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Introduction

Hydrologic Modeling

Hydrologic modeling is more crucial than ever for estimating effects on natural water
systems at the local, regional, and global scale. The evidence of anthropogenic global warming
is conclusive (Cook et al., 2016), but it is also clear that regional consequences of this global
trend are varied. For example, within the 215 century, projections in the United States indicate
that precipitation will decrease and drought conditions will become more severe in the already
arid Southwest (Garfin et al., 2014), while the Northeast will experience greater average
precipitation and more intense storms, in addition to extended drought periods (Horton et al.,
2014). Coastal areas will see dramatic changes due to sea level rise and increased storm
severity. Modeling can help planners characterize, prepare for and respond to these potential

changes.

Land-use change is a predictable consequence of population growth, but even where
population growth is slow or at equilibrium, populations can move. For instance, exurban
development was the fastest growing land use in the United States (Hansen et al., 2005) before
the 2008 housing crash. Concerns of water quality and quantity accompany development in
previously rural areas. Hydrologic modeling is an important tool and can play a crucial role in
minimizing development impact on watershed resources while ensuring adequate supply to
residents. Management failure can impact any watershed, but the effects may be particularly
insidious in smaller watersheds where water demand is relatively high. For example, the
University of Connecticut at Storrs depends partially on pumping wells along the Fenton River,
which has a drainage area of 61.6 square kilometers upstream of the wells. In September 2005,
groundwater drawdown from UConn pumping wells induced infiltration through the Fenton River

streambed which contributed to the drying of the stream (Warner et al., 2006). Such errors can



be avoided by appropriate water management based on precipitation-runoff and groundwater

models.

Together, climate change and land use change demonstrate the utility of hydrologic
modeling. These forces support the position that stationarity is dead because of anthropogenic
impacts (Milly et al., 2008). This means that hydrologic modelers can no longer assume that
hydrologic processes operate within roughly static or naturally shifting boundaries and that

human impacts must be incorporated into any modeling approach.

The Problem of Spatial Variation

A persistent question in hydrologic modeling is how to capture enough of the real spatial
variation of a hydrologic system, considering that data availability often limits spatial resolution
of input data. In other words, what are the appropriate spatial scales for a model to address
particular problems? This thesis approaches this problem as it applies to a rainfall-runoff
watershed-scale model, the Precipitation-Runoff Modeling System (PRMS). PRMS uses
Hydrologic Response Units (HRUS) as the spatial units to represent a watershed. The sizing of
HRUs is at the modeler’s discretion, but the U.S. Geological Survey suggests that HRU size
should be in the range of 0.1 to 500 square kilometers (U.S. Geological Survey). This is a large
range and it leaves substantial latitude to the modeler. HRU size is important because it
determines how much upstream spatial variation is captured in the model. For some purposes,
the modeler may need to simulate streamflow only at the watershed outlet; thus, the watershed
may be modeled with as few as one HRU if performance is adequate. For other purposes, the
modeler may be required to simulate streamflow at multiple nodes within the watershed, in
which case HRU delineation is primarily forced by the number and location of nodes. This thesis

evaluates PRMS simulation performance in response to varying HRU size.



Objectives and Hypotheses
This study had the following objectives:

1. Adapt a previously constructed and calibrated Precipitation Runoff Modeling System
(PRMS) model (Bjerklie et al., 2010) of the Pomperaug watershed (western
Connecticut) to a newer PRMS version. The adaptation of the Pomperaug model is
required for an ongoing study of the Pomperaug watershed that involves evaluating
hydrologic response to development scenarios and human water withdrawals.

2. Create and parameterize a hydrologic model of the Kankakee watershed (northwest
Indiana). Evaluate whether PRMS is a suitable modeling software for the Kankakee
watershed.

3. Evaluate the effects of changing HRU size and stream network complexity on
streamflow simulation performance. Make some generalizations about the
importance capturing spatial variation in modeling with respect to watershed
characteristics for the two study areas. ldentify sensitive and insensitive parameters
and recommend which parameters should be the focus of future studies. Make

suggestions about how the study design could be adapted for other watersheds.

