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Effects of Water-Budget Components on Streamflow in
the Republican River From Near Hardy, Nebraska, to
Concordia, Kansas, October 1980-September 1995

By Cristi V. Hansen

Abstract

Kansas, Nebraska, and Colorado formed the
Republican River Compact in 1942 to allocate the
available water in the Republican River Basin
among the three States. Greatly increased water
use, beginning in the 1950’s, has caused concern
by the State of Kansas regarding the compliance
of the compact conditions by Nebraska, the main-
tenance of streamflow above the minimum desir-
able streamflow at Concordia, Kansas, and the
ensurance of an adequate water supply in Milford
Lake to fulfill the needs of downstream users.
This report describes the effects of major water-
budget components on streamflow in the Republi-
can River from near Hardy, Nebraska, to Concor-
dia, Kansas, for October 1980 through
September 1995.

Upstream flow into the study reach, tributary
flow, streambed seepage, evaporation, reservoir
releases, irrigation canal return flow, and surface-
water diversions were considered major water-
budget components in a mass-balance model.
Monthly water-budget estimates were compared
to measured discharge of the Republican River at
Concordia during high-flow, normal-flow, low-
flow, and extreme low-flow conditions to quantify
how well the water-budget estimates matched
measured flows.

Components of streamflow that are less
affected by human activity within the study area
(upstream flow, tributary flow, streambed seep-
age, and evaporation) typically contribute the

largest part of the water budget—averaging about
94 percent of the monthly water budget for Octo-
ber 1980 through September 1995 when com-
bined. This combined percentage is relatively
constant, ranging from 91 percent during the
high-flow period to about 101 percent during the
extreme low-flow period. Upstream flow gener-
ally is the largest contributor to the water budget,
and its relative contribution tends to increase dur-
ing lower flow periods. The importance of tribu-
tary flow tends to increase as streamflow
increases and may become insignificant during a
drought. Streambed seepage generally is positive,
indicating that the Republican River is typically a
gaining stream. Streambed seepage typically
increases in importance as streamflow decreases;
however, during times of drought, it may become
negative, indicating that the river is a losing
stream. Evaporation from the Republican River,
while commonly less than 1 percent of the water
budget, can become important during periods of
drought.

Components of streamflow that are more
affected by human activity in the study area (res-
ervoir releases, canal return flow, and surface-
water diversions) collectively were generally a
small proportion of the water budget, averaging
about 6 percent when combined for October 1980
through September 1995, and generally resulted
in a small net increase in the amount of water in
the budget. Individually, components that are
more affected by human activity within the study
area can become important, especially during

Abstract 1



periods of extreme low flow within the irrigation
season. During those periods, they collectively
may either contribute to or remove a substantial
percentage from the water budget.

Downstream flow provides a measure of how
well the water-budget estimates compared to mea-
sured streamflow at Concordia, Kansas. The
water budget tended to overestimate measured
downstream flow by an average of about 10 per-
~ cent. This general tendency to overestimation
probably can be attributed mostly to overesti-
mates of the streambed-seepage and tributary-
flow components. The other water-budget compo-
nents may have caused smaller errors in the
water-budget estimates of downstream flow.

INTRODUCTION

In 1942, Kansas, Nebraska, and Colorado formed
the Republican River Compact to allocate the avail-
able water in the Republican River Basin among the
three States. Greatly increased water use, beginning in
the 1950’s, has caused concern by the State of Kansas
regarding the compliance with the compact conditions
by Nebraska, particularly during decreased flow con-
ditions. This concern has generated a heightened inter-
est in understanding the various components that
contribute to Republican River streamflow from the
Nebraska State line to Concordia, Kansas (fig.1),
where a minimum desirable streamflow (MDS) has
been established (Kansas law K.S.A. 82a-703a, 1984).
Also of concern is the need to ensure an adequate
water supply in Milford Lake to fulfill the instream
uses and industrial, municipal, and agricultural needs
of downstream users. To help address these regional
concerns and increase the knowledge of ground- and
surface-water interaction in the Republican River Val-
ley (fig. 1), a 4-year (1994-97) study by the U.S. Geo-
logical Survey (USGS), in cooperation with the
Kansas Water Office (KWO) and funded in part by the
Kansas State Water Plan Fund, was designed to iden-
tify and quantify the interaction of the surface- and
ground-water systems and their effects on streamflow
in the Republican River in the study area, which
includes the drainage basin of that part of the Republi-
can River from near Hardy, Nebraska, to Concordia,
Kansas (fig. 1).

Background

Following the droughts and floods of the 1930’s,
the Bureau of Reclamation (BOR, U.S. Department of
the Interior) and U.S. Army Corps of Engineers began
construction of a series of dams and surface-water irri-
gation networks intended to reduce flooding and to
provide water for agriculture in the Republican River
Basin. Before the completion of Harlan County Dam
in November 1951 and Lovewell Reservoir in 1957,
floods were an almost annual occurrence in the area.
Precipitation was the only source of water for crops in
much of the study area until the Kansas Bostwick Irri-
gation District (KBID), which was built by BOR,
began full operation in 1958. The KBID receives most
of its water from requested releases from Harlan
County Dam in Nebraska (fig. 1); water generally is
not released from Harlan County Dam unless it is
requested by an irrigation district, precipitation is
plentiful, or in anticipation of increased runoff the
following spring.

Water released for the KBID flows down the
Republican River and is diverted at Guide Rock,
Nebraska, into the Courtland Canal (diversion dam
completed in 1952), which transports the water to
Lovewell Reservoir in Kansas (fig. 1). Water generally
is not released from Lovewell Reservoir unless it is
requested by the KBID, precipitation is plentiful, or in
anticipation of increased runoff the following spring.
Water released from Lovewell Reservoir for use by the
KBID is distributed by a network of canals that begin
just upstream from the USGS streamflow-gaging sta-
tion on White Rock Creek at Lovewell (site 6, fig. 1).
About 94 percent of the land irrigable by the KBID is
located in the uplands west of the Republican River
and in part of the valley east of the river (fig. 1); about
6 percent of the land irrigable by KBID is north
(upstream) from the study area. The amount of land
that can be irrigated by KBID is limited (fig. 1),
mostly because the majority of the distribution system
is gravity fed.

Beginning in the 1960’s, the development of cen-
ter-pivot and other mechanized sprinkler systems,
which allow the irrigation of rolling farmland and
growth on more acres of a greater variety of crops with
larger water demands (for example, corn and alfalfa),
encouraged an increase in both surface- and ground-
water use for irrigation within and upstream from the
study area.

In 1991, during the drought of 1988-92, flow in
the Republican River decreased below the minimum
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desirable streamflow (MDS) requirement at Concor- increase the amount of streamflow in the Republican
dia, Kansas (established by Kansas law K.S.A. River by prohibiting about 100 junior permit holders
82a—703a); this caused the DWR to attempt to from pumping water from the streams and
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hydraulically connected alluvium in the Republican
River Valley in Cloud, Jewell, and Republic Counties
during January through June 1992.

DWR instituted a moratorium on permits for new
ground- and surface-water diversions in the Republi-
can River Valley beginning in March 1990 because of
concern regarding Republican River flow. Although
the moratorium ended in April 1993 when new basin-
wide water-appropriation regulations for the Republi-
can River [K.A.R. 5-3-11 (b) (9)] went into effect, no
new permits have been approved since then because,
according to these new regulations, all ground and sur-
face water in the Republican River Valley was already
fully appropriated (Matt Scherer, Division of Water
Resources, written commun., 1998).

Purpose and Scope

The purpose of this report is to present the results
of the 4-year study to quantify the effects of major
water-budget components on streamflow in the
Republican River from near Hardy, Nebraska, to Con-
cordia, Kansas, for October 1980 through September
1995. The study area includes the drainage basin of
that part of the Republican River between the USGS
streamflow-gaging stations near Hardy, Nebraska
(site 1, fig. 1), and Concordia, Kansas (site 21, fig. 1),
and covers approximately 1,155 mi? in parts of Cloud,
Jewell, Mitchell, Republic, and Smith Counties in
north-central Kansas and a small part of Nuckolls and
Thayer Counties in Nebraska (fig. 1). The period of
October 1980 through September 1995 was chosen for
evaluation because hydrologic and water-use data
available for this period are superior to those of earlier
times and because this period includes a variety of cli-
matic conditions.

Upstream flow into the study reach, tributary
inflow, streambed seepage, evaporation, reservoir
releases, irrigation canal return flow, and surface-
water diversions were considered the major water-
budget components for this study. In this report, the
emphasis is on streamflow in the Republican River
itself, the contributions the river receives from other
surface-water sources (tributary streams and canals),
the seepage that takes place between the river and the
adjacent aquifer, evaporation from the river, and the
surface-water diversions that occur in the ungaged part
of the study area between the gaging stations near
Hardy, Nebraska, and at Concordia, Kansas. Because
of this emphasis, the complexity of that part of the sur-

face-water system in the study area upstream from the
streamflow-gaging stations at White Rock Creek at
Lovewell (site 6, fig. 1) and Buffalo Creek near
Jamestown (site 17, fig. 1) was simplified to its contri-
bution to the flow in the Republican River—which
was considered to be the discharge at these two gaging
stations and the canal return flow measured by

the KBID.

Monthly water-budget estimates were compared
to measured discharge of the Republican River at Con-
cordia during high-flow, normal-flow, low-flow, and
extreme low-flow conditions to quantify how well the
estimated water-budget components matched mea-
sured flows. The proportion that each major compo-
nent contributed to the water-budget estimates during
these flow conditions was quantified by comparing
monthly estimates of the major components to those of
the water budget. The monthly major-component and
water-budget estimates were quantified using mea-
sured or reported data available from BOR, KBID,
DWR, USGS, and the National Oceanic and Atmo-
spheric Administration.

Also included in this report are the results of
10 synoptic seepage surveys made along the Republi-
can River and its major tributaries (fig. 1) during 1982
and 1995-97. These measurements were made to gain
an improved understanding of streambed seepage to
and from ground water in the study area.

The increasing public interest in the allocation of
water in the Republican River Basin makes this study
of regional importance because it addresses the need
for more knowledge of the components of streamflow
in the Republican River and of ground- and surface-
water interaction in the Republican River Valley
required for the wise management of water resources
of the region.

Previous Studies

Numerous reports on the geology and hydrology
of all or parts of the study area have been written dur-
ing the last 70 years. Wing (1930), in his report on the
geology of Cloud and Republic Counties, included a
short section on the availability of surface-water sup-
plies in the study area. The ground- and surface-water
concerns and water-supply potential of the lower
Republican River Basin in Kansas in about 1960 were
discussed in a report by the Kansas Water Resources
Board (1961). Spruill (1985) described the condition
of the surface-water system in 1982 for part of the

4  Effects of Water-Budget Components on Streamflow in the Republican River From Near Hardy, Nebraska, to Concordia, Kansas,
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lower Republican River Valley in Kansas upstream
from Norway in Republic County. In 1994, under
contract to KWO, Water Resources Management, Inc.
(1994), completed a study of streamflow depletion in
the surface-water system of the lower Republican
River. Estimates of the major components of stream-
flow in the Republican River were made by Hansen
(1997) using a preliminary version of the water budget
developed for this study.

Since 1981 there have been several comprehen-
sive studies of the Republican River Basin that include
the study area. The Missouri Basin States Association
(1982a,b) completed a comprehensive study of the
surface- and ground-water systems in the Missouri
Basin. BOR has completed two comprehensive stud-
ies—the first was a water-management study of the
ground- and surface-water systems of the Republican
River Basin that included the results of a numerical
ground-water flow model (Bureau of Reclamation,
1985a,b,c); the second was a resource-management
study of the ground- and surface-water systems in the
Republican River Basin that emphasized that part of
the surface-water system controlled by BOR (Bureau
of Reclamation, 1996).
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ENVIRONMENTAL SETTING

More than 99 percent of the land in the study area
is classified as rural (Helyar, 1996), and most of the
regional economy is dependent on raising crops and
livestock. The variability and the lack of precipitation
during some years have led to poor crop yields or crop

failures in the study area. The increased availability of
water for irrigation due to developments such as oper-
ation of KBID, rolling sprinkler systems, and larger,
more efficient pumps, has moderated, but not elimi-
nated, many of the negative effects of drought on the
local economy. About 40,000 of the approximately
42,500 irrigable acres within the KBID are in the
study area; however, not all acres are irrigated

every year.

Physical Setting

The study area is in the Plains Border section of
the Great Plains physiographic province, which is
characterized by plateaus that are submaturely to
maturely dissected (Fenneman, 1931). The major geo-
graphic features in the study area are the Republican
River, its valley, and the flat to gently rolling uplands
that are to the east and west of the valley and about
200 to 250 ft above the valley floor. The Republican
River in the study area is about 43 mi long between the
gaging stations near Hardy, Nebraska (site 1, fig. 1),
and at Concordia, Kansas (site 21, fig.1). The valley in
the study area is about 34 mi long and about 1 to
4.5 mi wide.

