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Abstract:

Watershed simulation models are used extensively to investigate hydrologic processes, landuse and climate change impacts, pollutant
load assessments and best management practices (BMPs). Developing, calibrating and validating these models require a number of
critical decisions that will influence the ability of the model to represent real world conditions. Understanding how these decisions
influence model performance is crucial, especially when making science-based policy decisions. This study used the Soil and Water
Assessment Tool (SWAT) model in West Lake Erie Basin (WLEB) to examine the influence of several of these decisions on
hydrological processes and streamflow simulations. Specifically, this study addressed the following objectives (1) demonstrate the
importance of considering intra-watershed processes during model development, (2) compare and evaluated spatial calibration versus
calibration at outlet and (3) evaluate parameter transfers across temporal and spatial scales. A coarser resolution (HUC-12) model and a
finer resolution model (NHDPlus model) were used to support the objectives. Results showed that knowledge of watershed
characteristics and intra-watershed processes are critical to produced accurate and realistic hydrologic simulations. The spatial
calibration strategy produced better results compared to outlet calibration strategy and provided more confidence. Transferring
parameter values across spatial scales (i.e. from coarser resolution model to finer resolution model) needs additional fine tuning to
produce realistic results. Transferring parameters across temporal scales (i.e. from monthly to yearly and daily time-steps) performed
well with a similar spatial resolution model. Furthermore, this study shows that relying solely on quantitative statistics without

considering additional information can produce good but unrealistic simulations. Copyright © 2015 John Wiley & Sons, Ltd.
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INTRODUCTION

Watershed simulation models are increasingly used to
investigate policy relevant issues related to hydrologic
topics, landuse changes, climate change impacts, pollut-
ant load assessments and best management practices
(BMPs) (Stone et al., 2001; Veith et al., 2003; Kannan
et al., 2005; Benham et al., 2006; Tuppad et al., 2010;
Daggupati et al., 2011; Knisel and Douglas-Mankin,
2012; Jha and Gassman, 2014). Model practitioners have
the responsibility to make a number of critical decisions
in model development, calibration and validation to
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ensure that the model accurately simulates real world
conditions (Eckhardt et al., 2005; Zhang et al., 2009;
Arnold et al., 2012a; Arnold et al., 2015).

A key step in model development (building a model
for a watershed or study region) is that model
practitioners should have a good understanding of the
watershed characteristics and processes being simulated
and should represent them appropriately in the model.
Incorporating knowledge about watershed characteris-
tics and processes from literature sources and expert
opinion can ensure that models are spatially capturing
the hydrological processes and water balance within
reasonable limits and realistically simulating real world
conditions (Seibert and McDonnell, 2002; Arnold et al.,
2015). For example, Yen et al. (2014a,b) demonstrated
that considering intra-watershed characteristics and
processes produced accurate spatial and temporal results
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that enable the model to provide the right answer for the
right reasons.

In addition to considering watershed characteristics and
processes during model development, decisions about
how models are calibrated further influence the ability of
the model to produce relatively more realistic results
(Eckhardt et al., 2005; White and Chaubey, 2005; Moriasi
et al., 2007; Zhang et al., 2009; Arnold et al., 2012a).
Calibration of a watershed simulation model at a single
site (generally the outlet of a watershed) remains a widely
used calibration strategy (Cao et al., 2006; Wang et al.,
2012). This approach is best used in small watersheds
with fairly uniform characteristics (e.g. soil, slope,
vegetation, meteorology). The use of a single site to
calibrate large watersheds may result in calibrated
parameters which, (1) represent an average of character-
istics over the entire watershed, or (2) present a
combination of over- or underestimated values which
result in poor intra-watershed spatial accuracy. This may
be undesirable for simulations of larger watersheds that
are more spatially heterogeneous. In these cases, spatial
calibration with additional sites is recommended because
larger watersheds may contain varied, complex physical
characteristics (Qi and Grunwald, 2005; Piniewski and
Okruszko, 2011; Cho et al., 2013; Daggupati et al.,
2015). This process better accounts for spatial
biophysicochemical variations and reduces the problem
of non-unique solutions because fewer parameter sets
would satisfy calibration criteria at all sites.

