables. The range and trend of
the data are easily comprehended from the plot, but de-
tails about the center—the pattern of how the y value var-
ies with the x value— are much more difficult to see.

For example, the scatter plot in figure 34A shows
the relation between the sand load transported by the
Colorado River at Lees Ferry, Colo., by a wide magni-
tude of streamflow. Whether a straight or curved relation
better fits this data is difficult to determine by eye. Be-
cause subtle changes in the slope of a line often are dif-
ficult to see objectively, and to better judge patterns of
data without being strongly influenced by outliers, a
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Figure 34. Example of scatter plot (A) and a scatter plot with superim-
posed LOWESS smoothed line (B). Note that scales are logarithmic, acommon
representation when scientific data cover a large range of magnitudes.

smoothed center line whose direction and slope vary
locally in response to the data themselves can be fitted
mathematically within the data. Thus, if the dataare ina
straight line, the mathematically computed center line
will be a straight line. If the data are in a curved line, the
computed center line also will curve. Many mathemati-
cal methods are available for constructing this type of
center line—probably the most familiar is the moving
average. The method discussed here, and used in the
State summaries of this volume, is called LOWESS, or
Locally Weighted Scatterplot Smoothing, and is de-
scribed in detail by Cleveland and McGill (1984) and
Cleveland (1985).

In figure 34B, a LOWESS smoothed line is super-
imposed on the Lees Ferry data scatter plot of figure 34A,
The left side of the line shows a slight break in the slope,
verifying that a straight line would not fit the data accu-
rately over the full range of the data. The rate of increase
in sand transport slows above 7,000 cubic feet per sec-
ond. This curvature is much easier to see after superim-
posing the smoothed line over the data. The greatest
strength of a LOWESS smoothed line is that no particular
form of the relation (straight line or other) is assumed
before computation. The smoothed line can be curved or
straight, taking any form that the data dictate. As such,
smoothed lines help the eye discern the pattern of rela-
tion between variables. Smoothed lines are used in the
State summaries of this volume to illustrate the relation
between constituent concentrations and time.

LOWESS is complex to compute. The method is
called locally weighted because nearby data to the left
and right of the point on the line to be estimated will
affect the value of the smoothed line more than those
farther away. Because the smoothed line is less affected
by vertical outliers than by data more toward the center
of the pattern, the method is called robust in the statisti-
cal literature.

The smoothness of the line can be varied by al-
tering the proportion of data used in computing the value
of the smoothed line at each location; as more data are
included, the line becomes less sensitive to local fluctua-
tions, and therefore smoother. Selection of the propor-
tion of data used is determined subjectively according to
the purpose for which the analysis is made. In the State
summaries in this volume, relatively large proportions
of data were used, so that the resulting lines show over-
all patterns that have little local variation.

Smoothed lines also are used in trend analyses to
model the effect of streamflow on concentration of sus-
pended sediment or dissolved constituents. The depar-
tures from the smoothed line are tested for trend, as ex-
plained in the next section.

TESTING FOR TRENDS

Trend analysis is the determination of whether
values of a particular variable have changed over time.
One of the primary uses for statistical tests in water qual-
ity is to determine whether constituent concentrations are
changing consistently over time; for example, whether
nitrate concentration generally is increasing in a stream
over a 10-year period. A test for trend will determine if
such a trend can be detected against the background vari-
ability of the data. In the State summaries in this volume,



the trend test used is the seasonal Kendall test (Hirsch
and others, 1982).

SEASONAL KENDALL TEST

The seasonal Kendall test is a nonparametric (or
distribution free) test for trend. It makes very few as-
sumptions ahout the characteristics of the data. As such
it is applicable to data that have the characteristics de-
scribed above in the section “Common Characteristics
of Water-Quality Data.” In particular, it does not assume
that the data follow a normal or other symmetrical dis-
tribution, as do parametric statistical tests. nlike para-
metric tests, nonparametric tests easily and correctly
handle skewed data and data having outliers. Therefore,
nonparametric tests are more generally applicable to a
wider variety of data than are parametric tests.

