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THE WATERSHED FLOW AND ALLOCATION MODEL: AN NHDPLUS-BASED WATERSHED
MODELING APPROACH FOR MULTIPLE SCALES AND CONDITIONS'

Michele C. Eddy, Fekadu G. Moreda, Robert M. Dykes, Brandon Bergenroth, Aaron Parks, and James Rineer”

ABSTRACT: The Watershed Flow and Allocation model (WaterFALL®) provides segment-specific, daily stream-
flow at both gaged and ungaged locations to generate the hydrologic foundation for a variety of water resources
management applications. The model is designed to apply across the spatially explicit and enhanced National
Hydrography Dataset (NHDPIlus) stream and catchment network. To facilitate modeling at the NHDPIus catch-
ment scale, we use an intermediate-level rainfall-runoff model rather than a complex process-based model. The
hydrologic model within WaterFALL simulates rainfall-runoff processes for each catchment within a watershed
and routes streamflow between catchments, while accounting for withdrawals, discharges, and onstream reser-
voirs within the network. The model is therefore distributed among each NHDPlus catchment within the larger
selected watershed. Input parameters including climate, land use, soils, and water withdrawals and discharges
are georeferenced to each catchment. The WaterFALL system includes a centralized database and server-based
environment for storing all model code, input parameters, and results in a single instance for all simulations
allowing for rapid comparison between multiple scenarios. We demonstrate and validate WaterFALL within
North Carolina at a variety of scales using observed streamflows to inform quantitative and qualitative mea-
sures, including hydrologic flow metrics relevant to the study of ecological flow management decisions.

(KEY TERMS: surface water hydrology; simulation; modeling; watershed management; water resources;
NHDPIlus; GWLF.)

Eddy, Michele C., Fekadu G. Moreda, Robert M. Dykes, Brandon Bergenroth, Aaron Parks, and James Rineer,
2017. The Watershed Flow and Allocation Model: An NHDPlus-Based Watershed Modeling Approach for Multi-
ple Scales and Conditions. Journal of the American Water Resources Association (JAWRA) 53(1):6-29. DOI: 10.
1111/1752-1688.12496

INTRODUCTION volume (Jackson et al., 2001; Bunn and Arthington,
2002; Magilligan and Nislow, 2005; Poff et al., 2010).

Because observational data are only available at

The management, regulation, restoration, and con-
servation of flowing water systems for use by humans
and biota require an understanding of water avail-
ability in terms of location, timing and duration, and

select locations, the main method to satisfy the data
needs of a surface water assessment is to perform
hydrologic modeling. Through modeling, multiple
streams, regions, and conditions can be assessed,
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which provides a means to estimating continuous
streamflow and water quality predictions using lim-
ited observations of these same parameters under
favorable levels of effort. When available at a scale
commensurate to a management objective and vali-
dated against available observed data, a model
becomes a tool that aids in the understanding of the
underlying hydrological processes and the impacts of
human modifications (e.g., land use), climatic condi-
tions, and management options.

Multiple studies have examined scale issues within
the realm of hydrologic modeling. Bloschl and Siva-
palan (1995) identify three types of scales that must
be considered in hydrological modeling: process,
observation, and modeling (working) scale. Processes
such as precipitation events, runoff, infiltration, and
channel flow are known to act at different scales
(Bloschl and Sivapalan, 1995; Gentine et al., 2012).
Similarly, the observations that can be used to
parameterize and calibrate the functions of a model
representing these processes are available at many
different scales, though oftentimes, not at the same
scale as the process. Therefore, the modeling scale
(i.e., the scale at which hydrologic processes are simu-
lated) must make the best possible use of and least
amount of tradeoffs between the process scale and
observation scale (Bloschl and Sivapalan, 1995). In
addition, the management scale, or scale at which
regulating agencies may take action resulting from
any outcomes of the modeling may be considered.

In terms of modeling, Kircher (2009) concluded
that a simple storage-discharge relationship (a first-
order, nonlinear differential equation) applied at a
catchment scale of a few square kilometers captures
the behavior of hydrological systems that, at smaller
scales (square meters), exhibit heterogeneities, such
as complex hydraulic gradients. Jakeman and Horn-
berger (1993) found that a linear representation of a
two-compartment system represents both slow- and
quick-flow components of hydrology well over a range
of catchment sizes (i.e., <1 to 89.6 km?). However,
these more simplistic representations of the hydro-
logic cycle do not provide the opportunity to consider
watershed characteristics, such as land use and
topography, needed for scenario-based management
assessments. At the other end of the modeling spec-
trum, process-based models that allow for such sce-
nario assessments use more complex and integrated
algorithms to capture the hydrologic cycle across a
range of typically larger (31 km? hydrologic
response units derived from elevation changes or set
based on a predetermined land surface grid. Exam-
ples of such models in use by the federal government
and other state and local agencies for management
include the Soil and Water Assessment Tool (SWAT)
(Arnold et al., 1998), the Hydrologic Simulation
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Program—FORTRAN (HSPF) (Bicknell et al., 1997),
the Precipitation-Runoff Modeling System (PRMS)
(Markstrom et al., 2015), and the Variable Infiltra-
tion Capacity Model (Liang et al., 1994).

To provide the greatest flexibility of management
opportunities, the working scale of a model should
be at the smallest spatial scale that directly relates
to management initiatives without creating an over-
burden of computation and parameterization efforts.
Currently, this working scale is best approximated
by the catchment scale (on the order of
1 x 10° km?), which can be related to the stream
reach level (Brakebill et al., 2011), colocation of
individual monitoring locations (U.S. Environmental
Protection Agency [USEPA], STORET Water Qual-
ity Monitoring Stations NHDPlus Indexed Dataset,
https://developer.epa.gov/epa-office-of-water-ow-storet-
water-quality-monitoring-stations-nhdplus-indexed-da
taset/, accessed June 17, 2016), and the USEPA’s
recently instituted catchment indexing for Inte-
grated Reporting under the Clean Water Act
(USEPA, Water Quality Framework, https:/www.e
pa.gov/waterdata/water-quality-framework, accessed
June 17, 2016). Although some of the complex pro-
cess-based models that allow for scenario assess-
ment have been applied at the catchment scale or
smaller in select applications (Arnold et al., 2012;
Duda et al., 2012), these models are not consistently
and regularly applied to the catchment scale due to
the number of model parameters used as input and
in computations, as well as the resulting computer
processing limitations (David Wells, USEPA, August
5, 2013, personal communication). Therefore, a need
exists for a model that is designed to be applied at
the management scale of the catchment while also
simulating larger regions and balancing the com-
plexity of hydrologic process simulation and avail-
able observation-based data inputs.

We sought to create such a model using a combi-
nation of methods and data already demonstrated
and supported through peer-reviewed literature
applied over a consistent hydrologic network and
supported through a rigorous data management sys-
tem. We built the model up from the simplest
hydrologic representation that provides the desired
output, given variation in the inputs necessary for
scenario building, rather than requiring the use of
a model as complex as possible to represent
instream flows. Our main objectives for creating the
model included: (1) scalability — catchment to full
watershed; (2) portability — ability to model multi-
ple ecoregions, climatic conditions, etc.; and (3) flex-
ibility — ability to model different scenarios, such
as a baseline, present day, human-altered condi-
tions, or potential future conditions, with little addi-
tional effort.
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The resulting Watershed Flow and Allocation
model (WaterFALL®) simulates surface water flows
using rainfall-runoff and intermediate-level subsur-
face processes at a daily time step across the topo-
graphically derived catchments defined within the
enhanced National Hydrography Dataset
(NHDPlus), or any similar digital representation of
a connected stream network. WaterFALL is a ver-
satile tool, capable of supporting a wide range of
water resource management needs across diverse
hydrologic regimes. The model is easy to set up.
Input parameters are modest and can be filled by a
wide variety of available national and local data-
bases. The model is configured to perform extensive
“what if?” analyses by substituting parameter val-
ues that reflect anticipated future climate condi-
tions, land use patterns, or water withdrawal and
discharge rates. The model is highly scalable. It
can be run across a single NHDPlus catchment or
any user-selected grouping of interconnected catch-
ments that comprise larger hydrologic units. The
granularity provided by georeferencing physical
input parameters to small catchments enables the
model to better capture the influence that spatial
variability in key landscape and environmental con-
ditions exerts on the magnitude and timing of sur-
face water flows.

WaterFALL consists of five major components: (1)
a hydrologic network; (2) a rainfall-runoff model; (3)
routing mechanisms between assessment units; (4)
underlying data parameterization; and (5) a server-
based data management and analysis system. The
resulting distributed modeling framework provides a
daily time series of streamflow and its intermediate
components (i.e., base flow, runoff, soil moisture) for
each assessment unit. Applications of WaterFALL are
calibrated and validated against streamflow measure-
ments corresponding to particular assessment units,
typically from U.S. Geological Survey (USGS) gages
where possible, using a weight-of-evidence approach
for quantitative performance measures, qualitative
depictions of the hydrologic regime, and consideration
of the monitored streamflow source, method, and
evaluation.

This study describes the five underlying technical
model components within WaterFALL in detail using
process equations and data source descriptions,
where appropriate. We then describe the procedures
used for model calibration, in terms of parameters
and processes, and evaluation of model performance.
To demonstrate WaterFALL’s calibration and perfor-
mance, the results derived from an application of the
model across the state of North Carolina are pre-
sented as standard performance metric values and
visualizations as well as through tabulated hydrologic
metrics. Discussions within the study include direct
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comparisons between WaterFALL and other hydro-
logic models, potential model improvements, and
strengths and limitations of WaterFALL in its cur-
rent state.

