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Abstract

Groundwater/surface-water (GW/SW) exchange and hyporheic processes are topics receiving increasing
attention from the hydrologic community. Hydraulic, chemical, temperature, geophysical, and remote sensing
methods are used to achieve various goals (e.g., inference of GW/SW exchange, mapping of bed materials, etc.),
but the application of these methods is constrained by site conditions such as water depth, specific conductance,
bed material, and other factors. Researchers and environmental professionals working on GW/SW problems come
from diverse fields and rarely have expertise in all available field methods; hence there is a need for guidance
to design field campaigns and select methods that both contribute to study goals and are likely to work under
site-specific conditions. Here, we present the spreadsheet-based GW/SW-Method Selection Tool (GW/SW-MST)
to help practitioners identify methods for use in GW/SW and hyporheic studies. The GW/SW-MST is a Microsoft
Excel-based decision support tool in which the user selects answers to questions about GW/SW-related study goals
and site parameters and characteristics. Based on user input, the tool indicates which methods from a toolbox of

32 methods could potentially contribute to achieving the specified goals at the site described.
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Introduction

Groundwater/surface-water (GW/SW) exchange and
hyporheic processes are topics of increasing atten-
tion in the hydrologic literature (Hayashi and Rosen-
berry 2002; Rosenberry and Labaugh 2008; Gonzilez-
Pinzén et al. 2015; Harvey 2016; Conant Jr. et al. 2019)
as a consequence of their relevance to diverse issues span-
ning ecology, environmental health, climate change, sus-
tainable development, contaminant transport, and nutrient
cycling. Numerous field methods exist to assess GW/SW
and hyporheic exchange over a range of spatial scales
(i.e., point, reach, or watershed), ranging from quantita-
tive measurements of seepage to qualitative interpretation
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of geophysical measurements (e.g., electrical resistivity)
and temperature mapping (e.g., infrared cameras). Table 1
summarizes methods commonly applied to GW/SW prob-
lems, dividing them according to the general categories of
measurement methodology (i.e., ground-based and water-
borne geophysical temperature, hydraulic, chemical, and
remote sensing methods) and indicating the scale of inves-
tigation (i.e., point, reach, or watershed), and information
provided by the methods. Given the diversity of meth-
ods for GW/SW problems, it is challenging or impos-
sible for researchers and environmental professionals to
develop expertise—or even proficiency—in all of the
methods listed in Table 1. New tools are needed to help
researchers and practitioners select appropriate methods,
challenge preconceived notions, and expand one’s exper-
tise and experience beyond those methods usually applied.
As such, the target audience for the GW/SW-MST is
environmental professionals with at least a cursory or
undergraduate introductory level exposure to these meth-
ods. Therefore, the GW/SW-MST points this potential
novice user to the appropriate tool(s) for their particu-
lar circumstances while providing descriptions of each
method and citations for further education. The GW/SW-
MST does not usurp the expert; rather it guides users
to relevant resources (Kalbus et al. 2006; Rosenberry
and LaBaugh 2008). The GW/SW-MST focuses on estab-
lished and commonly used methods.

Selection of a method or combinations of methods
must be based on site characteristics as well as study
goals. Site conditions and project goals dictate, respec-
tively, which methods or combination of methods will
be feasible and help answer the salient project questions.
Here, we present a spreadsheet-based GW/SW-Method
Selection Tool (GW/SW-MST) to help practitioners iden-
tify methods for use in GW/SW and hyporheic studies.

Background

Field methods for GW/SW studies (Table 1) span
ground-based and waterborne geophysics, temperature,
hydraulic, chemical, and remote sensing measurements;
these methods provide insight into properties and pro-
cesses from the point scale to the watershed scale. Meth-
ods can provide quantitative assessments, i.e., numerical
values, as in the case of vertical flux as measured by seep-
age meters (Duque et al. 2020; Rosenberry et al. 2020),
or hydraulic conductivity as measured by slug tests (But-
ler 2019). In other cases, methods produce data that are
indirectly related to hydrologic properties or processes
of interest (Hyndman et al. 2007). Some methods are
semi-quantitative, as in the case of fiber-optic distributed
temperature sensing and thermal imaging; these produce
quantitative measurements of temperature, which are then
interpreted qualitatively for zones of focused groundwater
discharge (e.g., Slater et al. 2010; Hare et al. 2015).