The expectation is that decreasing HRU size (increasing subdivision) in a model would
improve model performance to the extent that the model could still be parameterized with
available GIS (Geographic Information Systems) data. As average HRU size decreases, the
HRUs would certainly capture more spatial variation, so the “best” model should be the same
resolution as the input data. Further, climate inputs (precipitation, temperature, solar radiation)
vary across the watershed; increased subdivision means that climate data are more finely
distributed and expectedly more representative of the real watershed. This effect should be

most evident in larger watersheds which experience localized high intensity precipitation events.



Background and Literature Review

Definition of a Hydrologic Model

A model is a system which is simpler than the reality and which can reproduce some
portion of the reality (Dooge, 1986). For a hydrologic simulation model, Dingman (2015) offers
the metaphor that a model is to hydrologic reality as a map is to the actual landscape, because

both are constructed for a specific purpose and at a specific scale.

Types of Models

Types of models include physical models, analog models, and mathematical models
(Dingman, 2015). Physical models are built using tangible materials to represent a larger
system at a manageable scale. Analog models simulate processes using observations from
comparable processes. Mathematical models use stepwise procedures to simulate fluxes of
water and energy through conceptual storage reservoirs. These stepwise procedures require
input data. Beginning with these data, the storage of water and energy and their movement
through the model domain are simulated. Only mathematical models will be considered in this

thesis.

Types of Mathematical Models

Types of mathematical models include physics-based (also referred to as physically
based) models, conceptual models, statistically based models, and stochastic time-series
models (Dingman, 2015). Physics-based models (also called deterministic models) use physical
laws in process-based relations and equations to simulate a system. Conceptual (heuristic)
models strive to minimize the number of parameters and be more computationally efficient than
physics-based models while retaining some physical meaning (Fenicia et al., 2011). Statistical

models (also called empirical models) attempt to fit equations to observational data at the



expense of scientific meaning; this is a reductionist approach to hydrologic modeling (Klemes,
1982). For stochastic time-series models, observed time-series datasets are analyzed to build

transfer functions for a system, which describe relations between model inputs and outputs.

Representing the Model Domain in Space and Time

The model domain is expressed spatially and temporally. Spatial representation can be
lumped, distributed, or represented in a formal coordinate system (Dingman, 2015). A lumped
model treats the modeling area as a single homogeneous unit. Distributed models reflect at
least some of the spatial variability in the modeled area. Fully-distributed models divide the
study area into elementary units such as a grid. Semi-distributed models divide the study area
into assumed homogeneous units, often variable-size sub-watersheds. The formal coordinate

system method is used mostly for groundwater modeling and is not further discussed here.

Temporal representation can be steady state, steady state seasonal, single event, or
continuous (Dingman, 2015). Steady state model outputs represent mean, final, or equilibrium
magnitudes. Single-event models simulate system response to an isolated input. A sequence of

inputs over a given time-step creates a continuous model.

Model Solution Method

The solution method of a hydrologic model can be ad hoc, analytical, numerical, or
hybrid (Dingman, 2015). Ad hoc solution methods are typically applied to lumped models and
are model-specific. Formal analytical methods are used when model equations can be solved
exactly. Formal numerical methods (e.g. finite difference or finite element) are used when model
equations cannot be solved exactly. Hybrid models simulate various hydrologic processes using

two or more solution methods.



Examples of Hydrologic Models

There are many hydrologic models available, each designed to simulate one or more

parts of the hydrologic cycle. Table 1 lists some examples of models and their purposes.

Table 1. Example hydrologic models and their purposes.
Model Function Documentation

Model Name
Gash Method Sparse Canopy Interception (Gash et al., 1995)
SNOWPACK Avalanche Forecasting (Bartelt and Lehning, 2002)
MODFLOW Groundwater (Harbaugh, 2005)
PRMS Watershed-scale Simulation (Markstrom et al., 2015)
HSPF Watershed-scale Simulation (Bicknell et al., 1996)
SWAT Watershed-scale Simulation (Neitsch et al., 2011)

The Precipitation-Runoff Modeling System

This study uses the Precipitation Runoff Modeling System (PRMS), a rainfall runoff
model. PRMS is a whole-watershed model used to simulate streamflow on a daily time-step in

response to climate inputs. PRMS has been used to investigate effects of land cover change

and climate change in watersheds worldwide (Table 2).