Only a small part of the study area lies to the east
of the Republican River. The tributaries there are
small and dry for most of the year. To the west of the
Republican River, the drainage area is larger, and most
tributaries are larger (fig. 1). White Rock Creek and
Buffalo Creek (fig. 1) are the two main tributaries in
the study area; other important tributaries west of the
Republican River are Spring, Mud, Beaver, and Wolf
Creeks (from north to south, fig. 1), which typically
have streamflow greater than 1.0 ft3/s (as measured
during synoptic seepage surveys in 1982 and
1995-97). Other tributaries in the study area com-
monly have streamflow less than 1.0 ft¥/s or are dry.
White Rock Creek, which is the only perennial tribu-
tary in the study area, has been dammed to create
Lovewell Reservoir; this reservoir is used for storage
of irrigation water, flood control, and recreation.
Sportsmans Lake (fig. 1), which drains into Buffalo
Creek, is regulated by the Kansas Department of Wild-
life and Parks for waterfowl and recreational use.
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Hydrologic System

The hydrologic system of the study area includes
both surface and ground water. Sources of water to the
hydrologic system from outside the area are the
Republican River itself, the Courtland Canal, and the
movement of ground water across the study-area
boundary (fig. 2). Within the study area, precipitation
is the main source of water to the hydrologic system.
For example, precipitation may fall directly into water
bodies; move by overland flow into tributaries, canals,
or the Republican River; or infiltrate into the ground
where it may be used by plants or percolate to the
water table (fig. 2). Evaporation from water bodies and
the land surface and evaporation and transpiration
(evapotranspiration) by plants remove water from the
hydrologic system within the study area. Surface
water in the Republican River and ground water are
also discharged from the hydrologic system at the
downstream end of the study area (fig. 2). Water
diverted within the study area by humans may be con-
sumed and removed from the system, but some of the
diverted water may be returned to the system by per-
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colation to the water table or through discharges into
tributaries, canals, or the Republican River (fig. 2).

Within the study area, there can be movement of
water between the ground- and surface-water parts of
the hydrologic system. Most of this movement takes
place along the Republican River; however, move-
ment can also occur along tributaries and canals in the
study area. Usually the Republican River is a gaining
stream—that is, the ground water flows into the river
from the adjacent aquifer because the water table is
higher than the water level in the stream (fig. 2). At
times this condition may be reversed, and the Republi-
can River becomes a losing stream—that is, water
flows from the river to the aquifer because the water
table in the adjacent aquifer is lower than the water
level in the river.

Climate and Drought Effects

Although the climate of the study area is subhu-
mid (Kansas Water Resources Board, 1961, p. 27),
precipitation and evaporation in the study area are
quite variable, both from year to year and within any
year. Precipitation and evaporation generally are
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Figure 2. Conceptualized hydrologic system and components of flow in study area.

6 Effects of Water-Budget Components on Streamflow in the Republican River From Near Hardy, Nebraska, to Concordia, Kansas,

October 1980-September 1995



inversely related; during periods of abundant precipi-
tation, evaporation typically is much smaller than dur-
ing periods of little or no precipitation. Average annual
precipitation (1951-80) ranges from 25 to 29 in/yr
from west to east across the study area (Hedman and
Engel, 1989). Average annual (1956-70) free water-
surface evaporation ranges across the study area from
about 48 in/yr in the east to about 52 in/yr in the west
(Farnsworth and others, 1982). Recorded annual pre-
cipitation at the weather station at Concordia, Kansas,
during water years 1933-96 ranged from 12.03 in. in
1956 to 50.86 in. in 1993 (fig. 3A). Average monthly
precipitation of 0.65 in. for January, the driest month,
was about one-seventh of the average of 4.37 in. for
June, which was the wettest month, during water years
1933-96.

Recorded annual pan evaporation at Lovewell
Reservoir, Kansas (fig. 1), during water years 1959-95
ranged from 33.55 in/yr in the extremely wet year of
1993 to 62.63 in/yr in 1959 (fig. 3E); however, evapo-
ration typically was recorded only during the months
of April through October in any year (National Oce-
anic and Atmospheric Administration, 1958-96). Gen-
erally, monthly average recorded pan evaporation at
Lovewell Reservoir was greatest during July and
August, when it averaged 13.75 and 13.65 in/mo,
respectively, and least in October, when it averaged
6.32 in/mo; pan evaporation probably averaged much
less during the months of November-March when it
was not recorded and temperatures generally were
colder than during the rest of the year.

The continental climate of Kansas is conducive to
prolonged droughts and numerous floods. Droughts
occur when precipitation is less than average for sev-
eral consecutive years, whereas floods typically occur
during periods of greatly increased rainfall over rela-
tively short time periods of hours or days (Clement,
1991). During periods of drought, evaporation tends to
be large and to amplify the effect of the drought. All or
part of the five major regional droughts (192941,
1952-57, 1962-72, 1974-82, and 1988-92) and four
of the five major floods (1935, 1951, 1973, and 1993
shown; 1903 not shown) that have occurred in the
study area since 1900 (Clement, 1991; Dennis Lacock,
U.S. Geological Survey, oral commun., 1997) are
shown in figure 3F and table 1. Continuous precipita-
tion data beginning in 1886 are available, but stream-
flow data before 1931 are not available for sites in or
near the study area. Although average annual precipi-
tation amounts at Belleville, Kansas, were similar dur-

ing the three droughts shown in table 1, average
annual streamflow in the Republican River at the
nearby gaging station near Hardy, Nebraska,
decreased after Harlan County Dam was completed in
1952. Completion of Harlan County Dam just as the
drought of 1952-57 was beginning and the filling of
the reservoir behind the dam may have exacerbated
the reduction in streamflow during this drought.

Although average annual precipitation was greater
during the drought of 1988-92 than during the drought
of 1952-57 (table 1), average annual streamflow near
Hardy, Nebraska, and at Concordia, Kansas, was less
during the 1988-92 drought. The decrease in average
annual streamflow may be due in part to diversion of
water from the Republican River upstream from
Hardy for use by KBID and other irrigators and to
smaller releases from Harlan County Dam. Some of
the decrease in streamflow near Hardy and at Concor-
dia may be due in part to indirect causes. The use of
ground water for irrigation may have resulted in the
diversion of some water that otherwise would have
become streamflow. In addition, farming practices
designed to reduce the erosion of top soil, such as the
construction of terraces and farm ponds, also may
have reduced runoff into streams and contributed to
the decrease in average annual streamflow. Average
annual streamflow gains between the gaging stations
near Hardy, Nebraska (site 1, fig. 1), and at Concordia,
Kansas (site 21, fig. 1), during the 1988-92 drought
were almost double the gains during the 1952-57
drought (table 1). The larger streamflow gains during
the 1988-92 drought probably were caused by canal
return flows from KBID, which did not begin full

‘operation until 1958. At times during the 1952-57 and

1988-92 droughts, streamflow at Concordia, Kansas,
was less than the MDS. Streamflow at Concordia dur-
ing September through November 1991 was much less
than the MDS than at any time during the drought of
1952-57 (compare figs. 4A and B).

Comparison of streamflow with precipitation and
the Palmer Modified Drought Severity Index (Hed-
dinghouse and Sabol, 1991) (fig. 3) shows that gener-
ally the periods of higher and lower streamflow are
similar to the wetter and drier periods of precipitation
and of the drought index although the intensity may
differ between streamflow and the drought index. The
difference in intensity probably is due in part to the
effect of regulation of the surface-water system in the
study area by dams and reservoirs. For example,
streamflow was much less during October 1990

Environmental Setting 7
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Figure 3. (A) Precipitation at Concordia, Kansas; (B) gaged streamflow of Republican River near Hardy, Nebraska; (C) gaged
streamflow at Concordia, Kansas; (D) streamflow gain in Republican River from near Hardy, Nebraska, to Concordia, Kansas;
(E) evaporation at Lovewell Reservoir, Kansas; and (F) periods of significant droughts and floods in north-central Kansas,
October 1932-September 1996 (sources: A and F, precipitation and drought indices from National Climatic Data Center,
Asheville, North Carolina; B, C, and D, streamflow data from U.S. Geological Survey, Lawrence, Kansas; E, evaporation data
from National Oceanic and Atmospheric Administration, 1958-96; and F, droughts and floods before 1990 from Clement,
1991).
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Table 1. Comparison of average annual precipitation, streamflow, and canal return flow in the Republican River
in the study area and average annual surface-water diversions and reservoir releases upstream from the study

area during six selected reference periods

[All values except precipitation are average annual values in acre-feet per water year; precipitation is average annual in inches per water year;

--, no data; shading indicates drought periods. Precipitation data from National Climatic Data Center, Asheville, North Carolina; streamflow data from
U.S. Geological Survey, Lawrence, Kansas; canal return flow data from Kansas Bostwick Irrigation District, Courtland, Kansas, and Bureau of Reclama-
tion, McCook, Nebraska; surface-water diversion data from Bureau of Reclamation, McCook, Nebraska; and reservoir release data from Bureau of Rec-
lamation, McCook, Nebraska, and U.S. Geological Survey, Lincoln, Nebraska)

Environmental factors

Selected reference periods (water years)

and locations 1942-51 1958-87 1993-95
Precipitation
Belleville, Kansas 32.74 31.87 36.97
Concordia, Kansas 31.47 29.42 32.76
Streamflow
Near Hardy, Nebraska 763,296 273,253 407,018
Concordia, Kansas - 450,416 790,029
Streamflow gains
From near Hardy, Nebraska, to Con- - 177,163 383,011
cordia, Kansas
Reservoir releases
Harlan County Dam - 223,316 183,308
Surface-water diversions
Upstream from Hardy, Nebraska, -- 113,990 50,501
for Bostwick Irrigation Districts!
Canal return flow
Downstream from Hardy, Nebrask -- 6,912 6,006

!The Bostwick Irrigation District in Nebraska and the Kansas Bostwick Irrigation District are authorized to divert water from the

Republican River in Nebraska for irrigation.

through May 1992 than during September 1988
through September 1989 (fig. 4B) although the
drought index and graphs of precipitation show that
September 1988 through September 1989 actually was
a more intense drought period than was October 1990
through May 1992 (compare figs. 3 and 4B). Stream-
flows during the drought of September 1988 through
September 1989 were supplemented by larger releases
from Harlan County Dam, and demands for surface
water may have been less in part because of reserves
of stored water in the soil and ground from the
preceding above-normal precipitation period (fig. 34
and 4B). During the September 1988 through Septem-
ber 1989 drought and the 2 years of below-normal pre-
cipitation following it (fig. 4B), water stored in the
soil, ground, and especially reservoirs probably was

not replenished, and all reserves most likely were
essentially depleted, leaving little or no stored water
available to moderate the effect of the drought on
streamflow during October 1990 through May 1992.

WATER-BUDGET COMPONENTS OF
STREAMFLOW

A mass-balance model is based on the concept
that the input to a system should equal the output from
the system if change in storage is zero. A water budget
can be used to quantify the input to and output from a
hydrologic system. The mass-balance water budget
used in this study describes flow in the Republican
River only and not the hydrologic system of the entire

Water-Budget Components of Streamflow 9
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Figure 4. Monthly precipitation and gaged streamflow at Concordia, Kansas, (A) October 1951-September 1957
and (B) October 1987—-September 1992 (sources: precipitation data from National Climatic Data Center, Asheville,

North Carolina; streamflow data from U.S. Geological Survey, Lawrence, Kansas).

study area. Therefore, not all components that contrib-
uted water to or removed water from the study area
(fig. 2) were considered part of the water budget
describing flow in the Republican River. Water that
enters or leaves the Republican River in the study area
through tributaries or canals, through exchange of
water between the aquifer and the river by streambed
seepage, through evaporation from the Republican
River, or through use by humans were considered to
be major components of flow to the Republican River
and were included in the water budget.

Other components of flow were considered minor
and were not included in the water budget because
they are included within the major components or are
small in comparison. For example, most of the precip-
itation that falls within the study area becomes part of
other components (for example, flow in tributaries)
before it reaches the Republican River and, therefore,
is accounted for in the contributions made by the
major components; the remaining precipitation that
falls directly on the Republican River is small and not
considered. No municipal or industrial discharges
were included in the water budget because all the cit-
ies and industries in the study area evaporated or
recycled their used water or discharged it outside the
study area or upstream from a gaging station on a
tributary (included in tributary flow).

The water budget and major components used to
describe flow in the Republican River in the study area
are upstream flow (UF) near Hardy, Nebraska, plus
tributary flow (TF), plus streambed seepage (SS),
minus evaporation (E), plus reservoir releases (RR),
plus canal return flow (CRF), minus surface-water
diversions (SWD), equals water-budget estimate
(WBE) of downstream flow (DF), or:

UF+TF+SS-E+RR + CRF-SWD =WBE of DF .(1)

The components of the mass-balance water budget
typically can be grouped into components that are less
affected by human activity within the study area,
including upstream flow, tributary flow, streambed
seepage, and evaporation, and components that are
more affected by human activity within the study area,
including reservoir releases, canal return flow, and
surface-water diversions. Components that are more
affected by human activity can typically be modified
more easily during drought periods to increase stream-
flow than components less affected by human activity.
Each of the components of flow used in the water
budget were quantified on a monthly basis for the
period October 1980 through September 1995 (herein-
after referred to as water years 1981-95). The monthly
interval was chosen as a compromise among the vary-
ing intervals (daily to annual) of the available data to
best describe the interaction of the various compo-
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nents in the water budget. These quantified compo-
nents then were combined to make monthly estimates
of flow in the Republican River at Concordia, Kansas,
during water years 1981-95 and the estimates were
compared with measured streamflow at Concordia.

A variety of sources of measured or reported data
were used for the monthly estimates of each major
component of the water budget. All the major compo-
nents of flow were converted, if necessary, from the
units in which they were originally reported into acre-
feet per month. The methods used to estimate each
component and the data used to make these estimates
are described in the sections that follow. The monthly
estimates of the major components of flow for water
years 1981-95 are included in table 5 in the “Supple-
mental Information” section at the end of this report.

Upstream Flow

Upstream flow data were collected by USGS at a
streamflow-gaging station near Hardy, Nebraska
(site 1, fig. 1). These data represented measured inflow
for purposes of the water budget. Gaged average daily
streamflow data stored in the USGS’s National Water
Information System (NWIS) were summed by month.
Comparison of hydrographs of streamflow near Hardy,
Nebraska, and at Concordia, Kansas, show water in
the Republican River takes about 1 day to travel from
the gaging station near Hardy (site 1, fig. 1) to the gag-
ing station at Concordia (site 21, fig. 1); therefore, the
upstream flow used was for the day previous to that
measured at Concordia.