After calibration, the model has to be validated to
demonstrate that a given site-specific calibrated model
can make sufficiently accurate simulations in a new
modeling situation. Several studies have focused on
transferring parameters temporally (from one time period
(e.g. 1990 to 1999) to another (e.g. 2000 to 2010)
(Bingner et al., 1997; Van Liew and Garbrecht, 2003;
Abbaspour et al., 2007; Chaubey et al., 2010; Sheshukov
et al., 2011; Douglas-Mankin et al., 2013; Seo et al.,
2014) and spatially (from gauged to ungauged watershed)
(Vandewiele and Elias, 1995; Xu, 1999; Santhi et al.,
2001; Merz and Bloschl, 2004; Santhi et al., 2008; Parajuli
et al., 2009; He et al., 2011; Kumar et al., 2013a,b) to
validate the performance of the model. However, little is
known about model performance when calibrated param-
eters are transferred across temporal and spatial scales. For
example, how would the model perform if the parameters
are transferred across a temporal scale, i.e. from one time-
step (e.g. monthly) to another time-step (e.g. daily)? Or
how would the model perform if parameters are transferred
across spatial scales such as a coarser resolution model to a
finer resolution model within the same watershed?
Transferring original parameters across spatial or temporal
scales might be one way to save on time without sacrificing
model performance. An attempt was made by Troy et al.
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(2008) to evaluate the effects of parameter transfer across
spatial and temporal scales using a global land surface
model known as Variable Infiltration Capacity (VIC).
VIC was used to model the entire continental United
States, and the results suggested that the transfer of
parameters across temporal scales performed better than
transfer across spatial scales. Troy et al. (2008) also
emphasized the need for more studies using hydrologic
models to determine if transferring parameters across
scales is a viable validation option for producing realistic
results.

This paper focuses on understanding how decisions in
model development, calibration and validation influence
model realism and ensure that watershed simulations
provide the information needed to support science-based
policy decisions. This research was motivated by the need
to provide a realistic hydrologic simulation for a large
watershed at a finer spatial resolution to inform policy
decisions in the West Lake Erie Basin (WLEB). The
major objectives of this study were to utilize the Soil and
Water Assessment Tool (SWAT) model in the WLEB to
(1) demonstrate the importance of considering intra-
watershed processes during model development (2)
Compare and evaluate spatial calibration versus calibra-
tion at an outlet and (3) evaluate parameter transfers
across temporal and spatial scales. In this study, we
developed a SWAT model at the 12-digit Hydrologic
Unit Code (HUC-12) resolution and another at the
National Hydrography Dataset (NHDPlus) resolution.
Objective 1 and 2 were examined using the HUC-12
resolution model, and objective 3 was examined using
both the HUC-12 and the NHDPlus resolution model.

STUDY AREA

The WLEB watershed drains 28 330 km? encompassing the
Maumee River, Sandusky River to the south and the Raisin
River in the north (Figure 1). There are over 23 000 km of
natural and man-made streams in the watershed, which
covers portions of Indiana (17%), Michigan (17%) and
Ohio (76%). Other major rivers include the Portage,
Sandusky, Blanchard, Auglaize, St. Marys, St. Joseph and
Tiffin. There is little topography, with elevation ranging
from 246 m to 387 m and an average slope of 2%. Average
annual precipitation ranges from 838 to 940 mm.

Prior to European settlement, the watershed primarily
consisted of Beech, Maple, Ash and Elm forests (Sears,
1941). The Great Black Swamp, a large wetland
(>3800km?) located centrally in the watershed, was a
major landscape feature (Kaatz, 1955). Widespread forest
clearing and wetland draining began in the mid-19"
century (Kaatz, 1955). The watershed is now predomi-
nantly agricultural, with more than 70% of the land in
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Figure 1. The study area—West Lake Erie Basin (WLEB) with major rivers and HUC-8 watershed boundaries. The insert shows continental United
States with the study area shaded

cultivated cropland, the majority of which is in corn—
soybean crop rotations. Tile drainage is used extensively
throughout the watershed. The next most dominant land
uses, forested and urban land use, each make up about
12% of the watershed.

The widespread conversion of native vegetation to
agriculture and associated drainage practices (e.g. stream
channelization) have degraded freshwater habitat quality
and negatively affected freshwater biodiversity
(Trautman, 1939; Trautman and Gartman, 1974; Karr
et al., 1985). Additionally, the Maumee River appears to
be a major contributor to eutrophication and the recent
increase in harmful algal blooms in Lake Erie (Kane
et al., 2014). These freshwater conservation and human
health concerns require a finer resolution hydrologic
model that realistically simulates hydrologic processes to
allow policy makers to make informed decisions related
to improve conditions in the WLEB.

