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Conversion Factors, Acronyms, and Abbreviations

Multiply By To obtain
Length
inch (in.) 2.54 centimeter (cm)
inch (in.) 254 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
acre 4,047 square meter (m?)
square foot (ft?) 0.09290 square meter (m?)
square mile (mi?) 2.590 square kilometer (km?)
Volume
gallon (gal) 3.785 liter (L)
gallon (gal) 0.003785 cubic meter (m?)
cubic foot (ft*) 0.02832 cubic meter (m%)
Flow rate
cubic foot per second (ft¥/s) 0.02832 cubic meter per second (m?/s)
Mass
pound, avoirdupois (Ib) 0.4536 kilogram (kg)

Vertical coordinate information is referenced to the North American Vertical Datum of 1988
(NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Elevation, as used in this report, refers to distance above the vertical datum. A water year is
defined as the 12-month period from October 1 of any given year through September 30 of the
following year. The water year is designated by the calendar year in which it ends and which
includes 9 of the 12 months.



Correlations of Daily Flows at Streamgages in and near
West Virginia, 1930-2011, and Streamflow Characteristics
Relevant to the Use of Index Streamgages

By Terence Messinger and Katherine S. Paybins

Abstract

Correlation of flows at pairs of streamgages were evalu-
ated using a Spearman’s rho correlation coefficient to better
identify gages that can be used as index gages to estimate
daily flow at ungaged stream sites in West Virginia. Much of
West Virginia (77 percent) is within areas where Spearman’s
rho for daily streamflow between streamgages on unregulated
streams (unregulated streamgages) is greater than 0.9; most
withdrawals from ungaged streams for shale gas well hydrau-
lic fracturing are being made in these areas. Most of West
Virginia (>99 percent) is within zones where Spearman’s rho
between streamgages on unregulated streams is greater than
0.85. Withdrawals for hydraulic fracturing are made from
ungaged streams in areas where Spearman’s rho between
streamgages on unregulated streams is less than 0.9, but
because spatial correlation is partly a function of the density
of the streamgaging network, adding or reactivating several
streamgages would be likely to result in correlations of 0.90 or
higher in these areas.

Seasonal differences in the strength and spatial extent of
correlations of daily streamflows are great. The strongest cor-
relations among streamgages are for fall, followed by spring,
then winter. One possible explanation for the weak correla-
tions for summer may be that precipitation and runoff associ-
ated with convective storms affect one basin and miss nearby
basins. A comparison of correlation patterns during previously
identified climatic periods shows that the strongest correla-
tions occurred during 1963—-69, a period of drought, and the
weakest during 1970-79, a wet period. The apparent effect
of frequent rain during 1970-79 overshadowed streamgage-
network density, which was at its historic maximum in West
Virginia at that time, so that the extent of areas with high
correlation to at least one streamgage was smaller during
197079 than during 1963—69. Correlations for 1992 to 2011
were slightly weaker than those for 1963 to 1969.

The relation between correlation and distance between
basin centroids was determined to be stronger for streamgage
pairs in the Ohio River Basin than for pairs in the Atlantic

Slope River Basins, which in turn was stronger than the rela-
tion between pairs of streamgages split between the two major
basins. Quantile regression equations were developed for these
three comparisons to estimate the Spearman’s rho correla-
tion coefficient for streamgage pairs using distance between
basin centroids as a predictor variable. The equations can be
used for streamgage network planning. For the Ohio River
Basin, the distance between basin centroids at which 50 per-
cent of streamgage pairs would exceed a Spearman’s rho of
0.95 is 9 miles. The distance between basin centroids at which
50 percent of streamgage pairs would exceed a Spearman’s
rho of 0.90 is 25 miles, and the distance at which 50 percent
of streamgage pairs would exceed a Spearman’s rho of 0.85

is 48 miles. For the Atlantic Slope River Basins, the distance
between basin centroids at which 50 percent of streamgage
pairs would exceed a Spearman’s rho of 0.95 is 1 mile. The
distance between basin centroids at which 50 percent of
streamgage pairs would exceed a Spearman’s rho of 0.90 is

13 miles, and the distance at which 50 percent of streamgage
pairs would exceed a Spearman’s rho of 0.85 is 41 miles. For
pairs of streamgages split between the two major basins, the
regression equation gives a value of 0.84 for the correlation
coefficient at zero miles. On maps of correlations, the shape
of strongly correlated areas for streamgages in the Ohio River
Basin is generally round. In the Valley and Ridge Physio-
graphic Province, which generally coincides with the Atlantic
Slope River Basins within the study area, areas strongly corre-
lated with streamgages generally coincide with major valleys.

Introduction

West Virginia has traditionally enjoyed an abundant
supply of, and a fairly moderate demand for, water. State-
wide water demand has remained generally consistent (Carr,
2013). However, localized water demands, especially from
small streams, increased when the development of horizontal
drilling and hydraulic fracturing led to the development of the
Marcellus Shale gas field beginning about 2007. Hydraulic
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fracturing of a horizontal well in the Marcellus Shale requires
large amounts of water. Typically, about 1 to 5 million gal-
lons of water are used for each horizontal well, although the
amount of water varies in relation to factors such as the length
of the well and the condition and composition of the rock to
be fractured.

The natural gas industry differs from municipal water
suppliers, the electrical generation industry, and other major
water users in the region in that water demands are large
but intermittent and widely dispersed. Shale gas wells are
commonly developed long distances from large streams but
close to small, ungaged streams. Natural gas production and
management companies that had worked in the region prior
to the development of hydraulic fracturing had long histo-
ries of obtaining the modest amounts of water needed for
development or reclamation of conventional gas wells and
well sites from nearby small streams. As the volume of water
withdrawn from small, ungaged streams increased during
development of the Marcellus Shale, concern grew that with-
drawals could adversely affect aquatic life, and so the West
Virginia Department of Environmental Protection (WVDEP)
developed first voluntary guidance and then permitting
requirements under an emergency rule. The Natural Gas
Horizontal Well Control Act, enacted by the West Virginia
Legislature in 2011, required WVDEP to review Water Man-
agement Plans that include the source of water to be used for
hydraulic fracturing.

The initial voluntary guidance was based on use of an
online Water-Withdrawal Guidance Tool (WWGT; West Vir-
ginia Department of Environmental Protection, 2013c; http://
www.dep.wv.gov/WWE/wateruse/Pages/Water Withdrawal.
aspx). Criteria were established to identify flow conditions
under which withdrawals would be appropriate. Map zones
were developed that referred to real-time index streamgages
in the U.S. Geological Survey (USGS) streamgaging network,
and potential water users were advised by the tool if streams
in that zone, on that day, were expected to be too low to sup-
port water withdrawals.

The WWGT uses all active streamgages on unregu-
lated streams (referred to in this report as “unregulated
streamgages”) to refer to map zones that were delineated
using best professional judgment, principally considering
regulation status, location and drainage area (M.I. Stratton,
West Virginia Department of Environmental Protection, oral
commun., 2010). Only unregulated streams are used for index
streamgages, although information from streamgages on regu-
lated streams is used to issue guidance for regulated stream
reaches. The smallest streams available were preferred for
the WWGT because flows (or more precisely, a proportion of
mean annual flow) were to be estimated using a drainage-area
ratio for the index streamgage to the ungaged site. A principal
concern was that small streams typically rise and recede more
quickly than large streams.

The WWGT is a convenient web-based tool that can
be used to obtain streamflow information for ungaged
stream sites using streamflow data from index streamgages.

However, the streamgaging network in and near West Virginia
has not been specifically designed for the purpose of estimat-
ing near real-time flow at ungaged stream sites. Currently,
little information is available on when and where in West Vir-
ginia flows on ungaged streams could reasonably be estimated
in near-real time on the basis of flow conditions at index
streamgages. Coverage of index streamgages could presum-
ably be improved by expanding the streamgaging network, but
the number and locations of the additional streamgages would
be required data for determining whether that expansion was
more cost-effective than other available methods of obtaining
flow information needed to assess water withdrawals.

To obtain this information, the USGS, in cooperation
with the WVDEP Division of Water and Waste Manage-
ment, assessed conventional and map correlations among
streamgages. Spatial patterns of correlation of daily flows
at paired streamgages have been determined, as have sea-
sonal and long-term differences in flow correlation at paired
streamgages. Differences in long-term flow correlation result
from the effects of climate variation, land-use change, and
streamgaging network density.

Purpose and Scope

The purpose of this report is to provide additional insight
for the selection of index gages to estimate near real-time
daily streamflow at ungaged stream sites. Correlation analysis
is used to assess the representativeness of the streamgaging
network in and near West Virginia for making near-real-time
estimates of flow at ungaged streams. Seasonal, long-term,
and spatial variations in streamflow correlations among
streamgages are discussed. Aspects of stream hydrology that
are relevant to the use of index streamgages for estimating
flows in real time are discussed. Correlations of daily flows in
unregulated streams during water years 1930-2011 as Spear-
man’s rho are shown in illustrations. Predicted correlations for
various periods of record also are shown. Correlation coeffi-
cients of Spearman’s rho are listed in tables.

Description of Study Area

Most of West Virginia is within the Appalachian Plateaus
[19,960 square miles (mi?)] and Valley and Ridge (4,220 mi?)
Physiographic Provinces, although a small area (20 mi?) at
the easternmost tip of West Virginia is within the Blue Ridge
Physiographic Province (fig. 1). The Appalachian Plateaus
Physiographic Province is an area of flat-lying or gently
folded rocks that formed when a peneplain was uplifted during
the Appalachian Orogeny and then was dissected by stream
erosion in the ensuing 300 million years (Fenneman, 1938).
Elevation is highest in the east, where some peaks are higher
than 4,000 ft (NAVD 88), and lowest in the west near the Ohio
River, where the valley is lower than 600 ft (fig. 2). Relief is
generally greatest at highest elevations. Most of the Appala-
chian Plateaus Physiographic Province within West Virginia is


http://www.dep.wv.gov/WWE/wateruse/Pages/WaterWithdrawal.aspx
http://www.dep.wv.gov/WWE/wateruse/Pages/WaterWithdrawal.aspx
http://www.dep.wv.gov/WWE/wateruse/Pages/WaterWithdrawal.aspx
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Figure 2. Elevation and mean annual precipitation in West Virginia, 1981-2010.



drained by the Ohio River (19,631 mi?), and the rest (329 mi?)
is drained by the Potomac River.

In West Virginia, the Valley and Ridge Physiographic
Province consists of layers of folded and faulted sedimen-
tary rocks that are of Mississippian age or older (Cardwell
and others, 1968). Rocks of the Valley and Ridge province
were folded in the Appalachian Orogeny, the same event
that uplifted the Appalachian Plateaus. Linear ridges that run
from southwest to northeast alternate with valleys. Ridges
are generally underlain by harder, more erosion-resistant rock
than the rock underlying the valleys. Streams in this province
drain in a trellised pattern. Generally, lithology in the Valley
and Ridge is more complex than in the Appalachian Plateaus.
Some of the valleys, predominantly near the eastern edge of
the province, are underlain by karst developed in limestone
and dolomite rocks.

Mean annual precipitation and maximum storm precipita-
tion are not closely correlated. Maximum storm precipitation,
as measured by any of several frequencies for storm inten-
sity, is greatest in the southern and eastern parts of the study
area and least in the northern and western parts of the study
area (Hydrometeorological Design Studies Center, 2006a,
2006b). The eastern part of West Virginia is more frequently
affected by Atlantic Ocean hurricanes than is the west, which
accounts, in part, for the difference. Mean annual precipitation
ranged from about 35 to 67 inches during 1980-2010 (PRISM
Climate Group, 2012). Distribution of mean annual precipita-
tion is closely related to elevation, and the greatest annual
precipitation is received in the highest parts of the study area.
The lowest mean annual precipitation in West Virginia is in
the Valley and Ridge province and the southern Greenbrier
River Basin in the southeastern part of the study area, which
are affected by a pronounced rain shadow, and in the Northern
Panhandle (fig. 1, fig. 2).

Precipitation varies seasonally throughout the three prin-
cipal physiographic regions in West Virginia (fig. 3). Maxi-
mum precipitation is received in all areas during May—July.
Minimum precipitation is received in the Allegheny Mountain
and the Kanawha (Unglaciated) sections of the Appalachian
Plateaus in October, with only slightly more precipitation in
February. In the Valley and Ridge, precipitation is generally
low during October and December through February. Nor-
mal monthly precipitation in the Allegheny Mountain section
in the study area is greater than in the Kanawha section and
the Valley and Ridge province during every month of the
year. Normal monthly precipitation in the Kanawha sec-
tion of the Appalachian Plateaus exceeds that of the Valley
and Ridge during every month except September, a month
when the Valley and Ridge is sometimes affected by Atlantic
Ocean hurricanes.

Land use, surface geology, and soils all vary with eleva-
tion within the study area (Messinger and Hughes, 2000).
Generally, the highest population density and concentration of
urban land is in river valleys in the northern and western parts
and in the eastern tip of West Virginia. Commercial agriculture
is limited in scope, and most commercial farms are near the
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Figure 3. Thirty-year normal monthly precipitation by
physiographic setting, in West Virginia, 1981-2010.

Ohio and Kanawha Rivers and throughout the Potomac and
Greenbrier River Basins (fig. 1). Forest cover is most dense
in the mountains in central West Virginia. The largest cities

in the study area, all with populations less than 52,000, are
Charleston, on the Kanawha River; Huntington, Parkersburg,
and Wheeling, on the Ohio River; and Morgantown, on the
Monongahela River (U.S. Census Bureau, 2009). Because the
largest urban areas in the study area are in the valleys of major
rivers, increases in peak storm runoff caused by impervious
urban lands are generally localized and most pronounced on a
few small streams.

Principal economic activities include coal mining,
forestry, and oil and gas production, which are widespread
throughout most of the study area; manufacturing, which
is most common in areas near the Monongahela, Ohio, and
Kanawha Rivers; and agriculture, which is most important
commercially near the Ohio and Kanawha Rivers and in the
Greenbrier River Basin (Messinger and Hughes, 2000). Of
these, forestry is nearly ubiquitous throughout West Virginia,
the exception being urban areas. Some activities associated
with timber harvesting may have strong effects on storm
hydrographs and peak flows but smaller effects on medium
and low flows.

Oil and gas have been produced in West Virginia since
1859 (Eggleston, 1996). As of 2013, records exist for 55,000
active and 12,000 abandoned oil and gas wells, many of
them decades old, in 53 of West Virginia’s 55 counties (West
Virginia Department of Environmental Protection, 2013a).



6 Correlations of Daily Flows in and near West Virginia and Streamflow Characteristics Relevant to Index Streamgages

Development of hydraulic fracturing and horizontal drilling
technology led to extensive development of shale gas begin-
ning about 2007, principally in the Marcellus Shale (fig. 44;
Soeder and Kappel, 2009). Shale gas wells that have been
drilled to the Marcellus Shale in West Virginia include many
vertical wells that were not hydraulically fractured; some of
these wells were principally targeted at a different formation.
Most horizontally drilled, hydraulically fractured wells in the
Marcellus Shale are in northern West Virginia (fig. 44). Hori-
zontal wells have also been drilled in Devonian siltstone and
shales, particularly in the Huron Member of the Ohio Shale
(informally referred to as the Lower Huron), although because
those wells are typically air-fractured, they require much less
water than Marcellus Shale wells. The Utica Shale (fig. 4B),
which underlies much of West Virginia and is being developed
extensively in Ohio, has been the target for only one well in
West Virginia through 2013 (West Virginia Department of
Environmental Protection, 2013b).

Surface and underground coal mining are widespread
throughout much of the study area (fig. 5). Coal mines alter
flow in a complex way. Surface mines increase water yield
and low and medium flows (Messinger and Paybins, 2003).
Runoff from intense storms is increased by some, but not
necessarily all, surface mines, although runoff from moderate
storms, including long, sustained storms, is reduced (Mess-
inger, 2003). Small basins and streams may either gain water
from, or lose water to, underground mines, depending on the
stratigraphic position of the mine relative to the stream or
aquifer, dip of the bedrock, and other factors (Hobba, 1981;
Kozar and others, 2013). In general, large streams (drainage
area > ~50 mi?) underlain by underground coal mines usually
have increased base flow and water yield compared to streams
draining unmined areas.

The Streamgaging Network in West
Virginia

The streamgaging network, both nationally and within
West Virginia, was developed over decades to meet a vari-
ety of goals and serve multiple stakeholders. As technology,
knowledge of hydrology, and societal priorities have changed,
new uses for streamgages have emerged. The addition of
streamgages to the network has largely been opportunistic, and
the existing network represents the needs both of the USGS
and of other stakeholders.

The goal of the USGS streamgaging program is to
provide hydrologic information needed to define, use, and
manage the Nation’s water resources (Wahl and others, 1995).
The program provides a continuous, well-documented, well-
archived, unbiased, and broad-based source of reliable and
consistent water data. Streamflow information is used for flood
warnings; current and short-term (days to months) opera-
tional decision making for withdrawals, hydropower produc-
tion, and navigation; assessing and mitigating flood risks

and determining floodplains; planning and designing water
infrastructure; managing and improving water quality and
assessing stream habitat; monitoring legal agreements on the
allocation of water resources; recreational uses; and improv-
ing the scientific understanding of the environment and how it
is changing over time (Bales and others, 2004). Streams that
are important for water supply, flood warning, or other critical
operational needs are directly gaged; these include most major
rivers. For many smaller streams, streamflow information is
provided in the form of regional equations for selected flow
characteristics. To provide the information needed to develop,
maintain, and refine these equations, streamgages are operated
on small streams draining basins that represent larger areas.
Understanding regional hydrology requires information on

the variability of streamflow regionally, as well as over time.
Because many critical streamflow events are infrequent, such
as major droughts and floods, streams must be continuously
gaged for long periods in order to reliably measure trends.
Currently, streamflow is measured continuously at 85 stations.
The maximum number of stations, 115, was operated in 1969
and 1977. Historic data, including that for discontinued sta-
tions, is critically important for developing regional equations,
and streamgages with extended periods of record are among
the most valuable because they provide baseline information
for detecting future changes (National Hydrologic Warning
Council, 2006).

History of the Streamgaging Network in West
Virginia

The first streamgage in West Virginia, Kanawha River
at Kanawha Falls (streamgage 03193000), was established
in 1877, and the second through fifth were established in
1895 (fig. 6). The streamgaging network was expanded to 47
streamgages by 1930, following the development of strip-
chart recorders that enabled collection of continuous-stage
data. The number of streamgages operated in West Virginia
has not dropped below 40 since 1930, and 15 streamgages
have been in continuous or near-continuous operation on
still-unregulated streams since the 1930s. To be useful for
regional analysis, a streamgage must be on an unregulated
stream. Among the unregulated streamgages lost for regional
analysis since the 1930s are those on streams that became
regulated, such as Kanawha River at Kanawha Falls in 1939,
with the completion of Claytor Dam on the New River in
Virginia. However, the unregulated period of record for such
streamgages remains available for analysis and comparison
with records from other unregulated streamgages that were
operated contemporaneously.

The number of active unregulated streamgages operated
in West Virginia increased to 77 in 1947, remained gener-
ally stable until 1968, and then increased to 94. West Virginia
had the greatest coverage of unregulated streams from 1968
through about 1980. Beginning in 1980, Federal program cuts,
including the end of the Coal Hydrology Program, led to the
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loss of 41 unregulated streamgages in West Virginia by 1984.
The number of unregulated streamgages fluctuated between
43 and 57 until 2003 and was fairly stable at about 60 unregu-
lated streamgages between 2003 and 2010. Thirteen unregu-
lated streamgages were added to West Virginia’s network
between 2011 and 2013, although not all are intended to be
long-term streamgages.

Previous Regional Analysis

The USGS uses records from the streamgaging net-
work to develop regional regression equations for selected
flow characteristics. For many small streams, typical needs
for streamflow information are satisfied by these regional
equations. For West Virginia, regional equations have been
developed for flood frequency discharges (Wiley and Atkins,
2010a), annual and seasonal low-flow statistics (Wiley, 2006;
Wiley, 2008; Wiley and Atkins, 2010b), and bankfull channel
characteristics (Wiley and others, 2002; Keaton and others,

2005; Messinger, 2009). To provide the information needed
to develop and refine these equations as more data become
available, streamgages are operated on small streams draining
basins that represent larger areas.

Understanding regional hydrology requires information
on the variability of streamflow over time, as well as spatially.
Because many of the critical streamflow events are infrequent,
such as major droughts and floods, streams must be continu-
ously gaged for long periods in order to reliably define trends.
Developing and refining regional equations is among the most
important uses for streamgaging information, and insight
gained from regional analyses is used to make decisions about
the allocation of resources among potential streamgaging sites.

Of the various regional equations that have been devel-
oped for West Virginia, those pertaining to low-flow magni-
tude and frequency are the most relevant for managing water
withdrawals. Equations have been published for a variety of
statistics, including selected flow-duration quantiles (Wiley,
2008). For the equations, West Virginia was separated into
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three low-flow regions—North, South, and East. The East
Region generally coincides with the part of West Virginia
in the Valley and Ridge Physiographic Province and is
separated from the North and South Regions by a boundary
that is close, but not identical, to the rain shadow along the
Allegheny Front.