METHODS

Model Components

Hydrologic Network. The National Hydrogra-
phy Dataset (NHD) contains digital line graphs and
associated river reach attributes created from
1:100,000-scale (medium resolution) and 1:24,000-
scale (high resolution; one inch of data equals 2,000
feet on the ground) topographic map series from the
USGS (Simley and Carswell, 2009) for the contiguous
United States (U.S.). The NHD dataset has been
enhanced (NHDPlus) by incorporating the National
Elevation Dataset (NED) and the Watershed Bound-
ary Dataset (WBD) to define flowline (waterways)
and catchment (drainage unit or subbasin) features.
The NHDPIlus catchments nest within the hydrologic
units established within the WBD so that navigation
upstream from a catchment at the pour point of a
hydrologic unit will identify the catchments that
encompass the full drainage area of the unit (McKay
et al., 2013). Therefore, central to the objective of
WaterFALL, NHDPIlus provides a consistent hydro-
logic network for the conterminous U.S. on which a
hydrologic model may be applied. The spatially refer-
enced flowline and elevation-derived catchment fea-
tures within NHDPIlus provide a basis for the spatial
indexing, or georeferencing, of any defining charac-
teristic that can be expressed within a spatial context
(e.g., land use distribution, dam locations, precipita-
tion events), whereas the value-added attributes (e.g.,
slope, stream order, average velocity) indexed to flow-
lines and/or catchments included within the
NHDPIlus database provide some of the data neces-
sary to parameterize the rainfall-runoff model within
WaterFALL. Version 1 of NHDPlus contains
2,595,196 catchments with an average area of
1.9 km?® (1.2 mile®), and 2,342,519 flowlines with an
average length of 2.25 km (1.4 miles) (Brakebill
et al., 2011). This catchment scale is on the order of a
few square kilometers, as opposed to the hundreds of
square kilometers used in many lumped modeling
applications. Use of the NHDPlus network allows for
a distributed hydrologic model simulation that
accounts for spatial variability in both the land sur-
face and forcing functions within natural watershed
units, rather than the arbitrarily defined grid cells
commonly used for distributed hydrologic models.
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FIGURE 1. Schematic of the Model Components (italicized) and Input Parameters (bolded) Used to Simulate the Hydrologic Cycle within
Each Enhanced National Hydrography Dataset (NHDPlus) Catchment (contained in dashed area) and then Routed throughout the Network
within WaterFALL. Model components and parameters not fully spelled out are described within the text.

Rainfall-Runoff Model. The Generalized Water-
shed Loading Function (GWLF) is employed within
WaterFALL to simulate rainfall-runoff processes
within each NHDPlus catchment (Haith and Shoe-
maker, 1987; Haith et al., 1992) (Figure 1). Numer-
ous applications of GWLF exist throughout the
world (Howarth et al., 1991; Schneiderman et al.,
2002; Georgas et al., 2009; Li et al., 2010), including
versions of the model that have been enhanced to
suit different modeling needs (Dai et al., 2005; Sch-
neiderman et al., 2007). GWLF simulates two com-
ponents of surface water flow: (1) runoff (Runoff)
generated through the curve number (CN) method
and simple snowmelt (Melt) and accumulation (Acc)
modules and (2) base flow (BF) that is released
from the saturated zone over time through soil
moisture (SatZoneM) and groundwater (DeepGW)
accounting modules (Figure 1). Water moves
through the different compartments represented by
the model (i.e., surface, unsaturated zone, shallow
saturated zone, and deep groundwater) based on
physical parameters and rate constants governed by
process-based equations and mass balance. Rainfall
can infiltrate into the unsaturated soil layer, or
runoff to a surface water body. Infiltrated water
resides in the unsaturated soil zone (Unsat) until it
percolates to the saturated zone. The available
water capacity (AWC) of the unsaturated zone
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controls the rate of percolation to the saturated
zone. Evapotranspiration (Evap), as calculated
within GWLF using the Hamon (1961) method
based on temperature (T) and daylight hours (DHr)
for potential evapotranspiration and cover coeffi-
cients (ETCov) based on land use type, in addition
to percolation, can deplete water from the unsatu-
rated layer. The saturated zone is depleted by local
groundwater flow to surface water (i.e., shallow
base flow) controlled by the recession -coefficient
(RCoeff) and also by seepage (Seep) to a regional
groundwater system. Both processes act as a linear
function on the available saturated storage.

The WaterFALL application of GWLF relies on the
original CN formulation for determination of runoff
and infiltration (Haith and Shoemaker, 1987; Haith
et al., 1992), although with some modifications (Fig-
ure 1): (1) a two-stage linear recession based on the
presence of percolation from the unsaturated zone
and has been added to the base flow calculation and
recession coefficients can now vary by season; (2) the
hydrologic model is now run in a series over the
catchments of the NHDPlus network with an embed-
ded routing routine to accumulate and move water
downstream; (3) methods to quantify the impacts of
human interactions on streamflow have been added
through withdrawals, discharges, and simple reser-
voir mass balance; and (4) model parameterization is
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TABLE 1. Watershed and Hydrologic Models Relying on the Soil Conservation Service Curve Number (SCS-CN) Method for Runoff Estimation.

Model Application

Time Step

Spatial Scale Reference

AGNPS (Agricultural NonPoint
Source pollution model)

Agricultural watershed
simulation

AnnAGNPS (Annualized
Agricultural NonPoint
Source pollution model)

GWLF (Generalized
Watershed Loading Function)

HEC-1/HEC-HMS

Agricultural watershed
simulation

Water quantity and
quality simulations
Urban watersheds, floods

SWAT (Soil and Water
Assessment Tool)
TR-20

Water quantity and quality
simulations
Evaluation of flood events

TR-55 Evaluation of flood events

Event-based

Daily or subdaily

Daily
Event-based
Daily

Event-based

Event-based

Uniform square areas Young et al. (1989)
(cells), some containing
channels

Homogeneous land areas
(cells), reaches, and
impoundments

Subbasin network

Bingner and Theurer (2001)

Haith and Shoemaker (1987)

Distributed network;
varying sizes
Subbasin network

Feldman (1995) and
USACE (2014)
Arnold et al. (1998)

Watershed with land
runoff and channel
routing

Small watershed
consisting of
subareas and reaches

NRCS (2015)

NRCS (2009)

now automated through geospatial processing of data-
sets against the NHDPlus.

SCS-CN Formulation. The Soil Conservation Ser-
vice Curve Number (SCS-CN) method approach to
runoff estimation is a peer-reviewed and commonly
applied method to simulate streamflow that falls in
between simplistic and highly parameterized process-
based models (Table 1). It is based on readily avail-
able land use and soils information, and therefore
relates to the real-world engineering and planning
needs of the professional community and provides the
flexibility for scenario-based simulations at the catch-
ment scale. The SCS-CN approach represents an
intermediate level of complexity for hydrologic simu-
lation and does not specifically identify water flow
paths or runoff processes. Table 1 presents examples
of the watershed and hydrologic models employing
this method to represent both event and continuous
simulation of streamflow. Borah and Bera (2003)
included AGNPS, Ann AGNPS, HSPF, and SWAT in
their model comparisons where they noted that none
of these models sufficiently simulate flood waves,
which were better simulated by event models using
physically based flow-governing equations that
require approximate numerical solutions of the equa-
tions that are subject to numerical instability prob-
lems and limited on space and time increments and
watershed sizes.

Although the SCS-CN method garners wide gov-
ernmental support in its use within a management
context due to its real-world applicability, some mem-
bers of the scientific community question the validity
of its use (Garen and Moore, 2005; Walter and Shaw,
2005). Garen and Moore (2005) were critical of the
SCS-CN method in relation to water quality simula-
tions, largely due to the method’s lack of specificity
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on the governing runoff process represented. How-
ever, with the focus on providing a catchment-scale
water budget at the minimum of a daily time step,
the objective of the current formulation of Water-
FALL is to represent the general rainfall-runoff pro-
cesses and water balance at the resolution of the
NHDPIlus catchment and stream segment, and then
to compound the streamflow to larger watersheds.
Therefore, the SCS-CN provides an appropriate and
feasible level of simulation of the generalized runoff
process of the hydrologic cycle, while allowing for the
inclusion of additional functions and parameters to
account for subsurface and base-flow processes.
GWLF Modifications. The original GWLF formula-
tion relied on a linear storage-outflow model. How-
ever, Van de Griend et al. (2002) found that for
groundwater discharge from a shallow unconfined
aquifer, there are three main reasons that the
assumption of a linear storage-outflow model may not
hold: (1) a falling watertable continually decreases
the effective thickness of the aquifer and decreases
the ability to drain; (2) the hydraulic conductivity
tends to decrease with depth; and (3) with prolonged
drainage, the lower-order stream channels can run
dry, leaving only the highest-order reaches receiving
base flow. Brodie and Hostetler (2005) also noted that
recession behavior for a stream can change through
time due to factors such as catchment wetness,
saturated aquifer thickness, or depth of stream pene-
tration into the aquifer. Although the daily represen-
tation of the saturated soil zone moisture content
(SatZoneM) across a distributed stream network
addresses these points to an extent, particularly the
differentiation between low- and high-order streams,
additional accounting for the periods of decreasing
watertable and for seasonality were needed after
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examination of low-flow period simulations using the
original formulation within WaterFALL.