The test also allows for seasonal differences in
water quality. Data in one season are compared only to
data in the same season in later years. In this way, varia-
tions in concentrations throughout the year do not add
to the uncertainty of the data. which must be overcome
before a trend can be discerned. A complete discussion
of the advantages of nonparametric tests as applied to
environmental data is given by Helsel and Hirsch (1992).

The common parametric test for trend is a linear
regression, which is computed by determining whether
the straight line that best fits the data differs froma hori-
zontal line. Concentration is the response (y) variable,
and time is the explanatory (x) variable. If the line is
level, no change has occurred. If the line slopes upward
or downward, the concentration is changing. Linear re-
gression assumes that—

* vand x are related in a straight line,
* the distribution of data around the line follows
a normal distribution, and
* the variability of data around the line is con-
stant over the range of data.
‘When many hundreds of sites and many constituent con-
centrations are to be tested, as in the State summaries in
this volume, verifying whether the three above assump-
tions are met for each equation can be very difficuit and
time consuming. Consequently, the use of procedures
having fewer underlying assumptions, such as nonpara-
metric methods, has great advantages.

In contrast, the seasonal Kendall test does not
require the three above assumptions in order to test for
trend. It tests for a monotonic (increasing or decreasing,
but not necessarily straight line) relation between con-
centration and time. For data not fitting the assumptions
of regression, the nonparametric test will have a greater
ability to detect trends when they exist, while not falsely
declaring them to be present when they are not. Because
the seasonal Kendall test is so generally applicable, the
same test can be applied to all constituents and sites, re-
gardless of the distribution of the data. This makes it ideal
for repeated use in comparing trends at a wide variety
of sites.

KENDALL'S TAU

The seasonal Kendall test is based on the nonpara-
metric correlation coefficient tau (t) (Kendall,1938),
which measures the strength of any monotonic relation
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between variables and thus is well suited for variables
that exhibit skewness and do rot have a normal distri-
bution. Tau is computed by first ordering all data pairs
by increasing time. If a constituent concentration is cor-
related positively with time, the concentration will in-
crease more often than decrease as time increases. For a
negative correlation, the concentration will decrease
more often than increase. If no correlation exists, the con-
centration will increase and decrease at about the same
frequency. Tau is computed by counting the number of
increases and decreases. Its significance is tested by de-
termining whether more increases or decreases in con-
centration occur than would be expected by chance
alone.

Any statistical procedure compares the patterns
found in the data to those expected to occur merely by
chance. Kendall’s tau is no exception. The natural vari-
ability of data can produce some imbalance between
increases and decreases in concentration without imply-
ing that & trend has occurred. To be considered signifi-
cant, test results used for the State summaries in this
volume must have been extreme enough that there would
be less than a 5-percent chance of getting the observed
value of tau when there was no trend, but only natural
variability. This is the meaning of the statistical state-
ment that the probability must be less than an aipha of
0.05. Alpha is the probability chosen as the cutoff above
which the test results are declared to be indistinguish-
able from natural variability. Results having a 10- or 15-
percent probability of being produced by chance alone,
for example, would be declared as having no trend in
the State summaries.

Another implication of an alpha of 5 percent is
that about 5 percent of all tests (all combinations of sites
and chemical constituents tested) can be expected to
resultin a false declaration of trend. Unfortunately, there
is no way to determine which of the declared trends are
actually in this category. When a trend is found, an esti-
mate of the rate of change in concentration over time also
is possible, although these are not shown iu the State
summaries. The nonparametric estimate related to tau
is called a Kendall’s slope estimate. Computation meth-
ods are described by Hirsch and others (1982).