DATA INPUTS AND MODEL SETUP

The latest version of SWAT, ArcSWAT 2012 (rev 593)
for ArcGIS10.1 Geographic Information System inter-
face, was used to set up the SWAT model. The SWAT
model is a continuation of nearly 30years of modeling
efforts by the USDA Agricultural Research Service
(ARS) and is widely used, watershed-scale, process-
based model (Gassman et al., 2007; Douglas-Mankin
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et al.,2010; Armold et al., 2012a). The model is supported
by online documentation (Neitsch et al., 2011; Arnold
et al., 2012b) which reviews all processes simulated with
the model. The ArcSWAT interface allows importing pre-
defined watershed boundaries and streams along with
automatic delineation of streams and subwatersheds (Luo
et al., 2011). This function was employed to develop two
models, a HUC-12 model based on a predefined HUC-12
Watershed Boundary Dataset (WDB) and a more detailed
NHDPIus model using the National Hydrography Dataset
(NHD) and NHD-plus stream network. The HUC-12
WBD (1:240000 scale) was downloaded from http://
datagateway.nrcs.usda.gov and is a coordinated effort
between the United States Department of Agriculture-
Natural Resources Conservation Service (USDA-NRCS),
the United States Geological Survey (USGS) and the
Environmental Protection Agency (EPA). The NHDPlus
data consists of NHD Plus (Version 2) streams and
catchments at scale of 1: 100000 and was downloaded
from http://www.horizon-systems.com/NHDPlus/index.
php. The NHDPlus framework is a coordinated effort
by the EPA Office of Water and the USGS. A 30-m
Digital Elevation Model (DEM) was used to define the
topographical characteristics for each model. A total of
391 and 11128 subbasins, respectively, were character-
ized for HUC-12 and NHD Plus setup in the Western
Lake Erie Basin (Figure 2). The average size of the
subwatersheds in the HUC-12 model was 72 km? (range,
25 to 191) while the average watershed size in the
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HUC 12: 391 subbasins

NHD plus: 11335 subbasins

Figure 2. HUC-12 (coarse resolution) and NHDPlus (finer resolution) subwatersheds in WLEB

NHDPlus model was 2.6km? (range, 0.001 to 80).
Developing SWAT model at NHDPlus resolution is first
of its kind, and no studies were reported in literature that
used SWAT at such finer resolution.

Land use was defined using 2010 and 2011 Crop Data
Layers (CDLs). The data was processed using techniques
recommended by Srinivasan et al. (2010) to prepare a
single 30-m resolution landuse/landcover layer which
includes major crop rotations. Soils were derived from
STATSGO (USDA-NRCS, 1995) at a scale of 1:250000.
All soil properties needed for the SWAT model were
extracted from the national STATSGO layer and
processed with the ArcSWAT interface.

Land use, soils and slope (derived from DEM) were
intersected within each subbasin by ArcSWAT to create
unique Hydrologic Response Units (HRUs). Three slope
classes (0%—-2%, 2%—5% and >5%) were used with
landuse, soil and slope (by class) thresholds of 50/50/
50ha. All agricultural crops were exempt from landuse
thresholds such that all agricultural crops were included
as HRUs. A total of 13156 and 34807 HRUs were
derived in the WLEB using the HUC-12 and the
NHDPIlus models.

Both models included daily precipitation and temper-
ature data from 1960 to 2010. This data was derived from
the National Oceanic and Atmospheric Administration
(NOAA) Cooperative Observer network and Weather-
Bureau-Army-Navy stations. Missing data at each station
was supplied using an inverse distance weighted
interpolation algorithm and observations from the nearest
five stations.

Tile drain systems are designed to remove excess field
water and lower water tables to reduce crop stresses and
allow timely field tillage and planting. However, no clear
record of tile locations was available in this basin. It was
therefore assumed that tile drains occur in agricultural
areas that are located in poorly drained soils and have a

Copyright © 2015 John Wiley & Sons, Ltd.

slope less than 1%. Poorly drained soils were identified
within the basin by processing SSURGO soil using soil
data viewer 6.0 program (http://www.nrcs.usda.gov/wps/
portal/nrcs/detailfull/soils/home/?cid=nrcs 142p2_053620)
in ArcGIS.

SWAT management operations (i.e. planting, tillage,
harvest and fertilizer application) were assembled from a
variety of sources. Operation scheduling was derived
from management templates developed by the NRCS for
the RUSLE2 model (Foster, 2005). Cropland tillage was
derived from Baker (2011). SWAT plant growth-related
parameters were developed from local weather statistics.
Cropland fertilization was derived from NASS reported
county average crop yields. Data was processed and
combined into SWAT format management files using
software written specifically for this purpose.

Measured streamflow from 12 gauge stations (Figure 3,
Table I) was collected from 1 January 1990 to 31 December
2006. The data was used during calibration and validation
to facilitate spatial calibration and validation assessments.