The low-flow regional study evaluated patterns in the
annual minimum daily mean flows and low-flow statistics for
streamgages in or near West Virginia (Wiley, 2006). Five peri-
ods consisting of similar patterns in minimum flows between
1930 and 2002 were identified: 19301942, a period of
drought; 1943-1962, which included both dry and wet years;
1963-1969, a period of drought; 1970-1979, a 10-year period
when every year had an annual low-flow value greater than the
long-term average; and 19802002, which included both wet
and dry years. The period 19701979 is important for efforts
to analyze historic flow records because it is the historic
period with both the most extensive coverage of unregulated
streamgages and the wettest period on record.
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Number of streamgages operated on unregulated streams in or within 50 miles of West Virginia, 1877-2011.

Previous Network Analyses for West Virginia

Several streamgaging network analyses have been
performed since 1970. Frye and Runner (1970) analyzed the
West Virginia streamgaging network when it was near its
maximum number of stations and cuts to the program were
anticipated. All streamgages were classified according to their
purpose. Four categories were designated: gages operated (1)
for current uses, such as managing day-to-day operations of
a dam or another specific facility, (2) for planning and design
or to provide statistical estimates of streamflow characteristics
to be used on ungaged streams, (3) to determine long-term
trends for 11 designated streams, and (4) to monitor stream
environments or to describe the hydrologic environment of
stream channels or drainage basins. Categories 2 and 4 seem
to overlap; the principal difference is that specific analytical
goals were set for category 2. For the planning and design
category, eight statistics (mean annual flow, standard devia-
tion of annual flow, mean monthly flow, standard deviation
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of monthly flow, 50-year flood, 7-day 2-year low flow, 7-day
20-year low flow, and 7-day 50-year high flow) and their accu-
racy goals were designated (standard errors of prediction equal
to those achieved by 10 years of record on streams draining
less than 500 mi* and 25 years of record on streams draining
more than 500 mi?).

Runner and others (1989) applied optimization algo-
rithms for two goals, (1) to minimize the total error in esti-
mating values for various streamflow characteristics for all
streamgages then in operation in West Virginia, and (2) to
reduce operational costs. The study is part of a series of stud-
ies intended to optimize the national streamgaging network.
The study concluded that none of the 60 streamgages, includ-
ing regulated streamgages, still in operation in 1985 could
be discontinued without increasing total error. The principal
consideration in minimizing total error was compensat-
ing for instrument failure at a time when few streamgages
had telemetry and instrument failure shortly after a site was
visited could result in weeks or months of lost record. The
compensation principally took the form of providing enough
redundancy in the network that missing records could be
estimated effectively. Now that continuous streamgages in the
West Virginia network are routinely equipped with telemetry
so that instrument failure is known in near-real time, the risk
of extensive lost record resulting from instrument failure has
decreased greatly.

Straub (1998) evaluated the streamgaging network for
effectiveness in providing regional flow information for Ohio.
Regression equations were developed for selected stream-
flow characteristics. The contribution from each station to the
predictive power of the equations was determined, and stations
were ranked on the basis of a cost-weighted reduction of the
mean square error associated with each equation. Typically,
continuing data collection at unregulated streamgages with
less than 11 years of record and drainage areas of less than
200 mi* contributed the largest cost-weighted reduction to
the average sampling-error variance of the regional estimat-
ing equations. The greatest spatial gap was in southern Ohio,
along the border with West Virginia, owing to sparse coverage
of streamgages both in Ohio and nearby parts of West Virginia.

The various plans to redesign or streamline the
streamgaging network for West Virginia have not been imple-
mented. Of the 11 long-term trend stations recommended
by Frye and Runner (1970), one became regulated in 1973,
five were discontinued by 1984, and one was discontinued in
1995. In contrast, 8 of the 15 streamgages that Frye and Run-
ner (1970) indicated could be discontinued have remained in
continuous operation through 2013. Runner and others (1989)
identified a need for streamflow data for minor tributaries of
the Ohio and Kanawha Rivers, a gap that Straub (1998) docu-
mented again and that remains unfilled in 2012. The failure
to implement these plans resulted partly from technological,
analytical, or environmental changes that made the recommen-
dations obsolete and partly from changes in the manner that
water data are used, which was difficult to anticipate.

Previous Index-Streamgage Analysis

Although index streamgages have long been used to
estimate or infer flow conditions at ungaged streams, most sys-
tematic approaches to their use have traditionally concentrated
on transferring flow statistics to ungaged sites (Stedinger and
Thomas, 1985). In West Virginia, Wiley (2008) determined
that, for ungaged locations on gaged streams, better estimates
of low-flow statistics can be obtained for ungaged sites within
specified ranges of drainage area by transferring the flow sta-
tistics to the ungaged site from a gaged site upstream or down-
stream by using a drainage-area ratio than by using regional
equations. For low-flow statistics, the drainage-area ratio
ranges from 0.5 to 2.0 for the drainage area of the streamgage,
and for high-flow statistics, the drainage-area ratio ranges
from 0.21 to 4.76 for the drainage area of the streamgage.

American Whitewater (2013) operates an Internet
application intended for whitewater boaters that relates water
levels of various streams that are deemed suitable for kayak-
ing, canoeing, or rafting, to water levels at USGS streamgages
(http://'www.americanwhitewater.org/content/River/state-
summary/state/WV/). Reaches of most streams of a stream
order of 3 or more in West Virginia are described and related
to an index gage. Volunteer commenters, including anonymous
and pseudonymous commenters, have verified the relations
between flow at streamgages and flow at many ungaged
reaches. This application has limitations. Comments on and
corrections to the stream descriptions for this application are
informal. The number of comments is related to the popular-
ity of the reach so that most discussion is of the most popular
stream reaches among boaters. Little or no information is
available for many streams of regulatory interest, especially
for flatwater streams. The relations between favorable boating
conditions on small streams and threshold conditions for with-
drawal are likely to be imprecise. However, the application
represents an extensive collection of observations on common
relations between flows at index streamgages and those in
ungaged streams made by interested, experienced observers.

Streamflow and Basin Characteristics
Relevant to the Use of Index
Streamgages

The WWGT was developed by WVDEP to allow
potential water users to know whether a proposed water
withdrawal was environmentally safe. The WWGT uses an
index streamgage to estimate flow for an ungaged stream site.
Flow estimates for ungaged sites that are derived from flow at
index streamgages will always be imperfect. Understanding
the differences in flow characteristics among sites is neces-
sary to make the most of the streamflow data that are avail-
able. Nearly all flow characteristics are affected by the size of
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the basin, even when they are normalized by drainage area.
Nearby large and small streams with basins having similar
basin characteristics and the same weather patterns will have
different flow characteristics, such as the magnitude, timing,
and duration of flow.

Streamflow in and near West Virginia varies throughout
the year. At the 45 long-term unregulated streamgages in and
near West Virginia with continuous or nearly continuous daily
record since 1930 (nearly continuous defined as fewer than
3 years of missing record; tables 1 (at end of report) and 2),
the annual minimum daily flow was most frequently recorded
in September and October. For more than 82 years, the annual
minimum daily flow was recorded only 10 times in January,
twice in February, and never during March, April, or May.
Floods can occur during any month of the year. Instantaneous
annual peaks have been recorded in every month, although
substantially more have been recorded during January through
April than during the rest of the year. Typically, the high-
est sustained flows occur during late winter or early spring,
following the season of maximum recharge, and the lowest
sustained flows occur during late summer and early fall.

Many differences in flow characteristics can be summa-
rized using flow duration curves and unit flow (flow per unit
drainage area; fig. 7). Even when flow is normalized by drain-
age area, the duration of flow differs between large and small
basins. Flow-duration values representative of 1930 to 2002
were compared for three pairs of adjacent streamgages (Wiley,
2006). For all three pairs, unit flows for most or all of the
flow-duration values were smaller for the small stream than
for the nearby large stream; only one value of unit flow for the

Table 2. Number of times that instantaneous annual peak
and annual daily minimum flow were recorded, by month, at 45
selected streamgages in and near West Virginia, 1930-2011.

[Annual peaks were computed by water year, October 1-September 30, and
annual minima were computed by climatic year, April 1-March 31]

Month Instantaneous I-\_n{lual daily
annual peak flow minimum flow

January 135 10
February 150

March 249

April 140

May 94

June 69 35
July 29 125
August 40 312
September 24 786
October 60 639
November 50 76
December 103 32

S5-percent flow duration at one site, Panther Creek near Panther
(streamgage 03213500), exceeded unit flow for the adjacent
larger stream, Tug Fork at Litwar (streamgage 03213000).
Flow characteristics for six pairs of nested streamgages
from 2006 to 2010 were evaluated. Drainage areas of the
smaller stream of the pair ranged from 1.9 to 16 percent of
the drainage area of the larger site (table 3). Although mean
annual precipitation was clearly related to water yield (total
annual flow normalized by drainage area), basin size or
other characteristics also affected flow. Differences in flows
between large and small streams within the same basin are
not always consistent, especially when the basin is heteroge-
neous. Five of the six pairs of nested streamgages had a higher
water yield at the upstream basin (smaller stream) than at the
downstream basin (larger stream). In the Cheat River Basin,
water yield from Shavers Fork near Cheat Bridge (streamgage
03067510; drainage area, 60.2 mi®) slightly exceeded water
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Figure 7. Flow duration of selected pairs of small and large

streams with streamgages that are near each other. (Data from
Wiley, 2006; mi?, square miles)
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Table 3. Annual water yield, drainage area, and mean annual precipitation for selected pairs of nested streamgages, 2006-2010.

[mi?, square miles; NA, Not available. Precipitation data from PRISM Climate Group, 2012]

. Mean Annual water yield, in cubic feet per second
. Drainage .
Station annual per square mile
Streamgage name area .
number (mi?) precipitation,
ininches 2006 2007 2008 2009 2010  Average

03052500 Sand Run near Buckhannon, WV 14.3 51.0 2.01 1.55 2.23 1.99 1.78 1.91
03053500 Buckhannon River at Hall, WV 277 54.9 2.16 1.88 2.44 2.19 1.91 2.12
03067510 Shavers Fork near Cheat Bridge, WV 60.2 58.8 2.61 2.97 2.95 2.54 2.92 2.80
03069500 Cheat River near Parsons, WV 722 54.5 2.28 2.53 2.98 2.31 2.11 2.44
03213500 Panther Creek near Panther, WV 31 438 0.59 1.00 0.65 1.55 1.74 1.10
03214500 Tug Fork at Kermit, WV 1,280 447 0.71 1.00 0.68 1.38 1.26 1.01
03198350 Clear Fork at Whitesville, WV 62.8 48.3 NA 1.18 1.01 1.25 1.62 1.26
03198500 Big Coal River at Ashford, WV 391 47.3 0.89 1.19 1.05 1.43 1.60 1.23
01610400 Waites Run near Wardensville, WV 12.6 438 0.87 1.20 0.87 0.75 1.25 0.99
01611500 Cacapon River near Great Cacapon, WV 675 393 0.56 0.81 0.76 0.72 0.95 0.76
03177710 Bluestone River at Falls Mills, VA 443 43.3 1.15 1.10 0.98 1.21 1.85 1.26
03179000 Bluestone River near Pipestem, WV 395 40.6 0.89 1.02 0.85 1.20 1.59 1.11

yield from Cheat River near Parsons (streamgage 03069500,
drainage area 722 mi?, table 3). At the two Bluestone River
streamgages, Falls Mills (streamgage 03177710, drainage area
44.3 mi?) and Pipestem (streamgage 03179000, 395 mi?), the
headwater stream showed substantially greater water yield. In
both of these examples, mean annual precipitation was greater
in the headwater basin than in the main stem basin. For the
pair of basins at which water yield was greater in the larger
basin, mean annual precipitation in the larger basin was nearly
4 inches per year greater than in the smaller basin.

Mean annual precipitation was determined for the 86 map
zones in the WWGT (fig. 8). Five map zones are referenced
to index streamgages in basins that receive at least 10 percent
more mean annual precipitation than the map zone, and three
map zones are referenced to index streamgages in basins that
receive at least 10 percent less mean annual precipitation
than the map zone. These zones include areas with extensive
Marcellus Shale development. One streamgage used in the
WWGT as an index for drier areas with extensive Marcel-
lus Shale development is Little Kanawha River near Wildcat
(streamgage 03151400, map zone 31); this basin receives a
mean precipitation of 53 inches per year (in/yr) (table 4). Map
zones representing drier parts of the Little Kanawha River
Basin (map zone 31, 48 in/yr) and the West Fork Basin (map
zone 50, 48 in/yr) are referenced to the Wildcat streamgage,
resulting in an overestimation of available water. Map zones
27 and 48, referenced to Sand Run near Buckhannon, WV
(streamgage 03052500), and Wheeling Creek below Blaine,

OH (streamgage 03111548), respectively, receive at least
10 percent more mean annual precipitation than the index
basins; in these map zones, available water is likely to be
underestimated.

Heterogeneous areas can also lead to problematic flow
estimates. Estimating flows on an ungaged stream using a
basin that receives precipitation more frequently than the
ungaged basin could lead to inaccurate flow estimates. WWGT
map zones were drawn along basin boundaries, and heteroge-
neity among index streamgage basins was generally compa-
rable to that among map zones. As a result of this, 36 of 86
map zones include areas in which mean annual precipitation
differs by 10 in/yr or more. Seven map zones (map zones 7,
23,27, 54, 56, 57, and 67) include areas in which mean annual
precipitation differs by 20 in/yr or more (table 4). Because
mean annual precipitation generally increases with elevation,
the greatest differences in precipitation among nearby areas
tend to be in mountainous areas. Among the map zones with
large differences in mean annual precipitation are some in
areas with Marcellus Shale development (map zones 27, 30,
36,42, 43, and 50). The most uncertainty in flow estimates
exists in areas where the precipitation distribution is uneven
across the designated map zones. Incorrect estimates of flow
are likely when flows have risen at an index streamgage drain-
ing a relatively large basin from an event in the headwaters of
that basin, but estimates are being made for an ungaged stream
near the streamgage that did not receive precipitation in the
same event.
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Figure 8. West Virginia
Department of Environmental
Protection Water-Withdrawal
Guidance Tool map zones,
1981-2010 mean annual
precipitation, and streamgages
on unregulated streams in and
near West Virginia.
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Table 4. Water-withdrawal tool map zones and associated index streamgages, and minimum, maximum, and mean annual
precipitation, 1981-2010.

[Percentage difference mean precipitation; difference between index basin and map zone, as a percentage of the index basin. Data from PRISM Climate Group,

2012; Min, minimum; Max, maximum]

Table 4. Water-withdrawal tool map zones and associated index streamgages, and minimum, maximum, and mean annual
precipitation, 1981-2010.—Continued

[Percentage difference mean precipitation; difference between index basin and map zone, as a percentage of the index basin. Data from PRISM Climate Group,

2012; Min, minimum; Max, maximum]

Annual precipitation Annual precipitation Percentage
Map for indi_ca?ed map zone, Index for the il!de_x s_treamgage difference,
zone ininches gage basin, in inches mean
Min Max Range Mean Min Max Range Mean Precipitation
1 45 56 12 51 North Branch Potomac River at Steyer, MD 46 56 10 51 -1
2 43 56 12 48 North Branch Potomac River at Steyer, MD 46 56 10 51 6
3 37 46 9 43 North Branch Potomac River at Steyer, MD 46 56 10 51 14
4 37 45 8 40 Patterson Creek near Headsville, WV 36 46 10 37 -6
5 36 46 10 37 Patterson Creek near Headsville, WV 36 46 10 37 -0
6 31 47 17 39 South Branch Potomac River at Franklin, WV 35 47 12 42 7
7 35 63 28 42  North Fork South Branch Potomac River at Cabins, WV 35 63 28 43 1
8 33 48 14 38 North Fork South Branch Potomac River at Cabins, WV 35 63 28 43 11
9 32 41 9 36 South Branch Potomac River at Franklin, WV 35 47 12 42 14
10 33 49 16 39 South Fork South Branch Potomac River at Brandywine, WV 34 49 15 40
11 33 46 13 39  South Fork South Branch Potomac River at Brandywine, WV 34 49 15 40 3
12 33 49 16 37 Patterson Creek near Headsville, WV 36 46 10 37 1
13 37 42 5 38 Patterson Creek near Headsville, WV 36 46 10 37 -2
14 35 49 14 40 Waites Run near Wardensville, WV 39 47 8 44 8
15 36 46 9 39 Hogue Creek near Hayfield, VA 38 41 2 39 1
16 35 41 6 37 Hogue Creek near Hayfield, VA 38 41 2 39 4
17 37 41 4 39 Hogue Creek near Hayfield, VA 38 41 2 39 1
18 39 41 3 39 Hogue Creek near Hayfield, VA 38 41 2 39 -0
19 39 41 2 40 Tuscarora Creek above Martinsburg, WV 39 39 1 39 -1
20 38 40 1 39 Tuscarora Creek above Martinsburg, WV 39 39 1 39 0
21 39 40 1 39 Rockymarsh Run at Scrabble, WV 39 39 0 39 -0
22 39 41 2 39 Bullskin Run below Kabletown, WV 39 40 1 39 -1
23 45 67 23 51 Tygart Valley River near Dailey, WV 45 67 23 52 2
24 48 53 5 50 Sand Run near Buckhannon, WV 50 52 3 51 1
25 52 66 14 55 Sand Run near Buckhannon, WV 50 52 3 51 -9
26 50 52 2 51 Sand Run near Buckhannon, WV 50 52 3 51 -0
27 48 70 22 57 Sand Run near Buckhannon, WV 50 52 3 51 -12
28 48 51 3 49  Sand Run near Buckhannon, WV 50 52 3 51 4
29 49 52 3 51 Sand Run near Buckhannon, WV 50 52 3 51 1
30 45 56 11 49  Three Fork Creek near Grafton, WV 48 53 5 49 0
31 46 52 7 48 Little Kanawha River near Wildcat, WV 48 63 15 53 11
32 44 50 6 47 Buffalo Creek at Barrackville, WV 46 49 2 47 2
33 44 49 5 47 Buffalo Creek at Barrackville, WV 46 49 2 47 1
34 42 51 9 45 Deckers Creek at Morgantown, WV 42 51 9 48 5
35 43 47 4 45 Dunkard Creek at Shannopin, PA 42 47 5 44 -2
36 45 63 18 54  Dry Fork at Hendricks, WV 45 63 18 54 0
37 52 59 7 54 Blackwater River near Davis, WV 52 59 7 54 0
38 50 58 8 56 Blackwater River at Davis, WV 50 59 9 55 2
39 53 63 9 58 Shavers Fork near Cheat Bridge, WV 53 63 9 59 2
40 50 57 8 52 Shavers Fork near Cheat Bridge, WV 53 63 9 59 11
41 50 57 7 52 Three Fork Creek near Grafton, WV 48 53 5 49 -6
42 45 57 12 53  Three Fork Creek near Grafton, WV 48 53 5 49 -9
43 42 54 12 48 Big Sandy Creek at Rockville, WV 47 53 6 49 2

Annual precipitation Annual precipitation Percentage
Map for indi_ca?ed map zone, Index for the il!de_x s_treamgage difference,
zone ininches gage basin, in inches mean
Min Max Range Mean Min Max Range Mean Precipitation

44 49 54 5 52 Youghiogheny River near Oakland, MD 47 54 7 50 -4
45 38 41 2 40 Kings Creek at Weirton, WV 39 41 1 40

46 38 40 2 39 Short Creek near Dillonvale, OH 39 41 2 40 2
47 39 43 4 41 Wheeling Creek at ElIm Grove, WV 39 45 5 41 2
48 40 48 9 45 Wheeling Creek below Blaine, OH 40 41 1 41 -10
49 42 50 8 46 Middle Island Creek at Little, WV 44 49 5 46 0
50 45 62 17 48 Little Kanawha River near Wildcat, WV 48 63 15 53 9
51 42 49 7 46 South Fork Hughes River below Macfarlan, WV 45 47 1 46

52 40 45 5 43  Shade River near Chester, OH 40 42 2 41 -4
53 36 50 14 39 Bluestone River near Pipestem, WV 37 53 15 41 4
54 40 62 22 49  Greenbrier River at Durbin, WV 43 57 14 50 2
55 41 60 19 47 Greenbrier River at Durbin, WV 43 57 14 50 7
56 39 64 24 44 Dunlap Creek near Covington, VA 37 48 10 41 -8
57 37 59 22 41 Dunlap Creek near Covington, VA 37 48 10 41 0
58 37 45 8 39 Piney Creek at Raleigh, WV 40 47 7 43 9
59 39 53 15 45 Piney Creek at Raleigh, WV 40 47 7 43 -4
60 51 65 13 58 Williams River at Dyer, WV 51 65 13 60

61 49 65 16 57 Cranberry River near Richwood, WV 49 65 16 60 5
62 43 61 18 50 Meadow River near Mount Lookout, WV 43 61 18 50 -0
63 46 60 14 51 Peters Creek at Lockwood, WV 46 49 3 47 -8
64 44 50 5 46 Peters Creek at Lockwood, WV 46 49 3 47 2
65 42 50 7 46 Clear Fork at Whitesville, WV 46 52 6 48 5
66 43 48 5 45 Peters Creek at Lockwood, WV 46 49 3 47 4
67 48 71 23 55 Elk River below Webster Springs, WV 49 71 21 58 6
68 43 53 9 47 Peters Creek at Lockwood, WV 46 49 3 47 1
69 42 55 14 47 Clear Fork at Whitesville, WV 46 52 6 48 2
70 45 48 3 47 Hurricane Creek at Hurricane, WV 41 43 2 42 -10
71 43 46 3 45 Hurricane Creek at Hurricane, WV 41 43 2 42 -5
72 40 46 6 43  Hurricane Creek at Hurricane, WV 41 43 2 42 -2
73 41 42 2 42  Hurricane Creek at Hurricane, WV 41 43 2 42 2
74 41 52 10 47 Guyandotte River near Baileysville, WV 41 52 10 47 0
75 46 56 10 49 Clear Fork at Clear Fork, WV 46 56 10 49

76 44 52 7 47 Clear Fork at Clear Fork, WV 46 56 10 49

77 42 48 6 44  Hurricane Creek at Hurricane, WV 41 43 2 42 -5
78 42 48 5 45 East Fork Twelvepole Creek near Dunlow, WV 46 47 1 47 3
79 42 43 1 42  Hurricane Creek at Hurricane, WV 41 43 2 42 -0
80 42 47 5 45 East Fork Twelvepole Creek near Dunlow, WV 46 47 1 47 4
82 41 48 6 44  Tug Fork at Welch, WV 41 48 6 44 -0
83 42 45 3 44  Dry Fork at Beartown, WV 42 47 5 44 0
84 43 46 2 44  Panther Creek near Panther, WV 43 44 1 44 -1
85 43 47 4 46 Panther Creek near Panther, WV 43 44 1 44 -4
86 44 47 4 45 East Fork Twelvepole Creek near Dunlow, WV 46 47 1 47 2
87 43 44 1 43 East Fork Twelvepole Creek near Dunlow, WV 46 47 1 47 7
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Effects of Basin and Channel Characteristics on
Flow Timing

Estimating flow by use of index streamgages is also
complicated by the effects of the channel size and the basin
shape on the timing of flows. Smaller basins rise and fall
more quickly in response to precipitation than do large basins.
Basin shape also affects timing of rises and recessions, in that
distances along a stream within a compact basin are shorter
than distances within a long, narrow basin. Within a compact
basin, large and small streams are likely to rise and recede at
the same times (fig. 9). As an example, rises and recessions,
shown by hourly (or more frequent) observations, on the
Blackwater River at Davis (streamgage 03066000) and Dry
Fork at Hendricks (streamgage 03065000, fig. 9B) are nearly
simultaneous, despite the difference in basin areas (85.9 mi?
for Blackwater River and 349 mi? for Dry Fork). These
streams, tributaries to the Black Fork of the Cheat River, are in
a mountainous part of the Appalachian Plateaus. The drainage
pattern is dendritic, the basins are compact, and the distance
between the basin centroids is small. The centroids of the
basins are 17.4 miles apart, and the streamgages themselves
are 9.12 miles apart.

