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Preface

This report is a user guide for the streamflow-hydrograph analysis methods provided with ver-
sion 1.0 of the U.S. Geological Survey Groundwater Toolbox. These include six hydrograph-sepa-
ration methods to determine the groundwater-discharge (base-flow) and surface-runoff compo-
nents of streamflow—the Base-Flow Index (BFI; Standard and Modified), HYSEP (Fixed Interval,
Sliding Interval, and Local Minimum), and PART hydrograph-separation methods—and the RORA
recession-curve displacement method and supporting RECESS program to estimate groundwater
recharge from streamflow data. The performance of the program has been tested in a variety of
applications, some of which are documented in this report. Future applications, however, might
reveal errors that were not detected in the test simulations. Users are requested to notify the
U.S. Geological Survey (USGS) of any errors found in this report or the computer program.

Although this computer program has been written and used by the USGS, no warranty,
expressed or implied, is made by the USGS or the U.S. Government as to the accuracy and func-
tionality of the program and related program material, nor shall the fact of distribution constitute
any such warranty, and no responsibility is assumed by the USGS in connection therewith. The
Groundwater Toolbox and other groundwater programs are available online from the USGS at
http://water.usgs.gov/software/lists/groundwater/. Information on how to download and install
the program can be found at that Web site.
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Abstract

This report is a user guide for the streamflow-hydrograph
analysis methods provided with version 1.0 of the U.S.
Geological Survey (USGS) Groundwater Toolbox computer
program. These include six hydrograph-separation methods to
determine the groundwater-discharge (base-flow) and surface-
runoff components of streamflow—the Base-Flow Index (BFI;
Standard and Modified), HYSEP (Fixed Interval, Sliding
Interval, and Local Minimum), and PART methods—and the
RORA recession-curve displacement method and associated
RECESS program to estimate groundwater recharge from
streamflow data. The Groundwater Toolbox is a customized
interface built on the nonproprietary, open source MapWin-
dow geographic information system software. The program
provides graphing, mapping, and analysis capabilities in a
Microsoft Windows computing environment. In addition
to the four hydrograph-analysis methods, the Groundwater
Toolbox allows for the retrieval of hydrologic time-series
data (streamflow, groundwater levels, and precipitation) from
the USGS National Water Information System, download-
ing of a suite of preprocessed geographic information system
coverages and meteorological data from the National Oceanic
and Atmospheric Administration National Climatic Data
Center, and analysis of data with several preprocessing and
postprocessing utilities. With its data retrieval and analysis
tools, the Groundwater Toolbox provides methods to estimate
many of the components of the water budget for a hydro-
logic basin, including precipitation; streamflow; base flow;
runoff; groundwater recharge; and total, groundwater, and
near-surface evapotranspiration.

''U.S. Geological Survey
2 AQUA TERRA Consultants

Introduction

Analysis of streamflow hydrographs has long been used
to identify the groundwater-discharge (or base-flow) and
surface-runoff components of streamflow, as well as to esti-
mate basinwide rates of groundwater recharge. These analy-
ses not only provide insight to the relative contributions of
groundwater discharge and surface runoff to streams, but also
help to quantify the groundwater components of basin-scale
hydrologic budgets. Many hydrograph-separation methods
have been developed to estimate the base-flow and runoff
components of streamflow and, in recent years, these methods
have been implemented in a number of computer programs
that facilitate the estimation process (Nathan and McMahon,
1990; Wahl and Wahl, 1995; Sloto and Crouse, 1996; Rut-
ledge, 1998; Arnold and Allen, 1999; Eckhardt, 2005; Lim
and others, 2005; Piggott and others, 2005). Although each of
the methods is based on formalized algorithms for identifying
the base-flow component of total streamflow, the methods are
subjective and not based on mathematical solutions to ground-
water- or overland-flow equations. As a result, it is advanta-
geous to use more than one hydrograph-separation method to
analyze a streamflow record and then to compare the results of
the multiple methods.

A method also has been developed to estimate groundwa-
ter recharge from streamflow hydrographs. Unlike the empiri-
cal hydrograph-separation methods, the recharge-estimation
method, which is referred to as the recession-curve displace-
ment method (Rorabaugh, 1964), is based on a mathematical
solution to a one-dimensional form of the groundwater-flow
equation for conditions of an instantaneous rise in the height
of the water table over the basin.

Although several computer programs have been writ-
ten for hydrograph separation and the estimation of ground-
water recharge, the programs must be run individually and
their results, which often are presented in different formats,
compared manually. Moreover, each of the existing programs
must be maintained and supported, and in some cases have
become outdated and difficult to use. As a result, the U.S.
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Geological Survey (USGS) Office of Groundwater determined
that it would be useful to develop a single program in which a
suite of application tools, including data retrieval and multiple
hydrograph-separation and recharge-estimation methods,
would be available for use in a modern computing environ-
ment. The USGS collaborated under contract with AQUA
TERRA Consultants to develop the Groundwater (GW) Tool-
box, which is a customized interface built on the MapWindow
geographic information system (GIS) software (MapWindow,
2013). MapWindow is a nonproprietary, open-source program
that provides GIS capabilities in a graphical user interface and
runs in a Microsoft Windows computing environment. The
GW Toolbox has a similar interface and many of the same
utilities as the Better Assessment Science Integrating Point and
Non-point Sources (BASINS) environmental-analysis system
developed by the U.S. Environment Protection Agency and
AQUA TERRA Consultants (U.S. Environmental Protection
Agency, 2013).

In addition to the several hydrograph-analysis methods,
the GW Toolbox includes functions that retrieve hydrologic
time-series data (streamflow, groundwater levels, and precipi-
tation) from the USGS National Water Information System
(NWIS) Web interface (U.S. Geological Survey, 2013), that
download preprocessed GIS data layers and meteorological
data from the National Oceanic and Atmospheric Admin-
istration (NOAA) National Climatic Data Center (NCDC),
and that analyze data with several preprocessing and post-
processing utilities. The data retrieval and analysis tools
provided by the GW Toolbox also can be used to estimate
several of the components of the water budget for a hydro-
logic basin, including precipitation; streamflow; base flow;
runoff; groundwater recharge; and total, groundwater, and
near-surface evapotranspiration.

The primary purpose of this report is to provide a set
of instructions that will allow users of the GW Toolbox to
quickly develop skills to use its mapping, data-retrieval, data-
inspection, and hydrograph-analysis tools to estimate base
flow, surface runoff, and groundwater recharge for a hydro-
logic basin. A secondary objective is to illustrate how the GW
Toolbox can be used to develop a water budget for basins that
have little to no groundwater withdrawals or streamflow regu-
lation. The report supplements information that is available in
the ‘GW Toolbox Documentation’ manual provided with the
GW Toolbox. The online documentation is an integral part of
the GW Toolbox software. In several cases, there are alterna-
tive approaches for completing work tasks; these alternatives
can be found in the documentation.

Base-Flow, Runoff, and Recharge Estimation
Methods and Applicability

Version 1.0 of the GW Toolbox includes six hydro-
graph-separation methods to calculate base flow—the Base-
Flow Index (BFI; Standard and Modified), HY SEP (Fixed
Interval, Sliding Interval, and Local Minimum), and PART

methods—and a single recession-curve displacement method
to calculate groundwater recharge—the RORA method. Each
of the four computer programs in which the methods were
originally implemented were reprogrammed from their origi-
nal Fortran language into the Visual Basic.Net language within
Microsoft Visual Studio .NET.

Each method uses a time series of daily mean stream-
flow (discharge) measured at a streamgage as the basis for
estimating either base flow or recharge. Surface-water runoff
is calculated as the difference between total streamflow and
the calculated base flow. Each method requires specification
of the drainage area of the basin (4, in square miles), which
is used to convert volumetric flow rates of streamflow, base
flow, runoff, and recharge (in cubic feet per second) to flow
rates per unit area over the contributing drainage area (in
inches). Drainage area also is needed for the HYSEP, PART,
and RORA methods to calculate the duration of surface
runoff for the basin (N, in days; Sloto and Crouse, 1996;
Rutledge, 1998):

Nrr — AO.Z' (1)
For convenience, the GW Toolbox will automatically retrieve
the drainage area of the streamgage if it is available as an
attribute of the streamgage in NWIS.

