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Conversion Factors

Multiply By To obtain
Length
centimeter (cm) 0.3937 inch (in.)
meter (m) 3.281 foot (ft)
kilometer (km) 0.6214 mile (mi)
Area
square kilometer (km?) 247.1 acre
square kilometer (km?) 0.3861 square mile (mi?)
Precipitation and flow rate
centimeter per year (cm/yr) 0.3937 inch per year (in/yr)
inch per year (in/yr) 2.54 centimeter per year (cm/yr)
Hydraulic conductivity
meter per day (m/d) 3.281 foot per day (ft/d)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:
°F=(1.8x°C)+32
Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:
°C=(°F-32)/1.8

Vertical coordinate information is referenced to the National Geodetic Vertical Datum of 1929
(NGVD 29).

The terms “altitude” and “elevation,” as used in this report, refer to distance above the vertical
datum.
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Abstract

Although groundwater and surface water are considered
a single resource, historically hydrologic simulations have not
accounted for feedback loops between the groundwater system
and other hydrologic processes. These feedbacks include tim-
ing and rates of evapotranspiration, surface runoff, soil-zone
flow, and interactions with the groundwater system. Simula-
tions that iteratively couple the surface-water and groundwater
systems, however, are characterized by long run times and
calibration challenges. In this study, calibrated, uncoupled
transient surface-water and steady-state groundwater models
were used to construct one coupled transient groundwater/sur-
face-water model for the Trout Lake Watershed in north-cen-
tral Wisconsin, USA. The computer code GSFLOW (Ground-
water/Surface-water FLOW) was used to simulate the coupled
hydrologic system; a surface-water model represented hydro-
logic processes in the atmosphere, at land surface, and within
the soil-zone, and a groundwater-flow model represented the
unsaturated zone, saturated zone, stream, and lake budgets.
The coupled GSFLOW model was calibrated by using heads,
streamflows, lake levels, actual evapotranspiration rates,
solar radiation, and snowpack measurements collected during
water years 1998-2007; calibration was performed by using
advanced features present in the PEST parameter estimation
software suite.

Simulated streamflows from the calibrated GSFLOW
model and other basin characteristics were used as input to
the one-dimensional SNTEMP (Stream-Network TEMPera-
ture) model to simulate daily stream temperature in selected
tributaries in the watershed. The temperature model was cali-
brated to high-resolution stream temperature time-series data
measured in 2002. The calibrated GSFLOW and SNTEMP
models were then used to simulate effects of potential climate
change for the period extending to the year 2100. An ensemble
of climate models and emission scenarios was evaluated.
Downscaled climate drivers for the period 2010-2100 showed
increases in maximum and minimum temperature over the
scenario period. Scenarios of future precipitation did not
show a monotonic trend like temperature. Uncertainty in the

climate drivers increased over time for both temperature and
precipitation.

Separate calibration of the uncoupled groundwater and
surface-water models did not provide a representative initial
parameter set for coupled model calibration. A sequentially
linked calibration, in which the uncoupled models were linked
by means of utility software, provided a starting parameter
set suitable for coupled model calibration. Even with sequen-
tially linked calibration, however, transmissivity of the lower
part of the aquifer required further adjustment during coupled
model calibration to attain reasonable parameter values for
evaporation rates off a small seepage lake (a lake with no
appreciable surface-water outlets) with a long history of study.
The resulting coupled model was well calibrated to most types
of observed time-series data used for calibration. Daily stream
temperatures measured during 2002 were successfully simu-
lated with SNTEMP; the model fit was acceptable for a range
of groundwater inflow rates into the streams.

Forecasts of potential climate change scenarios showed
growing season length increasing by weeks, and both potential
and actual evapotranspiration rates increasing appreciably,
in response to increasing air temperature. Simulated actual
evapotranspiration rates increased less than simulated poten-
tial evapotranspiration rates as a result of water limitation
in the root zone during the summer high-evapotranspiration
period. The hydrologic-system response to climate change was
characterized by a reduction in the importance of the snow-
melt pulse and an increase in the importance of fall and winter
groundwater recharge. The less dynamic hydrologic regime
is likely to result in drier soil conditions in rainfed wetlands
and uplands, in contrast to less drying in groundwater-fed
systems. Seepage lakes showed larger forecast stage declines
related to climate change than did drainage lakes (lakes with
outlet streams). Seepage lakes higher in the watershed (nearer
to groundwater divides) had less groundwater inflow and thus
had larger forecast declines in lake stage; however, ground-
water inflow to seepage lakes in general tended to increase as
a fraction of the lake budgets with lake-stage decline because
inward hydraulic gradients increased. Drainage lakes were
characterized by less simulated stage decline as reductions
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in outlet streamflow offset losses to other water flows. Net
groundwater inflow tended to decrease in drainage lakes over
the scenario period.

Simulated stream temperatures increased appreciably
with climate change. The estimated increase in annual average
temperature ranged from approximately 1 to 2 degrees Celsius
by 2100 in the stream characterized by a high groundwater
inflow rate and 2 to 3 degrees Celsius in the stream with a
lower rate. The climate drivers used for the climate-change
scenarios had appreciable variation between the General
Circulation Model and emission scenario selected; this uncer-
tainty was reflected in hydrologic flow and temperature model
results. Thus, as with all forecasts of this type, the results are
best considered to approximate potential outcomes of climate
change.

Introduction

Although groundwater and surface water are considered
a single resource (for example, Leopold, 1974; Winter and
others 1998), simulations involving this combined resource
commonly do not explicitly couple the two systems. As a
result, it is typical for simulations of the effects of climate
variability on water resources to approximate just one of the
two systems (for example, Zarriello and Ries, 2000; Ely,
20006), even though interaction of one with the other might
be important. For example, a climate-change scenario can be
as simple as applying some percentage reduction in the rate
of steady-state groundwater recharge (for example, Cheng
1994); such a formulation, however, cannot account for either
the inter-annual temporal characteristics of climate change or
the feedback loops between the groundwater system and other
hydrologic processes. Groundwater and surface-water models
can be loosely linked outside of the models (for example, Hunt
and Steuer, 2000; Steuer and Hunt, 2001); but often, only
time-averaged/long-term simulations are tractable, and such
simulations may not include enough inter-annual characteris-
tics and related system dynamics to be useful for many water-
resources questions. More computationally expensive coupled
hydrologic models, on the other hand, can include various
hydrologic feedback pathways and, therefore, can more fully
encompass the processes and related dynamics that may
augment or mitigate the effect of potential future hydrologic
stress. These processes include the timing and rates of evapo-
transpiration, surface runoff, soil-zone flow, and interactions
with the stream network, lakes, and groundwater system.

Coupled models can use a fully integrated approach (for
example, three-dimensional Richards’ equation) but require
a much finer spatial grid and smaller time steps than typi-
cally are used to simulate saturated hydrologic flow systems
(Markstrom and others, 2008). The high computational burden

and data requirements of fully integrated approaches limit
their applicability for simulating watershed-scale flow over
societally relevant time periods (years to tens of years or
more). An efficient alternative to the fully integrated coupled-
model approach is to simulate unsaturated flow, assuming
that the dominant direction of flow within the unsaturated
zone is vertical when averaged over the grid scale typical of a
watershed model (Harter and Hopmans, 2004; Niswonger and
others, 2006 ). By using this type of approximation, equations
can be formulated to simulate flow and storage in the various
regions of the watershed (that is, soil, unsaturated, and satu-
rated zones) with the goal of attaining a compromise between
computational efficiency and process accuracy.

This “coupled-regions” approach was implemented in the
recently released software GSFLOW (Groundwater/Surface-
water FLOW) (Markstrom and others, 2008). GSFLOW is an
integration of the U.S. Geological Survey (USGS) Precipita-
tion-Runoff Modeling System, PRMS (Leavesley and others,
1983; Leavesley and others, 2005), with versions of the USGS
Modular Groundwater Flow Model MODFLOW-2005 (Har-
baugh, 2005) and MODFLOW-NWT (Niswonger and others,
2011). In GSFLOW, separate equations are coupled to simu-
late (1) horizontal and vertical flow above land surface and
through the soil zone, (2) gravity-driven, vertical flow through
the unsaturated zone, and (3) three-dimensional groundwater
flow through the saturated zone. GSFLOW uses physically
based processes and empirical methods with user inputs of air
temperature and snow/rain precipitation to simulate the distri-
bution of precipitation into runoff, evapotranspiration, infiltra-
tion, groundwater flow, and surface-water flow. Because of its
relative computational efficiency, GSFLOW can be applied to
watershed-scale problems ranging from a few square kilome-
ters to several thousand square kilometers and for time periods
that range from months to several decades (Markstrom and
others, 2008).

Decisions regarding the appropriate level of model sim-
plification are facilitated by consideration of the model predic-
tions of interest (Hunt and others, 2007; Simmons and Hunt,
2012). Such predictions often include not only water flows but
also other societal relevant end-members that decision makers
are charged with managing (Hunt and Wilcox, 2003; Hancock
and others, 2009). The objectives for the model described
herein included forecasts of the effects of climate-change
scenarios on streamflow and stream temperature. Therefore,
streamflow results from the coupled GSFLOW model were
linked to an SNTEMP model (Stream-Network TEMPera-
ture; Bartholow, 1991), a steady-state, one-dimensional heat
transport model that predicts daily mean and maximum
temperatures as a function of stream distance and environmen-
tal heat flux. This approach allows propagation of potential
temperature changes in the atmosphere to coldwater streams
and associated fisheries.



Purpose and Scope

This report describes the construction, calibration, and
scenario testing of a GSFLOW coupled groundwater and
surface-water model and SNTEMP model for the Trout Lake
Watershed, north-central Wisconsin (Wis.), USA (fig. 1). The
GSFLOW model simulates atmospheric, surface, and subsur-
face elements of the hydrologic cycle including rainfall, snow-
melt, evapotranspiration, interflow, streamflow, base flow,
and groundwater flow. Coupled groundwater/surface-water
flow output was used to construct the stream-temperature
model. The calibrated hydrologic/stream-temperature models
were then use to simulate potential climate-change effects on
streamflow, lake water budgets, and stream temperature.

The purpose of the study leading up to the report was to
develop a quantitative tool to simulate historic, current, and
potential future, streamflows and stream temperatures in the
Trout Lake Watershed in Vilas County, Wis. (fig. 1). Because
the streamflow and issues related to streamflow are a func-
tion of both groundwater and surface water, the focus is on a
coupled groundwater/surface-water system. The coupled flow
model outputs were linked to an associated stream-temper-
ature model intended to inform questions related to stream
ecology (for example, Hunt and others, 20006).

The report includes: (1) a brief description of construc-
tion and calibration of the coupled groundwater flow and
surface-water flow model, (2) considerations required by cou-
pled modeling as compared to uncoupled simulations, (3) con-
struction and calibration of a stream-temperature model that
uses results from the calibrated coupled groundwater/surface-
water model, and (4) forecasts of stream and lake hydrologic
changes and stream temperature for a set of potential climate
scenarios. Appendixes are included to give a more extensive
presentation of model construction and calibration approaches
(appendixes 1-4), data-collection (appendix 5), and calibration
results (appendix 6). The models were constructed by using
daily or larger time increments; thus, “continuous” or “storm-
mode” simulations of individual storm events were not in the
scope of this work. In addition, because the tool is developed
on the basis of watershed flows and not local hydraulic charac-
teristics at any one location in the watershed, model results are
reported as streamflow (discharge) and not local stream stage
or flood peak.

Site Description and Hydrologic
Setting

The Trout Lake Watershed (fig. 1) is in the Northern
Highlands Lake District and is the site of the North Temper-
ate Lakes Long Term Ecological Research (NTL-LTER)
site (Magnuson and others, 2006) and the U.S. Geological
Survey’s Trout Lake Water, Energy, and Biogeochemical
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Budgets (WEBB) research watershed (Walker and Bullen,
2000). Groundwater-derived base flow in the region accounts
for more than 80 percent of total streamflow (Gebert and oth-
ers, 2011). Streams in the area are immature first- and second-
order streams, with high flows dominated by spring snowmelt.
The aquifer consists of 40 to 60 meters (m) of unconsolidated
Pleistocene glacial deposits, mostly glacial outwash sands

and gravel (Attig, 1985). Given land-surface elevations and
groundwater heads, the unsaturated zone thickness ranges
from 0 to about 50 m. Saturated horizontal hydraulic conduc-
tivities are estimated to average about 10 meters per day (m/d)
(Okwueze, 1983; Hunt and others, 1998). Vertical anisotropy
in hydraulic conductivity is relatively small, with the ratio of
horizontal to vertical conductivity ranging from 4:1 to 8:1 ata
scale of a couple of meters (Kenoyer, 1988). The lakes occupy
depressions in the glacial deposits that may penetrate more
than 80 percent of the aquifer thickness. Annual precipitation
averages about 81.5 centimeters per year (cm/yr) (National
Climatic Data Center, 2004); average groundwater recharge is
estimated to be 27 cm/yr (Hunt and others 1998) and has been
estimated to range from about 15 to 50 cm/yr at local areas
within the watershed (Dripps and others 2006). Annual evapo-
ration from the lakes is about 54 cm/yr (Krabbenhoft and oth-
ers 1990; Wentz and Rose 1991). Lakes are well connected to
the groundwater system, and many lakes are flowthrough lakes
with respect to groundwater.

GSFLOW Groundwater/Surface-Water
Modeling Approach

The models described herein have been constructed for
use in future studies to address a variety of research problems
including the effects of climate change on lakes, streams, and
groundwater. Thus, the predictions of interest for this work
can include (1) lake stages, (2) streamflow, (3) groundwater
flux and its relation to lakes, (4) residence and travel times,
and (5) lake-water stable isotope plume depth (Pint and oth-
ers, 2003; Hunt and others, 2006). Groundwater and surface
water are considered a single resource, and the groundwater/
surface-water code used here is a fully coupled hydrologic
model that includes hydrologic feedbacks and fully encom-
passes the processes and related dynamics that may augment
or mitigate the effect of hydrologic stress. These processes
include timing and rates of evapotranspiration, surface runoff,
soil-zone flow, and interactions with the groundwater system.
The code that implements these process is called GSFLOW
(Groundwater/Surface-water FLOW;Markstrom and others,
2008). Because a fully coupled model can have long runtimes,
however, uncoupled models of the groundwater and surface-
water system were constructed before the fully coupled model
calibration, as described below.
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Location of Trout Lake Watershed in Wisconsin, showing streamflow-gaging stations and one miscellaneous



Brief Description of Groundwater Model
Construction

The Trout Lake Watershed has been the focus of sev-
eral previous groundwater modeling studies (Cheng, 1994;
Hunt and others, 1998; Anderson and Champion, 2000; Pint,
2002; Pint and others, 2003; John, 2005; Hunt and others,
2008; Muffels, 2008; Walker and others, 2009) that represent
stages in the development and refinement of a watershed-scale
groundwater model that has been used to address a variety of
research problems, including the effects of climate change.
We modified the model of Muffels (2008) and Hunt and oth-
ers (2008); the groundwater model construction is described
briefly here and in detail in appendix 1.

An inset MODFLOW-2005 (Harbaugh, 2005) finite-dif-
ference model was extracted from a regional analytic element
model constructed for the Trout Lake area (Hunt and others,
1998). The regional model was used to assign constant flux
boundary conditions along the perimeter of the inset model
(fig. 2); the perimeter boundaries were set distant from the
area of interest therefore the same analytic-element derived
perimeter boundary conditions were used for all simulations.
The inset grid consists of 230 rows and 240 columns, with
each grid cell 75 m on a side. Model layering is the same as
that of Muffels (2008): six layers, two for each of the glacial
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sediment units of Attig (1985). The model was initially used
in steady state for initial calibration and then used transiently
for fully coupled model calibration. Hydraulic conductivity
within the model domain was specified by using pilot points
(Doherty, 2003) according to the design and layout of Muffels
(2008). Parameterization of each aquifer layer was represented
by 218 horizontal and 218 colocated vertical hydraulic con-
ductivity pilot points, for a model total of 2,616 pilot points. In
the inset model of the watershed, all streams inside the area of
interest (defined here as “nearfield”) were simulated with the
Streamflow Routing (SFR2) Package (Niswonger and Prudic,
2005), to allow accounting of streamflow. The Lake (LAK)
Package (Merritt and Konikow, 2000) was used to simulate 30
nearfield seepage and drainage lakes. In the space outside the
area of interest (defined as “farfield”), streams and lakes were
simulated by means of the General Head Boundary (GHB)
head-dependent flux boundary condition because GSFLOW
does not support the River (RIV) Package commonly used in
regional and uncoupled groundwater flow models. Simulation
of recharge to the groundwater system is automatically derived
from the surface-water-model soil zone to the Unsaturated
Zone Flow (UZF) Package. The reader is referred to Harbaugh
(2005) and Markstrom and others (2008) for detailed descrip-
tion of the MODFLOW packages used.

EXPLANATION

Well with high-frequency data
Well with discrete data
Lake with biweekly data

Lake with single water-level
target

®@ O em 1O

Lake with one single water-
level and flux targets

A Streamflow-gaging station

with high-frequency data
Elevation, in meters

545.0

532.5

520.0

507.5

495.0

482.5

470.0

457.5

445.0

Figure 2. MODFLOW inset model of the Trout Lake area showing calibration data-collection locations and land-surface elevation.
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Hunt and others (2008) note two capabilities of the UZF
Package that are important for model calibration in general
and the Trout Lake Watershed in particular. First, water that
leaves the root zone is routed through the unsaturated zone
to the water table rather than being directly applied to the
water table. This approach allows simulation of lags and mix-
ing between infiltration events leaving the root zone before
becoming water-table recharge. Second, the UZF Package can
generate and route runoff to surface-water features in areas
where groundwater is at or near land surface or during periods
when infiltration rates exceed the soil’s ability to transmit
the water. This capability allows for realistic simulations of
groundwater/surface-water interaction dynamics and is supe-
rior to the overpressurizing of the groundwater system that can
result from direct application of infiltration to the water table.

Brief Description of Surface-Water Model
Construction

An initial surface-water model of the watershed was
described in Markstrom and others (2012). An overview of
current model construction and parameterization is given
below; details are contained in appendix 2. Geographic
Information System (GIS) datasets were used as the basis for
generation of model subareas and parameters required by the
surface-water model. The surface-water model domain was
split into discrete subareas, known as hydrologic response
units (HRUs). Each HRU is piecewise-constant; that is, it is
considered internally homogeneous with respect to the physi-
cal characteristics assigned to it. Therefore, only one value for
a given characteristic (for example, slope, vegetation, land use,
or soil type) is specified for each HRU. The HRU configura-
tion used in the Trout Lake model was generated by use of
the GIS Weasel (Viger and Leavesley, 2007). A 30-m digital
elevation model of Wisconsin (Gesch and others, 2002) was
clipped, rotated, and resampled to coincide with the boundar-
ies of the groundwater model grid (see appendix 2 for details
on the grid rotation). Because the hydrologic system is domi-
nated by groundwater flow, water-table altitudes were used,
along with land-surface elevations, to construct the drainage
network represented by the final distribution of HRUs.

The flow-direction grid generated by the GIS Weasel
was processed to generate a stream network and an initial
two-plane (right-bank/left-bank) HRU map. This process was
repeated by using a water-table map derived from output from
a MODFLOW model constructed previously for the study
area (Muffels, 2008). The two-plane HRU maps were merged
and further subdivided in lake and wetland areas to separate
the near-stream areas from the upland areas. The result was a
model consisting of 146 HRUs (fig. 3).

The PRMS model allows for surface flow to be routed
to downslope HRUs and stream segments. Each connection
between a pair of HRUs or between an HRU and a stream
segment must be specified explicitly. These connections were
generated by means of the GIS Weasel (Viger and Leavesley,

2007), using the flowlines derived from the land-surface
topography. The resulting surface runoff routing diagram
contains 145 connections. The PRMS model also allows for
flow from an HRU groundwater reservoir to be routed to other
groundwater reservoirs underlying adjacent HRUs by using
modeler-specified routing connections. Similar to the surface-
flow routing, the groundwater routing connections were gener-
ated by means of the GIS Weasel (Viger and Leavesley, 2007),
using the flowlines derived from the water-table surface. The
resulting groundwater flow-routing diagram contains 233
connections. This PRMS capability is not required in the fully
coupled simulations because GSFLOW uses MODFLOW to
simulate the groundwater flow system.

The PRMS model contains nearly 100 potential calibra-
tion parameter values that can be used to simulate user-identi-
fied features of a specific area of study, but not all parameters
have the same importance. Initial parameter values were
generated by means of the GIS Weasel (Viger and Leaves-
ley, 2007). The GIS Weasel used a digital elevation model to
generate HRUs and other physical model parameters such as
slope and aspect; HRUs were intersected with nationwide soil
and land-use GIS datasets to define HRU hydrologic char-
acteristics. Because of the relative homogeneity of soils and
geology in the Trout Lake Watershed, spatial variability of the
soil-zone parameters that control runoff was simplified. HRUs
were aggregated into eight subwatersheds and a far-field area
(fig. 3). Initial parameter estimates derived by the GIS Weasel
for each HRU were averaged over the subwatersheds, and
each HRU within a subwatershed was then assigned the aver-
age initial value.