In contrast, Waites Run at Wardensville, a tributary of
the Cacapon River, typically recedes many hours before the
Cacapon River rises at the streamgage near Great Cacapon.
The centroids of these two basins are 10.6 miles apart, but the
gages are 40.3 miles apart. The Cacapon River is in the Valley
and Ridge Physiographic Province, drainage is trellised, and
the basin is long and narrow. Distribution of precipitation dur-
ing a storm is among the factors affecting flow timing. During
rain events, precipitation distribution within basins is likely to
cause the greatest variation in flow timing in large basins. Dif-
ferences in the timing of runoff from the same storms, among
and within basins, are among the aspects of streamflow that
are reflected in correlation of daily flows.

Relation of Flow Duration, Timing, and
Correlation to Hypothetical Seasonal and
Annual Withdrawal Criteria

Annual, seasonal, and monthly flow statistics have been
proposed as criteria for thresholds for withdrawing water from
streams (Poff and others, 2010; Richter and others, 2011; New
York Department of Environmental Conservation, 2011).
Assessing the effects of flow magnitude and alteration on
aquatic life is outside the scope of this report. However, the
coverage and resolution of the streamgaging network may
influence the practicality of selecting among an annual, sea-
sonal, or monthly flow statistic for withdrawal criteria. As an
example, annual and seasonal 75-percent flow-duration values
(D75) are compared; annual and seasonal statistics representa-
tive of 1930 to 2002, as determined by Wiley (2006), were
used for these comparisons.

The D75 is the daily flow, in cubic feet per second, which
is equaled or exceeded on 75 percent of the days. Over the
long term, the same average number of days per year, 91, have
flows that are less than either the annual or seasonal D75. The
distribution of those days is different; few years have exactly
91 days with flows less than either the annual or monthly D75
(fig. 10). Commonly in West Virginia, flow is greater than
the annual D75 for several months in winter and spring, even
during dry years, but falls below the annual D75 for most of
the late summer and fall, even during wet years. At Sand Run
near Buckhannon during water years 2006—10, flow was less
than the annual D75 for several months every year, but flow
on many days during those months exceeded the seasonal
D75. During 2007, 2009, and 2010, spring flows exceeded the
annual D75 but were less than the seasonal D75.

In addition to when water may be withdrawn under
different scenarios, the length of time between withdrawal
opportunities is of potential interest to water users. The maxi-
mum numbers of days between exceedances of the 75-per-
cent flow durations are listed in tables 5-8 (at end of report)
for 15 streamgages in West Virginia with nearly continuous,
unregulated record during the 1930-2011 water years. There
is a difference in the number of days per year that annual
and seasonal flow-duration values of the same nominal value
are exceeded. In some years, the seasonal 75-percent flow
durations are exceeded on more days, and in some years, the
annual statistics are exceeded on more days.

During water years 1930-2011, the average number of
days per water year that the 15 streamgages exceeded the
annual D75 ranged from 178 in 1999 to 346 in 2003 (table 5).
The average number of days per water year that flow at
15 streamgages exceeded the seasonal D75 ranged from 164
in 1966 to 353 in 1974 (table 6). The annual D75 value was
exceeded on more days than the seasonal D75 value in 37 of
82 years. For the annual averages at the 15 streamgages, the
number of days when flow exceeded annual and seasonal D75
values differed by 7 or fewer days during 30 of 82 years and
14 or fewer days during 57 of 82 years. The maximum dif-
ference was 42 days in 1930, when the annual D75 value was
exceeded on an average of 238 days, but seasonal D75 values
were exceeded on only 196 days.

For individual streamgages, the annual D75 was
exceeded the fewest days (91) during any water year at
Shenandoah River at Millville (01636500) in 2002; annual
D75 was exceeded the second fewest days (127) at the same
streamgage in 1966. Flow at three streamgages was greater
than the annual D75 for entire water years: Shenandoah River
at Millville in 1949 and 1973, and Big Coal River at Ashford
(03198500) and Tug Fork near Kermit (03214000), both in
2004. The seasonal D75 was exceeded the fewest (51) and
second fewest (89) days during any water year at Shenandoah
River near Millville in 2002 and 1966, respectively; in 1966,
seasonal D75 was exceeded on only 3 more days at Cacapon
River near Great Cacapon (01611500) than at Shenandoah
River near Millville. The seasonal D75 value was exceeded
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Figure 9. Timing of rises and recessions of flow at A, Waites Run near Wardensville and Cacapon River near Great Cacapon, 2008, and
B, Blackwater River at Davis and Dry Fork at Hendricks, 2011, in West Virginia. (mi?, square miles)
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for entire water years at four streamgages: Cacapon River near
Great Cacapon (01611500 in 1964 and 2004), Shenandoah
River near Millville (01636500 in 1973, 1996, and 1997), Wil-
liams River at Dyer (03186500 in 1950), and Tug Fork near
Kermit (03214000 in 1974).

In contrast to the inconsistent numbers of days when the
annual and seasonal D75 were exceeded, the interval between
exceedance of annual D75 values was consistently greater
than the interval between exceedance of seasonal D75 values.
For individual streamgages, the maximum interval between
exceedances of annual D75 values was 222 days at Big Coal
River at Ashford (03198500) in 1931 (table 7). All 15 of the
streamgages had an interval of at least 130 days between
exceedances of annual D75 values during the 1930-2011
water years. At four streamgages (South Branch Potomac
River near Springfield, 01608500; Shenandoah River at Mill-
ville, 01636500; Big Sandy Creek at Rockville, 03070500;
and Big Coal River at Ashford, 03198500) the interval
between exceedances of the annual D75 values was greater
than 180 days at least once. The maximum interval between
exceedances of seasonal D75 values was longer than 180 days
at only one streamgage during only one year (Big Sandy Creek
at Rockville, 03070500, in 1954; table 8). The minimum inter-
val between exceedances of annual and seasonal D75 values,
zero days, occurred at the streamgages where flow remained
above the annual and seasonal D75 for entire years.

For averages of the 15 streamgages, the maximum num-
ber of days between exceedances of annual D75 values was
greater than or equal to the maximum number of days between
exceedances of seasonal D75 values in 79 of 82 years. The
three exceptions are 1977, 1994, and 2003. Averages were
equal in 1978 and 1980. Differences in the number of days
between exceedances of annual and seasonal D75 values were
7 or fewer during 15 of 82 years and 14 or fewer during 42 of
82 years. The maximum difference was 32 days, in 1999.

Use of monthly or seasonal flow statistics may require
greater accuracy and precision from the streamgaging network
than the use of annual flow statistics. Because the magnitudes
of many monthly or seasonal values for D75 are less than
those for the annual D75, precision of the stage-discharge
relations (the rating) for low flows at index streamgages is
of great importance. Small changes in the stage-flow rating
resulting from intermittent scour, and especially from annual
leaf accumulation in the fall, are common and would be of
consequence in assessing the data used to estimate flows at
ungaged sites in real-time. The relatively weak correlations
of daily flows in summer compared to fall, winter, and spring
are relevant in determining how flows are to be estimated,
particularly if frequent decisions are to be made concerning
flows close to the threshold. Management options that would
not require the use of index streamgages during times when
they are unlikely to provide accurate estimates include the use
of off-stream storage and direct measurement of flow at the
time of proposed withdrawal.

Correlation of Daily Flows at
Streamgages

Index streamgages typically have been selected by loca-
tion or by best professional judgment. If index streamgages are
to be used for withdrawal-management purposes, a systematic
method is desirable.

Analytical Approach and Site Selection

A systematic method, the Map Correlation Method, for
determining appropriate index streamgages to be used for
estimating daily flows has been developed and applied in Mas-
sachusetts (Archfield and others, 2010; Archfield and Vogel,
2010), the Connecticut River Basin (Archfield and others,
2013), Iowa (Linhart and others, 2012), and Pennsylvania
(Stuckey and others, 2012). The Map Correlation Method
relies on spatial patterns in the correlation of daily flows
among streamgages. Correlations of daily flows are computed
among a group of streamgages, and spatial patterns in correla-
tion are determined by ordinary kriging. A set of correlation
maps is produced that depict the predicted correlation of daily
flows for each streamgage that was included in the analysis.
Index streamgages are selected using map correlation and
flow-duration exceedance probability regression equations
to estimate daily mean flow for an ungaged location. The
streamgage for which daily flows are most likely to be corre-
lated with those at any ungaged stream location of interest can
be determined by referring to the maps. Previous applications
of the Map Correlation Method have been used to estimate
time series of daily flows for ungaged stream locations.

Stuckey and others (2012) tested several modifications to
the Map Correlation method and reported two that generally
improved results. The first modification was in the metric used
to describe the location of the streamgage. Areas of predicted
correlation with the index streamgages are determined by ordi-
nary kriging of the correlation coefficients. Stuckey and others
(2012) compared, for two basins, the use of the coordinates of
the centroid of the gaged basin to the use of coordinates of the
gage location at the basin outlet for kriging; centroid distance
made little difference in one basin, but improved results in
the other.

The second modification, which made less difference to
the final results, was the selection of a correlation coefficient.
Archfield and others (2010) determined correlation by using
Pearson’s r for log-transformed daily flows. Stuckey and
others (2012) compared the accuracy of synthesizing flows
in two basins by using Spearman’s rho, a rank-based cor-
relation coefficient, to that achieved by using Pearson’s r on
log-transformed daily flows. Spearman’s rho is computed by
ranking the observations from smallest to largest, and then
performing the same computation as used for Pearson’s r on



the pairs of ranks instead of the pairs of observations. Both
correlation coefficients can range from -1 for a perfect nega-
tive correlation to 1 for a perfect positive correlation, and both
equal zero for a perfectly uncorrelated dataset. In 10 tests, five
scenarios tested in two basins, Nash-Sutcliffe efficiency values
of flows synthesized using Spearman’s rho were the same as
those synthesized using Pearson’s r for five tests, were greater
for three tests, and were less for two tests. Although the results
achieved by Stuckey and others (2012) were generally similar
using either correlation coefficient, Spearman’s rho offers
several logical advantages over Pearson’s . Spearman’s rho,
unlike Pearson’s 1, does not rely on the assumption that a
relation between two sets of observations is linear. A major
advantage of Spearman’s rho relative to Pearson’s r performed
on log-transformed daily flow values is that days with zero
flow may be analyzed using a rank transformation, but days
with zero flow are excluded from analysis that uses a logarith-
mic transformation.

For this study, correlations were determined using Spear-
man’s rho. Kriging was done from basin centroids. Several
different groups of index streamgages with different periods of
record were used (table 1). Details of site and period selection
are included in the discussion of analyses. Kriging was done
using the ArcGIS 10.1 Geostatistical Analyst (Esri, 2012).
Using ordinary kriging, a spherical semivariogram model was
optimized for a target index streamgage and its correlations
with other streamgages for a target period (Buffalo Creek
at Barrackville, WV, 03161500, for 1992-2011). To ensure
consistency among sites, the kriging parameters of the nugget,
lag size, and partial sill determined for this streamgage were
applied to all subsequent correlation maps (table 9). Root
mean square error for the semivariogram model was 5.1 per-
cent, and average standard error was 6.8 percent. Sensitivity
testing was done for the dataset used to develop the semivario-
gram model; the nugget was varied by 10 percent and recom-
puted three times for each of the 222 points in the model.
Standard errors for predictions generated during the sensitivity
testing ranged from 2.0 percent to 5.0 percent.

In general, previous studies have not examined changes
in the correlation of daily flows over time. Because managing
withdrawals during summer and fall was an important con-
sideration in this study, a comparison was made of seasonal
differences in flow correlations and the manner in which
those differences might affect the expected spatial correlation
patterns. Comparisons also were made of flow correlations at
long-term sites during periods previously identified as repre-
senting climatic variation in West Virginia (Wiley, 2006).

Site Selection

Flow data from streamgages operated in or near West
Virginia were retrieved from the USGS National Water Infor-
mation System: Web Interface (NWIS-Web) for 1930-2011.
Data and coordinates for streamgages with a year or more
of approved data were retrieved. Data were retrieved for
all streamgages operated in West Virginia, and the parts of
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Table 9. ArcGIS method report giving kriging parameters used
to develop correlation maps.

[%, percent]

Method: Kriging

Type: Ordinary
Output type: Prediction
Trend type: None
Searching neighborhood: ~ Standard
Neighbors to include: 5

Include at least: 2

Sector type: Four and 45 degree
Major semiaxis: 2.491609
Minor semiaxis: 2.491609
Angle: 0

Number of lags: 12

Lag size: 0.235945
Variogram type: Semivariogram
Nugget: 0.002273
Measurement error %: 100

Model type: Spherical
Range: 2.491609
Anisotropy: false

Partial sill: 0.016786

Kentucky, Ohio, and Pennsylvania within 50 miles of West
Virginia. Data were retrieved for streamgages in Virginia and
Maryland within 50 miles of West Virginia that have been
active during the 20 years prior to this study (1992-2011).

Information on regulation status was compiled from state
low-flow frequency reports (Ruhl and Martin, 1991; Straub,
2001; Stuckey, 2006; Wiley, 2006; Roland and Stuckey, 2008;
Doheny and Banks, 2010; Martin and Arihood, 2010; Austin
and others, 2011; Koltun and Kula, 2013). Additional informa-
tion on regulation status was compiled from Annual Water-
Data Reports and NWIS-Web pages and to determine periods
of unregulated record (U.S. Geological Survey, 2013a, 2013b).
Regulated periods that could be identified were removed from
the database, although data were retained for unregulated
periods at these streamgages. Streamgages at sites in basins
altered by coal mining, urbanization, or other land uses known
to affect flow characteristics were included so that their corre-
lations could be explored, as were sites with basins that drain
karst areas or urban areas.

Basin polygons were needed in order to obtain basin
centroids. Basin polygons were obtained from Krstolic (2006),
Falcone and others (2010), and the U.S. Environmental Pro-
tection Agency and USGS National Hydrologic Dataset Plus,
version 2 (McKay and others, 2013). Basins were digitized for
the streamgages in West Virginia that are not included in those
reports. The six non-West Virginia basins were digitized for
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this study using the USGS web application StreamStats (U.S.
Geological Survey, 2013c¢). Basins that are smaller than 2 mi?
were not digitized, and the coordinates of their streamgages
were substituted for the centroid coordinates. Basins without

a published drainage area were excluded from analysis; these
basins drain karst areas where the contributing drainage area is
believed to differ from the surface drainage area. Basin poly-
gons were available for most unregulated streamgages in West
Virginia (table 1; Paybins, 2008).

Correlation Computation

Spearman’s rho was determined using R, version 2.15.1
(R Core Team, 2012; table 10, available for download at
http://dx.doi.org/10.3133/sir20145061). There were 55,737
pairs of sites with 365 or more days of concurrent record
during 19302011 (table 11, available for download at
http://dx.doi.org/10.3133/sir20145061). Values of rho range
from 0.9977 to -0.02849, and the overall median is 0.7066.
Although the correlations of all but 3 of the 55,737 pairs of
sites were significantly different from 0 (p <0.05), differences
between correlations are of greater interest.

The significance of differences between correlation
coefficients is closely linked to the number of observations
(table 12). In general, the stronger the correlations are, the
more likely that differences between them are to be statisti-
cally significant. For instance, with 365 observations, correla-
tion coefficients of 0.90 and 0.85 are significantly different
(p <0.01), as are correlation coefficients of 0.85 and 0.80
(p = 0.03), but correlation coefficients of 0.80 and 0.75 are
not significantly different (p = 0.09). With greater numbers of
observations, even small differences between weak correla-
tions may be significantly different; with 3,652 observations
(10 years of daily flows), the difference between correlation
coefficients of 0.25 and 0.20 is significant (p = 0.02).

Table 12. Statistical significance of selected pairs of correlation
coefficients at selected numbers of observations.

[n, number of observations; <, less than]

Corre_la'tion P value
coefficient

r r2 n=90 n=180 n=365 n=730
0.95 0.90 0.02 <0.001 <0.001 <0.001
0.95 0.85 <0.001  <0.001 <0.001  <0.001
0.90 0.85 0.15 0.04 <0.001  <0.001
0.90 0.80 0.01 <0.001  <0.001  <0.001
0.90 0.75 <0.001  <0.001  <0.001  <0.001
0.85 0.80 0.30 0.14 0.03 <0.001
0.85 0.75 0.06 0.01 <0.001  <0.001
0.85 0.70 0.01 <0.001  <0.001  <0.001
0.80 0.75 0.41 0.24 0.09 0.02

Uncertainty associated with correlations decreases with
the strength of the correlation, and the spatial extent of areas
depicted at a given level of correlation is strongly influenced
by the uncertainty of that underlying correlation. Because the
strong correlations are more precise than the weak correla-
tions, smaller differences between strong correlations are more
meaningful than they would be between weak correlations.
Maps in this report show strong correlations with finer resolu-
tion than weak correlations.

Spatial coverage of flow correlation would be limited if
analysis were limited to streamgages with complete or nearly
complete records for the entire period of interest; one of the
principal questions of the study is “Which new or discontin-
ued streamgages might be useful for filling spatial gaps in
the existing network?”” As the discussion of statistical power
in relation to the number of observations indicates, mini-
mum thresholds exist for a period of record to be significant.
Because land use, climate, and other factors likely to affect
flow correlation have changed over time, flow data obtained
for a short period may not represent long-term flow charac-
teristics; however, land-use and climate changes may cause
long-term flow characteristics to be unrepresentative of pres-
ent conditions.

Comparison of Flow at Two Selected
Streamgages

Daily flows at nearby streamgages are often strongly
correlated, although the correlation between a given pair of
streamgages is likely to vary over time (fig. 11). As an exam-
ple, daily flows in the 2009 water year for Buffalo Creek at
Barrackville, WV (streamgage 03061500), and Dunkard Creek
at Shannopin, Pennsylvania, generally compare well.

The basins are adjacent and of similar sizes (table 1).

The Dunkard Creek Basin received an average of 44.2 in/yr
of precipitation during 1980-2010, whereas the Buffalo Creek
Basin received 47.3 in/yr of precipitation (table 4). The basin
centroids are 13.7 miles apart, and the streamgages are 20.6
miles apart. Both basins have been, and continue to be, exten-
sively mined for coal.