The seven hydrograph-analysis methods, as well as any
changes that were made to the programs for implementation
in the GW Toolbox, are described briefly here; each method is
described in detail in the references cited. A full understand-
ing of these references is integral to the proper application of
the methods. Those readers unfamiliar with the methods in
the GW Toolbox should review the relevant references before
applying the methods.

BFI.—The BFI program (Wahl and Wahl, 1995) is based
on a set of procedures developed by the Institute of Hydrology
(1980a, b) in which the streamflow record is partitioned into
intervals of length N-days. The minimum streamflow during
each N-day interval then is identified and compared to adja-
cent minimums to determine “turning points.” If 90 percent
of a given minimum (the “turning point test factor”) is less
than both adjacent minimums, then that minimum is a turning
point. The base-flow hydrograph is completed by connecting
the turning points. The original BFI program set N to 5 days;
the current version allows the user to vary the values of N
and the turning point test factor (f) to “...permit tuning the
algorithm for different watersheds or to match other base-flow
separation methods” (Wahl and Wahl, 1995). In the BFI-mod-
ified approach, parameter fis replaced by a daily recession
index K, and the turning-point test considers the exact number
of days between turning-point candidates. Results obtained
by the modified approach will usually be very similar to those
obtained by the standard approach if

o) .



For values of N =5 days and /= 0.9, the equivalent value of K’
is 0.979 (Tony L. Wahl, Bureau of Reclamation, written com-
mun., 2012). One modification was made to the BFI program
for implementation in the GW Toolbox. In the original pro-
gram, turning points were identified for each individual year,
with partitioning restarted on day 1 of each year, and artificial
(or virtual) turning points were created at the yearend bound-
aries. In the GW Toolbox implementation, turning points are
identified continuously throughout the entire period of record,
which avoids the creation of artificial turning points at the end
of each year. This modification also changes how the daily
values are partitioned after a year is completed in which the
number of days in the year is not an even multiple of N. In

test problems, the modification generally produced very small
differences in calculations between the original program and
the implementation of the program in the GW Toolbox when
short time periods are considered; these differences increased,
however, but were still generally small, as the number of years
analyzed increased because of increasingly divergent values of
the turning points selected by the two approaches.

HYSEP—The HYSEP software (Sloto and Crouse, 1996)
uses three methods originally developed by Pettyjohn and
Henning (1979) to separate base-flow and runoff components
of a streamflow hydrograph: the fixed interval, sliding interval,
and local minimum methods. The three methods use different
algorithms to draw connecting lines (the base-flow hydro-
graph) between low points of the streamflow hydrograph.

No changes were made to the HYSEP algorithms for the
GW Toolbox.

PART.—The PART program (Rutledge, 1998) equates
base flow to streamflow on days that are designated as being
unaffected by surface runoff or interflow (stormflow), and lin-
early interpolates between these days to determine base flow
for the remainder of the hydrograph. Days that are unaffected
by surface runoff are identified by the program as those pre-
ceded by N days of continuous recession (see Rutledge, 1998,
p- 34-36; Rutledge, 2007). One small change was made to
PART for implementation in the GW Toolbox. In the original
program, each daily value of base flow was calculated by run-
ning the program three times for three different values of N ;

a curvilinear interpolation of the three calculated values was
then done to determine the final value of base flow for each
day (see Rutledge, 1998, p. 34-35). Although the GW Toolbox
still runs PART three times for each streamflow record (and
reports the values for each run in output file partday.txt), only
the results of the first two values of N are used to calculate
the final, reported value of base flow on each day (in output
file daily.csv). This was done for consistency with the method
used by the program to calculate monthly and annual values of
base flow.

RORA and RECESS.—The RORA program uses the
recession-curve displacement method developed by Rora-
baugh (1964) to estimate groundwater recharge for each peak
in a streamflow hydrograph (Rutledge and Daniel, 1994;
Rutledge, 1998). The method is based on a mathematical
expression for the total volume of water that will drain from
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an aquifer following each recharge event. RORA requires that
the user specify a recession index, K, for the basin. K can be
determined in practice as the time required for groundwater
discharge to decline through one log cycle on a semilogarith-
mic plot of the logarithm of streamflow as a function of time.
Program RECESS, which also was developed by Rutledge
(1998) and is included in the GW Toolbox, can be used to
estimate K from a streamflow hydrograph during prolonged
periods of negligible recharge. No changes were made to the
RORA or RECESS algorithms for the GW Toolbox.

Each of the seven hydrograph-analysis methods is
based on a number of simplifying assumptions that limit
their applicability. These assumptions are described by many
investigators, including Sloto and Crouse (1996), Rutledge
(1998, 2000, 2007), and Healy (2010), and are discussed in the
remainder of this section. Moreover, although the programs
calculate daily and (or) monthly values of base flow, runoff,
and recharge, the estimates are most reliable when averaged
over longer time periods, such as years.

The methods should be applied to the analysis of
streamflow hydrographs that reflect contributions from two
sources: surface runoff in response to a precipitation event
and groundwater discharge from a single aquifer. The methods
are intended for application to basins dominated by diffuse
areal groundwater recharge that is uniformly distributed over
a basin, rather than basins in which focused groundwater
recharge, such as occurs from losing stream reaches, is the
dominant recharge pathway. All groundwater recharge within
the basin is assumed to discharge to the receiving stream net-
work except that amount that is evapotranspired directly from
the groundwater system (sometimes referred to as riparian
evapotranspiration). As noted by Rutledge (2007) and Healy
(2010), the hydrograph-separation methods also are based
on the assumption that groundwater discharge to streams is a
continuous process, whereas the recession-curve displacement
method is based on the assumption of episodic recharge in
response to storms. Several studies cited by Rutledge (2007)
and Healy (2010, p. 89), have found that recharge estimates
determined from the recession-curve displacement method
are generally greater than those estimated by the hydrograph-
separation methods, as implied by the assumption that some
groundwater recharge discharges by riparian evapotranspira-
tion instead of by discharge to the stream network.

The assumption that all groundwater recharge either
discharges to the stream or by groundwater evapotranspiration
implies that the surface-water and groundwater drainage areas
to the streamgage are coincident. Moreover, it is assumed that
there is no loss of groundwater to underlying regional ground-
water-flow systems or to groundwater withdrawals.

A number of hydrologic processes and human activities
that affect the flow and storage of water within a basin can
obscure the contributions from surface runoff and groundwater
discharge to a streamflow hydrograph. These include snow-
melt runoff and drainage from large lakes and wetland areas.
Streamflow regulation, such as occurs at reservoirs, by stream-
flow diversions, or by wastewater return flows, also changes
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the natural flow of a stream. The algorithms that are the basis
for the methods available in the GW Toolbox cannot differ-
entiate among the various causes of hydrograph fluctuations
and may incorrectly identify snowmelt, reservoir releases, and
so forth as groundwater discharge. Therefore, users should
understand the hydrologic conditions in a basin to confirm the
quantitative results of the hydrograph-analysis methods.
Rutledge (1998, 2000) provides guidance on the size
and slope of basins to which the methods should be applied.
He suggests that the methods should not be applied to basins
having drainage areas smaller than 1 square mile (mi?; about
3 square kilometers [km?]), so that the duration of surface
runoff exceeds the minimum time increment of streamflow
data (1 day). A maximum drainage area of about 500 mi?
(about 1,300 km?) also is recommended, but the upper limit on
basin size will depend on the degree of uniformity of rainfall
over the basin, the occurrence of multiple hydrogeologic areas
within the basin, and the relative importance of bank-storage
effects. Rutledge (2000) further notes that, in basins with
extremely low relief, the time period of surface runoff may
not be accurately determined by use of equation 1; the effect
of low slope on the analysis is likely to be exacerbated as the
drainage basin increases in size.

U.S. Geological Survey Groundwater Toolbox, A Graphical and Mapping Interface for Analysis of Hydrologic Data

There has been some discussion in the literature concern-
ing the various limitations of the RORA method for estimating
groundwater recharge. Healy (2010, p. 89-90), for example,
notes that “Few, if any, aquifers conform to all of the assump-
tions inherent in the derivation of the recession-curve displace-
ment method.” Halford and Mayer (2000) and Halford (2008)
question the use of equation 1 to determine the duration of
surface runoff from a basin, the use of streamflow records to
estimate an appropriate recession index (K), and the effects
of hydrologic phenomena such as bank storage and snow-
melt on the identification of recharge peaks in a streamflow
record. Nevertheless, there have been many applications of
the RORA method since the initial release of the program in
1994 (Rutledge and Daniel, 1994) and these applications have
resulted in recharge values that are consistent with other basin-
scale recharge-estimation methods. The reader is referred to
Rutledge (2007) and Healy (2010, p. 89-90) for reviews and
summaries of these several studies, and to Risser and others
(2005) and Delin and others (2007) for detailed studies in
which results of the RORA method were compared to other
recharge-estimation methods in humid regions.