METHODS

Intra-watershed processes

The majority of the WLEB is comprised of agricultural
land of which more than 85% have tile drainage systems
implemented to facilitate artificial drainage and to improve
crop yields and field trafficability. Tile drainage is an
important and major intra-watershed process in the basin.
Representing tile drain in the SWAT model was necessary
to accurately capture the spatial hydrological processes
and water balance within the watershed. This study
evaluated the effects of tile drain to demonstrate the
importance of considering intra-watershed processes
within the watershed during model development and
simulations. The default SWAT model (without
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Figure 3. Five regions (separated with thick black border), five head watersheds (represented in shaded colors), and calibration and validation locations
in WLEB

calibration) was used to evaluate the effectiveness of tile
drains in capturing the overall hydrologic water balance in
the watershed. Tile drain parameters including depth to
drain (DDRAIN), time to drain (TDRAIN), drain lag time
(GDRAIN) and depth to impervious layer (D_IMP) were
changed to 1500 (mm), 48 (h), 24 (h) and 1200 (mm),
respectively. These tile drain parameters values were based
on expert opinions of watershed specialists working in the
watershed. The computation of the daily CN value as a
function of plant evapotranspiration ICN=1) was used
because the default soil moisture method (ICN=0) was
predicting too much runoff in shallow soils (Yen et al.,
2014c¢). ICN=1 (plant-based ET) and ICN COEF=0.5
along with other tile drain parameters reduced surface
runoff and transferred that water as tile flow and thereby
simulated tile drains reasonably well in the watershed. The
SWAT model was simulated from 1990 to 1999 and a
3-year warm-up period (1987 to 1989) was used prior to the
model simulation period as recommended by Daggupati
et al. (2015). Average annual hydrologic components
(surface runoff, ground flow, lateral flow and tile flow) of
the water balance along with quantitative statistics and
graphical comparisons (discussed in the next section) at
R4-H gauge station (Figure 3) were used to assess the
performance of simulations with and without tile drains.

Spatial and outlet calibration

The default model after the inclusion of tile drain
information (a major intra-watershed process) needed to
be calibrated to increase the accuracy of model predic-

Copyright © 2015 John Wiley & Sons, Ltd.

tions. A regular calibration procedure where the model is
calibrated using observed and simulated data at the outlet
may not work well in the WLEB because of the large size
of this watershed and potential spatial variability within
the basin. In order to capture this spatial variability,
spatial calibration is needed. We used a proxy-basin
spatial calibration strategy originally proposed by Klemes
(1986) and summarized by Daggupati et al. (2015). This
strategy involves calibration of a model in a gauged
watershed and transferring calibrated parameters to
nearby or adjacent watersheds within the same eco-
region. Further, a spatial validation is performed at
various locations to evaluate the performance of model.
The logic behind this method is that in a similar eco-
region, the climate and watershed conditions vary
smoothly over space and the parameters in the region
are expected to be similar (Jin et al., 2009).

The WLEB was divided into five different regions (R1,
R2, R3, R4 and RS) (Figure 3, Table I). R1, R2 and R3
drain into Maumee River, R4 drains into Sandusky and
Cedar-Portage rivers while RS drains into Raisin and
other adjacent tributary rivers. During separation of the
regions, landuse, soil, slope and precipitation were used
to visualize the spatial variability within the basin. HUC-8
watershed boundaries within the basin were used as
guidelines to separate regions. A head watershed (shaded
areas in Figure 3) was selected in each region and was
calibrated and validated using a temporal split-sample
approach in which one period (1990 to 1999) was used
for calibration and another period (2000 to 2006) was
used for temporal validation. After satisfactory calibration

Hydrol. Process. (2015)
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results in head watersheds in five regions (based on
quantitative statistics and graphical comparisons as
discussed later), the parameters were transferred to other
watersheds in the region. Spatial validation was performed
at various locations (Figure 3, Table I) within the transferred
region and also at two outlet locations along the Maumee
River. During the process of validating the model in regions,
the temporal split-sample approach, as discussed previous-
ly, was used to complete a comprehensive evaluation and
thereby accomplishing spatial calibration.