Table 2. Example publications and their PRMS applications.

Author(s) Purpose of PRMS Stream/Watershed (Location)
Brabets Evaluate effects of urbanization on
(1987) streamflow Chester Creek (Alaska)
Wind River, North Yamhill River,
. , . Nestucca River, Tucca Creek, East Fork
(ITSL% migma;Erfemeo?]ﬁtfaiisnog;:jr?sﬁrgy Lobster Creek, Needle Branch, Flynn
Creek, Deer Creek, Vincent Creek, Prioli

Creek, Middle Creek (Oregon)
Steuer and  Evaluate effects of urbanization on North Fork Pheasant Branch (Wisconsin)

Hunt (2001) streamflow
Validate regression relations
Stewart et created to analyze changes in Merced River, American River

al. (2004)  springtime snowmelt as a response (California); Carson River (Nevada)

to climate change.
Simulate effects of climate changes
Qi et al. (precipitation and temperature) and
(2009) Ianq-use changes (forest
conversion to croplands and urban
areas) on streamflow

Trent River (North Carolina)




Table 2. Example publications and their PRMS applications. (continued)

Author(s) Purpose of PRMS Stream/Watershed (Location)
Goode et al. Part of a Flood-Analysis Model (in Delaware River (Delaware,
(2010) conjunction with HEC-ResSim) Pennsylvania, New Jersey, New York)
Hodgkins Predict changes in peak streamflow Pleasant River, Narraguagus River,
and Dudley

(2013) in response to climate change Sheepscot River, Royal River (Maine)

Fang et al Simulate the effects of climate
(2%15) . change on runoff and Minjiang River (Guangzhou, China)
evapotranspiration

Part of evaluating the effect of

Robertson et climate change on phosphorus . _—
al. (2016) loading (in conjunction with Entire Lake Michigan watershed
SPARROW)

Simulate effects of future climate O’Fallon Creek, Redwater River, Little

Chase etal. changes on streamflow with modified Dry Creek, Middle Musselshell River,

(2016) time-series climate data based on Judith River, Cottonwood Creek, Belt
General Circulation Models Creek (Montana)

Multiple versions of PRMS have been released since its start as a FORTRAN 77-based
software in 1983 (Leavesley et al., 1983), which have culminated in today’'s FORTRAN 90 and
C-based software featuring a graphical user interface (Markstrom et al., 2015) and the ability to
model a diversity of watersheds. Adopting the characterization scheme offered by Dingman
(2015), PRMS is classified as a physics-based, semi-distributed, continuous model using a
hybrid solution method. PRMS keeps a daily water balance with a computational sequence
based on the interrelation of hydrologic processes and on established equations for these

processes. PRMS version 4.0.1 is used in this study.

Hydrologic Response Units

The HRU (Hydrologic Response Unit) is the basic unit of PRMS and the set of
contiguous HRUs is a watershed. HRUs can be any size and any shape. HRUs are assigned
parameters and each HRU is homogeneous with respect to its parameters. The model also
requires parameters that are not dimensioned by HRUSs, but rather by months (e.g. average

solar radiation) or by the entire watershed (e.g. snow/rain mixing temperatures). HRUs can be



delineated by any criterion or criteria that the modeler chooses, ranging from strictly topographic

to any surface or subsurface properties.

Watershed Conceptualization

Watershed hydrology is conceptualized in PRMS by reservoirs (Figure 1). These are the

plant canopy, snowpack, impervious zone, soil zone, subsurface

- Solar radiation

and groundwater reservoirs, and surface Evaporation {w‘“’\} .
. Sublimation miﬁi} i A|r:e=mpera:me
water reservoirs (Markstrom et al., Y L A
Plant canopy interception
2015). These conceptual Evaporation & . T r
transpiration Rain t Snow i Rain i Rain
T -_S c--;c——— N — swmelt H Hortonian runoff
. . now pack 1 owm
reservoirs collectively represent the —— T Srownen |
Dunnian runoff =
) ) . Upslope surface S =
storage distribution among the runofang g
: v > Sail Interflow _ %
(see figu?t; 2Z ?:: details) gl "g
HRUSs, referred to as the model z
£
state. Water moving between these § Recharge &
Groundw: Groundwater
reservoirs is the flux. PRMS maintains T

; Groundwater sink

a water balance in and between Figure 1. Schematic showing the conceptual reservoirs

: and fluxes in PRMS (taken from Markstrom et al. (2015).
all reservoirs. Thus, the

simulation calculates the fluxes and storages within each HRU as well as in the entire
watershed. PRMS features multiple methods of simulating the volume and timing of streamflow
from HRUs, which makes it adaptable to various watershed sizes and characteristics. Further

explanation of PRMS is available in Markstrom et al. (2015).