Figure 1 summarizes several of the assumptions and limi-
tations of the hydrograph-analysis methods provided with the

Hydrogeologic

Streamflow conditions .
units

Gaining | Losing |Perennial| Intermittent

Single | Multiple

Size of watershed, EXPLANATION
in square miles Appropriate
Caution

>1to <500 | >500

Not appropriate

Time scale of analysis period

Basin slope, in percent

Less than monthly
(daily, hourly, event)

Monthly or seasonal

Annual or longer <1 >1

Groundwater or surface-water development

(groundwater pumping, surface-water discharges or diversions, and so forth)

Streamflow record

Relatively minor
None
low-flow conditions)

Figure 1.

Substantial

(small component of typical | (large component of typical
low-flow conditions)

Complete and
<1year in length

Complete and
>1in length

Guidance on appropriateness of hydrograph-analysis methods provided with the Groundwater Toolbox (<,

less than; >, greater than; <, less than or equal to; >, greater than or equal to).



GW Toolbox as a guide for their use. In determining whether
or not the methods are appropriate for a particular basin, the
overall weight of the guidance provided in figure 1 should

be considered. For example, a user could be fairly confident
that the methods could be applied meaningfully to a gain-

ing, perennial stream in a basin of about 100 mi? in drainage
area, but should be very cautious applying the methods to an
intermittent stream with a drainage area of 1,000 mi? and very
low slope. Because of the several assumptions and guidelines
described above, the authors of this report agree with the
conclusion reached by Healy (2010, p. 96) concerning applica-
tion of the hydrograph-analysis methods “...that a complete
evaluation of these assumptions may require substantially
more effort than actual application of the methods.” When
possible, the methods should be combined with other types

of data to confirm the hydraulic interaction of groundwater/
surface-water systems, such as simultaneous measurements of
groundwater levels and stream stages, seepage-meter measure-
ments, seepage runs, and chemical and heat tracers (Ston-
estrom and Constantz, 2003; Rosenberry and LaBaugh, 2008;
Eddy-Miller and others, 2012).

Example Basin

The methods provided with this initial version of the
GW Toolbox are demonstrated with streamflow data collected
at the streamgage on the Pawcatuck River at Wood River
Junction, Rhode Island (USGS streamgage 01117500). The
drainage area to the streamgage is 100 mi*>. Approximately
42 percent of the basin is underlain by stratified-drift glacial
deposits, which constitute the primary aquifer. The remainder
of the basin is underlain by bedrock or till-covered bedrock,
which constitutes a secondary aquifer, in the upland areas
(Cervione and others, 1993). The Pawcatuck River streamgage
was selected because conditions at the site closely—but not
exactly—meet the major assumptions of the hydrograph-sepa-
ration and recharge-estimation methods. Specifically, recharge
to the aquifer is areally diffuse and there is little water use or
streamflow regulation in the basin (Bent and others, 2011).
However, groundwater and surface-water drainage basins to
the streamgage are not completely coincident because some
groundwater outflow is known to occur across the northeast-
ern boundary of the drainage basin and groundwater inflow
is suspected to occur across the western boundary of the
basin (Bent and others, 2011). Nevertheless, these rates of
groundwater flow are small compared to the total flow at the
streamgage and are unlikely to have a substantial effect on the
results of the analysis. The period of analysis was the 30-year
period extending from January 1, 1971, through December
31, 2000. This period was chosen for consistency with other
studies in the basin and because of the availability of meteo-
rological data from a weather station within the basin for this
time period.
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Getting Started

The first steps in the use of the GW Toolbox for any
analyses are to build a GW Toolbox project for the geographic
area of interest, retrieve spatial and time-series datasets to pop-
ulate the project, and review the time-series data. This section
of the report provides instructions that can be used to complete
these tasks. It is assumed that the GW Toolbox has already
been installed on the user’s computer; information on how to
download and install the program can be found at the Web site
provided in the Preface to this report.

A number of text-formatting conventions are used
throughout the report. Components of the GW Toolbox inter-
face, such as dialog boxes, panels, or buttons, are referred to
in quotes, such as the “Preview Map” panel. Specific menu
options and tools are referred to by bold text, such as the
“Open Project” option in the “File” menu, which is available
on the main toolbar.

Building, Saving, and Reopening a Project

A GW Toolbox project is a collection of spatial and
time-series data and analysis results for a specific geographic
area. The project area can consist of a State, county, or HUC—-8
hydrologic cataloging unit. A cataloging unit is one of the divi-
sions of the hydrologic unit code (HUC) classification system
of river basins in the United States (Seaber and others, 1987).
Each cataloging unit is given an 8-digit code; for example, the
Pawcatuck River streamgage is within the Pawcatuck-Wood
cataloging unit (01090005). (Cataloging units also are referred
to as basins in this report.)

Double-clicking on the “USGS GW Toolbox™” icon
results in the two dialog boxes shown in figure 2: the “USGS
GW Toolbox 1.0” and “Welcome to USGS GW Toolbox 1.0”
dialog boxes. If the GW Toolbox has not previously been
used, the user should select the “Build New Project” option.
Selecting this option produces a map of the United States
showing the boundaries of States and cataloging units (fig. 3).
The user can then zoom into an area of interest with the “Pan”
and “Zoom” tools.

Labels can be added to identify the cataloging units in a
zoomed-in view. This is done by right-clicking on the Cata-
loging Units layer, which results in several menu options
(fig. 4A); in this example, the user selects the “Label Setup”
option, which opens the “Label style” dialog box (fig. 4B).
The user double-clicks on the “CU” field and then selects
the “Apply” check box. A label-generation dialog box then
appears (not shown on fig. 4) that allows the user to select the
position and orientation of the labels. Once these are selected,
the cataloging-unit labels are added to the map (fig. 4C).

The “Select” tool can then be used to select the catalog-
ing unit of interest (01090005, fig. 5A). The user selects the
“Build” check box from the “Build New USGS GW Toolbox
1.0 Project” dialog box (fig. 3). At this point, the GW Toolbox
will prompt the user with a “Save new project as...” dialog
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Figure 2. The “Welcome to the USGS GW Toolbox 1.0” and “USGS GW Toolbox 1.0” dialog boxes that appear on first use of the

Groundwater Toolbox.

box to select a directory name and location in which to save
the project. The default location in which to save the project
is the C:\USGS-GWToolbox\data directory, and a subdirec-
tory is created for the project with the HUC—8 code as the
default directory name (which in this example is 01090005).
Project information is stored in a MapWindow project file in
the project directory (.mwprj file) with the HUC-8 code in the
default file name (01090005.mwprj). If multiple projects have
been created for the HUC-8 area, a sequence number will be
appended to the subdirectory and project names (for example,
01090005-2). A “Projection Properties” dialog box will appear
and the user can select the desired projection for the project
data layers [the default “Albers Equal-Area (Conterminous
U.S.)” option was selected for this example]. The project

then will be populated with a set of standard data layers. To

view all of the layers that are active, it is helpful to close the
“Preview Map” panel by clicking on the “X” on the top right
of the “Preview Map” panel or by toggling off the check-mark
in the “Preview Map” section from the “Panels” option in the
“View” menu. The resulting map and data layers are shown in
figure 5B.

It should be noted that the “Welcome to USGS GW
Toolbox 1.0” dialog box can be reopened at any time using
the “Welcome Screen” option from the “Help” menu. Also,
as an alternative to the approach described in the previous
paragraphs, a new project can be built by selecting the “New”
option from the “File” menu. An existing project can be
reopened from the “Welcome to USGS GW Toolbox 1.0” dia-
log box or with the “Open Project” or “Open GW Toolbox
Project” options from the “File” menu.
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Time-Series Data Discovery and Retrieval

When a GW Toolbox project is created, a large cache
of map layers is downloaded and stored in the project direc-
tory. A subset of these layers, which is shown in the “Legend”
panel (fig. 5B), is made available as part of the initial build of
the project. Data-collection sites for several types of observed
data are shown by default on the project map. These are sites
at which a minimum of 10 data values of daily streamflow

(discharge), daily groundwater levels, and periodic groundwa-
ter levels are available through the NWIS database. The sites
with periodic groundwater-level data are not actively dis-
played on the map because they tend to be numerous and are
not of primary interest for the tools described in this report.
Their locations can be seen by toggling the check-box next to
the layer identifier to the “on” position.