During the calibration of head watersheds, SWAT was
manually calibrated to make sure that the hydrology,
overall water balance and general seasonal patterns within
the watershed were captured. Additional automated
calibration was done using the Sequential Uncertainty
Fitting version-2 (SUFI-2) routine in SWAT-CUP
program. A monthly time-step was used during
calibration. Quantitative statistics and criteria recom-
mended by Moriasi et al. (2007) were used to evaluate
the simulation performance. The quantitative statistics
applied in this study were Nash—Sutcliffe simulation
efficiency (NSE) and percentage bias (PBIAS). The
model performance for monthly and daily streamflow
can be categorized into four classes according to the
threshold NSE, and PBIAS values: very good
(0.75 <NSE<1.00, PBIAS<+10); good
(0.65 <NSE<0.75, +10<PBIAS <*15); satisfactory
(0.50 < NSE<0.65, +£15<PBIAS < £25); and unsatisfac-
tory (NSE<0.50, PBIAS > +25). Graphical comparisons
of time-variable plots of observed and simulated flow
provide important insights into model representation of
hydrographs, baseflow recession and other pertinent
factors often overlooked by quantitative comparisons. In
this study, visual comparisons of hydrographs between
observed and simulated were evaluated, and the simula-
tion was considered satisfactory only when the shapes
(peaks and base flow) of observed and predicted
hydrographs were similar.

o

B=0.75 V=0.86]

0 125 25 50 Kilometers

Outlet calibration strategy was tested by performing an
auto calibration using SUFI-2 routine in SWAT-CUP
program at a monthly time-step utilizing streamflow at the
outlet (O-V2 location, Figure 3). After calibration, the
quantitative statistics and graphical comparisons at various
locations within the watershed were evaluated. The model
performance using spatial and outlet calibration strategies
were compared and analysed. In this study, graphical
representation of quantitative statistics (only NSE) for
spatial and outlet calibration strategies at various locations
within WLEB is shown in Figure 4 to have a better view of
results spatially and would ensure a more comprehensive
evaluation of model performance based on recommendation
by Saraswat et al. (2015).

Transfer of parameters across scale

Transferring parameters across scales may be desirable
as a part of validation option to adapt models to address
new issues beyond their original intent. Developing and
calibrating a new model to address these new issues may
be time consuming. This study investigated the model
performance after transferring parameters across spatial
and temporal scales to determine if this is a viable option
to address novel issues beyond the scope of the original
models intent. We transferred parameters from a spatially
calibrated and validated HUC-12 model (coarser resolu-
tion model) at a monthly time-step to NHDPIus model
(finer resolution model) to evaluate the impacts of
transferring parameters across spatial scale. Next, in the
HUC-12 model, we transferred parameters to daily and
yearly time-step to evaluate the temporal scale effects
where the model was calibrated on monthly time-step.
Also, the temporal scale effects in the NHDPlus model
were also evaluated on daily and yearly time-step after the
transfer of parameters from a monthly time-step calibrated
HUC-12 model. In both the cases, quantitative statistics
and graphical criteria (temporal time series plots) at
the outlet (O-V2) and one another location (R4-H)

0 125 25

50 Kilometers

Figure 4. NSE values at various locations in the basin using a) spatial calibration strategy and b) outlet calibration strategy

Copyright © 2015 John Wiley & Sons, Ltd.
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Table II. Average annual hydrologic components for S1, S2 and
S3 model simulations for the time period of 1990 to 1999 in

WLEB

Average annual S1 S2 S3
hydrologic components (mm) (mm) (mm)
% surface runoff T1% 11% 28%
(surface runoff/water yield)

% tile flow tile flow/water yield 0% 60% 53%
% ground water 28% 28% 15%
(ground water/water yield)

% later flow 1% 1% 3%

(lateral/water yield)

Table III. Quantitative statistics for S1, S2 and S3 at R4-H

location
Intra-watershed Median Median
processes R2 NS simulated observed PBIAS
Without tile (S1) 0.61 0.60 20.22 14.43 —6.95
After tile (S2) 0.69 0.27 31.71 14.43 —57.29
After calibration/ 0.83 0.82 13.43 14.21 —4.60

with tile (S3)
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were used to evaluate the impacts of parameter transfer
across scale.

RESULTS AND DISCUSSION

Impacts of considering intra-watershed processes

Scenario 1 (S1) is used to denote SWAT model
simulation without tile drain and S2 for SWAT model
with tile drain. Scenario 3 (S3) which is a SWAT
model simulation after calibration is also used for
comparison and discussion purposes. However, more
discussion on calibration is given later. Average annual
hydrologic components of the water balance in WLEB
are shown in Table II for S1, S2 and S3 model
simulations. Quantitative statistics are presented in Table
II for all three scenarios using R4-H gauge location
(Sandusky River near Mexico OH) which is in Sandusky
watershed (HUCS, 4100011) and is heavily dominated by
agricultural land (>83%) and is mostly implemented with
tile drains. Graphical comparisons are shown in Figure 5.
The surface runoff contribution without tile drainage (S1)
was 71% (ratio of surface runoff to total water yield),

observed
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Figure 5. a) Monthly time series comparison in S1, S2 and S3 model simulations for the time period of 1990 to 1999 at R4-H gauge location