The PRMS model uses climate data as input to the hydro-
logic system; daily values of precipitation and temperature
(maximum and minimum) are required inputs. Solar radiation
based on a cloud-cover algorithm and potential evapotranspi-
ration were calculated by the model and calibrated to observed
data rather than specified as input into the model. The clos-
est National Weather Service Cooperative (COOP) weather
station is at Rest Lake (National Weather Service station ID
477092), approximately 10 km northwest of Trout Lake. How-
ever, to address issues of missing data and spatial variability of
precipitation, data from five additional COOP weather stations
were also input to the model (appendix 2). The temperature
and precipitation data from the six weather stations were
distributed to the HRUs by using an algorithm based on the
inverse of distance from the HRU centroid and the location of
each weather station (see appendix 2 for details). In a temper-
ate climate, the growing season determines the period when
evapotranspiration occurs. The beginning and end of the
growing season for the calibration period were preprocessed
by using an algorithm described in Christiansen and others
(2011) and documented in Markstrom and others (2012). An
assumed killing-frost temperature of —2.2 degrees Celsius
(°C), or 28 degrees Fahrenheit (°F), was used for each HRU.
During model calibration, the growing season beginning and
end dates for each HRU were determined as average values for
the calibration period.
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Figure 3. Hydrologic response units generated for the Trout Lake PRMS model; dark blue lines represent tributary streams to

Trout Lake.

Considerations for Coupled Groundwater/
Surface-Water Model Design

Many watershed numerical models are developed for
mountainous areas and define the watershed of interest as that
delineated by surface topography. Although such models are
acceptable for many high-relief settings, they are problematic
for many areas where the “groundwatershed” and surface
watershed may not align (as described by Winter and oth-
ers, 2003). In low-relief terrain such as that of the glaciated
Midwest of the United States, surface-water and groundwater
divides can differ from one another; such a misalignment of
the groundwatershed and surface watershed was noted in the
Trout Lake area by Hunt and others (1998). Therefore, unlike

uncoupled models, the simulated watershed of interest in a
coupled model includes areas of both the surface watershed
and groundwatershed. The groundwatershed, however, is
not well known in most cases; thus, a larger groundwater-
flow model is commonly used to solve for physically

based perimeter boundaries for a smaller inset model of the
groundwatershed.

The edges of the inset model should be sufficiently
distant from the nearfield such that the area of interest is
shielded from artifacts from the coarse regional representa-
tion of the flow system. This inset approach results in (1) an
overall domain for the coupled model that is a rectangular
grid typical of a MODFLOW model rather than the irregular
shape typical of a surface-water model, and (2) a groundwater
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domain that is larger than the surface watershed because the
rectangular grid includes the entire groundwater and sur-
face watershed for the watershed of interest, as well as areas
not included in either but needed to simulate representative
boundary conditions at the inset perimeter. This larger extent
in itself is not problematic because GSFLOW is designed to
simulate adjacent watersheds; however, this can confound
simple representations of output because GSFLOW currently
reports a total mass balance for the entire model domain. Thus,
additional postprocessing may be required to fully distribute
the total model flows between the watershed of interest and
the remainder of the simulated area.

In addition to different spatial model domains, the timing
and magnitude of transient response in the groundwater and
surface-water systems also are different. The groundwater
system can be thought of as a “low-pass filter” that removes
much of the short-term transient dynamics and leaves the resil-
ient long-term system dynamics, whereas the surface-water
system is characterized by more high-frequency transience. As
a result, potential problems can arise from choices of model
simplification when the surface-water system is coupled to the
groundwater system. Appropriate determination of salient sim-
plification is especially important because only a small subset
of the many parameters that may be employed by a surface-
water (or coupled) model can be estimated on the basis of
most streamflow calibration datasets (see, for example, Beven
and Freer, 2001; Doherty and Hunt, 2009). There also may be
concerns with surface-water datasets that contain measurement
noise and redundant information because these types of datas-
ets commonly include many more observations than a ground-
water dataset—especially with respect to the temporal density
of the observations (for example, Hunt and others, 2009).

Finally, the natural system has a hydrologic “memory”
that retains the effects of antecedent climatic and hydrologic
conditions that preceded the simulation start date. To account
for the effect of conditions occurring before the simulated
period of interest, a model initialization or “spin-up” period
is used. During the spin-up period, representative model
inputs are used to generate a dynamic equilibrium that is more
representative of actual conditions at the start of the period
of interest. The uncoupled surface-water (PRMS-only) mode
of GSFLOW commonly uses a 1-year spin-up well suited for
simulating observations with short hydrologic memory, such
as snowpack accumulation (Hunt and others, 2009), which is
completely reset to zero in temperate climates each year. The
uncoupled surface-water model also uses linear groundwater
reservoirs for simulating the groundwater system, which are
also suited for a 1-year model spin-up.

The groundwater component of the fully coupled model,
however, uses MODFLOW to represent subsurface storage.
Many groundwater systems are characterized by a variably
thick unsaturated zone and variable subsurface storage, thus

requiring longer spin-up periods. Indeed, if a calibration obser-
vation integrates multiple years (such as lakes that incorporate
a range of transient fluxes over its residence time), it can take
a multiple-year spin-up before the dynamics of the system are
well represented in the model (Hunt and others, 2009). Thus,
the goal for coupled model calibration is to have a sufficiently
long spin-up such that parameter calibration does not simply
reflect poor simulation of initial conditions. Long spin-up
periods, however, add proportionally to the total run time of
the coupled model.

Considerations for Coupled Groundwater/
Surface-Water Model Calibration

Daily data for water years 1998-2007 (October 1, 1997
through September 30, 2007) (appendix 5) were used for all
transient model calibration and were processed by the time-
series processor TSPROC (Westenbroek and others, 2012);
averages of measurements for these periods were used for
calibration of the uncoupled steady-state groundwater model.
All hydrologic models were calibrated by using the univer-
sal parameter estimation computer code PEST (Doherty,
2010a,b). The PEST optimization algorithm automatically
adjusts coupled-model input parameters in a series of model
runs. After each model run, simulated model outputs such as
solar radiation, groundwater levels, vertical head gradients,
and streamflows were automatically compared to observed
equivalents measured in the field. Model runs continued until a
best fit between simulated and measured targets was attained.
Details on the calibration methodologies of the sequentially
linked and coupled models are provided in appendix 3, and
results of each calibration exercise are given in appendix 6.

A brief overview of coupled model-calibration considerations
follows.

Coupled simulations have run times that are much longer
than if only an uncoupled groundwater or surface-water model
is used. In many cases, forward model run times can become
limiting for practical calibration. Moreover, many of the
coupled-model calibration parameters are primarily associated
with one of the two systems and therefore would seem to be
appreciably informed by uncoupled runs. Therefore, the hope
is that insight can be gained from an initial calibration of the
faster, uncoupled run available from the “PRMS-only” and
“MODFLOW-only” modes of GSFLOW (Markstrom and oth-
ers, 2008). For the study described herein, this initial separate
calibration of the uncoupled groundwater and surface-water
models did not, however, provide a sufficiently accurate start-
ing point for coupled model calibration because of mismatches
in model structures, primarily with respect to the configura-
tion of the recharge array. Therefore, a sequentially linked
approach (Hunt and others, 2009) was employed (fig. 4).
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Figure 4. Conceptualization of sequentially linked calibration
of separate uncoupled surface-water and groundwater models
(modified from Hunt and others, 2009).

In the sequentially linked approach, transient PRMS-
only results are translated by a software utility to create a
steady-state infiltration/recharge array for the associated
MODFLOW-only run. The translation occurs on the fly, and
the PEST mode-run batch file includes calls for the PRMS-
only, the translation utility, and MODFLOW-only programs
sequentially. The resulting parameter-estimation formulation
includes all surface-water transient observations (often in the
thousands) and steady-state groundwater targets, as well as
the majority of model parameters (also often in the thousands,
especially with pilot points). Despite the inclusive nature of
observations and parameters, the sequentially linked approach
has run times much shorter than for the fully coupled model
run. The respective optimal parameters are better starting
points for calibration of the fully coupled model because the
PRMS-only discretization directly informs the MODFLOW-
only recharge/infiltration array. The Trout Lake sequentially
linked calibration consisted of 2,768 adjustable parameters
(appendix 3). This calibration was followed by final calibra-
tion in which most of the 2,768 parameters were fixed at
their optimal values determined from sequentially linked
calibration, and a subset of parameters important for water
exchange between the groundwater and surface-water system
(168 parameters) was estimated by using the fully coupled
GSFLOW model.

SNTEMP Temperature Model
Description, Construction, and
Calibration

A stream-temperature model was developed to use cou-
pled flow model output to simulate daily mean stream temper-
atures at select tributaries to Trout Lake. This section briefly
describes the model framework, data collection and synthesis,
and calibration procedures for the stream-temperature model;
appendix 4 provides a more extensive description.

The instream-water-temperature model SNTEMP (Bar-
tholow, 1991) was used to simulate stream temperatures in
a subset of streams that drain into Trout Lake. SNTEMP is a

one-dimensional heat-transport model that uses a successive
steady-state approach to simulate daily mean and maximum
temperatures as a function of stream distance and environ-
mental heat flux. A heat-transport equation describes the
downstream movement of heat energy in the water and actual
exchange of heat energy between the water and its surround-
ing physical environment (Theurer and others, 1984). Net

heat flux is calculated by using inputs describing meteorology,
hydrology, stream geometry, and shade setting for a dendritic
network of mainstem and tributary stream segments that com-
pose the stream system of interest. The Trout Lake stream sys-
tem was represented by three main tributaries: North Creek,
Stevenson Creek, and Upper Allequash Creek (upstream of
Allequash Lake). Each stream was discretized into two or
more segments. Physical, meteorological, and hydrological
characteristics of each segment are constant over the seg-
ment. Therefore, each stream segment assumes uniform width,
groundwater accretion rate, and topographic and riparian
vegetation conditions. Each stream segment requires a physi-
cal description of stream geometry, hydrology, and shading
variables. Meteorological variables are considered more global
in nature and were applied to all stream segments equally. In
SNTEMP, it is assumed that all input data, including meteo-
rological and hydrological variables, can be represented by
24-hour averages (Bartholow, 1991). Many of the model input
parameters were taken from published data sources; additional
field data were collected to characterize the meteorological,
hydrological, and stream-temperature parameters (see appen-
dix 4).

An SNTEMP model is composed of component modules
that can be categorized into three broad categories of stream
geometry, meteorology, and hydrology. Stream-geometry data
consist of the network layout of the main stem and all tributar-
ies, site elevations, stream widths, Manning’s n values, and
shade estimates. The width of the stream segment represents
an average and was assumed to remain constant for all values
of flow. Manning’s n values were assumed to apply to all val-
ues of flow; estimates were initially based on reported ranges
for natural channels and were varied during calibration of the
model. Stream-shading parameters, such as vegetation height
and density, were specified by using initial values measured in
the field then adjusted during calibration. Meteorological data
consist of measured solar radiation, air temperature, relative
humidity, wind speed, and cloud cover. SNTEMP uses only
one set of meteorological data, which is applied to all stream
segments. Air temperature, cloud cover, dust coefficients,
and ground reflectivity were taken from existing published
values (appendix 4). Default values were used for all other
meteorological variables required by SNTEMP. Hydrologic
data consist of stream discharge and water temperatures.
SNTEMP requires both upstream discharge and temperature
data for each modeled stream segment. For SNTEMP cali-
bration, daily mean discharge data were based on coupled
GSFLOW simulation output or supporting measured dis-
charge data when available. All future scenarios were run with
GSFLOW simulated flows. Mean groundwater temperatures
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were specified by using the shallow groundwater temperatures
reported by Hunt and others (2006). Although measured at a
single location within each stream, the measured groundwater
temperatures were applied equally across each stream seg-
ment in the model. The time period April through September
2002 was selected for model calibration because it spans the
longest continuous water temperature and discharge datasets
at multiple locations throughout North, Stevenson, and Upper
Allequash Creeks during the GSFLOW model-calibration
period. After data processing and formatting for the SNTEMP
model, calibration consisted of fitting simulated daily mean
stream temperatures to observations in the field. Calibration
was achieved by trial-and-error adjustment of SNTEMP input
variables until agreement was reached between simulated and
measured calibration locations.

Climate-Change Scenario Construction

Multiple General Circulation Models (GCMs) were used
to obtain a range of potential future climatic conditions. Daily
precipitation and temperature output from six GCMs docu-
mented in the Intergovernmental Panel on Climate Change
(IPCC) Fourth Assessment Special Report on Emission
Scenarios (2007) were considered (table 1). For each GCM,
one current and three future scenarios were used (table 2).
The GCM output was downscaled for the Trout Lake area by
the Wisconsin Initiative on Climate Change Impacts (WICCI)
(2011), which is a more recent downscaled dataset than
previous climate scenarios constructed for the watershed (for
example, Walker and others, 2012). GCM potential future
climate conditions were reformatted for input to the GSFLOW
model.

Decisionmakers in the Trout Lake Watershed are com-
monly concerned with three hydrologic issues: (1) changes
to streamflow and temperature, (2) changes in lake water
resources, and (3) changes in soil moisture. Thus, reporting of
the climate scenario results is focused on these three outputs.

Table 1.

Initial conditions used for assessing hydrologic changes were
derived from the GSFLOW model calibrated to heads and
flows collected during 1993-2007. For the WICCI climate
scenarios, the first 20 years of the 1961-2100 simulation
period were discarded to ensure that sufficient spin-up time
was used to obtain a representation of dynamic equilibrium in
the groundwater/surface-water systems.

The climate forcings for the six GCMs and the three
emissions scenarios are depicted in figure 5, where solid lines
represent the 10-year moving average across the six GCMs for
each emission scenario and shaded areas represent the 10-year
moving average of the maximum and minimum across the six
GCMs for the three emissions scenarios. In general, all of the
models show a substantial increase in maximum temperature
(panel 4, fig. 5) and minimum temperature (panel B, fig. 5),
with a consistent, larger increase in minimum temperature
compared to maximum temperature. The A2 scenario (table 2)
tends to have the largest increase in temperature, followed
by the A1B and finally the B1 scenario. The variability in
temperatures shows a somewhat gradual increase over time,
which represents increased uncertainty the farther the predic-
tion is in the future. To update groundwater temperatures for
climate-scenario simulations, a regression of air temperature
to groundwater temperature was constructed whereby ground-
water temperature in the lateral accretion term was estimated
via linear regression analysis of measured air and shallow
groundwater temperature during the calibration period (April—
September 2002). Results of the regression showed strong cor-
relation (coefficient of determination (R*) values of 0.89, 0.86,
and 0.89 for Stevenson, North, and Upper Allequash Creeks,
respectively). This relation was then used to calculate future
groundwater temperatures from potential future air-tempera-
ture increases provided by the GCMs/emission scenarios; all
other temperature model parameters retained the calibrated
values. The predicted climate trends for precipitation are
more ambiguous than those for temperature, with more than
+10 percent variability surrounding current precipitation rates
throughout the scenario time period and slightly greater uncer-
tainty towards the end of the scenario period.

Selected General Circulation Models (GCMs) used to simulate future climate conditions.

Model abbreviation Model identification

Organization

CGCM3.1(T47), 2005
CNRM-CM3, 2004
CSIRO-MK3.0, 2001

cccma_cgem3 1
cnrm_cm3

csiro_mk3 0

Canadian Centre for Climate Modeling and Analysis, Canada
Centre National de Recherches Météorologiques, France

Commonwealth Scientific and Industrial Research Organization (CSIRO) Atmospheric

Research, Australia

gfdl_cm2 0 GFDL-CM2.0, 2005

National Oceanic and Atmospheric Administration (NOAA) Geophysical Fluid

Dynamics Laboratory (GFDL)

miroc3 2 medres MIROC3.2(medres), 2004

Center for Climate Systems Research, National Institute for Environmental Studies

and Frontier Research Center for Global Change, Japan

mri_cgem2 3 2a MRI-CGCM2.3.3, 2003

Meteorological Research Institute, Japan
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Table 2. Selected emission scenarios used to simulate future climate conditions.

Scenario Description

AlB Rapid economic growth, global population peaking in mid-century and declining thereafter, and introduction of new and
efficient technologies with a balance across all sources.

A2 Very heterogeneous world with self-reliance and preservation of local identities with gradual population growth, and slow
regional economic growth and technological change.

B1 Convergent world with population change as described in the A1 scenarios with rapid changes towards a service and
information economy with clean and resource-efficient technologies.
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Figure 5. Climate forcings from the Wisconsin Initiative on Climate Change Impacts (WICCI) downscaled data for 6 GCMs. The range
of results for A1B and B1 emission scenarios represents all 6 GCMs; the range of the A2 emission scenario is from 5 GCMs.
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Climate-change effects on air temperatures are expected
to affect timing and length of growing season (for example,
Christiansen and others, 2011). The growing season affects
the onset of evapotranspiration in the spring and plant senes-
cence in the fall—dates required for simulation of potential
changes to hydrologic flows. Similar to the calibration period
calculation of growing season, the beginning and end dates
of the growing season for the climate-change scenarios were
preprocessed for each simulation year by using an algorithm
described in Christiansen and others (2011) and documented
in Markstrom and others (2012). An assumed killing-frost
temperature of —2.2 degrees Celsius (°C), 28 degrees Fahr-
enheit (°F) was used for each HRU. During calibration, the
growing season was determined as average values for the cali-
bration period. In the climate-change scenarios, the growing
season was determined for each year in the simulation period
by using minimum temperature input for each specific GCM
and emissions scenario. A preprocessing program was used to
write a file of transpiration flags for each day for each HRU,
indicating whether transpiration is on (flag=1) or off (flag=0).
The GSFLOW model read the transpiration flags directly from
the preprocessed file using the climate hru module.

The effect of the climate-change scenarios on stream
temperature was assessed by inputting GCM-derived changes
to air temperature and associated GSFLOW-simulated stream-
flows into the calibrated SNTEMP models for each stream.
Each of the six GCM and three emission scenarios, with the
exception of ccma_cgem3 1 (A2 emission scenario omit-
ted because of model run failure), provided average daily air
temperature and solar radiation data necessary to compute an
average daily stream temperature at the furthest downstream
reach prior to entering Trout Lake. All other temperature-
model parameters retained the calibrated values.

Results and Discussion

Detailed description, graphics, and tables of calibration
results for each uncoupled model and the coupled model are
described separately in appendix 6; only the most salient cali-
bration results are repeated here for brevity.

GSFLOW Coupled Hydrologic Flow Model

Atmosphere-earth processes were well represented by
observed solar radiation and potential evapotranspiration. Tim-
ing and magnitude of snowpack and high-resolution evapora-
tion measurements from Sparkling Lake were well simulated

in the coupled GSFLOW model. The watershed outlet at the
Trout River was well simulated, as were most tributary flows
at measured locations. Long-term average lake stages were
well simulated. Results of the study demonstrate the impor-
tance of spring snowmelt and late-fall recharge—time periods
when plants are in senescence. During the summer months,
when the plants are active, much of the water infiltrating into
the soil is intercepted within the plant root zone. Snowmelt-
period dynamics were also simulated less well than other
times of the year. The lack of representative frozen-ground
processes limits the coupled GSFLOW model’s ability to
simulate high snowmelt discharges. This discrepancy during
snowmelt occurs even though the other times of the year are
well simulated.

The calibrated model closely simulated most of the
observed data used for groundwater calibration, including
average heads, timing of head dynamics, average base flow,
lake stage, depth of lake infiltrated water, and groundwater
inflow to lakes. Simulated head time series generally
show response timing and magnitudes similar to observed
groundwater-system dynamics over the majority of the
observed head dataset and a reasonable representation of the
mean head. The range of variation in simulated groundwater
levels and lake stages is systematically slightly lower than
that in the observed data, reflecting spatial averaging over the
nodal scale in addition to temporal daily averaging of climate
drivers and soil-zone processes. Estimated aquifer hydraulic
conductivites are similar to those from previous modeling of
the Trout Lake Watershed, and the range of optimal anisotropy
also agrees with values reported by others. The optimal
uppermost sand and gravel (layers 1 and 2) renders as a mostly
homogeneous unit (average K, = 9.5 m/d, standard deviation
= 3.4 m/d) and is consistent with spatial measurements made
in the watershed. The middle unit of the aquifer sediments
(layers 3 and 4, Wildcat sandy till of Attig, 1985) is even more
homogeneous (average K, = 3.1 m/d, standard deviation =
0.4 m/d). The bottom sand and gravel sediments (layers 4 and
5) have the highest hydraulic conductivities in the watershed
and highest heterogeneity (average K, > 30 m/d, standard
deviation = 12 m/d), reflecting coarse sediments deposited
when the glacial ice front was near the Trout Lake area (Attig,
1985). Average areal recharge over the model domain from
the calibrated model for the 1999-2006 period is 42.6 cm/yr
(16.8 inches per year (in/yr)) and ranges from 36 to
53 cm/yr (14 to 21 in/yr; table 3). The average recharge rate
reported here is consistent with that calculated by using base-
flow separation of streamflow-gaging station data (Gebert and
others, 2011); the range of annual recharge rates is similar to
those reported by Dripps (2003) and Dripps and others (2006).



Table 3. Average areal precipitation and recharge rate for the
Trout Lake model domain reported by the calibrated GSFLOW
model.