The first step in data retrieval is to select specific data
sites from the project map for which data will be downloaded
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from NWIS. For this example, streamflow data will be
retrieved because they are needed for the base-flow and
recharge analyses. The discharge-locations data layer shown
on the map indicates that there are several streamgages within
and near the Pawcatuck-Wood Basin (fig. 5B). At this point,
it is convenient to either add the streamgage numbers using
the “Label Setup” option, as described previously (fig. 4), or
to import a data layer of the drainage-basin boundary for the
streamgage of interest, if one is available. For this example,

a shapefile of the drainage basin for the Pawcatuck River at
Wood River Junction streamgage (01117500) was imported
by use of the “Add Layer” option from the “Layer” menu.
Streamgage identifiers also were added to the map (fig. 6). To
select a streamgage, the user clicks on the data layer of interest
(“NWIS Daily Discharge Stations”; fig. 6, step 1) and then
clicks on the “Select” tool (fig. 6, step 2). The user can then
select the streamgage of interest by clicking on it (fig. 6, step
3). Alternatively, one or more streamgages of interest can be
selected by drawing a box around them with the “Select” tool
or by using the “Ctrl” key on the keyboard and “Select” tool

to select multiple stations for download. The selected stations
will then appear grayish yellow on the map.

After a site is selected, the “Download Data” option
from the “File” menu can be used to retrieve data from NWIS
for the station (fig. 7A). As shown on figure 7A, there are sev-
eral types of data that can be downloaded, but for this example
the “Daily Discharge” button within the “Data Values from US
Geological Survey National Water Information System” panel
already has been selected because of the steps completed in
the previous paragraph. The user then clicks the “Download”
button and data for the selected site are retrieved (there is a
pause as the data are retrieved). The user is then informed that
data for the selected site have been retrieved and saved in a
file that uses the USGS NWIS RDB (relational database) time-
series format (fig. 7B). The daily discharge data are reported
in units of cubic feet per second (USGS NWIS parameter code
00060). The data are now part of the project and available for
use in the GW Toolbox.

Similar steps were taken to retrieve daily groundwa-
ter-level data for observation well RI-EXW 554 (USGS
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observation well 413252071323601), which is within the
Pawcatuck River Basin. Groundwater-level data are stored in
NWIS in a number of formats; for example, depth to water
level in feet below land surface (parameter code 72019) or
elevation of water (parameter code 72020). The GW Toolbox
converts all data formats to depth to water level, in feet below
land surface.

As part of the data-discovery process, it can be advanta-
geous to add other data layers to complement the default data
layers shown on the project map. This can be done by toggling
inactive data layers shown on the “Legend” (such as “Major
Roads”) to active (by clicking on the check boxes next to each
data layer) or by retrieving data layers that have been prepro-
cessed for the GW Toolbox and are available for download.
These data layers are listed on the “Download Data” dialog
box (fig. 7A). After the user selects a particular data layer and
then clicks on the “Download” button, there may be a pause
while the requested data files are downloaded and projected,
merged, and clipped as needed to the download region (which,
in this case, is hydrologic unit 01090005). When the down-
load is complete, the user will be returned to the GW Toolbox
interface, and the added layers will appear on the explanation
and map.

The user also can adjust the minimum number of mea-
surement values required at an observation site for the site to
be shown on the project map. This is done by adjusting the
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value specified in “Min Count” on the “Download Data” dia-
log box. The default value for “Min Count” is 10 measurement
values, but this value can be modified. After the value of “Min
Count” is adjusted for a selected data type (“Daily Groundwa-
ter,” “Periodic Groundwater,” and so forth), the user clicks on
the “Download” button, which causes the map to be updated
with sites that meet the minimum specified count.

Summarizing, Listing, and Graphing Time-Series
Data

It is important to carefully screen the streamflow data
prior to a hydrograph analysis to identify suspect data and
to confirm that the data are consistent with the underlying
assumptions of the analysis methods (Sloto and Crouse, 1996).
The GW Toolbox provides three tools that are useful in this
regard: the “Data Tree,” “List,” and “Graph” tools under
the “Analysis” menu option. The “Data Tree” tool provides
a listing of many of the attributes and summary statistics for
the dataset, whereas the “List” tool provides a listing of the
complete dataset. Each of the three tools is explained in detail
in online documentation under the “Help” menu option.

Selection of any of the three tools brings up either the
“Select Data” or “Select Data to Graph” dialog boxes (fig.
8A), which allow the user to select one or more time-series
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Figure 6. Steps used to select one or more data sites for which data can be retrieved from the U.S.
Geological Survey National Water Information System for use in the Groundwater Toolbox. In this
example, the streamgage on the Pawcatuck River at Wood River Junction, Rhode Island, is selected
(site 01117500). Steps are discussed in the text. Part of the drainage basin for the streamgage is

shown in red.
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datasets available for the project. For this example, the
“Graph” option will be illustrated. The top section of the
“Select Data to Graph” dialog box is titled “Select Attribute
Values to Filter Available Data” and contains dropdown

lists with time-series attributes. The number and content of
these lists can be managed through the “Attributes” menu.
The default attributes that are shown with the GW Toolbox
are “Scenario,” “Location,” and “Constituent,” but these
default selections can be changed by the user. Attributes

are shown in figure 8 for two observed datasets that were
retrieved in previous steps: the streamflow data for streamgage
01117500 and the groundwater-level data for observation well
413252071323601. When the user selects an attribute from
any of the lists, the “Matching Data” section is populated with
the datasets that meet the attribute(s) selected. In the example
shown on figure 8A, “Streamflow” has been selected from

A
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the “Constituent” attribute list (step 1), which brings up the
only matching dataset at streamgage 01117500. The user then
selects this streamgage (step 2) and the selected time series
shows up in the “Selected Data” section of the dialog box
(step 3). Note that the complete date range of the streamflow
dataset is shown in the “Dates to Include” section of the dialog
box; the “Start” and “End” dates of the graph can be modified
in the white fields. The user then clicks on “Ok” to bring up
the graphing options (fig. 8B). For this example, both the time-
series and flow-duration plots are selected.

The time-series graph (and list of the data, which is not
shown) indicate that data are complete throughout the period
of record (December 7, 1940, through November 5, 2014;
fig. 9A); however, data for the period October 1 through
November 5, 2014, are provisional data that have not yet been
approved for publication by the USGS. These provisional data
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are shown in red on the graph; they are difficult to identify
on the graph because of the very short period of provisional
data for this example. It is important to note that many of the
basic computations in the GW Toolbox use data—including
provisional data—for the entire period of record as the default
option for the computations (such as determination of mean
streamflow). The user can remove the provisional data from
the computations by toggling off the “Include Provisional
Data” button on the “Select Data” dialog box, or by changing
the end date in the “Dates to Include” section of the “Select
Data” dialog box (fig. 8A). The user can determine the exact
date range of the provisional data with the “List” tool (under
the “Analysis” menu option). Within the “Time Series List”
dialog box, the user selects the “Value Attributes” option
under the “View” option. This action adds several columns
to the “Time Series List” dialog box, including the “A” (for
approved) and “P” (for provisional) columns. Data identified
as “True” (or “Tr+”) in the “P” column are provisional.

The time-series graph and flow-duration plot (fig. 9)
indicate that streamflow at the streamgage is characteristic of
streams that have groundwater discharge (base flow) as a pri-
mary source of water. These characteristics include perennial
flow throughout the measurement period (with a minimum
value of 15 cubic feet per second [ft*/s] on October 11, 1947)
and a flow exceedance that is greater than about 22 ft*/s more
than 99.8 percent of the time (fig. 9B).