The potential of a given method, or combination
of methods, to solve a particular problem depends on
the information provided by the method as well as
site conditions that may limit or preclude the use of
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the method at that site. The geology of a site may
impose constraints on which methods can be used,
for example, many point-scale methods (e.g., seepage
meters, permeameters, piezometers) may be difficult or
impossible to install in heavily armored beds. Seasonal
and geographic constraints may also be important, for
example, many temperature-based methods require a
substantial contrast between GW and SW temperatures.
To borrow a concept from the medical field, factors
indicating the likely failure of a particular method can be
thought of as “contraindications.” In medicine, application
of a particular medicine is contraindicated (precluded)
by a particular patient’s characteristics. Here, constraints
arise from the physical properties of pore fluids in the
bed, e.g., ground penetrating radar signals are attenuated
by electrically conductive saline fluids. Rules to reject
methods based on such contraindications are coded in the
GW/SW-MST.

In some cases, study goals may require a combination
of methods. For example, the vertical hydraulic conductiv-
ity of a streambed may be determined by combining mea-
surements of vertical flux (e.g., from seepage meters or
vertical temperature profiles) and head gradient (e.g., from
piezometers screened at different depths). Such synergy
resulting from various combinations of methods is coded
in the GW/SW-MST, with spreadsheet output indicating
combinations of methods in qualifier comments. Such syn-
ergies are also documented in the Appendix worksheets
for different methods and different study goals, accessed
by hyperlink from the various GW/SW-MST worksheets.

The GW/SW-MST is intended to help focus users on
methods likely to support their goals at a particular site;
however, the tool is necessarily simple and is not a substi-
tute for careful literature review or guidance from subject
matter experts. For additional background, we refer the
reader to review papers and texts on temperature methods
(e.g., Anderson 2005; Constantz 2008; Koch et al. 2016;
Domanski et al. 2020), hydraulic methods (e.g., Rosen-
berry et al. 2016), geophysical methods (McLachlan
et al. 2017), chemical tracer methods (Harvey and Wag-
ner 2000; Gonzédlez-Pinzén et al. 2015), remote sensing
methods (Vélez-Nicolds et al. 2021), and general GW/SW
approaches (Harvey 2016; Conant Jr. et al. 2019).

Approach

The GW/SW-MST is a Microsoft Excel-based
method selection tool similar in concept and operation
to the Fractured-Rock Geophysical Toolbox Method
Selection Tool (FRGT-MST) (Day-Lewis et al. 2016),
which, of course, is for fractured-rock problems. Here,
the GW/SW “toolbox,” which comprises 32 methods,
can be applied to one of three possible hydrologic setting
types: (1) stream or river, (2) lake or wetland, and (3)
coastal or estuary; these three settings were chosen as
the most common settings where hydrologic studies have
groundwater/surface-water components. For a particular
hydrologic setting, the user answers a series of questions
organized in two separate lists, one for project site
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Summary of Methods Commonly Applied to GW/SW Problems in Streams

Table 1

Method

Information Provided

Scale

Ground-based geophysical methods

FDEM —electromagnetic induction
(frequency domain)

TDEM —electromagnetic induction (time
domain)

Direct current (DC) electrical resistivity (ER)

IP—induced polarization (time domain)
SIP—spectral induced polarization
SP—self or spontaneous potential
GPR—ground penetrating radar

Seismic refraction

Waterborne geophysical methods

FDEM (floating)—electromagnetic induction
(frequency domain)

TDEM (floating)—electromagnetic induction
(time domain)

GPR (floating)—ground penetrating radar

CRP—continuous resistivity profiling

IP—induced polarization (time domain)
SIP—spectral induced polarization
SP—self or spontaneous potential
CSP—continuous seismic profiling