To account for slower drainage rates (i.e., release
to the stream channel) during periods of decreasing
water table, a two-phase recession using the original
RCoeff parameterization was instituted that reduces
the recession rate during days without percolation
into the saturated zone. The effect of this reduction is
a lower rate of base flow on days when the saturated
reservoir is not actively accumulating volume (Equa-
tion 1). The rate of reduction (Reduc) is currently set
for an entire model simulation prior to the model
application and held constant throughout a model
simulation. The second modification to the linear
storage-outflow model made within WaterFALL is to
allow the RCoeff to vary by season. In testing the
model formulation, the seasonal differences in model
input parameters did not provide enough variation
within the streamflow recessions to account for the
potential processes highlighted by Brodie and Hoste-
tler (2005). Equation (2) displays the simple modifica-
tion made to minimize the number of model
parameters needed to be estimated while allowing
greater seasonality in the streamflow recession. Win-
ter and summer RCoeffs (WinRCoeff and SumRCoeff,
respectively) as well as a start and end month for the
winter period become model input parameters,
whereas the transition month RCoeff (TransRCoeff)
is calculated as the average between the two rates. In
watersheds where the seasonality in recession is
accounted for through the seasonality in model inputs
and soil moisture accounting, the start and end
month for the winter period are set equal to one
another and only a single RCoeff is used throughout
the simulation period.

BF — RCoeff x SatZoneM, Percolation > 0
" | Reduc x RCoeff x SatZoneM, Percolation =0

(1)

WinRCoeff, Month Within
Winter Period
SumRCoeff, Month Outside

ff =
RCoe of Winter Period

TransRCoeff, Month=WinterStart
or WinterEnd

(2)

Streamflow Routing. WaterFALL employs a lag
routing approach initially described by Linsley et al.
(1975). This approach delays water from an upstream
channel to the downstream network by a lag or travel
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time (TRT) and allows for the attenuation of the flow
hydrographs. Upon initiating a model run, the rout-
ing algorithm with WaterFALL navigates all
NHDPlus catchments upstream of the chosen pour
point for the simulation (most downstream catch-
ment). A TRT for each of the upstream catchments is
then assigned to the pour point catchment based on
the flowline length between the corresponding
upstream catchment and the pour point, as well as
the average velocity estimate for each upstream
catchment provided within the NHDPlus Value
Added Attributes (based on Jobson, 1996). Currently,
WaterFALL uses this static TRT for each catchment
to route the channel flows, and no additional attenua-
tion is applied due to low- or high-flow days. The
same process is used for any catchment within the
network by calculating the TRT relative to the catch-
ment of interest by subtracting that catchment’s TRT
to the pour point from any upstream catchment
TRTs.

To create daily, routed streamflow throughout the
NHDPIlus network, WaterFALL completes the follow-
ing operations moving from the most upstream
catchment to the watershed pour point catchment:
(1) complete the basic rainfall-runoff and base-flow
hydrologic functions to calculate locally generated
flow (QL) for all days of the model simulation; (2)
pull out any relevant monthly values for with-
drawals (W) or discharges (D) for the catchment; (3)
calculate the cumulative outflow (QC) from the
catchment considering lagged inflows, locally gener-
ated flow, and applicable withdrawals and dis-
charges for each day of the model simulation; and
(4) move to next downstream catchment and repeat
Steps 1 through 3.

The routing of flows in Step 3 requires data stor-
age of the daily values of QL, W, and D from the
already processed upstream catchments within a
database table of “n” columns (n = number of up-
stream catchments) by “d” rows (d = number of days
in the model simulation). A database table of the
TRT for each catchment to the pour point catchment
is created upon each model simulation initiation. A
TRT for each upstream catchment relative to the
catchment of interest (TRT,; ) in Step 3 is calculated
and used to select the lagged upstream flows for each
day of the simulation. Equations (3) and (4) illustrate
this concept using matrix notation for catchment
number four of a five catchment watershed (catch-
ment 1 = headwater; catchment 5 = pour point),
simulated for six days. For example, the streamflow
from Catchment 3 takes 2.4 days to reach the outlet
but less than one day to reach Catchment 4, so on
Day 1 the streamflow out of Catchment 4 is the sum-
mation of local streamflows generated in Catchments
3 and 4.
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QL1 QLo QLs; QLg; QLs;T

. QLys QLss QLss QL QLs,
TRT= |2.4|.QL= QL;3 QLys QLss QLys QLsg ’
15 QL4 QLoy QLsy QLyy QLsy
0 QL5 QLys QLss QLys QLss
QL6 Qliog QLsg QLys QLsg ]
2.3
1.7
TRT 14 = | 0.9
0
0
(3)
QCyq1 =QLyg; +QLg;
QCy9 =QLy4y + QL35 + QLo @

QC46 =QLyg + Qligs + QLos + QL 4

This processing of lagged flows is completed for all
catchments and for all days of the simulation result-
ing in a final set of daily cumulative streamflows
(QC) for each catchment. When withdrawals and dis-
charges are included within a simulation, they are
tabulated by the same methods as shown in Equa-
tions (3) and (4) for QL for each day. Any upstream
withdrawals (W) are subtracted (up to W < QC) and

then upstream discharges are added (D) before mov-
ing to the next downstream catchment in the naviga-
tion (Equation 5). If the W > QC, then the available
withdrawal is set equal to QC, QC is set equal to
zero, and the available withdrawal is used in all sub-
sequent routing calculations (see Appendix for fur-
ther detail on withdrawals and discharges).

QC=) QL-> W+> D (5)

The above procedure accounts for the water in the
system through the catchments and conserves the
volume of the water generated over the period of time
by keeping a record of water that has not yet reached
an outlet at a given time but adds the amount later.
This routing algorithm is used in all WaterFALL sim-
ulations for all catchments, with exceptions only for
control structures as described below.

To simulate altered streamflow conditions, Water-
FALL accounts for point withdrawals and discharges
from human managed systems (e.g., public water sup-
plies, wastewater treatment, industry, agriculture).
To account for onstream impoundments (i.e., reser-
voirs) or other control structures, WaterFALL allows
for two options: (1) replacement of simulated stream-
flow at a selected NHDPlus catchment with an input
daily time series of streamflows that account for the
managed flows or (2) simulation of reservoir opera-
tions through mass balance. Reservoir simulation
methods are described within the Appendix, while
Figure 2 illustrates the set up for the mass balance
simulation method.

Legend

LS —— Flowlines
Stream catchments [
# Reservoir catchments
y ©0 Reservoir
| @@ Inflows
@€ oOutlet

FIGURE 2. Depiction of a Reservoir within WaterFALL Using the NHDPlus Network.
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Model Parameterization. The original GWLF
formulation relied on numerous look-up tables to
parameterize the model based on location and water-
shed conditions. WaterFALL now automates the
determination of all of these parameters, or the ini-
tial values of these parameters, by georeferencing
spatially-based physical data. The processes used to
parameterize each catchment seek to preserve as
much spatial variability in the available physical
data as possible to best represent the variability in
physical properties of the watershed (Reed et al.,
2004), thereby reducing the noise introduced into
model parameters (Kling and Gupta, 2009). Within
each catchment, the rainfall-runoff processes are sim-
ulated for each type of land cover. The smallest unit
for parameterization therefore becomes each combi-
nation of land use and underlying soil type (Table 2).
The most generalized parameterization applies to the
catchment level and includes temperature, precipita-
tion, growing season start and end dates, daylight
hours, and parameters for AWC, RCoeff, and Seep
that are set to represent all combinations of land use
and soils within the catchment (Table 3).

A description of the data sources and processes
commonly used to parameterize WaterFALL follows
for the categories of climate, land use, and soils.
Alternative data may be used in specific applications
and are not specified here.

Climate. WaterFALL relies on daily temperature
and precipitation to drive the rainfall-runoff pro-
cesses. A daily, 4-km gridded climate dataset

originally created for the Conservation Effects
Assessment Project and obtained from the U.S.
Department of Agriculture (USDA) for the period of
1960-2001 (and supplemented by researchers from
University of Texas for the years 2002-2006) provided
a spatially explicit representation of precipitation and
temperature (DiLuzio et al., 2008). Each catchment is
assigned the daily time series of precipitation and
average temperature for the grid cell which it inter-
sects. If a catchment lies within multiple grid cells,
an area-weighted average is used to produce the daily
time series for the catchment from the intersecting
grid cells. Figure 3 depicts an example of the gain in
spatial disaggregation of the observational climate
data from using this gridded dataset in place of stan-
dardized climate station assignments. In this example
higher precipitation is observed over the upstream
portions of the HUC8 with the headwaters and down-
stream portions receiving lower precipitation totals
for the day. If using a single, long-term climate sta-
tion representation from the National Climatic Data
Center with Thiessen polygon assignments (solid
lines) the entire simulated watershed would have
received a single precipitation value for the day and
the spatial variability in the event would have been
lost.

Land Use. Any number of land use/cover types
can be considered within WaterFALL, provided a
geospatial layer is available for the categorization.
Within a catchment, each area of land use is overlain
with soils data and constitutes a unit over which

TABLE 2. An Example Model Parameterization Showing the WaterFALL Hydrologic Simulation Distribution over Two Catchments within
NHDPlus and across Each Land Use within the Catchments.