Unit flow at Dunkard Creek was generally slightly
greater than that at Buffalo Creek (fig. 11). By mid-November,
after evapotranspiration had decreased, unit flows at the two
streamgages began to match closely. Throughout the rest of
the fall, winter, and early spring, nearly every rise or recession
on one stream was accompanied by a similar rise or recession
on the other, although sometimes the magnitudes were slightly
different. Several times, one stream rose when the other did
not, apparently, because one received precipitation when the
other did not. This pattern is common in West Virginia. Dur-
ing fall, winter, and early spring, precipitation usually results
from frontal events that are evenly distributed throughout large
areas, but during late spring and summer, scattered thunder-
storms or differences in thunderstorm intensities result in
greatly different amounts of rain in nearby areas.
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The strength of correlation of the daily flows could be
measured by any of several statistics, but for comparison to
a flow-duration value, which is based on the ranks of daily
flows, a rank-based correlation coefficient such as Spear-
man’s rho is appropriate. Spearman’s rho values are shown
in figure 11 with scatterplots of daily flow during water year
2009 for Buffalo Creek at Barrackville, WV, and Dunkard
Creek at Shannopin, PA, for the entire year and for each of the
four seasons.

At the beginning of water year 2009, flows were low
at both streamgages. This condition began to change in late
May, and during June 3—6, unit flow for Dunkard Creek was
about three times that of Buffalo Creek. Throughout the rest
of the spring and the summer, flows on the two streams were
sometimes similar. Correlation between the two sites for the
entire year (0.9650) is slightly stronger than for any of the
seasons because the seasonal differences in precipitation and
base flow overshadow some of the smaller day-to-day fluctua-
tions. Correlations between the two sites during fall (0.9410),
winter (0.9438), and spring (0.9250) were generally strong
and similar to each other, and correlation was weaker during
the summer (0.7701). Inspection of the scatterplot for sum-
mer shows substantial differences in all flows with the greatest
differences associated with the manner in which storms moved
through the region.

Relation of Correlation Coefficients to Flow
Estimation

To assess the relevance of different correlations, a
comparison was made for the same 15 streamgages in West
Virginia with nearly continuous unregulated records for 1930
to 2011 that were used to assess low-flow trends by Wiley
(2006). The analysis was limited to streamgages from West
Virginia because low-flow statistics were developed for West
Virginia to be representative of 1930 to 2002 and are not
directly comparable to statistics developed for a different
period (Wiley, 20006).

Correlation coefficients were determined for each pair
of streamgages for those 82 years of record and compared
to the average number of days when flow at one streamgage
of the pair (the estimator streamgage) exceeded one of three
selected flow duration values—D75, D60, or D50 (the index
flow)—but flow at the other streamgage of the pair (the esti-
mated streamgage) did not exceed the D75 (table 13, at end of
report). This tests how frequently an incorrect estimate would
be made of whether D75 was exceeded if one streamgage of
each pair was to be used as an index for the other. For this
comparison, published annual values of D50, D60, and D75
representative of 1930 to 2002 were used (Wiley, 2006).

Incorrect estimates of flow would have been made even
between pairs of streamgages with the strongest correlations
(fig. 12). Numbers of incorrect estimates differed depending
on which streamgage of the pair was the estimator streamgage
and which was the estimated streamgage. Incorrect estimates

were made less frequently by using the D60 as an index flow
rather than the D75 and, in turn, by using the D50 as the index
flow rather than the D60. Variances between Spearman’s rho
and incorrect estimates were generally less at relatively high
levels of Spearman’s rho (>0.85). The most accurate 82-year
average estimates based on exceedances of the D75 were 7.7
and 9.2 days per year with incorrect estimates for a pair of
streamgages with a correlation coefficient of 0.9696 (table 13).
The most accurate 82-year average based on exceedances of
the D60 were 0.1 and 1.2 days per year with incorrect esti-
mates for the same pair of sites, and the most accurate 82-year
average based on exceedances of the D50 was 0.1 day for two
pairs of sites—the previously mentioned pair of sites and a
second pair of sites with a correlation coefficient of 0.9601.
For selected threshold values of rho of 0.95, 0.90, and 0.85,
the least accurate estimates were, respectively, 11.4, 19.8, and
25.4 days per year, or 3.1, 5.4, and 6.9 percent, for estimates
made from exceedances of the D75; 2.0, 4.8, and 9.5 days

per year, or 0.6, 1.3, and 2.6 percent, for estimates made from
exceedances of the D60; and 1.0, 2.64, and 5.7 days per year,
or 0.3, 0.7, and 1.6 percent, for estimates made from exceed-
ances of the D50.

Linear regression equations were developed to relate rho
and days of incorrect estimates using each of the three flow
duration values (table 14; fig. 12). These equations can be
used to estimate the frequency of incorrect estimates of flow
using the three flow duration values as index flows among
stream sites with known or estimated levels of correlation. For
selected threshold values of tho of 0.95, 0.90, and 0.85, the
rates of incorrect estimation of flow exceeding the annual D75
predicted from the regression equations were 3.9, 4.9, and 5.9
percent, respectively, when using the D75 as the index flow;
0.4, 1.2, and 1.9 percent when using the D60 as the index
flow; and 0.02, 0.5, and 1.0 percent when using the D50 as the
index flow.

At the highest flow correlation levels that were observed
(>0.95), estimates from the regression equation for the D50
index flow are less than the observations. However, the error
rate predicted by the regression equation using the D60 as
the index flow for a correlation of rho of 0.95 is 0.4 percent,
which may be conservative enough for many purposes.

Table 14. Regression equations and diagnostics relating
incorrect estimation of the 75-percent flow duration value at
three selected index flows to correlation of daily flows for 15
selected streamgages in West Virginia, 1930-2011.

[R?, coefficient of determination; P, probability value; D75, 75-percent flow
duration; D60, 60-percent flow duration; D50, 50 percent flow duration;
rho, Spearman’s rho; <, less than]

Index flow Regression equation R? P
D75 y=-0.206551(rho) + 0.234892  0.9325 <0.001
D60 v =-0.153122(rho) + 0.149549  0.9010 <0.001
D50 v =-0.097988(rho) + 0.093265  0.7789 <0.001
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Relation of Flow Correlation and Record Length

Annual flow correlations were computed for all pairs of
sites from the set of 45 streamgages in and near West Virginia
with nearly complete flow records for water years 1930-2011.
Correlations were computed for the entire 82-year period
and for all possible subsets of 1-, 2-, 5-, 10-, 20-, and 40-year
periods. For the 1-year subset, a correlation matrix was gener-
ated for all pairs of sites for all 82 years, 1930-2011. For the
2-year subset, a correlation matrix was generated for all 42
2-year periods beginning with an even-numbered year. For the
S-year subsets, a correlation matrix was generated for the 16
5-year periods during 1930-2009, beginning with 1930-1934.
For the 10-year subsets, 8 correlation matrices were generated
for the 10-year periods during 1930-2009, beginning with
1930-1939; 4 correlation matrices were generated for 20-year
subsets in the same way, as were 2 correlation matrices for
40-year subsets.

Simple linear regression between correlations of the
subsets and 82-year correlations for all pairs of streamgages
in this group showed decreasing variability with increasing
length of the subset period. The coefficients of determination
(R?) for the relations of the 1-, 2-, 5-, 10-, 20-, and 40-year
subset correlations to the 82-year correlations were 0.431,
0.627,0.782, 0.891, 0.945, and 0.980, respectively. The
relations of the 2-, 5-, and 10-year subset correlations to the
82-year correlations (fig. 13) show that subsets are different
from each other even with increasing record length. Variation
among time periods is generally greater in the range of values
representing pairs of sites with weak correlations, but variation
is substantial even at rho greater than (>) 0.90.

These relations indicate that substantial uncertainty exists
as to whether correlations determined between streamgages
with relatively short (<5 years) periods of concurrent record
represent long-term correlation. However, because rela-
tions among streamgages change over time, it is unclear
that the longest-term periods of record are representative of
present conditions.

In an attempt to balance spatial resolution and temporal
variability, streamflow records of different lengths are used
in this report for different purposes. Correlation coefficients
for flow for entire years, as opposed to seasons, are presented
for all pairs of streamgages with at least 1 year of concurrent
record during 1930-2011, as is the number of days of concur-
rent record between each pair (tables 10—-11). For delineation
of the extent of expected correlations of flow at ungaged
stream sites with flow at active streamgages and for evalua-
tion of discontinued streamgages as candidates for reactiva-
tion to fill spatial gaps in the present streamgaging network,
spatial resolution of historic correlation is critical. Short-term
streamgages are included in map correlation analysis to maxi-
mize spatial resolution, even though the correlations to other
streamgages might not be representative of long-term correla-
tions. For analyses intended to identify patterns, exploratory
analysis was done with pairs of streamgages with different
lengths of record to determine whether including or excluding

short-term streamgages clarified patterns; some of the analy-
ses included in this report excluded short-term streamgages.
Record lengths of streamgages included in different analyses
are given with the discussion of those analyses.

Relation between Flow Correlation and
Distance

Spearman’s rho for all pairs of streamgages with at least
one concurrent year of record was plotted as a function of the
distance between basin centroids (fig. 14). Distance between
centroids was square-root transformed because the relation
between the highest values of rho and distance was linear after
transformation. Quantile regression equations were devel-
oped for the 25th, 50th, 75th and 99th quantiles, (which are
functionally equivalent to percentiles) using the R package
quantreg (Koenker, 2013) and plotted to clarify patterns. Vari-
ance was greater among pairs of sites with correlations less
than the 50th percentile (the median) relative to distance than
among those with correlations greater than the median relative
to distance.

Factors possibly affecting the relation between correla-
tion and distance that were explored include length of record,
streamgage location, basin size, and differences between
distance between basin outlets (streamgage locations) and
centroids. Effects of differences in distance between centroids
and outlets are not shown but were negligible.

Variation in the relation between correlation and distance
was greater among pairs of streamgages with short concurrent
periods of record than among pairs of streamgages with long
concurrent periods of record (fig. 15). For pairs of streamgages
with 2 or fewer concurrent years of record (n = 9,684), corre-
lations were both stronger and weaker relative to distance than
for pairs of sites with 40 or more concurrent years of record
(n =9,326); although not shown, the variation in the relation
between distance and correlation for pairs of sites with inter-
mediate periods of concurrent record generally decreased as
record increased. Much of the difference in variation between
short-term and long-term streamgages is likely related to
year-to-year differences in flow correlation, as shown with
the subsets of long-term record at 15 selected streamgages
(fig. 13). However, the populations of short-term and long-
term streamgages are different. Long-term streamgages may
be operated for many purposes, but among them is character-
ization of regional hydrology (Bales and others, 2004). In con-
trast, many short-term streamgages were operated as part of an
interpretive study designed to characterize the effects of land-
use change, management practices, or unique conditions, so
that they were selected specifically because they were unrepre-
sentative of regional conditions. Some of the streamgages with
one or no correlations with any other streamgage exceeding
0.90, though they were near other streamgages, were identified
as having been operated during a short-term interpretive study.
Among these are Robinson Run near Petroleum (0315520;
Ward and others, 1991), Trace Fork at Ruth (03198020)
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and Trace Fork downstream from Dryden Hollow at Ruth
(03198022; Downs and Appel, 1986), Unnamed Tributary of
Ballard Fork near Mud (03204205; Messinger and Paybins,
2003), Johns Knob Branch near Elkhorn (03212640; Kozar
and others, 2013), and Elkhorn Creek Tributary at Welch
(03212703; Scott, 1984), all in West Virginia.

The relation between location and correlation was
analyzed for pairs of streamgages with 10 or more years
of concurrent record following exploratory analysis that
included pairs of streamgages with shorter concurrent records.
This length of record was selected because it is the short-
est period of record for which patterns were evident when
relations among all pairs of streamgages were compared;
pairs of streamgages with 1, 2, 5, 10, and 20 years of record
were compared.

The relation between correlation and centroid distance
was stronger for pairs of streamgages in the Ohio River Basin
(R?=0.6758, n =9,148) than in the Atlantic Slope River
Basins (R*=0.3162, n = 4,813) or for pairs of streamgages
in which one streamgage was in one basin but the other
streamgage was in the other basin (R* = 0.2221, n = 13,109;
fig.16; referred to as “streamgages compared across major
basins”). Although the overall relation did not fit a linear
model well, linear regression was used to estimate variance
among the three pairs of streamgages. Quantile regressions for
the 99th, 50th, and 1st quantiles were developed for each set
of data. Median quantile regressions for the Ohio River Basin
and Atlantic Slope River Basin were outside the 99-percent
confidence interval for their respective linear regression,
although this was not the case for the streamgages compared
across major basins.

The differences in the relations between correlation and
distance for major basins are likely related to physiography.
Within the study area, the Ohio River Basin is predominantly
in the Appalachian Plateaus Physiographic Province, and the

Table 15.

Correlation of Daily Flows at Streamgages 27

Atlantic Slope River Basins are predominantly within the Val-
ley and Ridge Physiographic Province. Streams in the Appala-
chian Plateaus are characterized by dendritic drainage patterns.
Weather systems tend to cross the area from west to east, and
though they are affected by orographic uplift, weather systems
generally face few barriers until they cross the mountains. In
the Valley and Ridge province, stream drainages are trellised.
Precipitation from individual weather systems often var-

ies more between valleys than within valleys. Streamgages
compared across major basins likely have the weakest relation
among the three groups that were compared because of the
pronounced rain shadow that, for the most part, coincides with
the division between the Atlantic Slope and Ohio Basins and
the division between physiographic provinces.

Quantile regression equations were developed for the
99th, 75th, 50th, and 25th quantiles to determine the relation
between distance and correlation for the Atlantic Slope and
Ohio River Basins and for the relation between the two major
basins; all equations are significant (p < 0.000001; table 15).
These equations can be used to estimate typical, excellent, or
poor relations that could be expected between pairs of streams
at various distances within the study area for the purpose of
streamgage network analysis.

For a distance of 50 miles between basin centroids, the
99th quantile of Spearman’s rho of 0.9128 for the Ohio River
Basin represents the strongest correlation seen among sites,
and only 1 percent of ungaged sites would be expected to
relate to an index streamgage this strongly. The Spearman’s
rho predicted by quantile regression for the 50th quantile, or
median, 0.8472, is typical of the correlation among sites at
this distance, and the Spearman’s rho predicted by quantile
regression for the 25th percentile, 0.8140, represents the cor-
relation likely to be observed between at least 75 percent of
paired sites with centroids 50 miles apart. For the Ohio River
Basin, the distance between centroids at which 50 percent

Quantile regression equations and standard errors for the 25th, 50th, 75th, and 99th quantiles of the relation

between distance and Spearman’s rho correlation coefficient among pairs of streamgages for the Atlantic Slope and Ohio

River Basins in and near West Virginia, 1930-2011.

[All equations are significant at P < 0.00001; SE, standard error; D, distance in miles; <, less than]

. 25th quantile 50th quantile
Streamgage pair - - - -
Equation SE, intercept ~ SE, slope Equation SE, intercept  SE, slope
Ohio River Basin 1.006 -0.0271(D%) 0.0028 0.0003 1.028 -0.0256(D%) 0.0019 0.0002
Atlantic Slope River Basins 0.91 -0.0176(D™%) 0.0069 0.0007 0.968 -0.0185(D*%) 0.0031 0.0004
Cross-basin pairs 0.763 -0.0114(D) 0.0045 0.0003 0.841 -0.0134(D*%) 0.0038 0.0003
. 75th quantile 99th quantile
Streamgage pair - - - -
Equation SE, intercept  SE, slope Equation SE, intercept  SE, slope
Ohio River Basin 1.044 -0.0244(D%) 0.0015 0.0002 1.057 -0.0204(D%) 0.0022 0.0003
Atlantic Slope River Basins 0.987 -0.0167(D™%) 0.0029 0.0003 1.017 -0.014(D%) 0.0041 0.0005
Cross-basin pairs 0.907 -0.0147(D%) 0.0038 0.0003 1.012 -0.0163(D%) 0.0141 0.0011
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Figure 16. Relation of distance between basin centroids to correlation of daily flows among streamgages,
with 10 or more years of concurrent records, on unregulated streams in the A, Atlantic Slope Basin, B, the Ohio
River Basin, and C, one streamgage each in the Atlantic Slope and Ohio River Basins, in and near West Virginia,
1930-2011, and linear and 99th, 50th, and 1st quantile lines of regression.



of streamgage pairs would exceed a Spearman’s rho of 0.95
is 9 miles. The distance at which 50 percent of streamgages
would exceed a Spearman’s rho of 0.90 is 25 miles, and

the distance at which 50 percent of streamgage pairs would
exceed a Spearman’s rho of 0.85 is 48 miles. For the Atlan-
tic Slope River Basins, the distance between centroids at
which 50 percent of streamgage pairs would exceed a Spear-
man’s tho of 0.95 is 1 mile. The distance at which 50 percent
of streamgages would exceed a Spearman’s rho of 0.90 is

13 miles, and the distance at which 50 percent of streamgage
pairs would exceed a Spearman’s rho of 0.85 is 41 miles.

For streamgages compared across major basins, the median
quantile regression line crosses the y-axis at a value of 0.84,
indicating that less than one-half of streamgage pairs com-
pared across major basins at any distance would be expected
to have correlation coefficients of about 0.84; the plot in figure
16 shows that this regression is strongly affected by a prepon-
derance of streamgage pairs with basin centroids separated
by 25 miles or more and that, if the analysis were restricted
to streamgage pairs closer to each other, a relation could be
developed among the handful of adjacent, strongly correlated
streamgage pairs.

Spatial Patterns in Flow Correlation

The difference in the relation between correlation and
distance is reflected in correlation maps of daily flows, the
maps that were developed by using ordinary kriging of cor-
relation coefficients between basin centroids (figs. 17-20).
The correlation maps were clipped to a polygon created by
buffering the outline of West Virginia plus 25 miles so that all
the correlation zones depicted on the maps are fully defined.
A correlation map was developed for each unregulated
streamgage within 50 miles of West Virginia that was active
as of September 2012 and had more than 1 full year of flow
data during 1930-2011. The maps show full-year correlations
with all unregulated streamgages within 50 miles of West
Virginia with which the selected stream shares at least 1 year
of concurrent record during 1930-2011 (appendix 1, avail-
able for download at http.://dx.doi.org/10.3133/sir20145061).
This approach allows the areas of historic flow correlation
to recently reactivated streamgages, including one that was
reactivated in water year 2012, to be determined to evaluate
them for use as index streamgages. The inclusion of short-term
streamgages resulted in the inclusion of more areas of weak
correlation than of strong correlation because the relation
between correlation and distance is weaker for the short-term
streamgages than for the long-term streamgages (fig. 15).

Spatial correlation patterns for streamgages in the Appa-
lachian Plateaus appear to be generally related to elevation
and mean annual precipitation (fig. 19). For Buffalo Creek at
Barrackville (streamgage 03061500), the zone of strongest
correlation (rho >0.90) was approximately circular with the
streamgage centroid near the center of the zone; the zone of
second strongest correlation (rho >0.85), although not round
in shape, encompasses areas with generally similar ranges of
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elevation (fig. 2). For Big Coal River at Ashford (streamgage
03198500; fig. 18) in southern West Virginia and in the
Appalachian Plateaus, spatial correlation patterns are gener-
ally similar to those for Buffalo Creek. The zone of strongest
correlation is approximately circular, and the basin centroid
for the streamgage is near the center of the zone. The zone of
correlation between rho 0.85 and 0.90 for Big Coal River is
generally centered at the basin centroid, although there is an
area of low correlation to the south.

In comparison, the zone of strongest correlation for
Blackwater River at Davis (streamgage 03066000; fig. 19)
located in the Appalachian Plateaus province but near the
border with the Valley and Ridge province, and in some of the
highest elevations of the study area, conforms to areas similar
in elevation and precipitation as the Blackwater River Basin.
Zones of strongest correlation trend from southwest to north-
east, as do the Allegheny Mountains. The areas of stronger
correlation to this streamgage extend farther to the west into
the Appalachian Plateaus province and within the Ohio River
Basin than to the east and into the Valley and Ridge prov-
ince. The zone of strongest correlation for Blackwater River
includes streamgages on two tributaries to the North Branch
Potomac River Basin within the Appalachian Plateaus.

The zones of strongest correlation to South Branch
Potomac River at Franklin (streamgage 01605500) are oblong
and, like those for Blackwater River, trend southwest to
northeast (fig. 20). The zone of strongest correlation for this
streamgage on the South Branch Potomac River extends far-
ther to the north, along the river, than to the south, across the
basin divide into the James River Basin and to some eastern
tributaries of the Greenbrier River; it extends farther to the
east, into the Valley and Ridge province and the South Fork
South Branch Potomac River Basin, than to the west across
the basin and physiographic divides.