Temperature methods
Paired air and water temperature logging

Vertical bed temperature profiling

Spatial bed temperature mapping

FODTS—fiber optic distributed temperature
sensing

Hydraulic methods
Seepage meters

Differential gaging/seepage runs
Darcy fluxes

Physical hydrograph separation
Chemical hydrograph separation
Chemical methods

Injected tracer tests
Environmental tracers
Groundwater interface tracer tests

Remote sensing methods
Thermal imaging

Visible light imaging
Multi- and hyperspectral imaging
LiDAR

Bed material and structure; bed pore-fluid
salinity/TDS variations

Bed material and structure; bed pore-fluid
salinity/TDS variations

Bed material and structure; bed pore-fluid
salinity/TDS variations; conductive
contaminant or tracer monitoring

Characterization of subsurface geology

Bed material and structure

GW/SW exchange

Bed material and structure; bed pore-fluid
salinity/TDS or gas-content variations

Depth to bedrock, geologic layers

Bed material and structure; bed pore-fluid
salinity/TDS variations

Bed material and structure; bed pore-fluid
salinity/TDS variations

Bed material and structure; bed pore-fluid
salinity/TDS or gas-content variations

Bed material and structure; bed pore-fluid
salinity/TDS variations

Characterization of subsurface geology

Bed material and structure

GW/SW exchange

Bed material and structure; gas-content
variations

Characterization of deep vs. shallow
groundwater discharge zones

Specific discharge through the bed

Maps of areas of focused exchange

Profiles or maps of bed or water column
temperature; zones of enhanced discharge;
possible groundwater discharge

Vertical flux through bed; K if head gradient is

known
Net loss/gain in flow for a stream reach
Specific discharge through the bed
Estimate of baseflow
Estimate of baseflow

Transport properties; groundwater discharge

Groundwater discharge; groundwater age

Longitudinal profiles of water column
temperature; Zones of enhanced discharge;
possible groundwater discharge

Surface temperatures; zones of enhanced
discharge or bank seepage

Mapping hydrologic features and vegetation

Mapping vegetative stress

Topography and bathymetry

Point to watershed
Point to watershed
Point to reach
Point to reach
Reach

Reach to watershed
Reach to watershed
Reach to watershed
Reach to watershed
Reach to watershed
Reach to watershed
Reach to watershed
Reach to watershed
Reach

Reach to watershed
Reach to watershed
Point

Point

Point to reach
Point to watershed

Point

Reach to watershed
Point

Reach to watershed
Reach to watershed

Reach
Point to watershed
Point to reach

Reach to watershed

Reach to watershed
Reach to watershed
Reach to watershed
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parameters/characteristics and one for goals. The user
answers the questions/statements for the project site
parameters/characteristics and goals and based on the
answers selected, the matrix “table” is populated with
indicators for which methods support specified goals
and are likely feasible at the site described. Due to
the unique hydrologic conditions associated with the
different surface water settings, the worksheets for the
three settings differ slightly in terms of goal statements
and project site parameters. Most goals and project site
condition questions are common to all three settings,
but the questions reflect important differences between
settings in terms of flow conditions, salinity changes, and
the frequency and nature of water-level changes (Winter
et al. 1998).

In worksheets corresponding to each of the three
hydrologic settings, logic formulas and conditional for-
matting are used to identify (1) methods that could poten-
tially address goals (e.g., mapping bank seepage), and (2)
methods rendered infeasible given user-specified site char-
acteristics (e.g., seepage meter installation is problematic
in armored beds). Generation of results for each surface
water scenario setting matrix worksheet is outlined in 5
steps:

e Step I: Select answers to questions about project goals.
Logic function formulas and conditional formatting in
applicable matrix table cells will determine if the matrix
table cells under the “Method Contributes to Goal”
section for a particular method is populated with a green
checkmark (). The green checkmark () indicates the
method contributes to a specific project goal. A cell that
is highlighted in yellow indicates that there is a qualifier
comment for using that method under certain conditions
or with certain precautions for that specific project goal.

e Step Ib: Based on answers to the questions about
project goals, a statistical formula and conditional
formatting will determine if a worksheet cell under
the “Appropriate for Goals” section for a particular
method is populated with either a black filled-in circle
(® or an open circle (0). A black filled-in circle
indicates the method is “Likely Appropriate/Effective”
and an open circle indicates the method is “Not Likely
Appropriate/Effective” for the project goals.