Percent Soil Hydrologic

Catchment ID Land Cover Area (km?) Area (%) Group Curve Number

8896894 Developed, open space 0.15 5.1 B 69
Developed, low intensity 0.18 6.0 B 68
Developed, medium intensity 0.11 3.7 C 82
Deciduous forest 1.47 50 B 60
Evergreen forest 0.56 19 B 60
Mixed forest 0.15 5.1 B 60
Shrub/scrub 0.012 0.4 B 57
Grassland/herbaceous 0.085 2.9 B 70
Pasture/hay 0.24 8.2 B 64
Total area: 2.96

8896900 Open water 0.008 0.3 A 100
Developed, open space 0.073 3.5 C 79
Developed, low intensity 0.069 3.3 C 79
Developed, medium intensity 0.053 2.5 C 82
Deciduous forest 0.76 36 B 60
Evergreen forest 0.109 5.2 B 60
Mixed forest 0.105 5.0 B 60
Grassland/herbaceous 0.12 5.6 C 80
Pasture/hay 0.75 36 B 64
Cultivated crops 0.008 0.5 C 82
Woody wetlands 0.057 2.8 C 100
Total area: 2.11
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TABLE 3. WaterFALL Model Parameters and Definition Methods.

Model Parameter WaterFALL Determination Applied to Reference (if applicable)

Land use categories/areas (LU) Georeferenced from geospatial layer Catchment Fry et al. (2011)!

Curve number (CN) Look-up table based on land use and Land use category USDA-NRCS (1986)
soil hydrologic group

Cover coefficient (ETCov) Look-up table based on land use Land use category Haith et al. (1992)
category and growing season

Soil hydrologic group (SHG) Georeferenced to each land use Land use category USDA-NRCS (2014)
category within a catchment

Temperature (T)/ Georeferenced from 4-km grid to Catchment by day DiLuzio et al. (2008)*

Precipitation (Precip) catchments using area weighting
Start and end dates of Georeferenced from national Catchment NCDC (2002)

growing season (ts)
Number of daylight hours (DHr)
Available water capacity (AWC)
Recession coefficient (RCoeff)
Seepage rate (Seep)
Winter start (WinterStart) and
end (WinterEnd) month

Alterations (W, D)

geospatial layer of first and
last freeze dates

Calculated based on latitude of Catchment by day Forsythe et al. (1995)
catchment centroid and day of the year

Georeferenced by land use type Catchment Zhang et al. (2011)
and soil hydrologic group; Calibrated

Georeferenced by land use type Catchment Zhang et al. (2011)
and soil hydrologic group; Calibrated

Calibrated (starting value based Catchment Calibration parameter only

on best professional judgment using
watershed geophysical conditions)

Calibrated (starting values based on best Watershed Calibration parameter only
professional judgment using observed
streamflows)

Monthly value from available data sources Catchment Dependent on study application

IThe referenced dataset is typically used for current condition scenario simulations and can vary depending on the scenario definition.

NHDPIus Catchments

[ Thiessen Palygons
for NCDC COOQP Stations

Daily Precipitation Grid
(mm * 1000)
I o- 150
[ 151- 500
[ 1501-1,000
[11,001-2000
[ 12001-3,000
[ 13.001-4,000
[ 4,001 -5,000
[ 5,001 - 6,000
B 5.001 - 8,000

0 10 20 40
s Kilometers

I 5001 - 15,000
|

FIGURE 3. Depiction of a Single Day Precipitation Event over the NHDPlus Catchments That Make Up the Upper Neuse River 8-Digit
Hydrologic Unit (HUCS8). Gridded precipitation gradients are compared to single station values represented by Thiessen polygons.
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runoff is simulated. Central to the SCS-CN method
used for hydrologic simulation, a curve number is
assigned to each land use type within each catchment
based on the predominant underlying soil hydrologic
group (USDA-NRCS, 1986). Additional characteristics
required of land use, besides the basic type qualifica-
tion, include the percent imperviousness for devel-
oped lands and the percent vegetative cover.
Depending on the land use geospatial dataset used
for a model run, these characteristics are available
either as dataset attributes or qualifiers, or are esti-
mated based on the land cover type. The majority of
the WaterFALL simulations completed to date have
been to simulate current, altered conditions within a
watershed. Therefore, the most recent (at the time of
model development) 2006 National Land Cover Data-
base (NLCD) coverage was used (Fry et al., 2011).

Soils. The hydrologic condition of the soils under-
lying each land use within each catchment is
required to properly apply a curve number for runoff
calculations. In addition, the subsurface characteriza-
tion plays a role in determining how fast and at what
magnitude water will move through the soils and
either enter the deeper groundwater or the stream
channel. For WaterFALL, the Soil Survey Geographic
Database (SSURGO) dataset (1:12,000 to 1:63,630
scale) is used to preserve local variances in soils con-
ditions that are better suited to the NHDPlus catch-
ment-scale (1:100,000) analysis (USDA-NRCS, 2014).
From each intersection of land cover and soil map
unit with corresponding components, attributes
related to the soil hydrologic group; percent sand, silt,
and clay; AWC; and slope were tabulated from
SSURGO.

To further characterize the model parameters
related to the rate of water movement through the
subsurface, tabulated parameters created by the
National Weather Service (NWS) for applications of
the Sacramento Soil Moisture Accounting Model
(SAC-SMA) were employed as a starting point for
calibration of the RCoeff and the AWC of the unsatu-
rated zone. The SAC-SMA parameterization pro-
cessed soils (SSURGO) and land use (2001 NLCD)
geospatial data layers on a 4.67-km grid scale across
the contiguous U.S. (Anderson et al., 2006; Zhang
et al., 2011). Similar to the climate parameters, the
SAC-SMA gridded dataset was overlain on the
NHDPIlus catchments and geoprocessed to extract the
necessary parameters by catchment. Within the SAC-
SMA, a two-layer subsurface is depicted (Burnash,
1995), which is similar, although more complex, in
terms of the simulated processes to the subsurface
within GWLF. The related parameters within the
SAC-SMA, the upper zone free water capacity (mm)
and the depletion rate of the lower layer primary free
water storage (day ') (Anderson et al., 2006), are
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used as a priori estimates of the AWC and RCoeff,
respectively, within WaterFALL. These a priori soils
parameters are determined from the national dataset
and are further adjusted with a regional scaling mul-
tiplier during calibration as discussed below.

Data Management. The key to WaterFALL’s
capability to perform, save, and analyze multiple-
model runs across, in some areas, tens of thousands
of NHDPIlus catchments is a robust data management
system. WaterFALL’s infrastructure consists of the
following data management elements: (1) a central
database consisting of multiple tables to store input
data and results from simulations; (2) a model code
to perform time-varying calculations per catchment
and to conduct routing procedures; (3) a web interface
to allow visual navigation of the NHDPlus network
and basic display of model results; (4) a graphical
user interface (GUI) to perform model scenario set
up; and (5) web services to communicate among the
database, the model code, the web interface, and the
GUL

The benefit of having WaterFALL’s infrastructure
contained within a single, server-based environment
is that one database contains all model data and sim-
ulations rather than having separate instances
employed across various user desktop computers with
files distributed on ad hoc basis. Each model simula-
tion is tracked by a unique identifier that links to the
metadata for the run and all results and intermediate
data elements. The metadata saved for each model
simulation indicates the model version, pour point
catchment, inclusion of human alterations and/or con-
trol structures, the land use and climate datasets
chosen, and the choice of user-identified or stored cal-
ibration parameters. This metadata allows for either
recreation of the same model scenario, if needed, or
for selection of the scenario for comparison to another
during post-processing.

Model Calibration

Calibration Parameters. The simplest calibra-
tion process involves the adjustment of only three
WaterFALL parameters (AWC, RCoeff, and Seep).
When using seasonal recession coefficients, three
additional parameters are included in the calibration
(WinRCoeff, WinterStart, and WinterEnd) and the
RCoeff becomes the SumRCoeff. The AWC and RCoeff
parameters have initial values pre-processed by
catchment within the WaterFALL database. These
two parameters were found by Kling and Gupta
(2009) to exhibit less noise in their parameterization
across example models of varying system complexity
because they could be easily identified through
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analysis of observed runoff signals. Because of the
physical basis of these two parameters, a priori val-
ues for the parameters are indexed to individual
catchments within the WaterFALL database based on
data compiled by the NWS for the SAC-SMS
(Table 3). When calibrating each of these parameters
the actual value being adjusted is a multiplier that is
applied to the a priori catchment-based values. This
method of calibration attempts to avoid introducing
noise that can cloud existing relationships between
model parameters and underlying physical properties
by including the original spatial heterogeneity in
physically based parameters, but simplifying calibra-
tion to regional, watershed-based multipliers for
AWC and RCoeff. This method facilitates the dis-
tributed modeling over the dense catchment network.
The introduction of such noise with the regionaliza-
tion of model parameters was identified by Kling and
Gupta (2009) as a tradeoff between the simplicity of
lumped models and the spatial variability but
increased data needs of distributed modeling in simu-
lating ungaged basins, which WaterFALL bridges by
using available data at an appropriate scale over the
combination of a priori values and the NHDPlus-
based hydrologic network.