Comparable Studies

Steele (2013) provides a comprehensive list of studies that have investigated the effects
of HRU size on hydrologic model performance. There are a number of studies that have had
this purpose, but the majority have used software other than PRMS or HSPF (Hydrological

Simulation Program — Fortran). HSPF (Bicknell et al., 1996) is a watershed-scale model that



was of interest to this thesis because of its previous application to the Kankakee watershed,
which is a study area of this report (described later). To the author's knowledge, there are only

two studies which investigate the effects of HRU size on PRMS model performance.

Steele (2013) investigated the effect of HRU size on PRMS performance in 30 generally
unimpaired Western U.S. basins, mostly in mountainous areas, ranging in size from 716 to 2939
square kilometers. Steele divided each basin into six levels of subdivision (including a fully
lumped model) based on topography. GIS-determined parameters were calculated using
procedures per GIS Weasel documentation. GIS Weasel is a software that assists modelers in
parameterizing environmental models from raw GIS data (Viger and Leavesley, 2007). The
study found that HRU size did not have a significant effect on relative model performance and
that most basins would probably require little subdivision to perform well. However, no
parameters were calibrated in this study, so the models generally performed poorly. Steele
acknowledged that results may be improved by calibrating the models, but expressed concern

over calibration introducing stochasticity to models and thus reducing comparability.

Qi et al. (2009) studied the 377-square kilometer Trent River watershed of coastal North
Carolina to investigate the impact of climate and land-use changes on streamflow response. The
study tested PRMS models based on four levels of HRU subdivision (22, 71, 118, and 225 HRUSs);
the models were parameterized with GIS Weasel and subsequently optimized. In this case,
increasing the number of HRUs in the model had a generally negative impact on performance.
Specifically, daily Nash-Sutcliffe Efficiency (NSE) (Gupta and Kling, 2011) decreased from 0.58
to 0.51 and monthly NSE decreased from 0.79 to 0.75 with the increase from 22 HRUs to 225

HRUs.



Methods

Approach

All simulations began at water year 1981 and continued through water year 2015. from
Model construction procedures for the Pomperaug and Kankakee watersheds differ in HRU
delineation procedure, climate distribution and parameterization due to available data and the

difference in watershed sizes.

It was recognized that the Pomperaug River model adapted for the newest version of
PRMS returned poor results relative to those of Bjerklie et al. (2010). Therefore, the first step
was to modify Pomperaug model parameters for the latest version of PRMS to return similar
simulation performance. Sensitivity analyses identified the parameters that were most important
for model performance. This work was done in pair with Scott Tardif of the University of
Connecticut for his concurrent thesis (Tardif, 2018). The result was a validation model

demonstrating that PRMS is suitable for modeling the Pomperaug watershed.

The second objective was to build a PRMS validation model for the Kankakee
watershed. GIS-determined parameters were generally estimated using the methodology
described in the GIS Weasel manual (Viger and Leavesley, 2007). Stream velocity was
estimated and a Muskingum routing network was created to simulate movement of water
through the stream network. Parameters that could not be determined or estimated using GIS—
surface and subsurface flow routing parameters—were initially calculated using the Preliminary
PRMS parameterization procedures (Viger, 2014) and select parameters were subsequently

calibrated.

Multiple comparative models for each watershed were created to test the effects of
varying HRU size on model performance. GIS-determined parameters were estimated using

consistent methods for each watershed. For most flow routing parameters, Pomperaug

10



comparative models were parameterized using three distinct methods: 1) identical methods to
the previous Pomperaug PRMS study (Bjerklie et al., 2010); 2) PRMS Techniques & Methods
manual default values (Markstrom et al., 2015); 3) Luca-calibration of select parameters from
those default values. Flow routing parameters for the Kankakee comparative models were set to

the whole-watershed weighted average of their counterparts in the Kankakee validation model.