Meteorological Data

The GW Toolbox contains several types of meteoro-
logical data that can be useful in the analysis of hydrologic
conditions and water budgets for a basin. The primary source
of meteorological data is the BASINS 4.0 meteorological
database, which is derived from data acquired from the NOAA
NCDC. The database contains data for more than 16,000
weather stations through 2009, although not all stations are
still active and most stations contain only a subset of the seven
meteorological data types that are provided: precipitation, air
temperature, wind speed, cloud cover, potential evapotranspi-
ration, solar radiation, and dewpoint temperature. Typically,
for a high-quality station, data extend from 1948 through
2005. A full description of the datasets that are available and
how they were processed for the BASINS 4.0 database is
provided in the online documentation. Short descriptions of
the datasets used for the analyses described in this report are
provided below; these datasets are a subset of the full suite of
datasets available in the GW Toolbox.

A shapefile of the locations of weather stations in a proj-
ect area can be downloaded by use of the “Download Data”
option by selecting the “Hydrologic Units” option in the
“Region to Download” panel and the “Met Stations” button
under the “BASINS” section of the dialog box. Once the loca-
tions are shown on the map, the user can select the weather
stations of interest with the “Select” tool and then retrieve the
data for the selected stations by use of the “Download Data”
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dialog box (by selecting the “Hydrologic Units” option in the
“Region to Download” panel and the “Met Data” button under
“BASINS” section of the dialog box). A “Met Data Processing
Options” dialog box will appear, and the user can select “Add

individual files (one per station) to project” button, which then
makes the data available for use.

For this example, data from the Kingston, R.1., weather
station (station RI374266) were downloaded because the sta-
tion is within the example basin. The download resulted in the
retrieval of six datasets, PRCP, PREC, TMAX, TMIN, ATEM,
and PEVT, which are described as follows:

* PRCP: Observed daily precipitation (in inches) from
the “Cooperative Summary of the Day” NCDC source,

* PREC: Computed hourly precipitation (in inches) from
the “Hourly Precipitation disaggregated from Daily”
NCDC source,

* TMAX, TMIN: Observed daily maximum and mini-
mum air temperatures, respectively, (in degrees Fahr-
enheit) from the “Cooperative Summary of the Day”
NCDC source,

* ATEM: Computed hourly air temperature (in degrees
Fahrenheit),

* PEVT: Computed hourly potential evapotranspiration
(in inches) by use of the methods described in Hamon
(1961).

Summary statistics provided in the “Data Tree” option
from the “Analysis” menu indicate the following long-term
(1971-2000) values for precipitation, air temperature, and
potential evapotranspiration at the Kingston weather sta-
tion: mean daily precipitation (PRCP), 0.14188 inch (in.) (or
51.82 inches per year [in/yr]); mean daily air temperature
(ATEM), 49.59 degrees Fahrenheit (°F; 9.77 degrees Celsius
[°C]); mean daily maximum air temperature (TMAX), 60.73
°F (15.96 °C); mean daily minimum air temperature (TMIN),
39.38 °F (4.10 °C); and mean hourly potential evapotranspira-
tion (PEVT) 0f 0.0029034 in. (or 25.45 in/yr).

The GW Toolbox also provides a second source of
precipitation data, which is available from the USGS NWIS
database (USGS NWIS parameter code 00045). The locations
of sites with precipitation data from NWIS can be added to a
project map using the “Download Data” option in the “File”
menu and by selecting “Precipitation” button under the “Sta-
tion Locations from US Geological Survey National Water
Information System” section. USGS precipitation collection
sites are sparsely distributed and, in fact, none were found near
the Pawcatuck River Basin.
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Base-Flow and Runoff Components of
Streamflow: Hydrograph Separation

The base-flow and runoff components of streamflow are
determined by use of the “USGS Base-Flow Separation”
option in the “Analysis” menu. This menu option brings up
the dialog box “Select Daily Streamflow for Analysis,” which
is similar to the “Select Data to Graph” dialog box described
previously and shown in figure 8A. The user selects a single
streamflow dataset from the list of available datasets for
analysis; in this example, data for site 01117500 were selected.
Selection of a dataset will result in the “Base-Flow Separa-
tion” dialog box shown in figure 10A.

The user selects one or more of the six available hydro-
graph-separation methods. If the BFI-Standard or BFI-Modi-
fied methods are selected, the GW Toolbox will populate the
“BFI Parameters” panel of the dialog box with default values:
a partition length (N) of 5 days, a turning point test factor (f) of
0.9, and (or) a recession constant (K’) of 0.97915. Also, for the
BFTI options, the user can specify that results will be written
to the original BFI output files by “Calendar Year” or “Water
Year.” This option is only available for the BFI programs. If
the drainage area to the streamgage is available as an attribute
with the NWIS streamflow data, the GW Toolbox will auto-
matically populate the panel with that value, as shown for the
Pawcatuck River streamgage (100 mi?); however, the user can
modify the drainage-area value as desired.

The user then defines the dates for analysis. The “Exam-
ine Data” button can be used to determine which months
have complete records (fig. 10B); the “Examine Data” utility
was originally released with the PART software distribution
as the “screen” program. If “Water Year” has been selected
for the BFI options, the user should specify that the analysis
begins on October 1 of the year preceding the first water year
of interest and ends on September 30 of the last water year of
interest. For example, if the user is interested in water years
1938 through 1945, “Analysis Dates” of 1937/10/01 through
1945/09/30 would be specified. Complete years of record
are available for the Pawcatuck River streamgage between
1941 and 2012, but only 1971 through 2000 will be analyzed
in the example (fig. 10A), for consistency with the available
meteorological data.

Many output files will be created by running the hydro-
graph-separation programs, and these should be saved in a
directory that is specified in the “Text Output” section of the
dialog box. Each file will have a base name or prefix that also
is specified in this section of the dialog box. After specify-
ing the output directory, the user clicks the “Run Base-Flow
Separation Program(s)” button to run the programs. If all six
methods have been selected, there can be a pause of several
seconds while the programs complete their calculations. When
completed, a dialog box will appear that says “Base flow
output completed.”

The user can now examine the output files or graph the
results of the programs. Inspection of the several files in the

output directory indicates that the GW Toolbox creates not
only the original output files generated by each of the individ-
ual programs but also several comma-delimited (.csv) output
files that include results of all methods selected for analysis.
These comma-delimited files include output at daily, monthly,
and annual (by calendar year) time intervals for the period of
analysis; there also is a duration.csv file that gives the per-
centage of time that each streamflow, base-flow, or surface-
runoff value was equaled or exceeded. Unlike some previous
versions of the original programs, the PART, HYSEP, and
BFI methods implemented in the GW Toolbox can be used to
calculate base flow and runoff for periods of record that span
only part of a full calendar year; however, if the dates defined
for the analysis span only part of a particular month or calen-
dar year, results in the monthly.csv and yearly.csv files will not
include the partial months or years.

Several graphing options also are available in the
“Display Graph” panel to review the hydrograph-separation
results. A particularly useful option is “Flow Duration,”
which creates flow-duration graphs of the observed stream-
flow and calculated base-flow and runoff results for each
method. The flow-duration graphs for the Pawcatuck River
streamgage indicate that base flow is the predominant source
of water to the river at nearly all flow-duration levels. The
graphs also demonstrate a fair amount of variability in the
hydrograph-separation results, particularly at the highest
streamflows (fig. 11). The PART method generates the highest
base-flow estimates throughout the range of flows, whereas
the two BFI methods generate the lowest estimates. These
general results, however, do not represent all streamgages; for
example, several initial tests with the GW Toolbox with data
from streamgages across the United States indicated that the
methods that yield the highest and lowest values of base flow
varied among streamgages.

Average annual rates of streamflow, base flow, and runoff
can be calculated with a spreadsheet program from results
listed in the yearly.csv file. For the 30-year period evaluated
here, the average-annual rate of streamflow at the Pawcatuck
River streamgage was 204 {t*/s, or 27.7 in. over the basin.
Calculated rates of average annual base flow for the 30-year
period range from minimums of 20.8 and 21.0 in., calcu-
lated by the two BFI methods, to a maximum of 24.9 in.,
calculated by the PART method; the mean of the six average
annual values is 22.8 in. Average annual runoff ranges from
a minimum of 2.8 in. for the PART method to 6.7 and 6.9 in.
for the two BFI methods, with a mean of the six values of
4.9 in. The value of base flow at the streamgage calculated
by the PART method is close to that reported by Bent and
others (2011) for the 63-year period from 1942 through 2004
(23.9 in.), which was determined by use of the original PART
program (Rutledge, 1998).
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Figure 10.