Tributary Flow

Tributary flow includes streamflow measured by
the USGS at gaging stations on White Rock Creek at
Lovewell, Kansas (site 6, fig. 1), and on Buffalo Creek
near Jamestown, Kansas (site 17, fig. 1); approxi-
mately 30 and 28 percent of the study area are
upstream from these gaging stations, respectively.
Tributary flow in ungaged parts of the study area or
during periods of missing streamflow measurements at
the gaging stations was estimated as described in the
following paragraphs.

The streamflow for the ungaged part of the study
area was computed by multiplying the average of the
monthly streamflow for the unregulated, gaged part of
the study area—as measured or estimated at the

gaging stations on White Rock Creek near Burr Oak
(site 4, fig. 1) and on Buffalo Creek near Jamestown
(site 17, fig. 1)—by the ratio of the ungaged part of the
study area to the unregulated, gaged part of the study
area. During most of water years 1981-95, about
42 percent of the study area was ungaged, and about
48 percent of the study area was unregulated and
upstream from the gaging stations on White Rock
Creek near Burr Oak and on Buffalo Creek near
Jamestown; the remaining approximately 10 percent
of the study area was in the gaged and regulated part
of the White Rock Creek drainage between the gages
near Burr Oak and at Lovewell, Kansas (sites 4 and 6,
fig. 1). Following June 1990, when the streamflow
gage on Buffalo Creek near Jamestown was discontin-
ued, the ungaged part of the study area increased to
about 70 percent and the unregulated, gaged part of
the study area decreased to about 20 percent.
Streamflow for Buffalo Creek during that part of
water years 1981-95 when it was ungaged near
Jamestown (July 1990 through September 1995) was
estimated using stepwise multiple linear regression
analysis (Statware, Inc., 1990) of monthly runoff data
during July 1959 through June 1990 from the gage on
Buffalo Creek near Jamestown with that from several
of the closest streamflow-gaging stations on unregu-
lated streams. The nearby streamflow gages used in
the stepwise multiple linear regression were White
Rock Creek near Burr Oak, Kansas (site 4, fig. 1); Salt
Creek near Ada, Kansas (index map, fig. 1); and Little
Blue River near Barnes, Kansas (index map, fig. 1).
The correlation coefficient (r) of this stepwise multiple
linear regression was 0.86. The equation that resulted
from the stepwise multiple linear regression was used
to estimate streamflow at the gaging station on Buffalo
Creek near Jamestown during the ungaged period
(1990-95). To test how well estimated streamflow for
Buffalo Creek compared to measured flows, this same

~ equation then was used to estimate streamflow for

Buffalo Creek during the period when the gage was
operating (1959-90). The strong correlation (r equals
0.82) of the measured and estimated streamflows at
the gage on Buffalo Creek near Jamestown during the
gaged period is shown in figure 5.

Because White Rock Creek is regulated upstream
from the gaging station at Lovewell, an attempt was
made to separate the measured discharge into that
which could be considered as released from Lovewell
Reservoir and that which could be considered unregu-
lated streamflow. The unregulated streamflow was

Water-Budget Components of Streamflow 1
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estimated as that part of the avera%e daily discharge
that was less than or equal to 10 ft°/s because the gage
is only about 1,400 ft downstream from the Lovewell
Reservoir dam with no intervening tributaries and
because measured flows greater than 10 ft3/s increase
abruptly to (or decline abruptly from) about 100 to
1,000 ft3/s and may not correspond with periods of
precipitation, indicating they are reservoir releases.
This estimated, unregulated streamflow was included
in the tributary flow component of the water budget.
Measured average daily discharge greater than 10 ft3/s
was included in the reservoir release component.

Streambed Seepage

Streambed seepage is defined in this study as the
increase or decrease of flow in the Republican River as
a result of seepage between the aquifer and the river.
Streambed seepage is typically one of the most diffi-
cult water-budget components to accurately quantify.
It can be estimated by conducting synoptic seepage
surveys or by using hydrograph-separation techniques.
Seepage surveys are more accurate but are only practi-
cal at lower flows where the difference between the
measured inflows and outflows is greater than the
potential error of the measurements.

For this water-budget estimate, a relation between
seepage-survey data and average daily flow at Concor-
dia, Kansas, was used to compute daily streambed
seepage for flow from 150 through 500 ft3/s at Con-
cordia because seepage data were available for this
range in flow, and a hydrograph-separation technique
was used for flows less than 150 ft°/s or greater than
500 ft3/s. Daily seepage flows were summed to get the
monthly streambed seepage flows shown in table 5 in
the “Supplemental Information” section at the end of
this report. Mean daily streamflow at Concordia, Kan-
sas, was less than 150 ft3/s or exceeded 500 ft>/s about
45 percent of the time during water years 1981-95.

Synoptic Seepage Surveys

During this study, USGS personnel made dis-
charge measurements during eight synoptic seepage
surveys along the Republican River from near Hardy,
Nebraska, to Concordia, Kansas, and on all major trib-
utaries (fig. 1), mostly during relatively low-flow peri-
ods. Standard USGS discharge techniques were used
(Carter and Davidian, 1977; Buchanan and Somers,
1984). Table 2 is a compilation of the results of these

measurements. Two seepage surveys conducted during
1982 and documented in Spruill (1985) also are noted
in table 2. Figure 6 is a graphical representation of the
data from the Republican River synoptic seepage-sur-
vey sites listed in table 2. Measurements were not
made during the summer irrigation period because of
few opportunities with sufficiently low flows during
the summer of 1996. Streambed seepage was esti-
mated from the synoptic seepage-survey data as the
change in streamflow between near Hardy, Nebraska,
and Concordia, Kansas, after subtracting measured
tributary flow. Some of the streambed seepage esti-
mates are somewhat overestimated because the
smaller tributaries were not measured during all
synoptic surveys.

Table 2 and figure 6 confirm that the Republican
River between Hardy and Concordia is predominately
a gaining stream; that is, streambed seepage is posi-
tive, and flow is from ground water to the river. Stre-
ambed seepage in this reach for the 10 measurement
dates ranged from 17.2 to 126.1 ft3/s with a median
value of 32.6 ft3/s. These values were always greater
than the uncertainty associated with the streamflow
measurements. Some variability in streambed seepage
occurred between measurement dates and between
survey sites. Streambed seepage tends to increase with
increasing streamflow as demonstrated by the strong
correlation between streambed seepage and discharge
at Concordia (fig. 7). The seasonal differences in these
data are likely a result of the winter measurements
being conducted at higher flows (table 2).

The results of a linear regression of seepage mea-
surements with streamflow at Concordia, Kansas
(fig. 7), was used to estimate daily streambed seepage
for streamflows at Concordia ranging from 150
through 500 ft3/s. Streamflow at Concordia between
150 and 500 ft3/s was used because 9 of the 10 sets of
seepage measurements that best agree with the linear
regression line (fig. 7) occurred when corresponding
streamflow at Concordia was within this range. For
much greater streamflows, this relation was not con-
sidered reliable because of a lack of seepage measure-
ments and because it produced seepage estimates that
in many cases far exceeded the hydrograph-separation
technique results. Seepage measurements are rarely
made during higher flows because the potential errors
involved in measuring the larger flows typically are as
large or larger than the amount of streambed seepage.

Water-Budget Components of Streamflow 13
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Figure 7. Comparison of measured streamflow at Concordia, Kansas, during 1982 and 1995-97 with streambed
seepage estimated from synoptic seepage-survey data (sources: Spruill, 1985; U.S. Geological Survey, Lawrence,

Kansas).

Hydrograph Separation

For streamflows in the Republican River at Con-
cordia less than 150 ft3/s or exceeding 500 ft3/s, stre-
ambed seepage was estimated using the computer
program BFI4 (Wahl and Wahl, 1995) that computes
daily streambed seepage from average daily stream-
flow. The BFI4 program uses streamflow hydrograph-
separation techniques to estimate that part of flow in
an unregulated stream that is from streambed seepage;
these techniques are based on a set of base-flow sepa-
ration procedures proposed by the Institute of Hydrol-
ogy (1980a,b). The average daily streamflow data
collected by the USGS at gaging stations near Hardy,
Nebraska (site 1, fig. 1), and at Concordia, Kansas
(site 21, fig. 1), were used as input to the program. The
BFI4 program also requires specification of the
streamflow minimum-increment test interval (N) in
days and the turning-point test factor (f). A value of N
equal to 7 days was used in this study because the
BFI4 estimates of streambed seepage were typically
more consistent and tended to reduce the probable
overestimation of streambed seepage by the BFI4 pro-
gram discussed later in this report. A value of f equal
to 0.90 was used in this study because it was proposed
for use by the Institute of Hydrology (Wahl and Wahl,
1995). To become a turning point used to estimate the
base flow (streambed seepage), the minimum -

streamflow in an increment test interval multiplied by
the value of f must be less than the minimums in both
adjacent increment test intervals. An example and
detailed discussion of these techniques can be found in
Wahl and Wahl (1995).

The Republican River is regulated by Harlan
County Dam; however, during most periods the
Republican River can be viewed as an unregulated
stream because, except during higher flows, either no
water is released from Harlan County Lake (about
68 percent of the time during water years 1981-95) or
all streamflow and releases from the lake are fully -
diverted upstream from Guide Rock, Nebraska (about
23 percent of the time during water years 1981-95),
for irrigation. About 75 percent of the time during
water years 1981-95, the Republican River at Hardy
was not affected by releases or diversions; thus, use of
hydrograph-separation techniques was similar to their
use in estimating streamflow seepage for an unregu-
lated stream.

Contributions to streamflow from regulated
sources that occur for periods longer than the mini-
mum increment test interval (7 days) are considered
part of the streamflow from which streambed seepage
is estimated by the BFI4 program and may cause stre-
ambed seepage to be overestimated. Before the BFI4
program was used, the streamflow data from the

16 Effects of Water-Budget Components on Streamflow in the Republican River From Near Hardy, Nebraska, to Concordia, Kansas,
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gaging station at Concordia, Kansas, were modified to
remove some of the effects of releases by Lovewell
Reservoir. No adjustments were made for tributary
flow or canal return flow, and as a result, the stre-
ambed-seepage component is an overestimate; adjust-
ments were impractical due to insufficient tributary
flow and canal return flow data. The net streambed
seepage for the Republican River in the study area was
then estimated as the BFI4 results for the gaging sta-
tion near Hardy, Nebraska, subtracted from the BFI4
results for the gaging station at Concordia, Kansas,

after compensating for a 1-day traveltime between the
two stations. The results from the BFI4 program
tended to overestimate streambed seepage when com-
pared to same-day seepage-survey measurements

(fig. 8).

Evaporation

Evaporation from the Republican River was esti-
mated using monthly pan evaporation measured at
Lovewell Reservoir, Kansas, and published by the
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Figure 8. Comparison of streambed seepage estimated using data from 10 synoptic seepage surveys during
1982 and 1995-97 with streambed seepage estimated using BFI4 computer program (Wahl and Wahl, 1995)
(sources: Spruill, 1985, and U.S. Geological Survey, Lawrence, Kansas).
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National Oceanic and Atmospheric Administration .
(1958-96). The free water-surface evaporation in the
study area can be estimated by multiplying the pan
evaporation at Lovewell Reservoir by the pan coeffi-
cient of 0.72 (Farnsworth and others, 1982). The
amount of evaporation from the Republican River was
estimated as the free water-surface evaporation for the
month multiplied by the area of the upper surface of
the river. The upper surface of the Republican River in
the study area was estimated as 42.7 mi long and

150 ft wide. No evaporation was considered to have
occurred during those months (typically November
through March) without published values for pan
evaporation at Lovewell Reservoir.

Reservoir Releases

Reservoir releases were estimated conservatively,
as previously described in the “Tributary Flow” sec-
tion, as that part of the average daily discharge greater
than 10 ft*/s measured at the USGS streamflow-gaging
station on White Rock Creek at Lovewell, Kansas,
which is just downstream from Lovewell Reservoir
(fig. 1). That part of the average daily discharge less
than or equal to 10 ft*/s was considered to be unregu-
lated streamflow and was included in the tributary
flow component. Diversions from Lovewell Reservoir
into the part of the Courtland Canal downstream from
Lovewell Reservoir are not included in the gaged dis-
charge because the canal’s diversion point is upstream
from the gaging station. As a result, most of the esti-
mated reservoir releases occur only during or follow-
ing periods of abundant precipitation or in anticipation
of increased runoff the following spring.

Canal Return Filow

Canal return flow data were collected by KBID at
discharge gates in calibrated manmade channels at the
ends of the large canals and of the smaller canals (lat-
eral lines) that divert water from them within the dis-
trict. Canal return flow from KBID to the Republican
River generally occurs only during the months that
irrigation is allowed in the district (June through Sep-
tember). Although irrigation does not occur during all
4 months during all years, canal return flow has
occurred in July and August every year since 1958.

The discharge of water from KBID canals to the
Republican River was based on monthly data provided

by KBID. Water discharged from the Courtland Canal
directly into Lovewell Reservoir was not included in
the canal return flow component, even though it is
recorded as return flow by KBID. This is because, as
discussed in the “Background” section, the Courtland
Canal is used to transfer water from the Republican
River upstream from the study area into Lovewell
Reservoir for use by KBID. Only 90 percent of the
discharge from the lateral lines upstream from
Lovewell Reservoir were included in the canal return
flow because approximately 10 percent of the KBID-
irrigated land upstream from the reservoir is outside
the study area. Downstream from Lovewell Reservoir,
discharges from both lateral lines and canals were
included in canal return flow.

Surface-Water Diversions

Surface-water diversions, the amount of surface
water removed (diverted) by humans, were estimated
from annual water-use reports completed and returned
to DWR by users. The only uses for which surface
water was diverted in the study area were irrigation
and recreation; all diversions for municipal and indus-
trial uses in the study area are from ground water.
Many of the surface-water diversions (including the
large diversions to and from Lovewell Reservoir for
KBID and the diversions for recreation) were
upstream from the gaging stations on White Rock
Creek at Lovewell or on Buffalo Creek near
Jamestown; these diversions already are accounted for
in the tributary or canal return flow components. Only
surface-water diversions from tributaries in the
ungaged part of the study area or directly from the
Republican River in the study area were considered to
be part of this component. All water from these sur-
face-water diversions was used for irrigation. The
annual surface-water irrigation-use data for these
diversions were divided into monthly data in the same
monthly-to-annual ratios as the data for irrigation
deliveries available from KBID.