The final objective was to characterize any trends in model performance with changes in
HRU size and identify sensitive and insensitive parameters. This was accomplished by
evaluating the long-term water balances, streamflow statistics (full-record, yearly, and monthly),
and through visual hydrograph assessments. In the case of the Kankakee comparative models,
the model assessment also had to consider that the complexity of the Muskingum streamflow

network increased as HRU size decreased.

Study Areas

The study areas were the Pomperaug River watershed located in western Connecticut;
and the Kankakee River watershed which lies in northwestern Indiana and northeastern Illinois,

with a small portion in southern Michigan.

Pomperaug River Watershed

The Pomperaug River watershed (Figure 2) occupies about 231 square kilometers in
western Connecticut and drains into the Housatonic River at the border of Southbury and
Newtown, which subsequently empties into Long Island Sound. This study concerns the 196-
square kilometer portion of the Pomperaug watershed above the USGS stream gage station
01204000 on the Pomperaug River. The Weekeepeemee and the Nonnewaug Rivers are the
major tributaries to the Pomperaug. The Weekeepeemee stream gage (USGS stream gage
01203805) is located at the confluence of the Weekeepeemee and the Nonnewaug which

represents a 69-square kilometer watershed, while the Nonnewaug River stream gage (USGS
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stream gage 01203600) is located upstream from the confluence and represents 46 square
kilometers of the total 70-square kilometer Weekeepeemee watershed. Work assessing the
climate, streamflow, groundwater, land use and land cover, and water withdrawals has been

completed by multiple authors; all relevant data are summarized in Bjerklie et al. (2010).
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Figure 2. Pomperaug watershed and the National Hydrologic Dataset flow
lines. Connecticut town basemap from U.S. Geological Survey. Inset
basemap from ESRI USA States (Generalized). Connecticut state plane
projection.
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The Pomperaug watershed was chosen for modeling for practical reasons. Importantly,
a PRMS model had already been created for the watershed and the results published (Bjerklie
et al., 2010) and thus it was a suitable starting point. Further, assistance was readily available
from the main author of the publication, Dr. David Bjerklie of the U.S. Geological Survey, which
was indispensable in learning the operation of the model and its specific application to the

Pomperaug watershed.

Kankakee River Watershed

The Kankakee River watershed occupies a total area of 13,339 square kilometers. From
its headwaters near South Bend, Indiana, the Kankakee flows generally westward for 240

kilometers to its confluence with the Des Plaines River just southwest of Joliet, IL, which forms

the Illinois River.
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Figure 3. The Kankakee watershed and the National Hydrologic Dataset flow lines. County
and state basemap from U.S. Census GIS data. Western Indiana state plane projection.
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The area of interest to this study is the upper portion of the watershed above the USGS stream
gage 05520500 at Momence, IL, which represents about 5,900 square kilometers of the
watershed, most of which is in Indiana (Figure 3). The counties which occupy the Indiana
portion of the watershed include LaPorte, St. Joseph, Marshall, Starke, Porter, Lake, Newton,
Jasper, Benton, White, Pulaski, Elkhart, and Kosciusko. The area of interest also includes part
of Berrien County in Michigan and part of Kankakee and Will counties in lllinois. The Yellow
River is the main Indiana tributary to the Kankakee, but many streams and artificial ditches also

feed the main channel.

Per the most recent (2016) Cropland Data Layer released by the USDA (USDA-NASS,
2016), corn and soybean crops together occupy 60 percent of the total watershed area; in
addition to other crops, agriculture composes about 73 percent of the total watershed area. An
extensive artificial drainage network maintains agricultural suitability. Over 90 percent of the
remaining watershed area is covered by deciduous forest (14 percent of total area), low-
intensity developed land (4 percent), open space developed land (4 percent), forested wetlands

(3 percent) and open water (1 percent).