[cm/yr, centimeters per year; in/yr, inches per year]

Year Pre(t(::ilzi/lation Re::; rge Prec_ipitation Re::; rge
vr) (em/yr) (infyr) (infyr)
1999 104.0 45.6 40.9 18.0
2000 94.0 39.4 37.0 15.5
2001 96.8 423 38.1 16.7
2002 113.1 53.0 44.5 20.9
2003 86.0 44.2 339 17.4
2004 88.0 41.8 347 16.5
2005 87.6 36.2 34.5 14.2
2006 78.6 38.0 31.0 15.0

The coupled model output allows for detailed character-
ization of the groundwater and surface-water systems. The
model spin-up period is not included, and discussion focuses
on later times of the calibration period (2000-2007). For
example, the holistic simulation of the water budget allows
the distribution of land-surface/soil-zone flows to be visual-
ized. The coupled model can report the distribution of over-
land flow between Hortonian overland flow (resulting from
precipitation rates greater than the soil infiltration capacity;
Horton, 1933) and saturation excess/Dunnian overland flow
(generated by lack of subsurface storage in low-lying areas;
Dunne and Black, 1970), plus groundwater seepage (fig. 6A4).
This distribution illustrates one defining characteristic of the
Trout Lake Watershed: overland flow in the uplands (primarily
Hortonian flow) is a relatively rare occurrence and is usually
associated with snowmelt events (fig. 64); however, some
years are without an appreciable snowmelt event (1999 and
2000), and extreme summer rains can generate overland flow
(for example, summer 2000). Water infiltrated out of the soil
zone into the groundwater system is an order of magnitude
higher than either overland flow component (fig. 68)—a
finding expected in a groundwater-dominated watershed with
transmissive soils.
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The 1999-2007 period is notable for its transition from
conditions that were normal or wetter than normal (1999—
2002) to drier conditions that resulted in low lake levels in
seepage lakes throughout the watershed at the end of the
simulation period (fig. 7).

Simulation of water budget for this period illustrates
the interaction of factors that influence lake stage. First, an
appreciable decrease to direct precipitation to the lake—the
largest source of water to the lakes—occurred between 2002
and 2003 (fig. 8), with 19992002 values averaging about
102 cm/yr and 2003—6 values averaging about 85 cm/yr.
During the same period, evaporation off the lakes increased
slightly (fig. 8) from 73.5 to 74.5 cm/yr. However, the lake
stages did not appreciably decline in 2003 (fig. 7) but lagged
by about 2 years, reflecting the mitigating influence of the
groundwater system.

The groundwater system is connected to the unsatu-
rated zone (the layer below the soil zone but above the water
table), and changes to precipitation at land surface are in turn
buffered by antecedent water stored in the unsaturated zone.
For example, multiple years of high precipitation (fig. 8) result
in an increase in water stored in the unsaturated zone (2001,
fig. 9), and a tipping point is reached where the recharge rate
to the groundwater system becomes higher during wet condi-
tions (2002, fig. 9). The appreciable decrease in precipita-
tion at the surface in 2003 results in a net loss of water from
the unsaturated zone in 2003 but less effect on groundwater
recharge rates (fig. 9). This loss of storage in the unsaturated
zone is partially replenished in years 20045, with reduction
in groundwater recharge in subsequent years. This reduction
in recharge, in turn, results in lower groundwater levels that
serve to depressurize the groundwater/surface-water system—
reducing the vertical gradients where groundwater flows into
surface water and increasing vertical gradients where water
flows out of surface water and into the groundwater system.
This lagged response in the groundwater system manifests
itself as lower lake levels in 2005 and 2006—two years after
the first change in direct precipitation to the lake (fig. 7).

These interactions and mitigating effects underscore
the power of a coupled simulation of the surface-water and
groundwater systems. An uncoupled modeling approach could
not capture, or constrain, the complex interplay of atmospheric
drivers, unsaturated zone buffering, and lagged groundwater-
system mitigation on lake stage changes.
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Figure 6. Simulated flows for the Trout Lake Watershed (1999-2007). A, Daily overland flows.
B, Log daily flows.
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Figure 9. Basinwide simulated changes in volume of water stored in the unsaturated zone (green/upper)

and rate of groundwater recharge (blue/lower).

SNTEMP Stream Temperature Model

Relatively close agreement was obtained between
simulated daily mean stream temperature simulations and
observed stream temperature near North Creek, Allequash
Creek, and Stevenson Creek locations (figs. 10 and 11). The
larger range of annual stream temperature (observed range
equal to approximately 25 °C) is better simulated than the
daily range (observed range usually less than 1 °C). Although
all SNTEMP input variables were initially considered calibra-
tion parameters, the greatest change to simulated daily mean
stream temperatures was effected by adjusting air tempera-
ture, streamflow, groundwater discharge, and groundwater
temperature through lateral accretion. Of these four variables,
air and groundwater temperature were both measured values,
thus considered relatively well known and not adjusted during
calibration. Similarly, although streamflow was not directly
measured at all locations, it was considered well constrained
by the calibrated flows simulated by the coupled GSFLOW
model. Trial-and-error calibration was considered complete
when three criteria were met: (1) high correlation between
simulated and observed daily mean stream temperatures,

(2) minimal difference between average simulated and average
observed stream temperatures, and (3) minimal difference
between individual daily mean simulated and observed stream
temperatures.

When the complete 2002 time series is averaged at the
calibration point within each creek, simulated and observed
daily mean stream temperatures have mean errors (table 4,
fig. 12) that are much smaller than the >20 °C temperature

range simulated (fig. 11). The overall trend of the time series is
also well represented, as evidenced by a high correlation coef-
ficient (table 4) illustrating that modeled stream temperatures
respond similarly to fluctuations in air temperature, surface
discharge, and so forth, as do measured stream tempera-

tures, though not necessarily with the same magnitude. All
three models generally tend to slightly underestimate stream
temperature (negative mean error, table 4). In terms of model
performance by day rather than entire period, the simple
SNTEMP model was less able to characterize the general
system dynamics (percent days daily mean stream tempera-
tures differed from observed temperatures by +1 °C or more

in table 4). Previous SNTEMP studies on larger rivers suggest
a calibration target of £0.5 °C (Bartholow, 1989). North and
Upper Allequash Creeks were slightly above the 0.5 °C thresh-
old (table 4). Stevenson Creek had the greatest mean error

at 1.4 °C, largely due to consistently underestimated stream
temperatures during April through June.

Table 4. Analysis of fit between simulated and observed daily
mean stream temperatures at calibration points in SNTEMP for
April through September 2002.

[°C, degrees Celsius]

. Mean  Maximum Percent
Correlation
Stream coefficient error error days
(°C) (°C) +1°C
Stevenson 0.93 -1.4 -5.9 66
North 0.93 -0.6 —4.7 44
Upper Allequash 0.95 —-0.6 —4.2 49
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Daily differences are generally greatest during April,
May, and June (figs. 10 and 12)—months when air tempera-
tures change by large magnitudes over short time periods.

For example, average daily air temperature in one instance
increased from approximately 14 to 22 °C within 24 hours
(April 15-16, 2002). Similarly, a few days later, air tem-
perature decreased from 14 to 3 °C (April 18-19, 2002).

Air temperature exhibits less short-term variability in the
warmer months of July, August, and September; accordingly,
the fit between simulated and observed stream temperatures
improves (figs. 10 and 12). The efficiency of transferring
effects of rapid air-temperature change to stream temperature
is expected to be only approximately simulated, given the rela-
tively coarse stream-reach discretization and piecewise-con-
stant daily time step of the model; that is, SNTEMP is a suc-
cessive steady-state model in which one assumes that all input
data, including meteorological and hydrological variables,
can be represented by 24-hour averages. This assumption is
often appropriate for large river systems that tend to exhibit
gradually varying temperatures over time, thereby containing
sufficient heat capacity to mitigate large short-term variations
in air temperature. However, the study streams simulated here
are small, wetland-dominated streams.

Small adjustments to shading parameters had little
effect on resulting model fits. Adjustments to stream width
and groundwater temperature did facilitate closer fits to
observed values; however, the parameter variations required
for improved fit were not consistent with field observations
of these parameters, so they were instead fixed at reasonable
values for final calibration. The three streams being associated
with wetlands may be a factor. Seasonal changes in stream-
bed-surface albedo due to aquatic-vegetation growth later in
the growing season could affect how the streambed adsorbs
solar radiation. Water color in wetland streams that feed Trout
Lake is generally a darker brown than in many comparable
Wisconsin streams because of tannins derived from peat in the
watershed. Houser (2006) has shown water color to signifi-
cantly affect epilimnetic depth in a nearby northern-temperate
lakes; darker water was warmer in response to more solar
radiation being absorbed. Less adsorption of solar radia-
tion would be consistent with streams becoming shallower
and darker wetland streambeds becoming lighter (increased
albedo) as aquatic vegetation becomes more established later
in the growing season. Furthermore, using time series of hypo-
rheic temperature profiles, Hunt and others (2006) show that
peat sediments in wetland streams in the Trout Lake region are
capable of having a relatively high insulative capacity. Albedo
changes and increased insulation from peat sediments are
processes that would be expected to be more appreciable on
small streams than large ones. However, the confounding abil-
ity of these uncaptured processes diminishes as the dominant
air-temperature driver increases later in the growing season.
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Climate-Change Effects

Climate-change scenarios drove changes in GSFLOW
and SNTEMP model outputs, including a general ecohy-
drological driver (growing-season length), streamflow, lake
hydrologic budget, and stream temperature. In the presentation
of climate-change effects, the overall uncertainty in the fore-
casts increases in many instances (that is, the overall envelope
of results from the three emission scenarios is wider). This
effect is primarily due to differences in the underlying assump-
tions among the three emission scenarios used in the climate-
change evaluation (table 2) that become increasingly impor-
tant in the latter part of the simulations.

Changes to Growing-Season Length

As is expected given the increase in maximum and
minimum air temperatures (figs. 54 and 5B), the length of the
growing season generally lengthens on the order of weeks
by 2100 for all emission scenarios (fig. 13), with the larg-
est increases seen in the A1B and A2 scenarios (blue and red
transparent areas, respectively, fig. 13). These values are com-
parable to those reported by Christiansen and others (2011)
for the Trout Lake area, which used the same algorithm for
calculating growing season but a different source for down-
scaled GCM climate data.
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Figure 13. Climate-change-related change in growing-season
length, defined as the difference between the date of the first
killing frost in the fall and the date of the last killing frost in the
spring.
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Changes to Basin-Scale Hydrologic Flows and
Storage

Although estimates of future total precipitation did not
show strong trends in the GCMs evaluated here (fig. 5C), the
distribution of precipitation between rainfall and snowfall
does show appreciable potential change (figs. 144 and 14B),
in which reductions in annual snowfall occur concurrently
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with increases in annual rainfall. This combination is primar-
ily a result of changes from late fall through winter, in which
warmer temperatures result in more precipitation coming

in the form of rainfall—during the period when snowfall
currently dominates. This reduction in snowfall reduces the
amount of precipitation banked as snowpack (fig. 14C), which
in turn reduces the importance of snowmelt events (fig. 14D).
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Increases in temperature also increase the annual poten-
tial evapotranspiration amount (fig. 154). Actual evaporation
amounts (fig. 15B) show associated increases, but not to the
same degree as potential evapotranspiration. The discrepancy
between potential and actual evapotranspiration reflects water
limitation in the soil zone during the summer periods when
potential evapotranspiration is highest; that is, the potential
is strong for evapotranspiration to occur, but water in the soil
zone may not be available. The loss of soil moisture during
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the increase in potential and actual transpiration is shown in
decreases in the annual average soil moisture (fig. 15C). Aver-
age annual groundwater recharge (fig. 16) is less changed than
the actual evapotranspiration and average annual soil moisture,
reflecting the increase in rainfall during the winter months—a
period of plant senescence. This result suggests a potential

for general drying of rainfed ecosystems (such as bogs and
ephemeral wetlands), with less relative drying occurring in
ecosystems fed by the groundwater system (such as fens).
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Figure 16. Climate-change scenario results for watershedwide
average recharge to the groundwater system.

Changes to Streamflow

Changes in mid-century tributary streamflows and base
flows (figs. 17-20) and watershed outlet flows (fig. 21) are
generally not as large as the change to evapotranspiration
(fig. 15). The agreement in response between streamflow and
base flow, as well as the relatively smaller response to climate
change, represents the importance of the groundwater system
to the Trout Lake hydrologic system. Because increases in
groundwater recharge resulting from increased winter rainfall
are less available for soil-zone evapotranspiration, the net
effect on annual flows is not as large as the increase in poten-
tial evapotranspiration in the summer months. Near the end of
the 21st century, streamflows and base flows drop appreciably
in two of the three emission scenarios (A1B, blue; A2, red).
Whereas groundwater storage appears to mitigate some of
the overall effects of climate change, decreases in a stream
downgradient of a lake are comparable to changes in flow
upgradient of the lake (for example, fig. 18 versus fig. 17), a
pattern which demonstrates the lack of strong mitigating effect
of surface-water storage on long-term climate-affected flows.
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Figure 17. Climate-change results for streamflow-gaging station 05357206, Allequash Creek Middle Site, showing total streamflow and

base flow.
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Figure 18. Climate-change results for streamflow-gaging station 05357215, Allequash Creek at County Highway M, showing total

streamflow and base flow.
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Figure 20. Climate-change results for streamflow-gaging station 05357230, North Creek at Trout Lake, showing total streamflow and

base flow.
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Figure 21. Climate-change results for streamflow-gaging station 05357245, Trout River at Trout Lake, showing total streamflow and

base flow.



Changes to Lake Water Budgets

Climate-change effects on lake budgets will focus on a
subset of 30 lakes simulated in the model domain and will first
discuss seepage lakes (lakes with no appreciable surface water
outlets) followed by drainage lakes (lakes with outlet streams).

Seepage Lakes

In the Trout Lake Watershed, there is a topographic
gradient of lakes, from those high in the watershed near the
groundwater divide to those lower in the watershed near the
watershed outlet (for example, Cheng and Anderson, 1994).
Results from three seepage lakes that span the watershed
gradient include those from Crystal Lake (fig. 22) nearest the
groundwater divide, Big Muskellunge Lake downgradient
from Crystal Lake (fig. 23), and Sparkling Lake located lowest
in the watershed nearest the Trout River (fig. 24). In all three
seepage lakes, current positive net precipitation (that is, annual
precipitation greater than annual lake evaporation) decreases
over time (panel 4), with largest decreases for the A1B (blue)
and A2 (red) emission scenarios. Decreases in net precipitation
are mitigated to some degree by increases in net groundwater
inflows to the lakes (panel B), which in turn offset potential
declines in lake stage (panel D). The mitigating effect of the
groundwater system is most easily seen in comparison of the
forecast stage decline for the lake highest in the watershed
near the groundwater divide (on the order of 1 m, fig. 22) to
that of the lake with the highest interaction with the ground-
water system located lower in the watershed (on the order
of 0.5 m, fig. 24 - note change in y-axis scale in fig. 24D).

In all cases, the projected change in precipitation timing and
magnitude (fig. 5C) does not result in surface runoff to the
lakes (panel C, figs. 22-24). This is consistent with expected
increases in potential and actual evapotranspiration (figs. 154
and 15B) and drier soil conditions (fig. 15C) throughout the
watershed precluding soil-zone saturation and related surface
runoff. As a result, it appears that the groundwater system will
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be the primary storage called upon to offset increased lake
evaporation resulting from projected climate warming. Such a
change in water source can be expected to affect chemistry of
the lake water (for example, Hurley and others, 1985; Ander-
son and Bowser, 1986), because groundwater inflows are char-
acterized by higher alkalinity and higher dissolved solids/ion
concentrations than precipitation sources. Moreover, increases
in lake evaporation as a result of warmer air temperatures also
will facilitate increases in dissolved solids in seepage lakes.

Drainage Lakes

In contrast to seepage lakes, drainage lakes are character-
ized by appreciable net surface-water flows (panel C, figs. 25
and 26, in which negative numbers represent surface-water
outflows in excess of inflows to the lake). Surface-water
outflows from a lake can have strong effects on a lake’s water
budget because they are hydrologically efficient (that is, have
less resistance) compared to flows into and out of the ground-
water system. With changing climate, the drainage lakes are
forecast to undergo appreciable reductions in net surface-water
outflows (less negative with increasing time). The reduction
in surface-water outflows facilitates maintaining lake stages
near current conditions (note change in y-axis scale in panel
D, figs. 25-26), much closer than stages forecast for seepage
lakes (panel D, figs. 22-24). However, reduction in stream-
flow downstream from the lake may have ecological effects,
the mitigation of lake-stage decline notwithstanding. Because
stages in drainage lakes have relatively smaller changes in
stage and the groundwater-system declines are lessened by
increases in winter recharge, the hydraulic gradient between
the groundwater system and drainage lakes is relatively less
changed; thus, change in net groundwater-flux magnitude
(panel B, figs. 25-26) is less than that for net surface-water
flows. Net groundwater flows also appear to have a central
tendency for slight decreases by 2100 as opposed to increases
forecast for seepage lakes.
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lake area and related annual lake stage.
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Changes to Stream Temperature

All GCM models and scenarios result in a general
increase in annual average stream temperatures over the
100-year simulation period (fig. 27). On the basis of the GCM
scenario averages (solid lines in fig. 27), Upper Allequash
Creek remains the coolest of the three streams and has the
least amount of relative increase in annual average stream
temperature (ranging from 1.0 to 2.2 °C depending on GCM
emission scenario). North Creek and Stevenson Creek have
larger relative increases in simulated stream temperatures,
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ranging from 1.7 to 3.2 °C in Stevenson Creek and 1.4 to

2.9 °C in North Creek (fig. 27). Both the A2 (red) and A1B
(blue) emission scenarios show the largest gains in average
stream temperature. The B1 emission scenario shows rela-
tively steady increases in average annual stream temperatures,
but the rate of change is less than that of the other scenarious
and gains over the 100-year period are the smallest. Similar
to future forecasts of streamflow, stream temperature shows
increasing variability (and thus uncertainty) across the sce-
narios as compared to current conditions (2000-2010) for all
modeled streams.
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GSFLOW and SNTEMP Limitations and
Assumptions

Potential limitations of climate-change forecasts are well
recognized (for example, Intergovernmental Panel on Climate
Change, 2007) and thus are noted here but not expounded
upon. Climate drivers used for the climate-change scenarios
varied appreciably depending on the General Circulation
Model (GCM) and emission scenario selected; this uncer-
tainty was reflected in hydrologic-flow and temperature model
results. Therefore, as with all forecasts of this type, the results
are best considered to approximate potential outcomes of
climate change.

Similar to all models, the Trout Lake hydrologic and
temperature process-based models described here are simpli-
fications of the natural world, with corresponding limitations
in model simulation capability and forecast suitability. For
example, the MODFLOW model discretization (cell size) is
75 m x 75 m; discretization of the PRMS surface-water model
(hydrologic response unit, HRU) is even coarser. The condi-
tions within the grid division (groundwater level, groundwater
flow, evapotranspiration rate, soil moisture) are thus reduced
to one average value for the entire model cell or HRU. There-
fore, even though the resolution of the groundwater model
grid is relatively high, the model would not be suitable for
many site-scale or local headwater problems or issues without
additional refinement.

Likewise, temporal simplifications were needed to
develop tractable models used for this work. Models were
constructed using daily or larger time increments; thus, partial-
day (“continuous” or “storm-mode”) simulations of individual
storm events were not in the scope of this work. Actual flood
peaks that occur in the watershed due to intense rainfall on the
partial-day timescale will not be reflected by this modeling on
the daily timestep. Because of this averaging of partial-day
stresses in the model, and the fact that the tool is developed
by using watershed flows and not local hydraulic character-
istics at any one location in the watershed, model results are
reported in daily average streamflow (discharge) and not local
stream stage or flood peak.

Although hydrologic parameters and aquifer and confin-
ing unit geometry in parts of the model area are genrally not
well known at smaller scales, data are more abundant and of
better quality in some areas of the model domain (for example,
the Allequash Creeck Basin). As a result, properties that pro-
vide the best match between measured and simulated flows
and groundwater levels primarily reflect conditions in these

data-rich parts of the watershed. Moreover, not all observed
targets were given equal weight in the calibration; thus, all tar-
gets are not comparably simulated (appendix 6). Therefore, the
GSFLOW model’s ability to simulate the Trout Lake system
is variable, where some features (for example, primary LTER
study lakes) are better represented than others (lakes on the
periphery of the Trout Lake Watershed). Similarly, although
the entire Trout Lake surface-water system is relatively well
simulated, the streams with higher flows (Trout River, Alle-
quash Creek) are better simulated than streams with lower
streamflow (Stevenson Creek, North Creek). This underscores
the model’s enhanced suitability to simulate large-scale bulk
properties of the hydrologic system over smaller-scale prop-
erty variation. The seasonal variability of solar radiation and
potential evapotranspiration was based on existing national
datasets; more contemporaneous local datasets would improve
these crucial variables that influence many of the hydrologic
processes in the model. Finally, the models are currently
limited in their ability to simulate frozen-ground and lake-ice
conditions. Therefore, simulated results may not capture all
the short-term dynamics of the natural system during snow-
melt periods.