USE OF IDENTICAL TIME PERIODS

Whenever concentration trends are computed at
more than one location, the time period used for the tests
must be identical in order to compare the concentration
trends among the various sites. Trend is not a static phe-
nomenon. Concentrations might generally increase for
10 years, for example, followed by a decrease over the
next 10 years. For the entire 20-year span there might
then be no overall trend. Comparisons among sites in
which data represent different parts of this period could
result in citing increases at one site and decreases or no
trend at another site due solely to differences in the time
petiod examined. Therefore, trends during four consis-
tent and distinct time periods—1970-89, 1975-89,
1980--89, 1982-89—are used in the State summaries.
Trends in the concentration of a constituent are not com-
pared across these time periods. Figure 35 is an example
of maps used in the State summaries to show these
trends.
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CONCENTRATION

Seasonal Variation Trend

TIME

EXPLANATION

Trend in weter-quality constituent—
Number is site number

7 Upward

2
® " None

A 4 ® Downward

Figure 35. Example of maps used in the State summaries in this volume of the National
Water Summary to show results of trend analyses. Note: Numbers refer to site numbers used in
other illustrations in the State summaries, and not all trend symbols appear on every trend map.

COMPENSATING FOR SEASONALITY

Seasonal changes in environmental conditions are
amajor source of variation in water quality. By remov-
ing or compensating for short-term seasonal variation,
any trend in constituent concentration over longer time
periods is more easily seen. For the seasonal Kendall test,
compensation for seasonality is accomplished by per-
forming tests on data from the same seasons, and each
month can be considered a season. For example, Janu-
ary concentrations are compared only with January con-
centrations from other years, February only with
February, and so on, until 12 trend tests are performed.
No comparisons are made across seasonal boundaries.
A test statistic is computed for each season, and then the
12 tests are combined to form an overall test for trend.
An overall estimate of the rate of change in concentra-
tion (the slope) also can be computed without crossing
seasonal boundaries.

Trend tests were computed for 12 seasons in the
State summaries. If there were insufficient samples to
do this, 2-month or 3-month seasons were used. In this
way, sufficient data were available within each season
to compute a separate test for trend.

Box plots such as those shown in figure 32 were
used in the State summaries only when the data repre-
sented all the seasons of the year. In this way no seasonal
patterns, such as concentrations that were consistently
higher in the spring, would be over- or under-represented
in the box plots and therefore be misleading as to char-
acteristics expected year-round.

ADJUSTMENT FOR STREAMFLOW

Variables other than time and season often have
considerable control on stream water quality. Some of
these variables are natural and random phenomena such
as rainfall, temperature, or streamflow. The fluctuations
over time in these natural variables can make any trend
in water quality difficult to detect. For the seasonal Ken-
dall test, variation in concentration due solely to
streamflow can be removed by first computing a LOW-
ESS smoothed line of concentration versus streamflow
(Hirsch and others, 1991). For example, figure 36A is a
scatter plot of the concentration of a hypothetical water-
quality constituent versus time that may or may not be
affected by changes in streamflow. Figure 368 is a scat-
ter plot and superimposed LOWESS curve of the concen-
tration of the constituent versus streamflow. Because
there is an obvious relation between streamflow and
constituent concentration—concentrations are clearly

higher at higher streamflow—a more accurate portrayal
of trends in concentration can be seen if the fluctuation
in streamflow is removed. Figure 36C shows the re-
sidual values of constituent concentration after the con-
centration that was expected at the streamflow level at
the time of data collection is subtracted from each ob-
served value. The residual values in figure 36C clearly
show an upward trend. In the State summaries, concen-
trations were similarly adjusted for streamflow when-
ever possible.

As long as the relation between concentration and
streamflow has not changed over the period of the trend
test, a trend in the residuals implies a trend in concen-
tration (fig. 36). If the relation has changed, as when the
trend period spans the construction of a major reservoir
project or new diversion, the results are less clear. A trend
in the residuals for this situation might not be due to a
trend in concentration, but to the changes in streamflow
which have altered the relation to concentration during
the period. Controlling variables such as streamflow
must be free from changes caused by human influence,
or that influence must be constant, over the period tested
for trend. When it is impossible to adjust for streamflow
due to changing human influence, rainfall data often are
used as a surrogate for streamflow, although this has not
been done in the State summaries. There also is some
indication that prolonged drought may alter the relation
between concentration and discharge, resulting in a trend
due to what may be natural causes.