Table IV. Quantitative statistics at head watershed locations for Spatial and Outlet calibration strategies

R1-H R2-H R3-H R4-H R5-H
Calibration Time
strategy period NSE PBIAS NSE PBIAS NSE PBIAS NSE PBIAS NSE PBIAS
Spatial calibration 1990-1999  0.82 11.89 0.78 0.09 0.79 4.81 0.82 —-4.72  0.72 0.97
2000-2006  0.81 5.21 0.88 -3.90 0.74 26.19 0.81 —5.81 0.69 —8.82
Outlet calibration 1990-1999  0.74 —3.98 0.75 4.73 0.71 13.72 0.75 —10.72  0.65 -9.15
2000-2006  0.79 —14.88 0.86 0.21 0.63 25.94 0.73 —1524  0.62 —19.41

Copyright © 2015 John Wiley & Sons, Ltd.
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while tile flow contribution was 0% (ratio of tile flow to
total water yield) (Table II). Monthly quantitative
statistics (Table III) show that the model predictions
were satisfactory and reliable when tile flow was not
included (R*=0.61, NSE=0.60, PBIAS = —6.95). How-
ever, having tile flow contribute 0% to total water yield is
unrealistic for this watershed. Communication with the
experts that work in the watershed suggested that the tile
drain contribution is generally around 50% while the
surface runoff contribution is around 30%. Thus, despite
being unrealistic, the scenario without tile drainage (S1)
produced satisfactory performance statistics (Table III).
Graphical comparisons between observed and predicted
flow data showed that there were differences in timing
and magnitude of peak flows and the shape of recession
curves (Figure 4a). This was primarily because of soft
data such as tile drain information not being included (a
major intra-watershed processes in the watershed) during
model development. When tile drainage was included
without calibration (S2) the surface runoff contribution
was 11%, and the tile flow was 60% (Table II). The
predictions in S2 were more realistic and close to the
opinion of watershed experts. Graphical comparisons of
observed and predicted flow showed that the timing and
magnitude of peak flows and the shape of recession
curves aligned better; however, the predicted flows
were higher than observed (Figure 4b). The quantitative
statistics were poor (R?2=0.69, NSE=0.27, PBIAS=
—57.29) despite more realistic contributions of tile
flow, mainly because the predicted flows were higher
(median observed=14.43, median simulated=31. 71)
compared to observed flows. This is because of the
inclusion of tile drains, which altered the hydrodrological
processes and needs calibration to lower predicted flows
and align better to improve statistics. When tile drainage
was included and the model was calibrated (S3), surface
runoff and tile flow contributed 28% and 53%,
respectively. These contributions were close to the
opinion of watershed experts. Graphical comparison
(Figure 4c) shows that the observed and predicted flows
align with each other and the quantitative statistics were
very good (R2:0.84, NSE=0.82, PBIAS = —4.60). These
results showed that using only quantitative performance
statistics can be misleading and should not be used alone
to make absolute modeling decisions (e.g. Developing
Total maximum Daily Loads (TMDLs) or assessing
the impacts of best management practices). However,
combining quantitative statistics along with graphical
comparisons of time series plots and the incorpora-
tion of literature or expert knowledge to account for
all intra-watershed processes will ensure that hydro-
logical processes and water balance are within
reasonable limits and will produce better and more
reliable predictions.

Copyright © 2015 John Wiley & Sons, Ltd.

Table V. Quantitative statistics at validation locations for Spatial and Outlet calibration strategies

R1-V2 R2-V1 R3-V1 R4-V1 R4-V2 0-V1 0-V2

R1-V1

Time
period

Calibration
Strategy

NSE PBIAS NSE PBIAS NSE PBIAS NSE PBIAS NSE PBIAS NSE PBIAS NSE PBIAS

NSE PBIAS

11.88

0.84
0.86
0.74
0.78

9.99
7.86
7.96
5.03

0.85
0.91
0.77
0.85

5.34
17.27
9.43
10.54

0.71
0.75
0.70
0.76

12.51

0.83
0.84
0.71
0.79

8.65
10.99
8.84
11.37

0.81
0.88
0.69
0.81

11.96

7.65
15.55
10.74

0.76
0.87
0.70
0.83

4.33
15.05
16.46
12.10

0.60
0.81
0.64
0.78

17.29
13.23

0.81
0.83

0.7

1990-1999
2000-2006

Spatial calibration

4.42
10.27

12.68
15.26
14.98

4.14
—4.25

8

1990-1999

Outlet calibration

1.88

0.83

2000-2006
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Influence of spatial and outlet calibration strategy