e Step 2: Select answers to questions about project
site parameters/conditions. Logic function formulas and
conditional formatting in applicable matrix table cells
will determine if the matrix table cells under the
“Method Made Infeasible by Site Parameter” section
for a particular method is populated with a red mark
(x). The red mark (x) indicates the method is made
infeasible by site-specific parameters/conditions. If no
symbol is displayed for a cell, then the method is
suitable for use at the project site. A cell that is
highlighted in yellow indicates that there is a qualifier
comment for using that method under certain conditions
or with certain precautions for that specific project site-
specific parameter/condition.
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e Step 2b: Based on answers to the questions about
project site parameters/conditions, a statistical formula
and conditional formatting will determine if a worksheet
cell under the “Effectiveness at Site” section for a
particular method is populated with either a black filled-
in circle (@) indicating “Likely Appropriate/Effective”
for the project site parameters/conditions or an open
circle (0) indicating “Not Likely Appropriate/Effective”
for the project site parameters/conditions.

e Step 3: Based on the results for the “Appropriate for
Goals” and “Effectiveness at Site” sections, a statistical
formula and conditional formatting will determine if a
worksheet cell under the overall “Suitable” section for
a particular method is populated with either a green
checkmark () indicating the method is “Potentially
Suitable” overall for the project or an red mark (x)
indicating the method is “Not Likely Suitable” overall
for the project.

Note that overall method suitability is determined by
a combination of whether a method is appropriate for
goals and whether a method will be effective at a site.
If a method contributes to goals but is made infeasible
by site parameters, then the method is not likely to be
suitable for the project.

The logic function formula used in the matrix table
cells consists of the Excel IF function or a variation of it.
This function allows one to make a logical comparison
between two results with the first comparison result
being True and the second comparison result being False.
For example, =IF(Agoal = “Yes”,1,—1) evaluates if the
answer to Goal A is yes, then return a 1 (i.e., True because
the answer to Goal A was Yes), otherwise return a —1 (i.e.,
False because the answer to Goal A was No). Therefore,
based on the answer selected to a specific question or
statement, a numeric value of either 1 or —1 is assigned
to the applicable matrix table cell by the resident logic
function formula.

Conditional formatting rules are also assigned to the
same matrix table cells that, based on their numeric value,
will display a visual graphic to indicate whether a specific
field data collection method either contributes to accom-
plishing that specific project goal or is made infeasible for
use due to a specific project site parameter/characteristic.
In some cases, an additional conditional formatting rule
is also applied to matrix table cells changing the cell
color to yellow as an indicator that a qualifier comment is
present for that method. For example, if one of the goals
is to estimate the hydraulic conductivity of a stream’s bed
material the GW/SW-MST will indicate that the Vertical
Bed Temperature Profiling, Seepage Meters, and Darcy
Fluxes methods are applicable, with the qualifying com-
ment that piezometers are also needed for this goal. These
method-qualifier comments only appear when the applica-
ble GW/SW-MST logic and conditional formatting rules
have been triggered based on answers to the applicable
question/statement. The user can view the logic as coded
in the spreadsheet by simply clicking on cells and viewing
the formulas. An example of the method selection logic
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EXAMPLE METHOD SELECTION LOGIC

CSP -

Continuous
Seismic Profiling

Goal Question:
Map geologic structure and
other geologic attributes? Yes

Project Site Question:
What is average depth of
surface water in the area of
data collection (m)? >3m

Project Site Question:
Is the ground/bed
armored or difficult to
disturb? Yes

4

L4

4

[ Method Contributes to Goal? ]

[ Method Made Infeasible

by Site Parameter? ]

( =IF(Bgoal="Yes",1,-1) |

Since answer is Yes, then
cell value=1
Since cell value =1, then
conditional formatting symbol is

v

( =IF(Depthsw="<=1m",-1,1) ||

=IF(Armor="Yes",-1,1) ]

Since answer is >3m, then
cell value=1
Since cell value = 1, then no
conditional formatting symbol is
displayed since the method is
suitable for use at the project site

Since answer is Yes, then
cell value = -1
Since cell value =-1, then
conditional formatting symbol is

X

Method Appropriate
for Goals?

Likely Appropriate/Effective

Not Likely Appropriate/Effective

Method Effective at
Site?