A set of summary maps was developed that depict
the number of active streamgages with correlation zones
at each grid point in the study area that have a correlation
value greater than thresholds of rho of 0.95, 0.90, and 0.85
(figs. 21-23). Little of West Virginia (6 percent) is within
zones correlated with any streamgage above the threshold of
rho 0.95; these areas are generally in river basins in which sev-
eral streamgages have been operated along the same stream.
Most of West Virginia (77 percent) is within zones correlated
with at least one active streamgage at greater than the thresh-
old of rho of 0.90, and much of West Virginia (32 percent)
is within zones correlated at greater than this threshold with
five or more active streamgages. Only a small area within
West Virginia (<1 percent) is outside areas correlated with any
active streamgage at greater than the threshold of rho of 0.85,
and most of West Virginia (88 percent) is within areas corre-
lated with five or more streamgages at greater than rho of 0.85.

Two areas with the weakest correlations are in western
West Virginia and the eastern tip of West Virginia (fig. 23).
The eastern area contains several active streamgages that
are weakly correlated with each other (table 10). This area is
underlain by karst, which probably affects flow timing and
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magnitude, and streamgages in this area, although near other
streamgages, generally are poorly correlated among each
other. The weak correlations depicted on correlation maps for
the western area are likely an artifact of streamgage distribu-
tion. This area contains one active streamgage, Hurricane
Creek near Hurricane (streamgage 03201405), which began
operating in 1998. During 1998-2012, it was among the most
spatially isolated streamgages in the West Virginia network.
One historical streamgage, Poplar Fork at Teays (streamgage
03201410), was operated near this area during the 1970s; it
was correlated at values of rho >0.85 with three now discon-
tinued streamgages and had correlation coefficients generally
similar to those for Hurricane Creek with those streamgages
that were in operation during both the 1970s and 1998-2012
(table 10).

Two areas in southern West Virginia are outside cor-
relation zones where rho is greater than 0.90 with any active
streamgage (fig. 22). One area is approximately bisected by
the New River and represents an area where few streamgages
have ever been operated. The other area, near the southern
tip of West Virginia, was the location of several historical
streamgages, including Johns Knob Branch near Elkhorn
(streamgage 03212640; Kozar and others, 2013) and Elkhorn
Creek Tributary at Welch (streamgage 03212703; Scott, 1984),
previously identified as short-term streamgages operated to
characterize hydrologic alteration, in this case, alteration
resulting from coal mining. Although the hydrology of this
area may be unique because it represents the southernmost
and most updip limit of coal mining in West Virginia (Kozar
and others, 2013), it may instead be an example of a cluster of
small streams affected by a land use, coal mining, in ways that
are different from the effects on large streams.

Seasonal Differences in Flow Correlation

The strength and extent of correlation varies with sea-
son (tables 16—19, available for download at Attp.//dx.doi.
org/10.3133/sir20145061). The extent of correlation at a
threshold of tho >0.90 is less in each season than for a full
year (figs. 24-27; appendixes 2—5, available for download at
http://dx.doi.org/10.3133/sir20145061). The strongest and
most extensive correlations are for fall (October 1-Decem-
ber 31) when 72 percent of West Virginia is within a zone with
correlation of rho >0.90 to one or more active streamgages
(fig. 24). Flows are generally at their lowest during late sum-
mer and early fall. Precipitation is dominated by frontal sys-
tems, and large areas receive similar amounts of rain at about
the same time. Slow, soaking rain events with a broad extent
cause generally similar streamflow responses from large and
small basins (Black, 1991).

Correlation strength and extent are the next strongest
during winter. Most (62 percent) of West Virginia is within
correlation zones where at least one streamgage had a cor-
relation greater than rho of 0.90 (fig. 25). Areas of correlation
are different during winter than during fall. Precipitation type

often varies greatly with elevation, with the same storm sys-
tem producing rain in the lowlands but snow in the mountains.
Timing of snowmelt also varies greatly with elevation, as
does the freezing of streams and soil. Correlations for spring
generally are weaker and less extensive than are correlations
for winter. Less than one-half (42 percent) of West Virginia is
within correlation zones where at least one streamgage had a
correlation > 0.90 (fig. 26). During spring, dominant precipita-
tion patterns shift from frontal systems to convective events.
Within areas with generally similar elevation and temperature,
convective storms cause uneven precipitation distribution.

For summer, correlations between pairs of streamgages were
found to be >0.90 in very little of West Virginia (3 percent;
fig. 27). By summer, precipitation is dominated by convective
thunderstorms. Rainfall is frequently scattered or isolated. A
moderate rise on a medium-size stream may be caused by rain
received in a tributary basin and is frequently not accompa-
nied by rises on nearby streams. Once convective storms have
begun, runoff from different streams may vary greatly even
during large frontal systems that produce generally uniform
amounts of rain throughout the region because antecedent
conditions may differ according to which areas received prior
rain from thunderstorms. These phenomena result in correla-
tions for summer being the weakest and least extensive among
correlations for all seasons.

Not only does the strength of correlation vary among sea-
sons, but the relative ranking of correlations among sites also
varies by season. As shown by the summary maps, the specific
areas with strong correlations for active streamgages change
seasonally in response to weather patterns (figs. 24-27).
Because correlations among streamgages change greatly with
season, selection of index streamgages made on the basis of
seasonal correlations could be more accurate than selection
made on the basis of annual correlation, particularly if predic-
tions regarding seasonal statistics are desired.

Seasonal and annual correlations computed from all full
years of data for the 391 unregulated streamgages operated
in and near West Virginia during 1930-2011 were compared
for their concurrent periods of record (fig. 28). Correlations
between the annual and each of the four seasonal correla-
tion coefficients were weak but were especially so for those
pairs of streamgages with less than 5 years of concurrent
record. Comparison of the 99th and st quantile regression
lines computed for the relation between the seasonal and
annual correlations for the pairs of sites with 5 or more years
of concurrent record and those computed for sites with less
than 5 years of concurrent record shows much more variation
for the pairs of streamgages with shorter records. Many of
the correlation coefficients for short-term streamgages were
higher than those determined among pairs of streamgages with
long periods of record; the 50th quantile (median) regression
line for the pairs of short-term streamgages plotted higher than
that for the pairs of long-term streamgages for the entire range
of values for fall and all but the highest annual correlations
for winter and summer but slightly lower for spring. Varia-
tion in the relation between seasonal and annual correlations
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Figure 28. Relation of correlation coefficients of daily flow for the full year to that of A, fall, B, winter, C, spring, and D,
summer at 391 selected streamgages in and near West Virginia, 1930-2011.

among the pairs of short-term (less than 5 years of concurrent
record) streamgages, however, was much greater than among
the pairs of long-term streamgages; R? values for short-term
and long-term pairs of streamgages, respectively, were 0.4538
and 0.8092 for fall, 0.2920 and 0.7218 for winter, 0.4181 and
0.7778 for spring, and 0.2714 and 0.6097 for summer.

Decadal Differences in Flow Correlation

A comparison was made among correlation maps
for the 1963—-1969, 1970-1979, and 1992-2011 groups of
streamgages (appendixes 68, available for download at Attp.//
dx.doi.org/10.3133/5ir20145061). The overall period of about
1960-1980 was of interest because the streamgaging net-
work in West Virginia was at or near its maximum number of
streamgages, and analysis of this period could provide infor-
mation on the spatial extent of flow correlation that might be
expected if a streamgage were to be reactivated. Because the
periods 1963—1969 and 1970-1979 were climatically distinct,
they were analyzed separately from each other. The 20-year
period preceding the study, 1992-2011, was selected to repre-
sent recent conditions. Correlation values for streamgage pairs

with 1 year or more of concurrent record were determined for
the period of interest. Spearman’s rho matrices for each of the
three periods (tables 20-22) were prepared; cross-correlation
was determined for each pair of streamgages. Correlation
maps for the three time periods were prepared and summa-
rized as described previously. Examples of predicted correla-
tions of daily streamflow at selected streamgages with flow at
Middle Island Creek at Little, WV, are shown in figures 29-31
for each period.

Long-term differences in the strength, extent, and pattern
of streamflow correlations are related to long-term climate
variation and changes in the streamgaging network. The
strongest and most extensive correlation patterns found in
this study were for 1963 to 1969, a period of historic drought,
rather than 1970 to 1979, the wettest extended period on
record for West Virginia, but the 1963—1969 period over-
lapped with the 1970-1979 period when the greatest number
of streamgages was active on unregulated streams in West
Virginia (figs. 32 and 33). The 10-year running average for
the number of unregulated streamgages in West Virginia was
slightly greater for 1969—1978, 92.6, and 1968-1977, 92.5,
than for 1970-1979, 91.7 (fig. 6). The numbers of streamgages
operated outside West Virginia, but within the 50-mile buffer,
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did not track the numbers operated inside West Virginia; over-
all numbers of streamgages included in the analysis were 198
for 1963-1969, 244 for 1970-1979, and 223 for 1992-2011.

As indicated by the correlation maps for 1963—-1969,
1970-1979, and 1992-2011, patterns are related to the specific
streamgages in operation at that time (figs. 32—34). Strength
and spatial extent of flow correlation were greater during the
19631969 period, a time of drought, than during 1992-2011,
a period when flows were more variable. Flow correlations for
periods 1963—1969 and 19922011 were stronger and more
extensive than flow correlations for the period 1970-1979.

During the 1963—1969 period, most (89 percent) of
West Virginia was within zones correlated with at least one
streamgage above a threshold of rho >0.90, and much (29 per-
cent) of West Virginia was within zones correlated above that
threshold with 10 or more streamgages. During the 1970-1979
period, less of West Virginia was within zones correlated
with at least one streamgage above a threshold of rho >0.90
(68 percent) than during 1963—-1969, and less of West Virginia
(21 percent) was within zones correlated above that threshold
with 10 or more streamgages. During the 1992-2011 period,
about the same amount (29 percent) of West Virginia was
within zones correlated with one or more streamgages above
a threshold of rho >0.90 as during the 1970-1979 period, but
slightly less (17 percent) of West Virginia was within zones
correlated above that threshold with 10 or more streamgages.

Generally, the areas with the strongest correlations
(Spearman’s tho >0.95) are in places with the greatest density
of streamgages, in parts of the Cheat, Tygart Valley, Gauley,
Coal, and Tug Fork River Basins. The parts of West Virginia
where correlations are weaker (Spearman’s rho <0.90 and
>0.85) coincide with areas in western and west-central West
Virginia and near the Kanawha River, where few streamgages
are operated on unregulated streams. However, differences in
correlation among sites throughout the year, and in response
to climatic conditions, affect correlations among streamgages
and therefore the extent of predicted correlation.

Even during 1970-1979, when West Virginia’s
streamgaging network included nearly double the number
of unregulated streamgages that were active in 2011, large
parts of West Virginia were likely to be only weakly corre-
lated with one or more of the streamgages in the network at
that time. This weak correlation could be caused by several
factors. Climatic conditions seem likely to affect flow corre-
lation. Although exploratory analysis relating various sum-
maries of correlation to flow statistics found no relation, this
might change if improved summary metrics for correlations
were available.

Flow correlation is strongly related to the location
and other characteristics of sites in the streamgaging net-
work. Adding streamgages that are redundant with existing
streamgages seems unlikely to do much to extend areas of
flow correlation, as is evidenced by the large areas during
the 1963—-1969 period where 10 or more streamgages were
strongly correlated. Adding streamgages in areas with few
streamgages would be more likely to extend the range of

flow correlation. Also, adding streamgages to disturbed or
unusual areas, or at least understanding their flow charac-
teristics, would be important because, if unaccounted for,
small-scale local variability may result in poor flow estimates
even if correlation maps indicate a homogeneous, strongly
correlated area.

Map Correlation and Possible Expansion of the
Present Streamgaging Network

The decadal-scale analysis was intended to take advan-
tage of the greater density of unregulated streamgages during
the period 1970-1979 than during any other time in the
history of the West Virginia streamgaging network with the
anticipation that correlations to the inactive or now-regulated
streamgages would prove to be a convenient method to assess
the manner in which their reactivation might enhance the
existing network.

The summary correlation map for 1992-2011 shows
correlation exceeding 0.90 for much of West Virginia (fig. 34).
The average number of active, unregulated streamgages within
West Virginia was 55 during 1992-2011 and increased to
62 during 2009-2011. Three streamgages were established
or reactivated in parts of West Virginia with predicted cor-
relations less than 0.90; Birch River at Herold (streamgage
03196500, figs. 18—19) in central West Virginia and new
USGS streamgages East River at Willowton (streamgage
03177120) and Indian Creek at Red Sulfur Springs
(streamgage 03177480) in southern West Virginia are located
in these areas, although they are recent enough so that no
final data were available for the present analysis. The largest
remaining area with relatively low correlation is in western
and west-central West Virginia.

Correlations maps are shown for West Fork Little
Kanawha River at Rocksdale (streamgage 03154000), 1970
to 1979, and for Elk Creek near Quiet Dell (streamgage
03059500), 1963 to 1969 (fig. 35). Both are in or near an
area where active streamgages are absent. The contemporary
correlation map shows generally weak correlation to active
streamgages. Gas wells have been completed in the Marcel-
lus Shale. Elk Creek at Quiet Dell is in an area with extensive
shale-gas development. West Fork at Little Kanawha River at
Rocksdale is in an area with shale-gas development, although
its strongest zones of correlation include areas where many
vertical but few horizontal gas wells have been completed in
the Marcellus Shale.

The streamgage West Fork Little Kanawha River at
Rocksdale (03154000) showed historically strong correlations
with several presently discontinued or currently regulated
streamgages in central West Virginia (tables 10, 16-22). The
discontinued streamgages at Pocatalico River at Sisson-
ville and Reedy Creek near Reedy (streamgages 03201000
and 03154500, respectively) were near the West Fork Little
Kanawha River at Rocksdale, are strongly correlated with it,
and have similar correlation maps. If reactivated, any of these
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River at Rocksdale
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Base from U.S. Geological Survey 1:100,000 digital line graphics.
Universal Transverse Mercator projection, zone 17, NAD 83.

EXPLANATION

=] Correlation with Elk Creek at Quiet Dell
at Spearman’s rho greater than 0.90

[”ZZ7] Correlation with West Fork Little Kanawha
River at Rocksdale at Spearman’s rho
greater than 0.90

Number of active streamages correlated
at Spearman’s rho greater than 0.90
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Figure 35. Number of streamgages active in and near West Virginia during 2012 that correlated at Spearman’s rho greater than 0.90 for
daily flows during water years 1930-2011, historic correlation to two discontinued streamgages, and horizontal Marcellus Shale gas well
completed through 2012.



streamgages could fill a gap in the network. The historic cor-
relation maps for West Fork Little Kanawha River at Rocks-
dale shows slightly better agreement with the areas where the
1992-2011 summary map shows no areas of predicted high
correlation. Additionally, continuous stage data are already
being collected there (as of 2013), so that the West Fork Little
Kanawha River at Rocksdale streamgage could be reactivated
at less expense than other streamgages.

If an additional index streamgage is needed specifically
for managing withdrawals for hydraulic fracturing in the area
undergoing Marcellus Shale development, Elk Creek near
Quiet Dell (streamgage 03059500) would be a strong candi-
date for reactivation. It is within map zone 50, one of the map
zones discussed previously that refers to an unrepresentative
streamgage (table 4). Although it is probably less suitable than
West Fork Little Kanawha River at Rocksdale for filling a
spatial gap in the overall network, Elk Creek near Quiet Dell,
discontinued in 1969, had correlations of rho greater than or
equal to (=) 0.90 with several other streamgages in the West
Fork Basin that are now regulated or discontinued. Among
active streamgages, it had correlations near rho of 0.90 with
two unregulated streamgages, Tygart Valley River at Belington
(streamgage 03051000) and Buffalo Creek at Barrackville
(streamgage 03061500). Other discontinued streamgages in
the general area had lower maximum correlations or were
closer to presently active streamgages.

An area in northwestern West Virginia has heavy shale-
gas development but demonstrated neither correlation greater
than rho 0.90 to active streamgages nor a promising discon-
tinued streamgage to evaluate for reactivation. A discontinued
streamgage on the fringes of the area, Buffalo Run near Little
(streamgage 03114650), did not have strong correlations
with any other streamgages (maximum rho 0.8603). Part of
this area is in WWGT map zone 48, which was previously
identified as a map zone that receives 10 percent more annual
precipitation than the basin of its index streamgage (table 4).
Withdrawals in this area could be managed by requiring a con-
servative index flow, directly measuring flows when appropri-
ate, a combination of these, or establishing a new streamgage
and determining areas to which it is correlated.

Outside the area of active shale-gas development, with
little demand for water from small ungaged streams, flow
estimates derived from an index streamgage with aver-
age daily flow correlations of rho >0.85 might meet most
needs. If additional spatial resolution in the streamgaging
network is desired, however, western West Virginia includes
areas with relatively low correlations. Hurricane Creek
near Hurricane (streamgage 03201405; table 1) is the most
isolated streamgage in the network; its two nearest neigh-
bors, both with centroids 35 miles away from the Hurri-
cane Creek centroid, are East Fork Twelvepole Creek near
Dunlow (streamgage 03206600) and Coal River at Tornado
(streamgage 03200500). The Hurricane Creek streamgage
has a maximum correlation of Spearman’s rho 0.85 with East
Fork Twelvepole Creek near Dunlow; Mud River near Milton
(streamgage 03204500) is roughly halfway between these
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two streams. Mud River near Milton has been regulated since
1980, and the streamgage would not be a good candidate for
reactivation. A streamgage on a different stream in this area
would increase spatial resolution.

South Fork Hughes River below MacFarlane (03155220)
is the second most isolated streamgage in the network; its
nearest neighbor, among presently unregulated streamgages,
is Middle Island Creek at Little (03114500). Their centroids
are 30 miles apart, and Spearman’s rho is 0.9445. If West Fork
Little Kanawha River at Rocksdale is reactivated, it would
become the nearest neighbor for the South Fork Hughes River
streamgage with basin centroids 24 miles apart. The area
northwest of West Fork Little Kanawha River at Rocksdale
and between South Fork Hughes River below MacFarlane
and Hurricane Creek at Hurricane (03201405) has a limited
number of historic streamgages. A new streamgage about
20 miles southwest of South Fork Hughes River near MacFar-
lane and a new streamgage about 20 miles north or northeast
of Hurricane Creek at Hurricane would be useful additions to
fill spatial gaps in the streamgaging network. These areas were
previously identified (Runner and others, 1989; Straub, 1998)
as being in need of additional streamgages on small streams
for regional analysis, particularly for low flows.

The correlation maps for 1970 to 1979 frequently show
more detailed, and in some cases different, patterns than the
maps for the other periods (fig. 30, appendix 7). These correla-
tion maps could prove to be valuable in future regional regres-
sion analyses of streamflow characteristics or for designing
networks of partial-record sampling or measurement sites.

Limitations of the Study

Correlations of daily flows for summer are much weaker
than for the rest of the year, and accurate estimates of flow for
ungaged sites using index streamgages are unlikely. Direct
measurement of streamflow, including by reference to a
stage-discharge rating, is likely to be necessary to determine
flow accurately on an ungaged stream during summer in
West Virginia.

Map correlation provides little if any insight into man-
aging regulated streams. The effects of basin alterations,
other than dams and diversions, on map correlations may be
great. As an example, summary correlation maps for active
streamgages show a zone of decreased correlation in southern
West Virginia (figs. 18, 22, 24, 25) that centers around Johns
Knob Branch near Elkhorn (03212640), a small stream receiv-
ing a large interbasin transfer through an underground coal
mine (Kozar and others, 2013). As another example, correla-
tion maps displayed throughout this report show a decreased
zone of correlation in the eastern tip of West Virginia (figs. 20,
22,23, 25, 32-34); this zone results from weak correlations
for small streams in that area, including March Run at Grimes,
MD (01617800), and Tuscarora Creek above Martinsburg,
WV (01617000), that drain an area of karst (table 10). Other
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special conditions likely exist in which streams within an area
of a certain predicted correlation do not conform to regional
expectations. Because these conditions exist in many areas
where streams have not been gaged, correlation maps cannot
incorporate them, and accurate flow estimates are likely to be
made in such areas only if users account for these conditions.

The present analysis is intended to identify spatial gaps
or redundancies in the streamgaging network but only for the
specific use of estimating streamflow in real time. Correlation
of daily flows, and its spatial distribution, provides informa-
tion relevant to the selection of regionally representative index
streamgages, but it does not provide all information relevant
to designing a streamgaging network that meets the other
needs of the streamgaging program. Other purposes of the
streamgaging network are, to varying degrees, independent of
this use. This study has not considered correlation of extreme
high- and low-flow values, which may not conform to the cor-
relation of daily values and are the most important flow char-
acteristics for many regulatory, design, and planning purposes.
Other approaches exist to evaluate the streamgaging network
for these purposes (Kiang and others, 2013). Although index
streamgages on relatively large streams appear to provide
accurate estimates of flow in real time for small, ungaged
streams, the need remains for streamgages on small (drainage
area <20 mi?®) streams in order to determine low-flow charac-
teristics identified by Runner and others (1989). The present
study does not address the use of streamgages for operation of
dams, intakes, or other facilities, and it provides little, if any,
information to address regional flood characteristics. Highly
correlated streamgages may meet important operational or
other needs for the USGS and its partner agencies and, there-
fore, do not necessarily become lower priorities for inclusion
in the streamgaging network.