Spatial calibration strategy. In the head watershed
locations, the NSE values ranged from 0.72 to 0.82
(mean, 0.80) and PBIAS values ranged from —4.72 to
11.89 (absolute [abs] mean 4.49) during the calibration
period (Table IV). In the temporal validation period, the
NSE and PBIAS ranged from 0.69 to 0.88 (mean, 0.78)
and —8.82 to 26.19 (abs.mean, 9.98) (Table IV). In the
spatial validation locations and in the calibration period,
the NSE ranged from 0.60 to 0.85 (mean, 0.78) and
PBIAS ranged from 4.33 to 17.29 (abs.mean, 9.17) (Table
V). In the temporal validation period, the NSE ranged
from 0.75 to 0.91(mean, 0.84) and PBIAS ranged from
4.42 to 17.27 (abs.mean, 9.99) (Table V). Quantitative
statistics showed that spatial calibration strategy per-
formed very good (based on NSE and PBIAS criteria) in
the headwater watersheds as well as in the spatial
validation locations. The performance was even better
in the in the spatial validation locations, especially in the
temporal validation period (mean NSE, 0.84 vs mean
NSE, 0.78).

Outlet calibration strategy. In the headwater calibration
locations and in the calibration period, the NSE and
PBIAS ranged from 0.65 to 0.75 (mean, 0.73) and
—10.72 to 13.72 (abs.mean, 8.46) in the headwater
subbasins (Table IV). In the validation period, the NSE
and PBIAS ranged from 0.62 to 0.86 (mean, 0.73) and
—15.24 to 25.94 (abs.mean, 15.14) (Table IV). In the
validation locations and in the calibration period, the NSE
and PBIAS ranged from 0.64 to 0.78 (mean, 0.72) and
4.14 to 15.26 (abs.mean, 9.84). In the validation period,
the NSE ranged from 0.76 to 0.85 (mean, 0.80) and
PBIAS ranged from —4.25 to 14.98 (abs.mean, 7.96)
(Table V). The quantitative statistics showed that the
outlet calibration strategy rated as good based on NSE
criteria and very good based on PBIAS criteria in the
various locations of the watershed when it was calibrated
at the outlet and verified across various locations in the
watershed.

Comparing the two strategies showed that the spatial
calibration strategy statistics slightly outperforms the
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outlet calibration statistics in all locations within the basin
(based on NSE and PBIAS statistics). It should also be
noted that the statistics at the outlet (O-V2) were better for
the spatial calibration during calibration and validation
periods mainly because the spatial variations within the
basin were more realistically captured. However, the
outlet calibration strategy still performed well for this
watershed. This could be the result of the basin being very
homogeneous with a flat topology and agriculture being
the most prominent landuse. In addition, the tile drains
which are major intra-watershed processes in the basin are
represented in the model. Outlet calibration may perform
even less well than the spatial calibration strategy for
watersheds that have greater variation in topology and
land use.

A time series plot (Figure 6) between observed and
predicted flow using outlet calibration strategy and spatial
calibration strategy at R4-H location showed that the
spatial calibration strategy better represented the peaks
and recession of the hydrographs. The outlet calibration
strategy was either under or over predicting the peaks and
recession. This again showed that using quantitative
statistics alone may be misleading and unreliable. The use
of graphical comparisons along with quantitative statistics
resulted in better evaluation criteria. The results of this
study showed that the spatial calibration strategy gave
greater confidence in modeling efforts.

Effects of transfering parameters across scale

Spatial scale transfer. The monthly NSE values for
NHDPIlus model at OV2 and R4-H locations were 0.71
and 0.71, while the PBIAS values were 25.25 and 23.95,
respectively (Table VI). Quantitative statistics showed
that the NHDPlus model was good in the selected
locations based on NSE criteria and satisfactory based on
PBIAS criteria. Similar statistics were seen in other
locations within the basin. Average annual hydrologic
components of the water balance were evaluated in the
NHDPIlus model by comparing contributions of surface
runoff and tile flow. Contribution of surface runoff was
29%, while the contribution of tile flow was 54%, which
indicated that the intra-watershed processes (tile drainage)
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Figure 6. Time series plots at R4-H location using a) spatial calibration strategy and b) outlet calibration strategy
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Table VI. NSE and PBIAS values on daily, monthly and yearly at
two locations (O-V2 and R4-H) for NHDPIlus and HUC12 models