Several assumptions and limitations are associated with
in-stream temperature modeling. One of the biggest limiting
factors is that SNTEMP is a successive steady-state model
and therefore can only represent changes over the minimum
averaging period—in this case, 1 day. In other words, because
the minimum averaging period is | day, the model cannot dis-
cern changes to stream temperature that occurred on an hourly
scale. Consequently, changes in streamflow temperature can-
not be well represented unless the change is gradually varying
and sustained beyond the minimum averaging period. Another
limiting assumption in SNTEMP is homogenous and instan-
taneous mixing wherever two sources of water are combined;
no dispersion or diffusion is represented in the model. Finally,
all boundary conditions, similar to hydrologic conditions, are
considered homogeneous and constant. This assumption has
implications for the size of the network simulated for a single
averaging period. Because the model is steady state, the water
and associated thermal load must enter and exit within the
1-day averaging period. Given the relatively small geographi-
cal scale of the streams draining into Trout Lake and the
velocity of the stream at base-flow conditions, the assumption
of daily traveltime was likely violated only occasionally in this
model during extremely high streamflow events. Nevertheless,
potential for violations to this assumption may be important
for some forecasts, such as reach-scale heat transport.



Summary

A calibrated transient surface-water model and a cali-
brated steady-state groundwater model were used to construct
a single coupled transient groundwater/surface-water model
for the Trout Lake Watershed in north-central Wisconsin,
USA. The computer code GSFLOW was used to simulate
the coupled hydrologic system; GSFLOW iteratively uses
formulations of the PRMS surface-water model for hydrologic
processes in the atmosphere, at land surface, and within the
soil-zone, and a MODFLOW groundwater model for unsatu-
rated-zone, saturated-zone, stream, and lake simulation. The
coupled model was calibrated by using heads, streamflows,
lake levels, actual evapotranspiration rates, solar radiation,
and snowpack measurements collected during water years
1998-2007; calibration was done by use of advanced features
in the PEST parameter-estimation software suite. Simulated
streamflows from the calibrated GSFLOW model and other
basin characteristics were used for SNTEMP stream tempera-
ture simulations for selected tributaries in the watershed. The
temperature model was calibrated to high-resolution stream
temperature time-series data measured in 2002. The calibrated
GSFLOW and SNTEMP models were then used to simulate
effects of potential climate change for the period 2010 to
2100. An ensemble of climate models and emission scenarios
were evaluated. The results of this study can be summarized as
follows:

 Separate calibration of the uncoupled groundwater and
surface-water model did not provide a representative
initial parameter set for coupled model calibration;
however, a sequentially linked calibration, in which the
uncoupled models were linked automatically by using
utility software, provided a starting parameter set suit-
able for coupled-model calibration.

* Daily stream temperatures measured during 2002
were successfully simulated by using a 1-dimensional,
steady-state SNTEMP stream temperature model; the
model fit was acceptable for a range of groundwater
inflow rates into the streams.

* Downscaled climate drivers for the period 2010-2100
showed increases in maximum and minimum air tem-
perature over the scenario period. Scenarios of future
precipitation did not show a monotonic-like trend
like temperature. Uncertainty in the climate drivers
increased over time for both temperature and precipita-
tion.

* Over the scenario period, growing-season length was
simulated to increase by weeks, and both potential and
actual evapotranspiration rates increased appreciably
in response to increasing air temperature. Simulated
actual evapotranspiration rates increased less than
simulated potential evapotranspiration rates as a result
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of water limitation in the root zone during the summer
high-evapotranspiration period.

* The hydrologic-system response to climate change
was characterized by a reduction in the importance of
the snowmelt pulse and an increase in the importance
of fall and winter groundwater recharge. The less
dynamic simulated hydrologic regime is likely to result
in drier soil conditions in rainfed wetlands and uplands
and less drying in groundwater-fed systems.

* Averaging over an annual timeframe showed stream-
flows within the watershed being less affected by
climate change than suggested by forecast increases
in watershedwide evapotranspiration, owing to their
strong connection to the groundwater system.

» Seepage lakes showed greater forecast stage declines
related to climate change than drainage lakes. Seepage
lakes higher in the watershed (nearer to groundwater
divides) had less groundwater inflow and thus had
larger forecast declines in lake stage. A seepage lake
lower in the watershed had higher groundwater inflow
and less forecast decline in lake stage. Groundwater
inflow to seepage lakes tended to increase over time as
lake stage declined.

* Drainage lakes responded with changes in outlet
streamflow to offset losses to their water flows and
were characterized by much smaller forecast stage
declines. Net groundwater inflow tended to decrease in
drainage lakes over the scenario period.

» Stream temperatures are expected to increase with cli-
mate change. The estimated increase in annual average
temperature ranged from approximately 1 to 2 °C by
2100 in the high-groundwater-inflow stream and 2 to
3 °C in the stream with less groundwater inflow.

 The climate drivers used for the climate change scenar-
ios varied appreciably between the General Circulation
Model and emission scenario selected; this uncertainty
was reflected in hydrologic-flow and temperature
model results. Thus, as with all forecasts of this type,
the results are best considered to approximate potential
outcomes of climate change.
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Groundwater Model Construction

The Trout Lake Watershed has been the focus of several
modeling studies (Cheng, 1994; Hunt and others, 1998; Pint
and others, 2003; Hunt and others, 2008) that represent stages
in the development and refinement of a regional groundwa-
ter model. The model framework, boundary conditions, and
conceptualization are described by Pint (2002). Traditional
calibration targets (heads, fluxes) and nontraditional calibra-
tion targets (for example, lake groundwater inflow, depth
of lake plume) are described by Pint (2002) and Hunt and
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others (2005). The groundwater-model construction methods
followed those described by Muffels (2008) and Hunt and
others (2008). They included a telescopic mesh refinement
of a regional analytic-element groundwater-flow model and
automated regularized inversion calibration using a parame-
ter-estimation program. Groundwater flow within the Trout
Lake Watershed (fig. 1-1), was simulated by using MOD-
FLOW?2005 (Harbaugh, 2005). Particle tracking was per-
formed by means of MODPATH (Pollock, 1994), and effective
porosity was set equal to 0.29, after Krabbenhoft and Babiarz
(1992).
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Figure 1-1.

Trout Lake Watershed model location (from Hunt and others, 2008).



The three-dimensional, finite-difference model employs
a grid comprising 230 rows and 240 columns with a uni-
form horizontal cell size of 75 x 75 meters (m) and six
layers, which results in a model domain of 31,050 hectares
(120 square miles). A two-dimensional analytic element (AE)
model using GFLOW (Haitjema, 1995) was modified from
an existing regional model of the Trout Lake area (Hunt and
others, 1998) and was used to derive boundary conditions for
the finite-difference model in accordance with the methods of
Hunt and others (1998). Briefly, groundwater fluxes calculated
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at the boundaries of the MODFLOW grid by the AE model
were distributed to the six layers of the finite-difference model
on the basis of layer transmissivity; these were then supplied
to the model domain through MODFLOW’s Well Package.
The crystalline bedrock, assumed to be impervious, forms the
bottom boundary of the model; although a horizontal model
bottom was assumed in the regional analytic element model,
the finite-difference model used a variable bottom (figs. 1-2
and 1-3). Recharge flux is specified across the water table,
which forms the upper boundary of the groundwater model.

—z>

EXPLANATION

Bedrock contour—Shows
altitude of bedrock surface.
Contour interval is 5 meters.
Datum is National Geodetic
Vertical Datum of 1929.

Figure 1-2. Altitude of the impermeable bedrock surface used in MODFLOW and associated GSFLOW model

(from Muffels, 2008).



40 Simulation of Climate-Change Effects Using GSFLOW and SNTEMP, Trout Lake Watershed, Wisconsin

0 12 MILES
L 1 J
I T T
0 12 KILOMETERS
A \\/‘j\/\ /’/\\\ A'
] , N 500
N e i 480
460

Vilas County

H

Figure 1-3.

A Approximate extent of
-—————

B Wildcat till
V/,//7/) Bedrock

N Undifferentiated till

W iz 0
7
420

Trout Lake v
| —50 B

— 480
— 460
— 440
—420
— 400

—s0 G
L 480
| 460
> L 440

model domain

EXPLANATION

[ crab lake till
[ 1 Fluvial sand and gravel

[ Water

Hydrogeologic sections in Vilas County, Wisconsin, based on Attig (1985) and Muffels( 2008). Legend and

colors refer to glacial units reported by Attig (1985). Location of Vilas County is shown in figure 1-1.

Similar to Muffels (2008), the aquifer was represented in
the model by using the stratigraphic conceptualization of Attig
(1985), which distinguishes between glacial deposits (fig. 1-3)
on the basis of glacial ice-front proximity. Stratigraphic
units were converted to hydrostratigraphic units (fig. 1-4) by
Muffels (2008); the layering and hydrostratigraphic assign-
ments were unaltered in this model update. Hydrogeologic
sections in Vilas County, Wisconsin, based on Attig (1985)
and Muffels( 2008). Legend and colors refer to glacial units
reported by Attig (1985). Location of Vilas County is shown in
figure 1-1.

Hydraulic conductivity within the model domain was
specified by using pilot points (Doherty, 2003) in combination
with the design and layout of Muffels (2008). The general goal
of pilot-point use is to provide an intermediate alternative to
two end-member approaches of parameterization: (1) cell-by-
cell variability, whereby each model node can have a differ-
ent value; and (2) a priori reduction/lumping of many nodes

into a small set of piecewise-constant homogeneous zones. In
the pilot-point approach, parameter values are estimated at a
number of discrete locations distributed throughout the model
domain; cell-by-cell parameterization then takes place through
spatial interpolation from the pilot points to the model grid or
mesh. As applied in the Trout Lake model, pilot points were
grouped to represent geologic continuity where it is believed
to exist. Vertical-anisotropy pilot points were also specified at
each horizontal hydraulic conductivity (K, ) pilot-point loca-
tion. Therefore, each aquifer layer was represented by 218
horizontal-hydraulic-conductivity and 218 colocated vertical-
anisotropy pilot points (fig. 1-5), for a total of 2,616 pilot
points in the model domain. See Muffels (2008) for additional
information regarding the pilot-point parameterization. Addi-
tional discussion of the application of pilot points is given in
appendix 3 and the calibrated values of hydraulic conductivity
resulting from the pilot point distribution are given in appen-
dix 6.
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Thirty lakes within the Trout Lake Watershed or near its
boundary are simulated by using the MODFLOW Lake Pack-
age (LAK: Merritt and Konikow 2000; updated by Markstrom
and others, 2008; fig. 1-6), which calculates lake stages on
the basis of volumetric water budgets. Simulating lake stages
within the model is superior to specifying lake stages with
constant-head nodes because it helps ensure that heads are not
overly constrained in the immediate area of interest. Simi-
larly, all streams inside the area of interest (defined here as
“nearfield”) used the MODFLOW Streamflow Routing (SFR2)
Package (Niswonger and Prudic, 2005), to allow accounting
of streamflow. The SFR2 Package also limits the amount of
water a stream can lose to the adjacent aquifer to the amount
of water flowing in the stream. Streambed/lakebed sediments
are assumed to have a uniform thickness of 1 m and a uniform
vertical hydraulic conductivity. Outside the area of interest
(defined here as “farfield”), streams and lakes were simulated
with the MODFLOW General Head Boundary (GHB) Pack-
age (fig. 1-6).

Recharge to the model was simulated with the MOD-
FLOW Unsaturated-Zone Flow (UZF) Package (Niswonger
and others, 2006). Water leaving the soil zone (calculated by
the PRMS model) was specified as “infiltration” to the top
of the unsaturated zone. Recharge to the saturated zone was
calculated by the UZF Package using specified unsaturated-
zone properties, including the vertical saturated hydraulic
conductivity of the soil (input variable VKS) and a parameter
that describes the relation of hydraulic conductivity to soil
moisture (a Brooks-Corey epsilon or EPS variable), as well
as the transient loading of water specified by the time-varying
infiltration (input variable FINF) rate. Unsaturated-zone thick-
ness also is used by UZF to simulate recharge and is calcu-
lated by subtracting the simulated water-table elevation from
the land-surface elevation that is specified by the top elevation
(input variable TOP) in MODFLOW'’s Layer Property Flow
(LPF) Package. TOP is a critical parameter in the calculation
of recharge within UZF, which differs from MODFLOW’s
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Figure 1-6. Location of farfield surface-water features outside the Trout Lake area of interest simulated
with the GHB Package (dark gray), lakes simulated with the LAK3 Package in the nearfield area of interest
(near black), and nearfield streams simulated with the SFR Package (light gray), from Muffels (2008).



Recharge (RCH) Package approach whereby the variable TOP
for an unconfined top layer is commonly set to some arbitrary
value because it is not used in most calculations of groundwa-
ter flow.

As described by Niswonger and others (2006), the UZF
Package routes water through an assumed homogeneous
unsaturated zone by using a one-dimensional kinematic wave
approximation to Richards’ equation that ignores capillary
forces, and it can partition precipitation into evapotrans-
piration, runoff, unsaturated zone storage, and recharge.

Two capabilities of the UZF Package are notable for model
calibration. First, water that leaves the root zone is routed
through the unsaturated zone to the water table rather than
being directly applied to the water table. This allows simula-
tion of lags and mixing between infiltration events leaving the
root zone before becoming water-table recharge. Second, the
UZF Package can generate and route runoff to surface-water
features in areas where groundwater is at or above land sur-
face, or during periods when infiltration rates exceed the soil’s
ability to transmit the water. This capability allows simulation
of variable source areas for surface runoff generation. More
representative simulations of variable source areas facilitate
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more realistic simulations of groundwater/surface-water
interaction dynamics. These areas represent potential variable
source areas for surface-runoff generation when groundwater
heads reach land surface and are therefore routed to LAK
Package lakes or SFR Package streams in the model through
the UZF Package IRUNBND array during the sequentially
linked model calibration (see appendix 3). The fully coupled
GSFLOW model does not use this explicit routing but instead
routes overland flow by using surface-water cascades speci-
fied for the PRMS hydrologic response units. Streams within
the watershed of interest are simulated with the SFR Package
(light gray; fig. 1-6) and lakes are simulated with the LAK
Package (black; fig. 1-6). Moreover, the ability to remove
and route water to adjacent surface-water features is superior
to the overpressurizing of the groundwater system that can
result from direct application of infiltration to the water table
(Hunt and others, 2008). Areas that generated overland runoff
were in low-lying wetland areas adjacent to streams and lakes
(fig. 1-7). Because the study watershed is relatively unde-
veloped, no other hydrologic features (for example, pumping
wells, drain tiles) were included in the simulation.
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Figure 1-7. Wetland areas adjacent to surface-water features (black) from Muffels (2008).



44 Simulation of Climate-Change Effects Using GSFLOW and SNTEMP, Trout Lake Watershed, Wisconsin

References Cited

Attig, J.W., 1985, Pleistocene geology of Vilas County, Wis-
consin. Wisconsin Geological and Natural History Survey
Information Circular 50, 32 p.

Cheng, Xiangxue, 1994, Numerical analysis of groundwater
and lake systems with application to the Trout River Basin,
Vilas County, Wisconsin: University of Wisconsin-Madison,
Department of Geology and Geophysics, Ph.D. dissertation,
191 p.

Doherty, John, 2003, Groundwater model calibration using
pilot points and regularization: Ground Water, v. 41, no. 2,
p. 170-177.

Haitjema, H.M., 1995, Analytic element modeling of ground-
water flow: San Diego, Calif., Academic Press, 394 p.

Harbaugh, A.W., 2005, MODFLOW-2005, the U.S. Geologi-
cal Survey modular ground-water model—The Ground-
Water Flow Process: U.S. Geological Survey Techniques
and Methods, book 6, chap. A16 [variously paged].

Hunt, R.J., Anderson, M.P., and Kelson, V.A., 1998, Improv-
ing a complex finite-difference ground water flow model

through the use of an analytic element screening model:
Ground Water, v. 36, no 6, p. 1011-1017.

Hunt, R.J., Feinstein, D.T., Pint, C.D., and Anderson, M.P.,
2005, The importance of diverse data types to calibrate a
watershed model of the Trout Lake Basin, northern Wiscon-
sin, USA: Journal of Hydrology, v. 321, nos. 1-4, p. 286—
296, doi:10.1016/j.jhydrol.2005.08.005.

Hunt, R.J., Prudic, D.E., Walker, J.F., and Anderson, M.P.,
2008, Importance of unsaturated zone flow for simulating
recharge in a humid climate: Ground Water, v. 46, no. 4,
p. 551-560, doi:10.1111/j.1745-6584.2007.00427 x.

Krabbenhoft, D.P., and Babiarz, C.L., 1992, The role of
groundwater transport in aquatic mercury cycling: Water
Resources Research, v. 28, no. 12, p. 3119-3128.

Markstrom, S.L., Niswonger, R.G., Regan, R.S., Prudic, D.E.,
and Barlow, P.M., 2008, GSFLOW—Coupled Ground-
Water and Surface-Water Flow Model based on the integra-
tion of the Precipitation-Runoff Modeling System (PRMS)
and the Modular Ground-Water Flow Model (MOD-
FLOW-2005): U.S. Geological Survey Techniques and
Methods, book 6, chap. D1, 240 p.

Merritt, M.L., and Konikow, L.F., 2000, Documentation of a
computer program to simulate lake-aquifer interaction using
the MODFLOW ground-water flow model and the MOC3D
solute-transport model: U.S. Geological Survey Water-
Resources Investigations Report 00—4167, 146 p.

Muftels, C.T., 2008, Application of the LSQR algorithm to
the calibration of a regional groundwater flow model—
Trout Lake Basin, Vilas County, Wisconsin: University of
Wisconsin-Madison, M.S. thesis, 106 p.

Niswonger, R.G., and Prudic, D.E., 2005, Documentation
of the Streamflow-Routing (SFR2) Package to include
unsaturated flow beneath streams—A modification to SFR1:
U.S. Geological Survey Techniques and Methods, book 6,
chap. A13, 51 p.

Niswonger, R.G., Prudic, D.E., and Regan, R.S., 2006, Docu-
mentation of the Unsaturated-Zone Flow (UZF1) Package
for modeling unsaturated flow between the land surface and
the water table with MODFLOW-2005: U.S. Geological
Survey Techniques and Methods, book 6, chap. A19, 74 p.

Pint, C.D., 2002, A groundwater flow model of the Trout Lake
Basin, Wisconsin—Calibration and lake capture zone analy-
sis: University of Wisconsin-Madison, M.S. thesis, 123 p.

Pint, C.D., Hunt, R.J., and Anderson, M.P., 2003, Flowpath
delineation and ground water age, Allequash Basin, Wiscon-
sin: Ground Water, v. 41, no. 7, p. 895-902.

Pollock, D.W., 1994, User’s guide for MODPATH/MOD-
PATH-PLOT, Version3—A particle tracking post-processing
package for MODFLOW, the U.S. Geological Survey
finite-difference ground-water flow model: U.S. Geological
Survey Open-File Report 94-464, 249 p.



Appendix 2 45

Appendix 2. Surface-Water Model Construction

GIid BOTALION ..ottt ettt bttt bbb s s bt s et et s st st en s s aneas 46
Hydrologic RESPONSE UNIES ....vuieeieiiieeieceicireescsee sttt esss st sss st essesssssnsnsens 46
SUMACE-WaALer ROULING ...c.cviiuiieeeciitcte ettt bbb bbb 46
Parameterization of the MOAE] ..ot 50
Climate Data Used for Model FOrCING ......coverrererecieiresseeiseisstseeesess st sssssssssesssssssssseens 50
Variation of Growing Season with Changing TEMPEratures .........ccccveeereeervernerseesesssssessessssessesens 53
RETEIENCES CItBU.......ceeeececteeeccte ettt ettt b s bbbt s st s s 53
Figures
2-1.  Map showing subwatersheds used in assigning spatially variable parameter
values to the individual hydrologic reSpoNSe UNItS........ccceveureueeeererssiseeeeese e sssssssenans 47
2-2. Diagram showing overland-flow routing diagram generated for the Trout Lake
Precipitation-Runoff Modeling System model........cc.ccoeinninieinenereie s 48
2-3. Diagram showing groundwater-flow routing diagram generated for the Trout Lake
Precipitation-Runoff Modeling System model..........ccooeeoeceeeeceeeceeecee e 49

Tables

2-1. Description of parameter types determined by the GIS Weasel that were not

varied during Calibration ... 51
2-2. National Weather Service Cooperative (COOP) weather stations used to

provide input to the Precipitation-Runoff Modeling System (PRMS) model..................... 52



46 Simulation of Climate-Change Effects Using GSFLOW and SNTEMP, Trout Lake Watershed, Wisconsin

This section contains additional detail regarding the
development and initial parameterization of the PRMS
surface-water model.

Grid Rotation

The 30-meter digital elevation model (DEM) of Wis-
consin (Gesch and others, 2002) was clipped, rotated, and
resampled to coincide with the boundaries of the groundwater-
model grid. All of the gridded data used in this phase of the
project were rotated about the lower left-hand coordinate of
the MODFLOW grid (540680, 609772, Wisconsin Transverse
Mercator 1983/1991 meters, Wisconsin State Cartographer’s
Office, 2009), with a rotation value of 2.1 degrees clockwise.
Limitations in the ArcInfo grid format (ESRI, 2013) do not
allow for grids to have any rotation in them relative to under-
lying projection coordinates. Because two of the tools used
to assist in the parameterization of the PRMS model rely on
the ArcInfo gridded data format, it was necessary to rotate the
grids before further processing could occur.