The third calibration parameter, Seep, controls the
amount of water released from the saturated subsur-
face into the deep groundwater aquifer. This release
constitutes a loss from the system, where the water is
no longer available to reach the stream in the temporal
context of daily rainfall-runoff modeling. Seepage is
controlled in part by the geology within a region and
the extent to which the groundwater and surface water
are connected. Although related to the geology, the
existing national-scale geologic characterization does
not provide enough information to determine quantita-
tive values on which to base this parameter. Therefore,
a subbasin-specific Seep value is determined com-
pletely through calibration, although initial values are
guided by the general geology of a region. For example,
in areas underlain by unconfined aquifers or karst,
Seep may be set at a high value of 0.1% to begin cali-
brations; whereas in areas with shallow bedrock or
confining layers, Seep would be set at 0 to begin cali-
brations.

When including seasonality in the RCoeff within a
WaterFALL simulation, the original RCoeff value
included in the WaterFALL database is applied to the
summer months and a different multiplier value is
determined through calibration for the winter months.
These two RCoeff values (RCoeff/SumRCoeff and
WinRCoeff) can be determined through the automated
calibration methods. The months in which to apply the
WinRCoeff are set manually in a calibration/simulation
run by providing a start (WinterStart) and end (Win-
terEnd) month. These selected months can typically be
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determined by examining mean monthly observed
streamflows at calibration locations.

Calibration Process. The calibration process for
the current WaterFALL system consists of selecting
calibration locations based on available observed
streamflow data, selecting validation locations, per-
forming automated calibration model runs, perform-
ing secondary manual calibration when necessary,
and extrapolating calibration parameters to uncali-
brated (i.e., typically ungaged) stream reaches.
Description of each of these steps follows.

Location Selection. WaterFALL can be calibrated
at any NHDPlus catchment where observed stream-
flow records exist. Parameter adjustments made based
on comparison to observed data during a calibration
run are used to estimate the parameter adjustments
needed in ungaged regions of a watershed based on the
major characteristics used in the original selection of
the locations. Therefore, the overall goal for selecting
calibration locations is to achieve representation of as
many different aspects of the watershed as possible,
while also maintaining a reasonable level of effort and
maximizing available observed streamflow values
reported to be of good quality.

Automated Calibration. A customized version of
the Parameter Estimation Tool (PEST) (Doherty,
2010) has been set up to interact with WaterFALL
and calibrate the parameters through an iterative
process. PEST uses a nonlinear estimation technique
known as the Gauss-Marquardt-Levenberg method
(Doherty and Johnston, 2003). The strength of this
method lies in the fact that it can generally estimate
parameters using fewer model runs than any other
estimation method. Once interfaced with WaterFALL,
PEST’s role is to minimize the weighted sum of
squared differences between model-generated values
and streamflow gage observations; this sum of
weighted, squared, model-to-measurement discrepan-
cies is referred to as the “objective function.” Depend-
ing on the purpose of the model, different objective
functions are available for use within WaterFALL’s
calibration process:

1. Minimize log-transformed differences in daily

flows

Minimize differences in daily flows

3. Minimize log-transformed differences in monthly
total streamflow

4. Minimize differences in monthly total stream-
flow.

»

The current calibration process is set up to exam-
ine all model parameters within a single calibration
run using a single selected objective function. Based
on a set of initial values and lower and upper bounds
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listed by parameter, PEST finds the optimum set of
calibration parameters for a simulation. These
parameters are applied to all catchments within the
chosen calibration simulation. There may be multiple
calibrations within a watershed. The interaction
between WaterFALL and PEST does not currently
allow for consideration of nested calibration parame-
ters meaning that even if an upstream gage has
already been calibrated and optimum parameters
determined, calibration at a downstream gage is done
independently and a potentially new set of parame-
ters are determined for all catchments. When compil-
ing the final set of parameters for the overall
watershed the upstream parameter set would be com-
bined with the downstream parameter set.

Manual Calibration. Because the WaterFALL cali-
bration process relies on a single-stage automated evalua-
tion of a single objective function, it is possible, based on
the chosen function, to miss key elements of the hydro-
logic regime. Therefore, after initial automated calibra-
tion and evaluation, manual calibration of model
parameters is undertaken as needed to improve the over-
all model fit. For instance, when using the minimization
of log-transformed differences in daily flows the model
tends to underpredict extreme high flows while better
representing low flows. This underprediction is easily rec-
ognized by large percent bias measures. Manual adjust-
ment may result in slight increases in the difference
between daily flows but a larger improvement in the per-
cent bias. The same model parameters are considered as
in the automated calibration process.

Extrapolation to Uncalibrated Reaches. After each
individual calibration is complete, the final calibrated
parameters are extrapolated to the remaining uncali-
brated (i.e., typically ungaged) catchments of the
watershed based on the major characteristics used in
the original selection of the locations informally follow-
ing the various techniques available in the published
literature on transference of parameters (e.g., Merz
and Bloschl, 2004; Wagener et al., 2004; Parajka et al.,
2005; Hrachowitz et al., 2013). Characteristics consid-
ered include drainage area, coincident subbasin, major
land use classifications, topology, and/or condition (i.e.,
reference or highly altered). Extrapolation of the AWC
and RCoeff parameters, which are actually multipliers
on physical data available for each catchment as previ-
ously described, reduces the uncertainty for ungaged
streams and preserves the heterogeneity of the physi-
cal basis of the parameters across the NHDPIlus catch-
ments spanning different soils and land use
combinations as shown by Anderson et al. (2006).
Extrapolation of parameters is possible based on (1)
the way the underlying data within WaterFALL have
been parameterized and (2) the design of the calibra-
tion process and parameters. As a result of Water-
FALL’s distributed framework, the number of
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catchment units modeled in a full watershed is very
large. Calibration of parameters for each catchment
individually would be computationally prohibitive. The
balance between the spatial granularity of the model-
ing and the computational requirements for calibration
is accomplished through the use of the intermediate-
level hydrologic model.

Model Performance

Classic hydrologic goodness of fit statistics used in
model performance evaluation include percent bias
(PBIAS) and the Nash-Sutcliffe Efficiency (NSE) (Nash
and Sutcliffe, 1970) (Equations 6 and 7). The PBIAS
quantifies the percent difference in total (summed)
daily/monthly/annual volume of observations versus
model estimates. The NSE ranges from —oo to 1, where
a value of 0 indicates that the model predictions are as
accurate as the mean of the observed data. A negative
NSE value indicates that the residual variance is lar-
ger than the data variance. When evaluating model
performance on a daily basis, both of these measures
are disproportionately impacted by large storm events,
where the residual (i.e., difference between observation
and model) for a single day with peak flow will cause a
larger reduction in these quantitative metrics than a
difference in a day with low flow. Therefore, a modified
version of the NSE, rNSE, described in Krause et al.
(2005) is also included in the evaluation (Equation 8).
In rNSE the differences between the observed and
modeled values are quantified as relative deviations
which reduces the influence of the absolute differences
during high flows, although absolute differences in low
flows are enhanced. This metric is therefore sensitive
to systematic over- or underprediction.

> St =30
PBIAS ==L =L 100 (6)
> 0:
t=1
> (St = 0y)
NSE =1.0 - =1 (7)
> (0r — ,)?
t=1
5 ()
rNSE = 1.0 - 2L (8)

where S, is the model-simulated flow time series; O,
is the observed flow time series; and p, is the mean
(average) of observed flow.
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Numeric thresholds for evaluation of model perfor-
mance for the SWAT model were suggested by Mori-
asi et al. (2007). These thresholds state that monthly
NSE values greater than 0.50, 0.65, and 0.75 are
indicative of satisfactory, good, and very good model
performance, respectively, whereas PBIAS in mean
streamflow within 25, 15, and 10% were considered
indicative of satisfactory, good, and very good hydro-
logical model performance, respectively (Moriasi
et al., 2007). The thresholds established for the
SWAT model are suggested for use as a generalized
guidance for the traditional performance parameter
evaluation of WaterFALL given the similarity of run-
off mechanisms between the two models.

A secondary evaluation of model performance
relies on bias in individual hydrologic metrics that
are the basis for multiple management efforts. Hydro-
logic metrics, which have been described by a number
of hydrologic and ecologic studies and applications
(Richter et al., 1997; McManamay et al., 2012; Knight
et al., 2013; Murphy et al., 2013), describe different
aspects of the magnitude, frequency, duration, tim-
ing, and rate of change in streamflow. Suggested per-
formance bounds on these metrics typically used in
similar studies are +30% (Murphy et al., 2013; Cald-
well et al., 2015).

APPLICATION TO NORTH CAROLINA

In support of efforts of the North Carolina Ecolog-
ical Flows Science Advisory Board (EFSAB), Water-
FALL was parameterized and calibrated to simulate
statewide streamflows. The statewide application
covered 13 major river basins (22 separate water-
sheds) that are either entirely within the state or
have some portion of their headwaters within the
state. The total drainage area modeled was
101,888 km? (39,339 mile?), which was represented
by 58,702 NHDPlus catchments. The pour points for
the basins were determined as the point closest to
the border of the state that allowed for coverage of
the watershed within the state or, for coastal water-
sheds, the point at which tidal influences begin. The
available simulation period included the years 1960-
2006. A one-year spin-up period was included in all
calibration and validation model runs to eliminate
the effect of the initial conditions of water storage
within the subsurface and initialize watershed rout-
ing. A five-year calibration period was used based
on the most recent five years of model input data.
The five years preceding that period were used for
model performance validation at calibration loca-
tions. A 30-year model simulation period was used

JAWRA

18

to evaluate model performance based on hydrologic
metrics.