The temperate continental climate of the Kankakee watershed drives warm summers
and cool winters with no prominent dry season (Clendenon and Beaty, 1990). July is typically
the hottest month, averaging a daily high temperature of 29 degrees Celsius and a low of 17
degrees; January is the coldest month, averaging a high of 0 and a low of -23 degrees. These
averages were calculated from gridded 1980—2015 Daymet data (Thornton et al., 2016)
distributed using the Geospatial Data Portal to 59 HRUs as delineated in the Geospatial Fabric

for National Hydrologic Modeling (Viger and Bock, 2014).

Annual precipitation in the watershed has been reported as approximately 97
centimeters, with at least 64 centimeters removed through evapotranspiration. Snowfall varies

widely; the southwestern portions of the watershed average less than 102 centimeters of snow
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annually, but some of the northern areas of the watershed, particularly in LaPorte and St.
Joseph counties, receive about twice that. This is symptomatic of the lake-effect from Lake

Michigan (Clendenon and Beaty, 1990).

Owing to extensive deposits of glacial outwash sediment with high hydraulic
conductivity, groundwater baseflow to the Kankakee River generally accounts for more than 80

percent of its total flow in Indiana.

Kankakee water withdrawals averaged about 314 million liters per day (3.62 cubic
meters per second) in 1987 (Clendenon and Beaty, 1990) but varied widely throughout the year
(Table 3). These withdrawal estimates also included the Indiana portion of the Iroquois River,
which is not part of the upper Kankakee watershed. However, most of the significant
withdrawals come from the upper Kankakee watershed, per 1987 data. These were the most
recent withdrawal data located, so they were used for this study. It should be stressed that

these data should be updated for future modeling uses.

Table 3. 1987 estimated withdrawals and equivalent
streamflow reductions by month for the Kankakee River

watershed.
Month Withdrawals

m3/day(Mgal/day) m?3/s(ft®/s)

January 130,000(35) 1.53(54)

February 150,000(40) 1.76(62)

March 170,000(45) 1.98(70)

April 190,000(50) 2.18(77)

May 230,000(60) 2.63(93)
June 490,000(130) 5.69(201)
July 720,000(190) 8.33(294)
August 590,000(155) 6.80(240)

September 190,000(50) 2.18(77)

October 210,000(55) 2.41(85)

November 210,000(55) 2.41(85)

December 170,000(45) 1.98(70)

15



The size of the Kankakee watershed allows much more range in HRU size compared to
the much smaller Pomperaug watershed. Besides the stream gage at Momence, IL, there are
nine upstream stream gages on the Kankakee and its tributaries, all except two with at least 30
years of usable gage data. Thus, a hydrologic model for the Kankakee watershed may be
broken into as many fﬁnine s%:watersﬂgds with outlets at each gage. In this way, the model
could be parameterized, calibrated, and
simulated and evaluated for multiple sub-
watersheds, potentially increasing accuracy

and utility of the model over a whole-

~»—Hllinois “2  Indiana

h

watershed modeling approach. However,
due to time constraints, a whole-watershed

modeling approach was used in this study.

A well-parameterized model for the

EXPLANATION

o B | Kankakee watershed may be useful for
[ state Border o
ﬂL? L, e evaluating the present and past hydrologic

Figure 4. Orthographic imagery showing the conditions. Humans have drastically altered
stark contrast between the channelized
Kankakee River (Indiana) and the naturally the watershed since the 1800s, which was
meandering Kankakee (lllinois) immediately
downstream. Imagery from ESRI World once home to the Grand Kankakee Marsh.
Imagery. Inset basemap from U.S. Census
GIS data. Western Indiana state plane Referred to as “The Everglades of the North,”
projection.

the marsh was mostly destroyed and
replaced primarily with farmland. Estimates of the extent of the old Kankakee Marsh vary from
roughly 1,600 to 2,400 square kilometers. The river was channelized throughout its entire reach
in Indiana which removed hundreds of meanders from its length and shortened it by about 160
kilometers (Figure 4). Instead of natural tributaries, a large portion of tributary flow today comes

from the angular paths that are the artificial drainage network established for maintaining
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hydrologic conditions suitable for agriculture. A whole-watershed hydrologic model may provide
a basis for simulating the Kankakee watershed of the past and evaluating subsequent human

impact.