Hydrologic Response Units

The surface-water modules included in the GSFLOW
framework require that the model domain be split into discrete
subareas, known as hydrologic response units (HRUs). Each
HRU is assumed to be homogeneous with respect to hydro-
logic and physical characteristics such as slope, vegetation,
land use, or soil type. The HRU configuration was gener-
ated by use of the GIS Weasel (Viger and Leavesley, 2007).
Because the hydrologic system is dominated by groundwater
flow, a combination of surface-elevation differences and

variations in the water table and lake elevations was used to
construct the drainage network, which was then further subdi-
vided into the final HRUs.

The GIS Weasel was used to process the DEM by filling
depressions, thereby generating a flow-direction grid. The
flow-direction grid was subsequently processed by use of the
GIS Weasel’s routines to generate a stream network and an ini-
tial two-plane HRU map. This process was repeated by using
a water-table map derived from output from a MODFLOW
model constructed previously for the study area (Muffels,
2008). The two-plane HRU maps were merged together and
further subdivided with lake outlines and in wetland areas
to separate the near-stream areas from the upland areas. The
result was a model consisting of 146 HRUs (fig. 2—1).

Surface-Water Routing

The PRMS model allows for surface flow to be routed to
downslope HRUs. Each connection between a pair of HRUs
or between an HRU and a stream segment must be specified
explicitly. These connections were generated by means of the
GIS Weasel (Viger and Leavesley, 2007) using the flowlines
derived from the land-surface topography. The resulting over-
land-flow routing diagram contains 145 connections (fig. 2-2).

In the complex low-relief terrain of the Trout Lake Water-
shed, the surface-water and groundwater divides can differ
from one another. The PRMS model also allows for ground-
water flow to be routed through the groundwater reservoirs
underlying the HRUs by using a separate set of routing con-
nections. The groundwater routing connections were generated
by means of the GIS Weasel using the flowlines derived from
the water-table surface. The resulting groundwater flow-rout-
ing diagram contains 233 connections (fig. 2-3).
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Figure 2-2. Overland-flow routing diagram generated for the Trout Lake Precipitation-Runoff Modeling System (PRMS) model.
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Parameterization of the Model

The PRMS model contains hundreds of user-specified
parameter values that can be used to tailor the model to the
specific area of study. Some of these parameters are more
important than others. This section contains a description of
how some of the more important initial parameter values were
derived.

Initial parameter values were generated by means of the
GIS Weasel (Viger and Leavesley, 2007). The GIS Weasel
has been developed to assist in generating model parameter
values for PRMS and GSFLOW models; a project-specific
digital elevation model is used to generate HRUs and other
physical model parameters, whereas general, nationwide soils
and land-use GIS datasets (Vogelmann and others, 2001; U.S.
Department of Agriculture, 1994) are used to generate other
parameter values.

The parameters that are needed to run the model can be
divided into two groups. The first group describes physical
characteristics of the watershed that are considered fixed and
are not varied during model calibration. The second group
describes parameters that can be estimated by using GIS datas
ets but are further adjusted during the calibration process. The
parameters describing the physical characteristics that were
not varied during model calibration are described in table 2—1.

Because of the relative homogeneous nature of the soils
and geology in the Trout Lake Watershed, it was felt that
detailed spatial variability of the soil-zone and of parameters
that control runoff and groundwater flow was not warranted.
Instead, the HRUs were aggregated into eight subwatersheds
and a far-field area (fig. 2—1). The initial parameter estimates
for each HRU derived by the GIS Weasel were averaged over
the subwatersheds, and each HRU within a subwatershed was
then assigned the average initial value.

Climate Data Used for Model Forcing

The PRMS model uses climate data as input to the hydro-
logic system. Daily values of precipitation and temperature
(maximum and minimum) are required inputs. Values of solar
radiation and potential evapotranspiration can be either input
as specified data or calculated by the model. For this study, we
chose to calculate these quantities using the cloud-cover solar-
radiation algorithm (ccsolrad prms; Markstrom and others,
2008, p. 162) and the Jenson-Haise formulation for potential
evapotranspiration (potet_jh prms module; Markstrom and
others, 2008, p. 164).

The closest National Weather Service Cooperative
(COOP) weather station is at Rest Lake (National Weather
Service station ID 477092), approximately 10 km northwest

of Trout Lake. Although this single station might provide
adequate input data for the model, in some cases there could
be missing data that will cause the model to halt execution. In
addition, the station is west of the model area, so it might not
adequately represent the spatial variability of storms across the
watershed. To address these difficulties, data from a total of
six COOP weather stations were chosen for input to the model
(table 2-2).

The temperature and precipitation data from the six
weather stations were distributed to the HRUs by means of
an algorithm based on the inverse of distance from the HRU
centroid and each particular weather station. The weight for a
station is computed as

w.=(1.0/d.)’ (1)

where
w, is the weight for station n, and
d, is the distance between the station n and the
HRU-interpolation point.
The weights for a given HRU are determined by using
the three nearest stations to each HRU.
Precipitation and maximum and minimum temperature
values by HRU are calculated as

3

hru — pptl’;RU = Z(Wn ® preczpn ) (23)
n=1
3
hru _tmax;,, = Z (w, etmax, ) (2b)
n=1
3
hru _tming,,, = z (w, ®tmin,) (2¢c)

n=1
where
hru _ ppt;,,  is the average precip for time step m for a
given HRU,

precip, is the daily precip for station #,

is the average maximum temperature for time
step m for a given HRU,

is the daily maximum temperature for station
n,

is the average minimum temperature for time
step m for a given HRU,

m
hru _tmax,p,,,

tmax,

. m
hru _tminy,

tmin, is the daily minimum temperature for station
n, and
w, is the weight for station n calculated by
equation 1.
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Table 2-1. Description of parameter types determined by the GIS Weasel that were not varied during calibration.

[HRU, hydrologic response unit; precip, precipitation]

Model suggested values

Resulting values in the model

Name Description — - — -
Default Minimum Maximum Average Minimum Maximum

hru_area HRU area 1 0.01 1E+9 525.46027 14.9 9278.2002

hru_percent_imperv HRU percent impervious 0 0 0.99 0 0 0

hru_type HRU type 1 0 3 1.20548 1 2

tmax_allrain Precip all rain if HRU maximum 40 0 90 524 52.4 52.4
temperature above this monthly
value

tmax_adj HRU maximum temperature 0 -10 10 0 0 0
adjustment

tmin_adj HRU minimum temperature 0 —-10 10 0 0 0
adjustment

cov_type HRU cover type designation 3 2.38356 3

covden_sum HRU summer vegetation cover 0.5 1 0.61465 0.88525
density for major vegetation
type

covden win HRU winter vegetation cover den- 0.5 0 1 0.41814 0 0.85869
sity for major vegetation type

snow_intcp HRU snow interception storage 0.1 0 5 0.03613 0.02 0.1
capacity

srain_intcp HRU summer rain interception 0.1 0 5 0.04979 0.04041 0.05
storage capacity

wrain_intcp HRU winter rain interception 0.1 0 5 0.02599 0.02 0.05
storage capacity

hru_deplerv Index number for snowpack areal 1 0 2 1 1 1
depletion curve for each HRU

melt force Julian date to force snowpack to 90 1 366 90 90 90
spring snowmelt stage

melt_look Julian date to start looking for 90 1 366 90 90 90
spring snowmelt

rad_trncf HRU solar radiation transmission 0.5 0 1 0.13454 0.05171 0.21463
coefficient

snarea_curve Snow area depletion curve defined 1 0 1 0.58318 0.05 1
by 11 values for each curve

snarea_thresh HRU maximum threshold water 50 0 200 0.21866 0 0.515
equivalent for snow depletion

tstorm_mo Set to 1 if thunderstorms prevalent 0 0 1 0.41667 0 1
during month

fastcoef lin HRU linear preferential-flow 0.1 0 1 0 0 0.00001
routing coefficient

fastcoef sq HRU nonlinear preferential-flow 0.8 0 1 0 0 0.00001
routing coefficient

pref flow den HRU preferential-flow pore 0 0 1 0 0 0
density

soil_moist_init Initial values of water for soil 3 0 20 1 1 1
zone of each HRU

soil_rechr_init Initial value of water for soil 1 0 10 0.56507 0.5 1
recharge zone of each HRU

soil_type HRU soil type 2 1 3 1 1 1
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Table 2-1. Description of parameter types determined by the GIS Weasel that were not varied during calibration.—Continued

[HRU, hydrologic response unit; precip, precipitation]

Model suggested values

Resulting values in the model

Name Description — - — -
Default Minimum Maximum Average Minimum Maximum
SSI2gW_exp Coefficient to route water from 1 0 3 0.09635 0.09635 0.09635
subsurface to groundwater for
each HRU
ssstor_init Initial storage in each gravity 0 0 20 0 0 0
reservoir of each HRU
hru_aspect HRU aspect 0 0 360 86.91781 0 315
hru_lat HRU latitude 40 -90 90 40.61275 40.527 40.665
hru_slope HRU slope 0 0 10 0.03652 0.00016 0.09925
ppt _rad_adj Radiation reduced if basin precip 0.02 0 0.5 0.11097 0.11097 0.11097
above this monthly value
radmax Maximum fraction of potential 0.8 0.1 1 0.8 0.8 0.8
solar radiation (decimal)
imperv_stor_max HRU maximum impervious area 0 0 10 0.1 0.1 0.1
retention storage
snowinfil max HRU maximum snow infiltration 2 0 20 1 1 1

per day

Table 2-2. National Weather Service Cooperative (COOP) weather stations used to provide input to
the Precipitation-Runoff Modeling System (PRMS) model.

Station number Station name _Latitude I_.ongitude Elevation

(decimal degrees) (decimal degrees) (meters)
475516 Minocqua 45.886 —89.732 489
477480 St. Germain 2 East 45.907 —89.436 501
477092 Rest Lake 46.121 —-89.876 491
476939 Rainbow Reservoir Tomahaw 45.834 —89.549 488
208680 Watersmeet 5 West 46.278 —89.174 485
472314 Eagle River 45.909 —89.253 501




Variation of Growing Season with
Changing Temperatures

The growing season determines the period during which
evapotranspiration from the vegetative portion of the HRUs
can occur. It can be specified by two parameters: spring_frost
and fall frost. The spring_frost parameter specifies the date
for each HRU that is the beginning of the growing season.
Likewise, the fall frost parameter specifies the date for each
HRU that is the end of the growing season. Both parameters
are calculated as a solar day, defined as the time in days since
the winter solstice. The two frost parameters were prepro-
cessed by means of an algorithm described in Christiansen
and others (2011) and documented in Markstrom and others
(2012). A killing-frost temperature of —2.2 degrees Celsius
(°C), 28 °F, was used for each HRU. During model calibration,
the frost parameters were determined as average values for the
calibration period. During climate-change scenarios, the frost
parameters were determined for each year in the simulation
period by using minimum temperature input for each specific
global circulation model (GCM) and emissions scenario.

A preprocessing program calculates the spring frost date
and fall frost date for each calendar year for each HRU. The
program then produces an input file for the model consisting
of transpiration flags for each day for each HRU, indicat-
ing whether transpiration is on (flag=1) or off (flag=0). The
GSFLOW model uses the climate hru module to read the
transpiration flags directly from the input file.
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Introduction

The overall model-calibration strategy involved calibrat-
ing the PRMS-only and steady-state MODFLOW models
independently as a first step. The transient PRMS model was
then linked to the steady-state MODFLOW model in a sequen-
tial fashion to provide a revised set of soil-zone parameters
and spatial distribution of hydraulic conductivity. Finally, the
complete coupled model was calibrated to further refine the
parameters. For parameters related to the PRMS model and
associated parameters in the coupled model, a stepwise proce-
dure was undertaken to isolate parameters controlling specific
hydrologic processes (Hay and others, 2006).

Time-Series Processing Approach

In addition to issues of parameter insensitivity and cor-
relation that affects coupled-model calibration (for example,
Doherty and Hunt, 2009, 2010a), there are also concerns with
the issue of measurement noise and redundant information
in the observations used to calibrate these models. This is a
primary concern here because surface-water datasets com-
monly include many observations, especially with respect to
the temporal density of the observations within a spatially dis-
tributed network; many of these data carry redundant insight
into the system, as well as contribute to the measurement noise
that is encountered during calibration. In order to enhance the
signal-to-noise ratio within our observation data, we employed
a time-series processing approach to the time-series observa-
tions. In this approach, the raw observations were processed
and distilled into characteristic aspects of the system (Walker
and others, 2009). The simulated PRMS output was then pro-
cessed in the same way as the raw observations and compared
directly in the parameter-estimation process. We used the
Time-Series Processor TSPROC (Doherty, 2008), modified
to read the PRMS STATVAR and MODFLOW Gage (GAG)
Package output files.

Observation Weights

In general, an estimate of uncertainty in the observations
was the starting point for the weights for each observation
group (wg). The weight was assigned to be the reciprocal of
the uncertainty for each group, which is defined by the stan-
dard deviation of the data (csg), thus
€]

1
wo=—
g
Gg
where

w, is the weight for a particular observation
group, and

o is the standard deviation of the uncertainty for
the observations.

The uncertainties were estimated by using the coefficient
of variation (standard deviation divided by the mean) and an
average value for each observation group; thus, the weight is
estimated as

1

w, = 2
ConCr )

where

is the coefficient of variation for the
observation group, and

K, is the average value for the observation group.

cv
g

For a log-transformed, normally distributed variable, the
standard deviation in log space was determined by rearranging
the equations relating log-space () moments to real space (x)
(Miller and Freund, 1977):

o, =/log(1+CV)CV, A3)

is the coefficient of variation of the real-space
observations, and

o, is the standard deviation of the log-space

/ observations.

where
v,

Because the groups contained observations at different
time scales, the number of observations differed considerably
within each group and from station to station. To compensate
for the number of observations, the weights were adjusted to
represent an equivalent number of annual observations for step
1 and monthly observations for step 3. This reasoning follows
from the basic identity that the standard deviation of the mean
from a random sample of size n is given by

(o2

o =—£% (4)
" n
where
o, is the standard deviation of the mean of the
observations,
o, is the standard deviation for the observation
group, and

n is the sample size.

Because the weights are equal to the inverse of the stan-
dard deviation, the weight for a mean statistic becomes

1 n

wm=—=—=wg\/; (%)
o, O,
where
w is the resulting weight for the mean of the
observation group, and
w is the base weight for the observation group

(from equation 2).



Calibration Approach: PRMS-Only
Model

The PRMS-only model was incrementally calibrated by
means of the parameter estimation program PEST (Doherty,
2010a, 2010b) using singular value decomposition. Sequential
steps were used in the calibration and are listed in table 3—1
(modified from Hay and others, 2006). Calibration efforts
stayed within each step described below until all estimated
parameters were within the bounds and appear to be reason-
able for the hydrologic setting.

Table 3-1. Hydrologic processes associated with the individual
steps in the calibration procedure.
Hvdrologi Number
ydrologic -
Ste
p processes Parameters Observation
groups
1 Solar radiation, potential 42 3
evapotranspiration,
lake evaporation
2 Snowmelt 14 1
Runoff, infiltration, 104 20

groundwater flow

Step 1—Solar Radiation, Potential
Evapotranspiration, and Lake Evaporation

The first step in the parameter estimation process
involved several parameters controlling incoming solar radia-
tion, potential evapotranspiration, and lake evaporation. The
main driver for several of the hydrologic processes simulated
in the PRMS model (for example, snowmelt and evapotrans-
piration) is incoming solar radiation. If the model is able
to simulate incoming solar radiation correctly, parameters
specific to other processes will be more realistic and likely to
fall within acceptable ranges. Likewise, simulating potential
evapotranspiration correctly results in a more realistic simula-
tion of infiltration, runoff, and groundwater-flow processes.
Finally, simulating rather than specifying solar radiation
allows for simulation of future climate conditions, where the
amount of solar radiation is expected to differ from current or
historic conditions (see appendix 2 for simulation method).
Simulated values from other models, such as GCMs, could
also be specified. The objective function for the calibration is
defined as follows:

Nobs

¢= Z WIZ(SI _Oi)z (6)
i=1

where

=

is the objective value being minimized,
w, is the weight used for observation i,
S is the simulated value for observation i,
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0, is the observed value for observation 7, and
Nobs is the total number of observations used in the
objective function.

For this step, parameters associated with solar radiation,
potential evapotranspiration, and evaporation for Sparkling
Lake were used in the objective function. The following cali-
bration targets were processed:

1. Mean monthly solar radiation: Daily solar radia-
tion for each month averaged across all years in the
simulation period was used to capture the seasonal
variation of solar radiation.

2. Mean monthly potential evapotranspiration: Daily
potential evapotranspiration for each month aver-
aged across all years in the simulation period was
used to capture the seasonal variation of potential
evapotranspiration.

3. Monthly Sparkling Lake evaporation: Daily actual
evaporation was averaged for each month in the
simulation period and used to capture the monthly
and within-year variation in evaporation.

Mean monthly solar radiation observations were obtained
from a dataset developed for the United States by Hay and
others (2006). The dataset consists of mean monthly values
estimated at a network of climate-station sites (Snotel Teleme-
try and National Weather Service) by using multiple regression
analysis. The mean monthly values of solar radiation for the
site closest to the centroid of the Trout Lake Watershed were
used as the solar-radiation calibration target. Mean monthly
potential evapotranspiration (PET) estimates were obtained
from mean monthly PET maps derived from the free-water
evaporation atlas of Farnsworth and others (1982). The mean
monthly values were interpolated to the centroid of the Trout
Lake Watershed to develop the PET calibration target. Because
the model is relatively insensitive to the spatial component
of the Jenson-Haise relationship (parameter jh_coef hru), a
single PET target was assumed. Daily estimates of evaporation
from Sparkling Lake were obtained from Lenters and others
(2005), and averaged for each month for the period 1992-98
to develop the lake evaporation target.

Parameters allowed to vary in this step included six
parameters from the cloud-cover module (ccsolrad prms;
Markstrom and others, 2008, p. 162), two parameters from the
potential evapotranspiration module (potet_jh_prms module;
Markstrom and others, 2008, p. 164), and one parameter from
the soil-zone module (soilzone prms; Markstrom and others,
2008, p. 169). Three of the parameters (ccov_slope, jh_coef
and lake evap adj) were allowed to vary by month, and six of
the parameters (ccov_intcp, crad_coef, crad_exp, radj_sppt,
radj_ wppt and jh_coef hru) were estimated as single values
(table 3-2). The most sensitive and identifiable parameters
(Doherty and Hunt, 2009) were the cloud-cover slope, the
monthly Jenson-Haise coefficients, and the monthly lake
evap_adj coefficients. Most of the remaining terms remained
relatively close to their default starting values (table 3-2 ).
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Table 3-2.

[PET, potential evapotranspiration]

Parameter types used in step 1 of the calibration: solar radiation, potential evapotranspiration and lake evaporation.

Model-suggested values

Calibrated values

Name Description _ - _ .
Default ~ Minimum Maximum Average Minimum Maximum
ccsolrad_prms module
ccov_intcp Monthly intercept in temperature 1.83 0 5 5 5 5
cloud cover relationship
ccov_slope Monthly slope in temperature cloud -0.13 -0.5 —-0.01 —0.04134 —0.05182 —0.02289
cover relationship
crad_coef Coefficient in cloud cover-solar 0.4 0.1 0.7 0.49409 0.49409 0.49409
radiation relationship
crad_exp Exponent in cloud cover-solar 0.61 0.2 0.8 0.8 0.8 0.8
radiation relationship
radj_sppt Adjustment to solar radiation on 0.44 0 1 1 1 1
precip day: summer
radj_ wppt Adjustment to solar radiation on 0.5 0 1 0.01333 0.01333 0.01333
precip day: winter
potet_jh_prms module
jh_coef Monthly air temp coefficient: 0.014 0.005 0.06 0.01226 0.005 0.02746
Jensen-Haise
jh_coef hru HRU air temp coefficient: 13 5 20 5.07067 5.07067 5.07067
Jensen-Haise
soilzone_prms module
lake evap_adj Monthly PET factor to adjust PET 1 0.005 1 0.86055 0.5 L5

for each lake

Step 2—Snowmelt

The second step of the parameter-estimation process
involved parameters that control snow accumulation and melt
throughout the watershed. The objective function for this
group of parameters consisted of selected snowpack depths
obtained from the Minocqua Dam COOP weather station
(No. 475516) for the period October 1, 1999 to September 30,
2007 (MINOCQUA in table 2-2).

Parameters allowed to vary in this stage included 3
from the precipitation module (climate hru, Steve Regan,

U.S. Geological Survey, written commun., May 2012), 1 from
the interception module (intcp prms; Markstrom and others,
2008, p. 165), and 10 from the snow computation module
(snowcomp_ prms; Markstrom and others, 2008, p. 166). Each
of the parameters in table 3—-3 was estimated as a single value.
The most sensitive and identifiable parameters were tmax_all-
snow, emis_noppt, den_max, adjust snow, and den_init. Most
of the remaining terms remained relatively close to their start-
ing values (table 3-3).



Table 3-3. Parameter types used in step 2 of the calibration: snowmelt.