® Likely Appropriate/Effective

O |not Likely Appropriate/Effective

=IF(MAX(125:V25)>=1,1,-1) ]

([ =minw2s:aq2s) )

® 0@

Likely Appropriate/Effective

O  Not Likely Appropriate/Effective

Method
Suitable?

./ |Potentially Suitable
X

Not Likely Suitable

3¢ Not Likely Suitable

Note: Method suitability is determined by a combination of whether a method is appropriate for goals and whether a method will be
effective at a site. If a method contributes to goals (i.e., likely appropriate/effective) but made infeasible by site parameters (i.e., not

likely appropriate/effective) then the method is not likely to be suitable to be used for the project.

Figure 1. GW/SW-MST example method selection logic diagram.

with conditional formatting used in the GW/SW-MST is
shown below in Figure 1.

Overall, the GW/SW-MST comprises nine types of
worksheets: (1) introduction worksheet; (2) directions
for using worksheet; (3) selecting the hydrologic setting
worksheet; (4) index worksheet; (5) three separate matrix
table worksheets for each of the three hydrologic settings;
(6) methods technical references list worksheet; (7)
geophysical resistivity/conductivity values worksheet; (8)
separate worksheets for information slides for each of the
32 field data collection methods; and (9) separate methods
qualifiers worksheets for each of the three hydrologic
settings. Throughout these worksheets, hyperlinks are
used to facilitate navigation. To simplify development
of the GW/SW-MST, no Visual Basic for Applications
(VBA) code or macros are used, thus minimizing potential
security and installation issues.

Example

As distributed, the GW/SW-MST spreadsheet is
populated with inputs describing a U.S. Geological Survey
(USGS) study area on the Quashnet River, in Falmouth,
Massachusetts, USA (Figure 2). The use of the Quashnet
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River provided a test for the logic that is coded in the
spreadsheet. The coastal Quashnet River on Cape Cod has
been the site of GW/SW exchange research for decades,
in part due to its importance as a cold water brook trout
habitat and fishery (Barlow and Hess 1993). The stream
drains a glacial sand and gravel aquifer, but is underlain
by discontinuous peat lenses, with persistent channel
modifications from previous cranberry farming operations
that create a complicated template of connectivity between
the stream and aquifer (Briggs et al. 2018a). The average
baseflow index determined near the outlet to Waquoit Bay
(USGS gage 011058837; USGS 2021) is approximately
95%, indicating the dominance of groundwater discharge
processes along this coastal stream (Briggs et al. 2020).
The USGS and others have recently used the Quash-
net River as a natural laboratory for the advancement of
several active and passive heat-based GW/SW exchange-
related methods (Briggs et al. 2016, Briggs et al. 2014;
Briggs et al. 2018b; Hare et al. 2015; Irvine et al. 2017;
Koch et al. 2016; Rosenberry et al. 2016). These methods
and others that are listed in the GW/SW-MST have helped
support process-based research related to brook trout
spawning habitat (Briggs et al. 2018a) and transport of
emerging contaminants such as PFAS from groundwater

NGWA.org
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hod

isp jally suitabl )

Indicates method is likely appropriate/effective

Return to Select Scenario Setting ¢ |indi

X

hod

is not likely suitabl () |Indicates method is not likely appropriate/effective

Appropriate

e for Goals

| Suitable

Effectiveness at|Method contributes to goal:

Site A B C D E F

(o]
T
-
=

Ground-based Geophysical Methods

FDEM - Electromagnetic Induction (Frequency Domain
TDEM - Electromagnetic Induction (Time Domain)
Direct Current (DC) Electrical Resistivity (ER)

IP - Induced Polarization (Time Domain

SIP - Spectral Induced Polarization

SP - Self- or Spontaneous- Potential

GPR - Ground Penetrating Radar
Seismic Refraction

AR B
AR B

{
{
<

Waterborne Geophysical Methods

FDEM (Floating) - Electromagnetic Induction (Frequency Domain
TDEM (Floating) - Electromagnetic Induction (Time Domain