Model Application

The model simulation was set up using the model
inputs described in Table 3. Specifically, land use
from the NLCD 2006 and climate data ranging from
1960-2006 were used to simulate recent hydrologic
conditions. Water uses in the form of withdrawals
and discharges to the stream network were compiled
from state databases provided by the North Carolina
Department of Environment and Natural Resources’
(NCDENR’s) Division of Water Resources characteriz-
ing: public water supply (PWS) withdrawals; nonpub-
lic water supply (NPWS) withdrawals and discharges
(e.g., industrial uses, electricity generation); coastal
nonpublic water supply withdrawals (Coastal NPWS);
and National Pollutant Discharge Elimination Sys-
tem (NPDES) permitted discharges. These data
account for the permitted human alterations to the
natural flow regime from industry, public water sup-
ply, wastewater treatment, and agriculture. In most
of North Carolina, nonagricultural water users must
report their withdrawal amount if it is >100,000 gal-
lons per day (379 m?® per day), and agricultural users
are required to report water use of above 1 million
gallons per day (3,785 m?® per day). In the 15 coastal
counties that make up the Central Coastal Plain
Capacity Use Area, users that withdraw over
10,000 gallons per day (38 m® per day) must register
and report annual water use (NCDWR, 2013). These
datasets represent the best available data on human
alterations in North Carolina. The data are limited
by permit regulations; therefore, small water with-
drawals, especially for agricultural irrigation, may be
underrepresented.

Human alterations from major dams were also
included in the simulation as control structures (the
reservoir functionality was not available at the time
of these simulations). In the state of North Carolina,
there are 11 major dams directly upstream from
USGS gages with time-series flow data. The major
control structures were selected if there was a down-
stream gage <1.21 km (0.75 miles) away and if there
were no other large tributaries entering between the
control structure and the gage (with the exception of
very minor flows from 1 or 2 small tributaries). Minor
dams that were not on a major waterway or that had
<10,000 acre-ft (12.3 Mm?) of normal storage capacity
were not considered control structures and were mod-
eled as run of river water bodies. The spatial location
of the control structures was derived from the
National Inventory of Dams dataset and checked for
accuracy against USGS topographic maps. Each
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selected control structure was assigned to a unique
NHDPIlus catchment. Time-series flow data below the
control structures were used in place of WaterFALL-
derived streamflow data for the corresponding
NHDPlus catchment during routing.

The GAGESII dataset lists 272 USGS streamflow
monitoring gages within North Carolina, 221 of
which were active in 2009 (Falcone et al., 2010).
Twenty-eight gages throughout the state, with water-
sheds ranging in size from 38.3 to 2,727 km?, were
selected for model calibration (Figure 4). Gage selec-
tion was based on available period of record of obser-
vations (at least 20 years of data through 2006), size
distribution, watershed distribution, and inclusion
within the stream classification systems developed by
Hendriksen and Heasley (2010) and McManamay
et al. (2012). Inclusion within these classification sys-
tems was necessary as one of the intended applica-
tions of this statewide application is an evaluation of
such systems. The calibration locations were also
selected to capture the range of hydrologic conditions
expected within each watershed; therefore, large and
small watersheds and reference and nonreference
condition gages were chosen where possible within
each major river basin simulated. Corresponding vali-
dation locations, where the model was not calibrated
and instead calibrated parameters from nearby or
physically similar gages were applied, were chosen
using the same criteria (Figure 4), resulting in 20
comparison locations for model validation.

The objective function used during calibration min-
imized the differences in log-transformed daily flows,
which gives equal weight to differences in stream-
flows at the low end of the hydrograph compared to
the high end of the hydrograph. This type of model

calibration objective often results in better represen-
tation of low flows at the expense of potentially
underestimating peak streamflows. The water years
of 2002 through 2006 were used for calibration as
those years represented the best correspondence to
model input data related to land use and human
water uses. These years also represented a range of
wet and dry years throughout the state. For these
calibration gages, a validation of model performance
in the uncalibrated period of 1997-2001 (water years)
was used to examine the model performance through
time. For the validation locations, the entire period of
1997-2006 was used to evaluate model performance
for uncalibrated locations. A 40-year period (water
years 1967-2006) was used to calculate hydrologic
metrics described by Hendriksen and Heasley (2010)
and McManamay et al. (2012) as a secondary set of
model performance measures. For these measures the
bias computed as the percent difference between the
observed and model hydrologic metric was calculated
and compared to hydrologic uncertainty bounds of
+30% (Murphy et al., 2013; Caldwell et al., 2015).

Calibration Results

Calibration results for the 28 gage locations are
presented in Table 4 using the hydrologic perfor-
mance measures of NSE, rNSE, and PBIAS for the 5-
year calibration period, 5-year validation period, and
40-year validation period used to calculate hydrologic
metrics. In addition to calculation of the NSE and
rNSE at a daily time step, these two evaluation
parameters were also examined for a three-day mov-
ing average to assess the impact of timing of
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FIGURE 4. Location of Calibration and Validation Gages for the North Carolina Statewide Application of WaterFALL.
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streamflow on the model performance. Because of the
reliance on the calibration objective function to mini-
mize the difference in log-transformed daily stream-
flows, and therefore give more weight to predictions
at low-flow conditions over high-flow conditions, there
was an expectation that some extreme high flows
would be underpredicted, impacting the performance
measure of NSE. These impacts were in fact seen as
evidenced by the differences in NSE and rNSE where
the median daily values among all gages during the
calibration period were 0.42 and 0.78, respectively.
Daily rNSE ranged from 0.09 to 0.94 for the calibra-
tion period. As anticipated, PBIAS shows an under-
prediction of flow volume on average across the
calibration gages with a range from —40 to 25% and
a median value of —7.1%. Use of the three-day aver-
age to compare NSE and rNSE provides evidence
that the model performance is impacted by timing
and magnitude of peak flows — in most instances of
the calibration period, when a significant improve-
ment was seen in the NSE from the daily to the
three-day average value, the rNSE value remained
relatively unchanged.

Validation of the model performance through time
was completed by comparing performance measures
from the calibration period to the validation period.
Across the set of gages there were no major differences
in the daily fit statistics of NSE and rNSE (median val-
ues of 0.39 and 0.78, respectively) and the median
PBIAS improved to —0.9%, although the range in

PBIAS increased due to two gages with significant
changes in PBIAS (02099000 further decreased in pre-
diction from —39.5% to —51%; 02140991 increased
from 8.3% during calibration to 42% during valida-
tion). Figure 5 displays example monthly hydrographs
and fit statistics between the two time periods for
Henry Fork, a mid-range sized watershed (215 km?),
within the Catawba River watershed.

The long-term model validation for the calibration
sites necessary for calculating hydrologic metrics was
completed at a monthly time step for comparison with
the thresholds set by Moriasi et al. (2007). For the
median monthly NSE, the percentage of sites ranked
as very good, good, and satisfactory was 43, 18, and
21%, respectively. Evaluation of PBIAS over the 40-
year period resulted in 71% ranked as very good per-
formance, no sites in the +10 to +15% range for a
ranking of good, and 21% ranked as satisfactory. In
each case, the majority of sites met a performance
ranking of good to very good.

Model Validation at Uncalibrated Locations

Validation results for the 20 gage locations that
were uncalibrated and received calibration parameters
from nearby and physically similar calibrated gages
are presented in Table 5 using the same hydrologic
performance measures over the 10-year validation
period for daily and three-day average streamflows.

TABLE 5. Model Performance at Uncalibrated Gages across North Carolina.

All Daily Flows
(WY 1997-2006)

Three-Day Average
(WY 1997-2006)

Monthly 40 Years
(WY 1967-2006)

Drainage
Watershed Gage ID Status Area (km?) NSE rNSE PBIAS NSE rNSE Median NSE PBIAS
Tar 02082950  Ref 458 —0.03 0.1 —25.9 0.35 0.05 0.76 0
02083500  Nonref 5,654 —36.92 0.51 -7.9 —20.28 0.72 0.66 —26.6
Neuse 02085000 Nonref 171 0.23 —-51.37 -3.8 0.49 —21.32 0.1 50.6
02088500  Nonref 601 0.37 —-29.11 —4.6 0.51 —-179.8 0.73 10.3
Cape Fear 02093800 Nonref 53 0.34 0.88 —40.3 0.41 0.81 0.3 —27.3
02096960  Nonref 3,302 0.53 087 -195 0.64 0.86 0.81 4.8
02102000 Nonref 3,714 0.5 071 -175 0.56 0.73 0.61 34.1
Yadkin-Pee Dee 02113000 Nonref 332 0.46 0.9 —15.3 0.58 0.87 0.68 —-8.4
02114450  Nonref 111 0.08 0.64 10.4 0.42 0.63 —-0.13 42.9
02116500 Nonref 5,905 0.48 0.06 6.1 0.69 0.88 0.81 8.4
02126000  Nonref 3,553 0.56 0.88 -1.2 0.57 —0.24 0.19 81.9
Catawba-Wateree 02143500 Nonref 179 0.57 0.17 13.4 0.66 -0.14 0.13 25.6
02144000 Nonref 82 0.45 —-0.63 4 0.59 -1.3 0.39 16.2
02145000 Nonref 1,627 0.71 0.73 6.5 0.76 0.71 0.36 20.3
02146300 Nonref 80 0.45 0.87 -10.2 0.49 0.79 —0.66 62.3
Broad 02151500 Nonref 2,266 0.72 0.75 8.9 0.8 0.73 0.82 1.3
French Broad 03443000 Nonref 767 0.58 0.76 -1.5 0.67 0.84 0.76 -9.8
03451000 Nonref 337 0.53 0.69 24 0.66 0.59 0.64 23.3
03453000' Nonref 409 1 1 3.4 1 1 1 3.7
Little Tennessee 03500240  Ref 148 -0.3 —-0.14 20 0.27 0.36 0.49 16.8
1This gage represents a control structure within the model.
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FIGURE 5. Example Model Performance during Calibration (top)
and Validation (bottom) Periods at Calibration Gage 02143000
Henry Fork near Henry River, North Carolina. PBIAS, percent

bias; NSE, Nash-Sutcliffe efficiency; rNSE, modified NSE.