[ET, evapotranspiration; HRU, hydrologic response unit; precip, precipitation]
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Model-suggested values

Calibrated values

Name Description — - — -
Default ~ Minimum Maximum Average Minimum Maximum
climate_hru_prms module

adjmix_rain Monthly adjustment factor for rain 1 0 3 1.35395 1.35395 1.35395
in a rain/snow mix

adjust_snow Monthly downscaling fractional 0.01 —-0.25 1 0.06988 -0.25 0.5
adjustment for snow for each HRU

tmax_allsnow  Precip all snow if HRU maximum 32 -10 40 32.77165 32.77165 32.77165
temperature below this value,
in degrees Fahrenheit

intcp_prms module

potet_sublim Proportion of potential ET that is 0.5 0.1 0.75 0.75 0.75 0.75

sublimated from snow surface
snowcomp_prms module

albset_rna Albedo reset: rain, accumulation 0.8 0 1 0 0 0
stage, expressed as a decimal
fraction

albset rnm Albedo reset: rain, melt stage, 0.6 0 1 0.07764 0.07764 0.07764
expressed as a decimal fraction

albset_sna Albedo reset: snow, accumulation 0.05 0.001 1 0.00351 0.00351 0.00351
stage, expressed as a decimal
fraction

albset snm Albedo reset: snow, melt stage, 0.2 0.001 1 0.06607 0.06607 0.06607
expressed as a decimal raction

cecn_coef Monthly convection condensation 5 0 20 15.3375 15.3375 15.3375
energy coefficient

den_init Initial density of new-fallen snow, 0.1 0.01 0.5 0.0852 0.0852 0.0852
grams per cubic centimeter

den_max Average maximum snowpack density, 0.6 0.1 0.8 0.17371 0.17371 0.17371
grams per cubic centimeter

emis_noppt Emissivity of air on days without 0.757 0.757 1 0.91108 0.91108 0.91108
precipitation, expressed as a
decimal fraction

freeh20_cap Free-water holding capacity of 0.05 0.01 0.2 0.2 0.2 0.2
snowpack, expressed as a
decimal fraction

settle const Snowpack settlement time constant, 0.1 0.01 0.5 0.12424 0.12424 0.12424

expressed as a f decimal raction
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Step 3—Runoff, Infiltration, and Base Flow

The remaining step relies on processing daily streamflow
data for the objective function targets. Data for water years
1998-2007 (October 1, 1997 to September 30, 2007) were
used for the five long-term streamflow-gaging stations (fig. 1
main text; appendix table 5-1) available from the WEBB
database (appendix 5); one additional gage with shorter record
(Mann Creek, fig. 3-2) was also used. For all gages except the
one on the Trout River, the data used were reduced to peri-
ods determined to be reliable for calibration. This step in the
parameter-estimation process involved a group of parameters
that control runoff, infiltration into the soil zone, and the rate
and volume of flow from groundwater reservoirs to surface
water. The following calibration targets were processed:

1. Log of daily streamflow: The natural log of daily
streamflow was used to mitigate the undue influence
of extremely high daily discharges.

2. Annual mean streamflow: This is the average
streamflow for each water year during the simulation
period and represents the streamflow portion of the
annual hydrologic budget.

3. Monthly mean streamflow: This is the average
streamflow for each month during the simulation and
represents the total volume of streamflow for each
month.

4.  Monthly base flow: This is the average baseflow for
each month during the simulation and represents the
groundwater contribution to streamflow. Daily base-
flow separations were computed by using the local
minimum algorithm from the TSPROC time-series
processor (Westenbroek and others, 2012). The time-
series processor uses the U.S. Geological Survey’s
HYSEP algorithms for computing base flow (Sloto
and Crouse, 1996).

Parameters allowed to vary in this step included two from
the climate distribution module (climate _hru module; Steve
Regan, U.S. Geological Survey, written commun., May 2012),
two from the groundwater module (gwflow_casc_prms; Mark-
strom and others, 2008, p. 170), six from the soil-zone module
(soilzone prms; Markstrom and others, 2008, p. 169), and
four from the runoff-generation module (srunoff smidx prms;

Markstrom and others, 2008, p. 168). One parameter (adjust
rain) was varied by month, two parameters (smidx_coef and
smidx_exp) were estimated with single values, and the remain-
ing parameters were varied by subwatershed (table 3—4). The
most sensitive and identifiable parameters were gwsink coef,
gwilow coef, adjust_snow, and adjust rain. However, several
other parameters were moderately sensitive and identifiable,
including soil moist max and carea max.

In addition to the parameters described in table 3—4, the
fraction of water being routed among HRUs (as specified in
the cascading-flow module) was adjusted during the cali-
bration process for numerous connections. The hru_pct up
parameter describes the fraction of the upslope HRU that
sends surface runoff to either a downslope HRU or stream seg-
ment. Final values determined through the calibration proce-
dure are listed in table 3-5.

Table 3-5.
calibration.

Cascade parameters varied by PEST in step 3 of the

[HRU, hydrologic response unit]

Upslope HRU Dor:_'::g;::tﬂu hru_pct_up
Cascades to HRUs
75 92 0.100
75 144 0.050
84 94 0.005
104 108 0.038
110 95 0.075
112 113 0.100
Cascades to stream segments
23 17 0.695
37 10 0.181
38 13 0.367
44 15 0.113
73 20 0.472
86 12 1.000
140 14 1.000
142 02 0.095




Table 3-4. Parameter types used in step 3 of the calibration: runoff, infiltration, and groundwater flow.

[GWR, groundwater reservoir; HRU, hydrologic response unit]
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Model-suggested values

Calibrated values

Name Description _ - _ .
Default ~ Minimum Maximum Average Minimum Maximum
climate_hru_prms module
adjust_rain Monthly downscaling fractional 0.01 —-0.25 1 0.09447 -0.25 0.44873
adjustment for rain for each HRU
adjust_snow Monthly downscaling fractional 0.01 —-0.25 1 0.06988 -0.25 0.5
adjustment for snow for each HRU
gwflow_casc_prms module
gwilow coef Groundwater routing coefficient for 0.015 0 1 0.1257 0.0026 0.7501
each GWR
gwsink coef Groundwater sink coefficient for 0 0 1 0.06344 0.00000 0.56227
each GWR
soilzone_prms module
sat_threshold Soil saturation threshold, above 999 1 999 6.78082 6 12
field-capacity threshold for
each HRU, in inches
slowcoef lin Linear gravity-flow reservoir 0.015 0 1 0.16588 0.00001 0.32746
routing coefficient for each HRU
slowcoef sq Nonlinear gravity-flow reservoir 0.1 0 1 0 0 0.00001
routing coefficient for each HRU
soil_rechr Maximum value for soil recharge 2 0 10 0.93202 0.06044 1.43793
max zone for each HRU, in inches
soil2gw_max Maximum value for soil-water 0 0 5 0.1928 0 0.33234
excess to groundwater for each
HRU, in inches
ssr2gw_rate Coefficient to route water from 0.1 0 1 0.89838 0.11528 1.0
subsurface to groundwater for
each HRU
srunoff_smidx_prms module
carea_max Maximum contributing area for 0.6 0 1 0.08468 0 1
each HRU, expressed as a
decimal fraction
smidx_coef Coefficient in contributing area 0.01 0.0001 1 0.10286 0.10286 0.10286
computations for each HRU
smidx_exp Exponent in contributing area 0.3 0.2 0.8 0.2 0.2 0.2
computations for each HRU
soil_moist Maximum value of water for soil 6 0 20 3.32745 0.4 5.02644

max zone for each HRU, in inches




62 Simulation of Climate-Change Effects Using GSFLOW and SNTEMP, Trout Lake Watershed, Wisconsin

Calibration Approach: Sequentially
Linked Transient Surface-Water/
Steady-State Groundwater Model

A sequentially linked model simulated the measured
groundwater and surface-water system in the Trout Lake
Watershed. Although GSFLOW allows simulation of fully
coupled flow between the groundwater and surface-water
systems, such simulations have run times much longer
than if only the groundwater or surface-water system were
simulated—run times that can become too long for practical
calibration. Moreover, many of the model input parameters are
primarily associated with one or the other of the two systems
and thus are not appreciably more informed by fully coupled
runs. As a result, appreciable initial calibration insight can be
gained by using the faster, uncoupled runs. Therefore, initial
calibration took advantage of “PRMS-only” and “MOD-
FLOW-only” uncoupled modes of GSFLOW (Hunt and oth-
ers, 2009). Rather than separate calibration of the uncoupled
groundwater and surface-water models, a sequentially linked
approach can be employed (fig. 3—1).

PRMS
(Transient)

MODFLOW

Utili
ity (Steady-state)

* Seconds to run

* Thousands of
observations

¢ Hundreds of

parameters

* Average multiple
years daily
infiltration to
steady state
recharge

* Seconds to run

¢ Hundreds of
observations

* Thousands of

parameters

Figure 3-1. Conceptualization of sequentially linked calibration
of separate, uncoupled surface-water and groundwater models
(modified from Hunt and others, 2009).

In this approach, the transient PRMS-only run results
are translated by a utility to create a steady-state infiltration/
recharge array for the MODFLOW-only run. The translation
occurs on the fly, and the PEST model run batch file includes
all steps. The resulting parameter estimation includes all
transient observations (often in the thousands), as well as all

model parameters (also often in the thousands, especially with
pilot points), yet maintains run times much shorter than the
fully coupled model run. Moreover, because the PRMS-only
discretization directly informs the MODFLOW-only recharge/
infiltration array, the respective optimal parameters are better
starting points for calibration of the fully coupled model. This
initial calibration was followed by final calibration where the
majority of parameters were fixed at their optimal values from
sequentially linked calibration, and a subset of parameters
primarily important for simulating water exchange within

the groundwater and surface-water system were estimated by
using the fully coupled GSFLOW model (see section “Cali-
bration Approach: Fully Coupled Transient Surface-Water
Groundwater Model”).

The groundwater model was calibrated by using a param-
eter estimation program (PEST; Doherty, 2010a, 2010b). The
sequentially linked PRMS-MODFLOW model calibration
consisted of the following transient (PRMS) and and steady-
state (MODFLOW) targets:

1. Annual mean streamflow (PRMS), monthly base
flow (PRMS), average base flows (MODFLOW),
monthly mean streamflow (PRMS), and log of daily
streamflow (PRMYS) at locations in the watershed
(fig. 3-2) for the period 1991-2000;

2. average lake stages (MODFLOW) for the period of
record (lakes shown in fig. 3-3);

3. average head conditions (MODFLOW) as repre-
sented by groundwater levels (fig. 3—4) measured
in July 2001, which are considered representative
of average conditions during the period of record
1985-2001;

4. lake plume depth (MODFLOW) characterized by
water stable isotope sampling (locations T1-70;
T2-90, and T5-10 in fig. 3-4);

5. time of travel (MODFLOW) between Big Muskel-
lunge Lake and T1-70 (fig. 34); and

6. groundwater inflow into seepage lakes (MOD-
FLOW) calculated by using a stable isotope mass-
balance approach.
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Nonsynchronous measurements of head collected dur-
ing July 2001 were used in order to maximize the number of
calibration targets. This is considered acceptable because July
2001 was representative of average conditions as calculated
from records of head in wells with longer datasets. Because
lake stage and streamflow can be influenced by short-term
transient events, average values of lake stage and streamflows
were used for MODFLOW calibration. Additionally, estimates
of groundwater fluxes to and from lakes (Ackerman, 1992),
the depth of an oxygen isotope plume emanating from Big
Muskellunge Lake as measured in three well nests (T1-70,
T2-90, and T5-10, fig. 3-4), and traveltime between Big
Muskellunge Lake and well T1-70 (fig. 3—4) estimated from
chlorfluorocarbon (CFC) and tritium sampling (Walker and
others, 2003) provided calibration targets.

The overall calibration approach used here is one of
regularized inversion (Hunt and others, 2007; Doherty and
Hunt, 2010b) and differs from traditional nonlinear regression
parameter estimation by the use of (1) pilot points (Doherty,
2003; Doherty and others, 2010) in addition to a traditional
parameter zone approach; (2) Tikhonov regularization
(Tikhonov, 1963a, 1963b; Doherty, 2003; Doherty and Hunt,
2010b); and (3) singular value decomposition (Tonkin and
Doherty, 2005; Hunt and others, 2007). Additional information
regarding the overview of the advantages of using these more
sophisticated tools for parameter estimation are discussed by
Hunt and others (2007); the tools were applied in accordance
with the guidelines given by Doherty and Hunt (2010b). A
total of 2,768 adjustable parameter values were included in the
sequentially linked calibration.

Pilot Points

A pilot-point approach (for example, fig. 3-5) allows for
a parameterization approach that it is not “hardwired” as in a
traditional zone approach (Hunt and others, 2007); moreover,
adding parameters helps the calibration process extract more
information from the calibration data. The result, however, is
many more estimated parameter values than is typical in tradi-
tional model calibration, a situation that can lead to parameter
insensitivity and correlation, which in turn lead to solution
nonuniqueness and an ill-posed inverse problem. A number of
mathematical approaches (“regularization” constraints) have
been devised to create the conditions for uniqueness and to
thereby stabilize the numerical-solution process. For brev-
ity, these regularization strategies are reduced here into two

broad categories, soft-knowledge/Tikhonov regularization
and subspace regularization, as performed by using singular
value decomposition. Both regularization devices were used
to obtain a tractable inverse problem in the Trout Lake model
calibration. They are briefly described below; see Hunt and
others (2007) and Doherty and Hunt (2010b) for more details.

Tikhonov Regularization

One measure of the quality of calibration is the extent to
which geological information regarding the system modeled
is expressed in the best-fit parameters estimated. Tikhonov
regularization provides a vehicle for incorporation of this
“soft” information into the calibration process at the same time
as it provides a means for achievement of a unique solution
to the inverse problem of model calibration. Understanding
of a site can enter into the calibration process through defini-
tion of a preferred system condition (for example, preferred
value such as “the hydraulic conductivity should have a value
around 1 meter per day,” or preferred difference such as “the
hydraulic conductivity should be uniform in this area”). The
regularization process achieves this by supplementing the cali-
bration observed dataset with a suite of pseudo observations,
each of these pertaining to one or more parameters employed
by the model. Collectively these provide a fallback position
for parameters, or for relationships between parameters, in the
event that little or no information resides in the observations
in the calibration dataset. Where the information content of a
calibration dataset is insufficient for unique estimation of cer-
tain parameters, or combinations of parameters, the fallback
position prevails.

Apart from providing a fallback or default condition
for parameters, and for relationships between them, Tik-
honov regularization also provides constraints on the manner
in which heterogeneity that is supported by the calibration
dataset emerges in the estimated parameter field. If properly
formulated, Tikhonov constraints facilitate only departures
from background parameter fields that are geologically reason-
able (that is, consistent with the modeler’s preferred condi-
tion). This approach filters out fields that may provide a good
fit with the calibration dataset but at the expense of a cred-
ible estimated parameter field. Part of the art of formulating
appropriate Tikhonov constraints for a particular parameter-
estimation problem is to achieve good fit to measured data and
reasonable parameters.
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Figure 3-5. Pilot-point locations and links between pilot points used to apply preferred homogeneity Tikhonov

regularization within each layer (from Muffels, 2008).

Soft-knowledge information was entered into the cali-
bration by using Tikhonov regularization constraints. PEST
adjusts the weights assigned to these equations such that
all preferred conditions are seen as the objective function is
minimized during the calibration process (see Doherty, 2003,
2010a). The inversion process thus becomes a dual constrained
minimization process in which a regularization objective
function specifying adherence to the preferred system condi-
tion encapsulated in the regularization constraints is mini-
mized subject to the constraint that the measurement objective
function adheres to its user-specified target (if this can be
achieved). This target is set on the basis of measurement noise
considerations. However, as described in detail by Fienen and
others (2009) and Doherty and Hunt (2010b), the appropriate
tradeoft is specified by the modeler via the PHIMLIM variable
in PEST and often requires review during the calibration pro-
cess. If the PHIMLIM variable is set too low, parameter fields

may become unrealistic as a result of fitting to noise; if set too
high, parameter fields may fit the preferred condition too well,
and the calibration process will fail to extract maximum infor-
mation from the calibration dataset. The calibration used an
established approach for setting PHILIM (Doherty and Hunt,
2010b, p. 20).

In the sequentially linked calibration, the Tikhonov
regularization for horizontal conductivity pilot points (shown
in fig. 3-5) consisted of preferred difference between pilot
points set to zero, resulting in a preferred homogeneity soft-
knowledge constraint. This is consistent with the high homo-
geneity reported for the area by Dripps (2003). The Tikhonov
regularization for vertical anisotropy pilot points used a
preferred value of approximately 1:3 (K :K,) based on the
tracer test of Kenoyer (1988) and previous modeling of Pint
(2002) and Muffels (2008). A preferred value condition set at
initial reasonable values was used for other model parameters.



68 Simulation of Climate-Change Effects Using GSFLOW and SNTEMP, Trout Lake Watershed, Wisconsin

Interregularization group weights adjustment also was acti-
vated (PEST variable IREGADJ=1; Doherty and Hunt, 2010b,
p. 20); thus, the soft-knowledge importance between param-
eter types was adjusted during the calibration to ensure a simi-
lar relative importance of the parameter group soft-knowledge
preferred conditions.

Singular Value Decomposition

In contrast to Tikhonov regularization, which adds infor-
mation that expresses geological expertise to the calibration
process to promote unique estimability of parameters, sub-
space methods subtract from the calibration process the need
to estimate either individual parameters, or combinations of
correlated parameters, that are inestimable on the basis of the
current calibration dataset. These combinations are determined
through undertaking singular value decomposition (SVD) of
the weighted Jacobian matrix (see Moore and Doherty, 2005;
Tonkin and Doherty, 2005). The Jacobian matrix encapsulates
the sensitivities of model outputs corresponding to field mea-
surements to all adjustable model parameters; each column
of the Jacobian matrix contains the sensitivity of all model
outputs for which there are corresponding field measurements
to a single adjustable parameter. Individual parameters, or
combinations of parameters, that are deemed capable of being
estimated (these comprising the calibration solution space) are
then estimated on the basis of the calibration dataset. Those
parameters, and parameter combinations, that are deemed
incapable of being estimated (these comprising the calibration
null space) are not adjusted during calibration but rather retain
their initial values.

The “SVD-assist” approach is an extension of the SVD
approach that can provide gains in efficiency in solution of
the inverse problem of model calibration. Prior to starting the
calibration process, a set of superparameters is defined using
sensitivities calculated from the full set of parameter values,
then the full parameter space is reduced to a subset of the full
set of base parameters by projecting base parameters onto a
reduced set of axes composed of linear combinations of base
parameters (Tonkin and Doherty, 2005). This reduction is
easily obtained using an algorithm within PEST (for example,
Doherty and Hunt, 2010b, p. 21). The resulting superparam-
eters are linear combinations of the base parameters spanning
the calibration solution space; their coefficients must be multi-
plied in order to achieve a calibrated set of “native” or “base”
model parameters. In the case of the Trout Lake sequentially
linked model, calibration involved 100 superparameters.

Calibration Approach: Fully Coupled
Surface-Water/Groundwater Model

After the sequentially linked MODFLOW and PRMS
models were constructed and calibrated, the MODFLOW and
PRMS input files were slightly modified before the coupled
model was run. Aquifer storage parameters and a second
GSFLOW transient stress period were added to the optimal
sequentially linked MODFLOW steady-state input file; there-
fore, steady-state MODFLOW simulations provided initial
conditions for all transient GSFLOW runs. For the PRMS
model, the adjust_rain and adjust_snow parameters were split
into monthly components; monthly lake evap adj parameters
were added for the five lakes with the most study, and addi-
tional surface-water cascades were added to allow adjustment
of the amount of direct runoff into seepage lakes.

Whereas the sequentially linked calibration used repre-
sentative steady-state heads for groundwater-model calibra-
tion, the fully coupled model is transient on a daily timestep.
Therefore, the head time-series data measured during the study
were included in coupled-model calibration and were pro-
cessed by using the TSPROC utility (Westenbroek and others,
2012). The transient head data were used in the calibration via
the following summary metrics:

1. Average: This is the average of the selected head
time series for the period chosen and might be con-
sidered to represent the longer-term condition.

2. Range: This reports the range of all the values in the
head time series for the period chosen and represents
the system dynamics around the average condition.

3. Time-Series Difference: This reports the difference
between the current value and the previous value in
a time series and represents a “moving” drawdown
that reflects the temporal dynamics of the time
series.

Because the observed head data had a higher frequency than
the daily timestep used in the coupled model, the observed
data were summarized into daily average values before differ-
encing. Transient lake-level data were available for five lakes
at a biweekly frequency during the open-water periods. These
data were processed with TSPROC with the same metrics
used for the transient groundwater-head data described above.
The targets derived from the streamflow time-series data were
directly ported from the PRMS-only calibration.



Because forward run times were long, all parameters
varied during the sequentially linked calibration could not be
evaluated in the fully coupled model calibration. For example,
more than 2,600 pilot points were used to estimate aquifer
hydraulic conductivity in the sequentially linked calibration
of the Trout Lake model, but only a subset of layer multipli-
ers were included in the coupled model calibration. Thus, it
is possible that undesirable artifacts from calibration of the
uncoupled models may not be completely addressed in the
coupled-model calibration. After some initial calibration tests,
the final fully coupled model included only a subset of all
possible model parameters (tables 3—6 and 3—7). The resulting
201 parameters estimated during the fully coupled calibration
focused on (1) those parameters not specified in the steady-
state MODFLOW-only calibration (for example, aquifer stor-
age, unsaturated zone parameter surfdep), (2) those important
for simulating the interface between the MODFLOW-only and
PRMS-only model, and (3) those considered useful for cali-
bration of coupled models (Jensen-Haise coefficient, saturated
vertical hydraulic conductivity of the unsaturated zone). The
fully coupled model calibration used singular value decompo-
sition on the entire set of 201 base parameters. Of these 201
possible parameters, the information content of the multi-
objective function observation data supported approximately
132 linear combinations (singular values) using a typical
stability criterion (PEST variable EEIGTHRESH= 5.0E—07).