EFFECTS OF WATER-BUDGET
COMPONENTS

Comparison of the water-budget estimates during
various flow conditions was needed to evaluate the
importance of each component and how well the
water-budget estimates matched downstream flow

18 Effects of Water-Budget Components on Streamfiow in the Republican River From Near Hardy, Nebraska, to Concordia, Kansas,

October 1980-September 1995



during these conditions. Smaller periods within water
years 1981-95 were classified on the basis of stream-
flow conditions. The effects of the water-budget com-
ponents on flow during drought conditions, when
water demand may exceed water supply in the study
area (as occurred during 1991 and 1992), were of
special interest.

Streamflow-Class Periods

The streamflow-class designations were deter-
mined by computing monthly discharges using
streamflow data from USGS streamflow-gaging sta-
tions near Hardy, Nebraska, and at Concordia, Kansas.
The period of October 1951 through September 1995
was chosen to include a long enough period to be
statistically valid while also avoiding inclusion of
streamflow from the unregulated period before the
completion of Harlan County Dam when the stream-
flow regime was different (fig. 3B). The 10-, 25-, 75-,
and 90-percent streamflow exceedances during Octo-
ber 1951 through September 1995 were computed for
each of the 12 calendar months. The four streamflow
classes designated using these percent exceedances
were 0-25 percent, high flow; 25-75 percent, normal
flow; 75-90 percent, low flow; and greater than
90 percent, extreme low flow. Each month during
water years 1981-95 was assigned to one of the four
streamflow classes by comparing the streamflow for
the month with the exceedances computed for the cor-
responding calendar month. Adjacent months with the
same streamflow class were grouped into streamflow-
class periods. Some streamflow-class periods contain
short periods when the flow met the criteria of other
streamflow classes; however, these short periods were
not considered long enough (less than 6 months) to be
designated as separate periods.

During water years 1981-95, there were two high-
flow streamflow-class periods (September 1983
through June 1984 and February 1993 through
March 1994), two periods in the low-flow class
(October 1980 through June 1981 and September
1988 through June 1989), and one period in the
extreme low-flow class (October 1990 through
May 1992); the rest of water years 1981-95 included
five periods in the normal-flow class (July 1981
through August 1983, July 1984 through August 1988,
July 1989 through September 1990, June 1992
through January 1993, and April 1994 through Sep-
tember 1995). One example from each of the periods

in the high-flow (February 1993-March 1994), nor-
mal-flow (July 1984-July 1986), low-flow (October
1980-June 1981), and extreme low-flow (October
1990-May 1992) classes were selected (fig. 9) and are
discussed in this report with respect to the major com-
ponents of the water budget. The average monthly
value of each major component and downstream flow
during the example streamflow-class periods and the
percentage of the water-budget estimate these compo-
nents represent are shown in table 3.

The example high-flow period (fig. 9) of February
1993 through March 1994 was chosen because it
includes the flood of July 18-29, 1993, and generally
had greater streamflows than the other high-flow
period. These greater streamflows provide a better test
of the usage of the water budget to estimate down-
stream flow for periods of high flow. The month of
July 1993 was further selected as the period of highest
flow. The example 2-year normal-flow period (fig. 9)
of July 1984 through July 1986 was separated out of
an approximately 4-year normal-flow period to be
more similar in length to the other flow periods. The
example normal-flow period includes short (6 months
or less) high- and low-flow periods in addition to nor-
mal-flow periods.

The example low-flow period of October 1980
through June 1981 was chosen because it occurred
near the end of the 1974-82 drought. The 1974-82
drought was a less intense but more extended drought
than the 1988-92 drought (fig. 3F) and, therefore,
allowed for a better test of the water budget to estimate
downstream flow for these conditions. The example
extreme low-flow period of October 1990 through
May 1992 is the only extreme low-flow period that
occurred within water years 1981-95. During 18 of
the 20 months in this extreme low-flow period, the
monthly streamflow at Concordia, Kansas, was less
than the MDS (fig. 4B). Within the extreme low-flow
period, July through August 1991 and September
through October 1991 were identified as the critical
irrigation period and the lowest flow period, respec-
tively (fig. 9). During the critical irrigaiton period,
upstream and downstream flow were low and irriga-
tion demand was high. Streamflow at Concordia,
Kansas, was only about 28 percent of MDS during the
lowest flow period.

Effects of Water-Budget Components 19



A. Precipitation at Concordia, Kansas
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C. Difference between estimated and measured streamflow at Concordia, Kansas (site 21, fig. 1)
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D. Difference between estimated and measured streamflow at Concordia, Kansas (site 21, fig. 1)
B ‘l'I|IIIH|IIIII|IIlII HII|IHII|II|I||IIIIIIIE

100

< BE ;
c = o
g SOf L]
[ r & 4
Q 251 @E -
= = 1 B
s Op "
2 25 F L] 3
o U Difference between estimated and measured b
L 50k downstream flow as a percentage of measured =
a C flow. Positive if overestimated, negative if ]

75 underestimated » ]

-100 bl i
E. Drought index, north-central Kansas
12

o 10 Palmer Modified
© 8 Drought Severity
@ Index
x 6
.“E’ 4 Extreme wetness,4ormore = =
E 2
E
3 0
o -2

-6 i
1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995

EXPLANATION
Example streamflow-class periods
:I Low flow—October 1980-June 1981 - Critical irrigation—July 1991-August 1991
Normal flow—July 1984-July 1986 -
Extreme low flow—October 1990-May 1992 Lowest flow—September 1991-October 1991
High flow—February 1993-March 1994 - Highest flow—July 1993

Figure 9. (A) Monthly precipitation, (B) estimated and measured streamflow, and difference
between estimated and measured streamflow by (C) volume and (D) percent at Concordia,
Kansas, and (E) Palmer Modified Drought Severity Index for north-central Kansas, with example
streamflow-class periods, October 1980-September 1995 (sources: A, precipitation data from
National Climatic Data Center, Asheville, North Carolina; B, C, and D, streamflow data from U.S.
Geological Survey, Lawrence, Kansas; and E, Palmer Modified Drought Severity Index from
National Climatic Data Center, Asheville, North Carolina).
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Table 3. Average monthly precipitation, estimated water-budget components, and measured and estimated
downstream flow for example streamflow-class periods, October 1980-September 1995

[All values in table are average monthly values—precipitation values are in inches per month; measured and estimated values of water-budget compo-
nents and downstream flow are in acre-feet per month; percentages are from average monthly values; <, less than. Sources: precipitation data from
National Climatic Data Center, Asheville, North Carolina; streamflow data from U.S. Geological Survey, Lawrence, Kansas; evaporation data from
National Oceanic and Atmospheric Administration, 1958-96; canal discharge data from Kansas Bostwick Irrigation District, Courtland, Kansas; sur-
face-water diversion data from Kansas Department of Agriculture, Division of Water Resources, Topeka, Kansas]

Normal- Low-
flow flow
High-flow period period period Extreme low-flow period
Lowest
Critical flow
October Febru- Highest irrigation period
1980 ary flow July October October period Sep-
Precipitation, water- Sep- 1993-  period 1984~ 1980- 1990- July- tember-
budget components, tember March July July June ‘May August October
and downstream flow 1995 1994 1993 1986 1981 1992 1991 1991
Precipitation (inches per month)
Concordia, Kansas 247 317 16.75 2.27 2.00 1.63 1.73 0.85
Estimated water-budget components and measured and estimated downstream flow (acre-feet per month)
Upstream flow 19,477 61,767 195,740 14,545 8,025 3,506 3,460 976
Tributary flow 12,368 46,093 269,730 8,862 3,938 1,076 12 2
Streambed seepage 6,220 15,514 76,108 5,497 1,594 1,548 2,112 170
Evaporation? 167 113 294 192 141 148 408 260
Reservoir releases. 2,368 12,029 45,160 2,054 708 <1 0 0
Canal return flow 553 265 1,467 814 216 245 1,914 0
Surface-water diversions? 353 38 <1 558 83 317 2,538 "0
Downstream flow (measured) 36,740 122,993 660,321 28,585 12,425 5,658 5,358 1,380
Water-budget estimate 40,466 135,517 587,911 31,022 14,257 5,911 4,552 648
of downstream flow
Estimated water-budget components as a percentage of water-budget estimate
Upstream flow 48.1 45.6 333 46.9 56.3 59.3 76.0 150.6
Tributary flow 30.6 34.0 45.9 28.6 27.6 18.2 3 "3
Streambed seepage 15.4 11.4 12.9 17.7 11.2 26.2 46.4 L1038
Evaporation? 4 1 <1 6 1.0 25 9.0 40.1
Reservoir releases 59 8.9 77 6.6 5.0 <.1 0 0
Canal return flow 14 2 2 2.6 1.5 4.1 - 42.0 0
Surface-water diversions? 9 <l <.1 1.8 .6 54 55.7 0
Water-budget estimate as a percentage of downstream flow
Water-budget estimate 110.1 110.2 89.0 108.5 114.7 104.5 85.0 47.0

of downstream flow

'Negative streambed seepage value indicates seepage is from stream to adjacent aquifer.
2Evaporation and surface-water diversions are removals from the system when combining the components of flow to make
water-budget estimates.

Comparison of Water-Budget
Components With Water-Budget
Estimates and Measured Downstream
Flow During Streamflow-Class Periods

Table 3 shows each water-budget component for
each streamflow-class period and the comparison with
the monthly streamflow recorded at the gaging station
at Concordia, Kansas. Also, the proportion that each

major component contributes to the flow in the Repub-
lican River was computed as a percentage of the
water-budget estimate for each period. Table 5, in the
“Supplemental Information” section, presents esti-
mates of the water budget and major components for
each month during October 1980 through September

1995; monthly measured downstream flow, MDS, and

precipitation at Concordia, Kansas, are included in
table 5 for comparison purposes.
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The water-budget components that are less
affected by human activity within the study area
(upstream flow, tributary flow, streambed seepage, and
evaporation) contributed the largest part of the water-
budget estimate—averaging about 94 percent of the
monthly water-budget estimates for water years
1981-95 when combined (table 3). Except during the
extreme low-flow period, this combined percentage
was relatively constant, ranging from about 91 percent
during the high-flow period to about 94 percent during
the low-flow period. During the extreme low-flow
period, the proportion of the water-budget estimates
represented by components that are less affected by
human activity was about 101 percent but increased to
about 114 percent during the critical irrigation period
when the contributions from canal return flow and
streambed seepage represented atypically large pro-
portions of the water budget. The proportion of the
‘water budget represented by components that are less
affected by human activity decreased to about

100 percent during the lowest flow period when stre-
ambed seepage became negative and the contributions
from other components that commonly provide water
to the budget were small or zero (table 3).

The components that are more affected by human
activity within the study area (reservoir releases, canal
return flow, and surface-water diversions) collectively
were generally a small proportion of the water-budget
estimates, averaging about 6 percent when combined
for water years 1981-95. These components typically
do not occur during all months of any year. For exam-
ple, canal return flow generally only occurred during
months in which irrigation was allowed to take place
(June-September) in KBID, and surface-water diver-
sions for irrigation were assumed for this study to
occur during the same months as irrigation deliveries
were made by KBID. Releases from Lovewell Reser-
voir do not occur on a regular schedule and are mostly
dependent on the amount of precipitation that occurred
during or preceding the release period. Individually,
the components that are more affected by human
activity can become important, especially during peri-
ods within the irrigation season (table 3). During
those periods, they collectively may represent a
substantial percentage removal from the system when
making water-budget estimates (table 3).

Upstream Flow

Upstream flow was commonly the largest contrib-
utor to the water-budget estimates, averaging about

48 percent of the water-budget estimate for water
years 1981-95 (table 3). The percentage of the water
budget that upstream flow contributes varied through-
out the year, typically being greatest, about 61 to

69 percent of the water budget, during the months of
November through January. During those months,
there generally was no irrigation or associated canal
return flow, and tributary flow was smali—in part
because precipitation was only about 10 pecent of the
long-term (October 1951-September 1995) average
annual amount (table 4). During the months of Sep-
tember, October, February, and March, upstream flow
decreased to about 49 to 56 percent of the water-bud-
get estimate; during these months, precipitation was
about 26 percent of the long-term average annual
amount (table 4), and tributary flow increased, but lit-
tle or no irrigation or canal return flow occurred
because most plants were dormant or at the beginning
or end of their growing cycle. Upstream flow further
decreased to only about 41 to 45 percent of the water-
budget estimate during the months of April through
August when precipitation increased to about 70 per-
cent of the long-term average annual amount (table 4),
resulting in increases in the contributions from tribu-
tary flow and streambed seepage; also, most irrigation
took place during these months, resulting in more
canal return flow.

Upstream flow was about 151 percent of the
water-budget estimate and of greatest relative signifi-
cance during the lowest flow period—even though
upstream flow was only about 6 percent of the long-
term monthly average for September—October and
precipitation was about 37 percent of the long-term
monthly average for September—October at Concor-
dia, Kansas (tables 3 and 4). During the highest flow
period, when upstream flow was at its greatest (about
560 percent of the long-term average for July) and

flooding occurred in the study area, upstream flow was
only about 33 percent of the water-budget estimate
and of lesser significance than during any other exam-
ple period (tables 3 and 4).