Monthly NSE and PBIAS are presented for the 40-year
validation period used to calculate hydrologic metrics.
Included within the validation locations is gage
03453000 (Ivy River near Marshall, North Carolina),
which was used as a control structure input into the
model to represent power plant regulation at Ivy Dam
approximately 0.64 km upstream from the gage. The
validation statistics for this location are used to verify
the control structure function within the model
(NSE =1 for all evaluations and minor PBIAS due to
routing of gaged flows from the dam to the actual gage
location). These statistics are excluded from further
performance summaries.

Model performance at validation locations is highly
site specific. There are gage locations at which the vali-
dation performance measures are comparable to the
highest performing calibration locations; however, there
are also locations with poor performance measures. The
median rNSE across daily values for the 10-year period
was 0.69 with a range from —51 to 0.9. Similarly, for
PBIAS the median value across validation locations was
—1.5% with a range from —40 to 24%. Similar to calibra-
tion locations, the three-day average NSE was typically
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FIGURE 6. Example Model Performance during Validation Period
at Uncalibrated Gage 02143500.

an improvement over the daily NSE, while the three-day
rNSE remained unchanged or even degraded indicating
an issue with the model representation of high flows. A
monthly hydrograph for gage 02143500 (Indian Creek
near Laboratory, North Carolina), which received cali-
bration parameters from calibration gage 02143000 as
both locations were small tributaries in the same subwa-
tershed of the Catawba River, is depicted in Figure 6.

The long-term model simulation performance for
calculating hydrologic metrics at the validation loca-
tions was again evaluated at a monthly time step
against thresholds set by Moriasi et al. (2007). For
the median monthly NSE the percentage of sites
ranked as very good, good, and satisfactory were 30,
20, and 5%, respectively. Evaluation of PBIAS over
the 40-year period resulted in 40% ranked as very
good performance, no sites in the +10 to +15% range
for a ranking of good, and 20% ranked as satisfactory.
For the uncalibrated sites, the majority met a perfor-
mance ranking of satisfactory.

Validation through Hydrologic Metrics

In support of environmental flow development,
McManamay et al. (2012) developed a river classifica-
tion for eight states in the Southeastern U.S. using
nine flow metrics to identify eight stream classes,
although two stream classes had two or less mem-
bers. To provide a simpler method of classification
the authors created a classification tree using five
variables, which was able to correctly classify 85% of
the gages in the study. The metrics and correspond-
ing thresholds used within the classification tree
include 0.41 and 0.63 for mean September flow, 0.32
for mean minimum dJuly flow, 1.99 for mean
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maximum November flow, and 219 for coefficient of
variation (all are normalized values). Figure 7 dis-
plays a comparison between the observed and mod-
eled values for the mean flow, median flow (used in
normalization), and the four unique (September mean
flow is considered twice) metrics used within the clas-
sification tree. Mean, median, and September mean
flows show model predictions within the +30% uncer-
tainty bounds for almost all calibration and valida-
tion sites. Some variation in predictive capability is
seen in the July minimum, November maximum, and
coefficient of variation modeled values. However, for
both the November maximum and coefficient of varia-
tion, the majority of the values for the streams in
question are well above and below the thresholds
used in classification, respectively. The uncertainty in
July minimum flows is more centered around the
threshold value and may impact the determination of
stream classes between stable base-flow designations
and other more varied classes.

Hendriksen and Heasley (2010) developed a stream
classification system for North Carolina using hydro-
logic data from 185 stream gages within the state
containing at least 18 years of unaltered flows. They
used 22 flow metrics to create six perennial stream
classes and one seasonal stream class. Figure 8 dis-
plays the percent difference for each of the 22 metrics
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across the calibration and validation locations for the
40-year simulation period. The vast majority of sites
and metrics fall within acceptable uncertainty ranges
of +30%. The two metrics for which model perfor-
mance indicates poor prediction ability are for the
rise and fall rates (RR and FR, respectively). These
components of the hydrologic regime have been noted
as controversial metric choices because of the inabil-
ity of most models to recreate the trends considered
with these metrics. The median absolute bias across
the sites ranges from 0% (Calibration Sites 03503000
and 03512000; Validation Site 02145000) to 19% (Cal-
ibration Site 02114450), whereas the median absolute
bias across metrics ranges from 0% (VLFSR) to 29%
(AFM) excluding RR and FR.

DISCUSSION

Model Performance Relative to Similar Models

A recent model comparison study conducted to
quantify differences in streamflow predictions
through hydrologic metric calculation included
WaterFALL, HSPF, PRMS (two versions), and SWAT
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FIGURE 7. Model Performance Evaluation Using Hydrologic Metrics from the McManamay et al. (2012) Stream Classification System.
Dotted lines on each graph represent +10 and +30% bounds of uncertainty as points of reference.
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FIGURE 8. Percent Difference for 22 Hydrologic Metrics Used by the Hendricksen and Heasley North Carolina Stream Classification
System across Calibration and Validation Sites. For metric definitions see Hendriksen and Heasley (2010).

(Caldwell et al., 2015). This comparison was con-
ducted at five sites within the Apalachicola-Chatta-
hoochee-Flint Basin within Georgia and Alabama and
examined classic hydrologic performance measures as
well as percent difference (i.e., bias) in 14 hydrologic
metrics. Models used in the study were parameter-
ized independently with WaterFALL set up to simu-
late unaltered conditions using an earlier land cover
dataset than other models as well as a climate data-
set which predicted the lowest amount of precipita-
tion among the model inputs. Each model application
also employed a different level of calibration, which
also varied by site for some models. For example,
WaterFALL used a combination of calibrated gages
and applied calibration parameters for uncalibrated
gages as explained for the North Carolina application
in this study, while PRMS was specifically calibrated
for each site with adjustments to climate inputs dur-
ing calibration. HSPF and SWAT were calibrated
similar to WaterFALL with a combination of cali-
brated and uncalibrated sites.

For the classic hydrologic performance metrics
median bias among the sites range from —15% with
WaterFALL to 1.3% with PRMS-SERAP. For NSE,
monthly median values across sites ranged from 0.64
with SWAT to 0.87 with PRMS-SERAP (WaterFALL:
0.83), whereas daily median values ranged from 0.37
with HSPF to 0.80 with PRMS-SERAP (WaterFALL:
0.38). Finally, among the five sites and the 14 hydro-
logic metrics, the median absolute percent bias by
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model ranged from 18.7% for PRMS-DAYMET to
31.9% for SWAT and the number of metrics predicted
outside of the +£30% uncertainty bounds (of 70 possi-
ble) ranged from 22 for HSPF to 38 for SWAT. Water-
FALL had a median absolute bias across sites and
metrics of 24.1% and predicted 31 metrics outside of
the uncertainty bounds. Overall, WaterFALL perfor-
mance was comparable to the other models, in partic-
ular the SWAT model for this application relied on
the SCS-CN for runoff processes and was therefore
similar to WaterFALL.

Potential Model Improvements

WaterFALL will continue to evolve as new applica-
tions and locations are tested. Presently, model
enhancements in consideration for investigation of
improved or varied methods include use of a more
advanced representation of the evapotranspiration
rates and inclusion of alternative methods of runoff
simulation to supplement the use of the SCS-CN
method. An evaluation of the single-stage calibration
procedure is in process.

Model Enhancements. The Hamon (1961) evap-
otranspiration function wused within WaterFALL
relies solely on temperature and length of the day to
calculate potential evapotranspiration, which are
parameters included in the available model inputs.
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Other methods to consider within WaterFALL
include the Penman-Monteith method (Monteith,
1965; Jensen et al., 1990), which requires air temper-
ature, humidity, radiation, and wind speed, and is
used within the SWAT model and the Jensen-Haise
method (Jensen and Haise, 1963), which requires
temperature, radiation, and latent heat inputs, and is
used within PRMS. Modification of the evapotranspi-
ration function from Hamon to either of these two ini-
tial suggestions would require either additional
model input data or additional algorithms to estimate
and calibrate the needed inputs from available cli-
mate data. When moving forward the benefit derived
from wusing a more detailed evapotranspiration
method must be balanced against the added complex-
ity in the WaterFALL system required by these
methods considering WaterFALL has purposely been
designed to use the least intensive methods necessary
to arrive at streamflow estimates.

As previously noted, the SCS-CN method has its
critics, as well as its required uses in the regulated
community. Because the method was originally devel-
oped for small land areas, application of the method
over NHDPlus catchment units rather than full
watersheds is more true to the original formulation
and appears to eliminate the need for more complex
runoff estimation methods or modifications to the
area over which the SCS-CN is applied. Evaluation of
the method to represent a range of storm peaks and
smaller runoff events throughout the varied geogra-
phies and physical conditions simulated with Water-
FALL model runs will continue with each new
application. If necessary, different or modified runoff
methods can be incorporated into the model as
enabled by the infrastructure of the WaterFALL mod-
eling system.