An important calibration issue became apparent during
calibration of the fully coupled groundwater/surface-water
model. Initially, all aquifer conductivity values were fixed at
optimal values obtained during the sequentially linked calibra-
tion in order to reduce the number of parameters included
in the long run times of the fully coupled model. However,
initial calibrated GSFLOW Crystal Lake evaporation rates
were appreciably higher than for other lakes in the watershed.
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This was considered unreasonable because Crystal Lake is a
sheltered, small, deep lake with short fetch and thus would
be expected to have the same or lower evaporation rates

than surrounding larger lakes. In what became the final fully
coupled calibration, layer-wide multipliers for the lowest two
layers were included as calibration parameters; these layers
were chosen on the basis of parameter uncertainty analysis
for Crystal Lake by Hunt and Doherty (2006). Increasing the
calibration flexibility by including these additional hydraulic
conductivity multipliers resulted in a slightly higher value of
horizontal hydraulic conductivity in one of lower units (slight
increase to the layer 5 multiplier 1.0 starting value; khSmult
in table 3—7) and slightly lower value layer 6 multiplier
(decrease to 1.0 layer 6 multiplier; table 3—7). This relatively
small change in the distribution of deeper layer transmissiv-
ity facilitated enhanced groundwater exchange and reduced
the calibrated value for Crystal Lake evaporation to a more
reasonable value.

The need for this additional calibration effort demon-
strates the poor results that can potentially occur from not
accounting for structural error within the model (in this case,
misspecification of deep aquifer transmissivity distribu-
tion important for the Crystal Lake predictions of interest).
Moreover, it underscores the importance of parameters that
take on surrogate roles to address structural error (Doherty and
Welter, 2010) in fully coupled models where many parameters
are specified, and many processes and associated parameters
are correlated with others. Therefore, the value of revisiting
model conceptualization and calibration with the fully coupled
GSFLOW model is demonstrated, even after improvements
gained from sequentially linked calibration. Therefore, it is
expected that fully coupled models will benefit from final
calibration, even if the forward run times make the calibration
computationally expensive.
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Table 3-6. PRMS parameter types estimated during calibration of the fully coupled GSFLOW model.

[HRU, hydrologic response unit; potet, potential evapotranspiration]

Model-suggested values

Calibrated values

Name Description — - — -
Default ~ Minimum Maximum Average Minimum Maximum
climate_hru_prms module

adjust_rain Monthly downscaling fractional 0.01 —-0.25 1 0.13621 -0.25 0.5
adjustment for rain for each HRU

adjust_snow Monthly downscaling fractional 0.01 -0.25 1 0.15299  —-0.25 0.5
adjustment for snow for each HRU

soilzone_prms module

lake evap adj Monthly potet factor to adjust potet 1 0.005 1 0.74583 0.5 1.575
for each lake

sat_threshold Soil saturation threshold, above field- 999 1 999 6.78082 6 12
capacity threshold for each HRU

slowcoef lin Linear gravity-flow reservoir routing 0.015 0 1 0.21278 0.00001 0.34628
coefficient for each HRU

slowcoef sq Nonlinear gravity-flow reservoir 0.1 0 1 0 0 0.00001
routing coefficient for each HRU

soil_rechr max  Maximum value for soil recharge 2 0 10 0.88442 0.05 4.80966
zone for each HRU, in inches

soil2gw_max Maximum value for soil-water 0 0 5 0.02906 0 0.19243
excess to groundwater for each
HRU, in inches

ssr2gw_rate Coefficient to route water from 0.1 0 1 0.86745 0.30331 1.01
subsurface to groundwater for
each HRU

srunoff_smidx_prms module

carea_max Maximum contributing area for 0.6 0 1 0.044 0 1
each HRU, expressed as a
decimal fraction

smidx_coef Coefficient in contributing area 0.01 0.0001 1 0.04215 0.04215 0.04215
computations for each HRU

smidx_exp Exponent in contributing area 0.3 0.2 0.8 0.2 0.2 0.2
computations for each HRU

soil_moist max Maximum value of water for soil 6 0 20 3.16646 0.4 16.2656

zone for each HRU, in inches




Table 3-7.

represent a single parameter do not display minimum and maximum calibrated values.

[m, meters; m/d, meters per day; m*/d, cubic meters per day]
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MODFLOW parameter types estimated during calibration of the fully coupled GSFLOW model. Parameter names that

oo staning Lower Upper Calibrated values
Name Description — -
value bound bound Average  Minimum  Maximum
wetl strm_kv Streambed vertical hydraulic 1E-02 1E-10 1E10 1.36E-02  3.04E-03  1.99E-02
conductivity for wetland tributary
streams to Trout Lake (m/d)
sandy strkv Streambed vertical hydraulic 3 1E-10 1E10 2.592293
conductivity for all nonwetland
streams (m/d)
khSmult Multiplier for layer 5 horizontal 1.0 8E-01 1.E10 1.040898
hydraulic conductivity array
(dimensionless)
Kh6mult Multiplier for layer 6 horizontal 1.0 8E—01 1.E10 0.8129960
hydraulic conductivity array
(dimensionless)
lakebed leakance ~ Lakebed leakance array; by lake Variable  1E-05 5E-01 3.90E-02 9.86E-05 5.00E-01
(non-profundal) (days—1)
lakebed leakance ~ Lakebed leakance array for deepest 29E-04 1E-05 SE-01 2.292E-04
(profundal) lakebed; one value for deep lakes
(days—1)
stream outflow Streamflow value specified for given Variable Variable Variable Variable Variable Variable
for lake stage lake stage increment (m?/d)
look up table
storage Confined aquifer storage 8.9E-04 1E-05 1E-02 9.901E—-04
(dimensionless)
sy Unconfined aquifer storage 0.27 0.1 0.3 0.2700
(specific yield)
surfdep Land surface depression variable used 0.5 0.3 2 0.49689
to smooth UZF Package solution (m)
vksat multiplier Multiplier applied to initial saturated 1 0.8 4 2.352756

vertical hydraulic conductivity used
by UZF Package (dimensionless)
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Introduction

A stream temperature model was developed to pre-
dict daily mean and maximum stream temperatures at three
selected main stems and associated tributaries of the Trout
Lake stream network: North Creek, Stevenson Creek, and
Upper Allequash Creek (fig. 4-1). This section describes the
model framework, data collection and synthesis, and calibra-
tion procedures for the Trout Lake stream temperature model.

Model Framework

The instream water temperature model SNTEMP
(Stream-Network TEMPerature model — Bartholow, 1991),
developed and supported by the U.S Fish and Wildlife Service,
was selected to predict stream temperatures in the Trout Lake
stream network. A modified version of SNTEMP called TRPA
Stream Temperature for Windows (http://trpafishbiologists.
com/sindex.html) provided a graphical user interface to sim-
plify data entry and export. SNTEMP is a steady-state, one-
dimensional heat-transport model that predicts daily mean and
maximum temperatures as a function of stream distance and
environmental heat flux (Bartholow, 1991). A heat-transport
equation describes the downstream movement of heat energy
in the water and actual exchange of heat energy between the
water and its surrounding physical environment (Theurer and
others, 1984). Net heat flux is calculated by parameter inputs
describing the meteorology, hydrology, stream geometry, and
shade setting for a dendritic network of main-stem and tribu-
tary stream segments that drain into Trout Lake.

Model Input and Calibration Data

SNTEMP is composed of several component modules
that describe the physical setting of the study area. These mod-
ules can be broken into three broad categories of stream geom-
etry, meteorology, and hydrology. In SNTEMP, it is assumed
that all input data, including meteorological and hydrological
variables, can be represented by 24-hour averages (Bartholow,
1991). Many of the model input parameters, including meteo-
rological and hydrological data, were taken from published,
historical data sources. Daily mean stream temperatures based
on unpublished data collected by Hunt and others (2006) were
used as the target for SNTEMP predictions. The calibration
period was April-September 2002.

The Trout Lake stream network was split into 14 stream
segments. Each segment represents uniform width, groundwa-
ter accretion rates, and relatively homogeneous topographic
and riparian vegetation conditions with major transitions
between segments. Each stream segment requires a physical
description of stream geometry, hydrology, and shading vari-
ables. Meteorological variables are more global in nature and
were applied to all stream segments universally. Figures 4—1
and 4-2 illustrate the geographic setting and conceptual model
of the Trout Lake stream network used in SNTEMP. This
section documents the sources of both input and calibration
data. After data processing and formatting for the SNTEMP
model, calibration consisted of fitting simulated daily mean
stream temperatures to observations in the field. Calibration
was achieved by trial-and-error adjustment of SNTEMP input
variables until minimal differences were achieved between
simulated and measured downstream calibration locations.
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Stream Geometry

Stream-geometry data consist of the network layout
of the main stem and all tributaries, site elevations, stream
widths, and Manning’s n values. Stream widths were mea-
sured at selected locations in the field then corroborated by
using spatially rectified aerial photography for areas that were
difficult to reach. SNTEMP allows the user to describe stream
width as a function of flow. Because the amount of informa-
tion required to develop this relationship was beyond the
scope of this project, it was assumed that the width of each
stream segment remained constant with increasing flow. The
thermal gradient applied to each reach made use of default val-
ues. Estimates of Manning’s n values were based on reported
ranges for natural channels (Gupta, 1989). Owing to the high
degree of uncertainty associated with selecting an appropri-
ate Manning’s n value, each stream segment initially received
that same value. Adjustments to Manning’s n were made in
order to calibrate the model. Elevation, latitude, longitude,
and river kilometer locations were acquired through a global
positioning system (GPS). Stream azimuth was determined

Table 4-1.
(SNTEMP) model.
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by using U.S. Geological Survey 1:24,000-scale topographic
maps. Stream-geometry parameters for each stream reach
described in the Trout Lake stream network models are listed
in table 4-1.

Stream Shading

Topographic angle, vegetation offset from stream center,
crown width, shade density, and riparian-vegetation height
were measured throughout the summer of 2011 in accordance
with methods described in Bartholow (1989) and Fitzpatrick
and others (1998). Vegetation and topographic characteristics
both were based on measurements taken at several random
locations on the left and right banks of each stream segment
then averaged to provide a single value for each stream-
segment bank. Owing to the remote nature of the study area,
shading values for some reaches were estimated by using a
combination of onsite observations and spatially rectified aer-
ial photographs. Stream-shading parameters for each stream
reach described in the Trout Lake stream network models are
listed in table 4-2.

Stream-geometry characteristics for stream reaches described in the Stream-Network TEMPerature

Stream node Latitude Azimuth . Width
Stream name - Manning's n

From To Degrees Minutes Seconds (degrees) (meters)
Stevenson Creek S1 S2 46 2 30 50 0.035 3.70
Stevenson Creek S2 S3 46 3 42 83 0.035 6.10
Stevenson Creek S3 S4 46 3 42 110 0.035 30.0
North Creek N1 N2 46 4 60 40 0.10 5.0
North Creek N2 N3 46 4 60 —10 0.10 6.0
North Creek N3 N4 46 4 60 -7 0.035 10.0
North Creek N4 N5 46 4 60 -90 0.02 1.0
North Creek N4 N6 46 3 60 60 0.035 12.0
North Creek N6 N7 46 4 60 —45 0.035 1.0
North Creek N6 N8 46 3 60 50 0.035 20.0
Upper Allequash UAl UA2 46 1 60 327 0.035 2.4
Upper Allequash UA2 UA3 46 0 60 294 0.035 8.0
Upper Allequash UA3  UA4 46 0 60 272 0.035 10.0
Upper Allequash UA4  UAS 46 0 60 266 0.035 30.0
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Table 4-2. Stream-shading characteristics for stream reaches described in the Stream-Network TEMPerature (SNTEMP) model.

[m, meters; %, percent]

Vegetation characteristics

Topographic

Stream

Crowd

altitude

node Height (m) width (m) Density (%) (degrees) :::::I:r i:::::

Left Right Left Right Left Right Left Right width offset
Stream name From To bank bank bank bank bank bank bank bank (m) (m)
Stevenson Creek Sl S2 9.0 9.0 3 3 65 30 10 35 150 100
Stevenson Creek ~ S2 S3 9.0 9.0 3 3 40 40 25 25 45 0
Stevenson Creek ~ S3 S4 9.0 9.0 3 3 40 40 10 10 300 0
North Creek N1 N2 7.5 7.5 4 4 75 75 75 75 5 0
North Creek N2 N3 7.5 7.5 5 5 75 75 75 75 6 0
North Creek N3 N4 9.0 9.0 4 4 75 75 10 30 150 75
North Creek N4 N5 9.0 9.0 4 4 75 75 10 10 325 0
North Creek N4 N6 9.0 9.0 3 3 75 75 7 7 400 0
North Creek N6 N7 9.0 9.0 4 4 50 50 5 60 325 280
North Creek N6 N8§ 9.0 9.0 3 3 75 75 7 7 375 0
Upper Allequash ~ UA1 UA2 8.0 8.0 3 3 75 75 35 35 25 0
Upper Allequash ~ UA2  UA3 9.0 9.0 4 4 30 30 10 10 230 0
Upper Allequash ~ UA3  UA4 12.0 12.0 4 4 75 75 40 40 30 0
Upper Allequash ~ UA4  UAS 12.0 12.0 4 4 75 75 20 5 3,050 —-125

Meteorology Hydrology

Meteorological data consist of air temperature, rela-
tive humidity, wind speed, and cloud cover. These variables
are used by SNTEMP to calculate solar radiation. The user
can also directly enter solar radiation if data are available. A
weather station at the Noble F. Lee Municipal airport in Wood-
ruff, Wisconsin (Wis.) (http.//lter.limnology.wisc.edu/dataset/
north-temperate-lakes-Ilter-meteorological-data-woodruff-
airport) was used for all daily mean temperature, humidity,
and wind-speed data. Air temperature was verified for consis-
tency by comparison to a nearby weather station in Minocqua,
Wis. Cloud cover was estimated by using a calculated percent
possible sunshine for Woodruff, Wis. (http.//aa.usno.navy.
mil). Dust coefficients and ground reflectivity were taken from
published values described in Tennessee Valley Authority
(1972; cited in Theurer and others, 1984). Dust coefficients
were increased from 0.05 during the spring months of April
and May to 0.06 for the remaining summer months. A ground
reflectivity value of 0.08 was used for all stream segments to
represent leaf-and-needle forest. Although solar-radiation data
were available from areas outside the Trout Lake Watershed,
better agreement between predicted and observed stream tem-
peratures was achieved by using SNTEMP-calculated values.
Default values were used for all other meteorological variables
required by SNTEMP.

Hydrologic data input into SNTEMP consists of stream
discharge and water temperatures from both surface-water and
groundwater sources. SNTEMP requires both upstream dis-
charge and temperature data for each modeled stream segment,
with the exception of zero-flow headwaters. SNTEMP allows
the user to assume a zero headwater discharge, which then
disregards any associated recorded temperature data because
there is no streamflow. Daily mean discharge data used in
the SNTEMP model were obtained by using output from the
calibrated version of the GSFLOW model described in this
report. Headwater segments of Stevenson, Upper Allequash,
and North Creeks were assumed to be zero-flow headwaters
and thus did not require associated stream temperatures for
model execution.

Stream and groundwater temperature data used for
SNTEMP model were based on measurements made by
Hunt and others (2006) as part of the U.S. Geological Sur-
vey (USGS) Northern Temperate Lakes—Water, Energy and
Biogeochemical Budgets (NTL-WEBB) project. Observed
stream temperature values spanned approximately 25 degrees
Celsius (°C) over the period simulated. Standard deviations of
stream temperature data during the 2002 period ranged from
6.7 °C (Allequash Creek) to 8.4 °C (Stevenson Creek). Mean
differences between daily maximum and minimum stream



temperature (April-September, 2002) ranged from 0.6 °C in
April to 1.6 C in July at Allequash Creek, 0.9 °C in August

to 1.3 °C in May at Stevenson Creek, and 0.6 C in August to
0.9 °C in May at North Creek. Shallow groundwater tempera-
ture was measured near the USGS streamflow-gaging stations
in North, Stevenson, and Upper Allequash Creeks. Measure-
ments were made approximately 15 centimeters (cm) below
the streambed, with a measurement interval ranging between
1 and 3 hours. Mean groundwater temperatures reported by
Hunt and others (2006) were, from lowest to highest, 10.3 °C
(Allequash Creek), 11.8 °C (North Creek), and 12.6 °C (Ste-
venson Creek); standard deviations of the observed ground-
water temperature data during this period were 4.0, 5.5, and
6.5 °C for Allequash Creek, North Creek, and Stevenson
Creek, respectively (table 2; Hunt and others, 2006). Although
deeper measurements of groundwater temperature were avail-
able, values from the shallow sensor were used because they
were considered representative of the temperature of ground-
water prior to entering the stream. Daily mean groundwater
temperatures were computed from the measured instantaneous
values of Hunt and others (2006) then applied to all reaches
within their respective streams for the calibration period.
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Introduction

As a result of two long-term data-collection efforts—the
U.S. Geological Survey Water, Energy and Biogeochemical
Budgets (WEBB) Program and the University of Wisconsin
Center for Limnology Long Term Ecological Research (LTER)
site—rich datasets were available for model calibration. These
datasets are described below.

Table 5-1.

[--, not available]

Simulation of Climate-Change Effects Using GSFLOW and SNTEMP, Trout Lake Watershed, Wisconsin

Surface-Water Discharge

As part of the WEBB project, long-term streamflow-
gaging stations were operated at five locations beginning in
October of 1991 (fig. 3-2, appendix 3). Data collected at these
locations can be found in USGS annual Water Data Reports or
online at http://wi.water.usgs.gov/data/index.html. In addition,
occassional streamflow measurements were made at the Mann
Creek site. Brief station descriptions are given in table 5-1.

Description of streamflow-gaging stations in the Trout Lake Watershed.

Station number Station name _Latitude I_.ongitude Drainage area
(decimal degrees)  (decimal degrees) (square kilometers)

05357206 Allequash Creek Middle Site 46.03272847 —89.607925 9.84
05357215 Allequash Creek at County Highway M 46.0238395 —89.6529266 21.8
05357225 Stevenson Creek at County Highway M 46.0613392 —89.6473716 20.6
05357230 North Creek at Trout Lake 46.0786111 —89.6672222 9.27
05357239 Mann Creek at Trout Lake 46.01138889 —89.67583333 --
05357245 Trout River at Trout Lake 46.03550595 —89.7057066 120

Groundwater/Surface-Water
Temperature

Groundwater and surface-water temperature measure-
ments were made by Hunt and others (2006) as part of the
U.S. Geological Survey’s WEBB project during April—
November 2002. Shallow groundwater temperature was
measured near the mouth of North, Stevenson, and Upper
Allequash Creeks. Measurements were made approximately
15 centimeters below the streambed at a measurement interval
ranging between 1 and 3 hours. Although deeper measure-
ments of groundwater temperature were available, values
from the shallow sensor were used because they more closely
reflected the temperature of groundwater prior to its entering
the stream. For most all times measured, the upward gradient
was relatively strong, so it is unlikely that the temperature was
affected by interactions with the hyporheic zone.

Surface-water temperature was measured near the stream
thalweg at a depth sufficient to prevent exposure to the atmo-
sphere. Similar to groundwater, discrete measurements were
made at approximately 1-hour increments. Daily mean temper-
atures were computed from the instantaneous values. Although
much of the data were unpublished, site location and methods
used to collect groundwater and surface-water temperature are
detailed in Hunt and others (20006).

Lake Water-Surface Elevation

Time-series data of the elevation of five lake surfaces
(Allequash, Big Muskellunge, Crystal, Sparkling, and Trout)
were collected as part of the North Temperate Lakes LTER
project. Lake levels are collected biweekly during the open-
water period. Data were retrieved from the LTER online data
archive (http://lter.limnology.wisc.edu/datacatalog/search).

Groundwater-Level Elevation

Time-series data of groundwater-level elevations were
collected at six locations at 3-hour measurement intervals. The
water levels were collected with unvented Solinst Levelog-
gers!, and were compensated for atmospheric pressure fluctua-
tions by using a barometric pressure transducer. These data
are available through the Trout Lake WEBB Web site (Attp://
wi.water.usgs.gov/webb/data_query.html). Recorded water lev-
els were compared to hand measurements made approximately
monthly; the differences between the observed and recorded
values were used to adjust the recorded time series. Brief
station descriptions are given in table 5-2. and are shown in
appendix figure 3—4.

! Any use of trade, firm, or product names is for descriptive purposes only
and does not imply endorsement by the U.S. Government.
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Table 5-2. Description of sites with continuous-record groundwater levels in the Trout Lake Watershed.