Dialog boxes used in the base-flow separation analysis component of the Groundwater Toolbox. A, The “Base-Flow

Separation” dialog box. B, Part of the “Data Summary” dialog box, which shows months having complete (dots) or incomplete

(Xs) records.

Groundwater Recharge

Groundwater recharge is calculated by the RORA
recession-curve displacement method (Rutledge, 1998). As
described previously, the RORA program requires that a
recession index be specified for the basin. This index can be
determined independently from the GW Toolbox or can be
estimated by use of the RECESS program (Rutledge, 1998),
which is included in the GW Toolbox. The RECESS and
RORA methods are invoked with the “USGS RECESS” and
“USGS RORA” options under the “Analysis” menu. Each
of these menu options brings up the dialog box “Select Daily
Streamflow for Analysis,” which is similar to the “Select
Data to Graph” dialog box described previously and shown in
figure 8A. The user selects a single streamflow dataset from
the list of available datasets for analysis; in this example, data
for streamgage 01117500 were selected. The sections below
describe details for each analysis method.

RECESS Program To Estimate Basin Recession
Index

The RECESS program can be used to estimate a median
value of the recession index (K), which is needed by the
RORA program, as well as to perform several other functions
that are described in detail by Rutledge (1998). The user is
encouraged to read the sections of Rutledge (1998) concern-
ing RECESS; the description here is intended to illustrate how
RECESS has been implemented in the GW Toolbox. Selec-
tion of a streamflow dataset in “Select Daily Streamflow for
Analysis” dialog box, accessed through the “USGS RECESS”
option of the “Analysis” menu, will bring up the “USGS
RECESS” dialog box shown in figure 12A.

The first step is to select the dates for which streamflow
recessions will be analyzed. These dates need not coincide
with the time period used in the hydrograph-separation or
recharge analyses, although, for this example, coincident dates
are specified (fig. 12A, “Analysis Dates” entries). The user
also specifies an output directory for the RECESS results.
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The user then specifies the “Months and Seasons” for
which recession periods will be analyzed; the program will
select only those recession periods that begin in the selected
months. For this analysis, only the four winter months from
December through March were selected for analysis, because
it is assumed that riparian evapotranspiration is negligible dur-
ing these months. Riparian evapotranspiration can create non-
linearity in a recession graph of the logarithm of streamflow
as a function of time. The “Winter” radio button also has been
selected to coincide with the four selected months; selection
of a season is used only to insert a text entry in the output files
and does not affect the results.

Finally, the user specifies the minimum number of
days required for detection of a recession period. Rutledge
(1998) notes that if the number of days selected is too large
(too restrictive), few recession periods will be detected in
the record; however, if the number is too small, then many
recession periods will be detected and some may need to be
omitted, because they would not span a recession period long
enough for the user to derive an accurate value of K. Rutledge
(1998) suggests a minimum of 10 to 20 days when analyzing
a record of 40 years. Values of 10 and 15 days were tested for
this example; a total of 61 recession periods were identified for
the streamflow record from 1971 through 2000 for the 10-day
minimum requirement and only 17 recession periods were
detected for the 15-day minimum requirement. Results for the
15-day requirement are illustrated here.

The user then clicks the “Find Peaks” button (fig.
12A), which brings up the list of recession periods that fit

the minimum requirement of days of recession following a
streamflow peak (fig. 12B). For this example, 17 recession
periods are listed, the first having had a peak streamflow on
January 7, 1971. Clicking on the date (“1971/ 1/ 7” in this
example) brings up a list of the streamflows during this reces-
sion period, beginning one day after the peak (January 8) and
continuing for 15 days (through January 22) until the next
increase in streamflow on January 23. A semilogarithmic plot
of the streamflow data is shown on the right of the dialog box.
The user can now either “Analyze” the streamflow data
for the full recession period or eliminate some of the data if
any part of the recession graph looks nonlinear. For this exam-
ple, both approaches are illustrated. First, by clicking “Ana-
lyze” with all data selected, a recession index (“DAYS/LOG
CYCLE”) of 38.432305 is calculated by RECESS (fig. 12C).
In the second approach, the user may limit the analysis to
periods of the recession that are nearly linear on the semiloga-
rithmic plot. Rorabaugh (1964) and Rutledge (1998) note that
the slope of the semilogarithmic recession graph, which is
equal to the value of K, should be linear after a “critical time”
(¢,)- This critical time, which is a function of the properties of
the groundwater system (Rorabaugh, 1964; Rutledge, 1998),
should be a constant value that is independent of any particu-
lar recession period selected for analysis. In practice, however,
the apparent value of z, may vary from one recession period
to another. For example, for the recession period January
822, 1971, the recession graph indicates there is a period of
slight nonlinearity during approximately the first 4 days of
recession. The user might conclude, therefore, that ¢, equals
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Figure 12. Dialog boxes used for the RECESS component of the Groundwater Toolbox. A, Initial dialog box to specify the dates, months,
and seasons for analysis, the minimum number of days required for detection of a recession period, and the output directory. B, Dialog

box showing recession periods that meet the minimum-day requirement (left side of dialog box), the first recession period beginning
after a peak streamflow on January 7, 1971 (middle part of dialog box), and a semilogarithmic graph of the first recession period (right

side of dialog box). C, Dialog box showing the estimated recession index of 38.432305 days per log cycle for full period of recession from
January 8 through January 22, 1971.
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4 days for this particular recession period, and then select the
period January 12-20, 1971, for analysis. This is done by first
clicking on the row of data identified as day 5 after the peak
streamflow (fig. 12B), which brings up the “Choose Recession
Limb Duration” dialog box (fig. 12D). The user then selects
“5” as the “First Day” of analysis. This action restricts the
number of days that will be analyzed to days 5 through 15.
The data-reduction process can be repeated to eliminate data
after day 13 that appear to diverge from the straight-line seg-
ment of the recession. This is done by selecting the row of
data identified as day 13 after the peak streamflow and then
selecting “13” as the “Last Day” of analysis in the “Choose
Recession Limb Duration” dialog box; this further restricts
the number of days that will be analyzed to days 5 through 13.
With these days selected, a slightly higher recession index of
38.713915 was calculated for this 9-day period (not shown on
figure 12). Selecting the check box next to the start date of the
recession period (that is, to the left of “1971/ 1/ 7) will save
the recession index for later use (fig. 12E).

After analyzing several periods of recession using the
same process, the user can then click the “Summary” button to
summarize the values of all recession indices calculated dur-
ing the analysis (fig. 12E). For this example, varying lengths
of recession periods were analyzed for 13 recessions selected
during the record for 1971 through 2000. For these 13 reces-
sion periods, the first day of analysis ranged from 5 to 7; that

is, ¢, was determined to range from 4 to 6 for the 13 reces-
sion periods. In most cases, this number of recession periods
would be too few for a formal analysis, but is sufficient for
this example. Rutledge (1998) suggests that 20 to 30 periods
of recession might be used for a typical analysis; Rutledge and
Mesko (1996, table 2) analyzed from 6 to 49 recession periods
for 157 streamflow records in a study of streamflow reces-
sion and base flow in the Appalachian Valley and Ridge, Blue
Ridge, and Piedmont Physiographic Provinces that extend
from Pennsylvania southward into Alabama. The summary
listing of the 13 calculated recession indices is given in the
middle panel of the dialog box and a graph of the indices (by
date) is given on the right side of the dialog box. The median
recession index calculated for the 13 recession periods is
65.93 days per log cycle, but, as seen in figure 12E, there is a
range of calculated values distributed about this median value
that extends from a minimum of 37.323 days per log cycle to
a maximum of 104.323 days per log cycle (fig. 12E). The user
can remove one or more of the calculated recession indices
from the summary listing by unchecking their corresponding
dates of peak streamflow on the left side of the dialog box
and clicking again on the “Summary” button. For example, if
the recession index of 104.323 days per log cycle calculated
for the period following the “1978/2/11” peak is removed, a
new, slightly lower, median recession index of 65.59 days per
log cycle is calculated for the remaining 12 recession periods.



Each time the “Summary” button is clicked, the median value
of the recession index will be written to the index.txt file in the
output directory.