One reason for choosing the Kankakee watershed to model is because it is a heavily
disturbed low-elevation watershed. In the aforementioned study of Western U.S. mountainous
watersheds by Steele (2013), it was suggested that results could be different in lowland,
disturbed watersheds. Further, to the author’s knowledge, no studies have used PRMS to model
the Kankakee River watershed or any sub-watershed. One study (Demissie et al., 2007)
modeled the upper portion of the Kankakee River watershed. This study used HSPF (Hydrologic
Simulation Program-FORTRAN) to model the watershed above the Momence, lllinois USGS
stream gage. In this model, the Kankakee River watershed was divided into 22 HRUs, and
modeling post-calibration returned daily NSE values greater than 0.7. This HSPF model
provides a suitable benchmark for comparing PRMS results. Other modeling studies of the
Kankakee watershed have largely focused on sediment transport to understand and respond to
concerns about increased sediment loads which resulted from channelization and changes in
land use (Bhowmik et al., 1980; Bhowmik and Demissie, 2001; Holmes Jr., 1997; Little Jr. and

Jonas, 2013).

Study Area Caveat

A limitation to this study is that results are only applicable to watersheds that are
hydrologically comparable to the Kankakee or Pomperaug. But as previously mentioned, the
results of this study will add to previous studies of the western mountainous regions (Steele,

2013) and the North Carolina coastal region (Qi et al., 2009).

PRMS Model Operation

PRMS Version 4.0.1 has a graphical user interface (GUI) within which it is possible to
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change model file paths, manually change any parameter for any simulated hydrologic process,
perform difference analyses on input parameter files, run simulations, and choose output
variables of simulations. Thus, most changes and model runs can be performed within the GUI.
PRMS uses three user-editable file types: the control file, the parameter file, and the data file
(Figure 5), all of which are documented in the PRMS Techniques and Methods Manual
(Markstrom et al., 2015). These files are easily edited in a text editor with no programming

knowledge.

Together, the modules, parameters, and climate data produce a simulation of the natural
processes which together output the volume and timing of daily streamflow. In a perfect model,
the simulation matches observed streamflow. Of course, this is not a reasonable goal. As the

late statistician George Box cautioned: “all models are wrong, but some are useful.”

C:
|

prms4.0.1_win(pomperaug)

projects dist bin

pomperaug — prms.exe

1 1 1

pomeraugXYZ.control.mod_name |—pomperaug4_1980-2016.data |--

pomperaugXYZ.control.par_name

— pomperaugXYZ.control.param

— pomperaugXYZ.control.var_name

Figure 5. Simplified typical file/folder hierarchy of the PRMS installation. The green, yellow, and
blue boxes are the control, data, and parameter files, respectively. The orange boxes are the
batch files used to run the model and graphically modify parameters.
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The Control File

The control file (green box in Figure 5) instructs PRMS to activate necessary modules
per user instruction. A module represents a method of simulating a part of the hydrologic cycle.
Hydrologic processes can be simulated using a variety of modules; the selected modules

depend on watershed characteristics and available data.

The Parameter File

The parameter file (blue box in Figure 5) contains variables representing watershed
characteristics. The modules in the control file use these parameters to carry out their functions.
Some parameters are always required, while other parameters may or may not be required

depending on the modules chosen.

The Data File

The data file(s) (yellow box in Figure 5) contain(s) the climate inputs and the observed
streamflow records. Inputs to the model must include daily precipitation, daily maximum and
minimum temperatures, and at least one continuous record of daily average streamflow. Daily

shortwave solar radiation is an optional input but is otherwise estimated within the model.

Batch Files

As shown in the orange boxes in Figure 5, PRMS can be run either with a GUI or without

(for faster model runtimes) and parameters can be edited in a standalone GUI.

Model Initialization Period

There is a warm-up period associated with hydrologic models, during which the initial
model parameters representing water storages in each conceptual reservoir have a large effect
on model output. This effect may be positive or negative on apparent model performance;
regardless, the warm-up period of the model should be excluded from output analyses because

it does not reflect true model capability. For the models discussed here, a one year warm-up
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period was sufficient. This means that all analysis focused on water years 1982 through 2015.