During the normal-flow period, upstream flow was
about 47 percent of the water-budget estimate and
about 68 percent of the long-term monthly average
upstream flow (tables 3 and 4). Although precipitation
and upstream flow increased to about 138 and 290 per-
cent of their respective long-term averages during the
high-flow period, upstream flow remained about
46 percent of the water-budget estimate (tables 3 and
4). During the low-flow period, upstream flow was
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Table 4. Average monthly and annual precipitation at Concordia, Kansas, and streamflow near Hardy, Nebraska, and at
Concordia, Kansas, during October 1951-September 1995 and October 1980-September 1995

[Monthly precipitation is in inches per month; annual precipitation is in inches per year; monthly streamflow is in acre-feet per month; annual stream-
flow is in acre-feet per year. Precipitation data from National Climatic Data Center, Asheville, North Carolina; streamflow data from U.S. Geological

Survey, Lawrence, Kansas])

Long-term average
(October 1951-September 1995)

Period of data used for this study
(October 1980-September 1995)

Period of

average Precipitation Streamflow Precipitation Streamflow
at Concordia, Near Hardy, At Concordia, at Concordia, Near Hardy, At Concordia,
Kansas Nebraska Kansas Kansas Nebraska' Kansas
Monthly
January 0.65 11,710 15,842 0.72 10,910 16,383
February 75 18,117 25,676 .65 14,262 23,739
March 2.06 26,296 42,735 2.4 24,673 44,408
April 2.19 25,695 39,815 224 19,777 40,959
May 4.20 29,594 47,201 4.55 31,763 56,253
June 4.27 33,322 53,874 4.82 22,518 44,209
July 3.67 35,040 62,925 4.44 34,348 85,426
August 333 18,480 35,124 3.36 18,888 41,264
September 2.74 18,157 33,096 2.33 13,902 24,218
October 1.85 16,556 29,400 1.90 17,604 28,850
November 1.07 12,986 18,806 1.02 12,598 . 17,168
December .84 12,120 16,174 1.14 12,485 18,002
All months 230 21,506 35,056 2.47 19,477 36,740
Annual 27.62 258,071 420,668 29.61 233,726 440,878

'Streamflow adjusted 1 day for traveltime to Concordia.

about 56 percent of the water-budget estimate when
precipitation was about 100 percent of the long-term
monthly average for October-June at Concordia and
upstream flow was only about 39 percent of the long-
term monthly average for October—June (tables 3 and-
4). Upstream flow was a larger-than-average percent-
age of the water-budget estimate during periods of low
to lowest flow when streamflow and precipitation were
average to smaller-than-average percentages of the
long-term norms (tables 3 and 4). This would seem to
‘indicate that, while always important, preserving
upstream flow is especially important during times of
drought. '

Tributary Flow

Tributary flow was generally the second largest
water-budget component and can be a major contribu-
tor to the water budget, especially when evapotranspi-
ration is low (winter and early spring) or when
precipitation is consistently about 2 in/mo or more
(Hansen, 1997). Tributary flow averaged about 31

percent of the water-budget estimate but varied
greatly. Average monthly tributary flow generally was
more, ranging from about 31 to 38 percent of the
water-budget estimates during the months of March
through July when about 55 percent of the annual pre-
cipitation took place (table 4).

Tributary flow was about 46 percent of the water
budget during the highest flow period when precipita-
tion was about 460 percent of the long-term average
for July (tables 3 and 4); this was a larger percentage
of the water budget than during any other example
period and an even greater percentage than the
upstream flow contribution to the water budget
(table 3). Tributary flow contributed practically noth-
ing (about 0.3 percent) to the water-budget estimates
during the critical irrigation and lowest flow periods
(table 3) when precipitation was only about 49 and
37 percent of the long-term monthly averages for
July—August and September—October, respectively
(tables 3 and 4). Tributary flow can contribute substan-
tial amounts to the water-budget estimates, especially
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during periods of higher flow; however, it cannot be
considered a reliable source of water during the criti-
cal irrigation months of July and August or during
periods when precipitation is consistently much less
than normal.

Streambed Seepage

Streambed seepage generally was positive, indi-
cating that the Republican River is a gaining
stream—that is, ground water flows into the river from
the adjacent aquifer because the water table is higher -
than the water level in the river (fig. 2; table 3). A neg-
ative streambed-seepage estimate indicates that this
situation is reversed and that the river is losing water
to the aquifer (for example, lowest flow period in
table 3). Streambed seepage generally was the third
largest water-budget component and averaged about
15 percent of the water-budget estimates during water
years 1981-95. The largest proportion of the water-
budget estimate represented by streambed seepage
was about 46 percent during the critical irrigation
period; this was probably due to a raised water table
resulting from the use of imported surface water irri-
gation. Streambed seepage represented the smallest
proportion of the water-budget estimate (about
-11 percent) during the lowest flow period when the
Republican River probably became a losing stream.

In general, the importance of streambed seepage is
inversely related to the amount of downstream flow,
being less important during periods of high flow when
contributions from other sources, especially tributary
flow, are larger, and being more important during peri-
ods of extreme low flow when the tributary flow con-
tribution is small. However, if low-flow conditions are
severe enough, streambed seepage may change from a
substantial contribution to the water budget to a with-
drawal (removal) from it, as may have happened dur-
ing the period of lowest flow (table 3). Although
streambed seepage can contribute substantially to the
water-budget estimates during most of a drought, the
potential to result in removals from the water-budget
estimates means it cannot be considered a reliable
source of water during periods of extended drought
when streamflow is similar to that during the example
lowest flow period.

Evaporation

Evaporation from the Republican River com-
monly averaged about 0.4 percent of the water-budget

estimates for water years 1981-95 and ranged from
about 40 percent of the water budget during the lowest
flow period to less than 0.1 percent during the highest
flow period (table 3). Evaporation was recorded as
occurring in 103 of the 180 months in water years
1981-95—generally only in April through October of
any year; for those 103 months, evaporation averaged
about 0.6 percent of the water-budget estimates.
Although evaporation is described here and in table 3
as positive numbers, it is a withdrawal of water from
the system and is subtracted from the total of the other
components used for the water-budget estimates.

Evaporation from the Republican River was 1 per-
cent or less except during the extreme low-flow, criti-
cal irrigation, and lowest flow periods, when it was
about 2, 9, and 40 percent, respectively. Although the
withdrawals from the water-budget estimates repre-
sented by evaporation from the Republican River typi-
cally were not substantial, these withdrawals may
become important during drought periods in the warm
season, especially during periods when streambed
seepage represents withdrawals from—rather than
contributions to—the water-budget estimates and con-
tributions from all other components to the water bud-
get are small or nonexistent.

Reservoir Releases

Reservoir releases averaged about 6 percent of the
water-budget estimates for water years 1981-95 and
ranged from an average of 0 percent during the critical
irrigation and lowest flow periods when no releases
occurred to about 9 percent during the high-flow
period (table 3). Reservoir releases are sporadic and
generally do not occur during all months of a year or
of a flow period. Reservoir releases typically are made
only during or following periods when precipitation is
above average or during the nongrowing season (most
likely to lower the level of the reservoir in anticipation
of increased runoff during the following spring).
Releases were made in only 52 months of the
180 months in water years 1981-95, and for those
months with releases, the average release was about
9 percent of the water-budget estimates.

During water years 1981-95, the longest period
when reservoir releases were made during consecutive
months was February 1993 through May 1994, which
includes the example period of high flow (table 3).
During the period of high flow, the average amount of
reservoir release was about 510 percent of the average
for water years 1981-95 (table 3) and about 150 per-
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cent of the average for all months with releases. Pre-
cipitation during the high-flow period was about one-
third greater than the average for water years 1981-95
(table 3) and was preceded by a 9-month period of pre-
dominately above-average precipitation (fig. 94). Dur-
ing July 1993, the period of highest flow, the amount
of reservoir releases was about 550 percent of the
average for months with releases, and precipitation
was about 450 percent of the long-term average of
3.67 in. for the month of July.

During water years 1981-95, the longest period
with very small or no releases was during April 1988
through June 1992, which included the extreme low-
flow period (table 3); the only month with an apprecia-
ble release was June 1991 when precipitation was
about 3.77 in. Even with the much reduced Republican
River streamflow during June 1991, reservoir releases
were still less than 0.1 percent of the water-budget
estimate. Reservoir releases, because they are sporadic
and typically occur only during or immediately
following periods when precipitation is above average
or in anticipation of a need for spring flood control,
generally are unimportant to streamflow in the Repub-
lican River during periods of extreme low flow when
water in reservoirs is almost always conserved rather
than released.

Canal Return Flow

Canal return flow averaged about 1 percent of the
water-budget estimates for water years 1981-95 and
ranged from O percent during the lowest flow period to
about 42 percent during the critical irrigation period
(table 3). Canal return flows only occurred in 58 out of
180 months during water years 1981-95; for those
58 months, canal return flow averaged about 3 percent
of the water-budget estimates.

Canal return flow was most important, about
42 percent of the water-budget estimate, during the
critical irrigation period, when use of surface water for
irrigation was restricted by KBID. As a result, the
amounts of water diverted for KBID and the corre-
sponding canal return flow, especially during the
months of July and August 1991, may have been much
less both in amount and percentage of the water-bud-
get estimate than if the restrictions had not existed.
This illustrates the large effect canal return flow may
have on the water-budget estimates during the irriga-
tion season during periods of extreme low flow.

Average canal return flow during the highest flow
period was only about 0.2 percent, the smallest per-

centage shown in table 3 for any of the periods when
canal return flow took place. However, the average
amount of canal return flow during the highest flow
period approached that during the critical irrigation
period (table 3), even though the amount of water
diverted for irrigation was much less during the former
period than during the latter one (data on file with
KBID, Courtland, Kansas). The relatively large canal
return flow during the highest flow period probably is
due to the canals acting as tributaries and routing
excess runoff from precipitation to the Republican
River. Although canal return flow was zero during
most months, during the months it occurred canal
return flow generally increased both in amount and as
a percentage of the water-budget estimates as
upstream and downstream flow decreased; therefore,
canal return flow can be an important source of water
to the Republican River during the irrigation season
when streamflow is similar to that during the example
extreme low-flow period.

Surface-Water Diversions

Surface-water diversions generally were small,
averaging about 1 percent of the water-budget esti-
mate for water years 1981-95 and ranged from O per-
cent during the lowest flow period to about 56 percent
during the critical irrigation period (table 3). Surface-
water diversions were considered to have occurred
during only 57 out of 180 months during water years
1981-95; for those 57 months, surface-water diver-
sions averaged about 3 percent of the water-budget
estimates. Although surface-water diversions are
described here and in table 3 as positive numbers, they
are withdrawals of water from the system and are sub-
tracted from the total of the other components used for
the water-budget estimates.

By far the largest average amount of surface-water
diversions and corresponding percentage of the water-
budget estimate—about 56 percent—occurred during
the critical irrigation period (table 3). Surface-water
diversions were both about one-third more than the
amount of canal return flow during this period and
larger than the sum of reservoir releases and canal
return flow—resulting in a net loss to the water-budget
estimate of about 14 percent from the components that
are more affected by human activity within the study
area (table 3). Surface-water diversions also were
more than the sum of reservoir releases and canal
return flow during the extreme low-flow period, result-
ing in a very small net loss to the water budget from
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components that are more affected by human activity
(table 3).

Surface-water diversions were equivalent to zero
in amount and percentage of the water-budget esti-
mates during the lowest flow period (table 3). Surface-
water diversions were not considered to have occurred
during the lowest flow period because no deliveries
were reported by KBID during this flow period.
Although July is usually the height of the irrigation
season, no surface-water diversions were considered
to have taken place during the highest flow period
because no deliveries were reported by KBID; consid-
ering precipitation was about 450 percent of the long-
term average for July (tables 3 and 4), this was reason-
able. Although surface-water diversions generally are
small and typically less than the sum of the other com-
ponents that are more affected by human activity
within the study area, surface-water diversions tend to
increase as streamflow decreases and can result in-
large percentage withdrawals of water from the water
budget during the irrigation season when streamflow is
similar to that during the example extreme low-flow
period.

Downstream Flow

Downstream flow provides a measure of how well
the mass-balance water-budget estimates compared to
measured streamflow at Concordia, Kansas. The
water-budget estimate averaged about 110 percent of
measured downstream flow for water years 1981-95
(table 3), indicating that the water budget tended to
overestimate the downstream flow by an average of
about 10 percent with a standard deviation of about
20 percent. This tendency of the water budget to over-
estimate downstream flow can be seen in figure 9C
and D and graphically for streamflows greater than
about 40,000 acre-ft/mo in figure 10.

The water-budget estimates varied least in per-
centage from downstream flow during the extreme
low-flow and normal-flow periods when the water-
budget estimates were about 104 and 108 percent of
downstream flow, respectively (table 3), with standard
deviations of about 31 and 24 percent, respectively.
The water-budget estimate exceeded downstream flow
by the largest percentage during the low-flow period
when it was about 115 percent of the downstream flow
(table 3), with a standard deviation of about 15 per-
cent. However, during the highest and lowest flow
periods, when downstream flow was about 1,050 and
4 percent of their respective long-term monthly aver-

ages (tables 3 and 4), the water-budget estimates were
only about 89 and 47 percent of downstream flow,
respectively (table 3), indicating that the water budget
tended to underestimate the amount of downstream
flow when downstream flow varied greatly from
normal. This tendency to underestimate extreme
streamflow values can be seen graphically in figure 10.

The water-budget estimates of downstream flow
generally are comparable to measured downstream
flow (fig. 9B). This is confirmed by the strong correla-
tion (r equal to 0.983) of measured downstream flow
with the water-budget estimates, which indicates that
the water budget provides relatively good estimates of
downstream flow (fig. 10).

There are many potential sources of error that may
cause the difference between the measured down-
stream flow and water-budget estimates. The largest
potential errors are associated with the estimated com-
ponents of the water-budget estimates that are less
affected by human activity within the study area
because they generally contribute more than 90 per-
cent of the water budget (table 3); smaller potential
errors are associated with the components that are
more affected by human activity, although these errors
may be important when these components become
substantial parts of the water-budget estimates.