RORA Program To Estimate Groundwater
Recharge

The RORA program is accessed through the “USGS
RORA” option from the “Analysis” menu. As on the “Base-
Flow Separation” dialog box, the user selects a period of
analysis and an output directory (folder) and base name (pre-
fix) for the output file on the “USGS RORA” dialog box (fig.
13). The drainage area of the basin is automatically loaded
into the RORA dialog box if it is available from the down-
loaded NWIS data. Also, if the RECESS program has been run
to determine a recession index for the basin in the same GW
Toolbox session, then the final estimate of the median reces-
sion index will be loaded automatically into the RORA dialog
box. Alternatively, the “Browse Recession Index” button can
be used to navigate to a directory in which the index.txt file,
which holds values of the median recession indices calculated
by the RECESS program, can be opened and a specific reces-
sion index identified for use in the RORA analysis. Values of
the drainage area and recession index that have been loaded
automatically can be changed by the user if desired.

The program also automatically calculates the value of
the antecedent-recession requirement, which is equivalent to
the duration of surface runoff for the basin (N, in days; see
the “Base-flow, Runoff, and Recharge Estimation Methods and
Applicability” section). The default value of the antecedent-
recession requirement can be modified by the user. If the
streamflow record includes zeros, the program will replace the
zeros with the default value of 0.01 ft3/s (which can be modi-
fied by the user), so that extrapolation done by the program on
the log scale is possible.

After each section of the dialog box has been completed,
the user can click on either the “Plot Monthly Recharge” or
the “Write ASCII Outputs” button to run the RORA program.
Clicking on the latter button creates several files in the output
directory; these files include those generated by the original
RORA program (Rutledge, 1998) and two comma-delimited
data files that hold the monthly (roramon.csv) and annual (ror-
aAnn.csv) recharge rates calculated by RORA (in inches over
the basin). An average annual recharge rate for the 30-year
period evaluated here for the example basin was calculated to
be 26.6 in. with a spreadsheet program from the results listed
in the Pawcatuck roraAnn.csv file. This value of basin-wide
recharge is similar to that calculated by Bent and others (2011)
by use of streamflow data at the streamgage for the 63-year
period from 1942 through 2004 (25.9 in.) determined by use of
the original RECESS and RORA programs (Rutledge, 1998).
The monthly recharge rates calculated for the analysis period
are shown in figure 14.

Although the RORA method is based on the assumption
that the value of the recession index is constant throughout a
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basin, in practice, as the example showed, there can be sub-
stantial variability in the values calculated from a streamflow
record. Rutledge (1998), however, has shown that the results
of RORA are only slightly sensitive to variation in the value
specified for the index. This sensitivity is illustrated by vary-
ing the value of the recession index estimated for the analysis
of the Pawcatuck River streamflow data by £50 percent. In
the first sensitivity test, the recession index was decreased

to a value of 32.80 days per log cycle. The resulting average
annual recharge rate for the 30-year period increased by 0.40
in. (from 26.64 to 27.04 in.), an increase of only 1.5 percent
above the base value. In the second test, the recession index
was increased to a value of 98.39 days per log cycle. The
resulting average annual recharge rate decreased by 0.67 in.
(to 25.97 in.), a decrease of 2.5 percent below the base value.
These results indicate that, although the value of the recession
index may be quite variable—as was the case for the Paw-
catuck River Basin estimates—the user should not spend an
inordinate amount of time attempting to refine the estimates of
the recession index calculated with the RECESS program.

Water Budgets for the Example Basin

Water budgets are an important tool for evaluating and
managing the availability and sustainability of water supplies
for a particular basin (Healy and others, 2007). As demon-
strated in previous sections of the report, the GW Toolbox
provides methods to quantify several components of a basin-
wide water budget, such as base flow, runoff, and groundwater
recharge. This section illustrates how the GW Toolbox can be
used to quantify several additional water-budget components
for a basin, and then demonstrates how these individual water-
budget components can be used to determine an estimate of
basinwide, long-term average water budgets. The approach
taken here is similar in several ways to that described by
Rutledge and Mesko (1996) for water budgets determined
for basins in the Appalachian Valley and Ridge, Blue Ridge,
and Piedmont Physiographic Provinces. These methods are
demonstrated here for the Pawcatuck River Basin at the Wood
River Junction streamgage for the 30-year period from 1971
through 2000. A summary of the methods used to estimate
each water-budget component, as well as the values estimated,
is provided in table 1.

A water budget accounts for all of the inflows, outflows,
and changes in storage of water throughout a basin. For the
Pawcatuck River Basin, components of the water budget that
may need to be quantified are precipitation, streamflow into
and out of the basin, groundwater underflow into and out of
the basin, water-use transfers into and out of the basin, evapo-
transpiration, and changes in water storage throughout the
basin. The water-budget equation is written as

wu,

P

SF.GW, WU, (SFO GW,
+—t—Ly—L= + +

+ET |+AS, (3)
A A A
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Figure 13. The "USGS RORA” dialog box to estimate
groundwater recharge by use of the RORA program in
the Groundwater Toolbox.

where
P isthe average annual rate of precipitation
(length over time),

SF.and SF, are the average annual rates of streamflow
into and out of the basin (cubic length over
time), respectively,

A is the drainage area of the basin (square
length),

GW,and GW,  are the average annual rates of groundwater
underflow into and out of the basin (cubic
length over time), respectively,

WU,and WU, are the average annual rates of water transfers

into and out of the basin (cubic length over
time), respectively,

ET  isthe average annual rate of
evapotranspiration from the basin (length
over time), and

A4S s the total storage change in the basin (length
over time).

Equation 3 is a modified version of water-balance equa-
tions presented by Healy and others (2007) and Sanford and
others (2012), and reflects the authors’ conceptual model of
the important components of the hydrologic system at the
scale of the watershed (100 mi®) over the 30-year analysis
period. The terms on the left side of the equation are the flows
into the basin, whereas those on the right are the flows out of
the basin (in parentheses) and the change in water storage in
the basin. It should be acknowledged that there are inherent
uncertainties in the estimates of each water-budget term that
reflect the accuracy by which each term can be estimated from
the methods available in the GW Toolbox. These uncertainties
have not been quantified, but should be recognized as being
present. Thus, the right- and left-hand sides of equation 3

must be balanced by an error term, which is not shown but is
implicit in the equation.

Several of the terms in equation 3 are either known to
equal zero or can be assumed to equal zero for the example of
the Pawcatuck River Basin. First, there is no streamflow into
the basin, so that SF’ is zero. Second, although it is known that
there are small amounts of groundwater flow into and out of
the basin (Bent and others, 2011), it is assumed that the sur-
face-water and groundwater drainage areas to the streamgage
are the same, so that the two groundwater-underflow terms,
GW, and GW , are zero. Third, Bent and others (2011) indicate
that there are relatively few internal withdrawals from either
the groundwater or surface-water systems within the basin or
interbasin transfers to or from adjacent basins; therefore, the
two water-use transfer terms into and out of the basin, WU,
and WU, can be assumed to be zero. Finally, it is assumed that
during the 30-year period of analysis, the net change in water
storage within the basin is zero (45 = 0). This assumption is
based on visual inspection of four groundwater-level records
from observation wells within the Pawcatuck-Wood Basin that
span the period of analysis (wells RIE-WEW 522, RI-CHW
18, RI-SNW 6, and RI-SNW 515). These records indicate no
long-term upward or downward trends in groundwater levels
Therefore, equation 3 can be simplified to

)
P:S"+ET. 4)
A

In this report, the units of measurement are inches per year
for precipitation and evapotranspiration, cubic feet per second
for streamflow, and square miles for drainage area. Appro-
priate conversion factors are used to convert each of these
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units to a single, consistent unit of inches per year for all
water-budget terms.

Average annual rates of precipitation and streamflow for
the 30-year period were shown previously to equal 51.8 and
27.7 in., respectively. Therefore, equation 4 can be used to
estimate the average annual rate of evapotranspiration from
the basin (24.1 in/yr), which, because it is the difference
between observed precipitation and streamflow, is taken to
be the actual rate of evapotranspiration from the basin. This
rate differs from a potential rate of evapotranspiration, which

Table 1.
through 2000.

is the rate that would occur if there was a nonlimiting supply
of water. Although the GW Toolbox provides computed rates
of potential evapotranspiration for many weather stations

(the PEVT dataset described previously), these data are not
useful for the water-budget analysis. The calculated rate of
actual evapotranspiration is 46.5 percent of the average annual
precipitation rate (that is, £7/P), which is very close to the
value of 44.5 percent calculated by Sanford and Selnick (2012,
supplemental data table S1) for the entire 295 mi® Pawcatuck
River Basin for the same period.