Spatial scale Location  Temporal scale NSE PBIAS
NHD Plus 0-V2 Daily —0.02 25.31
Monthly 0.71 25.25

Yearly 0.01 25.31

R4-H Daily 0.16 23.99

Monthly 0.71 23.95

Yearly 0.28 23.99

HUC-12 0-V2 Daily 0.70 10.59
Monthly 0.82 10.53

Yearly 0.80 10.60

R4-H Daily 0.67 —4.58

Monthly 0.82 —4.60

Yearly 0.87 —4.58

were captured reasonably well with spatial transfer of
parameters. The time series graphs at both locations
showed that there were some differences in timing and
magnitude of peak flows (simulated data was under
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predicting most of the time); however, the NHDPlus
model captured the pattern reasonably well (Figure 7).
The differences are likely because of the very small (36%
smaller) subwatershed size and irregular shape in
NHDPlus model compared to the HUC-12 model (Figure
2). In smaller sized and irregular shaped subwatersheds,
the length of the reach and time of concentration are
small. This would result in faster transport of flow and
associated constituents within a day or sometimes within
hours after a rainfall event. The resulting daily
hydrograph will have higher peaks and a very quick
receding curve and thereby under or early prediction at
monthly level (Figure 7). In HUC-12 model, the time of
concentration and length of reach are longer resulting in
more days for the flow to transport and the hydrograph
captures peaks and recession reasonably well. Fine-tuning
of the general parameters (e.g. time of concentration) may
be needed for the NHDPlus model, after spatial transfer of
parameters, to accurately capture the timing and magni-
tude of peak flows and the shape of rising and recession
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Figure 7. Monthly time series for NHDPlus model at (a) R4-H and (b) OV2 locations
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curves and to improve quantitative statistics. Fine tuning
of the parameters and reporting associated results is
beyond the scope of this paper and will be presented
elsewhere (Yen et al. in prep).

Temporal scale transfer. The daily NSE and PBIAS
values for the HUC-12 model at O-V2 location are 0.70,
0.80 and 10.59 and 10.60, respectively (Table VI). At the
R4-H location, the statistics were 0.67, 0.87 and —4.58
and —4.58, respectively. Quantitative statistics showed
that the performance of temporal scale transfer was good
to very good based on NSE criteria and very good based
on PBIAS criteria on daily and monthly time-step when
the original model was calibrated at monthly time-step.
The time series plots show that the simulated data was
under predicting the peaks flows; however, it captured the
timing and the shape of rising and recession curves well
(Figure 8). General parameters, such as time of concen-
tration, can be adjusted to better capture the peaks on daily
time-step. Overall, the performance of temporal scale
transfer was good in the HUC-12 model based on
quantitative statistics and temporal time series plots.
Quantitative statistics were poor for the NHDPlus model
for daily and yearly time-step at both OV2 and R4-H
locations (Table VI). The poor quantitative statistics are
because of poor performance of the NHDPlus model at the
monthly time-step as seen above after the spatial transfer
of parameters from the HUC-12 model. Performance on
daily and yearly time-steps may be improved after fine
tuning the general parameters of the NHDPIus model.

CONCLUSIONS

Coarse resolution (HUC-12) and finer resolution (NHDPIlus)
models were developed within WLEB to demonstrate the
significance of considering intra-watershed processes during
model development, compare and contrast two calibration
strategies (spatial calibration vs. outlet calibration) and
evaluate spatial and temporal transfer of parameters.

We found that including intra-watershed processes
(i.e. tile drainage) produced accurate and realistic hydro-
logic simulations. However, failure to include these
processes may still result in a model that performs well
according to model performance statistics. Thus, consider-
ing only model performance statistics may be misleading.
The spatial calibration strategy produced better results in
terms of quantitative statistics and graphical comparisons.
The outlet calibration strategy also produced decent results
in various locations within the watershed. This was likely
because the WLEB is a fairly homogenous watershed.
However, we believe that the spatial calibration strategy
results in greater confidence for modeling efforts that
support science-based decisions. Transferring parameters

Copyright © 2015 John Wiley & Sons, Ltd.

across temporal scales worked well with a similar spatial
resolution model; however, additional fine tuning is
required when transferring parameters across spatial scales
to produce realistic results. This study showed that
quantitative statistics should be used in conjunction with
graphical comparisons and knowledge of the watershed
(e.g. literature sources or expert knowledge) to ensure
that hydrological processes and water balance are within
reasonable limits and will produce better and more
reliable predictions.
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