Even good measurements of streamflow generally
have an estimated error of 5 percent, and this error
typically increases to about 8 percent for streams with
loose sand or mud streambeds, such as the Republican
River and its tributaries in the study area (Dennis
Lacock, U.S. Geological Survey, oral commun.,
1997). These potential errors affect not only down-
stream flow, to which the water-budget estimates are
compared, but also upstream and tributary flow
components.

The streambed seepage component is a potentially
large source of error in the water-budget estimates
because, except for the 10 sets of synoptic seepage-
survey measurements used in this study, no measured
data existed in the study area for this component. Stre-
ambed seepage probably was overestimated when, for
extended periods, tributary flow was large or when
canal return flow or reservoir releases were a large
proportion of the water budget. This is because the
hydrograph-separation techniques used by the BFI4
computer program to estimate the streambed seepage
component are general estimation methods that use the
total flow measured at a point and assume all flow is
from unregulated sources. Contributions, especially
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Concordia, Kansas, October 1980-September 1995 (source: U.S. Geological Survey, Lawrence, Kansas).
from regulated sources such as canal return flow or the minimum increment test interval (7 days), are con-
reservoir releases within the study area or undiverted sidered part of the streamflow from which streambed

reservoir releases from Harlan County Dam upstream seepage is estimated by the BFI4 program and can
from the study area, that occur for periods longer than ~ cause streambed seepage to be overestimated.
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Another potentially large source of error in the
water-budget estimates is the tributary flow
component. The ungaged part of the study area that
contributed to the tributary flow component increased
from about 42 to about 70 percent following June
1990 when the gaging station on Buffalo Creek near
Jamestown was removed. Despite the strong correla-
tion between the measured and estimated streamflow
at the gaging station on Buffalo Creek near
Jamestown, the divergence of the data points from the
one-to-one line in figure 5 indicates that there may be
relatively large errors associated with the estimates of
streamflow in Buffalo Creek during July 1990 through
September 1995. The area that was ungaged for all of
water years 1981-95, especially that part east of the
Republican River, is drained by tributaries that are
smaller than those that were measured at streamflow-
gaging stations in the study area; this may have
resulted in an overestimate of tributary flow during
much of water years 1981-95.

The reservoir release component may have been
slightly underestimated, as some of the average daily
streamflow less than 10 ft3/s measured at the gage on
White Rock Creek at Lovewell, Kansas, that was
assigned to tributary flow, may have been due to
releases from Lovewell Reservoir instead. Errors in
reservoir releases also may have resulted in a small
error in the streambed seepage component as the esti-
mated daily reservoir releases (after adjusting 2 days
for traveltime) were subtracted from downstream flow
before the BFI4 computer program was used to esti-
mate streambed seepage at Concordia, Kansas.

The relatively small potential errors associated
with the canal return flow, surface-water diversions,
and evaporation components are from several sources.
Canal return flow may have been underestimated
because the assumption was made that all canal return
flow from KBID was measured; however, some canal
return flow probably drained into tributaries in the
ungaged part of the study area where it was neither
measured nor included in the estimates of tributary
flow. This may account, in part, for the underestimate
of downstream flow during the critical irrigation
period (table 3, fig. 9B-D).

Errors in estimates of surface-water diversions
may exist because they were based on data from
annual water-use reports completed and returned to
DWR by users and because monthly surface-water
diversions were assumed to occur in the same
monthly-to-annual proportions as deliveries made by

KBID. This assumption may have resulted in underes-
timation of the surface-water diversion component
during the months KBID does not allow irrigation
(October-May) and overestimation during those
months KBID allowed irrigation (June-September),
especially during the extreme low-flow period when
KBID had to restrict the amount of water available for
irrigation. The estimates of evaporation used in this
study may have errors associated with them primarily
because pan evaporation typically was not measured
during November through March and because an esti-
mated constant width of the Republican River was
used. The constant river width probably resulted in
the evaporation component being overestimated dur-
ing the critical irrigation and lowest flow periods when
this component represented substantial removals from
the water-budget estimates.

SUMMARY

Kansas, Nebraska, and Colorado formed the
Republican River Compact in 1942 to allocate the
water in the Republican River Basin among the three
States. The regulation of the Republican River, which
largely began in the 1950’s, has decreased average
streamflow at the gaging station near Hardy, Nebraska,
reduced the frequency of flooding, and provided water
for irrigation. Kansas Bostwick Irrigation District,
which began full operation in 1958, uses water
released from Harlan County Dam for irrigation; the
canal return flow contributes to increased streamflow
in the Republican River during all or part of the irriga-
tion season (June through September).

The greatly increased water use in the basin,
which began in the 1950’s, has caused concern by the
State of Kansas regarding the compliance of the com-
pact conditions by Nebraska at the State line, the
maintenance of streamflow greater than the MDS at
Concordia, Kansas, and the ensurance of an adequate
water supply in Milford Lake to fulfill the needs of
downstream users. To help address these regional con-
cerns, this report presents the results of a 4-year study
by the USGS, in cooperation with the Kansas Water
Office and funded in part by the Kansas State Water
Plan Fund, to quantify the effects of major water-bud-
get components on streamflow in the Republican
River from near Hardy, Nebraska, to Concordia, Kan-
sas, for October 1980 through September 1995.

A mass-balance model was used to study the
effects of major water-budget components on stream-
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flow. Upstream flow into the study reach, tributary
inflow, streambed seepage, evaporation, reservoir
releases, irrigation canal return flow, and surface-
water diversions were considered major water-budget
components for the model. Monthly water-budget esti-
mates were compared to measured discharge of the
Republican River at Concordia during four stream-
flow-class periods—high-flow, normal-flow, low-flow,
and extreme low-flow conditions—to quantify how
well the water-budget estimates matched measured
flows. The proportion each major component contrib-
uted to the water-budget estimates during these four
streamflow-class periods was determined.

The components of streamflow that are less
affected by human activity within the study area
(upstream flow, tributary flow, streambed seepage, and
evaporation) typically contributed the largest part of
the water-budget estimates—averaging about 94 per--
cent of the monthly water-budget estimates for water
years 1981-95. This combined percentage was rela-
tively constant, ranging from about 91 percent during
the high-flow period to about 101 percent during the
extreme low-flow period. Upstream flow was the larg-
est contributor to water-budget estimates, and its rela-
tive contribution during water years 1981-95 tended
to increase during lower flow periods. The importance
of tributary flow tended to increase as streamflow
increased, but it may become insignificant during a
drought. Streambed seepage generally was positive,
indicating that the Republican River is typically a
gaining stream. Streambed seepage typically increased
in importance as streamflow decreased; however, dur-
ing periods of extreme low flow, it may become nega-
tive, indicating that the river may become a losing
stream. Evaporation from the Republican River, while
commonly representing less than 1 percent of the
water budget, can become important during periods of
drought.

Components of streamflow that are more affected
by human activity within the study area (reservoir
releases, canal return flow, and surface-water diver-
sions) collectively were generally a small proportion
of the water-budget estimates, averaging about 6 per-
cent when combined for water years 1981-95, and
generally resulted in a small net increase in the amount
of water in the water budget. These streamflow com-
ponents typically do not occur during all months of
any year. Individually, components that are more
affected by human activity can become important,
especially during the irrigation season during periods

of extreme low flow. During those periods, they col-
lectively may contribute a substantial percentage of
the water-budget estimate, or collectively they may
result in a loss of streamflow.

Reservoir releases generally increase as stream-
flow increases but typically are unimportant during
drought periods because they are zero. Canal return
flow typically occurs only during the months of June
through September; during those months in which
canal return flow occurs, its importance increases as
streamflow decreases. Surface-water diversions tend
to increase as streamflow decreases and may exceed
the sum of reservoir releases and canal return flow
during the irrigation season during extreme low-flow
periods, resulting in a loss of streamflow from the
components that are more affected by human activity.

Downstream flow provides a measure of how well
the water-budget estimates compared to measured
streamflow at Concordia, Kansas. The water-budget
estimate was about 110 percent of downstream flow
for the entire study period, indicating that the water
budget tended to overestimate measured downstream
flow by an average of about 10 percent. Comparison
of the monthly water-budget estimates with down-
stream flow resulted in a strong correlation, indicating
that the water-budget estimates are a good indicator of
downstream flow.

The largest potential sources of error in the water
budget are the streambed seepage and tributary flow
components. The streambed seepage component prob-
ably was overestimated part of the time because the
hydrograph-separation techniques used in the
BFI4 computer program include any regulated contri-
butions that continue for longer than the minimum
increment test interval (7 days for this study) as part of
the streamflow from which the streambed seepage is
estimated. The tributary flow component probably was
overestimated for the 42 to 70 percent of the study
area that was ungaged during all or part of water years
1981-95 because it was based on gaged streamflow
from tributaries that generally are larger than those in
the ungaged part of the study area. Even measured
streamflow can be expected to contain errors of 5 to
8 percent. '

The rest of the water-budget components probably
have smaller errors associated with them. For exam-
ple, a small amount of error in the water budget may
be due to the use of 10 ft3/s average daily flow as the
delineation between natural streamflow in White Rock
Creek and reservoir releases from Lovewell Reservoir.
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The canal return flow component, although it was
based on measured monthly values, may have been
underestimated because some return flow from KBID
may have remained unmeasured if it drained into
ungaged tributaries instead of the KBID system of
canals. It is likely that some small errors exist that are
associated with the surface-water diversion compo-
nent because the monthly estimates of this component
were based on annual data reported to DWR by the
users. Evaporation may have been underestimated part
of the time because evaporation typically was not
recorded during November through March and the
width of the Republican River was estimated as a sin-
gle value of 150 ft; however, evaporation may have
been overestimated during extreme low-flow periods
when the width of the river may have been less than
150 ft.
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Table 5. Monthly, monthly average for water years, and average monthly water-budget estimates of components
of flow and of streamflow in the Republican River from near Hardy, Nebraska, to Concordia, Kansas, compared to
measured downstream flow, minimum desirable streamflow, and precipitation at Concordia, Kansas, October

1980-September 1995

[All values except precipitation are in acre-feet per month; precipitation is in inches per month]

Components that are

Components that are less affected by more affected by Estimated and measured Supplemental
human activities human activities streamflow data
Ditfer-
ence
be- Mini-
tween mum
water- desir-
budget able
esti- stream- Precip-
Sur- Mea- mate flow at itation
Stream- face- sured and Concor- at Con-
Date Tribu- bed Reser- Canal water Water- down- down- dia, cordia,
(year— Upstream tary seep- Evapo- voir  return diver- budget stream stream Kansas Kansas
month)  flow!  flow? age® ration® release® flow® sions’ estimate® flow®?  flow'? n 12
1981 water year
80-10 5,629 146 519 225 0 0 0 6,069 6,676 -607 5,227 1.98
80-11 5,851 73 869 0 0 0 0 6,793 7,258  -465 4,760 .07
80-12 6,932 117 1,010 0 0 0 0 8,059 8,192 -133 6,149 .97
81-01 7,289 232 1,207 0 0 0 0 8,728 9,100 -372 6,149 .14
81-02 5,867 305 845 0 0 0 0 7,017 6,540 477 6,942 .07
81-03 7,137 412 1,333 0 0 0 0 8,882 8,644 238 9,223 1.30
81-04 3,053 319 1,329 312 0 0 3 4,586 4860 -474 8,926 1.85
81-05 21,545 22,022 3,250 300 278 0 0 46,794 34,352 12,442 9,223 6.98
81-06 8,922 11,817 3,980 435 6,007 1,948 744 31,585 26,200 5,385 8,926 4.68
81-07 23,159 12,504 7,268 389 0 3,149 1962 43,729 37,946 5,783 9,223 8.02
81-08 18,191 11,049 6,762 327 0 1,587 562 36,700 33,244 3,457 9,223 3.61
81-09 9,624 1,084 2,583 283 0 380 94 13,294 14,101 -807 4,760 2.75
1982 water year
81-10 7,464 580 1,521 157 0 0 0 9,408 10,949 -1,541 5,227 .84
81-11 8,612 769 1,962 0 0 0 0 11,343 12,139  -796 4,760 322
81-12 12,869 2478 2,364 0 2,007 0 0 19,718 18,524 1,194 6,149 21
82-01 6,242 1,025 1,420 0 0 0 0 8,687 8,251 436 6,149 .82
8202 23441 7,034 2455 0 0 0 0 32,930 25,924 7,006 6,942 45
82-03 16,082 13,787 4,136 0 0 0 0 34,005 34,338 -333 9,223 2.81
8204 9,872 3,948 3,440 265 0 0 0 16,995 17,134 -13.9 8,926 2.06
82-05 81,488 17,994 10,485 275 1,269 0 0 110,962 100,889 10,073 9,223 7.53
82-06 32,986 19,659 15,483 294 5,355 218 0 73,407 70,650 2,757 8,926 8.38
82-07 43,177 24,654 21,857 435 0 3517 1472 91,298 93,437 -2,139 9,223 7.04
82-08 18,177 4,555 15,403 321 5,768 3,740 1,568 45,754 41,475 4,279 9,223 3.17
8209 12,266 3,763 5,235 224 672 503 72 22,143 21,999 144 4,760 1.79
1983 water year
82-10 13,036 7,121 3,904 177 766 0 0 24,649 23,943 706 5,227 85
82-11 9,574 2,116 2,860 0 0 0 0 14,550 14,973  -423 4,760 .57
82-12 9,084 2,483 2,666 0 0 0 0 14,233 14,559  -326 6,149 1.52
83-01 11,260 3,340 2912 0 0 0 0 17,512 15,336 2,176 6,149 1.84
83-02 18,871 12,204 6,731 0 0 0 0 37,806 32,795 5,011 6,942 1.09
83-03 38,674 11,428 22,257 0 0 0 0 72,359 53,900 18,459 9,223 342
83-04 38,450 10,280 18,371 191 0 0 0 66,910 56,431 10,479 8,926 1.92
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Table 5. Monthly, monthly average for water years, and average monthly water-budget estimates of components
of flow and of streamflow in the Republican River from near Hardy, Nebraska, to Concordia, Kansas, compared to
measured downstream flow, minimum desirable streamflow, and precipitation at Concordia, Kansas, October