Water-budget components estimated for the Pawcatuck River Basin at Wood River Junction, Rhode Island from 1971

[All water-budget components are given in inches over the 100-square-mile drainage basin. NOAA, National Oceanic and Atmospheric Administra-
tion; NCDC, National Climatic Data Center; USGS, U.S. Geological Survey; NWIS, National Water Information System; GW, groundwater; PRCP,

precipitation dataset]

Water-budget

Method of analysis

Value (inches)

component
Precipitation NOAA NCDC precipitation data retrieved with the GW Toolbox (PRCP dataset) 51.8
Streamflow USGS NWIS streamflow data retrieved with the GW Toolbox 27.7
Base flow Average of the six hydrograph-separation methods provided with the GW Toolbox 22.8
Runoff Streamflow minus base flow 4.9
Recharge RORA method provided with the GW Toolbox 26.6
Evapotranspiration, ~ Method 1: Precipitation minus streamflow 24.1
total
Method 2: From regression model developed by Sanford and Selnick (2012) and NOAA NCDC 26.0
data retrieved with the GW Toolbox
Evapotranspiration, = Recharge minus base flow 3.8
groundwater
Evapotranspiration,  Total evapotranspiration (method 1) minus evapotranspiration from the groundwater system 20.3

near surface
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In some cases it is not possible to use equation 4 to
estimate actual E7, and other approaches are needed. Sanford
and Selnick (2012) developed a regression model to estimate
actual ET throughout the conterminous United States on the
basis of climate and land-cover data. Although the estimates
of ET are improved with the land-cover information, results
of the Sanford and Selnick (2012) study indicate that climate
variables—specifically, precipitation and temperature—are the
most influential in determining E7. Because the precipitation
and temperature data that are needed for the model are avail-
able with the GW Toolbox, use of the model is demonstrated
here for the Pawcatuck River Basin.

The regression model is expressed as the ratio of E7 to P
in the following general form:

E:A( A j )
A+T1

The Greek letters reflect different nondimensional parameters:
A for land cover, 7 for temperature, 4 for the mean diurnal
temperature range, and /7 for precipitation. Variable A is set
equal to 1 when only climate data are used in the model. The
three other variables (z, 4, and /7) are defined by mathemati-
cal equations given in Sanford and Selnick (2012, table 1).

In practice, the temperature and precipitation variables that
are needed for the regression model and available with the
GW Toolbox are: ATEM for mean annual daily temperature
(variable 7 in Sanford and Selnick, 2012, in degrees Celsius),
TMAX and TMIN for mean annual maximum and minimum
daily temperature (variables 7 and T, in degrees Celsius),
respectively; and PRCP for mean annual precipitation [vari-
able P, in centimeters, (cm)]. The values of these variables for
the Kingston weather station for the period from 1971 through
2000 were shown previously to be: 7 = 49.59 °F (9.77 °C), T,
=60.73 ° (15.96 °C), T = 39.38 °F (4.10 °C), and P = 51.82
in. (131.62 cm). The ratio £7/P is then found from the equa-
tions presented in Sanford and Selnick (2012) to be 0.502; or,
evapotranspiration was 50.2 percent of precipitation during the
period from 1971 through 2000. Multiplication of E7/P by the
estimate of P (51.82 in.) results in an estimated value of ET of
26.0 in. for the period from 1971 through 2000. For compari-
son, Sanford and Selnick (2012, supplemental data table S1)
estimated a value of E7/P of 48.6 percent for the entire Pawca-
tuck River Basin for the same period.

Three additional water-balance equations can be written
for streamflow, groundwater recharge, and evapotranspiration
from the water-budget components estimated previously. The
first is for streamflow out of the basin:

SF, _BF RO, ©
A A A

where
BF s the average annual rate of base flow
(groundwater discharge) out of the basin

(cubic length over time) and

RO is the average annual rate of surface runoff to
the stream (cubic length over time).

Using the mean average annual values estimated by the six

hydrograph-separation methods presented earlier, base flow

and surface runoff from the drainage area for the period from

1971 through 2000 are 22.8 and 4.9 in/yr, respectively.

The second equation is for the average annual rate of
recharge to the water table (R, in/yr). Following the approach
suggested by Rutledge (1998, p. 39), it is assumed that the
recharged water either discharges to the stream network as
base flow or is lost by evapotranspiration from the groundwa-
ter system where the water table is close to land surface, such
as in riparian zones:

BF
R= —+ ET, > (7
where
ET o is the average annual rate of

evapotranspiration directly from the
groundwater system, and represents an
average rate distributed across the entire
area of the basin (length over time).
Because the rates of recharge (26.6 in/yr) and base flow
(22.8 in/yr) have been estimated from the hydrograph analy-
ses, ET | for the 30-year period is calculated from equation
7 to be 3.8 in/yr. This value is approximately 0.8 to 1.8 in.
greater than those reported for the Pawcatuck River Basin by
Barlow (1997) and Barlow and Dickerman (2001), most likely
because the value reported here is based on six methods used
to estimate base flow, whereas only the PART method was
used in the analyses by Barlow (1997) and Barlow and Dick-
erman (2001). If only the result of the PART method is used
(24.9 in/yr), a value of E T, equal to 1.8 in/yr is calculated,
which is within the range reported by the previous studies.
Finally, the rate of actual evapotranspiration within
the basin can be broken down into two components, that
from the groundwater system (£ TW) and the remainder from
evapotranspiration near land surface and from open bodies of
water (ET):

ET=ET, + ET, ; ®)

where
ET is the average annual rate of
evapotranspiration near land surface,
including open bodies of water (length
over time).
Because rates of ET (24.1 in/yr) and ET o (3.8 in/yr) have
been estimated previously, E7is found from equation 8 to be

20.3 in/yr for the 30-year period.



Summary

The primary purpose of this report is to provide a set of
instructions that will allow users of the Groundwater (GW)
Toolbox to quickly develop skills to use the mapping, data-
retrieval, data-inspection, and hydrograph-analysis methods to
estimate base flow, surface runoff, and groundwater recharge
for a basin. The report describes six hydrograph-separation
methods used to determine the groundwater-discharge (base-
flow) and surface-runoff components of streamflow—the
Base-Flow Index (BFI; Standard and Modified), HYSEP
(Fixed Interval, Sliding Interval, and Local Minimum), and
PART methods—and the RORA recession-curve displace-
ment method and associated RECESS method to estimate
groundwater recharge from streamflow data. The GW Toolbox
provides graphing, mapping, and analysis capabilities using a
geographic information system driver within a Microsoft Win-
dows environment. The GW Toolbox contains several prepro-
cessed GIS data layers, meteorological data from the National
Oceanic and Atmospheric Administration National Climatic
Data Center, and automated tools to retrieve time-series data
from NWIS.

Each of the hydrograph-analysis methods is based on
a number of simplifying assumptions that limit their appli-
cability. The methods should be applied to the analysis of
streamflow hydrographs that reflect contributions from two
sources: surface runoff in response to a precipitation event and
groundwater discharge from a single aquifer. The methods are
intended for application to basins dominated by diffuse areal
groundwater recharge uniformly distributed over a basin, as
opposed to focused groundwater recharge such as occurs from
losing stream reaches. All groundwater recharge within the
basin discharges to the receiving stream network except that
amount that is evapotranspired directly from the groundwater
system (sometimes referred to as riparian evapotranspira-
tion). These hydrograph-separation methods are based on the
assumption that groundwater discharge to streams is a continu-
ous process, whereas the recession-curve displacement method
is based on the assumption of episodic recharge in response
to storms. Figure | in the report provides guidance on the
appropriateness of hydrograph-analysis methods provided
with the GW Toolbox for application to a particular basin.
Users should understand the hydrologic conditions in a basin
to confirm the quantitative results of the hydrograph-analysis
methods. Execution of multiple hydrograph-analysis methods
simultaneously helps the user to frame the range of base flow
and recharge estimates.

The methods provided with this version of the GW
Toolbox are demonstrated with streamflow data collected at
the Pawcatuck River at Wood River Junction, Rhode Island,
streamgage. Using the data-retrieval and data-analysis tools
within the GW Toolbox, the report provides a tutorial of the
steps necessary to estimate many of the components of the
water budget for a hydrologic basin, including precipitation;
streamflow; base flow; runoff; groundwater recharge; and
total, groundwater, and near-surface evapotranspiration.
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