Station number Station name Type v‘(’::tlettg;h (deciﬁ?;:t:g;rees) (decli-::ll;glllttil;:‘:ees)
460214089362101 Well A1-10 Water table 22.82 46.0372222 —89.6058333
460158089362801 Well M-05.1 Water table 9.39 46.0327778 —89.6077778
460138089363703 Well T1-15 Water table 5.49 46.0272222 —89.6102778
460152089363703 Well T1-70 Water table 7.32 46.0311111 —89.6102778
460125089380203 Well T2-15 Water table 7.01 46.0236111 —89.6338889
460134089382303 Well T2-90 Water table 7.52 46.0261111 —89.6397222

In addition, the North Temperate Lakes LTER project
collects periodic water-level measurements in a network of
wells in the Trout Lake Watershed. Data collected at a monthly
time step were retrieved for 13 wells (D3, K7, K10, K18, K22,
K30, K49, K59, K61 and WD1-4; appendix fig. 3—4) from
the LTER online data archive (http.//lter.limnology.wisc.edu/
datacatalog/search).
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PRMS-0nly Calibration Results

The results for step 1 of the calibration—solar radiation,
potential evapotranspiration (ET), and lake evaporation—are
given in figure 6-1. Where appropriate, the Nash-Sutcliffe
coefficient of efficiency was included to provide a quantified
estimate of the goodness of fit. The Nash-Sutcliffe coefficient
is defined as follows:

. %Q,-0y
2(0,-0,)
where
NS s the Nash-Sutcliffe coefficient of efficiency,

0, is observed streamflow,

0, is the mean of the observed streamflow, and
Q. issimulated streamflow.

The coefficient ranges from —oo to 1; values close to 1 indicate
a good fit. For a value of 0, the mean of the data is as good a
predictor than the simulated values. For a value less than 0,
the mean would provide a better estimate than the simulated
values. The fits for solar radiation (fig. 6-14) and potential ET
(fig. 6-1B) are very close, and with the exception of the ice-
cover period each year, the model is accurately reproducing
the evaporation from Sparkling Lake (fig. 6-1C). The over-
estimation during the winter period is not surprising because
the model does not simulate a winter ice cover or account for
sublimation from the snow on the ice. The results for step 2
of the calibration, snowpack, are given in figure 6-1D. The
model does a reasonable job of reproducing the onset of the
snowpack in the fall, the end of the snowpack in spring, and
the general pattern of accumulation and ablation, but the
individual target values do not match quite as well as with the
previous targets. This is likely due to localized variations in
snowpack depth. We selected a single HRU (number 58) to
represent the data collected at the Minocqua Dam climatologi-
cal station, and in addition to the distance from the station
and the Trout Lake Watershed, the local conditions are likely
different between HRU 58 and the Minocqua Dam station.
However, on the basis of the results shown in figure 6-1D, the
model is representing the overall variation in the snowpack in
a reasonable fashion.

The results for step 3 of the calibration—surface-water
runoff and soil infiltration—are shown in figures 62 through
6—4. Because the PRMS model was built specifically for a
coupled GSFLOW model, we adjusted the parameters until
we felt that the results represented a reasonable starting point
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for the GSFLOW calibration. This was done partly because
most of the parameters would have to be revisited during the
GSFLOW model calibration and partly because the PRMS
model uses a different set of processes than GSFLOW to
represent groundwater flow. The results for annual streamflow
at the tributary streams to Trout Lake (fig. 6-2) show a rea-
sonable representation of the annual water budget across the
four streams. The monthly streamflow plots for the tributary
streams (fig. 6-3) reproduce the general seasonal patterns at
the sites but are less robust in their ability to track the month-
to-month variations in flow. This is not surprising, because
most of the flow in the watershed is dominated by groundwa-
ter. The results for Trout River at Trout Lake (fig. 6—4), which
is the outlet of the watershed, indicate that the overall annual
budget of the watershed is being reproduced and that much of
the seasonal variation of flow out of the lake is being repro-
duced with reasonable accuracy.

Sequentially Linked MODFLOW-PRMS
Calibration Results

After the soft-knowledge and simulated best-fit trad-
eoff was selected, the resulting parameter sets are reasonable
given other work in the watershed (table 6—1). The optimal
distribution for horizontal hydraulic conductivity (K, ) deter-
mined with the pilot points for the uppermost sand and gravel
(layers 1 and 2) showed a mostly homogeneous unit (average
K, = 9.5 meters per day (m/d), standard deviation = 3.4 m/d).
The middle unit (layers 3 and 4, Wildcat sandy till of Attig,
1985) was more homogeneous (average K, = 3.1 m/d, standard
deviation = 0.4 m/d). The bottommost sand and gravel sedi-
ments (layers 4 and 5) had the highest hydraulic conductivities
in the watershed and the highest heterogeneity (average K,
greater than 30 m/d, standard deviation 12 m/d). The relatively
higher values of the lowermost layers likely reflect coarse
sediments deposited when the glacial ice front was close to the
site area (Attig, 1985). Within layers, the high groundwater-
discharge site of Hunt and others (2006) near the Allequash
Creek Middle Site had the highest local conductivity, with
(again) higher hydraulic conductivity in the lowermost unit.
Vertical hydraulic conductivity was estimated as an anisotropy
ratio (table 6—1) and was close to the preferred condition 3:1
K, K, ratio reported by Kenoyer (1988). Graphical depictions
of the distributions of horizontal and vertical hydraulic con-
ductivity are provided by layer in figures 6-5 and 6-6.
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Figure 6-1. Solar radiation, potential evapotranspiration, and lake evaporation calibration results for step 1 (A-C) and snowpack
results for step 2 (D). Blue lines and symbols are observed data; red lines and symbols are the PRMS-only model-simulated equivalent
quantity. For figure readability and to facilitate comparison across figures, the x-axis shows the observation number as a temporally
sequential order of the observation. The x-axis spans the 2001-7 calibration period and does not display gaps in the observed time
series.
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Figure 6-2. Calibration results for annual streamflow at the tributaries to Trout Lake. Blue lines and symbols are observed data; red
lines and symbols are the PRMS-only model-simulated equivalent quantity. For figure readability and to facilitate comparison across
figures, the x-axis shows the observation number as a temporally sequential order of the observation. The x-axis spans the 2001-7

calibration period and does not display gaps in the observed time series.
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Figure 6-3. Calibration results for monthly mean streamflow at the tributaries to Trout Lake. Blue lines and symbols are observed
data; red lines and symbols are the PRMS-only model-simulated equivalent quantity. For figure readability and to facilitate comparison
across figures, the x-axis shows the observation number as a temporally sequential order of the observation. The x-axis spans the
2001-7 calibration period and does not display gaps in the observed time series.
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Figure 6-4. Calibration results for streamflow at the Trout River outlet of Trout Lake. A, Annual. B, Monthly mean. Blue lines and
symbols are observed data; red lines and symbols are the PRMS-only model-simulated equivalent quantity. For figure readability and
to facilitate comparison across figures, the x-axis shows the observation number as a temporally sequential order of the observation.
The x-axis spans the 2001-7 calibration period and does not display gaps in the observed time series.

Table 6-1. Hydraulic conductivity and anisotropy after sequentially linked calibration.

[Min, minimum; max, maximum; std, standard; m/d, meters per day; K,, horizontal hydraulic conductivity; K , vertical hydraulic conductivity]

Current sequentially linked calibration (2013) Previous MODFLOW modeling hydrostratigraphic equivalent
Muffels (2008) 6-layer/pilot point values
Std Std Pint (2002)
Min Max Average deviation Min Max Average  deviation 4-layer/5-zone
(m/d) (m/d) (m/d) (m/d) (m/d) (m/d) (m/d) (m/d) values (m/d)
Layer 1+2
K, 1.1 93.2 9.5 34 6.8 21.0 8.9 1.6 9.7-37
K, 0.3 40.0 3.0 1.3 1.8 6.7 2.6 0.3 2.4-9.3
K/K, 32 3.4 *4.0
Layer 3+4
K, 1.9 6.9 3.1 0.4 2.6 3.7 3.0 0.2 34
K, 0.4 4.5 0.9 0.2 0.7 1.2 0.9 0.05 0.9
K,/K, 3.3 33 *4.0
Layer 5+6
K, 2.9 175.9 33.5 11.9 15.2 68.7 31.4 6.4 38.2
K, 1.0 56.2 10.5 3.8 19.9 4.8 9.4 1.3 9.6
K,/K, 32 33 *4.0

*Assumed, not variable.
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Figure 6-5. Pilot-point-derived optimal horizontal hydraulic conductivity (K, ) values, sequentially linked calibration.
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Figure 6-6. Pilot-point-derived optimal vertical hydraulic conductivity (K ) values, sequentially linked calibration.
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The sequentially linked model was able to adequately
simulate the six different observation types; final calibra-
tion statistics are listed in table 6-2. Simulated heads tracked
observed heads over the range of head values (fig. 6-7). Aver-
age stages of high important study lakes were well simulated
(fig. 6-8), and other lake stages were reasonably simulated
over a range of observed values (fig. 6-9). Average base flows
for the tributary streams were simulated within measurement
error (fig. 6-10). Less commonly used targets such as the
depth of lake water plumes in the aquifer and traveltime were
also well simulated (fig. 6-11 and table 62, respectively).
Overall, the model fit to observed data is better than for previ-
ous modeling efforts in the watershed for a larger range of
observation types, despite the higher number of targets and
additional types of calibration constraints used. This improve-
ment is attributed to the application of the highly parameter-
ized approach as described by Doherty and Hunt (2010). Such
highly parameterized approaches give increased flexibility
through increased number of parameters, and this flexibility
can result in tractable parameter estimation and reasonable
optimal parameters through use of regularized inversion (Hunt
and others, 2007; Doherty and Hunt, 2010).

Table 6-2. Sequentially linked calibration statistics. Error
residual statistics or differences are calculated as observed

minus simulated value.

[m, meters; LTER, Long-Term Ecological Research; m?, cubic meters;
m NGVD 29, meters above National Geodetic Vertical Datum of 1929]

Head calibration

(m) (70 targets)
Mean error —0.13
Mean absolute error 0.29
Root mean squared error 0.44
Maximum residual 0.96
Minimum residual -1.63
LTER lake stages
(m) (5 lakes)
Mean error —0.04
Mean absolute error 0.07
Root mean squared error 0.08
Maximum residual 0.06
Minimum residual -0.14
Non-LTER lake stages
(m) (23 lakes)
Mean error 0.25
Mean absolute error 1.17
Root mean squared error 1.46
Maximum residual 4.04
Minimum residual —2.05
Stream flux Percent
(méd-1) Observed Simulated difference
Mann Creek 5,160 5,197 -1
North Creek 7,110 7,558 -6
Stevenson Creek 7,010 7,194 -3
Allequash Creek 8,610 8,755 -2
Allequash Creek at 23,600 23,323 1
Trout Lake
Trout River 81,000 80,994 0.01
Percent
Flow path data Observed Simulated difference
Lake plume depth T1-70 486.50 487.71 -0.2
(m NGVD 29)
Lake plume depth T2-90 473.40 473.43 -0.01
(m NGVD 29)
Lake plume depth T5-10 485.00 486.19 -0.2
(m NGVD 29)
Travel time (years) 8.0 8.23 -3
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Figure 6-7. Observed heads compared to heads simulated by the optimal sequentially linked model.
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Figure 6-8. Average observed lake stages from the primary Long-Term Ecological Research
(LTER) study lakes compared to steady-state lake stages simulated by the optimal sequentially
linked model.
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Figure 6-9. Average observed lake stages from other lakes compared to steady-state lake stages
simulated by the optimal sequentially linked model.
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Figure 6-10. Average observed streamflow compared to simulated streamflow.
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Figure 6-11.

Lake-plume interface depth located by using stable isotopes of water (observed)

compared to steady-state simulated lake plume interface depth by the optimal sequentially linked

model.

Fully Coupled GSFLOW Calibration
Results

Potential and actual evaporation, timing and magnitude
of snowpack accumulation and snowmelt, and high-resolu-
tion evaporation measurements from Sparkling Lake were
simulated by using the uncoupled PRMS model calibration
(fig. 6-1) and were not affected by subsequent calibration;
therefore, these drivers remain adequately simulated in the
GSFLOW model after calibration. Observed head, lake stage,
and flow characteristics for the Trout Lake Watershed are gen-
erally well represented (figs. 612 through 6-29). The WEBB
study site in the Allequash basin is well simulated from
the upper reaches (Allequash Middle Site above Allequash
Lake) to below the lake (figs. 6-12 and 6—13, respectively).
The other tributary streams in the system are well simulated
(figs. 6-14 and 6-15). The outlet of the watershed at the Trout
River gage is also well simulated (fig. 6-16), which reflects
the importance given to this measurement in the calibration.
Simulated groundwater levels generally were similar to timing
and magnitudes of observed groundwater levels (figs. 617
through 6-22) and reasonably represented mean groundwater
level (fig. 6-23). The range of variation in groundwater levels
(fig. 6-24) was systematically slightly lower than that in the

observed data, probably a result of spatial averaging over

the nodal scale and temporal daily averaging of climate and
soil-zone processes. This type of spatial averaging should have
less of an effect on observations that integrate many nodes
(such as streamflow and lake stage) than on observations
involving responses at the node or subnode scale (such as
groundwater levels at an individual well). Finally, the slightly
lower simulated groundwater levels also result from using a
homogeneous unsaturated zone for the model, which pre-
cludes preferential-pathway inputs that could increase water
levels in the saturated zone. After the initial 10-year spin-up
of the coupled model, LTER lake-stage timeseries and mean
stage are also well simulated (figs. 6-25, 626, and 627,
panel 4). Simulated groundwater inflow to the lakes is less
well simulated (fig. 6-28), likely, in part, because observa-
tion and simulation time periods differed (observed inflows
calculated for years prior to 1992; model calibrated to 20007
conditions). Similar to the range of variation in groundwater
levels, the range of simulated lake stage variation is less than
that observed (fig. 6-29), likely reflecting the daily timestep’s
imperfect representation of actual storm events; that is, repre-
sentation of all climate data as daily averages cannot mimic
the short-term dynamics of actual climatic events. Long-term
average lake stages of non-LTER lakes also were well simu-
lated (fig. 6-27B and C).
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Figure 6-12. Calibration results for 05357206, Allequash Creek at the middle site. A, Natural log of daily streamflow. B, Annual mean
streamflow. C, Monthly mean streamflow. D, Mean monthly streamflow. Blue lines represent observed data; red lines and symbols are
the fully coupled model-simulated equivalent quantity.
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A. Allequash Creek, daily streamflow B. Allequash Creek, annual mean streamflow
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Figure 6-13. Calibration results for 05357215, Allequash Creek at Trout Lake. A, Natural log of daily streamflow. B, Annual mean
streamflow, C, Monthly mean streamflow. D, Mean monthly streamflow. Blue lines represent observed data; red lines and symbols are
the fully coupled model-simulated equivalent quantity.
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Figure 6-14. Calibration results for 05357225, Stevenson Creek at Trout Lake. A, Natural log of daily streamflow. B, Annual mean
streamflow, C, Monthly mean streamflow. D, Mean monthly streamflow. Blue lines represent observed data; red lines and symbols are

the fully coupled model-simulated equivalent quantity.
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B. North Creek, annual mean streamflow
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Figure 6-15. Calibration results for 05357230, North Creek at Trout Lake. A, Natural log of daily streamflow. B, Annual mean
streamflow, C, Monthly mean streamflow. D, Mean monthly streamflow. Blue lines represent observed data; red lines and symbols are

the fully coupled model-simulated equivalent quantity.
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A. Trout River, daily streamflow B. Trout River, annual mean streamflow
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Figure 6-16. Calibration results for 05357245, Trout River at Trout Lake outlet. A, Natural log of daily streamflow. B, Annual mean
streamflow, C, Monthly mean streamflow. D, Mean monthly streamflow. Blue lines represent observed data; red lines and symbols are
the fully coupled model-simulated equivalent quantity.
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Figure 6-17. Calibration results for Long-Term Ecological Research (LTER) wells. A, D3. B, K18. C, K49. D, K59. Blue lines represent
observed data; red lines and symbols are the fully coupled model-simulated equivalent quantity.
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Figure 6-18. Calibration results for Long-Term Ecological Research (LTER) wells. A, WD1. B, WD4. Blue lines represent observed
data; red lines and symbols are the fully coupled model-simulated equivalent quantity.
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Figure 6-19. Calibration results for Long-Term Ecological Research (LTER) wells. A, K7. B, K10. C, K22. D, K30. Blue lines and symbols
are observed data; red lines and symbols are the fully coupled model-simulated equivalent quantity.
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Simulation of Climate-Change Effects Using GSFLOW and SNTEMP, Trout Lake Watershed, Wisconsin
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Figure 6-20. Calibration results for Long-Term Ecological Research (LTER) wells. A, K61. B, WD2. C, WD3. Blue lines and symbols
are observed data; red lines and symbols are the fully coupled model-simulated equivalent quantity.
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Calibration results for Water, Energy, and Biogeochemical Budgets (WEBB) wells. A, M-05. B, A1-10. C, T1-15. D, T1-70.

Blue lines represent observed data; red lines and symbols are the fully coupled model-simulated equivalent quantity.
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Figure 6-22. Calibration results for Water, Energy, and Biogeochemical Budgets (WEBB) wells. A, T2-15. B, T2-90. Blue lines
represent observed data; red lines and symbols are the fully coupled model-simulated equivalent quantity.
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Figure 6-23. Mean water levels. Aand B, Long-Term Ecological Research (LTER) wells. C, Water, Energy, and Biogeochemical
Budgets (WEBB) wells. Blue bars are observed data; red bars are the fully coupled model-simulated equivalent quantity.
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Figure 6-24. Range in water levels. A, and B, Long-Term Ecological Research (LTER) wells. C, Water, Energy, and Biogeochemical
Budgets (WEBB) wells. Blue bars are observed data; red bars represent the fully coupled model-simulated equivalent quantity.
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Figure 6-25. Calibration results for lake levels of the Long-Term Ecological Research (LTER) focus lakes. A, Allequash Lake.
B, Big Muskellunge Lake. C, Crystal Lake. D, Sparkling Lake. Blue lines represent observed data; red lines and symbols are the fully

coupled model-simulated equivalent quantity.
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Figure 6-26. Calibration results for lake level of Trout Lake. Blue
line represents observed data; red line and symbols are the fully
coupled model-simulated equivalent quantity.
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Figure 6-27. Mean lake levels for the Long-Term Ecological
Research (LTER) lakes and the remaining lakes in the model
domain. Blue bars are observed data; red bars represent the fully
coupled model-simulated equivalent quantity.



Mean values
4,000 T T T T T T T T T T T

w
(=)
o
o
T
|

2,000 .

—_
o
o
o

T
|

Groundwater inflow, in cubic meters per day

Crystal
Sparkling
Day
Diamond
Fallison
Firefly
Little John
Little Rock
Nebish
Pallet

Big Muskellunge
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Figure 6-29. Ranges in lake levels for the Long-Term Ecological
Research (LTER) lakes. Blue bars are observed data; red bars are
the fully coupled model-simulated equivalent quantity.

Results of the study indicate that recharge occurred
primarily during the spring snowmelt and late-fall periods—
times when plants are in senescence. During the summer
months when the plants are active, much of the water infil-
trating into the soil is intercepted within the plant root zone.
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Hydrologic fluctuations during snowmelt periods also were
simulated less well than during other times of the year. The
lack of representative frozen-ground processes limits the
coupled model’s ability to simulate high snowmelt discharges.
This discrepancy during snowmelt occurs even though the
other times of the year are reasonably simulated.

As discussed in appendix 3, initially all aquifer hydrau-
lic conductivity values were fixed at optimal values obtained
during the sequentially linked calibration in order to reduce
the number of parameters included in the long run times of the
fully coupled model. However, the calibrated evaporation for
Crystal Lake was appreciably higher than for other lakes in the
watershed during the initial fully coupled calibration. Given
Crystal Lake is a sheltered, small, deep lake with short fetch,
this was considered unreasonable. Conceptually, an alterna-
tive mechanism to remove water from the lake was to increase
groundwater outflow from the lake. In the final fully coupled
calibration, layer-wide multipliers for the hydraulic conductiv-
ity of the lowest two layers were included in the calibration;
choice of these layers was based on the parameter uncertainty
analysis for Crystal Lake by Hunt and Doherty (2006). This
approach resulted in a slightly higher value of hydraulic con-
ductivity in the lower units (for example, compare table 6—1
to table 6-3) and facilitated enhanced groundwater exchange
and reduced the calibrated value for Crystal Lake evapora-
tion to a more reasonable value. The result underscores the
need to revise initial model conceptualizations and calibra-
tion approaches with the fully coupled model, even after the
sequentially linked calibration effort.

Table 6-3. Aquifer hydraulic conductivity statistics after fully
coupled model calibration.

[Min, minimum; max, maximum; std, standard; m/d, meters per day;
K,, horizontal hydraulic conductivity; K , vertical hydraulic conductivity]

95-percent

Std confidence

Min  Max Average deviation interval

(m/d) (m/d)  (m/d) (m/d)  (m/d) (m/d)
Layer 1+2

K, 1.1 93.2 9.5 3.4 2.7 16.3

K, 0.3 40.0 3.0 1.3 0.3 5.7
K,/K, 32
Layer 3+4

K, 1.9 6.9 3.1 0.4 2.3 3.9

) 0.4 4.5 0.9 02 06 13
K/K, 3.3
Layer 5+6

K, 25 2376 373 16.6 41 704

K, 1.0 56.2 10.5 3.8 2.8 18.1
K,/K, 3.6
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