USe OF SEASONAL KENDALL TEST FOR DATA
SETS CONTAINING VALUES BELOW A REPORT-
ING LimiIT

Because tau depends only on whether constituent
concentration increases or decreases with time, and not
on the magnitude of concentration, it can be computed
even in cases when some of the data are known only as
less than a reporting limit. This is not true for regression
and most other parametric methods (Helsel, 1990).

The seasonal Kendall test can be used without any
difficulty when only one reporting limit exists. Compari-
sons are then possible between all pairs of observations.
All values reported as less than the reporting limnit can
be compared to values above the reporting limit. Diffi-
culties arise when the reporting limit changes with time.
This can be expected to occur as a consequence of the
introduction of more sensitive chemical-analytical pro-
cedures during a long-term water-quality data-collection
program. For example, if a procedure that determines
discrete constituent-concentration values above a mini-
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Figure 36. Hypothetical water-quality data that are adjusted to remove the variability of streamflow. A. Scatter
plot of observed constituent concentration versus time. B. Scatter plot of constituent concentration versus streamflow
and a superimposed LOWESS line that quantifies the relation of constituent concentration with streamflow. C. Scatter
plot of residual constituent concentration versus time, where the residual concentration is the difference between the
observed value of constituent concentration and the expected value of constituent concentration, based on streamflow
at the time of cbserved data collection. Note that the scale for the constituent concentration is logarithmic.

mum reporting limit of 5 mg/L is replaced with a proce-
dure that determines values above 1 mg/L during a data-
collection program, a data set that contains the values
<5,7,<1,3, and <1 could result (the more sensitive pro-
cedure was introduced after the <5 and before the first
<1 values were collected). There is no way to compare
a< 5 with a <1 and determine which one was higher or
whether they were the same. These ambiguities make
the seasonal Kendall test difficult to compute; the only
way to use the test in this situation is to convert all val-
ues lower than the highest reporting limit to a less-than
value. The resulting data set of <5, 7, <5, <5, and <5
loses information as a result, and the ability to detect a
trend decreases. However, few other methods are valid
for dealing with such data, and, in the State summaries,
this adjustment was performed to data sets that had more
than one level of less-than values.

SUMMARY

Graphs can illustrate a great deal more informa-
tion about data than a single numerical statistic, and they
more clearly portray information than do tables of num-
bers. Box plots and smoothed-line scatter plots are the
graphical methods used in this 1990-91 National Wa-
ter Summary. Box plots allow easy comparisons of im-
portant features among several groups of data. They
show the center, variation, and symmetry of the data.
Smoothed-line scatter plots, similar in function to a
moving average, show the central pattern of the relation
between two variables. Both types of graphs allow the
data to determine their shape, rather than imposing pre-
determined assumptions about symmetry and linearity.

Nonparametric tests generally are applicable to
a wide variety of types of data, including that of stream
water quality. Their use avoids problems found with

parametric tests, which depend on some aspect of the
data following a particular distribution such as the nor-
mal (bell-shaped) distribution. The seasonal Kendall test
for trend is a nonparametric test that compensates for
differences in concentration due to seasonality and
streamflow. Thus, it focuses on the item of interest—
changes in constituent concentration over time. The use
of box plots, smoothed-line scatter plots, and the sea-
sonal Kendall test has enabled the Nation’s stream wa-
ter quality to be uniformly reported and interpreted in
this volume of the National Water Summary.
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HyYDROLOGY OF STREAM WATER QUALITY

ASSURING THE RELIABILITY OF WATER-QUALITY DATA

By Linda C. Friedman

INTRODUCTION

One of the most important challenges to organi-
zations that regulate and manage the Nation’s water re-
sources is to obtain reliable water-quality data. Concepts
of assuring the reliability of water-quality data are dis-
cussed in this article. Information on the quality-assur-
ance program of the U.S. Geological Survey (USGS), the
agency within the Federal Government that has the prin-
cipal responsibility for providing hydrologic informa-
tion about the Nation’s water resources, also is provided.

The term “water quality” commonly has a con-
notation related to human consumption and domestic
water use. However, knowledge about wates quality also
is essential for industrial, agricultural,<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>