Summary and Conclusions

To provide information needed to manage water with-
drawals from ungaged streams, the U.S. Geological Survey
(USGS), in cooperation with the West Virginia Department
of Environmental Protection, has evaluated correlations of
daily flow among active and discontinued streamgages and
the spatial distribution of those correlations. Correlations of
daily flows among unregulated streamgages were determined
using Spearman’s rho. Correlation coefficients between pairs
of streamgages were determined for 82 years of record and
compared to the average number of days when flow at one
streamgage of the pair (the estimator streamgage) exceeded
one of three selected flow duration values, the 75 percent
(D75), 60 percent (D60), and 50 percent (D50; the index
flow), but the other streamgage of the pair (the estimated
streamgage) did not exceed the D75. Regression equations
were developed to relate Spearman’s rho values and number
of days of incorrect estimates using each of the three flow
durations. For selected threshold values of rho of 0.95, 0.90,

and 0.85, the respective rates of incorrect estimation of the
number of days flow exceeded the annual D75, predicted from
the regression equations, were 3.9, 4.9, and 5.9 percent when
using the D75 as the index flow; 0.4, 1.2, and 1.9 percent
when using the D60 as the index flow; and 0.02, 0.5, and

1.0 percent when using the D50 as the index flow.

Relations between correlation and distance between
basin centroids differed between the Ohio River Basin and
the Atlantic Slope River Basins. For the Atlantic Slope River
Basins, the relation between distance and correlation was
weaker and more variable than for the Ohio River Basin. In
the Ohio River Basin, the highest correlation that might be
expected between streamgages with basin centroids 50 miles
apart, determined by a regression of the 99th quantile, was
a Spearman’s rho of 0.9128. In the Ohio River Basin, one-
half of streamgages with basin centroids 50 miles apart have
Spearman’s rho values of 0.8472 or more, and 75 percent of
streamgages with basin centroids 50 miles apart have Spear-
man’s rho values of 0.8140 or more. For the Ohio River
Basin, the distance between centroids at which 50 percent
of streamgage pairs would exceed a Spearman’s rho of 0.95
is 9 miles. The distance at which 50 percent of streamgage
pairs would exceed a Spearman’s rho of 0.90 is 25 miles, and
the distance at which 50 percent of streamgage pairs would
exceed a Spearman’s rho of 0.85 is 48 miles. For the Atlan-
tic Slope River Basins, the distance between centroids at
which 50 percent of streamgage pairs would exceed a Spear-
man’s tho of 0.95 is 1 mile. The distance at which 50 percent
of streamgages would exceed a Spearman’s rho of 0.90 is
13 miles, and the distance at which 50 percent of streamgage
pairs would exceed a Spearman’s rho of 0.85 is 41 miles.

For pairs of streamgages in which one of the pair is in the
Ohio River Basin and the other is in the Atlantic Slope River
Basins, the relation between correlation and distance is weaker
than for streamgages within either major basin, and the 50th
quantile regression equation predicts a correlation of 0.84 at a
distance of zero.

In the Appalachian Plateaus province outside the Allegh-
eny Mountains, zones of strongest correlation to streamgages
are generally round and approximately centered at the basin
centroid. In the Allegheny Mountains, zones of strongest
correlation are related to patterns in elevation and annual
precipitation, and follow the trend of the mountain range. In
the Valley and Ridge province, zones of strongest correlation
follow valleys. Correlation across the crest of the mountains is
generally weak. Most of West Virginia (77 percent) is within
map zones where Spearman’s rho for daily streamflow to at
least one existing unregulated streamgage is greater than 0.9,
and most withdrawals from ungaged streams for hydraulic
fracturing are being made in these areas. Most of the rest of
West Virginia (>99 percent, cumulatively) is within zones
where Spearman’s rho to existing unregulated streamgages
is greater than 0.85. Regulated withdrawals were made from
ungaged streams in the latter areas, but assuming spatial
correlation in these areas is similar to that in the rest of West
Virginia, expected correlations could be increased to 0.90 or



higher with several new or reactivated streamgages. Sea-
sonal differences in the strength and extent of correlation in
daily streamflow are great. The strongest correlations among
streamgages occur during the fall, followed by winter, then
spring, and correlations in summer are weak. One possible
explanation for the weaker correlation in summer may be the
differences in precipitation and runoff associated with convec-
tive storms. Because convective storms generally are frequent
and localized to small geographical areas, nearby basins

often are not affected by the same storms. Field observations
are likely to be necessary to confirm which streams rise in
response to localized storms. A comparison of correlation pat-
terns during previously identified climatic periods showed that
the strongest correlations were found during 1963—-69, a period
of drought, and the weakest during 197079, a wet period. The
apparent effect of frequent rain during 1970-79 overshadowed
gaging network density, which was at its historic maximum

in West Virginia. The extent of areas with high correlation to
at least one streamgage was less during 1970—79 than during
1963—-69. Correlations for the 19922011 period were slightly
weaker than those for the 1963—1969 period.

Inclusion of some streamgages in areas where flow is
known to be altered or regionally unrepresentative produced
low correlations, and in turn, local zones of low correlation
on the correlation maps. Because not all such areas include
streams that have been gaged, correlation maps do not account
for them. Highly correlated streamgages may meet differ-
ent operational or other needs for the USGS and its partner
agencies and do not automatically become lower priorities for
inclusion in the streamgaging network.
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68 Correlations of Daily Flows in and near West Virginia and Streamflow Characteristics Relevant to Index Streamgages

Table5. Number of days exceeding the annual 75-percent flow duration for 15 selected streamgages in West Virginia, 1930-2011,

and their average as a proportion.

[Average is for full years only. NO, not operated during that water year; PR, operated for part of the year. Flow duration values from Wiley, 2006]

Water year Streamgage Average
01606500 01608500 01611500 01636500 03051000 03053500 03061500 03066000 03069500 03070500 03182500 03183500 03186500 03198500 03214000
1930 243 242 254 248 233 228 NO 233 213 274 235 239 229 PR 228 238
1931 232 236 208 169 226 225 NO 228 229 245 261 244 268 184 172 223
1932 223 224 199 166 225 214 PR 229 237 273 225 233 263 243 228 227
1933 326 317 321 351 297 291 274 309 301 255 305 311 299 241 213 294
1934 223 218 193 184 248 245 197 255 226 213 216 214 238 218 183 218
1935 329 321 275 330 294 288 246 315 306 295 325 327 316 298 293 304
1936 267 266 260 305 249 229 212 233 246 242 257 251 199 203 214 242
1937 294 294 278 321 273 278 251 278 287 307 306 288 287 271 250 284
1938 329 327 297 329 309 306 261 310 302 318 323 325 278 312 325 310
1939 291 284 266 274 257 232 225 267 281 253 272 272 238 236 274 261
1940 254 265 295 295 249 254 245 273 259 266 254 242 226 209 214 253
1941 294 301 300 300 263 273 268 295 290 295 280 273 244 203 175 270
1942 266 256 223 218 301 302 296 296 298 307 284 278 274 268 231 273
1943 311 311 265 319 312 324 323 295 307 279 319 318 305 280 279 303
1944 195 189 206 170 230 236 219 210 222 236 215 209 221 190 175 208
1945 319 310 297 337 313 310 288 322 330 316 293 279 294 259 274 303
1946 273 280 303 313 277 273 264 278 275 272 271 265 258 239 256 273
1947 233 213 244 209 250 266 280 233 247 271 229 231 260 235 225 242
19438 310 314 246 307 282 297 288 278 279 300 329 331 309 247 240 290
1949 362 359 349 365 274 266 254 290 294 246 332 331 306 243 243 301
1950 317 305 303 323 322 324 270 303 310 303 316 329 341 331 328 315
1951 312 315 305 323 279 283 267 279 287 286 295 294 292 297 315 295
1952 253 257 266 303 225 237 246 214 226 237 232 243 229 277 279 248
1953 230 235 231 269 220 212 193 214 218 185 220 223 211 237 239 222
1954 208 209 191 190 258 262 217 258 267 221 263 260 261 215 215 233
1955 301 309 324 318 274 262 273 278 281 277 272 267 250 280 237 280
1956 248 253 220 202 290 311 305 286 281 326 257 245 268 209 220 261
1957 257 240 229 263 247 263 235 251 257 241 282 297 274 222 261 255
1958 283 287 278 305 310 321 318 293 299 308 318 329 299 301 321 305
1959 177 178 180 177 232 258 271 214 232 243 205 204 231 188 201 213
1960 283 280 322 320 270 270 251 279 292 253 287 288 293 267 273 282
1961 235 232 224 198 301 313 282 278 300 274 284 272 295 263 266 268
1962 268 270 240 278 253 259 255 252 268 222 255 262 253 285 281 260
1963 246 241 239 205 277 304 238 298 297 265 238 236 280 270 261 260
1964 208 205 217 190 218 207 189 220 232 222 196 194 213 180 197 206
1965 214 220 225 211 209 200 198 209 211 207 223 226 221 240 262 218
1966 159 158 149 127 188 167 162 191 195 218 251 208 270 160 189 186
1967 312 321 331 287 290 267 196 314 304 230 308 303 276 321 329 293
1968 254 250 281 284 258 247 253 245 248 263 273 288 268 297 294 267
1969 262 267 219 255 266 280 247 257 253 260 284 286 293 312 232 265
1970 230 264 289 312 269 276 245 289 273 270 230 234 279 227 225 261
1971 288 297 312 325 291 285 311 285 287 313 288 294 293 307 327 300
1972 343 339 349 366 312 296 316 306 306 285 316 325 312 346 366 326
1973 311 329 362 355 318 294 307 309 301 282 297 329 308 323 337 317
1974 340 337 315 303 297 304 329 316 307 319 303 319 299 339 339 318
1975 322 318 326 309 280 276 340 300 301 324 293 307 283 315 333 308
1976 308 298 308 292 253 262 318 275 255 324 284 300 281 273 299 289
1977 248 227 247 226 308 303 348 263 263 302 289 292 315 307 361 287
1978 318 319 345 327 322 326 353 312 302 347 326 320 309 319 346 326
1979 304 311 334 303 307 300 342 308 300 299 304 301 310 308 311 309
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Table5. Number of days exceeding the annual 75-percent flow duration for 15 selected streamgages in West Virginia, 1930-2011,

and their average as a proportion.—Continued

[Average is for full years only. NO, not operated during that water year; PR, operated for part of the year. Flow duration values from Wiley, 2006]

Streamgage
Water year Average
01606500 01608500 01611500 01636500 03051000 03053500 03061500 03066000 03069500 03070500 03182500 03133500 03186500 03198500 03214000
1980 329 334 325 314 336 319 363 335 322 327 300 308 309 358 361 329
1981 235 257 225 157 294 301 288 288 264 297 238 232 276 285 291 262
1982 293 288 264 259 307 311 284 309 305 284 295 287 294 286 282 290
1983 257 253 232 253 281 280 244 267 263 254 280 278 280 287 298 267
1984 309 324 320 334 292 287 309 287 288 295 304 300 293 306 300 303
1985 308 312 275 263 280 280 283 308 287 303 288 298 278 287 293 290
1986 279 283 253 237 286 277 242 292 308 266 289 272 315 308 310 281
1987 282 269 259 253 279 273 294 281 291 300 266 263 301 295 282 279
1988 246 248 250 254 247 242 219 260 258 260 229 221 236 225 177 238
1989 313 307 294 240 326 322 339 345 337 322 323 318 331 326 319 317
1990 305 305 322 315 323 329 350 317 311 339 307 308 304 319 332 319
1991 255 255 261 294 247 235 243 232 258 242 251 253 241 268 294 255
1992 274 262 287 243 277 317 254 257 270 290 265 261 277 316 301 277
1993 220 211 274 302 204 216 242 209 204 242 230 222 232 282 264 237
1994 307 312 307 319 319 321 321 319 316 292 297 293 309 343 337 314
1995 264 271 271 290 227 210 251 249 232 240 226 227 223 240 251 245
1996 342 342 NO 358 320 311 334 342 336 311 335 335 320 336 334 333
1997 297 303 302 329 293 297 311 292 294 286 288 292 283 338 332 302
1998 276 291 291 304 286 281 256 285 285 275 271 276 264 289 274 280
1999 161 177 177 179 186 179 165 169 184 184 173 168 173 193 201 178
2000 306 331 328 338 315 323 278 321 326 278 328 323 344 323 309 318
2001 277 288 301 263 283 287 332 306 284 268 287 285 248 303 267 285
2002 190 181 182 91 225 224 246 225 219 238 222 215 222 238 237 210
2003 356 357 357 353 341 343 343 347 331 336 342 355 332 354 346 346
2004 334 338 354 349 324 341 359 331 328 340 324 318 289 366 366 337
2005 336 335 314 331 276 276 284 291 287 278 314 325 294 341 347 309
2006 280 297 293 317 285 286 287 291 292 269 266 263 298 317 319 291
2007 278 288 291 295 308 292 299 327 321 276 304 290 305 294 314 299
2008 277 291 261 225 276 266 299 290 281 290 255 244 249 293 272 271
2009 236 233 263 214 248 252 253 261 250 248 242 254 247 317 307 255
2010 248 243 238 233 289 288 263 255 264 270 269 264 281 353 339 273
2011 245 261 238 275 294 315 310 320 307 303 253 225 267 311 312 282
Annual summary, water years 1930-2011:

Maximum 362 359 362 366 341 343 363 347 337 347 342 355 344 366 366 346

25th percentile 310 312 307 319 301 303 309 306 301 300 304 307 299 315 319 303

Median 278 284 275 294 279 280 271 285 285 275 284 278 280 286 279 280

75th percentile 246 243 239 233 249 254 245 255 255 248 251 244 249 240 237 255

Minimum 159 158 149 91 186 167 162 169 184 184 173 168 173 160 172 178
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Correlations of Daily Flows in and near West Virginia and Streamflow Characteristics Relevant to Index Streamgages

Table 6. Number of days exceeding the relevant seasonal 75-percent flow duration at 15 selected streamgages in West Virginia,
by season, water years 1930-2011, and their average as a proportion.

[Average is for full years only. NO, not operated during that season; PR, operated for part of the season; fall, October 1-December 3 1; winter, January 1—

March 31; spring, April 1-June 30; summer, July 1-September 30. Flow duration values from Wiley, 2006]

Water Streamgage Average
year 01606500 01608500 01611500 01636500 03051000 03053500 03061500 03066000 03069500 03070500 03182500 03183500 03186500 03198500 03214000
1930 Fall 91 91 91 92 88 89 NO 91 88 91 91 92 88 NO 91 90
Winter 65 66 58 72 67 65 NO 66 56 72 58 55 87 NO 62 65
Spring 30 30 33 24 39 35 NO 33 32 67 36 31 33 PR 28 35
Summer 0 2 9 7 2 4 NO 7 3 27 2 0 10 3 3 6
1931 Fall 11 8 10 4 10 6 NO 17 14 11 12 10 22 11 10
Winter 37 33 5 4 52 52 NO 56 51 44 46 38 62 36 22 38
Spring 86 85 71 70 82 79 NO 80 85 74 87 84 87 67 64 79
Summer 90 92 80 79 88 92 NO 74 92 92 92 92 92 65 55 84
1932 Fall 32 26 17 2 44 42 NO 55 59 89 42 40 66 39 29 42
Winter 63 59 45 39 70 68 NO 71 68 67 75 74 79 74 70 66
Spring 66 64 65 64 55 54 NO 55 56 53 57 64 61 80 67 62
Summer 44 40 22 26 52 58 PR 50 54 56 56 59 71 53 37 48
1933 Fall 80 78 81 82 71 71 57 72 76 58 80 79 78 82 51 73
Winter 79 79 83 90 81 79 70 70 79 80 83 83 86 81 77 80
Spring 70 72 76 77 78 72 76 73 75 73 69 71 72 59 67 72
Summer 92 91 92 92 92 92 73 92 91 71 86 89 91 45 28 82
1934 Fall 75 79 78 63 61 72 57 76 65 56 46 44 56 41 23 59
Winter 45 43 32 28 71 56 48 58 55 54 43 42 48 40 38 47
Spring 45 42 55 53 62 55 30 43 48 37 45 40 49 47 43 46
Summer 38 34 48 62 50 56 33 73 64 48 32 53 66 60 66 52
1935 Fall 76 71 54 85 64 65 45 73 71 64 74 82 76 74 85 71
Winter 86 81 69 89 81 75 65 71 75 79 85 86 80 59 80 71
Spring 78 78 73 81 73 79 78 79 80 73 78 78 85 84 88 79
Summer 92 92 82 91 90 81 60 92 86 89 92 92 86 70 61 84
1936 Fall 91 87 63 90 72 70 58 72 71 55 68 66 58 59 57 69
Winter 83 89 90 89 69 75 80 71 70 71 88 71 81 59 72 78
Spring 57 49 60 67 56 34 42 37 37 46 53 44 33 25 40 45
Summer 63 56 40 81 54 45 27 56 60 74 67 66 25 29 35 52
1937 Fall 78 77 55 90 76 67 46 71 74 71 84 85 78 51 52 71
Winter 90 90 90 90 80 71 67 77 81 78 87 88 83 84 86 83
Spring 69 72 63 91 78 86 90 85 83 74 72 65 58 58 54 73
Summer 80 85 88 92 76 79 53 61 69 82 83 85 88 71 63 71
1938 Fall 90 92 92 92 89 89 80 82 81 88 90 89 84 71 88 87
Winter 75 71 39 84 75 72 82 68 74 74 63 68 75 71 69 71
Spring 75 73 69 63 77 80 60 85 81 67 68 72 66 71 77 72
Summer 82 81 61 88 69 66 35 81 74 81 78 88 71 83 83 75
1939 Fall 57 58 44 65 55 51 31 53 56 49 55 58 59 56 59 54
Winter 74 74 67 67 60 68 67 69 68 67 70 67 68 69 71 68
Spring 72 70 68 59 65 44 63 54 68 62 66 63 47 44 52 60
Summer 82 82 81 80 63 53 54 80 68 54 72 73 56 38 57 66
1940 Fall 71 76 74 72 45 40 42 67 53 62 44 23 17 0 5 46
Winter 51 49 56 51 47 48 51 54 54 57 37 34 49 19 16 45
Spring 86 86 85 91 91 91 82 80 89 89 90 85 85 79 59 85
Summer 92 92 82 92 66 61 69 76 70 65 90 92 84 80 84 80
1941 Fall 92 92 92 92 76 75 63 86 79 66 73 70 60 31 19 71
Winter 47 49 64 71 49 52 40 49 49 62 57 56 50 24 14 49
Spring 39 38 38 36 43 49 49 46 50 56 42 38 41 40 33 43
Summer 72 74 71 69 65 62 73 80 76 90 73 70 65 61 48 70
1942 Fall 38 31 18 17 51 56 68 64 52 80 48 49 52 31 38 46
Winter 41 36 25 25 47 50 56 51 50 55 57 52 56 32 25 44
Spring 60 58 57 58 67 60 60 55 64 65 67 69 66 41 31 59
Summer 89 87 79 86 92 92 91 92 92 91 84 92 92 92 84 89
1943 Fall 92 92 88 92 92 92 92 92 92 91 92 92 91 92 92 92
Winter 88 88 90 90 79 81 77 86 82 79 81 77 80 85 76 83
Spring 71 71 72 87 63 69 71 68 64 72 72 72 64 66 60 71
Summer 71 72 40 68 77 77 74 69 73 68 73 71 76 23 28 64
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Table 6. Number of days exceeding the relevant seasonal 75-percent flow duration at 15 selected streamgages in West Virginia,
by season, water years 1930-2011, and their average as a proportion.—Continued
[Average is for full years only. NO, not operated during that season; PR, operated for part of the season; fall, October 1-December 3 1; winter, January 1—
March 31; spring, April 1-June 30; summer, July 1-September 30. Flow duration values from Wiley, 2006]
Water Streamgage Average
year 01606500 01608500 01611500 01636500 03051000 03053500 03061500 03066000 03069500 03070500 03182500 03183500 03186500 03198500 03214000
1944 Fall 27 26 46 25 56 56 53 33 38 55 50 52 62 17 19 41
Winter 50 47 55 40 66 65 51 67 66 61 55 55 60 57 50 56
Spring 73 70 65 67 85 90 72 86 83 80 69 68 64 61 67 73
Summer 56 52 24 39 32 28 51 40 41 58 46 28 4 18 12 35
1945 Fall 92 92 75 92 87 91 91 92 92 90 77 63 63 50 55 80
Winter 77 81 86 78 77 77 75 67 80 73 70 72 71 77 73 76
Spring 72 66 65 55 84 79 72 81 86 78 79 79 81 84 87 77
Summer 91 89 92 89 84 87 64 92 86 87 87 90 85 71 68 84
1946 Fall 89 92 92 92 77 80 71 78 79 92 75 75 70 78 71 81
Winter 83 82 88 90 72 70 67 71 76 68 81 81 77 79 88 78
Spring 77 71 79 82 81 84 82 73 74 76 70 70 70 63 75 76
Summer 44 45 59 74 44 21 46 44 39 20 42 39 32 17 41 40
1947 Fall 16 17 38 32 33 37 53 23 28 33 23 20 41 21 37 30
Winter 45 42 43 44 56 62 68 60 50 55 54 55 51 52 58 53
Spring 73 72 52 48 74 71 72 70 75 70 81 66 79 65 44 67
Summer 79 72 73 57 88 89 87 72 88 92 90 88 79 79 70 80
1948 Fall 63 61 48 73 55 53 66 59 55 61 69 77 61 57 59 61
Winter 53 53 53 47 63 65 62 63 63 62 56 55 59 55 51 57
Spring 70 72 63 79 76 81 71 84 83 84 80 74 82 55 57 74
Summer 92 92 80 92 92 92 76 83 90 87 92 92 92 61 61 85
1949 Fall 92 92 88 92 92 77 65 88 89 84 92 92 92 61 56 83
Winter 90 90 90 90 86 86 88 81 90 90 88 87 85 87 84 87
Spring 76 76 76 79 51 53 50 55 56 50 73 70 66 66 60 64
Summer 92 92 92 92 83 88 70 77 86 50 92 90 90 60 57 81
1950 Fall 92 92 92 92 78 83 59 70 71 61 78 79 92 80 80 80
Winter 86 83 73 64 88 90 85 88 90 90 82 88 90 89 80 84
Spring 79 82 79 79 91 91 75 85 88 91 87 91 91 91 91 86
Summer 87 86 73 90 92 90 90 76 89 91 92 92 92 92 92 88
1951 Fall 92 92 92 92 85 85 89 89 87 90 92 92 90 92 92 90
Winter 87 87 90 90 85 87 88 82 85 86 85 85 84 76 72 85
Spring 90 89 86 89 86 83 77 79 78 76 77 90 87 89 84 84
Summer 85 87 75 76 55 55 37 44 52 56 68 70 62 65 83 65
1952 Fall 62 61 61 45 58 60 41 48 48 45 51 55 59 61 69 55
Winter 85 86 90 91 71 71 65 76 77 80 82 84 79 83 90 81
Spring 69 71 71 85 66 69 67 68 69 70 65 65 67 67 71 69
Summer 72 79 89 92 39 39 66 25 37 63 57 66 34 71 60 59
1953 Fall 43 44 57 88 28 28 44 35 31 35 35 35 29 41 43 41
Winter 83 83 90 90 79 80 80 82 81 81 81 83 81 83 79 82
Spring 72 70 72 80 67 64 54 68 70 54 73 71 70 82 87 70
Summer 36 34 51 64 38 43 21 26 30 0 17 22 25 46 52 34
1954 Fall 20 18 39 35 22 25 14 29 28 5 26 25 27 17 10 23
Winter 52 49 41 46 64 64 41 66 67 57 57 56 65 38 36 53
Spring 76 74 72 73 69 65 72 74 81 71 81 79 80 64 68 73
Summer 71 73 48 27 91 92 82 84 89 79 92 90 85 70 69 76
1955 Fall 82 78 78 78 91 91 89 88 91 91 87 83 78 85 73 84
Winter 74 75 70 73 70 76 78 71 71 72 75 71 72 85 79 74
Spring 68 71 83 68 50 53 70 60 57 55 59 55 56 69 58 62
Summer 88 83 87 90 40 44 57 57 59 60 46 44 30 42 43 58
1956 Fall 57 60 74 82 53 55 66 54 47 74 46 34 41 33 38 54
Winter 62 61 59 53 63 63 63 63 63 63 62 61 64 62 62 62
Spring 79 77 62 30 85 83 91 91 89 84 85 81 85 76 76 78
Summer 92 92 92 64 92 92 92 92 92 92 92 92 90 77 91 89
1957 Fall 82 85 78 84 85 84 92 85 81 92 84 92 87 76 90 85
Winter 77 75 71 68 75 72 69 80 79 84 77 79 82 76 77 76
Spring 67 66 64 77 54 69 44 52 63 48 64 64 58 34 49 58
Summer 37 33 12 24 20 27 11 32 31 22 59 61 70 22 53 34
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Table 6. Number of days exceeding the relevant seasonal 75-percent flow duration at 15 selected streamgages in West Virginia,