Calibration Processes. Within the North Caro-
lina application there are no trends seen in perfor-
mance metrics due to basin size or location (Tables 4
and 5) indicating that model performance is likely
influenced by the decisions made during calibration
by personnel who set initial values and bounds dur-
ing automated calibration and determine any manual
calibration adjustments. This finding is supported by
the conclusion of Caldwell et al. (2015) that “differ-
ences among model predictions for specific fit statis-
tics or [hydrologic metrics] are as likely to be related
to differences in model calibration strategy as they
are related to differences in model structure.” The
first step to examining the impact of the calibration
process used to date in WaterFALL applications is to
vary the objective function used to determine opti-
mum model parameters. Potential functions used by
other similar models in the Caldwell et al. (2015)
comparison include minimize the normalized root
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mean square error at the daily or monthly time step
and maximize daily or monthly NSE. A second step
to improving the calibration process is to use a multi-
stage calibration that uses either a combination of
objective functions or specific order of calibration of
model parameters. A formal model sensitivity analy-
sis will be conducted to aid in the specification of
refined calibration processes.

Although it would further add new calibration
parameters, thereby adding complexity to the calibra-
tion process and model formulation, there is a need
to allow for the calibration of curve numbers applied
to the range of land uses. The curve numbers used
within the model to date were assigned based on des-
ignated land use categories and soil hydrologic group
using average values from USDA-NRCS (1986).
Expanding the range of values may improve runoff
and therefore peak flow estimates.

Finally, continuing on the path to enhanced cali-
bration processes, there is a need to explore formal
approaches to extrapolation of calibrated parameters
to uncalibrated (i.e., ungaged) locations. Hrachowitz
et al. (2013) provide a summary of multiple tech-
niques that can be explored using formal analysis.
Although the use of multipliers on the AWC and
RCoeff parameters within calibration procedures pre-
serves the underlying spatial variation in soils and
land use properties throughout both gaged and
ungaged areas of a watershed, the formal extrapola-
tion of these multipliers through such methods as
transfer functions or statistical relationships based
on physiographic properties may prove valuable in
terms of model performance improvements.

Strengths and Limitations of WaterFALL

WaterFALL has been demonstrated as a valid
model to represent uncalibrated locations (as surro-
gates for ungaged locations). Although performance
across the North Carolina application varies from site
to site, a similar issue is seen in other watershed-
based models (Caldwell et al., 2015). Performance
issues for some sites indicate deficiencies in estimat-
ing peak flows; however, these deficiencies are likely
related to the calibration process used and there are
investigations planned to minimize these impacts for
future applications. The simpler formulation of the
routed rainfall-runoff-based hydrologic model within
WaterFALL provides a comparable level of stream-
flow simulation in terms of classic hydrologic perfor-
mance metrics and hydrologic metrics as other widely
used watershed models while also providing physi-
cally based streamflow estimates at individual stream
reaches between the calibrated gaged locations. The
spatial granularity of daily streamflow results
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available from WaterFALL allows for the potential
application to a range of management studies such as
ecological flow analysis (Patterson et al., 2017; Phe-
lan et al., 2017). The server-based data management
system houses all model input and output for Water-
FALL and allows for easy tracking and analysis of
model simulations. Currently, WaterFALL is best
configured for applications within the eastern U.S.
due to the upstream-to-downstream accounting of
water uses, as opposed to prior appropriation needs
within the western portions of the country.

CONCLUSIONS

The modeling system described in this article pro-
vides a highly scalable, distributed, and readily
parameterized hydrologic model. The foundations of
WaterFALL are built upon an extensively published
and demonstrated hydrologic network and rainfall-
runoff estimation method, as well as a centralized
data management system. The main contributions of
WaterFALL can be summarized as follows: (1) a read-
ily scalable model that can provide daily streamflow
estimates from a single stream reach up to any num-
ber of larger hydrologic units; (2) a portable model
that can be applied across ecoregions and other geo-
graphic conditions within the eastern U.S.; and (3) a
flexible system that can be adapted to accommodate
any range of modeling scenarios, including natural-
ized flowing systems to highly altered and regulated
urban stream corridors.

APPENDIX A: ADDITIONAL MODEL
COMPONENT DETAILS

Point Withdrawals/Discharges

Alterations are cumulative for a catchment in
WaterFALL, which means that all withdrawals (W)
within a catchment are totaled and discharges (D)
within a catchment are totaled and applied at the
downstream end of the catchment after considering
inflow from any upstream catchment(s) and the
locally generated flow (QL) (Figure 1; Equation 5).
WaterFALL accounts for withdrawals first and then
adds any discharges from human operations. With-
drawals are subtracted from streamflow and only a
volume up to the corresponding streamflow can be
withdrawn (i.e., the cumulative streamflow [QC] will
never be <0). Any discharges/returns are then added
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to the remaining cumulative streamflow. Because
WaterFALL runs on a daily time step, it requires
that daily alteration rates be included in streamflow
calculations; however, daily variations in with-
drawal/discharge rates are not typically tracked in a
readily available format or reported to an overseeing
agency. For this reason, WaterFALL is currently
configured to consider changes in alterations on a
monthly basis, meaning that the same daily alter-
ation rate will be withdrawn or discharged to the
stream channel every day of the same month (i.e.,
one flow value is considered by month for each
alteration).

Reservoirs

The first option to include a reservoir within a
WaterFALL simulation is to designate a catchment
as a control structure within the WaterFALL data-
base. This designation requires that a complete time
series of streamflows that accounts for the managed
flow be included within the WaterFALL database for
this catchment. For example, records of reservoir
releases from a hydroelectric dam can replace the
WaterFALL-predicted streamflow in the catchment
that includes the dam. The dates of the replacement
time series for the control structure limit the time
period for any WaterFALL simulation considering the
regulated flows. Multiple control structures can be
considered within a single watershed. During rout-
ing, the input time series for this catchment is used
in place of the calculation of cumulative streamflow
(QC). When using a control structure with input time
series the mass balance typically maintained during
routing is not confirmed, so this option should be
used with caution.

When physically representing a reservoir within a
WaterFALL simulation, the reservoir is defined in
the WaterFALL database by the catchments contain-
ing the actual reservoir (that may provide direct run-
off), providing inflow from a tributary, and acting as
the outflow point (Figure 2). Simulation of the out-
flow from the reservoir using mass balance can pro-
ceed using one of three formulations, set prior to the
simulation for each reservoir in the watershed: (1)
uncontrolled reservoir with average annual release
rate; (2) measured daily outflow with preservation of
the mass balance; or (3) static monthly reservoir vol-
ume targets. Any reservoir simulated is parameter-
ized in the WaterFALL database by an initial
volume, shape parameters to establish a volume-sur-
face area relation, cover coefficient, hydraulic conduc-
tivity, and additional values based on the outflow
calculation method chosen. Each day the volume of
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the reservoir (V,) is calculated through the mass bal-
ance in Equation (Al):
Vi =Vi1 — Outflow + Virep — Vevap — Veeep (A1)

The precipitation volume (Vj,.,) is calculated as
the product of the rainfall depth and the area of the
reservoir. The evaporation volume (V.y,,) is calcu-
lated based on the same temperature-based potential
evaporation calculation, but multiplied by reservoir
surface area and a reservoir-specific cover coefficient.
Any volume loss due to seepage (Vgeep) from the
reservoir is a linear function of a reservoir-specific
hydrologic conductivity and the reservoir surface
area. The reservoir outflow volume each day (Out-
flow,) depends on the formulation set for the reservoir
in the database.

For Option 1, an uncontrolled reservoir, outflow is
dependent on the daily reservoir volume compared to
both the principal reservoir volume (V,i,) and flood
storage volume (Vyq). When the daily volume is
between the principal and flood storage volumes,
Equation (A2) governs the outflow calculation. When
the volume is greater than flood storage volume,
Equation (A3) is used to calculate the outflow for the
day. If the volume is less than the principal volume
then outflow is set to zero for the day. This option
requires the specification of Vi.n, Vaq, and Out-
flowayg, the average daily outflow, within the Water-
FALL database.

Vi —=Viin, V= Viin <Outflow,y,
Outflow, = { Outflowavg, V — Virin > Outflowayg
(A2)
Vt - Vprim Vﬂd - Vprin < OUtﬂOWavg
Outflow; = ¢ V; — Vg + Outflow,yg,

Viaa — Vprin > OutﬂOWan
(A3)

Option 2 utilizes a time series of measured daily
outflows like the control structure option. However,
unlike the control structure option, the daily reser-
voir volume is calculated based on the specified out-
flow and no release will be made if sufficient volume
is not available thereby preserving the mass balance.
Like the control structure option, the time series of
daily outflows must correspond to the dates of the
model simulation.

The final mass balance reservoir option uses a
monthly target volume (Viuget» Where m =1 to 12)
to determine the outflow from the reservoir (Equa-
tion A4). These target volumes are set within the
WaterFALL database by reservoir. In addition, for
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this option, a target number of days needed to meet
the monthly target (Daysiarger) must be specified
within the database.

Vt 7VLarget.m V
Dave > Vt t
Outflow, = { Days,..’ argetm (A4)
07 14 < Vtarget,m
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