GPR (Floating) - Ground Penetrating Radar

CRP - Continuous Resistivity Profiling

IP - Induced Polarization (Time Domain

SIP - Spectral Induced Polarization

SP - Self- or Spontaneous- Potential

CSP - Continuous Seismic Profiling

AR RS
AR

{
K KRR R K&Kk«

Temperature Methods

Paired Air and Water Temperature Logging

Vertical Bed Temperature Profiling

Spatial Bed Temperature Mapping

FODTS - Fiber Optic Distributed Temperature Sensing

AR RS
{
A
{
A

A

Hydraulic Methods

Seepage Meters

Differential Stream Gaging/Seepage Runs
Darcy Fluxes

Physical Hydrograph Separation
Chemical Hydrograph Separation

R RRKS

A

Chemical Tests

Injected Tracer Tests
Environmental Tracer Tests

Groundwater Interface Tracer Tests

L& R

A
<
<

Remote Sensing Methods

Thermal Imaging

Visible Light Imaging

Multi- and Hyperspectral Imaging
LiDAR

QR KRR R R RAXXKRKK]| [RRRKRKKR

& & RS

A

0000 000 00000 0000 OO00OC00OGO 0000OOCGOO

AR RS
AR Y

Figure 2. Screen capture of the GW/SW-MST spreadsheet tool with partial example output of the Stream or River GW-SW
Matrix worksheet based on the Quashnet River, in Falmouth, Cape Cod, MA. Available at https://doi.org/10.5066/P9YFJALF

(Hammett et al. 2022).

to surface water (Briggs et al. 2020). However, impor-
tant questions remain regarding the expected resiliency of
cold-water habitat as the climate warms, the impact of ris-
ing sea levels on groundwater discharge along the stream,
and contaminant transport from numerous upstream point
sources. For the purposes of demonstration, we have
assumed a range of possible goals for future GW/SW work
along the Quashnet River and report the GW/SW-MST
results in Figure 2.

Given the many goals for the Quashnet site, the
GW/SW-MST identifies all methods as potentially con-
tributing, but with many only being relevant to specific
study goals, which is key information when conduct-
ing complex GW/SW process evaluations with multiple
study objectives. To support the results of the GW/SW-
MST, most of these methods have already been employed

NGWA.org

S.

by the USGS in previous studies at the site with the
exception of the hydraulic and chemical tracer meth-
ods. The use of hydraulic and chemical tracer methods
at the Quashnet River represents an opportunity to gain
additional insight on the GW/SW exchange mechanisms at
the site.

Usage Recommendations

Understanding how the GW/SW-MST operates is
essential to knowing how to effectively use it. Users
should thoroughly familiarize themselves with the content,
structure, and functionality of the tool. The GW/SW-
MST includes a diverse toolbox of methods that vary in
complexity—both to learn and to use. As indicated in the
spreadsheet appendices, some methods require specialized
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equipment and training to perform and/or analyze results.
As indicated previously, the GW/SW-MST serves as a
starting point to help the user identify methods on the
front end of research and site characterization planning.
Communication with and guidance from subject matter
experts in these methods and on planning a GW/SW
interaction investigation will be critical to a successful
field campaign.

The target audience envisioned for the GW/SW-MST
is the working technical professional with varied expe-
rience in performing studies of the interaction between
groundwater and surface water. By using the GW/SW-
MST tool in consultation with, and mentoring by,
experienced professionals, less experienced researchers
and environmental professionals will be able to acquire
and develop the necessary proficiency and knowledge
in these methods. Furthermore, the GW/SW-MST can
facilitate regulators and managers in identifying poten-
tial strategies to advance the state of the practice in
groundwater/surface-water interaction investigations.

Limitations

The GW/SW-MST is intended to help focus users on
methods likely to support their goals at a particular site;
however, the tool is necessarily simple and is not a sub-
stitute for careful literature review or guidance from sub-
ject matter experts. Although the GW/SW-MST indicates
multiple methods for consideration, it does not explic-
itly recommend sets of complementary methods; however,
a combination of methods is commonly advantageous to
achieve study goals.

The results of the GW/SW-MST are not the official
recommendations of the USGS or EPA. The USGS and
EPA provide no warranty, expressed or implied, as to the
correctness of the furnished software or the suitability for
any purpose. The software has been tested, but as with
any software, there could be undetected errors. Users who
find errors are asked to report them to the corresponding
author.
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