by season, water years 1930-2011, and their average as a proportion.—Continued

[Average is for full years only. NO, not operated during that season; PR, operated for part of the season; fall, October 1-December 3 1; winter, January 1—

March 31; spring, April 1-June 30; summer, July 1-September 30. Flow duration values from Wiley, 2006]

Water Streamgage Average
year 01606500 01608500 01611500 01636500 03051000 03053500 03061500 03066000 03069500 03070500 03182500 03183500 03186500 03198500 03214000
1958 Fall 75 85 66 66 78 80 70 78 78 77 86 92 81 74 84 78
Winter 62 70 67 71 55 66 57 55 49 55 60 72 56 69 68 63
Spring 60 59 67 81 75 78 66 64 68 68 63 61 66 83 84 70
Summer 79 83 83 92 86 89 92 91 85 92 91 92 85 85 92 88
1959 Fall 19 8 21 26 61 68 92 58 54 84 54 53 60 65 92 54
Winter 34 25 19 13 64 60 69 69 73 77 55 50 68 57 63 53
Spring 70 71 73 63 72 73 56 59 65 59 72 72 68 63 64 67
Summer 30 30 53 58 43 54 56 25 42 24 47 43 47 19 31 40
1960 Fall 81 86 92 92 69 69 65 73 74 70 81 82 74 72 87 78
Winter 73 78 85 78 72 73 69 51 55 55 64 69 52 76 85 69
Spring 73 73 89 86 62 64 62 67 67 54 68 70 76 49 53 68
Summer 79 69 89 92 83 88 82 79 83 64 76 78 86 66 70 79
1961 Fall 45 42 20 14 75 74 48 75 73 43 63 68 73 67 78 57
Winter 46 48 55 44 70 66 65 58 58 67 55 55 59 62 61 58
Spring 88 84 89 82 86 84 91 86 89 89 83 81 80 71 79 85
Summer 73 84 71 78 90 92 92 84 83 92 92 92 92 69 76 84
1962 Fall 76 75 45 71 81 91 92 59 79 74 78 81 78 80 81 76
Winter 82 75 54 76 84 83 83 79 82 72 79 86 75 90 85 79
Spring 71 80 79 86 56 50 50 74 67 44 46 50 58 64 67 63
Summer 40 47 53 54 33 55 29 50 49 15 33 51 38 61 82 46
1963 Fall 72 71 66 53 81 92 70 70 75 75 68 67 69 71 91 73
Winter 44 47 42 50 63 68 65 66 54 62 53 53 71 76 88 60
Spring 56 56 54 39 63 65 55 71 64 70 57 49 70 63 45 58
Summer 46 35 16 10 70 77 66 92 83 48 59 57 80 65 43 56
1964 Fall 50 48 45 34 50 54 23 55 54 41 49 47 57 43 39 46
Winter 74 85 87 84 67 71 67 68 62 75 67 69 68 72 69 72
Spring 47 49 56 51 50 42 51 51 52 61 41 40 44 36 46 48
Summer 32 16 18 7 52 46 48 34 57 48 24 28 34 8 30 32
1965 Fall 65 72 68 54 54 53 43 63 62 47 54 59 53 69 76 59
Winter 89 90 87 87 71 68 72 89 74 71 71 72 66 72 80 77
Spring 50 52 53 51 43 44 49 41 42 48 56 59 47 46 60 49
Summer 21 22 10 14 32 38 23 13 31 30 39 35 44 57 50 31
1966 Fall 13 7 0 1 24 15 61 34 40 68 92 87 89 9 20 37
Winter 37 35 21 25 36 34 33 48 49 48 46 40 48 19 20 36
Spring 45 43 46 44 56 55 54 51 51 56 64 53 54 50 46 51
Summer 23 22 25 19 56 47 12 37 52 16 51 40 65 47 76 39
1967 Fall 92 92 92 92 92 85 50 92 92 56 92 92 92 92 92 86
Winter 86 86 81 88 71 62 46 69 74 64 87 84 75 81 88 76
Spring 71 69 71 49 69 67 65 72 68 66 73 74 69 72 71 69
Summer 60 69 92 82 65 62 37 81 70 57 69 72 62 64 78 68
1968 Fall 90 90 92 92 92 84 66 75 87 79 92 92 82 78 85 85
Winter 50 68 61 79 54 54 39 45 46 43 48 49 43 60 60 53
Spring 60 49 63 47 65 71 75 58 56 73 80 79 71 76 89 67
Summer 34 23 53 64 42 50 90 53 34 33 20 51 49 89 83 51
1969 Fall 56 55 61 57 61 60 54 59 61 56 59 65 76 86 60 62
Winter 32 27 18 36 43 43 34 43 43 41 40 43 40 41 32 37
Spring 47 39 30 17 54 60 58 52 51 54 57 54 54 64 56 50
Summer 85 86 68 83 92 92 72 87 88 83 85 88 92 92 46 83
1970 Fall 71 87 60 92 69 89 47 74 73 59 67 74 75 64 29 69
Winter 76 84 83 90 74 70 65 71 73 67 71 71 69 74 60 74
Spring 45 45 63 55 52 49 73 46 45 63 47 47 61 51 56 53
Summer 64 79 68 68 92 90 80 89 89 86 73 67 89 59 70 78
1971 Fall 71 68 70 65 76 73 77 72 72 77 70 69 72 67 79 72
Winter 87 87 90 90 86 84 75 85 85 87 87 86 84 85 81 85
Spring 71 76 88 90 63 59 68 69 62 64 66 76 64 84 91 73
Summer 86 92 92 92 88 78 92 66 78 92 85 81 85 92 92 86
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Table 6. Number of days exceeding the relevant seasonal 75-percent flow duration at 15 selected streamgages in West Virginia,
by season, water years 1930-2011, and their average as a proportion.—Continued
[Average is for full years only. NO, not operated during that season; PR, operated for part of the season; fall, October 1-December 3 1; winter, January 1—
March 31; spring, April 1-June 30; summer, July 1-September 30. Flow duration values from Wiley, 2006]
Water Streamgage Average
year 01606500 01608500 01611500 01636500 03051000 03053500 03061500 03066000 03069500 03070500 03182500 03183500 03186500 03198500 03214000
1972 Fall 92 92 92 92 82 80 90 87 80 82 88 92 81 92 92 88
Winter 85 85 89 61 85 86 89 74 79 86 79 82 76 89 90 82
Spring 83 80 91 85 76 75 68 76 76 69 76 79 75 82 89 79
Summer 92 92 92 92 85 81 91 78 82 64 83 92 83 92 92 86
1973 Fall 92 92 92 92 92 92 78 89 90 63 92 92 92 92 92 89
Winter 90 90 90 90 66 71 78 66 71 75 80 75 73 73 74 77
Spring 81 83 88 91 83 72 84 87 83 84 85 91 84 86 90 85
Summer 90 92 92 92 87 73 92 81 72 82 74 87 89 90 89 85
1974 Fall 92 92 92 92 82 78 90 91 85 82 80 83 85 83 92 87
Winter 90 90 90 90 87 87 84 90 90 86 89 88 89 90 90 89
Spring 88 88 91 89 88 88 86 71 87 85 86 91 89 86 91 87
Summer 92 92 92 92 89 90 88 92 90 90 90 92 89 92 92 91
1975 Fall 77 77 60 76 71 74 92 67 67 85 71 77 75 92 92 78
Winter 90 90 88 87 81 80 90 86 84 87 86 87 80 81 86 86
Spring 78 80 83 80 82 86 88 76 80 85 80 82 81 86 89 82
Summer 92 92 92 92 81 75 86 83 88 82 82 90 78 88 92 86
1976 Fall 92 92 92 92 79 75 92 92 83 92 92 92 84 92 92 89
Winter 83 80 89 91 75 76 80 74 74 81 74 71 71 81 82 79
Spring 38 31 36 56 36 48 69 42 32 73 40 38 40 24 40 43
Summer 53 57 86 57 58 62 91 64 62 85 62 57 73 76 68 67
1977 Fall 92 92 92 92 92 92 92 92 92 92 92 92 92 92 92 92
Winter 38 35 40 26 47 45 48 43 42 47 46 40 45 41 43 42
Spring 31 26 33 30 51 47 64 45 48 59 37 30 59 48 70 45
Summer 22 21 30 3 91 92 92 82 89 91 92 90 92 90 92 71
1978 Fall 87 84 87 68 92 92 92 92 91 92 92 92 92 92 92 89
Winter 47 48 83 90 44 43 55 32 34 40 44 45 41 65 80 53
Spring 72 69 82 84 82 81 78 83 79 82 76 69 72 74 76 71
Summer 88 92 92 92 87 90 92 90 81 92 75 71 70 89 92 86
1979 Fall 42 43 92 64 50 53 87 49 45 74 40 35 40 48 78 56
Winter 75 82 79 90 69 70 79 73 73 69 73 75 74 78 84 76
Spring 85 87 82 91 75 74 79 78 71 72 87 91 91 91 91 83
Summer 92 92 92 92 92 92 92 92 92 91 92 92 92 92 92 92
1980 Fall 92 92 92 92 92 92 92 92 92 92 92 92 92 92 92 92
Winter 68 75 79 91 59 58 57 54 54 47 61 63 62 73 81 65
Spring 80 81 80 78 82 83 86 86 81 84 74 74 77 67 66 79
Summer 86 86 92 69 92 91 92 92 87 92 84 88 87 92 92 88
1981 Fall 55 68 66 32 67 67 70 56 59 67 44 44 66 85 92 63
Winter 32 27 25 14 62 58 64 51 51 64 40 37 42 58 51 45
Spring 85 87 85 35 91 90 91 91 91 91 88 85 84 86 91 85
Summer 70 73 72 54 83 81 92 83 82 85 72 73 79 73 92 78
1982 Fall 66 66 67 29 73 77 72 84 77 70 67 66 78 61 88 69
Winter 70 70 67 67 77 74 66 80 83 78 80 82 82 73 73 75
Spring 73 73 69 80 62 57 57 66 64 50 67 75 70 76 78 68
Summer 77 75 63 82 92 92 92 91 89 84 80 76 82 92 92 84
1983 Fall 88 86 63 71 90 84 80 87 88 63 86 86 83 92 92 83
Winter 63 57 51 57 55 53 55 55 58 58 66 69 56 59 68 59
Spring 77 78 78 91 81 76 74 73 71 85 82 83 82 85 78 80
Summer 32 35 43 58 62 66 70 21 33 78 40 42 43 66 72 51
1984 Fall 74 79 85 84 72 70 77 72 74 73 74 71 73 79 86 76
Winter 71 80 86 91 65 59 69 68 60 65 70 71 56 68 60 69
Spring 63 60 64 71 55 58 69 62 53 69 58 58 55 64 71 62
Summer 87 92 82 92 86 89 92 79 82 92 92 92 88 87 75 87
1985 Fall 92 92 86 91 83 86 83 74 78 78 92 92 85 89 86 86
Winter 59 76 61 73 66 69 70 67 70 58 68 74 55 78 74 68
Spring 79 74 63 48 71 82 71 79 79 86 73 73 70 84 74 74
Summer 73 73 70 49 69 63 64 71 71 80 74 75 65 64 75 69
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Table 6. Number of days exceeding the relevant seasonal 75-percent flow duration at 15 selected streamgages in West Virginia,

by season, water years 1930-2011, and their average as a proportion.—Continued

[Average is for full years only. NO, not operated during that season; PR, operated for part of the season; fall, October 1-December 3 1; winter, January 1—

March 31; spring, April 1-June 30; summer, July 1-September 30. Flow duration values from Wiley, 2006]

Water Streamgage Average
year 01606500 01608500 01611500 01636500 03051000 03053500 03061500 03066000 03069500 03070500 03182500 03183500 03186500 03198500 03214000
1986 Fall 76 72 71 71 72 71 64 76 74 67 72 70 69 66 81 71
Winter 62 71 68 63 49 62 65 56 53 59 51 58 45 63 59 59
Spring 46 59 48 42 58 50 49 61 59 44 55 48 64 74 64 55
Summer 83 76 55 19 86 92 72 80 89 71 83 80 92 92 92 78
1987 Fall 79 62 57 48 92 92 92 86 92 92 84 81 92 92 92 82
Winter 77 76 79 76 48 52 38 68 58 42 74 76 61 59 70 64
Spring 72 70 68 78 71 61 72 72 73 68 70 70 78 76 85 72
Summer 62 54 32 55 53 54 88 47 48 71 47 45 53 53 66 55
1988 Fall 88 89 67 92 69 69 58 74 75 70 70 63 70 67 41 71
Winter 55 53 58 69 61 64 67 60 58 71 57 52 57 30 11 55
Spring 67 65 74 58 63 62 59 64 65 63 58 58 61 60 47 62
Summer 35 60 88 32 38 36 47 35 40 52 24 27 31 47 36 42
1989 Fall 61 57 35 14 73 71 76 77 74 81 64 68 71 70 74 64
Winter 59 54 49 29 72 70 84 76 78 82 70 71 70 72 72 68
Spring 89 84 80 82 90 91 89 91 91 86 84 81 89 91 91 87
Summer 92 92 92 92 92 92 92 92 92 92 92 92 92 92 92 92
1990 Fall 92 92 92 92 92 91 92 89 83 92 92 92 83 92 92 91
Winter 89 77 63 90 86 85 79 71 87 68 88 90 85 87 90 82
Spring 76 73 70 75 81 88 89 78 79 79 73 75 78 71 86 78
Summer 78 90 89 81 89 90 92 82 92 92 92 92 87 85 89 88
1991 Fall 82 82 81 83 86 89 92 84 86 92 82 83 86 85 91 86
Winter 85 90 90 90 86 88 90 83 86 89 84 89 86 90 90 88
Spring 42 46 47 57 43 42 48 44 44 49 48 55 46 53 76 49
Summer 49 56 53 68 63 58 19 47 75 19 68 41 58 66 86 55
1992 Fall 38 37 46 31 50 55 41 40 46 40 43 40 51 55 55 45
Winter 65 58 51 50 82 76 74 84 79 75 63 66 76 69 62 69
Spring 84 86 71 81 70 71 48 69 68 61 84 88 82 85 90 76
Summer 91 79 92 87 91 92 92 90 85 92 91 84 88 92 92 89
1993 Fall 56 51 71 80 53 58 65 53 52 65 59 55 59 92 81 63
Winter 65 71 78 90 63 66 72 53 57 69 63 67 66 61 54 66
Spring 60 60 62 81 54 53 55 59 55 51 59 64 62 80 71 62
Summer 25 29 84 92 23 26 52 33 27 50 27 22 27 87 78 45
1994 Fall 77 69 71 91 86 89 92 85 86 92 87 85 76 92 90 85
Winter 89 86 89 90 78 79 88 71 74 71 81 87 78 89 90 83
Spring 61 61 59 73 63 70 61 64 63 63 53 53 68 67 73 63
Summer 91 92 92 92 88 90 92 92 90 92 76 81 83 92 92 89
1995 Fall 48 58 79 92 45 29 67 51 50 61 43 43 44 91 92 60
Winter 71 72 79 81 70 73 72 68 70 60 67 70 66 81 76 72
Spring 76 70 66 65 75 73 86 74 72 71 77 82 66 91 91 76
Summer 72 77 62 89 37 36 68 65 45 29 46 49 31 71 82 57
1996 Fall 80 82 NO 92 60 61 81 73 72 57 79 83 76 87 92 71
Winter 90 89 NO 91 71 80 79 86 82 71 81 81 82 89 83 83
Spring 91 91 NO 91 74 79 85 82 82 81 87 89 79 83 88 84
Summer 92 92 NO 92 92 92 92 92 92 92 92 92 87 92 92 92
1997 Fall 92 92 92 92 92 92 92 92 92 92 92 92 92 92 92 92
Winter 80 80 86 90 71 71 85 72 70 73 75 79 66 89 90 78
Spring 78 82 71 91 73 86 87 80 76 79 76 77 72 91 91 81
Summer 86 68 92 92 59 60 89 81 66 74 57 52 60 92 91 75
1998 Fall 91 76 78 89 65 63 66 75 73 69 67 69 67 73 70 73
Winter 88 90 90 90 88 88 86 85 89 88 89 86 87 85 69 87
Spring 72 91 87 91 72 72 74 79 75 71 69 81 72 89 91 79
Summer 71 68 83 92 81 79 77 70 69 75 76 55 51 74 85 74
1999 Fall 10 10 68 46 49 33 16 14 30 33 29 23 26 55 76 35
Winter 62 62 40 58 72 75 65 71 71 80 68 66 81 73 60 68
Spring 44 46 40 31 48 47 51 48 48 51 52 56 49 41 57 47
Summer 23 31 40 26 0 10 31 16 15 40 16 18 19 39 52 25
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Table 6. Number of days exceeding the relevant seasonal 75-percent flow duration at 15 selected streamgages in West Virginia,
by season, water years 1930-2011, and their average as a proportion.—Continued

[Average is for full years only. NO, not operated during that season; PR, operated for part of the season; fall, October 1-December 3 1; winter, January 1—
March 31; spring, April 1-June 30; summer, July 1-September 30. Flow duration values from Wiley, 2006]