1980-September 1995—Continued

Components that are

Components that are less affected by more affected by Estimated and measured Supplemental
human activities human activities streamflow data
Differ-
ence
be- Mini-
tween mum
water- desir-
budget able
esti- stream- Precip-
Sur- Mea- mate flow at itation
Stream- face- sured and Concor- at Con-
Date Tribu- ‘bed Reser- Canal water Water- down-  down- dia, cordia,
(year—- Upstream tary seep- Evapo- voir  return diver- budget stream  stream Kansas Kansas
month)  flow'  flow? age® ration® release® flow® sions’ estimate® flow®  fiow'? n 12
1983 water year—Continued
83-05 39,862 18,358 20,579 296 0 0 0 78,503 60,586 17917 9,223 2.98
83-06 69,984 21,125 20,943 340 4,826 372 16 116,894 93,740 23,154 8,926 3.59
83-07 21,884 2,048 8921 563 0 4299 1,894 34,695 33,085 1,610 9,223 .16
83-08 13,385 1,576 5,142 481 0 3,590 1,151 22,061 23,481 -1,420 9,223 2.58
8309 23,653 5,656 -829 364 0 804 141 28,779 22,671 6,108 4,760 1.72
1984 water year
83-10 86,792 8,183 -244 148 0 0 0 94,583 75,389 19,194 5,227 3.60
83-11 15961 2,122 4,663 0 0 0 0 22,746 20,662 2,084 4,760 1.84
83-12 13,234 1,777 4,335 0 0 0 0 19,346 19,825 -479 6,149 .85
84-01 27,791 3,563 3,852 0 0 0 0 36,206 36,328 -1,122 6,149 27
8402 28,562 8,835 6,041 0 0 0 0 43,438 37,381 6,057 6,942 .55
84-03 24,705 14,869 11,825 0 2,515 0 0 53,914 42,725 11,189 9,223 3.09
84-04 60,415 41,021 11,152 206 10,080 0 0 122,463 106,673 15,790 8,926 5.98
84-05 95363 30,526 8,929 294 9,434 0 0 143,957 133,589 10,368 9,223 3.98
8406 47,043 17,255 9,238 363 10,243 128 6 83,538 78,420 5,118 8,926 4.36
8407 11,625 3,899 9,379 486 413 4,135 3,548 25,417 29,334 -3,917 9,223 11
84-08 8940 1917 4997 435 0 3,121 2357 16,183 22,070 -5,887 9,223 1.85
84-09 5,504 689 3,261 309 0 850 195 9,800 10,691  -891 4,760 2.50
1985 water year
84-10 3,350 3,989 3,262 138 0 0 0 10,463 11,032 -569 5,227 2.20
84-11 7,083 1,354 1,612 0 0 0 0 10,049 9,523 526 4,760 24
84-12 18,232 4,756 1,907 0 0 0 0 24,895 12,189 12,706 6,149 3.60
85-01 9,517 2,151 1,974 0 0 0 0 13,642 12,377 1,265 6,149 1.14
85-02 13,805 19,987 3,822 0 0 0 0 37,614 37,933  -319 6,942 .86
85-03 12915 5479 4965 0 0 0 0 23,359 24,385 -1,026 9,223 1.04
85-04 10,866 5,337 3,812 244 0 0 0 19,771 17,977 1,795 8,926 2.85
85-05 41,866 47,095 7,773 348 14,823 0 0 111,208 86,193 25,015 9,223 3.78
85-06 13,067 8,851 7,736 336 3,862 1,129 369 33,940 33,563 377 8,926 3.19
85-07 15,392 5,241 9,532 433 0 3,408 3,305 29,835 33,916 -4,081 9,223 2.06
85-08 42,485 27,998 21,124 293 11,508 1,148 411 103,559 100,926 2,633 9,223 4.46
85-09 14,571 4,828 6,266 201 5,274 490 157 31,071 30,201 870 4,760 2.46
1986 water year
85-10 15,352 8,384 6,750 155 2,037 0 0 32,368 28931 3,437 5,227 2.96
85-11 4,398 3,247 0 0 0 0 19,742 16,195 3,547 4,760 .55

12,097
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Table 5. Monthly, monthly average for water years, and average monthly water-budget estimates of components
of flow and of streamflow in the Republican River from near Hardy, Nebraska, to Concordia, Kansas, compared to
measured downstream flow, minimum desirable streamflow, and precipitation at Concordia, Kansas, October
1980-September 1995—Continued

Components that are

Components that are less affected by more affected by Estimated and measured Supplemental
human activities human activities streamflow data
Differ-
ence
be- Mini-
tween mum
water- desir-
budget able
esti- stream- Precip-
Sur- Mea- mate flow at itation
Stream- face- sured and Concor- at Con-
Date Tribu- bed Reser- Canal water Water- down- down- dia, cordia,
(year- Upstream tary seep- Evapo- voir  return diver- budget stream  stream Kansas Kansas
month) flow'  flow? age® ration® release’ flow® sions” estimate® flow?  flow'? n 12
1986 water year—Continued
85-12 11,284 4213 2,943 0 0 0 0 18,440 15,436 3,004 6,149 042
86-01 14,753 4,420 4,264 0 3,747 0 0 27,184 22,610 4,574 6,149 0
86-02 11,744 4,661 3,440 0 0 0 0 19,845 16,408 3,438 6,942 1.29
86-03 12,062 3,884 4,038 0 2,969 0 0 22,953 18,889 4,064 9,223 221
8604 17,381 9,862 3,115 272 0 0 0 30,086 26,835 3,251 8,926 3.11
8605 14,410 22,903 5,380 293 6,710 0 0 49,110 44992 4,118 9,223 3.63
86-06 13',141 9,406 4914 393 0 2217 1,179 28,106 23,990 4,116 8,926 5.67
8607 12,189 5,852 7,900 465 0 3,852 2432 26,896 28,039 -1,143 9,223 4.69
86-08 15,939 13,056 10,638 275 0 1,818 522 40,654 39,799 855 9,223 7.59
86-09 23,322 9,218 5,328 202 0 66 8 37,724 41,172 -3,448 4,760 6.81
1987 water year
86-10 23,261 76,018 8,496 97 21,255 0 0 128,933 116,229 12,704 5,227 3.04
86-11 10,503 7,563 8,081 0 4,213 0 0 30,360 29,037 1,324 4,760 12
86-12 12,020 13,473 7473 0 0 0 0 32,966 28,039 4,927 6,149 142
87-01 10,893 7,202 6,615 0 6,946 0 0 31,657 27,727 3,930 6,149 .55
87-02 8969 5328 3,600 0 0 0 0 17,897 16,913 984 6,942 93
87-03 48,138 88,399 12,933 0 1,718 0 0 151,187 163,811 -12,624 9,223 8.32.
87-04 59,870 97,125 39,733 283 49,736 0 0 246,181 238,556 7,625 8,926 2.90
87-05 37,835 53,362 13,552 275 2,3951 0 0 128,425 121,291 7,134 9,223 6.06
87-06 12,548 22,938 12,860 353 728 1,454 773 49,402 40,287 9,115 8,926 3.51
87-07 22,316 23,066 19,842 432 0 3,659 3,343 65,108 52,844 12,264 9,223 345
87-08 20,589 3,799 7,035 333 0 1968 1,038 32,020 28,511 3,509 9,223 342
87-09 8116 1,393 2,394 210 0 397 37 12,053 13,504 -1,451 4,760 1.55
1988 water year
87-10 7902 1,366 1,504 164 0 0 0 10,608 10,893  -285 5,227 1.94
87-11 9,707 2,388 2,288 0 0 0 0 14,383 13,169 1,215 4,760 72
87-12 11,978 3,620 3,043 0 0 0 0 18,641 15,751 2,890 6,149 .79
88-01 11,417 5734 3,655 0 0 0 0 20,806 17,578 3,228 6,149 72
88-02 14771 7,649 6,757 0 5,484 0 0 34,661 29,610 5,051 6,942 .62
88-03 12,093 3,039 3,802 0 2,281 0 0 21,215 18,808 2,408 9,223 .55
88-04 9,144 3,086 2,591 265 0 0 0 14,556 14,125 432 8,926 .99
88-05 6,930 1,561 2,997 399 0 0 0 11,089 10,640 450 9,223 291
88-06 3,126 1,310 2,600 512 0 2215 2,133 6,606 10,132 -3,526 8,926 3.16
88-07 31,964 13,973 5,166 403 0 2930 2,107 51,523 42,744 8,779 9,223 1.65
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Table 5. Monthly, monthly average for water years, and average monthly water-budget estimates of components
of flow and of streamflow in the Republican River from near Hardy, Nebraska, to Concordia, Kansas, compared to
measured downstream flow, minimum desirable streamflow, and precipitation at Concordia, Kansas, October
1980-September 1995—Continued

Components that are

Components that are less affected by more affected by Estimated and measured Supplemental
human activities human activities streamflow data
Differ-
ence
be- Mini-
tween mum
water- desir-
budget able
esti- stream- Precip-
Sur- Mea- mate flow at itation
Stream- face- sured and Concor- at Con-
Date Tribu- bed Reser- Canal water Water- down- down- dia, cordia,
(year- Upstream tary seep- Evapo- voir return diver- budget stream stream Kansas Kansas
month)  flow!  flow® age® ration® release’ flow® sions”  estimate® fiow®  flow'® n 12
1988 water year—Continued
88-08 14,412 998 4,198 370 0 3,000 1,830 20,408 20,244 164 9,223 1.67
88-09 4,302 186 2,807 235 0 746 98 7,708 7,702 6 4,760 1.06
1989 water year
88-10 3,273 135 2,409 130 0 0 0 5,687 5,149 538 5,227 .04
88-11 6,181 320 2,491 0 0 0 0 8,992 8,307 685 4,760 54
88-12 7,139 471 2,006 0 0 0 0 9,616 9,213 403 6,149 .63
89-01 7,273 571 1,797 0 0 0 0 9,641 9,870 -229 6,149 .56
89-02 7,992 492 1,866 0 0 0 0 10,350 7,214 3,136 6,942 .56
89-03 8,678 734 1,614 0 0 0 0 11,026 10,848 178 9,223 .55
89-04 5,590 538 2,493 319 0 0 0 8,302 7,240 1,062 8,926 .37
89-05 2,120 1,487 2,227 313 0 0 0 5,521 5921 -400 9,223  4.06
89-06 4364 7,643 1,720 327 0 721 131 13,990 13,766 225 8926 5.80
89-07 29,638 15,673 5,761 381 0 3,050 2,854 50,887 40,963 9,924 9,223 1.40
89-08 10,842 11,811 4445 319 0 2,578 1,861 27,496 30,395 -2,899 9,223 5.77
89-09 3,721 21,927 4,571 191 0 0 0 30,028 33,499 -3,471 4,760 422
1990 water year
89-10 5,225 294 2,631 0 0 0 0 8,150 7,728 422 5,227 1.11
89-11 6,333 469 1,908 0 0 0 0 8,710 8,513 197 4760 0
89-12 5,234 497 1,456 0 0 0 0 7,187 6,932 255 6,149 .42
90-01 7,698 701 1,363 0 0 0 0 9,762 10,308 -546 6,149 .26
90-02 5,470 769 1,868 0 0 0 0 8,107 8,192 -85 6,942 43
90-03 5,181 2,322 2,191 0 0 0 0 9,694 9,568 126 9,223  4.05
90-04 8,089 1,332 1,334 206 0 0 0 10,549 10,160 390 8,926 1.15
90-05 8,904 20,032 3,338 259 0 0 0 32,015 31,476 539 9,223 6.37
90-06 17,737 13,073 4,300 417 0 611 119 35,185 33,321 1,864 8926 3.78
90-07 11,181 10,223 3,896 402 0 3,316 3,022 25,192 23,990 1,202 9,223 3.96
90-08 30,116 8,269 4,217 305 0 3,201 2,068 43,430 41,838 1,592 9,223 1.48
90-09 4,395 49 2275 226 0 1,317 441 7,370 9,311 -1,941 4,760 1.23
1991 water year
90-10 2,150 98 1,726 172 0 0 0 3,802 3955 -153 5,227 1.06
90-11 2,138 200 1,273 0 0 0 0 3,611 3,495 116 4,760 1.45
90-12 2,172 207 961 0 0 0 0 3,340 3,420 -80 6,149 45
91-01 3,800 465 1,542 0 0 0 0 5,807 5,260 547 6,149 .58
91-02 8,255 1,905 2,003 0 0 0 0 12,163 11,151 1,012 6,942 A5
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Table 5. Monthly, monthly average for water years, and average monthly water-budget estimates of components
of flow and of streamflow in the Republican River from near Hardy, Nebraska, to Concordia, Kansas, compared to
measured downstream flow, minimum desirable streamflow, and precipitation at Concordia, Kansas, October
1980-September 1995—Continued