HRU Delineation Procedures

The Pomperaug River watershed was adapted for the new PRMS version using the
same 55 HRU delineation as the original model (Bjerklie et al., 2010). Subsequently, the
Pomperaug River watershed was broken into four levels of subdivision (including one lumped
model) based on topography, with the HRUs representing hillslopes (Table 4; Figure 6). The
delineation was automated in Whitebox GAT (Geospatial Analysis Tools) (Lindsay, 2016). For a
yet unknown reason, the 10-foot (25.9 meter) DEM for Connecticut (Center for Land Use
Education and Research (CLEAR), 2014) did not process correctly in Whitebox GAT. A 100-foot
(259 meter) DEM was derived from the 10-foot DEM in ArcGIS, and the resulting DEM
processed properly. Next, topographic depressions were filled to create a more hydrologically
accurate DEM. Flow direction and flow accumulation grids were created to approximate surficial
flow cell-to-cell paths, and a synthetic stream network was derived based on the flow
accumulation grid and using arbitrarily chosen channelization thresholds. The Whitebox GAT
Hillslope tool was used to create hillslope HRUs from the synthetic stream network. Hillslope
polygons can be conceptualized as part-watersheds, in that they represent the drainage to one
side of a stream, while a separate hillslope polygon represents the drainage to the other side.
This procedure was repeated using different channelization thresholds to achieve the different

numbers of HRUSs.

Table 4. Subdivision schemes used in the Pomperaug River watershed.The subdivisions were
created based on a synthetic stream network derived from a DEM, so the schemes are based
solely on topography.

S Average o Maximum Channelization
Susbcdh'\é'nig)n HRU Si_ze hgliglemkumn;(;I%J HRU Si_ze Threshold (number of
km?2(mi?) km?(mi?) 100 ft? upstream cells)
1 HRU 200.2(77.3) 200.2(77.3) 200.2(77.3) n/a
18 HRUs 11.1(4.3) 0.13(0.05) 37.8(14.6) 1,500,000
49 HRUs 3.9(1.5) 0.05(0.02) 20.2(7.8) 600,000
130 HRUs 1.6(0.6) 0.03(0.01) 4.9(1.9) 250,000
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Three subdivision schemes were used for the Kankakee River watershed (Table 5;
Figure 7). These were based on the National Hydrography Dataset (14 HRUs and 97 HRUS)
and the PRMS Geospatial Fabric (59 HRUs). The 59 HRU subdivision was used for the initial
model to determine if PRMS could be successfully used for modeling of the Kankakee, because
the Geospatial Fabric is designed for use with the Preliminary PRMS parameterization
procedures (Viger, 2014). The subdivision methods differ; the 14 HRU and 97 HRU schemes
are subdivided by watershed boundaries, while the 59 HRU scheme is subdivided by hillslopes.
The original design of this study intended to use the same delineation procedure as used in the
Pomperaug watershed (as above), but due to geometrical problems of the raster-converted
shapefiles, it was found that the HRUs were not directly compatible with the Geo Data Portal
climate distribution procedure chosen for the Kankakee watershed. The difference in HRU
delineation methods (hillslope versus sub-watershed) could make a large difference in
snowmelt-dominated watersheds with high relief, where aspect is very important (Viger and
Leavesley, 2007), but it is not expected to make a large difference in the generally flat
Kankakee watershed. Additionally, the three subdivision schemes vary slightly in the watershed
boundaries and total area (Figure 8). The 97 HRU subdivision has the largest area, and is 0.75
percent larger than the 59 HRU subdivision, while the 14 HRU subdivision is 0.56 percent

larger. These discrepancies were considered when evaluating the comparative models.

Table 5. Subdivision schemes used for the Kankakee River watershed.The subdivisions were
extracted directly from the National Hydrologic Dataset and from the PRMS Geospatial Fabric.

Subdivision Scheme Average HRU Size  Minimum HRU Size Maximum HRU Size

km?(mi?) km2(mi?) km?(mi?)
14 HRUs (NHD
HUC10) 218.1(84.2) 423.5(163.5) 752.1(290.4)
59 HRUs (PRMS
Geospatial Fabric) 100.0(38.6) 0.16(0.06) 364.2(140.6)
AN 61.4(23.7) 19.9(7.7) 131.6(50.8)

HUC12)
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