Water Streamgage Average
year 01606500 01608500 01611500 01636500 03051000 03053500 03061500 03066000 03069500 03070500 03182500 03183500 03186500 03198500 03214000
2000 Fall 92 92 92 92 62 61 41 86 84 52 88 87 86 71 79 78
Winter 46 45 41 61 55 51 49 59 62 49 56 49 61 39 36 51
Spring 57 66 63 64 71 71 83 64 70 85 76 74 82 75 63 71
Summer 92 92 87 92 92 92 92 90 92 92 92 92 92 92 92 92
2001 Fall 68 79 75 79 71 75 92 76 68 61 82 81 65 92 90 77
Winter 67 70 67 30 66 61 72 72 65 66 60 59 60 54 48 61
Spring 63 69 66 73 69 67 63 65 66 68 59 61 68 68 80 67
Summer 87 90 92 68 76 86 92 86 76 87 77 86 65 92 92 83
2002 Fall 16 19 16 2 23 26 56 23 23 43 22 20 23 65 80 30
Winter 19 14 11 4 32 34 54 52 51 59 31 31 52 31 23 33
Spring 73 74 74 38 78 76 78 74 76 79 67 64 72 73 83 72
Summer 50 47 49 7 65 56 68 68 62 65 67 70 60 71 76 59
2003 Fall 87 90 88 85 85 82 81 85 86 71 89 87 84 91 91 86
Winter 73 60 66 80 64 63 55 69 63 61 64 67 65 71 70 66
Spring 91 91 91 91 88 90 91 90 89 86 90 91 89 91 91 90
Summer 92 92 92 92 92 92 92 92 92 92 92 92 92 92 92 92
2004 Fall 92 92 92 92 92 92 92 92 92 92 92 92 90 92 92 92
Winter 73 85 91 91 71 74 82 78 73 79 70 74 68 82 81 78
Spring 88 89 90 90 86 89 86 89 88 86 82 84 81 91 91 87
Summer 90 88 92 91 88 92 92 87 85 92 92 92 58 92 92 88
2005 Fall 92 92 92 92 87 88 92 92 88 87 92 92 92 92 92 91
Winter 80 78 90 90 79 85 89 69 71 76 72 75 74 89 90 80
Spring 73 74 75 71 65 66 69 69 66 75 66 63 59 74 72 70
Summer 77 78 83 74 64 51 83 61 66 55 73 73 69 92 92 73
2006 Fall 78 80 79 86 71 76 76 71 71 72 64 66 69 78 92 75
Winter 64 58 62 70 56 61 52 73 70 64 59 58 65 54 25 59
Spring 63 63 50 38 78 71 78 73 74 64 63 58 73 63 66 65
Summer 73 83 73 84 70 73 91 83 83 74 81 80 86 92 92 81
2007 Fall 92 92 87 92 92 92 92 91 92 86 92 92 92 92 92 91
Winter 65 63 58 90 79 76 81 77 70 72 63 66 67 77 58 71
Spring 72 69 53 68 56 54 52 59 62 51 75 71 68 57 67 62
Summer 58 71 78 78 79 73 92 90 82 83 71 60 79 69 79 76
2008 Fall 68 68 64 32 72 69 92 69 69 56 68 68 68 71 71 67
Winter 83 82 63 46 84 84 89 82 82 82 83 81 76 56 48 75
Spring 82 84 83 71 76 77 89 91 89 87 72 71 67 83 67 79
Summer 66 76 75 53 53 48 92 66 59 91 48 43 35 87 68 64
2009 Fall 45 47 80 52 43 40 52 52 44 45 44 39 46 61 59 50
Winter 49 37 26 13 59 52 56 73 66 58 48 51 64 69 62 52
Spring 83 85 89 89 73 78 81 81 74 89 82 85 78 87 91 83
Summer 66 67 62 50 68 82 85 65 63 78 82 84 72 92 92 74
2010 Fall 79 76 69 64 88 92 78 88 87 89 91 92 92 92 92 85
Winter 74 81 82 90 62 78 78 44 47 64 55 65 48 83 83 69
Spring 50 51 65 56 81 71 81 73 69 74 54 70 64 91 91 69
Summer 29 21 16 20 63 57 57 29 48 33 51 40 57 92 92 47
2011 Fall 71 71 68 83 89 87 62 70 84 59 87 78 88 88 92 78
Winter 56 54 44 40 72 76 77 66 66 71 57 54 62 64 51 61
Spring 75 71 78 91 65 71 76 82 73 78 65 67 69 71 87 75

Summer 60 65 79 75 84 86 92 92 89 92 43 40 55 92 92 76
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Table 7. Maximum number of days between flows exceeding the annual 75-percent flow duration at 15 selected streamgages in West
Virginia, water years 1930-2011.

[NO, not operated during that water year]

Streamgages
Water year 01606500 01608500 01611500 01636500 03051000 03053500 03061500 03066000 03069500 03070500 03182500 03183500 03186500 03198500 03214000
1930 103 102 93 76 97 109 NO 69 97 43 103 105 63 125 88
1931 171 192 162 112 164 178 NO 130 158 109 170 173 107 222 134
1932 73 73 78 98 42 40 41 32 40 41 56 58 27 60 64
1933 79 80 84 28 45 58 74 12 45 73 46 64 32 38 96
1934 62 52 37 47 28 37 45 21 21 44 70 71 30 64 82
1935 21 27 46 15 23 23 29 20 22 27 20 17 17 22 21
1936 46 47 53 11 39 39 41 27 48 26 35 33 75 51 51
1937 62 63 69 15 50 49 57 43 64 29 36 41 45 38 40
1938 25 26 48 10 32 37 64 24 31 18 26 24 25 34 19
1939 42 44 111 47 43 54 113 42 42 51 43 46 41 60 39
1940 28 36 34 24 69 81 69 21 23 77 31 113 68 167 169
1941 18 25 18 22 32 29 30 15 24 29 31 33 35 78 78
1942 56 93 102 97 46 48 31 17 29 25 52 51 32 79 82
1943 25 43 62 33 21 20 21 26 24 34 24 23 23 79 72
1944 65 84 82 121 54 68 37 59 57 59 67 90 97 113 161
1945 13 22 26 8 12 11 22 13 12 20 23 110 110 62 102
1946 58 52 49 48 58 79 37 53 69 70 60 65 44 81 60
1947 83 77 47 55 83 104 62 78 94 95 85 92 69 107 133
1948 47 53 55 52 54 46 31 46 40 36 26 23 48 51 30
1949 3 6 9 0 17 19 23 17 13 42 20 20 19 48 54
1950 33 25 33 20 11 23 39 28 13 72 23 22 5 12 11
1951 20 27 35 28 42 42 62 41 33 67 61 59 15 37 13
1952 45 44 43 61 52 53 109 56 53 113 92 91 46 44 33
1953 76 76 49 25 89 102 54 89 89 120 87 81 89 67 60
1954 119 120 102 50 117 114 128 102 102 194 149 149 146 139 99
1955 41 41 41 44 37 36 35 32 34 30 25 35 46 50 38
1956 63 57 62 54 80 51 43 45 48 12 69 82 57 98 89
1957 62 85 89 87 62 80 99 63 63 92 32 31 32 63 26
1958 68 91 95 93 68 86 30 68 69 98 12 12 19 21 21
1959 67 121 52 54 53 28 29 46 33 75 52 50 43 55 36
1960 26 33 15 11 76 51 52 18 15 44 25 52 17 78 31
1961 42 42 92 96 30 24 33 14 31 39 19 38 24 33 32
1962 67 69 57 48 71 64 71 63 63 85 73 54 43 38 35
1963 72 100 86 97 22 15 39 15 16 44 81 65 23 43 32
1964 75 120 124 134 59 52 82 53 53 63 91 91 59 77 83
1965 66 66 43 80 62 74 50 79 62 46 60 60 40 30 30
1966 82 92 130 198 36 123 69 86 39 64 40 57 32 83 87
1967 27 24 10 17 26 31 54 25 25 29 24 24 27 26 27
1968 77 92 66 19 30 30 26 27 30 37 93 41 37 16 18
1969 96 112 38 35 36 35 62 35 24 40 111 60 23 14 35
1970 34 32 53 33 17 18 74 19 15 71 36 35 25 43 55
1971 50 54 57 57 21 24 16 29 19 16 55 56 21 30 20
1972 22 23 13 0 23 35 32 30 14 41 32 29 27 11 0
1973 17 25 1 5 18 30 37 21 23 47 38 20 17 17 15
1974 12 12 13 17 35 20 15 15 16 12 16 14 22 21 16
1975 27 28 27 27 26 18 14 23 25 19 30 27 30 22 16
1976 52 37 28 45 56 50 38 61 56 38 55 51 31 22 12
1977 89 91 73 132 14 21 7 24 26 16 14 16 20 13 3
1978 26 17 15 159 26 13 4 20 20 7 27 26 28 16 16

1979 83 64 17 64 52 39 17 37 39 21 82 84 76 73 63
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[NO, not operated during that water year]

Tables

1

Maximum number of days between flows exceeding the annual 75-percent flow duration at 15 selected streamgages in West
Virginia, water years 1930-2011.—Continued

Streamgages

Water year 01606500 01608500 01611500 01636500 03051000 03053500 03061500 03066000 03069500 03070500 03182500 03183500 03186500 03198500 03214000
1980 31 30 33 37 9 16 1 17 8 17 33 17 23 8 5
1981 56 55 58 63 27 29 25 29 27 30 59 59 26 22 21
1982 36 43 48 47 31 14 35 9 15 31 46 44 20 38 46
1983 67 84 76 52 28 29 66 49 65 33 64 62 49 30 31
1984 87 104 54 65 48 50 80 62 78 36 84 83 62 41 43
1985 31 29 30 34 51 51 64 29 33 14 21 30 35 34 46
1986 50 49 51 107 70 70 79 43 48 32 41 52 55 68 34
1987 47 58 73 149 47 39 37 50 54 37 61 60 37 43 37
1988 74 43 34 64 40 40 39 38 38 39 43 60 31 56 57
1989 38 38 61 118 21 21 13 13 16 13 25 23 17 23 23
1990 28 26 13 11 21 19 10 17 23 7 12 13 15 25 10
1991 48 48 40 39 35 39 86 32 32 99 51 53 29 24 16
1992 101 102 33 102 33 27 138 76 34 151 60 60 25 48 51
1993 52 102 29 20 102 58 58 62 80 31 93 77 52 31 44
1994 29 29 29 28 18 19 11 13 19 17 27 24 22 10 11
1995 70 70 ) 46 52 84 41 43 52 47 79 77 54 59 32
1996 46 47 NO 5 79 67 1 12 49 61 58 79 17 10 15
1997 21 20 22 15 33 29 14 20 20 45 35 35 19 18 33
1998 22 22 37 35 29 29 72 30 20 32 25 62 24 44 59
1999 116 116 95 94 118 119 117 59 93 44 82 109 98 41 74
2000 18 8 11 7 122 123 149 25 10 32 25 13 8 44 40
2001 31 29 29 39 21 20 13 23 21 18 28 27 47 26 30
2002 98 97 56 204 72 58 37 60 73 31 99 97 116 66 71
2003 9 8 8 12 8 11 11 8 8 11 13 9 11 11 11
2004 24 18 12 16 16 6 3 16 8 9 20 29 58 0 0
2005 27 25 44 25 31 27 65 28 28 28 28 26 27 19 12
2006 35 34 52 32 52 35 71 49 49 50 55 35 34 44 18
2007 53 36 33 30 21 18 15 13 13 21 18 24 17 40 33
2008 41 61 58 56 43 45 23 36 54 25 57 74 58 38 42
2009 45 44 36 79 89 100 4 34 98 60 101 131 101 61 64
2010 53 77 76 110 34 34 51 53 27 52 40 52 30 11 14
2011 55 54 49 30 14 10 21 14 11 18 60 59 58 26 26

Annual summary, water years 1930-2011:

Maximum 171 192 162 204 164 178 149 130 158 194 170 173 146 222 169

25th percentile 68 79 66 78 58 58 64 52 54 60 66 70 54 62 60

Median 48 48 48 46 38 38 39 30 33 38 43 52 32 41 35

75th percentile 28 29 30 23 26 23 23 20 20 25 26 27 23 22 19

Minimum 3 6 1 0 8 6 1 8 8 7 12 9 5 0 0
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Table 8. Maximum number of days between flows exceeding the seasonal 75-percent flow duration at 15 selected streamgages in
West Virginia, water years, 1930-2011.

[NO, not operated during that water year]

Streamgages
Water year 01606500 01608500 01611500 01636500 03051000 03053500 03061500 03066000 03069500 03070500 03182500 03183500 03186500 03198500 03214000

1930 110 90 74 48 68 63 NO 45 69 39 75 109 33 66 91
1931 177 159 77 105 135 132 NO 106 130 105 141 177 94 134 88
1932 53 66 71 52 36 36 37 23 21 36 49 52 19 41 62
1933 31 46 76 26 42 52 70 13 16 63 14 30 12 31 65
1934 45 46 50 62 20 19 36 28 28 36 47 47 28 44 81
1935 15 17 25 9 22 22 28 19 21 23 18 11 16 18 19
1936 28 30 38 13 23 33 30 25 25 36 23 26 34 61 48
1937 29 33 40 1 39 37 47 41 41 8 13 21 33 36 36
1938 14 15 27 15 14 26 52 12 10 14 13 12 15 19 21
1939 30 21 43 30 38 42 101 31 36 36 36 34 33 41 30
1940 25 39 21 21 50 48 43 20 23 26 24 35 51 174 108
1941 31 29 33 32 27 28 29 22 21 26 20 21 32 33 40
1942 44 45 79 86 40 40 24 21 22 13 43 44 26 48 49
1943 21 20 33 19 21 18 18 21 19 19 19 20 19 69 59
1944 50 46 48 48 48 48 38 54 52 44 52 49 42 102 74
1945 11 15 12 12 8 9 11 11 7 11 12 19 55 54 23
1946 42 38 28 15 39 40 34 39 41 65 40 52 41 43 29
1947 67 63 37 34 64 65 59 64 66 90 65 78 66 68 54
1948 40 44 47 42 40 39 25 40 32 29 29 28 35 32 21
1949 14 15 15 12 27 26 27 18 15 17 15 16 18 22 34
1950 9 6 14 15 10 7 29 14 13 33 6 7 0 8 8
1951 7 4 7 9 14 13 29 21 19 21 11 11 11 15 14
1952 22 21 38 32 23 43 76 52 50 58 42 42 42 37 21
1953 38 37 27 16 61 60 46 87 86 129 54 52 59 54 38
1954 77 74 41 44 111 110 81 98 98 203 107 80 116 93 93
1955 16 19 21 44 33 32 24 19 19 19 21 21 34 37 35
1956 29 30 48 64 47 47 28 28 28 28 36 67 53 82 45
1957 40 49 69 62 61 61 51 48 56 39 24 23 15 50 25
1958 16 32 18 17 67 67 20 21 62 12 15 17 15 18 13
1959 39 45 45 41 28 24 26 27 27 30 29 32 28 28 23
1960 14 13 5 13 49 47 49 40 34 34 21 26 37 41 25
1961 44 24 47 73 18 18 21 24 24 20 23 23 21 17 17
1962 45 24 49 24 40 37 20 20 20 49 43 39 38 20 12
1963 49 36 35 47 13 9 16 15 16 22 20 43 19 14 23
1964 45 58 60 72 50 46 72 37 37 59 62 64 32 67 51
1965 57 42 46 37 54 46 49 60 52 45 37 36 40 40 24
1966 51 61 166 123 29 49 76 45 29 46 29 34 28 119 69
1967 21 16 11 28 15 26 36 10 23 29 15 10 22 22 10
1968 49 54 19 23 29 27 32 27 28 28 45 27 29 29 30
1969 68 74 59 46 31 32 39 34 33 37 63 37 36 19 27
1970 35 21 26 23 15 16 28 20 27 33 38 24 17 40 53
1971 21 22 21 39 17 19 15 10 18 10 20 46 20 20 7
1972 8 11 2 20 12 12 16 15 12 21 13 12 12

1973 7 6 2 0 10 12 11 10 11 23 7 11 10 17 16
1974 3 3 0 1 10 11 5 5 7 10 12 9 7

1975 15 15 17 11 15 15 6 15 15 8 16 15 16 9

1976 31 31 28 26 27 25 12 15 28 9 30 32 17 39 28
1977 48 65 58 143 43 43 42 42 42 42 46 48 42 42 28
1978 28 22 7 19 36 37 31 41 39 35 34 33 32 17 15

1979 51 46 11 23 30 28 12 28 32 19 60 75 60 30 6
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Table 8. Maximum number of days between flows exceeding the seasonal 75-percent flow duration at 15 selected streamgages in
West Virginia, water years, 1930-2011.—Continued

[NO, not operated during that water year]

Streamgages

Water year 01606500 01608500 01611500 01636500 03051000 03053500 03061500 03066000 03069500 03070500 03182500 03183500 03186500 03198500 03214000
1980 14 14 9 18 18 18 22 25 21 29 20 16 17 18 25
1981 32 34 42 45 25 26 22 25 26 25 33 33 26 24 32
1982 29 26 29 35 19 24 20 20 20 32 33 31 14 14 12
1983 47 45 34 33 21 24 22 21 20 19 45 44 45 22 19
1984 60 58 28 20 33 45 22 29 31 25 59 65 58 22 16
1985 19 19 27 21 19 27 15 20 19 23 16 15 27 19 16
1986 21 39 41 42 36 46 37 32 33 32 36 37 47 21 23
1987 25 30 58 60 35 33 23 36 36 21 35 38 26 17 17
1988 35 23 17 25 46 47 50 40 39 39 46 52 30 31 53
1989 23 24 39 62 19 20 11 13 14 11 22 19 17 19 16
1990 13 13 26 16 5 5 11 13 9 15 18 16 9 6 4
1991 47 45 44 21 50 39 44 36 39 31 44 39 43 14 11
1992 91 89 38 58 23 22 39 61 29 67 44 48 24 23 23
1993 34 37 18 12 44 34 17 33 34 21 34 59 34 18 17
1994 17 30 32 8 23 17 20 23 19 23 26 38 18 10 10
1995 34 33 22 7 45 61 15 32 35 41 49 45 41 18 7
1996 7 6 NO 0 73 60 6 10 10 55 16 9 7 4 6
1997 13 10 9 0 20 15 4 15 15 14 15 14 16 1 1
1998 17 16 14 2 27 29 24 11 19 20 24 22 24 13 22
1999 89 89 52 65 123 45 47 57 32 34 51 60 76 46 34
2000 28 43 47 14 127 36 37 21 22 30 20 27 21 41 29
2001 19 19 19 39 17 19 15 19 19 16 19 18 20 18 22
2002 58 59 86 99 70 56 24 56 70 19 60 71 72 31 46
2003 9 18 13 10 14 15 20 16 15 19 20 19 18 14 14
2004 17 6 1 1 6 10 3 7 7 5 21 15 10 9 10
2005 18 17 15 14 24 25 22 25 24 22 25 28 27 17 17
2006 22 33 38 37 45 32 21 46 45 16 27 33 27 14 26
2007 23 27 38 19 22 21 38 14 17 24 23 22 17 26 23
2008 37 24 24 34 37 41 2 23 23 23 33 33 54 22 23
2009 43 40 35 70 83 87 24 31 33 45 64 66 97 25 14
2010 34 32 53 31 18 17 23 22 29 23 29 31 19 7 7
2011 26 28 34 34 16 11 18 24 24 18 30 52 18 14 20

Annual summary, water years 1930-2011:

Maximum 177 159 166 143 135 132 101 106 130 203 141 177 116 174 108

25th percentile 45 45 47 45 45 46 38 39 36 37 44 47 41 41 36

Median 30 30 33 26 29 32 25 24 26 26 29 33 27 23 23

75th percentile 17 19 18 15 19 19 18 18 19 19 20 19 17 17 14

Minimum 3 3 0 0 5 5 2 5 7 5 6 7 0 1 0
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82 Correlations of Daily Flows in and near West Virginia and Streamflow Characteristics Relevant to Index Streamgages



Appendixes 1-8

ArcGIS geodatabases containing rasters depicting correlations between daily flows at unregu-
lated streamgages in and near West Virginia, 1930-2011, available at: http.//dx.doi.org/10.3133/
sir20145061

Appendix 1. Flow correlation at all unregulated streamgages
for full years, 1930-2011.

Appendix 2. Flow correlation at all unregulated streamgages
for fall months only, 1930-2011.

Appendix 3. Flow correlation at all unregulated streamgages
for winter months only, 1930-2011.

Appendix 4. Flow correlation at all unregulated streamgages
for spring months only, 1930-2011.

Appendix 5. Flow correlation at all unregulated streamgages
for summer months only, 1930-2011.

Appendix 6. Flow correlation at all unregulated streamgages
for full years, 1963—-1969.

Appendix 7. Flow correlation at all unregulated streamgages
for full years, 1970-1979.

Appendix 8. Flow correlation at all unregulated streamgages
for full years, 1992-2011.






For additional information call or write to:

Director, U.S. Geological Survey

West Virginia Water Science Center

11 Dunbar Street, Charleston, WV 25301
(304) 347-5130

http.//wv.usgs.gov

Document prepared by the West Trenton Publishing Service Center
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