Components that are

Components that are less affected by more affected by Estimated and measured Supplemental
human activities human activities streamflow data
Differ-
ence
be- Mini-
tween mum
water- desir-
budget able
esti- stream- Precip-
Sur- Mea- mate flow at itation
Stream- face- sured and Concor- at Con-
Date Tribu- bed Reser- Canal water Water- down-  down- dia, cordia,
(year— Upstream tary seep- Evapo- voir  return diver- budget stream  stream Kansas Kansas
month)  flow!  flow? age® ration® release® flow® sions’ estimate® flow?  flow'® n 12
1991 water year—Continued
91-03 4274 1,580 2,214 0 0 0 0 8,068 6,538 1,530 9,223 2.14
91-04 2313 3214 1,613 220 0 0 0 6,920 4,514 2,406 8,926 1.98
91-05 5,361 5,943 1,910 262 0 0 0 12,952 6,849 6,103 9,223 3.02
91-06 14236 6,333 2917 401 10 1,073 1,261 22,907 26,918 -4,011 8,926 3.77
91-07 3,320 17 2,770 461 0 2,596 3,612 4,630 5,435  -805 9,223 .86
91-08 3,600 7 1,455 355 0 1,233 1,463 4,478 5,282 -804 9,223 2.60
91-09 920 3 73 303 0 0 0 694 1,864 -1,170 4,760 21
1992 water year
91-10 1,033 0 -213 218 0 0 0 603 895  -292 5,227 1.49
91-11 1,333 9 259 0 0 0 0 1,601 2,021 -420 4,760 1.50
91-12 1,595 51 1,126 0 0 0 0 2,771 3,013 -242 6,149 1.65
92-01 2,075 127 2,081 0 0 0 0 4,283 4,267 16 6,149 73
92-02 1,551 94 1,906 0 0 0 0 3,551 3,550 1 6,942 .88
92-03 4417 485 2,048 0 0 0 0 6,950 5,794 1,156 9,223 2.06
92-04 3,739 645 1,989 227 0 0 0 6,146 5,798  "348 8,926 258
92-05 1,835 141 1,302 334 0 0 0 2,944 3,148 -204 9,223 3.49
92-06 2,793 9,132 2,029 267 0 103 156 13,634 26,139 -12,505 8,926 6.31
9207 56,551 72,720 6,716 343 3,751 462 697 139,160 121,959 17,201 9,223 1143
92-08 15,253 22,756 9,540 297 10,044 344 212 57,429 36,986 20,443 9,223 2.63
92-09 8,549 9,129 2,368 246 7,385 15 11 27,188 28,053 -865 4,760 2.69
1993 water year
92-10 7,396 14,355 2,639 106 0 0 0 24,284 38,700 -14,416 5227 4.89
92-11 7,589 5,568 3471 0 0 0 0 16,628 17,356  -728 4760 2.17
92-12 7,488 10,710 5,777 0 0 0 0 23,975 27,029 -3,054 6,149 1.66
93-01 6,982 4,400 2,666 0 0 0 0 14,048 14,559 -511 6,149 1.52
93-02 28,527 43,204 7,541 0 6,665 0 0 85,936 72,045 13,891 6,942 1.33
93-03 96,265 82,649 4,610 0 22,503 0 0 206,027 170,095 35,932 9,223 2.63
93-04 33,345 32,370 6,168 161 4,669 0 0 76,391 56,407 19,984 8,926 1.95
93-05 28,406 32,092 13,256 218 1,394 0 0 74,930 45,204 29,726 9,223 341
93-06 19,682 47,812 12917 342 3,045 116 2 83,228 64,208 19,020 8,926 6.66
93-07 195,740 269,730 76,108 294 45,160 1,467 0 587911 660,321 -72,410 9,223 16.75
93-08 48,274 45,255 17317 263 45984 2,017 505 158,079 144,617 13,462 9,223 4.77
93-09 74,621 28,153 11,532 179 16,529 106 22 130,740 103,682 27,058 4,760 3.12
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Table 5. Monthly, monthly average for water years, and average monthly water-budget estimates of components
of flow and of streamflow in the Republican River from near Hardy, Nebraska, to Concordia, Kansas, compared to
measured downstream flow, minimum desirable streamflow, and precipitation at Concordia, Kansas, October

1980-September 1995—Continued

Components that are less affected by

Components that are
more affected by

Estimated and measured

Supplemental

human activities human activities . streamflow data
Differ-
ence
be- Mini-
tween mum
water- desir-
budget able
esti- stream- Precip-
Sur- Mea- mate flow at itation
Stream- face- sured and Concor- at Con-
Date Tribu- bed Reser- Canal water Water- down- down- dia, cordia,
(year- Upstream tary seep- Evapo- voir  return diver- budget stream  stream Kansas Kansas
month)  flow!  flow? age® ration* release® flow® sions’ estimate® flow®?  flow'? " 12
1994 water year
93-10 75413 13,024 8,850 128 7,301 0 0 104,460 83,599 20,861 5,227 0.86
93-11 77,872 8970 2,592 0 1,932 0 0 91,366 83,922 7,444 4,760 .57
93-12 58,636 9,836 14,160 0 5,716 0 0 88,349 75,589 12,760 6,149 1.11
9401 29415 7,877 9,342 0 2,717 0 0 49,352 39,547 9,805 6,149 .62
94-02 28979 6,999 8,761 0 2,414 0 0 47,153 39,710 7,443 6,942 .53
9403 69,557 17,331 24,037 0 2,372 0 0 113,298 82,956 30,342 9,223 .06
94-04 24465 10,146 7,958 0 470 0 0 43,039 33,666 9,373 8,926 1.71
94-05 22,098 12,608 9,480 319 2,551 0 0 46,418 31,284 15,134 9,223 1.58
94-06 8339 11,830 4,925 353 0 1,452 420 25,773 22,386 3,387 8,926 5.02
94-07 16,511 13,744 8,452 364 0 2,778 751 40,370 38,490 1,880 9,223 343
94-08 8,821 2975 4,094 309 0 2635 1,853 16,363 19,065 -2,702 9,223 1.02
94-09 8,483 1,169 2,259 213 0 39 16 11,721 10,905 816 4,760 .98
1995 water year
94-10 6,780 1,160 1,571 126 0 0 0 9,385 8,684 701 5,227 1.67
94-11 8,132 1,977 1,586 0 0 0 0 11,695 10,953 742 4,760 1.20
94-12 9,380 2,601 1,955 0 0 0 0 13,936 12,316 1,620 6,149 1.33
95-01 7236 3,440 2,054 0 0 0 0 12,730 12,629 101 6,149 1.03
95-02 7,119 2,870 2,373 0 0 0 0 12,362 10,721 1,641 6,942 .06
95-03 . 9918 3,845 2,748 0 0 0 0 16,511 14,819 1,692 9,223 242
95-04 10,058 3,666 2,553 163 0 0 0 16,114 14,006 2,109 8926 2.19
95-05 68,417 96,336 33,640 190 0 0 0 198,203 127,382 70,821 9,223 8.45
95-06 69,805 29,347 35,551 334 6,581 202 5 141,148 99,413 41,735 8926 435
95-07 20,571 8,826 12,715 369 0 1,470 3,015 40,198 38,891 1,308 9,223 1.56
95-08 14299 8249 6,794 338 0 2,727 2838 28,893 31,026 -2,133 9,223 3.79
95-09 6,476 1,337 3,076 184 0 1,052 626 11,131 13,912 -2,781 4,760 1.88
Average for water years 1981-95
80-10 19,477 12,368 6,220 167 2,368 553 353 40,466 36,740 3,726 7,394 247
to
95-09
Average for water years
1981 10,267 5,007 2,580 186 531 589 280 18,503 16,426 2,077 7,394 2.70
1982 22,723 8,354 7,147 164 1,256 665 259 39,721 37,976 1,745 7,394 3.19
1983 25,643 8,145 9,538 201 466 755 267 44,079 37,125 6,954 7,394 1.85
1984 35495 11,221 6,452 187 2,724 686 509 55,883 51,091 4,792 7,394 242
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Table 5. Monthly, monthly average for water years, and average monthly water-budget estimates of components
of flow and of streamflow in the Republican River from near Hardy, Nebraska, to Concordia, Kansas, compared to
measured downstream flow, minimum desirable streamflow, and precipitation at Concordia, Kansas, October

1980-September 1995—Continued

Components that are
Components that are less affected by more affected by Estimated and measured Supplemental
human activities human activities streamflow data
Differ-
ence
be- Mini-
tween mum
water- desir-
budget able
esti- stream- Precip-
Sur- Mea- mate flow at itation
Stream- face- sured and Concor- at Con-
Date Tribu- bed Reser- Canal water Water- down- down- dia, cordia,
(year- Upstream tary seep- Evapo- voir  return diver- budget stream stream Kansas Kansas
month)  flow!  flow? age® ration® release® flow® sions’  estimate® flow®?  flow'® n 12
Average for water years—Continued
1985 16,929 11,422 6,149 166 2,956 515 354 37,451 34,184 3,266 7394 232
1986 14473 8,355 5,163 171 1,289 663 345 29,426 26,941 2,484 7394 324
1987 22,921 33,306 11,885 165 9,046 623 433 77,182 73,062 4,120 7394 299
1988 11,479 3,743 3,451 196 647 741 514 19,350 17,616 1,734 7,394 1.40
1989 8,067 5,150 2,783 165 0 529 404 15,961 15,199 763 7,394 204
1990 9,630 4,836 2,565 151 0 704 471 17,113 16,778 335 7,394  2.02
1991 4378 1,664 1,705 181 1 409 528 7,448 7,057 391 7,394 1.52
1992 8,394 9,607 2,596 161 1,765 77 90 22,188 20,135 2,053 7,394 312
1993 46,193 51,358 13,667 130 12,162 309 4 123,515 117,852 5,663 7,394 424
1994 35716 9,709 8,743 141 2,123 575 253 56,472 46,760 9,712 7,394 1.42
1995 19,849 13,638 8,885 142 548 454 540 42,692 32,896 9,796 7,394 249
Average for month
Oct. 17,604 8990 3,022 143 2,091 0 0 31,563 28,850 2,713 5,227 1.90
Nov. 12,598 2,553 2,611 0 410 0 0 18,171 17,168 1,003 4,760 1.02
Dec. 12,485 3,819 3,545 0 515 0 0 20,365 18,002 2,363 6,149 1.14
Jan. 10910 3,017 3,116 0 894 0 0 17,936 16,383 1,553 6,149 72
Feb. 14262 8,156 4,001 0 971 0 0 27,389 23,739 3,650 6,942 .65
Mar. 24,673 16,683 6,983 0 2,291 0 0 50,630 44,408 6,222 9,223 2.44
April 19,777 14,859 7,177 222 4,330 0 0 45,921 40,959 4,962 8,926 224
May 31,763 25497 9,207 292 4,027 0 0 70,202 56,253 13,949 9,223 455
June 22,518 15,835 9474 364 2,716 931 488 50,623 44209 6,414 8926 474
July 34,348 32,145 13,752 415 3,288 2,939 2,268 83,790 85,426 -1,636 9,223 444
Aug. 18,888 10,951 8,211 335 4,887 2,314 1,349 43,567 41,264 2303 9,223 3.36
Sept. 13,902 5,906 3,547 238 1,991 451 128 25,430 24218 1,212 4,760 233

!Measured streamflow in Republican River near Hardy, Nebraska, after adjusting 1 day for traveltime to Concordia, Kansas. Streamflow data from
U.S. Geological Survey, Lawrence, Kansas.

“Tributary inflow to Republican River in study area—includes estimated streamflow for Buffalo Creek near Jamestown, Kansas, after May 1990 and
estimated unregulated discharge of less than or equal to 10 cubic feet per second for White Rock Creek at Lovewell, Kansas. Streamflow data from U.S.
Geological Survey, Lawrence, Kansas.
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3streambed seepage to or from the Republican River. If mean daily streamflow at Concordia, Kansas, was from 150 through 500 cubic feet per
second, daily streambed seepage was estimated using a rearranged form of the regression equation of streamflow at Concordia, Kansas, with streambed
seepage estimated from 10 synoptic streambed-seepage surveys. The rearranged equation is: streambed seepage = (DF - 100) / 3.155, where DF is mean
daily streamflow at Concordia, Kansas, in cubic feet per second. If mean daily streamflow at Concordia, Kansas, was less than 150 cubic feet per second or
greater than 500 cubic feet per second, streambed seepage to or from the Republican River was estimated as streambed seepage at Concordia minus
streambed seepage near Hardy, Nebraska, where the streambed seepage at Concordia and near Hardy were computed using the BFI4 computer program
(Wahl and Wahl, 1995). Streambed seepage for near Hardy was computed after adjusting 1 day for traveltime; streambed seepage for Concordia computed
after subtracting the part of the average daily releases from Lovewell Reservoir greater than 10 cubic feet per second and adjusted 2 days for traveltime to
Concordia. The BFI4 program was used with minimum increment testing interval (N) equal to 7 days and the turning point factor (f) equal to 0.90.
Streamflow data from U.S. Geological Survey, Lawrence, Kansas.

4Evaporatiou from the Republican River in study area. Estimated by multiplying monthly pan evaporation (in inches) measured at Lovewell Reservoir
by the pan-evaporation coefficient for north-central Kansas (0.72) by the estimated length (42.7 miles) and width (150 feet) of the Republican River in the
study area. Sources: pan evaporation data from National Oceanic and Atmospheric Administration, 1980-96; pan evaporation coefficient from Farnsworth
and others, 1982.

SReleases from Lovewell Reservoir. Estimated as mean daily streamflow greater than 10 cubic feet per second measured at gaging station on White
Rock Creek at Lovewell, Kansas. Streamflow data from U.S. Geological Survey, Lawrence, Kansas.

SCanal return flow to Republican River reported by Kansas Bostwick Irrigation District. Source: Kansas Bostwick Irrigation District, Courtland,
Kansas. ! -

7Surface-water diversions from Republican River and tributaries in ungaged part of study area, proportioned the same as Kansas Bostwick Irrigation
District farm deliveries. Surface-water diversion data from Kansas Department of Agriculture, Division of Water Resources; farm delivery data from Kansas
Bostwick Irrigation District, Courtland, Kansas.

BWater-budget estimate of streamflow in Republican River at Concordia, Kansas. Estimated as sum of upstream flow, tributary flow, streambed
seepage, reservoir release, and canal return flow minus evaporation and surface-water diversions.

casured streamflow in Republican River at Concordia, Kansas. Streamflow data from U.S. Geological Survey, Lawrence, Kansas.

1%Error in water-budget estimate of downstream flow (at Concordia, Kansas); negative value is underestimate, positive value is overestimate.

1get by Kansas law K.S.A. 82a-703a, 1984.

12precipitation data from National Climatic Data Center, Asheville, North Carolina.
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